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FOREWORD

This is one of three reports on the design of permanent ground
anchors, written by the following internaticnally prominent ground
ancheor contractors:

Soletanche % Rodio, Inc.
Nicholson Construction Company
Stump/Vibroflotation

These reports are being used by the Federal Highway Administration
in develeoping a design manual for highway engineers.

The design methods described herein were originally developed by
the authors and company staffs for the sole use of each company.
We are grateful to the company officials for sharing their design
méthods with us.

Copies of this report are being distributed by FHWA transmittzal
memorandum, Additional copies may be obtained from the National
Technical Information Service, 5285 Port Royal Road Springfield,

Virginia 22161.
il

Richard E., Hay, Djyrector
Office of Engine¢ring
and Highway Operations
Research and Development
Federal Highway Administration

NOTICE

This document is disseminated under the sponsorship of the Depaftment of
Transportation in the interest of information exchange. The United States
Government assumes no liability for its contents or use thereof.

The contents of this report reflect the views of the contractor, whe is
resdonsible for the facts and the accuracy of the datz presented heredin. T
contents do not necessarily reflect the official policy or the Departmenti o
Transrortation,

he
T

Tric report does not constitute a standard, specification or regulaticn.

Tre United States Government does not endorse products or mernufacturers.
Tradetarks or manufacturers' names appear herein only tecause iney are
conziderad ecsential to the object of this document.



Technical Report Documentation Page

1. Repart Ng. 2. Government Accession No, 3. Recipient's Catalog Na.

PB83 145985

FHWA/RD-81/132

4. Title and Subtitle 5. Report Date
PERMANENT GROUND ANCHORS September 1982
Stump Design Criteria &. Performing Organizanon Ceode

8. Performing Orgamzation Report No.

7. Authoris)

. L. Otta, M. Pantucek, and R. R. Goughnour

9. Performing Crganization Nome end Address 10. Wark Unit No. (TRAIS)
Stump/Vibroflotation FCP 35871 472
U.S. Steel Building, 39th Floor 11. Contraet or Grant No.
600 Grant Street DOTFH-61-80-C-00011
Pittsburgh, Pennsylvania 15219 13. Type of Report and Period Covered

12. Sponsoring Agency Name ond Address
Offices of Research and Development
Federal Highway Administration
U.S5. Department of Transportation 14. Sponsoring Agency Code
Washington, D.C. 20590 <O 2K 4

Final Report
Jan. 1980-July 1980

15. Supplementary Notes

FHWA contract manager: R. Sallberg

16. Abstract

This document summarizes the main design methods used by the principal
investigatiors in the design of permanent ground anchors, including basic
concepts, design criteria, and analytical techniques. The application of
these design methods are illustrated in the step-by-step design of a
permanent ground anchor system for an example problem.

Companion reports on the design of permanent ground anchors are:
FHWA/RD-81/150 Soletanche Design Criteria
FHWA/RD-81/151 Nicholsen Design Criteria

17. Key Wards 18, Distribution Starement
Ground anchors No restrictions. This document is
Tiebacks, Bracing available to the public through the
Retaining walls National Technical Information Service,
Earth pressure Sprinzfield, Virginia 22161

19. Seeyrity Classif, [of this report) 20, Security Classif. (of this page) 21. Ne. af Pages 22. Price
Unclassified Unclassified 137

Farm DOGT F 1700.7 3-72) Reproduction of completed page authorized




Metric and SI units are used throughout this report

are shown below:

CONVERSION OF SI UNITS T0 ENGLISH

SI

Eng]ish eqguivalents

Metric English

Length P

1 mm = 1 mm ; 0.039 in.

1 cm = 1 cm ; 0.39 in.

Im = im . 39.37 in.

1 m =1 1m . 3.28 ft.

Force ;

1 kg = . 9.8066 N : 2.205 1b.

1 tonne = . 9.8066 kN : 2205 1b.

Pressure i

1000 kg/m2 =: 9.8 kPa . 204.82 psf
- . 1 Pa : 0.02088 psf
- 1 Pa : 0.000145 psi

Unit Weight (7) ;

1 t/m3 =1 9.8 kN/m3 . 62.5 pcf

Subgrade Modulus : :

1 t/m2/m = . 9.8 kPa/m . 62.5 psf/ft.

. 1 Pa/m . 0.00637 psf/ft.

i
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INTRCDUCTION

Ground anchors may be used advantageously in any situation where
massive weight is reguired to maintain stability of a structure and may be
replaced in an efficient manner by tensile forces transmitted to the grcound.
Typical applications include retaining walls, uplift or horizontally loaded
structures. Tensile stresses that cccur in tent type (folded) roof struc-
tures can be taken by permanent anchors. The use of anchors has important
advantages not only with regard to the replaced structural weight but, be-
cause external bracing is eliminated, they allow the unrestricted operation
of large excavation and construction machines resulting in more rapid con-
struction., They also provide new techniques, such as in the improvement of
slopes.

Although ground anchors are a fairly recent development they are an
essential structural element in the overall stability of the wall-anchor-
soil system. The interrelated locad-deformational behaviour of the wall,
anchor, and soil components of this system is very complicated and to date
no exact mathematical analysis has been devised. 1In addition, there are
problems of long term behaviour of the grouted zone and of corrosion.
Since failure of the wall-anchor-soil system can result in serious damage
and threat to human lives, instrumented monitoring of such systems is
strongly encouraged.

Standards and Codes of Practice, based on experience and long term ob-
servations of permanent anchor installations,have been developed in various
countries, and specify design, construction, and monitoring procedures. The
historical development of permanent anchors relates mainly to protection
against corrosion, transmission of anchor forces into the ground, the form
of the tension members and grouting methods.

This report summarizes the design methods and analyses used by Stump

Bohr, AG in the design of permanent ground anchor systems. The applicatiocn
of the methods has been illustrated in an example problem.

SOIL CONDITLIUNS

lnformation needed for design of a permanent ground anchor system includes:

- Description and specifications from the construction project

- Information about the geotechnical properties of the soil

- Information about all other boundary conditions and requirements
which the anchorage must fulfilil.

The scope of the investigations, planning and design work depends on
the type and magunitude of the project and the degree of risk connected
with it.



The feasibility of an economical and reliable design for ground
anchors depends on existing soil properties. Preliminary soils investi-
gations involve location of the scoil strata and their properties, as well
as the ground water conditions. This refers not only to the region of the
wall excavation, but also to the region where the anchors will be placed and
grouted. In addition to the Standard Penetration Test, in cohesive or silty
soils, laboratory tests on undisturbed samples are recommended to determine
the angle of internal friction, cohesion, moisture content, Atterberg limits,
deformation modulus and grain size distribution.

Depth and Spacing of Borings

In the investigation of foundaticon soil conditions, it can be assumed
that in most cases, soils of more uniform bearing value will be encountered
deeper down rather than in the upper lavers. In general, the deeper layers
supply the supporting forces for the structure; the upper layers produce
active pressures. The evaluation of passive pressures reguires fewer borings
than the elevation of active pressures. Figure 1 will serve as a guide for
boring locations,

Main borings, along the alignment of the proposed wall, are drilled to
a depth equal to twice the difference in the elevations of the ground sur-
faces or until they encounter a known geological stratum. Spacing of borings
along the proposed alignment is 50 m.

Intermediate borings of first order are drilled, after the results of
the main borings are known, to twice the difference in the elevations of the
ground surfaces or to a depth at which the known uniform soil layer, identi-
fied by the main borings, is encountered. Spacing of borings is 50 m.

Intermediate borings of second order are drilled only when there is
a considerable change in the upper layers. Normally they are located at
50 m spacing as shown, but the spacing should be reduced if the subscil
conditions reguire it. The boring depth depends on the results of the pre-
ceding borings.

Soil Properties for Preliminary Design (see Table 1)

In the absence of other infeocrmation, lcose deposits are to be assumed
for undisturbed sandy soils. Except in older geological stratifications,
medium dense compaction is to be expected only aiter compaction by vibration
or tamping. The values for gravelly sand are the same as for sand. The
density given for coarse gravel is a rough average value. The actual density
depends on the type of rock.

The angle of internal friction ¢’y and the cohesion C'gr for cohesive
solls are rough average values for calculating the final stability (consocli-
dated state = final strength). If scft to stiff clay and silty clay lavyers
of considerable depth will receive a surcharge such as backfill, structures,
etc., the influence of pore pressure is to be considered in the determinaticn

[\83
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of the active earth pressure {(initial strength). In some cases, the initial
strength may also be considered in the determinaticn of the passive earth
pressure.

Soil Properties for Final Design

The final design should, of course, be prepared using the soil properties
determined by actual laboratory tests. With non-cohesive soils, it is recom-
mended that the density be determined by field tests.

The utilization of laboratory testing should be waived only for unim-
portant structures. The use of average soil values given in Table 1 can
generally not be recommended for cohesive soils.

The cchesion of cohesive soil may be included in the calculation as long
as the soil in-situ is undisturbed and deoes not become soft and pulpy when
kneaded. The wall, however, must be able to withstand the smallest permis-
sible design earth pressure corresponding to the value K, = 0.15 - 0.20.

For permanent rock anchors or in the case of anchors whose fixed anchor
part extends into rock the following conditions must be clarified beforehand:

a) the external form of the rock mass and the depth of overburden.

b) the rock geology and the primary state of stress

¢) the jointing system (positicn, dip and strike, material inclusions
etc.), particular attention must be paid to large joints parallel to

the slope.

d) the stratification with its host of fissures and joints, the extent
of jointing (i.e. if there is complete interconnection) etc.

e) strength properties of the rock mass and of individual rock specimens

f) the presence of water in the joints, its quality, gquantity and the
pressure conditions.

Rock Properties

In the determination of the rock properties one must proceed by consid-
ering existing interfaces between strata. Basically one must distinguish
among three kinds of failure mechanisms:

a) slip surfaces running continucusly through material existing between
beds of rock (such material may be the result of filling and/or
weathering)

b) slip surfaces running parallel to discontinuous joints

¢) stepwise slip surfaces partly through filled material and partly
along joints.



Table 1. Estimated values for preliminary calculations.

Density Long Term Strength Immediate Coefficient
Strength of
Type of Soil Above Sub- Angle ¢f Cohesion Compressibility
water merged Internal Shear
Friction Strength
Y ' 9y C'y CuR E
kN/m?® KkN/m?® degrees kN/m 2 KN /m 2 MN /m2
Nen-Cohesive Soils
Sand, loose, round 18 10 30 - - 20 - bBO
Sand, loose, angular 18 10 32.5 - - 40 - 80
Sand, medium dense, :
round 19 11 32.5 - - 50 - 100
Sand, medium dense,
angular 19 11 35 - - 80 - 150
Gravel without sand 1o 10 37.5 - - 100 - 200
Coarse gravel,
sharp edged 18 11 © 40 - - 150 - 300
Cohesive Soils (Empirical Values for Undisturbed Samples from the North
German Area)
Clay, semi-firm 19 ] 25 25 50 - 100 5 - 10
Clay, difficult teo
knead, stiff 18 8 20 20 25 - 50 2.5 - 5
Clay, easy to
knead soft 17 7 17.5 10 10 - 25 1 -2.5
Boulder clay, solid 22 12 30 25 200 - 700 30 - 100
Loam, semi-firm 21 11 27.5 10 50 - 100 5 - 20
Loam, soft 19 9 27.5 - 10 - 25 4 - 8
Silt 18 8 27.5 - 10 - 50 3 - 10
Soft, org. slightly
clayey sea silt 17 7 20 10 10 - - 25 2 - 5
Soft, very org. strong-
1y clayey sea silt 14 4 15 15 10 - 20 0.5 - 2
Peat 11 1 15 5 - 0.4 - 1
Peat under moderate
initial locading 13 3 15 10 - n.8 - 2
Note
1 kn/m’ = 20,870 1b/ft°
1 MN/m° = 20.870 1b/ft’
1 kN/m® = 6.363 1h/ft®



The estimation of rock pressure on the assumption of a stepwise failure
surface can be dispensed with, as computationally a smaller total load is
obtained than when a continuous failure surface is assumed. If the distance
between joints is small with a highly continuous joint system such that in
comparison to the sliding body the dimensions of the jointed elements are
small, it may be necessary to perform a stability analysis which considers
the material as a soil in order to estimate the rock pressure. The shear
strength of the material is then estimated according to the following section.

For a failure surface running completely in filled material between
layers, generally the shear strength of the filled material must be taken.
When possible, samples are extracted from the filled material and corres-
ponding soil mechanics investigations are performed. If there is insuf-
ficient material in the samples to carry out strength tests then at least
the grain size distribution should be determined. The angle of internal
friction may then be estimated from empirical relationships between ¢' and
material classification as follows: -

@' = 30° for sandy filling material

g
¢" = 20° for silty-sand filling material
¢" = 10° for clayey-silt filling material

As a rule, in this case, the additional component of cohesive strength
may be neglected. Further, for filled material composed of pure clay or
smeary silty-clay mixtures or with unconsolidated material under high pore
pressures it may be necessary to assume that ¢' = 0. Only if it can safely
be ascertained that there is no scoft material filling the joints (and also
that such material cannot be formed during the construction time) is it al-
lowable to estimate the rock pressure on the basis of the residual shear
strength of the fissured rock mass.

Chemistry of the Ground Water

In unfamiliar regions it is very important to determine the chemical
properties of the ground water and its effects, especially with respect to
cement attack. The chemical analysis of water of natural origin comprises
the following rtests

a) pH-value

k) smell

c) potassium permanganate used in mg ¥Mno/1
d) total hardness in mval/1l or ©4 #
e) carbonate hardness in mval/l or °4

f) non-carbonate hardness in mval/l or ©q
g) magnesium in mg Mgz+/l

h) ammonium in mg NH4+/l

1) sulphate in mg souz‘/l



j} chloride in mg Cl17/1

k) 1lime - dissolving carbonic acid in mg CO /1 (determined using
2

Heyer's marble test)

The aggressivity of the ground water is judged according to the limits
given in Table 2. The limits apply to standing and weakly flowing water of
plentiful supply, which attacks immediately and for which the attacking ef-

fect is not diminished by the reaction with the concrete.

To assess the

water, the highest degree of aggressiveness given in the table is used even
if it is obtained for only one of the values in the rows 1 to 5.

Table 2. Limits for assessing the aggressiveness of ground waters.

S04¢7) in mg/1

Test Aggressivity
weak strong very strong
1 | pH-value 6.5 to 5.5 5.5 to 4.5 | below 4.5
2 | lime-dissolving
carbenic acid (CO0,) _
in mg/1 determineg by 15 to 30 30 to 60 more than 60
Heyer's marble test
3 | Ammonium
(NH4+) in mg/1 15 to 30 30 to 60 more than 60
; 2+
4 | Magnesium (Mg<™) 100 to 300 300 - 1500 | more than 1500
in mg/1
> | sulphate 200 to 600 600 - 3000 | more than 3000

(In certain cases it is also recommended to conduct laboratory tests to
determine the degree of aggressivity of the soil.)




If two or more values lie in the upper guarter of a range {with the
pH-value in the lower guarter)} then the degree of aggressiveness is increased
one grade. This increase is not valid for sea water.

In certain circumstances a greater aggressivity must be allowed for at
higher temperatures or pressures or if the concrete is subject, in addition,
to mechanical abrasion due to swiftly flowing or agitated water. The degree
of aggressiveness decreases at lower water temperatures, if only small
amounts of water are present and the water is practically still, so that
the aggressive constitutents can only be renewed slowly as for example in
soils of low permeability ({(coefficient of permeability, k < 107 °m/s).

ENVIRONMENTAL CCNDITIONS

Special Reguirements for Permanent Anchors

In order to increase their service life, it is necessary to requlre more
stringent specifications for permanent anchors than for temporary anchors,
These more stringent specifications relate particularly to:

- Provision for supplementing the anchorage by means of new anchors.

- Monitoring by means of displacement measurements in the structure and
long-term checks of the anchors. The movements of the structure are
to be checked periocdically in accordance with Table 3 by means of
geodetic or other suitable measurements. In the design, critical de-
formations (e.g. danger of collapse) are to be specified which, if
exceeded, will necessitate stricter monitoring or structural measures.
Some anchors are to be designated as check anchors and observed
periodically.

