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Abstract:

In recent years geogrids and geotextiles have been evaluated for use as reinforcement in the base course
layer of flexible pavement structures. Adding reinforcement to the base layer can help reduce the
thickness of the base material or increase the life of the roadway. To understand and quantify potential
reinforcement benefit, a program of study that relies on both experimental and modeling studies was
devised. The increased use of finite element modeling to simulate material and system behavior has
also increased the need for more specialized tests performed on the model components.

The focus of this research was to develop test methods and provide data that can be used for the
calibration of constitutive models that describe geosynthetic material parameters and soil/geosynthetic
interaction parameters. Calibration of geosynthetic material models required that elastic, inelastic,
viscous, direction dependant and repetitive load dependant material properties be defined. To define the
soil/geosynthetic interaction characteristics, insoil (confined) tests were performed.

A large scale test facility was designed and built for performing both in-air and in-soil experiments on
geosynthetics. In-air, displacement-rate controlled (monotonic) and load controlled (cyclic) tests on the
geosynthetic material allowed orthotropic elastic and isotropic yield material properties to be obtained.
Monotonic pull-out tests were performed at three levels of normal confinement to calibrate
soil/geosynthetic interaction parameters. Several common methods of interpreting the data from these
tests were examined, but, due to complications associated with these methods, a numerical solution of
the governing differential equation, which describes the interaction problem, was formulated.
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ABSTRACT

In recent years geogrids and geotextiles have been evaluated for use as reinforcement
in the base course layer of flexible pavement structures. Adding reinforcement to the base
layer can help reduce the thickness of the base material or increase the life of the roadway.
To understand and quantify potential reinforcement benefit, a program of study that relies
on both experimental and modeling studies was devised. The increased use of finite element
modeling to simulate material and system behavior has also increased the need for more
specialized tests performed on the model components.

The focus of this research was to develop test methods and provide data that can be
used for the calibration of constitutive models that describe geosynthetic material parameters
and soil/geosynthetic interaction parameters. Calibration of geosynthetic material models
required that elastic, inelastic, viscous, ditection dependant and repetitive load dependant
material properties be defined. To define the soil/geosynthetic interaction characteristics, in-
soil (confined) tests were performed. :

A large scale test facility was designed and built for performing both in-air and in-soil
experiments on geosynthetics. In-air, displacement-rate controlled (monotonic) and load
controlled (cyclic) tests on the geosynthetic material allowed orthotropic elastic and isotropic
yield material properties to be obtained. Monotonic pull-out tests were performed at three
levels of normal confinement to calibrate soil/geosynthetic interaction parameters. Several
common methods of interpreting the data.from these tests were examined, but, due to
complications associated with these methods a numerical solution of the governing
differential equation, which describes the interaction problem, was formulated.




CHAPTER ONE
- INTRODUCTION

Background

In recent years, geosynthetics have been used as reinforcement contéined in the base
course layer of flexible pavements. To quantify potential benefit provided by this
reinforcement, understanding the mechanisms of interaction between the geos’yntheticl and
the surrounding base mat.eriél is essential. |

Using geosynthetic materials as reinforcement 1n the base layer of flexible pavement
systems may provide savings either through a reduction of the base course layer design
thickness or an extension of the life of the road. Studies ranging from outdoor, field-scale
tests to indoor, laboratpry-scale tests have been conducted to provide insight into the
m‘echanismS of geosyhfchetic reinforcement and its level of structural contribution.
Reinforcement is derived mainly from the interaction between the base course material and
the geosynthetic reinforcement. The goal of ongoing research at Montana State University
is to understand and quantify potential reinforcement benefit using laboratory experiments
and finite element modeling.

A fully instrumented, laboratory-scale test facility has been constructed to examine

geosynthetic reinforcement benefit under simulated, truck traffic loading. This test facility
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has alléwed a geosynthetic reinforced pavément section to be built on a subgrade material.
within a controlled environment. In these test sectioné, cyclic loads were applied to the top
of the asphalt concrete (AC) layer through a rigid, 305 mm diameter plate. Two types of
geosynthetics were used in this study: a biaxial, pQIypropyléne geogrid and a biaxial, woven,
polypropylene geotextile. This phase of the research measured stress and strain response in
several layers of thg pavement section under these loads. Specifically, stress was measured
in the base cour;c,e and subgrade layers and strain was meésured in the Aé layer, the base_
course layer, thel geosynthetic layer and the subgrade layer. The modeling portic;n of this :
study is being developed to match these observed stress and strain responses. Calibrating the
model until it accurately predicts the response seen in these tests will allow a parametric
study to be formed fo predict responses for variables not included in the actual experiments.
Using this parametric'study, a design methodology for geosynthetic reinfofced pavements
can be formulated.

To model the reinforced pavement system properly, mat‘erial parameters describing
each component of the system must be defined. Specifically, the intrinsic geosynthetic
material properties and soil/geosynthetic interaction properties must be identified. The focus
of this thesis is the de\./elopment and implementation of a testing scheme that provides the

appropriate geosynthetic constitutive material parameters to the finite element model.

Scope of Work

Geosynthetic materials exhibit elastic, inelastic, viscous, direction dependent and

repetitive load dependent characteristics. The overall purpose of the research contained in
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this thesis is to develop test methods and provide data that can be used to obtain appropriate

geosynthetic material properties used in the constitutive model, including base course

soil/geosynthetic interaction properties. Specifically, the material parameters needed are: -

(o]

(o]

(o]

Geosynthetic, orthotropic, elastic/plastic material properties.

Geosynthetic, nonlinear, combined isotropic/kinematic hardening material |
properties.

Soil/geosynthetic, elastic/plastic, Coulomb type‘friction coefﬁcier_lts.

To accomplish this, the following objectives were established:

o

Experimenfati(_)n

Design and commission of an apparatus, based on current design
practices, to perform both in-air and in-soil tests under monotonic and

cyclic loading.

Use data from in-air tests to calibrate constitutive geosynthetic material
parameters in the finite element model..

Use data from monotonic in-soil tests to formulate an analytical model to
establish a method of interpreting the soil/geosynthetic interaction
properties to be used in the finite element model.

