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GLOSSARY

AOI Area of Interest; the central square of the cruciform test
specimen.

Aperture In a geogrid, the void spaces framed by the ribs and node

Bias Warp and weft directions rotated from the directions of
loading (rotation of 45 degrees for this thesis).

Biaxial Test Two axes of loading or constraint operasadultaneously.

CCD Charge Coupled Device.

CMOS Complimentary Metal Oxide Semiconductor.

cov Coefficient of Variance; COV = standard deviation dividec
by the average (mean).

Cruciform Shape of the planar sample used for biaxial testing; has fc
equatlength arms projecting from a square central area of
interest.

DIC Digital Image Correlation.

DSLR Digital Single Lens Reflex.

FEM Finite Element Modeling

fps Frames per second.

G In-plane shear modulus.

Geogrid Geosynthetic formed byragular network of integrally
connected el ements with arg
in.) to allow interlocking with surrounding soil, rock, earth,
and other surrounding materials to primarily function as
reinforcement.

Geosynthetic Product manufacted from polymeric material used with sc
rock, earth, or other geotechnical engineering related mat
as an integral part of a mamade 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 of a maade project, structure
or system

Hz Hertz;frequency;l/second.

Line Load Load per Unit Width: the typical measure of stress for plar
materials with negligild thickness such as geosynthetics.

LVDT Linear Variable Differential Transformer.

MD Machine Direction; also warp, Y, orRirection: the direction
of geosynthetic along the length of the roll.

Mode 1 Tensile loading created by equal displacement ih oand
Y machine axes.

Mode 2 Tensile or shear loading created by displacing the X mact

axis while the Y machine axis is held fixed.




XXI

GLOSSARYCONTINUED

Mode 3 Tensile or shear loading created by displacing the Y mack
axis while the X machine axis is hdlged.

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

Non-Bias Warp and weft directions aligned to the directions of loadi

Rib For geogrids, continuous elements of a geogrid, which are
typically in the machine or crossmachine direction as
manufactured.

Uniaxial Test Loading or constraint applied in one axis only.

UTS Ultimate Tensile Strength.

XMD CrossMachine Direction; also weft, X, orDQirection: the
direction of geosynthetic across the widftthe roll,
perpendicular to the Machine Direction.

I In-plane shear strain in the loading coordinate system.

i In-plane shear strain in the material coordinate system.

- Strain in the X loading axis.

- Strain in the Y loading axis.

” Stress in the X loading axis.

” Stress in the Y loading axis.

T In-plane shear stress in the loading coordinate system.

T In-plane shear stress in the material coordinate system.
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ABSTRACT

Geosynthetics are polymeric membranes used for structural reinforcement of soils
in a variety of roadway and foundation applications, many of which create haadatg
on the geosynthetic. Orthotropic linear elastic models have been used to represent
geosynthetic behavior at working load levielsengineering design purposdypically,
the models rely on index parameters obtained from test methods thatrdpresent the
biaxial field loading conditions. Proper calibration of these models requirestiaial
data obtained from tests that have controlled stress and strain boundaries such as biaxial
tension tests. Previously at Montana State University, ltéas€018) successfully used
a custom biaxial device to perform biaxial tension tests on cruciform shaped geosynthetic
specimens, producing a partial set of resilient elastic constants for two woven geotextiles
and six biaxial geogrids. To complete tle¢ af elastic constants by determination of the
in-plane shear modulus, another mode of loading was necessary. Literature from biaxial
shear tests of architectural membranes suggested cutting the cruciform shaped samples
with the principal material direlcins on a 45legree bias, which causes the sample to
shear when the cruciform axes are unequally loaded. This test mode was successfully
implemented with the existing biaxial device to determine the resiligriime shear
modulus using an orthotropickar elastic model. Fdiield strain measurements were
captured using digital imaging correlation (DIC) software available at Montana State
University. DIC was shown to produce equivalent strain measurements to the
mechanical instrumentation (LVDTS) ukby Haselton, enabling a combined dataset.
Thefullf i el d DI C strain measurements were then
regarding the region of uniform strain and to identify the region of uniform strain for data
collection in this thesis. @ also showed reasonably pure biaxial tension in the
cruciform samples, validating the elastic constant derivations for both Haselton and this
thesis.
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CHAPTER ONE

INTRODUCTION

Background

Geosynthetics angolymeric membranes used for structural reinforcement of soils
in applications such as retaining walls, constructed slopes, roadways, and granular load
transfer platforms. These applications create biaxial loading on the geosysiilcatic
that the materieexperiences load in both principal directions simultaneously. Biaxial
loading cannclude inplane shear stresses and stréfiosapplications such as roadways)
as well as plane strain induced by the Poisson gfi@capplications such as retaining
walls).