- Lower working locad than with temporary anchors. Increased safety
factors are to be adhered to when dimensioning permanent anchors.

- Corrosion protection. As there is only very little information avail-
able about the suitability and long-term performance of the present-
day corrosion protection agents, particularly for soil anchors, it is
recommended to provide the facility for at least a random check of the
state of the whole anchor (e.g. by removing it}.

all anchors

Table 3. Special requirements for permanent anchors.
Requirement j
- Monitering of the deformations recommended ;
- Check anchors for 1load measurement about 5% of !




Additional Technical and Legal Requirements

When planning the anchorage of structures, the following technical
details are to be fixed or agreed upon, in addition to the selection of
the anchor and its dimensicning:

Pre-stressing load, Vv
o

Permissible settling or uplift deformation and stability, particularly
of adjacent structures and roads

Distance of the anchors from utility service lines in the ground
The effects of grouting on such lines and structures

The removal of material (e.g. by means of drilling)

Limit conditions if anchor fails

Tolerances for the manufacture of the anchors, if this is of im-
portance for the project

In addition, some of the legal problems to be kept in mind are the
following:

The consequences ¢f the effects on adjacent plots of land

The necessary contractual agreements regarding stressed or unstressed
anchorage parts in adjacent plots of land

The recording of the locations of permanent anchors with local
authorities.

Potential Wall Movements with Tied-Back Excavation Walls

1.

Based upon previous experience with anchored excavation walls,
especially in the case of long excavations in cohesive soils, wall
movements cannot with certainty be ruledout evenif the walls and their
anchored parts are designed (and prestressed) for the condition of
increased active or at rest pressure. Of decisive importance here
is the movement of the body of soil, which, as with a cofferdam, is
enclosed by the retaining wall and the force transmitting construc-
tional elements. The prestressing of the anchors produces bedy
stresses, which tend to prevent the earth mass from straining
laterally. However, mcvement of the body of soil is unaffected.

In addition, too high a prestress can lead to a substantial lateral
deformation and to especially large settlements behind the anchoring
zone.

Basically the wall movements arise from the following causes:

a) movement of the entire system including the anchorage zone.



b) shear deformation of the soil mass and the underlying
ground

c) horizontal displacement caused by compression of the soil
beneath the base of the excavation.

The settlement and tilting may be estimated from a settlement
calculaticn. The heave of the base of the excavation due to un-~
loading influences the components of deformation a) and c).

For cohesionless soils the wall deformations due to the "coffer-
dam effect" lie in the millimeter range, and are thus generally of
no damaging consequence to adjacent buildings. For cohesive soils,
on the other hand, depending upon the conditions and the plastic
behaviour, substantially larger deformations are possible, partic-
ularly for deep, long or wide excavations.

If a corresponding investigation shows that a wall constructed to
normal engineering practice is likely to develop inadmissible defor-
mations, then the following measures must be adopted.

a) an increased length of anchor must be used

b) the construction of the excavation and the structure in a step-
wise fashion.

Irrespective of the remedial measures given in item 4, in the
vicinity of other buildings it is always useful not to let the
anchors terminate in one plane. By staggering the lengths of the
anchors the danger of an abrupt settlement behind the enclosed soil
mass is generally avoided. Instead,a fairly uniform settlement can
be expected.

If large wall deformations cannot be ruled cut, it is recommended,
for tied-back walls, from the very start to measure the horizontal
and vertical displacements of the top of the wall, so that protec-
tive measures may be taken in good time. For excavations in soft
clay soils and in the vicinity of structures anchor force measure-
ments and settlement measurements in the surrounding areas are ad-
visable.

Recommended permissible settlements and movements are given in
Tabkle 4.

STRUCTURAL CHARACTERISTICS OF THE RETAINING WALL

Sheet Pile Walls

Not all commercially available sheet pile forms are suitable for use
in tied-back walls for excavations. Of the rolled-steel profiles the fol-
lowing are preferred,
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Table 4. Recommended permissible settlements and movements

Soil

Structural Type Sand Clay

(Rapid consclidation)|(Slow consclidation)

Structure consits of Non-uniform* |Total |Non-uniform* |Total
{cm) (cm)
a) precast concrete elements 0.0005 6 0.0007 8
b)
c)
d)
Structure
a) statically determinate 0.003 10 0.003 10
b)
c)
d) stiff, with massive foundations
1} up to 20 m high 0.005 20 0.005 20
2) higher than 20 m 0.002 10 0.002 10
Crane running with mobile bridge 0.0015 -- 0.0015 -

* Definition of non-uniform settlement:

AW/
| 1, o
b) tipping B

Aw_r\ AW/B

a) flexure

c¢) change of angles
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a) the Hoesch sheet pile with the interlocking part, consisting of
a knob and a hook, in the flange (Figure 2) (Compare U.S. types
PzZ27 or PZ32).

b) the Larssen sheet pile with the interlocking part, consisting of
two identical hooks, laying in the neutral axis (Figure 2) (compare
U.S. type PDR27).

In recent years bulkheads have come on the market which are especially
designed for excavation walls. These are similar to lightweight cold-rolled
wide sections and are hooked together instead of having the interlock unit
(Figure 3).

The material specifications for sheet piling are usually for the steel
types. The higher quality steels are given preference if they are to be
used over and over again or if they are to be subjected to heavy ramming.

It must not be overlooked that, for the full utilization of the permissible
stresses, the deflection of the sheet pile walls increased linearly with the
quality of the steel.

As a rule, sheet piling is rammed into place. In an effort to try to
avoid the disadvantages connected with ramming, e.g. noise emissions to the
neighborhood or damage to the pile caps under heavy ramming, two further
techniques have been developed: bringing into position with the aid of
vibration ﬁsing a so-called vibro=pile hammer and pile-driving with the
English "Pilemaster". Whereas the vibration technique has shown itself, ac-
cording to past experience, to be suited to cohesionless, water bearing soils,
driving seems to be especially advantageous for saturated cohesive soils.

An advantage of both methods is that if ramming becomes difficult the di-
rection of the force can be changed as often as one likes and in this way, in
less difficult cases, by moving the sheet pile up and down obstacles can be
overcome,

In the design of anchored sheet pile wall systems attention should be
paid to the need to be able to transmit the necessary compressive, tension
or shear forces for the calculated bending action. This requirement is
especially important in the case of Larssen-piles. The friction in the inter-
lock is only sufficient to carry the shear forces occurring during ramming
if the soil is of the gravel, sand or coarse silt types and if the shear
stressing is light. To be sure, the friction in the interlock is often in-
creased due to crusting up and bending out of shape, which occurs when the
sheet piles are rammed into the ground and when they are bent by the action
of applied loads. In addition, when two piles are rammed together it is
possible that every second interlock can be pressed together in the works
after fabrication. ’

When ramming in clayey soils and under high shear stresses there is no
guarantee that the interlock can carry the shear stresses in the case of
Larssen sheet pile elements, Under these circumstances, it 1is necessary to
weld at least every second interlock. Only when every second sheet wall

12
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a) Hoesch system
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Figure 2. Hot-rolled sheet wall profiles.
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a) Krupp Z-form system
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b) Krupp U-form system

c) De Wende) system-

Figure 3. Cold-rolled sheet wall profiles.
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section is supported may shoring and anchors be placed directly against the
sheet piling without the introduction of a walinsg. Generally, only I-
sections {rolled steel joists), double channel sections and reinforced con-
crete beams are used as waling. RC-beams have the advantage that they
easily accommodate the wave form of the wall and any unevenness due to the
ramming action:. For steel girders the unevenness due to ramming is compen-
sated by the use of steel strips, welded plates, steel wedges or concrete.
Reinforced concrete walings are usually connected to the sheet piling by
means of welded stirrups.

Sheet pile wall construction is relatively expensive at greater depths
and, in addition, not very adaptable. Buried pipes must be shifted; obstacles
in the ground can cause the sheets to be wrenched apart at the joints during
driving. Thus sheet piling is normally only appropriate when water has to
be held back or if the ground water table cannot or may not be lowered.

Anchored Berlin Type (H-piles and lagging) Retaining Walls

If sheet piling is not required, i.e. if the ground water present can be
dealt with in another way or can be kept away from the excavation, thengener-
ally Berlin type retaining walls are preferred. They consist of vertical pile-
beam elements about 1.0 to 3.0 metres apart and horizontal planks spanning the
gap between the piles. Thelr many-sided application and their excellent
adaptability to local situations have resulted in a variety of modifications.
Today, under this type of retaining wall all excavation support walls are
classified which consist of vertical beams with horizontal lining {planks),
irrespective of the material used or the constructional process.

The following types serve as the most important vertical beam elements:
a) driven or vibro-rammed steel piles,
b) steel piles placed in boreholes,

c) reinforced concrete bored piles or unreinforced concrete bored piles
with permanent casing.

I-section rolled steel joists, which are relatively flexible normal to
the axis of the web and tend to deviate from the given line, are only suit-
able for use in ground free from obstacles, e.g. in pure sand, if they are
driven into position. For hard ground conditions heavier I-sections are pre-
ferable.

Different considerations apply to piles placed in boreholes. First and
foremost one tries to manage with as small a hole as possible. This approach
leads to the use of stocky sections, in which width and thickness are of
about equal size., Double channel sections joined together can also bhe very
useful (Figure 4), since the anchors can be placed at the axis of symmetry
of the two sections.
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a} Pile consisting of 2 channel beams
b) Waling consisting of 2 channel beams
c) Waling consisting of 2 H-beams

d) Waling consisting of sheet pile elements

Figure 4. TForce transmission with anchored
Berlin type retaining walls.

The introduction of the pile-beam elements into boreholes of diameter
60-80 cm is particularly advantageous if the vibration and noise caused by
ramming has to be avoided or if hard layers are present which make ramming
unfeasible.

As a rule in cohesionless soils casings are employed; it may be possible,
however, to supprt the wall of the borehole using a thixotropic fluid.
Casing is usually not required in cohesive soils. The space between the
pile and the wall is filled with lean mixed concrete mortar, sand with some
fines, pure sand or any other compactable material.

For excavations in the immediate wvicinity of buildings or in the under-
pinning of buildings it may be necessary to dispense with the use of piles
placed in boreholes and opt for bored-piles (diameter 60-120 cm) instead,
e.g. if large vertical forces must be carried, o¢r if the piles due to lack of
headroom have to be introduced in small sections.

In built-up areas, in which one must reckon on there being buried pipes,
etc. in the ground, it is usual to dig pits to a depth of 1.5 to 2.0 m before
starting pile-driving or boring operations. Thus one tries to avoid unwel-
come surprises, sources of danger and damage claims. One only has to think
of buried high voltage electric cables or gas mains.

The usual spacing of the pile-beams is 2.00 to 2.50 m. The planks must
be continuously introduced as the excavation work proceeds. The allowable
height of unlined wall must be determined according to soil mechanics
principles and shculd not exceed 1.50 m in cohesionless soils. There are
many ways of lining the exposed ground between the pile elements:
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a) wooden planks

b) square wooden beams

c) round wooden beams

d) used railway sieepers

€) canal planks

f) light H-steel sections

g) precast reinforced concrete elements
h) encased reinforced concrete

i} colcrete

Scme of these are illustrated in Fiqure 5.
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a) with canal planks b) with H-beams c) with precast d) with reinforced
elements cast in situ concrete

Figure 5. Berlin type retaining walls
with steel or reinforced concrete.

For permanent installation the choices g) and h) are the most
suitable.

As a rule, in the case of anchored Berlin type retaining walls,
bending resistant main waling is required which transmits the forces from
the piles to the anchors. The anchors are often spaced according to their
load carrying capacity and the specified minimum spacing without considera-
tion of the distances between the piles.
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The main waler must be designed accordingly in this case. In this
respect, it 1s better to arrange the anchors in pairs, thereby achieving
a more uniform loading of the walers. A possible choice of wales is
rolled steel joists (I-section}.

Due to their many advantages anchored Berlin type retaining walls are
popular for the support of the sites of excavations and larger trenches for
tunnels. Essentially the following points are in their favor:

1. Berlin type retaining walls are exceptionally adaptable if pipes,

pits, foundations, old parts of buildings or other hindrances make

the construction of a conventional sheet pile wall difficult.

2. With the large number of variants possible this kind of retaining
wall can be applied in all types of soil. '

3. By leaving out a pile from the row in the wall, excavation can,
locally, be systematically extended to take a dewatering facility.

4. If need be the timber sheeting can be inserted in places behind the
inside flange to gain working space.

5. By the choice of corresponding sections greater excavation steps can
be made. '

6. It is possible sometimes to retrieve constructicnal elements.

7. This method of construction is very sconomical.

Anchored Diaphragm Walls

In recent years there has been increasing use of slurry trench or dia-
phragm walls, with betonite suspension acting as the slurry. The construc-
tional process is usually as follows:

a) construction of guide walls

b) excavation of the secil while simultanedusly filling the trench with
bentonite slurry toc give support to the sides

c) introduction of the reinforcing cage and the concrete

The guide walls are about 0.50 to 1.50 m high. Thev are made mainly 15
to 25 cm thick out of cast in situ concrete or prefabricated reinforced con-
crete elements which are fixed end to end and stiffened at the ground level.
They support the ground in the depth in which the hydrostatic pressure of the
bentonite slurry is ineffective or insufficient and they protect the top edge
of the trench when the excavating equipment is lowered and taken cut again.
They also serve tc guide the equipment, the reinforcement and the board seg-
ments when being lowered into the trench. The width ¢f the trench is ketween
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0.40 and 1.20 m.

developed.

rigidly guided slot-cutting grab bucket.

To excavate the soil many special machines have been
The most common are the cable suspended clamshell grab and the
If the soil conditions are suitable

the reverse circulation boring technique may be preferable (Figure 6).
Figure 7 illustrates the construction sequence.
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a) excavation with grab; b) excavating using reverse.

continuous trench. circulation method,

trench segments.

Figure 6. Methods of construction of
slurry trench walls.
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Figure 7. Construction of a diaphragm wall
in 1ts various phases.
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If the grabbing force of the machine is too small to break through the
soil 1t may be expedient to bore uncased holes before the excavation work
is started. These are placed at a distance apart equal tc that between the
teeth of the open clamshell grab. TIn this way the soil between the holes
can be easily grabbed by the jaws of the bucket. Besides, the holes act as
a good guide for the grab bucket. Rock or rock-like soil layers must be
broken up either with heavy drop chisels or percussion drilling, or using
closely spaced core @rilling. If the machine comes up against individual
cbstacles, then, with increasing depth, the slurry trench may deviate some-
what from the vertical.

Bentonite is used to support the sides of the excavation. The slurry
is fed into the trench continuously with the working operations, so that as
far as is possible the level of the suspension is flush with the top of the
guide walls. Since the trench is always filled with slurry, the excavated
mateérial is a mixture of soil and slurry. The slurry is then separated from
the waste material in settling ponds or in agitated troughs and with the ad-
dition of fresh slurry is reused. The diaphragm wall should normally be con-
structed immediately after the excavation of the trench, so that the sup-
porting action of the slurry is only relied upon for a short time,

Diaphragm walls tc support the sides of excavations are reinforced ac-
cording to the requirements of static analysis. The reinforcement is lowered
into the slurry-£filled hole. The concrete is placed in position by means of
the tremie method. The fresh concrete pushes the concrete already placed up-
wards so that the slurry is continuously displaced and voids are avoided.

The individual concrete secticns are meshed together by a suitable use of
tubes, steel beams or expanded metal reinforcement. Joint tape 1s routinely
used with success for sealing joints between pours.

In calculating the safety facter of a slurry trench system the hydro-
static pressure due to the slurry counteracts the earth pressure and the ground
water pressure. For short stretches of trenching the arching action and re-
distribution of earth pressures may be taken intc account.

The use of walers for diaphragm walls is not standard procedure. The
anchors are generally placed right up against the wall. Narrow trench sections
are each held by one support in the middle, wide sections by two supports one
each near to the joints. A special reinforcement designed for the purpose
provides for the necessary lateral distribution of the load. In addition,
through dowelling the sections together a transfer effect from one section to
another is achieved.

The tremie method is not the only one for constructing a reinforced con-
crete wall in a trench. Precast reinforced concrete elements have also been
used with success; likewise, the placement of steel sheet piling has been car-
ried out in this way in cases where a disturbance to the environment had to
be avoided, such as would be caused by ramming.