To define geosynthetic material and interaction properties properly, performing tests

on each of the geosynthetic materials used in the plate-load tests was necessary. To do this,

two types of tests were preferred: in-air tests and in-soil tests. Each of these tests was

conducted under two types of loéding: displacement controlled (monotonic) and load

controlled (cyclic). The materials studied were biaxial, implying they have different

mechanical properties in each of their principle directions. Accordingly, all tests were

performed to define the material’s anisotropic characteristics.




In-air Tests

The materials’ orthotropic, elastic/plastic material properties were defined using
monotonic, in-air tests. In this thesis, an in-air test refers to any laboratory experiment
performed on the geosynthetic where no confinement is applied in the out-of-plane direction. -
Since calibration of the constitutivé model requires data corresponding to a state of uniaxial

‘tension, all in-air tests were performed as uniaxial tension element tests. Measurements of
applied load, axial strain and lateral strains ;Nere collected to calculate moduli values for each
of the principle directions. Two types of monotonic tests were performed: fast monbtonic
and slow monotonic. Fast monotonic tests were perfonhed to provide geosynthetic material
parametefs without creep. Slow monotonic tests were used to calibrgte both the elastic and
plastic .material properties and verify the finite element model’s prediction of creep.

Since the elastic/plastic model, calibrated by the monotonic tests, does not necessarily
account for material behavior under cyclic loading, .a second model is being developed. This
second model is being used to ;1ef1ne the materials’ nonlinear, combined isotropic/kinematic,
hardening material properties. To calibrate this model, geosynthetic samples were cyclically
loaded, allowing them. to experience ratéhetting effects. Ratcheﬁing refers to the
accumulation of plast;c strains within the material under a particular level of repeated load
amplitudc_a. Cyclic tests were carried out von the geoéynthetic materials using two types of
ioadhlg: single cycie step loading (Series I) and multiple cycle step loading (Se-rvies I). For
the Series I tests, the geosynthetic samples were sﬁbjected to one cycle at 14 different levels

of load amplitude. For the Series II tests, load cycles were repeated at each of these same
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levels of load amplitude until it was determined that plastic strains due to ratchetting were
fully developed. The Series I tests were used to further investigate the reliability of the

material parameters derived from the Series II tests.

In-Soil Tests

To calibrate the elastic/plastic Coulomb friction law describing the interaction

between the base course soil and the geosynthetic, in-soil tests were performed. Like in-air

- tests, in-soil tests were also conducted under two types of loading: monotonic and cyclic.

‘In-soil tests were performed using a pull-out box. This apparatus allowed an embedded
sample of geosynthetic to be pulled from the soil while measurements of applied load and
displacement along its embedded length were collected. The soil used in these tests was the
same as the grave)] base course used in the pavement test faéility. _

Analyzing soil/geosynthetic interaction along the length of the geosyﬁthetic is
complicated by the high elongation of the geosynthetic material during puli—out testing.
Since engagemeﬁt of the sample is progressive, shear stress cannot be directly measured
between the $o0il and the geosynthetic. Seyeral related analysis techniques for détermining
the soil/geosynthetic interaction parameters have been attempted and used in the past. Each
of these methods has been mvestfgéted and outlined in Chapter 2. Associated problems with
several proposed methodologies influenced the author to develop a metﬁod of calcuiating
soil/geosynthetic interaction based on numerical techniques.

The interaction parameters were determined from monotonic tests perférmed on each

geosynthetic material in their principle directions. These tests were performed under three
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different levels of normal confinement, since the friction law is normal stress dependant.
' Data from each of these tests was used within the newly developed numerical analysis to
calculafe interaction .pararrhleters for each of the material’s principle strength directidns. Data
frém cyclic, in—sbil tests will be used to validéte énd calibrate finite element predicted,

interaction parameters under cyclic loads.

Organization of Thesis

1

A critical review of existing literature for the design, use and interpretation of data’
obtained from in-air and in-soil testing facilities is contaiﬁed in Chapter 2. A detaiied
description of the de-s.ign and construction of the apparatus used in this research is-included
in Chapter 3. Chapter 3 also describes the. experimental procedure used for i)reparihg and
perfoﬁnin'g these tests, illustrates corrections made to raw data and gives examples of typical
- results. .A discussion of éiperimental results and an in depth description of the analytical
methods used to determine material and interaction parameters from each of these tests is
outlined in Chapter 4. Conclusions drawn from this study and recommendations for further

* research are made in Chapter 5.




CHAPTER TWO

LITERATURE REVIEW

Introduction

The literature review in this chapter consists of two main sections; in-air testing and
in-soil testing of geosynthetiés. Each section includes a discussion of previous apparatus
design, test procedures, and analysis of results. Problems associated with existing test

methods and analyses are also discussed.

In-Air Testing

Due to the various factors affecting results obtained from in-air tests, careful
consideration must be given to the désign and construction of an in-air apparatus. In this
review, four areas are considered: 1) the (I)verall geometry of the test specimen, 2) the method
of applyiné the load, 3) the method of grii)ping the sample and 4) the temperature during
testing. |

Many geosynthetics experience necking under uniaxial loéding. To reduce this effect,
sample widths are typically increased so that the experimental setup mimics a plane-strain
condition. This condition has been argued to be more closely related to field applications

(ASTM, 1995) where geosynthetics in tension are generally very wide. However, calibration
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of a constitutive model requires data corresponding to a state of uniaxial tension. Sémples
pulled under plane-strain conditions may yield different results than samples. pulled
uniaxially. Sampleé with a small aspect ratio resemble uniaxial loading since mateiial in the
direction of the sample’s width is much smaller than the length, therefore reducing its effect
on load/strain properties. Choosing a sample size that ensures a state of uniaxial tension over
. the central region of the sample allows axial and lateral strains to develoia fre:ely without
inﬂuencé from the ends. Measured lateral strains allow the load to l;e corrected for changes
in V;'idth due to Poisson effects.