Numerical modeling is commonly used to evaluate new applications for
geosynthetics and to develop robust design methods. However, the material constants
currently in use have been developed fide-width uniaxial testing The wide width
of specimens ahthe unrestrained material edges create an unknown stress and strain
state, which makes the material constants derivegpuesentative of the material
response to biaxial loading found in field conditiof®r orthotropic linear elastic
models to appragately represent geosynthetic behavior under working load conditions,
these models should be calibrated from {eadin data obtained from tests with
controlled stress and strain boundaries. Biaxial tension tests accomplish this requirement

as well as ppvide the ability to load simultaneously in both principal directions.
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To fully characterize biaxial stres$rain properties, biaxial tension tests must be
performed in two different orientations: w
oriented he same as the biaxial tension directions (0 and 90 degrees), and then with the
warp and weft directions placedonabids% and 45 degrees). For
biaso refers to the 0/ 90-45/5 orientatioa. tAibigah , an d
testing device has been built specifically for geosynthetics testing at the Western

Transportation Institute (WTI) at Montana State University and was used in this study.

Previous Worlon Biaxial Testing of Geosynthetics

This research continuesetloverall project started by Haselton (2018) for biaxial
testing of geosynthetics using the WTI biaxial testing devitaseltonused norbias
biaxial testing taesuccessfully determine the modulus of elasticity for both principal
materialdirectionsandthe#p| ane Poi ssonés ratio for a se
(biaxial geogrids and woven geotextilse same as used in this reseprétor
Haseltonds work, strain was captotheahe usi ng
trialtri axi al geogrid in Haseltonds study, the
strains, and a similar problem was anticipated for biasial tests (the primary scope of
this research). Also, even when the LVDTs workedl, they only provided a single
strain measuremeirt each direction of loadingvhich was assumed to be representative
of the entire central gage area. Because of this, an improved strain measurement system

was necessary for thisudy Digital image correlation (DIC) was selectegtause ofts

ability to provide a complete strain field usiaghorcontactingnmeasuremergystem



3
DIC is commonly used in polymer and fabric tensile tedbiecausét avoidspotential
damage to specimens caused by affixing strain gaggdecause it pvades a more

reliable, accurate measurement

Scope of Work

The goal of this research is to conddBtdegreebias biaxial testm
geosynthetics tdetermire the inplane shear modulugsing DIC to collect strain data.
DIC techniques for geogrids wedevelopegdand techniques were validated by doe
one comparison of strains in biaxial Abias tests also instrumented with LVDTs. DIC
was then used to evaluate the region of uniform stramoirbias and5-degree bias
biaxial testsand to confirmassumptions regarding a state of pure biaxial tension in the
cruciform samples The product of this research is a finished set of elastic constants for
eight @mmon geosynthetics and an experimental procedure for DIC analydis of

degreebias biaxial teing of biaxial geogridend woven geotextiles.
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CHAPTER TWO

LITERATURE REVIEW

Introduction

In-plane shear tests are wdthcumented for structural fabrics and polymeric
architectural membranes, which exhibit similar material characteristics to geosynthetics,
including viscous behavior, and phenomena sudioak-upo of fabrics in shear may
alsobe pertinent tavovengedextiles Typical inplane biaxial shear test devices,
loading protocols, specimen details, and shear modulus values were examined for these
similar materials, together with a brief review of biaxial shear stress and shear strain
equation derivations found in th&erature. Readers are directed to Haselton (2018) for
an extensive reviewf biaxial testing performed on geosynthetics, which will not be
discussed here since only nbias biaxial testgno biaxial shear testBave been reported
at this time In several biaxial shear studies in the architectural membrane community,
full-field strain measurement using digital image correlation (DIC) has been used
successfully to measure strains and to assess regions of strain uniformity. Although no
biaxial studiesising DIC on geosynthetics were found, other literature reporting DIC on
wide-width tensile tests of geosynthetics was also examined concerning software,
techniques, and results. Finally, camera systems for DIC were reviewed to assess the

suitability of equipment available for this project.



