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EXECUTIVE SUMMARY

QUALITY ASSESSMENT OF GEOGRIDS USED
FOR SUBGRADE TREATMENT

Introduction

The Indiana Department of Transportation (INDOT) has been
using geogrid reinforcement for improving weak subgrades
because in many cases use of geogrids and replacement of a
portion of the weak soil with aggregates is a faster and more
effective solution than chemical treatment. Geogrids provide
reinforcement by laterally restraining the subbase, thereby
improving the bearing capacity of the pavement system and
decreasing the shear stresses on the subgrade soil. However,
INDOT engineers have reported that contractors tend to choose
the cheapest geogrids available on the market, barely meeting the
few requirements included in INDOT specifications.

In section 918 of the INDOT standard specifications (Soil
Fabrics), the requirements specified for geogrid material proper-
ties are the minimum ultimate tensile strength, tensile modulus,
and aperture size and open area of geogrids. The required tensile
modulus and tensile strength of geogrids lie within very broad
ranges. Unlike other DOTs (such as those in Kansas, Ohio, West
Virginia, and Kentucky), INDOT does not specify minimum
junction strength values for geogrids. Geogrid junction strength is
an important factor that influences the long-term performance of
pavement subjected to repeated traffic loads, and therefore
minimum requirements for it should be included in specifications.

In this study, large-scale direct shear tests were performed to
evaluate the efficiency of geogrid reinforcement placed between an
aggregate layer (#53 aggregate; classified as poorly graded gravel)
and a subgrade soil layer (glacial till; classified as clay loam).
Based on the test results, correlations between a geogrid
reinforcement efficiency parameter and properties of geogrids
were investigated.

Findings

Large-scale direct shear tests were performed on soil-geogrid-
aggregate samples. The aggregate and subgrade soil layers were
compacted at their optimum moisture contents (OMC) to relative
compaction values of 93-98%. (Ryoii = 94-98% and R,ggrepate =
93-96%). Eight brands of biaxial geogrids were selected and tested
in this study. Values of the average peak interface shear strength
coefficient oipe, varied from 0.96 to 1.48, depending on the brand
of geogrid tested.

Correlations between average oe,c and properties of the
geogrids tested were explored. The optimum aperture area was
found to be 825 mm? (1.28 in?), while the optimum normalized
aperture area, defined as the ratio of the square root of the geogrid

aperture area to the Ds, of the aggregate, was equal to 4.7. The
average peak interface shear strength coefficient increased with
increases in the junction strength of the geogrids. However, no
significant correlation was found between the geogrid tensile
strength at 2% strain and average opeax Values. Thus, based on the
large-scale direct shear tests results, the geogrid aperture area and
junction strength are the parameters that determine the efficiency
of the soil-geogrid-aggregate system.

The relationship between the average peak interface shear
strength coefficient and geogrid property requirements of the
specifications of Indiana, West Virginia, and Kentucky DOTs
were also compared. With respect to the aperture area, INDOT
requires a much smaller aperture area than the other DOTs, with
the requirements of the other DOTs being closer to the optimum
aperture area determined in this study. The tensile strength values
of the tested geogrids satisfy the requirements of all DOTs. The
geogrid junction strength and the average peak interface shear
strength coefficient show a strong correlation. However, currently,
INDOT specifications do not have a requirement for geogrid
junction strength.

Based on the correlation found in this study, an aperture area
requirement of 825 mm? (1.28 in?) and a junction strength
requirement of 11.5 kN/m (788 1b/ft) were suggested as prelimin-
ary guidelines to be implemented by INDOT. The recommenda-
tion is restricted to the use of geogrid for subgrade reinforcement
(Type IV of INDOT specifications 207.04) with No. 53 aggregate.

Large-scale direct shear tests were also performed at moisture
contents 2% and 4% higher than the OMC on samples compacted
to relative compaction values of 94-96% (R,o; = 95-96% and
Rigoregate = 94-95%). The peak interface shear strength coefficient
for tests performed at a moisture content 2% above the OMC was
1.49, while for tests performed at a moisture content 4% above the
OMC, opear Was equal to 1.99.

Implementation

This research found that the aperture area and junction strength
of geogrids influence the efficiency of subgrade reinforcement
systems. Based on the results of large-scale direct shear tests
performed in this study, we proposed an aperture area require-
ment of 825 mm? (1.28 in®) and a junction strength requirement of
11.5 kN/m (788 Ib/ft). The recommendation is restricted to the use
of geogrid for subgrade reinforcement (Type IV of INDOT
specification 207.04) with No. 53 aggregate. For the geogrids
tested, no correlations were observed between the average peak
interface shear strength coefficient and other geogrid properties,
such as tensile strength at 2% strain, tensile modulus, and ultimate
strength. The effects of the aggregate and geogrid type and density
and moisture content of the subgrade soil were also investigated in
this study. An implementation project would provide valuable
insights on the pullout resistance of geogrids in the field.
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1. INTRODUCTION
1.1 Background

A stable subgrade foundation is important to ensure
a long-lasting pavement structure without excessive
deformation. The lack of strength and stiffness of some
foundation soils can present serious problems that can
affect the long-term performance of pavements.
Problematic soils, such as clay and silt in areas with
high ground water table, can be removed and replaced
by properly compacted sandy soils. Soil stabilization
methods have also been used to overcome the problem
of weak subgrade soils. Portland cement, fly ash and
lime are often used to stabilize weak soils with high
moisture contents. Appropriate control of the moisture
content and density of the compacted soil or soil
mixture are essential for proper subgrade performance.
However, in urban areas, health concerns due to dust
migration may prevent the use of such stabilization
methods.

The Indiana Department of Transportation (INDOT)
currently uses several methods to construct subgrade
foundations, including compaction, chemical treatment
or modification, and mechanical reinforcement using
geosynthetics. Compaction is usually the least expensive
option and is used often to improve subgrade soils.
However, when clay and silt soils are encountered in
areas with relatively high ground water table, the
optimum moisture content (OMC) and, thus, the relative
compaction requirements cannot be achieved by com-
paction methods. For these reasons, chemical treatment
and geogrid reinforcement have been the methods
preferred by INDOT in these cases. Geogrid provides
reinforcement by laterally restraining the subbase and
improving the bearing capacity of the system, thereby
decreasing shear stresses on the subgrade soil. In
addition, use of geogrids and replacement of a portion
of the weak soils with aggregate is a faster and cleaner
process than chemical treatment.

According to INDOT’s standard specifications (sec-
tion 207), INDOT allows seven types of subgrade
treatments to be used with either chemical modification
or geogrid reinforcement (/). These are:

1.  TypeI: 16 in. (400 mm) chemical soil modification, 12 in.
(300 mm) of the subgrade excavated and replaced with
coarse aggregate No. 53, or by 24 in. (600 mm) of soil
compacted to density and moisture requirements.

2. Type IA: 16 in. (400 mm) chemical soil modification or
12 in. (300 mm) of the subgrade excavated and replaced
with coarse aggregate No. 53.

3. Type II: 8 in. (200 mm) chemical soil modification, 6 in.
(150 mm) of the subgrade excavated and replaced with
coarse aggregate No. 53, or 12 in. (300 mm) of soil
compacted to density and moisture requirements.

4. Type IIA: 8§ in. (200 mm) chemical soil modification or 6
in. (150 mm) of the subgrade excavated and replaced
with coarse aggregate No. 53.

5. Type III: 6 in. (150 mm) of soil compacted to the density
and moisture requirements, or 6 in. (150 mm) of
subgrade excavated and replaced with coarse aggregate
No. 53.

6. Type IIIA: 6 in. (150 mm) of subgrade excavated and
replaced with coarse aggregate No. 53.

7.  Type IV: 9 in. (225 mm) of the subgrade excavated and
replaced with coarse aggregate No. 53, with a geogrid
placed between the subgrade soil and the aggregate layer.

In constructing a subgrade foundation with geogrids
(Type IV), a 9-inch-thick aggregate layer (typically No.
53 aggregate) is recommended (this is based on
empirical observations of performance) to be placed
on a layer of geogrid that is placed on a wet, weak soil.