Changes in sample geometry have been shown to affect the measured properties of
geosynthetics. Myles (1987) showed that strength per unit width decreased in a geotextile
~ when the éspect ratio (B/H) was lowered, where B and H are the width and height (or_ length)
of the test specimen, respectively. Rowe and Ho (1986) SilOWCd that initial tangeﬁt modulus
values for a woven geotextile stayed relatively constant under different aspect ratios. Figure
2.1 illustrates that.tangent modulus values from 5-10% axial strain decreased as the aspect
ratio became larger. |

Both strain-rate controlled and diéplacement—rate controlled test apparatuses are used
to determine the load-strain behavior of geosynthetics. Geosynthetic materials are known
to be load-rate sensitive materials. Rpwe and Ho (1986) showed that the maximum tensile
strength of geotextile materials is quite-sensitive to strain rates, where increased strain rate
increases the maximum tensile.strength, as shown in Figure 2.2. Bathurst and Cai (1994)

found that increased loadiﬁg rate of an HDPE geogrid increased secant and tangent moduli

values and its ultimate strength (Figure 2.3). When load magnitudes are applied in a cyclic
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concerning test methods and interpretive approaches in calculating the soil/geosynthetic.

interaction parameters will also be discussed.

Direct Shear Deviceé

Direct shear devices have been used extensively to calculate the interface friction
coefficient between geosynthetic materials and soil. Direct shear devices are similar to
conventional direct shear devices used for calculating soil friction angles. However,
geosynthetic direct shear devices are generally much larger to éccommodate large
reinforcement samples, thereby reducing boundary effects.

The three most co@oﬂy used methods to condﬁct direct shear tests on
geosynthetics are: 1) fixed shear, 2) partially fixed shear and 3) free shear methods (Ingold,
1984). Figure 2.7 shows the typical design of each of these three devices. The fixed shear
test is performed by bonding a geosynthetic to a rigid block in the lower half of the box while
the soil in the upper half of the box is allowed to slide over it freely. This type of test with
geogrids is unadvisable due to its open structure. Restricting the soil particles frérﬁ bondﬁg
through the sample changes its measured frictional characteristics. Therefore, the fixed shear
test is generally used for geotextiles since aperture sizes'are small.

In the partially fixed, direct shear test, soil is placed above and below the geosynthetic
allowing interaction to occur on both sides of the sample. Since soil interacts on both sides
and/or through- the material, this test is ;:ompatible for bot_ﬁ geogrid and geotextile materials.
In this test, one eﬁd of the geosynthetic is fixed to the lower box while the other énd is free,

allowing the geosynthetic to elongate as the upper box is moved. In the free shear box the
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synthetic interaction from pull-out tests were reported for woven and non-woven geotextiles
while similar values were reported for geogrids when compared with each of the three types

of direct shear tests (Ingold, 1982).

Pull-Out Test Devices

Pull-out tests have also been uéed to define soil/geosynthetic interaction. In pull-out
tests, an embedded geosynthetic specimen is either monotonically or cyclically drawn from
confining soil. Measurements ﬁofn this test include load applied to the front of the
geosynthetic sample and displacement of the geosynthetic along various positions of its
length. ' The end not attached to the pulling device is typically free. Studies performed by
Chang (1977), Holtz (1977) and Schlosser ana Elias (1978), laid the necessary groundwork
.for .subsequent pull-out testing.

Three primary mechanisms of soil/geosynthetic interaction are illustrated in Figure
2.8 and have been best described‘by Jewell et al. (1984) as:

1. Friction developed by the shearing of soil over the planar surfaces
of the geosynthetic parallel to the direction of movement,

2. Soil bearing on geosynthetic material that is normal to the
direction of movement creating passive pressures on those
regions and ‘

3. Soil-to-soil shearing action within the apertures.

Mechanism one corresponds to any planar geosynthetic material, while mechanisms two and

three correspond to geosynthetics where apertures are present, i.e., geogrids.
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Since repeated traffic loading creates cyclic loads in pavements, determining the -

geosynthetic’s in-soil materjal properties using cyclic loads is necessary for quantifying

reinforcement for this load case. For load-controlled tests, the loading apparatus delivers -

either a constant load or a cyclic load to the geosynthetic sample. Bathurst and Cai (1994)

claimed that to determine the 10ad/§train behavior of a HDPE and PET geogrid under cyclic
loads correctly, load amplitude and frequency must repres‘ent loading in the field. Cyclic
loading of geosynthetics in soil differs from cyciic in-air tests since st‘resses in the material
may be locked in by the surrounding confinement. For in-soil cyclic loading of
geosynthetics, part of the peak appiied load is locked iﬁ, changing the stiffness of the
unloading/reloading loop (McGown et al., 1995). Tests performed by Hanna and Touahmia
(1991) indicated that after testing a reinforcement sample under cyclic loads, monotonic pull-
out load may be effected. Their study concluded that monotonic pull-out resistance was
decreased for smooth steel strips, increased for a high adhe;ence ribbed steel strips, and

unchanged in a uniaxial geogrid.

Boundary Conditions

L

Interaction between the soil/geosynthetic mass and the boundaries imposed by the test
facility may influence pull-out test results. Defining specific components of the design that
éan be modiﬁed to reduce these effects is necessary. Three primary désign components to
consider are the gap interface at the front wall, the walls and the top boundary of the pull-out

box.
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Gap Interface

The most critical design component of the front face of the pull-out box is the slit or
opening from which the geosynthetic sample is drawn from the soil. As the geosynthetic
sample is being pulled from the soil, lateral and vertical stresses increase causing the soil to
dilate and react with the front face and top of the pull-out box. In a poorly constructed pull-
out apparatus, this increase of vertical stresses increases the resistance at the
soil/geosynthetic interfellce, théreby increasing the pull-but load. Using a stationary, rigid
. plate to app13; normal confinement, J. ohnston (1985) made measurements of normal stress at.
different staées of pull-out. Johnston (1985) found that for densely compacted confinement
soil, normal stresse’s at the front of the box increased as pull-out progressed. Studies using
load cells to meaéure the change in the horizontal pressure at the front of the box.. due to pull-
out have also been conducted and have shown that horizontal stresses increase as pull-out
develops (Raju, 1995; Farrag, 1991).