5

In-Plane Shear Tests for Fabrics and Planar Polymeric Materials

In-plane shear tests have been long establigh@etermire material properties of
fabrics, and in recent years, also for architectural membrankysn@dfoils and polymer
coated fabrics). The presence or absence of a polymeric coating significantly affects
fabric shear behavior. Uncoated fabrics, including those used in composites forming,
typically have low shear resistance in comparison to teesile strength (Skelton 1976,
Colman et al. 2014). In contrast, architectural membranes must have sufficient shear
strength to perform well in tensioned applications which are typically dauwinled
structuregFigurel) (Colman et al. 2014). Accordingto Colmane{(20149, fAt he shea
stiffness of architectural fabrics is predominantly governed by the protective polymeric

coating and is routinelyassmned t o be | inear. 0

Figurel: Architectural membrane (polymepated fiberglass) showing double curvature
(Birdair Inc. 2004)
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Architectural membranes are relevant cousins to geosynthetics based on their
material characteristicboth categories include planar, polymeric or composite materials
that exhibit nonlinear (elastic and plastic) biaxial ststssin behavior that is tirae
dependent (hysteretic), temperatdependent, and directiaiependent (anisotropic)
(Colman et al2014, Galliot and Luchsinger 2010, Perkins 2000, McGown et al. 2004).
Woven geosynthetics are anticipated to behave similarly to uncoated fabrics due to their
unbonded weave, whereas the integral or welded junctions of geogrids are anticipated to
create omparatively high shear resistance, similar to polyowated fabrics used as
architectural membranes.

For architectural membranes as well as geosynthetics, uniaxial tests provide only
an approximate description of material behavior in the field (@adic2015, Haselton
2018). A lack of test standards has resulted in a proliferation of biaxial test protocols for
architectural membranes, but of these, plane biaxial testing is considered to be the only
reliable method (Beccaralli 2015). Biaxmahterals experience shear when loads are
applied offaxis from the material directiong.o accuratelydetermire theelastic moduli,
shear is undesirable in the sample; for example, care must be taken when biaxially testing
woven materials that do not have@degree angle between warp and weft directions so
as not to introduce shearing (Lomov et al. 2007, Bridgens et al. 2011, Colman et al.
2014). Consequently, when sheadesired in the sample, it is only necessary to rotate
the warp/weft directions withtespect to the loading directions to produceaxif loading

and therefore shear.
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For shear modulus determination, both theddgree bias biaxial test and the

picture frame test are preferred (Galliot and Luchsinger 2010, Beccaralli 2015, Colman et

al. 2014). The picture frame tegtigure?2 left) creates a change of angle between warp

and weft fibers during shearing, whereas tha&ld§ree bias biaxial tedtigure2 right)

induces shear without changing this angle (Colman et al. 2014). Shear with angle change

is required for architectural fabrics to achieve curved surfaces, making the picture frame

test more representative of fidbading for these materials (Colman et al. 2014).

However, geosynthetics are generally used in planar applications, dnabiad tests are

more representative for geosynthetics. Other biaxial shear tests without angle change

i ncl ude t h aevélopdd &yaQGalliot amdripobsinger (2010), which used

multiple actuators to apply a load gradient to each arm of a 0/9€b{ashcruciform

specimen. The shear ramp offers the advantage of performing all tests for elastic and

shear moduli on a singleasilyfabricated specimen, but it requires advanced biaxial test

equipment and load control capability (Galliot and Luchsinger 2010).

-

72 ¥2| —»

/N
/ N\

Figure2: Picture frame test (left); bidsaxial test (right) (Colman et al. 2014). Dashed
lines show warp and weft directions.
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For rigid materials, bias biaxial tests may be performed with one axis in tension
and one in compression (e.g. Gunderson and Rowlands 1983). However, since
membranes cannot be loaded in compression, Galliot and Lgehg2010) describe a
bias biaxial test protocol where all four cruciform arms are pretensioned. Shear is
induced by then applying additional load to one axis while load is released along the
other axis, allowing the sample to deform as showkigare3. This method was also
used by Gao et al. (2018), Chen et al. (2018), and Shi et al. (2018) on pobatext

fabrics.

A,

Figure3: Preloaded tension/compression bias biaxial test (Galliot and Luchsinger 2010).

Derivation of Shear Stress and Shear Strain Equations

Gunderson and Rowlands (1983) offer the probable first exploration of shear
stress data for 45-degree bias cruciform test. They demonstrated the stress
transformations using a graphi c Figyeg,r oach b
but theydid not provide mathematical derivations, nor did they discuss the shear. strains
All strength envelopes were determined graphically from sheanal stresstress plots,

with no investigation of stiffness.
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Figured: Mo lraleGtsessdransformations for bibsxial tests (Gunderson and
Rowlands 1983).

Sharma et al. (200®)ased their analysis on shear angle rather than shear strain,
measuing the shear angle directly from the aspect ratio change of the interior region
usingphotoopticsandtrigonometry For shear stress, they resolved the applied forces
into their components in the material directions (longitudinal and sh€atinan et al.

(2014) andBecarralli (2015) also describe equations that rely on the shear angle; these
equationsareprimarily geared toward picture franypetests.

