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ABSTRACT

Geosynthetics are polymeric membranes used for structural reinforcement for
many geotechnical applications such as reinforced pavement. Geosynthetics have been
shown to increase the service life of roadways in a vaoéfigld tests. The knowledge
of gesynthetics and design methodologiesuld be improved with a better
understanding ajeosyntheticmaterial propertiesTo better understand how
geosynthetics perform in field loading situatiomgosynthetic tensileesiient material
propertiesare neededThe properties of geosynthetics of interest for this thesis are the
resiient tensiemo d ul us of elasticity and Poissonés
material directions.Modulus of elasticity has bedmaditionally calculated using wide
width uniaial tests,which is a poor representation of field loading conditons due to the
unrestrained sides of the material. Biaxial tension tests are a better representation of field
loading conditons and thus were implemented for determination of elastiamsnst
pertaining to different geosynthetic materials. Biaxial tension tests were performed on
cruciform shaped samples using a custom device buitt by the Western Transportation
Institute at Montana State University to test geosynthetic samples. A bisstiag te
procedure was created using conclusions from a uniaxial testing program implemented to
examine the resiient response of geosynthetics after being subjected to four types of
loading (cyclic stress relaxation, monotonic stress relaxation, cyclc areemonotonic
creep) over different durations of time. The conclusions of the uniaxial testing program,
the available literature and ASTM D7556 were synthesized to create a biaxial testing
procedure. Biaxial tension tests were performed in three modeadafy to simulate
loading conditons and loadingshere a geosynthetic experieacleading in both
directions simultaneously. The biaxial tension tests generated stress and strain data used
to calculate the elastic constants of six biaxial geogrids vamdvbven geotextiles. The
elastic constants were calculated using an orthotropic linear elastic constitutive model
with a least squares approximation. The elastic constants calculated for each geosynthetic
material were shown to represent the resiientataeh of geosynthetics in different field
loading situations with more realistic boundary conditons than previous uniaxial tests
used to characterize the resiient response of geosynthetics.
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CHAPTER ONE

INTRODUCTION

Background

Geosynthetics radefined by ASTM D4439=a

A planar product manufactured from polymeric material used with soill,

rock, earth, or other geotechnical engineering related material as an integral

part of humarmade project, struate, or system (ASTM2017).
Geosynthetics are currently used in many geotechnical applications for structural
reinforcement of soil. Common geosynthetic applications include retaining structures,
roads, constructed slopes and load transfer platforms. For roadways, geosynthetics are
placed at the bottom of or within the base course layer to provide reinforcement. This
reinforcement can alow less base course to be used and/or can extend the service life of
the roadway(Cuelho, 1998)

The performance ofapsynthetics used for struclirreinforcement of sois
dependenton tensie strength as well as other mechani§ik@erner, 2012)In roads as
well as other applications, geosynthetics are subjected to a biaxial mode of loading,
meaning the material experiences load simultaneoinshoth principal material
directions. In applications such as long retaining walls, the direction perpendicular to the
retaining wall face experiences loading, whie the orthogonal direction is a direction of

plane strain. Load stil develops in this diien due to the Poisson effect, which impacts

the stiffness and strength of the material in the direction being loaded.
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Geosynthetics in applications such as roadways, experience repetitive loading
over long durations of time that make the material @epee some combination of stress
relaxation and creep. The resiient response of the geosynthetic when loaded in tension

repetitively is of interest in these applications.

Previous Work on Geosynthetics

The tensile properties of geosynthetics havenqoily been studied using wide
width tensile tests and other types of uniaisEld devices Geotextiles have been tested
for quality control as well amaterial properties using the wisadth strip nethod
outined in ASTM D4595. Geogrids have been teste similar manner to determine
tensile properties with the MuRib Tensie Methodutined by ASTM D6637. Wide
width cyclic uniaxial tension tests have been performed in the past in order to simulate
loads experienced by geosynthetics in road appitat(Cuelho et a).2005) This test
was created to obtain more realistic geosynthetic material properties for pavement design
and is outined by ASTM D7556. These tests, as well as all types of uniaxial tests, are
lessrepresentative of field loading aditons because of the unrestrained sides of the
material. The results from uniaxial tests are often used simply as index tests because they
cannotaccuratelycharacterize how geosynthetics wil perform in field applications.

Some design methods for fieldpplications use loadtrain material
models for geosynthetics based on orthotropic linear elastc models. These
orthotropic linear elastic models and other more advanced orthotropic- elastic

plastic models have not been calibrated from appropriate teéeste involving
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controlled stress and strain boundaries. In order to calibrate these material models
with appropriate test data, an advanced testing device that can apply loads
simultaneously in two material directions is necessary. A biaxial testingedewi
this nature has been buit by the Western Transportation Institute at Montana State

University and was used for this research project.

Scope of Work

The goal of this research is to conduct biaxial tests in a manner that simulates a
resiient loadstrain response of geosynthetics that is representative of their response in
applications such as wheel loading in roads. Initially uniaxial wide width tensie tests
were performed on a woven geotextilend a geogrid to create a procedure for the
experimetal biaxial testing device. Biaxial tests were then conducted to determine elastic
constants for an orthotropic linear elastic constitutive model of these materials. The
material properties desireitom biaxial testsvere the modulus of elasticity in both

principal directions and the-m| ane Poissonés ratio.
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CHAPTER TWO

LITERATURE REVIEW

Introduction

Biaxial tests have been used for determining material response and properties on a
variety of materials in the past. Many structural membranes used for buiding materials
have been tested using biaxial samples and yielded useful results. For geosyrigetics,
fewer biaxial tests have been conducted and have yielded inconclusive resuls. In the
past, different types of uniaxial tests have been performed on geosynthetics because a less
complex testing device is necessary. Literature from uniaxial testirgeasynthetics

was examined as well for this literature review.

Uniaxial Testing of Geosynthetics

A variety of uniaxial testing procedures have been developed for both geogrids
andgedextiles for the application of structural reinforcement of soi. 8dests are
simply used as index tests while others are intended to provide insight into the
performance of the geosynthetic in field applications. Tensile tests on geosynthetics can
provide information such as the tensile stress vs. strain, utimategtisirestrain at faiure
and modulus of elasticityKoerner, 2012)Several testing staacts exist for determining
the inair material properties for geosynthetics including ASTM D1682, D751, D4632,
D4595, D6637 and D755@ oerner, 2012)For determinatiornof the modulus of

elasticity, it is desirable to use significantly wide samples to reduce the effects of necking
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that occurs in uniaxial tension tests. The use of wide samples in comparison to their
length reduces the Poisson effect (necking) of the saamglethus allows for more
realistic stress and strain measurements. This concept was used for testing geotextiles to
calculate modulus values because geotextiles (especially nonwovens) are susceptible to
necking.

Cuelho et al. (20059xamined the resiientesponse of geosynthetics subjected to
repetitive loading to simulate field loading conditions to which geosynthetics are
subjected in reinforced flexible pavements. Cyclc wide width tensile tests were
performed for this study on a variety of geotextisd geogrids. The objective of this
study was to document the modulus or stiffness of the material after the application of a
large number of cyclic loads and to examine how this modulus varies as the material is
cycled at progressively higher values @dd and strain. The resiient response of
geosynthetics was simulated by applying 1000 cycles of load at progressively larger
values of permanent straifrigure 1). The modulus at each permanent strain level was
calcubted using the slope of the last 10 cycEgue 2). The tests were performed under
displacement control such that load was cycled to protl0cE% strain centered around
the chosen value of permanent strain. Thige tgf loading caused stregsaxation during
cyclc loading and is ilustrated Rigure 1 for tests performed on a biaxial geogrid. The
modulus remained relatively constant as permanent strain increased for geogrids
(Geosynthetic BG onFigure 2) while the modulus increased as permanent strain

increased for geotextiles (GeosynthetieCAon Figure 2). Only cyclic stress relaxation
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tests were performed in this study. No cyclic creegts, monotonic stress relaxation tests

or monotonic creep tests were performed for this study.

12 4

Monotonic Test

10 4

Cyclic Test

Load (kN/m)
[y ]

I I L I ] I 0 1

0 0005 001 0015 002 0025 003 0035 004
Strain (m/m)

Figure 1 Cyclic and monotonic widevidth tension tests on biaxial geogrid, machine
direction (Cuelho et al2005)
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Figure 2 Cyclic tensile modulus versus permanent strain, machine direction (Cuelho et
al, 2005)

Biaxial Testing of Structural Membranes and Fabrics

Structural membrane materials generally considibefs made from a variety of
polymers ranging from natural fibers to polyethylene thatareen in two perpendicular
directions (Beccareli 2015). Fabrics used for structural membranes are similar in
material composition and manufactured structure to some wgeatexties, making
them of interest fothis literature review.The need for biaxial tests for structural
membranes dates back to the early 1900s when high strength textles were tested for use
in German dirigible airshipgHaas,Dietzius, 1913)In the 1950s, it was recognized by
several researchers that uniaxial tests were not sufficient for testing certain fabrics.

Checklandet al. (1958); Reichardiet al. (1953)andKlein (1959)performed biaxial tests



8
on fabrics to examine loastrain response. Thaleantages of using cruciform shaped
samples to minimize effects of material griping and yield a uniform stress field in the
interior portion of the sample was identified Kigin (1959) Biaxial testing for high
strength fabrics used in inflatable radanmés was examined B$rause and Bartolotta
(2001) Cruciform shaped specimens were tested using-plare biaxial load frame to
examine the highly nonlinear properties of these materials. A uniform strain field was

observed in the interior section of thiaxial sample Kigure 3)

Figure 3 Left: Biaxial Testing Device Used foFesting HighStrength Fabrics
Right: Strain Field from Equal Loading along both axes (Krause & Bartolotta, 2001)

The importance of fabric shape, load application, material gripping and strain
measuremet in biaxial tests was examined Byidgens and Gosling (2003} ruciform

samples were used to reduce distortion seen from tests on rectangular samples in earlier
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studies. A finite element program was used to analyze cruciform shaped samples with a

variadle number ofslits along the cruciform arm@igure 4).

Fy
(b)
] | 50mm
150mm
{C)
(a) 300mm
Fx « | ' - Fx
Double thickness
(d) | welded strip
Fy

Figure 4 Cruciform Shaped Biaxial Sample with Slts along Cruciform Arms
(Bridgens and Gosling, 2003)

The interior section of the cruciform was 300 mm by 300 mm. A uniform stress
field was observed in the center of the interior section, with effects from the grips

becoming noticeabl around 100 mm from the cent&igre 5).
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Direct stress (Nx, Ny), kN/m

S
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Figure 5 Stress Distribution in Interior Portion of Biaxial Sample
(Bridgens and Gosling, 2003)

The sample with no slits along the arms gave the least variation in stress across
the interior section. The model also showed a stress reduction occurring between the
stress applied at the grip and the stress in the interior of the sample. This redastion
less significant when the slits were placed in the arms of the cruciform shape. The model
showed arms with eleven slits had the lowest stress reduction Biadigens and Gosling
(2003)recommended using cruciform shaped biaxial samples with elaterast a
gauge length of 200 mm for samples with interior dimensions of 300 mm by 300 mm.

Despite the fact that membrane materials have been tested in biaxial devices for
decades, very few testing standards exist to outline testing procetheeAmerica
Society of Cvil Engineers (ASCE) and Structural Engineering Institute (SEI) created a
testing standard for tensie membrane structures in 2010 (ASCE/SH),2010. An

orthotropic linear elastic constitutive model is recommended for determiningagtie el
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constants of membrane materials from biaxial tension tests on cruciform shaped samples
(ASCE/SEI 5510, 2010). In order to solve for the elastic constants from measured stress
and strain data, the least squares method is recommended (ASCHSEI2630. The
Membrane Structures Association of Japan created a Testing Method for Elastic
Constants of Membrane MaterigMSAJ, 1995hat is referenced as an outline in many
biaxial testing studies that proceeded it. The testing standard outines exldtetsiing
procedure including testing device specifications, test specimen specifications, test
procedures and methods for calculating the elastic constants of materials tested. The
Japanese standard recommends a biaxial testing device that is capgipying loads
simultaneously in perpendicular directions such that the location of the center point of the
cruciform shaped specimen remains cons{@nsAJ, 1995) The recommend test
specimen size is outlined in

. The recommended distance between initial standard points for measurement of
displacement was betwe@&® and 80 mm or at least 10 crossing yarns for a range of

stran measurement of0 % to 20 %.
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The clamp interval @ 48 cm or more
The width of the arm : 16 cm or more
The length of the arm : 16 cm or more

S
:.CWJ

i

1 Width ofarm Length of arm
Clamp interval

Slis

4 Clamp posits

Clamp

q Wickh of arm ; Length ofarm

Figure 6 Biaxial Sample Dimension for Japanese Testing Standard (MSAJ, 1995)

The Japanese testing standard also specifies slits being cutaodferm arms
to minimize the load reduction that occurs between the grip where the load is applied and
the interior portion of the sample where displacement is measured. The applied loading
procedure for testing membranes in the Japanese standard is not apfidicabé
resiient response desired for the geosynthetics tested in this thesis but the same material
constants can be calculated from both testing procedures. From the measured loads and
displacements, stress and strain values for both material dieeci@used to calculate
elastic constants using a linear elastic orthotropic constitutive nivtEAJ, 1995) Two
methods for calculating the four elastic constants (Elastic modulus in masirérmtion

(MD) and crossmachine directon ( XMD) a n d rati® oelatng bD t© XMD and
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XMD to MD directions) are used in the Japanese testing standard. The first method is a
LeastSquares Method that can be used to minimize the stress or strain terms of
governing equations (s€ghapter Threef Thesis) using multiple load ratios. The other
suggested method is the Best Approximation Method or minimax method. Both methods
wil be discussed further in proceeding sections of this thesis. Multiple tests and load
ratios are needed to calculate #igstic constants since only three independent equations
are avaiable to calculate four unknowns for seéectedlinear elastic orthotropic model.

A number of testing programs and studies have been performed on structural
membranes in order to determitieeir elastic constants from biaxial laboratory testing.
The Japanese testing standard was referenced in a significant number of studies as an
outine for the testing procedure and a guide for calculating elastic con®adtgens
and Gosling (2010gxanined the Japanese testing standard in detail. In this paper,
different methods for calculating elastic constants from biaxial tests performed on a
Ferrari 1202 PVGolyester membrane were examined. The Japanese testing standard
outines a procedure with ftiple load ratios applied to the same material over the
course of one test. The load ratios are defined as the ratio of the load applied in each
perpendicular direction of a biaxial tension test. If equal load is applied in both directions,
the load ratios 1:1. In the Japanese testing standard, load ratios of 0:1 and 1.0 are
specified in the testing procedure. The Japanese testing standard recommends not using
data in the direction of zero load for calculation of elastic const&nitgens and
Gosling @010)examined differences in elastic constants when the data from these load

ratios was included. The Japanese testing
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ratio in both directions referred to as the reciprocal constraintz@ o 2z %).
Bridgens and Gosling (201@xamined the difference in elastic constants when this
equation was not used.

When coated woven fabrics used for structural membranes are subjected to high
loads over sustained periods of time, they develop some residual stram ateeg. In
the Japanese testing standard nothing is done to account for this residual strain in the
material soBridgens and Gosling (201@)so examined the effect of removing this strain
from their data. Significant variation in values of the elastinstants calculated was
observed between the different analysis approaches examinBddggns and Gosling

(2010) The results are shown Table 1.
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Table 1 Elastic nstants Using Different Calculation Methods
(Bridgens and Gosling2010)
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The variation in results highlights the complex behavior of structural membrane

fabrics and the possible owvemplification of representing this marwith the linear
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elastic orthotropic modeBridgens and Gosling (2018pncluded that use of the
reciprocal constraint had only a small effect on the calculated values for elastic constants
in comparison to the effect of removing residual strain. €neowval of residual strain
was discussed in more detail Byidgens and Gosling (2008eccarelli (2015) also
referenced the Japanese testing standard for calculating elastic constants from biaxial
tension testsCraenenbroeclet al. (2015)used the testin procedure outined in the
Japanese standard as well as variations of this procedure to calculate elastic constants for
structural membranes. It was found that when a loading protocol that mimicked field
loading conditons for membranes was used instdatiecstandard protocol, a variation
in elastic constants occurré@raenenbroeck et al., 2015)

The inplane biaxial tests on structural membranes provided useful information
regarding biaxial testing devices, biaxial sample size/setup and use obstilessain
data to calculate elastic constants with an orthotropic linear elastic constitutive model.
The specifics about loading procedure effects on elastic constants and membrane
behavior in general are slightly less applicable since a significarfiyedt testing

procedure was used on significantly different materials for this thesis.

