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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




Figure 2.1:
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manner, such as traffic loads, stresses within the reinforcement also increase and decrease
cyclically. Geosynthetic materials exhibit significantly different material properties when
loaded cyclically than when loaded monotonically. In particular, Bathurst and Cai (1994)
showed that the loading history and the frequency of loading for a HDPE geogrid affected
its load-strain properties, as seen in Figure 2.4.

» Mtimeted lrominlUelcyde 0(0.1 Hz single loed empUtude cydic leet
«« eetimeted Irom INUel cycle o( 1.0 Hz single loed amplitude cydic test

HOPE

HOPE
300% StrekVmlfi’

z PET
1% strakVmin

10% StreinZmin

PET
125% strain/min’

18 oo PET
1050% strakVmlIn**

10 11

Figure 2.3: Changes in load/strain properties for different loading rates in HDPE and PET
geogrids (Bathurst and Cai, 1994).

Gripping the material to transfer load from the loading apparatus into the geosynthetic
specimen may influence test results if done improperly. Transferring loads without inducing
stress concentrations at the sample/grip interface, is necessary for accurate results. The three
most common methods of gripping the sample include soft metal wedges or epoxies, serrated

wedges and lateral restraint as seen in Figure 2.5.



Figure 2.4:

Figure 2.5:
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Change in load/strain properties in a HDPE geogrid due to changes in frequency
for cyclic loading (Bathurst and Cai, 1994).

Laleralrestraint

Epoxy or soft metal wedge Serraiedwedge

Clamping systems (Myles, 1987).
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Since geosynthetics are temperature dependent, careful attention regarding their
behavior under different laboratory temperatures is necessary. Cyclic loading of HDPE
geogrids under two different temperatures, showed that viscoplastic strains increased and
elastic moduli decreased with increasing temperatures (Moraci and Montanelli, 1996), as
seen in Figure 2.6. The (ASTM, 1995) standard requires that samples be tested at a
temperature of 21 £ 2°C (70 £ 4 °F), to ensure consistent results.

T(RNAn)

Strain, (%)
Figure 2.6: Temperature effect on the cyclic load/strain properties of a HDPE geogrid
(Moraci and Montanelli, 1996).

In-Soil Testing

Laboratory determination of soil/geosynthetic interaction is influenced by several
factors. The most critical factor is the analytical method used for determining the interaction
parameters. Ofthe number of proposed methods and apparatuses available, the two that will
be considered for discussion are direct shear devices and pull-out devices. Construction of

each apparatus will be described along with associated methods of interpretation. Problems
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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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geosynthetic is not fixed on either side and is free to move relative to the soil above or below
it. Since the sample is allowed to move freely, at higher confinement levels it may become
driven into the soil away from the shear zone. Ifthis occurs, shear may take place in the

surrounding soil instead of at the soil/geosynthetic interface (Richards and Scott, 1985).

iimtii ULTTTT [TiliUi

GEOTEXTILE GEOTEXTILE soIL

PARTIALLY FIXED SHEAR BOX
(ATTCR MOOLO. 1M2I FREE SMEAR BOX

Figure 2.7: Shear box types (Richards and Scott, 1985).

Measurements of the applied load and the displacement of the top halfofthe shear
box allows a shear stress versus displacement curve to be generated. Typical shear stress
versus displacement curves have a hyperbolic shape allowing an initial interface shear
modulus, and ultimate and residual values of interface shear stress to be obtained. Using the
ultimate shear, calculation of a soil/geosynthetic interaction friction angle from direct shear

tests can be defined by the following equation:

. Xh
6 * 1T (2.1)

where 6 is the soil/geosynthetic friction angle, Xxult is the ultimate interface shear stress and
onis the applied vertical normal confinement. Comparisons of the interaction coefficient
calculated using direct shear devices to those calculated using pull-out devices have been

conducted by many (Ingold, 1982; Fourie and Fabian, 1987). Lower values of soil/geo-
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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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a. Shear between soil and plane
reinforcement surfaces

b. Soil bearing on grid rein-
forcement bearing surfaces

c. Soil shearing over soil through
the reinforcement grid apertures

Figure 2.8: Three principle mechanisms of soil/geosynthetic interaction (Jewell et al.,
1984).
Pull-Out Apparatus Design
Many different apparatus geometries, testing methods and analysis techniques have
been employed. Presently, only a draft ASTM standard exists for these tests. The two
primary issues of concern for the design and use of a pull-out box are: 1) the method of

loading the geosynthetic and 2) the boundary conditions imposed by the apparatus.

Loading Methods

Methods of loading the geosynthetic affects the determined material properties. The
two types of loading apparatuses that will be considered for discussion are displacement-rate
controlled and load controlled. Displacement-rate controlled apparatuses pull the

geosynthetic sample at a constant rate independent of the applied load. Rates of loading in
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previous pull-out tests ranged between 0.1 mm/minute (Brand and Duffy, 1987) to 10
mm/minute (Bauer et al., 1991) with most tests being conducted at I mm/minute. A rate of
I mm/minute is suggested by the ASTM draft standard test method for “Determining
Geosynthetic Pull-out Resistance in Soil”. Results of the investigative analysis regarding
displacement-rate controlled tests performed by Farrag (1991), where tests were conducted
at rates ranging from 0.1 to 15 mm/minute, illustrated that changes in displacement rates
under 6 mm/minute did not drastically affect pull-out resistance. However, studies
conducted by Yasuda et al. (1992) indicated that pull-out rate had minimal to no effect on
the ultimate pull-out force for rates ranging between | and 40 mm/minute as shown in Figure
2.9. Inthis figure, SR-2 and SS-2 are two different types of geogrid, o,, is the applied normal
confinement and Dr is the relative density ofthe soil. The results by Yasuda et al. (1992) are

unusual since the load/strain characteristics of most geosynthetic materials are strain-rate

dependant.

10

O
SS-2 <.=0.2kgf/anl, Dr=3%

100

Figure 2.9: Effects of rate of pull on pull-out resistance (Yasuda et al., 1992).
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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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distribution along its edge and that the addition of the geosynthetic clamp in the soil further
complicates test results. Pull-out tests performed by Chang (1977) did not use a front wall,

thus providing no lateral restraint to the soil.

Geogritl Tensar-SR2
Confining pressure 7 psi
Avg. soil density 104 pcf

Pull-out rate 0.8 in/min
No-Sleeves

..Sleeve Length 8 inch

Sleeve length 12 inch

Front Displacement (inch)

Figure 2.10: Effect of load-transfer sleeve length on pull-out resistance of geogrid (Farrag,
1991).

Walls

Boundary conditions associated with the walls may affect pull-out test results in one
of two ways. The first is their effect on soil movement due to dilation. Studies conducted
on the frictional characteristics of the front boundary wall have shown that decreasing the
front wall friction reduces induced stresses on dilative material, thereby decreasing the
geosynthetic pull-out resistance (Palmeira and Milligan, 1989) as shown in Figure 2.11. This
figure shows that the use of lubricated layers can be used to reduce shear stresses at the
boundaries of the pull-out box. Consequently, side walls should also be lubricated to reduce

shear stresses caused by soil movement and pressure. Lowering the friction angle ofthe side
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walls or keeping the geosynthetic edges at a minimum distance of 150 mm from the box
sides is recommended by the ASTM draft standard and Farrag (1991). The use of a low
adhesion grease and latex sheeting on the side walls allowed soil to move with minimal

friction effects (Leshchinsky et al., 1994).

Roughwall
Sand paper
Plain metal
Lubricated
wall
Leighton Buzzard sand 14/25
Gridl
& = 25kPa

Figure 2.11: Effect of front wall friction on normalized pull-out resistance for a geogrid
(Palmeira and Milligan, 1989).

The second manner in which the boundary conditions imposed by the walls can affect
pull-out resistance is through a reduction in the applied normal stresses due to friction
between the surrounding soil and the walls. Farrag (1991) used pressure cells to compare
normal stress levels between locations adjacent to the wall and adjacent to the edge of the
geosynthetic sample. It was noticed that vertical pressures were lower near the side walls as
shown in Figure 2.12. Figure 2.13 shows the effect of the sample width on the measured

pull-out resistance. This difference in vertical pressure indicates that pull-out resistance is
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Figure 2.12: Effect of side-wall friction on vertical pressure (Farrag, 1991).

B = Sample Width
BO= Pull-out Box Width

Q00,000
0°0°n0OO0abD

I O”Ma000aa DD

u -
'g | f « BZBO= 1.0
O =07
a 0 = 0.4
Cv= 75.0kN/m2
_J
20
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Figure 2.13: Effect of specimen width on pull-out resistance (after Ochiai et al., 1996).
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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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Rigidtop boundary

Flexible top boundary

Leighton Buzzard sand 14/25
Grid 11 Lf =75 mm
ay = 25kPa

d,, :mm

Figure 2.14: Effects of top boundary on pull-out resistance (Palmeira and Milligan
1989).

Geogrid Tensar-SR2
Confining pressure 7 psi
- Avg. soil density 104 pcf

icfi Soil 4 in. aboye & 4 in. under geogrid

A 4 n in- under geogrid

H3 Soil 12 in. above & 12 in. under geo°rid
s S

Q .............

HH Soil 12 in. above & 16 in. under geogrid

Front Displacement (inch)

Figure 2.15: Effect on depth of soil, above and below reinforcement, on pull-out
resistance (Farrag, 1991).
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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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the pull-out test progresses, mobilized length of the geosynthetic increases making shear
along the length of the sample also increase. Using the mobilizing process method, a non-
linear shear stress distribution along the sample can be estimated. The relationship between
the shear stress and the shear displacement is calculated using load applied to the front of the

geosynthetic and the displacement of several points along its length.

i fliinv'; 2P B

Figure 2.16: Graphical representation ofthe mobilizing process method (Ochiai et al., 1996).

The four steps in the mobilizing process method can be illustrated by Figure 2.17.
These four steps are: 1) discretize the displacement versus distance distribution, 2) determine
strain from the discretized elements, 3) determine load in the geosynthetic from the strain and
4) calculate shear using load differencing.

The distribution of displacement versus distance along the length of the embedded
geosynthetic is obtained from actual pull-out test data. Since only a few measurements of
displacement along the length can be made, this distribution consists of only a few points.
Discretizing this distribution can be done in one oftwo ways. The first is to assume a linear
distribution of displacement between measurement points, thus discretizing the distribution
intoj elements, wherej is one less than the number of displacement measurements as shown
in Figure 2.17(a). The second method of discretization is to use a curve fit that best

represents this distribution. This will allow for smaller discretization and possibly an
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Xt Xj X, +1
Distance Along Length

>3

Xk X, X/+1

Distance Along Length

Intrinsic Curve

Strain

Ci X, X,+1
Distance Along Length

Figure 2.17: Concepts in evaluating pull-out resistance using the mobilizing process
method (redrawn after Ochiai et al., 1996).
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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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Figure 2.18: Free-body diagram of shear calculation.

i\ Fj

= 2 w6 « Ajc (2:3)

Vu

In this equation FiAis the transferred force at node /-1, Fiis the transferred force at node i,
b is the width of the sample and Ax is the length ofthe element spanning between nodes i-\
and i. The shear stress, t, can now be plotted versus the shear displacement, where shear
displacement is defined as the displacement of node i (Farrag, 1991; Ochiai et al., 1996).
From the shear stress versus shear displacement diagram, the interaction coefficient, tan(6),
may be calculated using the ultimate value of shear stress and the applied normal stress, as

described in the direct shear analysis using Equation 2.1.

Average Resistance Method

Within the average resistance method are three different ‘sub-methods’ of interpreting
soil/geosynthetic interaction; the total area method, the effective area method and the
maximum slope method (Figure 2.19). These methods will be described individually in the

following sections. Figure 2.20 shows graphical representations of each evaluation method.
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) total area method

Lnn
Lv

ii) effective area method

Iraax

i) maximum slope method

Figure 2.19: Three average resistance methods used to evaluate pull-out resistance
(Ochiai et ah, 1996).

measured

maximum slope

total area

effective area

Distance from the grid front

Figure 2.20: Graphical representation of the methods used to evaluate pull-out
resistance (Ochiai et ah, 1996).
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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:
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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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least conservative approach. The effective area method is equivalent to the total area method

for samples that pull-out without excessive elongation.

O total area method /

# effective area /
method /

50 100 150
Vertical stress, cry (kN/m2)

Figure 2.21: Effect of analysis method on average pull-out resistance (Ochiai et al., 1996).

Numerical Method

The numerical method takes into consideration the difficulties in interpreting pull-out
tests associated with large displacements and extension of the geosynthetic material.
Approaches using differential equations to solve the interaction problem associated with the
pull-out test have been attempted. These approaches take into consideration nonlinear
distributions of shear stress along the length of the reinforcement. The numerical solution
is a function ofthe pull-out displacement, the axial load-strain characteristics, the interface
shear stiffness, the vertical normal confinement and the ultimate and residual interface shear
strength.

Formulation ofthe numerical method begins with the definition of the assumed shape

ofthe function describing the shear stress versus displacement curve. The shear stress versus
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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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Load Transfer Plates

Figure 3.1: Plan view of test apparatus.

Displacement-Rate Controlled Pulling Mechanism

The displacement-rate pulling mechanism used in this study consisted of a
mechanical screw driven by a s HP, variable speed, DC motor. A complet list of the
equipment used in this study along with the manufacturer’s name is provided in Appendix
D. The screw assembly was capable of applying an ultimate load of 45 kN at a constant rate
varying from zero to two millimeters per minute. To achieve these slow rates, a worm gear
was placed between the screw and the motor. This pulling mechanism was used when

performing monotonic in-air and in-soil tests.

Load Controlled Pulling Mechanism
The load controlled pulling mechanism consisted of two pneumatic cylinders
controlled by an automatic binary regulator (ABRim). Cylinder A had an inside bore

diameter of 10.2 cm and a stroke of 25.4 cm. Cylinder B had an inside bore diameter of 15.2
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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,
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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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Figure 3.2: Front view of pull-out apparatus showing gap formed by separated upper
and lower halves.

Figure 3.3: Orientation, dimensions and method of attachment of load-transfer sleeves
at the front wall.
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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.




49

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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Reaction Confinement
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Figure 3.4: Schematic of normal confinement apparatus: a) view from end b) view from side.
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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.
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Once the sample was selected and prepared, the next step was to prepare the sheet

metal ends. Eighteen-gauge sheet metal was used because transferring loads through its
plane without excessive deformation was possible. Each of the sheet metal pieces was
slightly wider than the geosynthetic sample, being 30.5 cm in width. The side ofthe sheet

metal that was to have the epoxy bonded to it was roughened with a belt sander and cleaned

with acetone to give the glue a good bonding surface.

Geosynthetic Sample

o o

Figure 3.5: Schematic of in-air specimen showing overall dimensions and sensor location.

A sample jig was used to align the sample with respect to its sheet metal ends. Figure
3.6 shows a photograph of the sample jig set up. The lower halves of the sheet metal plates
were set in the jig and the epoxy was mixed and poured onto them. Then the sample was

stretched between the two sheet metal ends and the top pieces of sheet metal were coated
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with glue and placed onto the lower pieces. For the geotextile samples, the glue was
massaged into the fibers to attempt to increase bonding through the sample to each of the
sheet metal plates. Weights were stacked onto the sheet metal ends to assist in distributing
the glue evenly. The epoxy was allowed to dry for at least twelve hours and the excess was

trimmed off the edges.

Figure 3.6: Samplejig for preparing in-air test specimens.

The sheet metal ends were then ready to be drilled for placement into the test
apparatus. Holes were drilled near the outward edges of the two sheet metal ends. One set
of holes allowed two pieces of angled steel to be attached to it that would react against the
box frame, thus constituting the fixed end. The other end was connected to the loading
apparatus. The front ofthe sample was bolted between two pieces of eighteen-gauge sheet
metal used as extensions due to the large size ofthe pull-out box. The other ends ofthe sheet
metal extensions were attached to two load distribution members with dimensions 12.7 cm

by 89.5 cm in width and length, respectively. Figures 3.7 and 3.8 show each of these setups.
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Figure 3.7: Side view of in-air sample clamping method including loadcell connection.



Figure 3.8: Plan view of sample clamping method including loadcell connection.
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A centered hole, with respect to the bolted connection, was made through the load
distribution members to allow the tension loadcell to be pinnéd to it. The other end of the

loadcell was attached to either the monotonic or cyclic pulling device.

Loading Deyice and Instrumentation Connection

The instrumentation used in the in-air tests consisted of one loadcell, four
extensometers and bonded, foil strain gages. One millimeter diameter extension wires with
special metal clips on one end, were used to. bridge the | connection Between the
extensometers and the measurement point on the geosynthetic sample. The extension cables
were run through grooves cut into the angled pieces that provided the fixity of the rear of the
sample. Since the sheet metal ends | prohibited lateral strains from occurring near the
geosynthetic/sheet metal interface, the extensometers used to measure axial strain were
positioned to span the middle third of the sample. The extensometers used to measﬁe lateral
displacements were positioned at the centerline of the sample near the edge. The gage length
of the axial and lateral strain measurements were approximately 25 and 24 cm, respectively,
as previously shown in Figure 3.5. When direct meaéureme\nts of strain were needed, foil
strain gages were bonded directly to the material using a high elongation epoxy. These gages
were not uséd for finite element model calibration but simply to determine how ngl
predictions of global strain in the material can be made through local strain measurements.
Appendix A contains specific information regarding methods used for bonding foil gages to
the gebsynthetic and a comparison of typical results from the global and local strain

measurements.
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Fast Monotonic Tests

Fast monotonic tests were performed at high rates of displacement. To achieve t.hese‘
high rates, the pneumatic cylinder was programmed to deliver a linearly increasing load to
the sample in a very short time. The maximum lpad was suppésed to be able to rupture the
sample at its peak préssure in less than one second. However, since the capacity of the load
controlled pulling mechanism was lower than the ultimate strength of the geogrid in the
cross-machine direqtion and the geotextile in either direction, rupture was not attainable for

these materials in these directions.

Slow Monotonic Tests

. For the slow monotonic tests, the samples were pulled at a rate of 2 mm per minute

corresponding to a strain rate of approximately 0.26 % per minute. These tests were

continued until failure of the sample occurred. Failure was defined as the point when either
the geosynthetic material ruptured or peak strength was reached.  Overall, the geogrid
materials used in this study ruptured but geotextile samples did not due to prémature failure

at the epoxy/geotextile interface.

Cyclic Tests

Loads in the series I and II, cyclic tests, were applied using either of the two
pneumatic cylinders. The data acquiéition/loaci control system was use_d to control the air
pressure input to the pneumatic cylinder in the form of a triangular wave. Each applied load
cycle consisted of four stages as shown in Figure 3.9. Stage one consisted of a linearly
increasing pressure, stag’e two, a constant pressure, stage three, a linearly decreasing pressure

and stage four, a zero load, time delay between cycles. Figure 3.10 shows the input cycles
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Stage Il

Stage | Stage Il

Stage IV

Time (s)
Figure 3.9: Load history of a single input load cycle.

Load 9
Level 8

Time (s)
Figure 3.10: Load levels for the cyclic load input pulses.
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for the f(;urteen input pressures used in the two series of cyclic tests. At low pressures,
_clarity of the linearly increasing and decr'easing portions declined due to the low number of
pressure increments at those steps. Cyclic, series I tests applied one cycle at each load level
for all fourteen load levels and the series II tests applied repeated cycles at each of the
fourteen load levels. For the serieé. II tests, cycles \-zvere repeated at each load level until the -
méterial no longer exhibited creep étrains. A list of the number of éycles repeated in the
series II test at each load level, is given in Table 3.2. The total number of load cycles to be
applied to the in-air series II éyclic tests was -5 800. Howe-ver, for some tests, this total
number of cycles was not attained due to the instability of the software controlling the ciata
acquisition/load contfol system. The system was configured to record the maximum and

minimum response values of each sensor for all cycles, and full cycle. data for specified

cycles.