Designing the gap at the front of the pull-oﬁt bc;x to réduce this effect insures that
' results are less affected by internal stress buildup. To reduce these stress increases, some
designs included load-transfer sleeves at the front slit. Load-transfer sleeves consist of two
thin, tapered wedges extending horizontally from the opening at the front wall into the soil.
Rather than transferring load from’ the soil into the front face of the pull-out box, the sleeves
allow this lc;ad to be transferred into surrounding soil by effectively moving the front opening
into the soil. . According to the ASTM draft standard the léad-transfer plates should be no‘

more than 13 mm thick near the front wall and no more than 3 mm thick at the point of load
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transfer. It also states that these plates must have sufficient space.between them to allow the
sample to pass between them and must extend into the box a distance equal to half of the
depth of soil above or below the geosynthetic. Another issue con‘cerning the gap design is
preve;lting the loss or lodging of soil particles between the load-transfer plates during pull-
out. The slit must allow unrestricted movemeﬁt of the confining soil, yet, prevent the loss
of soil paﬂiclés as the geosy‘nthetic is pulled through it. The lodging of soil material between
the Iogd—transfer plates can artificially increase the measured pull-out load. In the discussion
by Lo (1990) concerning the gap design, the gap was packed with several layers of lubricated
rubber strips allowing the reinforcing material to be pulled through it while preventing the
loss of soil.

Researchers have attembted to quantify the effects of the design of the Ioa_ld—transfer
sleeve on pull-out test results.. Studies were conducted by Farrag (1991) to examine the
effect of the load—transfer sleeve’é length 'on i)ull—oﬁt behavior. The results indicated that
pull-out load increased as the length of the load-transfer sleeve was decreased as seen in
Figure 2.10. The magnitude of load inérease was also affected by the rate of pull. When the
rate of pull was slower, the sleeve length effected pull-out load less. Raju (19955 suggests
that measurement of lateral stréss at the front wall is the best method for understanding its
influence on test results. Tests by Farrag (1991) also utilized stress cells‘at the front wall to
quantify lateral earth pressures due to geosynthetic pull-out. These stress cells indicated that
increasing the length of the' load-transfer sleeve signiﬁcantly decreased the horizomtal
pressures developed at the front of the wall (Farrag, 1991). Raju ( 1995) claimed that the

load-transfer sleeve/sample interface is difficult to understand since it complicates the stress
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reduced by shear stresses developed along the side walls and that this effect will yield
conservative interacton coefficients (Farrag, 1991; Lentz and Pyatt, 1988; Ochiai et al.,

1996).

Top

Boundary conditions at the top of the pull-out box are also imbortant since the depth
of soil and the method of applsring the normal confinement may also influence test results.
““The method of apblying normal confinement may be done using either a rigid plate or a
flexible diaphragm. When a rigid plate is used, dilation of the soil at the front of the box is
restricted.. During pull-out tests the soil at the front of the box dilates, as 'disc,ussed by
Johnston (1985). Ifthe boundaw on the top is rigid, the normal confinement will i.ncrease
in the front and increase pull-out resistance ‘(Palmeira and Milligan, 1989). The use of a
ﬂexible diaphragm to alleviate the buildup of excess normal pressures at the front is
advisable. Figure 2.14 shows that when a flexible diaphragm is used to apply the normal
confinement, the ultimate pull-out load will be lower than if a rigid plate is used (Palmeira
and Milligan, 1989). The use of a flexible diaphragm, which maintains a constant, uniform
normal .stress.ove._r the entire pull-out box area is also advised by the ASTM draft standard.

The dep;ch of soil thickness above and below the éample may also affect the pull-out
resistance vof the ‘ éeosynthetic material. Experiments performed by Farrag (1991)
demonstrated that decreasing the soil thickness increases the pull-out resistance and
increasing the soil thickﬁess more than 12 inches does not significantly affect pull-out

resistance, as shown in Figure 2. 15. The ASTM draft standard suggests that the depth of soil
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above and below the soil be at least six times the Dy, of the soil or three times the maximum

particle size of the soil, whichever is greater.

Analysis of Pull-Out Results
It has been well established that geosynthetic materials yexhibi’g a non-uniform shear
stress distribution along the length of the specimen during pull-out. The distribution of shear
stress along a geosynthetic sample is dependent on soil and geosynthetic material properties,
-the material type (geomembrane, geogrid, etg.) and the level of applied normal stress.
Interpret'ation of pull-out test results has typically been cofnblicated by the large number of .
varigbles involved. Several methods of interbreting pull-out tests to define soil/geosynthetic
interaction have bégn suggestea. To deﬁné the interaction parameters, the mobilized shear
stress at the soil/geosynthetic interface must bé quantified. Presently, the four principal
methods used to evaluate soil/geosynthetic interface shear resistance arel: 1) tﬁe ‘Mobilizing
Process Method’ (Ochiai e‘-c' al., 1996), 2) the ‘Average Resistance Method’ (Bonczki@vicz
et al., 1988; Ochiai et al., 1996), 3) analytical or numerical techniques (Clough and Duncan,
1971, Yuan and Chua, 1991, Alobaidi et al., 1997) and 4) the finite element method
(Helwany, 1987; Yuan and Chua, 1990; Wilson-Fahmy and Koerner, 1993; Chan et al.,

1993; Yogarajah and Yeo, 1993).

Mobilizing Process Method

The mobilizing process method of determining the relationship between the shear
stress and the displacement at the soil/geosynthetic interface attempts to account for

increased mobilization of the geosynthetic sample during pull-out as seen in Figure 2.16. As
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equation fit of the data.
The second step is to determine the strain across elements formed in step one. A
linear distribution of displacement between measurement points results in a constant strain
along thosg elements. Strain between any two discretized points can be caiculated using

Equation 2.2 as follows:

_ Z’lt_uiﬂ
€ i = (2.2)

X.—X.

where €,,,, is the strain calculated between ﬁodes iand i+1, .u is the displacement of nodes
iand i+1 and x is the origi.r;al position of nodes 7 and i+1. Figure 2.17(b) shows a graphical
representation of this step. The definition of strain is simply the change in length, ‘du,
divided by the original length of the element, dx. As mentioned earlier, by having an
equation to describe the displacement versus distance distribution, strains at any point can
be found by taking the derivative, du/dx, of the équation. Determining the corre?t form of
the equation to represent the displacement distribution may be difficult since displacemeht
measurements along the embedded sample are feV\:f. Also, strains calculated from the
derivative of this .equation are sensitive to the form of the equation used to fit the
distribution.