Biaxial Testing of Geosynthetics

The three most notable biaxial tests on geosynthetics have been conducted by
Kupec and McGown (2004McGown et al.(2004)and Hangenet al.(2008) All three of

these studies were performed on biaxial geogrids.
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Kupec and McGown (2004)sed cruciform shaped samples of a biaxial geogrid

to conduct sustained loading tests in the testing device shokigure 7.

Figure 7 Biaxial Testing Device used for Sustained Loading Tests on Biaxial Geogrids
(Kupec & McGown, 2004)

Uniaxial sustained creep tests were also performed on the same material at the
same level of applied stress (30% and 50% of the nominal strength of the material). A
stiffer response was observed for materials tested biaxially in compaoisonaxially

(Figure 8).
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Figure 8 Results from Biaxial and Uniaxial Sustained Loading Tests
(Kupec & McGown,2004)

McGown et al. (2004gommented on the need for a more rigorous design
approach using laboratory data for soil reinforcement using geogrids. To better
understand the material response of geoghdisiGown et al. (2004¢onducted constant
rate of stain biaxial and uniaxial tests on biaxial geogrids over shorter durations of time
to examine any differences in stiffness. Biaxial tests were performed on cresliaped

specimens with slit cruciform arms as showrigure 9.
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Figure 9 Biaxial Geogrid Specimen for Biaxial Test (McGown et al.,, 2004)

Under a constant rate of deformation of 1 mmymin, a slightly stiffer response was
observedfor geogrids tested biaxially in comparison to uniaxialiiggre 10), (McGown
et al., 2004)The increased stiffness for biaxial tests in comparison to uniaxial vtest
much less significant for constant rate of strain tests than it was for sustained loading
tests.McGown et al. (2004attributed the increased stiffness of geogrids in biaxial
loading in comparision to uniaxial loading to the behavior of the julsctointhe geogrid.
McGown et al. (2004¢oncluded that fien junctions are subjected to biaxial load/strain
conditions they wil react with an increased stiffness compared to their reaction from
uniaxial loal/strain conditons because the junctican® requied to strain simultaneously

in two directions.
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Figure 10 Biaxial and Uniaxial Constant Rate of Strain Tests on a Biaxial Geogrid
(McGown et al., 2004)

Hangen et al. (2008xamined the importance of several factors in biaxial tests.
The loading and clamping arrangement of biaxial samples was investigated, as well as the
sample size and shape. It was concluded that samples should be tested in the shape of a
cruciform with tlke center point of the sample staying stationary. This is accomplished by
applying equal displacements in all four directions. To eliminate effects of clamping, the
length of the cruciform arms need to be sufficiently long with the alosstion ribs
beirg snipped(Hangen et al., 2008Hangen et al. (2008nmicked the testing
procedures used bgupec and McGown (20048nd McGown et al. (2004jor constant
rate of strain tests and sustained loading tests on the same biaxial geogrids and did not
observe th increased stiffness reported by the previous stutiaegen et al. (2008)
concluded that the increased stiffness reported previously was likely due to loading and

clamping errors and not a result of biaxial loading conditions. The conflicting results
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reported by Hangen (2008) aidicGown et al. (2004and Kupec and McGown (2004)

highlight the need for additional biaxial testing.

Svynthesis of Literature Review

The lterature examined for this thesis was helpful for the process of creating a
biaxial tesing procedure for geosynthetics that could be used to simulate a resilient
response of geosynthetics subjected to relatively low biaxial loads. The procedure for
Determining SmalStrain Tensie Properties of Geogrids and Geotextiles 48yrin
Cyclic Tendon Tests (ASTM D7556) was most applicable for the desired resiient
response of geosynthetics. A form of this procedure was adopted using other information
regarding biaxial testing devices, sample specifications and calculation of elastic
constants for laxial samples of geosynthetics usingplane biaxial tension tests.

Limitations of the biaxial testing device available for this thesis also were examined and
modifications were made tbe testing procedure and data analysis to best utlize the

testing equipment and data collection systems available.
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CHAPTER THREE

THEORY

Constitutive Equations

An orthotropic linear elastic model was used to describe the behavior of geosynthetics
subjected to biaxial tension tests. For the entirety oftliaisis stress wil be expressed as
force per length as dividing by the thickness of the geosynthetic to get the true units of
stress is not commonly done for geosynthetics. The inputs for the constitutive equations
are the stress and strain measuredoit Iprinciple directions of the material. The
constitutive equations are used to calculate four elastic constants for the material. The
elastt constants calculated are the modulus ladtieity in both magrial directions and
P o i s satonmbeth mataal directions. Only three of the elastic constants are
independent when the reciprocal constraint is appled (EquénThe orthotropic
inear elastic constants were calculated using the general relationship between stress and
strain shown in Equatioiil). For biaxal loading, the general form of the equation can be
reduced to Equatiori2) because the material is in a state of plane stress. A further
simplification resulting in Equatior§3) can be made assuming biaxial samples are in a
state of pure tension. EquatidB) was used for calculation of the three independent
elastic constants for geosynthetics. The tlimdependentelastic constants that were
solved for are the modulus of elasticity bioth directons (Eand ) and Poi ssonds

(¢ ). These elastic constants appear in terms in the stifness matrix, which are defined in
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Equations (4), (5), (6) and (7). Poissonbs ratios for orthotrc

Equation (9) and constrained via Equatidh
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The orthotropic stresstrain relationship results in Equatiof$l) and(12). These

equations are derived simply from converting the matrix form of EquéByto

algebraic form. These two equations contain three independent unknow®, (k2)30

they cannot be directly solved. Instead numerical methods must be introduced in order to
determine fAbest fito values for t(hlgae t hr e

(12). Biaxial test data provides the stress and strain inputs for Equétidpand (12).

(11) A R R

(12) A R R
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Numerical Methods

The constitutive equations used to solve for the elastic constants mesult
system of equations that is indeterminate for a single biaxial test since only Equations
(11) and(12) are available for solving three independent elastic constamtsolve for
the elastic constants, additional tests must be conducted at varied load ratios. This allows
additional equations to be generated in the form of equaibhisand (12) with different
values for stress and strain inp@dSAJ, 1995) Once additional load ratios are used,
numerical methodscanbe implemented to determine what set of elastic constants best
fits the measured stress and strain responses for multiple load ratios. The most common
approach for solving this system of equations is a least squares approximation. The least
squares approach is outined in the Japanese testing standard and has been implemented
for numerous studies using biaxial tension tests to calculate elastic constants for
membrane materials.

The least squares method was examined in a more general foromatfirim the
method outined in the Japandsesting sandard was applicable. The least squares
technique is useful when there is a posttive correlation between x and y that cannot
accurately be predicted by polynomial interpolation or other approximagiomigues
(Chapra,Canale, 1998)In the case of biaxial tension tests, there is a positive relationship
between measured stress and strain values that can be related by the elastic constants in
the orthotropic linear elastic model. A least squares ragresses an approximating
function that does not necessarily pass through all data points but generally predicts the

trend of the datéChapra,Canale, 1998)In order to provide a unique approximation that
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Abesto fits the gi vesomofittetsquares af theniesidualsiisz at i o n

used as shown in Equatigd3) (Chapra,Canale, 1998)

(13) 3 B U Uk

A general least squaresmpach for a given data set tries to approximate the data using
an approximating function in the form of Equati¢h4). The approximating functiorior
general leas squares is required to havimear dependence on its parameters &g an)
(Chapra,Canale, 1998)The least squares approximating function (Equatibf)
approximates function values (y) using the parametersa{@ , nqand basis functions
(z1, 2, € m),2where the parameters are the unknowns and the basis functions are a
function of the x alues.
' EORA QAL AIEOpB A

(14) | DPDOT QOEd QIOAgEAI AU AU E AU
As mentioned previously, the goal of the approximating function is to minimize the error
(residuals) between the data values for y and the approximated values or f (x) Talues

minimize the residuals, a function is defined as follo{@hapra,Canale, 1998)
(15 3% Bi, U A% °

To solve for the parameters in the approximating function afand a) the partial

derivatives of Swith respect toa @ and a are set equal to me (Chapra,Canale, 1998)

(16) o T T

™o T

The general least squares approach can be applied to stress and strain data from biaxial

tension tests to solve for the elastic constants in an orthotropic linear elastic constitutive
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model. The least sques approach can be used to minimize the residuals in the stress
term or in the strain term for a given data set from biaxial tension tests. The method to
minimize the stress termas shown in the Japanese Testing StandaesEquations (11)
and(12), which arerewritten usig equations(4) -(7) to be in a linearform as required
for general least squares. The stress term for each diredtibfi ( arewritten as a
function of the strain termk (PR and parameters#( # H in the same format as
Equation (14).

(17) Ko #o R Ho &

(18) Ko #o R #o R

The following equations written in the form of Equatior(15) (MSAJ, 1995)using the
measured values of stress and strain from a biaxial test

(29) 3 B#RrR # R K # R # R KA

The partial derivatives of S with respect to the parameters in the approximating function

(# h# M areset equal to zeraccording toEquation (16) (MSAJ, 1995)

(20) = B B g

A matrix is setup to solve for the three constarits ¢ ¥ by taking the partial

derivatives shown above as equal to zand is shown in Equation 21.
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The summation terms of stress and strain are calculated using the measured values of
stress and strain from the biaxial tension tests for which the elastic constants are desired.
The elastic constants are calculated using Equafié)45) and(6) or (7) since there are
only three independent elastic constants and three equalibbaselastic constants from a

least squares stress minimization can be calculated as:

#S
(22) % Ho B

PP

(23) G — P —

@ oy 2%

p
#c g

(25) o 4 —

The same process can be utilized to minimize the strain terms to solve for the elastic
constants and is outlined in the Japanese Testing Standard. Rearranging E¢L&Yions
and(12) leads to Equation26) and (27).

(26) R — —d
(27) R — —d
If constants k1, B2, Ei2 and Eiare defined slightly differently tha@ii, Cooard Ci2

previously used for thestress minimizatiorapproachthe same least squameethod can

beused(MSAJ, 1995)

(28) % —

(29) % —
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(30) % —=% —_
(31) 3 B %A % A R % A % A R
(32) B B B 4
o o ™M

It should be noted that a typo was made in the strain minimization equation shown in the
Japanese testing standanad has been corrected for this thesis in Equafdh). It is also
noteworthy thaBridgens and Gosling (2016ad an error in the strain minimization
equation show in their appendix. Equatioii32) allows the elastic constants to be solved
for in the same manner as Equati0)did for the stress minimization approach.

The general least squares approach described thus far in this section requires a
inear relationship between the parameters Bz, Ei2, C11, C22, Ci2and the
approximating function. This requirement was met for both the stress and strain
minimization approaches, meaning the methodology used is justified. The parameters
solved from the least squares approaah, (B2, Ei2, or Gi1, Cz2, Ci2) then allowe for
the elastic constants to be solved based upon how the parameters were defined. For the
stress minimization approach, an additonal least squares approach was used to ensure the
validity of the approaches discussed thus far. Instead of using Equéitioyand (18), to
define the stresetms, Equationg11l)and (12)were usedor a stress minimization. By
doing this the parameters that were adjusted to minimize the error between the
approximating function and the data were simply the elastic constantt,(E2). By
doing this the approximating function was no longer rdlditearly to the parameters.
This meant that a more complex nonlinear least squares approach had to be used to solve

for the elastic constants. This approach resulted in the same values for elastic constants as
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the linear least squares approach for angslata set of stress and strain values. The
nonlinear approach is shown in Appendix A.

Several other methods for calculating the elastic constants from biaxial tension
tests are presented MSAJ (1995)and Bridgens and Gosling (2004yhe Japanese
testig standard also mentions the best approximation or minimax method for calculating
elastic constants. The elastic constants calculated using this method showed no notable
difference between the least squares techni@dB8AJ, 1995) The best approximation
method was much more difficult to understand and apply and was not used in any
literature encountered for biaxial tension tests. For these reasons, this method was not
implemented for thigesearch The third method presented in the Japanese testing
standardis a multistep linear approximation of material constants on the nonlinear
extension curves. This method is recommended for use whemdtasion curves are
clearly not well represented by a linear line. For this thesis, the stress and strain data used
was over small regions of strain such that leaténsion curves were well represented
with linear lines, meaning this approach was not necesBaidgens and Gosling (2004)
andBridgens and Gosling (2018xamine some modifications to the Japanesengesti
standard methods for calculating elastic constants for membrane materials. These
modifications are discussed in the literature review section of this thesis and are not
applicable for the analysis of geosynthetics in this thesis.

The solver in MicrosoftExcel was also experimented with for calculating the
elastic constants. The solver used in Microsoft Excel uses theakstk Reduced

Gradient (GRG) noniinearigmrithm. Inttially this approach was desired because of its
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simplicity and abilty to produe a unique value for elastic constants using only one value
of stress and strain in each material direction. After further analysis of this approach, it
was seen to be inadequate because of the strong dependence on intial guess values used
for elastic costants. The solver wil converge on a possible combination of elastic
constants near the guessed values that satisfy Equations 11 and 12 with some amount of
error. This solution for the elluiostForc const
thesereasons, the leastjgares approaches were used for solving for the elastic constants

of geosynthetics from biaxial tension tests.
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CHAPTER FOUR

TESTING PROCEDURE BVELOPMENT

Testing Procedur@®bjective

The goal of this research project was to quantitatively describenghbanical
resiient behavior of geosynthetics subjected to repetitive loading in multiple digctio
that simulate field loading conditionsin applications such as reinforced pavemeht
repetitive loading applications such as roads, it is expected that geosynthetics experience
both cyclic creep and cyclic stress relaxation. In ASTM D7556, only cyclic stress
relaxation is used to create a resiient response in geosynthetics. It wsehiged that
the resilent responsseenatfter cyclic loading could also be achieved from sustained
monotonic loading. It was thought that if a material was held at a constant value of strain
and the load was allowed telax as it does in cyclic stresslaxation, that this would
create the same resiient response. It was also hypothesized that subjecting a material to
stress relaxation afar creep would both simulate the saresiient response. The time
necessary for a gemgyntlhelbhawi otro waxshidligo fAof
developing a biaxial tension test procedure for geosynthetics that simulates a resilient
response.

Intially, it was desired to use the biaxial device to examine resiient response
under the types of loads discussaubve. The abiity to control load and strain with the
biaxial testing device was insufficient to carry out precise and repeatable cyclidt tests.

was also discovered that the interior portion of the biaxial sample experienced a
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combination of mostly stes relaxaton with some creep when it was held at a constant
displacement. It was not possible to limit the loading to only stress relaxation or only
creep.Due totheselimitations with thebiaxial testing device avaiable for this project,
uniaxial widewidth tension tests were performed to examine differences in material
resiient response from four types of loadingamely cyclic stress relaxation, monotonic

stress relaxation, cyclic stress creep and monotonic stress creep.

Uniaxial Testing Overview

Uniaxial wide width tensile tests were performed using several modes of loading
to establish a testing procedure using the biaxial de¢i@u have probably noticed that
| have changed a lot of sentences like this where you start the sentence witboare put
pause with a comma, then describe how you got to the outcome. | prefer to write the
sentence in the order of the events that took place. |1 do not know if one is more correct
than the otherl think that the sequential approach is more technicallgncénd to the
point.) The goal of the uniaxial testing program was to examine differences in material
response when a material was allowed to relax or creep by being subjected to cyclic
loading or monotonic loading. The conclusions of the uniaxial tests eviical for
showing that the biaxial testing device was capable of producing data that was
representative of field loading conditons and could be used for determining elastic
constants. Wide width tensile tests were performaeidg four different metids Tests
were performed asyclic stress relaxation tests, cyclic creep, monototress relaxation

and monotonic reep tests. These four types of tests were performed using ASTM D7556
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as a guideline when applicabléhe widths and gauge lengths used for the uniaxial wide
width tests on both the woven geotextile and biaxial geogrid were approximately 200
milimeters The time necessary for the material to rela®prevas also examined using

wide-width tensie tests.

Uniaxial Testing Device

The uniaxial wide width tensile tests were performed using a-$gdmulic load
frame (made by MTS Systems Corporation) controlled royaS control unit shown in
Figuell The materi al w a sGripg, rwhighpae desigped Cur t i s A
specifically for griping geosynthetics in tension and are showFigure 12. The
programmable control unit and load frame had internal linearly varying differential
transducers (LVDTs) and load cells that were used to calcllatband displacement

The programmable control unit for this device allows very preciseedwes to be
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followed accurately such as the procedure outined by ASTM D7556. The programmable

control unit allows cyclic loads to be applied precisely in a repeatable manner.