The requirements for geogrid materials are given in
section 918 of INDOT’s standard specifications (/),
specifying the minimum ultimate tensile strength
(machine direction, cross-machine direction), tensile
modulus (machine direction, cross-machine direction),
aperture size, and open area of geogrids Type I (Biaxial
Geogrid) and Type II (Uniaxial Geogrid). Currently,
sixteen different types of geogrids from several manu-
facturers have been approved by INDOT and are being
used in subgrade construction. The required tensile
modulus and tensile strength of each geogrid lie within
very broad ranges. For instance, four different types of
geogrids, from even the same manufacturer, are
classified under the same category of Type I, according
to INDOT specifications. The properties of geogrids
(e.g., tensile strength and tensile modulus) and the price
of geogrids vary considerably. In addition, unlike the
Kentucky DOT, INDOT specifications do not require
any evaluation on the junction strength of geogrids.
This is an important factor that affects the long-term
performance of the pavement under the application of
repeated traffic loads.

For these reasons, INDOT engineers have reported
that contractors tend to choose the cheapest geogrids
available in the market, barely meeting INDOT
specifications. With poor quality geogrids, a reinforced
road is not expected to perform well in the long term.
Use of poor quality geogrids may result in poor
interlocking of the aggregates in the geogrid apertures,
leading to excessive deformation of the subgrade and
cracking of pavements, possibly also due to rupture of
the geogrid at the junctions. Field experience of
INDOT engineers with geogrids has led to the
observation that there is considerable variation in the
performance of different geogrids.

In summary, INDOT has been utilizing geogrids for
building subgrade foundations over the past ten years.
Geogrid reinforcements resist the applied loads by
means of interaction between different materials:
subgrade soils and aggregates (which ideally should
be interlocked in the geogrid apertures). As a result of
this reinforcement, the pavement system should not
exhibit excessive deformation and cracking. In order to
understand the long-term performance of soil-geogrid-
aggregate systems, we investigate in this report the
interaction between the different materials (geogrid, soil
and aggregate) used by INDOT in weak subgrade
construction. As mentioned earlier, currently INDOT
does not have a systematic study that would help to
identify what type of geogrid and surrounding materials

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2012/27 1



should be selected to build a suitable subgrade
foundation. This is the motivation for the present
study.

1.2 Research Objectives

The main goal of this research was to obtain
experimental data that could be useful to INDOT to
improve its specifications regarding geogrid reinforce-
ment of weak subgrade soils. To achieve this goal, the
interaction of several geogrids approved by INDOT
with soil and aggregate was evaluated by performing
large-scale direct shear tests. Fundamental geogrid
properties that affect the performance of soil-geogrid-
aggregate systems were evaluated as well.

The objectives of this study were the following:

1.  To identify the properties of geogrids that INDOT needs
to examine before;

2. To approve geogrid products for subgrade foundation;

3. To evaluate the mechanical interaction of the geogrids
approved by INDOT with soil and aggregate;

4.  To provide INDOT with guidelines for use of geogrids in
subgrade construction.

1.3 Scope and Organization

Large-scale direct shear tests were performed with
eight different types of geogrids, a typical clayey soil
[glacial till; classified as CL according to the USCS and
A-4 according to AASHTO] from Indiana, and No. 53
aggregate. The results of the experimental tests
performed are presented and discussed in this report.
The report is organized into four chapters, as described
below:

® Chapter 1 provides a brief introduction.

® Chapter 2 reviews the literature, provides general
information about the geogrid materials used in this
study and discusses the reinforcement mechanism of
geogrids.

® Chapter 3 presents the large-scale direct shear test results.

® Chapter 4 presents the conclusions of this study.

2. GEOGRID REINFORCEMENT
FOR SUBGRADE

2.1 Introduction

A subgrade is typically reinforced by placing a
geogrid at the subgrade/subbase or subgrade/base
interface to improve the ability of the weak subgrade
to withstand traffic loads without excessive deforma-
tion. Geogrids provide reinforcement by laterally
restraining the base or subbase and improve the bearing
capacity of the system, thus decreasing shear stresses on
the weak subgrade. In addition, the confinement
provided by geogrids improves the distribution of the
vertical stress over the subgrade and decreases vertical
subgrade deformation. The proper ratio of geogrid
aperture size to aggregate grain size is an important

factor affecting the performance of geogrid reinforce-
ment systems (2,3).

Figure 2.1 shows schematically the typical construc-
tion procedure for geogrid reinforcement used in
roadway applications by INDOT. The construction
procedure for geogrid reinforcement is as follows:

1. Remove the weak surface soil (about 9 in.) using a
bulldozer;

2. Place a layer of geogrid;

3.  Place an aggregate layer (about 9 in.) in one lift;

4. Compact the aggregate layer.

2.2 Use of Geogrids in Subgrade Stabilization

The uses of geogrid in a pavement system are to (a)
aid construction over soft subgrades, (b) improve or
extend the pavement service life, and (c¢) reduce the
structural cross section of the pavement for a given
service life (4,5). The major functions of geosynthetics
(geosynthetic is a general term used to describe several
reinforcement products, including geogrids and geotex-
tiles) are separation, reinforcement, filtration, and
drainage (6). Two of the primary functions of
geosynthetics are separation and reinforcement.

Geosynthetics perform a separation function by
preventing contamination of the base coarse aggregate
with fine soil particles of the soft subgrade [e.g.,
Lawson (7) indicated that contamination happens for
soft subgrade soil with a California Bearing Ratio
(CBR) <3%]. Intermixing occurs by either the aggre-
gate being forced into the subgrade by the action of the
applied loads or by migration of the subgrade soil
particles into the aggregate layer. Under the applied
loads, such as those from vehicle wheels, the aggregate
layer deforms. Milligan et al. (8) explained that when
vertical loads are applied to a coarse-grained soil layer,
high horizontal stresses develop within that layer. In the
absence of a geotextile separator, outward shear
stresses occur on the surface of the subgrade. The
presence of the outward shear stress reduces the bearing

Construction procedure for soil-geogrid-
aggregate systems.

Figure 2.1
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capacity of the subgrade. Thus, fines are then able to
migrate from the subgrade soil to the base course. Even
though, the ability of a geogrid to separate two materials
is less than that of a geotextile, geogrids can to some
extent provide some measure of separation. However,
the primary function of geogrids used in subgrade
stabilization is reinforcement. The reinforcement
mechanisms of geogrids are discussed next in section 2.3.

2.3 Pavement Reinforcement Mechanism

Reinforcements provide lateral restraint and improve
the bearing capacity of reinforced systems (9). Carroll
et al. (/0) discussed the reinforcement mechanisms of
geogrids used in paved roads. They found that geogrid
reinforcement reduces permanent deformations in
flexible pavement systems and allows up to a 50%
reduction in the required thickness of a granular base
based on equal load-deformation performance.
Webster et al. (//) performed studies on geogrid
reinforcement of flexible pavements for light aircraft.
They indicated that geogrid reinforcement, which
should be placed between the aggregate and subgrade
layers for best performance, improves the performance
of the pavement systems as a whole. Full-scale tests
have verified that for California Bearing Ratio (CBR)
strengths in the range of 1.5 to 5.0%, geogrid reinforced
pavements can carry about 3.5 times more traffic load
repetitions than non-reinforced pavements before a rut
depth of 37 mm is reached (/7).

2.3.1 Lateral Restraint

Horizontal reinforcements, such as geogrids, reduce
the horizontal deformations of the base course and the
subgrade soil at the interface (/2). Improved lateral
confinement results in an increase in the stiffness of the
base course materials. The lateral restraint mechanism
of a shear-resisting interface develops through shear
interaction of the base course layer with the geogrid
(geosynthetic) layer contained at the bottom of the base
aggregate ((9); see Figure 2.2).

Traffic loads applied to the roadway surface create a
lateral spreading motion of the base aggregate. Lateral
tensile strains are created in the base just below the
applied load as the material moves down and away
from the load (/3). Lateral movement of the base
allows vertical strains to develop, leading to a
permanent rut in the wheel path (/4). Placement of a
geogrid layer at the bottom of the base course allows
shear interaction to develop between the aggregate and
the geogrid as the base attempts to spread laterally. The
mobilized shear load is transferred from the base
aggregate to the geogrid. The relatively high stiffness
of the geogrid helps delay the development of lateral
tensile strains in the portion of the base adjacent to the
geogrid. Lower lateral strains in the base produces less
vertical deformation of the roadway surface.

The presence of a geogrid at the bottom of the base
or subbase can also lead to a change in the state of

Base course

Geosynthetic

b S

PRI E TR A Y e s R Py

2 +)
Geosynthetic \>.

