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ENGLISH TO METRIC (SI) CONVERSION FACTORS

The primary metric (SI) units used in civil and structural engineering are:

length
mass
time
force
pressure

meter(m)
kilogram (kg)
second (s)
newton (N) or kilonewton (kN)
pascal (pa = N/m2

) or kilopascal (kPa = kN/m2
)

The following are the conversion facton for units presented in this manual:

Quantity From English To Metric Multiply by For aid to Quick
Units (SI) Units Mental Calculations

Mass lb kg 0.453592 IIb(mass) - 0.5kg
Force lb N 4.44822 IIb(force) - 4.5N

kip kN 4.44822 1 kip(force) = 4.5kN
Force/unit length plf N/m 14.5939 1 plf= 14.5N/m

kif kN/m 14.5939 1 klf= 14.5kN/m
Pressure, stress, psf Pa 47.8803 1psf= 48 Pa
modulus of ksf kPa 47.8803 1 ksf=48 kPa
elasticity psi kPa 6.89476 1 psi = 6.9 kPa

ksi Mpa 6.89476 1 ksi = 6.9 Mpa
Length inch mm 25.4 1 in-25 mm

foot m 0.3048 1ft=0.3 m
mm 304.8 1 ft- 300mm

Area square inch mm" 645.16 1 sq in = 650 mm"
square foot m2 0.09290304 1 sq ft = 0.09 m2

square yard m2 0.83612736 1 sq yd = 0.84 m2

Volume cubic inch mm" 16386.064 1 cu in = 16,400 mm"
cubic foot m3 0.0283168 1 cu ft = 0.03 m3

cubic yard m3 0.764555 1 cu yd = 0.76 m3

A few points to remember:

1. In a "soft" conversion, an English measurement is mathematically converted to its DId metric
equivalent.

2. In a "hard" conversion, a new rounded, metric number is created that is convenient to work with
and remember.

3. Use only the meter and millimeter for length (avoid centimeter).
4. The pascal (pa) is the unit for pressure and stress (pa = N/m2

).

S. Structural calculations should be shown in MPa or kPa.
6. A few basic comparisons worth remembering to help visualize metric dimensions are:

• One mm is about 1125 inch or slightly less than the thickness ofa dime.
• One m is the length ofa yardstick plus about 3 inches.
• One inch is just a fraction (1164 inch) longer than 25 mm (1 inch = 25.4 mm).
• Four inches are about 1116 inch longer than 100 mm (4 inches = 101.6 mm).
• One foot is about 3/16 inch longer than 300 mm (12 inches = 304.8 mm).

PROTECTED UNDER INTERNATIONAL COPYRIGHT
ALL RIGHTS RESERVED.
NATIONAL TECHNICAL INFORMATION SERVICE
U.S. DEPARTMENT OF COMMERCe
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CHAPTER 1. INTRODUCTION AND APPLICATION CRITERIA

1.1 Purpose and Scope of Manual

The specific purpose ofthis manual is to introduce the concept ofsoil nailing use into American
transportation construction practice and to provide guidance for selecting, designing, and
specifying soil nailing for those many applications to which it is technically suited and
economically attractive. A comprehensive review ofcurrent design and construction methods has
been made and the results compiled into a guideline procedure. The intent ofpresenting the
guideline procedure is to ensure that agencies adopting permanent soil nail wall design and
construction follow a safe, rational procedure from site investigation through construction. Close
attention has been given to the presentation ofsuggested general specifications and plan details.
Contract documents such as these, which provide the transition from design analyses to field
construction, frequently decide the success or failure ofnew design concepts. Every effort has
been made in the sample specifications to give all experienced nailing contractors an opportunity
to use innovative methods or equipment in construction. Such specifications are needed to
encourage contractors to seek cost-effective improvements to current soil nailing methods.

Engineers responsible for design and construction ofpublic works usually need long-term
monitoring of new techniques pioneered in the private sector before they can be confidently
incorporated in permanent public projects. The long-term performance ofsoil nail walls has been
proven after 20 years ofuse in Europe and the United States. This manual is intended to permit
engineers to rationally and confidently specify permanent soil nailing in cost-effective situations.
Implementation ofpermanent soil nailing is consistent with national efforts to upgrade the safety
and efficiency ofthe transportation system in the most cost-effective manner possible. The goal
ofthis FHWA demonstration project is to assist U.S. transportation agencies in implementing the
safe and cost-effective use ofpermanent soil nail designs as alternate bid items to the standard
wall systems presently used to retain steep excavation cut slopes.

The scope ofthis manual includes:

Chapter 1

Chapter 2

Chapter 3

Chapter 4

A briefdescription ofthe soil nailing concept and a discussion ofthe
advantages, limitations, and recommended applications ofthe technique.

A description ofthe history ofthe use ofsoil nailing in both North America
and Europe, of the method ofconstruction (including construction
equipment and materials), and ofthe behavior ofsoil nail walls as
determined from both experimental programs and monitoring ofin-service
walls.

Recommended methods ofsite investigation and testing.

Recommended design procedures.
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Chapter 5

Chapter 6

Chapter 7

Chapter 8

Appendices A-D

AppendixE

AppendixF

1.2 Limitations

Worked Design Examples including simplified design charts for the
preliminary design ofcut slope walls.

Wall performance monitoring recommendations.

Discussion on the practice and quality control ofshotcrete application in
soil nailing.

Discussion ofcontracting procedures and guidance on the preparation of
plans and specifications.

Guide Specifications and Example Plans for Soil Nail Wall Construction
and Performance Monitoring.

Quality Control Checklist for soil nail design and construction.

Presentation ofprocedures for determining the capacity ofnail head
connectors and wall facings, including demonstration calculations.

This manual is intended to be used by civil engineers who are knowledgeable about soil mechanics
and structural engineering fundamentals and have an understanding ofthe principles ofsoil­
reinforcement technology and earthwork construction. Throughout the manual, any areas of
incomplete understanding ofthe behavior ofsoil nail systems are noted.

1.3 The Soil Nailing Concept

The basic concept ofsoil nailing is to reinforce and strengthen the existing ground by installing
closely-spaced steel bars, called ·'nails", into a slope or excavation as construction proceeds from
the "top down." This process creates a reinforced section that is itself stable and able to retain the
ground behind it. As with mechanically stabilized earth (MSE) walls, the reinforcements are
passive and develop their reinforcing action through nail-ground interactions as the ground
deforms during and following construction. Nails work predominantly in tension but are
considered by some to work also in bending/shear in certain circumstances. Consideration of
shear/bending contributions is not included in the recommended design methods presented later in
this manual. The effect ofthe nail reinforcement is to improve stability by (a) increasing the
normal force and hence the soil shear resistance along potential slip surfaces in frictional soils; and
(b) reducing the driving force along potential slip surfaces in both frictional and cohesive soils. A
construction facing is also usually required and is typically shotcrete reinforced by welded wire
mesh.
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There are three main categories of in-situ reinforcement techniques used to stabilize soil slopes
and support excavations. These are nailing, reticulated micro-piling, and doweling.

In soil nailing (figure 1.1a), the reinforcement is installed horizontally or sub-horizontally
(approximately parallel to the direction ofmajor tensile straining in the soil) so that it contributes
to the support ofthe soil partially by directly resisting the destabilizing forces and partially by
increasing the normal loads (and hence the shear strength) on potential sliding surfaces.

Reticulated micro-piles are steeply inclined in the soil at various angles both perpendicular and
parallel to the face (figure 1.1b). The overall aim is similar to soil nailing, namely to provide a
stable block ofreinforced soil which supports the unreinforced soil by acting like a gravity
retaining structure. In this technique, the soil is held together by the multiplicity ofreinforcement
members acting to resist bending and shearing forces. Fondedile's Pali Radice ("root pile")
system is the best known form ofthis construction [1]. More recently, Nicholson Construction
has applied the technique in the U.S. under the name Insert Wall [2].

Soil doweling is applied to reduce or halt downslope movements on well-defined shear surfaces
(figure LIe). The slopes treated by doweling are typically much flatter than those in soil nailing
or reticulated micro-pile applications. Gudehus [3] has shown that the most efficient way to
mechanically increase the shearing Fesistance on a weakened shear surface through the soil is to
use relatively large diameter piles which combine a large surface area with high bending stifthess.
Thus, the diameter ofa soil dowel is generally greater than that ofa soil nail or micro-pile.

This design manual is concerned only with soil nailing. Furthermore, the method ofanalysis
presented herein addresses tension only as the resisting element for excavation support systems
and slope stabilization. The reinforced soil body becomes the primary structural element. The
reinforced zone performs as a homogenous and resistant unit to support the unreinforced soil
behind it in a manner similar to a gravity wall.

Since the introduction ofsoil nailing, its application has extended to a wide variety ofground
types ranging from soils to weathered and unweathered rock. While the term "ground" nail might
be a more suitable generic term, "soil" nail has become established as the commonly accepted
generic terminology. Therefore, to be consistent with established practice, the term "soil nail" is
used in this manual as a generic term that applies to nails installed in all types ofground.

1.4 Advantages of Soil Nailing

Soil nailing exhibits many of the same advantages as tieback walls as a method ofground
support/reinforcement, together with additional benefits that are unique to nailing. Like tieback
walls,the top down construction technique ofsoil nailing offers the following benefits:
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• Improved economy and lessened environmental impact compared to conventional
retaining walls, through the elimination ofthe need for a cut excavation and backfilling.

• Improved economy and materials savings through the incorporation ofthe temporary
excavation support system into the permanent support system.

• Improved economy and lessened environmental impact through reduction in the right-of­
way (ROW) requirements.

• Improved safety by eliminating cramped excavations cluttered with internal bracing.

Compared to tieback walls, soil nailing may offer the following advantages in ground suitable for
soil nailing:

• Elimination ofthe need for a high capacity structural facing (Le., soldier piles and thick
CIP ) since the maximum earth pressure support loads are not transferred to the
excavation face. For constructibility reasons, a permanent CIP facing is normally 200 nun
thick. Most tieback walls have a permanent facing which is 250-300 nun thick.

• Improved construction flexibility in heterogeneous soils with cobbles, boulders or other
hard inclusions, as these obstructions offer fewer problems for the relatively small
diameter nail drillholes than they do for the large diameter soldier pile installations.

• Improved construction flexibility where overhead access is limited (e.g., road widening
under an existing bridge) through the elimination of the requirement for drilled or driven
soldier piles installed through the bridge deck or in hand dug pits.

• Ease ofconstruction and reduced construction time - soldier pile installations are not
required, soil nails are not prestressed, and construction equipment is relatively small,
mobile, and quiet. This is particularly advantageous on urban sites.

• The vertical components ofthe nail reaction at the facing are smaller than those for
tiebacks and are also distributed more evenly over the entire excavation face. This
eliminates the need for significant wall embedment below grade, such as is required for
tieback soldier piles.

• Higher system redundancy as the soil nails are installed at a far higher density than the
prestressed tieback anchors, and the consequences ofa unit failure are therefore
correspondingly less severe. It should be noted that this does not necessarily imply higher
system reliability for soil nail walls, since each tieback is tested during installation, whereas
only a small percentage ofnails are tested.

• Reduced right-of-way requirements, as the nails are typically shorter than the tieback
anchors.
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Other favorable features ofsoil nail retaining systems include the following:

• The method is well-suited to sites with difficult or remote access because ofthe relatively
small size and the mobility ofthe required construction equipment.

• The method is well-suited to urban construction where noise, vibration, and access can
pose problems.

• The construction method is flexible and can follow difficult excavation shapes using
splayed nails and can cope with significant variations in soil conditions encountered during
construction. Nail layout modifications during construction (e.g., moving nails to miss
unanticipated obstructions) can be relativeiy easily accomplished.

• The system is relatively robust and flexible and can accommodate significant total and
differential settlements. Soil nail retaining walls have been documented to perform well
under seismic loading conditions [4].

• Field monitoring has indicated that overall movements required to mobilize the
reinforcement forces are relatively small and correspond generally to the movements that
would be expected for well braced systems (Category I) in Peck's classification [5].
Measured wall movements are usually in the range ofO.! to 0.3 percent of the wall height.

• The method is well suited to specialist applications such as the rehabilitation ofdistressed
retaining structures.

1.5 Limitations of Soil Nailing

Soil nailing and other cut retaining techniques share the following limitations:

• Permanent underground easements may be required.

• In urban areas, the closely spaced array ofreinforcements may interfere with nearby
utilities. Utility trenches represent potential planes ofweakness that can contribute to
failure, may contain poorly compacted or otherwise unsuitable fill for soil nailing, and may
also carry ground water to the wall. Significant groundwater seepage at the excavation
face can cause serious constructibility problems.

• Horizontal displacements may be somewhat greater than with prestressed tiebacks, and
this may cause distortions to immediately adjoining structures.

• Nail capacity may not be economically developed in cohesive soils subject to creep, even
at relatively low load levels.

• The long-term performance ofshotcrete facings has not been fully demonstrated
particularly in areas subject to freeze-thaw cycles.

The technique also has certain practical limitations to its application. These are:
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• Soil nail construction requires the formation ofcuts generally 1 to 2 m high in the soil.
These must then stand unsupported, prior to shotcreting and nailing. The soil must
therefore have some natural degree of "cohesion" or cementing, otherwise slotting,
berming or reduced cut excavation lift heights may be necessary to stabilize the face,
adding both complication and cost. Therefore, soil nailing is not well suited to
applications in clean sands and gravels.

• A dewatered face in the excavation is highly desirable for soil nailing. Ifthe ground water
percolates through the face, the unreinforced soil may slump locally upon excavation, or
the shotcrete to soil bond may be reduced, making it impossible to establish a satisfactory
shotcrete skin.

• Excavations in soft clay are also unsuited to stabilization by soil nailing. The low frictional
resistance ofsoft clay would require a very high density ofin-situ reinforcement of
considerable length to ensure adequate levels ofstability. Tieback or bored pile walls are
more suited to these conditions.

• Soil nailing in sensitive or expansive clays must be carefully evaluated. Care must be
taken to prevent disturbing the soil or allowing water to soften and weaken the soil.

Finally, wall performance can be relatively sensitive to the selected method ofconstruction, and is
best achieved by experienced, specialty contractors.

1.6 Application Criteria

The most cost-effective application of soil nail retaining walls is usually as an alternative to
tieback soldier pile wans or conventional retaining walls with temporary shoring i.e., where site
geometry or adjacent property constraints do not permit an unsupported permanent cut
excavation. Soil nail walls are particularly well-suited to the following highway applications, all
ofwhich have been successfully demonstrated on highway projects in both North America and
Europe-roadway cut excavations, widening under an existing bridge end, tunnel portal cut
stabilization, and repair and reconstruction ofexisting retaining structures.

1.6.1 Retaining Structures in Cuts

In ground suitable for soil nailing, soil nailing technology can be considered for permanent or
temporary cut wall applications where conventional cast-in-place, tieback wall, precast, or
mechanically stabilized earth (MSE) structures are applicable. In addition, a wide range of
aesthetic requirements can be accommodated with the variety offinal facing techniques available.

In particular, the following specific uses have been demonstrated in a variety ofhighway related
projects:

• Vertical or near-vertical cut construction in both soils and weathered rock has been
demonstrated to minimize excavation and backfill quantities, reduce right-of-way and
clearing limits, and hence minimize environmental impacts within the transportation
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corridor. Soil nailing is therefore considered to be particularly applicable for uphill
widening projects that must be constructed either within an existing ROW or in steep
terrain.

• Tunnel portal cuts are often located in 'steep terrain ofvariable stratigraphy (soil/rock) and
therefore subject to landslide development. Soil nailing has been successfully used to
stabilize portal cuts on a number oftunnel projects carried out under these conditions.

1.6.2 End Slope Removal Under Existing Bridge Abutment

For underpass widening through removal ofthe bridge abutment end slope, soil nailing offers the
major advantage ofnot requiring soldier pile installation. Because oflimited head room
conditions beneath the bridge structure, soldier piles must generally be installed through the
existing bridge deck, with significant disruption to the overpass traffic and increased cost.

In this application, soil nailing provides both the temporary and permanent earth support function.
If lateral displacements are ofparticular concern (e.g., adjacent a bridge spread footing), the
upper nail rows immediately adjacent the footing may be installed in slots to help limit and control
the displacements.

1.6.3 Repairs and Reconstruction of Existing Retaining Structures

Soil nails can be installed through existing retaining walls and the technique is finding application
in the stabilization or strengthening ofexisting failing or distressed retaining structures. Relevant
applications to date include:

• Masonry or reinforced concrete retaining walls that have suffered structural deterioration
or excessive deflections, often related to loose or weak backfill.

• MSE walls or crib walls that have deteriorated because ofreinforcing corrosion or poor
quality backfill.

This type ofapplication represents something ofa departure from the original soil nailing concept
ofexcavate and support, in that the ground deformations required to mobilize the reinforcing
loads do not derive from removal of lateral support during excavation but from ongoing
movements associated with the distressed structure. In this context, soil nailing can also be
similarly used to stabilize marginally stable slopes.

1.7 Ground Conditions Best Suited for Soil Nailing

In general, the economical use of soil nailing requires that the ground be able to stand
unsupported in a vertical or steeply-sloped cut of 1 to 2 m in height for one to two days. In
addition, it is highly desirable that an open drill hole can maintain its stability for at least several
hours. In this context, the following ground types are considered suitable for soil nailing:
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• Residual soils and weathered rock without unfavorably oriented, low strength structure.

• Stiff cohesive soils such as clayey silts and low plasticity clays that are not prone to creep.

• Naturally cemented or dense sands and gravels with some cohesion.

• Fine to medium homogeneous sands with capillary cohesions of at least 5 kN/m2

associated with a natural moisture content of at least 5 percent. This soil type can
sometimes exhibit face stability problems when south facing slopes are subject to drying by
the sun.

• Above the ground water table.

Because of the construction flexibility ofthe method, soil nailing is also well suited to mixed-face
conditions (including competent ground containing cobbles and boulders in which soldier beam
installation is very difficult and expensive), providing each ofthe different materials is individually
suited to soil nailing in accordance with the above.

1.8 Ground Conditions Not Well Suited for Soil Nailing

It is unfortunately sometimes the case that innovative techniques such as soil nailing are applied
only when very difficult conditions that cannot be addressed by more standard techniques, arise.
Such an approach is dangerous, both to the project and to future routine applications of the
technique itself As with most construction methods, soil nailing is not universally applicable and
its limitations must be clearly understood. Very often, these limitations can be technically solved
by appropriate design or construction provisions, but this often results in the method no longer
being cost-effective. The following ground types or conditions are not considered well suited to
soil nailing or limit it's application:

• Loose clean granular soils with field standard penetration N values lower than about 10 or
relative densities ofless than about 30 percent. These types of soils will not generally
exhibit adequate stand-up time and are also sensitive to vibrations induced by construction
equipment.

• Granular cohesionless soils ofuniform size (poorly graded) with a uniformity coefficient of
less than 2, unless in a very dense condition. During construction, these soil types will
tend to ravel when exposed due to a lack ofapparent cohesion.

• Soils containing excessive moisture or wet pockets such that they tend to slough and
create face stability problems when exposed i.e., the apparent cohesion is destroyed. For
most ground types, soil nailing below the water table is not appropriate as such conditions
usually create very difficult construction conditions. In addition, care must be applied to
the control of surface water and perched water.

• Organic soils or clay soils with a Liquidity Index greater than 0.2 and undrained shear
strength less than 50 kN/m2

. Clay soils with a Liquidity Index greater than 0.2 or an
undrained shear strength lower than 50 kN/m2 may continue to creep significantly over the
long term and may also exhibit a significant decrease in the soil-grout adhesion and nail
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pullout resistance if saturated following construction. Therefore, nails in such soils should
exhibit satisfactory long-term creep behavior by a suitable testing program prior to their
use in a soil nailing application.

• Highly frost-susceptible and expansive (swelling) soils. These soils can result in significant
increases in the nail loading near the face; wall damage has been reported under these
conditions. With frost-susceptible soils (e.g. silts), it is recommended that the design
prevent frost from penetrating the soil by provision ofan appropriate protective structure
(e.g., granular or synthetic insulating layer) at the face. Water must be prevented from
reaching expansive soils that are soil nailed.

• Highly fractured rocks with open joints or voids (including cavernous limestones) and
open graded coarse granular materials (e.g., cobbles) require special care because ofthe
difficulty ofsatisfactorily grouting the nails. Construction measures such as the use of
geotextile nail socks or low slump grout can sometimes be used to advantage in such
materials.

• Rock or decomposed rock with weak (e.g., gouge filled) structural discontinuities that are
inclined steeply toward and daylight into the excavation face.

1.9 Cost Data

Costs for soil nail retaining structures are a function ofmany factors, including type ofground,
site accessibility, wall size, facing type, level ofcorrosion protection, temporary or permanent
application, and regional availability ofcontractors skilled in the construction ofnail or tieback­
type walls and shotcrete facings.

In Europe, it is reported that soil nailing costs in ground suitable to soil nailing are, in general, 20
percent lower than comparable tieback structures.

A major cost item for permanent walls is the facing. The addition ofcast-in-place or precast
facings placed over an initial 100 mm-thick construction shotcrete facing may be 40 to 50 percent
ofthe total wall cost.

Ifinstalled in ground conditions well suited for soil nail wall construction (i.e., ground with good
short-term face stability and in which open hole drilling methods can be used), soil nailing has
proven to be a very economical method of constructing retaining walls. For cut retention,
experience on U.S. highway projects indicates soil nail walls when used in ground well suited to
soil nailing, can provide 10 to 30 percent cost savings versus permanent tieback walls or
conventional cast-in-place walls with temporary shoring.

Typical cost range for nail walls based on U. S. highway project bidding experience to date is:

• Temporary Walls:

• Permanent Walls: - Roadway Cut

10

S200-S300/m2
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- End Slope Removal

Under Existing Bridges

S400-S600/m2

Cost and other project data for a number ofU.S. highway soil nail wall projects are included in
the following table 1.1. Costs are total in-place cost in dollars per square meter ofwall face area.
Project costs significantly higher than the above typical cost ranges are due to factors such as
small project site, very difficult ground, difficult access, remote site or highly congested urban
location, limited bidding competition, etc.
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Project Interstate 78 Interstate 10 Cumberland Ga~ Interstate 90 Interstate 5
Allentown, PA San Bernadino, CA Tunnel Project, Seattle, WA Tacoma, WA

Bid 1987 1988 1988 1989 1989

wan Application Retain soil cut on 1/4:1 Allow widening of Retain cut slope above Retain temporary cuts Widenin~ under existing
slope between two rock existing 1-10 exit ramp. tunnel portal. next to existing tunnel bridge. ridge abutment
cuts. portals. on spread footing.

SolllRock Type Colluvium and highly Silty, gravelly sand with Colluvium and SilW sand (upper) Glacially consolidated
weathered rock. cobbles and boulders. weathered rock. Sti clay (lower). dense sand. gravel.

cobbles, boulders.

FleldSPT NP 25 to 80 NP 7ton NP
(blowcounts)

Max. Wall H (m) 12.2 (2-tiered walls, 6.7 Wall 1 -12.2 10.7 6.1
each 6.1 m high with 3 Wall 2 - 5.5
m offsell.

wan Length (m) 61 183 Wall 1 -152 111 44
Wall 2- 40

Nail Spacing (m) 1.5H x 1.5V 1.5H x 1.5V 1.5H x 1.2V 1.2Hx1.2V 1.5Hx1.5V
1.8H x 1.2V

Nail Length (m) 8.2 to 10.7 5.8 to 7.0 5.8 to 13.1 3.0 to 13.4 7.3

Nail Design Load 127 to 232 NP 13 to 193 22 to 149 35 to 136
(kN)

Estimated 218to 446 ult. 69 ult. 143 ult.· 55 Design 72 Design
Ground-Grout 207 ult. ••
Bond (Adhesion)
(kNlm2)

Corrosion Galvanized bars Fully encapsulated Epoxy coated bar Grout only (temporary Fully encapsulated
Protection nails)

Shotcrete 140 to 170 200 130 to 170 100 230
Thickness (mm)

Permanent Facing Precast panels (VSL). Exposed shotcrete hand Exposed shotcrete Pcun Reinforced shotcrete Finished structural
finish. finish sandstone co or gun finish. shotcrete with

coloring agent. pigmented sealer.

Face Batter Vertical 1 on 10 1 on 8 1 on 4 Vertical

Total Area (m2) 646 809 999 744 186
Nail Wall Face
(bid)

Costlm2 $580 $290 $390 $300 $430

Remarks $390 (nails and ·Weathered Shale Nail wall & tieback wan
shotcrete) • Weathered Sandstone bid as a1temates.
$190 (face panels). Tieback wall bed at

$6101m

NP =Not Provided in Information Made Available.



state 5 Route 37 Interstate 5 Interstate Highway 3S Interstate H~way 35 GW Parkway at 1-495,
Jma,WA Vallejo, CA Portland,OR Laredo, TX Olympia Pa ay, TX Virginia

! 1990 1990 1990 1990 1990

min~ under existing Cut retention - Route Widening under existing Widening under existing Widening under existing Widenin3t under existing
le. ridge abutment 37, NewllC. bridge. Abutment on brid~.Abutmenton bridge. bridge. ridge abutment
Jread footing. piles. sha • on spread footing.

ially consolidated Weathered and Clean loose sand. Gravelly sand. Clayey sand. Dense micaceous silt
;e sand, gravel, fractured mudstone, and weathered schist.
,Ies, boulders. clayey silt & gravel.

22 to 57 4t029 NP NP 25 to 50

10.4 6.1 5.6 5.6 7.9

276 78 59 38 198

I x1.5V 0.6 to 1;5H 1.4H x.9V .9Hx.9V .9H x .8V 1.2H x 1.2V (under
0.8 to 1.5V abut.)

1.5H x 1.5V (outside
abut.)

3.0 to 6.4 4.0 to 7.3 5.5 5.5 6.1 to 10.1

J 136 NP 9to 153 44 44 126 to 203

Jesign 55ult. 48 ull. 25 Design 22 Design 48 Design

I encapsulated Epoxy coated bar Epoxy coated bar Epoxy coated bar Epoxy coated bar Fully encapSUlated

100 200 50 50 180

;hed structural 150mm CIP plus Exposed shotcrete 230mm Cast-in-place 230mm Cast-in-place 180mm structural
crete with precast panels and Class 1 finish with face with 25mm face with 25mm shotcrete.
lented sealer. masonry block veneer. horizontal and vertical Fractured Rib surfa(:e Fractured Rib surface 150mm CIP ribbed

scoring strips. treatment. treatment. fascia wall.
Pigmented sealer.

ical Vertical 1 on 12 Vertical Vertical Vertical

1620 382 205 79 1358
(one wall)

:l $510· $630 $340 $370 $580
$910··

wall & tieback wall •• Soil nail wall and Soil nail wall VE
1S altemates. facing 2 substitute for tieback
,ack wall bed at .. - Cost including wall to eliminate traffic
:lIm change order for disru~tlOn caused by

additional longer nails to insta ling soldier ~Ies
stop landsliding. through holes in ridge

deck.

Table 1-1 Cost Data for Soil Nail Walls
U.S. Transportation Projects
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ProJect Route 85 Route23A Virginia Beach Toll Rd. 1-66 over 1-495 Minnesota Ave. NE
San Jose, CA Hunter, NY at Independence Blvd. Fairfax Co., VA Washington D.C.

Virginia Beach, VA

Bid 1990 1990 1990 1990 1990

Wall Application Cut retention - New Slope retention to Widening into bridge Widening into bridge Cut retention street
depressed freeway. accomodate structure. end slope, temp. wall. end slope. widening.

SolllRock Type Clay with gravels and Silty gravel, sandy with Silly, clayey sand. Silt, silty clay. Silty clay.
cobbles. clay and boulders.

FleldSPT NA 4t055 7 to 13 7to 13 7t025
(blowcounts)

Max. Wall H (m) 8.5 8.5 5.0 6.0 3.5

Wall Length (m) 604 146 71 67 30

Nail Spacing (m) 1.5 t02.4H 1.8H 1.8H 1.5H 0.9H
1.5 to 2.4V 1.8V 1.2V 1.4V 0.9V

Nail Length (m) 7.9 3.1 to 7.6 2.4 6.7 5.0

Nail Design Load NP 35 to 269 112 112 NP
(kN)

Estimated NP 219 Design 96 Design 96 Design 92 Design
Ground-Grout
Bond (Adhesion)
(kNlm2)

Corrosion Epoxy coated bar Epoxy coated bars None Fully encapSUlated None
Protection

Shotcrete 100 279 80 80 100
Thickness (mm)

Permanent Facing 200mm CIP with CIP concrete and stone None 250mmCIP. None
fractured fin texture. facing.

Face Batter Vertical 1 on 12 Vertical 1 on 12 Vertical

Total Area (m2) 4438 m 317 330 100
Nail Wall Face (two walls)
(bid)

Costlm2 $300 $748 NP $1000 $410
$330'

Remarks •• Includin~change SeepaJe at exc. face Temp. shoring for perm. Field modification from Temp. wall for
order for di ering site cause soil to slough CIPwall auger/socketed soldier construction
conditions 2 prior to application of PIle wall
NA - Not available shotcrete

NP =Not Provided in Information Made Available.



mesota Ave. NE Highway SO Industrial Pkwy OC 0 Highway 101 Route 85 Route 89
;shlngton D.C. Sacramento, CA 1-880 San Jose, CA San Jose, CA Tahoe Pines, CA

Hayward,CA

30 1991 1991 1991 1991 1991

t retention street Bridge end slope Cut retention at bridge Cut retention - freeway Cut retention - New Stepped wall, cup
lening. retention for freeway overcrossi~ for widening. depressed freeway. retention • road

widening - spread ltg. on-ramp - ulment on widening.
abutment. plies.

y clay. Silty sand and sandy silt Silty clay with minor Silty clay to c1aJey silt Silty, gravelly sand and Silty, decomposed
with some clay. gravel. with minor san and sandy grave with minor granite sand with

aravel. clay. cobbles and boulders.

)25 16 to 100+ 9to27 6t063 20 to 100+ NP

4.7 at 1 1/2:1 4.0 6.1 6.7 4.3 (2-tier Wall)

34 55 685 2035 193

H 1.2H x 1.2V 1.1 t02.6H 1.5H 1.8Hxl.1V 1.5H
V 1.1V 0.9tol.1V 0.9 to 1.5V

7.3 3.0 to 5.5 3.7 to 7.6 3.0 to 6.7 3.7 to 4.6

NP NP NP NP NP

Design 42 ult. 42ult. 69ult. 69ult. 69ult.

ne Epoxy coated bar Epoxy coated bar Epoxy coated bar Epoxy coated bar Epoxy coated bar

) NA 100 100 100 130

ne 80mm CIP slope lSOmm CIP. 200mm CIP with 200mm CIP with 180mm CIP with
g:ving. 200mm CIP at fractured fin texture. fractured fin texture. simulated rock texture.

arin!! plate.

mcal 1 1/2 on 1 Vertical Vertical Vertical 1 on 10 (5.7°)

) 257 169 3234 8909 604
(two slopes) (one wall) (three walls) (four walls) (two walls)

10 $450 $520 $390 $330 $420

IIp. wall for
lstruction

Table 1-1 Cost Data for Soil Nail Walls
u.S. Transportation Projects
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Project Route 400 Tonawanda Dr Route 85 Route 680 Interstate 80
Atlanta, GA Route 64 Los Gatos/Saratoga, Walnut Creek, CA Berkeley, CA

San Diego, CA CA

Bid 1991 1992 1992 1992 1992

Wall Application Cut retention for Cut retention. Cut retention - New Cut retention - Freeway Cut retention· Freew,
freeway. depressed freeway. widening. widening.

Soli/Rock Type Granite-gneiss and Clayey sand and silty Sandy silt to silty sand SII~ clay, clayey silt Silty clay and silty sar
saprolite. sand. with some gravel and an silty, clar.ey sand,

clay. with minor si Istone and
clavstone.

Field SPT 30 to refusal NA 24 to 100+ 14 to 100+ 2 to 70+
(blowcounts)

Max. Wall H (m) 9.1 7.9 6.6 7.0 4.8

Wall Length (m) 74 164 551 365 110

Nail Spacing (m) 1.5H 1.8H 1.2tol.8H .8 to 2.1H .6 to 1.5H
1.5V 1.6V 0.5 to 1.5V .6 to 1.8V 1.2V

Nail Length (m) 12.2 5.5 to 6.1 3.7 to 7.0 3.0 to 7.9 4.3 to 4.9

Nail Design Load 133 NP NP NP NP
(kN)

Estimated 98 Design 103 ull. 62ull. 42ull. 28 to 55 ull.
Ground·Grout
Bond ~dheSlon)
(kNim )

Corrosion Epoxy coated bar Epoxy coated bar Epoxy coated bar Epoxy coated bar Epoxy coated bar
Protection

Shotcrete 76 100 100 100 or 130 130
Thickness (mm)

Permanent Facing 200mm CIP. 200mm CIP with 200mm CIP with 150mm to 250mm CIP 150mm CIP with
textured surface. fractured fin tex1ure. (with fractured fin fractured fin tex1ure.

texture).

Face Batter Vertical Vertical Vertical Vertical Vertical

Total Area (m2) 467 .975 1732 1863 314
Nail Wall Face (six walls) (three walls)
(bid)

Costlm2 $746 $422 $380 $300 $495

Remarks Wall added by Soil nail wall VE TIeback slide retention
supplemental substitute for tieback wall on same project
agreement and price wall. Cost savings Bid at $830/m
negotiated $268/m 2

NP =Not Provided in Information Made Available.



80 Route 121 Route 85 Route 85 Quioccasin Road Route 2
CA Napa County. CA San Jose, CA San Jose, CA Richmond. VA. Dixon. ILL

1992 1992 1992 1992 1993

ion· Freeway Cut retention for Cut retention· New Cut retention· New Temp. cut retention for Cut retention· Freeway
climbing lane and to depressed freeway. depressed freeway. road widening. widening.
save heritage Oak Tree.

"nd silty sand. Very dense Silty clay and san~ Clay and silty grevelto Silty sand weathered Sand, highly fractured
decomposed volcanic clay to clayey san with silty sand with gravel. granite. and sound sandstone.
tuff and conglomerate. minor grevel.

50 to 100+ 13 to 50 4to 100+ 6to refusal 7to80

9.9 6.1 7.3 7.0 7.6

62 1159 939 335 (2 walls) 84

1.5 to 1.8H 1.6H .8 to 1.5H 1.5H 1.5H
0.9 to 1.8V 0.6 to 1.2V .6 to 1.W 1.5V 1.5V

3.7 to 6.7 3.0 to 6.1 4.9 to 9.8 3.0 to 6.1 5.5

125 to 160 NP NP 90 to 180 156

Jit. NP NP 14 to 48 ult. 60 Design 69ult. "
345 ult."

ated bar Epoxy coated bar Epoxy coated bar Epoxy coated bar None Epoxy coated bar

100 100 100 100 100

;IPwith 170mm CIP with bush 200mm CIP with 200mm CIP with None 200mm CIP with
fin texture. hammered texture. fractured fin texture. fractured fin texture. texture.

1 on 6 Vertical Vertical Vertical Vertical

301 4591 3434 1285 446
(two walls) (four Walls)

$536 $270 $230 $234 $431
$601"

• Includes bush hammer Temporary cut for "Weakly, cemented
and stain finish permanent CIP wall highly ractured

2 sandstone
"sound sandstone

Table 1-1 Cost Data for Soil Nail Walls
U.S.Transportation Projects
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Project Interstate 80 Route 217 Route 217 Route 217 Route 26
Elmswood Park, NJ Cedar Hills Interchange Cedar Hills Interchange Cedar Hills Interchange Portland,OR

Portland, Or Portland, OR Portland, OR

Bid 1993 1993 1993 1993 1993

Wall Application Widening under exist. Cut slope retention for Cut slor retention for Permanant wall Cut slope support for
bridge abutment on Iightrail. light rai. supporting MSE wall. lightran.
piles.

SoiURoek Type Silty, gravelly sand. Clayey silt (Portland Gravel and cobbles unit Clayey silt (Portland Clayey silt and
Hills Sill) over cobbly wI silty sand matrix. Hills Silt) over cobbly fragmented cobbly
gravel. gravel. gravel.

FleldSPT 6t075 4t049 8 to 36 7to44 6t032
(blowcounts)

Max. Wall H (m) 4.6 8.1 5.3 9.1 10.0

Wall Length (m) 78 335 61 434 220

Nail Spacing (m) 1.2H 1.8H 1.8H 1.8H 1.8H
1.5V 1.8V 1.8V 1.8V 1.8H

Nail Length (m) 6.4 3.7 to 7.0 5.5 to 6.1 5.2 to 7.0 4.3 to 7.9

Nail Design Load 53 12 to 23 (Portland Hills 42 to 81 12 to 23 (Portland Hills 12 to 23 clayey silt
(kN) . Silt) Silt) 42 to 81 cobbly gravel

42 to 81 (Rubble Basalt) 42 to 81 (Rubble Basalt)

Estimated 48 Design 14.6 Design (Portland 51.1 Design 14.6 Design (Portland 14.6 Design lclayey sill
Ground-Grout Hills Silt) Hills Silt) 51.1 Design cobbly
Bond ~Adhealon) 51.1 Design (Rubble 51.1 Design (Rubble gravel)
(kNlm ) Basalt) Basall )

Corroalon Galvanized .Fully encapsulated Fully encapsulated FUlly encapsulated FUlly encapsulated
Protection epoxy coated bars epoxy coated bars epoxy coated bars epoxy coated bars

Shoterete 76 102 127 127 100
Thlekne.. (mm)

Permanent Facing 305mmCIP. 203mm CIP concrete wI 204mm CIP concrete wI 230mm CIP concrete wI 200mm CIP concrete
random board finish. random board finish. random board finish. with texture finish.

Face Batter Vertical 1:12 1:12 1:12 1 on 12

Total Area (m2) 316 1958 164 3045" 1425
Nail Wail Face
(bid)

Costlm2 $1242 $411 $419 $465 $410

Remarks Top row of nails • 60% of wall area is
post-tensioned to MSE wall total cost
restrict deflection under includes MSE wall
br. abut. spread Ita.

NP = Not Provided in Information Made Available.



Route 28 over 1-66 Route 101 Route 167 Interstate 90 Interstate 90
)R Fairfax Co., VA Olympia, WA Seattle, WA Seattle, WA Seattle, WA

1993 1993 1993 1993 1993

support for Widenin~ into bridro: Roadway widening cut Cut retention under New depressed Replacement of an old,
and roa way cut s opes. retention. bridge abutment for off-ramp. distressed concrete

highway widening. gravity wall.

and Silt, silty sand Consolidated sand, silt; Dense silty sand with Dense sandy gravel (fill) Dense silty sand
d cobbly weathered sandstone. silty sand; silty gravelly layers of clayey silt. or c1ay~ silt, clay or (backfill and glacial

sand. sandy ay (native outwash).
Qroundl.

20 to refusal 6to 100+ 21 to 100+ 4ton 24 to 100+

5.5 7.3 75.3 12.5 4.8

1299 (4 walls) 236 121 187.4 57

1.8H 1.2t01.8H 1.8H by 1.2V 1.2to 1.8H 1.5 to 1.8H
1AV 0.9t01.2V 1.6H by 1.2V· 0.6 to 1.2V 1.5 to 1.8V

3.0 to 5.0 2.7 to 7.3 7.9 to 15.5 4.6 to 11.6 4.6 to 5.5

ayay silt 90 to 150 9t089 93 to 262 61 to 160 58 to 125
Jbbly gravel

,n lclayey silt) 96 Design 57 Design 69 Design 58 Design 71 Design
,n cobbly

psulated Epoxy coated bar Epoxy coated bar Epoxy coated ba, Epoxy coated, or fully Fully encapsulated
led bars encapsulated where

located beneath br.
spread Ita.

100 150 150 150 250

P concrete 150mmCIP 180mm CIP with 180mm CIP with 180mm CIP with board 140mm finished
e finish. fractured fin texture. fractured fin finish. finish and parapet. shotcrete over 11Omm

shotcrete.

1 on 24 Vertical Vertical 1 on 10 1 on 12

6080 1429 552 1414 214

$360 $393 $336 wI traffic barrier $163 $462
$334 w/o T.B.

V.E. in lieu of ·under bridge fOOling Nails were installed
augerlsocketed soldier through old wall r;or to
pile wall removing old wa I face

Table 1-1 Cost Data for Soil Nail Walls
U.S. Transportation Projects
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Project Interstate 5 Interstate 5 Ft. Baker-Ft. Barry Route 50 Interstate 1·70
Seattle. WA Tukwila, WA Tunnel Cannon City, CO St. Louis, Mo.

Marin Co., CA

Bid 1993 1993 1994 1994 1994

Wall Application H~hwaywidening for Cut retention for Temp. excavation Cut retention highway Temp. excavali
H V lanes. hi~hwaywidening for support for tunnel widening and historic support for free

H Visne. reconstruction. site protection. widening.

SolllRock Type Medium dense to very Dense glacial till, silty Low to medium plastic := grevel with Lean clay.
dense silty grevelly sand and gravel with clay, sandy clay, clayey ers.
sand. cobbles and boulders. gravel and clayey sand.

FleldSPT 23 to 100+ 3t042 81050 NA NA
(blowcounts)

Max. Wall H (m) 7.6 2.6 7.9 4.9 5.5

Wall Length (m) 796(5 walls) 157 158 32 46

Nail Spacing (m) 1.2 to 1.5H 1.8H 1.8H l.2H 1.2H
0.9 to 1.5V only one row of nails 1.2 to 1.8V l.2V 1.2V

Nail Length (m) 1.7 to 11.9 3.9 3.7 to 9.8 4.0 10.1

Nail Design Load 9 to 144 (stalic) 58 129 174 28
(kN) up to 179 (dynamic)

Estimated 40 to 86 Design 72 Design 67ult. 137 ult. 16 ult.
Ground·Grout
Bond ~AdheSIOn)
(kNlm )

Corrosion Epoxy coated or fully FUlly encapsulated None (temp. wain Epoxy coaled bar None
Protection encapsulated where

located beneath bridge
spread ftg.

Shotcrete 180 or 200 120 min. 80 80 100
Thickness (mm)

Permanent Facing 150mm CIP with Hand-trowel finished None l00mm limber. None
fractured fin texture. shotcrele 120mm to

200mm as-built.

Face Batter Vertical Vertical 1 t06 10n8 Vertical

Total Area (m2) 3277 (5 walls) 407 808 102 231
Nail Wall Face
(bid)

Costlm2 $341 wI traffic barrier $718 $341 $645 $459
$326w/oTB

Remarks Wall 11 has top 3 rail V.E. substitution V.E. SUbstitution for Cost includes timber V.E. substitut:
rows grestressed to approx. $146,000 temp. tieback shoring. facing tieback wall
50% .L. under br. savings over CIP wall Cost savi~s of
abut. spread ftg. to limit wI temp. shoring $112,000 ( 7%)
deflection

NP =Not Provided in Information Made Available.



Interstate 1·70 1-401R0ute 220 Albion Bridge Rehab. Interstate 5 Interstate 35 at Frio
) St. Louis, Mo. Interchange Uncoln, RhOde Island Seallle,WA River

Greensboro, NC Pearsall, TX

1994 1994 1994 1994 1995

hway Temp. excavation Cut retention below Slo~e Retention at Cut retention highway Retain existing
;toric support for freeway highway. rea igned bridge widening and historic embankment supporting

widening. approach. siie protection. highway.

:h Lean clay. Severely to lightly Fine to coarse sand Sendy gravel with Send, clay and gravel.
decomposed granite. with silt and gravel. boulders.

NA 4 to 100+ 10 to refusal NP 10 to 40

5.5 6.4 5.5 4.9 4.6

46 85 49.4 32 152

1.2H 1.5H 1.2H 1.2H 1.3H
1.2V 0.6 to 1.5V 1.2V 1.2V 1.1V

10.1 3.0 to 5.2 9.2 4.0 3.0 to 6.4

28 123 to 150 NP 174 62

16 urI. 97 to 138 Design 98 Design 137 ult, 62 Design

ir None Epoxy coated bar Fully encapsulated Epoxy coated lJar Epoxy coated bar

100 80 220 80 76

None 2oommCIP. Granite nubble veneer. 100mm timber. 229mm CIP.

Vertical Vertical 1 on 16 1 on 8 Vertical

231 400 161 102 539

$459 $777 $109S" $645 $393

lber V.E. substitution for V.E. substitution for "Soil nailed wall only. Cost includes timber Replacing gravity wall
tieback wall anchored shalt. Cost First soil nailed wall in facing

savings of $531m Rhode Island

Table 1-1 Cost Data for Soil Nail Walls
U.S. Transportation Projects
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CHAPTER 2. DESCRIPTION OF SOIL NAILING AND BASIC MECHANISMS

2.1 Background

Soil nailing has been used in a variety of civil engineering projects in the last two decades. The
technique originated as an extension of rock bolting and ofthe "New Austrian Tunneling Method"
(NATM) developed by Rabcewicz, which combines reinforced shotcrete and rockbolting to
provide a flexible support system for the construction ofunderground excavations. In North
America, the first recorded application ofthe system was in Vancouver, B.C. in the early 1970s
for temporary excavation support. Mason filed for a US Patent for soil nailing on April 1, 1970,
and walls were built under his supervision in Vancouver, BC, Washington, DC, and Mexico City
in the late 1960s, prior to submission ofthe patent application. In Europe, the earliest reported
works were retaining wall construction in Spain (1972), France (1972/73), and Germany (1976),
in connection with highway or railroad cut slope construction or temporary building excavation
support.

The French contractor Bouygues, in joint venture with the specialist contractor Soletanche, is
credited with the first recorded application of soil nailing in Europe (1972/73) for an 18-m-high
70° cut slope in Fontainebleau Sand, as part of a railway widening project near Versailles. A total
of 12,000 m2 of face was stabilized by over 25,000 steel bars grouted into pre-drilled holes up to
6mlong.

The excavation for the foundation ofthe extension to the Good Samaritan Hospital in Portland,
Oregon, executed in 1976 by a joint venture ofKulchin and Associates Inc. and Albert K. Leung
and Associates, was the first published application of soil nailing in the United States [6]. The
maximum depth ofexcavation was 13.7 m. The ground consisted ofmedium dense to dense silty
fine lacustrine sands with a friction angle about 36° and cementation giving a "cohesion" of20
kN/m2

• No groundwater was encountered. It was noted that the work was conducted in 50 to 70
percent of the time required for conventional excavation support and at about 85 percent ofthe
cost. Given the time savings and the facility to cast the final wall straight on, the overall support
and wall system costs were claimed to have been reduced by about 30 percent.

The first major research program (Bodenvemagelung) on soil nailing was undertaken in Germany
by the University ofKarlsruhe and the contractor Bauer (1975-1981). This jointly funded
program cost approximately $2.3 million (US$I=DM1.5) and involved full-scale testing ofa
variety of experimental wall configurations. As a result ofthe increasing use of soil nailing within
France following its initial applications and the perceived lack ofa defensible design methodology,
the French initiated their own experimental program (Clouterre) in 1986. The Clouterre program
was jointly funded by the French government and private industry, with a budget on the order of
$5 million and included 21 individual private and public participants. The program involved three
large-scale experiments in prepared fill (Fontainebleau sand) and the monitoring ofsix full-scale,
in-service structures. The results ofthe Clouterre program have recently been published and will
form the basis for the future soil nailing design approach to be adopted in France.
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Within the 20 years since its first introduction to Europe and the subsequent conduct ofthe two
major national experimental programs, soil nailing has been and is now used very extensively in
both France and Germany. The major attractions of the method are its economy, construction
flexibility, ability to make use ofsmall construction equipment that is particularly suited for use in
urban environments, and its overall adaptability for special applications. Within France, it is
reported that over 100,000 m2 per year of soil nail walls are presently being constructed for public
works alone, with perhaps hundreds ofsmaller undocumented walls constructed for private
owners. To date, the great majority ofthese walls have been temporary in nature and have used
shotcrete for the structural facing. The highest vertical soil nail wall in France is 22 meters high
(at Montpelier). The highest battered soil nail wall (73 degree face angle) is almost 30 meters
high (Dombes tunnel portal, near Lyon). In Germany, over 500 walls are estimated to have been
constructed to date, with the majority being temporary basement walls using structural shotcrete
facings.

Applications ofsoil nail walls in Europe and North America include permanent and temporary
stabilization ofnatural slopes, renovation ofold failing retaining walls, renovation ofmechanically
stabilized earth walls that have undergone premature corrosion deterioration ofthe originally
installed stainless steel reinforcing elements (France), temporary shoring for basement
excavations, foundation walls for buildings, and permanent and temporary support for cuts
associated with roads, railways, and tunnel portals. The most common form ofnail installation
throughout Europe and North America involves grouting the nails into uncased pre-drilled holes.
Within Germany, this installation method is used almost exclusively, but there have also been
limited applications ofa post-grouted driven nail with an oversized head to create an open annulus
between the steel bar and the surrounding soil. In France, in addition to the conventional drill and
grout installation method, relatively extensive use is also made ofpercussion-driven closely­
spaced nails without post-grouting, together with the specialist technique ofjet nailing. Within
Great Britain, there is one specialist contractor using explosive injection ofnails using compressed
air. This last technique appears to have been used almost exclusively for doweling marginally
stable slopes.

The major use ofsoil nailing in the U.S. to date has been for temporary excavation support for
building excavations in urban areas. During the past few years, use ofsoil nailing for temporary
excavation support has become common practice in some U.S. cities. For example, Kulchin­
Condon Construction Company, a San Francisco-based shoring specialty contractor, has
reportedly done over 200 soil nail projects with walls up to 18 m high. Schnabel Foundation
Company has constructed soil nail walls in 21 different States, with over one-quarter of these for
permanent applications. Several soil nail walls have now been constructed in building excavations
in Seattle, one up to 23 m deep, which is the highest in the U.S. to date. In addition, a new soil
nailing technology in design and construction was developed in the Seattle area where the
permanent walls for basement excavations have beenconstructed from the top-down during the
excavation stage ofconstruction. This has resulted in substantial savings related to schedule time
reductions and reduced direct costs in the materials for the wall. Table 1.1 summarizes some
representative case history examples illustrating the use of temporary and permanent nail walls on
U.S. transportation projects (through the middle of 1994).
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There are no proprietary restrictions on the use of the soil nailing concept. However, some
specific systems ofnails and/or facing are patented. A recently patented (by Soil Nailing Limited,
United Kingdom) soil-nailing technique inserts reinforcing nails into the ground by means ofa
compressed-air "launcher." Various nail installation techniques such as the French-developed
"HURPINOISE" and "Jet Nailing" techniques, are patented. One U.S. specialty contractor has
taken out a patent on the use of soil nails and tie-backs for repair ofexisting walls such as
corrugated metal bin walls (Schnabel Foundation Co. Patent No.4, 911, 582 March, 1990).

2.2 Construction Sequence

The following is the typical sequence to construct a soil nail wall using the drill and grout method
ofnail installation, which is the most common method used in North America (Figure 2.1).

A. Excavate Initial Cut

Before commencing excavation, it is necessary to ensure that all surface water will be
controlled during the construction process. This is usually done by the use ofcollector
trenches to intercept and divert surface water before it can impact the construction
operations. The initial cut is excavated to a depth slightly below the first row ofnails,
typically about 1 to 2 m depending on the ability of the soil to stand unsupported for a
minimum period of24 to 48 hours. Where face stability is problematical for these periods
of time, a stabilizing berm can be left in place until the nail has been installed and final
trimming then takes place just prior to application of the facing. Another method of
dealing with face stability problems includes placing of a flash coat of shotcrete. It is
generally the case that face stability problems are likely to be most severe during the first
one or two excavation stages, because of the presence ofnear-surface weathered and
weakened materials or, in urban environments, the presence ofloose fills or voids often
associated with buried utilities.

Mass excavation is done with conventional earth moving equipment. Final trimming ofthe
excavation face is typically done with a backhoe or hydraulic excavator. Usually, the
exposed length of the cut is dictated by the area offace that can be stabilized and
shotcreted in the course ofa working shift. Ground disturbance during excavation should
be minimized and loosened areas of the face removed before shotcrete facing support is
applied. The excavated face profile should be reasonably smooth and regular in order to
minimize subsequent shotcrete quantities.

A level working bench on the order of 10m width is typically left in place to
accommodate the drilling equipment used for nail installation. Smaller tracked drills are
available that can work on bench widths as narrow as 5 m and with headroom clearance as
low as 4 m. Larger bench widths may be necessary depending upon the equipment to be
used during nail installation.
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STEP 1. Excavate Small Cut

STEP 3. Install and Grout Nail

3._-----

4

STEP 2. Drill Hole fro Nail

STEP 4. Place Drainage Strips,
Initial Shotcrete Layer & Install
Bearing PlateslNuts

STEP 5. Repeat Process to STEP 6. Place Final Facing
Final Grade (on Permanent Walls)

Figure 2.1 Typical Nail Wall Construction
Sequence
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B. Drill Hole for Nail

Nail holes are drilled at predetennined locations to a specified length and inclination using
a drilling method appropriate for the ground. Drilling methods include both uncased
methods for more competent materials (rotary or rotary percussive methods using air
flush, and dry auger methods) and cased methods for less stable ground (single tube and
duplex rotary methods with air or water flush, and hollow stem auger methods). Typical
nail spacings are 1 to 2 m both vertically and horizontally. Typical nail lengths are 70 to
100 percent ofthe wall height and nail inclinations are generally on the order of 15
degrees below horizontal to facilitate grouting.

C. Install and Grout Nail

Plastic centralizers are commonly used to center the nail in the drillhole. However, where
the nails are installed through a hollow stem auger, centralizers are generally ineffective
and a stiffer (200 mm or lower slump) grout mix is used to maintain the position ofthe
nail and prevent it from sinking to the bottom ofthe hole. The nails, which are commonly
20 to 35 mm bars (yield strength in range of420 to 500 N/mm2

), are inserted into the hole
and the drillhole is filled with cement grout to bond the nail bar to the surrounding soil.
Grouting takes place under gravity or low pressure from the bottom ofthe hole upwards,
either through a tremie pipe for open-hole installation methods or through the drill string
(or hollow stem) or tremie pipe for cased installation methods.

For permanent nails, the steel bar is typically protected against corrosion damage with a
heavy epoxy coating or by encapsulation in a grout-filled corrugated plastic sheathing.

D. Place Drainage System

A 400 mm-wide prefabricated synthetic drainage mat, placed in vertical strips between the
nail heads on a horizontal spacing equal to that of the nails, is commonly installed against
the excavation face before shotcreting occurs, to provide drainage behind the shotcrete
face. The drainage strips are extended down to the base ofthe wall with each excavation
lift and connected either directly to a footing drain or to weep holes that penetrate the final
wall facing. These drainage strips are intended to control seepage from perched water or
from limited surface infiltration following construction. Ifwater is encountered during
construction, short horizontal drains are generally required to intercept the water before it
reaches the face.

E. Place Construction Facing and Install Bearing Plates

The construction facing typically consists ofa mesh-reinforced wet mix shotcrete layer on
the order of 100 mm thick, although the thickness and reinforcing details will depend on
the specific design. Following placement of the shotcrete, a steel bearing plate (typically
200 mm to 250 mm square and 15 mm thick) and securing nut are placed at each nail head
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and the nut is hand wrench tightened sufficiently to embed the plate a small distance into
the still plastic shotcrete.

F. Repeat Process to Final Grade

The sequence ofexcavate, install nail and drainage system, and place construction facing is
repeated until the final wall grade is achieved. The shotcrete facing may be placed at each
lift prior to nail hole drilling and nail installation, particularly in situations where face
stability is a concern.

G. Place Final Facing

For architectural and long term structural durability reasons, a CIP concrete facing is the
most common final facing being used for transportation applications ofpermanent soil nail
walls. The CIP facing is typically structurally attached to the nail heads by the use of
headed studs welded onto the bearing plates. Under appropriate circumstances, the final
facing may also consist ofa second layer ofstructural shotcrete applied following
completion of the final excavation. Pre-cast concrete panels may also be used as the final
facing for soil nail walls.

Typical examples ofpermanent and temporary soil nail wall sections for a cut slope stabilization
and for a road widening under an existing bridge, are shown on figures 2.2 and 2.3 respectively.

2.3 Construction Equipment and Materials

The construction equipment required for soil nail walls includes the usual excavating and earth
moving equipment, drilling equipment for the installation of the nails, shotcreting equipment for
the application of the construction facing, and the normal equipment used for the placement of
cast-in-place concrete facings if such facings are used for the permanent wall. The materials
required include the nails themselves and the associated corrosion protection systems, the nail
grout, the drainage materials, the shotcrete/concrete facing materials, and the system for
providing a connection between the nail head and the facing.

A. Drilling Equipment and Methods

To date, the principal method ofnail installation in North America has been drilling and
grouting and, because ofcorrosion protection considerations, this method is likely to be
the predominant method ofnail installation for permanent nails on transportation projects
in the United States. Drillhole sizes range from about 100 mm to 300 mm in diameter.
This usually permits a grout annulus ofat least 30 mm thickness around the reinforcement.
Typical drilling equipment and methods are summarized in table 2.1.
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TABLE 2.1
DRll..LING METHODS AND PROCEDURES

Drill Drilling Method Open Cased or Drillhole Drill Bit Cuttings Comments
Rig Hole Auger- Diameters Types Removal

Type Cast (mm)

Lead Flight Yes No
Kelley-bar Mechanical
Driven

Auger Sectional Solid- Yes No Hydraulic rotary
stem Rock, auger methods for

drilling
Sectional Yes Yes 100-300 Soil, Mechanical competent soils or
Hollow-stem Drag, (air support) weathered rock.

etc. Predominant drilling
method for soil nail

Continuous Yes No Mechanical installation work.
Flight Solid-
stem
Continuos Yes Yes Mechanical
Flight Hollow- (air support)
stem
Single-stem Air Yes No Button, Hydraulic rotary
Rotary Roller, Compressed methods for drilling

100-200 Drag, air competent soils, rock,
or mixed ground
conditions

Duplex Air Yes Yes etc. (pneumatic hammers
Rotary available).

Rotary Sectional Solid- Yes No Rock, Mechanical Hydraulic rotary
stem Augers 100-300 Soil, auger methods for

.drilling
Sectional Yes Yes Drag, Mechanical competent soils or
Hollow-stem etc. (air support) weathered rock.
Au~ers

Air Single-stem Air Yes No 100-300 Button, Compressed Pneumatic rotary
Track Rotary Roller, Air methods for drilling

Drag, non-caving competent
etc. soils or rock.

Drillholes cannot be
cased with this
method.
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Most soil nailing is undertaken using small hydraulic, track-mounted drill rigs. These rigs
are mostly of the rotary/percussive type that use sectional augers or drill rods. Large
hydraulic-powered track-mounted rigs with continuous flight augers have been used to
install nails up to 28 m in length. These rigs have the advantage that they can drill the
entire length ofthe nail in a single pass without having to stop to add -additional sections
ofauger. Production rates can therefore be very high. Their main disadvantages are the
high mobilization costs and the large space requirements for their operation.

For ground conditions that are well suited to soil nailing, the rate ofnail installation will be
increased (and the costs correspondingly reeluced) by drilling drillholes without casing.
This is commonly referred to as the "open-hole" method. Open hole methods suitable for
soil nailing are augering, rotary drilling with a drag bit or roller-cone bit, and rotary­
percussive drilling. Air is the preferred medium to remove drill cuttings, since flushing
with water in uncased holes can significantly lower the bond stress developed during
subsequent grouting, particularly in moisture sensitive soils such as silts and clays. The
nail grout is subsequently introduced to the drillhole using a tremie pipe to place the grout
from the bottom to the top ofthe drillhole as the pipe is slowly withdrawn.

Where ground conditions are such that the dlillhole wall will not stand unsupported for
the length oftime required to insert and grout the nail, the drilling method must provide
casing support to the drillhole. It should be noted that such conditions will often have
serious adverse impacts on the cost effectiveness ofsoil nailing. Such methods include
single tube and duplex rotary methods with air or water flush, and hollow stem augers.
Flushing with air should be performed at moderate velocities and volumes to ensure that
ground fracturing does not occur. This precaution is especially important in residual soils
or badly weathered rock where fissures or fracture planes exist. With hollow-stem augers,
care must be taken to ensure that "mining" of the ground does not occur. The nail grout
is introduced to the drillhole either through a tremie pipe or through the casing, and placed
from the bottom to the top ofthe hole as the pipe and casing are slowly withdrawn.
Based on experience with ground anchors, the temporary support ofdrillholes by
bentonite or other mud suspensions is not recommended, as "smear" on the drillhole walls
can significantly reduce the grout-to-ground bond.

B. Types of Nails

Soil nails typically consist ofsteel reinforcement inclusions and may be categorized on the
basis oftheir method ofinstallation and degree ofcorrosion protection. As noted earlier,
the drill and grout method ofnail installation has been used almost exclusively in North
America. Nails installed by this technique may be further subdivided into 1) grouted nails
and 2) corrosion protected nails. The steel bars are ~ically 25 to 35 mm in diameter,
with a yield strength in the range of420 to 500 N/mm , and are typically installed into
drillholes having diameters in the range of 100 mm to 300 mm and at a spacing between 1
and2m.

27



Grouted nails are suitable for temporary construction and, where soils are not generally
highly corrosive, they are also accepted for permanent applications in some countries. In
these circumstances, a sacrificial steel thickness is commonly allowed to account for the
corrosion losses that are expected to occur over the life ofthe structure. Nails protected
only by the grout annulus are not considered adequate for permanent application on U.S.
transportation projects.

Corrosion protected nails are as described above, except that the steel bar is further
protected against corrosion by either an epoxy coating or by encapsulation within a
cement grout-filled plastic sheathing.

c. Nail Grout

For conventional drill and grout nail installations, the nail grout consists typically ofa neat
cement grout with a water-cement ratio ofabout 0.4 to 0.5. Where a stiffer consistency
grout is required (e.g., to centralize the nail when no centralizers are used in a hollow stem
auger installation or to control leakage ofgrout into the ground such as in highly
permeable granular soils or highly fractured rock), a lower slump sand-cement grout may
be used. Sand-cement grout may also be used in conjunction with large nail holes for
economic reasons.

D. Drainage Systems

Ground water is a major concern in both the construction of soil nail retaining walls and in
their long-term performance. Soil nail walls are best suited to applications above the water
table. Excess water at the face can result in face stability problems during construction
together with an inability to apply a satisfactory shotcrete construction facing. In addition,
long-term face drainage is required to prevent the generation oflocalized high
groundwater pressures on the facing.

For most applications, therefore, control ofwater during construction will be concerned
with controlling surface runoff and subsurface flow associated with either perched water
or localized seepage areas.

A surface interceptor ditch, excavated along the crest ofthe excavation and lined with
concrete applied during the shotcreting of the first excavation lift, is a recommended
element for controlling surface flows. The ditch should be contoured to drain away from
the working area, with tightline collector drain pipes installed at appropriate locations, if
necessary. Where larger graded slope areas exist above the wall, installation ofplastic film
slope protection sheeting above the interceptor ditch provides another quick and
inexpensive means ofcontrolling surface water during construction. Similar permanent
surface drainage measures are generally required to prevent surface waters from
infiltrating behind the facing or flowing over the top ofthe wall, during the operational life
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ofthe structure. For stepped or benched walls, vegetation can also be used to inhibit
infiltration and lower soil water contents by evapotranspiration.

With respect to subsurface groundwater control, long-term drainage measures may include
the following:

• Face Drains: These are typically 400-mm-wide prefabricated geotextile drain
strips that are placed in vertical strips down the excavation face, on a horizontal
spacing corresponding to the nail horizontal spacing, and discharging either into a
base drain or through weep holes at the bottom ofthe wall.

• Shallow Drains (Weep Holes): These are typically 300-to 400-mm-long, 50-to
100-mm diameter PVC pipes discharging through the face and located where
heavier seepage is encountered.

• Horizontal Drains: If it is determined that the soil retained by a soil nail retaining
wall will be subjected to ground water pressures (perhaps related to a seasonal
change in the ground water table) and there is no serious impediment to
construction of the wall, then the wall must be designed to support the anticipated
driving and uplift ground water forces. Deep horizontal drains, typically consisting
of50 mm diameter slotted or perforated tubes and inclined upward at 5 to 10
degrees to the horizontal, may be installed to control the ground water pressures
imposed on the retained soil mass. The design spacing and depth ofthese drains
are site specific, but they will typically be longer than the length ofthe nails and
with a density of approximately one drain per 10 square meters offace. Deep
horizontal drains may also be used to control unanticipated water flow during
construction. For aesthetic reasons, the drain outlets may have to be plumbed and
carried down the wall face between the shotcrete construction facing and
permanent CIP facing and then outlet at the wall base. Horizontal drain flow
exiting directly out through and flowing down the exterior permanent face in
unsightly.

During construction, ifdrainage systems are collecting significant water, it is often
necessary for the contractor to collect and conduct these inflows away from the
construction area so that the water does not "follow" the contractor down the face.

E. Construction and Final Wall Facings

The facing consists oftwo component parts and is defined primarily in terms ofthe timing
ofconstruction. The "construction facing" is the facing erected during excavation and
initial construction of the wall and is most commonly a minimum 100-mm-thick mesh­
reinforced wet mix shotcrete, as this system provides a continuous, flexible surface layer
over the excavated soil face. The wet mix shotcrete process is preferred to the dry mix
process and is used almost exclusively for soil nail wall facings. The advantages ofthe wet
mix process include better quality control of the water content (water-cement ratio of
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about 0.45 to 0.50), the ability to air-entrain for improved freeze-thaw durability, and
ready availability from local ready-mix plants. From a design perspective, the construction
facing mayor may not be considered to contribute to the structural capacity ofthe final
facing.

Final facings are usually installed following completion ofthe excavation to final grade,
although in some applications (e.g., basement walls where aesthetics are ofsecondary
concern) the final facing, consisting totally ofshotcrete, has been constructed full
thickness concurrent with the excavation ofeach lift. The most common final facing used
to date on permanent walls is cast-in-place (CIP) reinforced concrete (typically 200 mm
minimum thickness), as this type offacing can be readily adapted to satisfy a variety of
aesthetic and durability criteria. Less commonly, a second layer ofshotcrete has also been
used as the final facing. Present technology is such that the final shotcrete layer can be
controlled to close tolerances and, with the shotcrete application and nominal hand
finishing performed by experienced structural shotcreters, an appearance similar to a CIP
wall can be obtained, although the architectural possibilities are necessarily much more
limited. In addition, the shotcrete can be colored either by adding coloring agent to the
mix or by applying a pigmented sealer or stain over the shotcrete surface.

Precast concrete facing panels have also been used as final facings, and can be attached to
the construction facing in a variety ofways. The precast panels can consist of smaller
modular units or offull-height tilt-up panels and provide the means ofintegrating a
continuous drainage blanket behind the facing. One disadvantage ofthis type ofsystem is
the difficulty ofproviding adequate long-term corrosion protection to all the
attachment/coMection devices. A further disadvantage ofthe smaller modular panels is
the difficulty of attaching the panels to the nail heads. Some systems are also restricted by
patent. A disadvantage ofthe full-height precast panels is that they are practically limited
to wall heights ofabout 8 m because ofweight and handling limitations.

Finally, galvanized welded wire mesh has also been used as a final facing with cemented
and generally non-erodible materials and where the slope being stabilized is on a flatter
slope angle, e.g.. IH:IV or flatter.

2.4 Behavior of Soil Nail Walls

2.4.1 Fundamental Mechanism and Potential Failure Modes of a Soil Nail Wall

The fundamental mechanism of Soil Nail Retaining Structures is the development oftensile forces
in the "passive" reinforcements as a result of the restraint that the reinforcements and the attached
facing offer to lateral deformations ofthe structure. In the case ofa soil nail wall constructed
from the top-down, the lateral expansion ofthe reinforced zone is associated with removal of
lateral support as excavation proceeds following installation ofeach level of reinforcement. In the
case ofrepair ofexisting retaining structures or the stabilization ofmarginally stable slopes, the
lateral deformations are associated with ongoing movements ofthe distressed wall or slope as a
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result of inadequate support. In either case, however, the reinforcements interact with the ground
to support the stresses and strains that would otherwise cause the unreinforced ground to fail.
These reinforcements are oriented to correspond in general with the direction ofmaximum tensile
straining within the soil so that the generation of tensile loads is dominant. This distinguishes soil
nailing from soil doweling. In soil doweling, the reinforcements tend to be installed across
potential slip surfaces so as to derive significant support from the development of shear forces
within the dowel.

Loads are developed within the soil nails primarily as a result of the frictional interaction between
the nail and the soil, and secondarily by the soil-structure interaction between the facing and the
soil. The latter phenomenon is responsible for the development of tensile load at the head of the
nail (i.e., at the connection between the nail and facing), and this nail head load is typically some
fraction of the maximum nail load. The maximum tensile load within each nail occurs within the
body ofthe reinforced soil at a distance from the facing that depends on the vertical location of
the nail within the wall. The line ofmaximum tension within the nails is often considered as
dividing the soil mass into two separate zones [7] - (a) an "active zone", close to the facing,
where the shear stresses exerted by the soil on the reinforcement are directed outward and tend to
pull the reinforcement out ofthe ground and (b) a "resistant zone", where the shear stresses are
directed inward and tend to restrain the reinforcements from pullout. This behavior is shown
conceptually on figure 2.4. It should be noted that the line ofmaximum tension does not
correspond to the conventional critical slip surface, as defined in limiting equilibrium stability
analyses, but reflects the results·ofthe soil structure interactions between the ground and the
naiVfacing reinforcement system.

The reinforcement acts to tie the active zone (that would otherwise fail by moving outwards
and downwards with respect to the resistant zone) to the resistant zone. For stability to be
achieved, the nail tensile strength must be adequate to provide the support force to stabilize
the active block. The nails must also be embedded a sufficient length into the resistant zone
to prevent a pullout failure. In addition, the combined effect of the nail head strength (as
determined by the strength of the facing or connection system) and the pullout resistance of
the length of the nail between the face and the slip surface must be adequate to provide the
required nail tension at the slip surface (interface between active and resistant zones).

The above is demonstrated by reference to figure 2.5. Figure 2.5(a) shows a soil nail wall with
long nails ofhigh tensile strength. For a modest strength facing (or nail-facing connection)
system, the most likely failure mode ofthe wall is for the facing or connection to fail (e.g., in
flexure or shear) and for pullout then to occur along the portion ofthe nails located within the
"active" zone ofthe reinforced soil mass, i.e., the active zone slides off the front ofthe nails. The
high nail tendon tensile strength prevents nail tensile failure and the long nail length prevents the
nails from pulling out of the resistant zone behind the active block.
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Figure 2.4 Conceptual Soil Nail Behavior
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Figure 2.5(b) shows a soil nail wall with nails ofhigh tensile strength but ofmore limited length.
In this case, the most likely failure mode is pullout ofthe nails f(om the resistant zone. The nail
force available to support the active block is dependent on the length ofnail behind the potential
slip surface and on the limiting unit pullout resistance that can be developed between the nail and
the soil. In this case, the pullout resistance within the resistant zone is less than the nail tensile
strength and is also less-than the facing strength/pullout resistance within the active zone.

Figure 2.5(c) shows a soil nail wall with long nails ofmore modest tensile strength, and a high
capacity facing system. In this case, nail tensile failure will occur before either the face strength is
exceeded or pullout from the resistant zone can occur.

All potential failure modes must be considered in evaluating the available nail force to stabilize the
active block defined by any particular slip surface.

2.4.2 Nail-Ground Interaction

As noted above, the principal interaction between the nail and the ground is the development of
shear stresses along the nail-ground interface as the ground expands laterally in the direction of
the nail and the nail develops resistance to that expansion. The distribution oftension and
interface shear along the nail depends on the unloading stiflhess ofthe ground, the initial stress
field, the vertical location ofthe nail, the nail length, the nail inclination, the tensile stiflhess ofthe
nail, and the nail-ground interface stiflhess. Local equilibrium ofa section ofreinforcement within
the ground shows that the rate ofchange oftension along the length ofthe nail is equivalent to the
mobilized shear force per unit length at that point, and can be expressed mathematically as:

dT/dL =1t D 't =Q

where:

dT = change ofnail tensile force over the length dL
D = outside diameter ofthe nail drillhole (steel bar and grout)
't = mobilized shear stress at the grout-ground interface
Q = mobilized shear force per unit length of nail (pullout resistance)

From a strength perspective, the ultimate pullout resistance (force per unit length) at the nail­
ground interface is an important parameter for the performance ofa soil nail reinforcement
system. The ultimate pullout resistance depends on the nail drillhole diameter (which can be
controlled within limits) and the shear stress that can be developed before interface slip occurs,
and is a function not only of the ground type but also ofthe method ofnail installation.

The ultimate pullout resistance tends to be relatively independent ofdepth below surface for a
constant soil type and particular installation technique [7]. This relative lack ofdependence ofthe
ultimate pullout resistance on the level ofoverburden pressure has been attributed to the
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decreasing significance ofsoil dilation with depth, which tends to offset the effect of increasing
overburden pressure with depth. For nails that are installed in predrilled holes and grouted under
gravity or low pressure, which is the most common method in North America, the effect of
overburden pressure tends to be diminished by arching ofstresses around the installation drillhole.
This phenomenon also contributes to the observed lack ofsignificant dependence ofthe ultimate
pullout resistance on the overburden pressure.

Finally, only very small displacements between the nail and the adjacent ground are required to
mobilize the ultimate bond or adhesion. Numerous pullout tests have established that relative
displacements on the order of 1 to 2 mm are often all that are required to achieve the ultimate
pullout resistance. This is an important aspect in the performance ofsoil nail structures. Not only
must the reinforcements be sufficiently strong to prevent nail tendon tensile failure, and the
ground-nail ultimate pullout resistance sufficiently high to prevent pullout ofthe reinforcements,
but the nails and the nail grout-ground interface must be sufficiently stiffto ensure that the
reinforcing loads can be developed without associated excessive deformations.

2.4.3 Nail-Ground-Facing Interaction

Although soil nail reinforcement systems have been used without any structural facing [8], a
construction facing is most typically developed concurrently with excavation and nail installation,
and the nails are structurally connected to that facing. Hence, as the excavation proceeds and
lateral deformations of the ground occur, earth pressures are developed at the ground-facing
interface. These face pressures are balanced by equal and opposite nail head tensions. The
magnitude of the nail head tensile load depends on the timeliness of the nail installation, the
ground stiffness characteristics, the nail tensile stiffness, the nail grout-ground interface stiffness,
and the facing stiffness.

Although one ofthe most attractive features of the soil nailing technique is the ability ofthe
method to provide support with a relatively modest structural facing, this aspect ofthe system has
been one of the least well understood. It is clear, however, that the construction method and
the presence of fully bonded reinforcements carried up to the facing result in lower face
pressures than are developed with active support systems (e.g., tiebacks) or with
conventional retaining structures.

The issues for facing design and for assessing the contribution of the facing to the overall soil nail
system "support" are therefore a) the magnitude ofthe facing load developed under the service
load condition and how this load is applied (Le., the pressure distribution at the ground-facing
interface) and b) the strengths ofthe construction and final facings typically applied in soil nail
wall construction.
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2.4.4 Distribution of Nail Forces

Figure 2.4 shows a typical distribution ofnail forces for a soil nail retaining wall with a horizontal
backslope. Along any nail, the maximum nail force usually occurs at an intermediate point, whose
location depends, for any given geometry, on the location ofthe nail within the wall. For a near­
vertical wall with a horizontal backslope, the line of maximum tension within the reinforced zone
is typically curvilinear and intercepts the surface at about O.3H to O.35H back from the wall
(figure 2.4), where H is the height ofthe wall. Considering that nail lengths are typically on the
order ofO.6H to O.8H, this implies that in the upper part of the reinforced zone, the maximum nail
force tends to occur at about the mid-length ofthe nail or slightly on the facing side ofthe mid­
point. In the lower portions of the reinforced zone, the point ofmaximum tension moves closer
to the wall face, as the zone ofsoil deformation is constrained by the close proximity ofthe
foundation materials. The nail tension at the face is generally less than the maximum nail tension,
with the ratio of nail head load to maximum nail load tending to decrease as the nail loads are
progressively developed during construction.

The nail tensions are developed gradually as the excavation proceeds following nail installation.
Observations during construction have indicated that most ofthe nail tensile loadings are
developed within any nail during the first three excavation steps immediately following nail
installation [7]. Consequently, the nails in the lower portion ofthe wall are usually more lightly
loaded at the completion ofconstruction because there has been insufficient soil
deformation/straining in the vicinity of these lower nails to fully develop the nail-ground interface
shear forces that mobilize the nail tensions. The bottom row of nails is completely unloaded
immediately following construction, as it is installed following the last excavation step and may
develop tensions only because oflong-term deformations that might occur within the ground.

A summary of maximum measured nail loads, as a function ofthe nail depth within the wall, is
shown plotted on figure 2.6. The nail loads were estimated from the results of strain gauge
monitoring of test sections at a variety ofsites described in table 2.2. The nail load estimates
were made using a technique that attempted to account for the portion of the nail load supported
by tensile stresses within the nail grout annulus [9], and considered the effects ofgrout aging,
creep, and cracking. Much previous reporting ofcalculated nail loads ignores the contribution of
the nail load carried by the grout, tending to underestimate the nail loads unless the grout in the
vicinity of the strain gauge is extensively cracked.
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TABLE 2.2
CHARACTERISTICS OF MONITORED SOIL NAIL WALLS

Swift-Delta Swift-Delta Polyclinic Peasmarsh Guernsey
Station 1 Station 2

Hei~ht (m) 5.3 5.6 16.8 11 20
Face slope (deg) 0 0 0 20 30
Back slope (deg) 55 kN/m:l 27 0 0 0

surcharge
Type ofFacin~ shotcrete shotcrete shotcrete geowid geowid
Nail Length (m) 6.4 5.2 10.7 6-7 10
Nail Inclination 15 15 15 20 20
(deg)
Steel Diameter 29 29 36 25 25
(mm)
Spacing, H x V 1.4 xl 1.4 xl 1.8 x 1.8 1.5 x 1.5 1.5 x 1.25
(m)

llI-30, llI-30, San Cumberland 1-78,
Rockwall Rockwall Bernadino Gap 1988 Allentown
Section A SectionB

Height (m) 5.2 4.3 7.6 7.9 12.2
Face slope (deg) 0 0 6 0 3 mbench
Back slop (deg) 0 75 kN/m:l 5 33 33

surcharge
Type ofFacing shotcrete shotcrete shotcrete shotcrete concrete

panels
Nail Length (m) 6.1 6.1 6.7 13.4 6.1-9.2
Nail Inclination 5 5 12 15 10
(deg)
Nail Diameter 152 152 203 114 89
(mm)
Steel Diameter 19 19 25 29 25-32
(mm)
Spacing, H x V .75 x .75 .75 x .75 1.5 x 1.5 1.5 x 1.2 1.5 x 1.5
(m)

The information presented in figure 2.6 is given in dimensionless format, in which the nail load is
normalized with respect to the soil specific weight y, the nail vertical and horizontal spacings, the
wall height H, and the calculated active earth pressure coefficient K.. The active earth pressure
coefficient was calculated for the geometry and boundary loading conditions appropriate to the
problem and for the soil friction angle reported by the wall designers (cohesive components of soil
strength were such that c/yH<0.05, and were ignored in the calculation ofthe K. value). The
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interpreted information suggests a pattern for the maximum nail loads as a function ofthe depth
within the reinforced zone. Within the upper two-thirds to three-quarters ofthe wall height, the
maximum nail loads appear to be relatively constant with depth, with the normalized nail load
(Tmax/(yHSHSv)) within the range ofOA to in excess of 1.0 times the active earth pressure
coefficient K.. This rather large range in the normalized maximum nail loads probably reflects
natural variability, the inaccuracies inherent in estimating nail grout loads using generic material
property data and highly simplified material models, together with possibly inappropriate soil
strength parameter estimates used and reported by the designers. The mean normalized maximum
nail load in the upper portion of the wall appears to lie in the range ofO.75Ka.

Within the lower one-quarter to one-third ofthe wall height, the maximum nail loads decrease
significantly and appear in general to trend from the upper wall maximum values noted above to a
value ofzero at the base of the wall.

These observations are consistent with those reported by others. The "Recommendations
Clouterre" [7] report states that the equivalent earth pressure distribution corresponding to the
maximum measured nail loads corresponds to an at-rest Ko condition near the top ofthe wall to
less than K. conditions near the base of the wall.

2.4.5 Face Loading Magnitude and Distribution

In general, our understanding ofthe magnitude ofthe face loadings developed in soil nailing
applications is not as good as is our knowledge ofthe maximum loads developed within the nails.
The main reason for this is that the quality offield monitoring data is poor. The results from
strain-gauged nails are more difficult to assess in the vicinity ofthe facing, where bending effects
tend to be more significant. The most reliable information on nail head loads is likely to be
obtained from load cells installed at the head ofthe nails, but there has been relatively little of this
type of information collected to date.

Figure 2.7 shows the nail loads extrapolated to the facing, for the instrumented walls oftable 2.2.
The data are presented in the same dimensionless format as are the maximum nail loads given on
figure 2.6. The nail head loads, or equivalent face pressures, are seen to follow a similar pattern
to that observed for the maximum nail loads, i.e., fairly uniform in the upper two-thirds ofthe wall
and decreasing in the lower part ofthe wall. The normalized nail head loads in the upper part of
the wall vary in general from about 0.3K. (excluding those walls with no facing, where the nail
head loads were zero) to about 0.7K. (excluding one or two high readings for the IH30 wall that
appeared to be atypical in a number of respects, including the CH soils and the very close nail
spacing). The mean normalized nail head load in the upper part of the wall is in the range OAK.
to OA5K., or less than 60 percent ofthe maximum nail loads observed under the service
condition.
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GassIer et al [10] reports the results ofearth pressure measurements by means ofGlotzl cells
located at the shotcrete-soil interface for an experimental wall studied as part ofthe
Bodenvemagelung program. Under selfweight loading, the equivalent face pressure was
reported to be about 50 percent of the Coulomb active value, with a distribution closer to uniform
than triangular and a marked reduction close to the toe. When surface surcharge was added, the
resultant earth pressure reached about 70 percent ofthe Coulomb active value. Furthermore,
equivalent face pressure loads of60 to 70 percent ofthe Coulomb active earth pressure were
observed repeatedly, and it was recommended that the shotcrete facing and the nail heads should
be dimensioned for these reduced earth pressures.

Similar behavior was observed during the investigations carried out as part ofClouterre. Under
service conditions, the ratio ofthe nail head load to the maximum nail load was always less than
one and was typically in the range of0.4 to 0.5 for the most heavily loaded nails in the upper
portion of the walls where the nail-soil interaction behavior was fully developed [7]. On the basis
of this information, the Clouterre design recommendations are for facing service loads of60
percent of the maximum nail service loads for a nail head spacing ofone meter, increasing to 100
percent of the maximum nail service loads for a nail head spacing ofthree meters. For a typical
nail head spacing of 1.5 m, this corresponds to a recommended facing service load ofabout 0.7
times the maximum nail service load.

Each ofthe above studies indicates that the nail head loads mobilized under service loading for
typical nail spacings and relatively flexible construction facings ofthe mesh reinforced shotcrete
type are significantly less than the maximum nail loads developed within the reinforced soil mass
away from the facing. The ratio of the nail head load to the maximum nail load appears to be in
the range of0.4 to 0.6.

2.4.6 Deformation Behavior

During construction ofa soil nail wall from the top-down, the reinforced soil zone tends to rotate
outwards about the toe of the wall as part ofthe process ofmobilizing tensile loads within the
nails. Hence, maximum horizontal movements occur at the top ofthe wall and decrease
progressively towards the toe of the wall. Settlements at the facing also occur, and these tend to
be on the same order ofmagnitude as the horizontal movements at the top ofthe wall.
Displacements of the facing depend on the following factors [7]:

• Construction rate;

• Nail spacing and excavation lift heights;

• Nail and Soil stiffness;

• Global factor of safety;

• Nail Length to Wall Height (UH) ratio (more tilt and greater displacements when the wall
height H is large in relation to the nail length L);

41



• Nail inclination (greater displacements for greater inclinations because ofless efficient
reinforcing action);

• Bearing capacity ofthe foundation soils; and

• Magnitude ofany surcharge loadings.

For vertical soil nail walls with typical nail-Iength-to-wall-height ratios, negligible surcharge
loadings, and designed with reasonable factors ofsafety, the peak wall displacements at the top of
the wall tend to vary from 0.1%H or less for weathered rocks and very competent and dense soils
(e.g., glacial tills), to O.2%H for granular soils, and up to O.4%H for fine-grained clay type soils.
These movements are considered to be relatively small and generally correspond to those
expected for well braced systems and for tieback walls.

The construction displacements tend to decrease in magnitude with distance back from the wall
facing and are typically on the order ofseveral tenths of the wall facing displacements at a surface
location over the ends ofthe nails. Figure 2.8 presents the Clouterre recommendations [7] for
estimating the manner in which surface displacements decrease with distance from the facing for
soil nail walls in various soil types. The displacements experienced by soil nail walls are generally
comparable to those experienced by other types ofretaining walls (see figure 2.9).

Post-construction monitoring ofwall displacements indicates that some ongoing movements may
tend to occur with time, depending on the ground type, and that some additional tensions in the
nails, particularly those near the base ofthe waH, may develop. In many instances, however,
ongoing straining of the nails is associated principally with a redistribution ofnail load from the
creeping grout annulus to the steel tendon, as inclinometer or wall survey data may indicate zero
to minimal time dependent deformations ofthe wall.

2.4.7 Role of Nail Bending and Shear

Under service load conditions, soil nails provide their reinforcing action almost exclusively
through the development oftensile nail loadings associated with shear stresses developed at the
interface between the nail and the ground. For the relatively slender dimensions typical ofsoil
nails and the nature of the materials usually reinforced by the emplacement ofnails, the reinforcing
contribution ofthe nails by the development ofshear forces within the nails is limited by their
small flexural or bending strength. In addition, the minimum displacement required to mobilize
the full passive bearing pressure beneath a laterally loaded nail is about one order ofmagnitude
greater than the minimum displacement required to mobilize the nail grout-ground ultimate
adhesion. Shear and bending ofthe nails are not therefore considered to be important for design.

For typical soil nail construction facings consisting ofapproximately 100 mm ofshotcrete, the soil
nails will generally be able to support the selfweight ofthe facing through a combination of
interface friction between the facing and the soil and bearing of the nails against the soil

42



Existing Structure

II
A=H[1-tan Tll1C

8t,.. Horizontal top of wall deflection (l)
3v .. Vertical top of wall deflection (l)
A .. Horizontal distance behglnd top of waI

which may be inftuenced by construc1lon
induced wall deformation (l)

" .. Face batter (degrees)
l .. Nail length

-
-

H

---r"__ah_=t~ L_
a~:r-- _

~I -,/T------__TI---, I LJ -"rr---- _
II -
I ~I'm--- _
L
'
" -

j
r

Displacement _
of Facing

Type of Soil Weathered Rocks Sandy Soils Clayey Soils

Stiff Soils

3tl-3y H/1000 2 HI 1000 3 HI 1000
coefficient 1C 0.8 1.25 1.5

Figure 2.8 Deformation of Soil Nail Walls
(Clouterre 1991)

43



o
20

0
I

I
i
i
i
.

4
9

.
S

ol
di

er
P

ile
&

la
g

or
S

he
el

pi
le

s

I
IA

D
ia

ph
ra

m
W

al
ls

I
I:

o
S

oi
lN

ai
lW

al
ls

16
0
I

.3
1

.1
3

<>
D

ril
le

d
P

ie
rW

al
ls

E
~

.s J
: 'E Q
) E

12
0

Q
) > 0

£!>
Io
V

I
~

I
I

~
.1

3

~ Q
)

.
/

I
•

(U
8

0
I

I
..

J E :::
J

~
E

I
0

3
~

.
~

~

4
0

I

--
V

•
I

/
'

~..
0

q.
I

0

•
40

.....
w

30
O
~

10
20

0

D
ep

th
of

E
xc

av
at

io
n,

H
(m

)
af

te
rC

lo
ug

h
an

d
O

'R
ou

rk
e,

19
90

.

F
ig

u
re

2.
9

O
b

se
rv

ed
M

ax
im

u
m

L
at

er
al

M
o

ve
m

en
ts

fo
r

In
si

tu
W

al
ls

in
S

ti
ff

C
la

ys
,R

es
id

u
al

S
o

ils
an

d
S

an
d

s
[1

1]



surrounding the individual nails. However, for relatively thick shotcrete facings (such as are
typically employed in permanent top-down construction) with less competent ground, it may not
be possible to support the weight of the facing without unacceptable downward and outward
movement of the wall. In such cases, additional vertical support may be obtained by installing
"strut" nails or "dowels." Strut nails are short, highly inclined nails, typically placed between the
primary nail locations and act primarily in compression. Dowels are short supplementary nails
that provide additional vertical support to the facing by acting in shear/bending. Determination of
an adequate pattern ofstruts or dowels is discussed in section 4.10.16.

2.5 Comparison with MSE and Tieback Walls

As a means ofreinforcing/supporting in-situ ground to enable the development ofsteep slopes or
walls within that ground, soil nail walls are often a direct competitor with the more widely known
tieback walls. In order to better define those applications in which soil nail walls offer a viable
alternative to tiebacks, it is necessary to understand the fundamental differences between the two
systems.

Although soil nailing is not a direct equivalent ofMSE in that the former reinforces in-situ ground
and the latter is associated with the construction ofreinforced fills, the two techniques share the
common feature ofbeing passive reinforcement methods. However, there are also a number of
fundamental differences between soil nailing and MSE, and these must be understood to
appreciate why somewhat different design approaches have been adopted for the two techniques.

Table 2.3 provides a summary comparison ofsoil nail, tieback end MSE wall types, discussed
further below.

2.5.1 Tieback Walls

There are a number ofsignificant functional distinctions to be made between tiebacks and soil
nails. The following comparisons (adapted from Bruce and Jewell [12], and the Clouterre
program [7]) may be drawn:

• Tiebacks do not interact directly with the soil (except in the anchor zone) and the
supporting force is constant for all potential slip surfaces contained within the "no load
zone." The tensile reinforcement load varies along the length ofa soil nail, however, and
the total supporting force will therefore change from one potential slip surface to another
(figure 2.10).

• Tieback anchors are stressed after installation. In contrast, soil nails are not prestressed,
except for a small seating load, and require a small but finite relative movement between
the nail and the ground in order to develop their supporting tensile loads.
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Figure 2.10 Typical Tensile Force Distribution Along
Reinforcement Length

46



• Because of the installation ofsoldier piles prior to excavation, face stability and stand-up
time are much less critical concerns for tieback systems than for soil nail systems.

• Nails are installed at a far higher density than tiebacks, and the consequences ofa unit
failure are therefore much less severe because ofthe higher redundancy ofnail
installations. However, the load carrying capacity ofeach tieback is verified by testing
whereas typically only about 5 percent ofnails are load tested.

• As the maximum reinforcing load is taken to the face with tiebacks, appropriate bearing
support must be provided at the face to eliminate the possibility of"punching through" the
facing ofthe retained structure. Because only a portion ofthe maximum nail load is taken
to the facing with soil nailing, and the individual reinforcing loads are smaller because of
the closer spacing ofnails versus tiebacks, substantial bearing support at the face is not
required with nails. Typically, nail face loads are satisfactorily accommodated by small
steel plates bearing directly on the shotcrete construction facing.

• Individual tieback anchors tend to be longer than individual nails, and may therefore
require larger installation equipment. In addition, a tieback anchorage system is often
used to retain a substantial structure such as a diaphragm wall or bored pile wall, which
will itself require large scale construction equipment.

TABLE 2.3
CONCEPTUAL COMPARISON OF WALL TYPES

Wall Type Soil Nail Wall Tieback Wall MSE Wall
Wall Top down (cut in-situ Top down (cut in-situ Bottom up (in fill)
Construction soil/rock) soil/rock)

Reinforcements are Reinforcements are Reinforcement strips
drilled and grouted in drilled and grouted in or sheets are
place full length in place, but such that sandwiched between
both active and all reinforcement compacted fill in both
resistant zone capacity is obtained active and resistance

behind active zone zone
Reinforcements are Reinforcements are Reinforcements are
passively stressed as actively stressed at passively stressed as
cut excavation each excavation stage fill construction
progresses progresses

Wall Behavior Reinforcement loads Near unifonn stress Reinforcement loads
decrease top to distribution (see increase top to
bottom (see figure figure 2.12) bottom (see figure
2.12) 2.12)
Facing carries only Facing carries full soil Facing carries only
soil pressure not pressure soil pressure not
taken up by nails taken up by

reinforcement layers
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Wall Type Soil Nail Wall Tieback Wall MSEWali
Load transfer Load transfer Load transfer
between soil and between soil and between soil and
reinforcement occurs reinforcement occurs reinforcement occurs
along full length (see only in resistant zone along full length (see
figure 2.10) (no load transfer figure 2.10)

allowed in active
zone - see figure
2.10)

Tensile forces in nail Tensile forces in Tensile forces in
due to gravity forces anchor result from reinforcement due to
on soil in active zone equilibrium between gravity forces on soil

tensile force applied in active zone
to anchor head during
stressing and self
weight of soil in
active zone

Soil is partially Soil is confined by Soil is mostly
confined by nails facing only confined by

reinforcement,
depending on
reinforcement type
and spacin2

Maximum wall face Maximum wall face Maximum wall face
deflection is at top of deflection is at top of deflection is usually
wall (see figure 2.11) wall, depending on at lower third point

how anchors are (see figure 2.11)
stressed

Design Approach Limit equilibrium Uses empirical earth Uses empirical earth
(Internal) using allowable pressure distribution pressure distribution

capacity offacing and to calculate (different than that
nail (strength and reinforcement stress, used for tiebacks) to
pullout resistance) as which is equated to calculate
added force in reinforcement reinforcement stress,
combination with capacity to determine which is equated to
available soil strength safety factor against reinforcement
to achieve force reinforcement rupture capacity to determine
and/or moment and pullout safety factor against
equilibrium along reinforcement rupture
critical slip surface and pullout
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Wall Type Soil Nail Wall Tieback Wall MSE Wall
Ratio of
forces/nlonlents
causing to
forceslnlonlents
resisting is FS
Reinforcenlent Reinforcenlent Reinforcenlent
strength and pullout strength and pullout strength and pullout
resistance required is resistance required is resistance required is
calculated globally calculated at each calculated at each
for entire wall or for reinforcenlent level reinforcenlent level to
intern1ediate based on the anchor resist the local lateral
construction stages capacity required for earth pressure in the
(linlit state the facing to tributary area of the
conditions) structurally resist the reinforcenlent

lateral earth pressure (working stress
applied (working conditions)
stress conditions)

Facing and facing/nail Facing (e.g. soldier Facing-reinforcenlent
connection systenl piles) and facing- connection system
checked for possible tieback connection checked for possible
failure nlodes (e.g., systenl checked for failure nlodes using
flexure, shear) using possible failure enlpirical earth
enlpirical earth nlodes under the pressure distribution
pressure distribution installed tieback pre- at the facing.
at the facing stress

Design Approach Treat reinforced zone Only slope stability Treat reinforced zone
(External) as rigid body, behind wall is as rigid body,

evaluating typically evaluated, evaluating sliding,
overturning and but bearing failure of overturning, and
bearing capacity. the gravity wall bearing capacity.
Slope stability behind should be evaluated Slope stability behind
wall is also evaluated under adverse wall is also evaluated

foundation conditions

In general, if stability problenls are shown to be deep seated with nlarginal soils adjacent the wall
facing and nlore cOnlpetent nlaterials at depth, then ground anchorages will probably be required.
Conversely, in the appropriate soil types, soil nailing has frequently proved preferable to other
nlethods oflateral support that incorporate prestressed ground anchors (e.g., soldier pile wall).
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2.5.2 MSE Walls

MSE walls and soil nail walls share certain features in common. These are summarized as:

• The reinforcement is placed in the soil unstressed and the reinforcement forces are
mobilized by subsequent deformation of the soil.

• The reinforcement forces are sustained by frictional bond between the soil and the
reinforcing element. The reinforced zone performs as a gravity retaining structure and
resists the thrust from the unreinforced soil it retains.

• The facing ofthe structure is thin-prefabricated elements in the case ofmechanically
stabilized earth and usually shotcrete in the case of soil nails.

There are, however, some fundamental differences that can be summarized as:

• The construction procedure: Although the two structures may appear similar at the end
of construction, the construction sequences are radically different. Soil nailing is
constructed by staged excavations from the "top down" whereas MSE walls are
constructed by placing reinforced fill from the "bottom up." This different construction
sequence results in a different wall deformation pattern (figure 2.11) and a different
distribution ofloads within the reinforcement (figure 2.12). Maximum deformations in a
soil nail wall occur at the top ofthe wall, whereas in an MSE wall the maximum
deformations occur near the base (figure 2.11). Also, with mechanically stabilized earth,
the reinforcing loads generally increase from the top ofthe wall towards the base, whereas
with soil nailing the reinforcement loads tend to be more uniform with depth, similar to a
braced excavation, and decrease in the lower portion of the wall (figure 2.12).

• The nature ofthe soil: Soil nailing is an in-situ reinforcement technique and the properties
ofthe soils cannot be pre-selected as they are for MSE walls. MSE walls utilize clean,
low water content granular backfills that are predominantly frictional in nature. On the
other hand, nails are installed into soil and rock whose strength properties and water
content can vary through a wide range.

• The soil-reinforcement bond: Grouting techniques are usually (although not exclusively)
employed to bond the nail to the surrounding ground, and load is transferred along the
grout-soil interface. In MSE structures, friction is generated directly along the
reinforcement to soil interface.

From a design perspective, the locations ofthe maximum tensile forces for MSE walls are
generally well known because ofthe simplicity of the geometry and the standardization ofthe
materials. This is not the case for soil nail structures, and simplified empirical "earth pressure" or
"local equilibrium" design models are therefore more difficult to apply with soil nailing than with
mechanically stabilize~ earth.
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CHAPTER 3. SITE INVESTIGATION AND TESTING

3.1 Ground Characterization

The feasibility ofan economical and reliable design for soil nailing depends on existing site
physical features, subsurface stratigraphy, groundwater, and soiVrock properties. Subsurface
investigations must explore not only the location ofthe nail wall face, but also the region ofthe
nails themselves. These investigations should determine the nature, strength, and corrosive
potential ofthe ground in which the nails are to be placed. Each project must be treated
individually as both soil conditions and related risks may vary widely. The basic ingredients for a
rational subsurface investigation program include a background study ofgeologic conditions, field
reconnaissance, explorations, and laboratory testing. The information obtained from one phase is
used to determine the scope ofwork in the next. The aim of the investigation is to determine, by
the most economical means, adequate information about the block ofground in which nails will be
installed to permit safe, economical design and construction. This includes information on
groundwater conditions and an assessment ofexcavation face stability.