Figure 11 Uniaxial Testing Device
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Figure 12 Curtis GeeGrips Used for Wide Width Tensie Tests

Stress Relaxation

Monotonic stress relaxation occurs in a geosynthetic material when it is held at a
fixed value of strain and stress in the material is allowed to dissipate or relax. Stress

relaxation occurring in a material subjected to cyclic loading centered aroumgtanto
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value of strain is referred to as cyclic stress relaxation. Cyclic stress relaxation test
procedures and methodology used for determination of resiient modulus values are
outined in ASTM D7556. No testing standards exist for sustained loadirgy atest
monotonic stress relaxation tests used for determination of resiient modulus. It was
hypothesized that monotonic stress relaxation tests and cyclic stress relaxation tests
would result in similar values of resiient modulus. This hypothesis was tested in a
laboratory setting thus it was examined for tlisearch

Cyclic stress relaxation tests were performed on a biaxial geogrid\aoden
geotextile according to the procedure in ASTM D7588s procedure involved loading
the material monotasally to 0.5 % strain, then applying 1000 cycles of load
corresponding te0.1 %strain. The material was next loaded monotonically to 1.0 %
strain then subjected to the same load cycles as at the previous level of permanent strain.
This process was reped for permanent strain levels of 1.5, 2.0, 3.0 and 4.0 % strain.

Monotonic stress relaxation tests were performed on the same biaxial geogrid and
woven geotextile as cyclic stress relaxation tests. The procedure outined above in ASTM
D7556 was adoptefir monotonic stress relaxation tests except instead of applying 1000
cycles at each value of permanent strain, the strain was held constant for a predetermined

amount of time.

Creep under Sustained Load

Creep occurs in a geosynthetic material whes subjected to a constant stress.

As with stress relaxation, creep can be achieved by applying cyclc and monotonic loads.
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The resilent modulus in geosynthetics subjected to monotonic or cyclic creep has not
been studied previously and thus was alsongwal in a laboratory setting for this thesis.
Due to time constraints, the majority of uniaxial wide width tensile tests were performed
as stress relaxation tests. The results from creep tests were slightly less important because
of the small amount thaiccurs in the biaxial testing devieescompared to stress
relaxation. It was also difficult to determine a procedure that would allow results to be
directly compared to stress relaxation data. This problem was especially pronounced for
cyclic creep testbecause there is no guideline for what load should be cycled. Time
constraints on the project also limited the amount of creep tests that were performed.

Creep tests were performed using a procedure that was intended to match as
closely as possible the medure used for stress relaxation tests. The material was
intially loaded monotonically to a permanent strain value of 0.5 % then allowed to creep
(etther monotonically or by the application of load cycles). This process was continued
for permanent straifimits of 1.0, 1.5, 2.0, 3.0 and 4.0 % strain. The issue encountered in
this procedure was that the programmable uniaxial testing device procedures must either
be displacement or load controlled for the entirety of a procedure. Precise permanent
strain Imits were desired for comparison to stress relaxation tests, but since load must be
held constant for creep tests, this presented some procedural difficulties. This along with
the desire to examine the effects of the length of time a material is allovezdefwor
relax led to the development of a slightly different procedure for creep tests. The
procedure that folowed was to conduct creep tests starting at a single value of 4.0 %

permanent strainThe material was loaded to this value of permanent stmadhallowed
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to creep for a period of 24 hours. Single cycles of load were applied at various times

throughout the 24hour period so that a resiient modulus versus time relationship could

be developed.

Effect of Stress Relaxation and Creep Duration

The effect of theduration oftime a geosynthetic was allowed to creep or relax on
the resiient modulus was of interest for developing a biaxial testing procedure. To
examine this effect, single stage (intially loaded monotonically to a permanent strain of
4.0 %) 24hour tests were performed as described in the creep section. Stress relaxation
tests were performed in a similar manner, where the material was loaded monotonically
to a permanent strain value of 4.0 % then stress relaxation was induced eiibalycy
or monotonically. The results of all uniaxial testing are presented in Chapter 5 of this
thesis. A summary of all uniaxial wide width tensie tests performed is shown below in

Table 2.
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Table 2 Summary of Uniaxial Testing

Test Type

Permanent Strain

Values (%)

Time @ Each Level of

Permanent Strain

Materials Tested

(Number of Trials)

Cyclic Stress 0.5,1.0, 1.5, 2.0, | 16.67 Minutes Biaxial Geogrid (4),
Relaxation 3.0,4.0 Woven Geotextile (3)
Cyclic Stress 4.0 24 Hours Biaxial Geogrid (1),
Relaxation Woven Geotextile (1),
Monotonic Stress | 0.5, 1.0, 1.5, 2.0, | 10 Minutes Biaxial Geogrid (3),
Relaxation 3.0,4.0 Woven Geotextile (6),
Monotonic Stress | 0.5, 1.0, 1.5, 2.0, | 20 Minutes Biaxial Geogrid (1),
Relaxation 3.0,4.0 Woven Geotextile (1),
Monotonic Stress | 4.0 60 Minutes Biaxial Geogrid (1),
Relaxation Woven Geotextile (1),
Monotonic Stess | 4.0 24 Hours Biaxial Geogrid (1),
Relaxation Woven Geotextile (1),
Cyclic Creep 4.0 24 Hours Biaxial Geogrid (1),
Woven Geotextile (1),
Monotonic Creep | 0.5, 1.0, 1.5, 2.0, | 10 Minutes Woven Geotextile (1)
3.0,4.0
Monotonic Creep | 4.0 60 Minutes Biaxial Geogrid (1),
Woven Geotextile (1),
Monotonic Creep | 4.0 24 Hours Biaxial Geogrid (1),

Woven Geotextile (2),
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CHAPTER FIVE

UNIAXIAL TESTING RESULTS AND INTERPRETATION

Uniaxial Testing Results

As discussed in Chapter Four, uniaxial tests (wide width tensie tests) were
performed on a biaxial geogrid and a woven geotextile in their -cnaskine direction.
Uniaxial tests were performed using multiple procedures for examination of different
effecs as described in Chapter Four and summarizetalie 2. The raw data obtained
from uniaxial tests was displacement and Jogkich were used to calculate straind
line load (stress) from the dimensions of the spewi tested. The stress vs. strain data
was used to calculate a modulus for a given level of permanent strain as the intial slope
of the stress vs. strain plot after stress relaxation or creep. The uniaxial modulus values at
a certain level of permanentrah could then be compared from different types of

loading to examine any differences.

Cyclic Stress Relaxation

Cyclic stress relaxation tests were performed according to ASTM D7556 as
described in Chapter Four. The cycles were performed at a rateeofz such that the
total cycle time for 1000 cycles at a given level of permanent strain was 16.67 minutes.
The load that was cycled corresponded to £0.1 % strain. The results for a biaxial geogrid

and woven geotextile are shown belowFigure 13 andFigure 14.
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Figure 13 Cyclic Stress Relaxation Test on a Biaxial Geogrid
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Figure 14 Cyclic Stress Relaxation Test on Woven Geotextile
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From the cyat stress relaxation tests a modulus value was calculated at each
level of permanent strain. There are several methods available for calculating a modulus
value from cyclic stress relaxation tests. Al methods involve taking the slope of the line
load (stess) vs. strain plot at each level of permanent strain after relaxation. According to
ASTM D7556, the modulus should be calculated as a cyclic modulus, which is obtained
from the last ten cycles of each of the six cyclic load steps. The cyclic moduluanuses
equivalent force per unit widtlwhich is calculated as the maximum force in a cycle
minus the minimum force in a cycle divided by width of the tested specimen. The width
of the geogrids is not simply measured but is taken as the number of tenséatslger
unit width divided by the number of tensie elements being tg§tgdre 15).

11.2 Caleulale the equivalent foree per unil width expressed

in N/m (Ibfin.} of width:
11.2.1 Test Methods A and B—Use Hq 2:

a, = [(Py— P )IN] %N, (23
where:
iy = equivalent force per unit width, N/m (1bifin.),
f{, ohserved maximum force Tor the cycle, N (1bf]),
P, = minimum tensile load at the end of the cyele, N {1bl),
N, = number of tensile elements being tested, and
N, number ol lensile elements per unil width, equal 1o

NAB (see 11.2.2).

Figure 15 Equivalent Force per unit Width EquatiddSTM 2016)

The number of tensie elements per unit width is determined by examining full
width rols of the specified geogrid (ASTN016). For geotextilesthe width of the
tested specimen can simply be measured.

A modulus from widewidth cyclic stress relaxation tension tests can also be

calculated using the intial portion of the permanent loading line after cycles have been
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appled. The modulus from the inttial portion of the permanent loading can be calculated
as a secant modulusr using a linear approximation (best fit linear trendline). The secant
modulus and linear trendine modulus are calculated using the inttial 0.2% strain of the
permanent loading strestrain curve. The secant modulus was calculated using an
average of¥ie points at the beginning and end of the 0.2% strain interval. The initial
reloading of geosynthetics after stress relaxation exhibits linear behavior, thus the three
methods mentioned for calculating the slope of the linear (modulus) should be equivalent
The only reason for any differences would arise from the cyclic modulus being calculated
as the average slope of 10 cycles, whie the secant and linear approximation are only
from the single permanent loading curve. Slight differences in value coulérasofrom
the material response not being perfectly linear or erroneous data points. Since the
modulus values from cyclic relaxation twstre meant to be comparable to modulus
values from monotonic tests, the modulus was only calculated using thepiotimn of
the permanent loading curve at each level of permanent strain after stress relaxation. The
modulus was calculated at each level of permanent strain after relaxation for all cyclic
stress relaxation trials from the intial 0.2 % strain of tekem@nent loading curve. The
modulus at each level of permanent strain for each trial is summariZéable 3and
Table 4with an associated average, standard deviation and coefficient of variability for
both the biaxial geogrid and woven geotextile. The standard deviation and auefitie
variability was calculated for tests that had multiple trials performed so that inherent

variability of identical tests could be compared to the variability between dissimilar tests
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later in the Analysis of Uniaxial Testing Section. Trial 2 frdiable 3 was omitted

because of errors in the testing procedure.

The average modulus value at each level of permanent strain is shéwgoré

16 andFigure 17 for the biaxial geogrid and woven gexitie. All of the modulus values

for the biaxial geogrid remain relatively constant as permanent strain inGredses is

consistent with whaCuelho et al. (20059bserved. On the contrary, modulus values for

the woven geotextile increase as permangnatinsincreases for all types of loading

examined which is also consistent with wh&tuelho et al. (2005)bserved.

Table 3 Cyclic Stress Relaxation TeResults fromBiaxial Geogrid

Strain Modulus (KN/m) Average Coefficient
. . . . Modulus Sta'f‘df”“d of
Trial 1 | Trial 3| Trial 4 | Trial 5 (kN/m) Deviation Variabilty
0.5%]| 905 889 875 888 889 10.6 1.20 %
1.0%| 873 828 843 849 848 16.2 1.91 %
1.5%| 849 811 829 833 831 13.6 1.64 %
2.0%| 850 816 836 840 836 12.5 1.49 %
3.0%| 890 876 880 873 880 6.6 0.75 %
4.0 % - - - - - - -
Average Coefficient of Variability 1.40 %
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Table 4 Cyclic Stress Relaxation TeResults fromWoven Geotextile

Strain Modulus (kN/m) Average Standard Coefficient
Trial 1| Trial 2| Trial 3| MOUUMS | peviagion| |, Of
ra ra ra (KN/m) Variability

0.5% | 1213 | 1170 | 1125 1170 36.0 3.08%

1.0% | 1852 | 1799 | 1809 1820 22.9 1.26%

1.5% | 2214 | 2166 | 2216 2199 23.2 1.05%

2.0% | 2294 | 2238 | 2284 2272 24.5 1.08%

3.0% | 2418 | 2390 | 2405 2404 11.6 0.48%

4.0% | 2446 | 2385 | 2398 2410 26.4 1.10%

Average Coefficient of Variability 1.34 %
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Figure 16 Modulus vs. Strain for Cyclic Stress Relaxation Tests on a Biaxial Geogrid
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Figure 17 Modulus vs. Strairfor Cyclic Stress Relaxation Tests on a Woven Geotextile

Cyclic stress relaxation tests were also performed overl@@4period starting at
a permanent strain of 4.0%. Tests were performed in this manner to further examine the
time necessary tosimdat a Ar esil i ent responseo. The
relaxation times was examined over aldr period to determine an adequate time of
relaxation. For 24 hour tests, the material was inttially loaded monotonically to 4.0 %
strain. This levelof permanent strain was the highest value examineall uniaxial tests
and thus was used to examine the effect of cycle/hold time on modulus \Ziindes:
24-hour tests were also performed as monotonic relaxation, monotonic relaxation and
cyclic creepThe 24 hour cyclic stress relaxatioasults fromtests performed on a biaxial

geogrid and woven geotextile are showrFigure 18 and Figure 19, respectively.

r
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Figure 18 Cyclic Stress Relaxation 24 hr. Té&sults fromBiaxial Geogrid
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Figure 19 Cyclic Stress Relaxation 24 hr. Té&sults fromWoven Geotextie
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Modulus was calculated using the slope of a cycle at various times along the 24

hour interval. andis plotted inFigure 20 and Figure 21 for the biaxial geogrid and woven

geotextile respectively.
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Figure 20 Modulus at 4.0 % Strain for 2dour Cyclic Stress Relaxation Td¢sults
from Biaxial Geogrid
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Figure 21 Modulus at 4.0 % Strain for 2dour Cyclic Stress Relaxation Td®gsults
from Woven Geotextile

The modulus values after 24 hours of cyclic stress relaxation are shown bélabidrb.

Table 5 Results fromCyclic StressRelaxation Testsat 4.0 % Strain after 24 Hours

Strain | Time Modulus (kKN/m)
Biaxial Woven
0,
(%) | (Hours) Geogrid Geotextile
4.0% 24 889 2556

Monotonic Stress Relaxation

Monotonic stress relaxation tests were performed using the same methodology as
the cyclic stress relaxation tests except that at each level of permanent strain the material

was held at a constant strain and the load was allowed to dissipate as skagurei22
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andFigure 23 for the biaxial geogrid and woven geotextile respectively. Monotonic stress
relaxation tests were performed on the same biaxial geogrid and woven geosynthetic as
the cyclic stress relaxation tests. Multiple trials were performed using a hold time of 10

minutes at each level of permanent strain.
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Figure 22 Monotonic Stress Relaxation (@flinute hold time) TesResults fromBiaxial
Geogrid
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Figure 23 Monotonic Stress Relaxation Test {frihute holdtime) Results from\Woven

Geotextile

The modulus at each level of permanent strain for each trial was calculated for

both the biaxial geogrid and woven geotextile and is showviralite 6 and Table 7. The

coefficient of variability was again calculated to get an idea of the inherent variability for

idenical trials. Trial 2 fromTable 7 was omitted because it was deterghin® be an

outlier.
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Table 6 Monotonic Stresfelaxation Test Results froBiaxial Geogrid

Strain Modulus (KN/m) Av%ralge Standard| Coeficient of
Trial 1 | Trial 2 | Trial 3 '\(/IKON /l#];s Deviation Variability
0.5% | 843 847 842 844 2.1 0.25%
1.0% | 822 809 813 815 5.3 0.65%
1.5% | 800 801 820 807 9.0 1.11%
2.0% | 785 797 812 798 111 1.39%
3.0% | 795 819 794 803 11.8 1.47%
4.0% | 828 814 821 821 55 0.67%
Average Coefficient of Variability 0.92 %

Table 7 Monotonic Stress Relaxation Test Results fdfoven Geotextile

Strain Modulus (kKN/m) Average Standard Coefficient
Trial 1| Trial 3 | Trial 4 | Trial 5 | Trial 6 Modulus Deviation .Of "

(KN/m) Variability
0.5% | 1090 | 1007 | 1281 | 1319 | 1188 1177 116.4 9.89%
1.0% | 1749 | 1676 | 1934 | 1865 | 1867 1818 92.7 5.10%
1.5% | 2012 | 2029 | 2060 | 2049 | 2089 2048 26.6 1.30%
2.0% | 2114 | 2083 | 2132 | 2151 | 2155 2127 26.3 1.24%
3.0% | 2221 | 2208 | 2246 | 2242 | 2216 2227 14.8 0.66%
4.0% | 2229 | 2209 | 2357 | 2299 | 2274 2274 52.6 2.31%
Average Coefficient of Variability 3.42 %

Additionally, one trial for both materials was performed using -ariZite hold

time for each level of permanent strain to examine the effect of relaxation time on

modulus. These trials are shownFigure 24 and Figure 25 for the biaxial geogrid and

woven geotextile respectively. The modulus athdaeel of permanent strain is shown

for monotonic stress relaxation tests with hold times of both 10 and 20 minutéigue

26 and Figure 27 for the biaxial geogrid and woven geotextilespectively. The modulus

plotted for 1@minute hold times is an average frarable 7.
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Figure 25 Monotonic Stress Relaxation Test {Bhute hold time)Results from\Woven
Geotextile



54

1000 T

900 T 4
; 4
00 f—— B M g &

700 +

B
.
-
i
b

600 +

B8 10 Min. Hold
# 20 Min. Hold

s00 f

Modulus (kN/m)

400 +

300 +

0.0 1.0 4.0 3.0

2.0 3.0
Strain (%)

Figure 26 Average Modulus from Monotonic Stress Relaxation Results fromBiaxial

Geogrid
2500 L
I ¥}
i [
2000 b
E _ ]
:é 1500
z i 10 Min. Hold
= [ # 20 Min. Hold
= 1000
=
00
0
0.0 1.0 2.0 3.0 4.0 5.0
Strain (%)

Figure 27 Average Modulus from Monotoic Stress Relaxation Test Results frévioven
Geotextile



55
A 24 hour monotonic stress relaxation test was performed on both materials by
loading the material to a permanent strain of 4.0 % then allowing the material to relax for
24 hoursas shown irFigure 28 and Figure 29 for the biaxial geogrid and woven

geotextile respectively.
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Figure 28 Monotonic Stress Relaxation 24 hr. T&&sults fromBiaxial Geogrid
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Figure 29 Monotonic Stress Relaxation 24 hr. T&&sults fromWoven Geotextile

The modulus for 24our monotonic stress relaxation tests is shown below in

Table 8.