Step three in the mobilizing process method is to use the strain to calculate load in
the material. - This method uses strains to calculate loads in the méterial since actual load
measurements within the material cannot be made. Calculating.the load can be accomplished

in one of two ways. The first is to use the load/strain curve of the geosynthetic from in-air
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tests. The second method of obtainihg the load in the material is to develop a load/strain
curve from the in-soil test data. The in-soil load/strain curve is defined using the load
applied to the front of the sample and the strain calculated in the first element (element j-37)
from step two. Although the in-soil load/strain curve is developed using results obtained
from the front of the sample, it is utilized for all points along the leﬁgth of the geosynthetic.
The diétribution of load versus strain in tﬁe material, used to éaloula‘;e the load, is deﬁned
as the intrinsic curve as shown in Figure 2.17(c).

Calculated loads are for the element and not nodes, so to simplify the notation used,
the load is transferred to the nodes. The force for any particular element will be transferred
to the node at the front of the element, where the front node is closest to the applied load.
For example, F,, , the loaa for the element spanning nodes i-1 and i, becomes F,;. Figure
2.17(d) shows the éraphical representation of the force versﬁs distance. along the
geosynthetic.

The final step is to calculate the shear stress along each element. Tl_le free-body

diagram in Figure 2.18 shows how Equation 2.3 is developed. The shear is defined as the

difference in the load from one end of the element to the other, dF, divided by the original
length of the element, dx. Since the load at all points is khown, shear between nodes i~-1 and

s calculated by Equation 2.3.
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Total Area Method

The total area method is perhaps thé most simple method to use but is limited to use
for pull-out specimens that can be completely mobilized in pull-out with only slight
elongation. Since geosynthetic reinforcement may elongate extensively under high
confinement levels, t'he “shc;ar stress is non-uniform aloﬁg the length. Commonly the shear
stress distribution along the ‘soil/'geosyﬂthetic interface exhibits a softening effect. Values
of ultimate shear stress depend on the' levellof softening behavior experienced at this
interface. If the soil/geosynthetic interface exhibits a softening versus non-softening

behaw/ior, the value of ultimate shear may be unconservative to conservative, respectively.
The equation used to calculate the average shear for the total area method is:
F
Tmax
Taverage = 2:-b-1L . (24)
where Fr,,, is the maximum tensile force applied to the front of the sample and b and L are

the width and length of the sample, respectively.

. Effective Area Method
The effective area method provides a more reasonable vaiue of average shear stress
than the total area method since the'effective force and area are used. This method allows
the sample to be divided into lengths that are experiencing pull-out mobilization.  The

equation for this method is as follows:




| I —
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FTmax_Fr

Taverage = 2.5p- Leﬁ’ (25)

v’

where the quantity (F,,, - F,) is the effective force, F, . is the maximum tensile force at the
front of the sample and F. is the residual force at L,z the effective length of the specimen.
The effective length of the sample at a particular level of pull-out can be determined by

measurements made along its embedded length.

Maximum Slopé Method

The maximum slope me.thod. uses the maximum tangent slope of the force
distribution curve as seen in Figure 2.20. This method of éalculating average resistance in
the material is unconéervative since it often overestimates the interaction. The equation used

to calculate the maximum slope is as follows:

T = (ﬁ) ' 2.6
average AL ) max . ( )

To use this method properly, a distribution of the load versus displacement must be
developed using the sfeps outlined in the mobilizing process method. This method uses the
maximum tangent slope of this distribution as the average shear stress.

Each of the effective area methods returns a somewhat different result of average
shear. Figure 2.21 shows a comparison between the average shear calculated from each of

these three methods with respect to normal confinement. The maximum slope method is the
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displacemenf distribution may be defined in one of two ways. The first form by Clough and

Duncan (1971) is shown in Equation 2.7 as:

U .
- @)

(%) -
where 7 is the shear stress, u is the interface shear displgcement and C, and C, are experi-
mentally detern;inéd boefﬁéients. In this equation, the constant C, can be shown to be équal
to the inverse of the initial tangent slojpe of the shear modulus and C, caﬁ Be S];IOWI’I to be
equal to the inverse of the asymptotic value of the ultimate shear stress at infinite -
displacement (Clough and Duncan, 1971; Wilson-Fahmy and Koerner, 1993). The second

form of the equatioh by Juran and Chen (1988) is shown in Equation 2.8 as:

u—Cl,

R s
)

(2.8)

where T() is the shear stress in kPa, u is the interface shear displacement in meters and C,,

C, and 'C3. are constants which can be determined using Equations 2.9, 2.10. and 2.11 .as:

od [tan’*y - J¥ \
4y P
G bl o @.9)

r

C oyd
C, = 2F [tan{, J] ‘ . (2.10)
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C; = tany, (2.11)

where 0, is the vertical normal confinement, d is the thickness of the interface layer, G is the
initial tangent shear modulus at the soil/geosynthetic interface, l]Jp' is the peak
soil/geosynthetic friction angle, 1, is the residual soil/geosynthetic friction angle and J is

defined using the following equation:

(2.12)

The governing differential equation was formed through the following steps which
resemble the mobilizing process method described earlier. Step one is to define strain in

terms of displacement using the following relationship:

7

e== . (2.13)

Step two defines the load in the material as a function of the strain, F(x)=/f(€). Step three

defines the shear as a function of the load using the following relationship:

dF

T(x) = %E C(2.14) -

Step four is to combine the load/strain equation with Equation 2.14 to form the governing
differential equation shown in Equation 2.15, which relates the interface shear stress atany

point x, along the reinforcement length, to the load carried in the reinforcement:




") = (2.15)

N | =
Big

Combining Equations 2.15 and 2.8 defines the final form of the governing differential
equation describing the relationship between the shear stress and the shear displacement for
soil/geosynthetic interaction. Since a closed form solution for this equation does not exist

at the present, it must be solved using numerical or analytical techniques.