The primary design considerations for soil nail walls are adequate stability, durability, and limited
wall deflections. The most critical component in the design and construction ofa soil nail wall is
an adequate design phase site investigation. Further, design ofsoil nail walls, like any major
retaining wall system, should be performed only by well-qualified and experienced geotechnical
and structural engineers.

The recommended site investigation phases for a soil nail wall are discussed below.

A. Site Geology Review

A review ofavailable geologic and groundwater information should be performed initially.
This information may be contained in sources such as geologic maps, air photos, surveys, and
other databases including geologic/geotechnical reports prepared in association with prior site
investigations in the project area.

B. Field Reconnaissance

The minimum elements ofa complete field reconnaissance for permanent ground anchor
installations presented in publication FHWA DP-68-1R [13] are consistent and applicable for
soil nail structures, since soil nailing will often be considered as an alternate to ground anchors
for cut retention.

,Early in project planning, sites that appear suitable for soil nail structures should be inspected
in the field by the geotechnical engineer, preferably accompanied by the project roadway
design and structural engineers. On rehabilitation or reconstruction projects, a cooperative
geotechnical- structural inspection should be mandatory. Such a "team" approach has been
proven to result in better design decisions and improved constructability. Major items to be
accomplished during field reconnaissance include:
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1. Selecting limits and intervals for topographic cross sections.

2. Recording site access conditions for work forces and equipment (both for explorations
and construction).

3. Observing surface drainage patterns, seepage and vegetative characteristics to estimate
groundwater conditions and structural drainage requirements. Corrosion ofexisting
drainage structures should be noted to identify ifa corrosive environment may exist for
concrete and/or steel materials.

4. Studying surface geologic features including rock outcrops and landforms. Existing
cuts or excavations can be used to help identify stratification.

5. Determining the extent, nature, and situation of any existing or abandoned, above- or
below-ground utilities (electric, water, sewer, gas, etc.), basements, and substructures
ofadjacent structures which may be impacted by explorations or subsequent
construction.

6. Identifying existing structures or properties not .under common ownership with the
new project for possible future right-of-way acquisition or legal temporary or
permanent underground easement.

7. Reviewing files for existing subsurface data in the vicinity of the project site.

C. Subsurface Exploration

Subsurface explorations should be sufficiently detailed to determine soiVrock stratigraphy in
the zones affected by the proposed soil nail wall construction, develop subsurface cross­
sections adequate for stability analyses, allow an estimate ofthe pullout capacity ofthe nails,
and develop sufficient information to design an efficient internal drainage system. Whenever
site access allows, backhoe test pits or small test cuts are recommended as part of the
exploration program to help assess whether or not the excavation face will stand while
temporarily unsupported during the staged lift excavations. Such test pits or cuts
provide a quick, inexpensive, and very valuable exploration method for soil nail walls,
particularly for assessing constructability.

The number, type, and locations of subsurface explorations are usually determined by the
geotechnical engineer or engineering geologist and are based on the results of the field
reconnaissance and available existing subsurface data. There is no "cookbook" exploration
program that will fit all sites. Engineering judgment must be used on a project-by-project
basis to determine the final subsurface program. The following are recommended general
guidelines.

1. Wall borings spaced at approximately 30 m intervals along the structure alignment
(figure 3.1). Nail retaining structures (similar to tieback walls) require an additional
line ofborings (nail borings) to provide subsurface information for design ofthe nail
zone. In flat or gently sloping ground, the nail borings are recommended to lie on
approximately 45 m centers at a distance behind the wall equal to approximately 1.0 to
1.5 times the wall height. For sloping ground conditions, the distance behind the wall
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Figure 3.1 Site Exploration Guideline for Soil Nail Walls
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ofthe nail borings may be increased up to approximately 1.5 to 2.0 times the wall
height, depending on the backslope. Static cone penetrometer tests may be substituted
for up to halfof the borings in a line. At critical sections, borings may be added in
front ofthe proposed wall line to better define the soiVrock stratigraphy.

2. Boring depths will be a function ofthe encountered subsurface conditions, but where
bedrock is within a reasonable depth, extract.a minimum rock core length of3 m. The
core is used to distinguish between boulders and bedrock and to identify the rock type.
Wall borings and nail borings are usually extended to a minimum depth equal to at
least the proposed wall height below the wall base, or 3 m into rock ifrock is
encountered at a lesser depth.

3. Standard penetration tests (SPT) should be performed at 1.5 m intervals and the soil
samples sent to the soils laboratory for visual identification, classification, and testing.
In ground that may contain thin weak soil layers, continuous SPT sampling is
recommended. Undisturbed tube samples or in-situ strength testing should be taken in
cohesive soil deposits at 1.5 m to 3 m depth intervals. Careful static water level
determinations must be made on completion ofthe boring. A notation should be made
on removal oftools and/or casing as to whether the hole stayed open or ofthe depth
of collapse. At least one nail and one wall boring should be converted to a water
observation well for long-term water level readings.

4. Test cuts or pits are recommended to be approximately 6 to 8 m long and 2 to 2.5 m
deep and left open for at least 3 to 4 days. A daily inspection is recommended, with
"stand-up" conditions documented and a photographic record prepared. The long axis
of the cut or pit should be parallel to, and located in front of, the proposed wall face.
In residual soils, a joint survey should be made to determine the major joint systems
and their orientations and joint surface characteristics.

Exploratory work should be carried out in accordance with Agency standards and/or the
AASHTO Subsurface Investigation Manual.

D. Laboratory Testing

The focus of the testing program is to obtain reliable estimates ofthe unit weight and strength
of the soil or rock. Properties such as Atterberg limits and grain size distribution will help in
establishing general suitability of soil nailing as a structural support system. Soil tests to
determine the corrosion potential of the soils should also be conducted.

Minimum test requirements for soil and rock sites are outlined below. However, the
geotechnical engineer must decide the type and amount oftesting to be done based on the
importance of the structure, the site conditions, and local experience.

1. Soil: All soil samples extracted from borings should be visually identified and
described in both the field and the laboratory. Moisture contents should be taken
on representative samples. In addition, for cohesionless soils, the gradation ofthe
soil should be determined, including the fraction and characteristics ofthe fines
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present. Soil strength properties are often conveniently determined from local
experience. Ifthis experience is not available, then triaxial tests can be used to
define the effective shear strength parameters. Recognizing that undisturbed
samples for testing may be difficult to obtain, the shear strength parameters should
also be developed from correlations with the field standard penetration test (or
equivalent cone penetration test) discussed above. Unit weights ofgranular
materials can be estimated from correlation to SPT values or be established in the
field by conventional sand cone (ASTM D-1556) [14] or rubber balloon (ASTM
2167) [15] methods.

For cohesive soils, the total unit weight may be determined from undisturbed thin­
walled tube samples. The soil strength properties should be determined for both
drained (long-term) and undrained (short-term) loading conditions, irrespective of
the planned life ofthe structure. Local experience should be used, where available,
to assist in estimating the shear strength ofcohesive soils. The effective stress
(long-term) strength parameters can be determined from CU triaxial testing with
pore pressure measurements, and the undrained strength values estimated from UU
triaxial testing. In-situ vane shear tests can also be used for estimating the
undrained shear strength ofclayey soils. In residual soils, direct shear testing
should be performed on critically oriented.joint surfaces. Fine-grained soils should
be evaluated for their susceptibility to frost (silts) or swelling (clays).

Creep Potential

As noted previously, the Atterberg limits can be used to identify clay soils that
should be considered as either non-applications for soil nailing or as potentially
problematical with respect to long-term creep. Nails should not be located in
organic soils or cohesive soils with a Liquidity Index greater than 0.2 and an
undrained shear strength less than 50 kN/m2 without evaluating the long-term
creep behavior ofthe soil nails by performing creeptests. The Liquidity Index (LI)
is defined as:

LI= W-WP
WL-WP

WL =Liquid Limit Water Content
WP = Plastic Limit Water Content
W =Natural Water Content

Long-term static loading may cause creep ofthe nail bond zone with time. The
nail must be designed such that this deflection will not produce objectionable
movements of the structure or the adjacent property. Creep may theoretically
develop in three components ofthe nail: creep ofthe ground surrounding the
anchor bond zone due to time-dependent secondary compression of the soil
structure, creep ofthe grout in the bond zone, and creep ofthe steel comprising
the tendon and/or connections. From a practical view-point, the latter two factors
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have little significance at typical design loads while the former is only of
importance in fine grained plastic soils or soft rocks. Still, the concept ofcreep is
important to be understood by the designer as creep measurements will be
recommended for routine inclusion on all projects in later sections ofthis manual.

In practice, a plot ofcumulative nail displacement versus the log oftime produces
a linear relationship for individual loads. As the total load, which is applied and
held constant, increases, so does the slope ofthe plot relative to the slope at lower
loads. A total creep rate exceeding 2 mm per log cycle oftime (6-60 minutes) on
a short-term field test has been shown to be unacceptable in practice. Such
excessive creep rates are usually associated with soft cohesive soils and tend to
increase with time until failure occurs. Longer term creep tests may be necessary
in soils exhibiting borderline creep rates to determine long-term behavior and
permit prediction ofservice life deflection. Detailed guidance for longer term
creep tests are given in AASHTO Task Force 27 Report, August 1990, Pages 185­
188 [16].

Corrosion Potential

Soil tests may be performed to measure the aggressiveness ofthe soil environment,
especially if field observations indicate corrosion ofexisting structures. The most
common and simplest tests are for electrical resistivity, pH, chloride, and sulfate.
The designations for these tests and the critical values defining whether an
aggressive soil environment exists, are as shown below. The ground is considered
aggressive if anyone of these indicators show critical values.

TABLE 3.1
GROUND AGGRESSIVENESS INDICATORS

Property Test Designation Critical Values

Resistivity ASTM G 57 [17], AASHTO below 2,000 ohm-cm
T-288 [18]

pH ASTM G 51 [19], AASHTO below 5
T-289 [20]

Sulfate ASTMD516M [21], ASTM above 200 ppm
D4327 [22]

Chloride ASTM D512 [23], ASTM above 100 ppm
D4327 [22], AASHTO T-291
[24]

Ref. FHWA-RD-89-198 [25]
Note: User should check test standard for latest updates and individual transportation
agencies may have limits on critical values different than tabulated above.
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2. Rock: Analysis ofrock properties is more field oriented as the presence and
location offissures, joints, or other discontinuities will control the overall strength
ofthe rock mass. Determination ofrock properties (mass strength, bond) is based
on information from both laboratory and field testing:

a. Form ofthe rock mass and the depth ofoverburden
b. Rock type
c. Rock quality designation (RQD)
d. Joint spacing and orientation
e. Stratification
f. Rock material strength
g. Water pressure in joints

E. Final Feasibility Evaluation

Based on the results of the subsurface exploration and subsequent laboratory testing program,
a final feasibility evaluation can be made to determine if a successful design can be
implemented with a relatively high degree ofconfidence. This requires an understanding of
ground conditions for which nailing is and is not well suited. These conditions are
discussed in chapter 1. In addition, anticipated displacements for the ground conditions (see
section 2.4) should be estimated and checked for compatibility with adjacent structures.

3.2 Estimating Nail Pullout Resistance for Design

Verification of the ultimate soil-nail pullout resistance assumed in design is essential to ensure
structure safety. It should be considered an extension ofdesign. Further, the actual pullout
resistance achieved can be affected by:

• Soil or rock type and shear strength.

• Roughness ofdrillhole wall (will vary with drilling method used).

• Final drillhole diameter.

• Loose drill cuttings left along the bottom ofthe drillhole (can occur particularly with auger
drilling or when air is used to remove drill cuttings if air compressor capacity is not large
enough).

• Contractor drilling and grouting techniques, expertise, and workmanship.

Nail pullout resistance estimates should be based on experience with open hole methods of
construction if soil conditions allow. Ifinadequate experience exists to provide a conservative
design value, then a pre-contract test nail program should be considered to determine the
appropriate design values, particularly on large projects.
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It is imperative that field pullout testing be done during construction to verify the estimated
pullout resistance used in design. Field pullout tests should be conducted as recommended in
FHWA-SA-93-068, "Soil Nailing Field Inspectors Manual [26]." In contrast to ground
anchorages, it is not normal to test each individual production soil nail.

Guidance for estimation ofground anchor and nail pullout resistance has been previously
summarized in FHWA reports titled "Tiebacks," Report No. FHWAIRD-82/047 [27]; "Permanent
Ground Anchors," FHWA-DP-68-1 R [13]; and "Soil Nailing for Stabilization ofHighway Slopes
and Excavations," FHWA-RD-89-198 [25]. Local experience and practice can also be used to
estimate nail pullout resistances for use in design. Guideline unit ultimate grout-ground bond
stress values, are given below.

A. Cohesionless (Granular) Soils

For tremie or low pressure grouted nails in dry cohesionless soils, data reported in the
literature suggest the following ranges ofultimate pullout resistance.

TABLE 3.2
ULTIMATE BOND STRESS - COHESIONLESS SOILS

Construction Soil Type Unit Ultimate Bond
Method Stress kN/m2 (psi)

Open Hole Non-plastic silt 20 -30 (3.0-4.5)
Medium dense sand and silty 50 - 75 (7.0-11.0)
sand/sandy silt
Dense silty sand and ~ravel 80 - 10001.5-14.5)
Very dense silty sand and gravel 120 - 240 (17.5-34.5)

B. Cohesive Soil

For tremie grouted nails, the ultimate pullout resistance can be estimated as 0.25 to 0.75
times the average undrained shear strength, with the lower factors associated with the
stiffer or harder clays. For augered holes, a lower factor may be warranted because it is
influenced by the care taken in cleaning the drillhole. For sandy and silty clays, the factor
is somewhat higher than the range shown above. Typical values ofultimate pullout
resistance for cohesive soils are indicated below.
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TABLE 3.3
ULTIMATE BOND STRESS·- COHESIVE SOILS

Construction Method Soil Type Unit Ultimate Bond Stress
kN/m2 (psi)

Open Hole Loess 25 - 75 (3.5-11.0)
StiffClay 40 ., 60 (6.0-8.5)
StiffClayey Silt 40 - 100 (6.0-14.5)
Stiff Sandy Clay 100 - 200 (16.5-29.0)

c. Rock

The ultimate pullout resistance for tremie grouted nails in competent massive rock may be
taken as 10 percent ofthe uniaxial compressive strength of the rock up to a maximum
value of4000 kN/m2

• Estimated pullout resistance for different rock types are given
below.

TABLE 3.4
ULTIMATE BOND STRESS -ROCK

Construction Rock Type Unit Ultimate Bond Stress kN/m2

Method (psi)

Rotary Drilled MarllLimestone 300 - 400143.5-58.0)
Phillite 100 - 300 I 14.5-43.5)
Chalk 500 - 600 (72.0-86.5)
Soft Dolomite 400 - 600 (58.0-86.5)
Fissured Dolomite 600 - 1000 (86.5-144.5)
Weathered Sandstone 200 - 300 29.0-43.5)
Weathered Shale 100 - 150 (14.5-21.5)
Weathered Schist 100 - 175 14.5-25.5)
Basalt 500 - 600 (72.0-86.5)

Additional information on the ultimate pullout resistance ofanchors installed in rock is
given in 'Rock Anchors: State of the Art" [28].

Note: In the design procedure and guide construction specifications set forth in this
manual, the nail pullout resistance is expressed in terms of force per unit length of nail,
kN/m. The way to compute pullout resistance in terms of force per unit length of nail using
the unit bond stresses tabulated above is:

Ultimate Pullout Resistance, Qu (kN/m) =(Unit Ultimate Bond Stress)(n)(D)(l m)
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Where:

xD =Nail Drillhole Circumference
D =Nail Drillhole Diameter (m)

Example:

Assume nail drillhole dia. =150 mm =0.15 m.
Assume soil is dense to very dense silty sand.
From table 3.2 estimate unit Ultimate Bond Stress =130 kN/m2

•

Ultimate Pullout Resistance, kN/m =130 kN/m2 x 3.14 x 0.15 m x 1 m =61.2 kN/m.
Use 60 kN/m.

The Clouterre experimental program [7] has summarized the results ofnail pullout tests as a
function of the material type and installation technique. The unit ultimate bond stress is presented
as a function of the limit pressuremeter pressure, for each material type and construction method.
The pressuremeter is widely used in France for obtaining an initial estimate ofthe ultimate
ground-nail pullout resistance, but this technique has not found widespread acceptance in U.S.
practice to date.
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CHAPTER 4. SOIL NAIL WALL DESIGN

4.1 Introduction

FHWA SOIL NAIL DESIGN METHOD

The recommended design method provides a complete and rational approach towards soil nail
wall design, incorporating the following elements:

1. Based on slip surface limiting equilibrium concepts.

2. Incorporates the reinforcing effect ofthe nails, including consideration ofthe strength ofthe
nail head connection to the facing, the strength ofthe nail tendon itself, and the pullout
resistance ofthe nail-ground interface.

3. Provides a rational approach for determining the nominal strength ofthe facing and nail/facing
connection system, for both temporary shotcrete facings and permanent shotcrete or concrete
facings. These strength recommendations are based on the results ofboth full-scale laboratory
destructive tests to failure and detailed structural analysis.

4. Recommends design earth pressures for the facing and nail head system, based on soil­
structure interaction considerations and monitoring ofin-service structures.

5. Addresses both Service Load Design (SLD) and Load and Resistance Factor Design (LRFD)
approaches.

6. For SLD, provides recommended allowable loads for the nail tendon, the nail head system and
the pullout resistance, together with recommended factors ofsafety to be applied to the·soil
strength. Recommendations are separately provided for regular service loading, for seismic
loading, for critical structures, and for temporary construction conditions.

7. For LRFD, provides recommended load factors and design strengths (i.e., resistance factors to
be applied to the nominal or ultimate stren8ths) for the nail tendon, the nail head system, the
nail pullout resistance, and the soil strength. Recommendations are separately provided for
regular service and extreme event (seismic) loading, for critical structures, and for temporary
construction conditions.

8. Recommends procedures for ensuring a proper distribution ofnail steel within the reinforced
block ofground to enhance stability and limit wall deformation.

9. Identifies the facing reinforcement details to be considered, together with the facing and
overall soil nail wall structure serviceability checks to be performed.

10. Designs the soil nails and wall facing as a combined integrated soil-nail-wall "system".
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4.1.1 Limit States

To provide for an acceptable level of safety, including considerations ofloss offunction, the
design procedure for soil nail retaining walls addresses the following important limit states:

Strength Limit State

The strength limit state is that limit state that addresses potential failure mechanisms or
collapse states ofthe soil nail wall system. Strength limit states address stability under
expected forces. Extreme limit states address survival under extreme loads, e.g., seismic
loading.

Service Limit State

The service limit state is that limit state that addresses loss ofservice function resulting from
excessive wall deformation and is defined by restrictions on stress, deformation, and facing
crack width under regular service conditions.

4.1.2 Design Approaches

Two different design approaches are presented in this manual: Service Load Design (SLD), and
Load and Resistance Factor Design (LRFD). Both design approaches are discussed in the
following sections. Design ofsoil nail retaining walls may use either approach. It is not required
that both approaches be used.

(a) Load and Resistance Factor Design (LRFD)

This design approach is defined in the AASHTO LRFD Bridge Design Specifications, lit Edition
(AASHTO, 1994) [29]. LRFD ofsoil nail retaining walls considers the strength limit state by
ensuring that the design strengths ofthe nails and ofthe soil exceed the applied loads, multiplied
by load factors that are appropriate to the level ofuncertainty associated with the loads. Design
strengths are determined by applying appropriate resistance factors to the nominal or ultimate
strengths, to account for the variability ofactual strengths. The resisting capacity ofthe nails is
determined by both structural (Le., design strengths of the tendon) and geotechnical (i.e., design
pullout resistance) elements. The resisting capacity ofthe soil is determined by applying a
resistance factor to the ultimate soil strength. Several combinations ofloading are applied to
capture the maximum potential destabilizing effect of the loads, in order to define the maximum
demand on the resisting elements.

The service limit state is investigated by addressing the overall displacements ofthe wall and of
the reinforced and retained ground, and by applying limitations on crack widths (steel stresses) in
the wall facing, in certain cases.

(b) Service Load Design (SLD)
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This design approach is defined in the Standard Specifications for Highway Bridges, 15th Edition
(AASHTO, 1992) [30]. SLD ofsoil nail retaining walls is generally similar to the LRFD
approach and requires that the allowable nail loads and the factored soil strengths exceed the
applied loads. The allowable nail loads are determined by both structural (i.e., allowable tendon
stresses or loads) and geotechnical (i.e., allowable pullout resistance) elements. The factored soil
strength is determined by applying a factor ofsafety to the ultimate soil strength. In order to
define the maximum demand on the resisting elements, several combinations ofloading are
applied to capture the maximum potential destabilizing effect of the loads.

The service limit state is addressed with SLD, as described for LRFD.

4.2 Soil Nail Wall Stability Considerations

To address the strength limit state condition for a soil nail retaining wall, all potential failure
modes must be considered. These failure modes include external modes that do not specifically
intersect the reinforcements themselves, internal modes that involve failure ofeither the
reinforcing tendons or the facing or both, and so-called mixed failure modes that involve internal
failure ofthe reinforced zone and which extend beyond the physical limits ofthe reinforced block
ofground (figure 4.1). Both internal and mixed failure modes involve consideration ofyield or
rupture ofthe nail, pullout of the nail, and failure of the wall facing or of the facing's connection
to the nail.

Local stability of the facing during excavation is one of the most important considerations
in soil nail wall construction. This failure mode is not amenable to conventional stability
analysis and is typically addressed during design by a field test cut to demonstrate that the
face can stand unsupported for sufficient time to allow nail and construction facing
installation. Local sloughing of the face, possibly extending through to the surface, can be
relatively sudden and is most prevalent at shallow depths where loose fill/highly weathered
material is more likely to be encountered.

4.2.1 Basic Concepts

The limiting equilibrium approach to soil nail wall strength limit state design is summarized on
figure 4.2. The method is demonstrated for a potential planar slip surface in which a global factor
ofsafety is defined as the ratio ofthe resisting to driving forces along the potential slip surface.
Figure 4.2 presents, in simplified form, the limiting equilibrium strength limit state design concept
for both SLD and LRFD.
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(a) Unrelnforced Slope
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(b) Reinforced Slope - Single Nail
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TERMINOLOGY

Load and Resistance Factor Design

W = service load (F)
rw = load factor
Cu = ultimate soil cohesion (FIl2)
~u = ultimate soil friction angle (0)
4>c = cohesion resistance factor
4>~ = friction angle resistance factor
c .= 4>cc = design soil cohesion (F/L2)
~ = tan·~4>~tan~u) = design soli friction angle (0)
(RIL)= global resistance to load ratio
TFN= nominal nail head strength (F)
4>F = nail head resistance factor
TF = 4>FTFN = design nail head strength (F)
TNN= nominal nail tendon strength (F)
4>N = nail resistance factor
TN = 4>NTNN= design nail tendon strength (F)
0u = ultimate pullout resistance (FIl)
4>0 = pullout resistance factor
0d = 4>OOu= design pullout resistance (FIl)
T = design nail strength (F)
S = resisting shear force (F)
N = nonnal force (F)

Service Load Design

W = service load (F)
C = ultimate soil cohesion (F/L2)
~ '" ultimate soil friction angle (0)
F = global factor of safely applied to soil shear

strengths
TFN= nominal nail head strength (F)
TF '" (IFTFN = allowable nail head load (F)
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Figure 4.2 Soil Nail Design - Basic
Concepts and Terminology
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The equilibrium ofan unreinforced block ofground is initially addressed in figure 4.2. Figure 4.2
(a) shows a free body diagram on the left, acted upon by the selfweight ofthe block of soil
located above the slip surface, and by the normal and shear forces along the slip surface.
Considering force equilibrium of the block enables calculation ofthe normal and shear forces on
the potential sliding plane. The factor of safety can then be defined as the ratio ofthe resisting
forces to the driving forces, as shown. The expression for the global factor of safety F is a
conventional factor of safety for an unreinforced slope. Shown next to the free body diagram is a
conventional force polygon in which the factor of safety F is that factor that, when applied to both
the cohesive and frictional components of the soil shear strength, will close the force polygon and
satisfy limiting equilibrium. For the planar slip surface considered, the same expression for the
global factor of safety F, as derived from considering equilibrium ofthe free body diagram, can be
derived from the force polygon.

Next, a single nail reinforcing element is introduced to examine the manner in which the
reinforcement improves the factor ofsafety or the stability ofthe sliding block ofground (figure
4.2 (b». The global factor of safety F can again be derived from a consideration ofeither the free
body diagram or the force polygon. The effect of the reinforcement is to improve stability by
both a) increasing the normal force and hence the shear resistance along the slip surface in
frictional soils and b) reducing the driving force along the slip surface in both frictional and
cohesive soils. The improvement in the factor of safety as a result of the installation ofthe
reinforcement is demonstrated for the SLD formulations in figure 4.2 (d).

Of particular importance is the shape of the nail strength diagram, indicated in figure
4.2(b) and further presented on figure 4.3 for clarity. Figure 4.3 shows that, for any
particular sliding wedge, the reinforcing contribution of the nail is a function of the
location at which the associated slip surface intersects the nail. The nail reinforcing
strength may be limited by tensile failure of the nail tendon, pullout of the nail, or
structural failure of the facing/nail head connection system. The contribution of any nail
to the stability of a particular sliding block will be the least of a) the tensile strength of the
nail, b) the pullout resistance of the length of nail beyond the slip surface, or c) the nail
head strength plus the pullout resistance of the length of nail between the slip surface and
the face of the wall.

Finally, multiple nails are considered (figure 4.2 (c» as a simple extension ofthe single nail
problem, to demonstrate the basic design methodology presented in this Manual. Although the
methodology is demonstrated for only a single slip surface, all potential slip surfaces must be
examined to ensure that the design is complete. Slip surfaces ofother than planar shape (e.g.,
circles, log spirals, bilinear wedges, etc.) are preferred in examining limiting equilibrium states,
since a) they generally provide lower calculated factors of safety and b) the planar slip surface can
be closely approximated by these more general shapes.

Figure 4.2 (c) also shows how the available design support from any particular nail for any
particular sliding block ofground depends on where the nail intersects the sliding surface, as
discussed above with reference to figure 4.3. Examining figure 4.2 (c), it can be seen that for the
identified slip surface, the upper nail does not intersect the slip surface and therefore does not
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contribute to its stability. However, the upper nail does contribute to the stability ofshallower
slip surfaces (closer to the excavation) that intersect the nail. The middle nail provides support T2

that is equal to the pullout resistance ofthe length ofnail beyond the slip surface. The bottom nail
provides support T3 that is equal to the strength ofthe nail head together with the pullout
resistance of the length of the nail between the slip surface and the facing, at that location.
Although not demonstrated by the example in figure 4.2 (c), the structural tensile strength ofthe
nail tendon itselfmay also limit the available nail support.

4.2.2 Internal Stability - Nail

As discussed above, the maximum reinforcing contribution of individual nails may be limited by
any of the following:

• Nail tendon structural tensile strength.
• Ground-grout bond defined by either pullout or unacceptable creep behavior.
• Grout-tendon bond.

These elements are discussed below.

(a) Nail Tendon Tensile Strength

Ifthe applied nail loading is greater than the structural strength of the nail tendon itself, yield and
subsequent rupture may occur. As noted previously, only the tensile strength of the nail is
considered, and shear/bending contributions that may develop following significant deformations
of the soil are neglected, which is conservative.

(b) Ground-Grout Bond

Construction ofan economical soil nail wall is highly dependent on an ability to develop adequate
bond or pullout at the nail grout - ground interface. Low pullout resistance will require long nails
relative to the wall height and/or larger diameter nail drill holes to provide a higher pullout
resistance per unit length ofnail. The factors that exert most control on the ultimate bond that
can be achieved at the ground-nail grout interface include the soil characteristics (plasticity,
strength, grain size distribution), the drilling method and method ofcuttings removal, and the
grouting pressure. If inadequate bond is obtained and conventional nail lengths installed, then
failure by nail pullout may occur. Such a failure occurred in 1980 at the Eparris wall [7] in
France, where a wall constructed in a highly plastic clayey soil failed by nail pullout following a
rainy season.

In addition to actual nail pullout by failure ofthe ground-grout bond, long-term creep ofthe soil
at the ground-grout interface must also be considered. For creep susceptible soils, the rate of
creep of a test nail will increase as the test nail load increases. From a practical experience
perspective, a creep rate exceeding 1 mm per log cycle of time in a short-term field test is
considered unacceptable. Unacceptable creep behavior is more likely to be associated with softer,
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more highly plastic, cohesive soils. Short-term creep tests are a standard part ofnail pullout
testing and, in marginal soils exhibiting borderline creep rates, longer term tests might be required
to assess service life deflections.

(c) Grout-Tendon Bond

For deformed reinforcing bars and continuous threadbars used for nail tendons, the bond between
the grout and nail tendon is primarily a result ofmechanical interlock, in which the grout
mobilizes its shear strength against the bar deformations, and the ultimate strength of the tendon
can be developed within a short embedment length in the grout (e.g., 12 to 15 bar diameters).
The loose powdery rust appearing on bars after short exposures before installation has no
significant effect on the grout-tendon bond.

Grout-tendon bond (in terms offorce per unit length of nail) is typically an order ofmagnitude or
more higher than the ground-grout bond and is therefore not critical for soil nailing applications
when proper grout mix and installation techniques are used.

4.2.3 Internal Stability - Nail Head

The strength ofthe nail head may be controlled by the flexural strength ofthe wall facing, the
punching shear strength of the facing and connection system, or the tensile capacity of the headed
studs that are typically used in a permanent wall facing connection system. Other potential failure
mechanisms do exist for the nail head. However, as discussed later in section 4.5, these modes
will usually never control the design or limit the nail head strength for the types ofsystems
commonly employed in soil nail wall construction.

The nail head strength defines the available reinforcement strength at the head ofthe nail, which is
one ofthe elements required to define the overall reinforcing capacity ofthe nail (figure 4.3).
Analysis ofthe nail head strength is presented in section 4.5 and demonstrated by example in
appendixF.

4.2.4 External Stability

External stability refers to the potential deformation modes typically associated with conventional
gravity or cantilever retaining structures and may involve consideration of (figure 4.4):

• Horizontal sliding ofthe retaining structure along its base, under the lateral earth pressure
ofthe ground retained behind the reinforced mass.

• Foundation bearing failure ofthe retaining structure, associated with overturning, under
the combined structure selfweight and lateral earth pressure loading.
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• Overall slope stability ofthe ground on which the retaining structure is located.

Separate consideration ofthe external stability modes shown on figure 4.4 is typically undertaken
for "earth pressure" limiting equilibrium design methods, in which the reinforcement is
apportioned on the basis ofdesign earth pressures within the reinforced zone. To ensure that
certain failure modes have not been overlooked when an "earth pressure" method is used, it is
necessary to separately consider the possible "external" modes. When a "slip surface" limiting
equilibrium design method is used for soil nail wall design, the horizontal sliding mode of
deformation will typically be considered by the suite of slip surfaces examined, and does not
therefore require separate consideration.

Foundation bearing stability ofthe reinforced block ofground, under selfweight and vertical
surcharge loads and lateral earth pressure overturning loads, may be considered using
conventional bearing capacity theory. Overturning failure modes may be considered by
determining the ratio of the resisting to the driving moments on the reinforced block ofground,
and may be conveniently addressed by placing limits on the eccentricity of the applied bearing
load at the base of the structure. Bearing stability checks are most important where the
foundation materials are soft/weak.

Overall slope stability (i.e. slip surfaces completely external to the reinforced block ofground)
may be examined using conventional slip surface limiting equilibrium slope stability models. (e.g.
XSTABL or other computer code).

4.3 Design Method Evaluation

The common design approach for assessing strength limit state conditions for earth retaining
structures ofall types is the limiting equilibrium method. There are two basic variations of the
limiting equilibrium method commonly employed - "earth pressure" and "slip surface" methods ­
and each exhibits certain characteristics. In terms ofthe calculated total earth loading, each of
these methods predicts essentially the same result if the same strength mobilization assumptions
are made. In fact, the earth pressure coefficients may be derived directly from consideration of
critical slip surface geometries (see figure 4.5). For internally reinforced systems, such as soil nail
walls, there are some practical differences in relation to the application of"slip surface" and "earth
pressure" limiting equilibrium methods, as discussed below.

4.3.1 "Earth Pressure" Method

For earth pressure design ofconventional cantilever or gravity retaining walls, an equivalent
design earth pressure distribution is specified at the contact between the retaining structure and
the retained earth. For "internally" reinforced retaining wall structures such as MSE walls, it is
also necessary to define the location along each of the reinforcing strips at which the earth
pressure should be considered to be applied, in order to design the required length of
reinforcement to avoid pullout. This so-called "maximum tension line" is indicated on figure
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4.6. The magnitude, distribution, and location ofthe design earth pressures are based on field
experience and the results ofexperimental programs.

A benefit ofthe simplified earth pressure method when applied to internally reinforced retaining
wall systems is that it accounts for both the local equilibrium ofindividual reinforcements as well
as the overall equilibrium condition, when combined with the appropriate external stability checks.
The earth pressure method defines not only the total reinforcement required, but also how that
reinforcement should be distributed within the ground.

The earth pressure method is empirically based, both in terms ofthe magnitude ofthe design
pressure distribution and particularly in terms ofthe location ofthe assumed maximum tension
line. The shape and location ofthe assumed maximum tension line is dependent on the overall
geometry of the system, the character ofthe reinforcements, and on the distribution ofthe applied
loading. Supporting evidence for the location of the line ofmaximum tension is generally limited
to the simplest geometric configurations and to relatively homogeneous soils and loading
conditions. Since all possible failure modes are not explicitly examined with the earth pressure
method, it is critical that the maximum tension line be carefully defined. This is possible for the
design ofMSE type walls where the granular backfill soil is specified and controlled and therefore
has reasonably homogeneous and "standardized" properties. Such an approach is more
problematical for soil nail wall design because soil nails are installed in possibly heterogeneous in­
situ ground with a very wide range ofsoil shear strengths and ground-grout bond capacities.

4.3.2 "Slip Surface" Method

Slip surface limiting equilibrium design methods consider the global stability of zones ofground
defined by potential failure surfaces. These methods have been widely used in conventional slope
stability analyses ofunreinforced soil and have been demonstrated to provide good correlations
with actual performance in such applications. Furthermore, virtually all current practical design
methods for soil nail walls are based on the slip surface limiting equilibrium technique. As with
the corresponding slope stability models, a critical slip surface is identified as that yielding the
lowest calculated factor of safety, taking into account the support provided by the installed
reinforcing. The chosen slip surface may be contained entirely or partially within the reinforced
zone or entirely outside the reinforced zone. Hence, as noted in section 4.2.4, it is not necessary
to separately consider certain "external" failure modes.

As with the classical slope stability limiting equilibrium models from which the soil nail models
have been derived, a variety of slip surface shapes can be analyzed. These shapes include planar,
bilinear, and piecewise linear surfaces, together with circles and log spirals. Some ofthe methods
address only force balance, others only moment balance, and still others both force and moment
balance.

The most significant benefits of the slip surface limiting equilibrium approach to soil nail
wall design are 1) the method considers all internal, external, and mixed potential slip
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surfaces for the wall (bearing capacity of the nailed mass and overall stability of any slope
on which the wall is constructed are typically evaluated separately) and evaluates global
stability for each; 2) the method does not require specification of a maximum tension line
and 3) the method is more convenient and accurate for heterogeneous geometries, soil
types, and surcharge loadings than the simplified earth pressure method.

A limitation ofthe slip surface method in the design ofreinforced soil structures is that it is
possible to define a wide variety ofreinforcement distributions that satisfy strength limit state
requirements but that are not satisfactory from a serviceability perspective (i.e., result in excessive
deformations of the reinforced mass). Figure 4.7 shows two fundamentally different nail layouts
that result in calculated factors of safety that meet or exceed the minimum specified value for any
slip surface examined. Layout A, while satisfying the minimum factor ofsafety requirements for
any potential slip surface, would constitute an unsuitable design because ofthe deformations likely
to be associated with such an arrangement ofnails. Layout B represents a more typical design,
with the same calculated minimum factor of safety. Clearly, it is not sufficient to simply specify
strength limit state design criteria to ensure a satisfactory design. Other rules/constraints are
therefore required to ensure a distribution of reinforcement that has been proven by experience to
provide adequate performance of the wall under service conditions. These are discussed in
section 4.7.

4.3.3 Current Soil Nailing Design Methods

Nail Design

Most of the current design methods for soil nailed retaining structures are derived from classical
slope stability analysis methods modified to incorporate the additional resisting tensile forces
provided by the nail reinforcement. These methods of analysis evaluate "global" factors of safety
along assumed failure surfaces. They include: German Method [31], Davis Method [32], and
French Method [33].

The German Method assumes a bi-linear failure surface passing through the toe of the excavation
[10]. The failing soil mass can be broken into.two parts. The first part contains the nailed soil
mass while the second forms the active earth pressure wedge behind the soil nailed "gravity wall."
The analysis also considers the tensile resistance ofthe nails crossing the failure surface.

The Davis (Original Shen) Method incorporates a parabolic failure surface that also passes
through the wall toe. The sliding surface either passes entirely through the nails or intersects the
ground surface somewhere beyond the reinforced zone. In the analysis, the tensile and pull out
resistance of the nails crossing the failure surface are considered the governing stabilizing forces.

The French Method (Talren) assumes a circular failure surface also passing through the toe.
Unlike the previous two methods, this method can also consider the shear/bending contribution of
the nails. It is reported that the inclusion ofthe nail shear/bending capacity provides only a few
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percent increase in the global factor of safety. Therefore, neglecting shear/bending provides a
slightly more conservative design.

More recently, a kinematical limit analysis approach has been proposed for the design ofsoil
nailed structures [25, 34]. It differs from the other analysis procedures in that the developer
claims it provides a method for estimating actual mobilized "working' forces. The method
assumes that the failure surface is defined by a log-spiral, and that failure occurs by a quasi-rigid
rotation along this surface. The method also considers shear/bending in the nails. This method is
theoretically and numerically complex, has not yet been presented in a form that can be easily
understood or used by practicing engineers, and has been challenged by others as containing
questionable theoretical assumptions.

Recently, two other limit equilibrium design methods have been developed in the u.s. These are
the SNAIL design method developed by the California Department ofTransportation
(CALTRANS) and the GoldNail design method developed by Golder Associates ofRedmond,
Washington. The CALTRANS method uses a bi-linear or linear failure surface. The Golder
method can analyze circular failure surfaces. Both methods consider the tensile resistance ofthe
nails crossing the failure surface. These two methods are improvements over the previously
mentioned limit equilibrium methods in that they design the soil-nail-wall facing as a system and:
1) Consider the limiting pull-out capacity of the nails on both the wall and non-wall sides ofthe
failure surface; and 2) Allow the structural face capacity of the wall facing to be incorporated into
the analysis.

An obvious recommendation is that detailed design of soil nailed walls should only be performed
by experienced well-qualified geotechnical and structural engineers.

Facing Design

The facing has several functions in a soil-nailed structure [35]: it provides a lateral confinement
to the soil between the nails and may carry extemalloads such as decorative panels. The first
function is the most important one. Locally, between each nail, soil has to be retained. At the
extreme, ifthe number of nails were infinite, i.e. spaced one next to the other, soil would not need
to be retained as there would be no soil pressure against the facing. On the other hand it can
easily be understood that in soil nail walls with very large spacing between the nails, the facing
would playa major role and have to resist full soil earth pressure and would be very thick. For an
infinitely large nail spacing, the facing would become a classical gravity retaining wall. Therefore,
the nail spacing plays a major role in the facing design.

The density ofnails is one major factor, but other factors including the rigidity ofthe facing itself
playa role. The distribution ofearth pressures on the facing between the nails is non-uniform.
Arching effects tend to develop horizontally and vertically, which results in stress concentrations
around the nail-face connections. These effects are particularly important for flexible facing,
which is the case for soil nail wall facings.
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The facing structural design requires provision ofadequate concrete thickness, reinforcement, and
moment capacity to resist the earth pressures applied to the facing span between adjacent nail
heads, and provision ofadequately sized bearing plates to provide adequate punching shear
capacity.

4.3.4 Recommended Design Method

The slip surface limiting equilibrium method has been adopted in this Manual, for the strength
limit state design ofsoil nail retaining walls. Theoretically, an earth pressure design approach
could be formulated along the lines developed for MSE walls, but the following factors provide
practical and strong support for the use ofthe slip'surface method:

• Virtually all designers to date have used the slip surface approach, and there are no current
empirical earth pressure recommendations that are sufficiently general to cover the wide
variety ofconditions (soil types, geometries, loading) typically encountered in soil nailing.

• Factors such as the heterogeneity ofnative soils makes the development ofa general earth
pressure specification for soil nail walls relatively complex.

• A critical issue for earth pressure methods is the definition ofthe locations ofmaximum
tension for each ofthe reinforcements. These locations have not been defined for the
variety ofconditions generally encountered with soil nail walls.

Based on current knowledge, the slip surface method ofanalysis is therefore to be preferred.
Structural engineers may be less familiar with the slip surface limiting equilibrium design approach
than with the earth pressure approach. With the earth pressure approach, both the selfweight of
the ground/surcharge loads and the strength ofthe ground are combined to develop an
"equivalent" earth loading or earth pressure. The ground strength is therefore incorporated on
the "load" side of the equation, and the resistances of the structural components only are
considered on the "resistance" side ofthe equation. Hence the resistances ofthe structural
elements only are explicitly considered, and the structural engineer can execute his structural
design analysis without any explicit consideration of the strength ofthe ground. The earth
pressure design approach therefore leads to a de-coupling ofthe structural and geotechnical
elements. The slip surface approach considers the same loads, together with the ground strength,
but incorporates loads on the "load" side ofthe equation and the ground strength on the
"resistance" side ofthe equation (along with the structural resistances). In this case, the structural
resistances cannot be considered in isolation, and the design equation must explicitly incorporate
not only the resistances ofthe structural elements but also the resistance ofthe ground. In the slip
surface approach, therefore, the structural and geotechnical design analyses remain coupled.

The detailed design approach recommended for soil nail walls is presented in section 4.7, and
demonstrated by worked examples in chapter 5. Before considering the detailed design approach,
however, some wall layout and dimensioning issues are briefly addressed.
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4.4 Layout and Dimensioning

Before performing detailed design calculations, the overall geometry (location, face batter, height)
ofthe wall is defined which, together with the ground material properties, will determine the
critical design sections for analysis. In addition, subsurface restrictions that could affect the nail
layout must be identified and a preliminary nail pattern established.

4.4.1 Wall Location and Dimensions

The location ofthe wall facing will be established by its intended function, any right-of-way
restrictions, together with related wall height constraints controlled by site geometry,
environmental, economic, aesthetic or technical considerations. Vertical (vs. battered) walls and
walls on tangent or circular radius provide for easier construetability, particularly for wall line and
nail location field survey control. Use ofwall line on spirals is not recommended for soil nail
walls as this makes field survey and control ofwall excavation and nail locations more difficult.
Stepped walls are also possible and have been used for high walls or where desired for aesthetic
reasons. Once the design location of the top of the wall has been established, it is necessary
to obtain a detailed topographic survey along the wall line so that the grade at the top of
the cut can be precisely determined before the preparation of detailed plans. This will
ensure that 1) the upper nails are not inadvertently specified as being located above the ground
surface; 2) local grading requirements can be identified (e.g., for surface water control); 3) the
size ofany upper cantilevered wall sections can be defined; and d) the quantities and locations of
any required backfill can be determined.

If any buried utilities or other subsurface structures are present within the reinforced zone, they
must be located so that impacts on design and construction can be identified.

4.4.2 Preliminary Nail Layouts

Definition ofa trial nail layout pattern, including nail lengths, locations, spacings, strengths and
inclinations, is required for design analysis.

Nail Inclinations

For nails installed in predrilled holes and grouted under gravity or low pressure, which is the
predominant North American practice, the holes must be inclined downwards. An angle of 15
degrees is a common average declination. It is sometimes required to steepen the nail inclination,
particularly with the first row ofnails in order to avoid shallow utilities. The local slope stability
in the area ofthese more steeply inclined nails must be carefully considered however, because the
reinforcement efficiency (resisting component ofthe nail forces) decreases significantly with
increased nail inclination. Local experience can be an important factor in determining the
suitability ofmore steeply inclined nails. The bottom row of nails is also sometimes inclined at
greater than 15 degrees because ofdrill rig access restrictions. In applications where there are
headroom limitations, such as beneath a bridge deck, the upper nails may be installed with a flatter
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inclination. However, inclination angles of less than 5 degrees should not be used since grouting
ofthe nail drill hole will be difficult and there is a significantly increased potential for forming
voids in the grout column. Constructability will also be simplified ifthe nail inclinations are
maintained as uniform as possible.

Special attention should be paid to splayed nails that are installed for outside comers, as it is
difficult to establish the angle ofinstallation during construction, and the potential for
interconnecting soil nail drillholes is high.

Nail Spacings

Nail spacings should be as large as possible for economic reasons and, for constructability
reasons, as uniform as possible. Vertical nail spacings may be controlled by the availability of
standard wire mesh sizes used in the shotcrete construction facing, which may vary from region to
region. Typical roll widths in the U.S. are l.Sm (60 inches) except for the west coast where
typical roll widths are 2.1m (84 inches). Table 4.1 shows styles ofwelded wire fabric that are
commonly stocked. Unless the ground is extremely competent, vertical and horizontal soil nail
spacings are generally within the range of 1 to 2 meters, with a 1.5 meter nail spacing being most
common for the drill and grout method ofnail installation.

TABLE 4.1
COMMON STOCK STYLES OF WELDED WIRE FABRIC

STEEL AREA
STYLE DESIGNATION sq. in. per ft. METRIC

(mm2/m)
New Designation Old Designation Longit. Trans. STYLE DESIGNATION
(Bv W-Number) (Bv Steel Wire Gal!:e)

ROLLS
6 x 6-W1.4xW1.4 6x6-10x 10 .02S (59.9) .02S (59.9) 152 x 152 MW9.1 xMW 9.1
6 x 6-W2.0xW2.0 6 x 6-S x S* .040 (S7.5) .040 (S7.5) 152 x 152 MW13.3 xMW 13.3
6 x 6-W2.9xW2.9 6x6-6x6 .05S (123.0) .05S (123.6) 152 x 152 MWlS.7 x MW 18.7
6 x 6-W4.0xW4.0 6x6-4x4 .OSO (169.7) .OSO (169.7) 152 x 152 MW25.S x MW25.8
4 x 4-W1.4xW1.4 4x4-10xl0 .042 (S9.2) .042 (89.2) 102 x 102 MW9.1 xMW9.1
4 x 4-W2.0xW2.0 4x4-SxS* .060 (130.4) .060 (13Q.4) 102 x 102 MW13.3 x MW13.3
4 x 4-W2.9xW2.9 4 x 4-6 x6 .OS7 (1S3.3) .OS7 (IS3.3) 102 x 102 MWlS.7 x MWlS.7
4 x 4-W4.0xW4.0 4x4-4x4 .120 (252.9) .120 (252.9) 102 x 102 MW25.8 x MW25.8

SHEETS
6 x 6-W2.9xW2.9 6x6-6 x6 .05S (123.0) .05S (123.0) 152 x 152 MW18.7xMW 18.7
6 x 6-W4.0xW4.0 6 x 6-4 x4 .OSO (169.7) .OSO (169.7) 152 x 152 MW25.S x MW25.8
6 x 6-W5.5xW5.5 6 x 6-2 x2* .110 (229.6) .110 (229.6) 152 x 152 MW34.9 x MW34.9
4 x 4-W4.0xW4.0 4x4-4x4 .120 (252.9) .120 (252.9) 102 x 102 MW25.S x MW25.8

* Exact W-nwnber size for S gage is W2.1
.. Exact W-nwnber size for 2 gage is W5.4
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Nail Layout Locations

Nail head locations will be influenced by a number offactors. Nail columns can be vertical or
offset row to row. Vertical columns provide for easier field layout and control ofnail locations
and provide more horizontal space for placement of the vertical geocomposite drain strips. The
offset pattern will improve the excavation face stability during construction, through the enhanced
development of soil arching. The offset pattern is especially recommended where it is anticipated
that the excavation face may be marginally stable. Vertical nail columns may be preferable with
some precast panel facing systems to facilitate facing connection and encapsulation of nail heads
for corrosion protection. Constructability will also generally be easier ifnail rows are laid out 1)
parallel to the base ofwall grade for longer relatively uniform height walls on steeper grades; 2)
horizontally (for easier field survey and layout) for longer relatively uniform height walls with no
or very slight bottom ofwall grade, with periodic step-ups along the wall length ifnecessary; 3)
top and intermediate nail rows parallel to top ofwall profile and bottom row parallel with bottom
ofwall with transitions between the rows where required, for shorter variable height walls.

The upper row ofnails should be placed to limit the height ofthe construction facing upper
cantilever, above the top row ofnails, to less than about 1.0 meter. The top row ofnails should
be approximately centered within the first shotcrete lift ofthe construction facing to minimize the
potential for a toppling failure of the facing during initial construction. If longer upper facing
cantilever sections are required, these can be achieved with the installation of the permanent
facing following completion ofthe wall excavation. For top-down construction o~the permanent
facing, the upper cantilever height should not be increased beyond the above limit until at least the
second row of nails and shotcrete have been constructed.

Since existing grade information obtained during the design phase may not always accurately
represent the actual existing grade along the alignment, modifications of the elevation ofthe top
row of nails may sometimes be required. To minimize the potential for this type ofproblem, it is
strongly recommended that ground survey elevations be obtained along the wall alignment during
design, as noted above.

At bridge abutments, it should be verified that the design elevations for the first row ofnails
allows sufficient head-room for the drilling equipment to access and work beneath the deck. In
addition, sufficient clearance from all existing foundations should be ensured.

For sites characterized by an upper soil horizon consisting ofloose soil or fill, temporary or
permanent flatter cut slopes at the top ofthe soil nail wall can often be used to allow the
installation ofthe first row ofnails at greater depth.

The bottom row ofnails should be no closer to the finish grade than is consistent with the ability
ofthe drilling equipment to install the nails. Conversely, the length of the bottom cantilever
section of the wall should be generally no greater than about two-thirds of the average vertical
nail spacing. Nail heads should also be positioned so as not to coincide with the shotcrete
construction facing horizontal joints or the permanent CIP facing vertical expansion joints.
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Nail Lengths and Strengths

Nail lengths and required strengths will be influenced by the same factors that affect the nail
spacing, and will tend to increase with lower soil strengths, lower nail-ground pullout resistances,
steeper face and backslope angles, and higher surcharge loadings. Depending on the combination
of these variables, nail lengths can be in excess of the height ofthe wall. For many common
applications, however, such as cut slopes with modest backslopes and minimal surcharge loadings,
the nail length will usually be in the range of0.6 to 1.0 times the height of the wall. A nail-Iength­
to-wall-height ratio ofless than 0.6 is rarely employed with steep wall slopes because of concerns
about overturning stability. Shorter nail lengths have been used with battered walls in more
lithified or rock-like materials. Soil nail wall design and construction practice has also often
employed a uniform length ofnail over the entire wall height. It is also common to provide a
uniform-sized steel tendon over the full height ofthe wall. It is often possible at the detailed
design stage to shorten the length of those nails located in the lower part of the wall. Because of
the top down method of construction, the nails located in the upper approximate two-thirds ofthe
wall are most effective in controlling wall displacements, and are also the most heavily loaded.

For simpler cut slope configurations and uniform ground conditions, preliminary nail lengths and
strengths can be obtained from simplified design charts of the type provided in chapter 5.

4.4.3 Caltrans Design Practice

At the time ofpreparation of this manual, Caltrans has constructed an estimated 75 soil nail walls.
The following summarizes current Caltrans design practice for soil nail wall layout, nail layout
pattern and wall contraction/expansion joints (per personal communication from Mr. Jim Moese,
Caltrans Office of Structures, to R. ChassielFHWA, August 1996):

For horizontal alignment, tangent and circular curvature alignment is preferred.

For top ofwall profile, a smooth line is provided consisting ofa smooth splined line or consisting
of a series of tangents with parabolic curves transitioning between tangents.

Vertical facing is preferred for urban walls with CIP concrete facing (placing and vibrating
concrete difficult except for very slight batters). Battered facing is acceptable for all shotcrete
facing for rural walls where alignment is not as critical.

Typically, the vertical column of soil nails pattern is used more than the staggered or offset
pattern. The offset pattern should be recommended for sites where it is anticipated that the
excavation face will be marginally stable. I

Typically, the top and intermediate rows of soil nails are parallel with the top ofwall profile and
the bottom row parallel with the bottom of the wall, with transitions between the rows where
required.
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For facing with uniform thickness and an architectural finish with vertical relief such as fractured
fin texture, no joints are required.

For facing with uniform thickness and uniformly smooth surface finish, expansion joints are used
at approximately 30 meter maximum spacing and intermediate contraction joints at approximately
7.5 meter maximum spacing.

For facing with intermittent thicker vertical sections used for architectural relief, either expansion
joints or contraction joints are placed each side ofthese thickened sections. Placement ofjoints
between these thickened sections would depend on the surface finish as noted above.

4.4.4 Schnabel Foundation Company Design Practice

At the time ofpreparation of this manual, Schnabel Foundation company has constructed over
190 soil nail walls across the United States (per personal communication from Mr. David
Weatherby, Vice-President, to R. Chassie/FHWA, 1996). The following summarizes current
Schnabel design practice for soil nail wall layout for walls on which they control the design, i.e.,
temporary walls or design-build permanent walls (per personal communication from Messrs.
David Wea!herby and Claus Ludwig, to R. ChassieIFHWA, August 1996):

Vertical final finish facings are the most common.

The construction facing is frequently battered slightly to help maintain face stability. For example,
when working in bouldery ground, the construction facing is battered rather than trying to remove
the cobbles or boulders from the facing. Pulling the boulders and cobbles from the face could
seriously disturb the facing above.

Cast-in-place faces are easier to place if they are vertical. However, for the construction reasons
mentioned above, it may be desirable to batter the face. Aesthetics may lead the owner to batter
the finish face. When battering cast-in-place walls, provisions have to be made to enable the
concrete to be consolidated (vibrated). This may require special forms (windows), limited pour
heights, modified rebar spacings, and thicker walls. Permanent shotcrete wall-facings can be
battered easily.

When the batter is on the order of two horizontal to twelve vertical, the driving forces are
reduced enough to mawhoke a difference in the design.

Walls are not battered to shorten nail lengths. Walls that are high are generally stepped.

Placement ofvertical strip drains is more difficult, but still possible, ifthe nail pattern is staggered.

Generally, the first row ofnails is located a maximum of0.75 meters from the top of the ground
surface (ofcourse utilities, for example, may make this difficult). It is important to secure the
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upper shotcrete lift to the cut face or problems may develop during subsequent excavation stages,
particularly ifthere is sloping ground above the wall.

4.5 Nail Head Strength

As discussed in section 4.2, the reinforcing contribution ofthe nail-facing system can be defined in
terms of the nail tendon strength, the nail grout-ground pullout resistance, and the nail head
strength. The first two items are relatively straightforward in concept. Determination ofthe nail
head strength, however, is more complex and depends on several potential failure modes both of
the facing and of the nail-facing connection system. These failure modes, were briefly presented
in section 4.2.3, and are now considered in more detail in order to define the nominal nail head
strength. The detailed methodology for determining the nominal nail head strength is
demonstrated by example in appendix F. The nominal nail head strengths for typical
temporary shotcrete construction facing and permanent facings currently in use are also
summarized in appendix F, table F.4.

4.5.1 Nail Head Failure Modes

There are three critical failure mechanisms for a soil nail wall facing and connection system that
must be checked. The shotcrete/concrete facing may fail either in (1) flexure, or (2) punching
shear. In a permanent wall facing headed-stud connection system, (3) the headed studs may fail in
tension. These failure modes are considered in sections 4.5.2 through 4.5.4.

There exist three other potential failure mechanisms for the wall facing and connection system.
These mechanisms are not critical and therefore are not checked in the design procedure. These
additional failure modes include one-way shear of the facing, flexure of the connection bearing
plate, and shear of the connection bearing plate [36].

One-way shear of the facing is not critical because ofthe nail patterns typically used and because
the deformational response of the facing system is three-dimensional. The nature ofthe cracking
and general deterioration of the system, as it is loaded up to failure, is also three-dimensional.
Physical testing and analytical studies performed at D.C. San Diego have confirmed this [36].
Therefore, one-way shear of the facing is not checked in the design procedure.

For typical width-to-thickness ratios ofconnection bearing plates being used, plate shear has
never been found to control the design and is therefore not considered in the design procedure
[36]. Laboratory tests have demonstrated that the post-yield flexural response ofmild steel
connection plates utilized in typical soil nail wall construction involves large deformations and
local stress redistribution. Because the bearing plate steel is inherently ductile, outright failure
never occurs. Instead, the plate continues to deform and redistributes pressures between the
facing and the plate. Thicker plates merely result in decreased plate deformations as failure ofthe
facing is approached.

Therefore, for mild steel plates with a minimum yield stress (Fy) of250 MPa, the design
recommendation is to provide a minimum plate width of 200 mm and a minimum plate thickness
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of 19 mm. For plate widths or thicknesses less than the above minimum recommendations, the
adequacy of the connection plate in flexure and shear should be demonstrated by hand calculation.

The following paragraphs consider the potential critical failure mechanisms that may control the
nail head strength. For each failure mechanism, the procedure for detennining the associated
nominal nail head strength is presented. The controlling failure mechanism is defined as that
which corresponds to the lowest calculated nail head strength.

4.5.2 Flexural Strength of the Facing

The flexural strength of the facing will develop through the formation ofa critical pattern ofyield
lines throughout the facing. The actual form ofthe yield line pattern will depend on the nail
pattern and the relative horizontal and vertical nail spacings. However, for similar horizontal and
vertical nail spacings, the critical yield line pattern will tend to include radial negative moment

.yield lines about each nail head, with positive moment yield lines at locations midspan between
nail heads.

The flexural stiffuess of the facing increases with increasing thickness and reinforcement ratio and
decreases with increasing nail spacing. As the facing flexural stiffuess decreases with respect to
the soil subgrade reaction modulus, the pressure distribution behind the facing will become highly
non-uniform, with large pressure concentrations occurring behind the nail heads. The non­
unifonnity ofthe facing pressure distribution, as illustrated on figure 4.8, should be considered in
design because the actual available nail head strength will generally be significantly larger than the
strength that would be computed based on the conservative assumption ofa uniform pressure
distribution.

It has been found that for the common facing configurations employed in soil nail wall
construction, the critical nominal nail head strength, TFN, associated with the flexural capacity of
the facing may be represented by the following' relationship [36]:

(8 Sltl.
TFN = Cp (mV,NEG + mv,POs\S;) (4.1)

where mV,NEG and mv,POS are the vertical nominal unit moment resistances at the nail head and
mid-span locations, respectively, and SH and Sv are the horizontal and vertical nail spacings. The
pressure factor for facing flexure, Cp, is detennined from table 4.2:

•Equation 4.1 is applicable to typical soil nail wall facing construction practice. For facing systems that involve either larger
horizontal nail spacings than vertical nail spacings, or when the horizontal unit moment capacities are less than those in the
vertical direction, then equation 4.1 should also be checked with unit moment capacities corresponding to the horizontal
direction and with the vertical spacing substituted for the horizontal spacing and vice versa.
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TABLE 4.2

FACING PRESSURE FACTORS
RECOMMENDED VALVES FOR DESIGN

Temporar If Facings Pennanent Facin~s
Nominal Facing Flexure Pressure Shear Pressure Flexure Pressure Shear Pressure
Thickness (mm) Factor CF Factor Cs Factor CF Factor Cs

100 2.0 2.5 1.0 1.0
150 1.5 2.0 1.0 1.0
200 1.0 1.0 1.0 1.0

Equation 4.1 may be derived by considering force and moment equilibrium ofa typical interior
facing panel loading by the soil, with point supports at the nail head locations and full plastic
moment capacity developed at all applicable yield lines. The factor "CF" may be considered to
account for the non-uniformity of the contact pressure between the facing and the subgrade, with
a value of 1.0 corresponding to a uniform contact pressure, and increasing values being reflective
of increasing concentrations ofcontact pressure in the vicinity of the nail head

The recommendations for CFin the above table are based on back analysis ofcase histories and
full-scale laboratory tests, calibrated finite-element modeling, experience, and judgment [36].

Historically, full plastic moment development in slabs at the ultimate state has been considered
only when the reinforcing steel is distributed according to where the moments develop under an
elastic condition. For soil nail wall facings, one method ofachieving that distribution is through
the placement ofhorizontal waler bars and vertical bearing bars. Because soil nail wall
construction practice in many parts ofthe country includes only waler bars in temporary facings
and neither waler nor bearing bars in permanent facings, the CFfactor has been reduced to 1.0 for
permanent wall facings. It is required that continuous horizontal waler bars be incorporated at
each row ofnails in a temporary shotcrete facing as the walers passing beneath the nail head
bearing plate provide an element ofductility in the event ofa punching shear type offailure.
Vertical bearing bars at each nail head are optional, and may be used as an alternative to
increasing the mesh size if additional vertical moment resistance is required from the facing.

In addition, for uncommonly large reinforcement percentages, the available analytical data at this
time indicate that equation 4.1 may over-predict the available nail head strength [36]. As the
amount offlexural reinforcement is increased, the actual value for CF tends to decrease because
the facing is actually more stiffwith respect to the soil. With the unit moment capacities
increasing and CFdecreasing, the net result may be little change in the nail head strength. It is
therefore recommended that until further information becomes available, a reinforcement ratio
(based on gross area) ofno more than 0.35 percent should be considered when calculating the nail
head strength using equation 4.1 and using a CFvalue greater than 1.0 (i.e., for temporary facings
with a thickness of less than 200 mm).
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In instances other than the above, and where less common facing designs are employed, all
potential yield-line mechanisms should be investigated to determine the critical nail head strength.

4.5.3 Punching Shear Strength of the Facing

(a) General

Punching shear failure ofthe facing involves the punching ofa cone-shaped block ofshotcrete or
concrete, centered about the nail head, through the facing. The shape ofthe facing rupture
surface depends slightly on the type ofconnection between the nails and the facing.

Primarily two types ofconnection systems are currently used in soil nail wall construction (figure
4.9). Only these two systems will be addressed here. For temporary shotcrete construction
facings, the bearing-plate connection is most commonly used, wherein a steel plate bearing against
the front or excavation side ofthe facing is connected to the nail tendon using a washer and nut.
For permanent CIP concrete facings cast over the temporary shotcrete construction facing or for
full-thickness permanent shotcrete facings, a headed-stud connection is most commonly used. As
shown on figure 4.9, the headed-stud connection consists offour headed studs welded to the
bearing plate, with the entire connection system embedded within the permanent wall facing. In
either connection system, failure develops by the punching ofa truncated cone through the facing.

In addition to the strength afforded to the nail head by the internal resistance ofthe facing, there
exists a soil reaction component ofresistance. The soil reaction component ofthe punching shear
strength develops because 1) the base diameter ofthe punching cone can be significantly larger
than the nail grout column diameter and 2) as indicated on figure 4.9, the soil pressures that
develop in the vicinity of the nail head can be quite large, depending on the flexural stiffuess ofthe
facing [36].

(b) Punching Shear ofBearing-Plate Connections

A conservative idealization of the punching shear failure surface geometries observed in recently
conducted laboratory tests ofbearing plate connections is illustrated on figure 4.9 [36]. Based on
this model, the nominal internal punching shear strength ofthe facing, VN, is computed by
considering a nominal shear stress acting across an effective perimeter area. The perimeter is
defined by an effective punching cone diameter D'c and an effective cone depth he as shown on
figure 4.9. The complete relationship is indicated below:

VN = 0.33'./rc (MPa) (1t)(D'c)(he) (4.2)

The effective cone diameter is defined by a rupture surface that begins at the edge ofthe plate and
extends toward the soil side of the facing at an angle of45° from the plane ofthe facing (figure
4.9). Therefore, at the center of the facing, the effective cone diameter is defined to be D'c = bpL
+ he. For a bearing plate type ofconnection, the cone height he is equal to the full facing
thickness. This type of failure geometry is most consistent with laboratory tests [36].
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As a conservative approximation, the punching shear strength (TFN) ofa bearing plate connection
can be taken as the internal punching shear strength (VN) ofthe facing. If such a conservative
approach does not provide sufficient capacity, then the soil reaction contribution to nail head
resistance can be included as described below. This will usually result in increases in the
calculated punching shear strength ofless than 20 percent for typical shotcrete construction
facings. .

The soil reaction component ofnail head resistance is computed by considering force equilibrium,
the failure cone diameter illustrated on figure 4.9, and an increased pressure behind the nail head.
The resulting expression for the nominal nail head strength associated with punching shear ofthe
bearing plate connection with the soil reaction contribution included is indicated below [36]:

(4.3)

Equations 4.2 and 4.3 are based on back analysis ofcase histories, full-scale laboratory testing,
calibrated finite-element modeling, experience, and judgment [36]. The pressure factor for
punching shear Cs is given in table 4.2. Equation 4.3 requires that the nail hole diameter be
known in order to calculate Aac and the nominal nail head strength. At the design stage, it may
be necessary to assume the nail hole size. The nail head strength is relatively insensitive to Aac
for the range ofCs values recommended, and hence it will not generally be necessary to revisit the
design after the nail hole size has been determined.

(c) Punching Shear ofHeaded-Stud Connections

The approach for computing the internal punching shear strength ofheaded-stud connections is
similar to that for temporary construction facings. The same nominal shear stress is applied over
a slightly different perimeter area. The cone diameter is defined by extension ofa line at 45° from
the centers ofthe stud heads (figure 4.9). Furthermore, the effective cone depth he is defined
from the top ofthe headed studs as shown on figure 4.9. The resulting expression is the same as
equation 4.2, where the effective punching cone diameter D'c = SHS + he, where SHS is the stud
spacing as indicated on figure 4.9.

As with a bearing-plate connection, the soil reaction component is computed by considering an
increased pressure beneath the punching cone, outside the perimeter ofthe grout column (figure
4.9). The resulting expression for the nominal nail head strength is the same as equation 4.3. As
for the bearing plate connection, the punching shear strength ofthe headed-stud connection can
be taken as only the internal punching shear strength ofthe facing (equation 4.2). Because ofthe
relative stifIhess oftypical permanent facings with headed stud connections, inclusion ofthe soil­
reaction contribution to the nail head resistance will generally increase the calculated punching
shear strength by only a few percent.

For headed-stud connections in which the length ofthe headed-stud is short in relation to the stud
spacing (e.g., on the order ofhalf the stud spacing), the pullout of individual studs may govern the
strength. In such cases, the capacity of the individual studs should be evaluated (ref. ACI-349,
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appendix B, section B.4.2) [37] and the lesser strength used in the design. In addition, it is
recommended that the headed stud lengths extend to at least the mid-depth ofthe permanent
facing and that the stud heads be anchored beyond one of the permanent facing reinforcement
planes.

4.5.4 Headed-Studs Tensile Strength

In a headed-stud connection system, four headed studs are welded to the steel plate and the entire
connection is fully embedded in the wall facing. Because the headed studs resist the nail head
force through direct tension, the strength criterion corresponding to ultimate tensile stress for
bolts is most applicable, as indicated by the following expression:

TFN = 4 AHsFu (4.4)

The headed studs must also be checked for bearing on the concrete beneath the heads. The report
ofACI Committee 349 [37] requires that either the computed bearing stress not exceed a
prescribed value or that the heads meet two special dimensional requirements. For headed-stud
connections that are commonly employed in soil nail wall construction, the stress check can never
be met. Therefore, the two geometric criteria must be checked: (1) the cross-sectional area ofthe
stud head must exceed 2-1/2 times the cross-sectional area ofthe stud body; and (2) the head
thickness must exceed 1/2 the difference between the head diameter and the body diameter.

4.6 Real World Design Process

More than one individual may be responsible for various aspects ofa soil nail wall design. For
instance, a designer with geotechnical expertise may be responsible for design ofthe soil nail
layout, while a structural engineer may perform the facing design checks. The actual division of
responsibility and labor may vary from agency to agency. It is recommended that the division of
responsibility be agreed to beforehand to ensure essential design checks are not neglected. Below
is a sequence ofhow a soil nail wall design might progress from start to finish for a typical State
Transportation Agency (functions not related to the actual performance of the wall as a structure,
such as right-of-way checks, are omitted):

• Project Office contacts geotechnical branch with need for a cut wall design.

• Geotechnical engineer reviews wall site data, collects subsurface design data (borings, lab
testing, et.) and selects one or more critical wall design cross-sections.

• Geotechnical engineer develops a scaled drawing ofdesign cross-section with all
geometries and external loadings identified.

• Geotechnical engineer selects trial values for allowable nail head loads (appendix F) and
reasonable estimated soil nail pullout resistance values for the site ground conditions.
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• Geotechnical engineer performs limit equilibrium analyses to optimize the soil nail layout
(horizontal and vertical spacing, lengths and bar sizes) and performs external stability
checks.

• Geotechnical engineer lays out nails on wall profile according to design section criteria.

• Geotechnical engineer prepares design report to communicate nail layouts, wall facing
design assumptions, drainage and specification requirements to structural engineer.

Geotechnical engineer transmits report and nail layout drawings to structural engineer.

• Structural engineer checks punching shear, flexure and shear stud strength assumptions for
allowable nail head loads.

• Structural engineer checks cantilever section designs.

• Structural engineer checks shotcrete and/or cast-in-place facing reinforcement
requirements.

• Structural engineer prepares final wall plan and detail sheets.

• Structural or specification engineer prepares special provisions.

Geotechnical, structural and project engineers review PS&E package.

Application of the above process is set forth in the following sections in a detailed step-by-step
design procedure. The step-by-step design procedure is also summarized in flow chart form on
figure 4.10. For the above described design process, steps 1-8 shown on figure 4.10 would
typically be performed by the geotechnical engineer and steps 9-11 performed by the structural
engmeer.

4.7 Soil Nail Wall Design

The overalI soil nail waII design approach is summarized in the flow chart presented on figure
4.10. The design procedure is presented separately for SLD and LRFD in sections 4.7.1 and
4.7.2, respectively. There is repetitive language between sections 4.7.1 and 4.7.2 so that each can
be used on a stand-alone basis without the need for cross referencing.
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4.7.1 Service Load Design (SLD)

Step 1 - Set Up Critical Design Cross-Section(s) and Select a Trial Design

Select a trial design for the design geometry and loading conditions. The design cross­
section should show ultimate soil strength properties for the various subsurface layers and
design water table location (should be below wall base) and all applied service loadings such
as selfweight ofthe soil and surface surcharges. The load combinations to be considered are
summarized in table 4.3 [30]. A proposed trial design nail pattern, including nail lengths,
tendon sizes, and trial vertical and horizontal nail spacings, should be shown superimposed on
the design section.

TABLE 4.3
LOAD COMBINATIONS IN AASHTO SPECIFICATIONS (AASHTO, 15th Ed., 1992)

Group D L E B RST EQ %

I 1 1 1 1 0 0 100

IV 1 1 1 1 1 0 125

VII 1 0 1 1 0 1 133

Notes:
D
L =
E
B
RST =
EQ

dead load.
live load.
earth pressure.
buoyancy.
rib shortening, shrinkage, temperature.
earthquake.

The loads and load combinations shown in this table are intended to illustrate AASHTO
requirements considered most relevant to soil nail wall design. Specific designs may require
consideration ofadditional loads and load combinations.

Step 2 - Compute the Allowable Nail Head Load

Evaluate the allowable nail head load for the trial construction facing and connector design
using the following procedure:

a) Determine the nominal nail head strength for each potential failure mode ofthe facing
and connection system using the methods presented in section 4.5 and in appendix F.
As a design aid, the nominal nail head strengths for several soil nail wall typical
facing thickness, facing reinforcement and bearing plate connection combinations
are tabulated in section F.4 of appendix F.
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b) For each possible failure mode, determine the allowable nail head load as a fraction (see
table 4.4) of the corresponding nominal nail head strength. The first column ofnail head
strength factors oftable 4.4 applies to the Load Combination Group I (table 4.3). For
other Load Combination Groups, these Group I nail head strength factors of table 4.4
are increased in accordance with the percentage factors ofthe final column of table 4.3.
For soil nail wall applications, Load Combination Groups I, IV and VII are likely to
control the design most ofthe time. The corresponding nail head strength factors for
Load Combination Groups IV and VII are therefore also shown in table 4.4. The
allowable nail head load is the lowest calculated value for the various failure modes.

TABLE 4.4
NAIL HEAD STRENGTH FACTORS - SLD

Nail Head Nail Head
Strength Factor Nail Head Strength Strength Factor

Failure Mode (Group I) Factor (Group IV) (Group VII)
<X.F (Seismic)

Facing Flexure 0.67" 1.25(0.67)= 0.83 1.33(0.67)=0.89

Facing Punching Shear 0.67" 1.25(0.67)=0.83 1.33(0.67)=0.89

Headed-Stud Tensile Fracture

ASTM A307 Bolt Material 0.50" 1.25(0.50)=0.63 1.33(0.50)=0.67

ASTM A325 Bolt Material 0.59" 1.25(0.59)=0.74 1.33(0.59)=0.78

1 Obtained by dividing the corresponding AASHTO LRFD resistance factors (table 4.7) by a load factor of 1.35,
which is the load factor for the usually dominant self weight load (table 4.6).

Step 3 - Minimum Allowable Nail Head Service Load Check

Perform a minimum allowable nail head load check for the trial facing design. This empirical
check is performed to ensure that the computed allowable nail head load exceeds the
estimated nail head service load that may actually be developed as a result ofsoil-structure
interaction. With reference to figure 2.7, the nail head service load actually developed can be
estimated by using the following empirical equation:

(4.6)

As noted on figure 2.7, the value ofFF is not well defined at this time and appears to vary
from values as low as 0.30 to values on the order of0.70 (or higher), with a mean value in
the range of0.40 to 0.45. Unless the designer has site specific monitoring information from
walls constructed in similar soils, it is recommended that a value ofFF equal to 0.50 be
adopted for design purposes.

For simple configurations (i.e., uniform soil conditions, no surcharge, etc.) the active earth
pressure coefficient KA can be determined directly from published equations and charts,
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neglecting the cohesive component ofsoil strength in accordance with the discussion in
sections 2.4.4 and 2.4.5. For more complex configurations that are not tabulated in the
published literature (e.g., variable soil layers, complex wall geometries and surcharge load
distributions), the nail head service load can be estimated from

(4.7)

The active load PA can typically be determined using a Coulomb-type slip surface (i.e., slope
stability) calculation. Ifthe computed allowable nail head load is less than the empirically
estimated nail head service load, the trial facing/connector design should be modified and step
2 repeated.

Step 4 - Define the Allowable Nail Load Support Diagrams

Define the allowable nail load for each ofthe nails as a function oflocation along the nail
length. As shown on figures 4.2 and 4.3, the allowable nail load will vary along the length of
the nail and will depend on the allowable nail head load, the allowable nail tendon load, and
the allowable nail-ground pullout resistance.

The allowable nail head load is determined·as discussed in step 2.

The allowable nail tendon load is taken as the nail tendon strength factor times the nail
tendon yield strength, as shown in table 4.5, in accordance with the Standard Specifications
for Highway Bridges, 15th Edition [30]. It is recommended that the minimum bar size used
for soil nails be No. 19 (Soft Metric designation) - corresponding to a No.6 standard bar
size. Bar size designations are provided in appendix F.

The allowable nail pullout resistance will determine the rate at which the allowable nail load
can change along the length ofthe nail and is taken as the nail pullout resistance factor (see
table 4.5) times the ultimate ground-grout pullout resistance. The ultimate pullout resistance
may be determined from local experience, published data or field testing, and is often
expressed in terms ofa force per unit length ofnail. See section 3.2 for guideline published
pullout resistance data.

The first column of the nail strength factors oftable 4.5 apply to Load Combination Group I
(table 4.3). For other Load Combination Groups, these Group I nail strength factors oftable
4.5 are increased in accordance with the percentage factors ofthe final column oftable 4.3.
As noted previously, for soil nail wall applications, Load Combination Groups I, IV and vn
are likely to control the design in most cases. Therefore, the corresponding nail strength
factors for Load Combination Groups IV and VII are also shown in table 4.5.
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TABLE 4.5
STRENGTHFACTORSANDFACTORSOFSAFETY-SLD

Element Strength Factor Strength Factor Strength Factor
(Group I) (Group IV) (Group VII)

cx (Seismic)
Nail Head Strength CXF = Table 4.4 see Table 4.4 see Table 4.4

Nail Tendon Tensile Strength CXN= 0.55 1.25(0.55)=0.69 1.33(0.55)= 0.73
Ground-Grout Pullout CXQ = 0.50 1.25(0.50)=0.63 1.33(0.50)=0.67

Resistance
Soil F=1.35 (1.50*) 1.08 (1.20*) 1.010.13*)

Soil-Temporary Construction F=1.20 (1.35*) NA NA
Conditiont

Notes:
Allowable Nail Head Load (TF) =aF (Nominal Nail Head Strength) =aF TFN

Allowable Nail Tendon Load (TN) =aN (Tendon Yield Strength) =aN TNN
Allowable Pullout Resistance (Q) = <XQ (Ultimate Pullout Resistance) = <XQ Qu
Minimum Required Global Soil Factor of Safety "F' (Group I) = 1.35 (= 1.50 for critical structures).
Minimum Required Global Soil Factor of Safety "F' (Group IV) = 1.35/1.25 = 1.08 (= 1.20 for critical

structures.
Minimum Required Global Soil Factor of Safety "F' (Group VII) = 1.35/1.33 = 1.01 (= 1.13 for critical

structures).
Minimum Required Global Soil Factor of Safety "F' - Temporary Construction Condition = 1.20 (=

1.35 for critical structures).
• Soil Factors of Safety for Critical Structures.
t Refers to temporary condition existing following cut excavation but before nail installation. Does not

refer to "temporary" versus "permanent" wall.

Step 5 - Select Trial Nail Spacings and Lengths

As discussed in section 4.3.2 and as shown on figure 4.7, satisfaction ofthe strength limit
state requirements will not of itself ensure an appropriate design. Additional constraints are
required to provide for an appropriate nail layout. The following empirical constraints on the
design analysis nail length pattern are therefore recommended for use when performing the
limiting equilibrium design calculations:

(a) Nails with heads located in the upper half of the wall height should be ofuniform
length.

(b) Nails with heads located in the lower halfofthe wall height should be considered to
have a reduced length in accordance with the recommendations given on figure
4.11.
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The purpose of these recommendations is to ensure that adequate nail reinforcement (length
and strength) is installed in the upper part of the wall. Performance monitoring ofseveral
instrumented soil nail walls, in which both nail loads and wall movements were measured, has
demonstrated that the top-down method ofconstruction ofsoil nail walls generally results in
the nails in the upper part ofthe wall being more significant than the nails in the lower part of
the wall in developing resisting loads and controlling displacements. Ifthe strength limit state
calculation overstates the contribution from the lower nails, then this can have the effect of
indicating shorter nails and/or smaller tendon sizes in the upper part ofthe wall, which is
considered undesirable since this could result in poorer in-service performance.

It should be noted that the above recommendation for the nail length pattern to be assumed
for design calculation purposes does not imply that the installed nail pattern must correspond
exactly to the design nail pattern. It is most common to install nails ofuniform length, often
to simplify construction. Provided the appropriate external stability checks are performed
(see step 8), it may be possible to install shorter nails in the lower part of the wall.

Step 6 - Define the Ultimate Soil Strengths

Define the ultimate soil strengths for analysis. Methods for determining appropriate soil
strengths for design are discussed in section 3.1. Reasonably accurate soil strength
characterization is an important part of the design process and should be performed only by
qualified experienced geotechnical personnel.

Step 7 - Calculate the Factor of Safety

Calculate the limiting equilibrium factor ofsafety for each potential slip surface, taking into
account the additional stabilizing forces provided by the trial pattern ofnails. For non-critical
structures, a minimum calculated global soil factor ofsafety of 1.35 (see table 4.5) is
recommended, taking account of the allowable nail loads and the ultimate soil strengths. The
global soil factor of safety of 1.35 applies to Load Combination Group I oftable 4.3. For
other Load Combination Groups, the global soil factor of safety of table 4.5 is decreased in
accordance with the percentage factors of the final column of table 4.3. Table 4.5 shows that
the recommended global soil factors ofsafety for Load Combination Groups IV and VII
(seismic loading) are 1.08 and 1.01, respectively. Table 4.5 also indicates that these
minimum required factors of safety should be increased for soil nail walls supporting critical
structures (e.g. bridge abutments).

It will also be necessary to check the stability ofthe soil nail wall during its construction.
This evaluation should consider temporary construction conditions corresponding to the
situation in which the next lift has been excavated, prior to the installation of the nails for that
lift. In these circumstances, because of the temporary nature of such conditions, it is
recommended that the nail strength factors applied be the same as those shown in table 4.5,
but that the required global soil factor ofsafety be reduced to a value of 1.2 (1.35 for critical
structures), as shown in table 4.5. In general, for most applications and typical construction
conditions, construction stability requirements will not control the design. However, in
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certain circumstances such as significant existing surcharge loadings adjacent to the wall
during construction, construction conditions may be more critical. This issue is further
discussed in section 4.10.3 and figure 4.18.

Step 8 - External Stability Check

Perform stability analyses for potential "external" failure modes. As noted in section 4.2.4,
the potential external failure modes that require consideration with the slip surface method
include overall slope failure external to the nailed mass, and foundation bearing capacity
failure (including overturning) beneath the laterally loaded soil nail "gravity" wall. The
methods of analysis for these failure modes are equivalent to those used for any gravity
retaining structure.

The required factor of safety for overall slope stability is 1.3 (or 1.5 where abutments are
supported above the soil nail wall) for Group I loading (ref. section 5.2.2.3, AASHTO, 15th
Edition, [30]). When performing overall slope stability checks, consideration should be given
to potential slip surfaces that pass beneath the base ofthe wall and exit downslope or in front
of the wall toe. This condition will be more critical if the ground water table is located close
to the base of the wall. For this reason, it is recommended that nail lengths should not be
shortened in the lower part of the wall (reference step 5, above) unless stability analyses
confirm that more deep-seated failure modes will not control.

The bearing capacity methodology is summarized on figure 4.12. It is recommended that the
factor of safety against bearing capacity failure for Load Combination Group I should have a
minimum value of2.5. For other Load Combination Groups, the required minimum factor of
safety should be decreased in accordance with the percentage factors ofthe final column of
table 4.3 (i.e., factor of safety of2.5/1.25 = 2.0 for Load Group IV and 2.5/1.33 = 1.9 for
Load Group VII).

Step 9- Check the Upper Cantilever

The upper cantilever section ofa.soil nail wall facing, above the top row ofnails, will be
subjected to earth pressures that arise from the selfweight ofthe adjacent soil and any
surface surcharge loadings or inertial forces acting upon the adjacent soil. The magnitude of
these earth pressures will depend not only on the strength ofthe soil but also on factors such
as the method offill placement (if any) behind the cantilever. For no fill placement and
associated compaction-induced stresses behind the upper cantilever following its
construction, an active earth pressure coefficient can be assumed for the upper cantilever
portion ofthe wall. Because the upper cantilever is not able to redistribute load by soil
arching to adjacent spans, as can the remainder ofthe wall facing below the top nail row, the
strength limit state of the cantilever must be checked for moment and shear at its base, as
described on figure 4.13.
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Plate \

Upper
Cantilever
Span

Facing

C.nte~in. of /
Upper Nail Row

Typical Earth Pressure
Loading Condition

0"-.Critical Section for Checking
Shear and Flexure

Design Checks (SLD)

1) At the critical section indicated above, the service shear (computed from force equilibrium of the cantilever)
should not exceed the allowable shear (computed as the nominal shear strength of the cantilever based on the
currently adopted AASHTO bridge specification and interims, multiplied by the facing shear strength factor from
Table 4.4).

2) At the critical section indicated above, the service moment (computed from moment equilibrium of the cantilever)
should not exceed the allowable moment (computed as the nominal flexural strength of the cantilever based
on the currently adopted AASHTO bridge specification and interims, multiplied by the facing flexure strength
factor from Table 4.4).

Design Checks (LRFD):

1) At the critical section indicated above, the factored shear (computed from force equilibrium of the cantilever)
should not exceed the design shear strength (computed as the nominal shear strength of the cantilever based
on the currently adopted AASHTO bridge specification and interims, multiplied by the facing shear resistance
factor from Table 4.7).

2) At the critical section indicated above, the factored moment (computed from moment equilibrium of the cantilever)
should not exceed the design moment strength (computed as the nominal flexural strength of the cantilever
based on the currently adopted AASHTO bridge specification and Interims, multiplied by the facing flexure
resistance from Table 4.7).

Figure 4.13 Upper Cantilever Design Checks

104



Ifheavy compaction occurs in close proximity to the upper cantilever section ofthe wall,
additional lateral earth pressures will be induced on the wall. Therefore, ifit is necessary to
place compacted fill in this area, light compaction equipment should be used.

In the horizontal span direction, cantilevered spans will exist at the ends ofthe soil nail wall
(end spans) and at locations ofvertical expansion joints for the permanent facing. For
expansion joints, it is common practice to keep the same nail pattern and uniform horizontal
nail spacing as in the remainder of the wall segment, and locate the expansion joint directly
between two columns ofnails. For cantilevered end spans, normal design and construction
practice is such that the cantilever span is generally in the range ofone-third to two-thirds of
the average nail spacing. Ifthese criteria are adhered to, no formal additional design ofthe
facing is required at these locations. These construction practices have consistently resulted
in good performance ofhorizontal cantilever spans. The main reason for this is that the
geometry limitations described above allow the soil behind the cantilever span to redistribute
pressures to adjacent interior spans with only minor increases in deformations in that region
ofthe wall.

For the cantilever at the bottom ofthe wall, the method ofconstruction tends to result in
minimal to zero loads on this cantilever section during construction. There is also the
potential for any long-term loading at this location to arch across this portion ofthe facing to
the base ofthe excavation. It is therefore recommended that no formal design ofthe facing
be required for the bottom cantilever. It is also recommended, however, that the distance
between the base ofthe wall and the bottom row ofnails not exceed two-thirds ofthe
average vertical nail spacing.

Step 10 - Check the Facing Reinforcement Details

Check waler reinforcement requirements, minimum reinforcement ratios, minimum cover
requirements, and reinforcement development and splices, as described below.

Waler Reinforcement

For temporary shotcrete construction facings, it is common practice and recommended
that a minimum oftwo No. 13 (Soft Metric designation - see appendix F) deformed
horizontal waler bars be placed continuously along each nail row and located behind the
face bearing plate at each nail head (i.e., between the face bearing plate and the back of
the shotcrete facing). The main purpose ofthe water reinforcement is to provide
additional ductility in the event ofa punching shear failure, through dowel action ofthe
waler bars contained within the punching cone.

In permanent facings placed over the shotcrete construction facing, no waler bars are
required due to the reduced pressure factors discussed in section 4.5.
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Minimum Reinforcement Ratios

Minimum reinforcement ratios are specified in sections 8.17 and 8.20 ofthe Standard
Specifications for Highway Bridges, 15th Edition [30]. These provisions are intended to
provide that flexural failure mechanisms remain ductile (section 8.17) and to provide a
minimum amount ofresistance to shrinkage and temperature distress (section 8.20).
However, soil nail wall facings are inherently ductile even at extremely low
reinforcement ratios. Therefore, the provisions in section 8.17 are do not apply and are
not necessary.

In addition, for temporary shotcrete facings, shrinkage and temperature cracking are not
significant concerns and the minimum steel ratio requirements ofsection 8.20 may be
waived for the temporary facing.

In summary, only the shrinkage and temperature reinforcement requirements ofsection
8.20 must be checked, and only for permanent facing systems.

Minimum Cover Requirements

Concrete or shotcrete cover is necessary to provide bond resistance for the reinforcing
steel and corrosion protection to the reinforcing steel, the bearing plate and headed
studs, as well as any non-encapsulated or non-epoxy coated nail steel. In permanent
applications, corrosion protection is a vital component of the design. These provisions
are contained in section 8.22 of the Standard Specifications for Highway Bridges, 15th

Edition [30]. On the front side of permanent facings exposed to the weather, the
minimum cover required is 50 mm. For permanent shotcrete facings, on the side ofthe
facing exposed to the soil, the minimum cover required is 75 mm. For permanent CIP
facings, on the side of the facing cast against the temporary shotcrete, the minimum
concrete cover required is 38 mm for the reinforcing steel (i.e., minimum distance from
the CIP concrete reinforcing steel to the concrete-shotcrete interface), and the minimum
shotcrete/concrete cover required from the side of the shotcrete facings exposed to the
soil is 75 mm for all steel. For the temporary shotcrete construction facing, corrosion
protection is not a concern, and it is adequate to place the reinforcing steel near the
center of the facing.

Development and Splices ofReinforcement

Check that the splices and cutoff locations ofall mesh reinforcement, deformed
reinforcing bars, horizontal waler bars, and vertical bearing bars (ifused} are sufficient to
develop the yield stress ofthe reinforcement at all locations at which it is needed. All
splices and development lengths shall be proportioned in accordance with the Standard
Specifications for Highway Bridges, 15th Edition (sections 8.24, 8.30 and 8.32) [30].
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Step 11 - Serviceability Checks

Check the wall function as related to excess deformation and cracking (i.e., check the service
limit states). The following issues should be considered:

(a) Service Deflections and Crack Widths of the Facing

In accordance with the provisions for two-way slabs ofthe ACI Building Code
Requirements for Reinforced Concrete [38] (note that two-way slabs are not addressed
in AASHTO), crack widths in the soil nail wall facing are not checked. However, ACI
318-95 [38] does provide slab deflection criteria through minimum span-to-depth ratios
or deflection-to-span ratios that must be met. Because the span to depth ratios for both
temporary and permanent soil nail wall facings never exceed about 20, the structural
deflections that occur at service load levels are insignificant and therefore not an issue.

The upper cantilevers ofpermanent soil nail walls are essentially one-way cantilevered
slabs and may have larger effective span-to-depth ratios than interior two-way spans.
Therefore, the service crack widths (steel stresses) must be checked in the same manner
as for the stem ofa conventional cantilever retaining wall. The provisions ofsection
8.16.8.4 of the Standard Specifications for Highway Bridges, 15th Edition [30] are used
to check the crack widths. For most temporary facings (whether as part ofa temporary
shoring system or as the construction facing ofa permanent wall system), serviceability
requirements are not imposed because the deflections do not pose any significant
aesthetic or durability concerns.

(b) Overall Displacements Associated With Wall Construction

Section 2.4.6 discusses the displacement magnitudes and patterns typically associated
with the construction of soil nail walls in various ground types. Since the serviceability
ofthe wall must be assessed in terms ofpotential impacts on adjacent structures and
facilities, the data presented in section 2.4.6 can be used to make these determinations.
Ofcourse, an assessment ofdisplacements associated with wall construction should be
made at the start of the project to determine the suitability ofnailing.

(c) Facing Vertical Expansion and Contraction Joints

Vertical joints are not required in the temporary shotcrete construction facing.

Per AASHTO section 5.5.6.5 [30], contraction joints spaced at intervals not exceeding
approximately 10m and expansion joints spaced at intervals not exceeding approximately
30 m, as required for conventiona,l concrete retaining walls, can be used in permanent
CIP or permanent shotcrete final finish facings. Typical joint details are shown on the
appendix A Example Plans.
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Seismic Design

For seismic loading conditions, the structural strength factors and the soil factors ofsafety
should be modified by the percentages given in table 4.3, for Load Combination Group VII,
in accordance with the recommendations discussed previously. The construction facing need
not be considered for seismic loading conditions, as it will have a limited life. The seismic
loading is accounted for by application ofa seismic coefficient as a pseudo-static inertia
force. The following guidance is recommended in defining the appropriate design seismic
coefficient:

1. Select the appropriate design earthquake peak ground acceleration ApK. In the absence
ofsite specific data or local seismic map, ApK can be taken offthe AASHTO Division 1A
[30] map ofHorizontal Acceleration A.

2. For slip surfaces that are primarily "internal" in nature (i.e., intersect the nail
reinforcements), define a design seismic coefficient A =(1.45-ApK)ApK, in accordance
with section 5.8.10 of the Standard Specifications for Highway Bridges, 15th Edition [30]
recommendations for MSE walls. This design seismic coefficient shall be applied to
"internal" slip modes as a pseudostatic earthquake acceleration, where the definition of
"internal" is given on figure 4.14.

3. For slip surfaces that are primarily "external" in nature (i.e., either do not intersect the
nail reinforcements or intersect them to a more limited extent), the design pseudo-static
seismic coefficient A will vary depending on the permanent displacements that the
retaining wall can tolerate during the design event. For example, if the wall can tolerate
permanent displacements ofup to 250ApK mm (where ApK is the design earthquake
acceleration as a fraction ofgravitational acceleration), then a design seismic coefficient
equal to 0.5ApK can be assumed (Section 6.3.2, Division lA-Seismic Design, AASHTO,
15th Edition, [30]). For other tolerable permanent displacements, the appropriate seismic
acceleration coefficient can be determined in accordance with AASHTO (figure 37,
Seismic Design Commentary section, 15th Edition, [30]).

4. For assessment of seismic bearing stability of the reinforced soil block, a design seismic
coefficient equal to 0.5 ApK is recommended.

The above design methodology is demonstrated by example in chapter 5 and appendix F.
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'Internal' Slip Surfaces - Intersect ground surface
at < 0 from top of wall

'External' Slip Surfaces- intersect ground surface
at > 0 from top of wall

Figure 4.14 Definition of 'Internal' and 'External'
Slip Surfaces for Seismic Loading
Conditions
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4.7.2 Load and Resistance Factor Design (LRFD)

Step 1 - Set Up Critical Design Cross-Section(s) and Select a Trial Design

Select a trial design for the design geometry and loading conditions. The design cross­
section should show the ultimate soil strengths for the various subsurface layers and design
water table location (should be below wall base), and all applied service loadings such as self
weight of soil and surface surcharges. These loads will be factored (see table 4.6) in
accordance with the AASHTO LRFD Bridge Design Specifications, lit Edition [29]. The
load combinations to be considered are also summarized in table 4.6. A proposed trial design
nail pattern, including nail lengths, tendon sizes, and trial vertical and horizontal nail spacings
should be shown superimposed on the design section.

TABLE 4.6
LOAD COMBINATIONS AND LOAD FACTORS (AASHTO, LRFD, IItEdition, 1994)

Limit State DC LL WA TV EQ
DW LS SH
EH
EV
ES

STRENGTH I YD 1.75 1.00 0.50
STRENGTH IV
EH,EV,ES,DW "(p 1.00 0.50

DC only I.S
EXTREME EVENT "(p 1.00 1.00

I

Notes:
DC = dead load of structural components and non-structural attachments.
DW = dead load ofwearing surfaces and utilities.
EH = horizontal earth pressure load.
EV = vertical pressure from dead load ofearthfill.
ES = earth surcharge load.
LL = vehicular live load.
LS = live load surcharge.
WA = water load and stream pressure.
TU = uniform temperature.
SH = shrinkage.
EQ = earthquake.
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LOADFACTORSFORPERMANENTLOADS,~

Maximum Minimum
Type ofLoad Load Factor Load Factor

DC 1.25 0.90
DW 1.50 0.65
EH

Active 1.50 0.90
At-Rest 1.35 0.90

EV
Overall Stability 1.35 N/A
Retaining Structures 1.35 1.00

ES 1.50 0.75

The loads and load combinations shown in this table are intended to illustrate AASHTO
requirements considered most relevant to soil nail wall design. Specific designs may require
l;:onsideration ofadditional loads and load combinations.

Step 2 - Compute the Design Nail Head Strength

Evaluate the design nail head strength for the trial construction facing and connector design,
using the following procedure:

(a) Determine the nominal nail head strergth for each potential failure mode ofthe facing
and connection system, using the methods presented in section 4.5 and in appendix F.
As a design aid, the nominal nail head strengths for several soil nail wall typical
facing thickness, facing reinforcement and bearing place connection combinations
are tabulated in section F.4 of appendix F.

(b) For each possible failure mode, determine the design nail head strength by multiplying
the nominal nail head strength by the corresponding resistance factor (see table 4.7).
Table 4.7 presents resistance factors for both the Strength Limit States and the Extreme
Limit State I (seismic loading) oftable 4.6. In accordance with AASHTO [29], all
resistance factors are taken as 1.0 for the Extreme Limit States oftable 4.6. The design
nail head strength is the lowest calculated value for the various failure modes.
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TABLE 4.7
NAIL HEAD RESISTANCE FACTORS - LRFD

Nail Head NailHead
Resistance Factor Resistance Factor

Failure Mode (Strength Limit States) (Extreme Limit
cI>F States)

(Seismic)

Facing Flexure 0.90' 1.0'

Facing Punching Shear 0.90' 1.0'

Headed-Stud Tensile Fracture

ASTM A307 Bolt Material 0.67' 1.0'

ASTM A325 Bolt Material 0.80' 1.0'

• Based on resistance factors per AASlITO LRFD Bridge Specifications, lit Edition [29].

Step 3 - Minimum Design Nail Head Strength Check

Perform a minimum design nail head strength check for the trial facing design. This empirical
check is performed to ensure that the computed design nail head strength exceeds the
estimated (factored) nail head service load that may actually be developed as a result of soil­
structure interaction. The nail head service load is multiplied by a load factor of 1.5 (see
table 4.6) in accordance with AASHTO [29], for active horizontal earth pressure loads. With
reference to figure 2.7, the nail head service load actually developed can be estimated by the
following empirical equation:

(4.8)

As noted on figure 2.7, the value ofFF is not well defined at this time and appears to vary
from values as low as 0.30 to values on the order of0.70 (or higher), with a mean value in
the range of0.40 to 0.45. Unless the designer has site specific monitoring information from
walls constructed in similar soils, it is recommended that a value ofFF equal to 0.50 be
adopted for design purposes.

For simple configurations (Le., uniform soil conditions, no surcharge, etc.) the active earth
pressure coefficient KA can be determined directly from published equations and charts,
neglecting the cohesive component of soil strength in accordance with the discussion in
sections 2.4.4 and 2.4.5. For more complex configurations that are not tabulated in the
published literature (e.g., variable soil layers, complex wall geometries and surcharge load
distributions), the nail head service load can be estimated from

(4.9)

112



The active load PA can typically be determined using a Coulomb-type slip surface (i.e., slope
stability) calculation. Ifthe computed design nail head strength is less than the factored
estimated nail head service load, the trial facing/connector design should be modified and step
2 repeated.