Load Levels | No. of Cycles
2,3,4 100
5,6,7,8 300
9,10, 11 500
12, 13, 14, 15 700

Table 3.2: Cycle numbers repeated at each load level for the in-air, cyclic, Series II tests.

In-Soil Test Procedures

Monotonic and cyclic in-soil tests were performed using esseﬁtially the same
procedure. The five steps to performing an in-soil test were: 1) preparing the sample, 2)
éompacting the soil and placing the sample, 3) connecting the loading device and -

instrumentation, 4) applying normal confinement and 5) running the test.
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Sample Preparation

Sample preparation for the in-soil tests were similar to the in-air tests; the main
differences being the size and layout. The same procedure was used to select, trim and clean
the geosynthetic and prepare the sheet metal. The sheet metal plates bonded to the
geosynthetic samples used in the in-soil tests consisted of two 61 cm square pieces of
eighteen-gauge, galvanized steel. For these tests, one end of the geosynthetic sample was
connected to the loading apparatus while the other end was free. Figure 3.11 shows a typical
in-soil sample placed in the box. To provide a connection to the extensometer measuring the
displacement of the front of the sample, a I mm cable was glued between the sheet metal

pieces, extending from the center of the sheet metal/geosynthetic interface.

\I
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Figure 3.11: In-soil sample placed in pull-out box.
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Soil Compaction 'gnd Saniple Placement
“Before the sample could be placed into the pull-out box, soil had to be comipacted up
to the level of the extended edge of the lower load-transfer sieeve. The soil used in these
tests was a well-graded, %" minus, baseAcourse aggregate having thé gradation shown 1n
Figure 3.12. This gravel was compacted to at leaslt 9‘5% of its optimum dry density. Figure
3.13 shows a modified, Proctor, comﬁaction curve for this material. To coﬁlpact the soil, a
vibrating compactor was designed and built. It consisted of a compressed-air driven ball-
vibrator attacheci to a 15 kg mass welded to a 25 cm by 25 cm plate. To ensure that the
desired density was achieved, density of the soil was measured using a sand-cone af)paratus.
Once the compa;;ted gravel ﬁll’ed the lower half of the pull-out box, the soil was
scarified to ensure equal soil/geosynthetic boﬁd on both sides of thg material. Then the
prepared sample was placed into the apparatus ‘by feeding it through the narrow gap formed
by the twoiéa_d—transfer sleeves at the front of the box. For the monotonic tests, the glued
connection betwéen the sheet metal and the geosyﬁthetic was placed into the soil a distance
of 15.0 cm frqm the edg;:s of the load-transfer sleeves. Placing the epoxy/sheet metal
interface 1n the soil ensured that the area of geosynthetic sample in contact with the soil was
constant throughout the test. Figure 3.14 shows a schematic of this setup. For the cyclic, in-
soil tests, “this distance’ was reduced to 5.0 cm to reduce the friction along the non-
geosynthetic surface within the soily. Excavation was taken to a depth of approximately 20

cm below the level of the previous sample to ensure no effects from the previous experiment.
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Particle Size (mm)
Figure 3.12: Grain-size distribution of the confinement soil used in pull-out experiments.

Zero Air-Void Curve (Gs= 2.70)

Moisture Content (%)
Figure 3.13: Modified Proctor compaction curve for soil used in pull-out experiments.
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Figure 3.14: Plan view of in-soil sample arrangement.
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Loading Device and Instrumentation Conﬁec‘tion
Connectién of the loading device is like that of the in-air tests, the difference being
that the loadeci end of the sample was connec’Fed directly to the sampie without neediﬁg sheet
metal extensions. For in—soill tests, measurements of displacement were needed from
different positions along the embedded length of the geosynthetic including the displacement
of the sheet metal plates. The displacemenjc of the sheet metal is measured using the cable
élued between the sheet metal as discussed e‘:a.rlier.. The other displacement connections weré
the same as the in-air tests, which were made by a low profile clip connected directly to the
: geo‘synthetic. A total of five displacement measurements were made along the embedded
length of the sample. Figure 3.14 also shows the approximate location of these measurement
connections.' For the geogrid tests, connection of the cable clips to the material did not cause
excessive resistance dt the measurement ;;oints. However, this type of clip connection on the
geotextile created excessive resistance at the measurement poinfs, making the displ-acemlent
data invalid. A new method of connecting the measurement cable to the geotextile used a
thin cable punched through and glued to tfle material. A piece of smooth tape was placeci
over the glued area and a small piece of lubricateci latex was placed on'the surface of the
tape.' These connection points had a very low p?oﬁle making the resulting data-more
sensible. The cables attached to these clips were housed in reinforced tubing to prbtect them
from the\confining soil, allowing them to move freely through the soil. The cables extended

through the rear of the pull-out box through a small slit and were attached to the

extensometers.
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Normal Confinement

Once the loading apparatus and instrumentation were connected to the samplé,
confining soil was compacted on top of the sample to a depth of approximately 40 cm in lifis
of approximately 6 cm in depth. Once a level surface of soil of approximately 40cm in

height above the sample was attained, the confinement system previously described was

- . placed on top of it.

Three confinement levels were used for these tests: 5, 15 and 35 kPa. ‘For the 5 kPa
tests, confinement was reached using a depth of approximately 22 c¢m of soil above the
sample. For the 15 and 35 kPa tests, additional confinement was applied using the

pneumatic bladder described earlier.

Conducting the Test
Three types of in-soil tests were perfogmed: monotonic, cyclic and sheet métal tests.
Monotonic tests v&ere conducted to describe the shear stress distribution along the embedded
length of the reinforcement during pull-éufc. Cslclic tests were performed to help calibrate
| in-soil cyclic parameters within the finite element.model. In-soil tests on sheet metal were
performed to provide a ioad‘ correction to the output data for the monotonic tests. Cyclic
tests did not need to be corrected since the length of the sheet metal protruding into the soil

was shortened and lubricated layers were used to reduce the friction along its surface.
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Monotonic Tests
Monotonic, in-soil tests were performed using the displacement controlled pulling
device set at a rate of 1 mm per minute. Monotonic tests were run until failure occurred in
the sample. Failure for these tests was defined as either complete mobilization of the

embedded geosynthetic or rupture of the sample. Complete mobilization of the sémple was

attained when the free end of the sample began to move.

Cyclic Tests

Cyclic tests are conducted using the Series IT cyclic loading. Like the in-air cyclic
tests, the cycles were repeated at fourteen load levels. Table 3.3 shows the numBer of cycles
delivered at éach load leyel. The total number of cycles applied to the gedéynthetic for the

_In-soil cyclic tests was 11,600. Like the in-air dyclic tests the maximum and minimum
values for every sensor were recorded for every cycle applied. Full cycle data was also

recorded for specified cycles.

Load Levels | No. of Cycles
'2,3,4 200
5,6,7,8 600
9,10, 11 1000

112,13,14,15 1400

Table 3.3: Cycle numbers repeated at each load level for the in-soil, cyclic tests.
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Test Results

The purpose of this section is to demonstrate the methods used to obtain meaningful
results from raw data and to illustrate typical results from each of the experiments performed.

Corrections made to the data, to account for various material behaviors and boundary

conditions, are explained in detail. A complete set of results from the in-soil tests is -

contained in Appendix B. A discussion of the results presented in this chapter will be

provided in Chapter 4..

In-Air Test Results

To calibrate the constitutive parameters of the geosynthetic materials, in-air tests were
conducted. ' Monotonié tests were used to define the geosynthetic’s orthotropic, elastic plastic
material properties. Fast monotonic tests were used to define g;aosynthetic mate?ial_
parameters withéu; creep. Further ca‘libration of the geosynthetic’s elastic and plastic
material préperties and verification of the finite element model’s prediction of creep was
accomplished using the slow monotonic tests. Cyclic tests were performed to determine the

material’s kinematic hardening properties.

Test Data Corrections
Two corrections were made. to the raw data obtained from in-air tests. The first
bonection was to account for the reduction in width due to necking and the second was to

account for the number of ribs per width spanning the width of the geogrid samﬁles.
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Axial loading of geosynthetic samples caused necking to occur. Necking is the
reduction in the width of a sample under axial loading. A correction was needed to account
for this reduction in width since measured loads had units of force per widfh. As discussed -
earlier, lateral displacements were measured in the sample at midlength to calculate lateral
strain. Lateral strain measurements were used when calculating the axial load per width by
continuously updating the sample width. 'The updated width was calculated using the

following equation:

Wcorrected = VVinitial (1 —-elat) . : (3 . 1)

where W,,,,..... 18 the corrected width, W, , is the initial width of the geosynthetic sample
and €,,, is the measured lateral strain at a particular load level.

Geogrid sambles éontaining the sarr;e number of ribs may not have the same width
due to material nonuniformities created during the manufacturing process. Applied loads are
measured in units of for;:e per width, so corrections to the width must be made to ac,;coﬁnt for
these material dissimilarities. Using equation 3.2 developed from ::oncepts contained in the

- ASTM D5262 specification, Ioad values from tésts pérformed on samples of geogrid with
different W1dths can be corrected to a ‘true’ load per width. This correction can also be used
to make valid data compatisons in cases where tests performed on geogrid samples may have
had similar aspect ratios but different overall sizes.

Pr;teasure (n_l) .
o ewwed T . (32) .

corrected n

The variable P

correcle.

+ was the corrected load, P

measure

. was the measured load and » was the

number of ribs across the width of the sample.
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Fast, Monotonic, In-Air Tests
Measurements made in the fast r_nonotonfc in-air tests included axial strain, lateral
strain and load. Plots of load versus axial strain were formed using this data for each

material as it was pulled in the machine and cross-machine directions, as shown in Figure

3:15. The two curves shown in each of the material’s principle strength directions represent

repeated tests. Differences between repeated tests are slight and are most likely attributed
to geosynthetic nonhdmogeneitieé rather than tesﬁng methods. To calculate pertinent
material parameters, plots of axial strain versus lateral strain were needed. These plots can

be seen in Figure 3.16 for both directions of the geogrid and geotextile, respectively.

Slow, Monotonic, In-Air Tests

Slow monotonic fesfs were performed to verify the creep parameters used in the finite
element model and to further define the material’s elastic/plastic -parameters. Like the fast
monotonic tests, measurements of applied load and axial and lateral strains were made.

Pertinent corrections were also implemented to adjust raw data. Figure 3.17 shows plots of

load versus axial strain for the geogrid and geotextile in each of their principle. strength '

directioﬁs. Plots of axial strain versus laferal strain for these materials are shown in Figure
3.18. To calibrate the material’s shear parameters, slow monotonic tests were -performed c;n
both materials oriented in the 45 degree direction. Results from the geogrid are shown in
FigureslB.9 and B.10 in Appendix B. Results from the geotextile indicated that the material

had zero strength in the 45 degree direction and therefore will not be shown.
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-------- Machine Direction
Geotextile Cross-Machine Direction

Geogrid

Load (kN/m)

Axial Strain (%)
w1 Fast, monotonic, load/strain curves for the geogrid and the geotextile in both
principle strength directions.

-------- Machine Direction
------- Cross-Machine Direction

Geogrid

I Strain (%)

Geotextile

Lateral Strain (%)

Figure 3.16: Fast, monotonic axial strain versus lateral strain for the geogrid and
geotextile in both principle strength directions.
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Machine Direction
Cross-Machine Direction

Geotextile

Load (kN/m)

Geogrid

Axial Strain (%)

" Slow, monotonic, load/strain curves for the geogrid and the geotextile in
both principle strength directions.

Machine Direction
Cross-Machine Direction

Geogrid

I Strain (%)

Geotextile

0 -2 -4 6

Lateral Strain (%)
Figure 3.18: Slow, monotonic axial strain versus lateral strain curves for the geogrid and
geotextile in both principle strength directions.
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Cyclic, In-Air Tests

Cyclic, in-air tests were conducted under two types of loading (Series I and Series II)
to define the geosynthetic’s kinematic hardening properties. Measurements of applied load
and axial and lateral strains allowed plots of load versus strain for each of the materia1 types
to be shown. Figure 3.19 shows a plot of load vérsﬁs axial strain for the geogrid'in the
machjng direction when loaded under the Series I'loading, and Figure 3.20 shows a plot of
load versus axial strain for the geogrid in the machine direction under the Series IT Ioadirlg.
The plot for the Series I loading contains all of the applied cyéles, whereas-the Series II plot
only contains specific cycles. A complete set of plots showing the results from the cyclic,

in-air tests is given in Appendix B.

In-Soil Test Results

In-soil tests were conducted to define soii/ geosynthetic interaction parameters.
Parameters derived from plots of soil/geosynthetic, interface shear stress versus shear
displacement for various confinement levels were used to define soil/geosynthetic interaction
and were obtained from monotonic tests. Monotonic, pﬁll—out, tests were performed at three
levels of conﬁnement: 5, 15 and 35 kPa. Cyclic tests were also pérformed on each material
at a confinement level of 15 kPa. These.were used to calibrate tile finite element model’s
prediction of the soil/geosynthetic interaction under this type of loading. Details regarding

the intérpretation of raw data into meaningful results are given in the following sections.
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Figure 3.19: Cyclic, Series I, load/strain, loading/unloading curves for the geogrid in the
machine direction: ggmd-3.
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10 -

0 2 4 6 8
Axial Strain (%)

Figure 3.20: Cyclic, Series Il, load/strain, loading/unloading curves for the geogrid in the
machine direction: ggmd-6.
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Test Data Corrections

Two correctioﬁs were made to the raw test data. The first correction used Equation
3.2 to account for the number of ribs along the width of the sér’nple, as in the in-air tests. Thel ’
second correction adjusted the applied pull-out load by accounting for friction carried along
the surface of the sheet metal grip within the soil. /

To determine the amount of frictic')nai load due to the sheet metal grip in the soil to
‘be subtracted from pull-out tests, monotonic, in-soil tests were performed on samples of
sheet metal. Recall from earlier discussion how the sheet metal grips for the ggosynfchetié
extended into the confining soil 15.0 cm from the leading edge of the load-transfer plates,
as shown in Figure 3.14. The pull-;)ut tests performed on sheet metal were arranged
ideﬁtically to the geosynthetic samples excluding the geosynthetic materials. In these tests,
measurements of aﬁplied load and displacement of the embedded edge were made. Tests
were performed énd repeated on the sheet metal under the same three levels of normal
confinement and at the same pull-out rate of 1 mm per minute. This allowed
load/displacement curves to be forméd f01; eéch level of confinement. A computer program
was written to average data from repeated sheet metal tests and subtract it from the raw data
obtained from monotonic tests cénducted on the geosynthetic under the same level of normal

confinement. Averaged results from the repeated sheet metal tests at each level of

confinement are shown in Figure 3.21.
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5 kPa
15 kPa
35 kPa

Displacement (mm)
Figure 3.21: Averaged load versus displacement curves for the in-soil, sheet metal tests.

Monotonic, In-Soil Tests

Measurements ofapplied pull-out load and displacements along the embedded length
ofthe sample allowed load versus displacement curves to be prepared. An example ofthe
load versus displacement for a geogrid sample at three levels of normal confinement is given
in Figure 3.22. To analyze the data using either the mobilizing process method or a
numerical technique, having a plot of displacement along the embedded length of the sample
is necessary. Since the displacement at various points along the length of the embedded
sample changes with increasing load, several curves can be shown in one figure. Figure 3.23
shows the displacement along the length for six load levels for a geogrid test pulled in the
machine direction at 5 kPa normal confinement. These load levels were calculated based on
percentages ofthe ultimate load carried in the material at failure. The percentages used are

25, 50, 75, 90, and 100 percent of the ultimate load. Figures B.33 through B.48 in Appendix
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35 kPa
ggmd-10

15 kPa

ggmd-11 5 kPa

ggmd-12

Displacement (mm)
Figure 3.22: In-soil, load versus displacement curves for the geogrid pulled in the
machine direction at three levels of normal confinement.
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Figure 3.23: In-soil displacement versus distance along reinforcement length for geogrid
pulled in the machine direction at 5 kPa normal confinement: ggmd-12.
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B contain a complete set of results from the monotonic, in-soil tests.

Cycl'ic, In-Soil Tests

Cyclic, in—sqil tests were setup and run much like the Ihonotonic, iﬁ-soil tests with
the excépt_ion of the loading condition. Cyclic, in-soil test data will be used for future
analysis work using thg finite ele¥nent inodeling. Cyblic tests on these materials weré
conducted at 15 kPa normal confinement. Results from these teéts include maximum and
minimum applied load versus cycle number and maximum and minimum displacements
versus cycle number, as shown in Figures 3.24 and 3.25, respectivefy. The fourteen levels
of loading can be clearly defined using Figure 3.24. Figure 3.25 shows the displacelﬁent of
the.front c;f the material per cycle number. The minimum displacements at the front show
how fatchetting occurs in the cyclic tests. Ratchetting allows the material to move in the
direction of the load without letting it return fully, as clearly seen in F igure-3.25. Figure 3.26
also illustrates ratchetting by showing the accumulated displacements for the unloading/re-

loading loops. A complete set of results for the cyclic, in-soil tests is given in Appendix B.

Y
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10000 12000

Cycle Number
Figure 3.24: Maximum and minimum loads applied to the geogrid in the machine
direction at 15 kPa normal confinement: ggmd-13.

10000 12000

Cycle Number

Figure 3.25: Maximum and minimum displacement at the front of a sample of geogrid
pulled in the machine direction at 15 kPa normal confinement: ggmd-13.
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Displacement (mm)

Figure 3.26: Cyclic, in-soil, unloading/reloading load/displacement curves for a sample
of geogrid pulled in the machine direction at 15 kPa normal confinement:
ggmd-13.
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CHAPTER FOUR

- DISCUSSION AND ANALYSIS OF TEST RESULTS

Introduction

Comments on data trends and brief comparisons of experimental results from in-air
and in-soil tests are made in this chapter. Test data is interpreted and analyzéd to determine
constitutive m.';lterial‘ parameters and soil/geosynthetic interaction pérameters. Inherent
geosynthetic material properties were determined mostly froih_ fast monotonic and cyclic,
Series II test results. The method for interpreting in-air test data to determine its material
properties is described in detail concluding with a table of appropriate material pmaﬁeters.

Soil/geosynthetic interaction parametérs were determined from monotonic, in-soil,
pull-'out tests. These interaction parameters described the relationship between shear stress
and shear displacement with respect to normal stress confinement. ’Current methods of
calculating this relationship were briefly outlined and described in Cﬁapter 2. Based on
available methods, the mobilizing process method was first used. However, problems
associated with this methbd motivated the author to develop a numerical method based on
- the solution of a Igoveming differential equation to solve thg interaction problem. A
descriptioﬁ of how the mobilizing process method was used, examples of results from this

analytical téchnique and a discussion of those results are given. Lastly, a detailed derivation
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of the differential equation and its numerical solution are described. Examples of typical
results from the numerical analysis are shown and the resulting interaction parameters are

tabulated.

Discussion of In-Air Test Results

Results from in-air tests performed on the geosynthetic materials showed that the

. materials had different strengths in their principle directions. Figures 3.15 and 3.17 showed

that the strength in the cross-machine direction was higher than ‘the strength in the machine
direction for both materials. Fast and slow monotonic tests showed that comparable
load/strain éh‘aracteristics were obtained from repeated tests.

Strain levels at failure varied between tests, though load levels at these strains w.ere
similar. This was most likely due to material nonhomogeneities sinée an identical testing
method was used for all in-air tests.