Tn comparison to anchored sheet pile walls or Berlin type retaining
walls, anchored diaphragm walls offer the following benefits:
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1. The method is independent of ground conditions; it mav be used
in soft cohesive soils as well as in sand, gravel and coarse
gravel beds.

2. Strata which are too hard to penetrate by driving can be ex-
cavated and blocks of rock, rubble and other hindrances can be
overcome.

3. The depth of embedment of the walls is practically unlimited.

4. Diaphragm walls can be constructed in the immediate vicinity of
existing buildings; existing foundations which are at a higher
elevation than the excavation level de not have to be underpinned.

5. A distortion of the ground e.g. in driving, or a loosening of the
ground when exposing the wall deces not occur; disturbance to the
ground is avoided.

6. The deformations of the walls of the trench during digging opera-
tions and the deformations of the completed concrete wall when the
excavation 1s carried out are very small. Diaphragm walls are thus
very suitable if neighborihg structures are very sensitive to
settlements.

7. There are no vibrations caused by the construction of diaphragm
walls, so that there are nounwanted seismic emissions to the neighbor-
heed. :

8. There is practically no noise produced by this construction method;
the level of noise is less than with ncocrmal road traffic.

Despite the advantages diaphragm walls are only employed to a limited
extent. This is due to the relatively high costs involved. As a rule, this
method is economic and competitive compared to other methods only if the
diaphragm wall does not serve as a temporary support, but is incorporated as
a structural member into the final structure, e.g. as retaining wall, tunnel
lining or basement wall. ’

Anchored Dored Pile Walls

Besides diaphragm Walls, bored pile walls of cast 1n place concrete may
also be used to retain the sides of excavations. The conditions under which
the two methods are favorable are essentially the same. Just like single
bored piles, walls of bored piles can also be constructed with or without
casings. Uncased boreholes in soils with too little cohesion to stand up
can be stabilized with a slurry in the same way as with slurry trenches.
Since, however, a strong arching action is present in the vicinity of circular
boreholes the same high demands are not made on the properties of the slurry
as in the case of slurry trenches. Thus bentonite suspensions of lower con-
centration are adequate.

The standard pile diameters are in the range 0.60 to 1.20 m. Various
pile arrangements are shown in Figure 8. ‘
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a) overlapping piles

k) touching piles

c) unlined gaps between piles

d) piles with arched elements

e) piles of different thicknesses

f) a wall in which the piles are separated, but the whole is
protected with a curtain wall.

Figure 8. Various pile arrangements for
bored pile walls.

It is not possible as is the case with diaphragm walls to place the re-
inforcement for 'hidden' horizontal beams. Thus brackets must be affixed and
reinforced concrete or steel beams must be employed as waling. If the dis-
tance between anchors is small it is usual to do without waling and to posi-
tion the anchor between two piles. Anchors could also be located in the axis
of the pile, whereby the reinforcement in the piles must be arranged accord-
ingly.

Bored pile walls have the same advantages over sheet pile walls and
Berlin type retaining walls that diaphragm walls do. Compared to the latter,
however, they have the disadvantage that the greater number of joints is un-
favorable with regard to the watertightness of the wall. Bored pile walls
are also affected more by obstacles in the ground than the technique of dia-
phragm walls. The danger then arises that the pile will wander out of the
vertical line so that the wall is not sealed off against water. For the same
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bending moments the piles require more space than the eguivalent diaphragm
wall. On the other, there are occasicons when the bored pile wall is a
better solution than the diaphragm wall:

1. The diameter of the borehole is much less than the minimum size
of the sections of a diaphragm wall. The stresses in the ground
the slurry supported boreholes.are more favorable than for sections
of slurry trench.

2. For cased boreholes the equilibrium of the scoil is hardly affected
at all.

3. The depth of embedment of individual piles can be staggered without
greatly influencing the passive resistance in front of the wall. It
is also possible and useful to construct some piles deeper than
the rest, if they are subjected tc greater normal forces.

4. The transmission of forces at the foot of a pile wall is more reli-
able and, as a rule, involves smaller settlements than at the foot
of a diaphragm wall, where a mixture of soil and slurry forms due to
the excavation process. During concreting this softened zone is not
always removed.

5. A bored pile wall can be constructed with a given inclination, such
that the top of the wall is near to a structure and the bottom under-
neath the structure, so that the trouble of a time-consuming under-
pinning is saved.

Bored pile walls are economic and competitive only, as in the case of
diaphragm walls, if they can be incorporated as a load bearing member into
the final structure. In all other cases their use is justified only by
special local site conditions.

Underpinning Walls

Of late anchored underpinning walls, also called element walls, have
also served as retaining walls for excavations.

In the following the typical constructional procedure of an anchored
element wall is described.

As soon as one row of elements has been anchored and prestressed the
excavation is carried to the depth of the next row of elements, whereby
close to the wall itself a suitable soil slope is maintained (Figure 9 a & b).
Then with the excavator the slope is removed in front of two or three alter-
nate elements and the new elements (formed ¢f in situ reinforced concrete)
are installed, {Figure 9, c & &@). '

Afterwards, the intermediate elements are completed (Figure 9, d & e).
The horizontal and vertical bond is achieved by overlapping steel rein-

forcements. After the whole row of elements has been placed in position
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the boreholes are drilled, the anchors installed, grouted and finally pre-
stressed (Figure 9f). This procedure is repeated for the next row of

elements.
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Figure 9. Typical constructional procedure for an
anchored element wall.

The advantage of quickness of this method of construction derives from
the fact that before the actual excavation work no driving or drilling work
with special machines must be carried out. The progress of work in suffi-
ciently large excavations depends upon the number of elements that can be
installed daily. This method is especially advantageous in cases, in which
the element wall not only serves the purpose of temporary support, but may
be incorpecrated into the final structure. Technical and economic advantages
are obtained when large rocks are present, e.g. amongst slope debris, which
otherwise impede progress. With the element wall method such hindrances can
be overcome quite simply by blasting in the excavation. Anchored element
walls are also easily made in cohesionless soils or below the ground water
table.

The height of the elements is between 1.0 and 2.0 ﬁ, the length between
3.0 and 4.0 m and the thickness 40-60 ¢m. It i1s an advantage in the design
of the walls if at least cone anchor 1s allocated to each element.

In contrast to other types of retaining wall there is no depth of embed-
ment in the underlying ground. Only a strip foundation is constructed beneath
the wall to act as a base support.



PHYSTICAL CHARACTERISTICS CF ANCHORS

In this section definitions and ncomonclature relating to anchors will
be presented along with a physical description of anchors in common use.

Definitions and Nomenclature

Anchors are units which transmit forces into the soil or rock by means
of tendons, and are composed of three main parte (refer to Figure 10):

Anchor head
with anchor plate

Structure to be [N
anchored ==

- Anchor head:

- Tendon:

- Fixed anchor:

- Anchor foot:

- Anchor
length, 1:

- Fixed anchor

length, lv:

Anchored zone

Tendon
MLenor{H]mg

Frotective tube

Exterior filling

Bore hole

Fignre 10. anchor conshructieon.
This fastens the anchor to the anchored structure.

This transmits tﬁe force from the anchor head to the
fixed anchor.

Transmits the forces of the tendon into the ground.

The end point of the anchor in the ground or rock.

The distance between the anchor foct and anchor head.

The length over which the force is fransmitted into
the foundation.
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For anchors with a free anchor length the following definitions also

apply:

- Effective free ancher length, lf: Length over which the tendon

can expand freely when stressed (free steel length)

- Calculated free anchor length, 1_ : The length between the anchor

head and the point at which the ffchor enters the anchorage zone
resulting from the static and soil mechanics calculations.

Types of Anchors

The following basic characteristes are used for a more precise designa-
tion of anchor types:

a)

b)

c)

Type of anchorage zone

A distinction is made between soil anchors and rock anchors, de-
pending on whether their fixed anchors (see Figure 10) are fixed
in soil or rock.

Type of application

Long-term or permanent anchors are those which have to fulfill
their function throughout the service life of the structure and
thus require special design and monitoring.

Test anchors are specially designed and conventionally placed
anchors which undergo extensive tests in order to obtain basic in-
foermation to aid in the selection of the anchor and the dimen-
sioning of the fixed anchor.

Check anchors are anchors in or beside the structure used for
long-term observations.

Type of anchor fixing in the bore hoie

Fixing in the bore hole by means of expansion of the bonding
element (e.g. expandable anchors, rotary plate anchors).

Fixing in the bore hole by embedding in a binder (e.g. grouting
anchors, mortar anchors, synthetic resin adhesive anchors).

Type of action

Fully-bonding anchors are those whose total anchor length is in
contact with the surrounding ground. This type of anchor is only
suitable as a dead anchor.

Anchors with free anchor length are those which are fixed or
bonded to the ground only over the fixed anchor length (see
Figure 10).
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e) Type of stressing of the tendon

Pre-stressed anchors are those in which only small changes in the
prestressing force within certain limits are possible and permis-
sible as a result of the working loads.

The apprlied load, VO, relative to the load-bearing capacity, V ,
at time t = O U

Y
0.5 < 2 < 0,75
V
U
Tension anchors are those in which initially (t = 0) only a part

of the possible and permissible stressing force has been applied
and quite ceonsiderable changes of the tensile force and strain are
possible and permissible.

The applied load, VO, relative to the load-bearing capacity, V _,
at time t = 0 ' u

v

0.25 < _© < 0.5
v
U

Dead anchors are those in which initially {(t = 0) no or only a very
small stressing force has been applied.

The anchor designation is given by stating its maximum test load,

Vv , and its construction.
P

Tendon Characteristics

Three tvpes of tendons are in common use:

a) Threaded rods of diameters
¢ = 26.5mm (1.04 inches)
& = 32 mu {(1.26 inches)
b = 36 mm {(1.42 inches)

Steel quality is normally 835/1030 or 1080/1230 N/mm2(121/149 or
157/178 ksi) (indicates yield stress/ultimate tensile strength) .

These ccnditions preduce tendon failure loads, VZ’ from 568
to 1252 kN (127.7 to 28l.4 kips).
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b) Composed of strands with cross-sectional areas of 93 mm?

(diameter = 0.5 inches) and 146 mm’ (diameter = 0.6 inches).

Ultimate tensile strengths range from 1570 to 1765 N/mm2(228 to 256 ksi).
Designs can range from two strands of 93 mm? to 19 strands of
146 mmz‘producing tendon failure loads, V , from 329 to 4910 kN
(74.0 to 1103 kips). z

¢c) Wire cables of diameter 7 mm (area = 38 mm’) and ultimare tensile
strength 1670 N/mmz. Designs utilize from 1 to 52 strands pro-
ducing tendon failure loads from 64 to 3340 kN (14.4 to 750 kips).

Anchor Heads

Anchor heads can be of the following types:
- cannot be post-tensioned or load tested.
- can be load tested, but not post4tensioned.

- can be load tested and post-tensioned, but tension cannot be
released (or relaxed).

Fixed Anchor Length

Two types of grouted or fixedanchors are in common use:

Mono anchors: force is applied at the tensile end of the grouted
length so that the grouted length of the anchor is
all in tension.

Duplex anchors: force is applied at the bhottom end of the grouted

length so that the grouted length of the anchor is
in compression.

Corrosion Protection

a) Threaded rods
free length: 1. cement grouting + Polyethylene tube

2. Epoxy resin coating on sand-blast-finished
surface + Polyethylene tube

3. corrosion protection filling + Polyethylene tube

i
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4. Polyethylene shrink-on tube + Polyethylene
tube

fixed anchor length: basically a double corrosion protection
1s necessary

1. Epoxy resin coating + cement grouting

2. cement grouting in corrugated PVC pipe at
the factory + cement grouting

3. corrosion protection filling in steel tube
(Duplex anchor] + cement grouting

4, Polyethylene shrink-on tube + cement grouting
b) Strands 0.5"/0.6" or wire cahles @ 7 mm
free length: 1. c¢ement grouting + Polyethylene tube
2. corrosion protecting filling + Polyethylene tube

3. individually greased and plastic coated strands +
cement grouting + Polyethylene tubes

fixed anchor length: basically a double corrosion protection
necessary

l. cement grouting in corrugated PVC pipe at the
factory + cement grouting

2. corrosion protection £illing in steel tube
(Duplex anchor) + cement grouting

c) Corrosion protection at anchor head

1. Concreting of the complete anchor head - no checking possible
afterwards

2. Protection with galvanized covers filled with grease and anti-
corrosive material - checking possible at any time

3. Special insulation of the anchor head with the structure to
prevent a positive displacement in potential of the anchor and
a reduction of the danger of corrosion due to the formation of
an electric cell system.
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Access to Anchors

The anchors must be designed such that it is possible to bore and insert
them into the borehole. Cable and stranded anchors require less space, since
they are not so stiff and can be easily bent. The smallest spacing between
the anchor heads depends upon the size of the tensioning jack. It is about
50 cm,

The length of the fixed-zone should be at least 2.0 m. For several
anchor peositions it is recommended that all the anchor fixed-zcnes do not
terminate in one line, so that the formation of cracks between the anchorage
body and the ground behind it is avoided. Depending on the working loads
of the anchors, stabilization of the fixed-zone with between 3.5 and 5.0 m of
of cverburden is necessary. For smaller overburdens there is danger of total
ground rupture.

If the purpcse of the anchors is to increase the stability of the wall-
anchor-soil system, then it is advisable to place the anchors in the lower
part of the wall. The optimum inclination of the anchors is -20° with re-
spect to the horizontal in homogenecus soils. If layers of different shear
strengths are present it is economical to design the slope and length of the
anchors so that the bonding zone lies in the densest scil layer with the
highest shear resistance. Thereby a greater ultimate load resistance of the
fixed-zone is achieved, allowing heavier anchor units to be installed, which
increases efficiency.

In order tc avoid excessive deformations it is important that the
lowest row of anchors is constructed sufficiently deep into the less deform-
able layers below the excavation level. Ipn this case greater anchor inclin-
tions (up to -40%) may be used.

The optimum anchor distribution depends on the choice of the wall con-
struction. Vertical load carrying elements (e.g. bored piles) must be dis-
tributed horizontally so as to take advantage of the optimum lcad capacity of
the anchors. Sometimes it is advantageous, irrespective of the bearing
capacity of the soil, to install smaller anchor units, which can be uni-
formly distributed along the retaining wall. This is especially true in the
case of element (underpinning} walls, as well as for all low walls.

Water-tightness of Bore Holes in Rock

Rore holes in rock into which grouted anchors are to be fitted shall be
checked for water-tightness by means of water tests before the anchors are
installed.

The water loss is to be measured at a suitable test, pressure, and
should not exceed 1 Lugeon (1 Lugeon = 1 liter per meter per minute at a
pressure of 1MPa 1in a measiring period of 10 minutes). If this condition is
not met, then special measures shall be taken, e.g. grouting.
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A bore hole is also grouted and redrilled if water discharges are
found in adjacent bhore holes during the water test or if water flows
through the bore hole itself.

Deviations are permissible if the tightness of the bore hole is not
of major importance for the anchor system used.

LONG-TERM BEHAVIOR OF ANCHORED WALLS

The long-term behaviour of anchors can be monitored exactly by measuring
the anchor force and with the aid of parallel built-in extensomaters. The
long-term behaviour of the complete "wall-anchor-soil" system, on the other
hand, reguires more extensive measurements, which are described in the fol-
lowing section. Previous experiences could indeed be considered as in-
dividual case studies. However, they do not provide a general basis for
interpretation. For instance, we know of no test results which show how far
blasting and external vibrations influence the ultimate load capacity of
anchors. Other external influence should, in cases of dcoubt, be investigated
by means of in-situ testing.

Monitoring

The basic behaviour of the wall-anchor-ground system can be predicted.
Static and mechanical calculations can only be considered as approximations
for the following reasons:

1. The assumed soil coefficients used in the calculations are the
results of more cor less representative soil tests, in many
cases only estimates or values from tables.

With soil conditions which are not clear or with soft, very
cohesive so0ils one can be sure that the assumed values for
cohesicon or deformation modulus used in the calculations may
deviate from the actual values.