Step 4 - Define the Design Nail Strength Support Diagrams

Define the design nail strength for each ofthe nails as a function oflocation along the nail
length. As shown on figures 4.2 and 4.3, the design nail strength will vary along the length of
the nail and will depend on the design nail head strength, the design nail tendon strength, and
~he design nail-ground pullout resistance.

The design nail head strength is determined as discussed in step 2 using LRFD resistance
factors presented in Table 4.7.

The design nail tendon strength is taken as the tendon yield strength multiplied by a
resistance factor presented in table 4.8, in accordance with AASHTO [29]. It is
recommended that the minimum bar size used for soil nails be No. 19 (Soft Metric
designation) - corresponding to a No.6 standard bar size. Bar size designations are provided
in appendix F.

The design nail pullout resistance will determine the rate at which the design nail strength can
change along the length ofthe nail and is taken as the ultimate ground-grout pullout
resistance multiplied by a resistance factor (see table 4.8). The ultimate pullout resistance
may be determined from local experience, published data, or field testing and is often
expressed in terms ofa force per unit length of nail. See section 3.2 for guideline published
pullout resistance data.

Table 4.8 summarizes the recommended LRFD resistance factors for both the Strength Limit
States I and IV, and the Extreme Limit State I (seismic loading) oftable 4.6.

TABLE 4.8
RESISTANCE FACTORS - LRFD

Resistance Factor Resistance Factor
Element (Strength Limit States) (Extreme Limit

<I> States) (Seismic)
Nail Head Strength <I>F =Table 4.7 see Table 4.7
Nail Tendon Tensile <1>N= 0.90 1.0

Strensrth
Ground-Grout Pullout <I>Q =0.70 0.8

Resistance
Soil Cohesion <I>c =0.90 (0.90*) 1.0 (1.0*)
Soil Friction <I>dl =0.75 (0.65*) 1.0 (0.9*)
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Resistance Factor Resistance Factor
Element (Strength Limit States) (Extreme Limit

<1> States) (Seismic)
Soil Cohesion - <1>c = 1.00 (1.00*) NA

Temporary Construction
Conditiont

Soil Friction - Temporary <1>. = 0.85 (0.75*) NA
Construction Conditiont

·Soil strength resistance factors for "critical" structures.

Notes:
Design Nail Head Strength (TF)
Design Nail Tendon Strength (TN)
Design Pullout Resistance (Q)
Design Soil Cohesion (c)
Design Soil Friction Angle (~)

= C%>F (Nominal Nail Head Strength)
= C%>N (Tendon Yield Strength)
=C%>Q (Ultimate Pullout Resistance)
= C%>C (Ultimate Soil Cohesion)
= tan·l(C%>.ltan~])

., <1>F TFN

= C%>NTNN

= <1>QQu
:0:: C%>C Cu

LRFD requires that the factored resistances equal or exceed the factored loads i.e. resistance'load ratio
~l.

t Refers to temporaty condition existing following cut excavation but before nail installation. Does
not refer to "temporaty" versus "permanent" wall.

Step 5 - Select Trial Nail Spacings and Lengths

As discussed in section 4.3.2 and as shown on figure 4.7, satisfaction ofthe strength limit
state requirements will not in itself ensure an appropriate design. Additional constraints are
required to provide for an appropriate nail layout. The following empirical constraints on the
design analysis nail length pattern are therefore recommended to be applied when performing
the limiting equilibrium design calculations:

(a) Nails with heads located in the upper half ofthe wall height should be ofuniform
length.

(b) Nails with heads located in the lower halfof the wall height should be considered to
have a reduced length in accordance with the recommendations given on figure
4.11.

The purpose ofthese recommendations is to ensure that adequate nail reinforcement (length
and strength) is installed in the upper part ofthe wall. Performance monitoring ofseveral
instrumented soil nail walls, in which both nail loads and wall movements were measured,
have demonstrated that the top-down method ofconstru,ction ofsoil nail walls generally
results in the nails in the upper part ofthe wall being more significant than the nails in the
lower part of the wall in developing resisting loads and controlling displacements. Ifthe
strength limit state calculation overstates the contribution from the lower nails, then this can
have the effect of indicating shorter nails and/or smaller tendon sizes in the upper part ofthe
wall, which is considered undesirable as it could result in poorer in-service performance.
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It should be noted that the above recommendation for the nail length pattern to be assumed
for design calculation purposes does not imply that the installed nail pattern must correspond
exactly to the design nail pattern. It is most common to install nails ofuniform length, often
to simplify construction. Provided the appropriate external stability checks are performed
(see step 8), it may be possible to install shorter nails in the lower part of the wall.

Step 6 • Define the Design Soil Strengths

Define the design soil strengths for analysis. Methods for determining appropriate soil
strengths for design are discussed in section 3.1. Reasonably accurate soil strength
characterization is an important part oftne design process and should be performed only by
qualified experienced geotechnical personne1. The design soil strength is defined by
multiplying the ultimate soil strength by the resistance factors given in table 4.8.

Step 7 • Calculate the ResistancelLoad Ratio

Calculate the limiting equilibrium resistance to load ratio for each potential slip surface,
taking into account the additional stabilizing forces provided by the trial pattern ofnails. For
LRFD, all loads are factored up and all resistances, including resistance provided by the soil
shear strength, are factored down. A minimum calculated global resistancelload ratio of 1.0
is required, consistent with the design nail strengths and the design soil strengths (see table
4.8), to ensure that the factored resistances equal or exceed the factored loads. Table 4.8
shows that the recommended soil strength resistance factors are decreased when the soil nail
wall supports critical structures.

It will also be necessary to check the stability ofthe soil nail wall during its construction. In
particular, the temporary construction condition in which the lift excavation has occurred but
the nail has not yet been installed, must be considered. In these circumstances, because ofthe
temporary nature ofsuch conditions, it is recommended that the nail resistance factors
applied be the same as those shown in table 4.8, but that the soil strength resistance factors
be increased to a value of0.85 (0.75 for critical structures) for soil friction and 1.0 for soil
cohesion, as shown in table 4.8. In general, for most applications and typical construction
conditions, construction stability requirements will not control the design. However, in
certain circumstances such as significant existing surcharge loadings adjacent to the wall
during construction, construction conditions may be more critical. This issue is further
discussed in section 4.10.3 and figure 4.18.

Step 8 • External Stability Check

Perform stability analyses for potential "external" failure modes. As noted in section 4.2.4,
the potential external failure modes that require consideration with the slip surface method
include overall slope failure external to the nailed mass, and foundation bearing capacity
failure (including overturning) beneath the laterally loaded soil nail "gravity" wall. The
methods ofanalysis for these failure modes are equivalent to those used for any gravity
retaining structure.
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/ For overall slope stability, the appropriate resistance factor to be applied to the ultimate soil
strengths is 0.85 for strength limit state loading (Section 10.5.4 - AASHTO, [29]). When
performing overall slope stability checks, consideration should be given to potential slip
surfaces that pass beneath the base ofthe wall and exit downslope or in front ofthe wall toe.
This condition will be more critical ifthe ground water table is located close to the base of
the wall. For this reason, it is recommended that nail lengths should not be shortened in the
lower part of the wall (reference step 5, above) unless stability analyses confirm that more
deep-seated failure modes will not control.

The bearing capacity methodology is summarized on figure 4.12. The appropriate resistance
factor to be applied to the ultimate bearing capacity is described in section 10.5.4 ofthe
AASHTO LRFD Bridge Design Specifications, lit Edition [29], for the Strength Limit States
(I and IV). For Extreme Limit States, the appropriate resistance factor is 1.0.

Step 9 - Check the Upper Cantilever

The upper cantilever section ofa soil nail wall facing (above the top row ofnails) will be
subjected to earth pressures that arise from the selfweight of the adjacent soil and any
surface surcharge loadings or inertial forces acting upon the adjacent soil. The magnitude of
these earth pressures will depend not only on the strength ofthe soil but also on factors such
as the method offill placement (ifany) behind the cantilever. For no fill placement and
associated compaction-induced stresses behind the upper cantilever following its
construction, an active earth pressure coefficient can be assumed for the upper cantilever
portion of the wall. Because the upper cantilever is unable to redistribute load by soil arching
to adjacent spans as can the remainder of the wall facing below the top nail row, the strength
limit state of the cantilever must be checked for moment and shear at its base, as described in
figure 4.13.

Ifheavy compaction occurs in close proximity to the upper cantilever section ofthe wall,
additional lateral earth pressures will be induced on the wall. Therefore, if it is necessary to
place compacted fill in this area, light compaction equipment should be used.

In the horizontal span direction, cantilevered spans will exist at the ends ofthe soil nail wall
(end spans), and at locations ofvertical expansion joints for the permanent facing. For
expansion joints, it is common practice to' keep the same nail pattern and uniform horizontal
nail spacing as in the remainder of the wall segment, and locate the expansion joint directly
between two columns of nails. For cantilevered end spans, normal design and construction
practice is such that the cantilever span is generally in the range ofone-third to two-thirds of
the average nail spacing. Ifthese criteria are adhered to, no formal additional design ofthe
facing is required at these locations. These construction practices have consistently resulted
in good performance of horizontal cantilever spans. The main reason for this is that the
geometry limitations described above allow the soil behind the cantilever span to redistribute
pressures to adjacent interior spans with only minor increases in deformations in that region
ofthe wall.
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For the cantilever at the bottom ofthe wall, the method ofconstruction tends to result in
minimal to zero loads on this cantilever section during construction. There is also the
potential for any long-term loading at this location to arch across this portion of the facing to
the base ofthe excavation. It is therefore recommended that no formal design of the facing
be required for the bottom cantilever. It is also recommended, however, that the distance
between the base of the wall and the bottom row of nails not exceed two-thirds ofthe
average vertical nail spacing.

Step 10 - Check the Facing Reinforcement Details

Check waler reinforcement requirements, minimum and maximum reinforcement ratios,
minimum cover requirements, and reinforcement development and splices, as described
below.

Waler Reinforcement

For temporary shotcrete construction facings, it is common practice and therefore
recommended that a minimum oftwo (2) No. 13 (Soft Metric designation - see appendix
F) deformed horizontal waler bars be placed continuously along each nail row and
located behind the face bearing plate at each nail head (i.e., between the face bearing
plate and the back ofthe shotcrete facing). The main purpose ofthe waler reinforcement
is to provide additional ductility in the event ofa punching shear failure, through dowel
action ofthe waler bars contained within the punching cone.

In permanent facings placed over the shotcrete construction facing, no waler bars are
required because of the reduced pressure factors discussed in section 4.5,

Minimum and Maximum Reinforcement Ratios

Minimum and maximum reinforcement ratios are specified in sections 5.7.3.3 and 5.10.8
ofthe AASHTO LRFD Bridge Design Specifications, lit Edition [29]. These provisions
are intended to provide that flexural failure mechanisms remain ductile (section 5.7.3.3)
and to provide a minimum amount ofresistance to shrinkage and temperature distress
(section 5.10.8). However, soil nail wall facings are inherently ductile even at extremely
low reinforcement ratios. Therefore, the provisions in section 5.7.3.3 are not necessary
and do not apply.

In addition, for temporary shotcrete facings, shrinkage and temperature cracking is not a
significant concern and the minimum steel ratio requirements ofsection 5.10.8 may be
waived for the temporary facing.

The AASHTO LRFD Bridge Design Specifications, lit Edition [29], does specify
maximum reinforcement ratio requirements in section 5.7.3.3. However, because typical
soil nail wall construction practice involves very lightly reinforced facings, these
provisions need not be checked.
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In summary, therefore, , only the shrinkage and temperature reinforcement requirements
ofsection 5.10.8 must be checked and only for permanent facing systems.

Minimum Cover Requirements

Concrete or shotcrete cover is necessary to provide bond resistance for the reinforcing
steel and corrosion protection to the reinforcing steel, the bearing plate and headed
studs, as well as any non-encapsulated or non-epoxy coated nail steel. In permanent
applications, corrosion protection is a vital component ofthe design. These provisions
are contained in section 5.12.3 ofthe AASHTO LRFD Bridge Design Specifications, lit
Edition [29]. On the front side ofpermanent facings exposed to the weather, the
minimum cover required is 50 mm. For permanent shotcrete facings, on the side ofthe
facing exposed to the soil, the minimum cover required is 75 mm. For permanent CIP
facings, on the side of the facing cast against the temporary shotcrete, the minimum
concrete cover required is 38 mm for the reinforcing steel (i.e., minimum distance from
the CIP concrete reinforcing steel to the concrete-shotcrete interface), and the minimum
shotcrete/concrete cover required from the side of the shotcrete facing exposed to the
soil is 75 mm for all steel. For the temporary shotcrete construction facing, corrosion
protection is not a concern, and it is adequate to place the reinforcing steel near the
center of the facing.

Development and Splices ofReinforcement

Check that the splices and cutoff locations of all mesh reinforcement, deformed
reinforcing bars, horizontal waler bars, and vertical bearing bars (ifused) are sufficient to
develop the yield stress ofthe reinforcement at all locations at which it is needed. All
splices and development lengths shall be proportioned in accordance with the AASHTO
LRFD Bridge Design Specifications, lit Edition (section 5.11) [29].

Step 11 - Serviceability Checks

Check wall function as related to excess deformation and cracking (i.e., check the service
limit states). The following issues should be considered:

(a) Service Deflections and Crack Widths of the Facing

In accordance with the provisions for two-way slabs of the ACI Building Code
Requirements for Reinforced Concrete [38] (note that two-way slabs are not addressed
in AASHTO), crack widths in the soil nail wall facing are not checked. However, ACI
318-95 [38] does provide slab deflection criteria through minimum span-to-depth ratios
or deflection-to-span ratios that must be met. Because the span-to-depth ratios for both
temporary and permanent soil nail wall facings never exceed about 20, the structural
deflections that occur at service load levels are insignificant and therefore not an issue.
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The upper cantilevers of pennanent soil nail walls are essentially one-way cantilevered
slabs and may have larger effective span-to-depth ratios than interior two-way spans.
Therefore, the service crack widths (steel stresses) must be checked in the same manner
as for the stem ofa conventional cantilever retaining wall. The provisions ofsection
5.7.3.4 ofthe AASHTO LRFD Bridge Design Specifications, lit Edition [29], are used
to check the crack widths. For most temporary facings (whether as part of a temporary
shoring system or as the construction facing ofa pennanent wall system), serviceability
requirements are not imposed because the deflections do not pose any significant
aesthetic or durability concerns. .

b) Overall Displacements Associated With Wall Construction

Section 2.4.6 discusses the displacement magnitudes and patterns typically associated
with the construction ofsoil nail walls in various ground types. Since the serviceability
ofthe wall must be assessed in tenns ofpotential impacts on adjacent structures and
facilities, the data presented in section 2.4.6 can be used to make these determinations.

(c) Facing Vertical Expansion and Contraction Joints

Vertical joints are not required in the temporary shotcrete construction facing.

Per AASHTO section 11.6.1.5, LRFD, lit Ed. [29] and AASHTO section 5.5.6.5, 15th

Ed. [30], contraction joints spaced at intervals not exceeding approximately 10 m and
expansion joints spaced at intervals not exceeding approximately 30 m, as required for
conventional concrete retaining walls, can be used in pennanent CIP or pennanent
shotcrete final finish facings. Typical joint details are shown on the appendix A Example
Plans.

Seismic Design

For seismic loading conditions, the resistance factors should be set to the values indicated in
table 4.8 and the load combination and load factors ofExtreme Event I (table 4.6) should be
evaluated. The construction facing need not be considered for seismic loading conditions, as
it will have a limited life. The seismic loading is accounted for by application ofa seismic
coefficient as a pseudo-static inertia force. The following guidance is recommended in
defining the appropriate design seismic coefficient:

1. Select the appropriate design earthquake peak ground acceleration ApK. In the absence
ofsite specific date or local seismic map, ApK can be taken offthe AASHTO Division 1A
[29] map ofHorizontal Acceleration A.

2. For slip surfaces that are primarily "internal" in nature (i.e., intersect the nail
reinforcements), define a design seismic coefficient A =(1.45-ApK)ApK, in accordance
with the AASHTO LRFD Bridge Design Specifications, lit Edition, section 11.9.6 [29]
recommendations for MSE walls. This design seismic coefficient shall be applied to
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"internal" slip modes as a pseudostatic earthquake acceleration using the definition of
"internal" given in figure 4.14.

3. For slip surfaces that are primarily "external" in nature (i.e., either do not intersect the
nail reinforcements or intersect them to a more limited extent), the design pseudo-static
seismic coefficient A will vary depending on the permanent displacements that the
retaining wall can tolerate during the design event. For example, ifthe wall can tolerate
permanent displacements ofup to 250ApK mm (where ApK is the design earthquake
acceleration as a fraction ofgravitational acceleration), then a design seismic coefficient
equal to 0.5ApK can be assumed (section II, appendix A, AASHTO, LRFD lit Edition,
[29]). For other tolerable permanent displacements, the appropriate acceleration
coefficient can be determined in accordance with AASHTO [29].

4. For assessment of seismic bearing stability ofthe reinforced soil block, a design seismic
co-efficient equal to 0.5 ApK is recommended.

The above design methodology is demonstrated by example in chapter 5 and appendix F.

4.8 Corrosion Protection

The long-term performance ofpermanent soil nails requires that they be able to withstand
corrosive attack from their local environment. Characteristics defining the corrosive potential of
the soil environment (i.e., ground aggressivity) are summarized in section 3.1.

4.8.1 Nail Tendon Corrosion Protection

The following constitutesFHWA recommended guidelines for nail corrosion protection on U.S.
Federal-aid highway projects. For permanent applications, soil nail corrosion protection should
consist of the following:

• In non-aggressive ground, the nail section should be resin-bonded epoxied using an
electrostatic process to provide a minimum epoxy coating thickness of0.3 mm in
accordance with AASHTO M-284 [39]. The intact epoxy coating will prevent tendon
corrosion by isolating the tendon from the surrounding environment. In addition, the
recommended minimum thickness ofcoating will generally prevent normal handling and
construction-induced damage. A minimum grout cover of25 mm is recommended
throughout the length ofthe nail. Centralizers should be placed at distances not
exceeding 2.5 meters center to center, and the lowest centralizer should be placed a
maximum of0.3 meters from the bottom ofthe grouted drill hole. The centralizers
should be made from a plastic material, be attached to the nail in a way that will not
impede the free flow ofgrout, and be sized to position the nail tendon within
approximately 25 mm ofthe center of the drill hole.
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• In aggressive ground or for critical structures l (e.g., walls adjacent to lifeline high
volume roadways or walls in front ofbridge abutments) or where field observations have
indicated corrosion ofexisting structures, encapsulated nails should be used.
Encapsulation is generally accomplished by grouting the nail tendon inside a corrugated
plastic sheath. A neat cement grout containing admixtures to control water bleed from
the grout is usually employed to fill the annular space (typically 5 mm minimum)
between the plastic sheath and the tendon. For this type ofprotection, the minimum
grout cover between the sheath and the borehole wall can be reduced to 12 mm.

For temporary applications (ofless than 36 months duration) in non-aggressive ground, the soil
nail grout is considered adequate protection.

4.8.2 Nail Head Corrosion Protection

Ifthe nail is encapsulated or is an epoxy-coated deformed bar with machine threads at the upper
end, the corrosion protection is terminated to expose the bare tendon at the head ofthe nail in
order to allow attachment of the bearing plate and nut. This area may be more susceptible to
corrosion than the remainder ofthe nail since oxygen is more readily available.

For the above type ofnail tendons and corrosion protection, the following approach has been
most commonly used for providing corrosion protection to the nail head. First, the bearing plate
assembly is embedded in the permanent facing with the normal depths of cementitious cover to
control steel corrosion. Second, the nail tendon protection (epoxy coating or encapsulation) is
extended into the shotcrete construction facing to ensure a minimum depth of shotcretelnail grout
cover of75 mm. Figure 4.15 shows examples of the types of acceptable corrosion protection
systems for permanent soil nails.

When epoxy coated continuous threadbars are used (i.e., Dywidag bars), the threadbars are
commonly coated full length. CALTRANS experience indicates that the use ofa 0.3 mm coating
thickness still allows the bearing plate nut to be threaded onto the bar over the epoxy coating.
This may not be the case with other types of continuous threadbars.

4.9 Wall Drainage

Typical soil nail wall drainage systems are discussed in section 2.3 D and include geotextile face
drains, shallow PVC drain pipes and weep holes, surface interceptor/collector ditches, and surface
waterproofing. Other approaches include deep horizontal drains for control offlowing water and

1 Determination of structures considered "critical" is the prerogative of individual State agencies.
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CIP

CIP

Embed Nail Encapsulation to
Provide Minimum of 75 mm
Shotcrete or Nail Grout Cover

a) Epoxy Coated Soil Nail Detail (Upper 1
Meter Encapsulated) With Temporary
Shotcrete Construction Facing and
Permanent CIP Facing (Caltrans)

Embed Nail Encapsulation to
Provide Minimum of 75 mm
Shotcrete or Nail Grout Cover

b) Epoxy Coated Nails With MachineThreads
Detail, With Temporary Shotcrete Construction

Facing and Permanent CIP Facing

Epoxy Coated Bar





CIP

Embed Nail Encapsulation to
Provide Minimum of 75 mm
Shotcrete or Nail Grout Cover

Thickness Typically
100mm

c) Encapsulated Soil Nail With Bare Steel at the
Top Detail, With Temporary Shotcrete

Construction Facing and Permanent CIP Facing

Embed Nail Encapsulation to
Provide Minimum of 75 mm
Shotcrete or Nail Grout Cover

Thickness Required
to Achieve Minimum
Cover Requirement
Shotcrete LocallyThickened in Vicinity of Bearing
Plate in Lieu of Providing Greater Shotcrete
Thickness Over Full Facing

d) Permanent Shotcrete Facing Detail With
Encapsulated Nail

Figure 4.15 Alternative Soil Nail
Corrosion Protection
Details
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for ground water depressurization when an unanticipated water table is encountered and use of
vegetation with stepped or benched walls to inhibit infiltration and to lower soil water contents by
evapotranspiration.

Typical permanent face drain configurations for geotextile drain strips discharging either into toe
drains or through weep holes in the facing are shown on figure 4.16.

In blocky ground that produces a very rough and irregular excavation face, the placement of
prefabricated drain strips against the excavation face is difficult and often impractical. In some
cases, the prefabricated drain strips may be sandwiched between the shotcrete construction facing
and the permanent eIP facing, with the drain placed over 50 to 75 mm diameter weep holes
passing through the construction facing (see figure 4.16).

4.10 Special Design Considerations

The simplest soil nail retaining wall consists ofa vertical or battered planar wall, and a
homogeneous soil reinforced with nails ofconstant length and orientation. More complex
configurations are not uncommon, however, including heterogeneous ground conditions, nails of
variable length and orientation, non-planar facings, and wall loadings other than those associated
with the selfweight of the reinforced and retained ground. These variations, discussed briefly
below, can often be relatively easily incorporated into the recommended slip surface limiting
equilibrium design methodology presented in section 4.7. In some applications, however, there is
relatively little experience on which to base design recommendations and expert assistance should
be obtained.

4.10.1 Heterogeneous Soil Profiles

Because the soil nailing technique is concerned with the reinforcement of in situ ground rather
than ofcontrolled structural fills, it is relatively common to encounter heterogeneous conditions
with respect to selfweight, soil strength and nail pullout resistance. In principle, such conditions
pose no particular computational difficulties for slip surface limiting equilibrium techniques.
However, the following points should be considered:

• Some of the available soil nailing computer design codes are restricted to relatively simple soil
profile heterogeneities, such as single uniform soil type or only horizontally layered systems.

• Sensitivity studies should be conducted to examine the impacts ofsoil with severe
heterogeneities, such as soil overlying bedrock. Good engineering judgment might require
that the full rock shear strength or nail pullout resistance in the rock not be incorporated into
specific zones of the design model, ifit appears that this would result in an unrealistic
computed factor ofsafety. Also, it is considered generally inappropriate to develop designs in
which a small fraction ofthe nails are responsible for a large portion ofthe total nail support.

123





Shotcrete Construction Facing

Geocomposite Drain Strip
(Place Geotextile against ground)

Prefabricated Drain Grate

r-t----t--:,.-H--+--- Drainage Geotextile

75 mm dia. PVC Connector Drain Pipe
Extending through Face and Terminatinc

Drain Aggregate. See Specifications at each Vertical Drainage Strip ~

---~

a) Typical Wall Toe Drain

Permanent CIP Facing

~.

Geocomposite Drain Strip
(Place Geotextile against ground)

Prefabricated Drain Grate

75 mm dia. Connector Pipe

Shotcrete Construction Facing

(b) Typical Wall Base Drain, Traffic
Barner and PVC Connector Pipe Detail





Shotcrete
Construction
Facing

75 mm dia. PVC Connector
Drain Pipe Spaced 1.5 m
Vertically and Centered
Horizontally Between Nails

/ Bands (Secure
/' Geotextile to PVC)

114--- Geotextile Filter Fabric
:.1')'..

"p '.
. 'p ...

. p.

", ~ .

Permanent
CIP Facing

Geocomposite Drain Strip
(Place Geotextile against
$hotcrete)

c) Rough Excavation Face
Drain Strip Detail With Geocomposite Drain Strip

Sandwiched Between Shotcrete and Permanent CIP
Facing (courtesy Schnabel Foundation Co.)

Figure 4.16 Example Wall Drainage
Details

124





• Whenever heterogeneities of any type are introduced (e.g., variable soil properties, highly
non-uniform surface surcharges), the critical slip surface might not exit in the vicinity ofthe
toe of the wall and a more complete search is generally required. An example ofthis
condition would be a weaker soil overlying a substantially stronger soil, in which the critical
slip surface might exit the wall facing in the vicinity of the weak soil-strong soil contact, rather
than exiting through the wall toe (figure 4.17).

4.10.2 Surcharge Loading

Relatively uniform vertical and horizontal surcharge loadings applied to the surface ofa soil nail
retaining wall structure can be addressed in a simiiar manner to the selfweight gravity load ofthe
reinforced and retained ground. The modeling of soil surcharges should generally account for
both the selfweight of the soil (vertical loading) and the lateral earth pressure (horizontal loading)
exerted by the fill. All potential slip surfaces must be evaluated and minimum factor of safety
requirements met in accordance with the criteria presented in section 4.7. The surcharge loadings
may range from relatively light (e.g., nominal live load allowances for equipment and traffic
operating above the retaining wall) to very heavy loads in relation to the weight ofthe retained
ground (e.g., surcharge corresponding to an MSE or conventional retaining structure or bridge
abutment spread footing located on top of the soil nail retaining wall). The minimum
facing/connection system strength requirements should also be established in accordance with the
recommendations of section 4.7, taking into account the loads applied by both the ground self
weight and the surface surcharges. It should be noted that there is currently little published
information on measured service nail and facing loads for soil nail walls loaded with heavy surface
surcharges, although a few such instrumented walls have been built on recent U.S. highway
projects (e.g., 1-405 Renton, WA; Portland LRT, Portland, OR).

For relatively uniform surface surcharges and homogeneous soil profiles, the critical slip surfaces
giving the lowest calculated factors of safety will tend to pass near the toe ofthe wall and not
through an intermediate point higher up in the wall.

4.10.3 Bridge Abutments

As discussed in chapter 1, one of the most useful applications ofthe soil nailing technique in
highway construction and improvement projects is for bridge underpass widening (figure 2.3).
This activity requires the removal oflateral restraint in the vicinity ofthe bridge foundation, by
excavation of the bridge abutment retaining slope, and the almost simultaneous replacement ofthe
removed lateral support with a soil nail retaining wall.

For soil nail walls constructed in front of existing shallow or deep foundation supported
bridge abutments, the estimated top of wall and abutment movement that will be induced
by the wall excavation must be able to be tolerated by the abutment and superstructure.
This will be an especially important design consideration for abutments on shallow
foundations, particularly where the wall face excavation would have to be made close to the
foundation footing. It is emphasized that this is a critical application and should be
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considered only for sites where the shallow bridge footing is supported by very competent
ground.

Where the bridge is supported on a deep foundation such as vertical or battered piles or piers, and
the deep foundation extends well below the base ofthe wall such that its bearing capacity will not
be significantly influenced by the slope removal and wall construction, it is recommended that the
deep foundation and the soil nail retaining wall be considered as essentially independent systems.
For example, the bridge vertical loads might be carried exclusively by the deep foundation and the
soil nail retaining wall will be proportioned to carry the surcharge loads associated with the bridge
approach fill, together with the other typical dead and live surface loads. In this respect, the
design problem is no different from a typical cut slope application.

However, there are some additional issues that must be considered for such an application:

• Some fill soils may not be well suited for soil nailing. Examples include clean, loose
granular soils (poor stand-up time) or fills containing numerous cobbles, boulders, rubble
or other obstructions (difficult excavation and drilling).

• The presence ofthe piles or piers behind the future retaining wall will place restrictions on
the nail layout, in particular on the nail horizontal spacings and nail-head locations.

• In addition to the vertical loads that are supported directly by the deep foundation, the
bridge abutment will also be subjected to lateral earth pressure loads associated with the
approach fill, as well as horizontal loads associated with longitudinal bridge temperature
shrinkage and expansion. Unless the deep foundation can be demonstrated to have
sufficient lateral stiffiless to support these horizontal loadings with minimal horizontal
displacement (e.g., battered piles), it is recommended that these horizontal loads be
applied as lateral surcharge loadings in the nail wall design, together with the vertical
surcharge loads associated with the approach fill. This approach is demonstrated by the
bridge abutment example problem in chapter 5. In addition, any longitudinal bridge
movement due to temperature shrinkage and expansion that can be transmitted into the
nail wall must be assessed and judgement made as to whether it is tolerable and can be
accommodated by the nail wall.

• Water flows in existing bridge drains must be controlled.

Where ground conditions are suitable and very competent (e.g., very dense soil or weathered rock
with favorable geologic structure), a soil nail retaining wall can also be used to achieve bridge
underpass widening where the bridge is supported by shallow foundations. Once again, the
surface surcharge loading imposed by the shallow footing does not pose any particular problems
from a design analysis perspective, although the following consideration must be addressed:

• The surface loading will tend to be non-uniform, with a higher bearing pressure applied
over the relatively narrow width of the footing. As with other non-homogeneities, a
broader range of potential slip surfaces must be considered as the critical slip surface
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location will tend to depend on the location ofthe concentrated footing loading behind the
facing (figure 4.18).

Particular attention must be paid to the details ofthe construction process, including the
temporary conditions that will exist during construction in the periods between lift excavation and
nail and facing installation. It must be ensured that stability will not be compromised at any stage
during the construction excavation process, and not just for the final configuration. Stability

. analyses should therefore be conducted for all potentially critical intermediate conditions to ensure
that the foundation is not temporarily compromised by removal oflateral restraint (figure 4.18).
Assessment ofstability during construction is a requirement for all soil nail walls, but is of
particular importance in applications that include significant surcharge loads. As noted in section
4.7, temporary construction conditions should be assessed with reduced soil strength (or global)
factors ofsafety (SLD) or increased soil strength resistance factors (LRFD).

Some photo examples ofpermanent soil nail walls used in bridge end slope removal applications
on U.S. highway projects in front ofboth deep and shalloW' foundation supported bridge
abutments are shown in the FHWA "Soil Nailing Field Inspector's Manual" [26].

4.10.4 Stepped Structures

Aesthetic requirements may call for the use of a stepped or benched facing for a soil nail retaining
wall, with horizontal setbacks between the individual wall sections (figure 4.19). These setback
areas are often used for planting vegetation i.e., "greening" the wall. Where horizontal setbacks
are "small" in relation to the height ofthe individual benches, the structure will tend to act as a
single equivalent wall with a battered face. Conversely, where the horizontal setbacks are "large"
(typically I.S times the height) in relation to the height ofthe individual benches, the individual
benches will tend to act as totally independent walls. Since the definition of"small" and "large" in
this context is dependent on the material properties, it will generally be necessary to evaluate the
stability both ofthe overall wall and ofsections ofthe wall comprised ofsingle (and possibly
multiple) benches and to design for the most critical case.

4.10.5 Composite Structures

Composite structures involving the use of soil nailing may take a variety offorms, together with
very different construction sequences.

(a) Nails and Tiebacks

One type ofcomposite structure is that in which nails are combined with a second method of
support (typically active tieback anchors), and both supporting elements are installed as
excavation proceeds from the top down. The design methodology will depend on the
configuration ofthe support system, and particularly on the relative contribution and intended
function ofthe nails and the tiebacks. Figure 4.20 shows two basic composite nail-tieback
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support systems that have been used and demonstrates fundamentally different support concepts
requiring different design approaches.

Figure 4.20(a) shows a composite nail-tieback support system applied at the north entrance to the
Cotiere Tunnel [10]. In this application, a conventional soil nail support system is complemented
with tiebacks in the upper part ofthe wall to provide additional stability against deep-seated
failures and to limit displacements in the upper wall area in order to protect a nearby critical
structure. Problems with deep-seated stability can occur where significant backslopes exist and
material strengths are modest. The recommended design approach for this type ofapplication is
to use the method outlined herein for the soil nail portion ofthe support system, but to limit the
slip surfaces considered so that the deep-seated slips are not addressed (e.g., limit slip surfaces to
those that intersect the ground surface at a distance ofno greater than 1.5 times the proposed nail
length behind the top ofthe wall). Nail lengths will typically not be less than are required for
good soil conditions and a horizontal backslope. The soil nail reinforced zone can then be
considered to act as a gravity retaining structure and the tiebacks then designed to provide the
additional support required to stabilize more deep-seated slips and prevent overturning of the
wall. The grouted tieback anchorages should be placed behind both the nailed zone and the most
critical deep-seated slip surface affecting the whole structure.

Figure 4.20(b) shows an alternative nail-tieback support system (nailed Berlin wall), where the
primary support comes from the tiebacks and short nails are used to provide more localized face
stability during construction. In the application shown on figure 4.20(b), the nails also make it
possible to increase the distance between the soldier piles by reducing the bending moments in the
facing.

(b) Supporting Other Wall Types

A fundamentally different type ofcomposite structure from those discussed above is an earth
retaining structure such as an MSE wall or conventional retaining wall constructed on top of the
soil nail wall following completion ofthe nailing (figure 4.21). In these applications, the nail­
reinforced ground comprises the foundation for the upper structure, and it is recommended that
the bearing pressures beneath both the upper retaining wall (taking account ofvertical loads,
horizontal loads, and overturning moments) and its retained earth be considered as surface
surcharge loads for the design of the soil nail portion ofthe structure.

4.10.6 Structures with Variable Nail lengths

There are no design computation restrictions to considering nails ofvariable length, although
service load monitoring indicates that wall displacements will be minimized ifnail lengths are kept
relatively uniform, particularly in the upper two-thirds to three-quarters ofthe wall height. Such a
nail length distribution should therefore be the objective ofthe design. In the lower part ofthe
wall it is often permissible to shorten the length ofthe nails since the soil-nail interaction in this
region is such as to induce maximum nail loads closer to the head of the nail.
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It is often necessary to place restrictions on the length of the upper row ofnails at specific
locations to avoid interference with utilities, for example. The nails must be sufficiently long,
however, to provide for local stability ofupper wedges ofthe ground. Restricting the length of
upper nails will limit, or virtually eliminate, their contribution to the stability oflarger zones of
ground associated with the overall wall height and will also reduce their ability to control surface
displacements. Since the top-of-wall defonnations will be reduced by having full length
reinforcement within the upper part of the wall, it is desirable to minimize the use of"short" nails
in the upper rows to the extent possible. However, use ofshort nails in the top row ofsoil nail
walls is relatively common and has been successfully applied, particularly in urban environments,
to avoid utilities.

4.10.7 Structures with Variable Nail Inclinations

There are no design computation restrictions in the consideration ofnail patterns with variable nail
inclinations. From the perspectives ofimproving the reinforcing efficiency ofthe nails and also of
limiting wall displacements, however, it is desirable to install the nails as close to horizontal as
possible. There should, therefore, be no general incentive for installing nails more steeply than
about 15 degrees below horizontal, which is the typical minimum declination required to enable
grouting ofthe nail holes under gravity or low pressure. As discussed above for variable nail
lengths, it is often necessary to steepen the inclination ofthe upper row ofnails somewhat (e.g.,
to 20-25 degrees) to provide for utility clearance. When nailing under bridge decks, it is
sometimes necessary to install the top row ofnails at an inclination ofless than 15 degrees
because oflimited clearance for the drill rig mast beneath the deck. Special grouting procedures
will generally be required with shallow nail inclinations to ensure proper installation ofthe nail.

4.10.8 Structures with Variable Nail Orientations

Nails will generally be installed in a vertical plane that is nonnal to the wall facing. For planar
walls or for walls with insid~ curvature, this approach should be followed. For walls containing
outside curvature, however, it will often be necessary to install nails in a splayed pattern that is
not nonnal to the wall facing because of the problem ofadjacent columns ofnails interfering with
each other. An example of this situation is shown on figure 4.22. In such instances, it is
recommended that the soil nail wall design analyses be perfonned as though the nails were
installed in vertical planes nonnal to the wall facing. The splayed nails actually installed should
then be ofsufficient length to extend to the depth nonnal to the facing as required by the analysis.
Similarly, the component ofthe installed nail strength in a direction nonnal to the facing should
equal or exceed that required from the design analysis.

4.10.9 Ground Water Seepage Forces or Water Table Close to Wall Base

As with slope stability problems, ground water and the associated seepage forces can significantly
affect the stability ofa soil nail structure. As discussed in section 2.2, the use ofsoil nailing in
situations below the ground water table is not generally recommended. There may be special
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circumstances where consideration ofseepage forces is required, such as when an unanticipated
ground water table is encountered above the wall base. Most of the problems associated with the
presence ofground water and the associated seepage forces are related to constructability, and
these issues must be considered by personnel experienced with such conditions. From a design
perspective, however, the inclusion ofseepage forces in the stability analysis poses no special
difficulty and most ofthe computer design models currently available permit the inclusion of
water seepage pressures in the analysis.

As noted in Step 8 (sections 4.7.1 and 4.7.2), a ground water table that is close to the base ofthe
wall will tend to promote more deep-seated instabilities that pass beneath the base ofthe wall and
exit downslope or in front ofthe tow ofthe wall. This condition must be checked for in design.

4.10.10 Infinite Slope Condition

In instances where a soil nail retaining wall is installed at the toe ofa long ("infinite") slope, and
that slope has a calculated factor ofsafety (e.g., 1.25) less than that recommended for the
retaining wall itself(e.g., 1.35), then the design requirements may have to be modified. The
reason: if potential slip surfaces considered in the design of the reinforced soil nail wall are
unrestricted, then very large failure zones that encompass essentially the entire slope will be
considered. The analysis may therefore indicate that very long, high capacity nails are required
with the nails being installed in the toe region ofan essentially "infinite" slope. This is generally
considered to be an inappropriate use for such a retaining system. Under these circumstances, it
is recommended that 1) the overall stability ofthe slope be independently determined and
modified by other methods, if necessary, and 2) the soil nail wall be designed by limiting the scope
ofpotential slip surfaces to the immediate area of the wall itself e.g., to within typically two to
three times the height of the cut from the top ofthe proposed wall. This recommendation is
shown graphically on figure 4.23.

4.10.11 Performance Under Seismic Loading

Recent experience has demonstrated that soil nail walls perform well under seismic loading. A
number ofobservations of the performance ofsoil nail walls was made for the October 17, 1989
Magnitude 7.1 Lorna Prieta earthquake in California. A post-earthquake report [4], presents field
observations on eight soil nail walls in existence in the San Francisco Bay area during the
earthquake. The walls, varying in height between 2.7 meters and 9.8 meters, were the subject of
detailed post-earthquake visual inspections. In some cases, nails were retested after the
earthquake.

None of the walls showed signs ofdistress even though one ofthem was located in Santa Cruz,
an area that experienced significant seismic related damage. A 4.6-meter-high wall located on the
University ofCalifornia Santa Cruz campus approximately 18 km from the earthquake epicenter
experienced a horizontal ground acceleration estimated at 0.47 g. Soil conditions at the site
consist of a hard clayey sandy silt. Construction of this wall was completed less than three weeks
before the earthquake. Prior to the earthquake, some wall footings had also been poured at the
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bottom ofthe excavation immediately in front of the wall. The post-earthquake inspection
revealed significant cracking ofthe concrete footings. This cracking was not attributed to
shrinkage, since foundations constructed after the earthquake showed fewer cracks. Inspection of
the soil nail wall revealed no cracking or other distress. Subsequent pullout testing ofnine nails to
150 percent oftheir design load also indicated no loss ofpullout capacity due to the seismic
activity.

A UCLA research project co-sponsored by NSF and contractor Kulchin-Condin & Associates has
also recently been performed to study in more detail the behavior of soil nail walls during
earthquake loading [40]. The study included model centrifuge testing of test walls with nail
length to wall height ratios ranging from 0.33 to 1.0. Tests simulating static loading indicated that
for nail lengths commonly used in practice (i.e., length to height ratios greater than about 0.67),
the static deformations at the top ofthe wall were on the order ofa few tenths ofone percent of
the wall height. Under simulated earthquake loading, the soil nail walls performed exceedingly
well. For nails ofappropriate length, many cycles ofshaking with peak accelerations to 0.45 g
were required to induce excessive deformations of the wall. It was concluded that typical soil nail
structures with grouted nails should have the capacity to resist large earthquakes, confirming the
field obselVations from the Loma Prieta earthquake.

Both field and laboratory investigations have demonstrated the generally robust performance of
soil nail walls under relatively severe earthquake shaking. For design purposes, therefore, seismic
loading effects should be addressed as recommended in section 4.7. These recommendations will
generally require that additional design capacity (e.g., nail length or strength) beyond that required
from static design considerations may be needed only for relatively severe peak ground
accelerations (i.e., greater than about 0.25 g to 0.30 g).

4.10.12 Frost Protection

The formation ofice lenses in the vicinity ofthe soil nail wall facing in frost-susceptible soils has
been reported in a few cases. This has led to the development of high loads on both the facing
and the head ofthe nail, because ofthe fully bonded nature of the nail and its inability to tolerate
large strains in the adjacent soil without developing correspondingly high loads in the nail. This
phenomenon has resulted in damage to the facing. In situations where the facing is very resistant,
damage can occur to either the nail or to the connection between the nail and the facing.

The magnitude ofthe facing/nail loads developed will depend on the depth offrost penetration,
the intensity and duration ofthe freeze period, and the availability ofwater. Increases in nail and
facing loads should be anticipated in areas where frost durations are generally greater than one
week and where there are frost susceptible soils near the face and in close proximity to a source of
water. Frost loading effects may be eliminated or mitigated by the use ofporous backfill (used on
a few projects to date) or insulating material placed either between the shotcrete construction
facing and the CIP or precast panel final facing, or outside the permanent concrete facing. Figure
4.24 shows proposed frost protection details using styrofoam insulation. A I-inch thickness of
styrofoam insulation board is generally considered to be equivalent to I-foot thickness ofgravel.
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Styrofoam insulation board has been used to insulate some permanent tieback wall facings
(personal communication from D. Weatherby, Schnabel Foundation Co.). At the time offinal
preparation of this manual, the Maine and New Hampshire DOT Details shown on figure 4.24 are
the first known soil nail walls in U.S. using insulation board for facing frost protection. Use
should be considered experimental at this time.

4.10.13 Expansive Soils

At present, there are no established design procedures for soil nail walls in highly expansive soils,
and this is generally considered a non-application for permanent walls. However, soil nail walls
may have application in soils that are expansive in nature, particularly for temporary shoring
applications, provided measures are taken to inhibit significant changes in moisture content of the
soils during the life of the structure. Under such conditions, a conventional design approach such
as recommended herein can be adopted.

4.10.14 Residual Soils

Residual soils will often exhibit specific slip surfaces, defined by relict structure, with shear
strength characteristics that are significantly lower than those that apply to the ground mass in
general. For example, two joint sets may combine to form potentially unstable wedges dipping
out ofthe face. Provided it can be demonstrated that the relict structure will exhibit sufficient
stand-up time to enable safe and economic construction ofa soil nail wall, the design procedure is
essentially identical to that previously discussed. However, since all potential failure modes must
be considered, the analyses must address both general or non structurally controlled slip surfaces
in association with the strength of the ground mass, together with specific structurally controlled
slip surfaces in association with the strength characteristics of the relict joint surfaces themselves.
The soil nail reinforcement must then be configured to support the most critical ofthese two
conditions.

4.10.15 Structures with Externally Loaded Wall Facings

The nails and permanent facing ofa soil nail retaining wall may be required to support extemal
loads, and associated shear forces and bending moments, applied directly to the facing, in addition
to those developed by the nail-ground-facing interactions during construction ofthe wall. Most
commonly, these extemalloads will be applied at the top ofthe wall facing and may vary from
relatively light highway appurtenance loads (e.g., roadway lighting supports) to much more
significant loads associated, for example, with the integration ofa relatively large cantilever
retaining structure on top ofthe wall. An example ofthe latter type ofextemalload application is
shown in figure 4.25. For relatively light loading conditions, the extemalloads may be used to
define statically-determinate additional shear forces and bending moments in the cantilevered
section ofthe wall above the first row ofnails, together with additional loads in the top row of
nails themselves. For more significant loads, it may be necessary to perform a full soil-structure
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interaction analysis to define how the additional facing and nail loads are distributed throughout
the entire soil nail structure.

4.10.16 Design of Support for Facing Dead Load

As noted in section 2.4.7, the weight ofthe construction facing must be supported by the installed
nails or other supplementary means until compressive stresses develop at the facing-soil contact
and the facing can be supported by bond and shear (frictional) loads developed at the contact.
This is particularly important for the facing ofthe initial excavation lifts, where it is not possible to
"hang" the next facing layer from the overlying facing previously installed. For typical
construction facings consisting of 100-mm-thick shotcrete, experience has shown that the soil
nails will support the weight ofthe facing in direct shear and bearing. For thicker applied
shotcrete facings, the support for the facing selfweight by direct shear of the nails and bearing
beneath the nails should be formally evaluated. The maximum thickness ofshotcrete facing that
can be supported in the manner is dependent on the nature ofthe soils and, in competent ground,
shotcrete facings up to 200 to 250 mm thick have been successfully supported.

Where necessary, support of the dead weight load of soil nail wall facings may be achieved by the
installation ofadditional short, steeply inclined reinforcing elements acting as compression struts.
Strut nails act in compression while the soil nails act in tension to develop a truss that supports
the facing dead load. The recommended design approach is presented below, with reference to
figure 4.26.

Figure 4.26 shows a soil naiVstrut nail system supporting a facing panel ofselfweight W. The
soil nail has a conventional headed stud connection to the facing. The strut nail has a bearing
plate and washer connection system, as shown. Figure 4.26 also shows the method for calculating
the service loads (associated with selfweight support ofthe facing) within both the soil nail and
the strut nail. The design criteria are given below for both SLD and LRFD.

SLD

Soil Nail

Strut Nail

CST <= min[(0.35)(0.80)(0.8Sr'c(AsN - AsT)+FyAsTYo); (0.67)VN(f); (O.SO)QuLSN{J)]

LRFD

Soil Nail

142



Conventional Soil Nail
Headed Stud Connection SOIL NAIL

Strut Nail Connection
(Plate and Nut)

LSN STRUT NAIL

"(service compressive load in strut nail)

w
NOTE:

CST and TST determined from consideration of
hOrizontal and vertical equilibrium

For soli nails Inclined at 15° and strut nails at 45°;
TST • 1.4W
CST" 1.9W

~ereW .. weight of facing supported by soli nail
and strut nail

Figure 4.26 Strut Nail Concept
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Strut Nail

Notes:
(1) Assumes ASTM A307 bolt material for headed studs
(a) Reference equation 4.1, for facing tlexure failure mode, and table 4.4 (strength factor for

SLD) or table 4.7 (resistance factor for LRFD)
(b) Reference equations 4.2 and 4.3, for facing punching shear failure mode, and table 4.4

(strength factor for SLD) or table 4.7 (resistance factor for LRFD)
(c) Reference equation 4.4, for headed stud fracture failure mode, and table 4.4 (strength

factor for SLD) or table 4.7 (resistance factor for LRFD)
(d) Reference table 4.5 (SLD) or table 4.8 (LRFD), for nail tendon tensile strength.
(e) Reference section 8.15.4 ofAASHTO (15th Edition, 1992) [30], for compression member

capacity (SLD) or equation 5.7.4.4-3 of AASHTO (lit Edition, 1994) [29], for factored
axial resistance ofreinforced concrete compressive components (LRFD).

(f) Reference equation 4.2, for the nominal internal punching shear strength ofthe facing,
with D'c =bFL+he, where bFL and he are defined for the strut nail on figure 4.26, and table
4.4 (strength factor for SLD) or table 4.7 (resistance factor for LRFD).

(g) Reference table 4.5 (SLD) or table 4.8 (LRFD) for ground-grout pullout resistance.
(h) Load factor r equals 1.25 in accordance with table 4.6 for load type DC.
(i) Reference section 5.5.4.2.1 ofAASHTO (lit Edition, 1994) [29], for resistance factor for

axial compression.

In general, the soil nail and its connection to the facing will be more than adequate to provide the
required tensile support. For the strut nail, the nail compressive strength and punching shear at
the nail head will generally be adequate to provide the required compressive load support, and the
strut nail must be made sufficiently long to prevent bond failure at the nail grout-ground interface.

4.10.17 End of Wall Transitions

Where the soil nail wall will transition to another wall type (e.g., soil nail wall transitioning to a
temporary excavation slope and conventional concrete cantilever wall), the plans and
specifications should include a requirement for temporary shoring, typically installed
perpendicular to the wall face at the end ofthe wall transition.
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4.10.18 CIP Concrete Form Connection to Shotcrete Facing

It is relatively common practice to use a one-sided form, attached to the temporary shotcrete
construction facing, for placement ofthe permanent CIP wall facing. The form ties are typically
anchored to the shotcrete facing using either mechanical or epoxied anchorages. It is necessary to
demonstrate that the anchor capacity is adequate to support the design concrete fluid pressures
developed within the forms. The design fluid pressures are determined using empirical procedures
provided in relevant standard specifications and will depend, in part, on the rate at which the level
ofthe concrete pour is raised.

The anchorage capacity must consider the potenti'al for punching shear and flexural failure ofthe
shotcrete facing, as discussed in section 4.5 for the connection ofthe nail head to the facing.
There is no specific testing database to provide guidance for the design ofsuch anchorage
systems, as most available manufacturer's literature appears to be based on pullout mechanisms
that do not reflect the adverse influence offlexural cracking behavior that would be expected to
occur with a thin shotcrete facing. Therefore, the following approach for determining the form tie
anchorage capacity is recommended when one-sided forms are used for construction ofthe CIP
facing:

• For facings with surface areas ofup to 500 m2
, a minimum ofthree anchor capacity tests

should be performed in which the anchor is located at the approximate mid-point location
between two nails and the nail locations are used as the reaction points. The anchor
should be loaded to a minimum of 1.5 times the required design load (calculated as the
design concrete fluid pressure times the anchor tributary area). This test will evaluate
minimum anchor capacity under combined shear and flexural loading conditions. For wall
areas in excess of 500 m2

, one additional test should be performed for each additional 250
m2 ofwall surface area.

• As an additional quality control measure, local punching shear or pullout type tests should
also be performed on two (2) percent of the installed form tie anchorages. This test
provides a less critical test ofanchorage capacity than that described above, because the
effect ofwall flexure is not included. The anchors should be loaded to a minimum of2.0
times the required design load, and the tensile load reaction support location should be no
closer to the edge ofthe anchor than the depth ofembedment ofthe anchor into the
construction facing. This arrangement will permit punching shear type failures ofthe
anchor to occur without interference from the test load reaction support.

4.1l Aesthetic Issues

For most long-term soil nail structures associated with highway construction, the structure
appearance is an important consideration. Architectural considerations will often playa role in
selecting the overall configuration of the retaining wall, including the face batter and the use ofa
stepped or terraced geometry. Smooth line top ofwall profiles provide a more pleasing
appearance than several short abrupt up and down straight line segments. In addition, a variety of
architectural finishes may be applied to the permanent facing, and soil nailing is extremely

145



adaptable in this regard. Architectural face treatments are commonly applied to CIP facings
through the use ofcommercially available fonn liners, boards, or other materials placed inside the
face fonns. Coloring may also be applied by painting with a pigmented sealer. This architectural
treatment versatility, combined with the proven long-tenn durability and perfonnance ofCIP
concrete, make it the most common choice for permanent facings on U.S. highway projects. Face
treatment can also be applied to permanent shotcrete facings by hand finishing and texturing (by
experienced structural shotcreterslfinishers), and coloring can: be done by painting, staining, or
adding coloring agent to the shotcrete mix. l~ ~Qtne cases~ ar~tectural aesthetic requirements
will call for a non-structural fascia to cover a pennanent shotcrete or CIP facing. Such
architectural fascias may consist ofprecast concrete panels, masonry stone, or masonry block.
Example ofarchitectural finishes that have been used with soil nail walls are shown on photos in
the FHWA Soil Nailing Field Inspector's Manual [26].
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CHAPTER 5. WORKED DESIGN EXAMPLES

In this chapter, the design method for soil nail walls is summarized and demonstrated by the
example oftwo common highway applications ofthis technology: a cutslope wall, and a retaining
wall associated with roadway widening under an existing bridge.

5.1 Design Example 1- Cutslope Wall

5.1.1 Senrice Load Design (SLD)

5.1.1.1 Static Loading Condition

In accordance with the Standard Specifications for Highway Bridges, 15th Edition [30], Service
Load Group I (table 4.2) defines the static loading condition for this problem.

Step 1 - Set Up Critical Design Cross-Section and Select a Trial Design

The technical and cost feasibility ofa soil nail solution for a road cut through medium dense
silty sands has been established. The location is remote from any buried utilities and there are
no adjacent structures that will be impacted by the modest settlements that would be
associated with construction ofa soil nail wall within these materials. The ground water table
is below the base ofthe planned cut, which has a maximum wall height of9.50 meters, but
minor perched ground water is expected and provision will be made for intercepting any
seepage to the face and conducting the collected water to a footing drain through the use of
geotextile strip face drains. The seismic design condition corresponds to a peak ground
acceleration of0.30 g.

The site investigation consisted ofsoil borings with standard penetration testing, laboratory
classification testing, test pitting, and in-situ density measurements. The investigation
confirmed the subsurface soil and ground water conditions, and established that 2.5 meter
high vertical cuts will stand unsupported for a minimum ofseveral days. The soil profile
consists ofmedium dense to dense silty sand. Average in-situ densities are 18.0 kN/m3

, and
the soil strength parameters are estimated at a friction angle of34.0 degrees and a cohesion of
5.0 kN/m2

• Although no nail pullout testing was performed during the site investigation,
previous experience suggested that an ultimate pullout resistance on the order of60.0 kN/m
should be achievable with drillhole diameters on the order of200 mm. This pullout resistance
will have to be demonstrated for the contractor's proposed installation method during the
initial stages of the wall construction.

Although the ground has not been determined to be aggressive in nature, the cut is adjacent to
a major lifeline transportation corridor, and encapsulated nails will be used for corrosion
protection. The site investigation has also confirmed that there will be no requirement for
horizontal drains to address possible seasonal increases in the ground water table as the
ground water table is located well below the base of the proposed wall.
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The wall will have a maximum vertical height of9.50 meters, with a face batter of 10.0
degrees from vertical. The critical design cross section is shown on figure 5.1 and will have a
20.0 degree slope at the top of the wall, as shown. The trial nail spacing will be at 1.50
meters, vertically and horizontally, and the nails installed at 15.0 degrees below horizontal for
constructability reasons.

Based on the design charts presented in section 5.3, it is anticipated that No. 25 Grade 420
bars (Soft Metric designation - see table F.2), approximately 8.3 meters long, will be required
for support of the cut. Furthermore, based on local practice and material availability, the trial
design will assume use ofa "standard" temporary shotcrete construction facing (28-day
compressive strength of28 Mpa) having a nominal thickness of 100 mm, reinforced with a
single layer of 152x152 MW18.7xMW18.7 (6x6-W2.9xW2.9) welded-wire mesh, two No. 13
Grade 420 continuous horizontal waler bars along each row ofnails, and two No. 13 vertical
bearing bars at each nail head.

The nails will be connected to the shotcrete construction facing by a 225 mm square, 25 mm
thick bearing plate. The nail pattern will be staggered such that the horizontal location ofeach
nail is at the mid point of the nails ofthe adjacent rows. The permanent facing will be a east­
in-place (CIP) concrete wall (28-day compressive strength of28 MPa), 200 mm thick,
reinforced with No. 13 Grade 420 deformed bars on 300 mm centers vertically and
horizontally, and connected to the nail heads with a headed-stud connection system. Seismic
loading will be evaluated only for the permanent facing.

Step 2 - Compute the Allowable Nail Head Loads

The nominal nail head strengths for all credible failure mechanisms are calculated in appendix
F and tabulated below for both the shotcrete and CIP facings.. The allowable nail head loads
for Service Load Group I are computed from the nominal strengths as indicated in the tables
below for both the temporary shotcrete construction facing and the permanent CIP concrete
facing.

SHOTCRETE CONSTRUCTION FACING

Nominal Nail Head Allowable Nail Head
Failure Strength Load
Mode TFN (Group I)

(kN) TF
(kN)

Facin~Flexure 135 0.67'(135) =90
Facing Punching Shear 204 0.67'(204) = 137
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PERMANENT FACING

Nominal Nail Head Allowable Nail Head
Failure Strength Load
Mode TFN (Group 1)

(kN) Tp
(kN)

Facing Flexure 278 0.671
( 278)= 186

Facin~ Punchin~ Shear 219 0.671
( 219}= 147

Headed-Stud Tensile 639 0.501(639) =320
Fracture

• See Table 4.4.

Note: Because ofthe load types on the cutslope section, Group I loading is
obviously more critical then Group IV.

Therefore, the allowable nail head load Tpis computed to be 90 kN. That is, facing flexure of
the temporary facing is the controlling mode of failure.

Step 3 - Minimum Allowable Nail Head Service Load Check

Since the design problem has a relatively simple geometry and uniform soil conditions, the
active earth pressure coefficient can be analytically determined from a Coulomb analysis
(AASHTO, 15th Edition, 1992 - figure 5.5.2B [30]). For a friction angle of34 degrees, a face
slope angle of 10 degrees from vertical and a backslope angle of 20 degrees, the active earth
pressure coefficient corresponding to a horizontal, triangular earth pressure distribution is
given by KA equal to 0.257 (ignoring the cohesive component ofsoil strength in accordance
with the discussion ofsection 2.4.5). Values for other parameters are as follows:

SH = Sv = 1.50m
H = 9.50m
Fp = 0.50

Substituting the above values into equation 4.6, to determine the nail head service load:

tp = FpKA 'Y HSH Sv = (0.50)(0.257)(18 kN/m3)(9.5 m)(1.50 mi
tp = 49 kN < 90 kN

(OK - the estimated nail head service load does not exceed the allowable nail head load)

Step 4 - Define the Allowable Nail Load Support Diagrams

Develop the allowable nail load diagram for each nail by determining the allowable pullout
resistance, the allowable nail head load, and the allowable nail tendon tensile load.
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Allowable Nail Head Load

Per step 2, the allowable nail head load is 90 leN.

Allowable Pullout Resistance (Ground-Grout Bond)

Q = ClQQu
ClQ = 0.50 (table 4.5)
Qu = 60.0 leN/m
Q = (0.50)(60.0 kN/m)= 30.0 kN/m

Allowable Nail Tendon Tensile Load

TN = a.NTNN

a.N = 0.55 (table 4.5)
T~ ANFy = (510mm2)(0.42kN/mm2)= 214kN
TN = (0.55)(214 leN) = 118 kN

Step 5 - Select Trial Nail Spacings and Lengths

In accordance with section 4.7.1 and figure 4.11, the nail length distribution for design
purposes is as shown on figure 5.1. The maximum nail length has been calculated iteratively
to be 7.7 meters (see step 7, below). This is slightly less than the 8.3 meters estimated from
the design charts, as a result ofthe broken backslope adjacent the soil nail wall giving an
"effective" backslope angle less than the 20 degrees assumed in the design chart calculations.
The trial nail length distribution is:

Nail No.
1
2
3
4
5
6

Length (m)
7.7
7.7
7.7
6.8
5.2
3.5

The above nail length distribution is obtained from figure 4.11, as follows:

• The dimensionless nail pullout resistance, Qo, is calculated:

Qo = ClQQu/(ySvSH) = (0.50)(60.0 kN/m)/[(18 kN/m3)(1.50 m)(1.50 m)]
= 0.74

• The dimensionless nail length is:
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L/H = (7.7 m)/(9.5 m) = 0.81

• QD I (LIH) =0.74/0.81 = 0.91, giving an "R" factor of0.31.

• Relative nail lengths are calculated from figure 4.11 for the nail head elevations shown on
figure 5.1 and an "R" value of0.31.

The allowable nail load support diagrams are shown graphically on figure 5.1, prepared in
accordance with the procedure previously presented on figure 4.3.

Step 6 - Define the Ultimate Soil Strengths

Ultimate Friction Angle, 4>u = 34.0°
Ultimate Cohesion, Cu = 5.0 kN/m2

Step 7 - Calculate the Factor of Safety

For the trial design cross-section and nail pattern shown on figure 5.1, the above soil strengths
and allowable nail load diagrams, a calculated minimum global factor of safety of 1.35 is
obtained based on a computer solution. This meets the minimum required global factor of
safety of 1.35 (see table4.5) for Group I loading. The computer solution critical slip surface
is shown on figure 5.1. For conciseness of presentation of this design example, the
initiaUy chosen "trial" design is in fact the design that meets the minimum required
global factor of safety. In a real world production design, some design re-runs and
iterations would be required to arrive at an acceptable design.

Hand Calculation Check

In general, it will not be necessary to perform extensive hand calculation checks if a
properly verified computer program is used. The following provides an approximate
method for performing hand calculation checks, when they are required or when a
verification check ofa computer solution is desired. The method is approximate in that it
is based on force balance only and more reliable results will generally be obtained using
methods that address both force and moment equilibrium. In order to facilitate the hand
calculation check, the critical circular slip surface may be approximated by a bilinear
wedge, as shown on figure 5.1. The forces on the 'active' Block A and the 'resisting'
Block B are illustrated on figure 5.2 for the bilinear wedge, and are computed below:
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Block A

Base Slope Angle, aA = 60.96°
Base Length, LA = 9.00 m
BlockWeight,WA= (17.01m2)(18.0kN/m3

) = 306.2kN/m
Nail Force, TA= [(20.9 kN)(1) + (36.2 kN)(2) + (51.4 kN)(31/(1.50 m)

= 72.3 kN/m
(n) Nail Number

BlockB

Base Slope Angle, aB = 29.75°
Base Length, LB = 7.72 m
Block Weight, WB= (47.3 m2)(18.0 kN/m3) = 851.8 kN/m
Nail Force, TB= [(71.2 kN)(4) + (73.0 kN)(') + (71.8 kN)(6)]/(1.5 m)

= 144.0 kN/

Interstice

Nail Force, T = [(70.1 kN)(1) + (61.8 kN)(2) + (53.5 kN)(3)]/(1.5 m)
= 123.6 kN/m

Assume that the interstice soil force, I, is inclined at an angle' J3' to the horizontal
(figure 5.2). The factor ofsafety F is then applied to the soil strengths, as indicated
below.

Equilibrium

Define cI> = tan"l[tan(cI>u)/F].

Block A

Vertical

WA+ (TA- T)sin(8) - (I)sin(~) - cu(LA)sin(aA)/F - (RA)COS(aA - cI» = 0

Horizontal
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BlockB

Vertical

WB + (TB+ T)sin(e) + (I)sin(~) - cu(LB)sin(aB)/F - (RB)cos(aB - cI» = 0

Horizontal

(I)cos(~) - (TB+ T)cos(e) - cu(LB)cos(aB)/F + (Ra)sin(aB - cI» = 0

The above equations can be reduced to the following:

[1+tan(~)tan (aA-cI»] [{-WB- (TB+ T)sin(e)+ cu(LB)sin(aB)/F}tan(aB-cI»+ (TB +
T)cos(e)+ cu(LB)cos(aB)/F] = [1+tan(~)tan (aB-cI»] [{WA+ (TA- T)sin(e)­
cu(LA)sin(aA)/F}tan(aA-cI>)-(TA- T)cos(e)- CU(LA)COS(aA)/F]

The above equation can be solved iteratively for the factor ofsafety F (e.g., by use ofa
spreadsheet), if the interslice force angle ~ is assumed. For example, assuming ~ =0, the
calculated factor ofsafety F = 1.39, which is similar to the computer-generated solution.
The force polygon for the hand calculation is shown on figure 5.2.

The results ofstability assessments during construction are shown on figure 5.3.
Calculated factors ofsafety for each stage ofconstruction, following excavation ofeach
lift and prior to installation ofthe associated row ofnails, are shown together With the
corresponding critical slip surface in each case. It can be seen that for this problem,
following installation of the first row ofnails, the factor ofsafety during construction
decreases progressively as the height ofthe wall increases. However, the minimum
calculated factor of safety is 1.25, which exceeds the minimum required value of 1.2 (table
4.5). Figure 5.3 does indicate that prior to the installation ofthe first row ofnails, the
calculated factor ofsafety is less than 1.2 but this construction condition has been
evaluated in the field by test trenching during the site investigation stage.

Step 8 - External Stability Check of Nailed Block

Defer the external stability check of the nailed block until the final soil nail lengths are defined
for the seismic loading condition.

Step 9 - Check the Upper Cantilever

The height of the upper cantilever above the top nail is identical (1.0 meters) for both the
temporary shotcrete and permanent CIP wall facings. Therefore, the static loading is identical
in the two cases. Because both the facing thickness and steel content are increased in the
permanent facing, the permanent facing is less critical by inspection. Therefore, for the static
loading condition, only the construction facing upper cantilever needs to be evaluated.
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For the method ofconstruction, the appropriate earth pressure coefficient for the upper
cantilever design is an active earth pressure coefficient. For a soil friction angle of34°, zero
cohesion (ignore it), a soil-to-wall interface friction angle of (2/3)(34j =22°, a wall batter of
10°, and a backslope angle of20°, Coulomb's earth pressure theory may be used to derive an
active earth pressure coefficient, KA, equal to 0.247 (AASHTO, 15th Edition, 1992 - figure
5.5.2B [30]). The load component normal to the wall has a corresponding earth pressure
coefficient equal to (0.247)cos(22°) =0.229.

Shear Check

From force equilibrium, compute the one-way unit service shear force for the facing at the
level of the upper row ofnails (conservative), as indicated on figure 4.13:

v = 0.5(0.229)(18.0 kN/m3
) (1.0 m)2

v = 2.06 kN/m

Compute the nominal one-way unit shear strength of the facing based on equation 8-49 of
the Standard Specifications for Highway Bridges, 15th Edition [30]:

VNS = 0.166-..)fc(MPa)(d)
VNS = 0.166-..)28.0 MPa (0.05 m) = 43.9 kN/m

From table 4.4, the facing shear strength factor, CXp, equals 0.67. Therefore, the allowable
one-way unit shear is computed to be:

v = CXpVNS = (0.67)(43.9 kN/m) = 29.4 kN/m

Since v < V, the design for shear is adequate. (OK)

Flexure Check

From moment equilibrium, compute the one-way unit service moment for the facing at the
level ofthe upper row ofnails (conserVative), as indicated on figure 4.13. Note that for
moment determination, the point ofapplication ofthe static force is taken as 0.33H above
the base ofthe cantilever:

mS = (0.33)(H/cos(10j)(v)
ms = (0.33)(1.0 m/cos(10j)(2.06 kN/m) = 0.690 kN-m/m

Compute the nominal unit moment resistance of the facing. From appendix F, the nominal
unit moment resistance in the vertical direction over the nail locations, mV,NEG , is
computed to be 5.88 kN-m/m. From table 4.4, the strength factor, CXp, for facing flexure is
0.67. Therefore, the allowable one-way unit moment for the upper cantilever is:
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M = CXF mV,NEG = (0.67)(5.88 kN-m/m) = 3.94 kN-m/m

Since tns <M, the design for flexure is adequate. (OK)

Step 10 - Check the Facing Reinforcement Details

Shotcrete Construction Facing

Check 1 - Waler Reinforcement

Two No. 13 horizontal waler bars, attached beneath the bearing plate, will be placed
continuously between nail heads in each nail row.

Check 2 - Minimum Reinforcement Ratios

The minimum reinforcement ratio requirements in the Standard Specifications for
Highway Bridges, 15th Edition [30] are waived for the temporary shotcrete
construction facing per the discussion presented in section 4.7.1.

Check 3 - Minimum Cover Requirements

For the temporary shotcrete construction facing, the reinforcement is placed at the
center ofthe facing (figure F.I).

Check 4 - Development and Splices ofReinforcement

Development ofNo. 13 Vertical Bearing Bars

For a uniformly loaded interior span with fixed-end supports, the point ofzero
moment theoretically occurs at 0.213Lc from the support. The vertical bearing
bars are not needed all the way to the point ofzero moment. However, per section
8.24 ofAASHTO [30], they must extend the maximum ofLc/20, 15dB, or d, past
the point at which they are no longer needed:

Lc/20 = (1500 mm)/20 = 75 mm
15dB = 15(12.7 mm) = 191 mm
d = (100 mm)/2 = 50 mm

Since the vertical bearing bars comprise about (258 mm2
)/(443 mm2

) =58 percent
ofthe total vertical reinforcement, estimate the point at which the vertical bearing
bars are no longer needed as 0.58(O.213Lc) from the support. The total bar length
is computed to be:

LVB = 2[0.58(0.213)(1.50 m) + 0.191 m)] = 0.753 m (Minimum)
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Section 8.24.3.3 ofAASHTO [30] provides additional requirements for
embedments beyond points of inflection. The only requirement that is potentially
more critical than the above is an embedment at least equal to:

Lcl16 = (1500 mm)116 = 93.8 mm

This is less critical than the 15dB= 191 mm, computed above.

Splicing ofNo. 13 Waler Bars

Per section 8.32 ofAASHTO [30], the splice length, Ls, for a Class C splice must
equal or exceed the greater of0.30 m orLD= 1.7LDB , where LDB is computed
from section 8.25:

LDB= 0.019(Aa (mm2»(Fy (MPa»/Vfc (MPa)

LDB= 0.019(129 mm2)(420 MPa)/V28.0 MPa = 195 mm
LD= 1.7LDB = 1.7(195 mm) = 332 mm

Therefore, provide 350 mm of splice length.

Splicing ofMW 18.7 Mesh

Per section 8.30 ofAASHTO [30], the splice length between outermost crosswires
must equal or exceed the greater of(SWIRE + 50.0 mm), 1.5LDB, or 150 mm. LDB is
computed from AASHTO equation 8-68:

LDB =3.25(AWIRE (mm2»(Fy (MPa»/«(SWIRE (mm)Nfc (MPa»)
LDB = 3.25(18.7 mm2)(420 MPa)/«152 mmN28.0 MPa)
LDB =31.7 mm
LD = 1.5LDB = 1.5(31.7 mm) = 47.6 mm
SWIRE + 50.0 mm = 152 mm + 50.0 mm = 202 mm

Therefore, use a minimum of200-mm splices for the wire mesh.

Permanent Facing

Check 1 - Waler Reinforcement

There are no applicable requirements.

Check 2 - Minimum Reinforcement Ratios

Per section 8.20 of AASHTO [30], the minimum required amount ofshrinkage and
temperature reinforcement near exposed surfaces ofwalls and slabs is 265 mm2 per
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lineal meter. The No. 13 bars on 300-mm centers provides (129 mm2)/(0.3 m) =430
mm2 per meter, which is adequate.

Check 3 - Minimum Cover Requirements

Per section 8.22 ofAASHTO [30], the minimum cover on the front side ofthe facing
is specified at 50 mm. Based on the design illustrated on figure F.1, the cover to the
headed studs is as indicated below:

te = 200 mm - tPL - LHS= 200 mm - 25 mm - 125 mm = 50 mm
50 mm ~ 50 mm (OK)

The minimum required cover between the permanent facing reinforcing steel and the
CIP concrete/temporary shotcrete interface is 38 mm. Based on figure F.1, this cover
is:

tc = 100 mm - 12.7 mm =87.3 mm> 38 mm

For corrosion protection purposes, there must also be a minimum 75 mm ofcover
between the facing steel and the soil. Based on figure F.1, the 100 mm thick
temporary shotcrete provides adequate cover for the permanent facing steel.

Check 4 - Development and Splices ofReinforcement

The permanent facing reinforcement consists entirely ofNo. 13 deformed bars.
Therefore, the development lengths and splice lengths are identical to those computed
for the temporary facing.

Step 11 - Serviceability Checks

Shotcrete Construction Facing

Because ofthe temporary nature ofthe wall, the serviceability requirements are waived for
the construction facing.

Permanent Facing

Upper Cantilever Serviceability Check - Reinforcement Distribution

Per section 8.16.8 ofAASHTO [30], the reinforcement must be distributed such that
the steel stress does not exceed that given by the following equation:
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z =
de =
Aa=
Aa=
Aa=
0.6Fy

Fs =

130 k/in = 2.28 x 104 kN/m
0.05m
(100 mm) (SH)/(ATOTAJiAt.B)
(100 mm)(1500 mm)/«645 mm2)/(129 mm2»
0.03 m2

= 0.6(420 MPa) = 252 MPa
2.28 x 104 kN/m

«0.05 m)(0.03 m2»113 = 199 MPa

From step 7, the service moment is 0.690 kN-m/m. The corresponding service steel
stress is determined from straight-line theory ofreinforced concrete:

k = ~2pn + (pni - pn
p = As/(bd)
n = EsIEc
J = 1 - k/3
fs = ms b/(Asjd)

Be= 4734~fc (MPa) = 4734~28 MPa
Be= 2.50 x 104 MPa
Es = (29,000,000 psi)(l MPa)/(145 psi) = 2.00 x 10' MPa

Substituting the correct values into the above expressions, the service steel stress is
computed to be:

n = (2.00 x 10' MPa)/(2.50 x 104 MPa) = 8.00
p = As/(bd) = (645 mm2)/«1500 mm)(100 mm» = 0.0043
pn = (0.0043)(8.00)= 0.0344

k = ~2(0.0344) + (0.0344i - 0.0344 = 0.23
j = 1 - 0.230/3 = 0.923
fs = (0.690 kN-m/m)(1.50 m)/«645 mm2)(0.923)(0.10 m»
fs = 17.4 MPa

Since fs ~ Fs, the steel distribution is adequate. (OK)

Overall Displacements ofthe Wall

Per section 2.4.6, the construction-induced vertical and horizontal permanent
displacements at the top ofthe wall can be expected to be on the order of0.2% ofthe
height of the wall, or about 20 to 25 mm, for the given site soil conditions (medium
dense to dense silty sands). Displacements can be anticipated to decrease back from
the wall in general accordance with the recommendations given on figure 2.7.
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5.1.1.2 Seismic Loading Condition

In accordance with AASHTO [30], Service Load Group vn defines the seismic loading
condition. Because ofthe temporary nature ofthe shotcrete construction facing, only the
permanent facing is considered for the seismic loading condition.

Step 1 • Set Up Critical Design Cross-Section and Select a Trial Design

Step 1 is identical to that presented for the static loading condition.

Step 2 • Compute the Allowable Nail Head Loads

The nominal nail head strengths for all credible failure mechanisms are calculated in appendix
F. The allowable nail head loads are computed from the nominal strengths in the following
table for the permanent CIP concrete facing:

PERMANENT FACING

Nominal Nail Head Allowable Nail Head
Failure Strength Load
Mode TFN Tp

(kN) (kN)

Facing Flexure 278 0.89·( 278)=247
Facin~Punchin~Shear 219 0.89·(219)= 195
Headed-Stud Tensile 639 0.67·(639) = 428

.Fracture

• Per section 3.22.2 ofAASHTO [30].
See Table 4.3 for Group VII loading.

Therefore, the allowable nail head load Tpis computed to be 195 leN. That is, facing
punching shear ofthe permanent facing is the controlling mode offailure.

Step 3 - Minimum Allowable Nail Head Service Load Check

This check is not applied to extreme event loading combinations.

Step 4· Define the Allowable Nail Load Support Diagrams

Develop the allowable nail load diagram for each nail, by determining the allowable pullout
resistance, the allowable nail head loads, and the allowable nail tendon tensile loads.
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Allowable Nail Head Load

Per step 2, the allowable nail head load is 195 kN, which exceeds the allowable nail tendon
load as shown below. The allowable nail tendon load therefore governs.

Allowable Pullout Resistance (Ground-Grout Bond)

Q = 1.33CXQQu
CXQ = 0.50
Qu = 60.0 kN/m
Q = 0.67 (60.0 kN/m) (table 4.5)

= 40.2kN/m

Allowable Nail Tendon Tensile Load

TN = 1.33a.NTNN

a.N = 0.55
T~ ANFy = (510 mm2)(0.420 kN/mm2

) = 214 kN
TN = 0.73(214 leN) (table 4.5)

= 156 kN

Step 5· Select Trial Nail Lengths

In accordance with section 4.7.1 and figure 4.11, the nail length distribution for design
purposes is as shown on figure 5.4. The maximum nail length has been calculated iteratively
to be 8.1 meters (see below). The nail length distribution is:

Nail No.
1
2
3
4
5
6

Length (m)
8.1
8.1
8.1
7.1
5.2
3.3

The above nail length distribution is obtained from figure 4.11, as follows:

• The dimensionless nail pullout resistance, Qo, is calculated:

Qo = 1.33CXQQu/(ySvSH)= (0.67)(60.0 kN/m)/[(18 kN/m3)(1.50 m)(1.50 m)]
= 0.99

163



.... C
D ...

}
~

H
-9

.5 1.
0

I I I I /
~

C
rit

ic
al

C
ir

cu
la

r
S

lip
S

ur
fa

ce
;.

.-
-

.
(F

S
=

1.
01

)
w

ith
S

e
is

m
ic

Lo
ad

in
g

I I
S

ei
sm

ic
C

oe
ffI

C
ie

nt
A

=
0.

34
59

/ / / / I

o
L

-a
.1

N
O

T
E

S
:

A
ll

di
m

en
si

on
s

In
m

e
te

rs

A
ll

al
lo

w
ab

le
na

il
lo

a
d

s
in

kN

H
or

iz
on

ta
la

n
d

ve
rt

ic
a

l

na
il

sp
a

ci
n

g
s
=

1
.5

m

o
N

a
lln

u
m

b
e

r

O
L

=
7

.1

F
ig

u
re

5.
4

C
u

ts
lo

p
e

D
es

ig
n

E
xa

m
p

le
C

ri
tic

al
C

ro
ss

-S
ec

ti
o

n
S

ei
sm

ic
L

o
ad

in
g

(S
L

D
)



• The dimensionless nail length is:

L/H = (8.1 m)/(9.5 m) = 0.85

• QD 1(LIH) = 0.99/0.85 = 1.16, giving an "R" factor of0.25.

• Relative nail lengths are calculated from figure 4.11, for the nail head elevations shown on
figure 5.4 and an "R" value of0.25.

The allowable nail load support diagrams shown graphically in figure 5.4 were prepared in
accordance with the procedure previously presented on figure 4.3.

Step 6 - Define the Ultimate Soil Strengths

Ultimate Friction Angle, \flu =34°
Ultimate Cohesion, Cu = 5 kN/m2

Step 7 - Calculate the Seismic Factor of Safety

In accordance with manual table 4.5 and section 3.22 ofthe Standard Specifications for Highway
Bridges, 15th Edition [30], the required minimum global soil factor ofsafety for seismic loading is
1.35/1.33 = 1.01. For the trial design cross-section and nail pattern shown on figure 5.4, the
above soil strengths and allowable nail load diagrams, a calculated minimum factor of safety of
1.01 is obtained based on a computer solution for the following seismic loading conditions:

• For slip surfaces exiting the reinforced slope within a horizontal distance of8.2 meters
from the top ofwall facing (determined from figure 5.1 in accordance with figure
4.14), the applied pseudo-static seismic coefficient for a 0.30 g peak ground
acceleration was taken as:

A = (1.45 - APK)ApK
A = (1.45 - 0.30)(0.30 g) = 0.345 g

• For more deep-seated slip surfaces, an applied pseudo-static seismic coefficient ofA =
(1/2)(0.30 g) =0.15 g was chosen, which is consistent with allowable overall
displacements ofup to 75 mm for the retaining wall system under design seismic
loading.

Limiting-equilibrium analysis for seismic loading corresponding to a peak ground acceleration
of0.30 g has indicated that the same size nails as originally selected for the static design can
be used, but the maximum nail lengths should be increased from 7.7 meters (for static loading)
to 8.1 meters (for seismic loading), i.e., about a 5 percent increase in length. For this design
example, seismic loading slightly controls the design.
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Step 8 - External Stability Check of Nailed Block (Static and Seismic>

For the design nail length of8.1 m determined in step 7, the static and seismic bearing
capacity checks are performed for the soil nail reinforced block ofground acting as a gravity
wall structure (figure 4.12). Pertinent parameters for the analysis include the following:

Soil Unit Weight, 'Y = 18.0 kN/m3

Ultimate Soil Friction Angle, ~ = 34°
Ultimate Soil Cohesion, Cu = 5.0 kN/m2

Seismic Coefficient, A= 0.15g

In accordance with section 6, Division I-A ofthe Standard Specifications for Highway
Bridges, 15th Edition [30], the lateral forces due to the active block behind the reinforced soil
are computed using the methods ofCoulomb and Mononobe and Okabe (including the
cohesive component of soil strength). Figure 5.5 shows the static and seismic earth pressure
loads, inclined at an angle of6.6 degrees above horizontal in accordance with the
recommendations offigure 4.12. These are computed to be:

Static Active Earth Load, PE = 272.2 kN/m
Horizontal component = PEcos(6.6j = 270.4 kN/m
Vertical component = PE siI1(6.6j = 31.3 kN/m

Seismic Earth Load, PEQ = 112:1 kN/m
Horizontal component = PEQ cos(6.6j = 111.4 kN/m
Vertical component = PEQ sin(6.6j = 12.9 kN/m

For moment equilibrium calculations, the assumed points ofapplication ofPEand PEQ are at
the back of the reinforced block ofground at 0.33H and 0.6H above the base of the soil block,
respectively:

Point ofApplication ofPE = 0.33H = 0.33(11.7 m) = 3.90 m

Point ofApplication ofPEQ = 0.6H = 0.6(11.7 m) = 7.02 m

Static Loading

For the static loading condition, Load Group I (table 4.3) controls. Referring to figure
5.5, forces and moments are computed below:
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Vertical Loads and Moments

Moment Moment About
Force Arm Point 0

Item (kN/m) (m) (kN-mlm)

PE(E)' 31.3 8.70 272.3
1 (D)- 14S.4 1.13 164.3
2(D)' 118.8 S.70 677.2
3 (D)- 1026.0 4.70 4822.2
4 (0)- 210.6 8.20 1726.9
Sum IS32.1 (N) N/A 7662.9

Horizontal Loads and Moments

Moment Moment About
Force Arm Point 0

Item (kN/m) (m) (kN-mlm)
PE (E)I 270.4 (H) 3.90 -10S4.6

I Notations usedin the Standard Specifications for Highway Bridges, IS th Edition [30].

Stability Criteria

Referring to figure 4.12, the maximum applied bearing pressure and the location of the
resultant force are checked as follows:

N =
Xc =
qMAX =

1532.1 kN
(7662.9 kN-mlm- 10S4.6 kN-mlm)/(I532.1 kN/m) = 4.31 m
N/(2Xo) = (1532.1 kN/m)/[2(4.31 m)] = 177.6 kN/m2

In accordance with equation 4.4.7.1.1-1, section 4, division I ofthe Standard
Specifications for Highway Bridges, 15th Edition [30], the ultimate bearing capacity is
given by:

qULT = cuNcscic + O.SyB'NySyiy

The effective width, B' =B - 2(e) =2Xo (see above) =2(4.31 m) = 8.62 m to account
for eccentric loading. The factors "s" and "i" account for the shape ofthe loaded area
and the inclination of the applied loading, respectively, per AASHTO [30]. The
fa9tors Ncand Ny are the conventional bearing capacity factors. The ultimate bearing
capacity is computed to be:

qULT = (S.O kN/m2)(42.0)(L06)(0.69)+ 0.S(18.0 kN/m3)(8.62 m)(41.0)(0.97)(0.S8)
qULT = 1,943 kN/m2
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For a required factor ofsafety of2.S (see section 4.7.1, step 8), the allowable bearing
pressure is:

qALL = {qULT)IFS
qALL = {1,943 kN/m2)/2.S = 777 kN/m2

Since qMAX < qALL, the bearing capacity is adequate. (OK)

Check that the location of the resultant is within the middle third ofthe block of
reinforced soil for static loading conditions:

e = B/2 - Xo = {8.7 m)/2 - 4.31 m = 0.04 m
B/6 = {8.7 m)/6 = 1.45 m

Since e < B/6, the resultant is within the middle third. (OK)

Seismic Loading

For the seismic loading condition, Load Group VII (table 4.3) is of interest. The forces
and moments are computed below (figure 5.5):

Vertical Loads and Moments

Moment Moment About
Force Arm Point 0

Item (kN/m) (m) (kN-mlm)
PE(E)' 31.3 8.70 272.3

PEQ(EQ)a 12.9 8.70 112.2
1 (D)' 145.4 1.13 164.3
2 (D)' 118.8 5.70 677.2
3 (D)' 1026.0 4.70 4822.2
4 (D). 210.6 8.20 1726.9
Sum 1545.0 (N) N/A 7775.1
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Horizontal Loads and Moments

Moment Moment About
Force Arm Point 0

Item (kN/m) (m) (kN-m/m)
PE (E)' 270.4 3.90 -1054.6

PEQ (EQ)I 111.4 7.02 -782.0
1 (EQ)' 21.8 3.17 -69.1
2 (EQ)I 17.8 10.23 -182.1
3 (EQ)I 153.9 4.75 -731.0
4 (EQ)I 31.6 5.85 -184.9

Sum 606.9 (H) N/A -3003.7

I Notations used in the Standard Specifications for Highway Bridges, 15th Edition [30].

Stability Criteria

Referring to figure 4.12, the maximum bearing pressure and the location ofthe
resultant force are checked as follows:

N =
Xo =
qMAX =

1545.0 kN
(7775.1 kN-m/m- 3003.7 kN-m/m)/(1545.0 kN/m) = 3.09 m
N/(2Xo) = (1545.0 kN/m)/[2(3.09 m)] = 250.1 kN/m2

In accordance with equation 4.4.7.1.1-1, section 4, division I ofthe Standard
Specifications for Highway Bridges, 15th Edition [30], the ultimate bearing capacity is
given by:

The effective width, B' =B - 2(e) =2Xo (see above) =2(3.09 m) =6.18 m to account
for eccentric loading. The factors "s" and "i" account for the shape ofthe loaded area
and the inclination ofthe applied loading, respectively, per AASHTO [30]. The
factors Nc and N, are the conventional bearing capacity factors. The ultimate bearing
capacity is computed to be:

qULT = (5.0 kN/m2)(42.0)(1.04)(0.37)+ 0.5(18.0 kN/m3)(6.18 m)(41.0)(0.98)(0.24)
qULT = 617 kN/m2

For a required seismic factor ofsafety of 1.9 (see section 4.7.1, step 8), the allowable
bearing pressure is:

qALL = (qULT)/FS
qALL = (617 kN/m2)/1.9 = 325 kN/m2
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Since qMAX < qALL, the bearing capacity is adequate. (OK)

Check that the location ofthe resultant is within the middle third ofthe block ofreinforced
soil:

e = B/2 - Xo = (8.70 m)/2 - 3.09 m
B/6 = (8.70 m)/6 = 1.45 m

= 1.26 m

Since e < B/6, the resultant is within the middle third. (OK)

Overall Stability

For the uniform nail length pattern selected (see figure 5.6), the deep ground water table,
and the overall geometry ofthe slope, deep seated failure surfaces passing beneath the toe
of the wall will not be critical.

Step 9 - Check the Upper Cantilever

In accordance with section 6 Commentary, division I-A ofthe Standard Specifications for
Highway Bridges, 15th Edition [30], equation C6-4, the approach developed by Mononobe
and Okabe for a free-standing retaining structure is used to develop the active seismic loading
on the upper cantilever. For a soil friction angle of34°, zero cohesion (ignore it), a soil-to­
wall interface friction angle of(2/3)34° =22°, a wall batter of 10°, a backslope angle of20°,
and a horizontal pseudo-static seismic coefficient of0.15 g (i.e. 0.5ApK), the combined static
and dynamic active earth pressure coefficient is calculated by the Mononobe and Okabe
method to be 0.429. This can be considered to consist ofa static earth pressure coefficient of
0.247 (see step 7 for the static loading condition) and a dynamic earth pressure coefficient of
0.182. The load components normal to the wall have corresponding earth pressure
coefficients of (0.247)cos(22°) =0.229 for the static load and (0. 182)cos(22j =0.169 for the
dynamic load.

Shear Check

From force equilibrium, compute the one-way unit service shear force at the level ofthe
upper row ofnails (conservative), as indicated on figure 4.13:

v = VSTATIC + VOYNAMIC

V = 0.5(0.229 + 0.169)(18.0 kN/m3)(1.0 m)2
v = 2.06 kN/m + 1.52 kN/m = 3.58 kN/m
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Compute the nominal one-way unit shear strength of the facing based on equation 8-49 of
AASHTO [30]:

VNS = 0.166-Jrc(MPa)(d)

VNS = 0.166-J28 MPa (0.1 m) = 87.8 kN/m

From table 4.4, the facing shear strength factor equals 0.89. Therefore, the allowable one­
way unit shear is computed to be:

v = (0.89)(87.8 kN/m)= 78.1 kN/m

Since v < V, the design for shear is adequate. (OK)

Flexure Check

From moment equilibrium, compute the one-way unit service moment at the level ofthe
upper row of nails (conservative) as indicated on figure 4.13. Note that for moment
determination, the point of application of the static force is taken as 0.33H above the base
ofthe cantilever. The dynamic force is assumed to occur at 0.6H above the base ofthe
cantilever:

mS = [(0.33)(VSTATIC) + (0. 6)(vDYNAMIc)](H)/cos(1 0°)
ms = [(0.33)(2.06 kN/m) + (0.6)(1.52 kN/m)](1.0 m) Icos(10j
ms = 1.62 kN-mlm

Compute the nominal unit moment resistance of the facing. From appendix F, the nominal
unit moment resistance in the vertical direction over the nail locations, mV,NEG , is
computed to be 17.4 kN-mlm. From table 4.4, the (seismic loading) strength factor for
facing flexure is 0.89. Therefore, the allowable one-way unit moment for the upper
cantilever is:

M = (0.89) mV,NEG = (0.89)(17.4 kN-mlm) = 15.5 kN-mlm

Since ms < M, the design for flexure is adequate. (OK)

Step 10 - Check the Facing Reinforcement Details

The facing reinforcement details, being independent of type of loading, have been previously
considered for the static loading condition and need not be repeated for the seismic loading
condition.
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Step 11 - Serviceability Checks

The serviceability checks are not applicable to seismic loading conditions because ofthe
extreme nature ofthe limit state.

Final Design Section for Contract Plans

Based on the above analyses, the final design cross-section is shown on figure 5.6. It should
be noted that, to simplifY for construction, the chosen final plan nail lengths are uniform,
independent of the nail length distributions used in the analyses. The uniform nail lengths
equal the maximum nail length indicated by the above analyses. Based on the designer's
discretion, and subject to overall stability analyses, the nails in the bottom three rows could be
shortened, taking into account any constructability issues and/or economic savings related to
the use ofvarying nail lengths.

5.1.2 Load and Resistance Factor Design (LRFD)

5.1.2.1 Static Loading Condition

In accordance with the AASHTO LRFD Bridge Design Specifications, 1at Edition [29], the
Strength I Limit State (table 4.6) defines the static loading condition for this problem.

Step 1 - Set Up Critical Design Cross-Section and Select a Trial Design

The technical and cost feasibility ofa soil nail solution for a road cut through medium dense
silty sands has been established. The location is remote from any buried utilities and there are
no adjacent structures that will be impacted by the modest settlements that would be
associated with construction ofa soil nail wall within these materials. The ground water table
is below the base of the planned cut, which has a maximum wall height of9.50 meters, but
minor perched ground water is expected and provision will be made for intercepting any
seepage to the face and conducting the collected water to a footing drain through the use of
geotextile strip face drains. The seismic design condition corresponds to a peak ground
acceleration of0.30 g.

The site investigation consisted ofsoil borings with standard penetration testing, laboratory
classification testing, test pitting, and in-situ density measurements. The investigation
confirmed the subsurface soil and ground water conditions, and established that 2.5 meter
high vertical cuts will stand unsupported for a minimum ofseveral days. The soil profile
consists of medium dense to dense silty sand. Average in-situ densities are 18.0 kN/m3

, and
the soil strength parameters are estimated at a friction angle of34.0 degrees and a cohesion of
5.0kN/m2

•

Although no nail pullout testing was performed during the site investigation, previous
experience suggested that an ultimate pullout resistance on the order of 60.0 kN/m should be
achievable with drillhole diameters on the order of200 rom. This pullout resistance will have
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to be demonstrated for the contractor's proposed installation method during the initial stages
of the wall construction. Although the ground has not been determined to be aggressive in
nature, the cut is adjacent to a major lifeline transportation corridor, and encapsulated nails
will be used for corrosion protection. The site investigation has also confirmed that there will
be no requirement for horizontal drains to address possible seasonal increases in the ground
water table as the ground water table is located well below the base ofthe proposed wall.

The wall will have a maximum vertical height of9.50 meters, with a face batter of 10.0
degrees from vertical. The critical design cross section is shown on figure 5.1 and will have a
20.0 degree slope at the top ofthe wall, as shown. The nail spacing will be at 1.50 meters,
vertically and horizontally, and the nails installed at 15.0 degrees below horizontal for
constructability reasons.

Based on the design charts presented in section 5.3, it is anticipated that No. 25 Grade 420
bars (Soft Metric designation - see table F.2), approximately 8.4 meters long, will be required
for support of the cut. Furthermore, based on local practice and material availability, the trial
design will assume use ofa "standard" temporary shotcrete construction facing (28-day
compressive strength of28 Mpa) having a nominal thickness of 100 rom reinforced with a
single layer of 152x152 MWI8.7xMWI8.7 (6x6 - W2.9xW2.9) welded-wire mesh, two No.
13 Grade 420 continuous horizontal waler bars along each row of nails, and two No. 13
vertical bearing bars at each nail head.

The nails will be connected to the shotcrete construction facing by a 225 rom square, 25 rom
thick bearing plate. The nail pattern will be staggered such that the horizontal location ofeach
nail is at the mid point of the nails ofthe adjacent rows. The permanent facing will be a cast­
in-place (CIP) concrete wall (28-day compressive strength of28 MPa), 200 rom thick,
reinforced with No. 13 Grade 420 deformed bars on 300 rom centers vertically and
horizontally, and connected to the nail heads with a headed-stud connection system. Seismic
loading will be evaluated only for the permanent facing.

Step 2 - Compute the Design Nail Head Strengths

The nominal nail head strengths for all credible failure mechanisms are calculated in appendix
F and tabulated below for both the shotcrete and CIP facings. The design nail head strengths
are computed from the nominal strengths as indicated in the tables below for both the
temporary shotcrete construction facing and the permanent CIP concrete facing.
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SHOTCRETE CONSTRUCTION FACING

Nominal Nail Head Design Nail Head
Failure Strength Strength
Mode TFN TF

(00 (kN)

Facim~Flexure 135 0.90· 135) = 122
Facing Punching Shear 204 0.90· 204) = 184

PERMANENT FACING

Nominal Nail Head Design Nail Head
Failure Strength Strength
Mode TFN TF

(kN) (kN)

Facing Flexure 278 0.90·(278) =250
Facin~ Punchin~ Shear 219 0.90·(219) = 197
Headed-Stud Tensile 639 0.67·(639) =428

Fracture

• See Table 4.7.

Therefore, the design nail head strength TFis computed to be 122 kN. That is, facing flexure
ofthe temporary facing is the controlling mode offailure.

Step 3 - Minimum Design Nail Head Strength Check

Since the design problem has a relatively simple geometry and uniform soil conditions, the
active earth pressure coefficient can be analytically determined from a Coulomb analysis
(AASHTO, r t Edition, 1994 - section 3.11.5.3 [29]). For a friction angle of34 degrees, a
face slope angle of 10 degrees from vertical and a backslope angle of 20 degrees, the active
earth pressure coefficient corresponding to a horizontal, triangular earth pressure distribution
is given by KA equal to 0.257 (ignoring the cohesive component ofsoil strength in accordance
with the discussion ofsection 2.4.5). Values for other parameters are as follows:

SH = Sv = 1.50m
H = 9.50m
FF = 0.50

Substituting the above values into equation 4.6, to determine the nail head service load:

tF = FF KA YHSH Sv = (0.50)(0.257)(18 kN/m3)(9.5 m)(1.50 mi
tF = 49kN
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The factored nail head service load is computed using the load factor from table 4.6 (equal to
1.5 for active earth pressure), and is checked against the design nail head strength as indicated
below:

rEH(tp) = 1.5(49.0 leN) = 73.5 kN < 122 kN

(OK - the design nail head strength exceeds the estimated factored nail head service load)

Step 4 - Define the Design Nail Strength Diagrams

Develop the design nail strength diagram for each nail by determining the design pullout
resistance, the design nail head strength and the design nail tendon tensile strength.

Design Nail Head Strength

Per step 2, the design nail head strength is 122 kN.

Design Pullout Resistance (Ground-Grout Bond)

Q = <1>QQu
<1>Q = 0.70 (table 4.8)
Qu = 60.0 kN/m
Q = (0.70)(60.0 kN/m)= 42.0 kN/m

Desi~n Nail Tendon Tensile Strength

TN = <1>N TNN

<1>N = 0.90 (table 4.8)
T~ ANFy = (510 mrn2)(0.420 kN/mrn2

) = 214 leN
TN = (0.90)(214 leN) = 193 leN

Step 5 - Select Trial Nail Spacings and Lengths

In accordance with section 4.7.2 and figure 4.11, the nail length distribution for design
purposes is as shown on figure 5.7. The maximum nail length has been calculated iteratively
to be 7.6 meters (see step 7, below). This is slightly less than the 8.4 meters estimated from
the design charts as a result ofthe broken backslope adjacent the soil nail wall giving an
"effective" backslope angle less than the 2'0 degrees assumed in the design chart calculations.
The trial nail length distribution is:
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Nail No.
1
2
3
4
5
6

Length (m)
7.6
7.6
7.6
6.7
5.1
3.4

The above nail length distribution is obtained from figure 4.11, as follows:

• The dimensionless nail pullout resistance, Qo, is calculated:

Qo = <1>QQu/(rW ySvSH) = (0.70)(60.0 kN/m)/[(1.35)(18 kN/m3)(1.50 m)(1.50 m)]
= 0.77

• The dimensionless nail length is:

L/H = (7.6 m)/(9.5 m)
=0.80

• Qo 1(LIH) = 0.77/0.80 = 0.96, giving an "R" factor of 0.30.