Slow monotonic tests performed on the geotextile showed that the slope of the
load/strain curve in the machine direction changed drastically at approximately 3 % axial
strain. In the cross-machine direction, this slope change occurred at approximately 1 % axial
strain. This phenomenon may be explained by the fact that the geotextile was a woven
material. Reorientation of the woven fibers may have caused the initial porti.on of the
load/strain curve to exhibit these slope differences. Occurren;:e of this slope change is still
noticed in the fast monotonic tests but not as ciistinctly. Duplicate tests on the geotextile

indicated that this phenomenon was repeatable.
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Measured geosynthetic material properties are strain-rate dependent. This can be
seen in the different stress/strain characteristics obtained from fast and slow mono;[onic tests.
Standard creep tests were not performed in this study, however, strain differences between
fast and siow monotonic tests indicated the tendency of the materials to creep when loaded
slowly. Figures 4.1 and 4.2 show this for the geogrid and the geotextile, respectively. It was
also noticed that ultimate strains for thg fast monotonic tests were nearly half the ultimate
strains for the slow monotonic loading. This was caused by viscous behavior of the mateﬁal.
When loaded rapidly, time dependent strains were unable to develop which essentially
stiffened the material and caused failure to occﬁr at lower values of strain. Differences in
lateral strains between test types can be explained using similar reasonihg.

Evidence éf viscous and creep dependent beha;/ior can be shown using comparisons
between monotonic and cyclic tests. Individual cycles from the cyclic, Series I tests were
applied to the sample using the same strain rate as the fast monotonic tests, therefore, creep
strains were negligible. Figure 4.3 shows a plot of a fast monotonic test and a cyclic, Series
I test performed on the geogrid in the machine direction. Peak loads for the cyclic test
éorrespond well with the load/strain curve from the fast monoto;lic test. In the same way the
slow monotonic tests correlated with results from the cyclic, Series Il tests. Repeated cycles
in these tests allowed creep strains to develop over time. Figure 4.4 shows a plot of a slow
monotonic test and a cyclic, Series II test performed on the geogrid in the machine direction.
Again, peak loads for the cyclic test match'the load/strain curve from the slow monotonic

test.
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Comparison between fast and slow monotonic tests performed on the
geogrid in the machine direction.
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Comparison between fast and slow monotonic tests performed on the
geotextile in the machine direction.

Figure 4.2:
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< Comparison between fast monotonic and cyclic. Series | tests performed on
the geogrid in the machine direction.
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Figure 4.4: Comparison between slow monotonic and cyclic, Series Il tests performed
on the geogrid in the machine direction.
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\
Analysis of In-Air Test Results

The geosynthetic materials in this study exhibited orthotropic, elastic/plastic material

properties. To describe these material parameters within the context of a finite element _

model properly, a constitutive model must first be formed. Calibrating the constitutive
parameters can be done using appropriate tests conducted on the materials.
A pressure independent; anisotropic, yield plasticfty constitutive .model (Hill

mechanism) along with a 3-D, orthotropic elastic response was.used to characterize

geosynthetic material behavior. The 3-D, elastic, orthotropic constitutive matrix in Equation -

4.1 shows the “engineering constants” that defined the material’s orthotropic elastic

properties.
€ VE, -v JE_-vJE, 0 0 0 ||o,
|€n| |-v /E. VE,  -v_/E. 0 0 0 ||o,
€ &\|-v /E -v/E 1E 0 0 0 (/o
Yell o o o UG, 0 0 || (1)
Y, 0 0 0 0 UG, 0 ||,
vl | 0 0 o 0 0 l/zeJ 0”:

In this matrix the subscript m den(;tes the machine direction, x, the cross-machine
direction and z, thé out-of-plane direction. ”fhe terms E,, E,, and E, are elastic moduli for the
cross-machine, machine and the out-of-plane direction, resﬁectively. Parameters G,,,, G,,
and G,, are shear moduli pertaining to the machine/cross-machine, machine/out-of-plane gnd
the Cross-machine'/out-of-plane planes, respectively. The terms v, and v, are Poisson’s

ratios pertaining to the machine/cross-machine plane. More specifically, v,,, is the Poisson’s
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ratio that characterizes the lateral strain in the machine direction when uniaxial loaci is
applied in the cross-machine direction and v,,, is the Péisson’s ratio that characterizes the
lateral strain in the cross-machine direction when the material is loadéd in the machine
direction. Since lateral strains were not measured in the z-direction 1(10r_ did the material
experience appreciable strain in the z-direction, v,,, v,,, v, and v, were arbitr’arily set to
zero. The termé 0,, 0,, and 0, are the applied stresses pertaining to the cross-machine, mach-
ine a.md out-of-plane directions, resﬁectively, and 0,,, 0,, and o, are the applied shear stress-
es in the cross-machine/machine, machine/out-of-plane aﬂd cross-machine/out-of-plane
directions, respectively.

To define these elastic/plastic orthotropic material parameters, data obtained from fagt
monotonic tests was used. Results from these tests did not includle.: creep since the samples
were tested under a high rate of deformation. Tests performed on the geosynthetic samples
oriented in both of their principle axes gllowed load/strain relationships to be determip.ed.
Using the slope of the initial portion of the load versus axial strain curves and the axial strain
versus lateral strain curves, elastic material properties, like elastic moduli and Poisson’s
ratios, weré calculated. Tests performed on geosynthetic samples oriented 45 degrees frpm

each of their principle strength directions allowed the shear modulus to be obtained using the

following 4equa"£ion:

ECPTCRP) 2

where 0 is the axial load carried in the geosynthetic, and € and.€ are the strains measured

in the axial and lateral directions, respectively, for this test. Elastic material properties from
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tests oriented in the 45 degree direction also allowed G,,, to be calibrated.

The geosynthetic materiafs also exhibited anisotrop.ic yield characteristics. The
pressure independent, anisotr.opic, plasticity model used a potential function which required
that six yielci ratios be defined. These ratios were defined as the ultimate yield strength,
éxpressed as a normal or shear stresé 1n each of the three material directions, divided by an
ultimate reference normal stress. The ultimate reference normal stress, 0y, was defined as
the yield strength in one of the principle strength directions. In this case, the ultimate
reference normal stlress was defined as 0, the ultimate value of axial stress measureci in the
cross-machine djpection. These yield stress ratios were denoted as R,, R,, R,, R, R,, and
R,,. The yield stress ratios were evaluated from the load versus axial strain results in fhe

machine and cross-machine directions presented in Chapter 3. The following equations

define these stress ratios as:-

where, 0, 0,,and 0, are the ultimate yield strength measured in uniaxial tension in the cross-
machine, machine, and out-o6f-plane directions, respectively. The terms 0,,, 0,, O,, are
ultimate values of shear stress measured in the cross-machine/machine, machine/out-of-plane

and cross-machine/out-of-plane planes, respectively. The ultimate reference shear stress,

T, Was defined as:

(4.4)
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Values for each of these parameters were determined using the data from the fast
monotonic in-air tests on the geogﬁd and geotextile. Tables 4.1 and 4.2 show the tabulated

‘values for each of these parameters. .

Moduli (kPa) | Poisson’s Ratios Yield Stress
‘ Ratios
E, 645,000 | v, 0.03 R, 1
E, | 600,000 | v, 0.032 R, 0.584
E, | 1,000,000 | v,, 0 R, 0.8
G, | 30,000 v, 0 R, | 0.091
G,, 30,000 | v, o | R, | 0091
G, 30,000 v, 0 R, 0.091

Table 4.1:  In-air constitutive material parameters for the geogrid.

Moduli (kPa) Poisson’s Ratios Yield Stress
Ratios

E, | 960,000 | v_ 2 R 1
E, | 239,000 | v, | 0498 | & | o
E, | 1,000,000 | v, 0 R 1
G, =0 v, 0 R, =0
G, =0 v, 0 R, =0
G, ~0 v, 0 R, =0

Table 4.2:  In-air constitutive material parameters for the geotextile.
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Discussion of In-Soil (Pull-Out) Té_st Results

Results from in-soil consisted of load/displacement curves and displacerhent versus
distance along the embedded length of the geosynthetic. It was desired that the entire length
~ of the geosynthetic sample be mobilized in pull-out at the peak strength of the material. This
would only happen at a particular sample lepgth. To estimate the proper length of the
sample, rough estimations of shear stress along the geosynthetic surface were made and
" compared to the ultimate capacity of the material. Results from these approximations were
poor and many times resulted in failure of the sample before the sample was completely
mobilized, as seen m Figure 3.22. This is important to note since values of load in the
material are dependent upoﬁ the.embedded length of the sample. If a short and long sample
of geosynthetic are pulled ﬁom soil at the same level of confinement, the shorter one will
obviously require less load. Based on this reasoning, load/displacement curves cannot be
dir‘ectly compared to one another since samples would have to be fully mobilized in pﬁll-out
at their ultimate strength.

During pull-out, mobilizatiqn of the embedded length of the sample was progressive
making displacements along the embedded length also progressive. Figure 3.23 shows how
displacements get progressively larger for higher levels of load. At 100 % of the ultimate
load, the free end Qf the geosynthetic just begins to move. Displacement élong the
géosynthetic is nonlinear making strains in the material also nonlinear. ThlS nonlinearity
becomes more pronounced at higher confinement levels since shear stresses along the surface

of the geosynthetic increases with confinement.
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Comparisons between monotonic and cyclic, in-soil tests show that pull-out
mobilization is effected by rate and method of applying the pull-out load. Figure 4.5 shows
load/displacement results from a monotonic and a cyclic tests performed on a sample of
geogrid at 15 kPa normal confinement. For the cyclic test results shown, the displacement
is measured at the front of the sample. The free end of the sample in the monotonic case
began to move when the front of the sample had displaced approximately 28 millimeters.
For the cyclic case, the free end of the sample began to move when the front had moved
approximately five millimeters. Not surprisingly, this seems to indicate that applying cyclic
loads to the material lowers the load at which complete mobilization of the sample occurs.
This is of particular concern to those interested in designing structures reinforced with

geosynthetic within seismically active areas.

ggmd-H

ggmd-13
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Displacement (mm)

Figure 4.5: Comparison of monotonic and cyclic pull-out tests performed on the geogrid
in the machine direction at 15 kPa normal confinement.
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Analysis of In-Soil (Pull-Out) Test Results

Pulling geosynthetic materials ﬁoﬁ confining éoil creates a non-uniform distribution
of displacement along the material’s length. Consequently, the development of shear stress
along the length is also non-uniform. Developing a relationship that describes ‘the
relationship 5etween the displacement of the material and the resulting shear stress, requires
that certain parameters be defined. These interaction parametérs will be used within the
finite element model to describe shear stresses at the soil/geosynthetic interface as a function
of the displacement of the geosynthetic reinforcement. Estimating parameters necessary to
describe thé relati.onship between shear stress and shear displacemeﬁt can be accomplished
using the methods outlined in Chapter 2. | .

Of the four methods currently used to determine the relationship between shear stress
and displacement along the embedded reinforcement outlined in Chapter 2 (the Mobilizing
Process Method, Average Resistance Method, Numerical Techniques and the Finite Element
+ Method), the mobilizing process method was initially used. When it was determined that this

method did not produce reliable results, a numerical approach was taken to solve the

pfoblem: A discussion outlining the mobilizing process method.and the numerical method-

is given in the following sections.
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Mobilizing Proéess‘ Method
The mobilizing process method calculated the shear stress along the length of the

embedded geosynthetic based on strains within the material. To accomplish this, the

mobilizing process method required that the load applied to the front of the sample and

various displacements along the embedded length be measured. Pull-out experiments -

conducted in this stﬁdy measured the load applied to the front and displacement at five
locations along the embedded length of theAgeosyntheticv. Strain in the geosynthetic was
determined from the slope of an assumed dispiacement distribution. The strain was then
used to calculate the load in the material. From the load, shear was calculated and Iz;lotted
with resbect to the displacment. Lastly, the shear stress versus shear displacement
distribution waé formed, allowing the interaction parameters desc':ribing its shape to be
obtained for ﬁse in the finite elemenf model.

"i‘he four steps m the mobilizing process method are: 1) to discretize the displacement
distribution along the length of the embedded material, 2) determine strain from the

discretized elements, 3) determine load in the material from the strain and 4) calculate the

shear stress using load differencing. These four steps were previously illustrated in Chapter

2 using Figure 2.17.

Approximating the Displacement Distribution
Measurements of displacement during pull-out testing allowed a distribution of
displacement along the reinforcement length to be made. Since only a limited number of

measurement points were made, displacement was known on1y>at discrete points. To
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describe the displacement between these points, certgi‘n assumptioﬁs had to be 'made.
Previous researchers assumed a linear distribution between measurement points, as discussed
in Chapter 2. Using a linear distribution between measurement points results in a
conservative estimate of strain and only aliows discretization of the distribution into ;
elements, where j is one less than the number of displacement measurements. Another
alternative was to use a non-linear equation through the measurement points. This would
allow displacement to be calculated at all points along the length.

In this study, it was desired to use an equation to approximate the displacement

distribution for two reasons: 1) having an equation would allow the displacement distribution

to be discretized into an infinite number of elements, and 2) strains could be calculated by
taking the derivative of the equation. However, it was found that determining a suitable
. equation that accurately represented the displacement distribution was difficult.

Ideally, a unique equation form would be able to accurately represent the
displacement distribution at all load levels. This was difficult since strains at the front of the
sample increased at greater rates than strains along the embedded length. The reason for
having the same e(iuation for all curves was to énsme that strain distributions also had
similar shapes. Figure 4.6 sﬁows an example of a linear, a cubic spline and a sum-of-
exponentials approximation used to define displacement between the experfmental data
points. There is a noticeable différence between theﬁl,' yet, all can be considefed reasonable
approximations. F igure 4.7 shows the difference in the calculated strain from each of these
approximations. These plots show that strain calculations are highly dependent on the

method of approximating the displacement distribution. More specifically, strains at the
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< Approximations of a displacement distribution using linear, cubic spline
and sum-of-exponentials approaches.
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Figure 4.7:  Strain distributions calculated using a linear, cubic spline and sum-of-
exponentials approximation of a displacement distribution.
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front were very sensitive to small changes in the curve fit equation coefficients. This was
undesirable since strains at the front of the sample were used to define the load/strain

propeﬁies of the material.

Determining Strains in the Material
Strains at the front of the sample were calculated using the method described in
Chapter 2. Briefly, this method caléulated strains based on displacement differences in the

material using:

: d
€ = = — U . (4.5)

where €, .., is the strain calculated between nodes i and i+1, u'is the displacement of nodes
i and i+1, as a ﬁmétion of x, and x is the original position of nodes i and i+1. Having an
equation that describes the displacement would allow its derivative to be used to calculate

the strain.

Determining Load in thg Material

Strains at the front of the sample were plotted against the measured pull-out load to
define an “in-soil” load/strain curve. Even though this load/strain curve was determined
from the strains at the front of the sample, it was used as the intrinsic curve for the entire
length of the material. Alternatively, the in-air load/strain properties could also be used to
define the intrinsic load/strain curve. Having the load/strain information was necessary since

shear along the material was determined from the load carried in the material. By using the
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strain distribution and the load/strain curve, load can be determined for any point along the
embedded geosynthetic. Differences between the in-air and in-soil load/strain curves was
dependent upon the method of determining strain at the front of the sample for the in-soil
case. Figure 4.8 shows an example of the difference between an in-air and an in-soil
load/strain curves for the geogrid oriented in the machine direction. For the presented case,
the displacement distribution was approximated using a sum-of-exponentials equation. The
majority ofthe differences between these curves was attributed to the method of calculating
the strains, with the remainder due to effects of confinement. Quantifying the error between
these two curves was difficult since direct strain measurements were not made, making an

assessment of the accuracy of the strain calculations impossible.

ggmd-2

-—--- In-Soil
------- In-Air

Strain (%)
Figure 4.8: Comparison of in-air and in-soil load/strain curves for the geogrid pulled in the
machine direction.
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Alternatively, load/strain behavior can be predicted using in-air test results.
Geosynthetic material properﬁes were well defined by in-air tests and exhibit the materials
inherent behavior. In-air tests cannot reﬂeet changes due to confinement, but it can. be
argued that the difference between each of these load/strain curves was mainly due to
soil/geosynthetic interaction, assuming the strain has been calculated properly. In this study,
the load was calculated usmg results from in-air tests performed on the geosynthetlc

Knowing the strain distri‘bution along the embedded length allowed the distributioﬂ
ef the load in the material to be calculated. From the load distribution, the shear stress could

be calculated using the following equation:

T T o (4.6)

where T, , is the shear stress between nodes (—1 and i, F,;l and F, are the loads at nodes i-1
and i, respectively,. b is the width of the material and Ax is the length of the element between |
nodes i-1 and i. Equation 4.6 is based on the free-body diagram shown in Figure 4.9 which
states that the force in a particular element is transferred into shear along its surface. A
multiplier ef two in the denominator pfoportions the shear over both sides of the material.
To create a shear stress versus shear displacerﬁent dia;gram, values of shear displacement'

corresponding to these shear stresses were needed.
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Figure 4.9: Free-body diagram of shear interaction.

There are two methods of calculating the shear displacement of the material. The
method proposed by Farrag (1991) and Ochiai (1996) discussed in Chapter 2, defined the
shear displacement as the displacement of the rear node of an element of material. Shear
displacements in this study were defined as the average displacement of an element. Using
an average displacement accounted for displacement due to differential straining of the
element. Straining ofthe element also created shear stress which needed to be accounted for
in the analysis. As the elements became smaller, the values of the shear displacement from

each of these two methods approached one another.

Results

Results from the mobilizing process method were inconsistent due to difficulties
regarding the approximation of the displacement distribution. In several cases the strains
calculated from the best fit equations were greater than ultimate strains measured in the
material during the in-air tests. This clearly indicated that strain calculations were incorrect.

A shear stress versus shear displacement diagram for the geogrid pulled in the machine
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direction at 5 kPa‘confmefnent, that used a linear approximati;)n c;f the displacement between |
the measurement points, is given in Figure 4.10. .For the curve fit appfoximatioh of the
displacement, results were most consistent when a sum-of-exponentials equatfon was used.
Using a sum—of—exponentif;llsﬁ curve fit equation, a plc;t of shear stress versus shear
displacement for the same material and conditions x;vas determined, as shown in Figure 4.11.
The displacement distribution was discretized into elements one centimeter in iength. Each
data point on the shear stress versus shear displacement curve corresponded to a particular
level of applied load. Creating more points along the shear stress versus shear displacement
distribution was véry laborious since equations describing the displacement distributic.)n had
to be calibrated for each new load level.

In thé linear analysis only three elements could be .used for the analysis since there
~ were only five measurement points of displacement. The sum-of-exponentials analysis used
an equatibn to fit the displacement data and therefore could be discretized into an infinite
number of elements. For the sake of comparison, only three elements were.plotted ﬁom the
sum—of—exponentials'analysis. The analysis actually contained 69, one ceﬁtimeter elements.
There is a significant difference between the linear approximation results and the sum-of-
exponentials results. The ultimate value of shear stress for the front element using the linear
approximation was approximately 18 kPa. For the sum-of-exponentials approximation the
ultimate value of shear stress for the front element was approximately 30 kPa. Shear stress
versus shear displacement curves from each element should be the same. The values for the

initial slopes for the linear approximation curves are 25,900 kPa, 8200 kPa and 23,800 kPa,

respectively. ‘For the sum-of-exponentials approximation these values were 35,600 kPa,
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Figure 4.11. Shear stress versus shear displacement for the geogrid pulled in the
machine direction at a normal confinement of 5 kPa; computed using a
sum-ofexponentials approximation ofthe displacement distribution.
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15,000 kPa and 10,400 kPa, respectively. From these values it is obvious that the two
methods of approximating the displgcement distribution yielded shear/displacement curves
that were not consistent with one another.

Another major flaw with the mobilizing process method was that éhear stréss‘
decreases excessively at higher levels of shear displaceﬁent. It is possible for the shear
stress to soften, but not this drastically. This figure indicated that at high étrains, caused by
large displacements, very little load is required to pu}l the- geosynthetic from the soil, ;Nhich
is clearly not the case as indicated in the load/displacement diagram. This phenomenon can
be explained by the fact that the mobilizing process method is based on the strain differences
carried across an element of material. As strain levels increase, the load/strain cufve, used
to calculate loads from strains in the geogrid, flattened. Therefore, at higher levels of strain,

load differences dectreased, which made the calculated shear stresses decrease.