2. Another reason that the calculations supply only approximate
solutions lies in the calculation method itself.

With deep anchored walls, the behavior and stress of a system can
no longer be predicted bhased on simple assumptions {(earth pressure
according to Coulomb, wall top deformation as a result of earth
pressure activation). Based on measurements made at various con-
struction sites, extensive, complicated sets of rules were estab-
lished for the design of such systems (1), (2). ©On the other hand,
based on extensive soil mechanics observations, others have tried
to explain and account for the measured results using new, more
complex methods of calculation.

(1) Gaibl, a., and Ranke, A., Load of Rigid Sheet Pile Walls, published by
W. Ernst & Son, Berlin, 1973

(2) Jenne, G., Earth Pressure. Concrete Calendar 1973, part II, pp 89-129,
published by W. Ernst & Son, Berlin, 1973.
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In contrast to conventional calculation methods for solid
structure designs, determining factors for the safety of
anchored foundations include not only load capacity limits of
the wall-anchor-ground system, but alsc deformation limits.

The entire system depends heavily on anchor behavior. The
behavior of individual anchecrs with respect to load capacity

of the retention zZone can be investigated experimentally pro-
vided that sufficient time is available. The overall group
effect of the anchors cannot normally be evaluated, even though
larger deformaticns often result.

The failure of the chosen "wall-anchor-ground"” system can result in
seriocus damage and threat to human lives. It is for these reasons
that the necessity of monitoring of such structures is strongly
recommended.

In most cases, therefore (Figqure 11), the monitoring systems con-
sisting of geodetic measurements of terrain surface and wall top,
deformation measurement of wall and earth, and anchor force measure-
ment, provide solid evidence of the behavior of the system _hosen.
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Figure 11, Recommended Arrangement of Excavation
Monitoring System.
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Limiting Conditions

Limiting conditions provide an indication of the usefulness of data from
measurements for the evaluation of the behavior of the chosen wall-anchor-
ground system. The definition of a limiting condition must first be stated,
however: a limiting condition is defined as the state of a structure for
which any qualitative changes in the ground of the structure itself renders
it incapable of properly fulfilling its function.

In soil mechanics it is customary to make appropriate calculations to
insure against the attainment of a limiting condition. In the design of
an anchored wall, conventiconal computational methods are used to insure
safety for the following limiting conditions:

1. The wall structure or the anchor may be overstressed by earth pres-
sure, which could result in failure of the structure or the anchor.
Earth pressure must therefore be determined, and all structural

system components dimensioned accordingly (Figure 12a). This risk
is discernible through measurement of anchor force and structural
deformation.

2. With insufficient anchoring depth in the soil, the wall may shift
resulting in twisting of the structure (Figure 12b). Earth resist-
ance in front of the wall must be calculated and correlated with
the calculated supporting force of the structure in the ground.
This dange is perceptible through measurement of structure deforma-
tion. Earth pressure can in any case be activated only by a defor-
mation.

3. Failure may result under the wall foundation due. to vertical loads
(Figure 12c¢). There must be proof that the vertical wall components
are carried satisfactorily by the wall fcundation. Geodetic measure-
ment of the wall top can signal this danger promptly.

4, The wall can tilt forward because the anchor I too short and the
retention zone of the anchor is in the region which slips with the
wall (Figure 12d). The inner stability of the system must be cal-
culated. Ground deformations occur before this condition is reached
and are measurable.

5. Ground slipping may occur even with the anchored wall (Figure 12e)
The rigidity of the entire structure must be monitored. This is a
classic example of how ground deformation measurement is used to
signal such danger.

6. Even if a failure in the wall-anchor-ground system doss not occur,
deformation in the surrounding ground may be so large that the
proper functioning of adjacent structures or the current project
are threatened (Figure 12f), Deformation measurements of surface,.
structures and ground provide extensive data in this case as well,.
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Figure 12. Limiting conditions for
anchored walls.

Larger deformations occurring in the structure indicate the presence
of yield hinges; occurring in the ground they indicate plastic zones.

These deformations, as long as they remain within certain limits, are
not always cause for alarm. The material is self-healing, and stress is
shifted to the neighboring zones, whose deformation resistance is then
activated. This is analogous to the principle of arching effect and to the
ultimate lcad method, as well as to the method of finite elements developed
for soil mechanics calculations.

With large differences in measured values, the reciprocal behavior
of measured anchor forces and deformation determines the type of limiting
condition possible. For example: the difference between limiting conditions
in Figure 12a and Figure 124 lies in the increase in anchor force in the
first case. Also, measured anchor forces provide information concerning
the long term behavior of anchors and their group effects.
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Provisions for Monitoring

The decision whether or not to use the described monitoring system for
anchored structures, and toc what extent, depends on several factors. Aas
a rule, the system is recommended for the following cases:

a) for anchored walls more than 11.0 m deep in granular soils and
longer than 25.0 m.

b} for anchored walls more than 7.0 m deep in cohesive socils and
longer than 18.0 m. '

c) for slepes in which rigidity is the determining factor in the
design

d) where water table difference in and cutside of the excavation
exceed 5.0 m.

e) where difficulties with respect to lcad capacity of the retention
zone are suspected, or where vague soil conditions exist-

f) where deformations or anchor failure could cause economic damage
or pose a threat to human lives.

The arrangement of the monitoring system should be proposed by the
project engineer and decided upon by the field superintendent in due time
before beginning the work. The monitoring system project as well as co-
ordination of measurements should be done by an expert in this field.
Specially developed computer programs can be used for the interpretation
of measured values and evaluation of the accuracy of assumptions concerning

s0il mechanics (3). It is important to bear in mind the time factor when
preparing the measuring equipment and carrying out any preliminary operations
(drilling holes for slope indicators placement, etc.). Practice shows that

in most cases a monitoring system is only installed after visible deformations
occur, making possible only relative statements concerning the condition of
ground movements.

Mz Sy emer  5ncln ne Made

a) Dbefore beginning the work

b) at each stage of excavation

¢} at least once about three weeks after the final excavation stage

d) for permanent anchoring, four (4) times per year during the first

year following the final excavation stage, twice yearly during
the next two years, and once yearly in subseguent vyears,

(3) Foundation Works pocket-hock, vol. I, 2nd edition, published by
W. Ernst & Son, Berlin, l1966.
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e) several times as needed for establishing structural deformations
or increasing/decreasing anchor prestressing forces.

Monitoring the corrosion protection of anchors is of great importance
for permanently anchored structures. Such monitoring can be accomplished

if:
a) reference anchors are installed

(Reference anchors are additional anchors which are installed

in the same manner, under the same conditiens, including soil
conditions, and with the same corrosion protection. These anchors
must be installed in such a way that the entire lenqth of the
tension member can bhe removed.)

b) anchor systems are used where monitoring is possible by removal
of the tension member.

(The anchcring system must provide for the removal of the whole
tension member, as in the Duplex system.)

PRELIMINARY ANALYSIS AND DESIGN

The project engineer must have comprehensive knowledge of material
technology, soil mechanics and rock mechanics for the analysis and dimen-
sioning cf anchors.

The basic factors used in the analysis and dimensioning processes are:
- The planning basics

- The material properties and the permissible locading and deformations
of the individual structures and of the foundation.

The analysis and dimensioning of the anchors shall take intoc account
their specific task. This includes:

- Determining the working load, VG

- Determining the calculated free anchor length, lfr
- Selecting the stressing load, VO

Also to be taken into account are:

- The possibilities of movement of the structure

- The rigidity of the structure

- The compatibility of the movements of the anchors and the anchored
zZone
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- In the case of soil anchors, the behavior especially of clayey
ground during pre-stressing

- In the case of rock anchors, anisotropy, inhomogeneity and dis-
continuities of the rock

The following lcads are to be taken into account:

- Dead weight of the ground and of the retaining construction
- Water pressure

- Permanent loads {(e.g. building)

- Working lcads and live loads

-~ Any dynamic loads

The stability of the structure and the foundation is to be proven
also for the relevant construction stages.

The calculations are to be documented and are tc be dated and signed.

So1l Anchors

The working load, V_, is determined as a function of the tasks the
anchor is to fulfill. Thus, the necessary anchor force, V, for a given
safety factor F can be determined using stability calculations. The working
load V , is determined from the sum of the calculated earth and water pres-
sures.S when calculating the water pressures, all water levels are to be
examined.

In the following two cases the procedure to be adopted is this:

For stabilizing hillsides: the working load of the anchor is determined
using stability calculations whereby, on the slipping body, only the
forces of anchors cut within the calculated free anchor length, i.e.

in the anchored zone shown in Figure 10, may be taken into account.

For single and multi-anchered walls: This standard for calculating
the working load requires that the earth pressure from the dead weight
of the ground and from a uniformly distributed live load, p, 1s uni-
formly distributed over the excavation depth, h (rectangular distribu-
tion in accordance with (4), see Figure 13). The water pressure 1s
not affected by this.

(4) Terzaghi, K., and Peck, R.B., Soil Mechanics in Engineering Practice,
John Wiloy & Sons, Inc., New York, 1967.

36



SN el g N SN

AR P sl i 5

>

YITIrxT

Level of the une

y disturbed ground

Figure 13. Earth pressure of the dead weight of the ground and
distributed live load {rectangular distribution) in
the case of singly and multianchored walls.

The earth pressure resulting from linear loads and individual locads
is also unformly distributed over the depth of the foundation.

The reliability of attaining the computed passive earth resistance
when stressing the anchors must alsoc be considered.

In special cases, the earth pressure can be determined using a dif-
ferent soil mechanics method. 1In addition, large linear and concentrated

loads must be specially allowed for.

For instance the SI System is given by:

e, = 1.3 (O.SKa 0O gh + Ka 5
Where:

ea : Active horizontal earth pressure

K, : Coefficient of active earth pressure

p : Bulk density of the moist earth

g . Acceleration (~ 10 ms %)

h : Assumed depth of excavation
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p : Uniformly distributed live load

Y : Unit weight

The dimensioning of the calculated free ancher length, 1f , depends

on the purposes of the anchored zone:

r

- Increase of the safety factor F against slipping
- Establishment of a stable ‘'prestressed" body in anchored walls, etc.

- Use of an adequate mass for stability against uplift.

The calculated free anchor length is determined by the stability
conditions. 1In the case of slip areas in the anchored zone {(see Figure 10)
the anchor forces, V, in kN/m1 are to be taken into account. The anchor
forces, V, are to be fixed by the project engineer in each case depending
on the conditions.

In this case, the upper limit values are as follows: V <V

S
Vv <V
-V
Vv < FV
— G
where
VS = Fe o] Load when the stress in the tendon is O {nominal
270 galue of the yvield stress) 2.0
VV = Limiting load of the fixed anchor
VG = Fg Og Calculated working load
F_ = Cross-sectional area ¢of the tendon

In the case of slip areas through the anchorage zone (see Figure 10)
no anchor forces may be introcduced into the stability calculation.

The fixed anchor shall be capable of reliably transmitting the forces
of the tendon into the ground up to the failure point of the former.

The anchor system provided and the installation methods are generally
to be tested for suitability in the ground in guesticon using test anchors.

If there are no test anchors or no practical experience has been

gained in comparable ground, the estimated values given in Table 5 can be
used.
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Table 5.

The load-bearing capacity and fixed

anchor length in the ground.

[
Type of ground

Load-bearing capacity/VU

Fixed

anchor length
Unconsolidated Consolidated 1
deposit deposit v
Sandy gravel up to 600 kN up to 1000 kN 4...7m
Silty sand up to 400 kN up to 600 kN 4... 7 m

Neote: 1 kN = 0.2248 1b (f{crce)

3.279 ft

—
=3
i

Rock Anchors

The behavior c¢f the rock anchor with regard to its direction of
pull is not only dependent on the strength of the rock, but also on the
stratification, fissuring, et¢. Rock stabilizing work using anchors whose
test load, V_, is under 200 kN is generally dimensioconed not on the basis
of static ca?culations, but on experience. For these anchors the calcula-
tions required in this section can be dispensed with.

The working lecad, V_, is selected so that the part of the rock in
question remains stable.”

For stabilizing hillsides: Same procedure as for scil anchors;
sliding surfaces are, however, determined mostly by the fissuring
and stratification.

For cavities (tunnels and caverns): anchor forces and anchor lengths
cannot be determined independently of each other. They both have to
be selected beforehand and then tested in successive calculation
steps and matched to each other so that the rock arcund the cavity
remains stable and no impermissible deformations occur.

The calculation of the free anchor length, 1fr , 18 the same as that
in the case of scil anchors unless it 1s determined togethery with the
anchor force.

The anchorage in the rock shall be capable of reliably transmitting
the forces of the tendon into the rock up to the failure of the former.

The anchor system provided and the installation method are generally

to be tested for their suitability in the given rock by means of test
anchors.
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If there are no test anchors or no practical experience in comparable
rock available, the estimated values given in Table 6 can be used.

Table 6. Load-bearing capacity and fixed anchor length in the rock.

Type of rock Load bearing capacity.Vy Fixed
— - anchor length,
High degree of Low degree of 1
fissuring fissuring Y
Granite, gneiss,
basalt, hard up to 2000 kN up to 4000 KN 4 ... 7m

Timestones and
hard doiomites

Soft limestones,
soft dolomites, up to 1200 kN up to 2000 kN 4 ... 7m
hard sandstones

Safety Factors

The classes of anchors are fixed in accordance with the degree of
risk and service life and are used in selecting the required safety factor.
They are classified according to the magnitude of the consequences which
would occur if the anchor fails. Anchor classes are gilven in Table 7.

Table 7. Definition of anchor classes.

Degrees ot risk Class
Temporary Permanent

Anchors whose failure would

have few serious conseguences

and would not endanger public

safety and order 1 4

Anchors whose failure would

have quite serious consequences,

but would not endanger public

safety and order 2 5

Anchors whose failure would

have serious conseguences and

would probably endanger public

safety and order 3 o
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The anchor safety factor, S, is the ratio of load-bearing capacity,
VU' to the working load, VG:

w
0
cﬁlc<

The following relationships between anchor forces are to he
adhered to:

Temporary Anchors E Permanent Anchors
v < 0.95 VWV Vv < 0.9 V¥V
p - s p - 5
v Z1.15 Vv VvV 2 1.40 V¥
P p G
v, <1 Vv v. <1 Vv
G - — 8] G - = U
S S
vV < 0.75% V V. < 0.7 v
- u o - > U
where:
v = Fe Op : Test load during anchor test and stressing test
P
VS = Fe o] : Load when stress in the tendon is ¢ {(nominal
2:0 value of yield stress) 2-c
VG = F, OG : Calculated working load
< VZ : Load-bearing capacity of the anchor, the smaller of
v the two values Vv and V
U . 7 \Y
v
v =F BZ : Failure load in tendon (nominal value)
zZ e
Vv : Limiting load of the fixed anchor

The safety factor of the anchored structure against slipping, F, is
the ratio of the shear strength of the ground to the shear stress.

The project engineer shall fix the safety factor against slipping in
each individual case.
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The safety factors F given in Table 8 are the usual ones for
retaining walls in soil and only apply to calculation methods in which
instability of the sliding body would occur when the safety factor F = 1.
They only apply for the area of influence of the structure.

Values of 5 depending on anchor class are given in Table 8.

Table 8. Safety factors, S and F, as a
function of anchor class.

Anchor Classes S _F
1 and 4 1.6 1.4
2 and 5 1.8 1.4
3 and 6 2.0 1.5

DETAILED ANALYSIS OF WALL-SOIL-ANCHOR SYSTEM

The static analysis of an anchored retaining wall consists of the
following steps:

1. Calculation of the cross-sectional dimensions of the wall

a) Determination of the coefficient of active earth pressure
and the passive earth resistance for the scil layers present.

b) Determination of the effective earth pressure and water pres-
sure, possibly taking into account the influence of ground
water flow.

c) Assumpticn of a pressure redistribution diagram and calculation

of the required depth of embedment.

d) Calculation of the shear forces and bending moments in the
wall.

e) Estimation of the necessary anchor forces.

2. Calculaticn of the stability with respect to sliding along deep-
seated bedding planes or in weakexr layers.

3. Calculation of the overall factor of safety with respect to sliding

for the whole system.