Table 8 Monotonic Stress Relaxatiofiest Resultsat 4.0 % Strain after 24 Hours

Strain | Time Modulus (kN/m)
Biaxial Woven
0
(%) | (Hours) Geogrid Geotextile
4.0% 24 863 2504

One additional monotonic stress relaxation test was performed to further examine
the effect of time on the resiient modulus value. This test was performed similar to the
24-hour tests except that a single cycle was applied at various times over theoperiod

one hour such that modulus could be calculated. This dfjpestwas performed on the
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biaxial geogrid and woven geotextile and is showfigure 30 and Figure 31

respectively.
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Figure 30 Monotonic Relaxationl hr. TestResults fromBiaxial Geogrid
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Figure 31 Monotonic Relaxation 1 hiTestResults romWoven Geotextile

The modulus calculated at different times is showmaihle 9 and Figure 32 and

Figure 33 for the biaxal geogrid and woven geotextile respectively.

Table 9 Monotonic Stress Relaxatiofiest Results a¢.0 % Strain

Strain Time Modulus (KN/m)

(%) | (Minutes) C?(Ieac;(;ild Gootoie
4.00% 1 852 2240
4.00% 10 894 2408
4.00% | 16.67 916 2421
4.00% 20 913 2430
4.00% 30 915 2452
4.00% 40 905 2450
4.00% 50 910 2462
4.00% 60 909 2472
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Cyclic Creep

Cyclic creep tests were examined slightly differently than cyclic and monotonic
stress relaxation for reasons oetiinin Chapter Four of this thesis. This test was
performed on the same biaxial geogrid and woven geosynthetic dhatested using
cyclic and monotonic stress relaxation tests. The cyclic destp were not performed
using sixlevels of permanent straiinstead they were performed by intially loading the
material monotonically to 4.0% strain then alowing the material to creep for 24 hours as
seen inFigure 34 and Figure 35for the biaxial geogrid and woven geotextile

respectively.
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Figure 34 Cyclic Creep 24 hr. TedResults fromBiaxial Geogrid



61

60

50

40

_
g

)

=

=

§30 //
=

=

=)

g 20 /

(=N

,: /

[+

[=]

-

10 7

0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Strain (%)

Figure 35Cyclic Creep 24 hr. TedResults fromWoven Geotextile

The modulus was calculated using the slope of the cgslesvarious times over
the 24hour period as shown figure 36 andFigure 37. The modulus value at 24 hours

for the cyclic creep tests is shownTiable 10.

Table 10 Modulus fromCyclic CreepTestsat4.0 % Strain after 24 Hours

Strain | Time Modulus (kKN/m)
Biaxial Woven
0,
(%) | (Hours) Geogrid Geotextile
4.0% 24 897 2511
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Figure 37 Modulus from Cyclic Creep Tests on Woven Geotextile
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Monotonic Creep

A monotonic creep test was performed using 6 levels of permanent strain in a
similar manner as the monotonic stress relaxation tests for the woven geotextile. At each
level of permanent strain, the load was held constant and material was allowed to creep
for 10 minutes. This test was performed on the woven geotextile and the results are

shown below inFigure 38.
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Figure 38 Monotonic Creeprest Results fronWoven Geotextile
The modulus was calculated frofaigure 38 at each level of permanent strain and is

shown inTable 11 andFigure 39.The level of permanent stramas taken as the strain

before the material was allowed to creep.
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Table 11 Modulus from Monotonic Creep Test on a Woven Geotextile

Strain Modulus
(%) (KN/m)
0.5% 1323
1.0% 2006
1.5% 2211
2.0% 2289
3.0% 2326
4.0% 2362
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Figure 39 Modulus from Monotoc Creep Tesbn a Woven Geotextile

Monotonic creep tests were also performed over 24 hours on the same biaxial

geogrid and woven geotextile tested previously as showiigume 40 and Figure 41

respectively. Monotonic creep tests were performed in a similar manner ashber24
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monotonic stress relaxation tests where the material was loaded to a permanent strain of

4.0 % then allowed to creep for 24 hours.
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Figure 40 Monotonic Creep 24 hr. TeResults fromBiaxial Geogrid
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Figure 41 Monotonic Creep 24 hr. TeResults fromWoven Geotextile

Two trials were performed on the woven geotextile, the modulus from each is
shown inTable 12. The average modulus value of the two trials on the woven geotextile

and the trial on the biaxial geogrid is shownTable 13.

Table 12 Modulus from Monotonic Creep Tests at 4.0 % Strain at 24 Hoans \Woven

Geotextile
Strain Modulus_(kN/m) Qﬁﬁﬁg Standard| Coefficient of
(%) Trial 1 Trial 2 (KN/m) Deviation | Variability
4.0% 2435 2556 2496 60.1 2.41%

Table 13 Modulus from Monotonic Creep Tests at 4.0 % Strain at 24 hours

Strain | Time Modulus (kN/m)
Biaxial Woven

0

(%) (Hours) Geogrid Geotextile

4.0% 24 857 2496




67
One additonal monotonic creep test was performed on the biaxial geogrid and
woven geotextile over the duration of one hour and is showigime 42 and Figure 43
respectively. The material was initially loaded to approximately 4dir&n (actually
closer to 3.0 % strain due to the uniaxially testing device limitations for creep tests, this
issue is discussed in more detail earlier in Chapter Four, Creep Under Sustained Load

section), then it was allowed to creep for a period oftrane.

20

10

Load per Unit Width (kN/m)

0+
00 10 20 3.0 40 30 6.0 70 g0 2.0

Strain (%)

Figure 42 Monotonic Creep 1 hr. TeResults fromBiaxial Geogrid
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Figure 43 Monotonic Creep 1 hr. TeResults fromWoven Geotextile
The modulus was calculated from the single cycles at different times and is shown

below in Table 14 and Figure 44 and Figure 45 for the biaxial geogrid andioven

geotextile respectively.

Table 14 Monotonic Stress Cre€fest Resultsat 4.0 % Strain

Strain Time Modulus (kN/m)
: Biaxial Woven
(%) (Minutes) Geogrid Geotextile

4.00% 1 761 2218
4.00% 10 837 -

4.00% | 16.67 855 2363
4.00% 20 869 2440
4.00% 30 873 2373
4.00% 40 877 2407
4.00% 50 856 2450
4.00% 60 892 2449
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Analysis of Uniaxial Testing

The goal of the uniaxial testing program was to examine the resiient response of
geosynthetics subjected to different types of loading over different durations obtime t
help develop a biaxial testing procedure using the biaxial device avaiable. To do this, it
was necessary to examine the resiient response from cyclic and monotonic stress
relaxation and creep tests. It was also necessary to determine an adequatalime t
the material to relax/creep at each level of permanent strain such that the resilient
response measuraatlequatelydescribed the resiient response expected in field loadings.
The modulus from tests performed at six levels of permanent straimrapaed on
Figure 46 and Figure 47 for the baxial geogrid and woven geotextilgespectively The
tests that were loaded initially to 4.0 % permanent straire allowed to relax or creep

for 24 hours are also shown Bigure 46 and Figure 47.
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Cyclic and monotonic stress relaxation tests were performed extensively on both
the biaxial geogrid and woven geotextile. For each of these types of tests, multiple trials
were performed on each material such that a modulus was calculated at five \@isix le
of permanent strain. The modulus values could then be examined statistically to see the
coefficient of variability that represents the variation in modulus values from the same
type of test. This baseline variability should not increase when the uso@tam
different types ofestsare compared if these modes of loading in fact are equivalent.
Examining Table 3 Table 4 Table § Table 7and Table 12the variability of modulus
values for cyclic stress relaxatiofaple 3and Table 4, monotonic stress relaxation
(Table 6andTable 3 and monotonic cree@éble 13 is observed. The coefficient of
variability for modulus values from identical tests ranged from 0.25 % to 9.89 %.

To frst examine the difference between cycling a material over small strains
(£0.1 %) versus holding the material under a sustained strain (monotonic relaxation), the
average moduluyalue for each level of permanent strdiom cyclic stress relaxation
(1000 cycles) and monotonic stress relaxation (10 minute holds) were compared as
shown below inTable 15and Table 16for the biaxial geogrid and woven geotextile

respectively.
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Relaxation (10 Min. Hold) on a Biaxial Geogrid

Strain | Average Modulus  Standard Coefficient of
(KN/m) Deviation Variability
0.5% 867 11.3 1.30%
1.0% 831 8.3 1.00%
1.5% 819 5.9 0.72%
2.0% 817 9.5 1.16%
3.0% 841 19.2 2.29%
4.0% - - -
Average Coefficient of Variability 1.29 %

Table 16 Comparing Average Modulus Values from Cyclic and Monotonic Stress

Relaxation (10 Min. Hold) on a Woven Geotextile

Strain Average Modulus Standard Coefficient of
(KN/m) Deviation Variability
0.5% 1173 3.8 0.33%
1.0% 1819 0.8 0.05%
1.5% 2123 75.5 3.55%
2.0% 2199 72.4 3.29%
3.0% 2315 88.9 3.84%
4.0% 2342 68.0 2.91%
Average Coefficient of Variability 2.33 %

The average modulus value from cyclic relaxation tests was also compared to the

modulus value from the monotonic stress relaxation test with 20 minutes holds for both

the biaxial geogrid and woven geotextile as showmable 17 and Table 18.




74

Table 17 Comparing AverageModulus Values from Cyclc and Monotonic Stress
Relaxation (20 Min. Hold) on a Biaxial Geogrid

Strain Average Modulus Standard Coefficient of
(kN/m) Deviation Variability
0.5% 886 3.6 0.41%
1.0% 848 0.6 0.08%
1.5% 814 16.2 1.98%
2.0% 832 4.1 0.49%
3.0% 883 3.2 0.36%
4.0% - - -
Average Coefficient of Variability 0.66 %

Table 18 Comparing Average Modulus Values from Cyclic and Monotonic Stress
Relaxation (20 Min. Hold) on a Woven Geotextile

Average Modulus | Standard Coefficient of

Strain (KN/m) Deviation Variability
0.5% 1142 27.9 2.45%
1.0% 1758 62.2 3.54%
1.5% 2100 98.8 4.70%
2.0% 2180 92.2 4.23%
3.0% 2328 76.7 3.29%
4.0% 2328 81.3 3.49%

Average Coefficient of Variability 3.62 %

Modulus values from cyclic and monotonic stress relaxation tests at 4.0 % strain
over 24 hours were calculated as showTable 5 andTable 8. These values are
compared inTable 19 and Table 20 for the biaxial geogrid and woven geotextile

respectively.
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Table 19 Comparing Modulus Values from 24 Hr. Cyclic avdnotonic Stress
Relaxation on a Biaxial Geogrid

Strain Average Modulus Standard Coefficient of
(KN/m) Deviation Variability
4.00% 876 12.9 1.47%

Table 20 Comparing Modulus Values from 24 Hr. Cyclic and Monotonic Stress

Relaxation on a Woven Geotextile

Strain | Average Modulus Standard Coefficient of
(KN/m) Deviation Variability
4.00% 2530 26.1 1.03%

Using the same data comparedTmble 19 and Table 20 with the addition of the
data fromTable 10 and Table 13, the modulus at 4.0 % strain can be compared from
cyclic and monotonic stress relaxation and creep. This is shown belbablia21 and

Table 22 for the biaxial geogrid and woven geotextile respectively.

Table 21 Comparing Modulus Values from 24 Hr. Cyclic and Monotonic Stress

Relaxation and Creep on a Biaxial Geogrid

Strain | Average Modulus Standard Coefficient of
(KN/m) Deviation Variability
4.00% 876 16.8 1.92%

Table 22 Comparing Modulus Values from 24 Hr. Cyclic and Monotonic Stress

Relaxation and Creep on a Woven Geotextile

Strain | Average Modulus Standard Coefficient of
(KN/m) Deviation Variability
4.00% 2517 23.5 0.93%
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Observing the coefficient of variability ihable 21 and Table 22it can be
concluded thathe modulus values calculated from all four types of testing examined are
equivalent. This statement of equivalency is based upon the fact that identical tests
performed actually had a larger coefficient of variability in some instances as is seen in
Table 3 Table 4 Table § Table 7and Table 12 Athough the cyclic and monotonic
stress relaxation tests with six stages of permanent strain were not performed over
identical times, the coefficients of variability for the modulus comparisons matzbla
15, Table 16 Table 17andTable 18are all very similar to those computed for identical
tests. This indicates that geosynthetics thdlve the same resiient response after stress
relaxation that is induced by small strain cycles or constant strain relaxation (monotonic
relaxation). It is also noted that for the biaxial geogrid a hold time of 20 minutes instead
of 10 minutes has modulugalues that are more comparable to cyclic relaxation modulus
values.

Comparisons were made to determine an adequate timeldafgcycling to
simulate a resiient respondéxamiration ofmonotonic stress relaxation and creep tests
performed at 4.0 % siraover one hourRigure 32, Figure 33, Figure 44 and Figure 45)
showedthat atime of 20 minutes simulagethe desired resiient response. This was
examined a little further by comparing the modulus at 4.0 % strain at 24 hours and 20
minutes for monotoni relaxation (sedable 8 and Table 9 for modulus values being
compared) and monotonic creep (3eble 13and Table 14). These comparisons are
shown inTable 23, Table 25 Table 24, Table 26 for the biaxial geogrid and woven

geotextile respectively.
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Table 23 Comparing Modulus Values from 20 Min. and 24 Hr. Monotonic Stress
Relaxation on a Biaxial Geogrid

Strain Average Modulus Standard Coefficient of
(kN/m) Deviation Variability
4.00% 888 25.0 2.82%

Table 24 Comparing Modulus Values from 20 Min. and 24 Hr. Monotonic Stress

Relaxation on a Woven Geotextile

Strain Average Modulus Standard Coefficient of
(KN/m) Deviation Variability
4.00% 2467 37.1 1.50%

Table 25 Comparing ModulusvValues from 20 Min. and 24 Hr. Monotonic Creep on a

Biaxial Geogrid
Strain Average Modulus Standard Coefficient of
(kN/m) Deviation Variability
4.00% 863 6.2 0.72%

Table 26 Comparing Modulus Values from 20 Min. and 24 Mionotonic Creep on a

Woven Geotextile

Strain Average Modulus Standard Coefficient of
(KN/m) Deviation Variability
4.00% 2468 27.8 1.13%

The comparisons made Table 23, Table 24, Table 25 and, Table 26 show that
after 20 minutes of relaxation or creep both geosynthetics examined exhibit modulus
values that are equivalent to that after 24 hours. The modulus at 4.0 % strain after 20
minutes for both monotonic stress relaxation and creep was additionally compared to the

modulus at 4.0 % strain after 24 hours from all four types of loading examire& an
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shown inTable 27 and Table 28 for the biaxial geogrid and woven geotextile

respectively.

Table 27 Comparing Modulus Values from 20 Min. Monotonic Creep and Relaxation, 24
Hr. Monotonic and CyclicStress Relaxation and Creep on a Biaxial Geogrid

Strain Average Modulus Standard Coefficient of
(KN/m) Deviation Variability
4.00% 881 20.0 2.27%

Table 28 Comparing Modulus Values from 20 Min. Monotonic Creep and Relaxafidn,
Hr. Monotonic and Cyclic Stress Relaxation and Creep on a Biaxial Geogrid

Strain Average Modulus Standard Coefficient of
(KN/m) Deviation Variability
4.00% 2490 43.1 1.73%

The comparisons made Table 27 and Table 28 show that after 20 minutes of
relaxation or creep the resiient modulusicalated is equivalent to that of a resiient
modulus after 24 hourslable 27 and Table 28 also again demonstrate that all four types
of loading are equivalent for calculation of a resiient modultguivalency is based
upon the fact that the coefficients of variability observdemvcomparing dissimilar
types of tests is within the range of coefficients of variability that were calculated for

identical tests with multiple trials.