~ Reduced t

Tensile Strain

——— Subgrade
Figure 2.2 Schematic diagram illustrating the geosynthetic
reinforcement mechanism (modified from (9)).

stresses and strains in the subgrade. The geogrid layer
increases the stiffness of the base or subbase. It distributes
and decreases the vertical stresses on the subgrade
beneath the base or subbase. As a result, geogrid rein-
forcement reduces shear strains in the subgrade.

2.3.2 Improved Bearing Capacity

Use of geogrid over soft subgrade helps with the
transfer of stresses from the relatively weak subgrade to
the relatively strong base course material. The result is
an improvement in the bearing capacity of the subgrade
resulting from transfer of stresses at the geogrid-
subgrade interface (9).

2.3.3 Tensioned Membrane Effect

The tensioned membrane effect is mobilized when the
subgrade deforms. This type of reinforcing mechanism
is especially important when laying a base course on soft
subgrade with a limited load bearing capacity or when
an unpaved road is subjected to repeated loading (/7).
As the subgrade deforms under loading, the geogrid
stretches like a membrane. The loading is distributed
over a wider area because of the vertical component of
the tension, which develops in the geogrid. The
membrane reinforcing mechanism allows for a reduc-
tion in the thickness of the base course required for
initial construction. For this type of reinforcement
mechanism to make a significant contribution, the
subgrade CBR should be less than 3% (/5-17). Many
researchers indicated that geotextiles that possess a high
modulus have greater load spreading ability for the
same level of deformation (/7-20).

2.4 Evaluation of Geogrids for Stabilizing
Weak Subgrades

Based on both laboratory tests and full-scale field tests,
many researchers have reported significant improvement
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of the bearing capacity of pavements when geogrid
reinforcement was used between the base course and the
weak subgrade soil (9,715,21).

Barksdale et al. (/5) assessed the performance of
geogrids and geotextiles used in flexible pavements.
Large-scale tests were performed in a test facility 4.9 x
2.4 m in plan using a 7 kN wheel loading moving at a
speed of 4.8 km/h. Up to 70,000 repetitions of wheel
loading were applied to the test sections. Pressure cells
were installed in each of the test sections, and strain
gages were used to measure strains in each layer of the
flexible pavement sections and in the geogrids. These
authors found that a minimum stiffness of 260 kIN/m at
5% geogrid strain must be specified when geogrids are
to be used as pavement reinforcement. Note that the
stiffness of a geogrid at a specific geogrid strain is the
secant modulus determined from a stress-strain (force
per unit width vs. elongated strain) curve obtained from
a tensile test (ASTM D6637 (22)). The results of
Barksdale et al. (/5) showed that when a geogrid was
placed at the bottom of the base course there was a 52%
reduction in permanent subgrade deformations. For
weak subgrades (CBR < 3%), total rutting in the base
and subgrade could be reduced by 20 to 40% as a result
of use of reinforcement. Some factors that could have
influenced the results of their study are the magnitude
and duration of the load applied.

Al-Qadi et al. (27) evaluated the performance of
pavements with and without geotextile or geogrid
reinforcement. Their tests were performed on eighteen
pavement sections, including geotextile-stabilized and
geogrid-reinforced sections. The pavement surface was
dynamically loaded while displacements were recorded
and monitored. The dynamic load, which was equal to
approximately 550 kPa, was applied through a 300-
mm-thick rigid plate at a frequency of 0.5 Hz. The
loading simulated the dual load from an 80 kN axle
with a tire pressure of 550 kPa. The experimental
results showed that the geotextile-stabilized sections
sustained 1.7 to over 3 times more the number of load
repetitions than the control sections for 25 mm of
permanent deformation. In the geogrid-reinforced
sections, the granite aggregate material had penetrated
into the silty sand subgrade material and the silty sand
had migrated into the granite aggregate layer. The
geotextile material was effective in preventing fines
migration between the base course and subgrade layer.

Hass et al. (2) and Perkins et al. (23) showed that
geogrid reinforcement increases the modulus of the base
layer and improves the vertical stress distribution over
the subgrade. Hufenus et al. (24) performed full-scale
field tests on geogrid reinforced unpaved roads on soft
subgrade. Hufenus et al. (24) also found that geogrid
reinforcement increases the bearing capacity of the
pavement and reduces rut formation.

Recently, Tang et al. (3) investigated the effects of
geogrid properties on subgrade stabilization by per-
forming large-scale direct shear tests, pullout tests and
accelerated pavement tests (APT). Tang et al. (3)
showed that the effectiveness of geogrid reinforcement

is highly dependent on the physical and mechanical
properties of the geogrids and on the properties of the
interface between the geogrid and the surrounding materials.

Tang et al. (25) evaluated the interface efficiency of
geogrid reinforcement by performing direct shear tests.
Their results showed a good correlation between the
tensile strength at 2% strain, junction strength and
other parameters obtained from the large-scale direct
shear tests. According to Tang et al. (25), relationships
between the geogrid properties and the interface
efficiency of the geogrid reinforcement are useful in
the assessment of the quality of geogrids.

Koerner (6) proposed that an interface efficiency
factor E,, be calculated as the ratio of the tangent of the
friction angles of the interface and soil according to:

E, = tand/ tan® (2.1)

where § is the friction angle along the soil-geogrid
interface, and ¢ is the friction angle of the soil. The
interface efficiency factor for geotextiles varies from 0.6
to 1. However, the interface efficiency factor for
geogrids can be greater than 1 (26). Based on the
results of tests performed for four different types of
geogrids interfacing with dense, crushed stone aggre-
gate and silty sand, Tang et al. (3) found that the
interface efficiency factor varies from 0.56 to 1.14.

The interface shear strength coefficient o is defined as
the ratio of the shear strength of the subgrade soil
system with the geogrid reinforcement to the shear
strength of the subgrade soil system without the geogrid
reinforcement, both measured under the same normal
stress (27-29):

= T(with geogrid
% ( geoe )/T(without geogrid) (22)

where oo = the interface shear strength coefficient;
T(with geogrid) = shear strength with the geogrid reinforce-
ment; and T(without geogriay = shear strength without the
geogrid reinforcement. The interface shear strength
coefficient is also used to evaluate the efficiency of geogrid
reinforcement. Liu et al. (29) performed large direct shear
tests on samples of sand with and without reinforcement
and reported interface shear strength coefficients vary-
ing from 0.92 to 1.01. Note that equations 2.1 and 2.2
are the same for frictional materials.

2.5 Geogrids

2.5.1 Geogrid Property Requirements

Table 2.1 provides the geogrid property requirements
suggested in the GMA White Paper I (30), which defined
geogrid types as Class 1 (base reinforcement) and Class
2 (subbase reinforcement). A Class 1 geogrid is placed
directly beneath or within the aggregate base. A Class 2
geogrid is placed at the subgrade/subbase interface. The
values for the geogrid property requirements in
Table 2.1 represent default values that provide for
sufficient geogrid reinforcement and survivability under
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TABLE 2.1
Geogrid reinforcement property requirements for base and subbase reinforcement of pavement systems'

Property Class 1 (base reinforcement) Class 2 (subbase reinforcement) CBR = 0.5

Ultimate Tensile Strength, UTS? (ASTM D4595 modified
for geogrids)

Tensile Strength at Specified Strain? (ASTM D4595
modified for geogrids)

Geogrid Percent Open Area (COE CW-02215)

Junction Strength® (MD) (GRI GG2 modified to
10%/min.)

Ultraviolet Stability (Retained Strength*) (ASTM D4355)

12 (MD), 18 (XD) (kN/m) 12 (MD), 18 (XD) (kN/m)

4 (MD), 6 (XD) at 2% strain (kN/m) 8 (MD), 13 (XD) at 2% strain (kN/m)

50 min. (%)
35 (N)

50 min. (%)
35 (N)

50% (500 hrs) 50% (500 hrs)

SOURCE: (30).

NOTEs:

"Values listed in Table 2.1 are the Minimum Average Roll Value (MARV), except for UV stability. (MARV=average value minus two standard
deviations.)

>MD is the machine direction. XD is the cross-machine direction. MD is the direction in the plane of the fabric parallel to the direction of
manufacture. In the field, the geogrid is placed such that the MD is parallel to the centerline of the roadway alignment.

3Junction strength is the strength required to maintain dimensional stability of the geogrid during deployment. It is not applicable to geogrid/
geotextile composite products.

4Retained strength is the reduced tensile strength of geotextile after exposure to xenon arc radiation, moisture, and heat.