4. Check on the stability with respect to hydraulic conditions
(piping etc.).

The extent to which all calculations, except la), must be repeated
for all stages of construction or constructional circumstances depends on
the ability of the design engineer to judge the behavicr of the structure.
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In any case, however, the condition at the deepest level of excavation and
at the end of construction must be investigated. Separate investigations
for case 4 are generally only required in special cases.

The retaining wall acts as a cantilevel, a singly or multiply supported

beam. Its lower end is elastically embedded or due to passive earth re-
sistance or an underlying rock layer is held horizontally or fixed completely.

Earth Pressure Coefficients

The following earth pressure coefficients are determined separately
for each soil layer..

A) DNctive earth pressure

the coefficient of active earth pressure for a horizontal ground

surface, K is given by

ah’

an cos? @ DR 8+
[i + [sin b sin(d + &)
\ . cos §
where

$ = the angle of internal friction for the soil layer

¢ = wall friction angle

the coefficient of active earth pressure for a sloping ground
surface, K is given by

h, B,

cos? ¢ N e )

Kah, B =

1 +Jsin(¢ - B) sin(¢ + §)

cos 6 cos éJ
where

f = the angle of the surface of the backfill with respect to
the horizontal

Thoe wall friction angle, ¢, iIs positive if the soil moves downwards
relative to the wall. The angle & depends essentially on

1) the shear strength of the soil
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D.

2) the surface roughness aof the wall
3} the way the wall is introduced into the ground
4} the relative movement between the ground and the wall

For bulkheads, sheet pile walls and cast in-situ concrete
walls, generally, it may be assumed that

§ =+ 2 ¢' and for slurry trench walls & = + 1 ¢', provided

3 2
the vertical forces are properly transmitted to the underlaying
layers. If it cannot be demonstreated that Zv = O then a
smaller or even a negative value of § must be taken. However,
the absclute values of § cannot exceed 2 ¢' and 1 &', respectively,
in the calculation, 3 2

Earth pressure at rest

The coefficient of earth pressure at rest, Koh' is given by

K =1 - sin b . . . . e e e e e e e e e e e e .
oh

"Increased" active earth pressure

The coefficients for an increased active earth pressure, K .
are obtained from a combination of active and at rest earth
pressure

Passive earth pressure

The coefficient of passive earth pressure for a horizontal
surface, Kph' is given by

K = cos? ¢ | o Y
ph _ e ——
f - 2
1 - sin ¢ sin(¢ - 6.) )
% ces ép
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Normally, to calculate the passive earth resistance it is
assumed that the bottom of the excavation is horizontal. The
sign of the wall friction angle is negative. For 6 < -320° the
Kp - values may be more critical for a non-planar slip surface
wigh ¢ = -¢. Both cases are investigated, the smallest K n”
value applying. P

The earth pressure magnitudes, e , at the upper and lower inter-
faces of each layer are determined by multiplying the self-weight
of the soil by the earth pressure coefficients. They are reduced
for active and "increased" earth pressure, due to the cohesive
compenent, by the amocunts

1 . J ‘_
he, o = -2¢ ‘\!Kh,B cos§ (L - k) . . . . . . . . .. ... (D
and
bhe, = ' B 5
& = -2c Kh cosd (L -K) . . . . . . ... ... . (8)
respectively,

The reduction applies, however, only in so far as the resultant
earth pressure due to self-weicght; cohesion and distributed loads
do not become negative.

Stepped slope surface

In the case of a stepped slope behind the wall and several soil
layers, the earth pressure is calculated such that for all sections
of the ground surface, lines of earth pressure distribution are
constructed from the point of intersection with the wall of the
line drawn horizontally from the given section.. Starting with the
first section each successive section is taken in order (Figure 14).

The procedure can also be used, in special cases, for the calculation

of the passive 2avrth vesistance.

Water pressures

The water pressure due to ground water on the back of the wall at
a depth =z 1is given by

WH + 1.0 (z - ZGW). T )

Refer to figure 15 for definition of symbols.
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Figure 14. Earth pressure due to self-weight.
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Fiqure 15. Water pressure w 1n the case of pervious layers.
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The counter water pressure on the front of the wall is

R N R P XD

so that the net water pressure acting on the wall 1is

w(z) = Wy + W sos e e e e e e e e (11)

These expressions are valid only in the absence of ground water
seepage.

Seepage

In general, the forces acting on a soil grain are its weight

and the buoyancy force. If a ground water flow 1s present there
is in addition a seepage force, w, which is a body force acting
in the direction of flow

in which i is the hydraulic gradient and Y the unit weight of
water.

If the seepage force acts in the vertical direction the unit
weight of soil v 1is meodified by the amount Ay = + i Yo Faor
downwards flow Yl is increased:; for upwards fldw it is decreased
Likewise, the préssure losses connected with the flow of water

can also be handled by correcting the water's unit weight,

i.e. Ay =1 Y The unit weight Y i1s reduced for downward flow
and incr¥ased for upward flow.

For homogeneous soll conditions the hydraulic gradient along a flow
line is constant.

If layers are present with different coefficients of permeability
the hydraulic gradient in the m-th layer is found as follows:

i = R G 3

o

in which Ah is the driving head (i.e. the difference between the
water levels on either side of the wall), di is the thickness of
the i-th layer (assuming flow is normal to the layer) aﬂd‘ki is

the corresponding coefficient of permeability (Figure 16).

PT'
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Flow through layers of differing permeabilities.

The distribution of water and earth pressures acting on the wall
under the influence of seepage pressures is explained with the
aid of Figure 17.
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a) water pressure force

Pigure 17.

AN AN IRIEANN RN Z4N

4
S Y A4

a o

~Z

3 3 A_d
| (y + lle) ad,
b
4

(y +1v)Aad
1 2 W a 2

A =

e

-1y YA d—]
3w a 3

-1 v )X 4
(YI lqu) 7

coefficent

appropriate earth pressure

b) seepage force influence
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If the seepage force acts together with the buovancy force the
conditicn may arise, whereby the grain matrix in the flow

region attains a weightless condition. The corresponding
hydraulic gradient is called the critical hydraulic gradient.
Under these circumstances the "quicksand" condition may occur,
which causes a loosening and "piping" in the soil layers located
under the ground water table.

The factor +f safety against piping, v, which is defined as the ratio
of the inrergranular pressure without seepage to the intergranular
pressure ror the seepage condition, is checked for every layer inter-
face in the area of the embedded part of the wall, i.e. on the
excavation side of the wall. Referring to Figure 18 the potential
difference is calculated for each interface. The seepage force is
assumed to act vertically, opposing the overburden force. Soil
cohesion 1s not considered 1n this analysis.
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p
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Figure 18. Illustration of computations for factor of

safety against piping.
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Earth Pressure Due to Traffic and Other Avplied Surface Loads

Traffic loads and the weight of buildings are represented by strip
loads at a distance between X and x_ from the wall. They act at a depth
zq below or above the top of %he wal%.

The following assumptions are made with respect to the earth pressure
on retaining walls due toc surface loads.

A) Active earth pressure

The influence of the load in terms of earth pressure begins at a
depth z  determined by the line drawn at an angle ¢ from the
nearer "edge of the load through the various soil layers, its
direction changing at layer interfaces as ¢ changes. The lower
limiting depth, 2., is given by a line inclined at O = 45° + ¢/2
respectively in each laver, starting from the same point at the
inner edge of the surface load, unless the lcad is of limited
extent, in which case it starts at the far edge.

1) strip load (Figure 19a)

For homogeneous ground the total active force per unit length

of wall, AE , due to the surface load Q = g (x_ - x_) is
ah’q E A

A “sin(8 - ¢)

cos(8 - b - &)

cos & N 1 -

Eah,q =0

For layered ground the arithmetic mean of the values of ¢, 8
and ¢ ars taken for the soil between the depths z, and zg. For
the assumption of a rectangular pressure distribuiion the earth

pressure, e between points Z¢ and Zg is

ah,q,

eah’q = AEah’q/(Ze - Zq)) T )

2) distributed. surface load of great extent (Figure 19b)

The earth pressure due to surface applied pressure ¢ . reaches
the full value below a depth Zq equal to

e B R 8 § 3
ah,qqah

whereby Xih is the active earth pressure coefficient (horizontal)
terrain) of the corresponding layers. Between z¢ and z_ the
earth pressure due to g increases linearly from 0"to the full
value.
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Figure 19. Earth pressure distribution due to traffic
‘ and other applied surface loads.
3) Line lead acting normal to the excavation wall.
It is proposed that a line locad P normal to the wall

should be treated as a strip load of width 2a, whereby
a = XA + XE is the mean distance from the wall.

ah,p ——— K e O

Since this assumption is only justified for short load
sections, a longer line load should be considered to be
composed of several shorter parts.

B) Earth pressure at rest (Figure 20)

1) strip load

The earth pressure coordinates are estimated, using elastic
half space thecry for cohesionless soil and normally consoli-
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dated cohesive soll with the concentraticn factor n = 4,
as follows:

e =q (ein’ B -ein’ B . ... . ..., . i18)

and for overconsclidated cohesive soils with the concen-
tration factor n = 3:

e =g {(f -8B + sinB cosB - sinB cosB ) . . . (19)
oh,q T 2 1 1 1 2 2

The angles B8 and B are defined in Figure 20.
! 2

The earth pressure begins to act at the depth of the line

load, or for negative values of z at the top of the wall.
q

{r

NN AR AN N

q

i

N

w

Figure 20. At rest earth pressure distribution due to traffic
and other applied surface loads.

2) distributed surface load of great extent

The earth pressure coordinates, e for distributed lcading
of great extent (x_ approaches ohsq. infinity) are determined
with the use of thé coefficient of earth pressure at rest,

Koh, 1.e.:

S GK e 20
Con,q = Fon (20)
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The distribution of the earth pressure is analogous to
Figure 19b.

3. line lecad acting normal to the excavation wall

For a concentrated load P applied at a distance x from the

wall, the horizontal earth pressure distributed, e for
N = 4 is: OnrF
22
oh,p = 2x“z Bt e e e e e e (21)
a 2 3

and for n = 3:

3x%z A -2
s/2

eoh

i

e .
2M (%% + z%)

in which z = z - zp

By integrating in the x - direction one cobtains for a line load
= P/{x_ - x_) For n =4:
P E A’
_ 2
e p X zZ Xz
oh,p an - +
' S P 2 — o242
X"+ z (x* + 2z °)
e

N||}—‘
V]
o
o
o}
TN
ST -
\_./
&)
S
w

“Increased" Active Earth Pressure

The increased active earth pressure for surface loads 1s composed,
analegous to eqguation (5), of the (I-k)-th earth pressure line for the
active earth pressure and the k-th earth pressure lipe for at rest conditions.
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Earth Pressure in Relation to Deformation

The earth pressure acting on sheet pile and excavation walls depends
upon the stiffness of the individual systems and may, to a certailn extent,
be traced back to four basic types, (Figure 21). For unanchored sheet
pile walls depending upon embedment alcne for stability, a linear earth
pressure distribution corresponding to the wall movement is obtained
(Figure 21a). A wall supported elastically at the ground surface level
and embedded at its lower end can only deform like a simple beam, since
there is a point in the wall which deoes not displace laterally. This point,
which acts as a pinned support, is located near to the bottom of the wall
(Figure 21lb). If the wall is supported at the top and embedded only a
small amount at its base or is completely free, then the bottom can displace,
rotating about the top end together with a bending action. This combination
of deformation modes leads to a greater redistribution of earth pressure
(Figure 21¢c}. Multiply-supported walls deform more or less in a uniform
manner and the wall moves approximately into a parallel position. The earth
pressure distribution thus lies intermediate to the previous pressure dia-
grams corresponding to the deformation shown in Figure 21d4.

o o ey Ay TG
{ *
o :
e
. i
- -’-s{j
€ -~-- :\I .- !
a) wall embedded in soil and not anchored b) wall anchored at the ground
{fixed earth =support) surface and embedded in soil

(f}xed earth support)

T TATIR TR ¢
IN ) .—: N
_— .
' E \
1 |
i3 ' N
i !
- N ; N
T L) -

e} wall with free earth support and A} multiply-supported wall with

anchored at ground surface free earth suppart condiftion
Figure 21. Earth pressure in relation to wall deformation,

The magnitude and distribution of the earth pressure on tied-back excavation
walls depends on whether the anchor is prestressed or fixed, and if pre-
strescsed, what force it 1s stressed to. The earth pressure, which governs
the size of section, does not exhibit the classical form, according to
Figure 22 when the anchors are not designed for at least 80% (for active
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Figure 22. Pressure diagrams for anchored
excavation walls (examples).

conditions) or 100% (for increased active pressure conditions) of the cal-
culated forces for each of the constructional stages. If the anchor forces
are fixed at substantially lower values the earth pressure distribution is
largely determined by the interaction of local factors, such as live load,
dead load, soil type, degree of restraint of the bottom of the wall amongst
others and cannot be calculated straightforwardly. :

Within certain limits, especially in connection with the rigidity of
the excavation wall, any desired earth pressure distribution can be brought
about by a particular arrangement and prestressing of the anchors.

For instance, if it is required that the distribution be changed con-
siderably towards the top of the wall, e.g. with an earth pressure diagram
whose resultant lies in the upper half of the wall, then it is necessary,
for multiply anchored walls, to make the upper anchors longer than the lower
ones. Otherwise, the anchor lengths are designed with respect to conditions
of stability for the deep-seated bedding planes and of overall stability.
The effective cr redistributed earth pressure is superimposed with the pres-
sures due to surface loads.

Base Restraint and Passive Pressures

For an excavation wall whose bottom is not embedded in bedrock it must
be demonstrated that the passive resistance provides a base restraining force
of adequate safety factor, n. That is AaCting E—Apermissible .

A is given for the following conditions:

acting
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- for elastically embedded sheet-pile and cast-in-place concrete
walls, A . is the sum of the positive spring forces (i.e. no
. %Ctlng :
tension forces are allowed).

- for sheet-pile and cast-in-place concrete walls considered pinned
at the level of the resultant passive force, A is the soil

. . . actin
reaction or the passive resistance. g

- for pile walls free to rotate about the line of the resultant pas-

sive force, A ot is given by the soil reaction (passive resist-
ance) reduced®® lng by the active earth pressure at the bottom of
the wall. :

- for fully restrained sheet pile and cast-in-place concrete walls,
is given by the shear fecrce at a height z corresponding to
load point, plus the restraining force at®the theoretical
bottom end (i.e. the force required to maintain egquilibrium of
horizontal force components) plus the water pressure between z, and
the theoretical bottom end.

A .
acting
ZE&Y¥O0

- for fully embedded pile walls, Aacting is given by the shear force
at the level of excavation diminished by the active earth pressure
between excavation level and the theoretical bottom end, plus one-
half of the restraining force at the theoretical bottom end.

Apermissible is given for the following conditions:

- for sheet pile and cast-in-place concrete walls elastically embedded
or free to rotate at the base and under the condition of earth
pressure at restf and for pile walls"Apermissible 1s‘glven by_the
area of the passive earth pressure triangle eph/n at the actual base
of the wall.

- for sheet pile and cast-in-place concrete walls elastically embedded
or free to rotate at the base under active and increased active earth
pressure and for fully restrained sheet pile and cast-in-place con-
crete walls, A is given by the area of the earth pres-

i permissible
sure triangle e = - e

rh = %on ah’

For completely fixed sheet pile and cast-in-place concrete walls
tbe vglue ApermiSSible a¢cording to the apprgpriate equation is

distributed triangularly and superimposed upcn the ef-
fective earth pressure.

Earth Pressure Redistribution

The active and increased active earth pressures due to self-weight
of soil and applied surface leading, as calculated in the previous sections,
may be subject to redistribution; see Figure 22 for examples.
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There is no redistribution in the case of

a) unanchored cantilever-type walls, and
b) always when a redistribution is excluded

Alsc, water pressures are not subject to redistribution

A} Redistribution of active and increased active earth pressures
in the case of Berlin-type retaining walls

The earth pressure diagram resulting from self-~weight, live
load and surface load due to buildings 1s, down to excavation
level, changed to a diagram having the same area, and shaped as
shown in Figure 23.

FAWNFANTAANNZENATDN

T Trapezcidal
redistribution

redistribution

a) doubly supported b} singly supported
Figure 23. Example of earth pressure redistribution

for a Berlin-type retaining wall.