Conclusions from Uniaxial Testing

It has been shown in this chapter of this thesis that thefdoms of loading
examined (Cyclic Stress Relaxation, Cyclic Creep, Monotonic Stress Relaxation and

Monotonic Creep) result in equivalent resiient responses of two different geosynthetic
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materials. It has also been shown that a time of 20 minutes resalkseiquivalent
resiient response as atime of 24 hours for the two different geosynthetics examined. The
biaxial geogrid examined for uniaxial testing was deemed representative of the other
biaxial geogrids that were examined in the biaxial testing amgiThe woven geotextile
examined in the uniaxial testing program was also deemed representative of the woven
geotextiles that were examined using biaxial tension tests. Thus, a biaxial testing
procedure was created using the knowledge gained from thaalr@sting program
described in this chapter. The fact that the biaxial device cannot produce purely stress
relaxation was not important for simulating a resiient response of geosynthetics. The
combination of mostly stress relaxation and some stresp thhat occurs in biaxial
samples from monotonic tests at multiple permanent strain limits is representative of a
resiient response. Atime of 20 minutes at each level of permanent strain was used for
biaxial tests because this wstTownto be an adequatéme to generate a resilient

response.
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CHAPTER SIX

BIAXIAL TESTING

Biaxial Testing Methods

The uniaxial testing program was conducted to develop a biaxial testing
procedure that could be used to simulate the resiient response of geosynthetics. The
resiient response for biaxial tension tests is characterized by a more complex model than
uniaxid testing as outlined in the Theory section of this thesis. This more complex model
provides a better representation of field loading conditons of geosynthetics than uniaxial
tests. The biaxial testing procedure developed for this research was bas&supbn
D7556 with the findings from the uniaxial testing program implemented. This meant that
tests were performed at six permanent strain limits of 0.5, 1.0, 1.5, 2.0, 3.0 and 4.0 %
strain with a hold time of 20 minutes at each level of permanent straanmdterial
experienced mostly stress relaxation with some creep during tmsinR@ time period.

Three modes of biaxial tension tests were performed to calculate elastic constants
that represent geosynthetics in different field loading situations. Wéste both
perpendicular directions were pulled in tension by an equal displacement wil be referred
to as Mode 1 biaxial tests. Tests where the Machine Direction (MD), referred to as the Y
or 2-Direction in this thesis, was held at a constant displacenvwhbile the Cross
Machine Direction (XMD), referred to as the X eiDirection in this thesis, was
displaced wil be referred to as Mode 2 biaxial tests. Tests where the XMD was held at a

constant displacement while the MD was displaced wil be referred Mode 3 biaxial
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tests. All three modes of testing were performed on all geosynthetics tested. The
geosynthetics tested along with the number of trials performed on each geosynthetic are
shown inTable 29. More trials were performed for practicing with the biaxial testing
device, but these are not included Table 29 because thewere not used for calculation
of the elastic constants. The geogrid and geotextile tested in the uniaxial testing program

were Geogrid B and Geotextile B.

Table 29 Summary of Materials Tested Biaxially

Manufacturer and Trials by Mode

Geosynthetic Type Generic Name
Product (1,2,3)
Biaxial Geogrid Tensar BX1100 | Geogrid A (GgA) 6,6, 6
Biaxial Geogrid Tensar BX1200 Geogrid B (GgB) 3,1, 1
Biaxial Geogrid BOSTD E1616 Geogrid C (GgC) 3,2,1
Biaxial Geogrid BOSTD E2020 Geogrid D (GgD) 3,32
Biaxial Geogrid BOSTD E3030 Geogrid E (GgE) 3,2,2
Biaxial Geogrid BOSTD RX1200 Geogrid F (GgF) 51,2
Triaxial Geogrid Tensar TX140 Geogrid G (GgG) 6,2,2
Woven Geotextile TenCate RS380i | Geotextile A (GtA) 3,1,2
Woven Geotextile TenCate RS580i | Geotextile B (GtB) 4,2,1
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Biaxial Testing Device

The biaxial testing device used for this projéaggre 48) was developed and
buit by the Western Transportation Institute (WTI) at Montana State University (MSU).
The biaxial device is capable of testing cruciform samples with interior dimensions up to
450 mm by 46 mm. The length of the cruciform arms can paa600 mm. The device
was specifically designed for testing geosynthetics under working load conditions. The
device is capable of applying a constant rate of displacement in all four directions (mode
1 loading) which allowsthe center othe sampleto remain in a constant location. The
device is also capable of applying load in one principal direction while the other direction
does not displace (mode 2 and mode 3 loading). The device is operated by controling the
displacement of the load platEidure 48), which causes displacement at the clamps via

tension in the chains.

clamps

Figure 48 Biaxial Testing Device at MSU/WTI
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The displacement of ¢hload plate is controlled by the rotation of an electric

motor that is connected to a gear reducer and a worm drive. The worm gear causes

upward or downward displacement of the load pl&igute 49).

i = b-
-~ "‘&“
load plate \\

oy

Figure 49 Biaxial Testing Device Bottom Half

A small control panel is used for choos
rotation. The control panel has a digital readout for motoedpEhe speed of the motor
can be converted to displacement of the load plate by using the gear reduction ratio of
10:1 and the worm gear ratio of 100 rotations:1 inch. Thus 1000 rotations of the electric

motor corresponds to 2.54 cm (1 inch) of displacgmef the load plate.
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For mode 1 loading, all four clamps are displaced simultaneously by being
connected to the load plate that displaces downward. For mode 2 and mode 3 tests, one
direction remains connected to the load plate whie the other direstidisconnected

from the black load plate and connected to the stationary red pigiee(50).

Figure 50 Biaxial Testing, Load Plate andafonary Plate

The biaxial device has one load cell in each principal diredtan is placed in
the chain as shown igure 48. Linear variable differential transformers (LVDTS) are
used to measure displacement of the material in the interior section of the biaxial sample
at discrete points from which axial straincglculated The attachment and placement of

LVDTs is discussed further in the Testing Setup secilitie biaxial device is connected
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to a laptop computer with a digital readout of the current load in both directions and
current displacement in all fourrdctions as measured by load cells and LVDTSs,

respectively.

Testing Setup

Geosynthetic samples used for biaxial tension tests were cut from large rols. The
samples were cut from the middle section of the geosynthetic roll to minimize any
material defects that are more common near the edge of the roll. Samples were also
visually inspected for any material defects from manufacturing. Samples were cut in the
shape of a cruciform as shown kigure 52. The materials were then laid fiat on theof
with cinder blocks placed at the end of each cruciform arm to minimize the inherent
curling that the samples have from being stored on a rol. Samples were kept under these
blocks until the curing had decreased sufficiently for testing setup. Omaedterial
was cut and flattened, the material was placed in the biaxial testing device. The four ends
of the cruciform shaped sample were centered and placed in the clamps. For geogrids,
ribs that interfered with the bolts use to tighten the clamps vimgoeesl. For woven
geotextiles, holes were melted in the geotextile such that the bolts could ft through the

material Figure 51).
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Figure 51 Woven Geotextile in End Clamp

The sample was carefully centered in each grip and the bolts were tighted@d\-m of
torque using a torque wrench. The sample was centered in the device such that the

interior portion of the geosynthetic was symmetricboth directions Kigure 52).
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Figure 52 Biaxial Testing Device with a Biaxial Geogrid Setup

For geogrids, the ribs perpendicularthe direction of loading were cut in all four
cruciform arms. For woven geotextiles, eleven slts were cut in all four cruciform arms
(Figure 53). The cruciform armsvere slit to reduce load reductions that are known to
occur in biaxial tension tests between the applied load at the grip and the load in the
interior portion of biaxial sample. This load reduction effect was document&tbA
(1995)andBridgens and Gasl (2003)and was shown to have minimal effects with slit

cruciform arms as discussed in the Literature Review section of this tesisciform
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arms are left intact near the interior portion of the biaxial sample, thisadglrestrict

movement inhe orthogonal direction of the material which is undesirable.

Figure 53 Biaxial Testing Device with a Woven Geotextile Sample
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LVDTs were attachedo the interior portion of the sample. For geogrids, LVDTs
were attached at ned Figure 54), whie for geotextiles LVDTs were attached in the
woven interior portion Kigure 55). LVDT attachment was an experimental process that
required several techniques and iterations before coming umwestbtem that was used.
For geogrids, small holes were predriled in the nodes where LVDTs would be attached.
The arm 6the LVDT had an electric terminal (red piece) on the end of it with a small
hole in the middle Kigure 54). The electric terminal was securely attached to the arm of
the LVDT using super glue. The hole in the electric terminal was lined up with the
predriled hole in the node and a small nail (1.2 mm x 15.9 mm) was hammered through
the electric terminal hole into the predriled hole in the node of the geogrid toctdhee
LVDT arm to the nodeRigure 54). A small amount of super glue was then placed on the

head of the nail to ensumo displacement would occur.
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Figure 54 LVDT Attachment for Biaxial Geogrid Samples

For woven geotextiles, a sharp threaded rod was pushed through the sample and a
nut was threaded on each side of the geotextile to lock the attachment point in place. The

threaded rd was connected to the arm of the LVDHig(re 55).
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Figure 55LVDT Attachment for Biaxial Woven Geotextile Samples

Great care was takentiwvthe LVDT setup and attachment to minimize error in
measurements of strain. Once all four LVDTs were attached tiagsémad of 222
Newtons (50 . in each direction was applied by tightening the bolts at the end of each

arm (igure 56).
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Figure 56 Biaxial Testing Device, Bolt for Applying Seating Load

When applying the seating load, the material was again carefully centered on the
device. Wooden blocks were placed underneath the interior portion of the sample to
minimize any displacement in thedkection when tensioned~ure 52). Once the
seaihg load was applied, a gauge length in both directions was measured from the center
lines of the nails used to attach the LVDT arm to the geogrid node. For geotextiles the
gauge length was measured from centeriine to centeriine of the threaddtheednple
width for geogrids was determined as outlined by ASTM D7556d@adissed in the

uniaxial testing sectionF{gure 15). For geotextiles, the width was just simply measured
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as the width of the sampldhe LVDTs were then adjusted such that the inner core was
parallel with the outer core and parallel with tieosynthetic material. It was then double
checked that the seating load was stil at 222 Newtons (50 Ibs) before the test was started.

Recommendations for specimen dimensions of biaxial samples was examined by
Bridgens and Gosling (200apd MSAJ (1995)for structural membranes in the
Literature Review section. The gauge points must be sufficiently far from edge of the
interior portion such that any effects from the grips are not noticed and the
instrumentation is placed within the zone of uniform stesgk strain as observed by
Krause and Bartolotta (200&nd Bridgens and Gosling (2003ridgens and Gosling
(2003)andMSAJ (1995)oth used smaller biaxial testing devices with smaller overall
sample dimensions than was used for this thesis. The rasangfle width to
recommended gauge length for samples testeridgens and Gosling (2008)as 2/3.
The Japanese testing standard recommended sample widths of 48 cm or more and used
gauge lengths ranging from 20 to 80 mivicGown et al. (2004¢onducted laixial tests
on geogrids using cruciform shaped samples with central areas of 100 to 220 mm square
with 5 ribs in each direction but measured displacement using photogrammetric
techniques. The biaxial geogrids tested had rectangular apertures, thus thendNUD
directions had slightly different sample widths and gauge lengths. The samples were
always symmetric with respect to each direction and the same sample size was used for
each given material for al trials and all modes of loading. Sample dimenss®as were

decided based upon the available lterature and the size and layout of the available biaxial
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testing device. Typical interior sample widths ranged from 365 mm to 422 mm and gauge

lengths ranged from 127 mm to 178 mm.

Testing Procedure

Biaxial tests were run with the motor set at a speed of approximately 3450
rotations per minute, which corresponds to a displacement of the load plate of 8.76 cm
(3.45 inches) per minute. Inttially it was desired to use ASTMD D7556 as a guideline for
stran rate, but the biaxial device was not capable of producing a strain rate that satisfied
this standard. The strain rate as outined in ASTM D7556 should be 10 + 3 % per minute.
The motor was run at its maximum speed which produced strain rates of apiaiyxita
% per minute. Measured strain rates for trial biaxial tests are listed later in this chapter in
Table 30.

A laptop computer and data acquisition systesregomected to the testing
device to record real time values of load and displacement in both directions. Using the
measured gauge lengths in both directions, displacements that correspond to strains of
0.5, 1.0, 1.5, 2.0, 3.0 and 4.0 % were calculated for theotions. The motor was then
switched on and run until the material reached the displacement corresponding to a strain
of 0.5 %. The motor was then shut off and a timer for 20 minutes was started. This
process was continued for all permanent strairislimrhis procedure was used for all
materials tested and for all modes of loading.

The procedure described had some inherent human error with reaching the

permanent strain imits. To reach the permanent strain limits, the motor had to be stopped
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manually at the desired displacement. This was difficult to do with high precision
because once the switch for the motor was turned off, the motor would continue to spin
while slowing down. This deceleration period would cause more displacement in the
material. Afer lots of practice, this process was not very difficult, but it was stil
impossible to have identical values of permanent strain limits for each material and each
trial. The permanent strain values were approximated as best as possible and recorded so
this was not a large issue. Another problem encountered with the testing device was its
inability to load materials to 3.0 and 4.0 % permanent strain for some of the stiffer
geosynthetics tested. The motor did not have the power to load some of thesdsmateri
the upper strain limits, and the load cell reached its capacity of 8896 N (2000 Ibs) for
some materials. Tests were run to the highest level of permanent strain that was attainable
for materials where these limitations were encountered. It wasveligb that if the
motor speed was slowed down after initially loading the material at full speed, the motor
was capablef applying a litle more displacement. When possible, this was done to load

the material to one more strain lmit.

Biaxial Testing Rsults

The results from Geogrid A will be presented in this section because the greatest
number of trials for each mode were performed on this material. The results obtained for
this material and the analysis process that follows were performed foatalials tested.

The load per unit width versus strain plot for a mode 1 loading is shotmgure 57.

The X-direction is always the XMD or-tlirection and the YDirection is always the MD
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or 2-direction. Geogrid A as well as all geogrids examined for this thesis did not have
square apertures so it was not possible to baverualdistance between the device grips
in both principal directions. The slight difference vialues of strain between the two
material directions(Figure 57) is due to this difference in total length of the sample

between grips for principal directions.
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Figure 57 Mode 1 TestResults fromGeogrid A

Mode 2 and mode 3 tests for Geogrid A are showrigare 58 and Figure 59,
respectively. For the mode 3 test showrigure 59, the motor was reversed briefly to
try ard better approximate the permanent strain limit of 3,@Bich is why the load per

unit width vs. strain plot has an irregular shape. It was decided that approximating the
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permanent strain limits would be sufficient given the biaxial testing device ssehis

was not done for future materials.
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Figure 58 Mode 2 TestResults fromGeogrid A
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Figure 59 Mode 3 TestResults fromGeogrid A

The load per unit width (stress) and strain data from biaxial tests was then
examined closely to find the slope of the reloading curve after the stress relaxation and
creep period of 20 minutes. The slope of the inttial reloading portion of the loaditper un
width vs. strain was called a pseudo modulus. The goal was to characterize the resilient
response for an orthotropic linear elastic modwaning the stressstrain dataused
should be over lnear portion of the curveAs can be seen frofaigure 57, Figure 58
andFigure 59, the stresstrain response is relatively linear initially after the 20 minute
period of stress relaxation/creep. The slope can then be skecotme notinear as
plastic strain developsSome load steps and triaks@had some nonlineariies
immediately upon loading that are most likely due to errors in testing setup and

instrumentation. Thus, it was necessary to examine the-strags response after stress
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relaxation/creep on a case by case basis to ensuresfi@nse was lnear and
representative of the resiient material response. The pseudo modulus was calculated
using a best fit inear trendline of the stress/strain data after each stress relaxation/creep
period as shown ifrigure 60. The stress/strain interval selected for calculation of the
pseudo modulus varied slightly from trial to trial in order to use the most linear portion of
the reloading curve after stress xabion/creep.