• Relative nail lengths are calculated from figure 4.11 for the nail head elevations shown on
figure 5.7 and an "R" value of 0.30.

The design nail strength diagrams shown graphically on figure 5.7 were prepared in accordance
with the procedure previously presented on figure 4.3.

Step 6 - Define the Design Soil Strengths

Ultimate Friction Angle, <l>u = 34.0°
Ultimate Cohesion, Cu = 5.0 kN/m2

From table 4.8, the soil resistance factors are as follows:

<1>, = 0.75
<1>c = 0.90

Design Friction Angle, <I> = tan·1(CI>,tan(<I>u)) = tan·1(O.75[tan(34.0j])= 26.8°
Design Cohesion, c = <1>ccu = 0.90(5.0 kN/m2

) = 4.5 kN/m2
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Step 7 - Calculate the ResistancelLoad Ratio

For the trial design cross-section shown on figure 5.7, the above design soil strengths and
design nail strength diagrams, a calculated minimum resistancelload ratio of 1.00 is obtained
based on a computer solution. The computer solution critical slip surface is shown on figure
5.7. For conciseness of presentation of this design example, the initially chosen "trial"
design is in fact the design that meets the minimum required resistance/load ratio of 1.0.
In a real world production design, some design re-runs and iterations would be
required to arrive at an acceptable design.

Hand Calculation Check

In general, it will not be necessary to perform extensive hand calculation checks ifa
properly verified computer program is used. The following provides a method for
performing hand calculation checks when they are required or when a verification check of
a computer solution is desired. The method is approximate in that it is based on force
balance only and more reliable results will generally be obtained using methods that
address both force and moment equilibrium. In order to facilitate the hand calculation
check, the critical circular slip surface may be approximated by a bilinear wedge, as shown
on figure 5.7. The forces on the 'active' Block A and the 'resisting' Block Bare
illustrated on figure 5.8 for the bilinear wedge and are computed below:

Block A

Base Slope Angle, aA = 60.96°
Base Length, LA = 9.00 m
BlockWeight,WA = (I7.0Im2)(18.0kN/m3

) = 306.2kN/m
-Soil Weight Load Factor, r w =1.35 (table 4.6)
Factored Soil Block Weight, r wWA= 1.35(306.2 kN/m) = 413.4 kN/m
Design Nail Force, TA = [(25.0 kN)(1) + (46.4 kN)(2) + (67.8 kN)(3)]/(1.50 m)

= 92.8 kN/m
(n) Nail Number

BlockB

Base Slope Angle, as = 29.75°
Base Length, Ls = 7.72 m
BlockWeight, Ws = (47.3 m2)(18.0 kN/m3

) = 851.8 kN/m
Soil Weight Load Factor, rw =1.35 (table 4.6)
Factored Soil Block Weight, r wWs = 1.35(851.8 kN/m) = 1149.9 kN/m
Design Nail Force, TB = [(95.5 kN)(4) + (98.0 kN)(S) + (96.3 kN)(6)]/(1.5 m)

= 193.2 kN/m
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Interstice

Design Nail Force, T = [(94.0 kN)(1) + (82.3 kN)(2) + (70.7 kN)(3)]/(1.5 m)
= 164.7kN/m

Assume that the interslice soil force, I, is inclined at an angle'Wto the horizontal
(figure 5.8). The resistancelload ratio (RIL) is then applied to the design soil
strengths, as indicated below.

EQyilibrium

Block A

Vertical

Horizontal

BlockB

Vertical

Horizontal

(I)cos(I3)-(TB+T)cos(9)-(~c)(CU)(LB)COS(cxB)/(RIL)+(Ra)sin(CXB-cI»=O

The previous equations can be reduced to the following:

[1+tan(l3)tan (CXA-cI»] [{-rwWB- (TB + T)sin(9)+ <%>c cu(LB)sin(cxB)/(RIL)}tan(cxB-cI»+ (TB
+ T)cos(9)+ ~c Cu(LB)COS(CXB)/(RIL)] = [1+tan(l3)tan (CXB-cI»] [{rwWA+ (TA- T)sin(9)­
~c cu(LA)sin(cx~/(RIL)}tan(cxA-cI»-(TA - T)cos(9)- ~c cu(L~COS(CXA)/(RIL)]

The above equation can be solved iteratively for resistancelload ratio (RIL) (e.g., by use of
a spreadsheet), ifthe interslice force angle 13 is assumed. For example, assuming 13 = 0,
the calculated resistancelload ratio (RIL) =1.03, which is similar to the computer­
generated solution. The force polygon for the hand calculation is shown on figure 5.8.

182



The results of stability assessments during construction are shown on figure 5.9.
Calculated resistancelload ratios for each stage ofconstruction following excavation of
each lift and prior to installation of the associated row ofnails, are shown together with
the corresponding critical slip surface in each case. It can be seen that for this problem,
following installation ofthe first row ofnails, the resistancelload ratio during construction
decreases progressively as the height ofthe wall increases. However, noting the increased
soil strength resistance factors for the construction condition (table 4.8), the minimum
calculated resistancelload ratio exceeds the minimum required value of 1.0. Figure 5.9
does indicate that prior to the installation ofthe first row of nails, the calculated
resistancelload ratio is less than 1.0 but this construction condition has been evaluated in
the field by test trenching during the site investigation stage.

Step 8 - External Stability Check of Nailed Block

Defer the external stability check until the final soil nail lengths are defined for the seismic
loading condition.

Step 9 - Check the Upper Cantilever

The height of the upper cantilever above the top nail is identical (1.0 meters) for both the
temporary shotcrete and permanent CIP wall facings. Therefore, the static loading is identical
in the two cases. Because both the facing thickness and steel content are increased in the
permanent facing, the permanent facing is less critical by inspection. Therefore, for the static
loading condition, only the construction facing upper cantilever needs to be evaluated.

For the method ofconstruction, the appropriate earth pressure coefficient for the upper
cantilever design is an active earth pressure coefficient. For a soil friction angle of34°, zero
cohesion (ignore it), a soil-to-wall interface friction angle of (2/3)(34) =22°, a wall batter of
10°, and a backslope angle of 20°, Coulomb's earth pressure theory may be used to derive an
active earth pressure coefficient, K A, equal to 0.247 (AASHTO, III Edition, 1994 - section
3.11.5.3 [29]). The load component normal to the wall has a corresponding earth pressure
coefficient equal to (0.247)cos(22°) = 0.229.

Shear Check

From force equilibrium, compute the factored one-way unit service shear force at the level
of the upper row of nails (conservative), as indicated on figure 4.13:

v = 0.5(0.229)(18.0 kN/m3)(1.0 m)2
v = 2.06 kN/m
r EH= 1.50 (table 4.6)

Compute the nominal one-way unit shear strength ofthe facing based on equation 5.8.3.3­
3 of the AASHTO LRFD Bridge Design Specifications, III Edition [29].
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= 0. 166Vf c(MPa)(d)
= 0.166V28 MPa (0.05 m) = 43.9kN/m

From table 4.7, the facing shear resistance factor, ~, equals 0.90. Therefore, the design
one-way unit shear strength is:

v = <1>FVNs = 0.90(43.9 kN/m) = 39.5 kN/m

Since r EH v =3.09 kN/m < V, the design for shear is adequate. (OK)

Flexure Check

From moment equilibrium, compute the factored one-way unit service moment at the level
of the upper row ofnails (conservative), as indicated on figure 4.13. Note that for
moment determination, the point ofapplication ofthe static force is taken as 0.33H.above
the base of the cantilever:

ms = (0.33)(H/cos(10j)(v)
ms = (0.33)(1.0 m/cos(lOO))(2.06 kN/m) = 0.690 kN-m/m
r EH= 1.50 (table 4.6)

Compute the nominal unit moment resistance of the facing. From appendix F, the nominal
unit moment resistance in the vertical direction over the nail locations mV.NEG is computed
to be 5.88 kN-m/m. From table 4.7, the resistance factor <1>F for facing flexure is 0.90.
Therefore, the design one-way unit moment resistance for the upper cantilever is:

M = <1>F mV,NEG = (0.90)(5.88 kN-m/m) = 5.29 kN-m/m

Since rEH ms = 1.04 < M, the design for flexure is adequate. (OK)

Step 10 - Check the Facing Reinforcement Details

Shotcrete Construction Facing

Check 1 - Waler Reinforcement

Two No. 13 horizontal waler bars attached beneath the bearing plate will be placed
continuously between nail heads in each nail row.
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Check 2 - MinimumlMaximum Reinforcement Ratios

Minimum Reinforcement Ratio Requirements

The minimum reinforcement ratio requirements in the AASHTO LRFD Bridge
Design Specifications, Ist Edition [29] are waived for the temporary shotcrete
construction facing per the discussion presented in section 4.7.2.

Maximum Reinforcement Ratio Requirements

Section 5.7.3.3 ofAASHTO [29] contains a provision for the maximum amount of
reinforcement allowed in a flexural member. Per the discussion presented in
section 4.7.2, this provision is not applicable in the case ofa soil nail wall.

Check 3 - Minimum Cover Requirements

For the temporary shotcrete construction facing, the reinforcement is placed at the
center of the facing (figure F.1)

Check 4 - Development and Splices ofReinforcement

Development ofNo. 13 Vertical Bearing Bars

For a uniformly loaded interior span with fixed-end supports, the point ofzero
moment occurs at 0.213Lc from the support. The vertical bearing bars are not
needed all the way to the point ofzero moment. However, per section 5.11.1.2.1
of the AASHTO LRFD Bridge Specifications, lit Edition [29], they must extend
the maximum ofLc/20, 15dB, or d, past the point at which they are no longer
needed:

Ld20 = (1500 rnmI20 = 75 mm
15dB = 15(12.7 mm) = 191 mm
d = (100 mm)/2 = 50 mm

Since the vertical bearing bars comprise about (258 mm2)/(443 mm2
) =58 percent

of the total vertical reinforcement, estimate the point at which the vertical bearing
bars are no longer needed as 0.58(0.213Lc) from the support. The total bar length
is computed to be:

LVB = 2[0.58(0.213)(1.50 m) + 0.191 m)] = 0.753 m (Minimum)

Section 5.11.1.2.3 ofAASHTO [29] provides additional requirements for
embedments beyond points of inflection. The only requirement that is potentially
more critical than the above is an embedment at least equal to:

Lc/16 = (1500 mm)/16 = 93.8 mm

186



This is less critical than the 15dB= 191 mm, computed above.

Splicing ofNo. 13 Waler Bars

Per section 5.11.5.3 ofAASHTO [29], the splice length, Ls. for a Class C splice
must equal or exceed the greater of0.30 m or Lo = 1.7LOB , where LOB is
computed from section 5.11.2:

LOB = 0.019(Aa (mm2))(Fy (MPa))/...Jfc (MPa)
LOB = 0.019(129 mm2)(420 MPa)/...J28.0 MPa = 195 nun
Lo = 1.7LOB= 1.7(195 nun) = 332 nun

Therefore, provide the 350 mm ofsplice length.

Splicing ofMW 18.7 Mesh

Per section 5.11.6.2 of AASHTO [29], the splice length between outermost
crosswires must equal or exceed the greater of (SWIRE + 50 nun), 1.5LoB, or 150
nun. LOB is computed from AASHTO equation 5.11.2.5.2-1:

LoB= 3.25(AWIRE (mm2))(Fy (MPa))/«(SWIRE (mm)Nfc (MPa)))
LoB= 3.25(18.7 mrn2)(420 MPa)/«152 nunN28.0 MPa)
LoB= 31.7 mm
Lo = 1.5LoB = 1.5(31.7 mm) = 47.6 nun
SWIRE + 50.0 mm = 152 nun + 50.0 mm = 202 mm

Therefore, use a minimum of 200 mm splices for the wire mesh.

Permanent Facing

Check 1 - Water Reinforcement

There are no applicable requirements.

Check 2 - Minimum and Maximum Reinforcement Ratios

Minimum Reinforcement Ratio Requirements

Per section 5.10.8 of AASHTO [29], the minimum required amount ofshrinkage
and temperature reinforcement near exposed surfaces ofwalls and slabs is given by
equation 5.10.8.2-1, and must be greater than:

0.76AdFy
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For one nail spacing:

0.76AdFy = 0.76(1500 nun)(200 nun)/(420 MPa) = 543 nun2

ATOTAL = 645 nun2
, which is adequate.

Maximum Reinforcement Ratio Requirements

Section 5.7.3.3 ofAASHTO [29] contains a provision for the maximum amount of
reinforcement allowed in a flexural member. Per the discussion presented in
section 4.7.2, this provision is not applicable in the case ofa soil nail wall.

Check 3 - Minimum Cover Requirements

Per section 5.12.3 of AASHTO [29], the minimum cover on the front side of the
facing is specified at 50 nun. Based on the design arrangement illustrated on figure
F.l, the cover to the headed studs is calculated below:

tc = 200 nun - tPL - LHS = 200 nun - 25 nun - 125 nun
50 nun ~ 50 nun (OK)

50 nun

The minimum required cover between the permanent facing reinforcing steel and the
CIF concrete/temporary shotcrete interface is 38 nun. Based on figure F.l, this cover
is:

tc = 100 nun - 12.7 nun = 87.3 nun> 38 nun

For corrosion protection purposes, there must also be a minimum 75 nun ofcover
between the facing steel and the soil. Based on figure F.l, the 100 nun thick
temporary shotcrete provides adequate cover for the permanent facing steel.

Check 4 - Development and Splices ofReinforcement

The permanent facing reinforcement consists entirely ofNo. 13 deformed bars.
Therefore, the development lengths and splice lengths are identical to those computed
for the temporary facing.

Step 11 - Senriceability Checks

Shotcrete Construction Facing

Because ofthe temporary nature ofthe wall, the serviceability requirements are waived for
the construction facing.
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Permanent Facing

Upper Cantilever Serviceability Check - Reinforcement Distribution

Per section 5.7.3.4 ofAASHTO [29], the reinforcement must be distributed such that
the steel stress does not exceed that given by the following equation:

z
(deAE)173 :s; O.6Fy

130 k/in = 2.28 x 104 kN/m
0.05m
(100 mm) (SH)/(ATCYrAIiALB)
(100 mm)(1500 mm)/«645 mm2)/(129 mm2))
0.03 m2

= 0.6(420 MPa) = 252 MPa
2.28 x 104 kN/m

«0.05 m)(0.03 m2)i13 = 199 MPa

z =
de =
AE=
AE=
AE =
0.6Fy

Fs =

Fs =

From step 7, the service moment is 0.690 kN-m/m. The corresponding service steel
stress is determined from straight-line theory of reinforced concrete:

k = "2pn + (pn)2 - pn
p = As/(bd)
n = EsIEc
J = 1 - k/3
fs = msb/(~d)

Ee = 4734"rc (MPa) = 4734"28 MPa
Ee = 2.50 x 104 MPa
Es = (29,OOO,000psi)(1 MPa)/(145 psi) = 2.00 x 10' MPa

Substituting the correct values into the above expressions, the service steel stress is
computed to be:

n = (2.00 x lOs MPa)/(2.50 x 104 MPa) = 8.00
P = As/(bd) = (645 mm2)/«1500 mm)(100 mm)) = 0.0043
pn = (0.0043)(8.00)= 0.0344

k = "2(0.0344) + (0.0344)2 - 0.0344 = 0.230
j = 1-0.230/3= 0.923
fs = (0.690 kN-m/m)(1.50 m)/«645 mm2)(O.923)(0.10 m))
fs = 17.4 MPa

Since fs :s; Fs, the steel distribution is adequate. (OK)
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Overall Displacements ofthe Wall

Per section 2.4.6, the construction-induced vertical and horizontal permanent
displacements at the top of the wall can be expected to be on the order of0.2 percent
of the height ofthe wall, or about 20 to 25 mm, for the given site soil conditions
(medium dense to dense silty sands). Displacements can be anticipated to decrease
back from the wall in general accordance with the recommendations given in figure
2.7.

5.1.2.2 Seismic Loading Condition

In accordance with the AASHTO LRFD Bridge Design Specifications, lit Edition [29], the
Extreme Events I Limit State (table 4.6) considers seismic loading. Because of the temporary
nature of the shotcrete construction facing, only the permanent facing is considered for the
seismic loading condition.

Step 1 - Set Up Critical Design Cross-Section and Select a Trial Design

Step 1 is identical to that presented for the static loading condition.

Step 2 - Compute the Design Nail Head Strengths

The nominal nail head strengths for all credible failure modes are calculated in appendix F.
The design nail head strengths for the permanent CIP concrete facing are computed from the
nominal strengths in the following table.

PERMANENT FACING

Nominal Nail Head Design Strength
Failure Strength TF
Mode TFN (kN)

(kN)

Facing; Flexure 278 1.00)'(278) =278
Facing Punching Shear 219 1.00)'(219) =219
Headed-Stud Tensile 639 (1.00)'(639) =639

Fracture

• Per section 1.3.2.1 ofAASHTO [29].
See table 4.7 .

Therefore, the design nail head strength TF is computed to be 219 leN. That is, facing
punching shear ofthe permanent facing is the controlling mode offailure.
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Step 3 • Minimum Design Nail Head Strength Check

This check is not applied to extreme event loading combinstions.

Step 4 - Define the Design Nail Strength Diagrams

Develop the design nail strength diagram for each nail. by determining the design pullout
resistance. the design nail head strength. and the design nail tendon tensile strength.

Design Nail Head Strength

Per step 2. the design nail head strength is 219 kN. which exceeds the design nail tendon
tensile strength as shown below. The design nail tendon tensile strength therefore governs.

Design Pullout Resistance (Ground-Grout Bond)

Q = cI>QQu
cI>Q = 0.80 (table 4.8)
Qu = 60.0 kN/m
Q = (0.80)(60.0 kN/m)= 48.0 kN/m

Design Nail Tendon Tensile Strength

TN = cI>N TNN
cI>N = 1.00 (table 4.8)
T~ AN Fy = (510 mm2)(0.42 kN/mm2

) = 214 kN
TN = (1.00)(214 kN) = 214 kN

Step 5 • Select Trial Nail Lengths

In accordance with section 4.7.2 and figure 4.11. the nail length distribution for design
purposes is as shown on figure 5.10. The maximum nail length has been calculated iteratively
to be 7.9 meters (see below). The nail length distribution is:

Nail No.
1
2
3
4
5
6

Length (m)
7.9
7.9
7.9
6.9
4.9
2.8

The above nail length distribution is obtained from figure 4.11. as follows:

• The dimensionless nail putIout resistance. Qo. is calculated:
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Qo = cl>QQu/(I"W'YSVSH) = (0.8)(60.0 kN/m)/[(1.0a)(18 kN/m3)(1.50 m)(1.50 m)]
= 1.19

a Note that the minimum load factor of 1.0 (table 4.6) is applied, as this is more critical in
this case for the seismic loading·condition than is the maximum load factor of 1.35.

• The dimensionless nail length is:

L/H = (7.9 m)/(9.5 m)
=0.83

• Qo / (L/H) = 1.19/0.83 = 1.43, giving an "R" factor of0.19.

• Relative nail lengths are calculated from figure 4.11, for the nail head elevations shown on
figure 5.10 and an "R" value of0.19.

The design nail strength diagrams are shown graphically on figure 5.10, prepared in accordance
with the procedure previously presented on figure 4.3.

Step 6 - Define the Design Soil Strengths

Ultimate Friction Angle, cl>u = 34.0°
Ultimate Cohesion, Cu= 5.0 kN/m2

From table 4.8, the soil resistance factors are as follows:

<1>+ = 1.00
<l>c = 1.00

Design Friction Angle, cl> = tan"l(<I>+tan(cl>u» = tan"1(1.00[tan(34.0j]) = 34°
Design Cohesion, c = <l>ccu = 1.00(5.0 kN/m2

) = 5 kN/m2

Step 7 - Calculate the ResistancelLoad Ratio

For the design cross-section and nail pattern shown on figure 5.10, the above design soil
strengths, and design nail strength diagrams, based on a computer solution a calculated
minimum resistancelload ratio of 1.01 is obtained for the following seismic loading conditions:

• For slip surfaces exiting the reinforced slope withina horizontal distance of8.t meters
from the top ofwall facing (determined from figure 5.7 in accordance with figure
4.14), the applied pseudo-static seismic coefficient for a 0.30 g peak ground
acceleration was taken as:

A = (1.45 - ApK)ApK
A = (1.45 - 0.30)(0.30 g) = 0.345 g
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• For more deep-seated slip surfaces, an applied pseudo-static seismic coefficient ofA =
(1/2)(0.30 g) = 0.15 g was chosen, consistent with allowable overall displacements of
up to 75 mm for the retaining wall system under design seismic loading.

Limiting-equilibrium analysis for seismic loading corresponding to a peak ground acceleration
of0.30 g has indicated that the same size nails as.Q.riginally.!el~cted for the static design can
be used, but that the maximum nail lengths should be 'increased from 7.6 meters (for static
loading) to 7.9 meters (for seismic loading) i.e., about a 4 percent increase in length. For this
design example, seismic loading slightly controls the design.

Step 8 - External Stability Check of Nailed Block (Static and Seismic>

For the design nail length of7.9 m, determined in step 7, the static and seismic bearing
capacity checks are perfonned for the soil nail reinforced block ofground acting as a gravity
wall structure (figure 4.12). Pertinent parameters for the analysis include the following:

Soil Unit Weight, 'Y = 18.0 kN/m3

Ultimate Soil Friction Angle, 4>u = 340

Ultimate Soil Cohesion, Cu = 5.0 kN/m2

Seismic Coefficient, A= 0.15g

In accordance with appendix A, section 11 of the AASHTO [29], the lateral forces due to the
active block behind the reinforced soil are computed using the methods ofCoulomb and
Mononobe and Okabe (including the cohesive component ofsoil strength). Figure 5.11
shows the static and seismic earth pressure loads, inclined at an angle of6.60 above horizontal
in accordance with the recommendations offigure 4.12, and these are computed to be:

Static Active Earth Load, PEH = 272.2 kN/m
Horizontal component = PEH cos(6.6j
Vertical component = PEH sin(6.6°)

Seismic Earth Load, PEQ = 112.1 kN/m
Horizontal component = PEQ cos(6.6j
Vertical component = PEQ sin(6.6°)

= 270.4 kN/m
= 31.3 kN/m

= 111.4 kN/m
= 12.9 kN/m

For moment equilibrium calculations, the assumed points ofapplication ofPEH and PEQ are at
the back ofthe reinforced block ofground at 0.33H and 0.6H above the base ofthe soil block,
respectively:

Point ofApplication ofPEH = 0.33H = 0.33(11.7 m) = 3.90 m

Point ofApplication ofPEQ = 0.6H = 0.6(11.7 m)
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Static Loading

In accordance with the AASHTO LRFD Bridge Design Specifications, lit Edition [29],
the Strength I Limit State (table 4.6) considers static loading. Referring to figure 5.11,
forces and moments are computed below:

Vertical Loads and Moments

Moment Moment About
Force Arm Point 0

Item (kN/m) (m) (kN-m/m)

PEH(EHt 1.5b(31.3) 8.50 399.1
1 (Evt 1.35C(145.4) 1.13 221.8
2(EVt 1.35c(118.8) 5.70 914.2
3 (Evt 1.35C(1026.0) 4.70 6510.0
4(EVt 1.35c(I68.5) 8.10 1842.6

Sum 2016.2 (N) N/A 9887.6

Horizontal Loads and Moments

Moment
Arm

I Notations used in the AASHTO LRFD Bridge Design Specifications, lit Edition
[29].

b Load factor for lateral earth pressure (ElI)
C Load factor for vertical earth pressure (EY)

Stability Criteria

Referring to figure 4.12, the maximum applied bearing pressure and the location ofthe
resultant force are checked as follows:

N =
Xc =
qMAX =

2016.2 kN
(9887.6) kN-m/m - 1581.8 kN-m/m)/(2016.2 kN/m) = 4.12 m
N/(2Xo) = (2016.2 kN/m)/[2(4.12 m)] = 245 kN/m2

In accordance with section 10 of the AASHTO LRFD Bridge Design Specifications,
lit Edition [29] (and by reference to equation 4.4.7.1.1-1, section 4, division I ofthe
Standard Specifications for Highway Bridges, 15th Edition [30]), the ultimate bearing
capacity is given by:
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qULT = cuNcScic+ 0.5yB'NySyiy

The effective width, B' =B - 2(e) =2Xo (see above) =2(4.12 m) = 8.24 m to account
for eccentric loading. The factors "s" and "i" account for the shape ofthe loaded area
and the inclination of the applied loading, respectively, per AASHTO [30]. The
factors Ncand Ny are the conventional bearing capacity factors. The ultimate bearing
capacity is computed to be:

qULT = (5.0 kN/m2)(42.0)(1.06)(0.68)+ 0.5(18.0 kN/m3)(8.24 m)(41.0)(0.97)(0.57)
qULT = 1,832 kN/m2

It should be noted that unfactored loads are used in computing the load inclination
factor "i." For a bearing capacity resistance factor cI>q of0.45 (section 10.5.4 of
AASHTO [29], the design bearing capacity is:

cI>qqULT = 0.45(1,832 kN/m2
) = 824 kN/m2

Since qMAX < cI>qqULT, the design bearing capacity is adequate. (OK)

Check that the location of the resultant is within the middle halfofthe block of
reinforced soil, per section 10.6.3.1.5 of AASHTO [29]. The critical eccentricity
check occurs for the minimum EV load factor of 1.0 (see table 4.6). Referring to
figure 5.11, forces and moments are computed below:

Vertical Loads and Moments

Moment Moment About
Force Arm Point 0

Item (kN/m) (m) (kN-m/m)
PEH(EHY 1.5b(31.3) 8.50 399.1
1 (EVY 1.00C(145.4) 1.13 164.3
2(EVY 1.00c(118.8) 5.70 677.2
3 (EVY 1.00C(1026.0) 4.70 4822.2
4 (EV)· 1.00c(l68.5) 8.10 1364.9

Sum 1505.7 (N) N/A 7427.6

Horizontal Loads and Moments

Moment
Arm
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aNotations used in the AASHTO LRFD Bridge Design Specifications, lit Edition
[29].

b Load factor for lateral earth pressure (EH)
C Load factor for vertical earth pressure (EV)

Xc = (7427.6 kN-m/m - 1581.8 kN-m/m)/( 1505.7 kN/m) = 3.88 m
e = B/2 - Xc. = (8.50 m)/2 - 3.88 m = 0.37 m
B/4 = (8.50 m)/4 = 2.13 m

Since e < B/4, the resultant is within the middle half. (OK)

Seismic Loading

In accordance with the AASHTO LRFD Bridge Design Specifications, lit Edition [29],
the Extreme Events I Limit State (table 4.6) considers seismic loading. The forces and
moments are computed below (figure 5.11). The critical bearing and eccentricity check for
the seismic loading condition occurs for the minimum EV load factor of 1.0 (see table
4.6).

Vertical Loads and Moments

Moment Moment About
Force Arm Point 0

Item (kN/m) (m) (kN-m/m)
PEH<EH)a 1.5b(31.3) 8.50 399.1
PEQ(EQt 1.0d(12.9) 8.50 109.7
1 (EV)a 1.0C(145.4) 1.13 164.3
2 (EV)a 1.0c(118.8) 5.70 677.2
3 (EV)a 1.0c(1026.0) 4.70 4822.2
4(EVt 1.0c(l68.5) 8.10 1364.9

Sum 1518.6 (N) N/A 7537.2
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Horizontal Loads and Moments

Factored
Factored Moment Moment About

Force Arm Point 0
Item (kN/m) (m) (kN-m/m)

PE~Ht 1.50D(270.4) 3.90 -1581.8
PEQ(EQ)- 1. Od(111.4) 7.02 -782.0
1 (EQt 1. Od(21.8) 3.17 -69.1
2(EQt 1. 04(17.8) 10.23 -182.1
3 (EQ)- 1. Od(153.9) 4.75 -731.0
4(EQt 1. Od(25.3) 5.85 -148.0

Sum 735.8 (H) N/A -3494.1.2

_Notations used in the AASHTO LRFD Bridge Design Specifications, 1at

Edition [29].
b Load factor for lateral earth pressure (EH)
C Load factor for vertical earth pressure (EV)
dLoad factor for earthquake loads.

Stability Criteria

Referring to figure 4.12, the maximum applied bearing pressure and the location ofthe
resultant force are checked as follows:

N =
Xc =
qMAX =

1518.6 kN
(7537.2 kN-m/m- 3494.1 kN-m/m)/(1518.6 kN/m) = 2.66 m
N/(2Xo) = (1518.6 kN/m)/[2(2.66 m)] = 285 kN/m

In accordance with section 10 of the AASHTO LRFD Bridge Design Specifications,
lit Edition [29] (and by reference to equation 4.4.7.1.1-1, section 4, division I ofthe
Standard Specifications for Highway Bridges, 15th Edition [30]), the ultimate bearing
capacity is given by:

The effective width, B' =B - 2(e) =2Xc (see above) = 2(2.66 m) = 5.32 m to account
for eccentric loading. The factors "s" and "i" account for the shape ofthe loaded area
and the inclination ofthe applied loading, respectively, per AASHTO [30]. The
factors Nc and Ny are the conventional bearing capacity factors. The ultimate bearing
capacity is computed to be:

qULT = (5.0 kN/m2)(42.0)(1.04)(0.36)+ 0.5(18.0 kN/m3)(5.32 m)(41.0)(0.98)(0.23)
qULT = 521 kN/m2
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It should be noted that unfactored loads are used in computing the load inclination
factor "i". For a bearing capacity resistance factor <Ilqof 1.00 for seismic loading
(section 1.3.2.1 ofAASHTO [29]), the design bearing capacity is:

Since qMAX < <IlqqULT, the design bearing capacity is adequate. (OK)

Check that the location ofthe resultant is within the middle halfofthe block of
reinforced soil per section 10.6.3.1.5 ofAASHTO [29].

e = B/2 - Xo = (8.50 m)/2 - 2.66 m
B/4 = (8.50 m)/4 = 2.13 m

= 1.59 m

Since e < B/4, the resultant is within the middle half. (OK)

Overall Stability

For the uniform nail length pattern selected (see figure 5.12), the deep ground water
table, and the overall geometry of the slope, deep seated failure surfaces passing
beneath the toe of the wall will not be critical.

Step 9· Check the Upper Cantilever

In accordance with appendix A, section 11 of the AASHTO LRFD Bridge Design
Specifications, 1- Edition [29], equation All.l.l.I-2, the approach developed by Mononobe
and Okabe for a free-standing retaining structure is used to develop the active seismic loading
on the upper cantilever. For a soil friction angle of34°, zero cohesion (ignore it), a soil-to­
wall interface friction angle of(2/3)34° =22°, a wall batter of 10°, a backslope angle of20°,
and a horizontal pseudo-static seismic coefficient of0.15 g (i.e., 0.5At>x: ), the combined static
and dynamic active earth pressure coefficient is calculated by the Mononobe and Okabe
method to be 0.429. This can be considered to consist ofa static earth pressure coefficient of
0.247 (see step 7 for the static loading condition) and a dynamic earth pressure coefficient of
0.182. The load components normal to the wall have corresponding earth pressure
coefficients of(0.247)cos(22) =0.229 for the static load and (0. 182)cos(22) =0.169 for the
dynamic load.

Shear Check

From force equilibrium, compute the factored one-way unit service shear force at the level
ofthe upper row ofnails (conservative), as indicated on figure 4.13:

VSTATIC = 0.5(0.229)(18.0 kN/m3)(1.0 m)2
VOYNAMIC = 0.5(0.169)(18.0 kN/m3)(1.0 m)2
r EH= 1.50; r EQ = 1.00 (table 4.6)
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/ Soil Nail
,/ See Fig. 4.15
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Figure 5.12 Cutslope Final Design Section (LRFD)
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rEHVSTATIC + rEQVDYNAMIC = 1.50(2.06 kN/m) + 1.00(1.52 kN/m) = 4.61 kN/m

Compute the nominal one-way unit shear strength of the facing based on equation 5.8.3.3­
3 ofAASHTO [29]:

VNS = 0.166"fc(MPa)(d)

VNS = 0.166"28 MPa (0.1 m) = 87.8 kN/m

From table 4.7 and section 1.3.2.1 ofAASHTO [29], the facing shear resistance factor,
~, equals 1.0. Therefore, the design one-way unit shear strength of the facing is
computed to be:

v = C1>FVNs = 1.00(87.8 kN/m) = 87.8 kN/m

Since rEHVSTATIC + rEQVDYNAMIC = 4.61 kN/m < V, the design for shear is adequate.
(OK)

Flexure Check

From moment equilibrium, compute the factored one-way unit service moment at the level
ofthe upper row ofnails (conservative), as indicated on figure 4.13. Note that for
moment determination, the point ofapplication of the static force is taken as 0.33H above
the base of the cantilever. The dynamic force is assumed to occur at 0.6H above the base
ofthe cantilever:

IDsTATIC = (0.33)(VSTATIC)(H)/cos(100) = (0.33)(2.06 kN/m)(1.0 m)/cos(10j
= 0.690 kN-mlm

mOYNAMIC = (0.60)(voYNAMIc)(H)/cos(10j = (0.60)(1.52 kN/m)(1.0 m)/cos(10j
= 0.926 kN-mlm

r EH= 1.50; r EQ = 1.00 (table 4.6)
rEHIDsTATIC + rEQmOYNAMIC = 1.50(0.690 kN-mlm) + 1.00(0.926 kN-mlm)

= 1.96 kN-mlm

Compute the nominal unit moment resistance ofthe facing. From appendix F, the nominal
unit moment resistance in the vertical direction over the nail locations mV,NEG is computed
to be 17.4 kN-mlm. Per section 1.3.2.1 ofAASHTO [29], the resistance factor C1>F for
facing flexure is 1.00. Therefore, the design one-way unit moment resistance for the
upper cantilever is:

M = ~ mV,NEG = (1.00)(17.4 kN-mlm) = 17.4 kN-mlm

Since rEHIDsTATIC + rEQmOYNAMIC = 1.96 kN-mlm < M, the design for flexure is
adequate. (OK)
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Step 10 - Check the Facing Reinforcement Details

Being independent of type ofloading, the facing reinforcement details, have been previously
considered for the static loading condition and need not be repeated for the seismic loading
condition.

Step 11 - Serviceability Checks

The serviceability checks are not applicable to seismic loading conditions because ofthe
extreme nature ofthe limit state.

Final Design Section

Based on the above analyses, the final design cross-section is shown on figure 5.12. It should
be noted that, to simplify for construction, the chosen final plan nail lengths are uniform,
independent ofthe nail length distributions used in the analyses. The uniform lengths equal
the maximum nail length indicated by the above analyses. Based on the designer's discretion,
and subject to overall stability analyses, the nails in the bottom three rows could be shortened,
taking into account any constructability issues and/or economic savings related to the use of
varying nail lengths.
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5.2 Design Example 2 - Bridge Abutment Wall

5.2.1 Service Load Design (SLD)

5.2.1.1 Static Loading Condition

In accordance with the Standard Specifications for Highway Bridges, 15th Edition [30], Service
Load Groups I and IV (table 4.2) define the static loading conditions for this problem.

Step 1 - Set Up Critical Design Cross-Section and Select a Trial Design

It is required to replace a bridge abutment end slope with a vertical soil nail wall in order to
add an additional traffic lane and shoulder. The bridge abutment is pile-supported by two
rows of400 mm diameter 15 m long friction piles, at spacings of 1.5 meters along the length
ofthe footing (see figure 5.13). The vertical wall will be located 2 meters in front ofthe pile
cap, resulting in a wall height above road grade of4.65 meters. Removal ofthe 1.5H:1Vend
slope will therefore provide an additional 7 meters of roadway width and this is sufficient for
the additional traffic lane and shoulder. The seismic design condition corresponds to a peak
ground acceleration of0.40 g.

The native soils at the site consist ofa silty clayey sand that exploration test pitting
demonstrated will stand in 2.5 meter high unsupported cuts for a minimum ofseveral days.
The site investigation has confirmed that the ground water table is located well below the base
of the wall. The approach fill material behind the abutment backwall is a select granular
material. Average in-situ densities are 20.0 kN/m3

, and the soil strength parameters are
estimated at a friction angle of34.0 degrees and a cohesion of 5.0 kN/m2 for the native soils,
and a friction angle of34 degrees for the overlying approach fill. It is estimated that an
ultimate pullout resistance on the order of60.0 kN/m should be achievable with drillhole
diameters on the order of200 mm, within the native soils. This estimated pullout resistance
will have to be demonstrated for the contractor's proposed installation method during the
initial stages ofthe wall construction.

Because the soil nail wall will comprise part ofa bridge abutment and is a critical structure,
encapsulated nails will be used for corrosion protection. Based on experience in these types
ofmaterials, anticipated wall displacements associated with wall construction are in the range
of 10-15 mm (see step 11), and these displacements have been determined to be acceptable.

The wall will have a maximum height of 5.25 meters (from ground surface immediately behind
the wall to the base ofthe wall), with a vertical face. The critical design cross section is
shown on figure 5.13 and will have the center of the pile cap located 2.9 meters behind the
facing and the base of the pile cap at a depth of3.7 meters below the ground surface. The
trial vertical nail spacing will be at 1.25 meters as shown on figure 5.13, with a horizontal nail
spacing of 1.5 meters to conform to the pile spacing, and the nails will be installed at 15.0
degrees below horizontal for constructability reasons.
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Figure 5.13 Bridge Abutment Wall
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It is anticipated that No. 25 or No. 29 minimum Grade 420 bars (Soft Metric designation - see
table F.2), approximately 7 to 8 meters long, will be required for support ofthe bridge
abutment wall. Based on local practice and material availability, the trial design will assume
use ofa "standard" temporary shotcrete construction facing (28-day compressive strength of
28 Mpa) will have a nominal thickness of 100 mm, and will be reinforced with a single layer of
152 x 152 MW18.7 x MW18.7 (6 x 6-W2.9 x W2.9) welded-wire mesh, and two No. 13
Grade 420 continuous horizontal waler bars along each row ofnails.

The nails will be connected to the construction facing by a 225 mm square, 25 mm thick
bearing plate. The nails will be installed in vertical columns on 1.5 meter centers, to conform
to the layout ofthe piles. The permanent facing will be a cast-in-place (CIP) concrete wall
(28-day compressive strength of28 MFa), 200 mm thick, reinforced with No. 13 Grade 420
deformed bars on 300 mm centers vertically and horizontally, and connected to the nail heads
with a headed-stud connection system. Seismic loading will be evaluated only for the
permanent facing.

Step 2 - Compute the Allowable Nail Head Loads

The nominal nail head strengths for all credible failure mechanisms are calculated using
equations 4.1 through 4.4 and the methodology demonstrated in appendix F. The nominal
strengths are shown below and differ from the values calculated for the cutslope design
example because ofa) the absence ofvertical bearing bars in the shotcrete construction facing
and b) the reduced vertical nail spacing for the bridge abutment wall versus the cutslope wall.
The allowable nail head loads for Service Load Groups I and IV are computed from the
nominal strengths as indicated in the tables below for both the temporary shotcrete
construction facing and the permanent CIP concrete facing.

SHOTCRETE CONSTRUCTION FACING

Nominal Nail Head Allowable Nail Head Allowable Nail Head
Failure Strength Load Load
Mode TFN (Group I) (Group IV)

(kN) TF TF
(kN) (kN)

Facing Flexure 97 0.67a(97) =65 0.83a(97) =81
Facing Punching 210 0.67a(210) =141 0.83a(210) = 174

Shear
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PERMANENT FACING

Nominal Nail Head Allowable Nail Head Allowable Nail Head
Failure Strength Load Load
Mode TFN (Group I) (Group IV)

(leN) TF TF

(kN)

Facing Flexure 232 0.678(232) = 155 0.838(232) = 193
Facing Punching 222 0.678(222) = 149 0.838(222) = 184

Shear
Headed-Stud Tensile 639 0.508(639) = 320 0.638(639) =403

Fracture

8 See Table 4.4.

Therefore, the allowable nail head load TF is computed to be 65 leN for Service Load Group I
and 81 leN for Service Load Group IV. Facing flexure ofthe temporary facing is the
controlling mode of failure.

Step 3 - Minimum' Allowable Nail Head Service Load Check

Since the design problem has a somewhat complex surcharge loading distribution, the
estimated nail head service load will be calculated from equation 4.7, with the active earth
pressure load PA determined from a Coulomb-type computer solution i.e., identify the critical
active slip surface that results in the highest calculated earth pressure loading. Figure 5.14
shows the design loadings on the pile-supported bridge abutment, with the Group I pile
loadings corresponding to 301 kN/m vertically and 51.3 kN/m laterally. Because ofthe twin
pile configuration, the pile head is assumed to have rotational fixity. The pile loadings are
transmitted to the soil through pile-soil interaction. Vertical (theoretical t-z curves taken from
Vijayvergiya [41] and using the method ofCoyle and Reese [42]) and lateral (computer
program LPILE [43]) soil-pile interaction analyses established that the proportions ofthe
vertical and horizontal pile head loads transmitted to the nailed soil are a function ofthe depth
at which potential slip surfaces intersect the piles. These proportions are shown plotted on
figure 5.14. The pile loads were simulated by applying equivalent vertical and horizontal
surcharges at the base of the pile cap, as shown on figure 5.15 (calculated on figure 5.14).
The equivalent vertical and horizontal surcharge loadings to be applied at the base ofthe pile
cap are given on figure 5.14 in terms ofthe fractions ofthe applied pile loads (fv vertical and
fH horizontal) transmitted to the soil. The pile load fractions are a function ofthe depth at
which the critical slip surface intersects the piles (as shown on figure 5.14), and this depth
must be estimated. For evaluation ofthe active earth pressure load (figure 5.15), the depth at
which the critical slip surface intersects the piles is on the order of 2 meters, giving an fv value
of0.07 (i.e., a vertical surcharge pressure of 11.7 kN/m2

) and a kH value of0.8 (i.e., a
horizontal surcharge pressure of22.8 kN/m2

). For simplicity, the retained earth
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OT----.L..------'---------J
0.3

Fraction of vertical load (fV)
o Q1 02

/
/

5 -'\-1----....--------.I.:....------...:::!lo.:1
o 0.5 1.0 1.5

Fraction of lateral load (fH)

Fraction of Pile Head Load
Transmitted to Soli as Function

of Depth

Zone 2Zone 1

KA = Active Earth Pressure Coefficient
= 0.283

KAE (0.32g) = Dynamic Earth Pressure Coefficient
= 0.231

KAE (0.42g) = 0.344

RD =140 kNlm (Dead Load from Bridge Superstructure)

RL =69 kNlm (Live Load from Bridge Superstructure)

W =86 kN/m (Dead Load from Concrete Abutment and Soil above Pile Cap)

Hrs =22 kNlm (Temperature/Shrinkage Load)

WF =3.7 x 20 =74 kN/m2 (Fill Dead Load Surcharge)

WL = 0.6 x 20 = 12 kN/m2 (Live Load Surcharge = 0.6m soil)

VL = 0.5 x 12 = 6 kNlm (Live Load Surcharge above Pile Cap)

HE = 1/2 x 0.283 x 20 x 3.72 = 38.7 kNlm (Lateral Earth Pressure Load)

HL = .283 x 12 x 3.7 = 12.6 kN/m (Lateral Earth Pressure Load from Live Load Surcharge)

* HREC = 0.2 x 140 = 28 kN/m (Lateral Earthquake Loading from Bridge Superstructure)

HWEQ (0.42g) = 0.42 x 86 = 36.1 kNlm}
EC (Lateral Earthquake Loading from Abutment)

HW (0.32g) =0.32 x 86 =27.5 kNlm

HEEC (0.42g) = 1/2 x.344 x 20 x 3.72 = 47.1 kNlm }
EC (Lateral Earth Pressure Load from Earthquake)

HE (0.329) = 1/2 x .231 x 20 x 3.72 = 31.6 kNlm

WFEC (0.429) =0.42 x 74 =31.1 kN/m2 } .
(Earthquake Shear Stress from Fill Surcharge)

WFEC (0.32g) = 0.32 x 74 = 23.7 kNlm2

• Limited to 0.2 times dead load form Bridge Superstructure (by slip of bearing pad)
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Service Load Design
Pile Loading

Group I

Yertical = RD + RL + YL + W
= 301 kNlm

Horizontal = HE + HL
= 51.3 kNlm

Group IV

Yertical = RD + RL + YL + W
=301 kNlm

Horizontal = HE + HL + H-rs
= 73.3kNlm

Group VII

Yertical = RD + W
=226kNlm

Horizontal = HE + HEEQ + HREQ + HWEQ

= 149.9 kN/m (O.42g)
= 125.8 kN/m (O.32g)

'Equivalenf Surcharge Pressure
Beneath Pile Cap (Zone 1)

qV = (301) (tv·)/1.8
= 167.2 (tv) kNlm2

qH = (51.3) (fH·)/1.8
= 28.5 (fH) kNlm2

qy = (301) (tv·)/1.8
= 167.2 (fy) kNlm2

qH = (73.3) (fH·)l1.8
= 40.7 (fH) kNlm2

qy =(226) (fy·)/1.8
= 125.6 (fy) kNlm2

qH= (149.9) (fH·)/1.8
=83.3 (fH) kNlm2 (O.42g)

qH = (125.8) (fH·)/1.8
= 69.9 (fH) kN/m2 (O.32g)

Surcharge Pressure from Fill end
Live Loading (Zone 2)

Wy=WF+WL
=86kN1m'

WH=OkNlm2

Wy=WF+WL
.86kNlm'

WH=OkNIm2

Wy=WF
=74kNlm2

WH=WFEQ

= 31.1 kNlm2 (O.42g)
.. 23.7 kNlm2 (O.32g)

• Pile load applied as uniform surcharge over base of 1.8 m wide pile cap.
Yertical Surcharge = Fraction "tv' of Pile Yertical Loading
Horizontal Surcharge = Fraction 'fH' of Pile Lateral Loading

Load and Resistance Factor Design
Pile Loading (Factored)

Strength I

Yertical = RD ( 1.25)+ RL ( 1.75)+ YL (1.75)+ W (1.25)
= 413.8 kN/m

Horizontal = HE (1.5) + HL (1.75) + H-rs (0.5)
= 91.1 kNlm

Strength IV

Yertical = RD (1.5) + W (1.5)
=339 kN/m

Horizontal = HE (1.5) + HTS (0.5)
=69.1 kN/m

Extreme Event I

Yertical (Max:j:) = RD (1.25) + W (1.25)
= 282.5 kN/m

Yertical (Min:j:) = RD (0.9) + W (0.9)
=203.4kNlm

'Equivalent' Surcharge Pressure
Beneath Pile Cap (Zone 1)

qy = (413.8) (fy")/1.8
= 229.9 (tv) kNlm2

qH = (91.1) (fH·)11.8
= 50.6 (fH) kNlm2

qV = (339) (fy·)/1.8
= 188.3 (tv) kN/m2

qH = (69.1) (fH·)/1.8
= 38.4 (fH) kNlm2

qy (max) = (282.5) (fy")/1.8
= 156.9 (tv) kNlm2

qV (min) = (203.4) (fH·)/1.8
= 113.0 (fH) kNlm2

Surcharge Pressure from Fill and
Live Loading (Zone 2)

Wy = WF (1.35) + WL (1.75)
= 120.9 kNIm2

WH=OkNlm2

Wy = WF (1.35)
= 99.9 kN/m2

WH=OkNlm2

Wy (max) = WF (1.35)
_99.9kN/m2

Wy (min) = WF (1.0~

=74kNlm

WH = WFEQ (1.0)
-31.1 kNlm2 (O.42g)
= 23.7 kNlm2 (O.32g)

Horizontal = HE (1.5) + HEEQ (1.0) + HWEQ (1.0) + HREQ (1.0)
= 169.3 kNlm (0.42g)
= 145.2 kNlm (O.32g)

:j: Refers to maximum and minimum load factors per Table 4.6.

Figure 5.14

qH = (169.3) (fH·)/1.8
= 94.1 (fH) kN/m2 (O.42g)

qH = (145.2) (fH·)/1.8
= 80.7 (fH) kN/m2 (O.32g)

• Pile load applies as uniform surcharge over base of 1.8 m wide pile cap.
Vertical Surcharge = Fraction tv of Pile Vertical Loading
Horizontal SurCharge = Fraction fH of Pile Lateral Loading

Bridge Abutment Wall Design Example
Surcharge Load Calculation
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Pa =134.6 kN/m
~

"Critical Slip Surface from
'computer' solution

qy =11.7 kN/m2

qH =22.8 kN/m2

Wy =86.0 kN/m2

WH=OkN/m2

y=20kNlm3

c=O kNIm2

,=340

y

Figure 5.15 Cross-Section for
Determination of 'Active'
Face Loads for Nail Head
Load Detrmination
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and live load surcharge behind the bridge abutment are modeled as an equivalent vertical
surcharge, as shown on figure 5.15. For a friction angle of34 degrees, and the Group I
surcharge loadings discussed above, the active earth pressure load corresponding to a
horizontal, triangular earth pressure distribution is given by PA equal to 134.6 kN/m (ignoring
the cohesive component of soil strength in accordance with the discussion ofsection 2.4.5).
Values for other parameters are as follows:

SH = 1.50m
Sv = 1.25m
H = 5.25m
Fp = 0.50

Substituting the above values into equation 4.7, to determine the nail head service load:

tp = 2Fp PA SH Sv/H
tp = (2.0)(0.50)(134.6 kN/m)(1.50 m)(1.25m)/(5.25m)
tp = 48.1 kN < 65 kN

(OK - the estimated nail head service load does not exceed the allowable nail head load)

Step 4 - Define the Allowable Nail Load Support Diagrams

Develop the allowable nail load diagram for each nail by determining the allowable pullout
resistance, the allowable nail head load, and the allowable nail tendon tensile load.

Allowable Nail Head Load

Per step 2, the allowable nail head load is 65 kN (Load Group I) and 81 kN (Load Group IV).

Allowable Pullout Resistance (Ground-Grout Bond)

Q = <IQQu
Qu = 60.0 kN/m

Load Group I:
<IQ = 0.50 (table 4.5)
Q = (0.50)(60.0 kN/m) = 30.0 kN/m

Load Group IV:
<IQ = 0.63 (table 4.5)
Q = (0.63)(60.0 kN/m)= 37.8 kN/m

Allowable Nail Tendon Tensile Load
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Tmr AN Fy = (510 mm2)(0.42 kN/mm2
) = 214 kN (for No. 25 nail tendon)

Load Group I:
aN = 0.55 (table 4.5)
TN = (0.55)(214 kN) = 118 kN

Load Group IV:
aN = 0.69 (table 4.5)
TN = (0.69)(214 kN) = 148 kN

Step S - Select Trial Nail Spacing and Lengths

In accordance with section 4.7.1 and figure 4.11, the nail length distribution for static design
purposes (Load Group I) is as shown on figure 5.16. The maximum nail length has been
calculated iteratively to be 6.6 meters (see step 7, below). The trial nail length distribution is:

Nail No.
1
2
3
4

Length (m)
6.6
6.6
5.6
3.6

The above nail length distribution for Load Group I is obtained from figure 4.11, as follows:

• The dimensionless nail pullout resistance, Qo, is calculated:

Qo = ClQQu/(ySVSH) = (0.50)(60.0 kN/m)/[(20 kN/m3)(1.25 m)(1.50 m)]
= 0.8

• The dimensionless nail length is:

L/H = (6.6 m)/(5.25 m) = 1.26

• Qo 1 (L/H) = 0.8/1.26 = 0.63, giving an "R" factor of 0.37.

• Relative nail lengths are calculated from figure 4.11 for the nail head elevations shown on
figure 5.13 and an "R" value of 0.37.

The allowable nail load support diagrams are shown graphically on figure 5.16, prepared in
accordance with the procedure previously presented on figure 4.3.
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Wv

c= 5 kN/m2

cjI =340

(ref. Figure 4.14)

L= 6.6 m

- Critical Circular Slip
Surface (FS =1.50)

L= 5.6 m

L=3.6m

6.4m

I'"4 2.0m

5.25m 1.25m] .-----..;~_

Surcharge:

qV =33.4 kNlm2

qH =32.8 kNlm2

Wv =86.0 kNlm2

WH =OkNlm2

Notes:

All dimensions in meters
All allowable nail loads in kN

Horizontal nail spacing =1.5 m

o Nail number

Figure 5.16 Bridge Abutment Wall Design Example
Critical Cross-Section
Static Loading - Load Group 1 (SLD)
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Step 6 - Define the Ultimate Soil Strengths

l.TItimate Friction Angle, +u = 34.0°
l.TItimate Cohesion, Cu = 5.0 kN/m2

Step 7 - Calculate the Factor of Safety

For the trial design cross-section and nail pattern shown on figure 5.16, the above soil
strengths and allowable nail load diagrams, a calculated minimum global factor ofsafety of
1.50 (required factor ofsafety is 1.50 for Group I loading for this critical structure) is
obtained based on a computer solution. For conciseness of presentation of this design
example, the initially chosen trial design is in fact the design that meets the minimum
required factor of safety. In a real world production design, some design re-runs and
iterations would be required to arrive at an acceptable solution. For slip surfaces passing
through the toe ofthe wall, the critical slip surface is estimated to intersect the piles at a depth
ofabout 4 meters, giving an fv value of0.2 (vertical surcharge of33.4 kN/m2

) and an fH value
of1.15 (horizontal or lateral surcharge of32.8 kN/m1- see figures 5.14 and 5.16. The
computer solution critical slip surface is shown on figure 5.16. For this application, Group IV
loading is less critical than Group I loading. Figure 5.17 shows the allowable nail load
diagrams for Group IV loading for a nail pattern that provides a calculated minimum factor of
safety of 1.23 (required Group IV factor ofsafety is 1.20). As can be seen from a comparison
offigures 5.16 and 5.17, Load Group I requires longer nail lengths and is more critical in this
case.

Hand Calculation Check

The following provides an approximate method for performing a hand calculation check, if
required, for the Group I loading problem described on figure 5.16. The method is
approximate in that it is based on force balance only and more reliable results will
generally be obtained using methods that address both force and moment equilibrium. In
order to facilitate the hand calculation check, the critical circular slip surface may be
approximated by a bilinear wedge, as shown on figure 5.16. The forces on the 'active'
Block A and the 'resisting' Block B are illustrated on figure 5.18 for the bilinear wedge,
and are computed below:

Block A

Base Slope Angle, aA = 42.6°
Base Length, LA = 4.85 m
Block Weight, WA= (5.85 m2)(20.0 kN/m3

) = 117.0 kN/m
Vertical Surcharge, QvA = (0.8 m)(33.4 kN/m1 + (2.77 m)(86 kN/m2

)

= 264.9 kN/m
Horizontal Surcharge, QHA = (0.8 m)(32.8 kN/m1 = 26.2 kN/m
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Wv

c = 5 kN/m2
,=340

f) L=5.5 m

o L=5.5m

e L=4.6m

e L=2.7m

I_---=-;:::=--;::=-;=-"';=====-~/::z:::====--::;=====~WH

/~Critical Circular Slip
/ Surface (FS = 1.23)

/
/

/

Surcharge:

qv = 33.4 kN/m2

qH = 46.8 kN/m2

Wv = 86.0 kN/m2

WH=OkN/m2

Notes:

All dimensions in meters

All allowable nail loads in kN

Horizontal nail spacing = 1.5 m

o Nail number

Figure 5.17 Bridge Abutment Wall Design Example
Critical Cross-Section
Static Loading - Load Group IV (SLD)
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Nail Force, TA = [(61.5 kN)(l) + (92.4 kN)(2)]/(1.50 m)
= 102.6 kN/m

(n) Nail Number

BlockB

Base Slope Angle, aB = 33.3°
Base Length, LB = 3.59 m
Block Weight, WB = (13.94 m2)(20.0 kN/m3) = 278.8 kN/m
Vertical Surcharge, QVB = (1.0 m)(33.4 kN/m2) = 33.4 kN/m
Horizontal Surcharge, QHB = (1.0 m)(32.8 kN/m2) = 32.8 kN/m
Nail Force, TB = [(102.0 kN)(3) + (84.0 kN)(4)]/(1.5 m)

= 124.0 kN/m

Interstice

Nail Force, T = [(105.0 kN)(1) + (105.0 kN)(2)]/(1.5 m)
= 140.0 kN/m

Assume that the interstice soil force, I, is inclined at an angle 'J3' to the horizontal
(figure 5.18). The factor of safety F is then applied to the soil strengths, as indicated
below.

Equilibrium

Define cfl = tan-1[tan(cflu)/F].

Block A

Vertical

Horizontal

BlockB

Vertical

WB+ QVB + (TB+ T)sin(9) + (I)sin(J3) - cu(LB)sin(aB)/F - (RB)cos(aB - cfl) = 0
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Horizontal

(I)cos(P) - (TB+ T)cos(S) + Qm - CuCLB)COS(aB)/F + (Ra)sin(aB - ljI) = °
The above equations can be reduced to the following:

[1+tan(p)tan (aA-ljI)] [{-WB- Qw - (TB+ T)sin(S)+ cu(LB)sin(aB)/F}tan(aB-ljI)+ (TB+
T)cos(S) - QHB + cu(LB)cos(aB)/F] =[1+tan(p)tan (aB-ljI)] [{WA+ QvA + (TA- T)sin(S)­
cu(LA)sin(aA)/F}tan(aA-ljI)-(TA- T)cos(S) + QHA - cu(LA)cos(aA)/F]

The above equation can be solved iteratively for the factor of safety F (e.g., by use ofa
spreadsheet), if the interstice force angle P is assumed. For example, assuming J3 =0, the
calculated factor ofsafety F = 1.51, which is similar to the computer-generated solution.
The force polygon for the hand calculation is shown on figure 5.18.

The results of stability assessments during construction are shown on figure 5.19. Calculated
factors ofsafety for each stage of construction, following excavation ofeach tift and prior to
installation of the associated row ofnails, are shown together with the corresponding critical
slip surface in each case. As noted on figure 5.19, the "equivalent" surface surcharge
representing the load transmitted by the piles to the reinforced soil zone is modified as the
depth of the critical slip surface increases, in accordance with the information presented on
figure 5.14. The estimated "equivalent" surface surcharges representing the pile loads
transmitted to the soil are shown on figure 5.19, for each stage ofconstruction. These
estimated "equivalent" surcharges were determined by estimating the average depth at which
the critical slip surface intersected the piles in each case, and applying the appropriate
fractions of the total pile vertical and lateral loads, as determined from figure 5.14. Figure
5.19 indicates that prior to the installation of the first row of nails, the calculated factor of
safety is 0.81, which is well below the required value of 1.35 (table 4.5). However, as noted
previously, this initial lift condition has been evaluated in the field by design phase test pitting.
If extra precaution is considered desirable, the first row of nails can be installed in stages with
a limited length of open unsupported face at any time. In addition, the nails can be installed
through a protective stabilization berm (see Example Plans, appendix A).

It can also be seen that for this problem, while the stage 2 and stage 3 excavation conditions
satisfy the minimum construction phase factor of safety requirements, the stage 4 condition
(i.e., following the final cut but before installation of the final row ofnails) has a calculated
factor of safety of 1.30 which is less than the required value of 1.35. In general, this situation
could be addressed by a) limiting the length ofopen excavation in the final cut before nail
installation or b) increasing the nail lengths slightly (about 5 percent in this case) to achieve
the required factor of safety. In this case, however, as will be seen in the following discussion,
seismic loading conditions require that longer nails ofgreater capacity be used and the final
nail pattern will therefore satisfy the required construction phase factor of safety values.

217



Wy

Notes:
All dimensions in meters
All allowable nail loads in kN
Horizontal nail spacing =1.5 m
o Nail number

c= 5 kN/m2,= 34°

FS =0.81 (No Nalls)

Stage 1 (1.75)

Stage 3 (4.25)

Stage 2 (3.0)

Stage 4 (5.25)

Stage qv (kNlm2) qH (kNlm2) WV(kNlm2) WH (kNlm2)

1 86 0
2 8.4 (fy = .05)* 17.1(fH = 0.60) 86 0
3 13.4(fy = .08) 27.1 (fH = 0.95) 86 0
4 21.7(fy = .13) 32.8(fH = 1.15) 86 0

* See Figure 5.14

Figure 5.19 Bridge Abutment Wall Design Example
Construction Stability· Load Group I (SLD)
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Step 8 - External Stability Check of Nailed Block

Defer the external stability check ofthe nailed block until the final soil nail lengths are defined
for the seismic loading condition.

Step 9 - Check the Facing Upper Cantilever

The height of the upper cantilever from the top row ofnails to the top ofretained soil is
identical (0.75 meters) for both the temporary shotcrete and permanent CIP wall facings.
Therefore, the static loading is identical in the two cases. Because both the facing thickness
and steel content are increased in the permanent facing, the permanent facing is less critical by
inspection. Therefore, for the static loading condition, only the construction facing upper
cantilever needs to be evaluated.

For the method ofconstruction, the appropriate earth pressure coefficient for the upper
cantilever design is an active earth pressure coefficient. For a soil friction angle of34°, a soil­
to-waH interface friction angle of (2/3)(34°) = 22°, a vertical wall, and a soil profile behind the
waH as shown on figure 5.13, the active earth pressure load PA determined from a Coulomb­
type computer solution is 2.95 kN/m length ofwall. The load component normal to the wall
has a value of (2.95)cos(22°) =2.74 kN/m, applied at the lower third point of the cantilever.

Shear Check

As noted above, the one-way unit service shear force for the facing at the level ofthe
upper row of nails (conservative), is:

v. = 2.74 kN/m

Compute the nominal one-way unit shear strength ofthe facing based on equation 8-49 of
the Standard Specifications for Highway Bridges, 15th Edition [30]:

VNS = 0.166Vf c(MPa)(d)
VNS = 0.166"28 MFa (0.05 m) = 43.9 kN/m

From table 4.4, the facing shear strength factor, CXF, equals 0.67. Therefore, the allowable
one-way unit shear is computed to be:

v = CXFVNS = (0.67)(43.9 kN/m) = 29.4 kN/m

Since v < V, the design for shear is adequate. (OK)

Flexure Check

From moment equilibrium, compute the one-way unit service moment for the facing at the
level of the upper row of nails (conservative), as indicated on figure 4.13. Note that for
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moment detennination, the point ofapplication of the static force is taken as 0.33H above
the base ofthe cantilever:

rns = (0.33)(H)(v)
rns = (0.33)(0.75 m)(2.74 kN/m) = 0.678 kN-m1m

Compute the nominal unit moment resistance ofthe facing. Using the procedure
demonstrated in appendix F, the nominal unit moment resistance in the vertical direction
over the nail locations, mV,NEG, is computed to be 2.53 kN-m1m. From table 4.4, the
strength factor, aF, for facing flexure is 0.67. Therefore, the allowable one-way unit
moment for the upper cantilever is:

M = aF mV,NEG = (0.67)(2.53 kN-m1m) = 1.70 kN-m1m

Since ms < M, the design for flexure is adequate. (OK)

Step 10 - Check the Facing Reinforcement Details

Shotcrete Construction Facing

Check 1 - Waler Reinforcement

Two No. 13 horizontal waler bars, attached beneath the bearing plate, will be placed
continuously between nail heads in each nail row.

Check 2 - Minimum Reinforcement Ratios

The minimum reinforcement ratio requirements in the Standard Specifications for
Highway Bridges, 15th Edition [30] are waived for the temporary shotcrete
construction facing per the discussion presented in section 4.7.1.

Check 3 - Minimum Cover Requirements

For the temporary shotcrete construction facing, the reinforcement is placed at the
center ofthe facing (figure F.I).

Check 4 - Development and Splices ofReinforcement

Splicing ofNo. 13 Waler Bars

Per section 8.32 ofAASHTO [30], the splice length, Ls, for a Class C splice must
equal or exceed the greater of0.30 m or Lo = I.7LOB, where LOB is computed
from section 8.25:

LOB = 0.OI9(As (mm2))(Fy (MPa))/-Vfc (MPa)
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LOB = 0.019(129 mm2)(420 MPa)/~28.0 MPa = 195 mm
Lo = 1.7LoB = 1.7(195 mm) = 332 mm

Therefore, provide 350 mm ofsplice length.

Splicing ofMW 18.7 Mesh

Per section 8.30 ofAASHTO [30], the splice length between outermost crosswires
must equal or exceed the greater of (SWIRE + 50.0 mm), 1.5LoB, or 150 mm. LOB is
computed from AASHTO equation 8-68:

LOB = 3.25(AWIRE (mm2»(Fy (MPa»/«(SWIRE (mm)Nfc (MPa»)
LOB = 3.25(18.7 mm2)(420 MPa)/«152 mmN28.0 MPa)
LOB = 31.7mm
Lo = 1.5LoB = 1.5(31.7 mm) = 47.6 mm
SWIRE + 50.0 mm = 152 mm + 50.0 mm = 202 mm

Therefore, use a minimum of200-mm splices for the wire mesh.

Permanent Facing

Check 1 - Waler Reinforcement

There are no applicable requirements.

Check 2 - Minimum Reinforcement Ratios

Per section 8.20 of AASHTO [30], the minimum required amount ofshrinkage and
temperature reinforcement near exposed surfaces ofwalls and slabs is 265 mm2 per
lineal meter. The No. 13 bars on 300 mm centers provides (129 mm~/(0.3 m) =430
mm2 per meter, which is adequate.

Check 3 - Minimum Cover Requirements

Per section 8.22 ofAASHTO [30], the minimum cover on the front side ofthe facing
is specified at 50 mm. Based on the design illustrated on figure F.l, the cover to the
headed studs is as indicated below:

tc = 200 mm - tPL - LHS = 200 mm - 25 mm - 125 mm - 50 mm
50 mm ~ 50 mm (OK)

The minimum required cover between the permanent facing reinforcing steel and the
CIP concrete/temporary shotcrete interface is 38 mm. Based on figure F.I, this cover
is:

to = 100 mm - 12.7 mm =87.3 mm> 38 mm
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For corrosion protection purposes, there must also be a minimum 75 mm ofcover
between the facing steel and the soil. Based on figure F.l, the 100 mm thick
temporary shotcrete provides adequate cover for the permanent facing steel.

Check 4 - Development and Splices ofReinforcement

The permanent facing reinforcement consists entirely ofNo. 13 deformed bars.
Therefore, the development lengths and splice lengths are identical to those computed
for the temporary facing.

Step 11 - Serviceability Checks

Shotcrete Construction Facing

Because of the temporary nature of the wall, the serviceability requirements are waived for
the construction facing.

Permanent Facing

Upper Cantilever Serviceability Check - Reinforcement Distribution

Per section 8.16.8 ofAASHTO [30], the reinforcement must be distributed such that
the steel stress does not exceed that given by the following equation:

= 199MPa

z =
de =
AE =

AE =
AE =

0.6Fy

Fs =

130 k/in = 2.28 x 104 kN/m
0.05 m
(100 mm) (SH)/(ATOUuJALB)

(100 mm)(1500 mm)/«645 mm2)/(l29 mm2
))

0.03 m2

= 0.6(420 MPa) = 252 MPa
2.28 x 104 kN/m

«0.05 m)(0.03 m2))113

From step 9, the service moment is 0.678 kN-m/m. The corresponding service steel
stress is determined from straight-line theory ofreinforced concrete:

k = -V2pn + (pn)2 - pn
p = As/(bd)
n = EslEe
J = l-k/3
fs = Ills b/(Asjd)

Ee = 4734....}fc (MFa) = 4734....}28 MPa
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Be = 2.50 X 104 MPa
Es = (29,000,000 psi)(l MPa)/(145 psi) = 2.00 x 10' MPa

Substituting the correct values into the above expressions, the service steel stress is
computed to be:

n = (2.00 x 10' MPa)/(2.50 x 104 MPa) = 8.00
p = As/(bd) = (645 mm2)/«1500 mm)(100 mm)) = 0.0043
pn = (0.0043)(8.00)= 0.0344
k = V2(0.0344) + (0.0344)2 - 0.0344 = 0.230
j = 1 - 0.230/3= 0.923
fs = (0.678 kN-m1m)(1.50 m)/«645 mm~(0.923)(O.lO m))
fs = 17.1 MPa

Since fs ~ Fs, the steel distribution is adequate. (OK)

Overall Displacements of the Wall

Per section 2.4.6, the construction-induced vertical and horizontal permanent
displacements at the top of the wall can be expected to be on the order of0.2 percent
of the height of the wall, or about 10 to 15 mm, for the given site soil conditions
(medium dense to dense silty clayey sands). Displacements can be anticipated to
decrease back from the wall in general accordance with the recommendations given on
figure 2.7.

5.2.1.2 Seismic Loading Condition

In accordance with AASHTO [30], Service Load Group VII defines the seismic loading
condition. Because of the temporary nature of the shotcrete construction facing, only the
permanent facing is considered for the seismic loading condition.

Step 1 - Set Up Critical Design Cross-Section and Select a Trial Design

Step 1 is identical to that presented for the static loading condition.

Step 2 - Compute the Allowable Nail Head Loads

The nominal nail head strengths for all credible failure mechanisms are calculated using
equations 4.1 through 4.4 and the methodology demonstrated in appendix F. The allowable
nail head loads are computed from the nominal strengths in the following table for the
permanent eIP concrete facing:
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PERMANENT FACING

Nominal Nail Head Allowable Nail Head Load
Failure Strength TF
Mode TFN (Group VII)

(kN) (kN)

Facing Flexure 232 0.891(232) = 206
Facim~Punching Shear 222 0.891 (222) = 198
Headed-Stud Tensile 639 0.671(639) = 428

Fracture

1 Per section 3.22.2 ofAASHTO [30].
See Table 4.3 for Group VII loading.

Therefore, the allowable nail head 'load TF is computed to be 198 kN. That is, facing
punching shear of the permanent facing is the controlling mode offailure.

Step 3 - Minimum Allowable Nail Head Service Load Check

This check is not applied to extreme event loading combinations.

Step 4 - Define the Allowable Nail Load Support Diagrams

Develop the allowable nail load diagram for each nail, by determining the allowable pullout
resistance, the allowable nail head loads, and the allowable nail tendon tensile loads.

Allowable Nail Head Load

Per step 2, the allowable nail head load is 198 kN.

Allowable Pullout Resistance (Ground-Grout Bond)

Q = 1.33aqQu
aq = 0.50
Qu = 60.0 kN/m
Q = 0.67 (60.0 kN/m) (table 4.5)

= 40.2kN/m

Allowable Nail Tendon Tensile Load

TN = 1.33aNTNN

aN = 0.55
T~ ANFy = (819 mm2)(0.420 kN/mm2

) = 344 kN (for No. 32 nail tendon)
TN = 0.73(344 leN) (table 4.5) = 251 kN
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Step 5 - Select Trail Nail Lengths

In accordance with section 4.7.1 and figure 4.11, the nail length distribution for design
purposes is as shown on figure 5.20. The maximum nail length has been calculated iteratively
to be 8.5 meters (see below). The nail length distribution is:

Nail No.
1
2
3
4

Length (m)
8.5
8.5
7.2
4.7

The above nail length distribution is obtained from figure 4.11, as follows:

• The dimensionless nail pullout resistance, Qo, is calculated:

Qo = 1.33<XQQu/(ySVSH) = (0.67)(60.0 kN/m)/[(20 kN/m3)(1.25 m)(1.50 m)]
= 1.07

• The dimensionless nail length is:

LIH = (8.5 m)/(5.25 m) = 1.62

• Qo / (LIH) = 1.07/1.62 = 0.66, giving an "R" factor of0.37.

• Relative nail lengths are calculated from figure 4.11, for the nail head elevations shown on
figure 5.20 and an "R" value of0.37.

The allowable nail load support diagrams shown graphically on figure 5.20 were prepared in
accordance with the procedure previously presented on figure 4.3.

Step 6 - Define the Ultimate Soil Strengths

Ultimate Friction Angle, lJIu =34°
Ultimate Cohesion, Cu =5 kN/m2

Step 7 - Calculate the Seismic Factor of Safety

In accordance with Manual table 4.5 and section 3.22 of the Standard Specifications for Highway
Bridges, 15th Edition [30], the required minimum global soil factor ofsafety for seismic loading
for this critical structure is 1.50/1.33 = 1.13. For the design trial cross-secti(m and nail pattern
shown on figure 5.20, the above soil strengths and allowable nail load diagrams, a calculated
minimum factor of safety of 1.13 is obtained based on a computer solution for the following
seismic loading conditions:

225



104
6.4 m

Wy

? WH
/

/~ Critical Slip Surface
/ / (FS = 1.13)

OL=8.5m

c= 5 kNlm2
,=340

8L=8.5m

eL=7.2m

GL=4.7m

Surcharge:

qy = 25.1 kN/m2 (fy = 0.2)

* qH (0.42g) = 95.8 kN/m2 (fH = 1.15)

qH (0.32g) = 80.4 kN/m2 (fH = 1.15)

Wy = 74.0 kNlm2

*
WH (0.42g) = 31.1 kN/m2

WH (0.32g) = 23.7 kN/m2

Notes:
All dimensions in meters
All allowable nail loads in kN

Horizontal nail spacing = 1.5 m

o Nail number

* Slip surfaces for seismic co-efficient of 0.42g limited
to exit depth of 6.4 m (per figures 5.16 and 4.14)

Figure 5.20 Bridge Abutment Wall Design Example
Critical Cross-Section
Seismic Loading (SLD)
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• For slip surfaces exiting the reinforced slope within a horizontal distance of6A meters
from the top ofwall facing (determined from figure 5.16 in accordance with figure
4.14), the applied pseudo-static seismic coefficient for a 0040 g peak ground
acceleration was taken as:

A = (1.45 - ApK)ApK
A = (1.45 - 0.40)(0.40 g) = 0.42 g

• For more deep-seated slip surfaces, an applied pseudo-static seismic coefficient ofA =
(0.8)(0.40 g) = 0.32 g (i.e., 80 percent ofpeak ground acceleration) was chosen,
which is consistent with allowable overall displacements ofup to 15 mm for the
retaining wall system under design seismic loading (in accordance with Section 4.7.1,
Seismic Design, Item 3). The 15 mm permanent seismically-induced displacement for
the bridge abutment is indicated by the structural engineers as being tolerable.

For the seismic loading condition, the equivalent vertical and horizontal surcharge loads,
representative of the pile loads transmitted to the reinforced soil, are computed using the same
fv and fH factors used for the Group I loading condition i.e., fv value of0.2 and fH value of
1.15.

Limiting-equilibrium analysis for seismic loading corresponding to a peak ground acceleration
of0.40g has indicated that the nail tendon size should be increased from No. 25 (for static) to
No. 32 (for seismic), and the maximum nail lengths should be increased from 6.6 meters (for
static loading) to 8.5 meters (for seismic loading), i.e., about a 30 percent increase in length.
For this design example, seismic heading controls the design. '

Step 8 - External Stability Check of Nailed Block <Static and Seismic>

For the design nail length of 8.5 m determined in step 7, the static and seismic bearing
capacity checks are performed for the soil nail reinforced block ofground acting as a gravity
wall structure (figure 4.12). Pertinent parameters for the analysis include the following:

Soil Unit Weight, Y = 20.0 kN/m3

Ultimate Soil Friction Angle, ~u = 34°
Ultimate Soil Cohesion, Cu = 5.0 kN/m2

Ultimate Fill Friction Angle, ~u = 34°
Ultimate Fill Cohesion, Cu = 0 kN/m2

Seismic Coefficient, A= 0.2g (= 0.5ApK, per Section 4.7.1, Seismic Design, Item 4)

In accordance with section 6, Division I-A of the Standard Specifications for Highway
Bridges, 15th Edition [30], the lateral forces due to the active block behind the reinforced
soil are computed using the methods of Coulomb and Mononobe and Okabe (including the
cohesive component of soil strength). Figure 5.21 shows the static and seismic earth
pressure loads, inclined at an angle of 19.4 degrees above horizontal in accordance with
the recommendations offigure 4.12. These are computed to be:
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1.85

1.0

0.85

5.25

o

52.8

®

·~~·!----l
325.6

Notes:
All dimensions inemeters
All forces in kN

Load

Pe
PL

Pea
RD
RL
VL
VLL
1

2
3
4
5
8
7

8
9

~ia

Vertical
Forca(kN)

59.4

8.9

38.1

42.0

20.7

1.8

52.8

881

10.8

12.5

1.1

4.0

10.8

8.4

3.8

325.8

Horlzontlll
Movement Arm (m)

8.2

8.2

8.2

2.9

2.9

3.45

8.00

4.1

0.83

1.62

2.25

3.45

3.05

2.90

3.70

8.00

Horizontal
Forca (kN)

188.6

25.2

102.4

172.2

2.1

2.5

0.7

2.8

7.0

4.3

2.8

65.1

22

28

Vertical
Movement Arm (m)

2.98

4.48

5.37

2.62

5.53

5.67

5.92

8.02

8.42

5.50

7.35

7.10

7.10

7.10

Figure 5.21 Bridge Abutment Wall Design Example
Bearing Capacity
Stability Check (SLD)
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Static Active Earth Load, PE = 178.7 kN/m
Horizontal component = PE cos(19.4j = 168.6 kN/m
Vertical component = PE sin(19.4j = 59.4 kN/m

Live Earth Pressure Load, PL = 26.7 kN/m
Horizontal component = PL cos(19.4j = 25.2 kN/m
Vertical component = PL sin(19.4j = 8.9kN/m

Seismic Earth Load, PEQ = 108.6 kN/m
Horizontal component =" PEQ cos(19.4j = 102.4 kN/m
Vertical component = PEQ sin(19.4j = 36.1 kN/m

For moment equilibrium calculations, the assumed points ofapplication ofPB, PL and PBQ are
at the back ofthe reinforced block ofground at 0.33H, 0.5H and 0.6H above the base ofthe
soil block, respectively:

Point ofApplication OfPE = 0.33H = 0.33(8.95 m) = 2.98m

Point ofApplication ofPL = 0.5H = 0.50(8.95 m) = 4.48m "..
Point of Application ofPEQ = 0.6H = 0.60(8.95 m) = 5.37m

Static Loading <Load Group n

For Load Group I loading (table 4.3), forces and moments are computed below (see figure
5.21):

vertical Loads and Moments

Moment Moment About
Force Arm Point 0

Item (kN/m) (m) (kN-mlm)
PB(E)' 59.4 8.20 487.1
PL(L)' 8.9 8.20 73.0

Ro(O)l,b 42.0 2.90 121.8
Rt,(L)l,b 20.7 2.90 60.0
VL(L)l,b 1.8 3.45 6.2
VLL(L)' 52.8 6.00 316.8
1 (0)' 861.0 4.10 3530.1
2 (0)' 10.6 0.83 8.8
3 (0)' 12.5 1.62 20.3
4(O)l,b 1.1 2.25, 2.4
5(O)l,b 4.0 3.45 13.7
6(O)l,b 10.6 3.05 32.2
7(O)l,b 6.4 2.90 18.5
8(O)l,b 3.8 3.70 14.2
9(0)' 325.6 6.00 1953.6
Sum 1421.1 (N) N/A 6658.6
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Horizontal Loads and Moments

Moment Moment About
Force Arm Point 0

Item (kN/m) (m) (kN-mlm)
PE (E)' 168.6 2.98 -502.4
PLCLt 25.2 4.48 -112.9
Sum 193.8 (H) N/A -615.3

• Notations used in the Standard Specifications for Highway Bridges, 15th Edition [30].

b For the nail reinforced block shown on figure 5.21, it is estimated that 30% ofthe
pile head vertical load and 100% ofthe pile head lateral load are transferred to the
soil by pile-soil interaction (see figure 5.14 for a depth ofintersection of the piles by
the base of the reinforced block of5.25.m)

Stability Criteria

Referring to figure 4.12, the maximum applied bearing pressure and the location ofthe
resultant force are checked as follows:

N = 1421.1 kN
Xo = (6658.6 kN-mlm - 615.3 kN-mlm)/(1421.1 kN/m) = 4.25 m
Since 2Xo > B
qMAX = N/(B) = (1421.1 kN/ry)/(8.20 m)] = 173 kN/m2

In accordance with equation 4.4.7.1.1-1, section 4, division I ofthe Standard
Specifications for Highway Bridges, 15th Edition [30], the ultimate bearing capacity is
given by:

qULT = cuNcScic+ 0.5yB'NySyiy

The effective width, B' = B (see above) = 8.20 m. The factors "s" and "i" account for
the shape of the loaded area and the inclination of the applied loading, respectively, per
AASHTO [30]. The factors Ncand Ny are the conventional bearing capacity factors.
The ultimate bearing capacity is computed to be:

qULT =(5.0 kN/m2)(42.0)(1.19)(O.77)+ 0.5(20.0 kN/m3)(8.20 m)(41.0)(O.89)(O.68)
qULT = 2,227 kN/m2
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For a required factor of safety of2.5 (see section 4.7.1, step 8), the allowable bearing
pressure is:

qALL = (qULT)IFS
qALL = (2,227 kN/m2)/2.5 = 891 kN/m2

Since qMAX < qALL, the bearing capacity is adequate. (OK)

As noted above, the eccentricity ofthe vertical resultant force is negative so the
eccentricity check is satisfied.

Static Loading (Load Group IV>

For Load Group IV loading (table 4.3), forces and moments are computed below (see
figure 5.21):

Vertical Loads and Moments

Moment Moment About
Force Arm Point 0

Item (kN/m) (m) (kN-m/m)
PE(Et 59.4 8.20 487.1
PL(L)I 8.9 8.20 73.0

Ro(Dt b 42.0 2.90 121.8
RL(Lt,b 20.7 2.90 60.0
VL(Lt,b 1.8 3.45 6.2
VLL(L)I 52.8 6.00 316.8
1 (DY 861.0 4.10 3530.1
2(Dt 10.6 0.83 8.8
3 (Dt 12.5 1.62 20.3
4(Dt b 1.1 2.25 2.4
5(Dt,b 4.0 3.45 13.7
6(Dt,b 10.6 3.05 32.2
7(D)l,b 6.4 2.90 18.5
8(D)I.b 3.8 3.70 14.2
9(D)1 325.6 6.00 1953.6
Sum 1421.1 (N) N/A 6658.6
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Horizontal Loads and Moments

Moment Moment About
Force Arm Point 0

Item (kN/m) (m) (kN-m1m)

PB(Et 168.6 2.98 -502.4
PL(Lt 25.2 4.48 -112.9

HTs(RSna, b 22.0 7.10 -156.2
Sum 215.8 (H) N/A -771.5

• Notations used in the Standard Specifications for Highway Bridges, 15th Edition [30].
b For the nail reinforced block shown on figure 5.21, it is estimated that 30% ofthe

pile head vertical load and 100% ofthe pile head lateral load are transferred to the
soil by pile-soil interaction (see figure 5.14 for a depth of intersection ofthe piles by
the base ofthe reinforced block of 5.25.m)

Stability Criteria

Referring to figure 4.12, the maximum applied bearing pressure and the location ofthe
resultant force are checked as follows:

N = 1421.1 kN
Xo = (6658.6 kN-m1m -771.5 kN-m1m)/(1421.1 kN/m) = 4.14 m
Since2Xo >B
qMAX = N/(B) = (1421.1 kN/m)/(8.20 m)] = 173 kN/m2

In accordance with equation 4.4.7.1.1-1, section 4, division I of the Standard
Specifications for Highway Bridges, 15th Edition [30], the ultimate bearing capacity is
given by:

The effective width, B' = B (see above) = 8.20 m. The factors "s" and "i" account for
the shape ofthe loaded area and the inclination of the applied loading, respectively, per
AASHTO [30]. The factors Nc and Ny are the conventional bearing capacity factors.
The ultimate bearing capacity is computed to be:

qULT = (5.0 kN/m2)(42.0)(1.19)(0.75)+ 0.5(20.0 kN/m3)(8.20 m)(41.0)(0.89)(0.65)
qULT = 2,132 kN/m2

For a required factor of safety of2.0 (see section 4.7.1, step 8), the allowable bearing
pressure is:

qALL = (qULT)IFS
qALL = (2,132 kN/m2)/2.0= 1,066 kN/m2
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Since qMAX < qALL, the bearing capacity is adequate. (OK)

As noted above, the eccentricity of the vertical resultant force is negative so the
eccentricity check is satisfied.

Seismic Loading

For the seismic loading condition, Load Group VII (table 4.3) is ofinterest. The forces
and moments are computed below (figure 5.21):

Vertical Loads and Moments

Moment Moment About
Force Arm Point 0

Item (leN/m) (m) (1eN-m/m)

PE(Et 59.4 8.20 487.1
PEQ(EQt 36.1 8.20 295.8
Ro(Dt,b 42.0 2.90 121.8

1 (Dt 861.0 4.10 3530.1
2(Dt 10.6 0.83 8.8
3 (Dt 12.5 1.62 20.3
4(Dt'b 1.1 2.25 2.4
5(Dt,b 4.0 3.45 13.7
6(D)'·b 10.6 3.05 32.2
7(Dt,b 6.4 2.90 18.5
8(Dt,b 3.8 3.70 14.2
9(Dt 325.6 6.00 1953.6
Sum 1373.0 (N) N/A 6498.4
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Horizontal Loads and Moments

Moment Moment About
Force Arm Point 0

Item (kN/m) (m) (kN-mlm)

PB(Et 168.6 2.98 -502.4
PB%(EQt 102.4 5.37 -550.1

Hl (EQ)I.b 28.0 7.10 -198.8
1 (EQ)I 172.2 2.62 -451.2
2(EQt 2.1 5.53 -11.7
3 (EQt 2.5 5.67 -14.2

4 (EQ)"b 0.7 5.92 -4.1
5 (EQ)a,b 2.6 8.02 -21.2
6 (EQ)a,b 7.0 6.42 -45.2
7 (EQ)a,b 4.3 5.50 -23.4
8 (EQ)a,b 2.6 7.35 -18.8
9 (EQ)I 65.1 7.10 -462.2

Sum 558.2 (H) N/A -2303.3

I Notations used in the Standard Specifications for Highway Bridges, 15th Edition [30].
bFor the nail reinforced block shown on figure 5.21, it is estimated that 30% ofthe

pile head vertical load and 100% ofthe pile head lateral load are transferred to the
soil by pile-soil interaction (see figure 5.14 for a depth of intersection ofthe piles by
the base of the reinforced block of5.25.m)

Stability Criteria

Referring to figure 4.12, the maximum bearing pressure and the location of the
resultant force are checked as follows:

N =
Xo =
qMAX =

1373.0 kN
(6498.4 kN-mlm - 2303.3 kN-mlm)/(1373.0 kN/m) = 3.06 m
N/(2Xo) = (1373.0 kN/m)/[2(3.06 m)] = 224 kN/m2

In accordance with equation 4.4.7.1.1-1, section 4, division I ofthe Standard
Specifications for Highway Bridges, 15th Edition [30], the ultimate bearing capacity is
given by:

The effective width, B' =B - 2(e) =2Xo (see above) =2(3.06 m) =6.12 m to account
for eccentric loading. The factors "s" and "i" account for the shape ofthe loaded area
and the inclination of the applied loading, respectively, per AASHTO [30]. The
factors Nc and Ny are the conventional bearing capacity factors. The ultimate bearing
capacity is computed to be:
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qULT = (5.0 kN/m2)(42.0)(1.14)(0.38)+ 0.5(20.0 kN/m3)(6.12 m)(41.0)(0.92)(0.24)
qULT = 645 kN/m2

For a required seismic factor ofsafety of 1.9 (see section 4.7.1, step 8), the allowable
bearing pressure is:

qALL = (qULT)/FS
qALL = (645 kN/mi/1.9 = 339 kN/m2

Since qMAX < qALL, the bearing capacity is adequate. (OK)

Check that the location ofthe resultant is within the middle third ofthe block of
reinforced soil:

e = B/2 - 'Co
B/6 = (8.20 m)/6

= (8.20 m)/2 - 3.06 m
= 1.37 m

= 1.04 m

Since e < B/6, the resultant is within the middle third. (OK)

Overall Stability

For the uniform nail length pattern selected (see figure 5.22), the deep ground water
table, and the overall geometry of the slope, deep seated failure surfaces passing
beneath the toe ofthe wall will not be critical.

Step 9 - Check the Upper Cantilever

In accordance with section 6 Commentary, division I-A of the Standard Specifications for
Highway Bridges, 15th Edition [30], equation C6-4, the approach developed by Mononobe
and Okabe for a free-standing retaining structure is used to develop the active seismic loading
on the upper cantilever. For a soil friction angle of 34°, a soil-to-wall interface friction angle
of (2/3)34° = 22°, a vertical wall, a soil profile behind the wall as shown on figure 5.13, and a
horizontal pseudo-static seismic coefficient ofO.32g (i.e. 0.8ApK), the combined static and
dynamic active earth pressure load PAE determined from a Mononobe-Okabe type computer
solution is 9.14 kN/m length ofwall. This can be considered to consist ofa static earth
pressure load of2.95 kN/m (see step 9 for the static loading condition) and a dynamic earth
pressure load of6.19 kN/m. The load components normal to the wall are (2.95)cos(22j =
2.74 kN/m (static) and (6. 19)cos(22°) =5.74 kN/m (dynamic).
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Shear Check

From force equilibrium, compute the one-way unit service shear force at the level ofthe
upper row ofnails (conservative), as indicated on figure 4.13:

v = VSTATIC + VDYNAMIC
V = (2.74 + 5.74) kN/m2 = 8.48 kN/m

Compute the nominal one-way unit shear strength ofthe facing based on equation 8-49 of
AASHTO [30]:

VNS = 0.166Vf c(MPa)(d)
VNS = 0.166V28 MPa (0.1 m) = 87.8 kN/m

From table 4.4, the facing shear strength factor equals 0.89. Therefore, the allowable one­
way unit shear is computed to be:

v = (0.89)(87.8 kN/m)= 78.1 kN/m

Since v < V, the design for shear is adequate. (OK)

Flexure Check

From moment equilibrium, compute the one-way unit service moment at the level ofthe
upper row ofnails (conservative) as indicated on figure 4.13. Note that for moment
determination, the point ofapplication ofthe static force is taken as 0.33H above the base
ofthe cantilever. The dynamic force is assumed to occur at 0.6H above the base ofthe
cantilever:

mS = [(0.33)(VSTATIc) + (0.6)(voYNAMIc)](H)
ms = [(0.33)(2.74 kN/m) + (0.6)(5.74 kN/m)](0.75 m)
ms = 3.26 kN-mlm

Compute the nominal unit moment resistance ofthe facing. Using the procedure
demonstrated in appendix F, the nominal unit moment resistance in the vertical direction
over the nail locations, mV,NEG , is computed to be 17.4 kN-mlm. From table 4.4, the
(seismic loading) strength factor for facing flexure is 0.89. Therefore, the allowable one­
way unit moment for the upper cantilever is:

M = (0.89) mV,NEG = (0.89)(17.4 kN-mlm) = 15.5 kN-mlm

Since ms < M, the design for flexure is adequate. (OK)
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Step 10 - Check the Facing Reinforcement Details

The facing reinforcement details, being independent oftype ofloading, have been previously
considered for the static loading condition and need not be repeated for the seismic loading
condition.

Step 11 - Serviceability Checks

The serviceability checks are not applicable to seismic loading conditions because ofthe
extreme nature ofthe limit state.

Design Section

Based on the above analyses, the final design cross-section is shown on figure 5.22. It should
be noted that, to simplifY construction, the chosen final plan nail lengths are different to the
nail length distributions used in the analyses. The upper three rows ofnails are ofuniform
length equal the maximum nail length indicated by the above analyses (i.e., 8.5 m). Overall
stability analysis has confirmed that the bottom row of nails can be installed with shorter
lengths in the range of 5.0 meters.

5.2.2 Load and Resistance Factor Design (LRFD)

5.2.2.1 Static Loading Condition

In accordance with the AASHTO LRFD Bridge Design Specifications, lit Edition [29], the
Strength I and IV Limit States (table 4.6) defines the static loading condition for this problem.

Step 1 - Set Up Critical Design Cross-Section and Select a Trial Design

It is required to replace a bridge abutment end slope with a vertical soil nail wall in order to
add an additional traffic lane and shoulder. The bridge abutment is pile-supported by two
rows of400 mm diameter 15 m long friction piles, at spacings of 1.5 meters along the length
ofthe footing (see figure 5.23). The vertical wall will be located 2 meters in front ofthe pile
cap, resulting in a wall height above road grade of4.65 meters. Removal ofthe 1.5H:1Vend
slope will therefore provide an additional 7 meters ofroadway width and this is sufficient for
the additional traffic lane and shoulder. The seismic design condition corresponds to a peak
ground acceleration of0.40 g.

The native soils at the site consist ofa silty clayey sand that exploration test pitting
demonstrated will stand in 2.5 meter high unsupported cuts for a minimum ofseveral days.
The site investigation has confirmed that the ground water table is located well below the base
ofthe wall. The approach fill material behind the abutment backwall is a select granular
material. Average in-situ densities are 20.0 kN/m3

, and the soil strength parameters are
estimated at a friction angle of34.0 degrees and a cohesion of 5.0 kN/m2 for the native soils,
and a friction angle of34 degrees for the overlying approach fill. It is estimated that an

238



ultimate pullout resistance on the order of60.0 kN/m should be achievable with drillhole
diameters on the order of200 mm, within the native soils. This estimated pullout resistance
will have to be demonstrated for the contractor's proposed installation method during the
initial stages ofthe wall construction.

Because the soil nail wall will comprise part ofa bridge abutment and is a critical structure,
encapsulated nails will be used for corrosion protection. Based on experience in these types
ofmaterials, anticipated wall displacements associated with wall construction are in the range
of 10-15 nun (see step 11), and these displacements have been determined to be acceptable.

The wall will have a maximum height of5.25 meters (from ground surface immediately behind
the wall to the base ofthe wall), with a vertical face. The critical design cross section is
shown on figure 5.23 and will have the center ofthe pile cap located 2.9 meters behind the
facing and the base ofthe pile cap at a depth of3.7 meters below the ground surface. The
trial vertical nail spacing will be at 1.25 meters as shown on figure 5.23, with a horizontal nail
spacing of 1.5 meters to conform to the pile spacing, and the nails will be installed at 15.0
degrees below horizontal for constructability reasons.

It is anticipated that No. 25 or No. 29 minimum Grade 420 bars (Soft Metric designation - see
table F.2), approximately 7 to 8 meters long, will be required for support ofthe bridge
abutment wall. Based on local practice and material availability, the trial design will assume a
"standard" temporary shotcrete construction facing (28-day compressive strength of28 Mpa)
will have a nominal thickness of 100 mm, and will be reinforced with a single layer of 152 x
152 MW18.7 x MW18.7 (6 x 6-W2.9 x W2.9) welded-wire mesh, and two No. 13 Grade 420
continuous horizontal waler bars along each row ofnails.

The nails will be connected to the construction facing by a 225 nun square, 25 nun thick
bearing plate. The nails will be installed in vertical columns on 1.5 meter centers, to conform
to the layout ofthe piles. The permanent facing will be a cast-in-place (CIP) concrete wall
(28-day compressive strength of28 MPa), 200 nun thick, reinforced with No. 13 Grade 420
deformed bars on 300 nun centers vertically and horizontally, and connected to the nail heads
with a headed-stud connection system. Seismic loading will be evaluated only for the
permanent facing.

Step 2 - Compute the Design Nail Head Strengths

The nominal nail head strengths for all credible failure mechanisms are calculated using
equations 4.1 through 4.4 and the methodology demonstrated in appendix F. The nominal
strengths are shown below and differ from the values calculated for the cutslope design
example because ofa) the absence ofvertical bearing bars in the shotcrete construction facing
and b) the reduced vertical nail spacing for the bridge abutment wall versus the cutslope wall.
The design nail head strengths for Strength Limit States are computed from the nominal
strengths as indicated in the tables below for both the temporary shotcrete construction facing
and the permanent CIP concrete facing.
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SHOTCRETE CONSTRUCTION FACING

Nominal Nail Head Design Nail Head
Failure Strength Strength
Mode TFN TF

(kN) (kN)

Facin~Flexure 97 0.901(97)= 87
Facing Punching Shear 210 0.901(210) = 188

PERMANENT FACING

Nominal Nail Head Design Nail Head
Failure Strength Strength
Mode TFN TF

(kN) (leN)

Facing Flexure 232 0.901(232) =209
Facing Punching Shear 222 0.901(222) =200
Headed-Stud Tensile 639 0.671(639) =428

Fracture

1 See Table 4.7.

Therefore, the design nail head strength TF is computed to be 87 kN. That is, facing flexure of
the temporary facing is the controlling mode of failure.

Step 3 - Minimum Design Nail Head Strength Check

Since the design problem has a somewhat complex surcharge loading distribution, the
estimated nail head service load will be calculated from equation 4.7, with the active earth
pressure load PA determined from a Coulomb-type computer solution i.e., identify the critical
active slip surface that results in the highest calculated earth pressure loading. Figure 5.14
shows the design dead and live loadings on the pile-supported bridge abutment, with the
unfactored pile loadings corresponding to 301 kN/m vertically and 51.3 kN/m laterally.
Because of the twin pile configuration, the pile head is assumed to have rotational fixity. The
pile loadings are transmitted to the soil through pile-soil interaction. Vertical (theoretical t-z
curves taken from Vijayvergiya [41] and using the method of Coyle and Reese [42]) and
lateral (computer program LPILE [43]) soil-pile interaction analyses established that the
proportions of the vertical and horizontal pile head loads transmitted to the nailed soil are a
function ofthe depth at which potential slip surfaces intersect the piles. These proportions are
shown plotted on figure 5.14. The pile loads were simulated by applying equivalent vertical
and horizontal surcharges at the base ofthe pile cap, as shown on Figure 5.15 (calculated on
figure 5.14). The equivalent vertical and horizontal surcharge loadings to be applied at the
base of the pile cap are given on figure 5.14 in terms ofthe fractions of the applied pile loads
(fv vertical and fH horizontal) transmitted to the soil. The pile load fractions are a function of
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the depth at which the critical slip surface intersects the piles (as shown on figure 5.14), and
this depth must be estimated. For evaluation of the active earth pressure load (figure 5.15),
the depth at which the critical slip surface intersects the piles is on the order of2 meters,
giving an fv value of0.07 (i.e., a vertical surcharge pressure of 11.7 kN/m2

) and a kHvalue of
0.8 (i.e., a horizontal surcharge pressure of22.8 kN/m2

). For simplicity, the retained earth
and live load surcharge behind the bridge abutment are modeled as an equivalent vertical
surcharge, as shown on figure 5.15. For a friction angle of34 degrees, and the Group I
surcharge loadings discussed above, the active earth pressure load corresponding to a
horizontal, triangular earth pressure distribution is given by PA equal to 134.6 kN/m (ignoring
the cohesive component of soil strength in accordance with the discussion ofsection 2.4.5).
Values for other parameters are as follows:

SH = 1.50 m
Sv = 1.25 m
H = 5.25 m
FF = 0.50

Substituting the above values into equation 4.7, to determine the nail head service load:

tF = 2FF PA SH Sv/H
tF = (2.0)(0.50)(134.6 kN/m)(1.5 m)(1.25 m)/(5.25 m)
tF = 48.1 kN

The factored nail head service load is computed using the load factor from table 4.6 (equal to
1.5 for active earth pressure), and is checked against the design nail head strength as indicated
below:

rEH(tF) = 1.5(48.1 kN) = 72.2 kN < 87 kN

(OK - the design nail head strength exceeds the estimated factored nail head service load)

Step 4 - Define the Design Nail Strength Diagrams

Develop the design nail strength diagram for each nail by determining the design pullout
resistance, the design nail head strength and the design nail tendon tensile strength.