ASTM D4595, (31).
COECW-02215, (32).
ASTM DA4355, (33).

most construction conditions. The design engineer may
specify properties that are different from those listed in
Table 2.1 based on engineering design and experience.

INDOT Standard Specifications (section 918.05) (/)
specify the geogrid property requirements provided in
Tables 2.2 and 2.3. The specifications include the
geogrid aperture size, open area, tensile modulus and
ultimate tensile strength of Type I (biaxial geogrid) and
Type II (uniaxial geogrid) geogrids. INDOT has used
fourteen approved Type I (biaxial) geogrids and two
approved Type II (uniaxial) geogrids for geogrid
reinforcement. However, the tensile modulus and
tensile strength of each geogrid are in very broad
ranges. In addition, there is considerable difference in
the price of each geogrid, as well as in the geogrid
properties, such as tensile strength and tensile modulus.
For these reasons, INDOT engineers have reported that
contractors tend to use the cheapest geogrids in the
market that barely meet INDOT specifications. With

TABLE 2.2

poor quality geogrids, the reinforced subgrade and,
hence, the pavement are expected to have poor long-
term quality. Poor quality geogrids and poor interlock-
ing between the aggregate and the geogrids will cause
excessive deformation and cracking of the pavement in
the long term.

2.5.2 Geogrid Survivability

Geogrids should meet the requirement of surviva-
bility. Survivability is defined as the resistance to
mechanical damage during road construction and
initial construction operations. The ability of a
geosynthetic to survive installation and reasonable
service loads must be assured. Table 2.1 shows recom-
mended junction strength values for construction
survivability based on tests performed to evaluate the
junction strength of geogrids (Geosynthetics Research
Institute (GRI) standard GG2 procedure (35)).

Geogrid property requirements (INDOT Standard Specifications, section 918.05) —Type I (biaxial geogrid)

Property Test method Unit Value, min.
Aperture Calibrated in (mm) 0.5 x 0.5(13 x 13)
Open Area COE CW-02215 % >50.0, =80.0

Tensile Modulus, Machine Direction ASTM D6637"%3
Cross-Machine Direction
Ultimate Strength, Machine direction

Cross-machine direction

ASTM D6637"23

Ib/ft (N/m)
1b/ft (N/m)
1b/ft (N/m)
1b/ft (N/m)

10,000 (146,000)
10,000 (146,000)
800 (11,670)
800 (11,670)

NOTES:
'Secant modulus at 5% elongation.

2Results for machine direction (MD) and cross-machine direction (XD) are required.
*Minimum average roll values shall be in accordance with ASTM D4759.

COECW-02215, (32).
ASTM D6637, (22).

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2012/27 5



TABLE 2.3

Geogrid property requirements (INDOT Standard Specifications, section 918.05)—Type II (uniaxial geogrid)

Property Test method

Unit Value, min.

COE CW-02215
ASTM D6637'2
ASTM D5362

Open Area

Tensile Modulus, Machine Direction

Creep Limited Strength, Machine Direction
at 5% strain

% >50.0, =80.0
1b/ft (N/m) 49,300 (720,000)
1b/ft (N/m) 1090 (16,000)

NOTES:
Secant modulus at 2% elongation.

>Minimum average roll values shall be in accordance with ASTM D 4759.

COECW-02215, (32).
ASTM D6637, (22).
ASTM D5362, (34).

Rainey and Barksdale (36) have indicated that installa-
tion damage to a geogrid is a function of the following:

Geogrid thickness

Compactive effort and lift thickness

Type and weight of construction equipment used for fill
spreading

Grain size distribution of backfill

Angularity of particles of backfill material

Polymer used in the manufacture of geogrids

Geogrid manufacturing process

2.5.3 Junction Strength of Geogrids

Geogrid ribs are classified as either longitudinal or
transverse. Longitudinal ribs are parallel to the machine
direction (roll direction), while the transverse ribs are
perpendicular to the machine direction. The junctions
in a geogrid are the points of intersection between
longitudinal and transverse ribs. A section of a geogrid
in plan view is shown in Figure 2.3.

Junction strength is usually defined in terms of the
maximum single-junction strength (i.e., the force required
to rip the junction apart) and obtained following the
Geosynthetics Research Institute (GRI) standard GG2
procedure. It is calculated as:

Longitudinal Ribs

Junction

Aperture

Ty = > Ji/n (2.3)

where J,; = average single-junction strength (in
units of force); J; = maximum single-junction strength
of each junction (obtained experimentally); and n =
total number of test specimens.

Alternatively, geogrid junction strength (Eq. (2.4)) is
also reported in terms of force per unit width of the
material, which is the force applied to the junction
divided by the nominal aperture opening:

Jgrid = (Jrid) (njum'tions per unit width) (24)

where Jgiq geogrid junction strength per unit
width  (force/unit width; meter or feet)); and
Rjunctions per widsn = number of junctions per unit width.

Junction efficiency Ej,csion 1S €qual to the maximum
single-junction strength divided by the maximum tensile
strength of a single rib (average).

Ejum’tion = (;-:[;) X 1007 (25)

where T,;, = maximum tensile strength of a single rib
(force/unit width).

Regardless of which definition is used, specifications
of maximum junction strength are used for quality

e

Machine Direction

¢

Transverse Ribs

Figure 2.3 Geogrid components.
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TABLE 2.4
Minimum junction strength requirements

DOT

Junction strength

Kansas DOT (Special Provision to the standard specification, section
1710)

Ohio DOT (Supplemental Specification, section 861)

West Virginia (Supplemental Specification, division 206)

Kentucky DOT (Kentucky DOT memorandum, section 304)

251bs (111.2 N)

25 Ibs (111.2 N)
765 Ib/ft (11.16 kN/m) (Type 1) 1080 Ib/ft (15.76 kN/m) (Type 2)
765/1170 Ib/ft (Type 1, MD/XD") (11.16/17.07 kN/m) 1080/1780 Ib/ft

(Type 2, MD/XD") (15.76/25.98 kN/m)

NOTES:

"Machine Direction (MD) x Cross-Machine Direction (XD). It is assumed that the MD is placed parallel to the centerline of the roadway

alignment.
Kansas DOT, (37).
Ohio DOT, (38).
West Virginia, (39).
Kentucky DOT (40).

control and to ensure minimum constructability re-
quirements. A minimum junction strength for roadway
construction is required to maintain the integrity of the
geogrid during shipment and placement. During road-
way construction, the geogrid experiences high levels of
localized stresses because aggregate material is placed,
spread and compacted on top of the reinforcement.
GMA White Report I (30) suggested a minimum
junction strength value J,.;, of 35 N (8 Ibs), as shown in
Table 2.1. However, Kansas and Ohio DOTs have
increased this value to 110 N (25 Ibs) based on their
own experience with reinforced subgrade construction.
West Virginia and Kentucky DOTs have minimum
junction strength requirements in terms of geogrid
junction strength per unit width. The minimum
junction strength requirements specified by some
DOTs are summarized in Table 2.4. The requirements
for geogrid properties are only meant to provide
guidelines regarding minimum requirements for the
geogrid itself. Therefore, other subgrade design para-
meters (e.g., resilient modulus, CBR and shear strength)
are needed for roadway design.

3. LARGE-SCALE DIRECT SHEAR TESTS
3.1 Introduction

Large-scale direct shear tests were performed in this
study to evaluate the shear strength of the interface
between subgrade soil and the aggregate base layer with
and without geogrid reinforcement in place. Glacial till
(CL) and No. 53 aggregate were used as subgrade and
base material, respectively; these materials are most
frequently used in weak subgrade reinforcement by
INDOT. Eight types of geogrids from three different
companies were selected for testing. Correlations
between shear strength parameters and geogrids proper-
ties (tensile strength, junction strength and aperture size)
were investigated. Based on the efficiency of the geogrids
tested, the most relevant geogrid properties that affect
the efficiency of the reinforced system were identified.