Numerical Method

Difficulties associated with determining accurate or consistent parameters describing
the soil/ éeosynthetic interaction using the mobilizigg process method motivated the author
to develop a numerical method of determining the distribution of shear stress versus sheair
displacement based on the solution of a governing differential equation. In this section the
derivation of the differential equation, definitions of variables within the equati-on, and the
method used to find a numerical solution are discﬁssed. The numerical solu‘;ion is a function
of the pull-out displacement, the léad/ strain characteristics of the ma:cerial, the interface shear

stiffness, the vertical normal confinement and the ultimate and residual interface shear

strength.
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- Derivation of Differential Equation

As the geosynthetic reinforcement was pulled from the soil, shear stresses developed

afong the soil/geosynthetic interface. The interface shear stress aiong the length of the

reinforcement can be illustrated using the free-body diagram previously shown in Figure 4.9.
Using this diagram it can be shown that the interface shear stress at a po'int along the length
of the reinforcement is related to the load at that point by the differential equation, shown in
general form, as: |

1 [a’F(x)]

N 4.7)

T(x)
where x is a distance along the length of t_he.reinforcement, T(x) is the interface shear stress
at 2-1 point x and F(x) represents the load in thé material at x which is, in turn, a function of
the strain at point x. Strains in this equation were based on the derivative of the distribution
of displacement along the embedded length .of the geosynthetic, as detailed earlier in this
chapter and in Chapter 2. The solution to Equation 4.7 required thaf the functions be in the
form of displacements, which would allow a baék-c’alculation of the displacement

distribution along the length.

Definition of Functions and Variables in Differential Equation
To back-calculate the distribution of displacement along the length of the

reinforcement, the shear stress and the load within the material needed to be expressed in

terms of displacement. The development of shear stress along the area of the geosynthetic -
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was a function of the amount of displacement at that point as previously noted in the
mobilizing pro.cess method. The relationship used to ciescribe the shear stress as a function
. of displacement consisted of the modified hyperbolic equation deve}oped By Juran and Chen

(1988) introduced in Chapter 2 as:

[u(x) - C|]

() = 0,Cyu(x) m

(4.8)
where 'c((u(x)) is the shear stress, u(x) is the interface shear displacement as a function of x,
0, is the vertical normal confinement and G, G, and G are constants which can be deter-

mined using equations 4.9, 4.10 and 4.1 1.

. 2 . 72
oL g0 Tty Y

1 & g @.9)
d .
C, - 2% frany, - J] (4.10)

C; = tany, . (4.11)

where 0, is the vertical normal confinement, d is the thickness of the shear interface layer,
G, is the initial tangent shear modulus at the soil/geosynthetic interface, U, is the peak ftic-
tion angle at the soil/geosynthetic interface, , is the residual soil/ geosynthetié friction angle

and J is defined using the following equation:

tany 12

tan lpp

4.12) .

J = 1+[1—

]
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The load in the material was based on the strain. Strains were calculated in terms of
displacement as shown in Equation 4.5 presented earlier. Substituting Equations 4.5 and 4.8

into 4.7 results in the following equation:

wx)-C1  1|ar( a-
oyc3u(x)m=5[g(gu(x)” : C(4.13)

Equation 4.13 is the generic form of the governing differential equati;)n in terms of
. displacement, where displacement is a function of x.

Load in the material was determined using data from in-air tests. It was necessary
to define equations that describe th;a load/strain relz;t'ionship in each of thé material’s
orthogonal directions using best fit approximations. Figures 4.12 and 4.13 show the load-
strain curves for the material’s orthogonal directions and their respective curve fit
approximations. The curve fit equations were not necessarily the most accurate

approximations of the data but were chosen to limit the governing differential equation to a

second order equation. Approximations of the load/strain curves for both directions of the

geogrid and the cross-machine direction of the geotextile were made using a hyperbolic

equation of the form:

(e

a-+ b( %u(x))

Flux)) = (4.14)

where a and b are constants. The approximation of the geotextile load/strain curve in the
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Figure 4.13: Curve fit approximations of the in-air, load/strain curves for the geotextile.
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machine direction was made using a linear equation of the form:

F(u(x)) = a(%u(x}) (4.15)

For illustration purposes, Equation 4.14 will be used in the following derivation. To
substitute the force equation (Equation 4.14) into Equation 4.13, its derivative must first be

taken. The derivative of Equation 4.14 with tespect to x is:

: ' d?
dF (u(x)) _ “ ( dx? “e) ) ' ' @.16) "

oo 2]

Substituting Equation 4.16 into 4.13 results in Equation 4.17 to be solved in terms of

displacement.

o _Eel
o, C; u(x) ) C1]2 - ( dEZ ))2 @47
4 -+ ux) + G ] 2l a+b iu(x) | |

Solution of Equation -
An explicit solution to the governing differential equation (Equation 4.17) in terms
of displacement was not available so a numerical method was formulated. By solving the

equation in terms of displacement a relationship between the shear stress and the shear
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displacement can be formed based on the parameters G,, * and ij/r, the initial soil/geosyn-
thetic interface shear modulus, the peak soil/geosynthetic friction angle and the residual
soil/geosynthetic friction angle, respectively. Figure 4.14 illustrates the general shape of the
shear stress versus shear displacement relationship, showing the pertinent details.

The first step in solving this equation was to define the pertinent boundary conditions.
Next, the derivatives of displacement with respect to x needed to be approximated using
difference equations. Lastly, the parameters listed above must be calibrated using

interpolative techniques and comparisons between calculated and measured displacements

and loads.

i
Shear Displacement

Figure 4.14: Generic shear stress versus shear displacement curve.

Boundary Conditions

The two main boundary conditions used in the analysis consisted ofthe displacement

of the front of the sample (x-0) and the strain in the sample at x=L, where L is the length of
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the embedded geosynthetic. At the front of the sample, the displaoerhent was known since
it was measured during the test. At the free end of the geosynthetic sample, x=L, the strain
was always zero since stresses at x=L were zero. Recall that the strain is callculated from the
slope of the displacement versus x-distance curve. In other words, when the strain was equal

to zero at x=L, it indicated that the slope of the displacement distribution was zero.

Numerical Analysis

To solve Equation 4.17 for displacement, approximations of the derivatives of u(x)
were needed. Values for the first and second derivatives of u(x) with respect o x were
estimated using center differencing approximations. The center differencing equation used

to estimate the first derivative was:

d(u(xi)) ) u(x,, )~ ulx,_)
- = A (4.18)

where Ax is the length of a discretized element of geosynthetic. The equation used to
determine the second derivative was:
d*ux))  u(x,,)-2ulx)+ux,_,)

2 = e | " (4.19)

The three points, designated u(x,,), u(x;) and u(x,, ), were defined as the displacement of
nodes i-i, i and i+1, respectively. By substituting Equations 4.18 and 4.19 into Equation

4.17 and simplifying, the equation became:
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[u(x)-C,] 1 aluCx,)-2u(x)+uCx,_)]

oyC3u(x,-)——[u(Xi)+C,2]2 =3 K b, )~ ux, )] )2 (4.20)
2 Ax

sz(a

Géneral Solution

The ' general eolution of Equation 4.20 began By defining u(x,,) 1n terms of the
remaining variables. The applied normal stress, 0,, the in-air load/strain approximation
equation constants, a and b, the length of the diseretiied elements, Ax and the displacement
at the front of the sample, u(x, ), were known. This left the enalytieal eonstante ¢, G, G
and the displacement at node two, u(x,), to be determined. The constants C,, C, and C, con-
tained the interaction parameters G;, {, and V), that described the shape of the shear stress
versus displacement relationship. The solution was determined at i =2, making u(x, ,), u(x;)
and u(x;,,) equal to u(x,), u(x,) and u(x,), respectively, Where x, was the location of the node
at the front of the sample, x=0. The displacement at the front of the sample was chosen

_based on a particular level of apf;lied load. |

The length of the emt;edded geosynthetic specimen was discretized into 1000 equal
Iengtﬁ elemente. The solution to the equation was found when the boundary condition, €=0,
at x=L was satisfied. Te satisfy this boundary condition values of the displacements at node
i were iterated until the slope of the displacement distribution at x=I was zero within a
tolerance of 1x10”. The slope of the displacement distribution at x=L was calculated using

equation 4.18. This iterative method was used for all the chosen levels of displacement that
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will describe the shear stress/shear displacement relationship. Initially, arbitrary values for
G, 1, and {5, were used until the boundary condition at x=L for each level of displacement
was satisfied. More appropriate values for these parameters were calibrated using the

following procedure.

Calibration of Solution

The hyperbolié equation (Equation 4.8) used for defermining the shear stress in terms
of displacement included shear st>ftening, as shown in Figure 4.14. The interaction
parémeters G, ¥, and U, dictate the shape of this curve. By adjusting these parameters and
the ciisplacement at node i, numerically calculated loads and disp}acements could be

"compared to experimental loads and displacements. The loads were calculated using the
approximate load/strain equation for the material and the strain ﬁoﬁ the first element. The
strain in the front was calculated using Equation 4.5 between nodes i-1 and i.

Due to obvious difficulties in determining values for G, ¥, and Y, simultaneously,
it was- necessary to develop a more efficient method for their determination. This was done
by u\sing the six approximate levels of displacement shown in Figure 4.14. Better initial -
estimations of these parameters could be made by realizing that certain .parameters ha\‘/e
greater influence at different levels of displacement. The parameter G, the interface shear
modulus,. described the shear stress at lowgr displacement levels. Therefore, to cali‘brate G,
low values of displacement at u(x,) were used, like those in Level I. Displacement levels
near Levels Il and IIT allowed 1, to be calibrated. The parameter {,, described the peak. shear

stress along the geosynthetic. From larger values of displacement, like those in Levels IV,
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V and VI, the parameter {,, which described the residual shear stress, could be calibrated.
Even though each variable tended to influence ;'41 different level of displacement, they were
not independent of each other. The interface layer thickness, d, was simply a multiplier to
the stiffness modulus, therefore varying d effected the solution in the same manner as
changing G,

Comparisons between the actual test data and the experimental results were done

graphically and consisted of a check between the displacement along the sample length and

between the load versus displacement curve from the monotonic pull-out tests. When a_

s;;ltisfactory match was determined for both, the shear stress versus shear displacement
relationship was determined. From this relationship, values of G, 1, and t,,, were deter-
mined and used to describe the constitutive interaction parameters. |

This process was repeated for samples tested under all confinement levels. Valués
of v, T, and G, were taken from each of the shear 'stre,ss versus shear displacement curves
and plotted with respect to their corresponding applied normal confinement, o, to describe

their relationship to normal confinement.

Results from Numerical Analysis

Typical results from a monotonic test performed on a geotextile sample puiled in the
cross-machine direction at a normal confinement of 35 kPa are shown in Figures 4.15
through 4.22. Compariéons between actual and calculated displacement distributions along
the sample length are made in Figures 4.15 fhrough 4.20. The comparison between the actual
load and the predicted load is shown in Figure 4.21. Lastly; the shear stress versus shear

displacement curve is plotted using the calculated interaction parameters (Figure 4.22).
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Actual
Calculated

-5 02

Figure 4.15: Comparison of Level | displacements for the geotextile pulled in the cross-
machine direction at 35 kPa normal confinement: gtxd-15.

Actual
Calculated

'5 0.4

Figure 4.16: Comparison of Level Il displacements for the geotextile pulled in the cross-
machine direction at 35 kPa normal confinement: gtxd-15.
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Actual
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Figure 4.17: Comparison of Level Ill displacements for the geotextile pulled in the cross-
machine direction at 35 kPa normal confinement: gtxd-15.

Actual
Calculated

-5 20

Figure 4.18: Comparison of Level 1V displacements for the geotextile pulled in the cross-
machine direction at 35 kPa normal confinement: gtxd-15.
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Actual
Calculated

Displacement (mm)

t . Comparison of Level V displacements for the geotextile pulled in the cross-
machine direction at 35 kPa normal confinement: gtxd-15.

Actual
Calculated

Displacement (mm)

Figure 4.20: Comparison of Level VI displacements for the geotextile pulled in the cross-
machine direction at 35 kPa normal confinement: gtxd-15.
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Load (KN/m)

Actual
Calculated

Displacement (mm)
| Comparison between actual and predicted load/displacement curves for the
geotextile pulled in the cross-machine direction at 35 kPa normal confine-
ment: gtxd-15.

Shear Stress (kPa)

Shear Displacement (mm)
Figure 4.22: Predicted shear stress versus shear displacement curve for the geotextile
pulled in the cross-machine direction at 35 kPa normal confinement:
gtxd-15.
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A reasonable fit for each of the six levels of displacement is made with the exception

of Level VI. The predicted load versus displacement curve also provides a satisfactory

match. These figures show that the numerical solution to the governing differential equation

was effective in determining reasonable values for the soil/geosynthetic interaction

parameters. A complete set of figures showing the predicted shear stress versus shear

displacement curves with their corresponding predictions of the displacement distributions

and load/displacement distributions are given in Appendix C. Table 4.3 shows the

interaction parameters associated with these predictions.

46

) . . o, Tt Tres qj'p lpr ‘Gi

Material/Direction (kPa) | (kPa) | (kPa) | (deg) | (deg) | (kPa)

5 8.3 8.3 59 | 59 230

| Geogrid/ Machine 15 | 207 | 192 | 59 52 600

35 | 302 | 264 47 37 900

5 9.4 94 | 62 62 200

Geogrid/Cross- 15 | 209 | 206 57 54 400

Machine.

35 | 419 | 417 52 50 800

5 43 40 | 45 39 75

Geotextile/Machine 15 16.6 15.5 53 46 250

35 | s14 | 326 | 62 43 | 600

5 39 | 29 | .45 30 100

Geotextile/Cross- 15 | 157 ] 13 | 53 41 | 275
machine _ : i ~

35 | 381 | 362 52 600

Table 4.3: Interaction parameters for the geogrid and geotextile.
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The relationship between the ultimate and residual values of shear with respect to
normal confinement for the geogrid is shewn in Figure 4.23. This plot indicates that ultimate
and residual values .of soil/geosynthetic interface shear stress do not increase 1ineaxly for
increasing levels of normalAconﬂnement in either principle strength direction. Instead, secant
friction angles along this enrve tend to decrease as normal confinement increnses. This
phenomenon is similar to the nonlinearity associated with friction angles calculated for dense
granular soils. Under low conﬁnement conditions shearing is accompanietl by soil particles
that dilate while for high confinement conditions, soil particles are restricted to more of a
sliding motion. Typically, shearing failure caused by soil dilation requires more energy than
sliding particles. Therefore, the suppression of soil dilatency at higher confinements reduces
the.amount of work required to reorient soil particles at the shear interface. As a result, soil
friction angles tend to decrease with increasing confinement levels. This should also be true
for the case where a geosynthetic is shearing through soil since shearing mechanisms at the
soil/geosynthetic interface are similar. However, the relationship between ultimate interface
shear stresses versus normal confinement is more linear for the geogrid in the cross-machine
direction. The geogrid in this direction is more stiff making it less resistant to strains
induced by shear stresses. Therefore, more energy is imparted by the shearing process into
the-soil rather than into the geosynthetic. This is evident since there is less reduction of the
secant friction angle at higher normal confinements when the material is pulled in its stiffer
direction.

For the geotextile pulled in the machine direction, a different phenomenon appeatred

to be occurring, as shown in Figure 4.24. Monotonic tests on the material in the machine
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Cross-Machine Dir.

Machine Dir.

“*— Ultimate Shear
— Residual Shear

Normal Confinement (kPa)
Figure 4.23: Ultimate and residual shear stress versus normal confinement curves for the
geogrid.

Machine Dir.,

Cross-Machine Dir.

-+— Ultimate Shear
N — Residual Shear

Normal Confinement (kPa)

Figure 4.24: Ultimate and residual shear stress versus normal confinement curves for the
geotextile.
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direction indicated that the secant: friction angle inéréased with increasing normal
confinerient. This was thought to be due to the ability of soil particles to profrucie through
and bear passi.vely on the material at highe.r cqnﬁneﬁents. The geotextile was thin and non-
rigid in the z-direction auowing larger soil particles to protrude through and into the material
casily. Passive resistance from protruding soil particles increased soil/geotextile interaction
resulting in a higher soil/geosynthetic friction angle at higher con_fineme\nts. However, this
increased interaction did not seem to affect the ultimate shear stress in the cross-machine
direction as dramatically as in the machine direction.

Values of the initial interfacé shear modulus and normal confinement can also be
affected by these types of phenomena. Curves showing the relationships between the initial
- interface shear modulus and the applied normal confinement for the geo grid and the
geotextile are shown iﬁ F igure‘4.25. Values for G, tended to follow similar patterns to the
ultimate and residual interface shear stress relationships commented on earlier. bifferences
in the shear mechanism at the soil/geosynthetic interface affected relationships between the
shear modulus and normal confinement in the same manner as confinement affected the
ultimate and residual shear‘ values.

The shear modulus values for the geogrid in the machine direction were higher at
higher confinements than in the cross-machine direction. This was thought to be due to the
jahysicél differences between the material as it was pulled in these directions. Sambles of
geogrid had more .ribs per length in the machine direction than in the cross-machine
direction. This would increase the initial interface modulus since the moving material would

have to overcome a greater amount of resistance by soil particles bearing against ribs.

)
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Differences in the interface shear modulus in the geotextile were small since the surface of

the material was physically similar in each ofthe material’s principle directions.

Geogrid

Geotextile

Machine Direction
Cross-Machine Direction

Normal Confinement (kPa)
Figure 4.25: Initial interface shear moduli versus normal confinement for the geogrid and
the geotextile.

Two material types were used in this research to study differences in pull-out for
different materials. The geogrid material provided greater strength at low displacement
levels through an increase in the initial interface shear modulus. Ultimate values of
resistance were comparable between each of the materials when pulled through the gravel.

Differences between the thickness and flexibility of these materials in the z-direction
resulted in different behaviors during pull-out. The geogrid material had substantial
thickness in the out-of-plane direction making it resistant to local out-of-plane bending while

the geotextile did not have appreciable thickness in the z-direction, making it less resistant

to out-of-plane distortions. This effected the ultimate values of shear stress. The ultimate
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valués of shear stress were effected by the materials ability to resist out-of-plane distortions
caused by the confinement soil. Geogrid was able to resist these distortions better since it
had greater 'Ehickness and rigidity 1n the z-direction than the geotextile.

For the gravel confinement soil used, i.t can be concluded that the geogrid provided
better pull-out resistance than the geotextilé with the exception of the ultimate fesistance of
the geotextile when pulled in the machine direction at 35 kPa nomal confinement. For
transportation applications, where there is small relative displacement betwéen the
reinforcement fabric and the confinement soil, values of the initial sileaf modulus will most
likely govern pavement reinforcement design. Since the geogrid provides éreater resistance

at low displacement levels, it'would therefore provide the greatest reinforcement.
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CHAPTER FIVE

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR
FURTHER RESEARCH

Summary

A large scale test faciiity was designed, built and commissioned to perform both in-
air and in-soil tests on geosynthetic materials. Its design provided two loading methods:
monotonic énd cyc;lic. One major criterion of its design was to reciuce the effects of the
.boundary conditions imposed on the test specimen by the apparatus. Ideas collected from
previous ‘res.earchers helped define and reduce boundary condition effects by incorporating
certain aspects  of design. |

The necesgary parameters to calibrate the constitutive model -were .succefssfully
determined using the methods of experimentation and interpretation propogeci in this thesis.
Geosyntheﬁc constitutive material parameters were determined from in—aif, element t'ests
performed on the geosynthetics oriented in the .machine, cross-machine and 45 degree
ciirections. Unconfined, uniaxial element tests provided the inherent material parameters of
these materials. Performing fast monotonic tests on the geosynthetics was used to determine
the material’s orthotropic, elastic/p]hstic properties without érecp. To help further define the

material’s elastic/plastic response with creep, slow monotonic tests were performed. Cyclic-
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in-air tests facilitated the calibration of the material’s nonlinear, combined
isotropic/kinematic hardening properties.