B) Redistribution of active and increased active earth pressure in
the case of sheet pile and cast in=-situ concrete retaining walls

Belaw the excavation line a passive resistance (passive earth pres-
sure divided by the safety factor, N) reduces the earth pressure
to the wvalue

5] - e

rh ah eph/n

At a depth z, the pressure reduces to zero.

Figure 24 shows the redistributed earth pressure diagram for this
case.
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Figure 24. Example of earth pressure redistribution
for sheet pile and cast in-situ retaining
walls under active earth pressure conditions.

C) Redistribution of active earth pressure due to self-weight of

soil in the case of sheet pile and cast in-situ concrete re-
taining walls

If the earth pressure due to self-weight of soil only is re-
distributed the wethod illustrated in Figure 25 is followed.
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a) calculated earth pressure

Figure 25. Example of the redistribution of earth
pressure due to self-weight of soil.
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D) Earth pressure at rest in the case of sheet pile and cast
in-situ concrete retaining walls

If the wall is supported at two or more positions the earth
pressure at rest due to self-weight of scil remains constant

from the lowest anchor level to the bottom of the wall (Figure 26).
To this reduced pressure diagram the earth pressure due to traffic
and the dead weight of buildings is superimposed over the full
height of the wall.

_ reduced e - line
z ch

! —_——

g \f_ original eoﬁ‘— line

Figure 26. Reduction of the earth pressure at rest.

Statical Analogy of Retained Wall

The static analecgy of the anchored wall 1s that of a continuous beam,
which is fixed against lateral displacement ({(earth anchors) at the support
positions and loaded by earth and water pressures. Support movements can be
regarded as follows for varying conditions. Concentrated forces or moments,
e.g. due to basement floors which are connected to the wall, may act on the
wall along its height. The top of the wall can be assumed to be free or
pinned or fixed against rotation or completely fixed (noc displacement later-
ally or rotation). For the bottom support condition beneath each excavation
level the fecllowing assumptions may be applicable:

- The bottom is supported by an elastic spring.

- The bottom restraint accecrding to Blum's theory may be calculated.
Beneath the point of zero loading, z_, (= excavation depth in the
case of Berlin type retaining walls, or the position of zero lateral
pressure for sheet pile and diphragm walls) a traingular counter-
pressure is assumed.
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Design of Diaphragm Walls Free at the Top and Fixed at the Bottom
(fixed earth support)

Earth resistances are developed on the left and right sides of a dia-
phragm wall embedded sufficiently toc be fixed in the ground, i.e. E and
E in Figure 27. To determine these resistances, the position of P

PL the transition from E_; to E , TMust be known. An exact analysis is
not possible. The analysis for a wall pinned at the top end and fixed at
the bottom is usually carried out with sufficient accuracy using Blum's
theory.

A) Blum's elastic line theory by graphical procedure

The loading diagram shown on Figure 28 was developed by the

methods already given. The diagram is constructed by using

the wall, earth, water, and tie rod elevations in unit lengths,

the lateral earth pressures in force per unit area and

the total lateral loads in force per unit width ot wali to any
convenient scale as shown, To take into account the increase in
the passive pressure of the earth when the piling is driven into
undisturbed, compact earth, Blum recommends increasing the passive
earth pressure coefficient by a factor up to two. In this case the
passive resistance on the left side of the wall is considered to be
fully effective down to the theoretical bottom point, and the slope
of this porticn of the leocading diagram'is given by (1.5 K - K
At the bottom point the passive resistance is replaced byp

a concentrated load, whose magnitude is determined by graphical
solution. '

ah)

The upper support (anchor or bracing) is considered to be a non-
yielding, pinned support and the foot of the wall is considered
to be completely fixed. The depth of embedment, tz’ is initially
assumed and later corrected in the course of the solution.

The total height of the wall (length of beam) is divided into any
number of convenient sections which need not be all of equal width.
For each area the earth pressure is considered as a total concen-
trated load acting through the center of gravity, the magnitude of
the lcad being determined by scaling off the mean length of the
strip.. A vector diagram (E-force polygon) is then drawn as in-
dicated. On a horizontal base line, commencing at the right and
moving from left to right, the successive, loads for the sectiocns
from the bottom to the top (E to E ) of the equivalent beam are
laid off end tc end. A pole 10 disténce, H , is chosen to some
convenient scale approximately equal to E 1/3 Z E_, and the
remainder of the loads E to E are laid off as indicated. The
lateral location of the !! pole}7 E , is chosen at any convenient
location. 1

The moment diagram is then constructed by starting at peoint 0 and

constructing the first segment parallel to ray number 1. The
moment diagram is completed by constructing succeeding segments
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parallel to rays 2 through 17 respectively.

The point A 1is

located by extending the first segment to intersect the anchor

force,
diagram with the elevation of zero force

The point B is fixed as the intersection of the moment

on the loading diagram.

The line extended through A and B is used to locate polnt C as
its intersection with the moment diagram as indicated on Figure 28.

The maximum moment at segment 6 1s given
(2500 mm) times 10.0 Mp equals 25.0 Mp -
The graphical method of constructing the
based on the fact that the area enclosed

by the y ordinate
m.

deflection diagram 1s
by the moment diagram can

pe designated as an "elastic weight" with which the beam is loaded.
The deflection curve then bears the same relation to the moment

curve as the moment curve does to the pressure diagram. These
"elastic weights” F,, F;, etc., pass through the centers of gravity
of the strips into which the area between the moment curve and the
base line is divided. These strips need not be of equal width, and
in Figure 28 their boundaries are the lines of action of the loads

E , E , etc. Each F value plotted is just equal to the area of the
aﬁproﬁriate strip between the moment diagram and the base line. When
drawing the PF-force diagram it is convenlent to start at the bottom
of the beam, 1.e. at F17_ In order to make the base line of the
deflection diagram vertical it is necessary that the last ray (F17)
of the F-force diagram be vertical. The zero line cof the

deflection diagram intersects the anchor line at a distance

Af' = 1.40 m from ray 17 extended.
Thus the wall would vyield at point A. However, as the wall must

be fixed at A (unyielding anchor suppcrt) the finalclesing line must
be directed through A such that Af' = 0. Thus the closing line

must be displaced at the font of the wall by an amount Ay either

to the left or to the right of C.

earth pressure

RS TSI TS R AT, fixed earth suppecrt

epl = earth resistance left
e = earth resistance right
s- -
gl &

Distribution of earth pressure and passive

resistance for a diaphragm wall, top free
(restrained only at anchor level) and bottom

fixed.

Figure 27.
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B)

If we designate the side AC of the error triangle ACC, as 1,

we obtain its area F = 1Ay/2. If this area is assumed to act as a
load, the necessary deflecticn Af' = 0 results. Thus it follows
that

Af' H_ + 1lby

== 2
F 2
3H
py = OF F . (25)
12
For this case
py = 242 C 146 m
(10.7)2

By displacing the point C by this amount one obtains the point C .
If Af' lies to the left of the base line, AY must be the distanc8
to the right of C, and vice versa. In this way the correct position
of the closing line and of t 1is obtained. The depth of embedment
is ©
t=rg 2t oo oo (28)
1.12 + 1.2 (4.02) = 5.29 m

The factor 1.2 provides a margin of safety.

By transferring the final line to the E-force diagram one obtains
the anchor tensile force A = 19.30 M_. The maximum bending moment
is cobtained from the moment area, i.e.

max M = max y (HE) e e

Blum's equivalent beam method

The equivalent beam method is a simplification of the graphical
solution described in the previous section. Since the moment dis-
tribution of the wall, which is free at the top end and fixed by
embedment in the ground, shows a zero point near the base, at which
- apart from the axial force - only a shear force is effective,
the wall can be replaced by two beams hinged together at the point
of zero moment.- The upper part can be taken as a simply-supported
beam, while the lower part acts as a beam pinned at c¢ne end and
fixed at the other. Since the design of the diaphragm wall is
decided by the maximum bending moment it is sufficient simply to
design for the upper beam (Figure 29). The point of zero moment,
BO, the lower end of the beam, can be assumed, according to Blum,
to lie at the depth of zero loading.
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idealized wall
loading diagram moment diagram

e BN

p >

o

FFigure 29. Eguivalent beam method.

The beam shown in Figure 29 is then statically determinate with
the assumed loading and end conditions.

loading diagram

moment
diagram
b WY VNN
S si= \
[ N
2 = 4
//
= R

Figure 30. Loading and moment distribution.

The theoretical depth of embedment, t_, can be determined from
the equilibrium conditiong for the lower beam {(Figure 30}. The
moment, M, at a distance, z, from B, amounts to
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M=B z-%Y{(K_ -K )z
° th rFa g
For M = 0 obtain
1
6B
s = o) e 4}
K - K )
v ( o pa
and
X
¢ - & + 6Bo e e e e e e e e e e e e e (29)
o N K - K
Y(ph pa)
Thus, providing a factor of safety, the embedded depth becomes
63 I
1.2 ° (30)
t o=t o+ © s e e e e e e e e e e
- K - K
N Y(ph ah
The maximum bending moment is determined at the point of zero
shéar force (Q = 0). For alternating layers of soll, especially
~near the base, the point of zerc moment can only be estimated very
approximately. In such cases the graphical procedure is prefer-

able.

Walls Acting as Free Earth Supports

If the wall is not fixed at its lower end, the smallest depth of em-
bedment and the largest bending moments are produced. In this case, the wall
is embedded only deep enough so that the earth pressure (force), E_ whose
action is to rotate the wall clockwise about A, is just kept in equilibrium
by the passive earth resistance, E_ (Figure 31). The condition IM = 0 at
the anchor level gives directly the necessary depth of embedment, while the
condition IH = 0 gives the anchor force. The maximum bending moment
(max. M) lies at the position Q = 0.

A} Blum's method

The moment diagram is obtained as for a diaphragm wall fixed at

its bottom end (Figure 28). The c¢losing line, however, is drawn
from A to be tangent to the moment diagram. The depth of embed-
ment is determined by the point B at which the tangent line touches
the moment diagram (Figure 32).

In order to determine the loading diagram the depth of embedment,
t , is assumed to vary between 0.5 . . . C0.6 h. The pole distance

in the force diagram is set at 0.5 ZEa.
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Figure 31. Diaphragm wall free earth support.

wall loading moment diagram

Figure 32. Loading and moment diagram of wall
acting as free esarth support.

If the point of tangency of the line drawn from A to the moment
diagram cannot be determined with any great accuracy, then the
depth of embedment cannot be determined (Figure 33).

In this case the depth of embedment 1s found with the aid of

the relation

e 0 )

If there is no fixity at the bottom end of the wall then the
maximum bending moment is greater, the depth of embedment, however,
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is less than for a pile fixed at its bottom. The choice of a
diaphragm wall freely supported at its bottom end is dependent
upon firm ground conditions.

anchor

B = from load diagram

n

1 -
. t= tN ﬂ EE
i

Figure 33. Determination of "t" for uncertain intersection

of the closing line.

A Diaphragm Wall Partially Restrained at Its Bottom End,

In exceptional cases partial fixity of the wall may be required. If
for example the wall thickness is insufficient to permit the simple support
condition at its foot or it cannot be made long enough for complete fixity,
then a partial embedment condition is chosen.

The analysis procedure is practically the same as for a wall unre-
strained at 1ts foot.

Since in this case the depth of embedment is given, then the position
of the point C or the value of tO can be estimated. Thus,

t -ty S 12

t+ —_—
e} 1.20

In investigating a diaphragm wall with partial fixity the moment
diagram is drawn using the Blum's method previously described and the
estimated depth to is inserted. In this way the point C on the moment dia-
gram is established. By drawing the connecting line A-C the values of B,
max y etc. are found.
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Figure 34. Anchored diaphragm wall with free earth
anchor support condition.

Multiply-Anchored Walls

In the case of multiply-anchored walls the same assumptions can be
made as described previously. The exact calculation is carried ocut by
varying the depth of embedment until the given boundary conditions are ful-
filled, i.e. for complete restraint of the foot {(fixed earth support) the
bending moment condition applies, and for the free earth support condition
the resultant of the passive resistance must egual the support forces in
the beam. For the fixed earth support the depth of embedment below the
center of moments is increased by 20% of the depth below the point of =zero
earth pressure.

Calculation of the Anchor [orces

The calculation of the anchor forces, which support the earth and
water pressures, 1s based urccon the determination of the shear forces in the
continuous beam, whose bottom end fulfills the variously defined support
conditions {fixed or free, etc.). The assumed redistribution of the earth
pressure, which is induced by the pretensiconing in the upper row of anchors,
causes the increase in the ultimate value of the active earth pressure.

This situation can be taken care of in two ways:

a) Dby increasing the effective redistributed earth pressure as
described previously.

b) Dby increasing the calculated shear forces in the beam by a
coefficient F in the range 1.0 to 1.3, depending upon the
position of the anchors.
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In the middle third of the wall height the shear forces can be in-
creased by about one-third.

The calculation of the regquired ranchor forces is made by dividing
the shear forces by the cosine of the slope angle of the anchors with
respect to the horizontal.

The magnitude of the anchor focrces determined in this way should be

checked bv means of a stability investigation.

Stability of Anchored Slopes and Retaining Walls

In the investigation of the stability of anchor-retained walls it is
advantageous to use the method of slices, whereby not only the hetero-
genecus nature of the soil, but also surchage loads and the influence of
individual anchor forces and structural elements can be considered.

The positicn and shape of the most unfavorable sliding surface is
strongly dependent upon the soil constants, pore water pressures and also
the external forces, and, except in trivial cases, are not known beforehand.
The investigation requires, therefore, a large numher of similar calculaticns,
for which an electronic computer and a suitable software package finds good
application.

In the general method of slices the potential sliding mass is divided
up into vertical strips or slices. In all slices the forces due to self-
weight of earth etc., surcharge lcading, pore pressure and earthquake effects
are determined according to the criteria of the particular method chosen and
summed over the whole of the sliding body. Likewise, the influence of ex-
ternal forces, such as horizontal forces, resistances from parts of a stru-
ture and anchor forces, can be estimated in the calculation.

211 methods of analysis can be applied, which are based upon the method
of slices, and for which the safety factor is given by the relationship (5).

F = Mr (resisting moment to driving moment)
Md
or F = Tb {max. possible shear force to shear force acting)
Ta
(5) Otta, L., "Stability Analysis of Tied-back Walls, Slopes, Dams and

Strip Foundations," Third International Conference on Numerical
Methods in Geomechanics, Aachen, 2 - 6, April, 1979.
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In the program the safety factor is represented as follows:

)37/ S 3 0 g X

F'=37n + Zon
71 + 22 + 73
_— zU + LDZ C e e e e e e e e e e (3

~ L (Nl + N2 + N3) + IDN
For the conventional methods of analysis the value of the components
cf the forces in the slices, as indicated in Figure 35, are given in Table 9.

In the methods due to Bishop (6) and Janbu (7), the following equation
is used

§ = 1IN, + IDN, - (ZZ, + IZDZ{)/F . . . . . . . « . . . . . . . (39
1 1 1

Figure 35. Forces 1n tiwe =Soice.

(6) Bishop, A.W., "The Use of the Slip Circie 1n the Stability Analysis
of Slopes," FEuropean Conference on Stability of Earth Slopes, Vol. I,
Stockholm, 1954.

(7) Janbu, N., "Application of Cocmposite Slip Surfaces for Stability
Analyses," European Conference on Stability of Earth Slopes, Discussion,
Vol. ITII, Stockheolm, 1954.
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Table 9. Partial components of forces on slices.

JANBU
Partial Fellenius DIN 4084 - BISHCP without JANBU
component of (1940) {1974) (1954) iteration {1954)
weight and " g1 WS cos? a WS WS WS tan o (WS+T)
vertical load tan ¢
pore pressure 72 -ub -ub - ub -ub tan ¢’ - u b tan ¢)
cohesion Z3 c b/tan ¢ c b/tan @ ¢ b/tan ¢ c b c b
angle ¢ and G ZU cos G/tan cos o/tan b cos o/tan ¢ {1+ tan o (14 tan o
+ sin /F 4+ sin o tan o0} tan ¢/F)
cos?a cos?a
weight and N1 WS sin G WS sin © . WS sin Q WS tan O (WS+T) tan o
vertical load + E
horizontal watey N2 -WH Ys/R ~-WH YS/R -WH YS/R ~-WH -WH
pressure
horizontal earth- N3 EQH WS EQR WS EQH WS EQH WS EQH WS
quake forces ‘ YW/R YW/R YW/R

where WS=W + PV + W EQV and EQV, EQH vertical and horizontal earthquake coefficients.