3.2 Test Equipment and Procedure

Large-scale direct shear tests were performed accord-
ing to ASTM D5321 (41). The dimensions of the upper
shear box are 300 mm x 300 mm, while those of the
lower shear box are 300 mm x 450 mm. The size of the
lower box is larger than that of the upper box to
maintain a constant shearing area during the tests.
Three different normal stresses (50 kPa, 100 kPa, and
200 kPa) were applied to the top of the samples. The
rate of horizontal shear displacement was 1 mm/min.
The large-scale direct shear test procedure was as
follows:

1. The testing materials (subgrade soil and aggregate) were
prepared at their optimum moisture contents.

2. The subgrade soil was compacted in the lower box in
three layers (see Figure 3.1) to relative compaction values
0f 94-98%. Each layer was hammered a specified number
of blows (280 blows for layer 1, 330 blows for layer 2,
and 383 blows for layer 3). The number of blows was

Figure 3.1 Soil placed in the lower shear box and compacted
in three layers.
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Figure 3.2 Geogrid placed over soil and secured to the
shear box.

determined based on the Standard Proctor compaction
effort.

3. The geogrid was installed on the compacted subgrade soil
(Figure 3.2).

4.  The upper box was placed and secured.

5. The base aggregate was compacted in the upper box.
The aggregate was compacted in three layers
(Figure 3.3) to relative compaction values of 93-96%.
Each layer was hammered a specified number of blows
(230 blows for layer 1, 250 blows for layer 2 and 370
blows for layer 3).

6.  The top plate cap was placed over the aggregate, and the
load cell and the LVDT were positioned (Figure 3.4).

7.  The desired normal stress was applied on the sample. The
normal stress was maintained until the vertical displace-
ment was stabilized.

8. The lower box was then displaced at a constant rate of
1 mm/minute. The shear load, normal load, lateral and
vertical displacement data were saved.

Figure 3.3 Aggregate placed in the upper shear box and
compacted in three layers.

Figure 3.4 Load cell and LVDT positioned properly after the
top plate cap is placed over the aggregate layer.

9. The test was terminated when the lateral displacement
reached about 83 mm.

3.3 Test Materials

3.3.1 Subgrade Soil

The subgrade soil is a glacial till, which was classified
as clay loam (CL) according to the Unified Soil
Classification System (USCS, ASTM D2487 (42)) and
as silty soil (A-4) according to the AASHTO soil
classification (AASHTO M 145-91 (43)). The liquid
limit, plastic limit and plasticity index of the subgrade
soil were determined according to the Atterberg limits
testing procedure (ASTM D4318-05 (44)). Figure 3.5
shows the particle-size distribution curve of the
subgrade soil (ASTM D422-63 (45)). The subgrade soil
properties are summarized in Table 3.1.

The optimum moisture content and maximum dry
unit weight of the subgrade soil were obtained
following the standard Proctor compaction test method
(ASTM D698, Method A (46)). The subgrade soil
optimum moisture content and maximum dry unit
weight are 16.4% and 17.5 kN/m> (110.9 pcf), respec-
tively, as shown in Figure 3.6.

3.3.2 Base Aggregate

The base material is No. 53 aggregate (crushed
stone), which is the aggregate typically used in Indiana.
The base aggregate (No. 53) is classified as poorly
graded gravel (GP) according to the Unified Soil
Classification System (USCS, ASTM D2487 (42)) and
as stone fragments or gravel (A-1-a) according to the
AASHTO soil classification (AASHTO M 145-91 (43)).
The No. 53 aggregate properties and gradation are
summarized in Table 3.2. INDOT standard specifica-
tions (section 904) specify the upper and lower limits for
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Figure 3.5 Particle-size distribution curve for subgrade soil.
TABLE 3.1
Properties of the subgrade soil (glacial till)
Sand (%) Silt (%) Clay (%) LL (%) PL (%) PI (%) Classification
32 48 20 30.5 21.3 9.2 CL (ASTM)/A-4 (AASHTO)
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Figure 3.6 Results of standard Proctor compaction tests for the subgrade soil.
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Figure 3.7 Particle-size distribution curves for the No. 53 aggregate.

the No. 53 aggregate particle-size distribution. These
limits are shown in Figure 3.7. The particle-size
distribution curve of the No. 53 aggregate used in this
study lies between the upper and lower limits of the
particle-size distribution specified by INDOT.

Standard compaction tests (ASTM D698, Method C
(46)) were performed to obtain the optimum moisture
content and maximum dry unit weight of the No. 53
aggregate. The No. 53 aggregate optimum moisture
content and maximum dry unit weight are 8.2% and
21.6 kN/m® (139.6 pcf), respectively, as shown in
Figure 3.8.

3.3.3 Geogrids

Eight brands of biaxial geogrids were selected for
this study: Tensar BX1100, BX1200, and BX4100,
FORNIT 20, 30, and 40/40, and Synteen SF11 and
SF12. The index properties of the geogrids tested are
provided in Tables 3.3, 3.4 and 3.5. Tensar BX geogrids

TABLE 3.2
Properties of the No. 53 aggregate
Sieve size Aggregates size (#53) (% passing)

3/4 in (19 mm) 87
1/2 in (12.5 mm) 73
3/8 in (9.5 mm) 63
No. 4 (4.75 mm) 44
No. 8 (2.36 mm) 30
No. 30 (600 wm) 9
No. 200 (75 pm) 2

PI NP

Classification GP (USCS)

Stone fragments or gravel (AASHTO)

(BX1100, BX1200, and BX4100) are produced using
polypropylene or copolymers (see Figure 3.9). Huesker
geogrids (FORNIT 20, 30, and 40/40) and Synteen
geogrids (SF11 and SF12) are woven from polyester
yarns and coated with PVC (see Figures 3.10 to 3.11).
The aperture area and junction strength of the geogrid
affect the frictional resistance at the interface since for
efficient reinforcement performance, the aggregate
particles need to get interlocked in the apertures of
the geogrids. Tensar BX geogrids have relatively higher
junction strength than the products supplied by the two
other manufacturers (Huesker and Synteen). In addi-
tion, geogrids fabricated by the same manufacturer
have different aperture sizes. Testing of geogrids with
different properties allows one to compare and evaluate
experimentally the performance of the different geo-
grid-reinforced systems.

3.4 Interface Shear Strength Coefficient

The interaction of a geogrid with subgrade soil can
be evaluated by comparing the shear strength at the
interface measured in direct shear tests performed for
various normal stresses with and without a geogrid in
place. The interface shear strength coefficient o is often
used to evaluate the effectiveness of geogrids used for
subgrade reinforcement. The interface shear strength
coefficient is defined as the ratio of the shear strength of
the subgrade soil system with the geogrid reinforcement
to the shear strength of the subgrade soil system
without the geogrid reinforcement, both measured
under the same normal stress (27-29).

3.5 Test Results

Figures 3.12 to 3.15 present the results of the large-
scale direct shear tests performed in this study. In these
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Figure 3.8 Results of standard Proctor compaction tests for the No. 53 aggregate.

TABLE 3.3
Index properties of Tensar BX geogrids'

Geogrids
Property BX1100 BX1200 BX4100
Index Property MD MD MD
Aperture size (mm) 25.0 (x33.0) 25.0 (x33.0) 33.0
Rib thickness (mm) 0.76 1.27 0.76
Tensile strength at 2% strain (kIN/m) 4.1 6.0 4.0
Tensile strength at 5% strain (kN/m) 8.5 11.8 8.0
Ultimate tensile strength (kN/m)? 124 19.2 12.8
Junction strength (kN/m)? 11.53 17.86 11.90
Torsional stiffness (cm-kg/deg)* 3.2 6.5 2.8

NOTES:

'Available at http://www.tensarcorp.com/index.asp?id="70.

“Resistance to elongation is measured according to ASTM D6637. A geogrid specimen of is clamped and placed under a tensile force using a
constant-rate of extension testing machine. The ultimate tensile strength is determined based on the tensile force required to rupture the specimen.

*Load transfer capability measured according to GRI-GG2-87.

4Resistance to in-plane rotational movement is measured by applying a 20 kg-cm moment to the central junction of a 9 in. x 9 in. specimen
restrained at its perimeter (U.S. Army Corps of Engineers Methodology).
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TABLE 3.4
Index properties of Huesker geogrids'

Geogrids
Property FORNIT 20 FORNIT 30 FORNIT 40
Index property MD MD MD
Aperture size (mm) 15.0 15.0 35.0
Rib thickness (mm) — — —
Tensile strength at 2% strain 5.0 6.0 15.0
(kN/m)
Tensile strength at 5% strain 9.0 12.0 32.0
(kN/m)
Ultimate tensile strength (kN/m)? 13.0 25.0 40.0
Junction strength (kN/m)? 0.44 0.47 —
Torsional stiffness (cm-kg/deg)* 4.5 7.6 —
NOTES:

!Available at http://www.huesker.com/.