Design Nail Head Strength

Per step 2, the design nail head strength is 87 kN.

Design Pullout Resistance (Ground-Grout Bond)

Q = cI>QQu
cI>Q = 0.70 (table 4.8)
Qu = 60.0 kN/m
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Q = (0.70)(60.0 kN/m)= 42.0 kN/m

Design Nail Tendon Tensile Strength

TN =
C1>N =
TNN =
TN =

C1>N TNN
0.90 (table 4.8)
ANFy = (510 mm2)(0,420 kN/mm2

) = 214 kN
(0.90)(214 kN) = 193 kN

Step 5 - Select Trial Nail Spacings and Lengths

In accordance with section 4.7.2 and figure 4.11, the nail length distribution for design
purposes (Strength Limit State I) is as shown on figure 5.24. The maximum nail length has
been calculated iteratively to be 6.9 meters (see step 7 below). The trial nail length
distribution is:

Nail No.
1
2
3
4

Length (m)
6.9
6.9
5.9
3.8

The above nail length distribution for Strength Limit State I is obtained from figure 4.11, as
follows:

• The dimensionless nail pullout resistance, Qo, is calculated:

Qo = <I>QQu/(rWySVSH) = (0.70)(60.0 kN/m)/[(1.35)(20 kN/m3)(1.25 m)(1.50 m)]
= 0.83

• The dimensionless nail length is:

L/H = (6.9 m)/(5.25 m)
= 1.31

• Qo 1 (LIH) =0.83/1.31 =0.63, giving an uR" factor of0.38.

• Relative nail lengths are calculated from figure 4.11 for the nail head elevations shown on
figure 5.23 and an uR" value of0.38.

The design nail strength diagrams are shown graphically on figure 5.24, prepared in accordance
with the procedure previously presented on figure 4.3.
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(ref. Figure 4.14)

Critical Slip Surface
(RIL= 1.01)

Wv

c=5 kN/m2
,=340o L=6.9m

e L=5.9m

L=3.8 m

6.66m
,
.
... 2.0m

5.25m 1.25m]1,----.

Factored Surcharge:

qv =46.0 kN/m2

qH =58.2 kNlm2

Wv =120.9 kN/m2

WH=O kNlm2

Notes:
All dimensions in meters
All allowable nail loads in kN
Horizontal nail spacing =1.5 m

o Nail number

Figure 5.24 Bridge Abutment Wall Design Example
Critical Cross-Section
Static Loading - Strength Limit State I (LRFD)
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Step 6 - Define the Design Soil Strengths

Ultimate Friction Angle, cjlu
Ultimate Cohesion, eu

= 34.0°
= 5.0kN/m2

From table 4.8, the soil resistance factors for this critical structure are as follows:

<1>. = 0.65
<l>c = 0.90

Design Friction Angle, cjl =tan-1(<I>.tan(cjlu)) = tan"1(0.65[tan(34.0j]) = 23.T
Design Cohesion, c = <l>ccu = 0.90(5.0 kN/m2

) = 4.5 kN/m2

Step 7 - Calculate the Resistance/Load Ratio

For the trial design cross-section and nail pattern shown on figure 5.24, the above design soil
strengths and design nail strength diagrams, the factored surcharge and soil selfweight loads,
a calculated minimum resistancelload (R/L) ratio (equivalent to a factor of safety using
factored loads and design soil and nail strengths) of 1.01 is obtained, based on a computer
solution (i.e., factored resistances equal or exceed factored loads). For conciseness of
presentation of this design example, the initially chosen trial design is in fact the design
that meets the minimum required resistancelload ratio of 1.0. In a real world
production design, some design re-runs and iterations would be required to arrive at an
acceptable design. For slip surfaces passing through the toe ofthe wall, the critical slip
surface is conservatively estimated to intersect the piles at a depth ofabout 4 meters, giving an
fv value of0.2 (factored vertical surcharge of46.0 kN/m2

) and an fH value of 1.15 (factored
horizontal or lateral surcharge of 58.2 kN/m2

) - see figures 5.14 and 5.24. The computer
solution critical slip surface is shown on figure 5.24. For this application, Strength Limit State
IV loading is less critical than Strength Limit State I loading. Figure 5.25 shows the design
nail strength diagrams for Strength Limit State IV loading for a nail pattern that provides a
calculated minimum resistancelload (R/L) ratio of 1.00. As can be seen from a comparison of
figures 5.24 and 5.25, Strength Limit State I requires longer nail lengths and is more critical in
this case.

Hand Calculation Check

The following provides an approximate method for performing a hand calculation check, if
required, for the Strength Limit State I loading problem described on figure 5.24. The
method is approximate in that it is based on force balance only and more reliable results
will generally be obtained using methods that address both force and moment equilibrium.
In order to facilitate the hand calculation check, the critical circular slip surface may be
approximated by a bilinear wedge, as shown on figure 5.24. The forces on the 'active'
Block A and the 'resisting' Block B are illustrated on figure 5.26 for the bilinear wedge
and are computed below:
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/ ~ Critical Circular Slip
/ Surface (RIL = 1.00)

/
/

/

o L=3.5m

Factored Surcharge:

qV =37.7 kN/m2

qH =44.1 kNlm2

Wv = 99.9 kN/m2

WH=O kN/m2

Notes:

All dimensions in meters

All allowable nail loads in kN

Horizontal nail spacing = 1.5 m

o Nail number

Figure 5.25 Bridge Abutment Wall Design Example
Critical Cross-Section
Static Loading - Strength Limit State IV (LRFD)
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Block A

Base Slope Angle, aA = 42.6°
Base Length, LA = 4.85 m
Block Weight, WA = (5.85 m2)(20.0 kN/m3) = 117.0 kN/m
Soil Weight Load Factor, f w =1.35 (table 4.6)
Factored Soil Block Weight, fWWA= 1.35(117.0 kN/m) = 158.0 kN/m
Factored Vertical Surcharge fQQvA = (0.8m) (46.0 kN/m2) + (2.77m) (120.9 kN/m2)

= 371.7 kN/m
Factored Horizontal Surcharge f QQHA= (0.8m) (58.2 kN/m2) + (2.77m) (0 kN/m2)

=46.6 kN/m
Design Nail Force, TA = [(99.0 kN)(1) + (144.0 kN)(2)]/(1.50 m)

= 162.0 kN/m
(n) Nail Number

BlockB

Base Slope Angle, aa = 33.3°
Base Length, La = 3.59 m
Block Weight, Wa = (13.94 m2)(20.0 kN/m3) = 278.8 kN/m
Soil Weight Load Factor, f w =1.35 (table 4.6)
Factored Soil Block Weight, f wWa = 1.35(278.8 kN/m) = 376.4 kN/m
Factored Vertical Surcharge fQQVB= (LOrn) (46.0 kN/m2) = 46.0 kN/m
Factored Horizontal Surcharge fQQHB = (LOrn) (58.2 kN/m2) = 58.2 kN/m
Design Nail Force, Ta = [(155.0 kN)(3) + (121.0 kN)(4)]/(1.5 m)

= 184.0 kN/m

Interslice

Design Nail Force, T = [(160.0 kN)(l) + (160.0 kN)(2)]/(1.5 m)
= 213.3 kN/m

Assume that the interslice soil force, I, is inclined at an angle 'P' to the horizontal
(figure 5.26). The resistancelload ratio (R/L) is then applied to the design soil
strengths, as indicated below.

Equilibrium
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Block A

Vertical

r wWA+ r QQVA + (TA-T)sin(S)-(I)sin(f3)-(<1>c)(cu)(LA)sin(cxA)/(R/L)-(RA) COS(CXA­
<1»=0

Horizontal

BlockB

Vertical

r wWB+ r QQVB +(TB+T)sin(S)+(I)sin(f3)-(<1>c)(cu)(LB)sin(cxB)/(R/L)-(RB) COS(CXB­
<1»=0

Horizontal

(I)cos(f3)-(TB+T)cos(S)-(<1>c)(CU)(LB)COS(cxB)/(R/L)+(RB)sin(CXB-<I» + r QQHB =0

The previous equations can be reduced to the following:

[1+tan(f3)tan (CXA-<I»] [{-rWWB- rQQVB - (TB+ T)sin(S)+ <1>c
cu(LB)sin(cxB)/(R/L)}tan(cxB-<I»+ (TB+ T)cos(S)+ <1>c CU(LB)COS(CXB)/(R/L) - rQQHB] =
[1+tan(f3)tan (CXB-<I»] [{rwWA+ r QQVA + (TA- T)sin(S)- <1>c cu(LA)sin(cxA)/(R/L)}tan(cxA­
<I>)-(TA- T)cos(S)- <1>c CU(LA)COS(cxA)/(R/L) + r QQHA]

The above equation can be solved iteratively for resistance/load ratio (R/L) (e.g., by use of
a spreadsheet), if the interslice force angle f3 is assumed. For example, assuming f3 =0,
the calculated resistance/load ratio (R/L) = 1.00, which is similar to the computer­
generated solution. The force polygon for the hand calculation is shown on figure 5.26.

The results of stability assessments during construction are shown on figure 5.27. Calculated
resistance/load ratios for each stage ofconstruction, following excavation ofeach lift and
prior to installation of the associated row of nails, are shown together with the corresponding
critical slip surface in each case. As noted on figure 5.27, the "equivalent" surface surcharge
representing the load transmitted by the piles to the reinforced soil zone is modified as the
depth of the critical slip surface increases, in accordance with the information presented on
figure 5.)4. The estimated "equivalent" surface surcharges representing the pile loads
transmitted to the soil are shown on figure 5.27, for each stage ofconstruction. These
estimated "equivalent" surcharges were determined by estimating the average depth at which
the critical slip surface intersected the piles in each case, and applying the appropriate
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Notes:

All dimensions in meters

All allowable nail loads in kN

Horizontal nail spacing = 1.5 m

o Nail number

Wy

c= 5kNlm2
ell =34°

~ 0 ~.:~~7JSeeTabl.4.8
R/L = 0.98 (Nails 1-3)

o

- -- "/0 7' / ..
\,......--.. qH / ~=1.10(NailS1-2)

~~X
./ // AIL = 1.31 (Nail 1)

AIL = 0.60 (No Nails)

Stage 4 (5.25) ./

Stage

1

2

3
4

11.5 (fy = 0.05)* 30.4(fH = 0.60)

18.4(fy = 0.08) 48.1 (fH = 0.95)

29.9(fy =0.13) 58.2(fH = 1.15)

Wv (kNlm2) WH (kNlm2)

120.9 0

120.9 0

120.9 0

120.9 0

* See Figure 5.14

Figure 5.27 Bridge Abutment Wall Design Example
Construction Stability· Strength Limit State I (LRFD)
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fractions ofthe total pile vertical and lateral loads, as determined from figure 5.14. Figure
5.27 indicates that prior to the installation of the first row ofnails, the calculated
resistance/load ratio is 0.60, which indicates that for the specified load factors oftable 4.6 and
the resistance factors of tables 4.7 and 4.8, the factored resistances are less than the factored
loads. However, as noted previously, this initial lift condition has been evaluated in the field
by design phase test pitting. If extra precaution is considered desirable, the first row ofnails
can be installed in stages with a limited length ofopen unsupported face at any time. In
addition, the nails can be installed through a protective stabilization berm (see Example Plans,
appendix A).

It can also be seen that for this problem, while the stage 2 and stage 3 excavation conditions
satisfy the minimum construction phase resistance/load ratio requirements, the stage 4
condition (i.e., following the final cut but before installation of the final row ofnails) has a
calculated resistance/load ratio of0.98 which is slightly less than the required value of 1.00. In
general, this situation could be addressed by a) limiting the length ofopen excavation in the
final cut before nail installation or b) increasing the nail lengths slightly (about 2 percent in this
case) to ensure that the factored resistances equal or exceed the factored loads. In this case,
however, as will be seen in the following discussion, seismic loading conditions require that
longer nails ofgreater capacity be used and the final nail pattern will therefore satisfy the
required construction phase resistance/load ratio value ofunity.

Step 8 - External Stability Check of Nailed Block

Defer the external stability check until the final soil nail lengths are defined for the seismic
loading condition.

Step 9 - Check the Upper Cantilever

The height ofthe upper cantilever from the top row of nails to the top of retained soit is
identical (0.75 meters) for both the temporary shotcrete and permanent CIP wall facings.
Therefore, the static loading is identical in the two cases. Because both the facing thickness
and steel content are increased in the permanent facing, the permanent facing is less critical by
inspection. Therefore, for the static loading condition, only the construction facing upper
cantilever needs to be evaluated.

For the method of construction, the appropriate earth pressure coefficient for the upper
cantilever design is an active earth pressure coefficient. For a soil friction angle of34°, a soit­
to-wall interface friction angle of (2/3)(34°) = 22°, a vertical wall, and a soil profile behind the
wall as shown on figure 5.22, the active earth pressure load PA determined from a Coulomb­
type computer solution is 2.95 kN/m length ofwall. The load component normal to the wall
has value of (2.95 kN/m)cos(22°) =2.74 kN/m, applied at the lower third point ofthe
cantilever.
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Shear Check

The factored one-way unit service shear force at the level ofthe upper row ofnails
(conservative), is calculated below:

v = 2.74 kN/m (see above)
fEH= 1.50 (table 4.6)
fEH v= (1.5)( 2.74 kN/m) = 4.11 kN/m

Compute the nominal one-way unit shear strength ofthe facing based on equation 5.8.3.3­
3 ofthe AASHTO LRFD Bridge Design Specifications, lit Edition [29].

= 0.166"./fc(MPa)(d)
= 0.166"./28 MPa (0.05 m) = 43.9 kN/m

From table 4.7, the facing shear resistance factor, <I>F, equals 0.90. Therefore, the design
one-way unit shear strength is:

v = <I>FVNs = 0.90(43.9 kN/m) = 39.5 kN/m

Since fEH v = 4.11 kN/m < V, the design for shear is adequate. (OK)

Flexure Check

From moment equilibrium, compute the factored one-way unit service moment at the level
of the upper row ofnails (conservative), as indicated on figure 4.13. Note that for
moment determination, the point ofapplication ofthe static force is taken as 0.33H above
the base ofthe cantilever:

rns = (0.33)(H)(v)
rns = (0.33)(0.75 m)(2.74 kN/m) = 0.678 kN-mlm
fEH= 1.50 (table 4.6)
fEHrns = (1.5)( 0.678 kN-mlm) = 1.017 kN-mlm

Compute the nominal unit moment resistance ofthe facing. Using the procedure
demonstrated in appendix F, the nominal unit moment resistance in the vertical direction
over the nail locations mV,NEG is computed to be 2.53 kN-mlm. From table 4.7, the
resistance factor <I>F for facing flexure is 0.90. Therefore, the design one-way unit moment
resistance for the upper cantilever is:

M = <I>F mV.NEG = (0.90)(2.53 kN-mlm) = 2.28 kN-mlm

Since f EH rns = 1.017 < M, the design for flexure is adequate. (OK)
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Step 10 - Check the Facing Reinforcement Details

Shotcrete Construction Facing

Check 1 - Waler Reinforcement

Two No. 13 horizontal waler bars attached beneath the bearing plate witt be placed
continuously between nail heads in each nail row.

Check 2 - MinimumIMaximum Reinforcement Ratios

Minimum Reinforcement Ratio Requirements

The minimum reinforcement ratio requirements in the AASHTO LRFD Bridge
Design Specifications, 1st Edition [29] are waived for the temporary shotcrete
construction facing per the discussion presented in section 4.7.2.

Maximum Reinforcement Ratio Requirements

Section 5.7.3.3 of AASHTO [29] contains a provision for the maximum amount of
reinforcement allowed in a flexural member. Per the discussion presented in
section 4.7.2, this provision is not applicable in the case ofa soil nail wall.

Check 3 - Minimum Cover Requirements

For the temporary shotcrete construction facing, the reinforcement is placed at the
center ofthe facing (see figure F.l).

Check 4 - Development and Splices ofReinforcement

Splicing ofNo. 13 Waler Bars

Per section 5.11.5.3 ofAASHTO [29], the splice length, Ls, for a Class C splice
must equal or exceed the greater of0.30 m or Lo = 1.7LoB , where LOB is
computed from section 5.11.2:

LOB = 0.019(AB(mm2»(Fy (MPa»/..jfc (MPa)
LOB= 0.019(129 mm2)(420 MFa)/..j28.0 MFa = 195 mm
Lo = l.7LoB = 1.7(195 mm) = 332 mm

Therefore, provide the minimum 350 mm of splice length.
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Splicing ofMW 18.7 Mesh

Per section 5.11.6.2 of AASHTO [29], the splice length between outermost
crosswires must equal or exceed the greater of (SWIRE + 50 mm), 1.5LoB, or 150
mm. LOB is computed from AASHTO equation 5.11.2.5.2-1:

LOB = 3.25(AWIRE (mm2))(Fy (MPa))/«(SWIRE (mm)Nfc (MPa)))
LOB = 3.25(18.7 mm2)(420 MPa)/«152 mmN28.0 MPa)
LOB = 31.7 mm
Lo = 1.5LOB = 1.5(31.7 mm) = 47.6 mm
SWIRE + 50.0 mm = 152 mm + 50.0 mm = 202 mm

Therefore, use a minimum of200-mm splices for the wire mesh.

Permanent Facing

Check 1 - Waler Reinforcement

There are no applicable requirements.

Check 2 - Minimum and Maximum Reinforcement Ratios

Minimum Reinforcement Ratio Requirements

Per section 5.10.8 ofAASHTO [29], the minimum required amount ofshrinkage
and temperature reinforcement near exposed surfaces ofwalls and slabs is given by
equation 5.10.8.2-1, and must be greater than:

0.76AdFy
For one nail spacing:

0.76AdFy = 0.76(1500 mm)(200 mm)/(420 MPa) = 543 mm2

ATOTAL = 645 mm2
, which is adequate.

Maximum Reinforcement Ratio Requirements

Section 5.7.3.3 ofAASHTO [29] contains a provision for the maximum amount of
reinforcement allowed in a flexural member. Per the discussion presented in
section 4.7.2, this provision is not applicable in the case ofa soil nail wall.
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Check 3 - Minimum CQver Requirements

Per sectiQn 5.12.3 QfAASHTO [29], the minimum CQver Qn the frQnt side Qfthe
facing is specified at 50 mm. Based Qn the design arrangement illustrated Qn figure
F.l, the CQver tQ the headed studs is calculated belQw:

te = 200 mm - tPL - LHS = 200 mm - 25 mm - 125 mm = 50 mm
50 mm ~ 50 mm (OK)

The minimum required CQver between the permanent facing reinfQrcing steel and the
CIP cQncrete/tempQrary shQtcrete interface is 38 mm. Based Qn figure F.l, this CQver
is:

tc = 100 mm - 12.7 mm =87.3 mm> 38 mm

FQr cQrrQsiQn prQtectiQn purpQses, there must alsQ be a minimum 75 mm QfcQver
between the facing steel and the SQil. Based Qn figure F.l, the 100 mm thick
tempQrary shQtcrete prQvides adequate CQver fQr the permanent facing steel.

Check 4 - DevelQpment and Splices QfReinfQrcement

The permanent facing reinfQrcement cQnsists entirely QfNQ. 13 defQrmed bars.
TherefQre, the develQpment lengths and splice lengths are identical tQ thQse cQmputed
fQr the tempQrary facing.

Step 11 - Serviceability Checks

Shotcrete Construction Facing

Because Qfthe tempQrary nature Qfthe wall, the serviceability requirements are waived fQr
the cQnstructiQn facing.

Permanent Facing

Upper Cantilever Serviceability Check - ReinfQrcement DistributiQn

Per sectiQn 5.7.3.4 QfAASHTO [29], the reinfQrcement must be distributed such that
the steel stress dQes nQt exceed that given by the fQlIQwing equatiQn:

~ 0.6Fy

= 2.28 x 104 kN/m

z

z =
de =

AE=
AE=

Fs = (deAE)11'3

130 k/in
0.05 m
(100 mm) (SH)/(ArorAJiALB)
(100 mm)(1500 mm)/«645 mm2)/(129 mm2

))
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AE=
0.6Fy

Fs =

0.03 m2

= 0.6(420MPa) =
2.28 x 104 kN/m

«0.05 m)(0.03 m2)i13

252 MPa

= 199 MPa

From step 9, the service moment is 0.678 kN-m/m. The corresponding service steel
stress is detennined from straight-line theory of reinforced concrete:

k = -V2pn + (pn)2 - pn
p = As/(bd)
n = EslEe
j = l-k/3
fs = ms b /(Asjd)

Ee = 4734-Vfc (MPa) 4734-V28 MPa
Ee = 2.50 x 104 MPa
Es = (29,000,000 psi)(1 MPa)/(145 psi) = 2.00 x 10' MPa

Substituting the correct values into the above expressions, the service steel stress is
computed to be:

n = (2.00 x 10' MPa)/(2.50 x 104 MPa) = 8.00
p = As/(bd) = (645 mm2)/«1500 mm)(100 mm» = 0.004
pn = (0.0043)(8.00)= 0.0344

k = -V2(0.0344) + (0.0344i - 0.0344 = 0.230
J = 1 - 0.230/3 = 0.923
fs = (0.678 kN-m/m)(1.50 m)/«645 mm2)(0.923)(0.10 m»
fs = 17.1 MPa

Since fs :s;; Fs, the steel distribution is adequate. (OK)

Overall Displacements ofthe Wall

Per section 2.4.6, the construction-induced vertical and horizontal permanent
displacements at the top ofthe wall can be expected to be on the order of0.2 percent
ofthe height ofthe wall, or about 10 to 15 mm, for the given site soil conditions
(medium dense to dense silty clayey sands). Displacements can be anticipated to
decrease back from the wall in general accordance with the recommendations given in
figure 2.7.

5.2.2.2 Seismic Loading Condition

In accordance with the AASHTO LRFD Bridge Design Specifications, 1at Edition [29], the
Extreme Events I Limit State (table 4.6) considers seismic loading. Because ofthe temporary
nature ofthe shotcrete construction facing, only the permanent facing is considered for the
seismic loading condition.
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Step 1 - Set Up Critical Design Cross-Section and Select a Trial Design

Step 1 is identical to that presented for the static loading condition.

Step 2 - Compute the Design Nail Head Strengths

The nominal nail head strengths for all credible failure modes are calculated using equations
4.1 through 4.4 and the methodology demonstrated in appendix F. The design nail head
strengths for the permanent CIP concrete facing are computed from the nominal strengths in
the following table.

PERMANENT FACING

Nominal Nail Head Design Strength
Failure Strength TF

Mode TFN (kN)
(kN)

Facing Flexure 232 (1.00W232) = 232
Facing Punching Shear 222 (l.OOt(222) = 222
Headed-Stud Tensile 639 (1.00t(639) = 639

Fracture

a Per section 1.3.2.1 ofAASHTO [29].
See table 4.7 .

Therefore, the design nail head strength TF is computed to be 222 leN. That is, punching sh~ar

of the permanent facing is the controlling mode of failure.

Step J - Minimum Design Nail Head Strength Check

This check is not applied to extreme event loading combinations.

Step 4 - Define the Design Nail Strength Diagrams

Develop the design nail strength diagram for each nail, by determining the design pullout
resistance, the design nail head strength, and the design nail tendon tensile strength.

Design Nail Head Strength

Per step 2, the design nail head strength is 222 leN.
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Design Pullout Resistance (Ground-Grout Bond)

Q = cIlQQu
cIlQ = 0.80 (table 4.8)
Qu = 60.0 kN/m
Q = (0.80)(60.0 kN/m)= 48.0 kN/m

Design Nail Tendon Tensile Strength

TN = C1lNTNN
C1lN = 1.00 (table 4.8)
T~ AN Fy = (645 mm2)(0.42 kN/mm2

) = 271 kN (for No. 29 nail tendon)
TN = (1.00)(271 kN) = 271 kN

Step 5 - Select Trial Nail Lengths

In accordance with section 4.7.2 and figure 4.11, the nail length distribution for design
purposes is as shown on figure 5.28. The maximum nail length has been calculated iteratively
to be 8.2 meters (see step 7 below). The nail length distribution is:

Nail No.
1
2
3
4

Length (m)
8.2
8.2
6.9
4.3

The above nail length distribution is obtained from figure 4.11, as follows:

• The dimensionless nail pullout resistance, Qo, is calculated:

Qo = ~QQu/(rw ySvSH) = (0.8)(60.0 kN/m)/[(1.0&)(20 kN/m3)(1.25 m)(1.50 m)]
= 1.28

& Note that the minimum load factor of 1.0 (table 4.6) is applied, as this is more critical for
nail length determination in this case for the seismic loading condition than is the
maximum load factor of 1.35.

• The dimensionless nail length is:

L/H = (8.2 m)/(5.25 m)
= 1.56

• Qo 1(L/H) = 1.28/1.56 = 0.82, giving an "R" factor of0.33.

• Relative nail lengths are calculated from figure 4.11, for the nail head elevations shown on
figure 5.28 and an "R" value of0.33.
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Wv

• L=8.2

c=5 kN/m2

cIl=34°e L=6.9

o L=4.3

Critical Circular Slip
Surface (R/L= 1'01)~

48 kN/m

~
,/

,/
,/

,/

,/~ L=8.2
//

/

Factored Surcharge:

qVmax = 31.4 kN/m2

qVmin = 22.6 kNlm2

• qH (0.42g) = 108.2 kN/m2

qH (0.32g) = 92.8 kN/m2

WVmax = 99.9 kN/m2

WVmin = 74.0 kN/m2

• WH (0.42g) = 31.1 kN/m2

WH (0.329) = 23.7 kN/m2

Notes:
All dimensions in meters
All allowable nail loads in kN
Horizontal nail spacing = 1.5 m
o Nail number

• Slip surfaces for seismic co-efficient of
0.42g limited to exit depth of 6.66 m(per
figures 5.24 and 4.14)

NMax" and NMin" refer to application of
maximum and minimum load factors
respectively to vertical loads. Horizontal
loads have maximum load factors
applied.

Figure 5.28 Bridge Abutment Wall Design Example
Critical Cross Section
Seismic Loading (LRFD)
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The design nail strength diagrams are shown graphically on figure 5.28, prepared in
accordance with the procedure previously presented on figure 4.3.

Step 6 - Define the Design Soil Strengths

Ultimate Friction Angle, 'U = 34.00

Ultimate Cohesion, Cu = 5.0 kN/m2

From table 4.8, the soil resistance factors are as follows:

~. = 0.90
~c = 1.00

Design Friction Angle" =tan·l(~'tan(,u» = tan-1(0.90[tan(34.OJ]) = 31.30

Design Cohesion, c = ~ccu = 1.00(5.0 kN/m2
) = 5 kN/m2

Step 7 - Calculate the Seismic ResistancelLoad Ratio

For the trial design cross-section and nail pattern shown on figure 5.28, the above design soil
strengths, and design nail strength diagrams, a calculated minimum resistancelload ratio of
1.01 is obtained, based on a computer solution, for the following seismic loading conditions:

• For slip surfaces exiting the reinforced slope within a horizontal distance of6.66
meters from the top ofwall facing (determined from figure 5.24 in accordance with
figure 4.14), the applied pseudo-static seismic coefficient for a 0.40 g peak ground
acceleration was taken as:

A = (1.45 - ApK)ApK
A = (1.45 - 0.40)(0.40 g) = 0.42 g

• For more deep-seated slip surfaces, an applied pseudo-static seismic coefficient ofA =
(0.8)(0.40 g) =0.32 g (i.e., 80 percent ofpeak ground acceleration) was chosen,
which is consistent with allowable overall displacements ofup to 15 mm for the
retaining wall system under design seismic loading (in accordance with Section 4.7.2,
Seismic Design, Item 3). The 15 mm permanent seismically-induced displacement for
the bridge abutment is indicated by the structural engineers as being tolerable.

For the seismic loading condition, the equivalent vertical and horizontal surcharge loads,
representative ofthe pile loads transmitted to the reinforced soil, are computed using the same
fv and fH factors used for the Strength I Limit State loading condition i.e., fv value of0.2 and
fH value of 1.15.

Limiting-equilibrium analysis for seismic loading corresponding to a peak ground acceleration
of0.40g has indicated that the nail tendon size should be increased from No. 25 (for static) to
No. 29 (for seismic), and the nail lengths should be increased from 6.9 meters (for static
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loading) to 8.2 meters (for seismic loading), i.e., about a 20 percent increase in length. For
this design example, seismic loading controls the design. Note that table 4.6 requires that the
most adverse combination ofloads and associated load factol's should be applied.
Consequently, the following cases were examined:

• Maximum load factors on both vertical and horizontal loads. This condition required
the use ofNo. 29 nail tendons for the seismic loading condition.

• Maximum load factors on horizontal loads and minimum load factors on vertical loads.
This condition determined the maximum nail lengths of 8.2 m under seismic loading,
and is shown on figure 5.28, together with the critical slip surface giving the lowest
calculated resistance to load ratio.

Step 8 - External Stability Check of Nailed Block (Static and SeismiC>

For the design nail length of8.2 m, determined in step 7, the static and seismic bearing
capacity checks are performed for the soil nail reinforced block ofground acting as a gravity
wall structure (figure 4.12). Pertinent parameters for the analysis include the following:

Soil Unit Weight, r = 20.0 kN/m3

Ultimate Soil Friction Angle, +u = 340

Ultimate Soil Cohesion, Cu = 5.0 kN/m2

Ultimate Fill Friction Angle, +u = 34°
Ultimate Fill Cohesion, Cu = 0 kN/m2

Seismic Coefficient, A= 0.2g (=0.5ApK, per Section 4.7.2, Seismic Design, Item 4)

In accordance with appendix A, section 11 ofthe AASHTO [29], the lateral forces due to the
active block behind the reinforced soil are computed using the methods ofCoulomb and
Mononobe and Okabe (including the cohesive component of soil strength). Figure 5.29
shows the static and seismic earth pressure loads, inclined at an angle of 19.40 above
horizontal in accordance with the recommendations offigure 4.12, and these are computed to
be:

Static Active Earth Load, PE = 178.7kN/m
Horizontal component = PE cos(19.4j = 168.6 kN/m
Vertical component = PE sin(19.4°) = 59.4 kN/m

Live Earth Pressure Load, PL = 26.7 kN/m
Horizont,al component = PL cos(19.4j = 25.2 kN/m
Vertical component = PLsin(19.4°) = 8.9 kN/m

Seismic Earth Load, PEQ = 108.6 kN/m
Horizontal component = PEQ cos(19.4°) = 102.4 kN/m
Vertical component = PEQ sin(19.4j = 36.1 kN/m
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For moment equilibrium calculations, the assumed points ofapplication ofPE, PLand PIlQ are
at the back ofthe reinforced block ofground at 0.33H, 0.5H and 0.6H above the base ofthe
soil block, respectively:

Point ofApplication ofPE = 0.33H = 0.33(8.95 m) = 2.98 m

Point ofApplication ofPL = 0.5H = 0.50(8.95 m) = 4.48 m

Point ofApplication ofPEQ = 0.6H = 0.60(8.95 m) = 5.37 m

Static Loading (Strength Limit State n

In accordance with the AASHTO LRFD Bridge Design Specifications, lit Edition [29],
the Strength I Limit State (table 4.6) is considered. Referring to figure 5.29, forces and
moments are computed below:

Vertical Loads and Moments

Factored Moment Factored Moment
Force Arm About Point 0

Item (kN/m) (m) (kN-m/m)

PE(EH)' 1.5b(59.4)=89.1 7.90 703.9
PL(LL)' 1.75C(8.9)=15.6 7.90 123.0

RD(DC)'" 1.25d
( 42)=52.5 2.90 152.3

Rt.(LL)·" 1.75C(20.7)=36.2 2.90 105.1
VL(LL)'" 1.75C(1.8)=3.2 3.45 10.9
VLL(LL)' 1.75C

( 49.2)=86.1 5.85 503.7
1 (EV)' 1.35°(829.5)=1119.8 3.95 4423.3
2 (EV)' 1.35°(10.6)=14.3 0.83 11.9
3 (EV)' 1.35°(12.5)=16.9 1.62 27.3
4(EV)I" 1.35°(1.1)=1.4 2.25 3.2
5(DC)", 1.25d(4.0)=5.0 3.45 17.1
6(DC)'" 1.25d(10.6)=13.2 3.05 40.3
7(DC)I" 1.25d(6.4)=8.0 2.90 23.2
8(EV)", 1.35°(3.8)=5.2 3.70 19.2
9(EV)' 1.35°(303.4)=409.6 5.85 2396.1
Sum 1876.0 (N) N/A 8560.3
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Bearing Capacity
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263



Horizontal Loads and Moments

Factored Moment Factored Moment
Force Arm About Point 0

Item (kN/m) (m) (kN-m/m)

PE(EHt 1.5C(168.6)=252.9 2.98 -753.6
PL(LLt 1.75C(25.2)=44.1 4.48 -197.6

HTS(Sma" 0.5f(22)=11 7.1 -78.1
Sum 308.0 (H) N/A -1029.3

• Notations used in the AASHTO LRFD Bridge Design Specifications, lit Edition
[29].

b Load factor for lateral earth pressure (EH)
C Load factor for live load (LL)
d Load factor for structural dead load (DC)
C Load factor for earthfill dead load (BV)
f Load factor for temperature/shrinkage (TU/SH)
'For the nail reinforced block shown on figure 5.29, it is estimated that 30% of the

pile head vertical load and 100% ofthe pile head lateral load are transferred to the
soil by pile-soil interaction (see figure 5.14)

Stability Criteria

Referring to figure 4.12, the maximum applied bearing pressure and the location ofthe
resultant force are checked as follows:

N = 1876.0 kN
Xc> = (8560.3 kN-m/m - 1029.3 kN-m/m)/( 1876.0 kN/m) = 4.01 m

Since 2X, > B
qMAX = N/(B) = (1876.0 kN/m)/(7.90 m) = 237 kN/m2

In accordance with section 10 ofthe AASHTO LRFD Bridge Design Specifications,
lit Edition [29] (and by reference to equation 4.4.7.1.1-1, section 4, division I ofthe
Standard Specifications for Highway Bridges, 15th Edition [30]), the ultimate bearing
capacity is given by:

The effective width, B' = B (see above) = 7.90 m. The factors "s" and "i" account for
the shape ofthe loaded area an.d the inclination ofthe applied loading, respectively, per
AASHTO [30]. The factors Nc and Ny are the conventional bearing capacity factors.
The ultimate bearing capacity is computed to be:

qULT = (5.0 kN/m2)(42.0)(1.18)(0.74)+ 0.5(20.0 kN/m3)(7.90 m)(41.0)(0.89)(0.63)
qULT = 1,999 kN/m2
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It should be noted that unfactored loads are used in computing the load inclination
factor "i." For a bearing capacity resistance factor <I>q of0.45 (section 10.5.4 of
AASHTO [29], the design bearing capacity is:

<I>qqULT = 0.45(1,999 kN/m2
) = 890 kN/m2

Since qMAX < <I>qqULT, the design bearing capacity is adequate. (OK)

As noted above, the eccentricity ofthe vertical resultant force is negative so the
eccentricity check is satisfied.

The above analyses may be repeated for Strength Limit State I loading, but with
minimum load factors of0.90 and 1.00 applied to structural component dead loads
(DC) and earthfill dead loads (EV) respectively (see table 4.6). For this loading
condition qMAX = 184 kN/m2

, <I>qqULT = 903 kN/m2
, and the eccentricity ofthe vertical

resultant force is 0.03 m, which is less than B/4 = 1.98 m.

Static Loading (Strength Limit State M

In accordance with the AASHTO LRFD Bridge Design Specifications, lit Edition [29],
the Strength IV Limit State (table 4.6) is considered. Referring to figure 5.29, forces and
moments are computed below:

Vertical Loads and Moments

Factored Moment Factored Moment
Force Arm About Point 0

Item (kN/m) (m) (kN-m/m)

PE(EHy 1.5b(S9.4)=89.1 7.90 703.9
RD(DC)a,g 1.Sd(42)=63.0 2.90 182.7

1 (EV)a 1.3SC(829.S)=1119.8 3.95 4423.3
2 (EV)a 1.35C(10.6)=14.3 0.83 11.9
3 (EV)a 1.3SC(12.5)=16.9 1.62 27.3
4(EV)a,g 1.3SC(1.1)=1.4 2.25 3.2
S(DC)a,g 1.5d

( 4.0)=5.9 3.45 20.5
6(DCt

g 1.5d{l0.6)=1S.8 3.05 48.3
7(DC)a,g 1.5d(6.4)=9.6 2.90 27.8
8(EV)a,g 1.35C(3.8)=S.2 3.70 19.2
9(EVt 1.3SC(303.4)=409.6 5.85 2396.1

Sum 1750.7 (N) N/A 7864.2
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Horizontal Loads and Moments

Factored Moment Factored Moment About
Force Arm Point 0

Item (kN/m) (m) (kN-m/m)

PE(EHt 1.5°(168.6)=252.9 2.98 -753.6
HTs(SH)I,· 0.51(22)=11 7.1 -78.1

Sum 263.9 (H) N/A -831.7

• Notations used in the AASHTO LRFD Bridge Design Specifications, lit Edition
[29].

b Load factor for lateral earth pressure (EH)
l: Load factor for live load (LL)
d Load factor for structural dead load (DC)
e Load factor for earthfill dead load (EY)
f Load factor for temperature/shrinkage (TU/SH)
• For the nail reinforced block shown on figure 5.29, it is estimated that 30% ofthe

pile head vertical load and 100% of the pile head lateral load are transferred to the
soil by pile-soil interaction (see figure 5.14)

Stability Criteria

Referring to figure 4.12, the maximum applied bearing pressure and the location ofthe
resultant force are checked as follows:

N = 1750.7 kN
Xo = (7864.2 kN-m/m - 831.7 kN-m/m)/( 1750.7 kN/m) = 4.02 m

Since 2Xo > B
qMAX = N/(B) = (1750.7 kN/m)/(7.90 m) = 222 kN/m2

In accordance with section 10 of the AASHTO LRFD Bridge Design Specifications,
lit Edition [29] (and by reference to equation 4.4.7.1.1-1, section 4, division I ofthe
Standard Specifications for Highway Bridges, 15th Edition [30n, the ultimate bearing
capacity is given by:

qULT = cuNl:~~ + 0.5yB'NySyiy

The effective width, B' = B (see above) = 7.90 m. The factors "s" and "i" account for
the shape of the loaded area and the inclination of the applied loading, respectively, per
AASHTO [30]. The factors Nl: and Ny are the conventional bearing capacity factors.
The ultimate bearing capacity is computed to be:

qULT = (5.0 kN/m2)(42.0)(1.18)(0.75)+ 0.5(20.0 kN/m3)(7.90 m)(41.0)(0.89)(0.65)
qULT = 2,060 kN/m2
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It should be noted that unfactored loads are used in computing the load inclination
factor "i." For a bearing capacity resistance factor cI>q of0.45 (section 10.5.4 of
AASHTO [29], the design bearing capacity is:

Since qMAX < cI>qqULT, the design bearing capacity is adequate. (OK)

As noted above, the eccentricity ofthe vertical resultant force is negative so the
eccentricity check is satisfied.

The above analyses may be repeated for Strength Limit State IV loading, but with a
minimum load factor of 1.00 applied to earthfill dead loads (EV) (see table 4.6). For
this loading condition qMAX = 172 kN/m2

, cI>qqULT = 926 kN/m2
, and eccentricity ofthe

vertical resultant force is 0.05 m, which is less than B/4 = 1.98 m.

Seismic Loading

In accordance with the AASHTO LRFD Bridge Design Specifications, lit Edition [29],
the Extreme EventI Limit State (table 4.6) is considered. Referring to figure 5.29, forces
and moments are computed below:

Vertical Loads and Moments

Factored Moment Factored Moment
Force Arm About Point 0

Item (kN/m) em) (kN-m/m)

PE(EHt 1.5b(59.4)=89.1 7.90 703.9
PEQ(EQt 1.0h(36.1)=36.1 7.90 285.0
Ro(Dct,g 1.25d

( 42)=52.5 2.90 152.3
1 (Evt 1.35e(829.5)=1119.8 3.95 4423.3
2 (EV)I 1.35e(10.6)=14.3 0.83 11.9
3 (EV)I 1.35e(12.5)=16.9 1.62 27.3
4(EV)I,g 1.35e(1.1)=1.4 2.25 3.2
5(DCt

g 1.25d(4.0)=5.0 3.45 17.1
6(DC)a,g 1.25d(10.6)=13.2 3.05 40.3
7(DC)I,g 1.25d(6.4)=8.0 2.90 23.2
8(EV)I,g 1.35e(3.8)=5.2 3.70 19.2
9(EVt 1.35e{303.4)=409.6 5.85 2396.1

Sum 1771.0 (N) N/A 8102.6
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Horizontal Loads and Moments

Factored Moment Factored Moment About
Force Arm Point 0

Item (kN/m) (m) (kN-m/m)
PE(EH)I 1.5c{168.6)=252.9 2.98 -753.6
PEQ(EQ)I 1.0h~102.4):102.4 5.37 -550.1

HREQ(EQ)I,' 1.0 (28.0)-28.0 7.10 -198.8
1 (EQ)I 1.0h(165.9)=165.9 2.62 -434.7
2(EQt 1.0h(2. 1)=2.1 5.53 -11.7
3 (EQ)I 1.Oh(2.5)=2.5 5.67 -14.2

4 (EQ)I,' 1.0h(0.7)=0.7 5.92 -4.1
5 (EQ)I,' 1.0h(2.6)=2.6 8.02 -21.2
6 (EQ)I,' 1.Oh(7.0)=7.0 6.42 -45.2
7 (EQ)I,' 1.0h(4.3)=4.3 5.50 -23.4
8 (EQ)I,' 1.0h(2.6)=2.6 7.35 -18.8
9 (EO)I 1.0h(60.7)=60.7 7.1 -431.0

Sum 631.8 (Ii) N/A -2506.8

I Notations used in the AASHTO LRFD Bridge Design Specifications, lit Edition
[29].

b Load factor for lateral earth pressure (EH)
C Load factor for live load (LL)
d Load factor for structural dead load (DC)
• Load factor for earthfill dead load (EY)
f Load factor for temperature/shrinkage (TU/SH)
• For the nail reinforced block shown on figure 5.29, it is estimated that 30% ofthe

pile head vertical load and 100% ofthe pile head lateral load are transferred to the
soil by pile-soil interaction (see figure 5.14)

h Load factor for earthquake load (EQ)

Stability Criteria

Referring to figure 4.12, the maximum applied bearing pressure and the location ofthe
resultant force are checked as follows:

N =
Xc =
qMAX =

1771.0 kN
(8102.6 kN-m/m - 2506.8 kN-m/m)/( 1771.0 kN/m) = 3.16 m
N/(2Xo) = (1771.0 kN/m)/[2(3.16 m)] = 280 kN/m2

In accordance with section 10 ofthe AASHTO LRFD Bridge Design Specifications,
lit Edition [29] (and by reference to equation 4.4.7.1.1-1, section 4, division I ofthe
Standard Specifications for Highway Bridges, 15th Edition [30]), the ultimate bearing
capacity is given by:
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qULT = cuNcScic + 0.5yB'NySyiy

The effective width, B' =B - 2(e) =2Xo (see above) =2(3.16 m) =6.32 m to account
for eccentric loading. The factors "s" and "i" account for the shape ofthe loaded area
and the inclination ofthe applied loading, respectively, per AASHTO [30]. The
factors Ncand Ny are the conventional bearing capacity factors. The ultimate bearing
capacity is computed to be:

qULT = (5.0 kN/m2)(42.0)(1.15)(0.38)+ 0.5(20.0 kN/m3)(6.32 m)(41.0)(0.92)(0.24)
qULT = 664 kN/m2

It should be noted that unfactored loads are used in computing the load inclination
factor "i." For a bearing capacity resistance factor cr>q of 1.0 (section 1.3.2.1 of
AASHTO [29]), the design bearing capacity is:

cr>qqULT = 1.0(664 kN/m2
) = 664 kN/m2

Since qMAX < cr>qqULT, the design bearing capacity is adequate. (OK)

Check that the location ofthe resultant is within the middle half ofthe block of
reinforced soil, per section 10.6.3.1.5 ofAASHTO [29].

e = B/2 - Xo
B/4 = (7.90 m)/4

= (7.90 m)/2 - 3.16 m
= 1.98 m

= 0.79m

Since e < B/4, the resultant is within the middle half. (OK)

The above analyses may be repeated for Extreme Event I Limit State loading, but with
minimum load factors of0.90 and 1.00 applied to structural component dead loads
(DC) and earthfill dead loads (BV) respectively (see table 4.6). For this loading
condition qMAX = 241 kN/m2

, cr>qqULT = 591 kN/m2
, and eccentricity e = 1.16 m.

Overall Stability

For the uniform nail length pattern selected (see figure 5.30), the deep ground water
table, and the overall geometry of the slope, deep seated failure surfaces passing
beneath the toe ofthe wall will not be critical.

Step 9 - Check the Upper Cantilever

In accordance with appendix A, section 11 of the AASHTO LRFD Bridge Design
Specifications, lit Edition [29], equation AlL 1.1. 1-2, the approach developed by Mononobe
and Okabe for a free-standing retaining structure is used to develop the active seismic loading
on the upper cantilever. For a soil friction angle of34°, zero cohesion (ignore
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it), a soil-to-wall interface friction angle of (2/3)34° =22°, a vertical wall, a soil profile behind
the wall as shown on figure 5.23, and a horizontal pseudo-static seismic coefficient of0.32 g
(i.e., 0.8ApK ), the combined static and dynamic active earth pressure load PAE determined
from a Mononobe-Okabe type computer solution is 9.14 kN/m length ofwall. This can be
considered to consist ofa static earth pressure load of2.95 kN/m (see step 9 for the static
loading condition) and a dynamic earth pressure load of6.19 kN/m. The load components
normal to the wall are (2.95)cos(22°) =2.74 kN/m (static) and (6. 19)cos(22j =5.74 kN/m
(dynamic).

Shear Check

From force equilibrium, compute the factored one-way unit service shear force at the level
ofthe upper row of nails (conservative), as indicated on figure 4.13:

VSTATIC = = 2.74 kN/m
VOYNAMIC = = 5.74 kN/m
r EH= 1.50; rEQ = 1.00 (table 4.6)
rEHVSTATlC + rEQVOYNAMIC = 1.50(2.74 kN/m) + 1.00(5.74 kN/m)

= 9.85 kN/m

Compute the nominal one-way unit shear strength of the facing based on equation 5.8.3.3­
3 ofAASHTO [29]:

VNS = 0.166~fc(MPa)(d)
VNS = 0.166~28 MPa (0.1 m) = 87.8 kN/m

From table 4.7 and section 1.3.2.1 ofAASHTO [29], the facing shear resistance factor,
<1lF, equals 1.0. Therefore, the design one-way unit shear strength ofthe facing is
computed to be:

v = <1lFVNs = 1.00(87.8 kN/m) = 87.8 kN/m

Since rEHVSTATlC + rEQVOYNAMIC =9.85 kN/rn < V, the design for shear is adequate.
(OK)

Flexure Check

From moment equilibrium, compute the factored one-way unit service moment at the level
of the upper row of nails (conservative), as indicated on figure 4.13. Note that for
moment determination, the point ofapplication ofthe static force is taken as 0.33H above
the base ofthe cantilever. The dynamic force is assumed to occur at 0.6H above the base
of the cantilever:

mSTATlC = (0.33)(VSTATlC)(H) = (0.33)(2.74 kN/m)(0.75 m)
= 0.678 kN-m1m
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mDYNAMIC = (O.60)(voYNAMIc)(H) = (0.60)(5.74 kN/m)(0.75 m)
= 2.583 kN-m/m

rEH = 1.50; rEQ = 1.00 (table 4.6)
rEHI11sTATIC + rEQmOYNAMIC = 1.50(0.678 kN-m/m) + 1.00(2.583 kN-m/m)

= 3.6 kN-m/m

Compute the nominal unit moment resistance of the facing. Using the procedure
demonstrated in appendix F, the nominal unit moment resistance in the vertical direction
over the nail locations mV,NEG is computed to be 17.4 kN-m/m. Per section 1.3.2.1 of
AASHTO [29], the resistance factor <I>F for facing flexure is 1.00. Therefore, the design
one-way unit moment resistance for the upper cantilever is:

M = <I>F mV,NEG = (1.00)(17.4 kN-m/m) = 17.4 kN-m/m

Since rEHmSTATIC + rEQmOYNAMIC = 3.6 kN-m/m < M, the design for flexure is adequate.
(OK)

Step 10 - Check the Facing Reinforcement Details

The facing reinforcement details, being independent of type of loading, have been previously
considered for the static loading condition and need not be repeated for the seismic loading
condition.

Step 11 - Serviceability Checks

The serviceability checks are not applicable to seismic loading conditions because of the
extreme nature ofthe limit state.

Design Section

Based on the above analyses, the final design cross-section is shown on figure 5.30. It should
be noted that, to simplify construction, the chosen final plan nail lengths are different to the
nail length distributions used in the analyses. The upper three rows ofnails are ofuniform
length equal to the maximum nail length indicated by the above analyses (i.e., 8.2 m). Overall
stability analysis has confirmed that the bottom row ofnails can be installed with shorter
lengths ofabout 4.5 meters.

5.3 Simplified Design Charts for Preliminary Design of Cutslope Walls

5.3..1 Design Variables

For simple cutslope geometric configurations in relatively homogeneous soil conditions, the
design charts shown on figures 5.31 through 5.34 can be used to obtain a preliminary soil nail
wall design suitable for scoping or cost estimating purposes. The charts were developed using
the design methodology presented in chapter 4. The design charts have been prepared for the
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common nail declination of 15°. The design charts are presented in dimensionless format, with
the following variables:

Geometric Variables

Backslope Angle. P

Four sets ofdesign charts are presented (three charts per set), with each set ofcharts
corresponding to a single backslope angle of0, 10,20 or 34 degrees. For intermediate
backslope angles, interpolate between the charts.

Face or Batter Angle. S

For each backslope angle, design information is presented for two face or batter angles of
oand 10 degrees from the vertical. For intermediate face or batter angles, interpolate
between the charts.

Strength Variables

Factored Friction Angle, mo

The factored friction angle ofthe soil is defined by the following relationship:

LRFD

~= tano1[<I>.tan(lPu)]

(5.1a)

(5.1b)

The factored friction angle is shown on the horizontal axis ofchart A ofeach chart set.

Dimensionless Cohesion ((12

Co is the soil cohesion normalized with respect to the soil unit weight and the vertical
height ofthe cut:

CD = cu/(FcrH)

LRFD

CD = <l>c cu/(I\vyH)
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The dimensionless cohesion is shown as a parameter for each slope geometry for three
values of0.01, 0.03 and 0.05. Interpolate for intermediate values ofthe dimensionless
cohesion.

Dimensionless Nail Tensile Capacity Tn

The dimensionless nail tensile capacity is the factored nominal nail tensile strength
normalized with respect to the soil unit weight, the vertical height ofthe slope, and the nail
spacings:

(s.3a)

(s.3b)

The dimensionless nail tensile capacity is shown on the vertical axis ofchart A ofeach
chart set.

Dimensionless Pullout Resistance On

The dimensionless pullout resistance is the factored ultimate pullout resistance (expressed
as a force per unit length ofnail), normalized with respect to the soil unit weight and the
nail spacings:

Qo = CXQQu/(ySvSH)

LRFD

(s.4a)

(s.4b)

The dimensionless pullout resistance is shown as being incorporated into the ratio
(To /Qo) on the horizontal axis ofcharts B and C ofeach chart set.

5.3.2 Design Chart Procedure

The procedure for using the design charts in conjunction with the dimensionless variables
discussed above consists ofthe following:
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Select the design chart set corresponding to the appropriate backslope angle. Ifnecessary,
interpolate results for intennediate backslope angles to those given in the charts.

Compute the factored soil friction angle 4>0 and the dimensionless factored soil cohesion Co
as defined above (equations 5.1 and 5.2). From the appropriate chart A, determine the
dimensionless nail tensile capacity To.

The required nominal nail tensile strength TNN can then be determined from the relations
presented above (equations 5.3), and from knowledge ofthe dimensionless nail tensile
capacity To (from chart A), the soil unit weight, the vertical height ofthe slope, the
vertical and horizontal nail spacings, and the nail tendon strength factor (SLD) or the nail
tendon resistance factor and unit weight load factor (LRFD).

Compute the dimensionless nail pullout resistance Qo (equations 5.4). Divide the
calculated dimensionless nail tensile capacity To by the computed dimensionless nail
pullout resistance Qo, and determine the required nail length from the appropriate Charts
B/C, depending on the batter of the face ofthe wall.

5.3.3 Example Application of Design Charts

The use of the preliminary design charts is demonstrated below for both SLD and LRFD using the
cutslope example ofsection 5.1. The parameter values and units are given in section 5.1.

Service Load Design (SLDl

Figure 5.1 shows that the design section has face batter of 10° and a backslope angle of
20°. Therefore the design chart set is that presented on figures 5.33A and 5.33C.

= 26.5°

tan(4)o) = tan (26.5°) = 0.5
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Co = cu!(FeyH) = (5.0 kN/m2)/[1.35(18.0 kN/m3)(9.50 m)] == 0.022

From Chart A (figure 5.33A), To = 0.23

To = aN TNN /(yHSVSH)
Tmr yHSvSHToIaN = (18.0 kN/m3)(9.50 m)(1.50 m)(1.50 m)(0.23)/(0.55)
Tmr 161 kN (Required nominal nail strength.)

Qo = ClQQu!(ySVSH) = (0.50)(60.0 kN/m)/[(18 kN/m3)(1.50 m)(1.50 m)]
Qo = 0.74

ToIQo = 0.23/0.74 = 0.31

From Chart C (figure 5.33C), LIH = 0.87

L = 0.87(9.50 m) = 8.3 m

In summary, the design charts indicate a required bar yield strength ofabout 161 kN (use No.
25, Grade 420 bars), and a nail length of about 8.3 meters. This nail length could be slightly
conservative since the effective backslope angle of the design section shown on figure 5.1 may
be something less than 20° (i.e., the design charts are prepared for constant backslope angles
only, whereas the design example backslope angle is variable). For comparison purposes, a
backslope angle of 10° would indicate a required nail length ofabout 7.3 meters.

Load and Resistance Factor Design (LRFD)

Figure 5.7 shows that the design section has face batter of 10° and a backslope angle of
20°. Therefore the design chart set is that presented on figures 5.33A and 5.33C.

tan (~o) = tan (26.8) = 0.51

Co = <1>ccu /(I\vyH) = (0.9)(5.0 kN/m2)/[1.35(18.0 kN/m3)(9.50 m)] = 0.019

From Chart A (figure 5.33), To = 0.23
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TD = C1>NTNN /(rwrHSvSH)
T~ rwrHSvSHTnlC1>N
T~ (1.35)(18.0 kN/m3)(9.50 m)(1.50 m)(1.50 m)(0.23)/(0.90)
T~ 133 kN (Required nominal nail strength.)

Qn = tl>QQu/(rwrSVSH) = (0.70)(60.0 kN/m)/[(1.35)(18 kN/m3)(1.50 m)(1.50 m)]
Qn = 0.77

TnlQn = 0.23/0.77 = 0.30

From Chart C (figure 5.33C), L/H = 0.88

L = 0.88(9.50 m) = 8.4 m

In summary, the design charts indicate a required bar yield strength of about 133 kN (use No.
25, Grade 420 bars, although No. 22, Grade 420 bars could also be used) and a nail length of
approximately 8.4 m. This nail length could be slightly conselVative since the effective
backslope angle ofthe design section shown on figure 5.7 may be something less than 20°
(i.e., the design charts are prepared for constant backslope angles only, whereas the design
example backslope angle is variable). For comparison purposes, a backslope angle of 10°
would indicate a required nail length of about 7.3 meters.
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CHAPTER 6. SOIL NAIL WALL PERFORMANCE MONITORING

6.1 Introduction

Although several hundred soll nail structures have been constructed worldwide, only a limited
number have been instrumented to provide performance data in support ofdesign procedures.
Confidence in the use ofsoll nail shoring structures and improvements in design will be enhanced
by proven performance ofsuch systems. To this end, it is important to monitor performance
behavior offuture soll nail structures. This chapter includes details necessary to plan and
implement both limited and comprehensive monitoring programs for soil nail systems.
Recommendations for appropriate instrumentation are included.

Safe and economic soll nail walls can currently be designed, yet the behavior ofsuch walls is still
being studied. It is considered that some current design techniques may incorporate considerable
conservatism. Additional performance data are needed in order to refine the design and
construction methodologies.

The United States Department ofTransportation, Federal Highway Administration (FHWA) has
published a document titled ReinforcedSoil Structures, Volume l, Design "and Construction
Guidelines, FHWA-RD-89-043 [44]. Chapter 8 ofthis guideline, "Monitoring ofReinforced Soil
Structures", provides a comprehensive discussion and details ofappropriate instrumentation
schemes, equipment requirements, etc. for providing soil nail wall performance monitoring. This
chapter is recommended reading for all soil nail design engineers, inspectors, and specialty
contractors.

On U.S. Federal-aid highway projects, it is recommended that the initial permanent soil nail wall
constructed in each State and any initial critical or unusual installations (e.g., walls greater than 10
m high, widening under existing bridges, walls with high external surcharge loading, etc.) be
designated an "Experimental Features Project" and have performance monitoring instrumentation
installed. A major advantage of the Experimental Features designation is that it allows
construction funds to be used to pay for the performance monitoring instrumentation and
evaluation including data interpretation, plotting and report preparation. Performance monitoring
instrumentation for such walls should preferably include slope inclinometers and top ofwall
survey points to measure wall movements during and after construction and load cells and strain
gages installed on selected production nails to measure nail loads at the wall face and along the
nail length. By strain gaging individual nails, the development and distribution ofthe nail forces
may be measured to provide vital feedback to designers. Load cells at the nail head also provide
data on facing loads. Monitoring for a period ofat least 2 years after construction is
recommended because the instrumentation monitors service behavior, i.e., structural deformation
and stress development in the nails and wall facing as a function ofboth load and time and
environmental changes such as winter freeze-thaw cycles.
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6.2 Soil Nail Wall Performance Monitoring Methods

Monitoring during wall construction can be oflimited nature with the intention ofobtaining data
on the overall wall performance. As a minimum, observations and monitoring should typically
include:

• Face horizontal movements using surface markers on the face and surveying methods and
inclinometer casings installed a short distance (typically 1 m) behind the facing.

• Vertical and horizontal movements ofthe top ofwall facing and the ground surface behind
the shotcrete facing, using optical surveying methods.

• Ground cracks and other signs ofdisturbance in the ground surface behind the top ofwall,
by daily visual inspection during construction and, ifnecessary, crack gages.

• Local movements and or deterioration ofthe facing using visual inspections and
instruments such as crack gages.

• Drainage behavior of the structure, especially ifgroundwater was observed during
construction. Drainage can be monitored visually by observing outflow points or through
standpipe piezometers installed behind the facing.

Alternatively, soil nail wall performance monitoring can be more comprehensive and continued
over a longer time period for one or more of the following purposes:

• Confirming design stress levels and monitoring safety during construction.

• Allowing construction procedures to be modified for safety or economy.

• Controlling construction rates.

• Enhancing knowledge of the behavior of soil nail structures to provide a base reference for
future designs with the possibility of improving design procedures and/or reducing costs.

• Providing insight into seismic performance based on long-term performance monitoring
through future earthquake events.

A more comprehensive monitoring plan might include the following:

• Strain gage monitoring along the length of the nail to determine the magnitude and
location of the maximum nail load. Ideally, strain gages are attached to the nail tendon in
pairs, and are mounted top and bottom at a 1.5m spacing circumferentially 1800 apart to
address bending effects. In either case the end of the bar should be inscribed so that the
final orientation of the strain gage can be verified.
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• Load cells to measure loads at the head ofthe nail. Higher quality nail load data near the
head ofthe nail can generally be obtained by load cells rather than by strain gages attached
to the nail. The nail section immediately behind the facing is sometimes subjected to
bending due to the weight ofthe shotcrete facing.

• Inclinometers installed from the ground surface at various horizontal distances up to one
times the wall height behind the wall facing, to measure horizontal movements within the
overall structure. Sometimes it might be preferable to make use ofhorizontal single- or
multi-point borehole extensometers, particularly ifaccess for the installation of
inclinometers is difficult or ifaccess is available for extensometer installation prior to the
installation of the nails, e.g., through an existing bridge abutment or pile cap.

A typical instrumentation layout for a comprehensive monitoring plan is shown in figure 6.1.

6.3 Soil Nail Wall Performance Monitoring Plan

A well defined, systematic plan should be developed for all monitoring programs, whether limited
or comprehensive. The first step is to define the purpose ofthe measurements. Every instrument
on a project should be selected and placed to assist in answering a specific question. Ifthere is no
question, there should be no instrumentation. Both the questions that need to be answered and
the clear purpose ofthe instrumentation in answering those questions should be clearly
established. More detailed discussions ofappropriate instrumentation schemes, equipment
requirements, etc., are contained in FHWA RD-89-043 [44], chapter 8.

The following list (based on Dunnicliff,[45]) provides the key steps that should be followed in
developing a systematic approach to planning monitoring programs for soil nail walls using
geotechnical instrumentation. All steps should be followed and, ifpossible, completed before
instrumentation work commences in the field.

• Define purpose ofthe monitoring program.

• Define the project conditions.

• Predict mechanisms that control behavior.

• Select the parameters to be monitored.

• Predict magnitudes ofchange ofmeasur~dparameters.

• Assign monitoring tasks for design, construction, and operation phases.

• Select instruments, based on reliability and simplicity.

• Select instrument locations.
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• Plan recording offaetors that may influence measured data.

• Establish procedures for ensuring reading correctness.

• Plan installation.

• Plan regular calibration and maintenance.

• Plan data collection, processing, presentation, interpretation, reporting, and
implementation.

• Write instrument procurement and installation specifications.

• Prepare budget.

• Write contractual arrangements for field instrumentation services.

6.4 Parameters To Be Monitored

As part ofdeveloping the monitoring plan, the Engineer must select the parameters to be
monitored. The most significant parameters should be identified, with care taken to identify
secondary parameters that should be measured if they could influence the primary parameters.
The most significant measurement of overall performance of the soil nail wall system is the
deformation of the wall or slope during and after construction. Slope inclinometers at
various distances back from the face provide the most comprehensive data on ground
deformations.

The following list provides the important parameters that should be considered during
development ofa systematic approach to planning soil nail wall performance monitoring programs
using geotechnical instrumentation:

• Vertical and horizontal movements of the wall face.

• Vertical and horizontal movements ofthe surface ofthe overall structure.

• Local movements or deterioration ofthe facing elements.

• Drainage behavior of the ground.
• Performance ofany structure supported by the reinforced ground, such as roadways,

bridge abutments or footings, slopes above the wall, etc.

• Loads in the nails, with special attention to the magnitude and location ofthe maximum
load.
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• Load distribution in the nails due to surcharge loads.

• Load change in the nails as a function oftime.

• Nail loads at the wall face.

• Temperature (may cause real changes in other parameters and also affect instrument
readings).

• Rainfall (often a cause ofreal changes in other parameters).

6.5 Soil Nail Wall Performance Monitoring Instruments

Soil nail wall performance monitoring instruments should be selected based on the parameters to
be measured, the instrument's reliability and simplicity, and the instrument's compatibility with the
readout devices specified for the project or already the property ofthe owner. Other factors to be
considered include the influence ofthe instrument's installation on construction (e.g., access and
time required) and the skills ofthe personnel who will read the instruments. A briefdiscussion of
the various types ofmonitoring instruments typically employed for assessing soil nail wall
performance is provided below.

6.5.1 Slope Inclinometers

The most significant measurement ofoverall performance ofthe wall system is the deformation of
the soil nail wall during and after construction. Slope inclinometers, preferably installed at about
one meter behind the soil nail wall face, provide the most comprehensive data on wall
deformations.

Inclinometers are a well-established technology and are commercially available from several
manufacturers. The measuring system typically consists ofa portable probe that measures its own
orientation relative to vertical. The probe is mounted on wheels and is raised or lowered within a
grooved casing installed vertically in the ground. Readings are recorded by hand or on data
loggers.

Detailed specifications for inclinometer selection and installation are presented in appendix D ­
Guide Specification for Soil Nail Wall Instrumentation. The following general guidelines should
be followed for all installations:

• The bottom ofthe grooved casing should be installed in a stable portion ofthe ground
mass, typically several meters beneath the lowest expected zone ofmovement.

• The casing should be aligned so that the grooves, which are typically at 90-degree
intervals, are parallel and perpendicular to the wall face.
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• The borehole containing the casing should be completely backfilled so that no voids are
present around the casing. This is typically done with a grout mixture tremmied from the
bottom ofthe inclinometer borehole. The grout mixture should be relatively weak (e.g., a
lean cement) so that it does not provide any structural reinforcement ofthe surrounding
ground.

• The top ofthe casing should be in firm contact with the surrounding soil and should be
adequately protected from damage.

Details of a typical inclinometer installation are shown in appendix D.

6.5.2 Survey Points

Soil nail wall face deformation can be measured directly by optical surveying methods or with
electronic distance measuring (EDM) equipment. Also, ground movements behind the soil nail
wall can be assessed by monitoring an array or pattern ofground surface points established behind
the wall face and extending for a horizontal distance at least equal to the wall height. In addition,
reflector prisms attached to selected nails permit electronic deformation measurements ofdiscreet
points on the soil nail wall face. Frequent monitoring ofthe ground during the progress of
construction allows the actual performance to be checked against the design assumptions. It also
provides a real-time record ofperformance, thereby allowing modification ofthe construction
procedure in response to changed conditions. This can be particularly useful ifwall deformations
become significant because poorer ground than originally anticipated is encountered or the
contractor uses inappropriate construction methods.

The survey system should be capable ofmeasuring horizontal and vertical displacements to an
accuracy of3 mm or better.

6.5.3 Soil Nail Strain Gages

Soil nails instrumented with strain gages allow assessment ofthe soil nail load distribution as the
excavation progresses and following completion ofthe soil nail wall installation. By strain gaging
individual nails in the laboratory and during field tests, the development and distribution ofthe nail
forces may be measured.

Detailed specifications for strain gage selection and installation are presented in the Appendix D
Guide Specification. The following general guidelines should be followed for aU installations:

• Weldable vibrating wire strain gages are recommended for ruggedness and low
susceptibility to electrical signal degradation.
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• Temperature sensors should be included at each strain gage location to allow temperature
correction. These are particularly important near the face. (Some gages contain integral
temperature sensors.)

• At each measuring location on the nail, gages should be installed in pairs 1800 apart in a
vertical plane (top and bottom) to evaluate bending and provide an average strain reading.

• The surface ofthe nail should be carefully prepared and strain gage installation performed
in accordance with the manufacturer's recommendations.

• The completed strain gage installation should be covered with a soft, waterproofmaterial
to ensure that (1) moisture does not penetrate the gage, and (2) the gage is mechanically
decoupled from the surrounding grout.

• Preferably, some type ofmechanical assembly should be installed at each gage location to
break the grout column and ensure that all load is transferred to the nail bar at this point.
This approach will eliminate data interpretation problems associated with grout/nail
interaction. Because the grout has some tensile strength, it will carry a portion ofthe total
load. This load will depend to a large degree on the in-place deformational characteristics
ofthe grout and the interaction between the grout and borehole wall, both ofwhich are
difficult to evaluate. Thus, while strain measurements in the grout and nail are readily
achievable, conversion ofthese measurements into nail loads is difficult to achieve with
accuracy. An alternative approach for obtaining accurate measurements ofnail load is to
introduce a break in the grout at the location ofthe strain gage, thereby forcing the nail to
carry the entire load at this location. Examples ofpotential approaches include a disk
coated with a release agent, two disks butted together, or a soft zone around the gages
formed with foam. See further discussion in the Appendix D Guide Specification
commentary 3.3a.

• Signal cables should be protected by installation in conduit, from construction damage and
vandalism, for example.

• In some areas ofthe country, lightning protection may be required.

Details ofa recommended strain gage installation are shown in the Appendix D Guide
Specification.

6.5.4 Load Cells at the Nail Head

Load cells installed at the soil nail head are used to provide reliable information on the actual
loads that are developed at the facing.
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Specifications for load cell selection and installation are presented in appendix D. The following
general guidelines should be followed for all installations:

• Unless the load cells are temperature-compensated, temperature sensors should be
included with each cell to allow temperature correction.

• The axis ofthe load cell should be aligned with the axis of the soil nail, to prevent
eccentric, lateral, or other types ofnon-uniform loading. Hardened steel spherical
bearings are preferred. Bearings and other support hardware should be well-lubricated
prior to installation.

• The bearing surface under the load cell should be firm and unyielding. This will prevent
apparent loss ofload that could otherwise result from creep underneath the cell. High­
early strength cement mortar and steel bearing plates (12-mm-thick minimum) are typically
used.

• Load cells should be protected from construction damage and vandalism. Signal cables
should be placed in a conduit for protection.

• In some areas ofthe country, lightning protection may be required.

Details ofa typical load cell installation are shown in the Appendix D Guide Specification.
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CHAPTER7. SHOTCRETE

7.1 Introduction

7.1.1 General

Shotcrete is concrete or mortar projected at high velocity onto a surface.

The typical highway permanent soil nail wall will consist ofa temporary shotcrete 'construction
facing" and a final permanent cast-in-place facing. A temporary soil nail wall will have only a
temporary shotcrete construction facing. The shotcrete construction facing is typically considered
sacrificial in terms ofits long-term structural contribution, but must support the face loadings until
the permanent facing is installed. An analogy would be use oftimber lagging which provides the
temporary support prior to placement ofa permanent CIP facing for a tieback wall. In some
applications the shotcrete facing may be designed for permanent support, particularly where an
architectural finish is not required or where a non-structural pre-cast tilt-up panel facing is
employed.

A basic description ofthe shotcrete process, the materials, and the physical properties ofthe
hardened product are included in this chapter. Also included are guidelines on shotcrete quality
control and testing. Emphasis is placed on the field aspects of shotcreting in soil nailing and on
the wet-mix placement process because wet-mix is currently the most common shotcrete used for
soil nail wall facings. Guide specifications for both temporary shotcrete construction facing and
permanent shotcrete facing are included in Appendix C.

7.1.2 The Function of Shotcrete in Soil Nailing

The function of shotcn:ite in soil nailing is both to transfer the earth pressure reaching the wall
face from the soil to the nails and to prevent deterioration ofthe excavated soil face. Shotcrete is
usually applied soon after excavation ofa lift and placement ofthe nails, but may also be applied
before nail installation. Its initial function is to stabilize the surface from raveling. Subsequently,
as the ground relaxes against the shotcrete facing, and further excavation lifts are made, the
reinforced shotcrete resists and transfers soil pressures to the nails.

In soil nailing, the flexural and shear strength of the facing dictate its load carrying capacity. The
shotcrete must restrict the movement ofthe surrounding ground and be able to adapt to some
ground movement. Both the early strength and the toughness characteristics (ability to absorb
energy and support load after cracking) ofthe shotcrete facing are important.

From a quality perspective, the construction facing is less critical than the permanent facing,
except from worker safety perspectives. Because it is the backing for the permanent facing,·final
quality of the construction facing shotcrete is important only to the degree that it will not degrade
excessively due to aggressive groundwater or freezing and thawing, will protect embedded steel
from corrosion, and will retain integrity around the nail head plates. Permanent shotc~ete facing
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has to be ofa structural quality corresponding to that required by ACI 318 [38] or other design
codes for the particular exposure.

The critical shotcrete properties are:

• Shear and flexural strength (to prevent punching around nail-facing connections).
• Bond to reinforcement (for stress transfer).

7.1.3 Definitions

Following are some common definitions unique to- shotcrete. They are primarily extracted from
ACI 506.R [46] in which a more extensive list is presented.

Air ring. Perforated manifold in nozzle ofwet-mix shotcrete equipment through which high
pressure air is introduced into the material flow.

Blowpipe. Air jet operated by nozzleman's helper in shotcrete gunning to assist in keeping
rebound or other loose material out ofthe work.

Dry-mix shotcrete. Shotcrete in which most ofthe mixing water is added at the nozzle. Use in
soil nailing limited mostly to remote sites with difficult access.

Flash coat Thin shotcrete coat applied from a distance greater than nonnal for use either as an
initial coat to stabilize the ground surface or a final coat for finishing; also called Flashing. Nozzle
work usually done rapidly.

Ground wire. Small-gage, high-strength steel wire used to establish line and grade for shotcrete
work; also called alignment wire, guide wire, screed wire, or shooting wire. .

Gunjinish. Undisturbed layer ofshotcrete as applied from nozzle, without hand finishing. Also
known as as-shot finish.

NouJeman. Worker on shotcrete crew who manipulates the nozzle, controls consistency with
the dry process and controls final disposition ofthe material.

Overspray. Shotcrete material deposited away from intended receiving surface.

Rebound Shotcrete material leaner than the original mixture and consisting ofpredominantly
coarser aggregate that ricochets off the receiving surface and falls to surfaces below.

Sandpocket A zone in the shotcrete containing fine aggregate with little or no cement.

Sloughing. Subsidence ofshotcrete, due generally to excessive water in mixture; also called
Sagging.
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Wet-mix shotcrete. Shotcrete in which all ofthe ingredients including water, are mixed before
introduction into the delivery hose. Compressed air is introduced to the material flow at the
nozzle. Ifa strength accelerating admixture is used, it is normally added at the nozzle. Wet-mix
is most commonly batched at conventional concrete batch plants and delivered via conventional
ready-mix trucks. More commonly used for soil nail wall facings than is dry-mix.

7.1.4 Types of Shotcrete

There are two methods ofplacing shotcrete - the wet-mix and dry-mix processes. In dry-mix,
aggregate and cement are blended and deposited in the gun; the mix water is added at the nozzle
and is therefore instantaneously adjustable at the work face; the material is conveyed by
compressed air from the gun through the nozzle. In wet-mix, a plastic mix ofaggregate, cement
water and admixtures are conveyed to the nozzle by hydraulic pump and nozzle velocity is
achieved by compressed air (see figure 7.1).

Wet-mix is often preferred for soil nailing because of:

• Higher volume throughput, typically 6 to 8 m3/hour for wet-mix versus 4 to 6 for dry;

• Less rebound, typically 5 percent for wet-mix and 15 percent for dry-mix;

• Less reliance on the competence ofthe nozzlemen because ofthe additional function of
adding water at the dry-mix nozzle; and

• More readily available equipment-a concrete pump versus the gun and possibly
moisturizer for dry-mix, and the convenience ofready-mix supply from commercial batch
plants.

Wet-mix is generally simpler, faster and more economical. However, dry-mix may still find use in
soil nailing under the following conditions:

• Extremely wet or difficult soil conditions where the ability to adjust the wetness ofthe
mix, or to add powdered accelerators on demand, will minimize sloughing. Dry-mix is
preferable for flash coat application.

• Some geographical areas where the shotcrete contractors are more familiar with dry-mix.

• In areas ofdifficult access or where small volumes ofshotcrete are required, in which case
the versatility ofdry-mix (rapid stopping and starting) is attractive.

7.1.5 Development of Shotcrete in the USA

Historically, many problems with shotcrete quality stemmed from poor nozzling techniques
resulting in sand lenses, layering, and trapped rebound and overspray. These were more
prominent in dry-mix, leading to the more demanding nozzlemen workmanship for that process.
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Improved recognition ofwhat constitutes quality shotcrete, more demanding specifications,
shotcrete nozzleman training and certification, and better techniques for evaluating in-situ
shotcrete have led to minimization ofproblems.

Today, shotcrete is a recognized structural material. Its use is increasing in North America as
engineers become both more comfortable with the process and more confident that a quality
product can be produced.

7.2 Shotcrete Equipment

Figure 7.1 shows schematics of the shotcrete wet-mix and dry-mix equipment. Basic wet-mix
equipment typically consists of:

• A concrete pump with a 75-mrn diameter delivery line reduced to a 40 to 50-mrn diameter
rubber hose for practicality ofhandling by the shotcrete crew.

• An air compressor with at least 60 Vsec capacity.

• A nozzle. These are proprietary in nature and ofvarious materials (hard rubber, plastic, or
steel) and configurations (straight, tapered, or bulbous).

There may also be ancillary equipment such as dispensers for fibers and admixtures.

7.3 Shotcrete Materials

Shotcrete, like concrete, consists basically ofa paste (cement plus water) and an inert fine and
coarse aggregate filler. To the paste can be added mineral and chemical admixtures to reduce
water demand, entrain air, disperse particles, and increase or decrease the time ofset.
Specifications for these materials are generally the same as for concrete.

Shotcrete may include the following materials:

Cement Portland cements of all Types are used in shotcrete-Type I and IT for normal use,
Type ITI where early strength is required, and Type V for sulfate exposure. Cements
should meet AASHTO M85 [47].

For hot weather shotcreting, it is preferable to limit the cement temperature to 65° C
maximum to reduce rapid set.

Specialty cements such as rapid hardening may find use in shotcrete requiring early
set or early strength.
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Aggregate Uniformly graded concrete aggregate meeting the requirements ofAASHTO M6
[48] for fine aggregate and M80 for coarse is suitable. A commonly used gradation
specification for soil nailing shotcrete is:

Metric Sieve Percentage Passing by Weight

12mm 100
10mm 90 - 100
5mm 70 - 85

2.5mm 50 -70
1.25 mm 35 - 55
0.63 mm 20 - 35

0-315mm 8 - 20
0-160 mm 2 - 10

Ref: ACI 506.2 [49]

Optimum wet-mix aggregate proportioning has at least 25 percent greater than 5­
mm size. The advantages ofusing larger size aggregate, or higher quantities of
coarse aggregate, are increased impact on the fresh shotcrete during shooting
(which increases compaction and therefore density) and increased volume stability,
particularly reduced shrinkage.

Reinforcing Steel

Wire
Mesh

Bar

Fibers

Admixtures

Mesh should be no smaller than 100 mm square so that it does not act as a barrier
for the shotcrete nozzle stream. In soil nailing use of sheet mesh rather than rolled
mesh will simplify placement in the.desired plane.

Any normal concrete rebar can be used in shotcrete. Ideally, it should be limited to
No. 16 (Soft Metric designation - see appendix F) size to minimize interruption with
the shotcrete nozzle stream.

The reinforcement of shotcrete with discrete steel fibers is now becoming more
common. Historically, wire mesh has been used, but fibers have been substituted
when it is difficult to attach or support the mesh at the proper distance from the
face. ASTM C1116 [50] presents a performance-based specification for fiber
reinforced shotcrete. ACI 506.lR [51] presents a state-of-art description.

Satisfactory wet-mix shotcrete can be produced without admixtures. However,
for reasons of economy, (i.e. reduction in mixing water, control of set times, and
modification ofplastic properties), admixtures are sometimes used for soil nailing
shotcrete.

The various types ofwater reduction and set control admixtures in AASHTO
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M194 [52] can be used in wet-mix. For reduced set time, normal plant-added
accelerators find little use because it is more effective to add accelerator at the
nozzle and obtain set within a few minutes or even less than a minute. Rapid
accelerators are used to speed shotcrete construction. They permit shotcreting
over wet ground, increased thicknesses oflift, and faster additions ofshotcrete
without sloughing. Shotcrete accelerators are known to reduce the later age
strength gain, some by significant amounts, so both compatibility and strength
need to be checked. Such rapid accelerators typically depend for their
effectiveness on reaction with the tricalcium aluminate in the cement and therefore
they are sensitive to the cement chemistry. ASTM CIl17 [53] provides a
procedure for evaluating shotcrete accelerator effectiveness. Shotcrete
accelerators can be costly, adding up to 10 to 15 percent to the shotcrete cost.

Accelerators containing chloride ions are discouraged because they may contribute
to reinforcing steel corrosion and reduce the long term shotcrete quality. A limit
of0.10 percent chloride as a percentage ofthe cement mass is often used.

The use ofair-entrainment in wet-mix shotcrete is discussed in section 7.4.3. Air
entraining agents should comply with AASHTO M194 [52].

Superplasticizers (high range water reducing admixtures) are now commonly used
to achieve better dispersion ofboth cement and mineral admixtures, further
reductions in mixing water content and temporary increased pumpability without
increased water. The increased slump with superplasticizer is lost in ~ to I~
hours. Superplasticizers can be added at the plant or site and are available with
both normal and extended window slump loss characteristics; the former is
preferable for soil nailing shotcrete because they result in early in-place stiffening.
However, because of shortened plastic life, these must be added on site.
Superplasticizers are mandatory for dispersion of the fine particles if silica fume is
used. Many superplasticizers act as set retarders; some at high dosages extend set
for many hours.

ASTM Cl141 [54], "Specification for Admixtures for Shotcrete," presents
properties for all shotcrete admixtures.

7.4 Shotcrete Properties

7.4.1 Factors Determining Shotcrete Quality

Two ofthe most significant factors determining shotcrete quality are its paste content and in-situ
density. Shotcrete mixtures have high cement factors, typically 355 to 415 kglm3

, dictated by the
need to provide fines for pumpability and shootability. Therefore, corresponding low
water:cement ratios can be expected, with resulting high strength and durability and low
permeability if proper in situ compaction is achieved. The richness ofthe mixture is further
enhanced in the loss of some coarser aggregate particles during shooting by rebound, resulting in
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final in-place proportions that are higher in paste than the original mix. Given proper mixture
proportioning and reasonably well graded aggregate, the in situ density depends on field
compaction, primarily proper nozzle technique, and velocity ofthe nozzle stream. Consequently,
emphasis must be placed on assuring that the nozzleman is competent.

7.4.2 Common Specification Requirements

Typical specifications for soil nailing shotcrete address two basic properties:

• Strength. The critical strengths are flexure and shear, which are related to the more easily
tested compressive strength. As a conservative rough guideline, the flexural strength is
taken as 10 to 12 percent ofthe 28-day compressive strength.

• Durability. The commonly specified 28 MFa (4000 psi) 28-day compressive strength
requirement normally assures a water:cement ratio ofless than 0.50, which is adequate for
all but the most demanding exposures.

Table 7.1 presents suggested material specification guidelines for soil nailing wet-mix shotcrete.
Figure 7.2 illustrates typical range ofshotcrete compressive strength in relation to curing time.

7.4.3 Shotcrete Mixture Proportioning and Air Entrainment

Wet-mix proportioning can be done using the normal concrete procedures, such as those in ACI
211.1 [55], with adjustments to such items as mixing water content for the higher fine aggregate
content and pumpability through small diameter hoses. A theoretically ideal mixture proportion is
ofno value in the field unless it can be pumped and shot with the Contractors equipment and
unless it results in high in situ density.

Slump is largely self-controlling in wet-mix shotcrete-too wet and it sloughs on the face; too dry
and it will not pump.

Air can be entrained into wet-mix shotcrete. Recent research has shown that the loss ofentrained
air from wet-mix shotcrete during pumping and application onto the face can occur as follows and
the final in-place air content will typically be between 4-5% irrespective ofhow high the initial air
content is:

Mixer Truck Pump Nozzle Final In-Place Facing

Initial 7 to 10% Lose 1 to 1~% Lose up to 4% Residual typically 4 to 5%
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TABLE 7.1
SUGGESTED SPECIFICATION GUIDELINES
WET-MIX SHOTCRETE FOR SOn.. NAILING

Property Standard Or Requirement Comments
Method Of Test

Materials

Cement AASHrOM85 Specify Type(s)
[47]

Admixtures AASHrOM194 Compatibility to May specify limit on Chloride to 0.15% of
[52] or ASTM ASTMCl1l7 cement weight.
C1l41 [54] [48]

Aggregate AASHrOM6 Grading No. 2 Desirable to include some 10 mm coarse
general quality [48], M80 [56] (ACI506.2) aggregate

gradation AASHrOM43 [44]
r571

Supply

Ready-mix ASTM C94 [58] Ifvolume batching pennitted, use ASTM
C685. Site volume batching may be a
preferred method of supply for small
projects. It assures a fresh and interruptible
supply ofmix.

Plastic Properties

Slump AASHTOTl19 50to 100mm Controlled largely by pumping and sloughing
[59] restraints so testing is not nonnally required.

Air content AASHTOTl52 7 to 10% Measured at the truck. Air entrainment
[60] ASTM usually only required when there is freezing
C231 [61] and thawing exposure (e.g., pennanent

shotcrete in cold climates).

Maximum For construction Lower values may be required for severe
water/cement facing ~ 0.50; exposure, ego many freeze-thaw cycles and
ratio for pennanent exposure to de-icing salts or acidic soils.

facing ~ 0.45.

T~mperature of 10 to 30°C Shotcrete is often a "thin" section so more
nux stringent temperafure limits than normal

concrete apply.
Hardened Properties

Compressive ASTM C42 [62] 28 MPa at 28 Samples tested in wet condition; 3 cores
strength on cores from days; averaged for a test. Acceptable if:

test panels or in 15MPaat3 Average of3 cores 2: 0.85 f c
situ shotcrete days No individual Core ~ 0.75 f c

Porosity ASTMC642 Test at 7 days. Only required for permanent shotcrete.
[63] on cores

Boiledfrom panels or in
situ. Average 2 absorption ~
cores per test. 8%.
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Hence, loss ofair through wet-mix nozzting is inevitable. Trials ofup to 20 percent initial air
content have still resulted in 4 to 5 percent on the face. Research has shown that adequate air
void factors are normally achieved and this amount ofresidual air is sufficient to provide good
long-term durability.

Air entrainment usually improves workability and reduces both mixing water and bleeding in a
concrete or shotcrete mix. Increasing air content will proportionally decrease strength (1 percent
air commonly reduces compressive strength about 5 percent). Unless air is needed for long-term
freezing and thawing durability, it is not essential, and is typically not required in temporary
shotcrete construction facings. However, the loss ofair through the nozzle described above
results in a corresponding loss of slump so the shootability ofthe mix is improved. For this
reason, many contractors are choosing to add air entrainment to increase productivity.

Typical shotcrete wet-mix mixture proportions for one cubic meter are presented in table 7.2.

For dry-mix, the shooting process entrains a certain amount ofair bubbles ofsufficient size to
provide freezing and thawing protection. It certainly will not produce spacing factors less than
the 0.20 mm normally required; typical spacing factors in the order of0.33 mm have been
recorded. A combination of this small amount ofbubbles ofentrainment size plus the low
water:cement ratio will provide adequate freezing and thawing protection. Much ofthe dry-mix
shotcrete tested to the relatively severe ASTM C666 [64], Procedure A, has shown good
durability. The only exception is dry-mix with high accelerator dosages.

Therefore, in summary, air entrainment is not required in wet-mix used for temporary shotcrete
construction facings or in dry-mix used for temporary or permanent shotcrete facings. Air
entrainment is recommended in wet-mix used for permanent shotcrete facings.

TABLE 7.2
TYPICAL WET-MIX SHOTCRETE MIXTURE PROPORTIONS

Material 1 Cubic Meter Batch 28 MPa" Specification

Cement 390 kg

Water 160 Liters

Fine aggregate 1350 kg + moisture correction

Coarse aggregate, 10 to 15 mm 400 kg
max. size

Admixtures

Water reducing Yes
Air entraining Yes, if air is specified

Superphisticizer Only ifsilica fume used

Silica Fume Not normally used unless difficult shooting, then then
substitute for 30 to 40 kg cement

Steel fibers 50 to 70 kg ifspecified
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• Required 28-day compressive strength. This mix will typically produce compressive strengths over 28
MPa in most parts of the USA. The 390 kg/m3 is a common minimum specified cement content.

For shotcrete mixtures there are two opposing requirements-'shootability" and 'pumpability".
Shootability is the ability ofa mix to stick to a surface. It includes build-up thickness and
resistance to sloughing. For pumping, a low flow resistance and low viscosity are ideal; for
shooting, a high flow resistance and high viscosity are ideal. Once on a face, a shotcrete mix with
high flow resistance and high cohesion or viscosity will tend to stay there. Contractors want high
shootability to increase one-pass thicknesses. With the proper mix design, shootability to 300-mm
thickness can readily be achieved without sloughing or sag cracks below rebar. Flow resistance at
the face is markedly increased by compaction of the shotcrete mix, which is achieved by the
impact ofthe nozzle stream on the surface and results in driving out the copious amounts ofair in
the stream. This air is both entrapped and entrained.

7.s Proper Shooting Techniques

7.5.1 Nozzling

The key to good shotcrete quality is good nozzle work. The velocity of the material at impact is
an important factor in determining the ultimate properties of the shotcrete. For most applications
where standard nozzle distances of0.6 to 2.0 m are used, material velocity at the nozzle and
impact velocity of the material particles are almost identical. However, there can be pressure loss
in long air lines, reducing the impact velocity.

Shotcrete may be applied in layers or in single pass, depending on the position ofthe work, the
cohesiveness and stiffening characteristics of the mix and the thickness required. Vertical surfaces
may be applied in layers or a single thickness; as noted above, thicknesses to 300 mm can be
accomplished in a single pass. In any case, thickness ofa layer is governed mainly by the
requirement that the shotcrete should not sag. Sags or sloughs that go undetected and are not
removed can hide internal cracks and voids.

Each layer ofshotcrete is built up by making several passes of the nozzle over a section of the
work area. Whenever pos·sible, sections should be gunned to their full design thickness in one
layer, thereby reducing the possibility of cold joints and laminations. Joints are often porous. The
nozzle must be continuously manipulated so that material is dispersed and mixed as it hits the
face. As a general rule, the nozzle should be held perpendicular to the receiving surface, but
never inclined more than 45° to the surface (figures 7.3 and 7.4). The shotcrete should emerge
from the nozzle in a steady, uninterrupted flow. When the nozzle is held at too great an angle
from the perpendicular, the shotcrete rolls or folds over, creating an uneven, wavy textured
surface that can trap rebound and overspray.

In gunning walls, application should begin at the bottom. The first layer should, if possible,
completely encase the reinforcement adjacent to the form or soil face. In soil nailing, shotcrete lift
heights of 1 to 2 m are common.
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An important technique for applying a thick single layer of shotcrete against a vertical surface is
"shelf' or "bench" gunning. Instead ofgunning directly against the surface, a thick layer of
material is built up, the top surface ofwhich is maintained at approximately a 45° slope (figure
7.5).

Proper nozzle techniques for shooting into formed comers such as bulkheads in soil nail walls is
shown in figure 7.6.

7.5.2 Minimizing Rebound

The Achilles heel of shotcrete is rebound. When shotcrete strikes the excavation face or the
reinforcement, some of the larger aggregate particles tend to ricochet. As shotcrete builds up it
acts as a bed and rebound is reduced. Parameters influencing the amount ofrebound can be
separated into two categories: parameters related to the shooting technique, and those related to
the mix composition. The most important parameters related to the shooting technique are:
shooting position, angle, thickness and presence of reinforcement (bars or mesh). Loose mesh or
rebar will also increase rebound. The most important parameters with respect to the mix
composition are aggregate characteristics and content, cement content, and presence ofsilica
fume ifused.

In recent years, shotcreting techniques have been developed to minimize rebound. For wet-mix,
some Contractors report virtually no rebound, although values of 5 percent on vertical surfaces
are still common. Reductions can be achieved by:

• Reducing nozzle velocity,
• Reducing amount of coarse aggregate or fiber in the mix,
• Increasing nozzle distance,
• Adding silica fume to the mix to improve cohesion, and
• Adding accelerators.

Ofthese, all will reduce the in-situ quality ofthe shotcrete except the addition of silica fume and
possibly accelerator.

7.5.3 Shooting Reinforcement in Shotcrete

The soundest shotcrete is usually obtained when the reinforcement is designed and positioned to
cause the least interference with the nozzle stream. This can be accomplished by:

• Tying intersecting wire mesh or rebar laps firmly; tie to pins or anchors to avoid vibration
or displacement during shooting;

• Fabricating splices so that the reinforcements are aligned behind one another in a plane
parallel to the direction of shooting;
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• Using non-contact splices; where bars overlap, do not tie together but leave apart a
minimum of SO mm but not more than 1/5 the lap length or 1SO mm; and

• In two layer systems, leave the outside layer open (i.e., with a rebar spacing greater than
150 mm).

A related problem with soil nailing is displacement ofdrainage mats due to inadequate support of
the mat.

7.6 Shotcrete Quality Control and Testing

7.6.1 Basic Purpose

The fundamental purpose of the owner's quality control is to ensure both that the Contractor's
quality assurance is being implemented and that work is being conducted in reasonable
accordance with plans and specifications. This is particularly relevant for a performance-based
specification such as is commonly used for soil nailing.

Experience has shown that prequalifYing the shotcrete nozzleman, equipment and mix design will
help ensure a reasonable quality product. A properly conducted pre-qualification program will
identifY problems or deficiencies and allow for correction before they are incorporated into the
work.

7.6.2 Shotcrete Submittals

Submittals for the shotcrete portion ofa soil nailing project could be expected to include materials
qualifications, mix designs, reinforcement details, and nozzleman qualifications.

Materials qualification normally take the form ofmill certificates for cement and reinforcement
and aggregate test reports showing compliance to the specifications. Owners should check that
they are current and should request updates during construction ifthe volume ofshotcrete is
significant. Admixture submittals are normally technical literature from the manufacturer. Mix
designs should be checked for specification compliance.

7.6.3 Qualifications

7. 6.3.1 Contractors

It is common to require the Contractor to present his qualifications to do the work. This is part
ofbasic quality control. Items which may be requested as qualification submittals are:

• Reference shotcrete soil nailing projects completed by the Contractor - volume/size,
location, resident engineer, type ofshotcrete (construction vs. permanent), finishing.
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• Name ofproposed superintendent and resume ofrelevant experience with project engineer
contact person(s).

• Quality control procedures to be employed.

7.6.3.2 Nozzlemen

It has been emphasized previously that quality shotcrete requires a competent and conscientious
nozzleman. ACI 506.3R [65] Guide to Certification of Shotcrete Nozzlemen presents proven
procedures for nozzleman certification. They consist oftwo stages - a written examination on
shotcrete principles (examination can be presented orally to circumvent literacy problems), and a
field demonstration that evaluates both shooting techniques, including encapsulation ofreinforcing
steel, and ability to produce shotcrete ofa given compressive strength.

The qualification process can be project specific using the same mix, equipment, and personnel
proposed for the work.

Certification can be a positive experience providing both guidance and recognition to the
nozzleman. Any competent nozzleman will readily qualify. Currently, the examination must be
done by a testing laboratory or inspector familiar with shotcrete; ACI is considering setting up the
program under their auspices. Certification is often combined with pre-construction testing.
Nozzlemen who qualify should be given an appropriate written record. The specification
requirement for nozzlemen to shoot pre-construction test panels can be waived for nozzlemen
who have been certified in accordance with ACI 506.3R [65] requirements.

7.6.4 Pre-Construction Testing

Detailed guidelines for shotcrete pre-construction testing are given in ACI 506.2 [49] and ACI
506R [46]. They cover shooting of test panels (which can also provide qualification ofthe mix
design) with or without reinforcement. Reinforced test panels are not normally required for
temporary shotcrete construction facing.

Test panels are typically 0.5-to 1.0-m square. ACI 506.2 [49] permits 0.5 m square and 75 mm
thickness. Panels should have sloped 45° sides to release rebound. Test panels should be shot
using the vertical orientation ofthe face.

The test panel without reinforc~ment is used for compressive strength determination. Three cores,
usually 75 mm diameter are required for a test. Panels are normally field cured until they are
shipped to the testing laboratory. The outside 150 mm ofthe panel is not used for testing.
Recommended acceptance criteria are given in table 7.1.

Panels with reinforcement are cored at 100-mm diameter; cores should intersect reinforcement
overlaps. These are usually required only for permanent shotcrete. Cores and panel formed
surfaces are examined for voids, rebound, rock pocket, lenses, and general structure. Core
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structure is compared against a set offive standard photographs to grade the core for shotcrete
structure and reinforcement encapsulation. A minimum Core Grade No.2 - is required for the
reinforced panels to be considered acceptable.

The key to successful work is preparedness. However, pre-construction testing can be expensive
and consideration can be given to the previous history ofthe Contractor and/or mix design and
previous nozzleman certification as an alternate acceptance.

7.6.5 Quality Control During Production

7.6.5.1 Testing

ACI 506.2 [49] details testing procedures during production. These are straightforward and
focus on compressive strength only. Often, this is adequate for soil nailing but the Owner may
add additional requirements for such properties as those in table 7.1. ASTM C1140 [66] provides
further guidance on shotcrete testing.

ACI 506.2 [49] provides the option ofobtaining core test samples from panels or from the wall
face. Test panels should be shot during production using the vertical orientation ofthe face.

ACI 506.2 [49] requires the panels to be moist cured until testing. Many agencies prefer to cure
in conditions simulating the field, then soak test cores immediately before testing. Shotcrete
tested wet will have lower compressive strength than dry; differences to 15 percent are reported.

The shotcrete facing guide specifications contained in Appendix C give suggested testing
frequencies.

7.6.5.2 Inspection and Acceptance

If the contractor's quality assurance is functional, the owner's quality control role will be visual
inspection accompanied by hammer sounding (a dull sound indicates freedom from delaminations
and debonding) and some system for confirming thickness. Inspectors may satisfy themselves that
thickness is adequate by observations during shooting assisted by wire lines or the use of "pogo
stick" probes.

The fundamentals ofshotcrete quality are given in 7.4.1. To ensure these are achieved, the
inspector would observe:

• Uniform delivery ofmix; minimize cold joints.