The solution for S = 0 is sought, whereby the value of Tx is. used in
Janbu's method where

T

T = —tan® CD(N. = Zi). . i e o e e e e e ... 138)
X 1 ——

T F
and & © is the inclination of the idealized line through the center of gravity
of the slice.

The influence of external forces acting on the sliding mass as a whole
is shown in Table 10 with the values corresponding to the information in
Figure 36.

The safety factor for the system as a whole can be checked using circular
or composite slip surfaces and the method due to Krey. For composite surfaces
the circular arc can be extended, if one wishes, by straight pcrtions to the
ground surface corresponding to the passive (left) or active (right) earth
pressure theory, see Figure 37 - 40.

If the center of a circular surface is below the right hand intersection
with the ground surface an overhanging failure surface would result. In this
case the overhanging portion 1is replaced by a straight vertical segment - see
Figure 37. Of course many center locaticons are tried in order to obtailn the
true critical failure surface - see Figure 39.

71



ratle 10. Influence of external forces
JANBU
Fellenius DIN 4084 BISHOP without JANBU
Influence of {1940) (1974) (1954) iteration (1954)
Horizontal DZ - - - - -
lecads 0000000 @ mmm e
DN I (Hi Yhi/R) L(HL Yhi/R) L{Hi Yhi/R) ¥ Hi L Hi
Structural ele- DZ ¥ si I 5i ¥ si - -
ments(e.g. piles)  ——mmm s
DN - - - Si Si
Anchors according DZ L ANCO L ANCO £ ANCO, /F - -
to e.g. (2) == eeemeeieemmececemeeaeaE- e m e e —
DN I ANST I ANST L ANSI - -
i
Anchors according DZ T (ANCO, + ¥ (ANCO K + b (ANCOi/F + - -
i
to e.g. (1) ANSI.) ANSI.) ANSI.)
DN - - - - -
Anchors for Dz - - - :i—1—Ai sin(NA); tang
method Janbu /
. 20,
S - ——r I e
DN - - - Z—(Ai(cos(NA)i + sin
(NA)i tan oy
where &ANCO; = A, cos wi tan ¢i and ANSIj = Ai sin wi.
M
1
MORIZONTAL FORCT
H CROWN 3mAd
- EARTHQUAKE
+ COMPONENT

FOOT
b

Figure 36.
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direction of forces acting.
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Figure 37. Stability analysis of the system as a whole
for one center point; all investigated
circular sliding surfaces are shown.
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Figure 38, $tability analysis of the system as a whole
for one center point: all investigated
composite sliding surfaces are shown.
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Figure 39. Automatic search with circular sliding surfaces;
only the critical sliding surfaces are shown.
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Figure 40. Automatic search with composite sliding surfaces;
only the critical sliding surfaces are shown.
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Safety lactor for Deep-Lying Slip Zone Using Janbu's Method

It is usual in the case of tied-back walls to check the safety of
the wall-anchor-system in deep-lying slip zones, whereby slip surfaces are
chosen which lie mainly within the anchored zone. Starting from a peint A
(Figure 41) beneath the foot of the wall (approximately the point on the
fully embedded length of wall where the shear force equals zerc) the slip
surface passes through the slip zone under investigation up to where it
intersects a chosen ancher B.

The failure surface is extended from a point A with a left-oriented

passive pressure line to the ground surface at I and likewise at B with
a right-oriented active pressure line (point R).

The necessary anchor length at the given depth of anchor (whereby the
grouted length is not taken into account) is estimated by letting the anchor
reach to the slip surface, for which the computed safety factor (with the
potential influence of the anchor) is more than adeqguate. This procedure
is repeated for the remaining rows of anchors. The starting point for the
deep-lying slip zones can alsc be varied (Figqure 42). The results of these
investigations are the estimated anchor lengths and the accompanying slip
surfaces.

The following procedure is suggested for tied-back walls:

1. ©On the basis of earth pressure theory and Blum's theory the
wall is analysed as a continuous beam to estimate the support
forces for all anchor depths.

2. Local factor of safety for deep-lying slip zones may be investi-
gated using Janbu's method.

3. The overall safety factor is estimated. For 'soft' layers sand-
wiched between or adjacent to stiffer layers, if the most un-
favorable sliding surface is close-by, an additional composite
sliding surface 1is investigated, which runs through the soft
layers.

4. For the case of investigated sliding surfaces for which the
specified safety factor i1s not reached, the anchor forces are
increased and if necessary the calculations (2) and (3} repeated.

5. The greater of the anchor lengths calculated in (2) and (3)
above, added to the grouted lengths, are regarded as the required
lengths for the construction.

In the automatic stability analysis in (2) and (3) above, the
computation of the anchor forces in (1) is also indirectly checked,
The critical slip surface corresponding to active earth pressure
conditions almost certainly lies very close to cone of the slip
surfaces investigated and also for this case it must be verified
that the specified safety factor has been attained.
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Figure 41. Stability analysis for a deep-lying slip zone for a
given point, all investligated sliding surfaces are shown.
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Figure 42. Stability analysis for a deep-lying slip zone for
several points, only the critical sliding surfaces
are shown.
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The investigation of the safety factor in deep-seated slip zones
cannot, i1n general, replace the investigation of the complete system:
wall-anchor-soil - and vice versa. In layered ground it is very difficult
beforehand to know which of these stability analyses is going to be the
deciding one for estimating the required anchor forces and anchor lengths
for the individual rows of anchors.

TEST ANCHORS

Detailed tests are carried out on test anchors, in order to establish
fundamental information about the dimensioning of the anchorage body and,
where necessary, the selecticn of the anchor. This mainly concerns proof
of the necessary safety of the fixed anchor. For this, the tendon of the
test anchor is to be adeguately dimensioned.

Geotechnical investigations should be made in the ground formation
area representative of the test anchor site.

The manufacture of the anchors and the excavation of the tests shall
be. supervised by the project engineer. An accurate drilling and injection
record 1s to be kept about each test in order to be able to compare the
test anchors with other anchors which have not undergone any tests. If
the deviations are too large, it may be necessary to construct additicnal
test anchors.

Number of Test Anchors

The number of test anchors in any one project depends on the magnitude
of the project, the heterogeneity of the ground, the degree of risk and
the experience which has been gained in earlier projects carried out under
similar conditions.

If there have been no similar projects previously in a soil or rock

area with the same geotechnical conditions, called "foundation area",
then the number of test anchors is recommended in Table 11.

Cure Time for Grout

The anchor test should not be carried out until the bonding agent
has attained the required strength:

- In the case of cement grouting and cement mortar, generally
a week after the grouting at the cariiest.

- In the case of synthetic resin mortar, after it has keen
established by tests that it has set hard; for this purpose the
samples should be stored at the same temperatures as prevailing
in the area surrounding the fixed anchor body.
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Table 11. Recommended number of test anchors.

Number of anchors whose
fixed anchors lie in the
foundation area

Number of test anchors per founda-
tion area for anchor classes in
accordance with

Class 1 Class 2 and 4| Class 3,
5, 6
up to 20 None None 3
over 20 1% of the | 1.5% of the 2% of the
number,but| number,but number,
at Teast 3] at least 3 but at
least 3

Measurement Accuracy - Test Anchors

puring the anchor test the axial movements of the anchor head, the
movements of the anchor plate and the anchor force in the tendon are to
be measured with the following accuracies: ‘

- Al, movements of the anchor head with respect to the fixed point
and of the anchor plate in an axial directlon (Alk):

absolute accuracy 2% of Alr, the calculated elastic elongation of

the tendon

relative accuracy 0.5% of Alr

- As, movements of the anchor plates (defermation of the foundation
or the anchor head support):

- absolute accuracy 2% of Al

r

- relative accuracy 0.5% of Alr

- Anchor force in the tendon {behind the anchor head):

absolute accuracy 3% of VD

relative accuracy 0.5% of Vp

The movements shall be determined from a fixed point.
temperature are to be taken into account.

The effects of
The force measuring instruments

are to be calibrated periodically as reccmmended by the manufacturer.
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Performance of the Test

The anchor test is an aid in selecting and dimensicning the anchor.
It forms a basis for assessing and accepting the anchor work. The tendon
of the test anchor can be reinfocrced when determining the 1limit load Vy
although the other characteristics of the anchor must be retained in the
assessment.

During the anchor test the test anchor is tensioned in steps and its
load/deformation curve recorded. After the test the anchor is removed
for inspection if possible,

The anchor test is carried out as follows (see Figures 43 & 44).

1.

An initial load VA = (0.1 . . . 0.2) Vp is selected. V 1s the
test load. p

The range between V. and V_ is divided into 6 to 10 approximately
equal steps, AV. The agsolute accuracy of the measuring device
(calibration) shall be better than 3% Vp.

A fixed point is established for the measurement of Al, the move-
ment of the anchor head relative to a fixed point. The movement,
Al, is composed of two parts, Ale, the elastic deformation, and,
A1, the plastic deformation. The absolute accuracy of the Al
meg%urement shall be better than 2% of Al , the calculated elastic
elongation of the anchor under locad v,. ol The movement of this
point should be less than 0.5% of Al .

The locading and measuring program 1is then carried out up to an
agreed maximum locad. At each load step observations are made
either of the load decrease with the. deformation remaining con-
stant (see Figure 43), or of the deformaticn increase with the
load remaining constant {(see Figure 44).

The observation times, At, for rock and various types of earth
are given in Table 12.

After each step the load is reduced to VA and the deformation
Al is measured.
bl

Fach time the load is reapplied the intermediate points of the
load/deformation curve are to be recorded. :

Evaluation and Assessment of Anchors with Test Load Vp > 200 kN

The evaluation is used to determine the limit locad, V., the free

anchor length, 1

£ and the plastic deformation, Albl.
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Table 12. OQbservation times, At.

Foundation

Time At

Rock and cohesicnless ground

Slightly cohesive ground and over-
consolidated clays

Clays and clayey silts in the normally
consolidated condition

At least 5 minutes

At least 15 minutes

Several hours to days

/ after nAt _ay 7

Elastic extension T~ Failure of
(theoretical) P il fixed anchor
-
_______ :_,&____j
/ 0 load decrease AV'
/ prior to nit Py y/ -——? during time nAt

Al

Y

Figure 43.
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! Deformation increases
/a1 during time nit
/ i
{ prior to ndt
/ after nAt
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[
[
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i
!

Al

Figure 44. Anchor test with constant load increments.

A. Determining the limit load, Vi

The limit load is the maximum load at which the following two
conditions are still satisfied:

1)

The change of deformation or load should not exceed the
limit values given in Table 13 (condition 1)

Tf condition as shown in Table 13 (la} is not satisfied,
then the observation time 1s to be increased to 3At. Also,
if condition (1b) is not satisfied, then the observation
time is to be increased to 10At.
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Table 13. Limit values - deformation increase/load loss.

Observation time Limit value:
Condition (according to 5) Deformation Load loss 4AV' (B)
increase Al (h)

(la) 0. . . At max. 2% of Alr max. 2% of Vp

(1b) At . . . 3At max. 1% of Al max. 1% of Vp
r

(1c) 3At . . . 10At max. 1% of 1 max. 1% of VP
r

(A) 1if the load is kept constant during the cbservation time
(B) 1if the deformation is kept constant during the observation time

2) The following inclination ratio must be within the indicated
limit: (condition 2)

tgo
2 s 0.90

tgo
1

where (see Figure 43)

a
1

Angle of inclination of the unloading curve

o
2

Angle of inclination of the reloading curve

B) Determining the effective free anchor length, 1

£
The effective free length of the anchor results from the straight
line A' - X (see Pigure 45)

1 = Ale (x) F

f E e

V (X) - VA - R e - ) (3 )

Where:
Fe = Cross-secticnal area of the tendon
Ee = Mcdulus of elasticity of the tendon

Ale (X) = Elastic deformation of the tendon under load V (X)
\Y = Initial load
R = Frictional force f{distance & - A')
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Figure 45. Dilagram ¢f the elastic and
plastic deformations.

The effectlve free length, , shall lie between the following
limits up to the 1limit load 6 (condition 3)

Where

k = 0.5 in systems where the force 15 introduced .into the
anchorage body along the anchorage length 1V by tendon

=
Il

1.1 in systems where the force is introduced in the anchor
end block.
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C. Determining the plastic deformation

The plastic deformation, Al, ., is determined in accordance with
Figure 45. 1Its permissible wvalue for the stressing test is to

be fixed jointly by the project engineer and the contractor on

the basis of the anchor tests and is to be entered in the stressing
record (condition 4).

Evaluation and Assessment of Anchors Using Test Load Vp < 200 kN (45 kips).

For anchors with Vp £ 200 kN the evaluation can generally bhe simplified.
During the test the yield stress of the tendon should not be exceeded, but
if possible load should be great enough to cause failure of the fixed anchor.

The mean value of the ratio of inclination tgd,/tgo, should be greater
than or egual to 0.80 over at least three loading cycles.

When the test load V_ is reached, the plastic deformations should not
exceed the following values after the anchor plate deformation has been sub-
tracted:

- Expansion-shell anchor: Albl = 18 mm

- Mortar and synthetic resin adhesive anchors: Albl = 3 mm
If the free length 1. is predetermined by the design, the calculation
according to equation (37) can be dispensed with.

The measured values of the anchor tests are to be kept in records,
as part of the important construction documents.

The accuracy requirements as previously stated apply to the anchor
tests.

Depending on the so0ll or rock conditions, long-term anchor tests may he
necessary in order to determine the long-term bhehavior. The measuring
devices and programs are to be selected by the project engineer in each
case depending on the requirements.

STRESSING TEST

The stressing test is used to assess the anchor work. The basis for it
is generally formed by the results of the tests described under TEST ANCHORS.
If no anchor tests were carried out, then the required basic data are to
be determined from comprehensive stressing tests using a test load V_ = 0.95 VS
V. ls that tendon load which produces the ncminal yield stress in the tendon.

All anchors with test load > 200 kN are subject to a simple stressing
test. In addition, a limited number of the anchors are to undergo the com-
prehensive stressing test. During the comprehensive stressing test the
anchors is tensioned in steps. The behavior of the anchor is observed during

84




the intermediate steps, the unloading periods and at the test load V_. The
load/deformation curve is recorded until the test load vp is reached?

When assessing thé load/deformation curve the deformation of the
stressing device is to be taken into account. '

During the simple stressing test the behavior of the anchor at the
test load Vp is observed for a certain time. -

The test -is limited to random samples in the case of anchors of a test
leoad Vp < 200 kN.

Performance of the Comprehensive Stressing Test

The comprehensive stressing test is performed as follows (see
Figures 46 & 47).

1. The minimum number of anchors to be subjected to the comprehensive
stressing test is determined in accordance with Table 14.

fo 0.95 V __}Ioad decrease Av'p
s 7 | during time nAt
V_ 4
1 '
v
P
v o4
o
\%

b e e —————

Al

Y

Figure 4%, Comprehensive stressing test with
constant deformation increments.
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Deformation increase Al’

AI—A-J‘—Al——b-J
. bl e
-

Figure 47. Comprehensive stressing test
with constant lecad increments.

Table 14. Minimum number of all anchors in percent to be
subjected to the comprehensive stressing test.

Al

Test locad V Anchor classes v Anchor classes
p 1, 2, 4,5 . 3 and 6
> 200 kN 3% but at - 6% but at
least 2 ' least 4
< 200 kN - 5% but at least 12
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2. An 1nitial load VA ~ (0.1 . . . 0.2} Vp is selected.

3. The load range between V_ and V_ is divided up into three
approximately equal steps AV.

4. The load-deformation curve is taken to be linear during the ap-
plications of Av. :

5. 1In each step the load V or the deformation Al (or the piston
stroke Al ) is kept constant during the observation time nAt
and the deformation increaseAl' or the load decrease AV' is
observed (for observation time nldt, see Table 12) n can assume
the value 1, 3 or 10.