As mentioned in the testing procedure section, the stiffness of geosynthetics is
dependent on strain raferkins, 2000)The strain rate outlined in ASTM D7556 was
not achievable with the biaxial testing device used for this testing. e sites for the
data used for calculation of the pseudo modulus is showakie 30 for all six trials of
mode 1 loading on Geogrid A. The strain rates vary between 2.99 and 7.59 % / minute
and are almost all lmv the minimum value of 7.0 % perinute as outlined in ASTM
D7556. The variability is attributed to several factors includihg method in which
pseudo modulus was calculated and imperfections in testing setup, instrumentation and
the testing device. The electric motor used to control displacement (strain) has a short
acceleration period and does not immediately rotate at ksnuman speed. During this
short acceleration period, the material does not experience a constant rate of strain. Since
the pseudo modulus was calculated from the initial loading this means the strain rate is
increasing then constant in the region of loadisgd for calculation of pseudo modulus.
Since the pseudo modulus was calculated on a case by case basis, the strain interval was
not always equal, meaning the strain rates shoviralsle 30 shold be expected to be

variable.
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Table 30 Strain Rate of Mode 1 Trials on Geogrid A

Strain Rate (% / minute)

Load| Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6

Step| X Y X Y X Y X Y X Y X Y

1 |4.79|6.19|4.11|5.22(4.95(5.73|4.99| 5.61| 4.78| 5.54|5.11| 5.95
4.44|5.38(2.99(3.91|4.33|5.10| 4.18| 5.00| 4.32| 5.07| 3.74| 4.24
4.22|4.59|4.44|5.90| 4.78|5.06| 4.64| 5.12| 4.98| 5.36| 4.89| 5.58
4.48(5.04| 4.62| 5.63| 4.54|5.09| 6.32| 7.59| 5.13| 5.21|4.81| 5.37
4.02|4.75/4.90| 6.33| 3.92|4.54| 4.13| 4.94| 5.14| 6.08| 6.00| 6.25
4.78|5.41| - - | 4.7314.79(5.24| 5.06| 4.25| 5.12| - -

o0 Al W[IN

The first load step of the mode 1 trial performed on GeogridFidue 57) was
examined closer ifrigure 60 for calculation of the pseudo moduluBigure 60 is zoomed
in data from Figure 55 for the loading after the firstr@ute period of stress

relaxation/creep.
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Figure 60 Mode 1 TestResults fromGeogrid A, Zoomed in on Load Step 1
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The slope of the best fit linear trendline (pseudo modulus) was used to calculate
stress and strain inputs for the orthotropic linear elastic model described in the theory
section for calculation of elastic constanthieTstrain was simply calculated as the
interval of strain that the pseudo modulus was calculated over, while the stress was
calculated as the strain multiplied by the pseudo modulus. This process was repeated for
each level of permanent strain (load stigp)all three modes of loading. For mode 1
loading, both directions exhibited a linear stregain response as is seerfigure 60.
For mode 2 and mode 3 loadinde tdirection with no applied displacement did not
always yield a welbehaved linear stresdrain responseF{gure 64). The reason for this
is likely due to testingdevice or instrumentation limitations for such small displacements
and loads that occur in the direction not being displaced. Mode 2 and mode 3 data was
stil used for calculation of elastic constants, but more carefully examined to remove
outlying data. ie zoomed in version défigure 58 and Figure 59is shown inFigure 61

and Figure 62 for mode 2 ad mode 3 loading respectively.
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The direction not being loaded rigure 61 and Figure 62is zoomed in orfrigure 63 and

Figure 64, respectively.
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Figure 64 Mode 3 TestResults fromGeogrid A, Zoomed in on Load Step 5Direction

The pseudo modulus was used to calculate stress and strain values in the same
way as for mode 1 loading. Since the level of permanent strain varied slightly, it was
more convenient to examine the pseudo modulus plotted against load step instead of
permanen strain. The pseudo modulus for mode 1 loadings on Geogrid A is plotted

against load step and permanent straifrigure 65 andFigure 66.
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Figure 65 Pseudo Modulus vs. Load Step for Mode 1 Tésts Geogrid A
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The pseudo modulus remains relatively constant as permanent strain increases for
Geogrid A. This matches the observations seen in the uniaxial testing praggdam
Cuelho et al. (2005)here the modulus remained relatively constant with permanent
strain for geogrids. The pseudo modulus for mode 2 and mode 3 loading on Geogrid A
was also plotted against strain and load step as sholigure 67, Figure 68, Figure 69

andFigure 70.
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Figure 67 Pseudo Modulus vs. Load Step for Mode 2 Tésts Geogrid A
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Initially it was desired to use Section 8.3 from ASTM D7556 as a guideline to
decide how many trials were necessary for each mode of loading and material. After
performing 6 trials from all three modes on Geogrid A, it was discovered the biaxial
testing pocedure with the device used was not capable of satisfying this precision
requirement. It was then decided to implement a less formal approach for the rest of the
materials tested so that they could be tested within a reasonable timeline.

The number of tals for each mode of loading and each matefiable 29) was
decided on a case by case basis based on the quality of data olita#egher unit width
vs. strain ad pseudo modulus plots were visually inspected to assess quality of the data.

Pseudo modulus vs. load step pldgre 65, Figure 67 and Figure 69) were used to
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identify outlier data, which was not used for the calculation of elastic canstémet

outlier dataeliminated for Geogrid A are shown Table 31.

Table 31 Outlier Data for Geogrid A

Mode of Loading| Trial Number| Load Step
1 5 5,6
1 4 1,5
1 6 5
2 2 6
2 5 6
2 6 1,2
3 3 5,6
3 5 All

Elastic constants were calculated using the least squares technique described in
the theory section of this reparsing the stress and strain data calculated from the
pseudo modulus at each load step from all three modes of loading after outliers were
removed The least squares technique was used to minimize the stress terms or the strain
terms to solve for the fowelastic constants (@dulus of elasticity in the XMD and MD
and Poate)sonds r

The least squares method relies on fitting the orthotropic linear elastic model to

data from different modes of loadingith an unequal number of trials performddaving
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a different number of trials for each mode of loading biases the results of the least squares
regression to those modes with a higher number of trials, which undermines the goal of
the method. To eliminate this bigsa single data set was created for eacide of loading
and load steplThis was accomplished by first taking an average of the pseodalus
from all trials at each load stgymdfor eachmode of loading. The ratio of strain in the x
direction (tdirection) and strain in the-girection (2direction) was then taken faull
trials ateach load stepnd eachmode of loading. The strain ratio was then averaged
all trials for each load stepndmode of loading This resulted in a single value for
average strain ratio and average pseudo modoiusachload step and mode of loading
It was also recognized that if the stress/strain data used for calculation of elastic constants
was not over an equal interval of stress or strain this would create a slightHeias.
Japanese Testing Standaetomnended thastress strairdata over an equal load
interval be used for the determination of elastic constants. For this thesis it was decided
that using an equal strain intervat 0.2 %was appropriate because this is what was done
for determination of uaxial properties.

A stressstrain data set was created by assigning an arbitrary value of strain of 0.2
% to the strain value in the direction being loadedlifgction for mode 1 (could also
choose ydirection for mode 1),-irection for mode 2,-gliredion for mode 3). The
strain in the other direction was then calculated based upon the average strain ratio for
that given load step and mode of loading. The stress values were calculated using the

average pseudo modulus muliplied by the strain for thengload step and mode of
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loading. This then created a data set that contained just one value for stress and strain in
both directions for eaclhad step and mode of loading.

The elastic constants were then calculated usiegstress and strain
minimization techniques presented the Theorysection of this thesiswith the results
shown inFigure 71 andFigure 72. The XMD is denoted by the-direction and MD is
denoted by the-2lirection. The results from wigeidth cyclic tensile tests performed by
Cuelho and Ganeshan (20(&g also shown oRigure 71for reference. The tests
performed byCuelho and Ganeshan (20@¢re performed in five load steps with
permanent strain values of 0.5, 1.0, 1.5, 2.0 and 3.0 %. At each level of permaient str
1000 cycles were performed with a magnitude of 0.2ribat astrain rate of 16 % per

minute (Cuelhg Ganeshan, 2004)
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Figure 72Poi ssonb6s Ratio in Both Directions

Observing Figure 71, the uniaxial modulus in the MB slightly lower tharthe
biaxial modlus, while the opposite is true for the XMDX is important to remember that
the biaxial modulus values are not expected to match the uniaxial values because they are
from a different testing procedure with different cycle/hold times, strain rates and
bowndary conditions. The comparison between uniaxial and biaxial results was made only
to confrm that the modulus of elasty values being calculated frobiaxial tests were
reasonableThe increased stiffness obseniadhe XMD from biaxial tests in
comparison to uniaxiatould be due to the behaviof the junctions of geogrids under
biaxial loading in comparison to uniaxial loading as discussedte lterature reviewand

observed byMcGown et al. (2004)
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The Japanese Testing Standard states tiattbe stress and strain minimization

are applicable for calculation of elastic constants. Both methods resulted in very similar

values for modulus of elasticity as shownTable 32 and Table 33, where the values

from the two methods were averaged and an associated standard deviation and coefficient

of variability was calculatedT h e

val ues of

Poissonods

Ratio 1

minimizations were compared in the same mannerhaddhigh coefficients of variability

due to the

| ow ma g nTalile 34aad Tablegf35). Previogs sreseaicls Rat i

studies examined for this thesis only used one of the two methods, due to the fact that the

Japanese Tasy Standard states that either method is applicable. For this thesis, elastic

constants were reported as an average of the two methods since there is no justification

given in the Japanese Testing Standard to choose one over the other. All elastidsconstan

reported in the remainder of this report wil be an average of the values calculated using a

stress and strain minimization.

Table 32 Average Modulus of Elasticity with respect to Load Step from Least Squares
Stress and Strain iNMmization for XMD of Geogrid A

Load Average Modulus | Standard Coe:)ﬁ]f:|e nt
>eP = (vm) Deviation | 2 rabiiity
L 786 11.18 | 1.42%
2 766 6.95 0.91%
3 772 1.47 0.19%
4 770 4.84 0.63%
S 761 5.42 0.71%
6 771 4.67 0.61%
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Table 33 Average Modulus of Elasticity with respect to Load Step from Least Squares
Stress and Strain Minimization for MD of Geogrid A

Load | Average Modulus | Standard Coe(i;ﬁfme nt
Step =2 (kN/m) Deviation |y ariability
1 517 5.30 1.02%
2 496 3.66 0.74%
3 490 0.61 0.12%
4 489 1.29 0.26%
S 478 1.45 0.30%
6 484 0.79 0.16%

Table34Aver age Poissonb6s Ratio with respect t
and Strain Minimization for XMBEMD of Geogrid A

Load Average Poisson's | Standard Coeffcient
Step Ratio, M2 Deviation .Of "

Variability

1 0.063 0.021 33.31%
2 0.056 0.015 26.00%
3 0.078 0.003 3.80%
4 0.122 0.008 6.28%
5 0.143 0.009 6.26%
6 0.154 0.008 5.08%

Table35AveragePoi ssondés Ratio with respecs$ss to Lo
and Strain Minimization foMD-XMD of Geogrid A

Load Average Poisson's | Standard Coeficient
Step Ratio, 1 Deviation .Of "
’ Variability
1 0.042 0.014 33.69%
2 0.036 0.009 26.16%
3 0.050 0.002 3.86%
4 0.077 0.005 6.63%
5 0.090 0.006 6.70%
6 0.097 0.005 5.55%
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To examine how well the elastic constants fit the data measured from biaxial
tension tests, the stress values in both direction were calculated using Eq{idtipssd
(12) from the Theory section and shown again below. The stress values were calculated
using the measured strain from biaxial tests and the elastic constants for each load step
from Table 32, Table 33, Table 34 and Table 35. These calculated stress values were then
compared to the measured stress values from biaxial tension tests. The calculated and
measured stress values in both directions froroad steps for all trialdrom all three

modes of loadingafter outliers were removedre shown offrigure 73.

(11) o= —b g +tmf

1=vaava L 1=vaavas

(12) —_vufs 4 B

1 2
1=viavay 1=viavay
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Figure 73 Comparision of Calculated and Measured Stress Values Using Elastic
Constants for Each Load Step for Geogrid A

Using the measured and calculated stress values shofiguna 73, aR? value was
calculated to quantify how well the calculated stress values fit the measured stress values

for each load steprable 36).

Table 36 R2 values for Fit of Calculated Stress Values to Measured Stress Values

Load 1 V)
Step

1 0.988| 0.989
2 0.994| 0.989
3 0.986| 0.996
4 0.988| 0.996
5 0.987| 0.995
6 0.986| 0.994
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The comparison shown dfigure 73 with the associated Ralues Table 36),
shows that the elastic constants uskable 32, Table 33, Table 34 and Table 35) to
describe the resiient responséGeogrid A fit the measured data. The direction with
applied disamled ale menoitfl e ( G mo d efor doda3)d
described very well by the elastic restants as shown by how similar the calculated stress
and measured stress values aré&igare 73. The direction with no applied displacement
(G2 for mode 2 andi: mode 3) has very low stress and strain values and easured
stress values were more variable than those in the direction being loaded. These low and
more variable measured stress values lead to slightly larger differences between the
calculated and measured stress valuesifwaluesfrom mode 2 andi; values from mode
3 loading. Overal the high correlaton between measured and calculated stress values
(Table 36) combined with the fact that the modulus values ratbe range of values
calculated previously using uniaxial tests gives confidence to these values for elastic
constants.

Observing Figure 71 and Figure 72, it was noted that the modulus of elasticity
values appear to remain relatively constant with increasing levels of permanent strain
(load step). This is encouraging as all prasly calculated measures of stiffness for
geogrids have shown lttle change in stiffnress with increasing permanent strain. When
examined closely, the modulus of elasticity in both directions does slightly decrease with
load stepTable 32andTable33) , whil e Poissono6sTabRadando sl i g
Table 35). The slight decrease in modulus as permanent strain increases was also

observed byCuelho ad Ganeshan (20049r Geogrid A.
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Since the elastic constants are relatively similar for all load steps examined, it was
decided that it would be useful to also repsingle set of elastic constants that could be
used to describe the behavior of Geogkidt all low levels of strain (0.54 %). To do
this, the least squares method was then applied to all of the stress/strain data combined
from each load step to calculate a single set of elastic constants. These values are plotted
onFigure 74 andFigure 75as a constant line in addition with the elastic constants plotted
onFigure 71 andFigure 72 for comparison. The elastic constants calculated using the

data from dlload steps are shown Table 37.
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Figure 74 Modulus of Elasticity in Both Directions for Geogrid A
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Table 37 Elastic Constants for Geogrid A at Low Levels of Strain

Modulus of Modulus of Poisson's Poisson's
Elasticity Elasticity Ratio Ratio
Ex (KN/m) Ez (KN/m) V12 V21

771 493 0.103 0.066

The calculated and measured stresses were compared in the same manner as
Figure 73 but using the elastic constants frarable 37 at all load steps. The comparison
of calculated and meared stress values using a single set of elastic constants is shown in

Figure 76.



Calculated Stress (kKN/m)

120

St

[9¥]

.Eﬁ

——1:1 Line

Pt
o

]

Mode 161
Mode 1 62
Mode 2 61
Mode 2 62
Mode 3 61

B Mode 32

=}

-0.5 [ 0/5 1l5 25 3l5 4/5

Measured Stress (kN/m)

Figure 76 Comparision of Calculated and Measured Stkédges Using Single Set of
Elastic Constants for Geogrid A

Using the measured and calculated stress values shoftigune 76, aR? value
was calculated for how Wethe calculated stress in both directions fit the measured
stress. ThdR? values calculated were 0.98#d 0.92 for stress in the XMD and MD
respectively. This indicates thtite single set of elastic constants used to describe the
resiient behavior of Geogrid A at low levels of strain fit the measured response well.