In-soil, pull-out tests were performed at three normal confinements and were used to
determine singeosjrn;[hetic interaction parameters. The coﬁstitutive model required
parameters that described the relationship between shear stress and shear displacement.
Deterfninatioﬂ of these parametérs was attempted using the mobilizing process method.
~ Complications with thié method required the author to develop a numerical method based
on the solution of a governing differential equation that describes the interaction problem.
Satisfactory definition of the interaction parameters was ac;hieved using this method and

allowed relationships of shear stress versus shear displacement to be formed.
Conclusion

The increased use of finite element models in design has made it necessary to
determine more specific material pararﬁeters. These new parameters require that new test
conﬁgurf;ltions be used. The research program described in this thesis contributed to this end
by helping refine existing methods of testing to déﬁne these constitutive material parameters
better. |

Constitutive parameters describing both the geosynthetic material and
soil/geosynthetic interaction can be successfully obtained using in-air element tests and in-
soil, pull-out tests, respectively. To define the mateﬁal’s intrinsic material propértie‘s within
the constitutive matrix, monotonic, in-air tests must be performed on the geosynthetic. To

define the material’s kinematic hardening properties, cyclic tests must be performed. Creep
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tests and slow monotonic tests must be petformed to define creep parameters.
Soil/geosynthetic interaction parameters can be successfully obtained using pull-out

tests. Measurements of the load applied to the front of the sample and displacements along

i

the embedded length are sufficient for calibrating the newly developed numerical analysis

that defines the interaction parameters based on progressive mobilization of the embedded
geosynthetic. Upon eétablishing the reliability of the numerical method used to determine
the soil/geosynthetic interaction parameters, its usé will provide a valuable tool for the
analysis and design of geosynthetic reinforcéd soils.

During this study, much was -leamed about the construction, use and interpretation
of in-air and in-soil testing of geosynthetics. Ffom the knowledge gained, the following list

of miscellaneous conclusions was made:

¢ Pull-out tests performed on the geotextile indicated tﬁat the method of connecting the
displacement cables to the material can cause extra resistance and therefore may
temporarily bind material at the meésurement point. It was concluded that
displacement measurement connections must be made to have a very low profile.

o The use of bonded foil strain gages mounted directly to the material was an effective
met'hod of measuring sfcrains on the sample.

¢ Using greased membrane layers along the walls allowed the compactor to densify the
soil near the wall mor;a effectively. This provided a more uniform distribution of

normal confinement to the underlying sample.
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¢ The geosynthetic materials used in this study were proven to be strain-rate sensitive

materials, showing both creep and viscous behaviors.

¢ Pull-out tests produced nonlinear displacements along the embedded length of the
geosynthetic.
¢ As conﬁnement increaées, the ultimate value of shear at the soil/geosynthetic

" interface also increases, making interaction normal stress dependent.
v The initial interface shear rnodulus increases as conﬁnernent increased and followed
similar patterns to the ultimate and residual values of shéar stress for each material.
¢ P,10t5 of the initial interface shear modulus versus applied normal confinement for the
geogrid indicated a positive decreasing relationshin. This rélationsnip for the
geotextile was nearly linear.
% Comparisons between monotoni‘c. and cyclic_: pull-ont tests indicated that ultimate

pull-out capacity is lower for cyclic loads.

Recommendations for Further Research

The work contained in this thesis falls into three broad categories: 1) design and
operation of the test apparatus, 2) execution of in-air and in-soil experiments and 3)
interpretation of data obtained from these experiments. The following sections contain

suggestions for further research in each of these three areas.
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Design and Operation of Test Facility

The design of the test facility in this work was comprised mostly of ideas compiled

from other researchers. One main criterion of the design was reducing the effects of the rigid

boundaries on test results. Past studies have been devoted solely ;co .deﬁning design
techniques to reduce these boundary effects. The purpose of this research was not to define
these issues or to develop a standard tést procedure. However, comparative studies between
this work and others would be of value, since only a draft standard method for pull-out
testing of geosynthetics currently exists. To aid in the development of this standard,
comparative experiments that vary the pertinent design components discussed in Chapter 3
should be berformed. This information would be x’/aluable to those interested in developing
future pull-out apparatuses that would reduce the effects of rigid boundaries on
soil/geosynthetic interaction.

In this study, pneumatic cylinders were used to apply the cyclic loads to the
geosynthetics in the load controlled tests. Due to the compressibility of air, precise control
of the pressures delivered to the pheumatic cylinders was difficult. Although the pﬁeumatic
cylinders were fitted with lojw friction seals; ét low pressures their response was rough' and
sluggish. To attain a uniform and tirﬁely response of cyclic loads, it is recommended that

hydraulically controlled equipment replace the existing pneumatic system. Hydraulic

systems give more predictable and timely response, making the resulting data clearer.

The use of the load-transfer sleeves provided a means of reducing the load against

the front wall. Another suggested method of reducing front wall boundary effects may be
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to use a flexible pneumatic membrane at the front wall to create a non-rigid surface for the
dilative soil against which to react. Doing this would require comparisons between tests
performed with and without the non-rigid boundary and comparisons between the non-rigid

boundary and the load-transfer sleeves.

Sample Preparation and Testing

The monotonic tests performed allowed accurate material parameters describing the
material’s orthot;bpic elastic/plastic response to be obtained. Descﬁbing the shear
parametefs of the matefial was accomplished using samples oriented 45 degrees from the
material’s pfinciple directiop. Buckling of the g'eogrid material caused the load in the
material to level off prematurely. To remedy this, attempts were made to confine the
material with greased membranes to reduce the buckliné however, the added friction from
-the confinement made data interpretation impossible. To describe material behavior in
* materials oriented in the 45-degree direction accurately, testing methods tl;at reduce or
account for buckling need to be devised. |

The epoxy/sheet metal bonding technique used to clamp the geosynthetic sample had
many advantages, however, bonding the sheet metgl plates to the geotextile was difficult.
Since the surface of the geotextile used in this study did not have open apertures to allow
epoxy to bond through the matgrial like the geogrid, bonding to its surface was difficult.
Therefore, the geotextile/sheet metal bond often controlled failure of the test. Developing
anew method or modifying the current gluing technique would allow failure of the geétextile

occur. One idea might be to create artificial holes in the portion of the sample that is to be




130

bonded to allow the epoxy to flow fhrough the sample and possibly increase the bond
strength. Another alternative is to use a jaw-type clamp to grip the sample for the in-air tests.
However, this will not wofk for the in-soil tests since smooth, low profile clarﬁps are needed.

For the in-air tests, extensometers were used to measure 'displacements that were later
used to calculate strains. The internal springs within the extensometers provided tension to
the extension cables attached to the geosynthetic. This was advantageous since external

methods of applying tension to these cables was not needed. However, the construction of

‘these extensometers did not allow the cable to be extended and suddenly released. Allowing

the cables to snap back freely caused the internal spring to break. Overextension of these
gages also .caused them to fail. This was an issue in this work since geosynthetic samples
were often tested to failqre. Upon failure, energy stored in the material often caused violer_lt
and unpredictable rupture. Although preventive work was developed to protect these gages,.
a more robust method 'of measuring the displacefnents would alleviate the problém of
damaging the instrumentation. |

In the cyclic in-soil tests performed on the geotextile a region of high pore water
pressure developed at the soil/geosynthetic interface. This was most likely caused by the
rapid movement of _the geosynthetic as it was being pulled out. This movement induqed
positive pore water pressures in the surrounding soil creating a region of lower effective

stresses that lowered pull-dut resistance. This phenomenon was not apparent in the geogrid'

| experiments. This was most likely because the closed structure of the geotextile did not

allow pore water to drain freely as the test progressed whereas the geogrid did allow water

to pass through it, thereby lessening this effect. Inéorporating measurements of the pore
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water pressure near the soil/géosynthetic interface may help quantify this behavior.
Consequently, pore water pressure buildup needs to be considered in future cyclic, in-soil

te_sts.

Data Interpretation

Within the mobilizing process method, the dilemma of finding an equation to match
the displacement measurements.was never remedied. To use this method accurately, a better
technique for approximating the displacement distribution needs to be formulated. If this
cannot be done adequately, results will most likely be based on straight line portions between
the measurement points. This will result in a conservative estimate of soil/geosynthetic
interaction. Ideally, more measurements along the embedded length would help define the
shear/ dis};lacement relationship to yield more realistic strain results. - |

Within the numerical analysis, comparisons between the actual and calculated
A displacement distributions along the length of the geosynthetic and between the actual and
calculated load/displacément curves were the method of calibrating 'thé interaction

parameters. To fine tune this numerical process further, a more sophisticated method: of

| comparison should be used. Graphic comparisons are subject to assumptions made by the

analyst, where numerical comparisons are more independent of these assumptions.

Lastly, it is recommended that the test equipment and analytical techniques developed
in this study be used with materials other than the two used in this study. Two such
possibilities might be a uniaxial geogrid' and a non-woven geotextile. This would promote

further refinement of the testing and analytical techniques used in this study.




132

BIBLIOGRAPHY

Acar, Y.B. and Farrag, K. (1992). “Pull-Out Tests on Stratagrid.” Report prepared for
Conwed Plastics, Internal Report No. CE-GE-04-0592.

Akber, S.Z., Hammamji, Y. and J. Lafleur (1985). “Frictional Characteristics of Geo-
membranes, Geotextiles, and Geomembrane/Geotextile Composites.” Proceedings:

Second Canadian Symposium on Geotextiles and Geomembranes Edmonton,
Alberta, pp. 209-217.

Alobaidi, .M., Hoare, D.J. and Ghataora, G.S. (1997) “Load Transfer Mechanism in Pull-
Out Tests.”, Geosynthetics International, Vol. 4, No. 5, pp. 509-521.

Asaoka, A., Kodaka, T. and Pokharel, G. (1994). “Rigid Plastic Finite Element Computation
of the Stability of Reinforced Soils.” Computer Methods and Advances in Geo-
mechanz’qs, Siriwardane and Zaman, eds., Balkema, Rotterdam, pp. 1319-1324.

Ashmawy, A K. and Bourdeau, P.L. (1995). “Geosynthetic-Reinforced Soils Under Repeated
Loadings: A Review and Comparative Study.” Geosynthetics International, Vol. 2,
No. 4, pp. 643-678.

Ashmawy, AK. and Bourdeau, P.L. (1996) “Response of a Woven and a Nonwoven
Geotextile to Monotonic and Cyclic Simple Tens1on ” Geosynthetics International,
Vol. 3, No. 4, pp. 493-515.

ASTM (1995) “Standard Test Method for Evaluating the Unconfined Tension Creep
Behavior of Geosynthetics (D5262-92).” ASTM Standards on Geosynthetics, pp.
105-110, Philadelphia: ASTM.

ASTM (1995) “Standard Test Method for Tensile Properties of Geotextiles by the Wide-
Width Strip Method (D4595-86).” Annual Book of ASTM Standards, Section 4,
Volume 4.09, pp. 448-458 [Philadelphia: ASTM.

Ballegeer, J.P. and Wu J.T.H. (1993) “Intrinsic Confined and Unconfined Load-Deformation
Propeities of Geotextiles.” Geosynthetic Soil Reinforcement Testing Procedures,
ASTM STP 1190, S.C. Jonathan Cheng, Ed., American Society for Testing and
Materials, Philadelphia, pp. 16-31.




133

Bathurst, R.J. and Cai, Z. (1994). “In-Isolation Cyclic Load-Extension Behavior of Two
Geogrids.” Geosynthetics International, Vol 1, No. 1, pp. 1-19.

Bauer, G.E., Halim, A., and Shang, Q. (1991). “Large-Scale Pullout Tests: Assessment of
Procedure and Results ”  Proceedings: Geosym‘hetzcs ‘91 Conference, Atlanta,
Georgia, pp. 615-627.

Berg, R.R. and Swan, R.H. (1990). “Investigation into Geogrid Pull-out Mechanisms.”

Performance of Reinforced Soil Structures, McGown, A., Yeo, K., and Andrawes,

- K.Z., Eds., Thomas Telford, 1991, Proceedings: International Reinforced Soil
Conference held in Glasgow, Scotland, September, pp. 353-357.

Bergado, D.T. and Chai, J. (1994) “Pull-out Force/Displacement Relationship of Extensible
Grid Reinforcements.” Geotextiles and Geomembranes, Vol. 13, No. 5, pp. 295-316.

Bonaparte, R., Holtz, R.D. and Giroud, J.P. (1987). “Soil Reinforcement Design using
Geotextiles and Geogrids.” Geotechnical Testing and the Deszgn Engzneer STP 952,
J.E. Fluet, Jr., Ed., ASTM, Philadelphia.

Bonczkiewics, C., Christopher, B.R. and Atmatzidis, D.K. (1988). “Evaluation of Soil Rein-
forcement Interaction by Large Scale Pull-out Tests.” Transportation Research
Record, Report No. 1188, pp. 1-18.

Bonczkiewics, C., Christopher, B.R. and Simac, M. (1991). “Load Distribution in Geogrids
with Low Junction Efficiency.” Proceedings: Geosynthetics ‘91 Conference Atlanta,
© Georgia, pp. 643-652.

Boyle, S.R. (1995) “Unit Cell Tests on Reinforced Cohesionless Soils.” Proceedings:
Geosynthetics ‘95 Conference, Vol. 3, Nashville, Tennessee, pp. 1221-1234.

Boyle, S.R. and Holtz, R.D. (1996) “Discussion of ‘A Performance Test for Assessment of
Long-Term Creep Behavior of Soil-Geosynthetic Composites’ by Wu, J.T. H and
Helwany, S.M.B.”, Geosynthetics International, Vol. 3, No. 4, pp. 551-557.

~ Brand, SR and Duffy, D.M. (1987) “Strength and \Pullout Testmg of Geogrids.”
Proceedings: Geosynthetic ‘87 Conference, New eregns Louisiana, pp. 226-236.

Broms, B.B. (1977) “Triaxial Tests with Fabric-Reinforced Soil.” Proceedings: International
Conference on the Use of Fabrics in Geotechnics, Vol. 3, Paris, France, pp. 129-133.

Burd, H.J. and Brocklehurst, C.J. (1992). “Parametric Studies of a Soil Reinforcement
Problem Using Finite Element Analysis.” Computer Methods and Advances in
Geomechanics, Beer, Booker & Carter (eds), Balkema, Rotterdam, pp. 1783-1788.




I )

134

Burd, H.J. and Houlsby, G.T. (1986). “A Large Strain le;ce Element Formulation for One-
' Dimensional Membrane Elements.” Computers and Geotechnics, Applied Science
Publishers Ltd., England, pp. 3- 22

Chan, D.H., Yi, C.T. and Scott, .D. (1993). “An Interpretaﬁon of the Pull-Out Test.” -
' Proceedings: Geosynthetics ‘93 Conference, Vancouver, B.C., pp. 593-605.

Chang, J.C., Hannon, J.B. and Forsyth, R.A. (1977). “Pull Resistance and Interaction of
_Earthwork Reinforcement and Soil.” Transportation Research Record, Report No.
640, California Department of Transportation, pp. 1-7.

| Christopher, B.R., Holtz, R.D. and Bell W.D. (1986) “New Tests for Determining the In-Soil
Stress-Strain Properties of Geotextiles.” Proceedings: Third International
Conference on Geotextiles, Vienna, Austria, pp. 683-688.

Clough, G.W. and Duncan, J.M. (1971) “Finite Element Analyses of Retaining Wall
Behavior.” Journal of the Soil Mechanics and Foundations Division, ASCE, Vol. 97,
No. SM12, pp. 1657-1673.

Collin, J.G. and Berg, R.R. (1993). “Comparison of Short-Term and Long-Term Pullout
~ Testing of Geogrid Reinforcements.”, Geosynthetic Soil Reinforcement Testing .
Procedures, STP 11 90, Cheng, Ed., ASTM, Philadelphia, pp.184-194.

Cuelho, E.V. and Perkins, S.W. (1997) “Determination of Geosynthetic Load-Strain
Properties by Large Scale In-Air and In-Soil Tests.” , Proceedings: 32 Annual

Symposium on Engineering Geology and Geoz‘echmcal Englneerzng, Boise, Idaho,
pp. 411-419.

.de Groot, M.Th., den Hoedt, G., Hijhof, A.H.J. and Jansen, W.T. (1990) “Towards a
Standard Tensile Test: Evaluated Results of Dutch Interlab Test Programme.”
Geotextiles, Geomembranes and Related Products, Balkema, Rotterdam, pp. 771-
776.

Degoutte, G. and Mathieu, G. (1986). “Experimental Research of Friction Between Soil and
Geomembranes or Geotextiles Using a Thirty by Thirty Square Centimeter
Shearbox.” Proceedings: Third International Conference on Geotextiles, Vienna,
Austria, pp. 1251-1256.

Dondi, G. (1994). “Three-Dimensional Finite Element Analysis of a Reinforced Paved
" Road.” Proceedings: Fifth International Conference on Geotextiles, Geomembranes
and Related Products, Singapore, pp. 95-100.




135

Fabian, K.J. and Fourie, A.B. (1988) “Clay Geotextile Interaction in In-Soil Tensile Tests”
Proceedings: International Geotechnical Symposium on Theory and Practice of
Earth Reinforcement, Fukuoka, Japan October 5-7, pp. 81-86.

Farrag, K. (1991). “Pull-out Testing Facility for Geosynthetics.” Repbrt submitted to
Louisiana Transportation Research Center, State Project No. 736-12-24.

Farrag, K. and P. Griffin (1990). “Pull-out Testing of Geogrids in Cohesive Soils.”
Geosynthetics Soil Reinforcement Testing Procedures, STP 1190, Cheng, Ed.,
ASTM, Philadelphia, pp. 76-89.

Farrag, K., Oglesby, J. and Griffin P. (1988). “Large Strain Measurements in Geogrid Rein-
forcement.” Transportation Research Record, Report No. 1439, pp. 41-45.

Fourie, A.B. and Fabian, K.J ..(1987). “Laboratory Determination of Clay-Geotextile
Interaction.” Geotextiles and Geomembranes, Vol. 6, No. 4, pp. 275-294.

Gens, A., Carol, I. and Alonso, E.E. (1988) “An Interface Element Formulation for the
Analysis of Soil-Reinforcement Interactlon ” Computers and Geotechniques, Vol. 7,
pp. 133-151.

Geosynthetic Research Institute, (1992)A “Standard Practice for ‘Determination of the Long-
Term Design Strength of Geotextiles’.” GRI Standard Practice GT7 Drexel
University.

- Geosynthetic Research Institute, (1991) “Standard Practice for ‘Determination of the Long-
Term Design Strength of Stiff Geogrids’.” GRI Standard Practice GG4(a), Drexel
University.

Geosynthetic Research Institute, (1991) “Standard Test Method for ‘Determining the Index
Friction Properties of Geosynthetics’.” GRI Test Method GS7, Drexel University.

Geosynthetic Research Institute, (1991) “Standard Test Method for ‘In-Situ Monitoring of
Mechanical Performance of Geosynthetics’.” GRI Test Method GS3-87, Drexel
University.

Giroud, J.P., Dairasse, J. and Bachus, R.C. (1993) “Hyperbolic Expression for Soil- .
Geosynthetic or Geosynthetic-Geosynthetic Interface Shear Strength.” Geotextiles
and Geomembranes, Vol. 12, No. 3, pp. 275-286. ¢

Hanna, T.H. and Touahmia, M. (1991) “Comparative Behavior of Metal and Tensar Geogrid
Strips under Static and Repeated Loading.” Proceedings: Geosynthetics ‘91
Conference, Atlanta, Georgia, pp. 575-585.