• Reasonable nozzle technique - particularly encapsulating mesh or rebar without build-up
on their surfaces. It will be apparent ifgood in-situ compaction is being achieved. This
will also result in some, but not excessive, rebound. For wet-mix, there may be a tendency
to "lob" the mix onto the face with low air pressure. This is not good practice as
compaction by impact is required.
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• The nozzleman should be observed to be moving towards the face to encapsulate rebar.

• Removal offoreign material.

As a quality control checklist, the Inspector may wish to record some or all of the following:

• Nozzleman's name and certification details.

• Types and orientation of test panels prepared.

• Reinforcing in qualification panels (for permanent shotcrete)-a photograph is ideal.
Confirm the same reinforcing layout is used on the face.

• Mix design, delivery tickets, delivery time, supplier.

• Equipment-compressor, pump, nozzle.

• Presence ofand proper support for rebar and mesh. Eliminate localized congestion.

• Appearance of as-delivered mix segregation, oversize, slump.

• Installation ofground wires, forms, bulkheads.

• On-site test results-slump, air, temperature (if required by specification).

• Adequate surface preparation.

• Shotcreting nozzle work-pattern, distance, rebound, encapsulation.

• Operation ofblow pipe (if required).

• Removal of sags and sloughs.

• Curing and protection used (if required).

• Surface finish and planeness (if required).

• Compliance with dimensional tolerances.

7.7 Shotcrete Application - Temporary Shotcrete Facings

Section 7.9 deals with additional requirements for quality permanent shotcrete. For temporary
construction facings, a lower standard is usually allowed because of the short service life. As long
as worker safety is not jeopardized, soil nailing is more cost effective ifthe quality standards for
construction facings are commensurate with its function.
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7.7.1 Finishing

As-shot or rough-screeded finish is satisfactory for temporary construction facings. An as-shot
finish should be used where conditions permit. This provides economy and avoids the possibility
ofproducing a weak surface from tearing or over-finishing.

7.7.2 Tolerances

Tolerances typically used for formed concrete cannot be easily achieved in shotcrete and they are
not necessary for adequate performance ofthe structure. Tight tolerances will increase
construction costs significantly. Similarly, tolerances for cover and mesh or bar location desired
by designers for permanent facing are not essential for construction facings. Suggested tolerances
for temporary shotcrete construction facings are given in table 7.6.

7.7.3 Joints

In temporary construction facings, no contraction joints or special construction joints are normally
required. No significant strength loss is experienced if the face suffers some shrinkage cracks.

7.7.4 Protection and Curing

Ideally, the mix should be heated for cold weather shotcreting and cooled for hot. Heating of
aggregates and mix water is practical but cooling is normally not. Basic temperature placement
limits are:

• Ambient temperature limits 0 CO* to 40° C
• Shotcrete mix temperature limits 10° C to 35° C

*(providing that immediate protection from freezing is available)

As some surface cracking can be tolerated, protection from high winds and related drying is not
critical. The evaporation limit can be as high as 2.0 kg/mIhr.

Curing is generally not required for temporary facings.

Construction facing shotcrete has been successfully placed below 0° C with immediate cover.
The key is planning protection. The recent ACI 506R [46] Guide to Shotcrete states:

When it is known or anticipated that shotcrete will be placed under coldweather
conditions, a plan should be developed, submittedandapproved to outline the
proceduresfor subgrade preparation, shotcrete application, curing and
protection ofthe shotcrete. Shotcrete can be placed succesifully under very
adverse conditions with proper planning andprocedures designed to the specific
application.
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Hot weather protection is less important for construction facings where the short-term use can
tolerate some cracking. However, in cold weather, there must be sufficient protection to achieve
a minimum of4 to 5 MPa in-situ compressive strength before the shotcrete is frozen.

7.8 Potential Problems With Construction Facing Shotcrete In Soil Nailing Applications

7.8.1 General Durability

Unless the duration ofconstruction facing exposure is longer than 36 months, long-term durability
ofthe construction facing is not generally a concern and air entrainment is not required. Factors
affecting the long-term durability ofshotcrete are generally the same as those for concrete.
Details are discussed in 7.9.3.

7.8.2 Potential Problems With the Shotcrete

Table 7.3 describes potential problems for construction facing shotcrete, together with advice on
how to avoid such problems.

TABLE 7.3
POTENTIAL CONSTRUCTION FACING SHOTCRETE DEFECTS

Defect Cause Results In How To Avoid

Lack ofbond to soil Presence of overspray. Cannot develop Remove loose soil.
Loose soil. integral action Place flashcoat.
Excess groundwater between soil and

Control groundwater
seepa~e.

shotcrete.

Rebound trapped Rebound not allowed to Localized weak and Improve nozzle technique.
escape. Poor nozzle porous zone.
technique.

Slough/Sag Slump too high. Horizontal cracks. Improve Nozzle technique.
Lift too thick. Voids under rebar. Add silica fume. Add

accelerator. Reduce water
content at batching. Reduce
lift thickness.

Blow-off Water build-up behind Destruction of Proper surface and sub-
shotcrete. shotcrete. surface draina~e.

Slough Loose wire mesh or Voids beneath mesh. Provide additional support
loose drain strip. Shotcrete cracking. for mesh. Pin drain strip to

face.

Deficient shotcrete Inadequate quality Weakened Improve shotcrete
thickness control during shotcrete construction facing. placement quality control.

placement.
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7.9 Additional Aspects Of Shotcreting For Permanent Shotcrete Facing

7.9.1 General

The majority ofthe previous text has focused on shotcrete for construction facing because it is in
this construction that the majority ofsoil nailing shotcrete is used. However, permanent shotcrete
facings are gaining use in some parts ofthe country as an alternate to cast-in-place or precast
cladding.

The fundamentals ofmaterials, shotcreting equipment and practices, and quality assurance are
common to both permanent and temporary construction. Because ofthe need for long term
structural integrity and service life, permanent shotcrete has some additional requirements
described here.

7.9.2 Comparison of Shotcrete and Conventional CIP Concrete

Differences between shotcrete and cast concrete arise from two features ofshotcrete:

• In shotcrete mixture, proportions are heavy to the mortar phase due to high sand and
cement contents (i.e. low coarse aggregate); these mortar rich proportions are necessary
to minimize rebound and accommodate transport through the small diameter shotcrete
hoses.

• The method of shotcrete placement uses compressed air driven velocity to achieve
compaction with no supplementary vibration; therefore, variable localized porosity and
higher entrapped air result.

With suitable shotcrete mix designs and well-qualified structural shotcreters, it is now possible to
produce high performance shotcrete equivalent to high quality concrete. Table 7.4 compares the
properties ofshotcrete and cast-in-place concrete.

7.9.3 Durability and Defects

For a permanent soil nail wall requiring long service life, permanent shotcrete durability aspects to
be considered are:

• Freezing and thawing. ACI Committee 362 "Guide for the Design ofDurable Parking
Structures" [67] has defined a range ofexposure conditions for the various areas and
elevations of the United States. Basically all areas north ofthe Utah-New Mexico border
have demanding exposure. Normal protection consists ofair entrainment and a good
quality paste (water:cement ratio <0.50).
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TABLE 7.4
COMPARISON OF SHOTCRETE AND CIP CONCRETE

Property Comparison

Shrinkage (1) Shotcrete is higher, sometimes much higher, due to low coarse aggregate
content and higher cement factor.

Propensity to Higher in shotcrete due to (1) and thin sections with higher surface area.
crack

Creep Higher in shotcrete due to (1). This can be advantageous because it relieves
and redistributes local stresses.

Bond Similar but can be higher in shotcrete due to impact ofshotcrete on surface.
There is also high rebound ofthe coarse aggregate sizes that initially strike a
surface leaving behind a paste-rich bond layer. In both cases, bonds depends
on preparation ofthe sub-strata surface.

Compressive A range of strengths to 70 MPa are reported for shotcrete. The high cement
strength content (and low water:cement ratio) ofshotcrete results in generally high

strengths.

Flexural Higher in shotcrete.
strength

Modulus of Generally related to the square root ofcompressive strength, similar to cast
elasticity concrete.

Porosity and Higher in shotcrete, particularly on localized basis due to compaction voids.
permeability Typical absorption values-see table 7.1-ofgood quality concrete, with a

water:cement ratio of 0.45, will be in the 5 to 6% range; for a comparable
shotcrete mix, they might be 6 to 8%.

Permeability values for good quality shotcrete in the 10.12 m/sec range have
been obtained. The permeability is markedly decreased when silica fume is
added.

In-place Lower in shotcrete due to both lower coarse aggregate content and higher
density porosity. For a given source of aggregate, shotcrete density will be typically

25 to 50 kglm3 lower than cast concrete.

• Leaching ofwater-soluble portions of the hydrated cement paste (mainly lime) in areas of
porosity or cracking. This is primarily an aesthetic consideration that only affects
durability in advanced stages.

• Attack of the cement paste by aggressive chemicals (typically sulfates) in groundwater.
Protection can be provided by selection of proper cements (Type II or V).

Ofthe above, freezing and thawing is the most significant. Distress manifests itself as progressive
surface scaling. For distress to occur, the shotcrete must be saturated with water and therefore
problems will occur only where there is free water on the shotcrete surface or groundwater behind
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the facing. Chlorides from deicing salts will greatly accelerate the process by increasing the
number offreezing cycles and the pressure within the paste pores. As discussed previously, air
can be entrained into wet-mix shotcrete to provide long-term durability against freeze-thaw.

Soil nailing shotcrete seldom suffers from freezing and thawing; because ofvertical orientation, it
is rarely saturated. In addition, construction facing shotcrete is partially protected by the
permanent facing.

Table 7.5 presents a description ofpotential shotcrete defects for permanent shotcrete facings, in
addition to those listed in table 7.3 for construction facings. Permanent shotcreting requires the
use ofa blowpipe in concert with the nozzle to remove rebound and overspray.

TABLE 7.5
POTENTIAL PERMANENT SHOTCRETE FACING DEFECTS

Defect Cause Results In How To Avoid

Overspray and Shotcrete stream Localized weak, Clean adjacent surfaces.
rebound impacts on surface porous zones. Use blow pipe to remove.

and fines travel to Poor bond to
adjacent surfaces. rebar or surface.

Lack ofbond Foreign material on Delamination. Mechanically roughen fresh

to previous surface - dirt, No integral action shotcrete surface. Sandblasting

shotcrete or laitance or between two may be required to remove

concrete. overspray. shotcrete layers. laitance.
Hydromilling at pressures >30
MPa will normally remove
foreign material.
As-shot or rough screed finish is
normally sufficiently sound and
rough to provide excellent bond
to subsequent shotcrete or cast
concrete.

Rebar Improper nozzle Void or porous Improve nozzle technique,
shadowing techniques. Rebar zone behind normally move in closer.

too large or too rebar. Use blow pipe to remove
congested. rebound.
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7.9.4 Materials

Permanent facing shotcrete might include these additional materiels:

Silica Fume
This finely ground silica is becoming more commonly used in shotcrete where its benefits
include reduced rebound, increased strength, decreased permeability, and greater lift
thicknesses without sloughing. It is commonly used at dosages of8 to 12 percent by weight
ofcement. It markedly increases the cohesiveness ofthe mix. Silica fume reduces the plastic
viscosity but can greatly increase the flow resistance (i.e. shootability) at high dosages. For
this reason, it is sometimes proposed by shotcrete Contractors to improve one-pass
production, particularly for thicker applications. Other advantages include reduced wash-out
ofsurface fines for shotcreting in the rain and bond to wet ground.

Bonding Compounds
Bonding compounds are not normally required between layers ofshotcrete. The bond ofnew
shotcrete to properly prepared soil, rock, old concrete, or shotcrete surfaces is normally
excellent. The initial mix that contacts a hard surface has high aggregate rebound leaving a
paste-rich layer against the surface, which enhances bond.

7.9.5 Shotcrete Application-Permanent Shotcrete Facings

7.9.5.1 Protection and Curing

Protection practices for concrete are generally applicable to permanent shotcrete. However, the
relatively thin shotcrete section and associated large surface area makes shotcrete more sensitive
than CIP concrete to cooling and surface drying. In addition, shotcrete does not have the benefit
of in-form curing.

In all weather, but particularly in hot weather, protection from high winds is essential to good
workmanship. In hot weather, the rate of surface evaporation should not be allowed to exceed
1.0 kg/m/hr (see ACI 305R [68] for method ofcalculation). Protection from surface drying is
even more critical for shotcrete containing silica fume because ofits susceptibility to plastic
shrinkage.

Ideally, the mix should be heated for cold weather shotcreting and cooled for hot. Heating of
aggregates and mix water is practical but cooling is normally not. Basic temperature placement
limits are:

• ambient temperature limits
• shotcrete mix temperature limits

In some locations, this greatly limits the time ofyear for shotcreting. Such limits can be extended
by prudent construction such as immediate application of protection covers to retain heat or
prevent drying, and/or immediate application ofthe curing system.
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Curing systems can include the usual curing compounds, polyethylene sheet drapes (with sealed
edges) and water spray or flooding. Curing compound should not be used on surfaces to receive
subsequent layers. If the surface is left as-shot, the rate ofcompound coverage must be increased
to perhaps double the normal value because ofthe increased surface area. Ideally, curing
compound should be applied in two stages-immediately after shooting and the next day.

Fog spray in the area ofnozzling has been found to be beneficial in hot weather.

Shotcrete can be placed in drizzling rain up to the stage where the surface paste is washed off.
Additions ofaccelerators or silica fume will greatly reduce susceptibility to wash-off.

It is generally desirable to shoot with a mix as fresh as possible, particularly in hot weather. The
usual 90-minute limit from batching to shooting should be reduced to about:

• 60 minutes for ambient temperature above 30°C,
• 45 minutes for ambient temperature above 35°C.

Alternatively, retarders can be added. The converse is true for cold weather where longer times
may be allowable.

As a principle, batch to batch delivery of the shotcrete at the desired slump and uniformity is
essential to shotcrete quality and productivity. A mix that becomes difficult to pump should be
discarded.

Inspection should assure that curing and protection are in place. Inspection after shotcreting by
wetting the face and allowing partial drying will locate cracks and localized porosity.

7.9.5.2 Shooting Reinforcement in Permanent Facings

In addition to the information presented in section 7.5.3, the following applies to permanent
shotcrete facings.

The ACI 506R [46] Guide suggests that it is difficult to avoid voids or shadowing behind rebar if
bar(s) are larger than No. 16, ifthere are two layers, or ifbar spacing is closer than about 100
mm. It would be difficult to use shotcrete in soil nailing with these restraints. Quality shotcrete
has been demonstrated with bars up to No. 25, at 75 mm spacing, with laps and with two layers in
a total 300 mm wall thickness, using an appropriate mix design and a highly experienced
nozzleman. The 506R [46] suggestions are conservative for a competent contractor.

When shooting through and encasing reinforcing bars, the nozzle should be held closer than
normal and at a slight upward angle to permit better encasement ofhorizontal steel and minimize
the accumulation ofrebound. Also, the mix should be a little wetter than normal, but not so wet
that material will slough behind the bar. This procedure forces the plastic shotcrete behind the bar
while preventing build-up on the front face of the bar.
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Guidance on in-place evaluation of permanent shotcrete is given in ACI 506.4R [69]. Ifthe
inspector wishes to check rebar encapsulation in situ, sacrificial bars can be installed to avoid
cutting the primary rebar.

7.9.5.3 Surface Preparation

Proper surface preparation is essential to achieve bond to the surface receiving the shotcrete. The
basic parameters desired are lack ofabsorption ofwater from the mix, cleanliness, and sufficient
roughness to achieve a mechanical as well as cement hydration (chemical) bond. To maximize
bond, the receiving surface should be damp with no free water.

7. 9. 5.4 Finishing

For aesthetic reasons, permanent facings may require other than an as-shot finish. Finishing must
commence immediately after shooting and consists ofcutting and screening to the alignment wires
or forms followed by wood, steel or rubber floating as specified. If a high quality permanent face
finish is required, the contractor may shoot a thin (flash) coat of sand cement over previously
placed as-shot shotcrete to facilitate finishing. Flash coat application should occur before the base
coat has set. Finished shotcrete surfaces can also be colored with colored pigmented sealers.

7.9.5.5 Tolerances

Section 7.7.2 notes the problem with overly restrictive shotcrete tolerances.

ACI 506.2 [49] now states: IIUnless specified elsewhere, tolerances of shotcrete shall comply
with ACI 117 [70] (for normal cast concrete) as modified herein. Increase tolerance for conctete
dimensions for gun finished shotcrete by factor of2. Increase tolerance for concrete dimensions
for all other shotcrete by factor of 1.5, which recognizes the need for more relaxed tolerances.
Suggested tolerances for both temporary and permanent shotcrete facings, largely drawn from
ACI 506 Committee discussions, are presented in table 7.6.

The two key issues for permanent shotcrete are planeness for aesthetic reasons and cover on rebar
and nails for corrosion protection. Finished shotcrete surfaces will always have elements of
waviness. Rebar cover can readily be checked in the field by probing.

7.9.5.6 Joints

Square construction joints are not desirable in shotcrete construction because they form a trap for
rebound and a route for water infiltration. The entire joint should be thoroughly cleaned and
wetted prior to the application ofadditional shotcrete. Where a section of shotcrete is left
incomplete at the end ofa shift, some provision must be made to ensure the joint will not develop
a plane ofweakness at this point. The joint should be tapered to an edge or shoulder, usually
about one-half the thickness of the shotcrete or a minimum of25 mm.

The spacing ofcontraction joints in permanent shotcrete facings depends on the application and
should be designated on the drawings. In practice, the spacing usually varies from 5 to 10m.
Contraction joints are intended to prevent random cracking. For reasons explained in table 7.4,
shotcrete is susceptible to shrinkage, which can best be mitigated by curing procedures.
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TABLE 7.6
SUGGESTED CONSTRUCTION TOLERANCES FOR SOIL NAIL SHOTCRETE FACING

Item or Element Tolerance from Specified Type of Soil Nail Wall
Dimension Permanent Construction

Facins~ Facins~

Horizontal Location ofWire Mesh, Rebar and ±10 ±15
Studs on Plates

Thickness of shotcrete
if trowelled, or screeded -15 -10
if left as-shot -30 -10

Planeness of surface, gap under 3 m straightedge,
any direction

if trowelled, or screeded 15 NtA
if left as-shot 30 NtA

Spacing between bars 25 25

Notes:· All dimensions in mm
• "+" indicates increase in dimension, "_" indicates decrease
• NtA = not applicable or controlled by other tolerance requirements
• Permanent facing refers to full-thickness permanent shotcrete facing
• Construction facing refers to shotcrete construction facing which will be covered by a

CIP final facing
• Tolerances for a temporary wall with construction facing only, i.e. will not be covered

by a CIP facing, can have less restrictive tolerances. These may vary from project to
project depending on application, site geometry and other constraints and thus are left
to discretion of individual OwnerslDesigners to establish.

• Tolerances and finishing requirements for CIP facings refer to highway agency standard
specifications or project special provisions.

Expansion joints similar to those used in conventional CIP facings may be required in long
permanent shotcretefacings, normally those over 30 m. Such joints are normally formed with
asphalt impregnated fiberboard or similar compressible material and are approximately 20 mm in
width.

7. 9. 5. 7 In Situ Density (Jnd Permeability

For some shotcrete applications, high in-situ density or low permeability may be important. Such
properties reduce through-face weeping and improve corrosion protection of the nail head steel.
A simple method of specifYing such performance is the absorption test. Table 7.1 contains
recommendations.
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7.10 Steel Fiber Reinforced Shotcrete (SFRSC)

Steel fibers been used as reinforcement in shotcrete used for temporary construction facings for
the purpose of:

• Replacing welded wire mesh where mesh installation is difficult, e.g., irregular or rough
excavation face surfaces; or where soil stand-up time is limited and a quick shotcrete
application ("flashcoat) is required.

• Providing post-cracking residual strength when the shotcrete cracks due to shrinkage or
localized over stressing.

• Increasing the flexural strength ofthe mix. Increases in compressive strength are nominal.

Fibers for shotcrete are steel or polypropylene. At this time, steel is preferred for better post­
crack residual strength and resistance to shrinkage cracking. Polypropylene may perform
adequately at higher dosages, say 4 or 5 kg/m3

, but these dosages can create mix workability,
mixing and pumping problems. Shotcrete contractors also state that steel fibers in shotcrete
produce increased wear on equipment, particularly on hoses. The swing tube in wet-mix pumps
may also suffer increased wear.

It should be noted that the shotcrete placing process tends to force the fibers to an in-plane
orientation rather than the random orientation achieved in normal concrete. This improves their
effectiveness in flexure. Fibers are not generally used in combination with mesh because they
have a tendency to drape over the mesh wires during shooting and become poorly distributed.
The function ofthe fibers is to replace the wire mesh. As a reinforcement, their primary function is
crack control, specifically forcing and controlling crack distribution and preventing large crack
openings.

Steel fibers are more efficient at longer lengths and higher aspect ratios. The aspect ratio offibers
is the length offiber divided by the fiber's effective diameter. Research shows an ideal length to
be about 40 mm to develop maximum fiber-paste bond, but such long lengths are often
impractical for pumping and shooting in wet-mix shotcrete. Lengths as low as 20 mm can be
used; 25 mm is common. The delivery hose diameter should be a minimum oftwice the fiber
length. The aspect ratio should be greater than 60 and ideally in the 100 range. This means that a
typical fiber width of 0.5 mm diameter would have to be a minimum of30 mm long. For aspect
ratios over 100, problems with workability can be experienced; under 50 provides little
improvement.

Fiber dosages should be a minimum of50 kg/m3 and ideally in the 70 kg/m3 range. A steel fiber
dosage ofabout 60 kg/m3 is approximately equal to 0.75% by volume ofreinforcement in the mix.
In a flexural test, typical failures are by pull-out ofthe fibers in bond. Fibers with hooked ends or
deformed surfaces generally are more effective due to improved bond.
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ASTM CI018 [71] provides a test procedure for evaluating the effectiveness offibers. It
determines the maximum flexural strength and the residual (post cracking) strength by quantifying
the load deflection curve. The Appendix to C1018 provides guidance in interpreting results of
these tests.

ASTM C1116 [50] presents a 'Standard Specification for Fiber-Reinforced Concrete and
Shotcrete'~ A common specification would require:

• Fibers shall comply with ASTM A820 [72] Types I, II or III with a minimum length of25
mm and a minimum aspect ratio of60.

• The minimum fiber dosage shall be 60 kglm3.

• Beams cut from test panels shall be conditioned in the same manner as compressive
strength cores, tested in accordance with ASTM C1018 [71], and have the following
minimum strength properties:

- 7-day and 28- day first crack flexural strength of4 MPA and 5 MPA, respectively;

- Residual post cracking strength, RIO, 30 = 60 at 7 and 28 days.

ACI 544.4R [73], 'Design Considerations for Steel Fiber Reinforced Concrete", contains
guidelines on design procedures with steel fibers. At the time ofpreparation ofthis manual,
structural design procedures for designing with steel fibers are not as well developed as for
conventional concrete reinforced with welded wire mesh or deformed reinforcing bars. Use of
steel fiber reinforced shotcrete is increasing for applications such as tunnel linings and slope
stabilization/protection and there has been some limited usage to date as temporary soil nail wall
facings.
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CHAPTER 8. CONTRACTING METHODS, PLANS, AND SPECIFICAnONS

Soil nailing is still regarded by some as an emerging technology even though extensive test
programs have been conducted on full-scale soil nail walls and soil nailing has been successfully
demonstrated in both Europe and the United States to provide adequate temporary and permanent
in-situ reinforcement. Economy, reliable design methodologies, appropriate construction
techniques, and confidence in performance of the structures have all contributed to the popularity
of soil nailing in Europe and in localized regions of the United States. When introducing soil
nailing projects, public agencies worldwide have ensured the quality ofthe final wall by
structuring the contract documents to build trust and a positive contractual relationship by
prequalifying contractors and equitably distributing the risk.

This section of the manual is intended to assist public agencies with little or no experience in
procuring contracts where soil nail walls are the preferred construction method. Although the
contents of this manual reflect the collective experience ofthe FHWA, State, and Industry peer
reviewers, soil nailing contracting methods should be formulated to take advantage ofnew
practices that prove to be both economical and durable. Since contractors often introduce
innovative, cost-competitive solutions, it is recommended that the contract documents for soil nail
projects be structured to allow specialty contractors to make use ofthe latest available design
methodologies and construction techniques. Thus, contract documents that are performance
based rather than procedural are preferred. Current contracting procedures and guideline
information for owners and agencies to successfully procure soil nail wall contracts are
summarized in this chapter.

8.1 Contractor Prequalification

The likelihood ofobtaining a satisfactory installation improves when a qualified contractor
experienced with the construction sequence and procedure is selected to build the wall. As with
any new technology, inexperienced contractors unfamiliar with the proven construction methods
for soil nail walls can jeopardize the future use of the technology. This aspect becomes critical if
serious construction related problems develop, particularly if such problems occur on an agency's
initial application. In such cases, there will be a tendency for administrators, designers ofalternate
support systems, and representatives of private owners to unduly question established design
methodologies on future projects where soil nailing is the preferred economical or
environmentally correct solution. Therefore, the responsibility for safeguarding soil nailing from
an unwarranted reputation is incumbent upon all future users and contracting parties. The news
ofone poorly executed project reaches farther than ten successful ones.

For agencies or owners with no previous experience with soil nailing, the quality assurance issue
is further complicated since the knowledge of the in-house design/inspection staffis limited, at
least initially, due to the lack ofexperience or familiarity with the new technology. A proven
method of helping to ensure success of the technology is to clearly define the contractor
prequalification requirements in the contract documents followed by enforcement of these
requirements. Such prequalification requirements are commonly being used by many
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transportation agencies for other specialty construction techniques, such as permanent tieback
walls, drilled shaft foundations, shotcreting, etc. There may be a tendency to accept bids from
contractors experienced with other ground reinforcement techniques such as rock bolting and
tieback walls. For instance, it should be recognized that soil nail wall construction differs
significantly from tieback wall construction since no vertical ground support members are
installed. Soil nailing has a uniquely defined set ofconstruction procedures which, when not
observed by inexperienced contractors, can produce highly undesirable construction conditions
that could jeopardize the structure and be hazardous to workers. To ensure a safe working
environment, minimize construction problems, and provide a quality product, it is recommended
that only bids from contractors experienced with soil nail wall construction be allowed. Typical
prequalification requirements are included in the appendix B, Guide Specification.

8.2 Contracting Methods and Definitions

The general types ofcontracting methods currently being used for soil nail wall design and
construction may be generally classified as Owner Design and Contractor Design/Build. Owner
Design Contracts may be further structured using an Owner Design - Performance or an Owner
Design - ProcedurallPrescriptive based specification. Design/build contracting methods are
performance based and place the responsibility ofboth design and construction on the contractor
Each ofthese contracting methods assigns different requirements and responsibilities to the owner
and the contractor. The owners ability to select the wall type, define the work required to
construct the wall, available in-house design expertise, as well as the human resource
requirements demanded by the project will often dictate the contracting method selected.

The proceduraVprescriptive based contracting method is generally not advantageous since the
owner is fully responsible for the design and performance ofthe soil nail system and is responsible
for directing the contractor's work ifchanges are required (i.e., the owner assumes all the risk).

For purpose ofthe discussions which follow related to the alternate contracting methods, the
following definitions will be used for the various types ofcontract specifications that can be used:

Owner Design - Performance Specification

Nail final drillhole diameter and installation method required to provide the design nail pullout
resistance is the contractor's responsibility.

Owner Design - ProcedurallPrescriptive Specification

Nail drillhole diameter and installation method is specified by owner.
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DesignlBuild - Performance Specification

Implicit - Owner determines that a soil nailing wall is feasible and specifies a soil nailing wall. The
contractor prepares the design calculations and detailed plans and constructs the wall.

Open - Owner specifies that a wall be built. The contractor selects the wall type, prepares the
design calculations and detailed plans, and constructs the wall.

8.2.1 Contract Procurement with Owner-Design

Designs prepared by the owner afford more control over the final product and allow the owner to
gain valuable in-house expertise. Once this expertise is gained the owner can more comfortably
meet demanding project schedules that otherwise would have required engaging a consultant or
letting a design/build contract. In-house expertise also provides a more reliable basis for
reviewing designs prepared by contractors or their consultants. Where project schedules burden
the resources of the owner but the agency stills prefers more direct involvement in the design, the
agency may engage consultants familiar with soil nail wall design and construction or use a pre­
bid specialty contractor design contract.

Owner-prepared designs, however, require that assumptions be made regarding the contractor's
construction procedures and equipment. In particular, the soil nail wall design is extremely
sensitive to the size ofthe drill hole that the contractor uses. To maintain the widest possible
bidding field, the owner must select a minimum drill hole size based on drilling equipment that is
commonly available when estimating the pullout resistance (soil/grout bond) to be used for the
design. By selecting a conservative drillhole size and estimated pullout resistance, the design will
typically err on the conservative side (i.e., longer nail lengths and/or a closer nail spacing will be
required to provide the design capacity).

The primary differences between performance and procedural based owner-design contracts are
discussed below. It should be recognized that contract documents that are called "performance
based" will typically still incorporate some procedural construction requirements.

8.2.1.1 Contracts with Owner Design and Performance Specifications

The predominant method ofprocuring contracts for designs prepared by the owner is through
performance based contract documents. This contracting method affords an equitable distribution
ofthe risk, with the owner being responsible for the design aspects and contract document
preparation and the contractor responsible for the performance ofthe structure during
construction. The owner is required to set forth the performance criteria and accept or reject any
variances from those criteria.

In preparation ofsoil nail wall performance based contracts, the owner determines the scope of
the work; provides geotechnical subsurface data; the minimum nail drill hole diameter; the nail bar
sizes, spacings, and design pullout resistances; nail testing procedures and acceptance criteria;
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corrosion protection requirements; facing design; and construction monitoring requirements. The
contractor is responsible for determining the soil nail installation (drilling and grouting)
method, final drilled hole diameter necessary to provide the design pullout resistance, soil
nail performance, excavation method, and the facing construction methods. This is
desirable, because the experienced soil nail specialty contractor can best respond to localized
changes in ground conditions and to other construction problems. Performance based contracts
allow use ofboth the individual specialty contractor's expertise and his proprietary equipment and
typically result in a better and more economical end product than do strict proceduraVprescriptive
contracts.

When a performance specification is used on a project designed by the owner, the contract
documents will typically.include the following:

• Fully detailed design plans including subsurface data.
• Site limitations (i.e., Right-of-way and easement limits).
• Existing utility drawings.
• Required contractor submittals and review requirements.
• Construction tolerances and minimum soil nail dimensions (i.e. diameters and lengths).
• Required soil nail bar sizes and design pullout resistance values.
• Excavation tolerances and sequencing, including the maximum allowable height of

excavation lifts.
• Specifications requirements for materials, material certifications, and construction quality

control tests.
• Corrosion protection details.
• Type offinish facing required, including dimensions and reinforcing steel requirements.
• Maximum time duration offinish cut face exposure prior to nail installation and closure

with structural shotcrete.
• Minimum required nail grout and shotcrete strengths prior to allowing excavation to

proceed to the next lift.
• Wall drainage requirements.
• Nail testing procedure(s) and acceptance criteria.
• Wall construction monitoring responsibilities and requirements.
• Methods ofmeasurement and payment.

The contractor's responsibilities include:

• Fulfilling the contract submittal requirements.
• Selecting the soil nail installation methods and equipment and final drillhole diameter.
• Complying with material specifications, construction tolerances, and minimum/maximum

dimensions.
• Obtaining and verifying the soil nail load carrying capacity and pullout resistance values

used in design.
• Completing construction excavations in accordance with the specifications.
• Installing wall finish facings in accordance with the contract documents.
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• Performing the required soil nail testing.

The owner's responsibilities during construction include:

• Verifying that construction tolerances, construction sequencing, and minimum soil nail
requirements have been satisfied.

• Verifying that drilling procedures are not causing excessive ground loss or subsidence.
• Verifying compliance with the specified material properties and requirements.
• Verifying that corrosion protection requirements have been satisfied.
• Verifying that construction excavations are staged in accordance with the specifications.
• Verifying that finish facings are constructed in accordance with the contract documents.
• Observing, verifying, and recording the results of all soil nail and construction quality

control testing.

Provided below is a general listing ofthe owners advantages and disadvantages when contracting
soil nail wall construction using an owner prepared design and a performance based construction
specification.

OWNER DESIGN - PERFORMANCE SPECIFICATION

Advantages· Disadvantages

Valuable in-house expertise is obtained Requires owner staff and expertise

Owner has control over final product Requires sufficient staffto support project

Equitable risk is shared between the Requires assumptions regarding the contractor's
owner and the contractor construction procedures and equipment

Contractor's experience, equipment, and Less economical ifthe design does not optimize
expertise is utilized the contractor's procedures and equipment

8.2.1.2 Contracts with Owner Design and Procedural/Prescriptive Specifications

When procedural ("prescriptive") construction specifications are used, the agency or owner is
fully responsible for not only the design but also the construction performance ofthe soil nail wall
system, provided the contractor has installed the nails in accordance with the prescriptive
specification requirements. A procedural contract specifies all details ofdesign and construction,
including the required soil nail drillhole diameter. The agency must be confident in its ability to
predict the performance ofthe contractor's procedures and equipment to preclude claims or
disputes from arising during construction.

Procedural contracts typically do not ensure higher quality work but do open the bidding field to
contractors inexperienced with soil nailing. Inherently, the owner is responsible for directing the
contractors activities if changes are required and, therefore, is exposed to a higher likelihood of
contractor requests for additional compensation. For example, if the soil nail load carrying .
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capacity (i.e., pullout resistance values used in the design) are not achieved and the owner has
specified the drillhole diameter and installation methods, it then becomes the owner's
responsibility to direct the contractor with respect to what changes must be made. All resulting
extra costs due to the changes and project delay/impact are borne by the owner. Moreover, the
owner is responsible for the construction performance that can result in extensive contractor
claims ifthe owner's inspection staff is unfamiliar with the contractor's construction procedures
and/or equipment. The responsibility ofthe contractor is to submit material certifications and
build the soil nail system in strict accordance with the plans and specifications.

Provided below is a general listing ofthe owner's advantages and disadvantages when contracting
soil nail wall construction using an owner prepared design and a proceduraVprescriptive based
construction specification.

OWNER DESIGN - PROCEDURAL /PRESCRIPTIVE SPECIFICATION

Advantages Disadvantages

Widens the bidding field Owner assumes all risks

Owner is fully responsible for the design and
performance of the system

Owner directs the contractor's work when changes
are required

Owner must be highly confident in predicting the
contractors performance

The owner must have highly qualified and
experienced design and inspection staff

Unqualified contractors may be awarded the
contract

Potential for claims and cost overruns is high

The procedural ("prescriptive") contracting method is not generally advantageous for soil
nail wall construction and is not recommended.

8.2.2 Contractor DesignlBuild ("Turnkey") Contracting Methods

With the Owner-Design contracting method employing soil nailing on a project, the owner's
engineer defines the scope ofwork and the owner shares responsibility in the design and
inst~lliation of the soil nail system. With the Design/Build method, the owner outlines the projects
ultimate needs and the specialty contractor is responsible for the detailed soil nail system design
and installation. Ideally, the owner's engineer defines the performance criteria and objectives.
Based upon specified requirements and limitations, a design/build proposal is submitted, either
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before the bid advertisement (pre-bid), or after contract award (post-bid). Measurement and
payment is often performed on a lump sum basis.

Design/build specifications may be advantageous when:

• The wall will be constructed in ground where the scope ofthe various work items is
difficult to establish;

• difficult ground conditions may require modifications in the construction methods; or

• the agency's experience is limited.

In bouldery soils, residual soils, and weathered rock, soil nailing is often less expensive than a
ground anchor wall. However, it is difficult to use conventional contracting methods in these
grounds because it is difficult to prepare specifications that adequately define the scope ofwork
or assure adequate coordination ofthe excavation, shotcrete, and finish concrete work required to
build a soil nail wall. Using a design/build specification in these instances, enables qualified
contractors to define and coordinate the work so a satisfactory wall can be built. With a
design/build contract, field modifications, which occur regularly when working in difficult ground,
can be made without seriously impacting the progress of the work. When an owner with limited
soil nailing experience wants to construct a wall, they can solicit pre-bid designs from prequalified
contractors. Then the contractor and the owner will agree on the details ofthe design prior to
bid. The owner gains the benefit of the contractor's experience while maintaining control over the
design.

Design/build contracts require the contractor to both design and build the soil nail system to meet
the performance requirements specified by the owner. The owner usually selects the wall type
and is generally responsible for obtaining the subsurface information, characterizing the ground
engineering properties, providing the bidders with a design/build specification, and providing
construction inspection. The contractor is responsible for preparing a detailed design that meets
the design requirements set forth in the contract documents and installing the soil nail wall to
satisfy the performance requirements. In Europe, for example, soil nailing has grown fastest in
the countries (e.g., France and Germany) where contractors often select where soil nailing will be
used and prepare the detailed working drawings and construct the wall. While not the contracting
method currently in predominant use by highway agencies in the United States, its use is
increasing as more emphasis is being placed on use of innovative contracting methods. This
arrangement may be beneficial in difficult ground or where agencies or owners lack or cannot
develop in-house expertise in a timely manner to support the project schedule. The contractor's
design responsibilities are met either through in-house expertise or through engaging a design
consulting engineer. Design/build contracts provide incentive for the contractor to innovate as
well as allow the contractor to tailor the design to his equipment.

The owner can obtain a quality product at a competitive price provided that the contractor
prequalification requirements are clearly defined in the contract documents and are enforced
during procurement and adequate construction inspection is provided by the owner. However,
owners should be willing to forfeit a certain degree ofcontrol in the design process since this has
been made the contractor's responsibility. This could result in design features with which owners
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are unfamiliar or uncomfortable. It is customary in some countries to require a design/build
project to be warranted for a specified period after construction. In the United States, however,
insurance and bonding companies are reluctant to provide extended warrantees. The owner can
prequalify contractors or contractor/engineer teams and maintain control over the design by
requiring presubmission ofdetailed designs prior to advertisement.

"DesignlBuild" is in effect a generic term. There are several variations ofDesignlBuild alternative
contracting approaches that are being used to procure alternate retaining wall systems and which
can be used to procure soil nail walls. These can be summarized briefly as follows:

1. Alternate Wall, Pre-bid Design

The owner contacts qualified specialty wall contractors and informs them that they are
planning to build a wall (e.g. soil nail wall) at a particular site. They request that the specialty
contractors, interested in bidding on the walls, prepare a complete set ofworking drawings for
the walls during the design phase ofthe work. The owner furnishes the geotechnical
information and establishes the design requirements. Performance criteria and necessary
project design information in this option are usually made available at least 90 to 120 days
prior to contract advertisement date. The specialty contractors prepared detailed design
calculations and the working drawings and the state's consultant or the state review them.
The accepted designs are included in the bid documents and the owner agrees to require the
prime contractor to use the specialty contractor that prepared the preapproved design to
construct the wall. The prime contractor is free to select the best design. The prime
contractor lists the selected specialty contractor in the bid submission. The owner and the
contractor agreed on the details of the work before bid. Claims are reduced since the
contractor knows that his design is acceptable. The wall work can start immediately since the
working drawings have been pre-approved.

2. Alternate Wall, Post-bid Design

Contract documents for the post-bid method are prepared to allow for various prequalified
contractor designed wall alternates. In the bid documents each wall is identified and
acceptable alternative wall types are identified. The design requirements for the alternative
wall types are established in the project special provisions or standard agency specifications.
The prime contractor decides which type ofwall he will build and he selects a specialty wall
contractor or preapproved wall system vendor to prepare working drawings for the alternate
walls he selects. The detailed design calculations and working drawings are then submitted to
the owner for review and approval. After the working drawings are approved, the prime
contractor and/or the specialty wall contractor construct the walls in accordance with the
approved working drawings.

3. Alternate Wall, Typical Section Design

The owner selects which wall(s) they will build as a particular wall type and notifies the
specialty wall contractors that they are preparing to contract for work that includes that wall
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type. Contractors interested in the wall work, are required to prepare typical working
drawing details for a selected section(s) ofthe wall. The contractors and the owner agree on
the design and working drawing details during the design phase of the work. The contract
documents include the typical working drawing details, and identify the specialty contractors
approved to construct the walls. At bid time, the prime contractor selects a specialty wall
contractor and bids the work. When the work is awarded, the specialty contractor completes
the final detailed working drawings using the preapproved designs and details. This method
allows the specialty contractors' pre-bid design costs to be low. Only the successful bidder is
required to prepare a complete set offinal working drawings.

4. Alternate Wall, Contractor Selects Wall Type

On selected projects, owners have contacted specialty contractors and identified wall locations
where they or their consultants want the specialty contractor to select the type ofwall to be
built and prepare the detail working drawings for the walls during the design phase. The
owner establishes the design requirements and the finish for the wall, and establishes the
location ofthe wall. The contractor selects the type ofwall, i.e., soil nailing, tieback,
cantilevered, etc., and prepares the detailed working drawings for review by the state or their
consultant. The accepted designs are included in the bid documents and the prime contractor
selects the design and the specialty contractor. This method allows the most economical wall
alternate to be selected for the project and enables the contractor to know that his wall type
and details are acceptable before bid. The owner or his consultant maintains control over the
design while allowing the specialty contractors to use their experience, proprietary techniques,
and patents.

5. Value Engineering

Most U.S. transportation agencies now use Value Engineering clauses in their contract
documents. After project award, the contractor can submit proposed alternate designs to
substitute for all or elements ofthe wall system design which was included in the plans and
was bid. Value Engineering is in effect a version ofDesignlBuild. Some agencies refer to
value engineering submittals as cost reduction incentive proposals. Typically, ifthe
contractor's proposed value engineering alternate design is accepted, the accrued cost savings
are shared equally between contractor and owner.

When the specification requires the contractor to prepare a detailed design and construct the wall
the contract documents should include:

• Results of the geotechnical investigation.
• Site Limitations (i.e., right-of-way and easement limits).
• Existing utility drawings
• Ancillary structures design and details.
• Design criteria, safety factors, and material specification requirements.
• Level ofcorrosion protection required.
• Finished wall face requirements.
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• Construction tolerances for wall alignment and drillhole location/inclination.
• Percentage ofnails to be tested, testing procedures, and acceptance criteria.
• Wall construction monitoring requirements.
• Methods ofmeasurement and payment.

The contractor's responsibilities include:

• Designing the wall and provide detailed design plans and design calculations.
• Constructing the wall in accord with the apprQved final plans and construction

specifications.
• Complying with material specifications and wall tolerances.
• Obtaining and verifying the soil nail load carrying capacity and pullout resistance values

used in design.
• Installing the soil nails and wall facing in accordance with the finished wall face

requirements and construction tolerances.
• Performing production soil nail testing.
• Performing any redesign, propose alternative methods and install additional test nails if the

design criteria is not met.

The owner's responsibilities during construction include:

• Reviewing the contractor prepared detailed plans and designing calculations to verify that
the design satisfies the project requirements, design criteria, and minimum agency design
standards.

• Reviewing required contractor submittals.
• Verifying compliance with the specified material requirements.
• Verifying that corrosion protection requirements have been satisfied.
• Verifying that the wall finish face requirements are met.
• Verifying that wall construction tolerance requirements have been satisfied.
• Observing, verifying, and recording the results of all soil nail tests.

Provided below is a general listing ofthe owners advantages and disadvantages when contracting
soil nail wall construction using contractor design/build contracting methods.
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CONTRACTOR DESIGNIBUILD

Advantages Disadvantages

Cost effective Owner assumes maintenance
responsibilities if the structure is not
warranted

May be advantageous when very difficult Owner has less control over the design
ground is expected unless pre-bid design is used.

Does not require large owner staff Potential for undesirable or unfamiliar
design features to be incorporated into the
design

Requires less in-house expertise Owner must still provide inspection to
assure construction quality is acceptable.

Design is tailored to the contractors
construction procedures and equipment

Provides incentive for contractor innovation

Allows contractor to use proprietary
knowledge and methods.

8.3 Plan Preparation

The level ofeffort required by the owner to prepare plans will vary substantially depending on the
chosen contract procurement method and the associated owner/contractor division of
responsibilities. The most fundamental effort in plan preparation for an agency would be to
prepare "conceptual plans" for a design/build contract. Increasingly higher levels ofowner effort
are required for performance and procedural plans/specifications prepared for owner designs.

8.3.1 Conceptual Plans for DesignlBuild Contracting

Conceptual plans furnished by the owner for design/build contracts are recommended to contain,
at a minimum, the following geometric, structural, geotechnical, and design information.

A. Geometric Requirements

Wall plan and profile.

Beginning and end ofwall stations.

Wall alignment topographic survey.
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Existing and finish grade profiles both behind and in front ofthe wall.

Cross sections showing the limits ofconstruction at the retaining wall location
intervals of 15 m or closer.

Horizontal and vertical curve data and wall control points.

Required wall appurtenances such as barriers, coping, drainage, etc.

Right-of-way and permanent or temporary construction easement limits, location ofall
active and abandoned existing utilities, adjacent structures or other potential
interferences.

Staged excavation sequencing.

Quantity tables showing estimated square footage ofwall areas and other pay items.

B. Structural Requirements

Conceptual details for wall reinforcement and load transfer devices between nail and
facing wall or cast-in-place wall.

Level ofcorrosion protection required (none, fusion bonded epoxy or full
encapsulation).

Limits and requirements for drainage features beneath, behind, or through the
structure.

Facing finishes, color, and requirements for wall facing elements.

Required nail and facing reinforcement steel grades and strengths as well as, shotcrete,
concrete, and nail grout strengths.

C. Geotechnical Requirements

Subsurface exploration locations shown on a plan view ofthe proposed wall alignment
with appropriate reference base lines to fix the locations ofthe explorations relative to
the wall.

Subsurface data sheet containing gr~phic logs ofborings and test pits and a
generalized description ofeach deposit (fills should be clearly identified), including
soiVrock classification, color, density, moisture, plasticity, rock RQD, groundwater
levels, SPT tests and logs ofCPT soundings (ifperformed).
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Refer to availability of subsurface investigation report.

Subsurface cross sections adequate to define representative conditions in front ofand
behind the wall along the full wall length.

- Notes to describe anticipated difficult installation conditions or to warn the contractor
of latent subsurface conditions such as existing foundations, active and abandoned
utilities, etc.

D. Design Requirements

Applicable code requirements.

Magnitude, location, and direction ofexternal loads, surcharges, piezometric levels,
etc.

Reference to design methods to be utilized or other provisions such as minimum nail
lengths/diameters and minimum shotcrete facing wall thickness.

References for design offacing and connection to the nails.

Design criteria including seismic coefficients, soiVrock shear strengths (friction angle
and cohesion), unit weights, and design pullout resistances for each strata.

Minimum partial safety factors (for Service Load Design) or load and resistance
factors (for Load and Resistance Factor Design) to be used in the design on the
soiVrock shear strength and pullout resistance; surcharges; unit weights; and steel,
shotcrete, and concrete materials.

Subsequent to contract award, the contractor must submit detailed design calculations as well as
construction-ready plans and specifications for the structure based on these requirements.
When pre-bid final designs are required these must be submitted for review prior to contract
award.

8.3.2 Final Plans

Final or construction-ready plans may either be prepared by the owner for owner-design contracts
or the contractor for design/build contracts. In general, all elements required for the preparation
ofconceptual plans, presented in the previous section, are required for the preparation offinal
plans with the following additional information typically provided on performance..;based final
plans:

• General notes specifying construction sequencing or other special construction
requirements.
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• Design parameters and applicable codes.

• Special notes required to indicate cross sections or specific nails that may require special
treatment.

• Special notes advising contractor ofknown subsurface utilities, obstructions, or
interferences.

• Nail wall typical sections.

• Nail details including spacing, size, inclination, corrosion protection details, and capacity
used in design.

• Details, dimensions, and schedules for all nails, reinforcing steel, wire mesh, bearing
plates, etc., and/or attachment devices for cast-in-place or prefabricated facings.

• A typical cross section ofproduction and test nails defining the nail length, minimum
drillhole diameter, inclination, and test nail bonded and unbonded test lengths.

• Wall elevation view showing nail locations and elevations; vertical and horizontal spacing;
and the location ofwall drainage elements.

• A reference baseline and elevation datum should be shown to fix all nail locations.

Procedural final plans would include the following requirement in addition to those mentioned
above:

• Final required drillhole diameter.

8.4 Example Plan Details

An example set ofSoil Nail Wall final plans are included in Appendix A, Example Plan Details.

8.S Guide Construction Specifications

8.S.1 Guide Specifications for Owner-Design

Soliciting bids for construction ofa soil nail wall system that has been designed by the owner will
require that the owner provide a performance based construction specification that, as a minimum,
provides the information presented in Section 8.2.1.1. Example performance based construction
specifications for a design prepared by the owner is contained in Appendix B, Permanent Soil
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Nails and Wall Excavation Guide Specification (Owner-Design) and Appendix C, Shotcrete
Facing and Wall Drainage Guide Specifications (Owner-Design).

8.5.2 Guide Specification for Contractor DesignlBuild Solicitation

Soliciting a contractor design/build bid for construction ofa soil nail wall system will require that
the owner provide the bidders with a design/build specification that provides sufficient
information for the bidders to prepare their bid packages. As a minimum, it is recommended the
specification provide the information presented in Section 8.2.2. In addition, the specification
should require a contractor submittal that includes design drawings, specifications (ifnot prepared
by the owner), and design calculations. An example specification prepared by the owner for
solicitation ofa contractor design/build bid is included in appendix B, Soil Nail Retaining Wall
Guide Specification (DesignlBuild Solicitation).

(Note - The Example Plans and Guide Construction Specifications in this manual are in
metric (SI) units. A separate set are also available in English units from FHWA).

345



CHAn'ER 9. REFERENCES

1. Lizzi, F. 1982, The Static Restoration ofMonuments: Basic Criteria-case
Histories, Strengthening ofBuildings Damaged by Earthquakes, Sagep
Publishers, Genova, Italy.

2. Nicholson, P.I. and Boley, D. L., 1985, "Soil Nailing Supports Excavation," IN
Civil Engineering, April 1985, pp.45-47.

3. Gudehus, G., 1983, "Design Concept for Pile Dowels in Clay Slopes," IN
Discussion, Spec. Session 5, Proc. 8th Eur. Conj. on SoilMech. andFound Eng.,
Helsinki, Vol. 3., p.1182.

4. Felio, G. Y., Vucetic, M., Hudson, M., Bara, P.,and Chapman, R., 1990,
"Performance of Soil Nailed Walls During the October 17, 1989 Lorna Prieta
Earthquake," IN Proc. ofthe 43rd Canadian Geotechnical Conference, Quebec,
Canada, pp.165-173.

5. Peck, R. B., 1969, "Deep Excavations and Tunnelling in Soft Ground," IN Proc.
7th Int. Conj. SoilMech. Found Eng., Mexico City.

6. Engineering News Record, 1976, "Sprayed Concrete Walls Cut Overall Costs by
30% in Underpinning, Shoring", August 19, 1976, p.26.

7. French National Research Project Clouterre, 1991, Recommandations Clouterre
1991 (English Translation) Soil Nailing Recommendations, Federal Highway
Administration, Washington, D.C., FHWA-SA-93-026.

8. Pedley, M. I. and Pugh, R. S., 1992, "Soil Nailing in the Hastings Beds," technical
paper submitted to the Hydrological Society Conference, held in Manchester,
United Kingdom, September 1992.

9. Wentworth, Todd D., 1994, Distribution ofAxialForces in Soil Nails Based on
Interpolation ofMeasured Strains, Master of Science in Engineering Thesis,
University ofWashington, Seattle, WA.

10. GassIer, G., and Gudehus, G., 1981, "Soil Nailing - Some aspects ofa New
Technique," IN Proceedings X ICSMFE, Vol. 3., Session 12, Stockholm, pp. 665­
670.

11. Clough, G. W., and O'Rourke, T. D., 1990, "Construction Induced Movements of
In Situ walls," IN Design andPerformance ofEarth Retaining Structures ­
Proceedings ofa Conference, June 1990, Ithaca, NY, USA., Geotechnical Special
Publication no. 25., ASCE, New York, NY, pp. 439-470.

346



12. Bruce, D. A., and Jewell, R. A. 1986, "Soil Nailing - Application and Practise, Part
1 and Part 2, IN Ground Engineering, November 1986, pp.l0-15, and January
1987, pp. 21-22.

13. Cheney, Richard S., 1988, Permanent GroundAnchors, FWHA-DP-68-1R,
Federal Highway Administration, Washington, D.C.

14. ASTM, 1990, Test Methodfor Density and Unit Weight ofSoil in Place by the
Sand-Cone Method, D-1556-90, Vol. 04.8, American Society for Testing and
Materials, Philadelphia, Pennsylvania.

15. ASTM, 1994, Test Methodfor Density and Unit Weight ojSoil in Place by the
Rubber Ballon Method, D 2167-94, Vol. 04.08, American Society for Testing and
Materials, Philadelphia, Pennsylvania.

16. AASHTO, 1990, In Situ Soil Improvement Techniques, Task Force 27 Report:
August 1990, American Association of State Highway and Transportation
Officials, Washington, D.C.

17. ASTM, 1995, Methodfor FieldMeasurement ofSoil Resistivity Using the
Wenner Four-Electrode Method, G 57-9Sa, Vol. 03.02, American Society for
Testing and Materials, Philadelphia, Pennsylvania.

18. AASHTO, 1995, DeterminingMinimum Laboratory Soil Resistivity, IN Standard
Specifications for Transportation Materials andMethods ofSampling and
Testing, Part II: Tests, T 288-91, 17th ed., American Association of State
Highway and Transportation Officials, Washington, D.C.

19. ASTM, 1995, Test Methodfor pH ofSoilfor Use in Corosion Testing, G 51-95,
Vol. 03.02, American Society for Testing and Materials, Philadelphia,
Pennsylvania.

20. AASHTO, 1995, DeterminingpH ofSoilfor Use in Corrosion Testing, IN
Standard Specificationsfor Transportation Materials andMethods ofSampling
and Testing, Part II: Tests, T 289-91, 17th ed., American Association of State
Highway and Transportation Officials, Washington, D.C.

21. ASTM, 1991, Test Methodfor Sulfate Ion in Water, D516M-90, Vol. 011.01,
American Society for Testing and Materials, Philadelphia, Pennsylvania.

,

22. ASTM, 1991, Test Methodfor Anions in Water by Chemically-SuppressedIon
Chromatography, D 4327-91, Vol. 11.01, American Society for Testing and
Materials, Philadelphia, Pennsylvania.

347



23. ASTM, 1994, Test methodsfor Chloride Ion in Water, D 512-89(1994), Vol.
11.01, American Society for Testing and Materials, Philadelphia, Pennsylvania.

24. AASHTO, 1995, Determining Water Soluble Chloride Ion Content in Soils, IN
Standard Specificationsfor Transportation Materials andMethods ofSampling
and Testing, Part II: Tests, T 291-94, 17th ed., American Association of State
Highway and Transportation Officials, Washington, D.C.

25. Elias, V. and Juran, I., 1991, Soil Nailingfor Stabilization ofHighway Slopes and
Excavations, Federal Highway Adrrjnistration, Washington, D. C.,
FHWA-RD-89-198.

26. Porterfield, J. A., Cotton, D. M., and Byrne, R. J., 1994, Soil Nailing Field
Inspectors Manual, Federal Highway Administration, Washington, D.C., FWHA­
SA-93-068.

27. Weatherby, D. E., 1982, Tiebacks, Federal Highway Administration, Washington,
D.C., FHWA-RD-82-047.

28. Littlejohn, G. S. and Bruce, D. A., 1977, Rock Anchors: State ofthe Art,
Foundation Publications, Brentwood, United Kingdom.

29. AASHTO, 1994, LRFD Bridge Design Specifications, 1st edition, American
Association of State Highway and Transportation Officials, Washington, D.C.

30. AASHTO,1992, Standard Specificationsfor Highway bridges, 15th edition,
American Association of State Highway and Transportation Officials, Washington,
D.C.

31. Stocker, M. F., Korber, G. W., Gassier, G., and Gudehus, G., 1979, "Soil
Nailing," IN International Conference on Soil Reinforcement 1, Paris, Vol. 2, pp.
469-474.

32. Shen,C. K, Herrman, L. R., Ronstad, K M., Bang, S., Kim, Y. S., and DeNatale,
J. S. "An In Situ Earth Reinforcement Lateral Support System," National Science
Foundation, Grant No. APR 77-03944, CE Dept., University ofCalifomia Davis,
Report No. 81-03.

33. Schlosser, F., 1983, "Analogies et Differences dans Ie Comportement et Ie Calcul
des Ouvrages de Soutenement en Terre Armee et par Clouage du Sol," IN
Annales ITBTP No. 418, Sols et Foundations 184, October 1983, pp.8-23.

34. Juran, I., Baudrand, G., Farrag, K, and Elias, V., 1990. "Kinematical Limit
Analysis for Design of Soil-Nailed Structures," INJ. Geotechnical Eng., ASCE,
Vol. 116(1).

348



35. Schlosser, F. and Unterreiner, P., 1991. "Soil Nailing in France: Research and
Practice," IN Proc. ofthe T.R.B. A"nualMeeting, Washington, D. C.

36. FHWA, 1996, Synthesis Report on Soil Nail Wall Facing Design, in press.

37. ACI, 1995, Code Requirementsfor NuclearSafety Related Concrete Structures,
349-90, American Concrete Institute, Detroit, MI.

38. ACI, 1995, ACIBuilding Code Requirementsfor ReinforcedConcrete, 318-95,
American Concrete Institute, Detroit, MI.

39. AASHTO, 1993, Epoxy Coated Reinforcing Bars, IN Standard Specificationsfor
Transportation Materials andMethods ofSampling and Testing, Part I:
Specifications, M-284, American Association of State Highway and
Transportation Officials, Washington, D.C.

40. Vucetic, M., Trufenkjian, M. Rand Doroudian, M. 1993. "Dynamic Centrifuge
Testing of Soil Nailed Excavations," IN Geotechnical Testing Journal, ASTM,
June 1993.

41. Vijayvergiya, V. N., "Load-Movement Charateristics ofPiles," IN Ports '77
Annuual Symposium ofthe Waterway, Port, Coastal and Ocean Division of
ASCE, 4th, Long Beach, Calif, Mar 9-11, 1977, ASCE, New York, NY, 1977,
vol. 2., pp.269-284.

42. Coyle, H. M., and Reese, L. C., 1966, "Load-Transfer for Axially Loaded Piles in
Clay," IN Journal ofthe Soil Mechanics andFoundations Division, ASCE, Vol.
92, No. SM2, Paper 4702, March 1966, pp. 1-26.

43. Reese, L. C. and Wang, S-T., 1993, Documentation ofComputer Program LPILE
Version 4.0, Ensoft, Inc., Austin, TX.

44. Christopher, B. R, Gill, S. A., Giroud, 1. P., Juran, I., and Mitchell, 1. K, 1990,
Reinforced Soil Structures, Volume 1, Design and Construction Guidelines,
Federal Highway Administration, Washington, D.C., FHWA-RD-89-043.

45. Dunnicliffe,1. , 1988, Geotechnical Instrumentationfor Monitoring Field
Performance, John Wiley, New York, NY.

46. ACI, 1990, Guide to Shotcrete, 506R-90, American Concrete Institute, Detroit,
Michigan.

47. AASHTO, 1995, Portland Cement, IN Standard Specificationsfor
Transportation Materials andMethods ofSampling and Testing, Part I:

349



Specifications, M85-93, 17th ed., American Association of State Highway and
Transportation Officials, Washington, D.C.

48. AASHTO, 1995, Fine Aggregatefor Portland Cement Concrete, IN Standard
Specificationsfor Transportation Materials andMethods ofSampling and
Testing, Part I: Specifications, M6-93, 17th ed., American Association of State
Highway and Transportation Officials, Washington, D.C.

49. ACI, 1990, Specification on Materials, Proportioning, andApplication of
Shotcrete, 506.2-90, American Concrete Institute, Detroit, Michigan.

50. ASTM, 1991, Specificationfor Fiber-Reinforced Concrete and Shotcrete, C
1116-91, Vol. 04.02, American Society for Testing and Materials, Philadelphia,
Pennsylvania.

51. ACI, 1989, State-of-the-Art Report on Fiber Reinforced Shotcrete, 506.1R­
84(1989), American Concrete Institute, Detroit, Michigan.

52. AASHTO, 1995, Chemical Admixturesfor Concrete, IN Standard Specifications
for Transportation Materials andMethods ofSampling and Testing, Part I:
Specifications, MI94-87(1994), 17th ed., American Association of State Highway
and Transportation Officials, Washington, D.C.

53. ASTM, 1994, Test Methodfor Time ofSetting ofShotcrete Mixtures by
Penetration Resistance, C 1117-89(1994), Vol. 04.02, American Society for
Testing and Materials, Philadelphia, Pennsylvania.

54. ASTM, 1994, Specificationfor Admixturesfor Shotcrete, C 1141-94, Vol. 04.02,
American Society for Testing and Materials, Philadelphia, Pennsylvania.

55. ACI, 1991, Standard Practice for Selecting Proportionsfor Normal,
Heavyweight, andMass Concrete, 211.1-91, American Concrete Institute, Detroit,
Michigan.

56. AASHTO, 1995, Coarse Aggregate for Portland Cement Concrete, IN Standard
Specificationsfor Transportation Materials andMethods ofSampling and
Testing, Part I: Specifications, M80-87(1993), 17th ed., American Association of
State Highway and Transportation Officials, Washington, D.C.

57. AASHTO, 1995, Sizes ofAggregatefor Road and Bridge Construction, IN
Standard Specificationsfor Transportation Materials andMethods ofSampling
and Testing, Part I: Specifications, M43-88, 17th ed., American Association of
State Highway and Transportation Officials, Washington, D.C.

350



58. ASTM, 1994, Specificationfor Ready-MixedConcrete, C 94-94, Vol. 04.02,
American Society for Testing and Materials, Philadelphia, Pennsylvania.

59. AASHTO, 1995, Slump ofHydraulic Cement Concrete, IN Standard
Specificationsfor Transportation Materials andMethods ofSampling and
Testing, Part II: Tests, T 119-93, 17th ed., American Association of State
Highway and Transportation Officials, Washington, D.C.

60. AASHTO, 1995, Air Content ofFreshly Mixed Concrete by the Pressure Method,
IN Standard Specificationsfor Transportation Materials andMethods of
Sampling and Testing, Part II: Tests, T152-93, 17th ed., American Association of
State Highway and Transportation Officials, Washington, D.C.

61. ASTM, 1991, Test Methodfor Air Content ofFreshly Mixed Concrete by the
Pressure Mixture, C 231-91b, Vol. 04.02, American Society for Testing and
Materials, Philadelphia, Pennsylvania.

62. ASTM, 1994, Test Methodfor Obtaining and Testing Drilled Cores and Sawed
Beams ofConcrete, C 42-94,04.02, American Society for Testing and Materials,
Philadelphia, Pennsylvania.

63. ASTM, 1990, Test Methodfor Specific Gravity, Adsorption, and Voids in
Hardened Concrete, C 642-90, Vol. 04.02, American Society for Testing and
Materials, Philadelphia, Pennsylvania.

64. ASTM, 1992, Test Methodfor Resistance ofConcrete to RapidFreezing and
Thawing, C 666-92, Vol. 04.02, American Society for Testing and Materials,
Philadelphia, Pennsylvania.

65. ACI, 1991, Guide to Certification ofShotcrete Nozzlemen, 506.3R-91, American
Concrete Institute, Detroit, Michigan.

66. ASTM, 1994, Practice for Preparing and Testing Specimensjrom Shotcrete Test
Panels, C 1140-89(1994), Vol. 04.02, American Society for Testing and
Materials, Philadelphia, Pennsylvania.

67. ACI, 1994, Guide for the Design ofDurable Parking Structures, 362.1R-94,
American Concrete Institute, Detroit, Michigan.

68. ACI,1991, Hot Weather Concreting, 305R-91, American Concrete Institute,
Detroit, Michigan.

69. ACI, 1994, Guide for the Evaluation ofShotcrete, 506.4R-94, American
Concrete Institute, Detroit, Michigan.

351



70. ACI, 1990, Standard Specijicationfor Tolerancesfor Concrete Construction and
Materials, 117-90, American Concrete Institute, Detroit, Michigan.

71. ASTM, 1994, Test Methodfor Flexural Toughness andFirst-Crack Strength of
Fiber-Reinforced Concrete (Using Beam With Third-Point Loading), C 1018-94b,
Vol. 04.02, American Society for Testing and Materials, Philadelphia,
Pennsylvania.

72. ASTM, 1990, Specijicationfor Steel Fibersfor Fiber Reinforced Concrete, A
820-90, Vol. 01.04, American Society for Testing and Materials, Philadelphia,
Pennsylvania.

73. ACI, 1994, Design Considerationsfor Steel Fiber Reinforced Concrete, 544.4R­
88(1994), American Concrete Institute, Detroit, Michigan.

352



APPENDIX A

FEDERAL mGHWAY ADMINISTRATION
EXAMPLE PLAN DETAILS

SOIL NAIL RETAINING WALL

(SIUNITS)

A-I





FEDERAL HIGHWJ

EXAMPLE F
SOIL NAIL ~

(8:

DRAWING INDEX:

SHEET NO. DRAWING NO. DRAWING TITLE

SHEET 1 49720 COVER SHEET

SHEET 2 49721 CONSTRUCTION NOTES

SHEET 3 49722 SITE PLAN

SHEET 4 49723 SOIL HAL WALL ELEVATION - SEGMENTS

SHEET 5 49724 SOIL HAL WALL ELEVATION - SEGMENTS

SlEET 8 49725 TYPICAL SECTION AND HAL DETALS

SHEET 7 49728 SOIL HAL CORROSION PROTECTION DETAI

SlEET 8 49727 WALL FACING DETALS

SHEET 9 49728 WALL DRAINAGE DETALS

SHEET 10 49729 SUBSURFACE DATA SI£ET

C:\SOSKPItO.I\JPll\'~15Z4\t\OO4\518UII '-24-11 ':58 1lI'f: NON[





WAY ADMINISTRATION

PLAN DETAILS
_ RETAINING WALL
(SI UNITS)

:NTS A AND B

:NTS C. D AND E

SOIL NAIL WALL DESIGN MANUAL
EXAMPLE PLANS

iiiiiiiiD··_·····_- ._­
11111..__••

SOIL NAIL RETAINING WALL
iiiiiii····--···--···-··t--- --t

COVER SHEET_-,.-----,--1 CiiCiii···--···__··_··

t-----------t1---+------1--1 ii¥iiiii•.•..- ..._ .._.•_.. DATf,;••T•.D..lf.llL CALC. 1OQK:__ IHEE't;.LOF:.»..

DAn _ It iiVilWiD··················_·· ITIlUCTUllI NO:••••_ •••••_ •••_DlAWlNG 'R,;.DJ.ilO••••

A-2 -. I





GENERAL NOTES AND SOIL NAIL WALL DESIGN PARAMETERS
1. All w.torlal .ohlp ..... 1M ... 00 the requt.-ta .,

... Stet, Of , OeportmeM .f T,...pot"tatIon. StoMard SpeclnccrtleM
lor _. ItIdg....... lIuPllelpal COlI_loll , _

2. 111. ..n ••• ..n otrvotu... _ _ 1lOd .Ith the Sl.D
(SoNic. Load Oo"g.) proc.d......."ta'llOd 10 the FHWA • 1 lor Oo"g......
CorIotrv.".. 1I••It.rI.g .1 Soli Nail w.n.·. ..parI Nc. FHWA-SA-8I-O".
5_Iural do.tg••1 ••Y 1'''IIv1d......It ole"",," .at ....red I. the FHWA
manuol "DYe lMen d."~ned In OCCMOn" wtth the requirement. of tIM 1•••

=I~,S=:d~~'-:'r~i~':t:":~:'t~:k'i::;na:,d ~=:~';"~::;;:-:lf.:"=-
010110 ..1."'10 _ ...ratI.....111.....' .1 0.2g _ 1ft the d••IgIl.

So _1 Iy.'ZO .

1•• 21 _
_ -,,1•• 21_

.. __, AASIITO 11I13/AS111 AJI
L ""__lao _ ." lila ,...... "".Im_ _ rala/ rod _

... '00••1 ._m.l_ .. lila 1 1 • .., mol........... _ 1M .. 1_
,_, _ .1 __ lacing ,. _ SO """

' 0111 __ 1..1.8" A: 75 """_0lIl c.- '001... _ ag."'. _parary ...- • """

I. "".... e....",l.. 1M." en tIM ploft•• eI' exterior ..t'Mf"I ... edl" tHwe
• 20 ",1ft eho",'., -Oft. .• In"""" ""*" .....1 heM • 20 """ fll .

7. _g. SolI Pa_

Soll/Iack
Ultlmalo UItImalo

Unit W;r,' AIIoW.bel '''liMIt
Frtctlon ::fie CaM.1oIl ~l&~.Typo (dog.... (k'.) (kNI )

SIlty Sa.d 14 7.2 11.' 22.0

CIoyOy snt 30 12.0 11.' 1••5

SIlty 38 •.a 20•• 00.0
Sandy C,ovel

.. All ".. drlfled length' (L) aM IN, .ta.. ehon 1M 1ft ICCerHnce__ W.N£_I0._

a. 10 pOIIolbIG 'or _ IoHftnt .U ull-.

10. _ COIItrocIor 10 olbIG lor "'-'.g .nd __.Ing _ olapao

-"" onll HI.w the ..n noll ••Its.

11. Me ••nl,., l.cO'tCItlon open cuts ....,.r then 'H:'V _II be fftOIItI ......'n I 1ft
In f,.nt of tM 'oil noll .011. without opprovol of thl [nllMer,

,2. Wh.,. trod. llopea ••.,. from 1M beck of thI wall. tM dl1l'..... .....,. MO.
not 1M required.

", Un'... 1,lctflec11 ..ta....,••• [n,'n"r will prD'IId. '''''"1 co""" poln" tor top of
::"~I~~f~~"p~'~~n':.'PO"llbl' for au,"" control 01 ••cO¥ot~ .. bl1lUlht

••• At tho controctorl .,tlon. nanl moy be "II. and InatoRed thnMollh ..."',....ry
oI.bllla'.g 1M.... Sao Owg••1725.

'1. E.cG'fotlo" In tho Yk:ln", of tN wall fOCI requ'", lpeelol CON OM effort
compored to ..n,rot roodwOJ '.'«wO'fIO". see .,..101 prD'llllonl and Owl. '1725.

SOIL NAIL WALL QUANTITIES
ITtIl stCII£NT A S£OlIENT a IEGlltNT C S£CIIENT D stCilENT £ lUI TOTAl,

..... ~("') UII JIO .12 lSI IS2 217 2,017
all 0 1" 112 ... ....s I,1U.5
1211 0 0 0 '0 ..... ....s

I'LlTtS (200 • zoo • 2D _)
100. 12 10Y II In 217 12.
WEIGHT (kg) JIJ 110 SOY 1.011 1,J,l1 s.uo

SMOTCItT£ AlItA - 100 __
(1m) IU.s 202.0 170.0 ..... aaa.S 1.....s

CIt AKA - 200 ...'" THtCIC (1m) Ino 212.0 111.5 ..7.0 120.0 1,1a7.5

TOTAl, SHOTelm: eONSTIlUCYIOH (kg) 551 1.021 71' I._ 1,1SO ....7
'ACING IEINrOllClHG STEEL

TOTAl, C1' .AU. (kg) 2,017 1.1" 2.YIO "151 Y,H5 2J.J5O
ItINrOllC'NC I1U\.





TYPICAL CONSTRUCTION SEQUENCE
I. Weill _, M ...... I,."' hi' _ III ....__ ""' ....... _

_ _ ... 0.,.•'725 "'" _101 .

~~=~~~~~~~~~~~_M
_1M opptO¥Od " '110 EngJ_.
~I _-"--_ ... _100 __.

2.2 _10 ..... 1 ............

2.J ' ..... Io __ f_ .._ IIIalftI ....... (lf_>-
u _. __ ..........ao.,""' _ ("_) .. _._ .....
2.S _--"" .............

U ::.:"'~~nz:,~=::.-.:.::: ;:""::-':":':':'-=.:-_.
~7 I'orf__ .....out_,.,-" ... _ ..... _

..._ - _111001 IIrOftgIIIL

J. =::-..:~-=--=.:....;:".;-:=•..:: :::=:..""="..1fI~ ew:.
_ ..... 0.•. 41721.

.. _. CP_lMl...

aTTSAII) • H.J 113.5

E 1I70S I:u.S

ClAm aT
• 71.1 114.0

E IN.O 120.0

aTT D ISU 111.0
SANOY -vtl.I--E;:--+.....,Z'"I.,.I.O=--I-~II:::7.-:S---t

SOIL NAIL WALL DESIGN MANUAL
EXAMPLE PLANS

SOIL NAIL RETAINING WALL
~A~------------~ _;

CONSTRUCTION NOTES

DA~~'!:J!,_'!l!L CALC. 10915: '!tEEI; lOF;.l9_
ITRUCTURI NO'L DAAWlNG '10.L:_4PZ~L.y iiiViiWiD-----------DA'II

r---,r--------r-lCiticii"- - -- - ------t--------------t....__~------+--1iiiviiwio-----------

A-3





LEGEND;

...
I

7 m OF'F'SET TO
WALL CONTROL POINT

Retaining Woll Support Eo.ement

RIght-of-Way (R/W) Une

~'
915 m R.C.L.
T< = 16'40"5"

Ts = 153.0 m

SOIL NAIL RETAINING WALL

SEGMENT A

x
SITE PLAN





.AN

SOIL NAIL WALL DESIGN MANUAL
EXAMPLE PLANS

iii.i.ri-----------.. 110. _

SOL MAL RETAIMING WALL

lITE PLAN

DA~ JV.I..P..1tJl_CALC. 1091: IHEEtiI.0I'i.1P_
lnuCTUllE llot MAWlNCI~...:jWn._IV ii1iviWiD-----------DA'II

&UWN------------~----------------------------__i
r---~--------_r_1Qi~-----------­

I------------~J---+o------+--t iiiYiiiii ------ - -- --





_.

South
West

i "•8~

11' .-":
•.."~H

..:- " ..• I ~=• -5E-- Ic: 110:
!
w

,05

(1."'8\

----:>.1ZI +

+ + +

+

(tt,

+

...
SEGMEt-

ROW L ~

, s.o z:
a s.o z,
J 1.0 z:

WEST El
I I I I I I

e I'

SEGME

(IIU'

ROW L
, U
a u
J • .0
• LO

+ + +

+ + + +
II01t I

+ + +

1I0.SO)

(tt•.1S

111'__ (rIP.)

I
~ (113.111' (t1J.~ + + 111+ + + +
l!: (IIU') e + + + + 1.5 .. (rIP.J-I • I-
~ ,~,.u)+ + + + + + + 11+ + +--1

!i (1I0.JI) + + + + + ~+ + + +
(101.10] -- -- 101.1')

il'O"'O)

South
West

11'
......
.!•.!
c: '100
;;
>•W

'05

WEST El
I I I I I I
e 1_

LEGEND:
+ Noll L Drilled Length of Noll (meter)

• Verification Te.t Noll BAR Steel Bar Size

IZI Noll Row Qd Allowable Pullout Re.l.tance (kN/m)

(310.') Noll Elevation Stt Horizontal Noll Spacing (meter)

(313.1J Grade Ellvatlon Sv Vertical Noll Spacing (meter)

JIllIDl
,. [_.. __ .. b"Nd on tho Mo\i_1

Goodotl. v.".... 0aIu'" of 1121 (1lI.$.L.o O.O)

:z. =~:a'~ =.:,..... .- be -rip """"-041
J. Tho ••ponlr"n ...... Iocollon. .h,,11 .. Iac_ prior to

the conltrucffOft .. .011 IMIn. and aI ..o,t 300 1ft'" e"
dloton.. •...." be provlded _.on tho Io'nl "nd tho •

4. ::';I::;:~'1:'~&:':'~ :~O:~'::cI..:"....=
no04ldll.....I_.

C:\SOSK'IO.l\J'W\.U152.\C\OO.\..,U.. 10-22-11 ":11 .rt: NOlO!





SEGMENT A

5.0 2511 22.0
5.0 2511 22.0
5.0 2511 1...

North
East,-

c lll

i;;~

I (m...) III 115

(lU.54) I ....
(IIU1) ..

J!(111AO) •
~ E,.....)
I

.....
1"1.1'1 110 c

101..51 j_ orWMJ./ iDCAV''''' __ W

~

I
lOS

iT ELEVATION
I I I.-

North
1= Eost
c::l
=~

IIII....)!i
120

\\;~)i
-.:-1lI •

+
(II"'" I -;

E
115 .....

+ +e+tII+ + +

(ttZ.U)I
C+ ,g

+ + + ti+m+ ++ + + ..- (11'.17) !i •+ + w---- 111.21] i'10.$1)
tIU.L rt»I1fIA'f IIADl

_ or WMJ./
110

DCAVATOI ....
--45.7 ", !
SEGMENT B i1/ L

1.0 2511 22.0
1.0 2111 22.0 lOS
'.0 2511 •••5
'.0 2511 1•.5

T ELEVATION

SOIL NAIL WALL DESIGN MANUAL
EXAMPLE PLANS

WAU ELEVATION. SEGMENTS A AND B

SOIL NAIL RETAINING WAU

DATE.:.. UP!. JJ...1I!L CALC. 1OQ!Cl- __ 1IE!l;.'_OFtJCL
ITRUCTURE NO: DRAWING f!g.ue»l.._IY iiiW"wiD--------DATI

~--------r-----------------~
r-__.- ...,._"1 ci'iclCD- - - - - - - -

1---------------11--.......I-------t-iihilwiD - - - - - - -

I prior Ie
)0 mm ctHr
.... the .....

t fo' "011., the... ,-ot

A-5





DP--lnP·) I
172

la
I,n.")

tlIO .. e»WAU.
(121.23) mo.,·,: -!:

("1.21) --- + + + +...:t + +
['20.0') -+-';-m + + ~ m+ + + ..1--1.5 ..

)1 ----'-'_.- -+ + -; + + +
+11 + + + + +- + + +

+..4) --------- +m+ + +
117..") +1Zl + + + + + + + ++ + + + + + + +

+~ + + +
+ + + + + a1+ + I-- NOTE S~..OO~ +a1+ + + + + + + + +;J+ + +

+ 111+ + + + +
+ + + 111+ + + SwU... (rIP. +

(,,6.1') +I!l + + + + + + + + +
+ + 11+ + + + + + + + ---+mI+ + +

"3.00) +111 + + + + + ++ + 11~.1')

l~
+ +

l""SI) 1"!.'7)

2'-' '"
SEGMENT C

!lOW L .... 0--
1 7.0 2511 22.0 Ii WEST ELEVATION2 7.0 2111 22.0 c-
S 1.0 2511 U.5 ;;:

I I I I I I4 '.0 2511 14.5
ICAI£ ,_

5 '.0 2511 U.5 a 1-

("1.1,
("..,0

1112.21
"'.17

South
W••t
125

i
...... !..
-1 120

E ~......
ic

.5!
~i i~ tl5...
~
:r:..
i

tlO

South
West

+

+

+

+

+

+

+

+

+

+

+

+

++

+ + + ~ +
So1.5... (rIP.)"

+ + + + + +

+

+

I
I 11.:(~,n~'::J')~-=:-::::!!:~~~-::::~::-:::-:=::-';~~~"":~=:~~III ["'.SlIp' __ -
!i [,,3.1') + m+ +
~ '~.IO)+ + 1Zl+ +

~ ('~"')+ + QI +""1
i (,!,.'.ID)+ + IJI + $ + +

! ("~') + + +III +

e '~.IO)+ + + +111 + + + + + + + + + +1 ('II.Of] _ _

1
11

,.7.

1

1
..: [_"_._.•_2

1
....;. 1_"_._.,,_1__

tl5

130

"'::'
~ 125•.§.
co
'ii
~W 120

LEGEND:
+ Noll L Drilled Length of Noll (meter)

• V.rlflcatlan Test Noll BAR Steel Bar Size

m Noll Row °d Allowable Pullout Rellstance (kN/m)

(370.71 Noll Elevation Stt Horizontal Nail Spacing (meter)

(373.11 Grade Elevation Sv Vertical Noll Spacing (meter)

.IIIIIUl
I. ~lfonl lhown .... ....., on .... _nol

_alle Varlteol Datu... at tl2I (11.5.1..0.0)

2. ::::'a~'ll:: =w~- -, ... H_rIJ In"",-

I. Tho a.ponolon JoIn! Iac.nl """" ... Iocolad pflor 10
1M c...tructlon .f eoll nona and .. .... ~ rnrn cf...,
dillon.. Moll ... _Idad __ "'" (oIn1 _ lila no'"

4. ~;I~;:"t.,IKI.:':'...:'~"':':I='~oo;.'::~d-:
no oddlllonol cool.





-.:-
J!•E

'25
...,
c

i
~
W

120

115

North
Ea.t

",0

+ + + + +

+ + + + + +

+ + + + +

+ + + + + +

+ + + + +

Ii.. -;;:

i
i~ _ §; i_~._ =c& ~

,.....----1 r:::== I I___----.l.!!!olZ1--+*~i/~r:~'=-=~~:-:~=-=::~:-::-:=-=~(I~":'S$;$::lF~~ (12USJ i!r12', 171 I (IU'" - [123.1'J i
l :: l J - (122.72

__ ---l~-r-&-- + + + .m + + +
---- + + +1!+ + 1+ + (nus)

++++ in! +++111+++
-1.5", (1'IP.) + + + + +:1 t + + + (111.72 i

+ + + i I! : + + +11 + + + +
+ + + + + + +!! + + 1+ + (11'.IS !

iii! + +8+111+ + +
++1'++ + + (111.7') R

+ + + + + + • ,I , + .. + + + + + (11....) C; II; + ~ ~:II

+ + + + + + tJJ i + + - ~"s.sS)- (l1lolO)
III"'S)- /

lll'.SO) rIIAL _At _-/" DCAYA1100I _

'1.1 ...

SEGMENT 0
ROWLWO

I 7.0 2511 22.0
2 7.0 atll 22.0
5 ..0 atll ' ••5
• '.0 2511 0
5 '.0 2511 0

North
I~ Ea.tS; ",0
"0

_ tit CIP WALl.

(121.4')
(1Z1.72)1 -.:-

J!'25.12 ---- r '.-------- ::;a E
+ + + + + + + + + + + lD+ '25

...,

+ 1ZI+8+ ..2.2.)
(12....) i 2 f c

+ + + + + + + + + + + +
(121.") .. ~~ i-f So I-- l.5 "' (1'IP.)

+ + + + + + + + """ ~,,,) ("US) ! l+ + + + +' + + + + + +
~

+ 111+ + + + + + + + + + + + .... lIZ....) •+ + + + + + + +
g::..~/ '20

+ 1llJ1' + + + + + + + + + + 1'IllJ1' + + + ("....)!+ + + + + + + +

------------
lS)

+ + +. + + + + +111+ +

['II.H]DCAVATOrI 0IW)f

II ..

SEGMENT E
ROW W 0

, U atll 22.0
2 L5 5211 22.0
5 L5 5211 ' ••1
• '.5 2111 IU
5 7.0 atll 0
• 7.0 2511 0

+ + + + +111+8+ + + +

("....)
("'.12)
(111.12)

111

WEST ELEVATION
I t I I I I. .- ICAL& ,.. SOIL NAIL WALL DESIGN MANUAL

EXAMPLE PLANS
iliiiiNiD""-"""""'-'"

'1110. ._•••_._

WALL ELEVATION· SEGMENTS C, D IE

SOIL NAIL RETAINING WALL

1-_-i +--tiliYliWiii·······..•......•••·•· DA~..'!'!!·..~~J.~!9!_CALC. 109..1SL_IHEET,;!.OF;J9_
t-D~A~TI=-t---::..=_=::::---+~.~yiiliViiWiii..-··-···..•..••..•• STRUCTURE NO'..._ ••• .DRAWlNII !!.Q.l~'J'!._

DiiAWii··-··-·-······--···t- -I
,...._'""T -,.--1 GHiCiii••..-··-··....-··

t----------------I
A-6





1lll_

SJE: So- - - ....... (00)

1 TVPICAL SECTION
• NOT TO SCALE

IIlWI1..... __ "_,.. _

1._ .... _ .. ................

_----_W.w._
l'I~llII",_-"""'---

--"
J

NA
TE~

~

FOCI _ CII'~ lU&I.IACIC __

(nIAI. WAU. FlU IllCAVATDI IIC)

EXCAVATION
PAY LIMITS

NOT TO SCALE

S VERIFICATION TEST SOIL NAIL DETAIL
• NOT TO SCALE

C:\SDSIlI'tlOJ\JP......315U\C\OO.\511IOW 10-1-1' 10:1. m:_





I
I

I
I

DCAVA_~~I'__ 1111.__......
_ DlCAVA1IIO I I" .

IT.~_ I ~ I
____....'&:.- ..... 1~_IIElCAV'TIlI"_

---...J nllI_~ UP WlTIl _ 1ft -

T IACImU. """ IOL ­
lII_r_

II12II .. _ I" .... .enl

EXCAVATION OF TEMPORARY STABILIZING
BERM FOR SHOTCRETE PLACEMENT@ (CONTRACTOR OPTION)NOT TO SCALE

I
I
.--.-. WAU. ,ACI DCAVA" llIC

II12II .. _ I" .... .enl

__--~I--

NAIL INSTALLATION THROUGH
TEMPORARY STABILIZING BERM

) (CONTRACTOR OPTION)

ISO_t-)

_ IIAIl. DlCAPSULAT1llOllll _ -...
71 ...... _rcam:OIII1A1l. __

ENCAPSULATED PRODUCTION
SOIL NAIL DETAIL

""'1t. W/ITUOS--+---""
IIVIlID _-,.-.....

ClP CllNCIIrTl WALl. WlTIl--­_CTUIlAI. fIIlSN

NOT TO SCAL£

SOIL NAIL WALL DESIGN MANUAL
EXAMPLE PLANS

SOIL NAIL RETAINING WALL
~rn------------~ ~

DA~WL.J.I .._'ill'_CALC. 109!= IHEElll.OFi.lII_
ITRUCTUIlE NO;. DRAWlNCI '!.o..~!~__

IY iiiViRWiD------------DATI

1==~===+=1SHiCKD------------ TYPICAL SECTION AND NAIL DETAILS
I--+----~-l iiviiwiD-- ---- - ----

A-7 /-.





PUtt. W/ITUOI--.....-_

IlVtIlll W_
HDIlUT--+-~~~__ (10IIII.)_1

CIP COllClm woW. _
-mT\I__

_ .... ~11OIl1ll__

11 _ lMGTCorTt 011 ..... _ ClMII

ENCAPSULATED SOIL NAIL WITHQj) BARE STEEL AT THE TOP DETAIL
• NOT TO SCALE

....Tt. W/STUOS--f--_
IlVtIlll W_

10 .- (.....) ClMII

PIKD ...... EPOXY COATlIICIllI __ .._

75 """ SHOTCI£TE OIl MAR. CIIOUT CO¥U

EPOXY COATED NAILS WITH
MACHINE THREADS DETAIL

NOT TO SCALE

C:\SIlSlC'IlO.I\JI'W\I~'524\C\ao'\5"1'1l 1-30-11 11:20 Ir!: NONt





1'IA1I, ./STIa---1I--...._ ._--y---....
10_(....)_

_ ..... PlCIoPSIU_ 111 _ -..
1I __n:KlIlllI ..... __

UPPER 1 METER ENCAPSULATED
J EPOXY COATED SOIL NAIL DETAIL PER CALT A

II NOT TO SCALE

I!IlIE m OUlCiNE!'
The th.... a".mot. ca.....lan pratec1fan delan. W-
en thlo """' a... 'n'.nd.d ta nlustral. alI.mala prolMlIo"
8JIle"'" In T",lcally, an" en. at Ihe dolaIIa weukI lie
......lfIod an IndMduol proIocl.

SOIL NAIL WALL DESIGN MANUAL
EXAMPLE PLANS

iiiiiiliili.····••.••·.-••••••......_..
SOIL NAIL RETAINING WALL

~_4 +-lii._······················

I' iiw·WEo······················-DAti

iii_··-········-·-·--··....~~=,..,...,.=~_==__::~~~~~=~_1
..-_----......,--1Ciicc···············-······ ALTERNATIVE SOIL NAIL CORROSION

J-__--!P:!iR~O~T=E~C..l.T~IO~N~DE!5.T!..!A:!!I~L!i!_____i

DATI:_IlP.Y...II.jp'!!''-- CALC. 1OQ.!k•••_.INEEt:.t.OFi.»'.
ITllUCTUAE NO:•••••••••••••_ ••_ •••• DlIAWlNG ~.;.4,m....

A-S





'1M • JOG .... _-"_-,

:::'"1<1: @ ~·--·I

I
!.

GtOCOOlI'OSlTE lIIWN SIll"
Itt snCIIoL NOVISlGIIS
,GIt IIIClU11ltNtm.

WALElI _ (Z) lao - _ S'IUI. _
.110 _ OoC. COIlTlNUOUS _ PLAit

SNet LtNGTH

SflIL ... 1O __

.. ,"" 10 _ ... :"---1t::t~~~~~~
DlD_ CP~,. .

CP _GIIC1HG
I'UCto AT , or C,;
'1M. JOG 1ft'"

SPLICE: L[NGTH !SO """

FINISHED WALL SECTION
NOT TO SCALE

......_--!-1lAIl. IICIU

TVPICA
PAt-

,.------~
! :M~:7': '"
I
-+-- ­..... -- -

I
I

STUG (T\'l'•• PLACtS)
12 """ DtA. X ,,ss "'1ft wrnt
25 """ CMA. X • 1ft"' HEADS_ FULL PlICTIATIClOl IUTTWtLD

1
100 "un

J

NOT TO SCALE

.c
(T\'l'.)

~L-~-":)-l-------_.....J

CONNECTOR PLATE WITH
STUD DETAIL

C:\SDSllPIlOJ\JP"'U3ISZ.\C\OO.\SIII211 lo-Z3-.1 ll:OZ arl: _E





.IOIllT lIA' • FOlIWtD WITIt
S """ KAIDIOAItO AND CUT
lACK TO THE _T r1r TIlE
CHAIlI'EI ON THE Ell'OSED rACE.

/,
,,'

_.-J-'--- _nu.--- "/
~~_-:::?_lJ11. __ "

..../_-~­
,,~

/
_./

--- .--••[OCcca_OIImlll __

CANTILEVER DETAIL
lOOT to ICAL&

TYPICAL EXPANSION AND
CONTRACTION JOINTS

_ TIlICo\L&

IIOTE: •
a,AHSION~ IOl C1P w.w. TIl I[ lDCATEO AT A _
PACINC r1r 21 .. CENTEI TIl CEItTEI. CENlEIEO ItTWlEN IW\,S,
DCE" " TIC JOINT IS WfTHIN .S ft'I or Ii srE' AT THE TOP Of'
WAU., TNE JOINT IS TO IE LOCATED AT THAT STEP. CONTlAtTION
JOINTS IN C. WAU. TO IE LOCATED AT YAXIMUW SPAClNO Of' • '"CENTEI TO CENlEI. EXPANSION AND CDNTIACTIOII .IOINTS __
THIOUGN SHOTCItETE CDNSTIlUCTION 'AClNO.

"@ wnDER me rAI!!!C'In' _DICING

2 CllOSS ....

'ICAL SHOTCRETE
PANEL STEEL

NOT TO SCALE iiiiiGliili·.·••··-•••••••••-­
11110. ••••••__

SOIL NAIL WALL DESIGN MANUAL
EXAMPLE PLANS

SOIL NAIL RETAINING WALL
iiiAiii··--···-···········-I- -t

.-
j _ i

i iA-9

WALL FACING DElAILS

DATI.;.l!P.r••'~••J9l'-- CALC.~••__••• IHEEt:A.OF~.
ITIlUCTUIIE 1IO:._•••••__••.:..••••••• DllAWING 1lQ,;••J.~l_.IT iiiViiWiii···········..······-··-DATI

1---f------+--l iiWWiD-··-·-·····-···-

....-....,....-----...,--tciico·--··'·"·'·······-­1--------------1





+11

"!l
H+
(j
H+' +. +.

--l ,.I III L-.em·) [":"-

GEOCOMPOSITE
~ DRAINAGE STRIP DETAIL_111_

WALL TOP AND
~ CONCRETE GUTTER DETAIL

_10 IICALI

C:\SDSUIIOJ\.-.I\N31S24\C\004\SlIUW I-JO-•• 11:47 OFf: NON[

r---

SEGMENTS Co D & I
TYPICAL WALL BASE DI
TRAFFIC BARRIER AND

~CONNECTOR PIPE DET
NOJ 111 II





SEGMENTS A & BGJj)TYPICAL WALL TOE DRAIN
• .., 1D ICMl

---
1I0METlIC V!EW

~ DRAIN GRATE DETAILS
IIDT TO SCALE

UCTIOHAL DW

aroclllll'OSlTt _.,..(!'\ACE ClEOttJlIU__I

NU_m DRAIN _IE
~ED rr _ STIlP
lWIIWACTIIIlO

71 _

OlE
SE DRAIN,
AND PVC
DETAIL

aT TO SCALl
SOIL NAIL WALL DESIGN MANUAL

EXAMPLE PLANS
iiiiiiiiiD--·--·--·--·'-­........._.

lOlL NAIL RETAINING WALL

WALL DRAINAGE DETAILS

iiiiiiil-·-·--·----.·-·t- -t

_-""I""-----r--ICiiCiCi-····---·----····1-------------1I---t------+-t--.-.-.-.-.•-..... DA~_mt.D..JPM__ CALC. 109Jk...._.IHIEli!.Of;..19._
I-Do\-"-.J--..,M'I""_"'=-~"'IY""'" iiVifliim···-----··········· lnucTlllE 10:._._.__. ._ DllAWlHQ i!.Q••'l!n.!._•

A-tO .I





---_._-----

SOIL NAIL RETAINING WAU

lID PLAN All)
IXPLOIIAT!ON LOCATION'

aMIIta_

47. •
IHAA£iif.. • u.,

• ..
WEeT ELEVAtION
.' II .i,.... ... ..,

:=Il I ~ _I /-=--_-.:.- t} -~-------....-=--~:::.---:
I'· .1 b:----r.i.'=-----i~:=------ -;1::_----L-------:I- :1
I

B> II:: • ..
• 11 I ;: ... It III ..

It =: · -.. ~~======='" I a filcWE;'cj :: I H~::';;pl· _r-
I II II II • ­

II,.
.ST ELEVATIOII
~i. 'I~ ..... -.r ..

:4





II- ..
••

••

• f'.;l ..- - 10 . ..,., _ (WI

II~

:1I_lIl__·_Y·_·cumal'~

11m _10 •

.. i:SJi!l &,., - _va. law)............... sr 1IIY (IPr) _

--..

••

~------------_ .... ------

SOIL NAIL WALL DESIGN MANUAL
EXAMPLE PLANS

lOlL NAIL RETAINING WALL
_ ..---------------..... -1

t==t=====I=1CiiiCii--------------·I-__I_UB_IU_R_F_A_C_E_D_A_T_A_I_H_EE_T__-I
~;;::I:=::;;;;:::=t;~iitiiiii - ----- -------. DA~mJ.,_aJltt_CALC. 1OQI1: ~1Q. OP-..tI.
I- II&IW _ IY _.-------------- 11JlUCTUIlIII): " DIlAWIlG 1!9...Mm.__

A-ll





APPENDIXBl

FHWA GUIDE SPECIFICATION
FOR

PERMANENT SOIL NAILS AND WALL EXCAVATION
(OWNER-DESIGN)

METRIC (SI) UNITS

(WITH COMMENTARY)

APPENDB1.SI
Last Revision 10/31196

FHWA Pennanent Soil Nails & Wall Excavation GSP Bl·l Last Revision 10131196



FHWA GUIDE SPECIFICATION FOR PERMANENT SOIL NAILS
AND WALL EXCAVATION (OWNER-DESIGN)

1. 0 DESCRIPTION. The Work shall consist ofconstructing permanent soil nail retaining walls
as specified herein and shown on the Plans. The Contractor shall furnish all labor, materials and
equipment required for completing the Work. The Contractor shall select the method ofexcavation,
drilling method and equipment, final drillhole diameter(s), and grouting procedures to meet the
performance requirements specified herein. (See Co1tUlleniary 1.0)

"Soil nailing work shall include excavating in accordance with the staged lifts shown in the Plans;
drilling soil nail drillholes to the specified minimum length and orientation indicated on the Plans;
providing, placing and grouting the encapsulated or epoxy coated nail bar tendons into the drillholes;
placing drainage elements; placing shotcrete reinforcement; applying shotcrete facing over the
reinforcement; attaching bearing plates and nuts; performing nail testing; and installing
instrumentation (if required). Shotcrete facing and wall drainage construction is covered by the
Shotcrete Facing and Wall Drainage Specification. CIP concrete facing construction (if required) is
covered by the Standard Specifications and/or CIP Facing Special Provisions. Soil nail wall
instrumentation (if required) is covered by the Soil Nail Wall Instrumentation Specification.

The term "Soil Nail" as used in these specifications is intended as a generic term and refers to a
reinforcing bar grouted into a drilled hole installed in any type of ground. Soil nail walls are built
from the top down in existing ground.

Soil and rock properties, strength parameters, partial safety factors or load and resistance factors,
design requirements and other criteria are shown on the Plans. In addition to the subsurface
information presented in the Plans, Geotechnical Report(s) titled are also available to
bidders and can be obtained from---"
Where the imperative mood is used within this Specification for conciseness, ''the Contractor shall"
is implied.

1.1 SoU NaU Contractor's Experience Requirements and SubmittaL The soil nailing Contractor
shall submit a project reference list verifying the successful construction completion of at least 3
permanent soil nail retaining wall projects during the past 3 years totaling at least 1000 square
meters of wall" face area and at least 500 permanent soil nails. A briefdescription ofeach project
with the Owner's name and current phone number shall be included.

A Registered Professional Engineer employed by the soil nailing Contractor and having experience
in the construction ofpermanent soil nail retaining walls on at least 3 completed projects-over the
past 3 years shall supervise the Work. The on-site supervisor and drill rig operators shall have
experience installing permanent soil nails on at least 3 projects over the past 3 years. The Contractor
shall not use consultants or manufacturer's representatives to satisfy the requirements ofthis section.
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At least 30 calendar days before starting the wall, the soil nail Contractor shall submit 5 copies of
the completed project reference list and a list identifying the supervising Engineer, drill rig operators,
and on site supervisors assigned to the project. The personnel list shall contain a summary ofeach
individual's experience and be complete enough for the Engineer to determine whether each
individual satisfies the required qualifications. The Engineer will approve or reject the Contractor's
qualifications within 15 calendar days after receipt of a complete submission. Work shall not be
started nor materials ordered until the Engineer's written approval ofthe Contractor's qualifications
is given.