2Resistance to elongation is measured according to ASTM D6637.

*Load transfer capability measured according to GRI-GG2-87.

4Resistance to in-plane rotational movement (U.S. Army Corps of Engineers Methodology).

TABLE 3.5
Index properties of Synteen geogrids'

Geogrids
Property SF11 SF12
Index property MD MD
Aperture size (mm) 25.0 25.0
Rib thickness (mm) — —
Tensile strength at 2% strain (kIN/m) 7.7 7.7
Tensile strength at 5% strain (kN/m) 11.5 15.2
Ultimate tensile strength (kN/m)! 349 349
Junction strength (kN/m)? 0.87 0.87

Torsional stiffness (cm-kg/deg)? - -

NOTES:

'Available at http://www.synteen.com/products/base-reinforcement/.

“Resistance to elongation is measured according to ASTM D6637.

*Load transfer capability measured according to GRI-GG2-87.

4Resistance to in-plane rotational movement (U.S. Army Corps of Engineers Methodology).
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Figure 3.9 Geogrid specimens (Tensar BX).
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Figure 3.11 Geogrid specimens (Synteen SF).
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Figure 3.12 Results of large-scale direct shear tests (without
geogrid): (a) shear stress vs. displacement behavior for the
interfaces under three different normal stresses, (b) peak shear
stress vs. the corresponding normal stress and (¢) end-of-test
stress vs. the corresponding normal stress.

figures, peak and end-of-test shear stresses are also
plotted versus the corresponding normal stresses
(50 kPa, 100 kPa and 200 kPa) to allow determination
of the shear strength envelopes and the corresponding
fitting parameters (cohesive intercept ¢ and friction
angle ¢).

Figure 3.12 presents the variation of the shear stress
developed along the horizontal shear plane during
lateral displacement for the control interface of soil-
aggregate without geogrid. Under a normal stress of
50 kPa, the peak shear strength in the shear stress-
horizontal displacement curve is 80.3 kPa for the
interface soil-aggregate without geogrid. For horizontal
displacements greater than about 50 mm, the shear
stresses developed along the horizontal shear plane
reached a more or less steady value of 78.2 kPa at the
end of the test.

From the plot of the peak shear strength versus the
normal stress applied on the samples, fitting parameters
(c = 57.0 kPa and friction angle = 20.1°) for the peak
strength envelope were obtained for soil-aggregate
samples without geogrid. Also, end-of-test fitting
parameters for soil-aggregate samples without geogrid
(c = 56.1 kPa and friction angle = 19.2°) were
determined from the end-of-test shear strength envel-
ope. Secant friction angles were also calculated from the
peak and end-of-test shear strength envelopes (see
Table 3.6 and Table 3.7). For a normal stress of
100 kPa, the peak and end-of-test secant friction angles
for subgrade soil-aggregate without geogrid are equal
to 40.7° and 40.0°, respectively.

Figures 3.13 to 3.15 show the variation of the shear
stress with horizontal displacement and the peak and
end-of-test shear strength envelopes for the geogrid
(Tensar BX1200, Huesker FORNIT30, and Synteen
SF12) reinforced soil-aggregate samples tested under
three different normal stresses. Table 3.6 shows the ¢-¢
shear strength fitting parameters corresponding to the
peak shear strength envelopes for the soil-aggregate
samples tested with and without geogrid. Table 3.7
provides the c¢-¢ shear strength fitting parameters
corresponding to the end-of-test shear strength envel-
opes for the soil-aggregate samples tested with and
without geogrid.

The measured peak and end-of-test interface shear
strength coefficients at three different normal stress
values are summarized in Table 3.8 and 3.9. As can be
seen in Table 3.8 and 3.9, the interface shear strength
coefficient depends on the applied normal stress. At
lower normal stresses, the materials are more dilative,
while at higher normal stresses and larger strains,
dilation is inhibited. Therefore, depending on the initial

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2012/27
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Figure 3.13 Results of large-scale direct shear tests (Tensar
BX1200 Geogrid): (a) shear stress vs. displacement behavior
for the interfaces under three different normal stresses, (b)
peak shear stress vs. the corresponding normal stress and (c)
end-of-test shear stress vs. the corresponding normal stress.

sample density and normal stress, the geogrid interac-
tion mechanism is expected to be different. When
dilation is suppressed, the effectiveness of the geogrid
decreases since it depends on the degree of interlocking
of the aggregate particles in the geogrid aperture. As the
data in Table 3.9 shows, geogrids loose effectiveness at
large strains. Figure 3.16 and Figure 3.17 show opcak
versus geogrid junction strength relationships for the
various geogrids tested in this study. Overall, the
variation in o,e,x values is larger for the geogrids with
lower junction strengths.

Figures 3.18 to 3.22 show the average peak interface
shear strength coefficient versus the following proper-
ties of the eight geogrids tested: aperture size, junction
strength (in the machine direction), and tensile strength.
The Tensar BX1200 geogrid produced the greatest
average peak interface shear strength. The aperture
area and junction strength (in the machine direction) of
the geogrid affected the overall average peak interface
shear strength the most. Figure 3.18 indicates that the
optimum aperture area of the geogrid is 825 mm? (1.28
in?) for the subgrade soil and aggregate considered in
this study. In addition, Figure 3.19 shows the average
peak interface shear strength coefficient versus normal-
ized aperture area, defined as the ratio of the square
root of the geogrid aperture area to the Dsqg of the
aggregate material. The optimum normalized aperture
area is equal to 4.7. Figure 3.20 shows the average peak
interface shear strength coefficient versus the aperture
length of the geogrid in the direction of shearing
normalized with respect to the Dsy of the aggregate.
The optimum normalized aperture length of the geogrid
in the direction of shearing is equal to 5.4.

As shown in Figure 3.21, there is no direct correla-
tion between the tensile strength at 2% strain and the
average peak interface shear strength coefficient.
Figure 3.22 shows that the average peak interface shear
strength coefficient increases as the geogrid junction
strength (in the machine direction) increases.

The shear stress and displacement response of a
geogrid reinforced soil-aggregate system depends on
various factors: the shear strength of soil or aggregate
(related to intrinsic properties of the particles them-
selves, moisture content and density), the geogrid
properties, and the test conditions. The effects of the
moisture content of the subgrade soil, the placement of
the geogrid on the direct shear box (attached either to
the upper or lower box), the aggregate shear strength,
and the soil shear strength on the shear stress vs.
displacement response of the samples are discussed
next.

There is no established procedure for the approp-
riate setup of a direct shear test device for testing of

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2012/27 15
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Figure 3.14 Results of large-scale direct shear tests (Huesker
FORNIT30 Geogrid): (a) shear stress vs. displacement
behavior for the interfaces under three different normal
stresses, (b) peak shear stress vs. the corresponding normal
stress and (c) end-of-test shear stress vs. the corresponding
normal stress.

soil-geogrid interfaces. ASTM D5321 (standard for
direct shear testing of soil-geosynthetic interfaces) (40)
specifies only the minimum size of the shearing box. In
this study, we also investigated the impact of the
geogrid placement (either attached to the upper box or
the lower box) on the measured interface shear
strength. Glacial till (CL) and No. 53 aggregate were
used in these tests as well. The soil and aggregate were
compacted at their optimum moisture contents
(OMCyoii = 16.4%; OMC,ggrepate = 8.2%) to relative
compaction values of 93-95% (R 94-95%;
Rageregate = 93-95%). Figure 3.23 shows a comparison
of the direct shear test results for these two test
conditions. For the same normal stress, relatively
smaller shear strength was measured when the geogrid
(Tensar BX4100) was attached to the upper shear box.
Table 3.10 provides values for the peak shear stress and
secant friction angle for tests performed with different
geogrid placement in the box and a normal stress of 100
kPa. For a normal stress of 100 kPa, the peak shear
strength values in the shear stress-horizontal displace-
ment curves were 114.3 kPa for the test in which the
geogrid was attached to the lower box and 104.6 kPa
for the test in which the geogrid was attached to the
upper box.