136

Helwany, M.B. (1987) “Numerical Simulation of Soil-Geotextile Interaction in Pullout
Test.”Thesis Presented to the University of Colorado, at Denver, Colorado, in partial
fulfillment of the requirements for the degree of Master of Science in Civil
Engineering.

Hird, C.C. and Kwok, C.M. (1989) “Finite Element Studies of Interface Behavior in
Reinforced Embankments on Soft Ground.” Computers and Geotechmques Vol. §,
pp. 111-131.

Holtz, R.D. (1977) “Laboratory Studies of Reinforced Earth Using a Woven Polyester
Fabric.” Proceedings: International Conference on the Use of Fabrics in Geotech-
nics, Vol. 3, pp: 149-154.

Holtz, R.D., Tobin, W.R. and Burke, W.W. (1982) “Creep Characteristics and Stress-Strain
Behavior of a Geotextile-Reinforced Sand.”, Proceedings: Second International
Conference on Geotextiles, Las Vegas, Vol. 3, pp. 805-809.

Ingold, T.S. (1982). “Some Observations on the Laboratory Measurement of Soil-Geotextile
Bond.” Geotechnical Testing Journal, ASTM, Vol. 5, No. 3, pp. 57-67.

Ingold T.S. (1983). “Laboratory Pull-out Testing of Grid Reinforcement in Sand.” .
Geotechnical Testing Journal, ASTM, Vol. 6, No. 3, pp. 101-111.

Ingold, T.S. (1984). “A Laboratory Investigation of Soil—Géotextile Friction.” Ground
Engineering, Vol. 17, November 18, pp. 21-28.

Jarrett, P.M., Bathurst, R.J. (1985) “Frictional Development at a Gravel-Geosynthetic-Peat
Interface” Proceedings: Second Canadian Symposium on Geotextzles and
Geomembranes, Alberta, Canada, pp. 1-6.

Jewell, R.A., Milligan, G.W_.E., Sarsby, R.W. and Dubois, D. (1984). “Interaction Between
Soil and Geogrids.” Polymer Grid Reinforcement, London: Thomas Telford, Ed., pp.
18-30. . '

Jewell, R.A. (1990). “Reinforcement Bond Capacity.”, Géotechnigue, Vol. 40, No. 3, pp.
513-518.

Johnston, R.S. (1985). “Pull-out Testing of Tensar Geogrids ” Thesis Presented to the
University of California, at Davis, California, in partial fulfillment of the requlrement
for the degree of Master of Science in Civil Engineering.

Juran, I. and Chen, C.L. (1988) “Soil-Geotextile Pull-Out Interaction Properties: Testing and
Interpretation.” Transportation Research Record, Report No. 1188, pp. 37-47.




137

Juran, 1., Knochenmus, G., Acar, Y.B., and Arman, A. (1988). “Pullout Response of
Geotextiles and Geogrids (Synthetics of Available Experimental Data).” Proceed-

ings: Symposium on Geosynthetics for Soil Improvement, ASCE, Geotechnical
Special Publication No. 18, pp. 92-111.

Juran, 1., Farrag, K.H. and Richmond, L. (1991). “Short and Long-Term Performance of
Polymeric Geogrids.” Proceedings: Geosynthetics ‘91 Conference, Atlanta, Georgia,
Vol. 2, pp. 587-599. '

Karmokar, A K., Kabeya, H. and Tanaka, Y. (1996) “Shearing and Friction in the Pull-out
Behaviour of Woven Geotextiles for Reinforcement Applications.” Jowrnal of the
Textile Institute. Part 1. Fibre Science and Textile Technology Vol. 87 (3), pp 586-
595.

Koerner, R.M., Wayne, M.H. and Carroll, R.G. (1989). “Analytical Behavior of Geogrid
Anchorage.” Proceedings: Geosynthetics ‘89 Conference, San Diego, California,
Industrial Fabrics Association International, pp. 525-536."

Koga, K., Aramaki, G. and Valliappan, S. (1988) “Finite Flement Analysis of Grid
Reinforcement” Proceedings: International Geotechnical Symposium on Theory and
Practice of Earth Reinforcement, Fukuoka, Japan, pp. 407-411.

Kutara, K., Aoyama, N., Yasunaga, H. and Kato, T. (1988). “Long-Term Pull-out Tests of
" Polymergrids in Sand.” Proceedings: International Geotechnical Symposium on
Theory and Practice of Earth Reinforcement, Fukuoka, Japan, October 5-7, pp- 117-

122. N

Lafleur, J., Sall, M.S. and Ducharme, A. (1987). “Frictional Characteristics of Geotextiles
With Compacted Lateritic Gravels-and Clays.” Proceedings: Geosynthetics ‘87
Conference, New Orleans, Louisiana, pp. 205-215.

Lentz, R.W. and Pyatt, J.N. (1988) “Pull-Out Resistance of Geogrids in Sand.”, Transpor-
tation Research Record, Report No. 1188, pp. 48-55.

Leshchinsky, D. and Field, D.A. (1987). “In-Soil Load Elongation, Tensile Strength and
Interface Friction of Nonwoven Geotextiles.” Proceedings: Geosynthetics ‘87
Conference, New Orleans, Louisiana, pp. 238-249.

Leshchinsky, D. and Fowler, J. (1990) “Laboratory Measurement of Load-Elongation
Relationship of High-Strength Geotextiles.” Geotextiles.and Geomembranes, Vol.
9, pp. 145- 164




138

Leshchinsky, D., Kaliakin, V., Bose, P. and Collin, J. (1994). “Failure Mechanism in
Geogrld-Remforced Segmental Walls: Experimental Implications.” Soils- and
Foundations, Vol. 34, No. 4, December.

Liao, T., Adanur, S. and Drean, J. (1997) “Predicting the Mechanical Properties of
Nonwoven Geo-textiles with the Finite Element Method.” Textile Research Journal ,
Vol. 67, No. 10, pp. 753-760.

Lo, S.C.R (1990). “Discussion of ‘Scale and Other Factors Affecting the Results of Pull-out
Tests of Grids Buried in Sand’ by Palmeira, E.M. and Milligan, G.W.E. (1989).”
Géotechnique, Vol. 40, No. 3, pp. 519-521.

' Majidzadeh, K., Luther, M.S., and Skylut, H. (1982). “A Mechanistic Design Procedure for
Fabric-Reinforced Pavement Systems.” Second nternational Conference on
Geotextiles, Volume 2, Las Vegas, Nevada, pp. 529-534.

Makiuchi, K. and Miyamori, T. (1988) “Mobilization of Soil-Geofabric Interface Friction”
Proceedings: International Geotechnical Symposium on Theory and Practice of
Earth Reinforcement, Fukuoka, Japan, October 5-7, pp. 129-134.

Mallick, S.B., Zhai, H., Adanur, S. and Elton, D.J. (1996) “Pull-out and Direct Shear Testing
of Geosynthetic Reinforcement: State-of-the-Art Report.” Transportation Research
Record, No. 1534, pp. 80-90.

‘Mandal, J.N. (1986) “A Goal for Geotextiles.” Proceedings: Third International Conference
on Geotextiles, Vienna, Austria, Vol. 3.

Martin, J.P., Koerner, R.M. and Whitty,' J.E. (1984). “Experifnentai Friction Evaluation of
Slippage Between Geomembranes, Geotextiles and Soils.” Proceedings: Inter-
national Conference on Geomembranes, Denver, Colorado, pp. 191-196.

Matsui, T. and San, K.C. (1988) “Finite Element Stability Analysis Method for Reinforced
' Slope Cutting” Proceedings: International Geotechnical Symposium on Theory and
Practice of Earth Reinforcement, Fukuoka, Japan, pp. 317-322.

McGown, A., Andrawes, K.Z. and Kabir, M.H. (1982). “Load Extension Testing of
Geotextiles Confined In Soils.” Proceedings: Second International Conference on
Geotextiles, Las Vegas, Nevada, Vol. 3, Industrial Fabrics Association Internat1ona1
St. Paul, Minnesota, pp. 793-798. :

McGown, A., Andrawes, K.Z., Yeo, K. and Dubois, D. (1984). “The Load-Strain-Time
Behav1or of Tensar Geognds »? Symposium on Polymer Grid Reinforcement in Civil
Engineering, Paper No. 1.2, London.




139

McGown, A., Yeo, K.C., and Yogarajah, I. (1990) “Identification of a Dynamic Interlock
Mechanism.” Proceedings: International Reinforced Soil Conference, Performance
of Reinforced Soil Structures, Glasgow, UK, A. McGown, K.C. Yeo, and X.Z.
Andrawes, eds., British Geotechnical Society, Thomas Telford, London, pp. 377-379.

McGown, A., Yogarajah, I., Andrawes, K.Z. and Saad, MLA. (1995). “Strain Behavior of
Polymeric Geogrids Subjected to Sustained and Repeated Loading In Air and In
Soil.” Geosynthetics International, Vol. 2, No. 1, pp. 341-355.

Min, Y., Leshchinsky, D., Kaliakin, H.I., Ling, D. (1994). “A Study of Pull-out Behavior for
Embedded Geogrids Subjected to Sustained and Repeated Loads.” Report submitted
to the Delaware Transportation Institute, University of Delaware, August.

Min, Yongli (1994). “Pull-out Behavior of Geogrid Embedded in Sand and Subjected to
Sustained and Repeated Loads.” Thesis submitted to the Umverszly of Delaware, for
the fulfillment of the Master’s Degree in Civil Engineering.

Min, Y., Leshchinsky, D., Ling, H.I. and Kaliakin, V.N. (1995). “Effects of Sustained and'
- Repeated Tensile Loads on Geogrid Embedded in Sand.” Geotechnical Testing
Journal, GTJOD]J, Vol. 18, No. 2, June, pp. 204-225.

Miyaniori, T., Iwai, S. and Makiuchi, K. (1986). “Frictional Characteristics of Nonwoven
Fabrics.” Proceedings: Third International Conference on Geotextiles, Vienna,
Austria, pp. 701-705.

Moraci, N. and Montanelli, F. (1996). “Short and Long Term Behavior of Geogrids Under
Static and Cyclic Load.” Proceedings: Symposium on Earth Reinforcement,
Fukuoka/Kyushu, Japan, pp. 117-122.

Moraci, N. and Montanelli, F. (1997) “Behavior of Geogrids Under Cyclic Loads.”
Proceedings: Geosynthetics ‘97, Long Beach, California, pp. 961-976.

Myles, B. (1982). “Assessment of Soil Fabrlc Friction by Means of Shear.” Proceedings:
~ Second Conference on Geotextiles, Las Vegas, Nevada, pp. 787-791.

Myles, B. (1987) “A Review of Existing Geotextile Tension Testing Methods.” Geotextile -

Testing and the Design Engineer, ASTM STP 952, J.E. Fluet, Jr., Ed., American
" Society for Testing and Materials, Philadel_phia, pp- 57-68.

Ne'gussey., D., Wijewickreme, W.K.D. and Vaid, Y.P. (1989).. “Geomembrane Interface
Friction.”Canadian Geotechnical Journal, February 26, pp. 165-169.




VRS — ] Lldt,

140

Nlmmesgern M. and Bush, D. (1991). “The Effect of Repeated Traffic Loading on
Geosynthetic Reinforcement Anchorage Resistance.” Proceedings: Geosynthetzcs 91
Conference, Atlanta, Georgia, pp. 665-672.

Ochiai, H., Otani, J., Hayashic, S. and Hirai T. (1996) “The Pull-Out Resistance of Geogrids
in Reinforced Soil.” Geotextiles and Geomembranes Volume 14, pp. 19-42.

O’Rourke, T.D., Druschel, S.J. and Netravali, A.N. (1990). “Shear Strength Characteristics

of Sand-Polymer Interfaces.” Journal of Geotechnical Engineering, ASCE, Vol. 116,
No. 3, March, pp. 451-469.

Palmeira, E.M. and Milligan, G.W.E. (1989). “Scale and Other Factors Affecting the Results
of Pull-out Tests of Grids Buried in Sand.” Géotechnique, Vol. 39, No. 3, pp. 511-
524.

Palmeira, E.M. and Milligan, G.W.E. (1990). “Large Scale Pull-out Tests on Geotextiles and
Geogrids.” Proceedings:  Fourth International Conference on Geotextiles,

Geomembranes and Related Products, Balkema, Vol. 2, The Hague Netherlands, pp.
743-746.

Raju, D.M. and Fannin, R.J. (1997). “Monotonic and Cyclic Pull-Out Resistance of
Geogrids.” Géotechnigue, Vol. 47, No. 2, pp. 331-337.

Raju, D.M. (1995) “Monotonic and Cyclic Pull-Out Resistance of Geosynthetics.” Thesis
submitted in partial fulfiliment of the requirements for the degree of doctor on
philosophy, University of British Columbia, March, 1995.

Richards, E.A. and Scott, J.D. (1985) “Soil Geotextile Frictional Properties.” Proceédings:
Second Canadian Symposium on Geotextiles and Geomembranes, Alberta, Canada,
pp.13-24. '

Rowe, R.K., Ho, S.K. and Fisher, D.G. (1985) “Determination of Soil-Geotextile Interface
Strength Propetties.” Proceedings: Second Canadian Symposium.on Geotextiles and
Geomembranes, Alberta, Canada, pp. 25-34.

| Rowe, R.X. and Ho, S.X. (1986) “Determinatioh of Geotextile Stress-Strain Characteristics
Using a Wide Strip Test.” Proceedings: Third International Conference on
Geotextiles, Vienna, Austria, pp. 885-890. :

Sarsby, R.W. (1985) “The Influence of Aperture Size/Particle .Size on the Efficiency of Grid
Reinforcement.” > Proceedings: Second Canadian Symposium on Geotextzles and
Geomembranes, Alberta, Canada, pp. 7-12. :




141

Saxena, S.K. and Budiman, J.S. (1985). “Interface Response of Geotextiles.” Proceedings:
Eleventh International Conference on Soil Mechanics and Foundation Engineering,
San Francisco, California, pp. 1801-1804.

Saxena, S.K. and Wong, Y.T. (1984). “Frictional Characteristics of a Geomembrane.”

Proceedings: International Conference on Geomembranes, Denver, Colorado, Pp-
187-190.

Schlosser, F. and Elias, V. (1978) “Friction in Reinforced Earth.” Proceedings: Symposium
on Earth Reinforcement, Pittsburgh, Pennsylvania, pp. 735-763.

Siel, B.D., Tzong, W.H. and Chou, N.N.S. (1987) “In-Soil Stress-Strain Behavior of -
Geotextlle ” Proceedings: Geosynthetic ‘87 Conference, New Orleans, Louisiana,
pp- 260-265.

Sluimer, G. and Risseeuw, P. (1982). “A Strain-Gauge Technique for Measuring Defor-
mations in Geotextiles.” Proceedings: Second International Conference on
Geotextiles, Las Vegas, Nevada, pp. 835-838.

Sobhi, S. and Wu, J.T.H (1996) “An Interface Pull-out Formula for Extensible Sheet
Reinforcement.”, Geosynthetics International, Vol. 3, No. 5, pp. 565-582.

Swan, R.H. (1995)~ “Proposed Standard Test Method for Measuring Geosynthetic Pull-out
Resistance in Soﬂ ? ASTM Draft No. 6, ASTM Designation Number -- Z2467Z,
November.

Segrestin, P. and_Bastick, M.J. (1988). “Seismic Design of Reinforced Earth Retaining
Walls--The Contribution of Finite Elements Analysis.” Proceedings: International
Geotechnical Symposium on Theory and Practice of Earth Reinforcement, Fukuoka,
Japan, pp. 577-582.

Sekiguchi, K., Rowe, R.K., Lo, K.Y. and Ogawa, T. (1990) “Time Step Selection for 6-
noded Non-Linear Joint Element in Flasto-Viscoplasticity Analysis.” Computers and
Geotechniques, Vol. 10, pp. 33-58.

Takasumi, D., Green, K.R., and Holtz, R.D. (1991). “Soil-Geosynthetics Interface Strength
Characteristics: A Review of State-of-the-Art Testing Procedure.” Proceedings:
Geosynthetics ‘91 Conference, Atlanta, Georgia, pp. 87-100.

Tatsuoka, F., Molenkamp, R., Torii, T. and Holtz, R.D. (1984). “Behavior of Lubricated
Layers of Platens in Element Tests.” Soils and Foundations, Vol. 24, No. 1, JSSMFE
Tokyo, Japan, pp. 113-128.




142 ’

Tzong, W.H., and Cheng-Kuang, S. (1987) “Soil-Geotextile Interaction Mechanism in
Pull-out Test.” Proceedings: Geosynthetics ‘87 Conference, New Orleans, Louisiana,
pp. 250-259. :

Whittle, A.J., Larson, D.G., Germaine, J.T. and Abramento, M. (1993) “A New Device for
Evaluating Load-Transfer in Geosynthetic Reinforced Soils.” Geosynthetic Soil
Reinforcement Testing Procedures, STP 1190, S.C. Jonathan Cheng, Ed., ASTM,
Philadelphia, pp. 1-19.

Williams, N.D. and Houlihan; M. (1986) “Evaluation of Friction Coefficients Between
Geomembranes, Geotextiles and Related Products.” Proceedings: Third Inter-
national Conference on Geotextiles, Vienna, Austria, pp. 891-896.

. Wilson-Fahmy, R.F. and Koernet, R.M. (1993) “Finite Element Modeling of Soil-Geogrid
Interaction with Application to the Behavior of Geogrids in a Pull-out Loading
Condition.” Geotextiles and Geomembranes, Vol. 12, No. 5, pp. 479-501.

Wilson-Fahmy, R.F., Koerner, R.M. and Sansone, L.J. (1994) “Experimental Behavior of
Polymeric Geogrlds in Pullout.” Journal of Geoz‘echnzcal Engineering, ASCE, Vol.
120, No. 4, pp. 661-677.

Wilson-Fahmy, R.F., Koerner, R.M., and Fleck, J.A. (1993) “Unconﬁn_ed and Confined
Wide Width Tension Testing of Geosynthetics.” Geosynthetic Soil Reinforcement
Testing Procedures, STP 1190, S.C. Jonathan Cheng, Ed., ASTM, Philadelphia.

Wu, J.T.H. (1991) “Measuring Inherent Load-Extension Properties of Geotextiles for Design
of Reinforced Structures.” Geotechnical Testing Journal, GTIODJ, Vol. 14, No. 2,
pp- 157-165.

Wu, J.T.H. and Helwany, S.M.B. (1996) “Closure Discussion of ‘A Performance Test for
Assessment- of Long-Term Creep Behavior of Soil-Geosynthetic Composites’,
Geosynthetics International, Vol. 3, No. 4, pp. 557-559.

Yasuda, Y., Nagase, H and Marui, H. (1992). “Cyclic Pull-out Tests of Geogrids in Soils.”
Earth Reinforcement Practice, Och1a1 Hayashi, and Otani, Eds., Balkema,
Rotterdam, pp.185-190. .

Yegian, M.K. and Lahlaf A.M. (1992). “Dynamic Interface Shear Strength Properties of
Geomembranes and Geotextiles.” Journal of Geotechnical Engzneerzng, ASCE, Vol.
118, No. GT5, pp. 760-779.

Yogarajah, I. and Yeo, K.C. (1993) “Finite Element Modelling of Pull-out Tests with Load
' and Strain Measurements.” Geotextiles and Geomembranes, Vol. 13, Issue 1.




143 .

Yogendrakumar, M. and Bathurst, R.J. (1992). “Numerical Simulation of Reinforced Soil
Structures During Blast Loads.”, Transportation Resedrch Record, Report No. 133 6,
pp. 1-8. ‘

Yuan, Z. and Chua K.M. (1990) “Numerical Evaluation of the Pullout Box Method of
' Studying Soil-Reinforcement Interactions.”, Transportation Research Record, Report
No. 1278, pp. 116-124.