The same process as detailled for Geogrid A was carried out for all biaxial
geogrids tested for this thesis. Télastic constants that resulted are showrfigare 77,
Figure 78, Figure 79, Figure 80 and Table 38 with the associated 2Ralues. Elastic
constants were not calculated for Geogrid G because the material behavior of this triaxial

geogrid could not be fit to the constitutive model used to calculate elastic constants. The
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testing of the triaxial geogrid is discussed in more detail in the recommendations for

future testing section in chapter seven.
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Figure 77 Modulus of Elasticity, E vs. Load Step for All Geogrids
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Table 38 Elastic Constants by Load Step for All Geogrids
Biaxial Data R? Uniaxial
Material Data
Load Ej_ E2 3 3 l(:l lj Ej_ E2
Step | KN/m | kKN/m 12 2 ! 2| KN/m | kN/m
1 786 | 517 | 0.063 | 0.042 | 0.988 | 0.989| 730 | 547
2 766 | 496 | 0.056 | 0.036 | 0.994 | 0.989| 712 | 545
Geogrid| 3 | 772 | 490 | 0.078 | 0.050 | 0.986] 0.996] 705 | 535
A 4 770 | 489 | 0.122 | 0.077 | 0.988 | 0.996| 715 | 53¢
5 761 | 478 | 0.143 | 0.090 | 0.987 | 0.995| 703 | 53¢
6 771 | 484 | 0.154 | 0.097 | 0.986 | 0.994
1 | 1045| 690 | 0.124 | 0.082 | 0.984 | 0.989| 10| gs0
1095
2 1008 | 716 | 0.103 | 0.073 | 0.995| 0.988| 830
Gegg”d 3 | 981 | 729 | 0.113 | 0.084 | 0.995| 0.908| 198°| gog
4 | 1055| 711 | 0.145 | 0.098 | 0.985] 0.996| 19| gog
5 1001| 736 | 0.139 | 0.102 | 0.827 | 0.998 1?85 80C¢
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6 - - - - - -
1 652 | 691 | 0.041 | 0.043 | 0.988 | 0.958
2 704 | 657 | 0.030 | 0.028 | 0.948 | 0.993
Geogrid| 3 673 | 646 | 0.026 | 0.025 | 0.985 | 0.993
C 4 691 | 657 | 0.048 | 0.045 | 0.974 | 0.995| 475 | 45C¢
5 646 | 641 | 0.065 | 0.065 | 0.996 | 0.999
6 651 | 664 | 0.068 | 0.070 | 0.996 | 0.993
1 804 | 811 | 0.0400| 0.0404 | 0.987 | 0.992
2 805 | 773 | 0.061 | 0.059 | 0.989 | 0.986
Geogrid| 3 776 | 803 | 0.066 | 0.068 | 0.983 | 0.982
D 4 772 | 799 | 0.054 | 0.056 | 0.986 | 0.990| 56% | 53%
5 771 | 801 | 0.080 | 0.083 | 0.990 | 0.995
6 796 | 773 | 0.102 | 0.099 | 0.988 | 0.986
1 1125 | 1195| 0.0056 | 0.0059| 0.989 | 0.994
2 1113 | 1155| 0.037 | 0.038 | 0.996 | 0.995
Geogrid| 3 1073 | 1121 | 0.031 | 0.033 | 0.990 | 0.999
E 4 1081 | 1145| 0.065 | 0.069 | 0.991 | 0.992| 88C | 81C
5 - - - - - -
6 - - - - - -
1 1434 | 943 | 0.082 | 0.054 | 0.974 | 0.866
2 1369 | 969 | 0.054 | 0.038 | 0.974 | 0.769
Geogrid| 3 1375| 982 | 0.079 | 0.056 | 0.990| 0.837
F 4 1334 | 916 | 0.106 | 0.073 | 0.988 | 0.858| 98C | 39C¢
5 1355| 918 | 0.082 | 0.055 | 0.957| 0.889
6

1 Uniaxial Data FronCuelho and Ganeshan (200@yclc Wide Width Tests
2Uniaxial Data FronValero et al.(2014)using ASTM D6637 Secant Modulus

The elastic constants for all geogrids fit the measured the data well as is seen in
the high R? values. The elastic constants for all geogrids tested follow a very similar trend
as Geogrid A with respect to having a modulus of elasticity in both directions that
remains relatively constant with increasing permanent strain. For some geogrids
examined the modulusf elasticity values decrease very slightly wibad step, causing

P o i s satonvalues to increase slightly with permanent stmaithh Geogrid A showing
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this trendmo s t signi f i catorvdluésyfor Ge®godi Esas lmadh $tep 1 are an
order ofmagnitude lower than those for other load steps for this material. To confirm that
these |l ow Poissonbdés ratio values are not
desirable to conduct significantly more trials than was possible for this.thehe biaxial
values for modulus of elasticity were compared to uniaxial values when possible as
shown inTable 38. The values fronCuelho and Ganeshan (20@&GHoutl be expected to
be in the same range as biaxial values since these are both resiient values with fairly
similar procedures. The values frovtalero et al. (2014however differ significantly
from biaxial tests because these uniaxial values were calcustedsecant modulust
2.0 % strainfrom a single stage monotonic loading. This highlights how misleading a
secant modulus value can be ff it is calculated over large strain intervals for gdbatids
develop plastic strain and thushémt a nonlinear dading curve This was examined by
Cuelho and Ganeshan (20Gd) Geogrid A inFigure 81. The nonlinear monotonic
loading curve of geosynthetics has a large effecthersecant modulus with increasing
permanent strain. This highlights the importance of calculating modulus values from

initial loading over small intervals of strain where the loading curve is linear.
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Since the elastic constants only change slightly across the different load steps
examined for the geogrids tested, a single set of elastic constants was also calculated for
eachgeogrid to describe its resiient behavior atlow levels of strain examined. These

values are shown imable 39.



Table 39 Elastic Constants for Low Levels of Strain for Geogrids
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, Biaxial R?

Material . .

E1 (kN/m) E2 (kN/m) 312 321 wu1l u2
Geogrid A 771 493 0.103 | 0.066 | 0.987 0.992
Geogrid B 1018 715 0.125| 0.088 | 0.957 0.992
Geogrid C 670 659 0.0463| 0.0456| 0.980 0.990
Geogrid D 787 794 0.067 | 0.068 | 0.984 0.988
Geogrid E 1098 1155 0.033| 0.035| 0.991 0.989
Geogrid F 1373 946 0.081| 0.056| 0.976 0.849

The single set of elastic constani&alfle 39) fit the measured data well and could
be useful if constant values of elastic constants are desired to more broadly describe the
elastic constants of geogrids at low levels of strain (0-54% %).

In addition to the six geogrids tested biaxially, two woven geotextiles were also
tested. The tests on woven geotextiles were performed using the same testing procedure
and the data was analyzed in the same manner in order to generate elatditscon

shown inFigure 82, Figure 83, Figure 84, Figure 85 and Table 40.
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Table 40 Elastic Constants by laal Step for Al Geotextiles

Biaxial Data R2 Uniaxial
Material
LSC;ZS kII\Elllm kII\EI?m 31332 041 t2 kIE/lm kﬁ?m
1 1321 | 497 | 0.21 | 0.08 | 0.965| 0.980
2 1381 | 624 | 0.21 | 0.10 | 0.958| 0.955
Geotextile| 3 1391 | 729 | 0.16 | 0.08 | 0.925| 0.959
A 4 1497 | 852 | 0.17 | 0.10| 0.823| 0.975| 875" | 525
5 1567 | 946 | 0.13 | 0.08 | 0.549| 0.953
6
1 1351 | 850 | 0.11 | 0.07 | 0.949| 0.984| 1114
2 2003 | 734 | 0.32 | 0.12| 0.944| 0.995| 169¢
Geotextile| 3 2618 | 980 | 0.05 | 0.02 | 0.902| 0.987| 200
B 4 2660 | 988 | 0.25 | 0.09 | 0.482| 0.997| 2087
5 2251
6 2247

1From Manufacturer Technical Data Sheet, Secant Modulus from ASTM D4595
2From Uniaxial Testing Program Conducted for this Thesis

The elastic constants calculated for tiwe geotextiles tested fit the measured
data well except for the final load step examined for both materials where?lgaluBs
were calculated. The Poissonb6és Ratio calcul
response in comparison to that of the geogril®® modulus of elasticity for the
geotextiles increasewith increasing permanent strain as was observed in the uniaxial
testing program and bQuelho et al. (2005)The modulus of elasticity values calculated
from the biaxial data are higher than thasdculated from uniaxial tests, but are in a
similar range.This exemplifies the highly complex behavior of woven geotextiles and the
interactions that occur between woven fbers under biaxial load/strain conditions.

Although the geotextiles did not exhib& constant stiffness with increasing load step, it



131
was still thought to be useful to have a single set of elastic constants that could be used to
describe the behavior of the woven geotextiles at low levels of strain exarined.
single set of elastic anstants calculated for both woven geotextiles tested is shown in

Table 41.

Table 41 Elastic Constants for Low Levels of Strain for Geolesti

. Biaxial R2
Material 5 5
E1l (kN/m) E2 (kN/m) 312321 u1l u?2
Geotextile A 1438 752 0.163| 0.0&| 0.873 0.757
Geotextile B 2225 883 0.191| 0.076| 0554 0.937
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CHAPTER SEVEN

SUMMARY AND RECOMMENDATIONS

Summary of Testing and Analysis

The uniaxial and biaxial testing programs implemented were successful in
characterizing the resiient response of different geosynthetic materials. The uniaxial
testing program was useful for creating a biaxial testing procedure on the experimental
biaxial testing device available. The uniaxial results were abéhdw that the four
different types of loading examined (cyclic stress relaxation, monotonic stress relaxation,
cyclic creep and monotonic creep) simulated an equivalent resiient responseaxiala bi
geogrid and woven geotextile. The time to generate a representative resiient response in
the lab with these four types of loading vam®wnto be relatively quick (20 minutes).

The biaxial testing procedure was developed using avaiable lterdhare,
uniaxial testing program results and considerations for the available biaxial testing
device. The procedure used was able to generate data #habrihotropic linear elastic
constitutive model that was used to calculate elastic constants fozrtiffgeosynthetic
materials. The elastic constants were successfully solved for using a least squares
approximation for different geosynthetics. The elastic constants calculated using the least
squares approximation were reasonable values based upon hdhewdt the measured
biaxial stress/strain data and their proximity to resiient uniaxial modulus values. The
elastic constants calculated from biaxial tests are not expected to be identical to uniaxial

values because the test conditions are differBfaistic constants calculated from biaxial
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tests withanorthotropic linear elastic constitutive model provide a better representation
of geosynthetic material properties tham anx i a | t est s atbesdneudesie Poi s
in the model. Thus, the el@stonstants calculated are more applicable for predicting the
stress/strain response of geosynthetics in field loading applications. The elastic constants
were calculated from stress/strain data after stress relaxation and creep so that they can be
used © describe a resiient response of geosynthetics expected in field loadings. The
elastic constants were calculated from stress/strain data from three modes of loading and
thus describe the response of geosynthetics in multiple field loading situations wher

geosynthetics experience simultaneous loading in both directions, or plane strain loading.

Recommendations for Future Testing

The uniaxial tests performed were modeled after an existing ASTM standard
(D7556), and thus do not need significant modification or recommendations. The creep
tests however do not have an existing standard and could be investigated further to
confrm the onclusions drawn in this thesis. Due to time limitations, a robust uniaxial
creep testing program was not possible for this thesis and thus a small number of trials
were performed on only two materials. The creep properties of geosynthetics have been
studed in the past but not in the same format as was investigated for this research. To
examine the resiient response of geosynthetics afiaxial creep, itis recommended
that a procedure modeled after ASTM D7556 be developed and implemented on more
matefals with enough trials to determine if precision requirements in ASTM D@a&b6

met.
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Idealy more trials on all materials tested biaxially would have been performed to
try and quantify the precision of the data collected and what is possible with the give
biaxial device. More trials performed on the geotextiles could have helped better
unde st and t he v aatiourepsrtedaaf diffdfent i load stepsd More trials on
Geogrid E would also be helpful oonf i r m t he v ato yaues callatddoi s s on
for load step 1.

The biaxial tests on geosynthetics were modeled after the uniaxial testing
program, ASTM D7556 and biaxial tension tests performed on structural membranes.
The biaxial testing device used for this project was a relatively neingtetevice that
had not been used for any formal testing programs or robust research previously. This
created a lot of experimentation with the device in order to generate reasonably precise
data that was useful for determining the material responseos§gbetics. Some
improvements to the instrumentation and control of the desioecessary to generate
data with higher precision. The LVDTs used to measure strain in the materials are
accurate instruments, but attaching them to the geosynthetic atalipaints is not the
best way to measure strain in the material. The setup of the LVDTs inherently introduces
smal amounts of human error that influence strain measurements between trials. It would
beneficial to use video software to observe the strhall oodes in the interior portion of
the cruciform sample in order to generate a strain field. This type of approach would
elminate human error and save time associated with testing setup. The measurement of
strain betweendiscrete poirg also was prokimatic for the triaxial geogrid tested. The

triaxial geogrid was tested in all three modes of biaxial loading using the developed
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testing procedure. The data generated from testing the triaxial geogrid was very erratic
and difficult to fit into the constitive model. The data from the triaxial geogrid
utimately was not used for calculation of elastic constants due to the qualty of the data.
It was thought that the discrete measurement points of strain for the triaxial geogrid may
have caused some the @#b be confusing and if a strain field was calculated then a
better representation of the material response could have been generated.

The mechanism through which the biaxial testing device created displacement in
the material could also be improved otufe biaxial testing devices. The electric motor
was not ideal for loading materials because it is not technically creating a constant rate of
strain for the initial loading of a material after stress relaxation or creep. This is due to the
fact that theelectric motor must accelerate to the desired speed before it operates at a
constant speed. The same is true when the motor is turneditoffiust decelerate before
stopping. This deceleration causes dificulty in reaching the desired level of permanent
strain precisely in the testing procedure used. The permanent strain limits used for biaxial
tests were not precisely or consistently adhered to because of the human control of the
displacement and the deceleration of the motor. A major improvement mgciessa
creating a more standardized testing procedure would be to setup the biaxial device so
that a testing procedure with precise permanent strain limits could be programmed. An
interface with feedback to the device control such as that on the unastimb tdevice
would be ideal so that the strain limits are precisely folowed. The measurement of load
using load cells in the chains of the device was a smart way to design the biaxial testing

device but causesome minor problems. The weight of the lazgads in the chains and
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the selfweight of the chain cause a slight sagging in the chain at low levels of load. The
effect of this was not significant for this study because the data of interest was at loads
corresponding to 0.5 % strain and above whegestdgging is minimal. In the futyré
may be desirable to measure load in all four directions if tests were performed on samples
at a 45 degree orientation to confrm that the load is equal on both sides of a sample.

Another improvement that could bede on the biaxial testing device is the
material gripping method. The material grips on the biaxial device did not cause any
issues with the data collected but could be improved. The rigid plates that were bolted
together to grip the material were verydtional and coseffective, but also required
significant time for testing setup. The geosynthetic also hae maodified to fit in the
grips for each testing sampdndthen manually centered in each grip. Eight bolts then
had to be tightened on all four grips, ensuring the material stayed centered the entire time.
This process was not difficult to perform but was much more-ititaasive than using
the gripping method \ailable for the uniaxial testing device. A possible improvement to
the biaxial testing device would be to have clamps more similar to those used in the
uniaxial testing device.

Overall, the biaxial device used for this thesis was an adequate deviceedidsign
an intelligent and cosgffective manner for the testing of geosynthetics. However, the
device in conjunction with the procedure developed and number of trials performed on
each material was not able to produce the high qualty, repeatable dataulhtoe
necessary to create a standardized testing procedure such as ASTM D7556. Some

potential improvements could be made in the instrumentation for measuring strain and
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controlling displacement. A photometric method for measuring strain would be
recomm@ded so that a strain field is generated instead of measuring strain at discrete
points using LVDTs. A hydraulic loading mechanism that is controlled by a
programmable procedure would eliminate the need for a human controlled procedure and
a case by casenalysis of data. This type of testing device would certainly be
significantly more expensive but might be necessary for creating a biaxial testing
procedure for simulating the resiient response of geosynthetics similar to the uniaxial

ASTM D7556 testing mcedure.
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APPENDIX A

NONLINEAR LEAST SQUARES APPROXIMATION FOR SOLVING ELASTIC

CONSTANTS
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As discussed in the Theory section of this thesis, a nonlinear least squares approach

was also used to calculate the elastic constants for a given data set of stress and strain
values from biaxial tension tests. The nonlinear least squares approximatimigue is

an tterative process that was programmed using MATLAB. The technique is outlined in
Chapra and Canale (1998} approximation functions that have a noniinear dependence

on their parameters such as the approximation function shown by Eq(&&pn

(33) /B Ap A

In order to solve for the parameters, @) in the approximating function matrices must
be setup as shown in Equati¢®4). Where [Z] is the matrix of partial derivatives of the
function with respect to the parametessaad a (Equatior{35)), [D] is a matrix

calculated as the difference between the measurements (data) and the function values

(Equaton(36) and [ pA] is the changes in the
(34) $ :oo3l
~v— 11
11 1
(35) . 1T —
11 ]
U U
u /A
(36) $ Uu Mm
u m
oA
(37) 3! 3A

3A
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The nonlinear approach i s(38) 3he dnknowm sol ve [ op
parameters are then updated wusing t he [ pA]

iteratively wuntil [ thAdolutonshasscantefgedc i ent | y s mal

(38) < 1 8

Applying the nonlinear least squares approach to a stress and strain data set from biaxial
tension tests is setup as follows. The nonlinear approach was only performed as a stress
minimization since this resultedh the same values of elastic constants as the linear least
squares stress minimization. The approximation functions used for stress are taken as
Equations (11) and (12), where the approximating functions are related nonlinearly to the
parameters EE,Nn2) . The t wo Poi Mammipcan b&raldted oia thiee r ms

reciprocal constraint (Equatio(®)).

E Vay B
{11) a; = L &1 + i i
1=viavay 1=v3avaa

(12) gy =—mfr o, B

1=v3zVvaa 1 1=viava

The [Z] matrix is then setup by taking the partial derivatives of Equatibb¥and (12)

with respect to the parameters;,(E, M2). The [Z] matrix shown by Equatio(B9) wil

have n number of rows where nis the number of data points.

(39)
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The [D] matrix then is the difference between the approximating function values

K 4 ) and the data values for stress.