Finite Element Modeling

Finite element modeling has also been used to deécribe pull-out behavior. This
method allows and accounts for shear displacement in the soil and does not need to assume
that shear movement is only along the soil/geosynthetic interface. The finite eleﬁlent method

of analyéis is a powerful method for solving boundary value problems and for determining
the progressive and nonlinear stress and strain in the geosynthetic and the soil/geosynthetic
interface. Several models with different geometries and boundary conditions have been
de.veloped a,nd compareci with actual test data. Typically a plane-strain analyéis is used to
model pull-out tests (Yuan and éhua, 1990; Wilson-Fahmy and Koerner, 1993; Chan et al.,
1993; Yogarajah and Yeo, 1993). The load/strain pfoperties of the geosynthetic are generally
defined 'by unconfined, in-air tests. Material models of the geosynthetic may use either é
linear or .nonlinear load/strain relationship. Soil parameters may be defined using

conventional soil testing, such as the triaxial or direct shear devices. The shear stress

relationship at the soil/geosynthetic interface can be calibrated using geosynthetic direct
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shear tests. Using a finite element program, the shear stress versus shear diéplacement
relationship can be obtained. Comparisons between the interaction determined from thé
finite element analysis and direct shear tests can be made, allowing the calib‘ration of the
parameters describing this interaction.

Due to the difficulty in obtaining interface parameters from i)ull—out tests, an attempt
to match expeﬁment’al results numerically was taken by Yuan and Chua (1990). They used
the four steps listed below to obtain interface parameters:

1) Determine properties of soil and geosynthetic and choose reasonable values for
the interface parameters,

~ 2) Use these interface parameters to perform a numerical simulation with a
numerical code,

3) Compare the response predicted by the numerical code to data from actual
experiments and

4) Modify interface parameters until the predicted response matches the measured
response.

Therefore, by modifying the shear stress versus shear displacement parameters, the predicted

result can be iterated until it agrees with the experimental result. Similarly, Yogarajah and |

Yeo (1994) stated that by using the inherent material properties of the geosynthetic, a
numerical model can be used to calculate loads and strains in the geosynthetic and therefore
determine a shear modulus. ‘Comparing the calculated shear modulus with data from actual

experiments provided a means of iteration until results matched one another.
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CHAPTER THREE
EXPERIMENTAL METHODS AND TEST RESULTS

Introduction

A large fest facilify was designed and constructed at Montana Stgte University for the
purposes of studying geosynthetic behavior both in-air and in-soil.” Versatility of the .
designed equipment allowed one apparatus to be used for obtaining both in_—air material
properties and soil/geosynthetic interaction properties. Consequgntly, when the in-air test
apparatus is addressed, it refers to how the pﬁll-out box was used as the frame for in-air tests.
The instrumentation associated with this appératus allowed applied load and axial, lateral and
local strains of the geosynthetic specimen to be measured.in the in-air tests, and pull-out load
and displacements along the embeddgd length of the test specimen té be measured in the in-
soil tests. Results from each of the tests are shown, describing pertinent corrections and

interpretation techniques.

Design Considerations.

When designing a geoéynthetic test apparatus, four major criteria must be considered:
1) type of loading to be applied to the geosynthetic, 2) rigid Boundary effects, 3) specimen

clamping arrangement and 4) instrumentation.
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1.” Geosynthetic .oading Conditions: Geosynthetic materia_.l properties from
'monotonic and cyclic loading are needed for constitutive modeling. Therefore, the test
facility needed to bé. capable of performing tests under each of these types of loads. For
monotonic loading of geosynthetics, a displacement-rate contr.o.lled 1;>u11ing fnechanism was
_required. For cyclic loading of geosynt(hetics, a load controlled pulling fnechanism was
necessary. /

2. Rigid Boundary Effects: In-soil test results are affected by rigid boundaries
imposed by the walls of the pulll—out box. To reduce these effects, three major components
of design must be considered: 1) the gap interface at the front Iwall, 2) the walls and 3) the
top boundary. |

The most critical boundary is fche gap ét the front face of the pull-out box through
which the sample is pulled. The design of this gap must reduce the build up of exc;essive
resistance from moving soil. The use of load-transfer sleeves helps reduce these effects by
transferring load from the moving soil/geosynthetic mass to the surrounding soil, allowing
the interaction to take place away from the front face of the box, as described in Chapter 2.

To reduce boundary effects along the walls, they should be lined with a low adhesion
grease and a ﬂexiblé membrane. Reducing wall ﬁiétion allows the embedded geosynthetic
sample to experience a uniform distribution of vertical normal confinement. Designing the
box to accommodate large sample sizes also reduces effects from wall boundaries. Vertical
boundary effects rﬁay be redﬁced by making the soil thickness above and below the sample
sufficiently thick and using a flexible membrane to apply normal conﬁnemeﬁt. Use of a

flexible membrane to apply normal confinement also allows the driven soil mass to dilate
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unrestricted.

3. Sample Gripping: The three principal concerns associated with choosing a proper

sample gripping method were: 1) to deliver a uniform load across the sample width, 2) ‘

decrease stress concentrations at the sarﬁple/grip interface and 3) allow constant

soil/geosynthetic contact area to be maintained during pull-out. For the pull-out tests, a

- method of gripping the sample within the soil would need to use a low profile design to

reduce the effect on pull-out results due to disturbed soil.
IV. Instrumentation and Controls: Instrumentation and controls used to measure
displacements, strains, load and pressure need to provide adequate precision so credible

values for the necessary parameters can be obtained. Specifically, a measurement of the

applied load at the front of the sample and displacement along the embedded length of the

geosynthetic sample needed to be recorded during pull-out. For the in-air samples,
measurements of local strain should be made using bonded strain gages. Applied air pressure
measurements should be provided to allow normal confinement applied to the soil surface

to be calculated. -

Equipment Description

As indicated earlier, a single test facility was developed to perform both in-air and

in-soil testing of geosynthetics. Consequently, many of the apparatus’ components were used

. for both test types. The following section describes the fundamental components of the pull-

out box design and gives a detailed overview of its construction. Figure 3.1 presents an

illustration of the individual components of the apparatus.
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cm and a stroke of 25.4 cm. Because cyliﬁder A had a smaller bore diameter, it could be
- used at higher pressures giving it finer load control.” Because cylinder B had a larger bore
diameter, it was used for tests requiring high load levels. Both cylinde.rs- were fitted with low
friction seals to increase pressure response.