Yuan, Z., and Chua, K.M. (1991) “Analytical Model for Pullout of Soil Reinforcement.”
Transportation Research Record, Report No. 1330, pp. 64-71. '




144

APPENDICES




145

APPENDIX A

INSTALLATION OF GEOSYNTHETIC BONDED
RESISTANCE STRAIN GAGES
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Introduction

~ Direct measurements of local strain were made on both of the geosynthetics using foil
strain gages. The strajn gaées we;e bonded directly to the material using a high elongation
epoxy fo£ the geogrid and a silicone adhesive/sealant for the geotextile. A detailed
description of the gages, the methods used for applying these gages to the materials and

examples of data received from them are given in this Appendix.

‘G'age Description ‘ . b

The strain gages consisted of EP-08-500GB-120 gages for the geogrid and EP-08- _
40CBY-120 gages for the geotextile provided by Measurements Group, Inc. (MGI). MGI |
also supplied the means of applying them to the miaterial. The EP series gages were chosen
since they gould withstand the high elongation.of the geosynthetics to which they were
attached. Literature from MGI said that these gage typeé showed zero shift under high-cyclic
strains. This was beneficial since these gages would be used in the cyclic, in-air tests.
However, these gages only had a fatigue life of 10,000 cy<‘:1es at 1000 microstrain (ne).
Many gages failed when loaded cyclically siﬂce strain levels exceeded the 1000 pe level.
The next number in the gage title described the gage alloy type. The metal foil in.the 08
series consisted of an annealed constantan for maximum ductility of the strain gage. The
next designation group describec_i the gage length and tab geometry of the strain gage. The

500GB gages, were 0.5 inches in iength and the 40CBY gages were 4.0 inches in length.
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Figure A. I shows a diagram of each ofthese gages. The value of 120 on the end indicated

the resistance ofthe gage in ohms.

b)

0.5 in. 4.0 in.

EP-08-500GB-120

EP-08-40CB Y-120

Figure A.1: The two types of foil strain gages used: a) geogrid strain gage and b) geotextile
strain gage.

Gage Placement

Gages were attached to the geosynthetics using a multi-step procedure. The
procedure used was dependent on the material type. The general procedure for the
geosynthetics used in this study consisted of six steps: 1) preparation ofthe geosynthetic and
strain gage surfaces, 2) preparation and placement of the adhesive, 3) placement and
alignment of the gage, 4) curing of the glue, 5) connection ofthe electronics and 6) covering

the gage and surrounding area with environmental protection.
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Geogrid Gage Placement Procedure
| ~ The first step in ’.[he procedure was to prepare the surface of the geogrid. To insure * -
proper gage to geogrid bonding, the surface of the geogrid needed to be flat and clean. To
account for possible“b'ending of thé rib, strain gages were placed on both sides. Therefore,
the following processes were perfdrmed for both sides of the material simultaneously.
Due to the manufacturing process used for making a biaxial geogrid, its ribs have al
nor-uniform thickness in both of the principle strength directions.- Therefore, the ribs were .
first filed to a uniform th,ickness‘ laterally to the gage. This process removed very little
m;ﬁerial from the rib. Next the rib was thoroughly cleaned using mild solv_enté provided by
MGI. After cleaning, a razor blade was used to score the surface of the rib Vc;,ry lightly to
provide a rough surface .to adhere to. This scoring process was done very carefully so as not
to ma_ke an unev.en surface. Cutting the surface with the razor must be done cafefully since
creating too rough of a surface could negatively effect results. This method of roughing the
surface seemed to be more controlled than using sandpaper since sandpapef tended to raisé
~ the polypropylene fibers from the surface creating an uneven surface. The surface was again
thoroughly cleaned using the solvents. A neutralizer was used after the solvent application
to neutralize the bond surface before gluing.
High elongation epoxy supplied by MGI was mixed to the correct ratio and applied
sparingly to the gage placement areas. .The gages were removed from the package and
carefully placed on the rib. Ifthe gages were accidentally dirtied through contact with skin

or other objects before being placed, they were cleaned using special cleaning solvents
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provided by MGI for this purpose. The gages were placed so thét the center of the gage
corresponded to the middle of the rib. Indicators stamped on the gages (see Figure A.1)
“allowed precise placement with respect to the rib.

Once the gage was properly placed, a th_in piece of Teflon was placed over the gage
and taped to the surrounding geogrid. This protected the gage during the curing process and
kept the gage stationary. To insure pfoper adhesion thé éages were cIamped at .a préssure
ranging between 35 and 140 kPa, as specified by MGI. Rubber pads were placed on both
sides of the ribs containing strain éages to provide a non-rigid surface onto which the weights
were place&. The weights were plaged to provide the proper confinement pressure.

The epoxy could be properly cured using either of two methods: 1) allow it to air dry
for two weeks at +24°C (+75°F) or 2) elevate the glueline temperaturé to +74°C (+165 °F) -
for two hours. The Ia&er miethod was used to expedite testing. To ¢levaté the temperature,
a hot air dryer was placed in a hole in the.top of a box. The box contained adjustable
apertures on the sides so that the ambient temperature could be held constant at +74°C. A

. thermometer placed in the box enabled the temperature to be monitored during the curing
process. After the glue had been in this environment for at least an hour, the weights were
removed to allow the warm air to reach the gages directly. |

Two bondable terminals were also glued to the geogrid near the gages. These
terminals provideci the connection point for the gage leads and cables connected to the data
acquisition unit. The leads were soldered to the bondable terminals.

.A Wheatstone % bridge completed the circuit and was located near the data

acquisition. Having the bridge completed av'va3} from the strain gages allowed the precision
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resistors to be reused. The 120 ohm, bridge completion resistors provided by MGI had
tolerance 0f+£0.01%. Figure A.2 shows a schematic of the electronic setup for these gages.

In this figure, the strain gages are labeled e and the precision resistors are labeled R.

Figure A.2: Wheatstone bridge circuit.

To calculate strain from the output voltages the following expression was used:

e(%) = (AT)

W~ - 1000 £, -F

where e is percent strain of the gage, Einand Ead are the input and output voltages in volts,
respectively, F is the electronic gain and G is a gage factor given by the manufacturer. The
gage factors used were 2.070 for the 500GB gages and 2.080 for the 40CBY gages.
Lastly, environmental protection was used to simulate the protection that was to be
used in the cyclic-plate load tests. The environmental protection was needed in these tests
to keep moisture and other foreign materials from coming into contact with the strain gages.

During the in-air tests, environmental protection was used to negate possible differences in
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the strain measurements for samples with and without environmental protection, though it
~ was not necessary. The environmental protection consisted of 3.2 millimeter thick c'oating;s
of butyl rubber sealant, a solvent-thinned butyl rubber and clear contact paper. The tﬁicker
more rigid butyl rubber sheets were placéd on both sides of the geogrid covering the géges .
on each side. Pressure was applied to them to ensure a thorough bond was formed to and
througil the geogrid material. The solvent—thinhed butyl rubber was then liberally distributed
aroﬁncll the edges to negate the possibility of water reaching the enclosed strain gages. The |
thin contact paper was édded to the outside for added protection against larger foreign
particles.

After the placement of the environmental protection, the gage was ready to be used.
Input voltages were controlled using DC amplifiers and the .output voltages Werg monitoréd

using the data acquisition device.

Geot‘gxtile Gage Placement Procedure

Placement procedure of the strain gages on the geotextiles differed from those used
on the geogrid due to the drastically different surface characteristics of geotextiles. Longer
strain gaées were used for the geotextile to allow a more average strain to be obtained.

The bonding surface for the strain gage needed to be as smooth as possible. Since |
the surface of the woven geotextile was very rough, a smootﬁ surface needed to be formed.
The material used to provide a smooth éurface needed to be more flexible than the geotexfile

| éo reinforcement of the area did not occur. However, the basal substance also needed to be

sufficiently rigid to transmit strains from the geotextile to the strain gage. A non-corrosive,
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RTV, silicone rubber adhesive/sealant (Dow Corning 3145 RTV) satisfaciorily met these
criteria and was used as the base and surrounding material for applying these gages to the
geotextile.

Thorough cleaning of the geotextile surface was accomplished using acetone. This
was used primarily to rid the surface of the oils used in the manufacturing process. After
cleaning, a bead of the silicoile adhesive/sealant was deposited on the material. This was
massaged into the fibers of the material until it could be seen coming through the other side.
Since the adhésive/sealant did not form a chemical bond with the geotextile, working it into
the material’s tight weave allowed a good mechanical bond to be formed. A razor blade was
lised to smooth out the surface of the que forming a flat i)lane of adhesive at a level equai
to the top of the gecitextile fibers. The gage was placed on top of the glue and aligned with
the weave of the material using a placement guide. A piece of Teflon was placed oirer the
tcip of the gage and the adhesive to protect it from sticking to the workbench as the other side
was prepared in the same manner. The adhesive/sealant was not massaged into the fibers
since glue frcim the other side was already protrudirlg through and rlibbing would diéturb the

.already placed gage. Once both sides were at the same stage, the Teflon was carefully
removed from side one without dlsturbmg the gage to allow the adhesive to dry. The time
for the glue to cure fully was 24 hours for a 0.5 mm thickness at 50% relative humidity.

Once the adhesive was sufficiently dry, another layer of adhesive/sealant was placed
over the entire gage with the exception of the .Wire lead\s extending from the gage. The

.a‘dhesive/sealant provided the e'nviro.nmentaI. proiection, keeping ‘water and other fcireign

material from touching the gages. This new layer was also allowed to dry. After it was dry,
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another very thin layer of the adhesive was placed allowing a piece of latex rubber to be -
bonded to the top. This provided -protection from the larger séil particles that would be
experienced_ in the cyclic-plate load tests.

After these protective layers were placed and completely cured, the electronics were
connected as described in tﬁe geogrid section. Bondable terminals Were not used for the
geotextile. Instead, the data acquisition v)vires were connected directly to the wires extending
from the strain gage. After soldering the wire connections, a liberal amount of the
adhesive/sealant was applied to the wire cénnections; thoroughly covering all exf)osed wires.
This was done to protect the strain gage from méistu;e. After this had cured, a liberal
amount of the solvent-thinned butyl rubber was spread over the entire area to ensure a water-
tight seal. F;nally, a piece of plastic wrap was placed over the butyl rubber as a final

protective measure. After the completion of these steps, gage placement was complete and

was ready for use.
Results

Results from the foil strain gages were not directly uéed in the analysis of the material
parameters. The foil gage results were used to compare stra.iné obtained from the strain
gages to strains calculated using the extensometers. The following plots of léad VeI‘Sl',lS strain
show the differences between thé’axially measured stra.iné and the strains obtained by the foil
strain gages.

Foil strain gages were used on the slow monotonic and the cyclic Series I and II tests,

but were not used on the fast monotonic or the in-soil tests. In general, correlations between
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axial strains and the foil strains for the monotonic tests was 'good (see Figures A.3 and A .4).
The geotextﬂe sample showed a larger di‘ffe.:rence than the geogrid, as seen in Figure A.5.
However, the initial foil strains on the geotextile were satisfactory. Foil strains measured in
the geoérid for the cyclic Series I tests tended to slightly overestimate strain, as shown in
Figures A.6 and A.7. Inconsistencies in the strain data from the geotextile was most likely
due to the transfer of strains through the adhesive/sealant. In the machine direction the foil
. gage stopped operating most likely due to debonding betweeﬂ the adhesive and the geotextile
(see Figure A.8). Conversely, results from the geotextile pulled in the cross-machine ’
direction indicated that a better bond existed in that direction, as seen in Figure A.9. Since
in the Series II cyclic tests, cycles wére repeated thousands of times at relatively high strains,
it was likely that these foil .gagés would not iast the duration of the test. As expected, for
most of the strain gages used in the cyclic, Series IT tests, failurc; oécurred in the gages before
loading was complete (see Figures A.10 and A.11). Surprisingly, strains in thé Cross-
machine direction on the geotextile continued to be output for the entire duration (see Figure
A.12). Results from the gages used in the Series II tests indicated that higher plastic strains
qccurred in the gage than in the material. i?urthgr investigation using strain gages on t:hese'_
materials would aliow a better hypothesis to be drawn regarding the different strain behaviors

observed from these gages.
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— Axial Strain
— Foil Strain

ggmd-2

ggmd-1

Load (kN/m)

Strain (%)
Comparison of the foil and axial strain results from slow monotonic tests
performed on the geogrid in the machine direction.

— Axial Strain
— Foil Strain

Load (KN/m)

Strain (%)
Figure A.4: Comparison of the foil and axial strain results from slow monotonic tests
performed on the geogrid in the cross-machine direction.



156

— Axial Strain
--— Foil Strain

gtxd-2

E

pd

=

©

[58}

o

-

4 Strain (%)

x  Comparison of the foil and axial strain results from slow monotonic tests

performed on the geotextile in the cross-machine direction.
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Figure A.6:  Comparison of the foil and axial strain results from a cyclic. Series | test
performed on the geogrid in the machine direction (ggmd-3).
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vV Comparison of the foil and axial strain results from a cyclic, Series | test
performed on the geogrid in the cross-machine direction (ggxd-4).
— Axial Strain
— Foil Strain
E
zZ
=~
©
[3+]
o
-
0 1 2 3 4 5

Strain (%)
Figure A.8: Comparison of the foil and axial strain results from a cyclic, Series | test
performed on the geotextile in the machine direction (gtmd-4).
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— Axial Strain
--—--Foil Strain
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Strain (%)
S, Comparison of the foil and axial strain results from a cyclic, Series | test
performed on the geotextile in the cross-machine direction (gtxd-3).
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Figure A.10: Comparison of the foil and axial strain results from a cyclic, Series Il test
performed on the geogrid in the machine direction (ggmd-6).
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— Axial Strain
— Foil Strain
0 1 2 3 4 5 6

Strain (%)
Figure A.11: Comparison of the foil and axial strain results from a cyclic, Series Il test
performed on the geotextile in the machine direction (gtmd-5).
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Figure A.12: Comparison of the foil and axial strain results from a cyclic, Series Il test
performed on the geotextile in the cross-machine direction (gtxd-5).
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APPENDIX B

COMPLETE RESULTS FROM THE IN-AIR AND IN-SOIL TESTS
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Machine Direction
Cross-Machine Direction

ggxd-6

ggxd-5

ggmd-8

Load (KN/m)

ggmd-7

Axial Strain (%)

= Fast, monotonic, load/strain curves for the geogrid pulled in the machine
and cross-machine directions.

Machine Direction
Cross-Machine Direction

ggxd-2

E

< ggmd-1

= ggmd-2
(58]

o

-

Axial Strain (%)
Figure B.2:

Slow, monotonic, load/strain curves for the geogrid pulled in the machine
and cross-machine directions.



-------- Machine Direction
------- Cross-Machine Direction .

gtmd-6

gtmd-7

Axial Strain (%)
Figure B.3: Fast, monotonic, load/strain curves for the geotextile pulled in the machine
and cross-machine directions.

-------- Machine Direction
------- Cross-Machine Direction

mgtmd-2

Axial Strain (%)
Figure B.4: Slow, monotonic, load/strain curves for the geotextile pulled in the
machine and cross-machine directions.
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------ Machine Direction
----- Cross-Machine Direction

ggxd-6

ggmd-8

ggmd-7

Lateral Strain (%)

Figure B.5: Fast, monotonic axial strain versus lateral strain curves for the geogrid
pulled in the machine and cross-machine directions.

----- Machine Direction
— Cross-Machine Direction

ggmd-2

ggmd-1

Lateral Strain (%)

Figure B.6: Slow, monotonic axial strain versus lateral strain curves for the geogrid
pulled in the machine and cross-machine directions.
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Figure B.7: Fast, monotonic axial strain versus lateral strain curves for the geotextile
pulled in the machine and cross-machine directions.

Lateral Strain (%)
Figure B.8: Slow, monotonic axial strain versus lateral strain curves for the geotextile
pulled in the machine and cross-machine directions.



Load(kN/m)

Axial Strain (%)

Load versus axial strain in the geogrid oriented at 45 degrees from its
principle strength directions: gg45-I.

<

| Strain (%)

Lateral Strain (%)
Figure B.10: Axial strain versus lateral strain in the geogrid oriented at 45 degrees from
its principle strength directions: gg45-1.
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Axial Strain (%)

FigureB.il: Cyclic, Series I, unloading/reloading load/strain curves for the geogrid
pulled in the machine direction: ggmd-3.

Axial Strain (%)
FigureB. 12: Cyclic, Series I, unloading/reloading load/strain curves for the geogrid
pulled in the cross-machine direction: ggxd-4.
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w : Cyclic, Series I, unloading/reloading load/strain curves for the geotextile
pulled in the machine direction: gtmd-4.
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Figure B.14: Cyclic, Series I, unloading/reloading load/strain curves for the geotextile
pulled in the cross-machine direction: gtxd-3.



Load Total
Level Cycle Number Cycl.es
Applied
2 1 2 4 8 16 32 64 7100 100
3 101 102 » 103 104 108 116 132 164 200 100
4 201 202 204 208 216 232 264 300 100
5 301 302 3Q4 368 | 316 332 3647 480 600 3Q0
6 . 601 602 604 608 616 632 664 780 | 900 7 300
7 901 902 904 | 908 916 932 964 1080 lZOQ 3007
8 1201 | 1202 | 1204 | 1208 | 1216 | 1232 | 1264 1380 ‘1500 300
9 1501 | 1502 15047 1508 | 1516 | 1532 [ 1564 | 1620 1750 2000 500
.10 | ‘2001 2002 | 2004 | 2008 | 2016 | 2032 2064 | 2120 2250 2500 560
7 11 2561 2502 | 2504 72508 2516 2532 25647 2620 | 2750 | 3000 500
12 3001 | 3002 | 3004 3008‘ 3016 | 3032 | 3064 | 3120 | 3250 | 3500 3700 700
13 3701 | 3702 | 3704 | 3708 | 3716 | 3732 | 3764 | 3820 | 3950 | 4200 4400 700
14 44Q1 4402 44047 4408 4416 4432 | 4464 | 4520 | 4650 | 4900 5100 700
15 5101 | 5102 | 5104 | 5108 | 5116 5132 5164 | 5220 | 5350 5606 5800 700

Table B.1: Cycie numbers collected and plotted for the in-air, cyclic, Series II tests.
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12

10

Load (kN/m)
»

0 1 2 3 4 5 6 7 8
Axial Strain (%)

t . Cyclic, Series Il, unloading/reloading, load/strain curves for the geogrid
pulled in the machine direction: ggmd-5.

12

10 -

Load (kN/m)
(o]

0 1 2 3 4 5 6 7 8
Axial Strain (%)

Figure B.16: Cyclic, Series Il, unloading/reloading, load/strain curves for the geogrid
pulled in the machine direction: ggmd-6.
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005) —

15 2.0 2.5 3.0

0.5 10
Axial Strain (%)

Figure B. 17: Cyclic, Series Il, unloading/reloading, load/strain curves for the geogrid
pulled in the cross-machine direction: ggxd-3.

Figure B.18: Cyclic, Series Il, unloading/reloading, load/strain curves for the geotextile
pulled in the machine direction: gtmd-5.
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0.0 0.5 10 15 2.0

Axial Strain (%)
Figure B.19: Cyclic, Series Il, unloading/reloading, load/strain curves for the geotextile
pulled in the cross-machine direction: gtxd-4.

14

12 .

Axial Strain (%)
Figure B.20: Cyclic, Series Il, unloading/reloading, load/strain curves for the geotextile
pulled in the cross-machine direction: gtxd-5.
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Cycle Number
Figure B.21: Maximum and minimum loads applied to the geogrid in the machine
direction for an in-air, cyclic, Series Il test: ggmd-5.

Cycle Number
Figure B.22: Maximum and minimum loads applied to the geogrid in the machine
direction for an in-air, cyclic, Series Il test: ggmd-6.
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O] 1000 2000 3000 4000 5000 6000

Cycle Number

Figure B.23: Maximum and minimum loads applied to the geogrid in the cross-machine
direction for an in-air, cyclic, Series Il test: ggxd-3.