Figure 3.24 shows the results of the direct shear tests
performed to assess the effect of the moisture content of
the subgrade soil on the peak shear strength of the
samples tested with and without geogrids in place. The
subgrade soil samples were prepared at a moisture
content of 2% and 4% wet of the standard Proctor
optimum moisture content and compacted to relative
compaction values of 94-96% (Rsoi 95-96%;
Riggregate = 94-95%). For the same moisture content
of the subgrade soil, the peak shear strength was larger
for the samples prepared with a geogrid between the
subgrade soil and the aggregate. This behavior was
observed for all the samples prepared with the different
moisture contents considered in this study. In addition,
for both conditions (with and without geogrids), the
peak shear strength at the interface decreases as the
moisture content of the subgrade soil samples increases.
Under an applied normal stress of 100 kPa, the
interface peak shear strength coefficient (dtpeax = 1.59)
obtained from the tests performed at the optimum
moisture content is 20% less than that (dpeax = 1.99)
obtained for the samples tested at a moisture content
4% higher than the optimum moisture content (see
Table 3.11).

Figure 3.25 shows a comparison of the peak shear
strength at the interface for different materials tested at
the OMC (OMCy,;i = 16.4%; OMCygpregate = 8.2%)
compacted to relative compaction values of 93-95%
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Figure 3.15 Results of large-scale direct shear tests (Synteen
SF12 Geogrid): (a) shear stress vs. displacement behavior for
the interfaces under three different normal stresses, (b) peak
shear stress vs. the corresponding normal stress and (c¢) end-of-
test shear stress vs. the corresponding normal stress.

(Reoit = 94-95%; Rggregate 93-95%) with and
without Tensar BX1200 geogrid in place for a normal
stress of 100 kPa. The test conditions included only
aggregate (both upper and lower shear box were filled
with aggregate), only subgrade soil, and soil-aggregate.
The results show that the shear strength at the interface
for only aggregate is higher than that for only subgrade
soil, both cases with Tensar BX1200 geogrid in place.
However, the peak interface shear strength coefficient
for the sample with only aggregate and geogrid is less
than one (the value of o is equal to 0.68). This
means that placement of a geogrid between two layers
of aggregate is detrimental to the interface shear
strength. The test results show that use of Tensar
BX1200 geogrid improves the shear strength at the
interface when it is placed either between two layers of
soil or between a layer of soil and a layer of aggregate.
Values of the peak interface shear strength coefficient
were found to be equal to 2.02 and 1.59 for the
subgrade soil and the aggregate-soil samples, respec-
tively, as shown in Table 3.12.

3.6 Comparison with Specifications

The results of the large-scale direct shear tests
performed in this study show that the efficiency of
geogrid reinforcement systems is related to the aperture
area and the junction strength of the geogrids. In this
section, we discuss requirements of geogrid properties
in Indiana, West Virginia, and Kentucky DOTS’
specifications so that reasonable property requirements
can be proposed for INDOT specifications.

The relationships between the average peak interface
shear strength coefficient and geogrid property require-
ments (aperture area, tensile strength at 2% strain,
ultimate tensile strength, and junction strength in
the machine direction) of Indiana, West Virginia,
and Kentucky DOTSs’ specifications are shown in
Figure 3.26 to Figure 3.28. Table 3.13 summarizes the
properties of geogrids used in this study and the geogrid
property requirements in the DOTS’ specifications. The
peak interface shear strength coefficients provided in
Figure 3.26 to Figure 3.28 and Table 3.13 are the
average values of the peak interface shear strength
coefficients obtained for the three normal stresses
(50 kPa, 100 kPa and 200 kPa) considered in this
study.

With respect to the aperture area, INDOT requires a
much smaller aperture area than the other DOTS’
(Figure 3.26). The other DOTS’ requirements are closer
to the optimum aperture area (825 mm?> = 1.28 in%)

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2012/27 17



TABLE 3.6
Peak shear strength and c-¢ shear strength fitting parameters for the soil-aggregate samples tested with and without geogrid

Secant friction angle

Peak shear stress, t [kPa] Fitting parameters o, = 100 kPa
Geogrid o, = 50 kPa o, = 100 kPa o, = 200 kPa '} c @ secant
No Geogrid 80.3 86.1 132.6 20.1 57.0 40.7
FORNIT 20 70.2 94.8 119.9 17.7 57.6 43.5
FORNIT 30 61.2 97.1 166.9 35.1 26.3 44.2
FORNIT 40/40 84.4 114.7 143.8 23.2 534 48.9
BX1100 117.9 129.5 142.0 8.8 111.6 52.3
BX1200 116.3 136.7 185.0 24.7 92.2 53.8
BX4100 113.6 114.3 151.6 15.1 95.0 48.8
SF11 101.1 104.6 127.8 10.5 89.5 46.3
SF12 88.0 116.0 132.5 15.5 79.7 49.2

NortE: Glacial till (CL) soil compacted at OMC = 16.4% to R = 94-98% and No. 53 aggregate (GP) compacted at OMC = 8.2% to R = 93—
96%.

TABLE 3.7
End-of-test shear strength and c-¢ shear strength fitting parameters for the soil-aggregate samples tested with and without geogrid

Secant friction angle

End-of-test shear stress, t [kPa] Fitting parameters o, = 100 kPa
Geogrid o, = 50 kPa o, = 100 kPa o, = 200 kPa ¢ c @ secant
No geogrid 78.2 84.0 128.1 19.2 56.1 40.0
FORNIT 20 62.8 88.7 120.9 20.7 46.7 41.6
FORNIT 30 56.1 95.2 160.0 34.5 23.7 43.6
FORNIT 40/40 77.9 111.6 141.5 22.1 63.0 48.1
BX1100 85.1 99.5 112.7 10.0 78.5 449
BX1200 89.7 104.3 161.6 26.2 61.1 46.2
BX4100 84.8 103.5 129.0 16.1 72.0 46.0
SFI11 89.4 92.6 124.8 14.0 73.3 42.8
SF12 71.8 82.5 129.6 21.7 48.2 39.5

NoTtE: Glacial till (CL) soil compacted at OMC = 16.4% to R = 94-98% and No. 53 aggregate (GP) compacted at OMC = 8.2% to R = 93—
96%.

TABLE 3.8
Peak interface shear strength coefficient o,k at three different normal stress values

Peak interface shear strength coefficient acax

Geogrid o, = 50 kPa o, = 100 kPa o, = 200 kPa Average Opeak
FORNIT 20 0.87 1.10 0.90 0.96
FORNIT 30 0.76 1.13 1.26 1.05
FORNIT 40/40 1.05 1.33 1.08 1.16
BX1100 1.47 1.50 1.07 1.35
BX1200 1.45 1.59 1.40 1.48
BX4100 1.41 1.33 1.14 1.30
SF11 1.26 1.22 0.96 1.15
SF12 1.10 1.35 1.00 1.15

NoTtE: Glacial till (CL) soil compacted at OMC = 16.4% to R = 94-98% and No. 53 aggregate (GP) compacted at OMC = 8.2% to R = 93—
96%.
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TABLE 3.9

End-of-test interface shear strength coefficient 0.,g of(est at three different normal stress values

End-of-test interface shear strength coefficient 0.,g-of-test

Geogrid o, = 50 kPa o, = 100 kPa o, = 200 kPa Average Oeng-of-test
FORNIT 20 0.80 1.06 0.93 0.93
FORNIT 30 0.70 1.13 1.25 1.03
FORNIT 40/40 0.97 1.33 1.10 1.13
BX1100 1.06 1.18 0.88 1.04
BX1200 1.12 1.24 1.26 1.21
BX4100 1.06 1.23 1.01 1.10
SF11 1.11 1.10 0.97 1.06
SF12 0.89 0.98 1.01 0.96

NotE: Glacial till (CL) soil compacted at OMC = 16.4% to R = 94-98% and No. 53 aggregate (GP) compacted at OMC = 8.2% to R = 93—

96%.
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Figure 3.16 Effect of the geogrid junction strength (in the machine direction) on the peak interface shear strength coefficient

(direct shear tests performed with normal stresses equal to 50, 100 and 200 kPa).
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Figure 3.17 Effect of the geogrid junction strength (in the machine direction) on the end-of-test interface shear strength
coefficient (direct shear tests performed with normal stresses equal to 50, 100 and 200 kPa).
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Figure 3.23 Comparison of the direct shear test results for different geogrid placement (tested with Tensar BX4100, soil
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TABLE 3.10
Peak shear stress and secant friction angle for different geogrid placement

Peak shear stress t [kPa] Secant friction angle
Geogrid placement 6, = 100 kPa Psecant 6n = 100 kPa
Without geogrid 86.1 40.7
Tensar BX4100 (geogrid attached to the lower box) 114.3 48.8
Tensar BX4100 (geogrid attached to the upper box) 104.6 46.3

NoTE: Glacial till (CL) soil compacted at OMC = 16.4% to R = 94-95% and No. 53 aggregate (GP) compacted at OMC = 8.2% to R = 93—
95%.
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TABLE 3.11

Peak shear stress and peak interface shear strength coefficient for subgrade soil tested at different moisture contents under a normal stress
of 100 kPa

Property Peak shear stress, t [kPa] 6, = 100 kPa

Moisture content of soil

Without geogrid

With geogrid (Tensar BX1200)

Peak interface shear strength coefficient (otpeax)

OMC (%) OMC + 2% OMC + 4%
86.1 69.1 40.0
136.7 102.6 79.7
1.59 1.49 1.99

Note: Glacial till (CL) soil compacted to R = 95-96% and No. 53 aggregate (GP) compacted at OMC = 8.2% to R = 94%-95%.
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requirements of DOTSs’ specifications.