The Engineer may suspend the Work if the Con~tor uses non-approved personnel. If work is
suspended, the Contractor shall be fully liable for all resulting costs and no adjustment in contract
time will result from the suspension.

1.2 Construction Site Survey. Before bidding the Work, the Contractor shall review the available
subsurface information and visit the site to assess the site geometry, equipment access conditions,
and location ofexisting structures and above ground facilities.

The Contractor is responsible for field locating and verifying the location ofall utilities shown on
the Plans prior to starting the Work. Maintain uninterrupted service for those utilities designated to
remain in service throughout the Work. Notify the Engineer ofany utility locations different from
shown on the Plans that may require nail relocations or wall design modification. Subject to the
Engineer's approval, additional cost to the Contractor due to nail relocations and/or wall design
modification resulting from utility locations different from shown on the Plans, will be paid as Extra
Work. (See Commentary 1.2)

Prior to start ofany wall construction activity, the Contractor and Engineer shall jointly inspect the
site to observe and document the pre-construction condition of the site, existing structures and
facilities. During construction, the Contractor shall observe the conditions above the soil nail wall
on a daily basis for signs ofground movement in the vicinity of the wall. Immediately notify the
Engineer if signs of movements such as new cracks in structures, increased size of old cracks or
separation ofjoints in structures, foundations, streets or paved and unpaved surfaces are observed.
If the Engineer determines that the movements exceed those anticipated for typical soil nail wall
construction and require corrective action, the Contractor shall take corrective actions necessary to
stop the movement or perform repairs. When due to the Contractor's methods or operations or
failure to follow the specified/approved construction sequence, as determined by the Engineer, the
costs of providing corrective actions will be borne by the Contractor. When due to differing site
conditions, as determined by the Engineer, the costs ofproviding corrective actions will be paid as
Extra Work.

1.3 Construction Submittals.

Upon approval of the soil nailing Contractor's qualifications submittal set forth in Section 1.1,
submit 5 copies ofthe following information, in writing, to the Engineer for review and approval.
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Provide submittal item numbers 1 through 10 at least 15 calendar days prior to initiating the nail
wall construction and submittal items 2 through 6 at least 15 calendar days prior to start ofnail
installation or incorporation ofthe respective materials into the Work:

1. The proposed start date and proposed detailed wall construction sequence including:

IA. Plan describing how surface water will be diverted, controlled and disposed of.

lB. Proposed methods and equipment for excavating the soil and/or rock to the staged
excavation lifts indicated in the Plans, including the proposed grade elevations for
each excavation lift shown on a wall elevation view.

IC. Measures to ensure wall and slope stability during various stages ofwall construction
and excavation where discontinuous rows ofnails will be installed (if applicable);
information on space requirements for installation equipment; temporary shoring
plans (if applicable); information on provisions for working in the proximity of
underground facilities or utilities (ifapplicable).

10. Proposed nail drilling methods and equipment including drillhole diameter proposed
to achieve the specified pullout resistance values and any variation ofthese along the
wall alignment.

2. Nail grout mix design including:

Type ofPortland cement.
Aggregate source and gradation.
Proportions ofmix by weight and water-cement ratio.
Manufacturer, brand name and technical literature for proposed admixtures.
Compressive strength test results (per AASHTO Tl06/ASTM
Cl09) supplied by a qualified independent testing lab verifying the specified
minimum 3 and 28-day grout compressive strengths. Previo~ test results for
the proposed grout mix completed within one year of the start of grouting
may be submitted for initial verification and acceptance of the required
compressive strengths and start ofproduction work.

3. Proposed nail grout placement procedures and equipment.

4. Proposed nail testing methods and equipment setup including:

Details ofthe jacking frame and appurtenant bracing.
Details showing methods of isolating test nails during shotcrete
application (i.e., methods to prevent bonding ofthe soil nail bar
and the shotcrete facing during testing).
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Details showing methods of providing the temporary unbonded length and
of grouting the temporary unbonded length oftest nails after completion of
testing.
Equipment list.

5. Identification number and certified calibration records for each test jack and pressure
g~uge and load cell to be used. Jack and pressure gauge shall be calibrated as a unit.
Calibration records shall include the date tested, device identification number, and
the calibration test results and shall be certified for an accuracy ofat least 2 percent
ofthe applied certification loads by a qualified independent testing laboratory within
90 days prior to submittal.

6. Manufacturer Certificates ofCompliance for the soil nail centralizers, epoxy coating
or encapsulation.
(See Commentary 1.3)

The Engineer will approve or reject the Contractor's submittals within 15 calendar days after receipt
of a complete submission. The Contractor will not be allowed to begin wall construction or
incorporate materials into the work until the submittal requirements are satisfied and found
acceptable to the Engineer. Changes or deviations from the approved submittals must be re­
submitted for approval. No adjustments in contract time will be allowed due to incomplete
submittals.

Upon delivery ofnail bars and soil nail bar couplers (ifallowed) to the project site, provide Certified
mill test results for nail bars and couplers from each heat specifying the ultimate strength, yield
strength, elongation and composition.

1.4 Pre-Construction Meeting. A pre-construction meeting will be scheduled by the Engineer and
held prior to the start of wall construction. The Engineer, prime Contractor, soil nail specialty
Contractor and geotechnical instrumentation specialist (if applicable) shall attend the meeting. The
excavation Contractor, shotcreting Contractor and survey Contractor, ifdifferent than the prime or
soil nail specialty contractor, shall also attend. Attendance is mandatory. The pre-construction
meeting will be conducted to clarify the construction requirements for the work, to coordinate the
construction schedule and activities, and to identify contractual relationships and delineation of
responsibilities amongst the prime Contractor and the various Subcontractors - particularly those
pertaining to wall excavation, nail installation and testing, excavation and wall alignment survey
control, and shotcrete and CIP facing construction. Soil nail wall construction requires excavation
in staged lifts and excavation in the vicinity of the wall face requires special care and effort
compared to general earthwork excavation. The Contractor should take this into account during
bidding and should consult the Wall Excavation and MeasurementlPayment Sections of this
Specification for details.

2.0 MATERIALS. Furnish materials new and without defects. Remove defective materials from
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the job site at no additional cost. Materials for soil nail structures shall consist ofthe following:

Solid Bar Nail Tendons: AASHTO M31/ASTM A615, Grade 420 or 520, ASTM A722 for Grade
1035. Deformed bar, continuous without splices or welds, new, straight, undamaged, bare or epoxy
coated or encapsulated as shown on the Plans. Threaded a minimum of 150 mm on the wall
anchorage end to allow proper attachment ofbearing plate and nut. Threading may be continuous
spiral deformed ribbing provided by the bar deformations (e.g. Dywidag or Williams continuous
threadbars) or may be cut into a reinforcing bar. Ifthreads are cut into a reinforcing bar, provide the
next larger bar number designation from that shown on the Plans, at no additional cost.

Fusion Bonded Epoxy Coating: ASTM A775. Minimum 0.3 mm thickness electrostatically applied.
Bend test requirements are waived. Coating at the wall anchorage end ofepoxy coated bars may be
omitted over the length provided for threading the nut against the bearing plate.

Encapsulation: Minimum I mm thick corrugated HOPE tube conforming to AASHTO M252 or
corrugated PVC tube conforming to ASTM D1784, Class 13464-B. Encapsulation shall provide at
least 5 mm ofgrout cover over the nail bar and be resistant to ultra violet light degradation, normal
handling stresses, and grouting pressures. Factory fabrication ofthe encapsulation is preferred. Upon
the Engineers approval, the encapsulation may be field fabricated ifdone in strict accordance with the
manufacturer's recommendations. (See C01ll1Mntary 2a and2b)

Centralizen: Manufactured from Schedule 40 PVC pipe or tube, steel or other material not
detrimental to the nail steel (wood shall not be used); securely attached to the nail bar; sized to position
the nail bar within 25 mm of the center of the drillhole; sized to allow tremie pipe insertion to the
bottom ofthe drillhole; and sized to allow grout to freely flow up the drillhole.

Nan Grout: Neat cement or sand/cement mixture with a minimum 3-day compressive strength of 10.5
Mpa and a minimum 28-day compressive strength of21 Mpa per AASHTO TI06/ASTM C109.
(See C01ll1Mntary 2c)

Admixtures: AASHTO MI94/ASTM C494. Admixtures which control bleed, improve flowability,
reduce water content and retard set may be used in the grout subject to review and acceptance by the
Engineer. Accelerators are not permitted. Expansive admixtures may only be used in grout used for
filling sealed encapsulations. Admixtures shall be compatible with the grout and mixed in accordance
with the manufacturer's recommendations.

Cement: AASHTO M85/ASTM C150, Type I, II, ill or V.

Fine Aggregate: AASHTO M6/ASTM C33.

FUm Protection: Polyethylene film per AASHTO M171.

Bar Couplen: Bar couplers shall develop the full ultimate tensile strength ofthe bar as certified by
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the manufacturer.

2.1 Materials Handling And Storage. Store cement to prevent moisture degradation and partial
hydration. Do not use cement that has become caked or lumpy. Store aggregates so that segregation
and inclusion offoreign materials are prevented. Do not use the bottom 150 mm ofaggregate piles in
contact with the ground.

Store steel reinforcement on supports to keep the steel from contacting the ground. Damage to the nail
steel as a result ofabrasion, cuts, nicks, welds, and weld splatter shall be cause for rejection. Do not
ground welding leads to nail bars. Protect nail steel from dirt, rust, and other deleterious substances
prior to installation. Heavy corrosion or pitting ofnails shall be cause for rejection. Light rust that has
not resulted in pitting is acceptable. Place protective wrap over anchorage end of nail bar to which
bearing plate and nut will be attached to protect during handling, installation, grouting and shotcreting.

Do not move or transport encapsulated nails until the encapsulation grout has reached sufficient
strength to resist damage during handling. Handle encapsulated nails in a manner that will prevent large
deflections, distortions or damage. Repair encapsulated nails that are damaged or defective in
accordance with the manufacturer's recommendations or remove them from the site.

Handle and store epoxy coated bars in a way that will prevent them from being damaged beyond what
is pennitted by ASlM 3963. Repair damaged epoxy coating in accordance with ASlM A775 and the
coater's recommendations using an epoxy field repair kit approved by the epoxy manufacturer.
Repaired areas shall have a minimum 0.3 mm coating thickness.

3.0 CON~TRUCTION REQUIREMENTS

3.1 Site Drainage ControL Provide positive control and discharge ofall surface water that will affect
construction ofthe soil nail retaining wall. Maintain all pipes or conduits used to control surface water
during construction. Repair damage caused by surface water at no additional cost. Upon substantial
completion of the wall, remove surface water control pipes or conduits from the site. Alternatively,
with the approval of the Engineer, pipes or conduits that are left in place, may be fully grouted and
abandoned or left in a way that protects the structure and all adjacent facilities from migration offines
through the pipe or conduit and potential ground loss. (See Commentary 3.1a)

The regional groundwater table is anticipated to be below the level ofthe wall excavation based on the
results of the geotechnical site investigation. Localized areas of perched water or seepage may be
encountered during excavation at the interface ofgeologic units or from localized groundwater seepage
areas. (See Commentary 3.1b)

Immediately contact the Engineer if unanticipated existing subsurface drainage structures are
discovered during excavation. Suspend work in these areas until remedial measures meeting the
Engineer's approval are implemented. Capture surface water runoff flows and flows from existing
subsurface drainage structures independently of the wall drainage network and convey them to an
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outfall structure or storm sewer, as approved by the Engineer. Cost ofremedial measures required to
capture and dispose ofwater resulting from encountering unanticipated subsurface drainage structures
will be paid for as Extra Work.

3.2 Excavation. Coordinate the work and the excavation so the soil nail wall is safely constructed.
Perform the wall construction and excavation sequence in accordance with the Plans and approved
submittals. No excavations steeper than those specified herein or shown on the Plans will be made
above or below the soil nail wall without written approval ofthe Engineer.

3.2.1 Excavation and WaU Alignment SUn'ey Control

Unless specified otherwise, the Engineer will provide survey reference and control points at or offset
along the top ofwall alignment at approximate 10 meter intervals prior to starting wall excavation. The
Contractor will then be responsible for providing the necessary survey and alignment control during
excavation of each lift, locating and drilling each drillhole within the allowable tolerances and for
performing the wall excavation and nail installation in a manner which will allow for constructing the
shotcrete construction facing to the specified minimum thickness and such that the finish CIP structural
facing can be constructed to the specified minimum thickness and to the line and grade indicated in the
Plans. Where the as-built location of the front face of the shotcrete exceeds the allowable tolerance
from the wall control line shown on the Plans, the Contractor will be responsible for determining and
bearing the cost ofremedial measures necessary to provide proper attachment ofnail head bearing plate
connections and satisfactory placement ofthe final facing, as called for on the Plans.

3.2.2 General Roadway Excavation. Complete clearing, grubbing, grading and excavation above and
behind the wall before commencing wall excavation. Do not overexcavate the original ground behind
the wall or at the ends of the wall, beyond the limits shown on the Plans. Do not perform general
roadway excavation that will affect the soil nail wall until wall construction starts. Roadway excavation
shall be coordinated with the soil nailing work and the excavation shall proceed from the'top down in
a horizontal staged excavation lift sequence with the ground level for each lift excavated no more than
mid-height between adjacent nail rows, as illustrated on the Plans. Do not excavate the full wall height
to the final wall alignment as shown on the Plans but maintain a working bench ofnative material to
serve as a platform for the drilling equipment. The bench shall be wide enough to provide a safe
working area for the drill equipment and workers. (See Commentary 3.2.2)

Perform rock blasting within 60 meters of the soil nail wall using controlled blasting techniques
designed by a qualified blasting consultant or a Professional Engineer registered in the State of__.
Blasting shall not damage completed soil nail work or disrupt the remaining ground to be soil nailed
or shotcreted. Repair damaged areas at no additional cost.

3.2.3 SOU Nan Wall Structure Excavation. Structure excavation in the vicinity ofthe wall face will
require special care and effort compared to general earthwork excavation. The excavation Contractor
should take this into account during bidding. Due to the close coordination required between the soil
nail Contractor and the excavation Contractor, the excavation Contractor shall perform the structure
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excavation for the soil nail wall under the direction ofthe soil nail specialty Contractor. The structure
excavation pay limits are shown on the Plans.

Excavate to the final wall face using procedures that: (1) prevent over excavation; (2) prevent ground
loss, swelling, air slaking, or loosening; (3) prevent loss ofsupport for completed portions ofthe wall;
(4) prevent loss ofsoil moisture at the face; and (5) and prevent ground freezing. Costs associated with
additional thickness ofshotcrete or concrete or other remedial measures required due to irregularities
in the cut face, excavation overbreak or inadvertent over excavation, shall be borne by the Contractor.

The exposed unsupported final excavation face cut height shall not exceed the vertical nail spacing plus
the required reinforcing lap or the short-term stand-up height of the ground, whichever is less.
Complete excavation to the final wall excavation line and application ofthe shotcrete in the same work
shift unless otherwise approved by the Engineer. Application ofthe shotcrete may be delayed up to 24
hours ifthe Contractor can show that the delay will not adversely affect the excavation face stability.
A polyethylene film over the face ofthe excavation may reduce degradation ofthe cut face caused by
changes in moisture. Damage to existing structures or structures included in the Work shall be repaired
and paid by the Contractor where approval is granted for the extended face exposure period.

At the Contractor's option, during each excavation lift, nails may be drilled and installed through
a temporary stabilizing berm, as illustrated on the Plans. Purpose of the stabilizing berm is to
prevent or minimize instability or sloughing ofthe final excavation face due to ground conditions
and/or drilling action. The stabilizing benn geometry illustrated on the plans shows the top ofberm
extending horizontally out from the bottom front face ofthe overlying shotcrete a distance of0.3
meters and cut down from that point to the base grade for that excavation lift at a slope not steeper
than IH:1V. The Contractor may use a different benn geometry than illustrated on the Plans, upon
satisfactory demonstration that the different geometry provides satisfactory performance. Following
the installation of nails in that lift, excavate the temporary stabilizing berm to the final wall face
excavation line and clean the final excavation face ofall loose materials, mud, rebound and other
foreign matter which could prevent or reduce shotcrete bond. Ensure that installed nails and
corrosion protection are not damaged during excavation ofthe stabilizing berm. Repair or replace
nails or corrosion protection damaged or disturbed during excavation ofthe stabilizing berm, to the
Engineer's satisfaction, at no additional cost. Do not excavate the stabilizing berm until the nail
grout has aged for at least 24 hours. Remove hardened nail grout protruding from the final wall
excavation line more than 50 mm in a manner that prevents fracturing the grout at the nail head.
Sledge hammer removal of the grout is not allowed. The use of hand held rock chippers is
acceptable provided their use does not damage or disturb the remaining grout at the nail head, the
nail bar or corrosion protection. Alternative excavation and soil nail installation methods that meet
these objectives may be submitted to the Engineer for review in accordance with the Submittals
section. (See Commentary 3.2.3)

Excavation to the next lift shall not proceed until nail installation, reinforced shotcrete placement,
attachment ofbearing plates and nuts and nail testing has been completed and accepted in the cunent
lift. Nail grout and shotcrete shall have cured for at least 72 hours or attained at least their specified
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3-day compressive strength before excavating the next underlying lift. Excavating the next lift in less
than 72 hours will only be allowed ifthe Contractor submits compressive strength test results, for tests
perfonned by a qualified independent testing lab, verifying that the nail grout and shotcrete mixes being
used will provide the specified 3-day compressive strengths in the lesser time.

Notify the Engineer immediately ifraveling or local instability ofthe final wall face excavation occurs.
Unstable areas shall be temporarily stabilized by means ofbuttressing the exposed face with an earth
benn or other methods. Suspend work in unstable areas until remedial measures are developed.

3.2.4 Wall Discontinuities. Where the Contractor's excavation and installation methods result in a
discontinuous wall along any nail row, the ends ofthe constructed wall section shall extend beyond the
ends of the next lower excavation lift by at least 3 meters. Slopes at these discontinuities shall be
constructed to prevent sloughing or failure ofthe temporary slopes. If sections of the wall are to be
constructed at different times, prevent sloughing or failure ofthe temporary slopes at the end ofeach
wall section.

3.2.5 Excavation Face Protrusions, Voids or Obstructions. Remove all or portions of cobbles,
boulders, rubble or other subsurface obstructions encountered at the wall final excavation face which
will protrude into the design shotcrete facing. Determine method of removal of face protrusions,
including method to safely secure remnant pieces left behind the excavation face and for promptly
bacldilling voids resulting from removal ofprotrusions extending behind the excavation face. Notify
the Engineer of the proposed method(s) for removal of face protrusions at least 24 hours prior to
beginning removal. Voids, overbreak or over-excavation beyond the plan wall excavation line resulting
from the removal of face protrusions or excavation operations shall be backfilled with shotcrete or
concrete, as approved by the Engineer. Removal offace protrusions and backfilling ofvoids or over­
excavation is considered incidental to the work. Cost due to removal of unanticipated man-made
obstructions will be paid as Extra Work.

3.3 Nan Installation. Detennine the required drillhole diameter(s), drilling method, grout composition
and installation method necessary to achieve the nail pullout resistance(s) specified herein or on the
Plans, in accordance with the nail testing acceptance criteria in the Nail Testing section.

No drilling or installation ofproduction nails will be pennitted in any soil/rock unit until successful
pre-production verification testing ofnails is completed in that unit and approved by the Engineer.
Install verification test nails using the same equipment, methods, nail inclination and drillhole diameter
as planned for the production nails. Perfonn pre-production verification tests in accordance with the
Verification Testing Section prior to starting wall excavation and prior to installation ofproduction
nails in the specific lift in which the designated verification test nails are located. The number and
location ofthe verification tests will be as indicated on the Plans or specified herein. Verification test
nails may be installed through either the existing slope face prior to start of wall excavation, drill
platfonn work bench, stabilization benn or into slot cuts made for the particular lift in which the
verification test nails are located. Slot cuts will only be large enough to safely accommodate the drill
and test nail reaction setup. Subject to the Engineer's approval, verification test nails may also be
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installed at angle orientations other than perpendicular to the wall face or at different locations than
specified, as long as the Contractor can demonstrate that the test nails will be bonded into ground which
is representative ofthe ground at the verification test nail locations designated on the Plans or herein.
Install the production soil nails before the application of the reinforced shotcrete facing. At the
Contractor's request and subject to the Engineer's written approval, the shoterete facing may be placed
before drilling and installing the nails. Provide a blockout through the shotcrete facing at drillhole
locations using PVC pipe or other suitable material, to prevent damage to the facing during drilling.
As part ofthe required construction submittals, provide the Engineer with acceptable structural design
calculations demonstrating that the facing structural capacity will not be reduced and that the bearing
plates are adequate to span the nail drillhole blockout through the construction facing. Ifthis requires
larger size bearing plates and/or additional reinforcement beyond that detailed on the Plans, the extra
cost will be incidental.

Where necessary for stability ofthe excavation face, the Contractor shall have the option ofplacing
a sealing layer (flashcoat) ofunreinforced shotcrete or steel fiber reinforced shoterete or ofdrilling and
grouting ofnails through a temporary stabilizing berm ofnative soil to protect and stabilize the face
ofthe excavation per Section 3.2.3 Wall Structure Excavation. Cost shall be incidental to the Work.

The Engineer may add, eliminate, or relocate nails to accommodate actual field conditions. Cost
adjustments associated with these modifications shall be made in accordance with the General
Provisions ofthe Contract. The cost ofany redesign, additional material, or installation modifications
resulting from actions ofthe Contractor shall be borne by the Contractor.

3.3.1 Drilling. The drill holes for the soil nails shall be made at the locations, orientations, and lengths
shown on the Plans or as directed by the Engineer. Select drilling equipment and methods suitable for
the ground conditions described in the geotechnical report and shown in the boring logs. Select
drillhole diameter(s) required to develop the specified pullout resistance and to also provide a minimum
25 nun grout cover over bare or epoxy coated bars or minimum 12 nun grout cover over the
encapsulation ofencapsulated nails. A miDimum required drillhole diameter is shown on the plans.
(See Commentary 3.3.1.a). It is the Contractor's responsibility to determine the final drillhole
diameter(s) required to provide the specified pullout resistance. Use ofdrilling muds such as bentonite
slurry to assist in drill cutting removal is not allowed but air may be used. With the Engineer's
approval, the Contractor may be allowed to use water or foam flushing upon successful demonstration,
at the Contractor's cost, that the installation method still provides adequate nail pullout resistance. (See
Commentary 3.3.1.b). Ifcaving ground is encountered, use cased drilling methods to support the sides
of the drillholes. Where hard drilling conditions such as rock, cobbles, boulders, or obstructions are
described elsewhere in the contract documents or project Geotechnical Report, percussion or other
suitable drilling equipment capable ofdrilling and maintaining stable drillholes through such materials,
will be used.

Immediately suspend or modify drilling operations ifground subsidence is observed, ifthe soil nail
wall is adversely affected, or if adjacent structures are damaged from the drilling operation.
Immediately stabilize the adverse conditions at no additional cost.
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3.3.2 Nall Bar Installation. Provide nail bars in accordance with the schedules included in the Plans.
Provide centralizers sized to position the bar within 25 nun of the center of the drillhole. Position
centralizers as shown on the Plans so their maximum center-to-center spacing does not exceed 3
meters. Also locate centralizers within 0.6 meters from the top and bottom ofthe drillhole. Securely
attach centralizers to the bar so they will not shift during handling or insertion into the drill hole yet will
still allow grout tremie pipe insertion to the bottom ofdrillhole and allow grout to flow freely up the
hole.

Inspect each nail bar before installation and repair or replace damaged bars or corrosion protection.
Check uncased drillholes for cleanliness prior to insertion of the soil nail bar. Insert nail bars with
centralizers into the drill hole to the required length without difficulty and in a way that prevents
damage to the drill hole, bar, or corrosion protection. Do not drive or force partially inserted soil nails
into the hole. Remove nails which cannot be fully inserted to the design depth and clean the drill hole
to allow unobstructed installation.

When using cased or hollow stem auger drilling equipment which does not allow for the centralizers
to pass through the casing or auger stem, the Contractor may delete the centralizers ifthe neat cement
grout pumped through the casing is placed using grout pressures greater than 1 MPa or if the sand­
cement grout placed through the stem ofthe auger has a slump of225 nun or less. (See Commentary
3.3.2)

3.3.3 Nall Installation Tolerances. Nails shall not extend beyond the right-of-way or easement limits
shown on the Plans. Nail location and orientation tolerances are:

Nail head location, deviation from plan design location; 150 nun any direction.
Nail inclination, deviation from plan; +or - 3 degrees.
Location tolerances are applicable to only one nail and not accumulative over large wall areas. Center
nail bars within 25 nun ofthe center ofthe drillhole. (See Commentary 3.3.3)

Soil nails which do not satisfy the specified tolerances, due to the Contractor's installation methods,
will be replaced at no additional cost. Backfill abandoned nail drill holes with tremied grout. Nails
which encounter unanticipated obstructions during drilling shall be relocated, as approved by the
Engineer. Cost ofdrilling and backfilling drillholes abandoned due to unanticipated obstructions will
be paid as Extra Work.

3.4 Grouting

3.4.1 Grout Mix Design. Use a neat cement grout or a sand-cement grout. Submit the proposed nail
grout mix design to the Engineer for review and approval in accordance with the submittal section. The
design mix submittal shall include compressive strength test results verifying that the proposed mix
will have a minimum 3-day compressive strength of 10.5 Mpa and minimum 28-day compressive
strength of21 MPa.

FHWA Permanent Soil Nails & WaH Excavation asp 81-12 Last Revision 10131196



3.4.2 Grout Testing. Previous test results for the proposed grout mix completed within one year of
the start of work may be submitted for initial verification of the required compressive strengths for
installation ofpre-production verification test nails and initial production nails. Owing production, nail
grout sball1le tested by the Contractor in accordance with AASHTO Tl06/ASlM Cl09 at a frequency
ofno less than one test for every 40 cubic meters ofgrout placed. Provide grout cube test resultS to the
Engineer within 24 hours oftesting.

3.4.3 Grouting Equipment. Grout equipment shall produce a unifonnly mixed grout free oflumps
and undispersed cement, and be capable of continuously agitating the mix. Use a positive
displacement grout pump equipped with apressure gauge which can measure at least twice but no more
than three times the intended grout pressure. Size the grouting equipment to enable the entire nail to
be grouted in one continuous operation. (See Commentary 3.4.3). Place the grout within 60 minutes
after mixing or within the time recommended by the admixture manufacturer, ifadmixtures are used.
Grout not placed in the allowed time limit will be rejected.

3.4.4 Grouting Methods. Grout the drillhole after installation ofthe nail bar. Each drillhole will be
grouted within 2 hours ofcompletion ofdrilling, unless otherwise approved by the Engineer. Inject the
grout at the lowest point ofeach drill hole through a grout tube, casing, hollow-stem auger, or drill
rods. Keep the outlet end of the conduit delivering the grout below the surface of the grout as the
conduit is withdrawn to prevent the creation ofvoids. Completely fill the drillhole in one continuous
operation. Cold joints in the grout column are not allowed except at the top ofthe test bond length of
prooftested production nails. (See Commentary 3.4.4). At the Contractor's option, the grout tube may
remain in the hole provided it is filled with grout. Grouting before insertion of the nail is allowed
provided the nail bar is immediately inserted through the grout to the specified length without
difficulty.

During casing removal for drillholes advanced by either cased or hollow-stem auger methods, maintain
sufficient grout level within the casing to offset the external groundwater/soil pressure and prevent
hole caving. Maintain grout head or grout pressures sufficient to ensure that the drillhole will be
completely filled with grout and to prevent unstable soil or groundwater from contaminating or diluting
the grout. Record the grout pressures for soil nails installed using pressure grouting techniques.
Control grout pressures to prevent excessive ground heave or fracturing.

Remove the grout and nail if grouting is suspended for more than 30 minutes or does not satisfy the
requirements ofthis specification or the Plans, and replace with fresh grout and undamaged nail bar
at no additional cost.

3.5 Nan Testing. (See Commentary 3.5). Perfonn both verification and prooftesting ofdesignated
test nails. Perfonn pre-production verification tests on sacrificial test nails at locations shown on the
Plans or listed herein. Perfonn prooftests on production nails at locations selected by the Engineer.
Required nail test data shall be recorded by the Engineer. Do not perfonn nail testing until the nail
grout and shotcrete facing have cured for at least 72 hours and attained at least their specified 3-day
compressive strength. Testing in less than 72 hours will only be allowed if the Contractor submits
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compressive strength test results, for tests performed by a qualified independent testing lab, verifying
that the nail grout and shotcrete mixes being used will provide the specified 3-day compressive
strengths in the lesser time.

3.5.1 ProofTest Nail Unbonded Length. Provide temporary unbonded lengths for each test nail.
Isolate the test nail bar from the shotcrete facing and/or the reaction frame used during testing. Isolation
ofa test nail through the shotcrete facing shall not affect the location ofthe reinforcing steel under the
bearing plate. Accepted proof test nails may be incorporated as production nails provided the
temporary test unbonded length is fully grouted subsequent to testing. Submit the proposed test nail
isolation methods, methods for providing an unbonded test length, and methods for grouting the
unbonded length subsequent to testing to the Engineer for review and approval in accordance with the
Submittals section. Where temporary casing ofthe unbonded length oftest nails is provided, install the
casing in a way that prevents any reaction between the casing and the grouted bond length ofthe nail
and/or the stressing apparatus.

3.5.2 Testing Equipment. Testing equipment shall include dial gauges, dial gauge support, jack and
pressure gauge, electronic load cell, and a reaction frame. The load cell is required only for the creep
test portion ofthe verification test. Provide description oftest setup and jack , pressure guage and load
cell calibration curves in accordance with Submittals section.

Design the testing reaction frame to be sufficiently rigid and of adequate dimensions such that
excessive deformation ofthe testing equipment does not occur. Ifthe reaction frame will bear directly
on the shotcrete facing, design it to prevent cracking ofthe shotcrete. Independently support and center
the jack over the nail bar so that the bar does not carry the weight ofthe testing equipment. Align the
jack, bearing plates, and stressing anchorage with the bar such that unloading and repositioning ofthe
equipment will not be required during the test.

Apply and measure the test load with a hydraulic jack and pressure guage. The pressure guage shall
be graduated in 500 kPa increments or less. The jack and pressure guage shall have a pressure range
not exceeding twice the anticipated maximum test pressure. Jack ram travel shall be sufficient to allow
the test to be done without resetting the equipment. Monitor the nail load during verification tests with
both the pressure gauge and the load cell. Use the load cell to maintain constant load hold during the
creep test load hold increment ofthe verification test.

Measure the nail head movement with a dial gauge capable ofmeasuring to 0.025 mm. The dial gauge
shall have a travel sufficient to allow the test to be done without having to reset the gauge. Visually
align the gauge to be parallel with the axis ofthe nail and support the gauge independently from the
jack, wall or reaction frame. Use two dial gauges when the test setup requires reaction against a soil
cut face. (See Commentary 3.5.2)

3.5.3 Pre-production Verification Testing of Sacrificial Test Nails. Pre-production verification
testing shall be performed prior to installation ofproduction nails to verify the Contractor's installation
methods and nail pullout resistance. Perform pre-production verification tests at the locations and
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elevations shown on the Plans or herein and per Nail Installation Section 3.3, unless otherwise
approved by the Engineer. Perform a minimum of2 verification tests in each different soiVrock unit
and for each different drilling/grouting method proposed to be used, at each wall location. Verification
test nails will be sacrificial and not incorporated as production nails. Bare bars can be used for the
sacrificial verification test nails.

Develop and submit the details of the verification testing arrangement including the method of
distributing test load pressures to the excavation surface (reaction frame), test nail bar size, grouted
drillhole diameter and reaction frame dimensioning to the Engineer for approval in accordance with
Submittals section. Construct verification test nails us~g the same equipment, installation methods,
nail inclination, and drillhole diameter as planned for the production nails. Changes in the drilling or
installation method may require additional verification testing as determined by the Engineer and shall
be provided at no additional cost. Payment for additional verification tests required due to differing site
conditions, ifdetennined by the Engineer, shall be per the contract unit price.

Test nails shall have both bonded and temporary unbonded lengths. Prior to testing only the bonded
length ofthe test nail shall be grouted. The temporary unbonded length ofthe test nail shall be at least
1meter. The bonded length ofthe test nail shall be determined based on the production nail bar grade
and size such that the allowable bar structural load is not exceeded during testing, but shall not be less
than 3 meters. The allowable bar structural load during testing shall not be greater than 90 percent of
the yield strength for Grade 420 and Grade 520 bars, or 80 percent ofthe ultimate strength for Grade
1035 bars.The Contractor shall provide larger verification test bar sizes, if required to safely
accommodate the 3 meter minimum test bond length and testing to 2 times the allowable pullout
resistance requirements, at no additional cost.

The verification test bonded length~v shall not exceed the test allowable bar strueturalload divided
by 2 times the allowable pullout resistance value. The following equation shall be used for determining
the verification test nail maximum bonded length to be used to avoid structurally overstressing the
verification test nail bar size:

~v = C fy As 12 Qd' or,3 meters, whichever is greater.

~v = Maximum Verification Test Nail Bonded Length (m)
C = 0.9 for Grade 420 and 520 bars and 0.8 for Grade 1035 bars
fy = Bar Yield or Ultimate Stress ( kN/m~
(Note: fy= 420,000 kN/m2, 520,000 kN/m2 and 1,035,000 kN/m2 respectively for Grade 420,520 and 1035 bars)

As = Bar Steel Area (m~
2 = Pullout resistance safety factor
Qd,' = Allowable pullout resistance (kN/m, kilonewtons per lineal meter ofgrouted nail

length, specified herein or on the Plans)

The Design Test Load (DTL) during verification testing shall be determined by the following equation:
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DTL = Design Test Load (kN) =~v X Qd
~v = As-built bonded test length (m)
Qd = Allowable pullout resistance (kN/m, kilonewtons per lineal meter ofgrouted nail

length, specified herein or on the Plans)
MTL =2.0 x DTL =Maximum Test Load (kN)

Verification test nails shall be incrementally loaded to a maximum test load of 200 percent of the
Design Test Load (DTL) in accordance with the following loading schedule. The soil nail movements
shall be recorded at each load increment

VERIFICATION TEST LOAi>ING SCHEDULE

LOAD

AL (.05 DTL max.)
0.25DTL
0.50DTL
0.75DTL
l.ooDTL
1.25DTL
1.50 DTL (Creep Test)
1.75 DTL
2.00 DTL(Max.Test Load)

HOLD TIME

I minute
10 minutes
10 minutes
10 minutes
10 minutes
10 minutes
60 minutes
10 minutes
10 minutes

The alignment load (AL) should be the minimum load required to align the testing apparatus and
should not exceed 5 percent ofthe Design Test Load (DTL). Dial gauges should be set to "zero" after
the alignment load has been applied.

Each load increment shall be held for at least 10 minutes. The verification test nail shall be monitored
for creep at the 1.50 DTL load increment. Nail movements during the creep portion ofthe test shall
be measured and recorded at·l minute, 2, 3, 5, 6, 10, 20, 30, 50, and 60 minutes. The load during the
creep test shall be maintained within 2 percent ofthe intended load by use ofthe load cell.

3.5.4 Proof Testing of Production Nails. Perform proof testing on 5 percent (I in 20) of the
production nails in each nail row or minimum of 1per row. The locations shall be designated by the
Engineer. A verification test nail successfully completed during production work shall be considered
equivalent to a proof test nail and shall be accounted for in determining the number ofproof tests
required in that particular row.

Production prooftest nails shall have both bonded and temporary unbonded lengths. Prior to testing
only the bonded length ofthe test nail shall be grouted. The temporary unhanded length ofthe test nail
shall be at least I meter. The bonded length ofthe test nail shall be determined based on the production
nail bar grade and size such that the allowable bar strueturalload is not exceeded during testing, but
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shall not be less than 3 meters. Production proof test nails shortel than 4 meters in length may be
constructed with less than the minimum 3 meter bond length with the unbonded length limited to 1
meter. The allowable bar structural load during testing shall not be greater than 90 percent ofthe yield
strength for Grade 420 and Grade 520 bars, or 80 percent ofthe ultimate strength for Grade 1035 bars.

The prooftest bonded length~p shall not exceed the test allowable bar load divided by 1.5 times the
allowable pullout resistance value, or above minimum lengths, whichever is greater. The following
equation shall be used for sizing the prooftest nail bonded length to avoid overstressing the production
nail bar size:

~p = C fy As / 1.5 Qd' or above minimum lengths, whichever is greater.

~p = Maximum ProofTest Nail Bonded Length (m)
C = 0.9 for Grade 420 and 520 bars and 0.8 for Grade 1035 bars
fy = Bar Yield or Ultimate Stress (kN/m2)
(Note: fy =420,000 kN/m2

, 520,000 kN/m2 and 1,035,000 kN/m2 respectively for Grade 420,520 and 1035 bars)

As = Bar Steel Area (m2)
1.5 = Pullout resistance safety factor
~ =Allowable pullout resistance (kN/m, kilonewtons per lineal meter ofgrouted nail

length, specified herein or on the Plans)

The Design Test Load (DTL) during prooftesting shall be detennined by the following equation:

DTL = Design Test Load (kN) =~p XQd
~p = As-built bonded test length (m)
Qd = Allowable pullout resistance (kN/m, kilonewtons per lineal meter ofgrouted nail

length, specified herein or on the Plans)
MTL =1.5 x DTL =Maximum Test Load (kN)

Prooftests shall be perfonned by incrementally loading the prooftest nail to a maximum test load of
150 percent of the Design Test Load (DTL). The nail movement at each load shall be measured and
recorded by the Engineer in the same manner as for verification tests. The test load shall be monitored
by ajack pressure gauge with a sensitivity and range meeting the requirements ofpressure gauges used
for verification test nails. At load increments other than maximum test load, the load shall be held long
enough to obtain a stable reading. Incremental loading for prooftests shall be in accordance with the
following loading schedule. The soil nail movements shall be recorded at each load increment.

PROOFIESTLOADINGSCBEDULE

LOAD

AL (.05 DTL max.)
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0.25DTL
0.50DTL
0.75DTL
1.00DTL
1.25 DTL
1.50 DTL (Max. Test Load)

Until Stable
Until Stable
Until Stable
Until Stable
Until Stable
See Below

The alignment load (AL) should be the minimum load required to align the testing apparatus and
should not exceed 5 percent ofthe Design Test Load (DTL). Dial gauges should be set to "zero" after
the alignment load has been applied.

All load increments shall be maintained within 5 percent of the intended load. Depending on
perfonnance, either 10 minute or 60 minute creep tests shall be performed at the maximum test load
(1.50 DTL). The creep period shall start as soon as the maximum test load is applied and the nail
movement shall be measured and recorded at 1 minutes, 2, 3, 5, 6, and 10 minutes. Where the nail
movement between 1 minute and 10 minutes exceeds 1 rom, the maximum test load shall be
maintained an additional 50 minutes and movements shall be recorded at 20 minutes, 30, 50, and 60
minutes.
(See Commentary 3.5.4)

3.5.5 Test Nail Acceptance Criteria. A test nail shall be considered acceptable when:

1. For verification tests, a total creep movement ofless than 2 rom per log cycle oftime between the
6 and 60 minute readings is measured during creep testing and the creeprate is linear or decreasing ,
throughout the creep test load hold period.

2. For prooftests, a total creep movement ofless than 1rom is measured between the 1and
10 minute readings or a total creep movement of less than 2 rom is measured between the 6 and 60
minute readings and the creep rate is linear or decreasing throughout the creep test load hold period.

3. The total measured movement at the maximum test load exceeds 80 percent ofthe theoretical elastic
elongation ofthe test nail unbonded length. (See Commentary 3.5.5)

4. A pullout failure does not occur at the maximum test load. Pullout failure is defined as the load at
which attempts to further increase the test load simply result in continued pullout movement ofthe test
nail. The pullout failure load shall be recorded as part ofthe test data.

Successful proof tested nails meeting the above test acceptance criteria may be incorporated as
production nails, provided that (1) the unbonded length of the test nail drillhole has not collapsed
during testing, (2) the minimum required drillhole diameter has been maintained, (3) the specified
corrosion protection is provided, and (4) the test nail length is equal to orgreater than the scheduled
production nail length. Test nails meeting these requirements shall be completed by satisfactorily
groUh!'lQ' np the unbonded test length. Maintaining the temporary unbonded test length for subsequent
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grouting is the Contractor's responsibility. Ifthe unbonded test lel!gth ofproduction prooftest nails
cannot be satisfactorily grouted subsequent to testing, the prooftest nail shall become sacrificial and
shall be replaced with an additional production nail installed at no additional cost.

3.6 Test Nail Rejection

Ifa test nail does not satisfy the acceptance criterion, the Contractor shall detennine the cause.

3.6.1 Verification Test Nalls. The Engineer will evaluate the results of each verification test.
Installation methods which do not satisfy the nail testing requirements shall be rejected. The
Contractor shall propose alternative methods and install replacement verification test nails.
Replacement test nails shall be installed and tested at no additional cost

3.6.2 ProofTest Nalls. The Engineer may require the Contractor to replace some or all ofthe installed
production nails between a failed prooftest nail and the adjacent passing prooftest nail. Alternatively,
the Engineer may require the installation and testing of additional proof test nails to verify that
adjacent previously installed production nails have sufficient load carrying capacity. Contractor
modifications may include, but are not limited to; the installation of additional proof test nails;
increasing the drillhole diameter to provide increased capacity; modifying the installation or grouting
methods; reducing the production nail spacing from that shown on the Plans and installing more
production nails at a reduced capacity; or installing longer production nails ifsufficient right-ofway
is available and the pullout capacity behind the failure surface controls the allowable nail design
capacity. The nails may not be lengthened beyond the temporary construction easements or the
permanent right-of-way shown on the Plans. Installation and testing ofadditional prooftest nails or
installation ofadditional or modified nails as a result ofprooftest nail failure(s) will be at no additional
cost.

3.7 Nail Installation Records. Records documenting the soil nail wall construction will be maintained
by the Engineer, unless specified otherwise. (See Commentary J.7). The Contractor shall provide the
Engineer with as-built drawings showing as-built nail locations and as-built shotcrete facing line and
grade within 5 days after completion of the shotcrete facing and as-built CIP facing line and grade
within 5 days after completion ofthe CIP facing.

4.0 METHOD OF MEASUREMENT. The unit ofmeasurement for production soil nails will be per
lineal meter. The length to be paid will be the length measured along the bar centerline from the back
face ofshotcrete to the bottom tip end ofnail bar as shown on the Plans. No separate measurement will
be made for proof test nails, which shall be considered incidental to production nail installation.
Specified verification test nails will be measured on a unit basis for each verification test successfully
completed. Failed verification test nails or additional verification test nails installed to verify
alternative nail installation methods proposed by the Contractor will not be measured.

Structure Excavation for Soil Nail Wall will be measured as the theoretical plan volume in cubic meters
within the structure excavation pay limits shown on the Plans. This will be the excavation volume
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within the zone measured from top to bottom of shotcrete wall facing and extending out 2 meters
horizontally in front of the plan wall final excavation line. Additional excavation beyond the plan wall
final excavation line resulting from irregularities in the cut face, excavation overbreak or inadvertent
excavation, will not be measured. (See Commentary 4.0)

General roadway excavation will not be a separate wall pay item but will be measured and paid as part
ofthe general roadway excavation including haul pay item.

The final pay quantities will be the design quantity increased or decreased by any changes authorized
by the Engineer.

5.0 BASIS OF PAYMENT. The accepted quantities of soil nails and soil nail wall structure
excavation will be paid for at the contract unit prices. Payment will be full compensation for all labor,
equipment, materials, material tests, field tests and incidentals necessary to acceptably fabricate and
construct the soil nails and perform the structure excavation, including the excavation and wall
alignment survey control, for the soil nail walles) in accordance with all requirements of
the contract Payment will be made for each ofthe following bid items included in the bid form:

Pay Item

Permanent Soil Nails. No._ Bar (Grade _)
Verification Test Nails
Structure Excavation-Soil Nail Wall

Measurement Unit

Lineal Meters
Each
Cubic Meters

END OF SECTION

APPENDBl.SI
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COMMENTARY TO GUIDE SPECIFICATION FOR PERMANENT SOIL NAILS
AND WALL EXCAVATION (OWNER-DESIGN)

1.0 DESCRIPTION

1.0 Specifier. The most common source of construction e"ors arise because the excavation
subcontractor is unfamiliar with the staged excavation requirements necessary during soil nail wall
construction Excavators unfamiliar with soil nailing may overexcavate thefirst or subsequent lifts.
This may result in hauling berm material back to the site for the nail installation subcontractor's
working berm or even infailure ofthe wall. To reduce the li1relihood ofthese problems the Specifier
should add the following paragraph to the earthworks or roadway excavation section ofthe Special
Provisions to direct the excavation contractor's attention to the soil nail wall specification Preferably,
the excavators movements in the vicinity ofthe wall should be controlledby the soil nail installation
subcontractor:

Soil nail wall construction requires excavation in staged lifts and the wall excavation
Contractor should consult the Soil Nail and Shoterete Facing Specifications for details. Apre­
construction meeting shall be held prior to the start ofwall construction. The Engineer, prime
Contractor, excavation Contractor, and soil nail specialty Contractor shall attend the meeting.
The pre-construction meeting will be conducted to clarify the construction requirements for
the work, to coordinate the construction schedule and activities, and to identify contractual
relationships and delineation of responsibilities • particularly those pertaining to wall
excavation, nail installation and testing, excavation and wall alignment survey control, and
shotcrete and CIP facing construction. Soil nail wall construction requires excavation in
staged lifts and excavation in the vicinity of the wall face requires special care and effort
compared to general earthwork excavation. The excavation Contractor should take this into
account during bidding and should consult the Wall Excavation and Measurement/Payment
Sections ofthe Soil Nail and Shotcrete Facing Specification prior to bidding.

1.2 Specifier. The location ofboth active and abandoned buried utilities within the ground mass to
receive soil nail reinforcement can have aprofound impact on the design andconstruction ofsoil nail
walls. Careful consideration ofthe presence and location ofall utilities is requiredfor successful
design and installation ofsoil nails.

1.3 Specifier. The appropriate portion ofthefollowing paragraph can be includedas an additional
submittal requirement where utilities arepresent:

9. Detailed preliminary action plan for precluding disruption ofburied utilities where
identified on the Plans or in the geotechnical report.

2.0 MATERIALS

2a. Specifier. Co"osionprotection requirements vary between Transportation Agencies. The most
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common and simplest tests utilized to measure the aggressiveness ofthe soil environment include
electrical resistivity, pH, chloride, and sulfate. Per FHWA-RD-89-198, the ground is considered
aggressive ifany one ofthese indicators show critical values as detailed below:

PROPERTY TEST DESIGNATION· CRITICAL VALVES·

Resistivity AASHTO T-288 below 2,000 ohm-cm
ASlMG57

pH AASHTO T-289 below 5
ASlMG51

Sulfate AASHTO T-290 above 200ppm
ASlMD516M,
ASlMD4327

Chloride AASHTO T-291 above 100 ppm
ASlMD512,
ASlMD4327

• Specifier should check test standards for latest updates and individual transportation agencies may
have limits on critical values different than tabulated above.

2b. Specifier. Standard specifications or test methodsfor any ofthe above items which are common
to your agency can be referenced in lieu ofthe above listedAASHI'O/ASTMreferences.

2 c. Specifier. A 3 day strength criterion has been selected in addition to the traditional 28 days
because soil nailing grout and shotcrete are normally required to accept loads at an early age and
therefore it is the early strength that is critical.

3.0 CONSTRUcnON REQUIREMENTS

3.1a Specifier. Existing drainage features or future permanent drainage features should not be
integrated with the wall drainage network indicated on the Plans nor should the wall drainage
network be expressly relied upon to service flows from such drainage features, without written
authorizationfrom the Engineer.

3.1b Specifier. Review the subsurface investigation data to confirm that the reference to the
groundwater table being below the base ofthe excavation is co"ect. Ifnot, discuss with the wall
designer/geotechnical engineer andrevise the wording and/or the design as deemed necessary. Soil
nail wall construction can be very dlfficult and costly below the water table and is generally
considereda nonapplication unless the site can be effectively dewateredprior to excavation.

3.2.2 Specifier. Typically, a minimum 5 meter wide working bench is requiredfor adequate drill
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rig access. For sliver type road cuts, a 5 meter wide working bench r,zay not be available in the upper
excavation rows using the excavated material. In these instances, it may be necessary to import
additionalfill materialfor construction ofthe initial working benches. Alternatively, someprojects
have been successfully completedusing crane mounteddrill equipmentfor the installation ofthe upper
nail rows. It is the Contractor's responsibility to assess equipment and access needs and accountfor
such in the bid

3.2. 3 Specifier. Experience has shown that the use ofa temporary stabilizing berm can be beneficial
to protect and buffir thefinal excavationface, particularly in the upper rows ofnails. since this is the
area where loose, sloughing soils are most often encountered A "stabilizing berm" is simply a wedge
ofsoil which is temporarily left infront ofthefinal wall excavationface toprovide a buffirfor the soils
at the final cut face. Nail holes are drilled and nails installed and grouted through the berm.
Following nail installation, the stabilizing berm is excavated to expose the soils at the final wall
excavationface. Thepurpose ofthe berm is to reduce the potentialfor face sloughing and raveling,
and ground loss and loosening ofthe bearing soil below the nails caused by drilling vibrations and
drill cuttings removal. Secondarily, the stabilizing berm will reduce loss ofnatural moisture from the
soil exposed at the final excavation face. For example. in predominantly granular soils, natural
moisture willprovide some "apparent" cohesion andwill helpprovide soil standup. In dense competent
ground and in more cohesive soils, a stabilizing berm is usually not needed

3.3.J.a Specifier. For nails installed in soil, a 150 mm drillhole diameter is commonly being used
In stronger, competent ground such as bedrock, weathered rock andstiffresidual soils, smaller 100
mm diameter drillholes have been successfully used In these types ofground, the designer can specify
or the Contractor can be allowed to reduce the minimum drillhole diameter to 100 mm, with the
performance requirement that the requiredpullout resistance andspecifiedminimum grout cover must
still be provided

3.3.1.b Specifier. The use ofdrilling muds, water or drillingfoams to assist in drill cuttings removal
is not generally recommendeddue to the potentialfor decreasing the ground to grout bondalong the
drillhole walls, resulting in lower soil nail pullout resistance. In some ground, the use ofwater or
drilling foams may improve drillability and/or hole cleaning. Therefore, the Contractor may be
allowed to use water orfoam flushing upon successful demonstration, at the Contractor's cost, that
the installation method still provides adequate nail pullout resistance. Use ofbentonite drilling
slurries are not recommendedfor drilling soil nail drillholes in any type ofground

3.3.2 Specifier. Where the deletion ofcentralizers is allowed due to use ofcased or hollow stem
auger installations which do not allowfor the centralizers to pass through the casing, the Contractor
must still ensure a centralizednailat the wall excavationface. This is requiredsince the nail headand
surroundinggrout column helpprovide bearingsupportfor some ofthe shotcretefacing weight during
construction. Grouting techniques utilizing groutpressures greater than 1 MPa or stiffsand-cement
grout (slump not greater than 225 mm) are necessary to ensure that the nail bar is supported in the
position that it exited the drill casing or the auger stem and does not settle to the bottom of the
drillhole.
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3.3.3 Specifier. The nail headandsurroundinggrout column helpprovide bearing supportfor some
ofthe shotcrete facing weight during construction Therefore, it is importantfor the nail bar to be
reasonably centered in the nail grout column and not to lay on the bottom ofthe drillhole.

3. 4.3 Specifier. Where grout takes are anticipated to be high due to fractured rock or gravel,
cobbles, boulders or other types ofopen voided coarse material, thefollowing sentence can be tailored
to suit the anticipatedsite condition and included:

Neat cement grout takes may be high due to the potential for open voided coarse material.
Alternative grouting methods including low slump/high viscosity sand-cement grout mixtures
or neat cement grout contained in a geotextile sock encapsulation ofthe nail may be used,
provided the specified nail pullout resistance is still successfully provided. Alternative
proposed grouting methods shall be submitted to the Engineer for approval.

3.4.4 Specifier. Nail grout coldjoints, other thanforprooftest nails, are not desirable because of
thepotentialfor groundwater migration along the coldjoint andsubsequentpotential co"osion ofthe
nail bar. This will not be as criticalfor epoxy coatedor encapsulated bars.

3.5 Specifier. Soil nails are field tested to verify that the nail loads can be c~ied without
excessive movements and with an adequate safety factor for the service life of the structure. In
addition, testing is usedto verify the adequacy ofthe Contractor's dTilling, installation andgrouting
methods. Soil nailfieldpullout testing is critically important andshouldbe viewed as an extension of
design. CWTent Industry standard isto performprooftests on 5percent oftotal number ofproduction
nails and minimum of1 each nail row. There currently is no Industry standardfor number ofpre­
production verification tests. Recommended minimum guideline is at least 2 verification tests per
different soiVrock unit orper different drilling/grouting methodfor each wall location

3.5.2 Specifier. Experience with testing nails reacting against a soil cutface has resulted in racking
andmisalignmentofthe system on someprojects. Two dial guages are recommendedfor this test setup
to determine ifracking is occurring and to provide a more accurate average nail head movement
meQSW'ement.

3.5.4 Field Pullout Testing to Verify Pullout Resistance Values Used in Design

3.5.4 Specifier. This guide specificationpresentsfield pullout testingprocedures compatible with
a SLD design approach I"espective ofthe methodofdesign employed(SLD or LRFD), fieldpullout
testing should be performed using the same maximum test loads. For SLD, the allowable pullout
resistance is taken as one halfofthe estimatedultimatepullout resistance for Group 1 loading. Field
testing consists ofverification testing to 200 percent ofthe allowable pullout resistance (i.e., 100
percent ofthe ultimate pullout resistance usedfor design) and ofprooftesting to 150percent ofthe
allowable pullout resistance (i.e., 75 percent ofthe ultimate pullout resistance usedfor design).

For LRFD, the design pullout resistance is taken as 70percent ofthe ultimate pullout resistancefor
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Strength Limit State loading. The design pullout resistance ofLRFD is therefore higher than the
allowable pullout resistance ofSLD, and reflects the loadfactors applied with the LRFD approach
Nevertheless, for similar reliability ofthe soil nail wall design using the two design approaches,
similar maximumpullout resistance values should be achieved in thefield Therefore, i"esPective of
the design approach used, i.e. SLD or LRFD, it is recommended that field verification testing be
Performed to 100percent ofthe ultimate pullout resistance value used in the design (conventionally
specifiedas 200Percent ofthe allowablepullout resistance where the allowable pullout resistance is
one halfofthe ultimate pullout resistance), andfieldprooftesting bePerformed to 75Percent ofthe
ultimate pullout resistance value used in the design (conventionally SPecified as 150 Percent of
allowable).

3.5.5 Specifier. The minimum acceptable elastic movement is computedasfollows:

measuredmovement, DL, acceptable if > 0.8(p)(UL)(Ir1)/(A~(E)

where measuredmovement DL is in mm and:

p =
UL =

As =
E =

3.7 Specifier.
a.
b.
c.
d
e.
f
g.
h.
i.
j.
Ie.
I.
m.

Maximum applied test load (kN)
Lengthfrom the backofthe nail tojack connection to the top ofthe bond
length, i.e., the unbondedfree length (meters)
Cross-sectional area ofthe soil nail bar steel (mrrr)
Young~ modulus ofsteel (typically 200,000 MPa)

Typical records maintained by the Engineer should include the following:
Contractor~ name
Drill rig operator's name
Date and time ofstart andfinish ofdrilling
Drilling difficulties
Caving or sloughing ofexcavation or drillhole
Groundwater conditions
Drill casing requirements
Installed nail drillhole and bar diameter
Design nail length
Installed nail length
As-built nail location and deviation from specified tolerances
Date, time and methodgrout was placed including groutpressure(ifapplicable)
Design changes

(See FHWA "Soil Nailing Field Inspector's Manual" for e:i«lmple forms for recording above
information)

4.0 Specifier. The methods ofexcavation, e.g. dozer vs. backhoe, and amount ofcare and effort
taken by the excavation Contractor in the vicinity ofthe wallface are beyondthe Owner's control. It
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is better to indicate that overbreak is a possibility and place the responsibility for estimating and
controlling overbreak on the Contractor.

END OF COMMENTARY

APPENDB1.S1
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FHWA GUIDE SPECIFICATION FOR SOIL NAIL RETAINING WALL
(DESIGN-BUILD SOLICITATION)

(Commentary: This guide specification is set upfor apost-biddesign solicitation to solicit soil nail
wall designs where the Owner has selecteda soil nail wall as the desired wall typefor the given wall
location(s). It can be modifiedas appropriate to also serve as apre-bid design solicitation andlor .
for a solicitation where alternate wall types are allowed by the Owner, with the Contractor allowed
to select and submit a designfor the wall type which the Contractorfeels is most cost-effective.)

1.0 DESCRIPTION. This work consists of designing and constructing permanent soil nail
retaining wall(s) at the locations shown on the "Layout Drawings". The Contractor shall furnish all
labor, plans, drawings, design calculations, or other materials and equipment required to design and
construct the soil nail wall(s) in accordance with this Specification and the Standard
Specifications. (Commentary: If walls are temporary rather thanpermanent, revise above wording.)

Where the imperative mood is used within this Specification for conciseness, "the Contractor shall"
is implied.

1.1 Contractor's Experience Requirements. The Contractor shall be experienced in the
construction of permanent soil nail retaining walls and have successfully constructed at least 3
projects in the last 3 years involving construction ofpermanent soil nail retaining walls totaling at
least 1000 square meters ofwall face area and at least 500 permanent soil nails.

A Professional Engineer employed by the soil nailing Contractor and having experience in the
construction of at least 3 completed permanent soil nail retaining wall projects over the past 3 years,
shall supervise the work. The Contractor shall not use consultants or manufacturers' representatives
to satisfy the supervising Engineer requirements ofthis section.

The soil nail wall shall be designed by a Registered Professional Engineer with experience in the
design ofat least 3 successfully completed permanent soil nail retaining wall projects over the past
3 years. The wall designer may be either a employee of the Contractor or a separate Consultant
designer meeting the stated experience requirements.

At least 45 calendar days before the planned start ofwall excavation, the Contractor shall submit the
experience qualifications and details for the referenced design and construction projects, including
a briefproject description with the owner's name and current phone number. Upon receipt of the
experience qualifications submittal, the Engineer will have 15 calendar days to approve or reject the
proposed soil nailing Contractor and Designer.

1.2 Pre-Approval List

The following soil nailing design-build specialty Contractors are pre-approved:
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1. Contractor Name
Mailing Address
Contact Name
Phone Number

2. Con~rorName

Mailing Address
Contact Name
Phone Number

3. Con~tor Name
Mailing Address
Contact Name
Phone Number

1.3 Available Information. Available infonnation developed by the Department, or by the
Department's duly authorized representative include the following items:

1. "Layout Drawings" prepared by , dated . The "Layout Drawings" include
the approved preliminary plans, profile and typical cross sections for the proposed soil nail
wall locations. (Commentary- Specifier: Refer to chapter 8 ofthe FHWA "Manual for
Design and Construction Monitoring ofSoil Nail Walls", Report No. FHWA- SA-96-069for
detailedguidance on conceptualplan information to provide on the Design-Build "Layout
Drawings")

2. Geotechnical Report No. __ Titled , dated , included in the bid
documents, contains the results oftest pits, exploratory borings and other site investigation
data obtained vicinity the proposed wall locations.

1.4 Soil Nail Wall Design Requirements. Design the soil nail walls using the Service Load Design
(SLD) procedures contained in the FHWA "Manual for Design and Construction Monitoring ofSoil
Nail Walls", Report No. FHWA- SA.;96-069. The required partial safety factors, allowable strength
factors and minimum global stability soil factors of safety shall be in accord with the FHWA
manual, unless specified otherwise. Estimated soil/rock design shear strength parameters, slope and
external surcharge loads, type of wall facing and facing architectural requirements, soil nail
corrosion protection requirements, known utility locations, easements, and right-of-ways will be as
shown on the "Layout Drawings" or specified herein. Structural design of any individual wall
elements not covered in the FHWA manual shall be by the service load or load factor design
methods in confonnance with Article 3.22 and other appropriate articles ofthe 15th Edition ofthe
AASHTO Standard Specifications for Highway Bridges including current interim specifications. The
seismic design acceleration coefficient is__g.

(Commentary: The FHWA manual also presents LRFD design proceduresfor soil nail walls. Revise
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specification ifLRFD design is required The FHWA manual also setsforth different recommended
global stability soil partial safetyfactors/soil resistance factors, for SLD/LRFD respectively, for
non-critical and critical (e.g. bridge end slope removal application in front ofan existing bridge
abutment) structures and temporary during construction conditions. Specify which to use.)

1.5 Soil Nail Wan Design Submittals. At least 30 calendar days before the planned start of wall
excavation, submit complete design calculations and working drawings to the Engineer for review
and approval. Include all detailst dimensions, quantitiest ground profilest and cross-sections
necessary to construct the wall. Verify the limits ofthe wall and ground survey data before preparing
drawings.

1.5.1 Design Calculations. Design calculations shall includet but not be limited tOt the following
items:

(I) A written summary report which describes the overall soil nail wall design.

(2) Applicable code requirements and design references.

(3) Nail wall critical design cross-section(s) geometry including soil/rock strata and location,
magnitude, and direction ofdesign slope or external surcharge loads and piezometric levels.

(4) Design criteria includingt soil/rock shear strengths (friction angle and cohesion)t unit weightst
and ground-grout pullout resistances and nail drillhole diameter assumptions for each soil/rock
strata.

(5) Partial safety factors/strength factors (for Service Load Design) or load and resistance factors (for
Load and Resistance Factor Design) used in the design on the pullout resistance, surchargest
soil/rock unit weightst nail head strengthst and steelt shotcrete, and concrete materials. Minimum
required global stability soil factor ofsafety for SLD design or minimum required global stability
soil resistancelload ratio forLRFD design.

(6) Seismic design acceleration coefficient.

(7) Design calculation sheets with the project number, wall location, designation, date of prepa­
ration, initials ofdesigner and checker, and page number at the top ofeach page. Provide an index
page with the design calculations.

(8) Designnotes including an explanation ofany symbols and computer programs used in the design.

(9) Nail wall final design cross-section(s) geometry including soil/rock strata and location,
magnitudetand direction ofslope or external surcharge loads and piezometric levels with critical slip
surface shown along with minimum calculated Global stability soil factor ofsafety for SLD design
or for minimum Global stability soil resistance/load ratio for LRFD design and required nail lengths
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and strengths(nail bar sizes and grades) for each nail row.

(10) Structural design calculations for wall facing(s) and nail head/facing connections including
consideration of facing flexural and punching shear strength, headed studs tensile strength, upper
cantilever, minimum reinforcement ratio, cover and splice requirements.

(11) Other design calculations.

1.5.2 Working Drawings. Working drawings shall include, but not be limited to, the following
items:

(1) A plan view ofthe walles) identifying:

(a) A reference baseline and elevation datum.

(b) The offset from the construction centerline or baseline to the face ofthe wall at its base
at all changes in horizontal alignment.

(c) Beginning and end ofwall stations.

(d) Right-of-way and permanent or temporary construction easement limits, location ofall
known active and abandoned existing utilities, adjacent structures or other potential
interferences. The centerline of any drainage structure or drainage pipe behind, passing
through, or passing under the wall.

(e) Limit oflongest nails.

(t) Subsurface exploration locations shown on a plan view ofthe proposed wall alignment
with appropriate reference base lines to fix the locations of the explorations relative to the
wall.

(2) An elevation view ofthe walles) identifying:

(a) The elevation at the top ofthe wall, at all horizontal and vertical break points, and at least
every 10 meters along the wall.

(b) Elevations at the wall base and the top of leveling pads for casting CIP facing (if
applicable).

(c) Beginning and end ofwall stations.

(d) The distance along the face ofthe wall to all steps in the wall base.
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(e) Wall elevation view showing nail locations and elevations; vertical and horizontal
nail spacing; and the location of wall drainage elements and pennanent facing
expansion/contraction joints (ifapplicaple) along the wall length.

(f) Existing and finish grade profiles both behind and in front of the wall.

(3) Design parameters and applicable codes.

(4) General notes for constructing the wall including construction sequencing or other special
construction requirements.

(5) Horizontal and vertical curve data affecting the wall and wall control points. Match lines or other
details to relate wall stationing to centerline stationing.

(6) A listing ofthe summary ofquantities on the elevation drawing ofeach wall showing estimated
square meters ofwall face areas and other pay items.

(7) Nail wall typical sections including staged excavation lift elevations, wall and excavation face
batter, nail spacing and inclination, nail bar sizes, and corrosion protection details.

(8) A typical detail ofproduction and test nails defining the nail length, minimum drillhole diameter,
inclination, and test nail bonded and unbonded test lengths.

(9) Details, dimensions, and schedules for all nails, reinforcing steel, wire mesh, bearing plates,
headed studs, etc. and/or attachment devices for shotcrete, cast-in-place or prefabricated facings.

(10) Dimensions and schedules ofall reinforcing steel including reinforcing bar bending details.

(11) Details and dimensions for wall appurtenances such as barriers, coping, drainage gutters, fences,
etc.

(12) Details for constructing walls around drainage facilities.

(13) Details for tenninating walls and adjacent slope construction.

(14) Facing finishes, color and architectural treatment requirements (if applicable) for pennanent
wall facing elements.

(Commentary: An example set ofSoil Nail Wall Final Plans are included in Appendix A, Example
Plan Details, in FHWA-SA-96-069).

The drawings and calculations shall be signed and sealed by the Contractor's Professional Engineer
and by the Consultant designer's Professional Engineer (ifapplicable), previously approved by the
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Owner's Engineer. Ifthe soil nail Contractor uses a Consultant designer subcontractor to prepare
the design, the soil nail Contractor shall still have overall contract responsibility for both the design
and the construction.

Submit 3 sets of the wall drawings with the initial submission. One set will be returned with any
indicated corrections. The Engineer will approve or reject the Contractor's submittals within 15
calendar days after receipt ofa complete submission. Ifrevisions are necessary, make the necessary
corrections and resubmit 3 revised sets. When the drawings are approved, furnish 5 sets and a Mylar
sepia set of the drawings. The Contractor will not be allowed to begin wall construction or
incorporate materials into the work until the submittal requirements are satisfied and found
acceptable to the Engineer. Changes or deviations from the approved submittals must be re­
submitted for approval. No adjustments in contract time will be allowed due to incomplete
submittals.

Revise the drawings when plan dimensions are revised due to field conditions or for other reasons.
Within 30 days after completion of the work, submit as-built drawings to the Engineer. Provide
revised design calculations signed by the approved Registered Professional Engineer for all design
changes made during the construction of the wall.

2.0 MATERIALS AND 3.0 CONSTRUCTION REQUIREMENTS. Construct the wal18ceording
to the approved drawings and the appropriate Sections in the Standard Specifications as applicable.
Materials and construction requirements will be as set forth in the Permanent Soil Nail and Wall
Excavation and Temporary Shotcrete Facing and Wall Drainage Specifications. All portions ofthese
Specifications will apply except for Measurement and Payment, which will be as set forth below.

(Commentary: This solicitation is written assuming the Owner Agency will stillprovide construction
inspection of the design-build construction. Ifnot the case, andmore responsibilityfor construction
inspection and testing is to be placed on the Contractor, then the referenced construction
specifications should be modified accordingly).

4.0 METHOD OF MEASUREMENT. The unit ofmeasurement for soil nailed walls will be lump
sum for each wall listed on the bid schedule. When plan dimension changes are authorized during
construction to account for field conditions, the lump sum price of the wall will be adjusted by
applying a calculated per square meter cost adjustment factor to the added or decreased wall front
face area resulting from the change. The adjustment factor will be determined by dividing the lump
sum price bid for each wall by its original shotcrete facing front face area shown on the original
approved working drawings. If the actual quantity increases or decreases by more than _
percent from the original plan quantity, as authorized by the Engineer, the contract price will be
adjusted per subsection ofthe Standard Specifications.
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5.0 BASIS OF PAYMENT. Payment will be full compensation for all labor, equipment, materials,
tests, and incidentals necessary to acceptably design and construct the soil nail wall including the
wall drainage network and the temporary shotcrete construction facing or permanent shotcrete
facing (ifapplicable) .

Pay Item

Soil Nail Retaining Wall No.1

Soil Nail Retaining Wall No.2

Measurement Unit

Lump Sum

Lump Sum

Ifrequired, permanent eIP facings or eIP drainage gutters will be measured and paid for separately
per Lump Sum, in accordance with Section of the Standard Specifications or eIP Facing
special provision.

APPENDB2.SI
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FHWA GUIDE SPECIFICATION
FOR

TEMPORARY SHOTCRETE CONSTRUCTION FACING AND WALL DRAINAGE
(OWNER-DESIGN)

1.0 DESCRIPTION. Shotcrete facing and wall drainage work consists offumishing all materials
and labor required for placing and securing geocomposite drainage material, connection pipes, footing
drains, weepholes and horizontal drains (ifrequired), drainage gutter, reinforcing steel and shotcrete
for the temporary shotcrete construction facing and nail head bearing plates and nuts for the soil nail
wa11s shown on the Plans. The Work shall include any preparatory trimming and cleaning ofsoil/rock
surfaces and shotcrete cold joints to receive new shotcrete.

Shotcrete shall comply with the requirements of ACI 506.2, "Specifications for Materials,
Proportioning and Application ofShotcrete", except as otherwise specified. Shotcrete shall consist of
an application ofone or more layers ofconcrete conveyed through a hose and pneumatically projected
at a high velocity against a prepared surface.

Shotcrete may be produced by either a wet-mix or dry-mix process. The wet-mix process consists of
thoroughly mixing all the ingredients except accelerating admixtures, but including the mixing water,
introducing the mixture into the delivery equipment and delivering it, by positive displacement, to the
nozzle. The wet-mix shotcrete shall then be airjetted from the nozzle at high velocity onto the surface.
The dry-mix process consists ofshotcrete without mixing water which is conveyed through the hose
pneumatically with the mixing water introduced at the nozzle. For additional.descrlptive infonnation,
the Contractor's attention is directed to the American Concrete Institute ACI 506R "Guide to
Shotcrete."

CIP concrete facing construction (ifrequired) is covered by the Standard Specifications and/or CIP
Facing Special Provisions. Soil nails and wall excavation are covered by the Permanent Soil Nails and
Wall Excavation Specification. Soil nail wall instrwnentation (ifrequired) is covered by the Soil Nail
Wall Instrumentation Specification.

Where the imperative mood is used within this Specification for conciseness, ''the Contractor shall"
is implied.

1.1 Contractor's Experience Requirements. Workers, including foremen, nozzlemen, and delivery
equipment operators, shall be fully experienced to perform the work. All shotcrete nozzlemen on this
project shall have experience on at least 3 projects in the past 3 years in similar shotcrete application
work and shall demonstrate ability to satisfactorily place the shotcrete.

Initial qualification ofnozzlemen will be based either on previous ACI certification or satisfactory
completion ofpreconstruction test panels. The requirement for nozzlemen to shoot preconstruction
qualification test panels will be waived for nozzlemen who can submit documented proofthey have
been certified in accordance with the ACI 506.3R Guide to certification ofShotcrete Nozzlemen. The

FHWA Temporary Shoteretc Construction Facing asp Cl·2 Last Revision 10/31196



Certification shall have been done by a ACI recognized shotcrete testing lab and/or recognized
shotcreting consultant and have covered the type ofshotcrete to be used (plain wet-mix, plain dIy-mix
or steel fiber reinforced). (See Commentary 1.1). All nozzlemen will be required to periodically shoot
production test panels during the course ofthe Work at the frequency specified herein.

Notify the Engineer not less than 2 days prior to the shooting of preconstruetion test panels to be used
to qualify nozzlemen without previous ACI certification. Use the same shotcrete mix and equipment
to make qualification test panels as those to be used for the soil nail wall shotcrete facing. Initial
qualification ofthe nozzlemen will be based on a visual inspection ofthe shotcrete density and void
structure and on achieving the specified 3-day and 28-day compressive strength requirements
determined from test specimens extracted from the preconstruction test panels. Preconstruction and
production test panels, core extraction and compressive strength testing shall be conducted in
accordance with ACI 506.2 and AASHTO 1'24/ASlM C42, unless otherwise specified herein.
Nozzlemen without ACI Certification will be allowed to begin production shooting based on
satisfactory completion ofthe preconstruction test panels and passing 3-day strength test requirements.
Continued qualification will be subject to passing the 28-day strength tests and shooting satisfactory
during production test panels.

1.2 Construction Submittals. At least 15 calendar days before the planned start of shotcrete
placement or CIP facing placement (ifapplicable), submit 5 copies ofthe following information, in
writing, to the Engineer fot review:

a. Written documentation of the nozzlemen's qualifications including proof of
ACI certification (ifapplicable).

b. Proposed methods ofshotcrete placement and of controlling and maintaining
facing alignment and location and shotcrete thickness.

c. Shotcrete mix design including:
Type ofPortland cement.
Aggregate source and gradation.
Proportions ofmix by weight and water-cement ratio.
Proposed admixtures, manufacturer, dosage, technical literature.
Previous strength test results for the proposed shotcrete mix completed within
one year ofthe start ofshotcreting may be submitted for initial verification of
the required compressive strengths at start ofproduction work.

d. Certificates ofCompliance, manufacturers' engineering data and
installation instructions for the drainage geotextile, geocomposite drain strip,
drain grate and accessories.

e. Certificates of Compliance for bearing plates, nuts, drainage aggregate and
PVC drain piping.
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f. Fonnwork dimensions and details for casting the CIP facing over the shotcrete
construction facing. Include details for fonnwork connections to the shotcrete
facing and/or nails (if applicable), proposed concrete placement method and
placement rates, and accompanying structural calculations verifying the
structural adequacy ofthe fonnwork, connections, and shotcrete facing and/or
nails to support the loading induced by the fliud CIP concrete. When anchors
embedded into the shotcrete facing will be used to support the I-sided CIP
face fonn, include calculations illustrating the anchor design load (calculated
as the design concrete fluid pressure times the anchor tributary area). The
structural calculations shall be prepared and sealed by a Registered
Professional Engineer proficient in structural design and licensed in the State
of--"

The Engineer will approve or reject the Contractor's submittals within 10 calendar days after receipt
of a complete submission. The Contractor will not be allowed to begin wall construction or
incorporate materials into the work until the submittal requirements are satisfied and found acceptable
to the Engineer. Changes or deviations from the approved submittals must be re-submitted for
approval. No adjustments in contract time will be allowed due to incomplete submittals.

Upon delivery to the project site, provide Certified mill test results for all reinforcing steel specifying
the minimum ultimate strength, yield strength, elongation and chemical composition.

1.3 Pre-Construction Meeting. A pre-construction meeting scheduled by the Engineer will be held
prior to the start ofwall construction. Attendance is mandatory. The shotcrete Contractor, ifdifferent
than the soil nail specialty Contractor, shall attend. See Section 1.4 of the Pennanent Soil Nail and
Wall Excavation Specification.

2.0 MATERIALS. All materials for shotcrete shall confonn to the following requirements:

Cement

Fine Aggregate

Coarse Aggregate

Water

Chemical Admixtures

Accelerator

Water-reducer and

AASHTO M85/ ASTM CI50, Type I, II, III or V.

AASHTO M6/ASTM C33 clean, natural.

AASHTO M80, Class B for quality

Clean and Potable. AASHTO MI57/ASTM C94

Fluid type, applied at nozzle, meeting requirements of
AASHTO M194/ASTM C494/ASTM Cl141.

AASHTO M194/ASTM C494 Type A,C,D,E,F, orO
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Superplastisizer

Retarders

Mineral Admixtures

Fly Ash

Silica Fume

Welded Wire Fabric

AASHTO M194/ ASTM C494 Type B or D.

AASHTO M295/ASTM C618 Type F or C, cement
replacement up to 35 percent by weight ofcement.

ASTM C1240, 90 percent minimum silicon dioxide solids
content, not to exceed 12 percent by weight ofcement

AASHTO M55/ASTM A185 or A497.

(See Commentary for Steel Fiber Reinforced Shotcrete)

Reinforcing Bars for
Shotcrete Facing

Bearing Plates

Nuts

Prepackaged Shotcrete

Drainage Geotextile
For Wall Footing Drain

For Drain Strip

Drainage Aggregate

Geocomposite Drain Strip

Filni Protection

PVC Connector and Drain Pipes:

Pipe

AASHTO M31/ASTM A615, Grade 420, deformed.

AASHTO MI83/ASTM A36.

AASHTO M291, grade B, hexagonal, fitted with beveled
washer or spherical seat to provide uniform bearing.

ASTMC928.

AASHTO M288 Class 2, Permittivity min. 0.2 per second;
AOS 0.25 mm max.

AASHTO M288 Class 3, Permittivity min. 0.2 per second;
AOS 0.25 mm max.

AASHTO M43/ASTM C33 No. 67 with no more than two
percent passing the 0.075 mm sieve.

Miradrain 6000, Amerdrain 500 or approved equal.

Polyethylene films per AASHTO M-I71.

ASTM 1785 Schedule 40 PVC, solid and perforated wall, cell
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Fittings

Solvent Cement

Primer

classification 12454-B or 12354-C, wall thickness SDR 35,
with solvent weld or elastomeric gasket joints.

ASTM D3034, cell classification 12454-B or 12454-C, wall
thickness SDR35, with solvent weld or elastomeric gasket
joints.

ASTMD2564

ASTMF656

Materials shall be delivered, stored and handled to prevent contamination, segregation, corrosion or
damage. Store liquid admixtures to prevent evaporation and freezing.

Drainage geotextile and geocomposite drain strips shall be provided in rolls wrapped with a protective
covering and stored in a manner which protects the fabric from mud, dirt, dust, debris, and shotcrete
rebound. Protective wrapping shall not be removed until immediately before the geotextile or drain
strip is installed. Extended exposure to ultra-violet light shall be avoided. Each roll of geotextile or
drain strip in the shipment shall be labelled to identify the production run.

2.1 Shotcrete Mix Design. The Contractor must receive notification from the Engineer that the
proposed mix design and method ofplacement are acceptable before shotcrete placement can begin.

2.1.1 Aggregate. Aggregate for shotcrete shall meet the strength and durability requirements of
AASHTO M6/M80 and the following gradation requirements: (See Commentary 2.1.1)

Sieve Size

12.5mm
9.50mm
4.75mm
2.36mm
1.18 mm
0.60mm
0.30mm
O.l5mm

Percent Passir\i by Weiiht

100
90-100
70-85
50-70
35-55
20-35
8-20
2-10

2.1.2 Proportioning and Use of Admixtures. Proportion the shotcrete to be pumpable with the
concrete pump furnished for the work, with a cementing materials content ofat least 390 kilograms
per cubic meter and water/cement ratio not greater than 0.50. Do not use admixtures unless approved
by the Engineer. Thoroughly mix admixtures into the shotcrete at the rate specified by the
manufacturer. Accelerators (ifused) shall be compatible with the cement used, be non-corrosive to
steel and not promote other detrimental effects such as cracking or excessive shrinkage. The
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maximum allowable chloride ion content of all ingredients shall not exceed 0.100.10 when tested to
AASHTO 1'260.

2.1.3 Air Entrainment. Air entrainment is not required for temporary shotcrete construction facings.

2.1.4 Strength Requirements. Provide a shotcrete mix capable of attaining 14 MPa compressive
strength in 3 days and 28 MPa in 28 days. ( See Commentary 2.1.4). The average compressive
strength ofeach set ofthree test cores extracted from test panels or wall face must equal or exceed 85
percent of the specified compressive strength, with no individual core less than 75 percent of the
specified compressive strength, in accordance with ACI 506.2.

2.1.5 Mixing and Batching. Aggregate and cement may be batched by weight or by volume in
accordance with the requirements ofASTM C94 or AASHTO M241/ASTM C685. Mixing equipment
shall thoroughly blend the materials in sufficient quantity to maintain placing continuity. Ready mix
shotcrete shall comply with AASHTO M157. Shotcrete shall be hatched, delivered, and placed within
90 minutes of mixing. The use of retarding admixtures may extend application time beyond 90
minutes ifapproved by the Engineer.

Premixed and packaged shotcrete mix may be provided for on-site mixing. The packages shall
contain materials confonning to the Materials section of this specification. Placing time limit after
mixing shall be per the manufacturers' recommendations.

2.2 Field Quality Control. Both preconstruction test panels (for nozzlemen without previous ACI
certification) and production test panels or test cores from the wall facing are required. Shotcreting
and coring of test panels shall be performed by qualified personnel in the presence of the Engineer.
The Contractor shall provide equipment, materials, and personnel as necessary to obtain shotcrete
cores for testing including construction of test panel boxes, field curing requirements and coring.
Compressive strength testing will be performed by the Engineer. (See Commentary 2.2). Shotcrete
final acceptance will be based on the 28-day strength.

Shotcrete production work may commence upon initial approval ofthe design mix and nozzlemen and
continue ifthe specified strengths are obtained. The shotcrete work by a crew will be suspended ifthe
test results for their work does not satisfy the strength requirements. The Contractor shall change all
or some ofthe following: the mix, the crew, the equipment, or the procedures. Before resuming work,
the crew must shoot additional test panels and demonstrate that the shotcrete in the panels satisfies the
specified strength requirements. The cost ofall work required to obtain satisfactory strength tests will
be borne by the Contractor.

2.2.1 Preconstruction Test Panels. Each nozzleman without previous ACI certification shall furnish
at least one preconstruction test panel for each proposed mixture being considered and for each
shooting position to be encountered on the job. Preconstruction test panels shall be made prior to the
commencement of production work using the same equipment, materials, mixture proportions and
procedures proposed for the job
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Make preconstruction test panels with minimum dimensions of 750 x 750 nun square and at least
100 nun thick. Slope the sides ofpreconstruction and production test panels at 45 degrees over the full
panel thickness to release rebound. (See Commentary 2.2.1).

2.2.2 Production Test Panels. Furnish at least one production test panel or, in lieu ofproduction test
panels, six 75nun diameter cores taken from the shotcrete facing, during the first production
application of shotcrete and henceforth for every 500 m2 of shotcrete placed. ( See Commentary
2.2.2). Construct the production test panels simultaneously with the shotcrete facing installation at
times designated by the Engineer. Make production test panels with minimum dimensions of
45Ox450mm square and at least 100 nun thick.

2.2.3 Test Panel Curing, Test Specimen Extraction and Testing. Immediately after shooting,
field moist cure the test panels by covering and tightly wrapping with a sheet ofmaterial meeting the
requirements ofASlM Cl71 until they are delivered to the testing lab or test specimens are extracted.
Do not immerse the test panels in water. Do not further disturb test panels for the first 24 hours after
shooting. Provide at least six 75 nun diameter core samples cut from each preconstruction test panel
and production test panel. Contractor has the option ofextracting test specimens from test panels in
the field or transporting to another location for extraction. Keep panels in their forms when
transported. Do not take cores from the outer 150 nun oftest panels measured in from the top outside
edges ofthe panel fonn. (See Commentary 2.2.3). Trim the ends ofthe cores to provide test cylinders
at least 75 nun long. If the Contractor chooses to take cores from the wall face in lieu ofmaking
production test panels, locations will be designated by the Engineer. Clearly mark the cores and
container to identifY the core locations and whether they are for preconstruction or production testing.
If for production testing, mark the section of the wall represented by the cores on the cores and
container. Immediately wrap cores in wet burlap or material meeting requirements ofASlM Cl71
and seal in a plastic bag. Deliver cores to the Engineer or testing lab, as directed by the Engineer,
within 48 hours ofshooting the panels. The remainder ofthe panels will become the property ofthe
Contractor. Compressive strength testing will be perfonned by the Engineer. Upon delivery to the
testing lab, samples will be placed in the moist room until the time oftest. When the test length ofa
core is less than twice the diameter, the correction factors given in AASHTO T24/ASlM C42 will be
applied to obtain the compressive strength ofindividual cores. Three cores will be tested at 3 days
and three cores will be tested at 28 days in accordance with AASHTO T24/ASlM C42.

Fill core holes in the wall by dry-packing with non-shrink patching mortar after the holes are cleaned
and dampened. Do not fill core holes with shotcrete.

3.0 CONSTRUCTION REQUIREMENTS

3.1 Wall Drainage Network. Install and secure all elements of the wall drainage network as shown
on the Plans, specified herein, or as required by the Engineer to suit the site conditions. The drainage
network shall consist ofinstalling geocomposite drain strips, PVC connection pipes and wall footing
drains as shown on the Plans or as directed by the Engineer. Exclusive ofthe wall footing drains, all
elements ofthe drainage network shall be installed prior to shotcreting.
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Unanticipated subsurface drainage features exposed in the excavation cut face shall be captured
independently of the wall drainage network and shall be mitigated prior to shotcrete application in
accordance with Section 3.1 of the Soil Nail and Wall Excavation Specification. Costs due to the
required mitigation will be paid for as Extra Work.

3.1.1 Geocomposite Drain Strips. Install geocomposite drain strips centered between the columns
of nails as shown on the Plans. The drain strips shall be at least 300 mm wide and placed with the
geotextile side against the ground. Secure the strips to the excavation face and prevent shotcrete from
contaminating the ground side of the geotextile. Drain strips will be continuous. Splices shall be
made with a 300 mm minimum overlap such that the flow ofwater is not impeded. Repair damage to
the geocomposite drain strip, which may interrupt the flow ofwater. (See Commentary 3.1.1)

3.1.2 Footing Drains. Install footing drains at the bottom ofeach wall as shown on the Plans. The
drainage geotextile shall envelope the footing drain aggregate and pipe and conform to the dimensions
ofthe trench. Overlap the drainage geotextile on top ofthe drainage aggregate as shown on the Plans.
Replace or repair damaged or defective drainage geotextile.

3.1.3 Connection Pipes and Weepholes. Install connection pipes as shown on the Plans. Connection
pipes are lengths ofsolid PVC pipe installed to direct water from the geocomposite drain strips into
a footing drain or to the exposed face of the wall. Connect the connection pipes to the drain strips
using either prefabricated drain grates as shown on the Plans or using the alternate connection method
described below. Install the drain grate per the manufacturer's recommendations. The joint between
the drain grate and the drain strip and the discharge end of the connector pipe shall be sealed to
.prevent shotcrete intrusion. Connection pipes that end at the footing drain shall be extended to the
edge ofthe drain. Do not puncture the drainage fabric around the footing drain.

The alternative acceptable method for connection of the connector pipe to the drain strip involves
cutting a hole slightly larger than the diameter ofthe pipe into the strip plastic core but not through the
geotextile. Wrap both ends ofthe connection pipe in geotextile in a manner that prevents migration
offines through the pipe. Tape or seal the inlet end ofthe pipe where it penetrates the drain strip and
the discharge end of the connector pipe in a manner that prevents penetration of shotcrete into the
drain strip or pipe. To assure passage ofgroundwater from the drain strip into the connector pipe, slot
the inlet end ofthe connector pipe at every 45 degrees around the perimeter ofthe pipe to a depth of
6mm.

Weepholes, ifrequired, shall be provided through the construction facing to drain water from behind
the facing. Install as shown on the Plans. Use PVC pipe to form the weephole through the shotcrete.
Cover the end ofthe pipe contacting the soil with a drainage geotextile. Prevent shotcrete intrusion
into the discharge end ofthe pipe. (See Commentary 3.1.3)

3.2 Temporary Shotcrete Construction Facing

3.2.1 Shotcrete Alignment and Thickness Control. Ensure that the thickness ofshotcrete satisfies
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the minimwn requirements shown on the Plans using shooting wires, thickness control pins, or other
devices acceptable to the Engineer. Install thickness control devices nonna! to the surface such that
they protrude the required shorcrete thickness outside the surface. Ensure that the front face of the
shotcrete does not extend beyond the limits shown on the Plans.

3.2.2 Surface Preparation. Clean the face ofthe excavation and other surfaces to be shotcreted of
loose materials, mud, rebound, overspray or other foreign matter that could prevent or reduce
shotcrete bond. Protect adjacent surfaces from overspray during shooting. Avoid loosening, cracking,
or shattering the ground during excavation and cleaning. Remove any surface material which is so
loosened or damaged, to a sufficient depth to provide a base that is suitable to receive the shotcrete.
Remove material that loosens as the shotcrete is applied. Cost ofadditional shotcrete is incidental to
the work. Divert water flow and remove standing water so that shotcrete placement will not be
detrimentally affected by standing water. Do not place shotcrete on frozen surfaces.

3.2.3 DeDvery and Application. Maintain a clean, dry, oil-free supply ofcompressed air sufficient
for maintaining adequate nozzle velocity at all times. The equipment shall be capable ofdelivering the
premixed material accurately, uniformly, and continuously through the delivery hose. Control
shotcrete application thickness, nozzle technique, air pressure, and rate of shotcrete placement to
prevent sagging or sloughing offreshly-applied shotcrete.

Apply the shotcrete from the lower part of the area upwards to prevent accwnulation of rebound.
Orient nozzle at a distance and approximately perpendicular to the working face so that rebound will
be minimal and compaction will be maximized. Pay special attention to encapsulating reinforcement.
Do not work rebound back into the construction. Where shotcrete is used to complete the top
ungrouted zone ofthe nail drill hole near the face, position the nozzle into the mouth ofthe drillhole
to completely fill the void.

A clearly defined pattern ofcontinuous horizontal or vertical ridges or depressions at the reinforcing
elements after they are covered with shotcrete will be considered an indication of insufficient
reinforcement cover or poor nozzle techniques. In this case the application of shotcrete shall be
immediately suspended and the Contractor shall implement corrective measures before resuming the
shotcrete operations. The shotcreting procedure may be corrected by adjusting the nozzle distance and
orientation, by insuring adequate cover over the reinforcement, by adjusting the water content ofthe
shotcrete mix or other means. Adjustment in water content ofwet-mix will require requalifying the
shotcrete mix.

3.2.4 Defective Shotcrete. Repair shotcrete surface defects as soon as possible after placement.
Remove and replace shotcrete which exhibits segregation, honeycombing, lamination, voids, or sand
pockets. In-place shotcrete detennined not to meet the specified strength requirement will be subject
to remediation as detennined by the Engineer. Possible remediation options include placement of
additional shotcrete thickness or removal and replacement, at the Contractor's cost.

3.2.5 Construction Joints. Taper construction joints uniformly toward the excavation face over a
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minimum distance equal to the thickness of the shotcrete layer. Provide a minimum reinforcement
overlap at reinforcement splice joints as shown on the Plans. Clean and wet the surface of a joint
before adjacent shotcrete is applied. (See Commentmy 3.2.S). Where shotcrete is used to complete the
top ungrouted zone of the nail drill hole near the face, to the maximum extent practical, clean and
dampen the upper grout surface to receive shotcrete, similar to a construction joint

3.2.6 Finish. Shotcrete finish shall be either an undisturbed gun finish as applied from the nozzle or
a rough screeded finish. Remove shotcrete extending into the CIP finish face section beyond the
tolerances shown on the Plans or specified herein.

3.2.7 Attachment ofNail Head Bearing Plate and Nut. Attach a bearing plate and nut to each nail
head as shown on the Plans. While the shotcrete is still plastic and before its initial set, unifonnly seat
the plate on the shotcrete by hand wrench tightening the nut. Where uniform contact between the
plate and the shotcrete cannot be provided, set the plate in a bed ofgrout. After grout has set for 24
hours, hand wrench tighten the nut. Ensure bearing plates with headed studs are in intimate contact
with the construction facing and the studs are located within the tolerances shown on the Plans or
specified herein.

3.2.8 Weather Limitations. Protect the shotcrete ifit must be placed when the ambient temperature
is below aoc and falling or when it is likely to be subjected to freezing temperatures before gaining
sufficient strength. Maintain cold weather protection until the in-place compressive strength of the
shotcrete is greater than SMPa. Cold weather protection includes blankets, heating under tents, or
other means acceptable to the Engineer. The temperature ofthe shotcrete mix, when deposited, shall
be not less than 1aoc or more than 3SoC.

Suspend shotcrete application during high winds and heavy rains unless suitable protective covers,
enclosures or wind breaks are installed. Remove and replace newly placed shotcrete exposed to rain
that washes out cement or otherwise makes the shotcrete unacceptable. Provide a polyethylene film
or equivalent to protect the work from exposure to adverse weather.

3.2.9 Curing. Curing is not required for temporary construction facings to be covered by a CIP facing
or whose service life is less than 36 months.

3.2.10 Construction Facing Tolerances. Construction tolerances for the temporary shotcrete
construction facing are as follows:

Horizontal Location ofWire Mesh; Rebar; Headed Studs on Bearing Plates,
from Plan location; +or - 1Smm

Headed studs location on bearing plate, from plan location: 6 mm

Spacing between reinforcing bars, from plan dimension; 2S mm
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Reinforcing lap, from specified dimension: - 25mm

Thickness ofshotcrete; - 10 mm

Nail head bearing plate, deviation from parallel to wall face: 10 degrees
(See Conunentary 3.2.10).

3.3 Backfilling Behind Wall Facing Upper Cantilever. Compact backfill within 1 meter behind the
wall facing upper cantilever using light mechanical tampers.

3.4 Safety Requirements. Nozzlemen and helpers shall be equipped with gloves, eye protection, and
adequate protective clothing during the application of shotcrete. The Contractor is responsible for
meeting all federal, state and local safety code requirements.

3.5 CIP Concrete Form connection to Shotcrete Facing. When mechanical, grouted, or epoxied
anchors embedded into the shotcrete facing are used to support a one-sided CIP face form, perform
pullout testing of the embedded anchors in accordance with ASTM C900 and as modified herein.
Perform pullout testing of installed anchors prior to attachment ofthe face form. Select test anchor
locations to be representative ofthe full wall surface area to be covered.

For facing areas up to 500 m2, perform a minimum ofthree flexure/shear pullout tests with the anchor
located approximately mid-span between two adjacent nail heads and with the nail heads or other
reaction points located approximately one-halfthe nail spacing from the anchor. For facing areas in
excess of500 m2, perform one additional flexure/shear pullout test for each additional 250 m2 offace
area. Test these anchors to 1.5 times their required design load (calculated as the design concrete fluid
pressure times the anchor tributary area).

Perform local punching shear pullout testing on 2 percent of the installed anchors. Place the load
reaction support no closer to the edge ofthe anchor than the embedment depth ofthe anchor into the
construction facing. Test these anchors to 2.0 times their required design load.

Modify the anchor and/or face form support system ifthe tested anchors do not meet the above test
acceptance criteria. Modified anchor installation will require re-testing in accordance with the above
testing criteria. Cost ofanchor pullout testing is incidental to the work. (See Commentary 3.5)

4.0 MEmOD OF MEASUREMENT. The shotcrete facing will be measured in square meters of
the shotcrete area completed and accepted in the final work. The net area lying in a plane of the
outside front face of the structure as shown on the Plans will be measured. No measurement or
payment will be made for additional shotcrete or CIP concrete needed to fill voids created by
irregularities in the cut face, excavation overbreak or inadvertent excavation beyond the plan final wall
face excavation line, or failure to construct the facing to the specified line and grade and tolerances.
The final pay quantity shall include all structural shotcrete, admixtures, reinforcement, welded wire

FHWA Temporary Shotcrcte Construction Facing GSP Cl-12 Last R:vision 10/31/96



mesh, wire holding devices, embedded CIP face fonn support anchors (if applicable), wall drainage
materials, bearing plates and nuts, test panels and all sampling, testing and reporting required by the
Plans and this Specification. The final pay quantity shall be the design quantity increased or decreased
by any changes authorized by the Engineer.

5.0 BASIS OF PAYMENT. The accepted quantity measured as provided above will be paid for at
the contract unit price per square meter. Payment will be full compensation for furnishing all
equipment, materials, labor, tools and incidentals necessary to complete the work as specified and as
detailed on the Plans, including the work required to provide the proper shotcrete facing alignment
and thickness control. All wall drainage materials including geocomposite drain strips, connection
pipes, drain grates, drain aggregate and geotextile, fittings, and accessories are considered incidental
to the shotcrete facing and will not be paid separately.

Payment will be made for the following bid item included in the bid fonn:

Pay Item

Shotcrete Construction Facing

END OF SECTION

APPENDCl.SI

Measurement Unit

Square Meter
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COMMENTARY TO
TEMPORARY SHOTCRETE CONSTRUCTION FACING AND WALL DRAINAGE

GUIDE SPECIFICATION

1.1 EXPERIENCE REQUIREMENTS

1.1 Specifier: Ifshotcrete nozzlemen have not been previously certified, it may be practical
for the Contractor to arrange to certify them during the preconstruction testprogram through
local testing laboratories or other experiencedAC~ recognized shotcrete specialists.

2.1. SHOTCRETE MIX DESIGN

2.1.1 Specifier. The aggregate gradation presented is commonly usedfor dry-mix and wet-mix
shotcrete and has been satisfactorily usedfor a number ofsoil nailingprojects. It requires a
minimum of15% ofcoarse aggregate sizes, (i. e. greater than 4. 75 mm). Higher coarse
aggregate contents would be preferable from a quality standpoint but maypresentproblems
with regard to pumping and shooting. In some areas, a mix consisting ofonlyfine aggregate
may be proposed because the local shotcrete industry is accustomed to that material. This is
particularly true for areas where dry-mix is prominent. Such mixes will have a higher
propensityfor shrinkage but will have reduced rebound. They are suitable for construction
facings but notpermanentfacings.

2.1.4 Specifier. A 3 day strength criterion has been selected in addition to the traditional 28
days because soil nailing shotcrete is normally required to accept loads at an early age and
therefore it is the early strength that is critical. The 28 day strength is included because ofthe
need to compare it with the specified ultimate strength ofthe facing as used in the structural
design.

2.2 FIELD QUALITY CONTROL

2.2 Specifier. Iftesting is to be the Contractor's responsibility, modify the specification
accordingly.

2.2.1 Specifier. Testpanels with 45 degree slopedsides are recommended to minimize entrapment
ofrebound when shooting the test panel andfor ease ofstripping the form.

2.2.2 Specifier. The 500 square meter testing area requirement may need to be adjusted
depending on the area ofwall to be constructed on the contract.

2.2.3 Specifier. Most Authorities require that the outside 150 mm measured in from the top
outside edges ofthe panelform be discarded because it typically contains rebound or overspray
and is not representative.
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3.1 WALL DRAINAGE NETWORK

3.1.1 Specifier. At the designers option, horizontal geocomposite drain strips may be included
behind horizontal shotcrete construction joints and/or where zones of localized groundwater
seepage is encountered during construction.