The ABR™ valve, used to control the air pressure to the cylinders, could proportion
any value of air pressure into fifteen, equally spaced, increasing pressure levels. The ABR™
valve contained four solenoids controlled by binary signals. Computer driven software was
used to arrange the binary signéls, thereby dictating the shape of the pulse delivered to the

geosynthetic sample.

Clamping Method

An epoxy casting method was used to grip the sample. This method vs;as chpsen
since it met ali of the desired criteria mentioned earlier. Géosynthetic sample ends were cast
bétweén two eigh‘teén—gauge pieces of sheet metal using a high strength epoxy. Casting the
sample in this way allowed the load to be distributed across the width evenly and reduced
high stress concentrations at the sheet metal/geosynthetic interface. This gripping method
also had a smooth, low profile design making it very compatible for the in-soil tests. This
allowed the sheet metal/geosynthetic interface to be extended into the conﬁnir_lg soil without

. agitating the confinement soil or reducing the soil/geosynthetic contact area during pull-out.

Instrumentation and System Controls

The three primary componénts of the instrumentation associated with the apparatus

consisted of a loadcell, extensometers and foil strain gages. For both in-air and in-soil tests,




45

a tension loadcell, with an ultimate capacity of 45 kN measured the applied load at the front
of the sample. The loadcell was connected between the lbadiﬁg device aﬁd the geossinthetic
§ample using clevis—type couplers. These couplers were offset 90 degrees from each another,
to prohibit torquing of the loadcell. Extensometers were used in the in-air tests to measure
displacement differences used to calculate strain. Extensometers were used in the in-soil
tests to measure displacement along the length of the embedded geosynthetic samples. Five
extgnsometers were available for usé; three of them had a range of 25.4 c¢m, and the
remaining two had a range of 12.3 cm. The longer range extensometers wére used néar the
loaded end of the sample sincé greater displacements occurred there. The extensometers
with a shorter range were more accurate and ‘use'd in areas wheré smaller displacements
occurred. The longer range extensometers were accurate to 0.06 mm an& the shorter range
extensometers were accurate to 0.04 mm. Eaph extenéometer contained an internally sprung
drum onto which the measurement cable was wound. This sprung cable provided constant
tension to the extension cables mounted directly to the geosynthetic. For some experiments,
strain gages were mounted directly to the geosynthetic material to measure local strains
directly.

The two major components of the system controls are the loading system controls and
the datal acquisition. The computer regulated.cdntrol system served two puréosés: 1) to
control the loading sysfem for the cyclic loading case and 2) to collect voltages from each
sénsor, multiply them by a scale factor and store them in the computer. The loading system
control for the mono;tonic tests was simply an electronic device used to vary the speed of the

DC motor.
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In-_Soil, Pull-OQut, Apparatus

The pull-out box was constructed exclusively of steel con1:ponents. This allowed for
future modifications to be made easily. Due to the flexibility of the steel and the high'
stresses imposed on the structure duriﬁg testing, deformation of the individual components
was the primary criterion governing the design. The components of the pull-out box were
designe;i to be sufficiently rigid so that global movement of the structure did not affect
experimental resulté. The front, back and side walls of the box wefe made from %" steel
plating‘stiﬁ‘e:ned by 12" X 3 1" steel flat-bars. The inside dimensions of the finished pull-out
box were 1.10 m high by 0.90 m \;viéle by 1.25 m long. .Bolted connections were used to
fasten individual components of the pull-out box together. |

The three major boundaries of concern in the pull-out box design were the gap
interface at the front wall, the walls and the top: Comments made concerning their influence
on experimental results were presented jn Chapter 2. A detail-ed summary of the.desif';ns

used for each of these boundaries is discussed in the following three sub-sections.

Gap Interface

As described in Chapter .’.2, the gap interface at the front of the pull-out box affects
experimental results due to induced pressures fron‘1 pull-out. The design of the gap interface
in this study aﬁempted to reduce ’Fhese effects. The front face of the pull-out box consisted
of two components as shqwn in Figure 3.2. The two éomp_onénté were separated by a -
distance of 4.0cm to allow paséage of the geosynthetic sample during pull-out. Load-

transfer sleeves were attached on the inside face of the front walls (Figure 3.3).
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The load-transfer sleeves were designed to reduce late;al stfesses transfeﬁed to the
front wall during pull-out. Figure 3.3 illustrates their orientation, dimensions ahd method
of attachment to the front wall. The load-transfer sleeves were made entirely of %’ plate
steel. The twc; sleeves were identical in size and shape being 26 cm in length, 89 cm in
width. In their. length direction, each sleeve was tapered from é depth of 8 cm at the
wall/sleeve interface to an apex at the opposite end. The threéded stud bolts used to connect
the sleeves to the front wall were free to move, when loosened, in vertically milled slots in
the front wall. This allowed the sleeves to move vertically, making it possi‘t;le to adjust fhe
gap between them. The tapered construction of the sleeves Aall-owed for natural dilation of
the soil during pull-out. As discussed in Chapter 2, allowing upward di'latfbn of the soil

above the sample was an especially important component of design.

Walls

Wall boundaries affect normal confinement distribution aﬁd pull-out resistance due
to friction along their surfaces'. All interior surfaces, excluding the lower half of the front
and rear walls, were lined to reduce their friction. The lining' system consisted of three
layers: a smooth geomembrane, low adhesion silicone grease aﬂd Al mm thick latex sheeting.