TABLE 3.12

Peak shear stress and peak interface shear strength coefficient for different test materials tested under a normal stress of 100 kPa
Property Peak shear stress, t [kPa] 6, = 100 kPa

Test material Aggregate + soil Aggregate only Soil only
Without geogrid 86.1 237.9 23.4

With geogrid (Tensar BX1200) 136.7 161.4 47.3

Peak interface shear strength coefficient (otpeax) 1.59 0.68 2.02

NoTE: Glacial till (CL) soil compacted at OMC = 16.4% to R = 94-95% and No. 53 aggregate (GP) compacted at OMC = 8.2% to R = 93—
95%.
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identified in our test results. Currently, INDOT
requires a minimum geogrid aperture area of
161 mm? (0.25 in?). Considering the type of aggregates
used by INDOT, the current aperture area requirement
is not enough to allow an effective development of the
reinforcement effect. Accordingly, we suggest that
825 mm? (1.28 in®) of minimum aperture area be
required.

Figure 3.27 shows that there is no clear correlation
between the tensile strength at 2% strain and the average
peak interface shear strength coefficient. In addition, the
tensile strength of the tested geogrids satisfy the

requirements of all DOTs. The junction strength (in
the machine direction) and the efficiency of geogrid
reinforcement, as expressed by the average peak inter-
face shear strength coefficient, show a strong correlation
(see Figure 3.28). Currently, INDOT does not have any
requirement for geogrid junction strength. Thus, a
requirement for junction strength needs to be included
in INDOT specifications. Figure 3.28 shows that the
junction strengths (in the machine direction) of Tensar
BX1100, BX1200 and BX4100 geogrids satisfy the
junction strength (in the machine direction) requirement
(11.2 kN/m = 767 1b/ft) of West Virginia and Kentucky

TABLE 3.13
Material properties of geogrids and geogrid property requirements of DOTS’ specifications
Tensar HUESKER Synteen West
Indiana Virginia Kentucky
Index property BX1100 BX1200 BX4100 FORNIT20 FORNIT30 FORNIT40 SF11 SF12 DOT DOT DOT
Aperture size (mm) 25 25 33 15 15 15 25 25 12.7 25.4 25.4
33 33 33 15 15 15 25 25 12.7 33 349
Aperture area (mm?) 825 825 1089 225 225 225 625 625 161 838 886
Tensile Strength at 4.1 6 4 5 6 15 7.7 7.7 — 4.1 4.1
2% strain (KN/m)
Ultimate tensile 12.4 19.2 12.8 13 25 40 34.9 34.9 11.7 8.5 —
strength (kIN/m)
Junction strength 11.5 17.9 11.9 0.44 0.47 — 0.87 0.87 — 11.2 11.2
(kN/m)
Average peak 1.35 1.48 1.30 0.96 1.05 1.16 1.15 1.15 — — —
interface shear
strength coefficient
(Average opear )
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TABLE 3.14
Preliminary guidelines for geogrid property requirements

Type 1 (biaxial) geogrid

Index property Unit Current Suggested
Aperture size in (mm) 0.5 (13) —

in (mm) 0.5 (13) —
Aperture area in? (mm?) 0.25 (169) 1.28 (825)
Junction strength (in the machine direction) 1b/ft (kN/m) — 788 (11.5)

DOTs. The Tensar BX geogrid provides relatively high
efficiency. We suggest that a minimum geogrid junction
strength (in the machine direction) value of 11.5 kN/m
(788 1b/ft) be required for weak subgrade reinforcement.
The proposed preliminary guidelines for subgrade
reinforcement are summarized in Table 3.14.

4. CONCLUSIONS

4.1. Summary

The main goal of this study was to evaluate
experimentally the mechanical interaction between a
subgrade soil and an aggregate base layer, with and
without a geogrid at the interface. Eight geogrids were
investigated in this study. The peak interface shear
strength of soil-soil, soil-aggregate, and aggregate-
aggregate without geogrids and with geogrids of
various aperture area, junction strength (in the machine
direction), and tensile strength was evaluated by
performing a series of large-scale direct shear tests.
Three different normal stresses (50 kPa, 100 kPa, and
200 kPa) were applied to the top of the samples
compacted at the optimum moisture content (OMC,;
= 16.4%; OMCggregate = 8.2%) to relative compaction
values of 93-98% (Ryoii = 94-98%; R,ggrepate = 93—
96%). The effects of the geogrid properties on the
performance of the aggregate-geogrid-soil systems were
evaluated by comparing the efficiency of different
geogrids in terms of the average peak interface shear
strength coefficient. Direct shear tests were also
performed on samples prepared at moisture contents
2% and 4% higher than the optimum moisture content
to assess the effects of different moisture contents of the
subgrade soil on the interface shear strength. The effect
of geogrid placement on the direct shear box (attached
to the upper or lower box) was also examined.

The requirements of geogrid properties in Indiana and
other state DOTS’ specifications were compared and
reviewed. The average peak interface shear strength
coefficients obtained from the large direct shear tests were
correlated with geogrids properties (aperture area, tensile
strength at 2% strain, ultimate tensile strength, and
junction strength in the machine direction) and require-
ments of several DOTS’ specifications. Preliminary
guidelines for subgrade geogrid reinforcement (aperture
area and junction strength) were proposed.

4.2 Conclusions

Based on the findings of the present study, the
following conclusions are drawn:

1. The peak shear strength of soil-geogrid-aggregate sys-
tems tested at the OMC (OMC,gj; = 16.4%; OMCgprepate
= 8.2%) and compacted to relative compaction values of
93-98% (Rsoit = 94-98%; R,gorcgate % 93-96%) under a
normal stress of 100 kPa was equal to 114.3 kPa when
the Tensar BX4100 geogrid was attached to the lower
box and 104.6 kPa when the Tensar BX4100 geogrid was
attached to the upper box.

2. The peak shear strength at the interface decreases as the
moisture content of the subgrade soil increases. For a
normal stress of 100 kPa, the peak interface shear
strength coefficient for the subgrade soil sample pre-
pared at the OMC and compacted to relative compac-
tion values of 94-96% (Rsoii = 95-96%; Rigorepate =
94-95%) was 20% less than that of the subgrade soil
sample prepared at a moisture content of 4% above the
OMC.

3. The large-scale direct shear tests performed on the soil-
geogrid-aggregate samples showed that the aperture area
and junction strength of the geogrids are important fac-
tors affecting the overall interface shear strength. The
average values of the three peak interface shear strength
coefficients obtained for the three normal stresses (50
kPa, 100 kPa and 200 kPa) considered in this study
ranged between 0.96 and 1.48. The peak interface shear
strength coefficient depends on the geogrid type, soil and
aggregate properties and test conditions. The average
peak interface shear strength coefficient increased with
increases in the junction strength (in the machine
direction) of the geogrid. For the subgrade soil and
aggregate considered in this study, the opti-mum
aperture area of the geogrid was 825 mm? (1.28 in?).
There was no significant correlation between the tensile
strength at 2% strain and the average peak interface
shear strength coefficient.

4. An aperture area requirement of 825 mm? (1.28 in%) and
a junction strength (in the machine direction) require-
ment of 11.5 kN/m (788 Ib/ft) were suggested as prelimi-
nary guidelines for weak subgrade geogrid reinforcement
based on the results of the large-scale direct shear tests
performed in this study and the requirements specified by
the DOTs of other states. These recommendations are
restricted to the use of geogrid for subgrade reinforce-
ment (Type IV of INDOT specification 207.04) with
aggregate No. 53.
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