> >
5S¢ ¢

A
(40) $ A

The[ pA] matrix i s t hg38) Theophraneetdr valuesi anegupddfegiu at i o r
from the initial guess values wusing the [ o
iteratively wuntil [ pA] i s hbhasucbrivergedianthég | y s mal
ibest fito values for the elastic constant:
% % 3! p
% % 3! C
o H 3o
The computer program MATLAB has a buik function for solving nonlinear least
squares probl ems. The Al sgnonl inoninfdabnct i on
leastsquares (nonlinear dafiting) problems(MathWorks) The MATLAB function
also requires an intial guess so that an iterative approach can be started. One potential
advantage of this approach is that bounds can be imposed on the unknastis (el
constants). This builln function was also used for a stress minimization approach and

resulted in the same values for elastic constants as the linear and noniinear approaches.
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APPENDIX B

LOAD PER UNIT WIDTH VS. STRAIN PLOTSFORBIAXIAL TESTS
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The irregularities seen on these load per untt width vs. strain plots between 2.0 %
and 3.0 % strain and 3.0 % and 4.0 % strain are due to the motor stopping automatically
then manually being restarted it at lower motor speeds to try to reacexthpemmanent
strain limit. This process had to be repeated multiple times for other materials and is why
the curve may appear irregular. This was acceptable because the only data of interest is

the initial loading after stress relaxation/creep.
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APPENDIX C

DRAFT OF TESTING STANDARD FOR DETERMINATIONOF ELASTIC

CONSTANTS FOR GEOSYNTHETICS USING HAIR BIAXIAL TENSION TESTS
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Scope

This test method covers the determination of the elastic constants of geogrids and
geotextiles subjected to smaltain biaxial tension tests meantrépresent loads
experienced by geosynthetics in field loadings such as reinforced pavement.

Terminology

Aperturei Openings in a geogrid, space between by ribs and nodes.

Crossmachine direction (XMD) Direction of geosynthetic along the width of thd, ro
perpendicular to machine direction.

Cruciform samplei Shape of biaxial specimens tested, having an interior portion and
four arms.

Elastic Constant§ Modul us of elasticity and Poissono:s
Gauge Lengthi Distance between attachmepoints of LVDTs used for measurement of
displacement within the interior portion of cruciform sample.

Geogrid - Geosynthetic formed by a regular network of integrally connected elements
with apertures greater t han i® sudbndimgnsoi,( L u4 i
rock, earth, and other surrounding materials to primarily function as reinforcement.
Geosynthetic- Product manufactured from polymeric material used with soil, rock, earth,
or other geotechnical engineering related material asegrarht part of a man made

project, structure, or system.

Geotextile - Any permeable textile material used with foundation, soil, rock, earth, or any
other geotechnical engineering related material, as an integral part ofreaalanproject,
structure, or sstem

LVDT 7 Linearly varying displacement transducer, used to measure displacement in the
interior portion of a cruciform sample.

Machine direction (MD) Direction of geosynthetic along the length of the roll,
perpendicular to the cross machine direction.

Mode 1i Tests where both perpendicular directions were pulled in tension by an equal
displacement.

Mode 21 Tests where machine direction (MD), referred to as the ¥Dre&ttion, was

held at a constant displacement whie the eroashine direction (XND), referred to as

the X or XDirection, was displaced

Mode 3i Tests where XMD was held at a constant displacement whie the MD was
displaced.

Node- Point where geogrid ribs are interconnected to provide structure and dimensional
stability.

Rib - For ge@rids, continuous elements of a geogrid, which are either in the machine or
crossmachine direction as manufactured.

Summary of Test Method
In this test a cruciform shaped geosynthetic sample is loaded in tension to a prescribed
level of permanent straiiThe material is then held at this level of permanent strain such
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that the material experiences stress relaxation and/or creep for 20 minutes. The material is
then loaded to progressively higher levels of permanent strain with the same hold period
of 20 mhutes occurring at each level of permanent strain. The data collected during this
period is load and displacement, which is used to calculate stress and strain. The stress
and strain values are used to solve for the elastic constants of the geosynihgta us

least squares approximation for an orthotropic linear elastic constitutive model.

Apparatus Requirements

1. Must be capable of testing cruciform shaped samples of geotextiles and geogrids.

2. Must be capable of testing sufficiently large biaxial samglash that the
behavior of the macrostructure of the geosynthetics can be captured.

3. Must be capable of applying an equal displacement in all four directions such that
the center point of the sample remains in a constant location (mode 1 loading).

4. Must be caable of loading one direction while the other direction remains
constant (mode 2 and mode 3 loading).

5. The gripping mechanism must be capable of holding the material without causing
premature failure or slippage.

6. Instrumentation for measuring load and ispment must be included with
device or attachable.

Sampling

Samples used for testing should be cut from near the center of geosynthetic rolls and
visually inspected for any material defects or abnormalities. Once materials have been cut
from ageosynthetic roll they should be flattened out using weights on all four ends of the
cruciform shaped sample such that any curling of the sample is minimized.

Test Specimen

Exact test specimen size should be based upon the particular material. Gessextles
can be cut to any size. The following dimensions should be used for both directions:
Width of material: 16 inches

Un-gripped length of crucible arm: 18 inches

Gauge length: 6 inches

Geogrid specimen sizes should be approximately those of a geotaxd wil vary
between products. The dimensions of specimens vary due to different geometry and
aperture sizes. The specimen dimensions in each principal direction are made to match as
closely as possible. Care should be taken to make the total di@iveeen grips in both
directions as close as possible.
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Testing Setup For Geogrids
1. Make sure motor speed is set to its maximum speed of 3450 rpm. This should be
done prior to placing spedm in device as it cannot be set precisely without
having the motor spin.
2. Loosely place test specimen in biaxial testing device.
3. Cut necessary ribs at the end of the cruciform arm such that material can be
centered in grip.

Align the specimen to beentered and square in each grip.

Tighten bolts on all four grips to 70-hh of torque.

6. Snip the transverse ribs in cruciform arms (ribs perpendicular to direction of
loading). The two rows of ribs closest to the interior portion of the sample should
be smpped twice such that there is a clear gap.

7. Center the specimen on the device by adjusting the chain lengths and tightening
screw at the end of each arm.

8. Once sample is approximately centered LVDT attachment can be started.

ok
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9. First place towers that hold LVI3 on the side of the biaxial device, ensuring
they wil not be in contact with the specimen at any point in the test.

10. Mark the location for LVDT attachment using a siver marker.

11.Dril a smal hole in the nodes where LVDTs wil be attached. It is helkwful
place a block under the geogrid node for support when driling the hole.

12.Align hole of electric terminal that is connected to LVDT arm with the hole
driled in the LVDT node and carefully hammer a small nail (1.2 mm x 15.9 mm)
through these holes.

13.Ensue there is a small gap between the node and electric terminal and that the
bottom of the nail is in the air (not in contact with device in anyway). If the nail is
too long then the bottom of the nail should be cut to meet this condition.

14.Place a smal amoti of super glue on the nail head to ensure a rigid connection
between nail and electric terminal. It is helpful to use a spacer to ensure the
distance between the electric terminal and node is uniform between attachments
and to hold the electric terminad place while super glue dries.

15.Align LVDTs by adjusting the towers that hold LVDTs such that the inner core of
the LVDT is straight and parallel with the outer core and is floating inside. Care
should be taken with aligning LVDTS. It is also importaratttine LVDT is
aligned such that is has enough measurement range to stay in range for the entire
duration of test.

16.Place smooth blocking materials underneath the interior portion of the biaxial
sample to ensure no displacement occurs out of plane. Cailé sleotaken to
avoid interference between blocking and LVDT attachment nails.

17.1f a mode 2 or mode 3 test is being performed the rods should be disconnected
from the load plate and connected to the stationary plate.

18. Apply a seating load of 50 Ibs. in balitections. While applying the seating load
precisely center the specimen on the testing device. This is done by tightening the
bolt at the end of arms of the device. It can be helpful to look down ribs in all four
directions to center and use device feaas a reference for centering specimen.

19.Count number of ribgtensile elementspacross the crucible arim both directions
such that a width can be calculated using method outlinegthtananalysis step 1.

20.Measure gauge length from centeriine to centerlri nails used for LVDT
attachment.

21.Calculate displacements in both directions that wil correspond to permanent
strain limits.

22.Ensure LVDTs are stil properly aligned and 50 Ib. seating load is stil present.

Testing Setup For Geotextiles

1. Make sure motospeed is set to its maximum speed of 3450 rpm. This should be
done prior to placing specimen in device as it cannot be set precisely without
having the motor spin.
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2. Loosely place test specimen in biaxial testing device.

3. Melt holes at ends of crucible arree that bolts on grips fit through the specimen
and it is centered and square in the grip.

4. Tighten bolts on all four grips to 70-hh of torque.

5. Cut 11 slts of equal width along the crucible arms in the direction being loaded.

6. Center the specimen on thevite by adjusting the chain lengths and tightening
screw at the end of each arm.

7. Once sample is approximately centered LVDT attachment can be started.

8. First place towers that hold LVDTs on the side of the biaxial device, ensuring
they will not be incontact with the specimen at any point in the test.

9. Mark the location for LVDT attachment using a siver marker.

10.Push the sharp threaded rod through woven fibers at the marked locations.

11.Place a nut above and below the geotextile on the threaded rodhie tgainst
each other to ensure a rigid connection.

12.Align LVDTs by adjusting the towers that hold LVDTs such that the inner core of
the LVDT is straight and parallel with the outer core and is floating inside. Care
should be taken with aligning LVDTdt is also important that the LVDT is
aligned such that it has enough measurement range to stay in range for the entire
duration of test.

13.Place smooth blocking materials underneath the interior portion of the biaxial
sample to ensure no displacement ocowisof plane. Care should be taken to
avoid interference between blocking and LVDT attachment rods.

14.1f a mode 2 or mode 3 test is being performed the rods should be disconnected
from the load plate and connected to the stationary plate.

15. Apply a seatingdad of 50 Ibs. in both directions and while doing this precisely
center the specimen on the testing device. This is done by tightening the bol at
the end of arms of the device. It can be helpful to look down fibers in all four
directions to center and ugevice frame as a reference for centering specimen.

16.Measure width of sample gripped.

17.Measure gauge length from centerline to centerline of rods.

18.Calculate displacements in both directions that wil correspond to permanent
strain limits.

19.Ensure LVDTs arestil properly aligned and 50 Ib. seating load is stil present.

Testing Procedure
1. Make sure motor speed dial is set to its maximum speed of 3450 rotations per
minute.
2. Make sure displacement values corresponding to permanent strain values are
known.
3. Rese the data logging device (resend program) so that data being collected starts
from scratch.
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4. Turn the electric motor on so that it rotates forward (causing downward
displacement of the load plate).

5. Turn off the electric motor as the displacement of theemahtapproaches the
value corresponding to the first level of permanent strain.

6. Once motor has stopped rotating, start a timer for 20 minutes.

7. Once 20 minutes has passed continue by repeating s@fis 4he desired levels
of permanent strain.

8. Ensure tht the material is loaded atfter the final 20 minute hold to a minimum
value of 0.5 % strain above the final permanent strain limit.

9. Make sure to not exceed load limit of 2000 Ibs. for load cells.

10.1If electric motor is not capable of achieving upper levdlpeymanent strain it is
helpful to lower motor speed after inttially loading material at full speed such that
the motor is capable of applying slightly more displacement.

11.Unload the material to seating load value or below.

12.Collect data from the trial penmed.

Data Analysis
1. Convert measured load to load peit width (stress) by diiding the measured
load by the width it was applied over. For geogrids load per unit wgithuld be
calculatel as outlined by section 11.2.2A%TM D7556, where the widtthat
load wil be divided bys calculated athe number of tensile elements per unit
width (Nt) divided by the number of tensie elements being tested (N
0 € wz’%
0

Nt is determined by taking the average of three measurements from samples t

are 95 % of the manufactured product roll width. Each measurement is performed
by measuring the distance from the central point of the starting aperture (center
ine to center line aperture dimension divided by 2) to the center point of the
aperture alistance equal to 95 % of the manufactured product roll width away

from the starting aperture (this establishes the b value). As such, this measurement
wil result in fractional value. The number of tensie elements,within this

distance, b, are counteand Nis determined by dividing the JValue by the b

value (ASTM, 2010).

2. For both orthogonal directions, add the displacement at both LVDTs measured
such that the displacement between the two LVDT attachment points is
calculated.

3. From the displacementalculated in step 2, calculate strain in both orthogonal
directions using the measured gauge lengths.

4. Examine load per unit width and strain data directly after 20 minute hold period.
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5. Examine this data to ensure it is linear and fit a inear trendlinetiad stress vs.
strain data. The slope of the best fit linear trendline wil be called a pseudo
modulus. The stress/strain interval of the pseudo modulus varies slightly between
trials but should be approximately 0.2.4 % strain and most importantly
capturing the linear response. An example from a mode 1 trial is shdwgune
153
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Figure 153 Determination of Pseudo Modulus for Mode 1 Loading

6. Calculate a value of stress and strain, where the strain value is the strain interval
over which bhe pseudo modulus was calculated and is determined from the first
and last data points of the interval (Equations 1 and 2) and the stress is the strain
value multiplied by the pseudo modulus (Equations 3 and 4).

@R R R R
2R R R R

@)k A 0-72Rr

@A K 0- zR
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7. Perform steps-6 for all levels of permanent strain (load step).
8. Examine a plot of pseudo modulus vs. permanent strain (or load step) to examine
any outlier values or trials. An example is showrrigure 154.
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Figure 154 Pseudo Modulus vs. Load Step for Mode 1 Loading

9. Calculate an average value for pseudo modulus for each load step and mode of
loading for both material directions (XMD and MDs shown by Equations 5 and
6.

(50 -

5%
o
o
1
¢
o

6) 0 -

¢
e}
o
1
= x
¢}

10.Calculate an average ratio of strain values (ratio between strain in XMD to strain
in MD) for eachload step and mode of loading.

7 —
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11.For mode 1 loading, load step 1 assign an arbitrary value of 0.002 to strain in the
XMD.

B8R mBrTC

12.Calculate strain in the MD based upon the average strain ratio for mode 1, load
step 1.

Or —

8

13. Calculate the stress in the XMD using the average pseudo modulus in the XMD
for mode 1, load step 1.

10) A 0-; £R

14.Calculate the stress in the MD using the average pseudo modulus in the MD for
mode 1, load step 1.

15. Repeatsteps 1114 for all load steps.

16.Repeat steps 114 for mode 2 loading.

17.Repeat steps 114 for mode 3 loading except assign an arbitrary value of 0.02
strain in the MD.

18. A data set with one value of stress and strain in the XMD and MD for all three
modes ofoading and all load steps should be generated from this process.

Calculation of Elastic Constants

An orthotropic linear elastic constitutive model was used to describe the behavior of
geosynthetics subjected to biaxial tension tests. The reseljugtion from this
constitutive model is shown in matrix from by Equatior2)(&nd algebraically by
Equations (13) and ()4

A
(12) A 4 # R

(13) A # R # R
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(14) A # R # R

Constants @i, Ci12, C21and Gz are defined by Equations (15), (16), Y&ard (18)

(15) # —
(16) 4 —
(17) 4 —
(18) # o —

The maj or and miemme are rdlied By E£quatidns(19)raadtconstrained
by Equation (21

(29) H 4 —
(20) 4 d p

A least squares approximation is used to solve foekmgtic constants of geosynthetics

using the data generated from biaxial tests. The least squares approximation can be
performed as a stress or strain minimization. Reported values for elastic constants should
be an average of the value obtained from steesl strain minimizations. The process for
calculating elastic constants using a stress naaition is shown by Equations (21)

through (Z).

(22) 3 B#RrR # R K # R # R A
(22) ]
B R B RR L1 # BAR
(23) BRrR BR R BRR # BAR AR
Tt B RR B R # B AR

(24) % # @ —
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(25) 4 — P —
(26) % —
(27) H 4 —

For astrain minimization Equations (1&nd (4) are rearranged in terms of strais

defined in Equations (28) andqR

(28) R — —u
(29) R — —d
Constants are defined IBguations 30) through 82)
(30) % —
(31) % —
(32) % —=% —

Least Squares is applied in a similar manner as for the stress minimization as shown in

Equations 83) through (35). The elastic constants are calculated using EquatB@s (

through B9).

(33) 3 B %A %K R % A % A R
(34) T
B A B £ X T 0 B AR
(35) B KA BA K B AA % B AR AR
I B £ X B A % BAR
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(36) % —
(37) % —
(38) 4 %2%

(39) H 4 —

The elastic constants are calculated at each load step using the data setarictsésin
values from all three modes of loading for that given load step as described in Step 19 in
the Data Analysis section. If a single set of elastic constants is desired then data sets from

all load steps should be combined.