The semi—lrigid geomembrane was rigidly attached to the inside c;f each of .these
interior surfaces with rivets. The smooth surface of the geomembrane was thoroughly coated
with the silicone grease. The latex rubber membrane was then placed against the greased
surface. The two side walls, the top halves of the fron.t and rear faces and the top surface of

the upper load-transfer sleeve, were all lubricated using this method.
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Top
Application of Yertical‘ normal confinement must not restrict dilation of the cdnﬁning
soil during pull-out. A cusfom—made, pneuﬁatic bladder fitting the pl'an area of the pull-out
. box was used for this purpose. Fiéure 3.4 shows a diagram of the setup used to apply normal
confinement to t‘he top of the soil surface. The pneumatic bladder was made of a flexible
rubber capable of applying:conﬁnement pressﬁres of 200+ kPa. During a pull-out test, the
bladder was placed on ;cop of the confining soil with its two pressure inlet hoses facing
upward. A reaétion lid, made from %" plate steel, was placed on top of the bladder. Holes
drilled through the reaction lid allowed the inlet pressure lines to pass through without being
pinched. Three 2" by 4" by ¥4" steel tubes were placed on top of the reaction lid to reduce out
of plane bulging along its surface. The three‘stiffening members were braced by a reaction
frame bolted to the top of the pull-out box. The reaction frame, connected to the top of the
side walls of the pull-out box, consistecll of three 4" by 4" by %" steel tubes.. Each reaction
frame member contained two lérge bolts to carry the force‘.and allow the thickness of the
pneumatic bladder to be varied. A pneumatic pressure fegulator delivered constant air
pressure to the pneumatic bladder and a high accuracy pressure gauge V’V.’_d'S used to set and

monitor this air pressure.

In-Air Appgratus

In-air tests used the pull-out box frame to house the geosynthetic sample during
loading. The fixed end of the in-air sample was held through the gap at the rear of the box

and the loaded end was gripped in the same way as the in-soil samples. Loads were applied
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using either the displacement—rate controlled or the load controlled pulling mecthﬁs. The
 instrumentation and system controls were the same as those used for in—soil‘tests. The
conﬁgurat\ion of the extensometers differed since they wer;: used to measure axial and laferal
displacement differences to calculate axial and lateral strains. A detailed discussion will

follow in subsequent sections of this chapter. -

Test Procedures

The test procedures in this study were developed to ensure that geosynthetic test
specimens were created and tested using the same techniques. Uniformity between samples
and test methods provided assurance that experimental results represented fhe material’s true
behavior. ‘ The steps outlining the procedures for.the in-air tests and the in-soil tests are
provide& in the following sections. Except minor differencé§, ;che same procedure for
preparing the sample and connecting the loading device was used for both the in-air and in-

soil tests.

In-Air Test Procedure

Fast monotonic, slow monotonic and cyclic in-air tests were performed using

essentially the same procedure. Slight differences exist in some steps and will be noted as

required. The three steps to performing an in-air test were: 1) preparing the sample, 2) .

connecting the loading device and instrumentation and 3) running the test.
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Sample Preparation

Sample prepara’Fion for all of the in-air tests is the same, regardless of the loading
method used. The six steps to preparing the sample to be tested are: 1) selecting, trimming
. and cleaning the geosyntheti'c, 2) preparing the sheet metal, 3) placing the materials within
the jig, 4) mixing and preparing the epoxy, 5) gluing the sample, and 6) drilling the holes for
the pulling system. |

A biaxial, polypropylene geogrid and a biaxial, woven, polypropylene geoteﬁile were
the two commercial geosynthetic materials used in this study. These materials have different
properties in the machine directions (MD) and the cross-machine direction (XD). Table 3.1
shows the pertinent charactéristics of each of these materials in each of these directions, 'as

reported by the manufacturer.

‘ . Strength at 5% Ultimate
Product Structur Polymer Weight Ags;t)u/r}e{SDme Strain . Strength
Type cture Composition (g/m?) (mm) MD/XD- MD/XD
(KN/m) (KN/m)
Tensar Punched ,
BX1000 | SheetDrawn | Polypropylene 215 25/33 9/13 - 13/20
Geogrid Biaxially :
Amoco - ' '
2006 Woven Polypropylene 250 N/A 10/22 34/37
Geotextile . ’

Table 3.1: Material properties of the geogrid and geotextile as reported by the manufacturer.

It is well known that geosynthetic materials are slightly nonhomogeneous. Since this

is true, two criteria for choosing a representative sample from the roll were developed. The

first was to maintain a certain distance from the edges of the roll. Visual inspection showed
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that a higher concentration of dissimilarities occurred near the roll edge. Maintaining a
distance of 0.5 meters from the edge of the geogrlid roll and 0.1 meters from the edge of the
geotextile roll was sufficient distance to ensure uniformity between test samples. Related
to this, the second criterion was to visually inspect the sample region for other m'anufa'cturing
abnormalities. It was desired that the geosynfhetic samples were as uniform aé possible so
that results between tests would be more cofnparable.

Once a sample was taken from the roll, it was cut to size with respect to either the
machine direction or the cross-machine direction. The machine direction is the direction in
which the material is rolled from the manﬁfactﬁrer as it comes out of ‘the manufacturing
machine, the cross-machine direction is orthogonal to the machine direction, making it

longitudinal to the roll. For all of the in-air tests, the final size of the extensible portion of

the samples was approximately 75 cm in length and 28 cm in width as shown in Figure 3%,

This corresponds to an aspect ratio (width/length) of approximately 6.37. The sheet metal
plates boﬂded to the front and rear of the sample were 15.0 and 18.0 cm in length,
respectively, making the total length that the unbonded geosynthetic needed to be cut 108
cm. For the geogrid material, bonding between the geosynthetic and the sheet metal was not
a concern since the openlaperture‘s allowed epoxy to flow around the material and bond to
' eacﬁ of the sheet metal plates. However, the epoxy did not bonél well to the tightly woven
surface of the geotextile. This was partially remedied by using sulfuric acid to remove

residue oils deposited from the manufacturing process and also to etch the geotextile surface

slightly.

















































































































































































































































































































































































































































































































