6. After each step the load is reduced to VA and the particular
deformation Albl measured.

7. When the load is reapplied the intermediate points of the load-
defcrmation curve are to be recorded.

8. After the last step V_ the anchor is fixed at the stressing lecad,
VO. If necessary, itpcan be temporarily completely unloaded.

Assessment of the Comprehensive Stressing Test

The following four conditions corresponding to those given under
"BEvaluation and assessment of anchors with test load Vp'> 200 kN", are to
be satisfied:

Condition {(l): After the observation times nl&t have lapsed, the change
in the deformation or the load should not exceed the
limit values given in Table 13.

Condition (2): The inclination ratios tga /tgo > 0.90 or 0.80.
2 1~

Condition (3): The free anchor length lg shall be within the limits
stated for condition 3 under
ment of anchors with test load VF > 200 kN).

Condition (4): The plastic deformation Albl shall be smaller than
the 1limit value fixed on the basis of the anchor
tests (Evaluation and assessment of anchors with
test loadrvp > 200 kN).

performance of the Simple Stressing Test

' The simple stressing test is performed as follows (see Figures 48 &
49) . - . ] .

1. 2n initial lecad vA >~ (0.1 . . . 0.2) Vp is selected.
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2. The anchor is loaded up ﬁo the test load Vp.

3. The value of Al is measured for Va and Vé,

4. The test load,vﬁ or, the deformation Al . (or the piston stroke
Al ) are maintained during the observation time nlt and the defor-
mation increase Al') or the load decrease AV'_ are observed (for
observaticn time nA% see Table 12. The value of n can assume
1, 3 or 10 {see Table 13).

5. 1In the case ©of soil anchors the load is reduced to VA and Albl
is checked.

In the case of rock anchors, it is not necessary to reduce the load
to V_. Condition (4) in the following section is then also dis-
pensed with.

6. After the last step, V_, the anchor is fixed at Vv . If‘neceésary,
it can, temporarily be"fully unloaded. o

v (kI v (kN)
V_< 0.95V i V. <0 95v? Al'P
p= 777 g p- —=
v oy
p .
Vo - 1 —
ol
v vV
2 A ] A1
, - L{cm)
AL i Blp) ‘14 &le' .
Figure 48. Simple stressing test Figure 49, Simple stressing test

with constant with constant load.
deformation.

Assessing the Simple Stressing Test

The following conditiens which, correspond to the appropriate conditions
givenunder (Evaluation and assessment of anchors with test load v_ > 200 kNj
are to be satisfied: P

Lo [T P ot R
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Condition {(1): After the observation time nAt has elapsed the
change in the deformation or the load should not
exceed the limit values given under "Evaluation and
assessment of anchors with test load Vp > 200 kN".

Condition (3): The free anchor length lf shall lie within the
limits as stated.

In the calculation given under "Evaluaticon and assess-
ment of anchors with test load V. > 200 kN" a mean
friction force R can be assumed "on the basis of the
anchor tests or the comprehensive stressing test,

Condition (4): The plastic deformation Albl shall be less than the
limit value fixed on the basis of the anchor tests.

Stressing Test Records

The measured values of the simple and comprehensive stressing tests
are to be lcgged in stressing records, and retained as part of the Important
Construction Records.

The same accuracy reguirements given under "Measurement accuracy-test
anchors" is required for the comprehensive stressing test.

For the simple stressing test the measuring accuracy is fixed by the
project engineer and the contractor on the basis of the comprehensive
stressing tests.

If the conditions reguire it, the fcllowing records are to be drawn up:
- Prior to the start of the anchorage work, an all-party approved
report of the condition of the surrounding land, including

buildings, streets, ducts, springs, etc.

- After the anchorage work has been completed, an all-party approved
acceptance report on the result of the final check.

While the anchorage work is being carried out, the chief construction
engineer makes pericdic checks to establish any displacements of the ground.

If the ground conditions deviate from_ the accepted conditions, the
contractor must report this immediately to the project engineer.

The contractor keeps continucus records of his drilling, grouting and
stressing work. '
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SAMPLE DESIGN OF ELEMENT WALL

Introductiaon

The following example problem illustrates a general design investi-
gation for a permanently tied-back wall in connection with the widening
of the existing highway I-75-2 (41) at Fulton County, Georgia. The highway
section is designated as wall "E-1" at the Penthouse-Motel in the accom-
panying documents.

client:

1.

The soil profile is shown on Figure 50.

To accomplish this task the following documents were supplied by the

Description of the soil survey boreholes EI-4 to EI-8

Results of the laboratory investigations
Plan of the area
Longitudinal-section

Cross-section

specimens gave the soil parameters summarized below:

Either: angle of internal friction

or:

cchesion

unit weight

coefficient of sliding friction
effective angle of internal friction
effective cohesion

effective unit weight

C

-

The tests

1]

on the selected

25°

14.65 kN/m2 (300 psf)
17.6 kN/m3 (110 pcf)
0.45

350

0

18.4 kN/m3 {115 pcf)

These soill parameters apply to the upper layer, which in the given section
is about 11.0 to 19.0 m thick, and is composed of sand and silty sand. Under
this layer is homogeneous rock of gneiss origin of the Georgia-Piedmont

region.

This basically sound rock was given the following parameters in
. the stability calculations:

Q0
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angle of internal friction ¢ = 40°

cohesion C 500 kN/m2

unit weight vy 26.0 kN/m3

For the upper layer the effective parameters were chosen, as they give
somewhat higher earth pressures and thus higher anchor forces, the results
lying on the conservative side.

Construction Project

The existing I-75 has to be widened, which_nécessitates cutting into
the slopes in the direction of the Penthouse-Motel. The original project
was for a concrete wall supported on piles.

As a variant solution we propose a permanently anchored element wall,
which offers various advantages:

- the work can commence without previous large-scale excavation work

- since after placing a row ¢f elements they are immediately anchored,
there is no danger of instability as there was for the slope which
was an integral part of the original project

- the expensive piling work is no longer needed

- the road running above the proposed wall can be kept open at least
for one way traffic during the construction period.

Analysis

Five sections were chosen for calculating the anchor forces, the
stability of the ground being investigated in four of them. ‘

a} the anchor force must be able to resist the earth pressure both
during and at the end of construction.

b} with the inclusicn of the anchor. forces in the stability investi-~
gations the safety factor must be at least as great as the specified
value. If this 1is not the case the anchor forces must be increased
such that this conditicon 1is fulfilled.

As mentioned above the earth pressure was calculated using the
"effective"” so0il properties. The earth pressure diagram kbased on Coulomb's
analysis 1s changed to be of rectangular distribution, the maximum force
being thereby increased by 20%. This is done at every constructional stage,
whereby in calculating the earth pressure the depth of excavation taken is
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at the bottom of the next row of elements to be installed underneath. The
actual anchor force for the constructicnal stage is assumed to be calculated
from the earth pressure acting at the momentary depth plus 60% of the earth
pressure acting on the lower row of elements yet to be installed. It is
assumed that the remaining 40% of the earth pressure in the lower row of
elements, which will be mobilized when the excavation reaches that level

and theoretically should be resisted by the overlying anchors, is in fact
directly balanced by arching action in the ground. For the end of con-
struction stage the actual earth pressure acting on each element is calcu-
lated simply on the basis of element height to wall height ratio. The design
anchor force is always taken to be the greater value comparing the construc-
tional stage to the final stage. Table 15 shows computer cutput for the
static calculations of section S-1.

Remark: The determination of the bottom of the wall was made on the basis
of the sections provided for the intersection levels of the wall-top of
highway for the future I-75 highway and from this height 1.10 m was deducted
(50 ¢m for the highway construction and 60 cm for the unanchored elements
forming the foot of the wall).

The stability analysis was carried out on the basis of the anchor
forces thus determined. Firstly Krey's analysis was used with circular slip
surfaces and then Janbu's analysis was used tc check the stability con-
sidering slip in deep-lving joint planes. '

According to the Swiss Standard SIA(8) - 191 "Ground Anchors" the
minimum safety factor using Krey's methoed for buildings whose damage
potential is in the category 6 (our case) is n > 1.5. This value was not
attained in any of the four sections employing ancher forces calculated from

the earth pressure diagrams. Thus in the second run the anchor forces:had
to be increased. Subsequently the deep-seated failure mode (Janbu's
analysis) was investigated. For this case a value of 1 > 1.2 was required,

which was achieved in all four sections.

Design

The anchor lengths were obtained from both calculaticns (on attaining
the prescribed safety factor) by extending the anchors to those slip sur-
faces where the factor of safety regquired it. Added to these lengths 1s an
amount due to the fixed anchor part, which equalled 5.0 m for Krey's analysis
and 3.0 m for Janbu's analysis.

Sample computer output for Krey's analysis for section S5-1 18 shown in
Table 16, and for Janbu's analysis of section S-1 in Table 17. The remainder
of the computer output for Krey's and Janbu's analysis at section S5-1 is in-
cluded in Appendices A and B respectively. Figure 51 shows a computer gen-
erated plot of the results of Krey's analysis for section S-1 and the computer
generated plot of the results of Janbu's analysis of -section S-1 are shown
in Figure 52.

(8) Schweizerischer Ingenieur - and Architekten-verein (Swiss Society of
Civil Engineers and Architects).
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The calculated results are summarized in Table 18.

The final wall elevation layout and cross section are shown in
Figure 53. To make more efficient use of the anchors, for the second
row of anchors in section 83 two anchors were installed for every three
elements. This is permissible from the standpoint of resisting the earth
pressure. Also in section S3 stability considerations would allow smaller
forces, but for practical reasons at least every second element has to be
anchered. Assuming that the type of anchor rod is a Dywidag double-
ribbed deformed steel bar u.t.s. 835/1030,@ 26.5 mm with a risk grading
for the anchor § = 2.0 the working load amounts to 289.6 kN and the test
load equals 405.4 kN. The elastic limit of the steel is 835 N/mm2 and
its tensile strength is 1030 N/mm2.

Steel grade III (elastic limit 0.2%, 460 N/mm2, tensile strength
560 N/mm2) is used for the reinforcement of the elements. The normal size
of element 1s 1.70 m x 3.55 m.

The unanchored foot of the wall is €0 cm high and 110 cm wide. The
row of elements directly in contact with it has the function of height com-
pensation {(its height is variable). The top of this row is horizontal.

The top of the wall runs parallel to the ground surface. Horizontal
closure elements with vertical steps could also have been chosen. However,
this would either mean having small slopes above the wall or the wall
sticking ocut above the ground surface. In our project we have not fixed
these small details - it is really a guestion of architectural preference.

Beneath the element wall a reliably functioning drainage system must
be installed. Alsc at distances of 7.10 m a vertical drainage system must
be built for the individual phases of construction (¢ approx. 10 cm, embedded
in gravel or permeable concrete), which is connected to the foot of the wall
and runs from the front of the wall into a horizeontal collecting system.

Tt must be possible to flush out the whole system. If the drainage
system fails the water level could rise behind the wall leading to addi-
tional hydrostatic pressures. Further, the stability conditions could make
a change for the worse. Thus the greatest care must be given to the hand-
ling of this question.

In constructing the element wall the following constructional steps
must be followed:

a) Before starting to excavate for the next (lower-lying) row of
elements the complete upper row must be anchored in place.

b) The excavation must be carried out in a staggered manner, 1.e.
no two adjacent elements must be excavated in one plece.
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c) The foot of the wall must be placed without forming, so that
its support effect, which has been assumed in the calculation,
is fully effective.

d) The elements must be concreted the same day that the ground is
excavated. ‘

e) Before carrying out the project the contractor must check to see
if the anchors cut across any buried pipes {(gas and water mains,
etc.)

Monitoring

In order to observe the wall-anchor-soil system and to interpret cor-
rectly the gualitative and quantitative changes in its behavior, we recom-
mend that the following measuring stations be set-up in three sections:

a) deformation stations

A borehcle is drilled in each section at a distance of about

1.0 m behind the wall and extending to a depth 5-6 m below the
foot of the wall. A further row of 3 measuring stations is set-
up in the same sections, each station being located about 15 m
behind the wall. These borehcles must be constructed before the
excavation work is carried out. The back row of borehcles may be
made 3 m shorter than the front row. '

b) force measurements

In each of the three measuring sections the anchors should be
fitted with electrical force transducers (cor other precisicn lcad
measuring cells) in: each anchor position in an alternate manner
left and right of the measuring tube. Both deformation and force
measurements should be carried out after the construction of each
row of elements and possibly before and after stressing the anchors.

The monltorinq could be extended to include geodetical measurements.
In each case a measuring program should be worked ocut and executed (espe-

cially with regard to the number of measurements).

The structure should be observed periocdically after being turned over
to the client.

#y,5, GOVERNMENT PRINTING OFFICE:. 1982-0-3B1-018/3356
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FEDERALLY COORDINATED PROGRAM (FCP) OF HIGHWAY
RESEARCH AND DEVELOPMENT

The Offices of Research and Development (R&D) of
the Federal Highway Administration (FHWA) are
responsible for & broad program of staff and contract
research. and development and a Federal-sid
program, conducted by or through the State-highway
transportation agencies, that includes the Highway
Planning and Research (HP&R) program and the
National Cooperative Highway Research Program
(NCHRP) managed by the Transportation Research
Boerd. The FCP is a carefully selected group of proj-
ects that uses research and development resources to
obtain timely solutions to urgent national highway
engineering problems.*

The diagonal double stripe on the cover of this report
represents a highway and is color-coded to identify
the FCP category that the report falls under. A red
stripe is used for category 1, dark blue for category 2,
light blue for categary 3, brown for category 4, gray
for category 3, green for categories 6 and 7, and an
orange stripe identifies category 0.

FCP Category Descriptions

1. Improved Highway Design and Operation
for Safety
Safety R&D addresses problems associated with
the responsibilities of the FHWA under the
Highway Safety Act and includes investigation of
appropriate design standards, roadside hardware,
signing, and physical and scientific date for the
formulation of improved safety regulations.

2. Reduction of Traffic Congestion, and
Improved Operational Efficiency

Traffic R&D is concerned with increasing the
operational efficiency of existing highways by
advancing technology, by improving designs for
exiating as well as new facilities, and by balancing
the demand-capacity relationship through traffic
manegement techniques such as bus end carpool
preferential treatment, motorist information, and
rerouting of traffic.

3. Environmental Considerations in Highway
Design, Location, Construction, and Opera-
tion
Environmental R&D is directed toward identify-
ing and evaluating highway elements that affect

* The complete seven-volume official staiement of the FCP is available from
tke MNavuoow Teeqnical Information Service, Spnngfield, V. 22161, Single
cowes of the inToduciory volume are svailabie without charge from Program
Anaiyss (HED-3) Cflicza of Research and Development, Federal Highway
Adainistrauen, Waeshingion, D.C. 20590.

the quality of the human environment. The goals

are reduction of adverse highway and traific
impacts, .and. protection and.enhancement of the

environment. '

. Improved Materials Utilization and

Durability

Materials R&D is concerned with expanding :ihe
knowledge and technology of materials properties,
using available natural materials, improving strue-
tural foundation materials, recycling highway
materials, converting industrial wastes into useful
highway products, developing extender or
substitute materials for those in short supply, and
developing more rapid and reliable testing
procedures. The goals are lower highway con-
struction costs and extended maintenance-free
operation.

. Improved Design 10 Reduce Costs, Extend
Life Expectancy, and Insure Structural

Safety

Structural R&D is concerned with furthering the
latest technological advances in structural and
hydraulic designs, fabrication processes, and
construction techniques to provide safe, efficient
highways at reasonable costs.

. Improved Technology for Highway

Construction

This category is concerned with the research,
development, and implementation of highway
construction technology to increase productivity,
reduce energy consumption, conserve dwindling
resources, and reduce costs while improving the
quality and methads of construction.

. Improved Technology for Highway

Maintenance

This category addresses problems in preserving
the Nation's highways and includes activities in
physical maintenance, traffic services, manage-
ment, and equipment. The goal is 1o maximize
operational efficiency and safety to the traveling
public while conserving resources.

. Other Mew Studies

This category, not included in the seven-volume
official statement of tne FCF, is concerned with
HPE&R and WCHEP studies not specifically related
io FCP projects. These astudies involve R&D
support of otker FHW A program office research.
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