0 1000 2000 3000 4000 5000 6000

Cycle Number
Figure B.24: Maximum and minimum loads applied to the geotextile in the machine
direction for an in-air, cyclic, Series Il test: ggmd-5.
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Cycle Number
Figure B.25: Maximum and minimum loads applied to the geotextile in the cross
machine direction for an in-air, cyclic, Series Il test: gtxd-4.

Cycle Number
Figure B.26: Maximum and minimum loads applied to the geotextile in the cross
machine direction for an in-air, cyclic, Series Il test: gtxd-5.
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Axial Strain (%)

Cycle Number

< : Maximum and minimum axial strains of the geogrid pulled in the machine
direction for an in-air, cyclic, Series Il test: ggmd-5.

Axial Strain (%)

Cycle Number

Maximum and minimum axial strains of the geogrid pulled in the machine
direction for an in-air, cyclic, Series Il test: ggmd-6.

Figure B.28:
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Axial Strain (%)

Cycle Number
£: Maximum and minimum axial strains of the geogrid pulled in the cross-
machine direction for an in-air, cyclic, Series Il test: ggxd-3.

Axial Strain (%)
w

0 1000 2000 3000 4000 5000 6000

Cycle Number
Figure B.30: Maximum and minimum axial strains of the geotextile pulled in the
machine direction for an in-air, cyclic, Series Il test: gtmd-5.
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Cycle Number
Figure B.31: Maximum and minimum axial strains of the geotextile pulled in the cross-
machine direction for an in-air, cyclic, Series Il test: gtxd-4.

Cycle Number
Figure B.32: Maximum and minimum axial strains of the geotextile pulled in the cross-
machine direction for an in-air, cyclic, Series Il test: gtxd-5.
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ggmd-10, 35 kPa
/X ggmd-11, 15 kPa

Displacement (mm)
Figure B.33: In-soil, load/displacement curves for the geogrid pulled in the machine
direction for three levels of normal confinement.
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Figure B.34: Displacement along the length of the geogrid pulled in the machine
direction at 5 kPa normal confinement: ggmd-12.
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X(m)
Figure B.35: Displacement along the length of the geogrid pulled in the machine
direction for 15 kPa normal confinement: ggmd-11.
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Figure B.36: Displacement along the length of the geogrid pulled in the machine
direction for 35 kPa normal confinement: ggmd-10.
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ggxd-7, 35 kPa

ggxd-8, 15 kPa

ggxd-9, 5 kPa

Load (KN/m)

Displacement (mm)
<': In-soil, load/displacement curves for the geogrid pulled in the cross-
machine direction for three levels of normal confinement.
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Figure B.38: Displacement along the length of the geogrid pulled in the cross-machine
direction for 5 kPa normal confinement: ggxd-9.
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: Displacement along the length of the geogrid pulled in the cross-machine
direction for 15 kPa normal confinement: ggxd-8.
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Figure B.40: Displacement along the length of the geogrid pulled in the cross-machine
direction for 35 kPa normal confinement: ggxd-7.
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gtmd-12, 15 kPa

Load (kKN/m)

gtmd-14, 5 kPa

Displacement (mm)
< : In-soil, load/displacement curves for the geotextile pulled in the machine
direction for three levels of normal confinement.

Displacement (mm)

X(m)
Figure B.42: Displacement along the length of the geotextile pulled in the machine
direction for 5 kPa normal confinement: gtmd-14.
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< . Displacement along the length of the geotextile pulled in the machine
direction for 15 kPa normal confinement: gtmd-12.
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Figure B.44: Displacement along the length of the geotextile pulled in the machine
direction for 35 kPa normal confinement: gtmd-13.
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gtxd-15, 35 kPa

gtxd-14, 15 kPa

gtxd-13, 5 kPa

Displacement (mm)
Figure B.45: In-soil load/displacement curves for the geotextile pulled in the cross-
machine direction for three levels of normal confinement.
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Figure B.46: Displacement along the length of the geotextile pulled in the cross-machine
direction for 5 kPa normal confinement: gtxd-13.
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X(m)
Figure B.47: Displacement along the length of the geotextile pulled in the cross-machine
direction for 15 kPa normal confinement: gtxd-14.
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Figure B.48: Displacement along the length of the geotextile pulled in the cross-machine
direction for 35 kPa normal confinement: gtxd-15.



Load Total
Level Cycle Number Cycl.es
7 ' Applied

2 1 2 . 4 8 16 32: 64 100 .1 50 200 7200
3 201 | 202 204 208 216 232 264. 300 » 350 400 200
4 401 402 404 408 - 416 432 464 . 500 550 606 200
5 601 602 604 608 616 632 664 728 856 1200 600

7 6 1201 1202 1204 1208 1216 1232 12"64 1328 1456 7 1800 | 600 |
7 1801 1802 1804 1808 71816 1832 1864 1928 2056 | 2400 600
8 2401 2402 2404 2408 2416 2432 2464_ 2528 2656 i 3600 600
9 - 3001 3002 | 3004 3008 3016 30;32‘ 3064 3128 3256 3512 4000 1000
1 0 4001 4002 |- 4604 4008 4016 4032 4Q64 7 4128 4256 4512 5000 1000
11 5001 5002 5004 5008 - 7 50167 5032 5064 5128 5256 55 i2 6000 1000
12 6001 6002 7 ;5004 6008 6016 ;5032 <6064 6128 6256 | 6512 7000 7400 1400
13 7401 7402 | 7404 7408"7 77416 7432 7464 7528 7656 77912 784100 4 8800 - 1400
14 8801 8802 .8804 8808 88167 8832 8864 | . 8928 9056 9312 98»00: 10,200 1400
1 5 110,201 10,202 | 10,204 110,208 | 10,216- 10,232 10,264 10,328 7 710,4756 | 1 Q,712 11,200 | 11,600 1400

Table B.2: Cycle numbers collected and plotted for the in-soil, cyclic, Series I tests.
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Load OcN/m)

Displacement (mm)
LW 49: Cyclic, in-soil, unloading/reloading load/displacement curves for the
geogrid pulled in the machine direction at 15 kPa normal confinement:
ggmd-13.

Load (kN/m)

Displacement (mm)
Figure B.50: Cyclic, in-soil, unloading/reloading load/displacement curves for the
geogrid pulled in the cross-machine direction at 15 kPa normal
confinement: ggxd-10.
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Load (KN/m)

Displacement (mm)

< : Cyclic, in-soil, unloading/reloading load/displacement curves for the

geotextile pulled in the machine direction at 15 kPa normal confinement:
gtmd-15.

Load (kN/m)

Displacement (mm)

Figure B.52: Cyclic, in-soil, unloading/reloading load/displacement curves for the

geotextile pulled in the cross-machine direction at 15 kPa normal
confinement: gtxd-16.
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Cycle Number
Figure B.53: Maximum and minimum loads applied to the geogrid in the machine
direction at 15 kPa normal confinement for an in-soil, cyclic, Series Il test:
ggmd-13.

O Qo m—

Cycle Number
Figure B.54: Maximum and minimum displacements at the front of a sample of geogrid
pulled in the machine direction at 15 kPa normal confinement for an in-
soil, cyclic, Series Il test: ggmd-13.
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Figure B.55: Maximum and minimum displacements at position two along the length of
a sample of geogrid pulled in the machine direction at 15 kPa normal
confinement for an in-soil, cyclic, Series Il test: ggmd-13.

10000 12000

Cycle Number
Figure B.56: Maximum and minimum displacements at position three along the length
of a sample of geogrid pulled in the machine direction at 15 kPa normal
confinement for an in-soil, cyclic, Series Il test: ggmd-13.
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Figure B.57: Maximum and minimum displacements at position four along the length of
a sample of geogrid pulled in the machine direction at 15 kPa normal
confinement for an in-soil, cyclic, Series Il test: ggmd-13.
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Figure B.58: Maximum and minimum displacements at position five along the length of
a sample of geogrid pulled in the machine direction at 15 kPa normal
confinement for an in-soil, cyclic, Series Il test: ggmd-13.
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Figure B.59: Maximum and minimum loads applied to the geogrid in the cross-machine
direction at 15 kPa normal confinement for an in-soil, cyclic, Series Il test:
ggxd-10.

10000 12000

Cycle Number
Figure B.60: Maximum and minimum displacements at the front of a sample of geogrid
pulled in the cross-machine direction at 15 kPa normal confinement for an
in-soil, cyclic, Series Il test: ggxd-10.
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Figure B.61: Maximum and minimum displacements at position two along the length of
a sample of geogrid pulled in the cross-machine direction at 15 kPa normal
confinement for an in-soil, cyclic, Series Il test: ggxd-10.

0 2000 4000 6000 8000 10000 12000
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Figure B.62: Maximum and minimum displacements at position three along the length
of a sample of geogrid pulled in the cross-machine direction at 15 kPa
normal confinement for an in-soil, cyclic, Series Il test: ggxd-10.
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Figure B.63: Maximum and minimum displacements at position four along the length of
a sample of geogrid pulled in the cross-machine direction at 15 kPa normal
confinement for an in-soil, cyclic, Series Il test: ggxd-10.
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Figure B.64: Maximum and minimum displacement at position five along the length of a
sample of geogrid pulled in the cross-machine direction at 15 kPa normal
confinement for an in-soil, cyclic, Series Il test: ggxd-10.
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Figure B.65: Maximum and minimum loads applied to the geotextile in the machine
direction at 15 kPa normal confinement for an in-soil, cyclic, Series Il test:
gtmd-15.
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Figure B.66: Maximum and minimum displacements at the front of a sample of
geotextile pulled in the machine direction at 15 kPa normal confinement for

an in-soil, cyclic, Series Il test: gtmd-15.
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Figure B.67: Maximum and minimum displacements at position two along the length of
a sample of geotextile pulled in the machine direction at 15 kPa normal
confinement for an in-soil, cyclic, Series Il test: gtmd-15.
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Figure B.68: Maximum and minimum displacements at position three along the length
of a sample of geotextile pulled in the machine direction at 15 kPa normal
confinement for an in-soil, cyclic, Series Il test: gtmd-15.
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Figure B.69: Maximum and minimum displacements at position four along the length of
a sample of geotextile pulled in the machine direction at 15 kPa normal
confinement for an in-soil, cyclic, Series Il test: gtmd-15.
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Figure B.70: Maximum and minimum displacement at position five along the length of a
sample of geotextile pulled in the machine direction at 15 kPa normal
confinement for an in-soil, cyclic, Series Il test: gtmd-15.
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Figure B.71: Maximum and minimum loads applied to the geotextile in the cross-
machine direction at 15 kPa normal confinement for an in-soil, cyclic,
Series 1l test: gtxd-16.
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Figure B.72: Maximum and minimum displacements at the front of a sample of
geotextile pulled in the cross-machine direction at 15 kPa normal
confinement for an in-soil, cyclic, Series Il test: gtxd-16.
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Cycle Number
: Maximum and minimum displacements at position two along the length of
a sample of geotextile pulled in the cross-machine direction at 15 kPa
normal confinement for an in-soil, cyclic, Series Il test: gtxd-16.
B
E
=
D
=
[<b]
[&]
58]
=
2
a)

10000 12000

Cycle Number
Figure B.74: Maximum and minimum displacements at position three along the length
of a sample of geotextile pulled in the cross-machine direction at 15 kPa
normal confinement for an in-soil, cyclic, Series Il test: gtxd-16.
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Figure B.75: Maximum and minimum displacements at position four along the length of
a sample of geotextile pulled in the cross-machine direction at 15 kPa

normal confinement for an in-soil, cyclic, Series Il test: gtxd-16.
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Figure B.76: Maximum and minimum displacement at position five along the length of a
sample of geotextile pulled in the cross-machine direction at 15 kPa normal

confinement for an in-soil, cyclic, Series Il test: gtxd-16.
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APPENDIX C

Complete Results from the In-Soil Analysis
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Figure C.I: Comparisons between actual and predicted displacement curves for the
geogrid pulled in the machine direction at on= 5 kPa: a) Level I, b) Level II,
c) Level IlI, d) Level IV, e) Level V, f) Level VI. ggmd-12.
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< Comparison between actual and predicted load/displacement curves for the
geogrid pulled in the machine direction at on= 5 kPa: ggmd-12.

Shear Stress (kPa)

Shear Displacement (mm)
Figure C.3: Predicted shear stress versus shear displacement curve for the geogrid pulled
in the machine direction at on= 5 kPa: ggmd-12.
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Figure C.4: Comparisons between actual and predicted displacement curves for the
geogrid pulled in the machine direction at on= 15 kPa: a) Level I, b) Level
Il, c) Level 111, d) Level 1V, e) Level V, f) Level VI: ggmd-11.
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T Comparison between actual and predicted load/displacement curves for the
geogrid pulled in the machine direction at on= 15 kPa: ggmd-11.
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Figure C.6: Predicted shear stress versus shear displacement curve for the geogrid pulled
in the machine direction at on= 15 kPa: ggmd-11
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Figure C.7: Comparisons between actual and predicted displacement curves for the
geogrid pulled in the machine direction at on= 35 kPa: a) Level I, b) Level
Il, c) Level 11, d) Level IV, e) Level V, f) Level VI: ggmd-10.
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B Comparison between actual and predicted load/displacement curves for the
geogrid pulled in the machine direction at on= 35 kPa: ggmd-10.

Shear Stress (kPa)
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Figure C.9: Predicted shear stress versus shear displacement curve for the geogrid pulled
in the machine direction at on= 35 kPa: ggmd-10.
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Figure C.10: Comparisons between actual and predicted displacement curves for the
geogrid pulled in the cross-machine direction at on= 5 kPa: a) Level I, b)
Level Il, c) Level Ill, d) Level 1V, e) Level V, ) Level VI: ggxd-9.
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Figure C.I I:Comparison between actual and predicted load/displacement curves for the
geogrid pulled in the cross-machine direction at on= 5 kPa: ggxd-9.

_gsm

Figure C.12: Predicted shear stress versus shear displacement curve for the geogrid pulled
in the cross-machine direction at on= 5 kPa: ggxd-9.
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Figure C.13: Comparisons between actual and predicted displacement curves for the
geogrid pulled in the cross-machine direction at on= 15 kPa: a) Level I, b)
Level Il, c) Level IlI, d) Level 1V, e) Level V, f) Level VI: ggxd-8.
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Figure C.14: Comparison between actual and predicted load/displacement curves for the
geogrid pulled in the cross-machine direction at on= 15 kPa: ggxd-8.

Shear Displacement (mm)
Figure C.15: Predicted shear stress versus shear displacement curve for the geogrid pulled
in the cross-machine direction at on= 15 kPa: ggxd-8.
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Figure C.16: Comparisons between actual and predicted displacement curves for the
geogrid pulled in the cross-machine direction at o,,= 35 kPa: a) Level I, b)
Level Il, c) Level 111, d) Level IV, e) Level V, f) Level VI: ggxd-7.
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Figure C.17: Comparison between actual and predicted load/displacement curves for the
geogrid pulled in the cross-machine direction at o,,= 35 kPa: ggxd-7.

Shear Displacement (mm)

Figure C.18: Predicted shear stress versus shear displacement curve for the geogrid pulled
in the cross-machine direction at on= 35 kPa: ggxd-7.
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Figure C.19: Comparisons between actual and predicted displacement curves for the
geotextile pulled in the machine direction at on= 5 kPa: a) Level I, b) Level
Il, c) Level Ill, d) Level IV, e) Level V, f) Level VI: gtmd-14.



215

Load (kN/m)

Actual
Calculated

Displacement (mm)
o :Comparison between actual and predicted load/displacement curves for the
geotextile pulled in the machine direction at on= 5 kPa: gtmd-14.
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Figure C.21:Predicted shear stress versus shear displacement curve for the geotextile
pulled in the machine direction at on= 5 kPa: gtmd-14.
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Figure C.22: Comparisons between actual and predicted displacement curves for the
geotextile pulled in the machine direction at on- 15 kPa: a) Level I, b)
Level II, c) Level Ill, d) Level 1V, e) Level V, f) Level VI: gtmd-12.
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Figure C.23: Comparison between actual and predicted load/displacement curves for the
geotextile pulled in the machine direction at On= 15 kPa: gtmd-12.

Shear Displacement (mm)
Figure C.24: Predicted shear stress versus shear displacement curve for the geotextile
pulled in the machine direction at on= 15 kPa: gtmd-12.
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Figure C.25: Comparisons between actual and predicted displacement curves for the
geotextile pulled in the machine direction at on= 35 kPa: a) Level I, b)
Level I, c) Level IlI, d) Level 1V, e) Level V, f) Level VI: gtmd-13.
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Figure C.26: Comparison between actual and predicted load/displacement curves for the
geotextile pulled in the machine direction at on= 35 kPa: gtmd-13.

Shear Displacement (mm)
Figure C.27: Predicted shear stress versus shear displacement curve for the geotextile
pulled in the machine direction at on= 35 kPa: gtmd-13.
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Figure C.28: Comparisons between actual and predicted displacement curves for the
geotextile pulled in the cross-machine direction at on= 5 kPa: a) Level I, b)
Level II, c) Level Ill, d) Level 1V, e) Level V, 1) Level VI: gtxd-13.
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Figure C.29: Comparison between actual and predicted load/displacement curves for the
geotextile pulled in the cross-machine direction at on= 5 kPa: gtxd-13.

Shear Displacement (mm)
Figure C.30: Predicted shear stress versus shear displacement curve for the geotextile
pulled in the cross-machine direction at On= 5 kPa: gtxd-13.
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Figure C.31: Comparisons between actual and predicted displacement curves for the
geotextile pulled in the cross-machine direction at on= 15 kPa: a) Level I, b)
Level II, c) Level 1II, d) Level 1V, e) Level V, f) Level VI: gtxd-14.
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2 Comparison between actual and predicted load/displacement curves for the
geotextile pulled in the cross-machine direction at On= 15 kPa: gtxd-14.
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Figure C.33: Predicted shear stress versus shear displacement curve for the geotextile
pulled in the cross-machine direction at on= 15 kPa: gtxd-14.
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Figure C.34: Comparisons between actual and predicted displacement curves for the
geotextile pulled in the cross-machine direction at on= 35 kPa: a) Level I, b)
Level II, c) Level Ill, d) Level 1V, e) Level V, f) Level VI. gtxd-15.
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Figure C.35: Comparison between actual and predicted load/displacement curves for the
geotextile pulled in the cross-machine direction at on= 35 kPa: gtxd-15.

Shear Displacement (mm)
Figure C.36: Predicted shear stress versus shear displacement curve for the geotextile
pulled in the cross-machine direction at On= 35 kPa: gtxd-15.
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APPENDIX D

LIS or EQUIPMENT SOURCES
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List of Equipment Sources

Adhesive/Sealant -- Dov;' Corning 3145 RTV (used to bond strain gages to geotextile)
Air pressure regulator ;- Fairchild | |
Automatic Binary Regﬁlator (ABR™) -- Parkér Pneumatic Products
Biaxial Geogrid -- Tensar BXI 100

Biaxial Woven Geotextile -- Amoco 2006

Double Reduction Worm Gear -- Hub City
Extensometers -- Celesco Transducer Products Inc;.

Five-ton, machine screw actuator -- Duff Norton

General-purpose Silicone Grease -- AGS |

High accuracy pressulre gag'e -- Omega Engineering Inc.

Loadcc?ll -- Sensotec Transducers and Instrumeﬁs
" Pneumatic Airbag (normal confinement) -- Aero Tech Laboratories Inc.
Pneumatic Ball Vib_raﬁor -- ISKCO, Ltd.
Pneumatic Cylinder -- Parker |

Scotch-Weld 2-part Epoxy/Adhesive #2216-- 3M (used to glue sample to sheet metal)

System Controls/Data Acquisition -- LabVIEW
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