3.1.3 Specifier. Longer horizontal drains are typically not included in the project specification
unless more significant groundwater is anticipated at the excavation cut face. The project
geotechnical engineer should assess the needfor horizontal drains and determine the length and
spacing. Most highway agencies have standardspecifications andplan details covering horizontal
drain material and installation requirements. Where deemed necessary, horizontal drains can be
included on the Plans and the following verbiage added to the Specifications:

Slotted PVC horizontal drains. ifrequired. shall be installed as shown on the Plans. Install
horizontal drains in drill holes that slope upward at an inclination of2 to 5 degrees. Provide
PVC horizontal drain pipe meeting the materials requirements set forth in the Standard
Specifications. Attach a solid inlet pipe to the slotted pipe approximately 300 mm behind
the back of the construction facing. Seal the annular space between the inlet pipe and the
drill hole with bentonite pellets or non shrink grout. Connect the inlet pipe to the discharge
pipe that will empty directly into the footing drain. as shown on the Plans.

3.2 TEMPORARY SHOTCRETE CONSTRUCTION FACING

3. 2. 5 Specifier: The contractor should demonstrate that his techniques will preclude sag orjoint
separation between excavation lifts. This may occur in walls thicker than 100 mm due to
consolidation ofthe loose backfill materialplaced to provide a reinforcing splice below the lift. It
has been demonstrated thatjoint separation can be mitigated by building the shotcrete in each lift
from the bottom while allowing adequate time for consolidation ofloose splice backfill.

3.2.10 Specifier. Tolerancesfor a temporary wall with constructionfacing only, i.e. will not be
covered by a CIP facing, can have less restrictive tolerances. These may vary project to project
depending on application, site geometry and other constraints and thus are left to discretion of
individual Owners/Designers to establish. For tolerances and finishing requirements for CIP
facings, refer to highway agency standard specifications or project specialprovisions.

3.5 CIP Concrete Form Connection to Shotcrete Facing

3.5 Specifier. This section covering the embedded anchors can be moved to the CIP facing
special provision, if desired, along with making measurement and payment of the embedded
anchors and associated testing incidental to the CIP facing pay item rather than the shotcrete
facing pay item.
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STEEL FIBER REINFORCED SHOTCRETE (SFRSC)

Specifier. Some designers or contractors may desire to substitute steel fiber reinforcement for
welded wire mesh There are a number ofresearch papers documenting that steelfiber testpanels
can produce equivalent strengths to those with wire mesh. The use offiber reinforcing for
shotcrete construction facings has been demonstrated for both above ground and underground
applications such as rock slope stabilization and tunneling. However, to date it's use for soil nail
wallfacings has been limited The deletion ofwire mesh and the use offiber reinforced shotcrete
isparticularly advantageous where the shotcrete has to be applied against a very rough, irregular
excavation cutface. At this time, only steelfiber reinforcing should be considered since test data
for non-metallic fibers indicate that equivalent flexural strength cannot be assured at normal
dosages.

The presence ofsteelfibers in a shotcrete matrix provides two functions - reinforcement across a
crack, similar to conventional rebar, and reinforcement at the crack tip to restrain propagation of
the crack. The effictiveness ofaparticularfiber reinforcement is afunction ofthe:

A. aspect ratio ofthe fibers;
B. fiber dosage,'
C. fiber geometry with regard to bond development.

At the time ofpreparation ofthis manual, structural design procedures for designing with steel
fibers are not as well developed as for conventional concrete reinforced with welded wire mesh or
deformed reinforcing bars. ACI 544.4, "Design Considerations for Steel Fiber Reinforced
Concrete ", contains only very limited design guidelinesfor designing with steelfibers. Use ofsteel
fiber reinforced shotcrete is increasing for applications such as tunnel linings and slope
stabilization/protection and there has been some limited usage to date as temporary soil nail wall
facings. However, much of the usage is based on successful experience rather then rigorous
structural design. In designingfiber reinforced shotcrete, the flexural strength to cracking and the
post cracking residual strength are often specified Ifthe use ofsteelfiber reinforced shotcrete is
allowed, the following are guidance specification clauses that can be used. Note that the SFRSC
guideline specification given below callsfor initial7-day strength rather than 3-day asfor plain
shotcrete. The reason is that 3-days is not sufficient time to obtain andprepare the flexural beam
test specimens for the more elaborate ASTM C1018 test. Past problems with the C1018 test
procedure, specifically with the method ofmeasuring deflections, has led many agencies to stop
specifying the test. However, this has recently been corrected and the revised testprocedure is now
generally accepted by all shotcrete authorities. However, due to the elaborateness and greater
expense ofthe ASTMC1018 test, combined withfew highway agency labs equipped to perform the
test, the guideline specification given below calls onlyfor the C1018 test being required to initially
test and qualify the fiber reinforced shotcrete mix design, with subesequent during production
testing done using conventional compressive strength testing of cores as for plain shotcrete.
Transportation agencies making initial use may wish to designate their first project as an
experimentalfeature.
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2.0 MATERIALS

Steel Fibers ASTM A820, Type I, fi, or Ill, Defonned, Steel Fibers, 25 to 38 mm length,
minimum aspect ratio of60.

2.1.4 Steel Fiber Reinforced Shotcrete (SFRSC)
Steel fiber reinforced shotcrete shall comply with the requirements of ASTM Cll16 "Standard
Specification for Fiber Reinforced Shotcrete", except as otherwise specified. Steel fiber reinforced
shotcrete shall be mixed in accordance with the fiber manufacturer's recommendations with a
minimum dosage ofsteel fibers of60 kg/m3. Fiber reinforced shotcrete shall have a minimum first
crack flexural strength of 4 MPa at 7 days and and 5 Mpa at 28 days and a minimum Residual
Strength Factor ofRto,3o =60 at 7 and 28 days as detennmed by testing in accordance with ASTM
CIOIS.

2.2.1 SFRSC Preconstruction Test Panels

Preconstruction test panels shall be made prior to the commencement ofproduction work using the
same equipment, materials, mixture proportions and procedures proposed for the job Make
preconstruction test panels with minimum dimensions of 750x750xl50 mm. Slope the sides of
preconstruction and production test panels at 45 degrees over the full panel thickness to release
rebound.

2.2.2 SFRSC Production Test Panels

Furnish at least one production test panel or, in lieu ofproduction test panels, six 75mm diameter
cores taken from the shotcrete facing, during the first production application of fiber reinforced
shotcrete and henceforth for every 500 square meters ofshotcrete placed. Construct the production
test panels simultaneously with the shotcrete facing installation at times designated by the Engineer.
Make production test panels with minimum dimensions of 450x450xl00 mm.

2.2.3 SFRSC Test Panel Curing, Test Specimen Extraction and Testing

Field and lab curing of SFRSC test panels and identification and packaging oftest specimens will
be as for plain shotcrete test panels and cores Rer Section 2.2.3. Do not disturb test panels within the
first 24 hours after shooting. Do not take test specimens from the outer ISO mm of test panels
measured in from the top outside edges ofthe panel fonn. Deliver test specimens to the testing lab
within 48 hours of shooting the panels.

Cut.a total of six 100x100x350 mm test beams from each preconstruction test panel in accordance
with ASTM Cl140 and have tested in accordance with ASTM CIOl8 for Flexural Strength and
Residual Strength Factor, R\o,3o' Saw beams and test perpendicular to the top surface of the panel.
Have beam testing done by a qualified independent testing lab. Test 3 beams at 7 days and 3 beams
at 28 days.
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Also extract six 75 nun diameter cores for compressive strength testing. The same requirements as
set forth for core sampling, testing and compressive strength ofplain shotcrete cores will apply to
the steel fiber reinforced cores. Three cores will be tested at 3-days and three cores will be tested at
28-days. Provide beam and core test results to the Engineer within 24 hours of testing.

Upon the preconstruction panel ASlM CIOl8 test results verifying that the fiber reinforced design"
mix will meet the specified Flexural and Residual Strength requirements, compressive strength
core testing will then be used for accepta.'lce testing during production. Subesequent during
production test panel and test specimen reqirements will be the same as required for plain shotcrete
using test cores taken from production test panels or from the wall face. The average compressive
strength ofeach set of three production cores required for acceptance shall be a minimum of85%
ofthe average compressive strength ofthe cores from the preconstruction test panels.

END COMMENTARY

APPENDCl.SI
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FHWA GUIDE SPECIFICATION
FOR

PERMANENT SHOTCRETE FACING AND WALL DRAINAGE
(OWNER-DESIGN)

1.0 DESCRIPTION. Shotcrete facing and wall drainage work consists offumishing all materials
and labor required for placing and securing geocomposite drainage material, connection pipes, footing
drains, weepholes and horizontal drains (ifrequired), drainage gutter, reinforcing steel and shotcrete
tor the permanent shotcrete facing and nail head bearing plates and nuts for the soil nail walls shown
on the Plans. The Work shall include any preparatory trimming and cleaning ofsoil/rock surfaces and
shotcrete cold joints to receive new shotcrete.

Shotcrete shall comply with the requirements of ACI 506.2, "Specifications for Materials,
Proportioning and Application ofShotcrete", except as otherwise specified. Shotcrete shall consist of
an application ofone or more layers ofconcrete conveyed through a hose and pneumatically projected
at a high velocity against a prepared surface.

Shotcrete may be produced by either a wet-mix or dry-mix process. The wet-mix process consists of
thoroughly mixing all the ingredients except accelerating admixtures, but including the mixing water,
introducing the mixture into the delivery equipment and delivering it, by positive displacement, to the
nozzle. The wet-mix shotcrete shall then be air jetted from the nozzle at high velocity onto the surface.
The dry-mix process consists ofshotcrete without mixing water which is conveyed through the hose
pneumatically with the mixing water introduced at the nozzle. For additional descriptive information,
the Contractor's attention is directed to the American Concrete Institute ACI 506R "Guide to
Shotcrete."

CIP concrete facing construction (if required) is covered by the Standard Specifications and/or CIP
Facing Special Provisions. Soil nails and wall excavation are covered by the Permanent Soil Nails and
Wall Excavation Specification. Soil nail wall instrumentation (ifrequired) is covered by the Soil Nail
Wall Instrumentation Specification.

Where the imperative mood is used within this Specification for conciseness, "the Contractor shall"
is implied.

1.1 Contractor's Experience Requirements. Workers, including foremen, nozzlemen, finishers and
delivery equipment operators, shall be fully experienced to perform the work. All shotcrete
nozzlemen on this project shall have experience on at least 3 projects in the past 3 years in similar
permanent shotcrete application work totaling at least 1000 square meters ofwall face area and shall
demonstrate ability to satisfactorily place the shotcrete. Finishers shall have experience on at least 3
projects in the past 3 years in similar permanent shotcrete application work totaling at least 1000
square meters ofwall face area.

Initial qualification of nozzlemen will be based either on previous ACI certification or satisfactory
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completion of preconstruction test panels. The requirement for nozzlemen to shoot preconstruction
qualification test panels will be waived for nozzlemen who can submit documented proof they have
been certified in accordance with the ACI 506.3R Guide to Certification ofShotcrete Nozzlemen. The
Certification shall have been done by a recognized shotcrete testing lab and/or recognized shotcreting
consultant and have covered the type ofshotcrete to be used ( plain wet-mix, plain dry-mix or steel
fiber reinforced). (See Commentary 1.1). All nozzlemen will be required to periodically shoot
production test panels during the course ofthe Work at the frequency specified herein.

Notify the Engineer not less than 2 days prior to the shooting of preconstruction test panels to be used
to qualify nozzlemen without previous ACI certification. Use the same shotcrete mix and equipment
to make qualification test panels as those to be used for the soil nail wall shotcrete facing. Initial
qualification ofthe nozzlemen will be based on a visual inspection ofthe shotcrete density and void
structure and on achieving the specified 3-day and 28-day compressive strength requirements
detennined from test specimens extracted from the preconstruction test panels. Preconstruction and
production test panels, core extraction and compressive strength testing shall be conducted in
accordance with ACI 506.2 and AASHTO T24/ASTM C42, unless otherwise specified herein.
Nozzlemen without ACI Certification will be allowed to begin production shooting based on
satisfactory completion ofthe preconstruction test panels and passing 3-day strength test requirements.
Continued qualification will be subject to passing the 28-day strength tests and shooting satisfactory
during production test panels.

1.2 Construction Submittals. At least 15 calendar days before the planned start of shotcrete
placement, submit 5 copies ofthe following information, in writing, to the Engineer for review:

a. Written documentation listing at least 5 permanent structural shotcrete walls
successfully completed within the past 3 years, including photographs of the
project as well as names, addresses, and phone numbers ofthe owner's
representative.

b. Written documentation of the finisher's and nozzlemen's qualifications
including proofofACI certification (ifapplicable).

c. Proposed methods ofshotcrete placement and of controlling and maintaining
facing alignment and location and shotcrete thickness.

d. Shotcrete mix design including:
Type ofPortland cement.
Aggregate source and gradation.
Proportions ofmix by weight and water-cement ratio.
Proposed admixtures, manufacturer, dosage, technical literature.
Previous strength test results for the proposed shotcrete mix completed within
one year ofthe start ofshotcreting may be submitted for initial verification of
the required compressive strengths at start ofproduction work.
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e. Certificates ofCompliance, manufacturers' engineering data and
installation instructions for the drainage geotextile, geocomposite drain strip,
drain grate and accessories.

f. Certificates of Compliance for bearing plates, nuts, drainage aggregate and
PVC drain piping.

The Engineer will approve or reject the Contractor's Submittals within 10 calendar days after receipt
of a complete submission. The Contractor will not be allowed to begin wall construction or
incorporate materials into the work until the submittal requirements are satisfied and found acceptable
to the Engineer. Changes or deviations from the approved submittals must be re-submitted for
approval. No adjustments in contract time will be allowed due to incomplete submittals.

Upon delivery to the project site, provide Certified mill test results for all reinforcing steel specifying
the minimum ultimate strength, yield strength, elongation and chemical composition.

1.3 Pre-Construction Meeting. A pre-construction meeting scheduled by the Engineer will be held
prior to the start ofwall construction. Attendance is mandatory. The shotcrete Contractor, ifdifferent
than the soil nail specialty Contractor, shall attend. See Section 1.4 of the Permanent Soil Nail and
Wall Excavation Specification.

2.0 MATERIALS. All materials for shotcrete shall conform to the following requirements:

Cement

Fine Aggregate

Coarse Aggregate

Water

Chemical Admixtures

Accelerator

Air-Entraining Agent

Water-reducer and
Superplastisizer

Retarders

AASHTO M851 ASTM C150, Type I, II, ill or V.

AASHTO M61ASTM C33 clean, natural.

AASHTO M80, Class B for quality

Clean and Potable. AASHTO M157/ASTM C94

Fluid type, applied at nozzle, meeting requirements of
AASHTO M194/ASTM C494/ASTM Cl141

AASHTO M154/ASTM C260

AASHTO M1941ASTM C494 Type A,C,D,E,F, or G

AASHTO M1941 ASTM C494 Type B or D.
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Mineral Admixtures

Fly Ash

Silica Fume

Welded Wire Fabric

Reinforcing Bars for
Shotcrete Facing

Bearing Plates

Nuts

Curing Compounds

Prepackaged Shotcrete

Drainage Geotextile
For Wall Footing Drain

For Drain Strip

Drainage Aggregate

Geocomposite Drain Strip

Film Protection

PVC Connector and Drain Pipes:

Pipe

Fittings

AASHTO M295/ASTM C618 Type For C, cement
replacement up to 35 percent by weight ofcement.

ASTM C1240, 90 percent minimum silicon dioxide solids
content, not to exceed 12 percent by weight ofcement.

AASHTO M55/ASTM A185 or A497.

AASHTO M31/ASTM A615, Grade 420, deformed.

AASHTO M183/ASTM A36.

AASHTO M291, grade B, hexagonal, fitted with beveled
washer or spherical seat to provide uniform bearing.

AASHTO M148, Type 1D or Type 2

ASTMC928.

AASHTO M288 Class 2, Permittivity min. 0.2 per second;
AOS 0.25 rom max.

AASHTO M288 Class 3, Permittivity min. 0.2 per second;
AOS 0.25 rom max.

AASHTO M43/ASTM C33 No. 67 with no more than two
percent passing the 0.075 rom sieve.

Miradrain 6000, Amerdrain 500 or approved equal.

Polyethylene films per AASHTO M-171.

ASTM 1785 Schedule 40 PVC, solid and perforated wall, cell
classification 12454-B or 12354-C, wall thickness SDR 35,
with solvent weld or elastomeric gasket joints.

ASTM D3034, cell classification 12454-B or 12454-C, wall
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Solvent Cement

Primer

thickness SDR35, with solvent weld or elastomeric gasket
joints.

ASTMD2564

ASTMF656

Materials shall be delivered, stored and handled to prevent contamination, segregation, corrosion or
damage. Store liquid admixtures to prevent evaporation and freezing.

Drainage geotextile and geocomposite drain strips shall be provided in rolls wrapped with a protective
covering and stored in a manner which protects the fabric from mud, dirt, dust, debris, and shotcrete
rebound. Protective wrapping shall not be removed until immediately before the geotextile or drain
strip is installed. Extended exposure to ultra-violet light shall be avoided. Each roll ofgeotextile or
drain strip in the shipment shall be labeled to identify the production run.

2.1 Shotcrete Mix Design. The Contractor must receive notification from the Engineer that the
proposed mix design and method ofplacement are acceptable before shotcrete placement can begin.

2.1.1 Aggregate. Aggregate for shotcrete shall meet the strength and durability requirements of
AASHTO M6/M80 and the following gradation requirements: (See Commentary 2.1.1)

Sieve Size

12.5 nun
9.50 nun
4.75 nun
2.36 nun
1.18 nun
0.60 nun
0.30 nun
0.15 nun

Percent Passina by Wei~t

100
90-100
70-85
50-70
35-55
20-35
8-20
2-10

2.1.2 Proportioning and Use of Admixtures. Proportion the shotcrete to be pumpable with the
concrete pump furnished for the work, with a cementing materials content of at least 390 kilograms
per cubic meter and water/cement ratio not greater than 0.45. (See Commentary 2.1.2). Do not use
admixtures unless approved by the Engineer. Thoroughly mix admixtures into the shotcrete at the rate
specified by the manufacturer. Accelerators (ifused) shall be compatible with the cement used, be
non-corrosive to steel and not promote other detrimental effects such as cracking or excessive
shrinkage. The maximum allowable chloride ion content ofall ingredients shall not exceed 0.10%
when tested to AASHTO 1'260.

2.1.3 Air Entrainment. Air entrainment is required for wet-mix shotcrete. The air content measured
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at the truck shall be between 7 to 10 percent when tested in accordance with AASHTO TI52/ASTM
C23I. Air entrainment is not required in dry-mix shotcrete. (See Commentary 2.1.3)

2.1.4 Strength and Durability Requirements. Provide a shotcrete mix capable ofattaining 14 MPa
compressive strength in 3 days and 28 MPa in 28 days. ( See Commentary 2.1.4a). The average
compressive strength ofeach set ofthree test cores extracted from test panels or wall face must equal
or exceed 85 percent of the specified compressive strength, with no individual core less than 75
percent ofthe specified compressive strength, in accordance with ACI 506.2. The boiled absorption
ofshotcrete, when tested in accordance with ASTM C642 at 7 days, shall not exceed 8.0 percent. (See
Commentary 2.1.4b)

2.1.5 Mixing and Hatching. Aggregate and cement may be batched by weight or by volwne in
accordance with the requirements ofASTM C94 or AASHTO M241/ASTM C685. Mixing equipment
shall thoroughly blend the materials in sufficient quantity to maintain placing continuity. Ready mix
shotcrete shall comply with AASHTO MI57. Shotcrete shall be hatched, delivered, and placed within
90 minutes of mixing. The use of retarding admixtures may extend application time beyond 90
minutes ifapproved by the Engineer.

Premixed and packaged shotcrete mix may be provided for on-site mixing. The packages shall
contain materials conforming to the Materials section of this specification. Placing time limit after
mixing shall be per the manufacturers' recommendations.

2.2 Field Quality Control. Both preconstruction test panels (for nozzlemen without previous ACI
certification) and production test panels or test cores from the wall facing are required. Shotcreting
and coring of test panels shall be performed by qualified personnel in the presence ofthe Engineer.
The Contractor shall provide equipment, materials, and personnel as necessary to obtain shotcrete
cores for testing including construction of test panel boxes, field curing requirements and coring.
Compressive strength testing will be performed by the Engineer. (See Commentary 2.2). Shotcrete
final acceptance will be based on the 28-day strength.

Shotcrete production work may commence upon initial approval ofthe design mix and nozzlemen and
continue ifthe specified strengths are obtained. The shotcrete work by a crew will be suspended ifthe
test results for their work does not satisfy the strength requirements. The Contractor shall change all
or some ofthe following: the mix, the crew, the equipment, or the procedures. Before reswning work,
the crew must shoot additional test panels and demonstrate that the shotcrete in the panels satisfies the
specified strength requirements. The cost ofall work required to obtain satisfactory strength tests will
be borne by the Contractor.

2.2.1 Preconstruction Test Panels. Each nozzleman without previous ACI certification shall furnish
at least two preconstruction test panels for each proposed mixture being considered and for each
shooting position to be encountered on the job. Preconstruction test panels shall be made prior to the
commencement of production work using the same equipment, materials, mixture proportions and
procedures proposed for the job
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Make preconstruction test panels with minimum dimensions of 750 x 750 mm square and at least 100
mm thick. Slope the sides ofpreconstruction and production test panels at 45 degrees over the full
panel thickness to release rebound. ( See Commentary 2.2.1). One preconstruction test panel shall
shall include the maximum anticipated reinforcing congestion shown on the Plans. Cores extracted
from the test panel shall demonstrate encapsulation of the reinforcement in accordance with ACI
506.2 equal to core grade 2 or better. The other preconstruction test panel shall be constructed without
reinforcement and have cores extracted for absorption and compressive strength testing.

2.2.2 Production Test Panels. Furnish at least one production test panel or, in lieu ofproduction test
panels, nine 75 mm diameter cores taken from the shotcrete facing, during the first production
application of shotcrete and henceforth for every 500 m2 of shotcrete placed. ( See Commentary
2.2.2). Construct the production test panels simultaneously with the shotcrete facing installation at
times designated by the Engineer. Make production test panels with minimum full thickness
dimensions of 45Ox450 mm square and at least 100 mm thick.

2.2.3 Test Panel Curing, Test Specimen Extraction and Testing. Immediately after shooting, field
moist cure the test panels by covering and tightly wrapping with a sheet of material meeting the
requirements ofASlM C171 until they are delivered to the testing lab or test specimens are extracted.
Do not immerse the test panels in water. Do not further disturb test panels for the first 24 hours after
shooting. Provide at least three 75 mm diameter core samples cut from each preconstruction test panel
with reinforcement, for core grading. (See Commentary 2.2.3a). Provide at least nine 75 mm
diameter core samples cut from each unreinforced preconstruction and production test panel for
absorption and compressive strength testing. Contractor has the option ofextracting test specimens
from test panels in the field or transporting to another location for extraction. Keep panels in their
fonns when transported. Do not take cores from the outer 150 mm oftest panels measured in from the
top outside edges ofthe panel fonn. (See Commentary 2.2.3b). Trim the ends of the compressive
strength cores to provide test cylinders at least 75 mm long. Do not trim the ends of the cores to be
tested for boiled absorption. If the Contractor chooses to take cores from the wall face in lieu of
making production test panels, locations will be designated by the Engineer. Clearly mark the cores
and container to identify the core locations and whether they are for preconstruction or production
testing. Iffor production testing, mark the section of the wall represented by the cores on the cores
and container. Immediately wrap cores in wet burlap or material meeting the requirements ofASlM
C171 and seal in a plastic bag. Deliver cores to the Engineer or testing lab, as directed by the
Engineer, within 48 hours of shooting the panels. The remainder of the panels will become the
property ofthe Contractor. Compressive strength and boiled absorption testing will be perfonned by
the Engineer. Upon delivery to the testing lab, samples will be placed in the moist room until the time
oftest. When the test length ofa core is less than twice the diameter, the correction factors given in
AASHTO T24/ASlM C42 will be applied to obtain the compressive strength of individual cores.
Three cores will be tested at 3 days and three cores will be tested at 28 days for compressive strength
per AASHfO T24/ASlM C42. Three cores will be tested at 7 days for boiled absorption per ASlM
C642.

Fill core holes in the wall by dry-packing with non-shrink patching mortar after the holes are cleaned
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and dampened. Do not fill core holes with shotcrete.

3.0 CONSTRUcnON REQUIREMENTS

3.1 Wall Drainage Network. Install and secure all elements ofthe wall drainage network as shown
on the Planst specified here~ or as required by the Engineer to suit the site conditions. The drainage
network sba11 consist ofinstalling geocomposite drain strip~ PVC connection pipes and wall footing
drains as shown on the Plans or as directed by the Engineer. Exclusive ofthe wall footing drainst all
elements ofthe drainage network shall be installed prior to shotcreting.

Unanticipated subsurface drainage features exposed in the excavation cut face shall be captured
independently of the wall drainage network and shall be mitigated prior to shotcrete application in
accordance with Section 3.1 of the Soil Nail and Wall Excavation Specification. Costs due to the
required mitigation will be paid for as Extra Work.

3.1.1 Geoeomposite Drain Strips. Install geocomposite drain strips centered between the columns
ofnails as shown on the Plans. The drain strips shall be at least 300 mm wide and placed with the
geotextile side against the ground. Secure the strips to the excavation face and prevent shotcrete from
contaminating the ground side of the geotextile. Drain strips will be continuous. Splices shall be
made with a 300 mm minimum overlap such that the flow ofwater is not impeded. Repair damage to
the geocomposite drain striPt which may interrupt the flow ofwater. (See Commentary 3.1.1)

3.1.2 Footing Drains. Install footing drains at the bottom ofeach wall as shown on the Plans. The
drainage geotextile shall envelope the footing drain aggregate and pipe and confonn to the dimensions
ofthe trench. Overlap the drainage geotextile on top ofthe drainage aggregate as shown on the Plans.
Replace or repair damaged or defective drainage geotextile.

3.1.3 Connection Pipes and Weepholes. Install connection pipes as shown on the Plans. Connection
pipes are lengths ofsolid PVC pipe installed to direct water from the geocomposite drain strips into
a footing drain or to the exposed face of the wall. Connect the connection pipes to the drain strips
using either prefabricated drain grates as shown on the Plans or using the alternate connection method
described below. Install the drain grate per the manufacturer's recommendations. The joint between
the drain grate and the drain strip and the discharge end of the connector pipe shall be sealed to
prevent shotcrete intrusion. Connection pipes that end at the footing drain shall be extended to the
edge ofthe drain. Do not puncture the drainage fabric around the footing drain.

The alternative acceptable method for connection of the connector pipe to the drain strip involves
cutting a hole slightly larger than the diameter ofthe pipe into the strip plastic core but not through the
geotextile. Wrap both ends ofthe connection pipe in geotextile in a manner that prevents migration
offines through the pipe. Tape or seal the inlet end ofthe pipe where it penetrates the drain strip and
the discharge end of the connector pipe in a manner that prevents penetration of shotcrete into the
drain strip or pipe. To assure passage ofgroundwater from the drain strip into the connector pipet slot
the inlet end ofthe connector pipe at every 45 degrees around the perimeter ofthe pipe to a depth of
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6mm.

Weepholes, ifrequired, shall be provided through the shotcrete facing to drain water from behind the
facing. Install as shown on the Plans. Use PVC pipe to form the weephole through the shotcrete.
Cover the end ofthe pipe contacting the soil with a drainage geotextile. Prevent shotcrete intrusion
into the discharge end ofthe pipe. (See Commentary 3.1.3)

3.2 Permanent Shotcrete Facing

3.2.1 Shotcrete Alignment and Thickness ControL Ensure that the thickness ofshotcrete satisfies
the minimwn requirements shown on the Plans using shooting wires, thickness control pins, or other
devices acceptable to the Engineer. Install thickness control devices normal to the surface such that
they protrude the required shotcrete thickness outside the surface and maintain a plane surface. The
waximwn distance between the wires on any surface shall be equal to the vertical nail spacing.
Ensure that the alignment wires are tight, true to line, and placed to allow further tightening. Remove
shooting wires after completion of shotcreting and/or screeding. Ensure that the front face of the
shotcrete does not extend beyond the limits shown on the Plans.

3.2.2 Surface Preparation. Clean the face ofthe excavation and other surfaces to be shotcreted of
loose materials, mud, rebound, overspray or other foreign matter that could prevent or reduce
shotcrete bond. Protect adjacent surfaces from overspray during shooting. Avoid loosening, cracking,
or shattering the ground during excavation and cleaning. Remove any surface material which is so
loosened or damaged, to a sufficient depth to provide a base that is suitable to receive the shotcrete.
Remove material that loosens as the shotcrete is applied. Cost ofadditional shotcrete is incidental to
the work. Divert water flow and remove standing water so that shotcrete placement will not be
detrimentally affected by standing water. Do not place shotcrete on frozen surfaces.

3.2.3 Delivery and Application. Maintain at all times a clean, dry, oil-free supply ofcompressed air
sufficient for maintaining adequate nozzle velocity and for simultaneous operation ofa blow pipe for
cleaning away rebound. The equipment shall be capable of delivering the premixed material
accurately, uniformly, and continuously through the delivery hose. Control shotcrete application
thickness, nozzle technique, air pressure, and rate of shotcrete placement to prevent sagging or
sloughing offreshly-applied shotcrete.

Apply the shotcrete from the lower part of the area upwards to prevent accwnulation of rebound.
Orient nozzle at a distance and approximately perpendicular to the working face so that rebound will
be mjnjmaJ and compaction will be maximized. Pay special attention to encapsulating reinforcement.
Care shall be taken while encasing reinforcing steel and mesh to keep the front face of the
reinforcement clean during shooting operations, so that shotcrete builds up from behind, to encase the
reinforcement and prevent voids and sand pockets from forming. Use a blow pipe to remove rebound
and overspray immediately ahead of the nozzle. Do not work rebound back into the construction.
Remove rebound that does not fall clear of the working area. Hardened rebound and hardened
.overspray shall be removed prior to application ofadditional shotcrete, using abrasive blast cleaning,
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chipping hammers, high pressure water blasting or other suitable techniques. When the thickness of
8 individual shotcrete layer is 150 mm or greater, or when shotcreting is conducted through two
curtains ofreinforcement, place shotcrete by the bench gunning method. The bench gunning method
shall consist ofbuilding up a thick layer ofshotcrete from the bottom ofthe lift and maintaining the
top surface at approximately a 45-degree slope. Where shotcrete is used to complete the top ungrouted
zone of the nail drill hole near the face, position the nozzle into the mouth of the drillhole to
completely fill the void.

A clearly defined pattern ofcontinuous horizontal or vertical ridges or depressions at the reinforcing
elements after they are covered with shotcrete will be considered an indication of insufficient
reinforcement cover or poor nozzle techniques. In: this case the application of shotcrete shall be
immediately suspended and the Contractor shall implement corrective measures before resuming the
shotcrete operations. The shotcreting procedure may be corrected by adjusting the nozzle distance and
orientation, by insuring adequate cover over the reinforcement, by adjusting the water content ofthe
shotcrete mix or other means. Adjustment in water content ofwet-mix will require requalifying the
shotcrete mix.

When using multiple layer shotcrete construction, the surface ofthe receiving layer shall be prepared
before application of a subsequent layer, by either: (8) Brooming the stiffening layer with 8 stiff
bristle broom to remove all loose material, rebound, overspray or glaze, prior to the shotcrete attaining
initial set: or (b) Ifthe shotcrete has set, surface preparation shall be delayed at least 24 hours, at which
time the surface shall be prepared by sandblasting or high pressure water blasting, to remove a11loose
material, rebound, hardened overspray, glaze, or other material that may prevent adequate bond.

3.2.4 Defective Shotcrete. The Engineer shall have authority to accept or reject the shotcrete work.
Shotcrete which does not conform to the project specifications may be rejected either during the
shotcrete application process, or on the basis of tests on the test panels or completed work. Repair
shotcrete surface defects as soon as possible after placement. Remove and replace shotcrete which
exhibits segregation, honeycombing, lamination, voids, or sand pockets. In-place shotcrete determined
not to meet the specified strength requirement will be subject to remediation as determined by the
Engineer. Possible remediation options include placement ofadditional shotcrete thickness or removal
and replacement, at the Contractor's cost.

3.2.5 Construction Joints. Taper construction joints uniformly toward the excavation face over a
minimum distance equal to the thickness ofthe shotcrete layer. Square joints are not permitted. The
surface of the joints shall be rough, clean, and sound. Provide a minimum reinforcement overlap at
reinforcement splice joints as shown on the Plans. Clean and wet the surface of8 joint before adjacent
shotcrete is applied. (See Commentary 3.2.5). Where shotcrete is used to complete the top ungrouted
zone ofthe nail drill hole near the face, to the maximum extent practical, clean and dampen the upper
grout surface to receive shotcrete, similar to a construction joint.

3.2.6 Final Face Finish. Shotcrete finish shall be either an undisturbed gun finish as applied from the
nozzle or a rod, broom, wood float, rubber float, steel trowel or rough screeded finish as shown on the
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Plans or specified herein. (See Commentary 3.2.6).

3.2.7 Attachment ofNail Head Bearing Plate and Nut. Attach a bearing plate and nut to each nail
head as shown on the Plans. While the shotcrete is still plastic and before its initial set, unifonnly seat
the plate on the shotcrete by hand wrench tightening the nut. Where unifonn contact between the
plate and the shotcrete cannot be provided, set the plate in a bed ofgrout. After grout has set for 24
hours, hand wrench tighten the nut. Embed the bearing plate and nut in the wall as shown on the
Plans. Ensure full shotcrete encapsulation of the bearing plate and nut free ofany voids or pockets
behind the plate. Ensure bearing plates with headed studs are located within the tolerances shown on
the Plans or specified herein.

3.2.8 Weather Limitations. Protect the shotcrete ifit must be placed when the ambient temperature
is below 5°C and falling or when it is likely to be subjected to freezing temperatures before gaining
sufficient strength. Maintain cold weather protection until the in-place compressive strength of the
shotcrete is greater than 5 MPa. Cold weather protection includes blankets, heating under tents, or
other means acceptable to the Engineer. The temperature ofthe shotcrete mix, when deposited, shall
be not less than lOoC or more than 35°C. Maintain the air in contact with shotcrete surfaces at
temperatures above 0° C for a minimum of7 days.

If the prevailing ambient conditions (relative humidity, wind speed, air temperature and direct
exposure to sunlight) are such that the shotcrete develops plastic shrinkage and/or early drying
shrinkage cracking, shotcrete application shall be suspended. The Contractor shall: (a) Reschedule the
work to a time when more favorable ambient conditions prevail; and/or (b) Adopt corrective
measures, such as installation of sun-screens, wind breaks or fogging devices, to protect the work.
Remove and replace newly placed shotcrete exposed to rain that washes out cement or otherwise
makes the shotcrete unacceptable.

3.2.9 Curing. Protect pennanent shotcrete from loss ofmoisture for at least 7 days after placement.
Cure shotcrete by methods that will keep the shotcrete surfaces adequately wet and protected during
the specified curing period. Commence curing within 1 hour of shotcrete application. When the
ambient temperatures exceeds 27° C, plan the Work such that curing can commence immediately
after finishing. Complete curing in accordance with the following requirements. (See Commentary
3.2.9)

3.2.9.1 Water Curing. Regulate the rate ofwater application to keep the surface continuously wet
and to provide complete surface coverage with a minimum ofrunoff. The use ofintennittent wetting
procedures which allow the shotcrete to undergo wetting and drying during the curing period is
prohibited.

3.2.9.2 Membrane Curing. Do not use curing compounds on any surfaces against which additional
shotcrete or other cementitious finishing materials are to be bonded unless the surface is thoroughly
sandblasted in a manner acceptable to the Engineer. Membrane curing compounds are to be spray
applied as quickly as practical after initial shotcrete set at a coverage ofnot less than 2.5 m2lliter.
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3.2.9.3 Filin Curing. Film curing with polyethylene sheeting may be used to supplement water curing
on shotcrete that will be covered later with additional shotcrete or concrete. Spray the shotcrete surface
with water immediately prior to installation ofthe polyethylene sheeting. Polyethylene sheeting shall
completely cover the surfaces. Overlap the sheeting edges for proper sealing and anchorage. Joints
between sheets shall be sealed. Promptly repair any tears, holes, and other damage. Anchor sheeting
as necessary to prevent billowing.

3.2.10 Permanent Shotcrete Facing Tolerances. Construction tolerances for the permanent
shotcrete facing are as follows:

Horizontal Location ofWire Mesh; Rebar; Headed Studs on Bearing Plates,
from Plan location; +or - 10 mm

Headed studs location on bearing plate, from plan location: 6 mm

Spacing between reinforcing bars, from plan dimension; 25 mm

Reinforcing lap, from specified dimension: - 25mm

Complete thickness ofshotcrete, from plan dimension;
Iftroweled or screeded: -15 mm
Ifleft as shot: - 30 mm

Planeness offinish face surface-gap under 3 meter straightedge-any direction:

Iftroweled or screeded: 15 mm
Ifleft as shot: 30 mm

Nail head bearing plate, deviation from parallel to wall face: 10 degrees

3.3 Backfilling Behind Wall Facing Upper Cantilever. Compact backfill within 1meter behind the
wall facing upper cantilever using light mechanical tampers.

3.4 Safety Requirements. No:zzlemen and helpers shall be equipped with gloves, eye protection, and
adequate protective clothing during the application of shotcrete. The Contractor is responsible for
meeting all federal, state and local safety code requirements.

4.0 METHOD OF MEASUREMENT. The shotcrete facing will be measured in square meters of
the shotcrete area completed and accepted in the :final work. The net area lying in a plane of the
outside front face of the structure as shown on the Plans will be measured. No measurement or
payment will be made for additional shotcrete or CIP concrete needed to fill voids created by
irregularities in the cut face, excavation overbreak or inadvertent excavation beyond the plan :final wall
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face excavation line, or failure to construct the facing to the specified line and grade and tolerances.
The final pay quantity shall include all structural shotcrete, admixtures, reinforcement, welded wire
mesh, wire holding devices, wall drainage materials, bearing plates and nuts, test panels and all
sampling, testing and reporting required by the Plans and this Specification. The final pay quantity
shall be the design quantity increased or decreased by any changes authorized by the Engineer.

5.0 BASIS OF PAYMENT. The accepted quantity measured as provided above will be paid for at
the contract unit price per square meter. Payment will be full compensation for furnishing all
equipment, materials, labor, tools and incidentals necessary to complete the work as specified and as
detailed on the Plans, including the work required to provide the proper shotcrete facing alignment
and thickness control. All wall drainage materials including geocomposite drain strips, connection
pipes, drain grates, drain aggregate and geotextile, fittings, and accessories are considered incidental
to the shotcrete facing and will not be paid separately.

Payment will be made for the following bid item included in the bid form:

Pay1tem

Permanent Shotcrete Facing

APPENDC2.S1

FHWA Permanent Shotcrete Facing GSP

Measurement Unit

Square Meter

END OF SECTION
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COMMENTARY TO
PERMANENT SHOTCRETE FACING AND WALL DRAINAGE

GUIDE SPECIFICATION

1.1 EXPERIENCE REQUIREMENTS

1.1 Specifier: Ifshotcrete nozzlemen have not been previously certified, it may be practical
for the Contractor to arrange to certify them during the preconstruction test program through
local testing laboratories or other experiencedACIrecognized shotcrete specialists.

2.1. SHOTCRETE MIX DESIGN

2.1.1 Specifier. The aggregate gradation presented is commonly usedfor dry-mix and wet-mix
shotcrete and has been satisfactorily usedfor a number ofsoil nailingprojects. It requires a
minimum of15% ofcoarse aggregate sizes, (i.e. greater than 4.75 mm). Higher coarse
aggregate contents would be preferable from a quality standpoint but maypresentproblems
with regard to pumping and shooting. In some areas, a mix consisting ofonlyfine aggregate
may be proposed because the local shotcrete industry is accustomed to that material. This is
particularly true for areas where dry-mix is prominent. Such mixes will have a higher
propensityfor shrinkage but will have reduced rebound They are suitablefor construction
facings but notpermanentfacings.

2.1.2 Specifier. A higher maximum water cement ratio of0.50 may be permissible in non­
demanding exposures.

2.1.3 Specifier. Air content should only be required in the specification where wet-mix
shotcrete is used and shotcrete is permanent (i.e., services the long term permanent loads). It is
notpractical to require air entrainment in dry-mix shotcrete. However, such shotcrete has been
demonstrated to generally contain some air voids and often enoughfor providingprotectionfor
freezing and thawing. The high 7 to 10percent air content specifiedfor wet-mix shotcrete
reflects the fact that a significantpercentage ofthe air is lost during application due to the
impact velocities.

2.1.4a Specifier. A 3 day strength criterion has been selected in addition to the traditional 28
days because soil nailing shotcrete is normally required to accept loads at an early age and
therefore it is the early strength that is critical. The 28 day strength is included because ofthe
need to compare it with the specified ultimate strength ofthe facing as used in the structural
design.

2.1.4b Specifier. The boiled absorption test is a measure ofthe shotcrete void content and
therefore compaction. Boiled absorption tests are not reqUiredfor temporary construction
facings, onlypermanent. The value of8% boiled absorption is known to be achievable with
reasonable quality shotcrete containing coarse aggregate corresponding to the gradation
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specified here. It is commonly used in many other specifications. However, the majority ofthe
experience with the use ofthis value comesfrom good quality aggregates with correspondingly
lower absorptions. Some areas ofthe United States have aggregates with high absorptions, ego
sedimentaries, and higher shotcrete absorption values will automatically result since some ofthe
aggregrate is exposed in the cutface ofthe test core. In these cases, a higher absorption value,
say 9%, should be specified

2.2 FIELD QUALITY CONTROL

2.2 Specifier. Iftesting is to be the Contractor's responsibility, modify the specification
accordingly.

2.2.1 Specifier. Testpanels with 45 degree sloped sides are recommended to minimize entrapment
ofrebound when shooting the testpanel andfor ease ofstripping the form.

2.2.2 Specifier. The 500 square meter testing area requirement may need to be adjusted
depending on the area ofwall to be constructed on the contract. .

2.2.30 Specifier. 75 mm diameter cores are adequate for reinforcement size No. 13Mor smaller.
Specify 100 mm diameter cores ifreinforcement size is larger than No. 13M

2.2.3b Specifier. Most Authorities require that the outside 150 mm measured in from the top
outside edges ofthe panel form be discarded because it typically contains rebound or overspray
and is not representative.

3.1 WALL DRAINAGE NETWORK

3.1.1 Specifier. At the designers option, horizontal geocomposite drain strips may be included
behind horizontal shotcrete construction joints and/or where zones of localized groundwater
seepage is encountered during construction.

3.1.3 Specifier. Longer horizontal drains are typically not included in the project specification
unless more significant groundwater is anticipated at the excavation cut face. The project
geotechnical engineer should assess the needfor horizontal drains and determine the length and
spacing. Most highway agencies have standardspecifications andplan details covering horizontal
drain material and installation requirements. Where deemed necessary, horizontal drains can be
included on the Plans and thefollowing verbiage added to the Specifications:

Slotted PVC horizontal drains, if required, shall be installed as shown on the Plans. Install
horizontal drains in drill holes that slope upward at an inclination of2 to 5 degrees. Provide
PVC horizontal drain pipe meeting the materials requirements set forth in the Standard
Specifications. Attach a solid inlet pipe to the slotted pipe approximately 300 mm behind
the back ofthe shotcrete facing. Seal the annular space between the inlet pipe and the drill
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hole with bentonite pellets or non shrink grout. Connect the inlet pipe to the discharge pipe
that will empty directly into the footing drain, as shown on the Plans.

3.2 PERMANENT SHOTCRETE FACING

3.2.5 Specifier: Where the finished walls are constructed "top-down" in onefUll thickness layer,
i.e. the shotcrete serves as the final facing, the contractor should demonstrate that his techniques
willpreclude sag orjoint separation between excavation lifts. This typically occurs in walls thicker
than 100 mm due to consolidation ofthe loose backfill material placed to provide a reinforcing
splice below the lift. It has been demonstrated thatjoint separation can be mitigated by building the
shotcrete in each liftfrom the bottom while allowing adequate time for consolidation ofloose splice
backfill.

3.2.6 Specifier. Specify the type finish to be applied If the final shotcrete finish face is to be
painted, such as with apigmented sealer, add here or reference the applicable specification.

3.2.9 Specifier. Curing requirements for shotcrete are only necessary where the shotcrete is
designed to be permanent and has to service the long-term wall loadings. Shotcrete for temporary
construction walls does not require curing.

END COMMENTARY

APPENDC2.S1
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FHWA GUIDE SPECIFICATION FOR SOIL NAIL WALL INSTRUMENTATION

1.0 DESCRIPTION. This work shall consist of furnishing all instruments, tools, materials, and
labor and performing all work necessary to install soil nail wall instrumentation in accordance with
the Plans and this specification. Rounded english to metric unit conversions have been used in this
specification. Commercial instrumentation devices and materials having metric dimensions within
2 percent of the specified dimensions will be acceptable.

Instrumentation provided under this section shall be designed, fabricated, and assembled in proper
operating condition and in full conformity with the manufact1ll'er's requirements and these Plans and
Specifications. Each component shall be furnished complete with all components indicated on the
Plans or specified herein, all accessories required for proper operation, and all additional materials
ofconstruction required by the design of the system.

This work shall include the installation and wiring ofinstruments to a readout panel. Wiring to the
readout panel shall be completed after installation ofeach instrument, after each instrument is tested
by the Contractor to the satisfaction ofthe Engineer, and prior to excavation ofsubsequent soil nail
lifts. Instrument testing shall demonstrate that the system is working according to the manufact1ll'er's
specifications. Any monitoring device components that are damaged or fail, for whatever reason,
to perfonn the intended function shall be immediately repaired or replaced by the Contractor to the
satisfaction ofthe Engineer and at no additional cost.

Inclinometers shall be furnished and installed at the locations shown on the Plans. The inclinometers
shall be installed and initial readings taken prior to soil nail wall construction. The Contractor shall
adjust soil nail installations at these locations as necessary to avoid damaging the inclinometer
casing. (See Commenttuy 1.0)

All instrumentation shall be protected by the Contractor during the tenn ofthe contract and shall be
replaced or restored at the Contractor's expense and to the satisfaction ofthe Engineer ifdelivered
defective or damaged during construction. The Contractor installing the instrumentation shall
coordinate and cooperate as necessary with the Engineer and the Specialty Contractor installing the
soil nails.

Visual observations, survey point, and instrumentation readings will be made by the Engineer
during the course ofsoil nail wall construction. The Contractor shall cooperate as necessary with
the Engineer in facilitating these readings. Any monitoring data that indicates excessive structure
deflections, the potential for unstable conditions or damage to adjacent structures or facilities, as
determined by the Engineer, shall be cause for suspension ofsoil nailing operations in the affected
area.until the causes are identified and resolved to the satisfaction ofthe Engineer. Upon completion
ofthe wall to grade, post-construction readings will be taken by the Engineer for up to 24 months
or as determined by the Engineer.
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1.1 Experience Requirements and Submittals. At least 15 days prior to start of the soil nail wall
excavation, the Contractor shall submit in writing to the Engineer five copies of; (1) a list of
proposed instruments including instrument and readout unit specifications; (2) complete and detailed
installation procedures, including both the manufacturer's recommendations and the Contractor's
step-by-step field procedures; (3) a wiring diagram detailing the wiring of the instruments to the
central readout panels; and (4) shop drawings and specifications for ancillary equipment such as
readout panels, load cell blockouts and covers, other protective covers, conduit, and enclosures.

The Contractor shall install the instruments utilizing a qualified geotechnical instrumentation
specialist having experience in the design and installation ofsimilar instrumentation systems on a
minimum of 3 similar projects. The Contraetor shall submit the resume of the individual(s)
responsible for instrument installation and testing. The submittal shall include at least three
references, with current telephone numbers, ofpersons who can verify the experience requirements.
Due to the close coordination required between the soil nail Contractor and instrumentation
specialist, the instrumentation specialist will install the instrumentation under the direction of the
soil nail specialty Contractor.

The Engineer will approve or reject the Contractor's submittals within 10 calendar days after receipt
ofa complete submission. Soil nail wall construction shall not begin until the Engineer has approved
the instruments, installation procedures, and personnel submittals.

2.0 MATERIALS.

2.1 GeneraL All instruments shall be compatible with and calibrated using readout devices approved
by the Engineer. (See Commentary 2.1a and 2.1b)

2.2 Inclinometers: Inclinometers shall consist of70 mm a.D., internally grooved plastic, aluminum,
fiberglass, or steel casing in 3 meter lengths, provided with all necessary end plugs, caps, and
couplings. The spiral twist ofcasing grooves in one 3 meter section ofcasing shall not exceed one
degree. The top of each casing shall be provided with plastic cap and locking steel protective
monument cover cap. Casing shall be as manufactured by Slope Indicator Company of Seattle,
Washington; CarlsonlR.S.T.lnstruments Inc. ofYakima, Washington; Roctest Inc., ofPlattsburgh,
New York; Geokon Inc. ofLebanon, New Hampshire; or an approved equal.

The inclinometer probe shall be a biaxial sensor such as the Digitilt manufactured by Slope Indicator
Company of Seattle, Washington; the inclinometer probe manufactured by Carlson/R.s.T.
Instruments Inc. of Yakima, Washington; the Accutilt RT-20 manufactured by Roctest Inc., of
Plattsburgh, New York; the model 6000 manufactured by Geokon Inc. ofLebanon, New Hampshire;
or an approved equal. The probe cable shall be heavy duty, waterproof, and designed to support the
weight ofthe probe without stretch, slippage, or creep. The cable shall be clearly marked at 300 mm
intervals. The readout unit shall be compatible with the inclinometer probe. The probe and cable
shall be serviced by the manufacturer as a unit at least 30 days prior to construction. ( See
Commentary 2.2a)
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Backfill around the inclinometer casing shall be a pumpable mix of water-cement-lime grout
consisting ofone bag (43 kg) ofcement to three bags (68 kg) ofhydrated lime. Other mixes may
be used, if approved by the Engineer. (See Commentary 2.2b)

2.3 Strain Gages: The strain gages shall be weldable vibrating wire gages. Model No. VK 4100,
manufactured by Geokon Inc. ofLebanon, New Hampshire; IRAD Model SM-2W manufactured
by Roctest Inc. of Plattsburgh, New York; VWS 1.1 Spot Weldable Gage manufactured by Geo
Group Inc. ofGaithersburg, Maryland; or approved equal.( See Commentary 2.3)

2.4 Soil Nail Load Cells: Soil nail load cells shall have an ultimate capacity not to exceed 450 kN.
The load cells shall be center hole load cells with a minimum hole diameter of 38 mm. The load
cells shall be the center hole load cell manufactured by Slope Indicator Company of Seattle,
Washington; the 3000 or 4900 series manufactured by Geokon Inc. ofLebanon, New Hampshire;
the HLC series manufactured by Geo Group Inc. of Gaithersburg, Maryland; the SGA or VWA
series manufactured by CarlsonlR.S.T. Instruments Inc. ofYakima, Washington; the ANCLO series
manufactured by Roctest Inc. of Plattsburgh, New York; or approved equal. Load cells shall be
temperature compensated or provided with temperature sensors as recommended by the
manufacturer. (See Commentary 2.4)

2.5 Readout Panels: The readout panels shall be of sufficient size and capacity to handle the
specified number of instruments for each instrumented section. Each instrument shall have an
isolated channel and shall be readily identified by waterproof labels resistant to vandalism and
tampering.

2.6 Data Logger System: Data logger devices compatible with the instrumentation shall be
provided for acquisition ofstrain gage and load cell data. The data logger.· shall be compatible with
the strain gages and load cells installed without degrading the accuracy ofthe instruments. The data
logger shall have programmable reading intervals, data storage, and capability ofdownloading to
a computer. Software to communicate with the data logger, and for downloading data, shall also be
provided. The data logger shall be fully programmed for the project with software customized to
this particular system and application and shall be compatible with the Owner's portable PC system.
The Owner's personnel shall be trained in the use ofthe data acquisition system to the satisfaction
ofthe Engineer.

3.0 CONSTRUCTION REQUIREMENTS

3.1 General: The Engineer shall be notified prior to any work on instrument installation and
monitoring. All instrumentation field installations shall be performed in the presence of the
Engineer. All instruments requiring wiring shall be wired to a readout panel adjacent to the
instrument station. Each instrument shall be wired to the readout panel after the instrument has been
installed and demonstrated by the Contractor to be functioning in accordance with the manufacturer's
specifications.
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3.2 Inclinometers: Inclinometer casing shall be installed in vertical drill holes and fully grouted in
place to the depths and at the locations shown on the plans. Drilled hole diameter shall be not less
than 96 mm. Inclinometer installation shall be completed at least one week prior to the beginning
ofwall excavation. One ofthe casing grooves shall be aligned nonnal to the wall to a tolerance of
+/- 5 degrees throughout the length. Casings adjacent to the soil nail wall shall be installed to a
minimum penetration of5 meters below the wall base. (See Commentary 3.2)

3.3 Strain Gages: Installation and protection of the strain gages and connections shall be in
accordance with the manufacturer's specifications. Each strain gage shall be field tested to verify
that it is fully operational prior to mounting on the nail. Defective gages shall be rejected.

Encapsulation corrosion protection shall not be required for the instrumented nails and plan details.
Each instrumented nail shall be epoxy coated per the soil nail wall materials specification. The
epoxy coating shall be removed as necessary to install the gages. The gages shall be mounted to the
bar in pairs at each location shown on the Plans. All gage pairs shall be mounted on opposite sides
of the bar 180 degrees apart. All gage pairs shall be mounted in the same plane. The end ofeach
nail bar shall be inscribed along the plane oforientation ofthe strain gages.

All gages, sensors, and wire assemblies shall be protected from moisture. All wire connections shall
be ofan approved waterprooftype and shall be fitted with at least two waterproof, tamper-resistant
labels spaced three meters apart at the readout panel end of the wire. Signal cables shall not be
spliced unless approved by the Engineer. Centralizers for the instrumented nails shall be used to
ensure that the bar is located within 25 mm ofthe center ofthe drillhole. The nail shall be installed
so that the final locations ofthe gage pairs are at the 6- and 12-o'clock positions +/- 10 degrees.

3.4 Nail Load Cells: The load cell shall be mounted on the nail between the bearing plate and the
nut as shown on the Plans. All bearing surfaces shall be clean. Spherical bearings shall be well­
lubricated with suitable grease. The Contractor shall attach the cells and protect the connections
according to the manufacturer's specifications. All wire connections shall be of an approved
waterprooftype.

A 300 mm square or circular blockout shall be provided in the cast-in-place wall facing for the load
cell assembly. A steel cover plate shall be installed over the blockout to protect the load cell. The
cover plate shall be painted, g81vanized, or otherwise protected from corrosion. The cover plate shall
be installed in such a manner as to allow easy future access to the load cell. (See Commentary 3.4)

3.5 Readout Panels: One readout panel shall be located at each instrumentation section unless
otherwise approved by the Engineer. The readout panel shall be attached to a steel or treated wooden
post that is finnly secured in the ground and located a distance ofapproximately 1 meter behind the
top ofthe nailed wall or at another convenient location as directed or approved by the Engineer. All
instrumentation wiring to the readout panel shall be done in accordance with the manufacturer's
recommendations. The readout panel shall be securely sealed and shall be rated NEMA 4X or better.
The readout panel shall be protected from vandalism and tampering. All above-ground wiring shall
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be enclosed in a steel conduit that is finnly attached to the readout panel. All instrument readout
panel wiring shall be done during instrument installation.

4.0 METHOD OF MEASUREMENT: No separate measurement will be made for the materials
and work specified in this Section. The unit ofmeasurement for Soil Nail Wall Instrumentation will
be lump sum.

5.0 BASIS OF PAYMENT: Soil nailing instrumentation will be paid for at the contract lump sum
amount for the item Soil Nail Wall Instrumentation. Payment will be full compensation for
furnishing all materials, labor, equipment, tools, and incidentals necessary to complete the work as
specified in this Specification and as shown on the Plans.

Upon satisfactory installation and final acceptance by the Engineer, all instruments and readout units
furnished and installed under this Section shall become the property ofthe Owner.

Pay Item

Soil Nail Wall Instrumentation

APPENDD.SI
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END OF SE~TION

D-6

Measurement Unit

Lump Sum

Last Revision 10/31/%



COMMENTARY TO SOIL NAIL WALL INSTRUMENTATION SPECIFICATION

1.0 DESCRIPTION

1.0 Specifier. In some cases, the Owner may elect to install the inclinometersprior to the start
of the Contractor's activities. In this case, the words "by the Owner" should be added after
"furnished and installed'~ Sections 2.2 and 3.2 should be deleted ifthe inclinometers are installed
by the Owner.

2.0 MATERIALS

2.1a Specifier. Ifthe Owner already has in hispossession aparticular readout device and/or data
logger, the specifications should require the instruments to be compatible with this equipment.

2.1b Specifier. The following materials sections refer to the specified instruments by trade name
and part number (prescriptive specification). This is not intended to require a sole source
procurement ofinstruments but rather to ensure installation ofthe correct instrumentfor the desired
application. As such, each trade name instrument can be substituted with an approved equal.
Owners and Engineers should assure themselves that a true equal has been provided

2.2a Specifier. Several factors should be considered when specifying a readout unit for
inclinometers. Some inclinometer readout unitsfrom one manufacturer will work with probesfrom
another manufacturer. The Owner may already have a readout unit and data reduction software.
Some projects may generate a considerable amount of data, and automated recording and
downloading (which requires a more expensive readout unit) may be justified Ifnecessary, the
specification for the inclinometer readout unit should be modified to reflect any particular
requirements ofthe project.

2.2b Specifier. The backfill around the inclinometer casing must completelyfill the annulus. For
this reason, pouring sand into the top ofthe borehole is generally not recommendeddue to potential
bridgingproblems. Pumping a cemer,zt or bentonite grout upwardfrom the bottom ofthe borehole
is preferred The grout mustprovide adequate support so that the casing deforms in the same way
as the surrounding ground However, it must not be so strong as to function structurally.
Particularly in soft soils, relatively strong cement backfills couldresist groundmovementand under­
register or redistribute the actual deformation. Proposed backfill materials should be reviewed by
the Engineer to ensure that they are suitablefor the ground conditions.

2.3 Specifier. As discussed in Chapter 6 of this manual, ifposible, use ofa grout breaker
assembly at the strain gage location is recommended to reduce the uncertainty associated with
interpreting strain gage data. The prototype assembly shown on figure D-2 is presenfed as an
example ofone possible method To date thisprototype assembly has only been tested in the lab and
was specially fabricated and is not readily commercially available. Other approaches may be
equally (or more) effictive, depending on project-specific conditions such as type ofsoil, installation
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method, and available budget. The purpose ofthe grout breaker assembly is to introduce a break
in the grout column across which no tension can be transmitted except through the nail bar. To
accomplish this, the breaker must occupy a sufficientpercentage ofthe cross-sectional area ofthe
borehole to disrupt the grout column. On the other hand, grout must be able to pass through or
around the breaker iftremiedfrom the bottom ofthe hole or ifthe instrumented nail is pushed into
a grout-ftlled hole. Therefore, this type ofassembly will work best with neat cement grout. Thick
sanded grout mixes will make this operation more difficult. The example shown on figure D-2
utilizes the principle oftwo disks butted together. Alternatively, a single disk coated with release
agent could be used Another potential approach involves installing a much less expensive
styrofoam disk around the strain gages (the styrofoam should have a low stiffness). Other
approaches may be possible. In any case, the Engineer should coordinate with the Contractor to
select an approach that can be expectedto break the grout column with a high degree, yet isfeasible
to install underfield conditions.

2.4 Specifier. The load cell capacity of450 kN will be suitable for most soil nailingprojects.
In the rare situation where the wall design will require higher nail loads, a higher capacity load cell
should be specified

3.0 CONSTRUCTION REQUIREMENTS

3.2 Specifier. An example ofa protective enclosure for the top ofan inclinometer casing is
shown onfigure D-I. Dijftrent configurations may be requiredfor additional protection, where
surcharge will beplaced, where traffic may be present, orfor otherproject-specific conditions. The
associated materials and installation requirements should be specified to the extent necessary.

3.4 Specifier. An example loadcell installation is shown onfigure D-I. While it is desirable to
entirely recess the load cell as shown, this may not always be possible ifthe CIP wall is thin or the
load cell is large. Covers, enclosures, and other protective equipment should be adequately
designed and specified to provide protection under project conditions.

END OF COMMENTARY

APPENDD.SI
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SOIL NAIL WALL
DESIGN AND CONSTRUCTION QUALITY ASSURANCE CHECKLIST

E.I Site Characterization

The following items should be addressed in characterizing the suitability of the site for soil nailing
and, for suitable sites, in defining the required design parameters.

Reconnaissance

The reconnaissance phase ofthe site characterization program is concerned primarily with scoping
the overall project and detennining the suitability of the site for a soil nailing application. The
following is recommended:

• Define the ground type(s) and groundwater conditions present over the area to be reinforced
by soil nails. This is achieved by surface mapping, inspection of landforms and outcrops,
mapping ofexisting excavations in the immediate region of the site, and review ofexisting
subsurface data in the area ofthe site.

• Determine the general technical suitability ofthe ground conditions for soil nailing. Suitable
conditions include weathered rock; granular materials with adequate stand-up time as a result
ofdensity, some clay content, natural cementation or capillary cohesion; and stiff cohesive
soils (silts and low to moderate plasticity clays) that are not prone to creep or excessive
swelling/shrinking. Unsuitable conditions include loose/uniform cohesionless soils that do
not exhibit the required stand-up time; ground below the water table, and soil that is
sufficiently saturated such that wet zones cause face stability problems; low strength, highly
plastic cohesive soils that creep and do not bond satisfactorily with the nails; highly frost
susceptible soils and swelling soils; and highly fractured rock with adverse structure that will
cause face stability problems.

• Identify any right-of-way restrictions and easement requirements for both the surface and
subsurface components ofthe soil nail wall.

• Identify existing and future facilities that might physically interfere with the soil nail wall
construction (e.g., buried utilities) or that could potentially be adversely impacted by
construction or exploration (e.g., adjacent buildings).

• Record site access conditions for both exploration and construction.

• Record surface drainage patterns to estimate surface water control requirements.

• Define the lateral and depth limits for more detailed site exploration activities, should the
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reconnaissance indicate the technical, economic and environmental suitability ofthe site for
soil nailing.

Exploration and Testing

The detailed exploration and testing phase of the site characterization program is concerned with
developing a design subsurface model ofthe site (e.g., ground stratigraphy), performing field tests
to detennine the constructibility ofthe wall, and determining the values ofthe parameters required
for the soil nail wall design. The following activities are typically undertaken:

• Excavate test pits in representative material types to evaluate stand-up time, especially soils
with inadequate short-term cohesion or residual soils with adversely oriented structure.

• Drill exploratory holes along the proposed wall and behind the wall line. Perform standard
or cone penetration tests, obtain disturbed samples for classification testing, and take
undisturbed tube samples if cohesive soils are encountered.

• Note groundwater occurrences and install piezometers if a water table is encountered at
depths that will impact the soil nail wall construction.

• Perform laboratory or field tests to determine soiVrock unit weights. Determine material
shear strengths based on laboratory and/or field testing, field correlations with
SPTslCPTslRock Quality, and/or local experience.

• Perform electrochemical tests to evaluate the aggressivity of the ground environment, in
order to determine the nail corrosion protection requirements.

• Estimate ground-grout pullout resistance values based on local experience, published
information, or correlations with in situ tests. These estimates may be suitable for design but
must be checked by field pullout testing during construction. For critical structures, large
projects or unusual ground conditions, a separate design phase field nail pullout test program
to better define actual ground-grout pullout resistance values should be considered.

E.2 Soil Nail Wall Design

The following activities should be undertaken for the design ofa soil nail retaining wall, once the
technical, environmental and cost feasibility has been established and the preliminary design
information has been gathered from the site characterization program.

• Prepare a layout of the wall, showing its location in plan, together with other details ofthe
wall facing geometry such as required height, face batter angle, stepped facing, etc.

• Accurately survey the ground elevation along the proposed top ofwall, so that areas
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ofcut, fill and regrading can be identified and the location of the top row of nails can
be established in detail along the entire length of the wall. This information should be
obtained for use in design. Failure to provide this information has been ·one of the
most common causes of design changes and construction delays during soil nail wall
construction startup on many projects.

• Identify the critical design cross-sections along the length ofthe wall, based upon the ground
profile behind the wall, the wall height and geometry, any special surcharge loading
conditions, and the distribution of the ground stratigraphy/strengths/pullout resistances
established from the site characterization program.

• Prepare an initial trial nail layout Oength, spacing, declination, nail tendon diameter and steel
grade, typical drillhole diameter) based on experience, preliminary analyses, or the use of
preliminary design charts. Nail declinations should be no steeper than the minimum required
for constructibility, taking account of subsurface obstructions. Nail spacings should be as
large as possible consistent with face stability during construction, but generally no greater
than 2 meters. Drillhole size should consider the type ofdrilling equipment likely to be used
and minimum requirements based on the estimated nail grout-ground pullout resistance.

• Identify initial shotcrete construction facing and final permanent facing designs, including
reinforcement requirements and details ofthe connections between the facings and the nails.
The permanent facing design should consider the requirement for special protection of the
facing against frost loading, in frost-susceptible soils in cold climates.

• Determine the design strengths ofthe nail heads, considering the potential for shear and
flexural failure ofthe wallfacing (for both the temporary shotcrete constructionfacing and
final permanentfacing), and the potential for failure ofthe facing-nail connector system.
The connector system should address the potential for failure in the following modes:
punching or cone shear through the facing; flexural failure of the facing; and tensile
strength ofheaded studs, ifused with the permanentfacing.

(Note that the above section in italics will be revisited once the detailed design is finalized)

• Determine the design strength of the nails, as a function ofthe location along the length of
the nail, based on the nail head strength, the nail grout-ground pullout resistance, and the
tensile strength of the nail.

• Determine the suitability of the design by calculating the minimum factor ofsafety for the
global stability critical failure surface, taking account of the soil strengths and the
reinforcement contribution ofthe trial nail pattern. Iterate on the nail layout (spacing and/or
length) and/or the facing designs until a satisfactory factor of safety is indicated. Consider
all potential loading conditions including dead loads, live loads, external surcharge loads and
seismic loads.
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• Check nail head/facing designs for serviceability and ductility requirements.

• Check designs ofthe upper cantilevers for both the construction and the permanent facings.
Check maximum allowable height ofconstruction facing upper cantilevers.

• Determine the final facing reinforcement details including reinforcement distribution
requirements, minimum and maximum reinforcement ratios, minimum cover requirements,
and reinforcement development and splice requirements.

• Check estimated excavation induced service deflections ofthe wall.

• Determine the corrosion protection requirements for the nail and the nail head, based on the
ground conditions and the location/nature of the structure.

• Defme surface water control measures, methods for handling subsurface water encountered
during construction, and permanent wall face and subsurface drainage requirements.

E.3 Plan Preparation

The design drawings should be prepared, based on the above design factors, and taking account of
the following construction related issues:

• Nail layout pattern.

• Nail locations with respect to top and bottom of wall, end of wall, and permanent facing
construction/expansion joints.

• Nail row grades.

• Uniform nail spacing and inclination, where possible.

• Maximum upper cantilever height for the construction facing (i.e., to avoid rotational failures
of facing during the initial stages ofconstruction).

• Use of temporary open cuts for loose upper soils, utility avoidance, etc.

• Location of topmost row of nails with respect to construction head-room (e.g., beneath
bridge decks).
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The following minimum information should be included on conceptual level plans for owner
design or design/build contracts.

• Geometric Requirements

• Wall plan and profile.

• Beginning and end ofwall stations.

• Wall alignment topographic survey.

• Existing and finish grade profiles both behind and in front of the wall.

• Cross sections showing the limits of construction at the retaining wall location
intervals of IS m or closer.

• Horizontal and vertical curve data and wall control points.

• Required wall appurtenances such as traffic barriers, coping, drainage, etc.

• Right-of-way and permanent or temporary construction easement limits, location of
existing and future utilities, adjacent structures or other potential interferences.

• Staged excavation sequencing.

• Quantity tables showing estimated square meters ofwall areas and other pay items.

• Structural Requirements

• Conceptual details should be shown of facing reinforcement and of connectors
between the nail and the facing.

• Level of corrosion protection required (none, fusion bonded epoxy or full
encapsulation).

• Limits and requirements for drainage features beneath, behind or through the
structure.

• Facing finishes, color and architectural requirements for wall facing elements.

• Required nail and facing reinforcement; steel grades and strengths; and, shotcrete,
concrete, and nail grout strengths.
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• Geotechnical Requirements

• Subsurface exploration locations shown on a plan view of the proposed wall
alignment with appropriate reference base lines to :fix the locations of the
explorations relative to the wall.

• Graphic logs of borings and testpits and a generalized description ofeach deposit,
including soil/rock classification, color, density, moisture, plasticity, rock RQD,
groundwater levels, SPT N values, and logs ofCPT soundings (ifperformed). Refer
to availability of subsurface investigation report.

• Subsurface cross sections adequate to define representative conditions in front ofand
behind the wall, along the full wall length.

• Advisory notes to describe anticipated difficult installation conditions (e.g. cobbles
and boulders or anticipated marginal excavation face instability) or to warn the
contractor of known latent subsurface conditions such as existing foundations,
utilities, obstructions, etc.

• Design Requirements

• Applicable code requirements.

• Magnitude, location, and direction ofexternal loads, surcharges, piezometric levels,
etc.

• Reference to design methods to be utilized or other provisions such as minimum nail
lengths/diameters and minimum shotcrete construction facing wall thickness.

• References for design of facing and nail-facing connectors.

• Design parameters including seismic coefficients, together with estimated soil/rock
shear strengths (friction angle and cohesion), unit weights, and design nail grout­
ground pullout resistances for each ground type.

• Minimum partial safety factors (for Service Load Design) or load and resistance
factors (for Load Resistance Factor Design) to be used on the soil/rock shear strength
and pullout resistance; surcharges; unit weights; and steel, shotcrete, and concrete
materials.
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For rmal plans, the following additional information should be in~luded.

• General notes specifying construction sequencing or other special construction
requirements.

• Special notes to indicate cross sections or specific nails that may require special
treatment.

• Nail wall typical sections.

• Nail details including spacing, size, inclination, and corrosion protection details.

• Details, dimensions, and schedules for all nails, reinforcing steel, wire mesh, bearing
plates, etc. and/or attachment devices for cast-in-place or prefabricated facings.

• A typical cross section ofproduction and test nails defining the nail length, minimum
drillhole diameter, inclination, and test nail minimum required bonded and unbonded
test lengths.

• Wall elevation view showing nail locations and elevations; vertical and horizontal
spacing; and, the location ofwall drainage elements.

• A wall reference baseline and elevation datum to fix all wall and nail locations.

E.4 Spe~ifi~ation Preparation

The following items should be addressed in the specification:

• General scope ofwork.

• Contractor experience qualification requirements.

• Submittals which the contractor must provide.

• Design parameters including, estimated soiVrock shear strengths (friction angle and
cohesion), soiVrock unit weights, pullout resistances and seismic coefficient.

• Material specification requirements, including nail corrosion protection requirements.

• Materials handling and storage requirements.

• Percentage ofnails to be tested, testing procedures and acceptance criteria.
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• Excavation tolerances and sequencing, including th~ maximum allowable height of
excavation lifts.

• Dewatering/drainage requirements.

• Maximum time duration offinish cut face exposure prior to nail installation and closure with
structural shotcrete.

• Minimum required nail grout and shotcrete strengths prior to allowing excavation to proceed
to the next lift.

• Construction quality control testing requirements.

• Wall construction monitoring requirements.

• Soil nail and wall facing construction tolerances.

• Records requirements.

• Method ofmeasurement and basis ofpayment.

E.5 Construction Monitoring and Testing

(Note: For more in-depth coverage 0/construction inspection and testing, including inspection
checklists andexample/orms/or nailpullout testing, reftr to FHWA-SA-93-068, "Soil Nailing Field
Inspector's Manual ")

Field Quality Control of Materials

• For steel components, centralizers, and drainage materials, check all Certificates of
Compliance and mill test certificates for compliance with the specifications.

• Visually check all soil nail tendons and facing reinforcing steel for damage and defects upon
delivery and prior to use.

• Visually check epoxy coated or encapsulated soil nail tendons for compliance with the
specifications and for any damage to the corrosion protection.

• Confmn mix design compliance of soil nail grout and facing shotcrete.

• When specified, take grout (cubes) and/or shotcrete samples (test panels and cores) for
testing.
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• Verify adequacy offield storage ofconstruction materials to prevent damage or degradation.

Excavation

• Prior to start of any wall construction, check for any variance between the actual ground
surface elevations along the wall line and those shown on the plans.

• Verify that the Contractor is providing accurate field survey control of the final wall
face excavation and shotcrete facing alignment and thickness. This is especially critical
for the upper initial shotcrete lift, since the excavation and facing control for the
following lifts will typically guide off the upper lift.

• Frequently detennine that stable excavation conditions are being maintained. both for general
mass excavation and for wall face final excavation. Make daily inspections of the ground
next to the wall excavation including behind the top ofwall.

• Verify that excavations are constructed within specification tolerances ofthe design line and
grade.

• For each excavation lift, verify that the contractor is not overexcavating.

• Verify that the encountered ground conditions are consistent with those anticipated

Soil Nail Hole Drilling

• Document construction on the "Soil Nail Installation and Summary Forms" contained in
FHWA SA-93-068, "Soil Nailing Field Inspector's Manual".

• Verify that the soil nail hole is drilled within acceptable tolerances of the specified
alignment, length, 'and minimum diameter.

• Verify that loss ofground or drillhole interconnection is not occurring.

Nail Bar Tendon Installation

• Inspect open soil nail holes for caving or excess loose cuttings using a high intensity light.

• Verify that tendons are inserted to at least the minimum specified length.

• Verify that centralizers are installed at the specified intervals and will provide clearance for
the minimum specified grout cover and that openings through the centralizer support arms
are not obstructed.
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• Carefully observe that workers handle and insert the tendons carefully to prevent damage to
the corrosion protection.

Grouting

• Verify that grout is batched in accordance with approved mix designs.

• In open drillholes, verify that grout is injected by tremie pipe starting at the bottom ofthe
hole, and that the end ofthe tremie pipe always remains below the level ofthe grout as it is
extracted.

• Verify that grout continues to be pumped as the grout tube, auger, or casing, is removed.

• Verify that the contractor does not reverse the auger rotation while grouting through hollow­
stem augers, except as necessary to initially release the tendon.

• Record the grout pressure when pressure grouting is used.

• Confinn that any required grout strength test samples have been obtained in accordance with
the specifications. These are typically 50x50 mm grout cubes.

• Verify the bonded and unbonded lengths oftest nails.

Shotcrete Facing and Drainage

• Verify that the geocomposite drain strips and PVC connection/weep hole outlet pipes are
securely installed and as specified and that drain elements are interconnected and provide
continuous drainage paths.

• Verify that the reinforcing steel has been installed at the locations and to the dimensions
specified. Particular care should be given to ensure it is tied securely and is clean.

• Verify that wall thickness, finish line and grade will be in accordance with the plans and
specifications.

• Verify that shotcrete will be applied and cut face closure will occur within the specified time
limits.

• Verify that construction joints are clean and acceptable for shotcrete placement.

• Verify that shotcrete is batched in accordance with the approved mix design and that the
specified strength requirements are met.
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• Verify that shotcrete test panels and/or cores (if specified) are prepared, cured, and
transported to the testing lab in accordance with specifications.

• Verify that shotcrete is applied as specified, and in accordance with recommended good
practice.

• Verify that the bearing plates and nuts/washers are installed as specified.

• Verify that the specified finish is provided immediately after shooting and curing/protection
(if required) are promptly implemented.

• Verify that expansion joints (ifrequired in pennanent facings) are installed per the plans and
specifications and that nails do not encroach within 300mm ofexpansion joints.

• Verify that cold or hot weather shotcreting is conducted in accordance with the
specifications.

• Verify that footing drains are constructed in accordance with the plans/specifications.

Nail Testing

• Make copies ofall appropriate test fonns ( sample fonns are provided in appendix A ofthe
FHWA "Soil Nailing Field Inspector's Manual'') and record all readings and other pertinent
infonnation during testing. Be certain to accurately record the test nail identification
number, station, and elevation on the test fonn.

• Verify that the ground above the soil nail and behind the structure has been graded as
required by the plans, prior to testing upper row nails.

• Verify nail properties necessary to calculate elastic elongation, i.e., bar steel grade, cross­
sectional area, and unbonded test length.

• Ascertain that test loading in excess of the allowable tendon structural strength will nat
occur.

• Verify that test nail length is sufficient to accommodate all test equipment or use a coupler
ifallowed.

• Verify the bonded and unbonded lengths ofthe test nail.

• Verify that the dial gauges are in proper working order (i.e., not broken or sticking) and have
an appropriate travel length (50 mm is a recommended minimum).
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• Verify that the jack is in good working order, that the jack and pressure gauge have been
calibrated as a set, and that a calibration graph is provided. If a load cell is required to
maintain constant load during creep testing, a calibration graph should be provided for that
as well. Verify that the identification numbers on the field equipment match the
identification numbers on the calibration data sheets.

• Prior to conducting the pullout test, calculate the required maximum test load and list all test
load increments (and the corresponding jack pressures) on the test form.

• Verify that the jack bearing pads will not interfere with the nail/grout column during testing.

• Verify that the jack can incrementally load and unload the tendon (i.e., that the jack or pump
has a bleed-off valve).

• Verify that the load cell (ifused) and jack are in alignment with each other and with the soil
nail tendon.

• Verify that the dial gauges are aligned within 5 degrees of the axis of the soil nail and the
gauges are mounted independent ofthe nail and testing apparatus. Also verify that the dial
gauges do not walk excessively on the tendon reference plate. This observation may be
made by scribing a circle on the reference plate around the gauge head after the alignment
load is applied.

• Verify that the jack does not drop onto the soil nail or lie on it. This could cause bending of
the soil nail tendon, or eccentric loading ofthe tendon during testing.

• Verify that the minimum alignment load is maintained at all times.

• Periodically verify that interference between the jacking set-up and the nail tendon has not
occurred due to misalignment. This could lead to erroneous readings.

• Verify that constant load is maintained during the creep test. The load should be held within
175 kPa if a jack pressure gauge is used, or within 1 kN ifa load cell is used.

• Verify that load increments are applied and held within the specified time limits for the test.

• Verify that the unbonded test length has been properly filled with grout after completion of
the test for all test nails, including sacrificial nails. No voids should be left in the ground.
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CIP Face Form Connection to Shotcrete Construction Facing (if applicable)

• When anchors embedded into the shotcrete facing will be used to support a I-sided elP
face form, verify that pullout testing of the anchors is performed in accordance with the
specifications.

END OF SECTION

APPENDE.SI
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NAIL BEAD STRENGTH CALCULATIONS

The main objectives ofthis appendix are to provide example hand calculations and to
present design summaries for the nominal nail head strengths ofsoil nail wall facing
systems using the methodology described in section 4.5.

First, example calculations are presented for both a temporary shotcrete construction
facing and a permanent cast-in-place (CIP) concrete facing. The details ofboth facings
are illustrated on figure F.1.

Second, the nominal nail head strengths have been determined for a number oftemporary
shotcrete facings used in practice. The results are tabulated for easy reference for use as a
preliminary design tool. Final designs should always be verified by performing the
calculations described in section 4.5.

Table F.I shows the dimensions ofcommon stock styles ofwelded wire fabric. Table F.2
shows the dimensions of available reinforcing bars, specified by both their english and soft
metric designations. Table F.3 shows the dimensions ofcommon stock size headed studs.

F.l. EXAMPLE CALCULATIONS

The example problem of chapter 5 specifies a IOO-mm-thick shotcrete construction facing
and a 200-mm-thick permanent cast-in-place (CIP) concrete facing (figure F.I). The nail
head strengths for the temporary facing are computed first, after which the permanent
facing is examined.

F.!.! Temporary Shotcrete Construction Facing

(a) Strength Criteria 1: Facing Flexure (section 4.5.2, equation 4.1)

Based on soil and constructability considerations as well as local practice, the vertical and
horizontal nail spacings have both been selected to be 1.50 meters. The connection plate
will be 225 mm wide and 25.0 mm thick. The facing reinforcement is selected by
considering the available mesh sizes, local practice, and strength requirements. Try a
152xl52xMWI8.7xMWI8.7 mesh, with two No. 13 (Soft Metric designation) waler bars
and two No. 13 vertical bearing bars. All the facing steel is assumed to be nominally
located at the center ofthe section. The yield stress ofthe reinforcement is specified as
420 MFa and the specified design concrete compressive strength at 28 days is 28 MFa.

The first step to evaluate equation 4.1 is to compute the negative and positive nominal unit
moment resistances ofthe facing in the vertical direction. The equation for the nominal
unit moment resistance ofa singly-reinforced, rectangular-shaped reinforced-concrete
beam is as follows [1]:
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ASPy ASPy
m = -b-(d-1.70fcb) (F.1)

The areas ofvertical steel over the supports and at midspan for a facing width b equal to
1500 mm, are computed as follows:

As,NEG

As,POS

= (18.7 mm2)(1500 mm)/(152 mm) + 2(129 mm2
) = 443 mm2

= (18.7 mm1(1500 mm)/(152 mm)= 185 mm2

The corresponding average nominal unit moment resistances are computed as indicated
below:

mV,NEG

mv,POS

= (443 mm2)(420 MPa) (5 (443 mm1(420 MPa) ~
1500 mm 0.0 mm - 1.70(28.0 MPa)(1500 mm»)

= 5.88 kN-mlm

= (185 mm
2
)(420 MPa) (50 0 mm _ (185 mm

2
)(420 MPa) ~

1500 mm . 1.70(28.0 MPa)(1500 mm»)

= 2.53 kN-mlm

From Table 4.2, the facing flexure pressure factor CF for a 100-mm-thick temporary facing
is 2.0. Substituting the corresponding values into, equation 4.1, the nominal nail head
strength for the criteria offacing flexure may be computed as follows:

(
1.50 ~1

TFN = 2.0(5.88 kN-mlm + 2.53 kN-mlm)(8) 1.50 m) = 135 kN

(b) Strength Criteria 2: Facing Punching Shear (section 4.5.3, equation 4.3)

The nominal internal punching shear strength ofthe facing is computed from equation 4.2,
where he and D'c are as indicated below:

he = 100mm

D'c = bFL+he= 225 mm+ 100mm = 325mm

The resulting nominal internal punching shear strength ofthe facing is computed to be:

VN = 0.33.../28.0 MPa (1t)(325 mm)(100 mm) = 178 kN
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From table 4.2, the pressure factor for punching shear Cs for a 100-mm thick temporary
facing is 2.5. The punching cone bottom diameter Dc is equal to D'c + he =425 nun.
The diameter ofthe grout column is estimated to be about 200 nun. The corresponding
areas are computed as follows:

= 0.25(1t)(425 nuni = 1.42 x 10' nun2

Aoc = 0.25(1t)(DGCi = 0.25(1t)(200 nun)2 = 3.14 x 104mm2

Substituting the above values into equation 4.3, the nominal nail head strength for the
criteria ofpunching shear is computed as follows:

TFN = (178 kN)( (1.42 x 10' m:n2 _3.14 x 104nun2) -I = 204 leN

1 - 2.5[(1500 mm)(1500 mm) - 3.14 x 104 nun2iJ

F.1.2 Permanent Cast-In-Place (CIP) Concrete Facing

(a) Strength Criteria 1: Facing Flexure (section 4.5.2, equation 4.1)

The same nail spacings and connection plate dimensions used for the temporary facing
apply to the permanent facing. Based on considerations including corrosion, durability,
and quality ofconstruction practice, the temporary facing is neglected in the permanent
design. The thickness ofthe permanent facing is selected to be 200 mm (figure F.l).

By considering the available steel bar sizes and local practice, the facing reinforcement is
selected to be No. 13 deformed bars at 300-mm centers in both the horizontal and vertical
directions. All the facing steel is assumed to be nominally located at the center ofthe
section. The design yield stress ofthe reinforcement is again specified as 420 MPa and the
specified 28-day design concrete compressive strength is 28.0 MPa.

The first step to evaluate equation 4.1 is to compute the negative and positive nominal unit
moment resistances ofthe facing in the vertical direction. The areas ofvertical steel over
the supports and at midspan for a width of 1500 mm are computed as follows:

As.NEG = As,POs= (129 nun2)(l500 nun)/(300 nun) = 645 nun2

Using equation F.l, the average nominal unit moment resistances are computed as
follows:

mV,NEG
= (645 mm2)(420 MPa) (100 nun _ (645 mm1(420 MPa) J

1500 mm 1.70(28.0 MPa)(l500 rom»)

= 17.4 leN-m/m
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mv,POS = mV,NEG = 17.4 leN-m/m

From table 4.2, the facing flexure pressure factor Cp for a 200-nun-thick permanent facing
is 1.0. Substituting the corresponding values into equation 4.1, the nominal nail head
strength for the criteria offacing flexure may be computed as follows:

(
1.50 I1l:')

TFN = 1.0(17.4 leN-m/m + 17.4 kN-m/m)(8) 1.50 m) = 278 leN

(b) Strength Criteria 2: Facing Punching Shear (section 4.5.3, equation 4.3)

The dimensions ofthe headed studs must be selected in order to calculate the geometry of
the potential punching cone. Per section 4.5.6, the headed-stud dimensions are first
selected to satisfy the provisions ofACI Committee 349 [2]. Try a 22.0 nun body
diameter, a 35.0 nun head diameter, a 9.5-mm head thickness, an overall length ofabout
125 nun (corresponding to a 7/SXS3h6 anchor size, table F.3), and a stud spacing of 105
nun. The provisions are checked as shown below:

Provision 1: dH ~ ...J25 dHS

35.0 nun~ ...J25 (22.0 mm)
35.0 mm~ 35.0 mm (OK)

Provision 2: tH ~ O. 5(dH - dHS)
9.5 mm ~ 0.5(35.0 mm - 22.0 nun)
9.5 mm ~ 6.5 mm (OK)

The nominal internal punching shear strength ofthe facing is computed from equation 4.2,
where he and D'c are as indicated below:

he = 25 nun + 125 mm = 150 nun

D'c = SHS+he= 105mm+ 150 nun = 25Smm

The resulting nominal internal punching shear strength ofthe facing is computed to be:

VN = 0.33V28.0 MPa (1t)(25S nun)(IS0 mm) = 210 leN

From table 4.2, the pressure factor for punching shear for a 200-nun thick permanent
facing is 1.0. The punching cone bottom diameter Dc is equal to D'c + he = 405 mm.
The diameter ofthe grout column is estimated to be about 200 mm. The corresponding
areas are computed as follows:

Ac = 0.25(1t)(DC)2 = 0.25(1t)(405 nun)2 = 1.29 x 10' mm2
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A<;e = 0.25(1t)(Doci = 0.25(1t)(200 mm)2 = 3.14 x 10" mm2

Substituting the above values into equation 4.3, the nominal nail head strength for the
criteria ofpunching shear is computed as follows:

TFN = (210wi (1.29 x 105 m:n2 _3.14 x 10" mm'? -I = 219 kN
II -1.0[{1500 mm){1500 mm) - 3.14 x 10" mm2V

(c) Strength Criteria 3: Headed-Stud Tension (section 4.5.6, equation 4.4)

The nominal nail head strength associated with the criteria ofheaded-stud tension is
computed by equation 4.4. For 22.0-mm-diameter studs and a specified headed-stud
ultimate tensile stress of420 MPa, the nominal nail head strength is computed to be:

TFN = 4(O.25)(1t)(22.0 mm)2(420 MPa)= 639 leN

F.t.3 Example Problem Nail Head Strength Summary

The nominal nail head strengths computed for the temporary shotcrete construction facing
and the permanent CIP concrete facing are summarized below:

Strength Temporary Facing Permanent Facing
Criteria Nominal Nominal

NailHead NailHead
Strength Strength. TFN TFN

(leN) (leN)

Facing Flexure 135 278
Facing Punching Shear 204 219
Headed-Stud Tension Not Applicable 639

F.2. TABULATED NOMINAL NAIL HEAD STRENGTHS

Table F.4 summarizes nominal nail head strengths for facing flexure and facing punching
shear failure modes, for common temporary and permanent facing designs. The allowable
nail head load (SLD) or design nail head strength (LRFD) is obtained by adjusting these
nominal values by the appropriate nail head strength factor or resistance factor,
respectively, as described in chapter 4 ofthis manual.

For the temporary shotcrete construction facing, the flexural failure mode considers a
standard 100 mm thick facing ofshotcrete compressive strength equal to 28 MPa, with
two No. 13 continuous waler bars at each row ofnails, and various nail head spacings and
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sizes ofsteel mesh reinforcement with and without vertical bearing bars at each nail head
location. For the punching shear failure mode ofa bearing plate through the shotcrete
construction facing, both the internal and total nominal nail head strengths are given for
different sizes ofbearing plate (nail spacing and drill hole diameter are fixed at typical
values as the results are relatively insensitive to these parameters).

For the permanent CIP or shotcrete facing, the flexural failure mode considers a standard
fixed pattern offacing reinforcement (No. 13 bars at 300 rnrn spacing each way) and two
facing thicknesses of200 mm and 150 mm that represent the practical minimum facing
thickness that can be constructed for CIP facings and permanent shotcrete facings
respectively. For the punching shear failure mode ofa headed stud wedge pulling out of
the permanent facing, both the internal and total nominal nail head strengths are given for
different depths ofstud embedment (determined by the bearing plate thickness and overall
stud length) and different representative stud spacings.

TABLEF.l

COMMON STOCK STYLES OF WELDED WIRE FABRIC

STEEL AREA
STYLE DESIGNATION sq. in. per ft. METRIC

(mm%/m)
New Designation Old Designation Longit. Trans. STYLE DESIGNATION
(Bv W-Number) (By Steel Wire Gafe)

ROLLS
6 x 6-W1.4xW1.4 6x6-IOx 10 .02& (59.9) .02& (59.9) 152 x 152MW9.1 xMW9.1
6 x 6-W2.OxW2.0 6x6-&x&* .040 (&7.5) .040 (&7.5) 152 x 152 MW13.3 x MW 13.3
6 x 6-W2.9xW2.9 6x~x6 .05& (123.0) .05& (123.0) 152 x 152 MW1&.7 x MW 1&.7
6 x 6-W4.OxW4.0 6x6-4x4 .0&0 (169.7) .080 (169.7) 152 x 152 MW25.& x MW25.&
4 x 4-W1.4xW1.4 4x4-lOx10 .042 (&9.2) .042 (&9.2) 102 x 102MW9.l xMW9.1
4 x 4-W2.OxW2.0 4x4-&x&* .060 (130.4) .060 (130.4) 102 x 102 MW13.3 x MW13.3
4 x 4-W2.9xW2.9 4 x 4-6 x6 .0&7 (183.3) .087 (183.3) 102 x 102 MW18.7 x MW1&.7
4 x 4-W4.OxW4.0 4 x 4-4 x4 .120 (252.9) .120 (252.9) 102 x 102 MW25.& x MW25.&

SHEETS
6 x 6-W2.9xW2.9 6x6-6x6 .05& (123.0) .05& (123.0) 152 x 152 MW1&.7 xMW 1&.7
6 x 6-W4.0xW4.0 6x6-4x4 .080 (169.7) .080 (169.7) 152 x 152 MW25.& x MW25.&
6 x 6-W5.5xW5.5 6x6-2x2* .110 (229.6) .110 (229.6) 152 x 152 MW34.9 xMW34.9
4 x 4-W4.OxW4.0 4 x 4-4 x4 .120 (252.9) .120 (252.9) 102 x 102 MW25.8 x MW25.&

• Exact W-number size for 8 gage is W2.1
•• Exact W-number size for 2 gage is W5.4
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TABLEF.2
BAR SIZES (ENGLISH AND SOFT METRIC·)

Bar Designation No. Nominal Diameter, in. [rom] Nominal Area, in;': rrom;':]
3 [10] 0.375 [9.6] 0.11 [71]
4 [13] 0.500 [12.7] 0.20 [129]
5 U61 0.625 f15.91 0.31 f1991
6 [19] 0.750 [19.1] 0.44 [284]
7 [22] 0.875 [22.2] 0.60 [387]
8 f251 1.000 [25.4] 0.79 [510]
9 [29] 1.128 [28.7] 1.00 [645]
10 [32] 1.270 [32.3] 1.27 [819]
11 f361 1.410 [35.8] 1.56 n006]
14 [43] 1.693 [43.0] 2.25 [1452]
18 [57] 2.257 [57.3] 4.00 [25811

• Soft metric bar designation numbers, nominal diameters and areas are the values enclosed within
brackets. Bar designation numbers approximate the number ofmillimeters of the nominal diameter of
the bar.

TABLEF.3
DIMENSIONS OF STOCK SIZE HEADED STUDS

(1.) Anchor Size (2.) A.W. Length Head Diameter - Head Thickness -
-in -in (nun) in (nun) in (nun)

1/4 x 211/ 16 29h6 (65) .500 (12.7) .187 (4.7)
1/4 x 41/ S 4 (102) .500 (12.7) .187 (4.7)
3/S x 41/ S 4 (102) .750 (19.1) .281 (7.1)
%x61

/ S 6 (152) .750 (19.1) .281 (7.1)
1/2 x 21/ s 2 (51) 1.00 (25.4) .312 (7.9)
1/2 x 31/ S 3 (76) 1.00 (25.4) .312(7.9)
1/2 x 41/ S 4 (102) 1.00 (25.4) .312 (7.9)
1/2 x 5S"6 53

/ 16 (132) 1.00 (25.4) .312 (7.9)
1/2 x 61/ S 6 (152) 1.00 (25.4) .312 (7.9)
1/2 x 81/ S 8 (203) 1.00 (25.4) .312 (7.9)

s/s x 211
/ 16 i/2 (64) 1.250 (31.8) .312 (7.9)

s/s x 69
/ 16 63

/ s (162) 1.250 (31.8) .312 (7.9)
s/s x 83h6 8 (203) 1.250 (31.8) .312 (7.9)
3/4 x 33

/ 16 3 (76) 1.250 (31.8) .375 (9.5)
3/4 x 311/ 16 31

/ 2 (89) 1.250 (31.8) .375 (9.5)
3/4 X 43h6 4 (102) 1.250 (31.8) .375 (9.5)
3/4 x 53/ 16 5 (127) 1.250 (31.8) .375 (9.5)
3/4 x 63h6 6 (152) 1.250 (31.8) .375 (9.5)
3/4 x 73/ 16 7 (178) 1.250 (31.8) .375 (9.5)
3/4 x 83

"6 8 (203) 1.250 (31.8) .375 (9.5)
7/s x 311/ 16 31

/ 2 (89) 1.375 (34.9) .375 (9.5)
7/S x 43

"6 4 (102) 1.375 (34.9) .375 (9.5)
7/s x 53/ 16 5 (127) 1.375 (34.9) .375 (9.5)
7/s x 63/ 16 6 (152) 1.375 (34.9) .375 (9.5)
7/S x 73

/ 16 7 (178) 1.375 (34.9) .375 (9.5)
7/s x 83/ 16 8 (203) 1.375 (34.9) .375 (9.5)

NOTES: (1.) Stock Anchor SIZes
(2.) A.W. - Length overall after welding to plate
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lOOmm
420MPa
28MPa
2XNo.13

TABLEF.4
NOMINAL NAIL HEAD STRENGlH

Temporary Shotcrete Construction Facing

Facing Flexure:

Facing Thickness:
Steel Yield:
Shotcrete Compo Strength:
Walers:

Nail Spacine: (m) WWMesh Vert. Bearine: Bars Tm (kN)

1.25 X 1.25 152X152 MW13.3XMW13.3 - 58
2XNo.13 122

152X152 MW18.7XMW18.7 - 81
2XNo.13 145

152X152 MW25.8XMW25.8 - 111
2 X No. 13 166·

102X102 MW9. 1XMW9.1 - 59
2XNo.13 124

102X102 MW13.3XMW13.3 - 86
2 X No. 13 149

102X102 MW18.7XMW18.7 - 119
2 X No. 13 170·

1.5 X 1.S 152X152 MW13.3XMW13.3 - 58
2 X No. 13 112

152X152 MW18.7XMW18.7 - 81
2 X No. 13 135

152X152 MW25.8XMW25.8 - III
2 X No. 13 163

102X102 MW9.1XMW9.1 - 59
2 X No. 13 113

102X102 MW13.3XMW13.3 - 86
2 X No. 13 139

102X102 MW18.7XMW18.7 - 119
2 X No. 13 170·

1.75 X 1.75 152X152 MW13.3XMW13.3 - 58
2 X No. 13 105

152X152 MW18.7XMW18.7 - 81
2 X No. 13 127

152X152 MW25.8XMW25.8 - III
2XNo.13 156

102X102 MW9.1XMW9.1 - 59
2 X No. 13 106

102X102 MW13.3XMW13.3 - 86
2XNo.13 132

102X102 MW18.7XMW18.7 - 119
2 X No. 13 164

It Calculated capacity limited by maximum reinforcement ratio (based on gross area) of 0.35%.
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Facing Punching Shear:

Facing Thickness:
Shotcrete Compo Strength:
Drill Hole Diameter:
Nail Spacing:

TABLE FA (Cont'd)
NOMINAL NAIL HEAD STRENGTH

100mm
28MPa
200mm
1.5 mX 1.5 m

Bearin! Plate Width (mm) VNlkNl TFN(kN)

200 165 184
225 178 204
250 192 224

Permanent Facing

Facing Flexure:

Steel Yield:
Shotcrete Compo Strength:
Reinforcement:
Nail Pattern:

420MPa
28MPa
No. 13 bars @ 300 mm
Vertical Spacing =Horizontal Spacing

Facin! Thickness (mm) TFN(kN)
150 206
200 278

Facing Punching Shear:

Shotcrete Compo Strength:
Drill Hole Diameter:
Nail Spacing:

28MPa
200mm
1.5 mX 1.5 m

PL Thick.+Stud Lgth. (be) Stud Spacing (SBS) (mm) VN(kN) TFN(kN)
(mm)

150 80 189 197
105 210 219
130 230 243

145 80 179 185
105 199 207
130 219 230

125 80 141 144
105 158 163
130 175 182

120 80 132 135
105 148 152
130 165 170

100 80 99 100
105 112 115
130 126 129

95 80 91 92
105 104 106
130 117 120
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