Galliot and Luchsinger (2010) describe a simple method for obtaining shear strain
from a 45degree Ias test using three extensometers positioned in a triangle as shown in
Figure5. Shear strain is determined from the change in angle, which is found using

trigonometricrelationships of the strains in the triangle legs.
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fill

TUIQI—

Figure5: Threeextensometer method for obtaining shear strain (Galliot and Luchsinger
2010).

Chen et al. (2007) calculated the shear modulus (Equgjtimn off-axis uniaxial
extension tests in multiple orientations u
the offaxial constitutive relationships shown in Equatiér® Subscripts 1, 2 indicate
material directions, subscripts x, y indicate load directions, asdhe offaxial angle
relative to the material direction 1. Equatidi8 simplify to Equatiord, in whichEss
andvss are the data fromthe4be gr ee bi as test. The Poisso

from photeoptic strain measurements in both the loading and transveesials.
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Rigorous mathematical derivations for blaaxial shear stress and shear strain
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have been provided more recently by Gao et al. (2018), Chen et al. (2018), and Shi et al.

(2018),

Structures Research Centdiheir shear strain derivations are based on trigonometric

relationships for the anglé X between warp and weft directions and the linear st¥ain (

col

| eagues wor ki

ng on

b i

axicel

andsy) in the two loading directionsThe advantage of this method istthiaequires

only two extensometersSince shear straith  can be related to the wavgeft anglen,

this is used to obtain an expression for shear strain in terms of the linearssteands,:

To derive equations for shear stress, force equilibrium is applied, and stresses in the
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loading directions are transformed to normal and shear stresses in the material directions:
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Assuming a very small shear angle such that the-wafpangle" remains close to 90

degrees, the stress equations further simplify:
A A g KA ©

(10

Biaxial Testing Devices

Details regarding biaxial test frames were provide&hitiot and Luchsinger
(2010), Bridgens et al. (2011), and researchers at the Chinese Space Structures Research
Center (Gao et al. 2018, Chen et al. 2018, Shi et al. 2018). These devices were custom
built and employ computerontrolled load actuation, epling the execution of precise,
complex loading programs including cyclic loading. Othiexial frames reviewed by
Becarralli (2015) in a roundbbin study have similar control capability.

Gall i ot and Luchsinger és ( 2diveOmounted a me h
on transverse bearings for each tensile d&figufe6). Each drive connects to a 10 kN
load cell for independent control, enablingthgirugue fAshear rampo | oa:i
which applies a stepped stress to each arm as shdviguire7. Grips were designed for
use on architectural membrandsoth LVDTsandDIC were used for strain

measurement.
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Electromechanical actuators MNeadle extensometers

Aluminium grips Cruciform spacimen

Figure6: Biaxial testing device and cruciform sample from Galliot and Luchsinger
(2010).

Shear 0°

yl 5y biaxial pre-tension

Ac_: variation of tensile
stress in the shear ramp

Figure7: Shear ramp on a traditional (rbras) cruciformsample (Galliot and
Luchsinger 2010).



14

Bridgens et al. (2011) describes details for two different biaxial frames used in a
comparative study of biaxial tension tests (shear behavior was not investigated). One, at
the Taiwanese Textile Research Institusegamparable to that of Galliot and Luchsinger
(2010), except with seven independent servomotors for each sample arm. The second, at
Newcastle University, uses a floating frame for tests of fabrics witronbiogonal
warp-weft directions; this device alips load using a single serhydraulic actuator and
load cell for each direction. Both frames used LVDTSs to measure strains.

For the biaxial frame at the Chinese Space Structures Research Cagiezg),
fully automatic loadingip to 20 kN isapplied by four independent serlagdraulic
cylinders operated by a computer control and data acquisition systesa control is
provided by a d3on, 0.03% preision force sensor fixed between each cylinder and a
hydraulic clamptype grip Proprietary software provides capability foad control or
displacement contraésting with 10 Hz real time data feedback control. Testing rates
are 210 mm/min for consint rate of strain, or 0-50 kN/m/min for constant rate of load.

Both LVDTs andDIC were used for strain measurement.
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‘ } Needle extensometer =
Force sensor
| 4

‘7.

Cruciform pedestal

{ Clamping

Control cabinet

Figure8: Biaxial testing device at the Chinese Space Structures Research(Gaatet
al. 2018, Chen et 22018, Shi et al. 2018).

Specimen Details

Bias cruciform specimens reported in the literature range from a 75x75 mm to a
500x500 mm interior square, with arm lengths of 60% to 100% of the interior length.
Tests generally used armdh slitson polymercoated fabrics, but not necessarily for
uncoated fabrics. Also, multiple researchers ntteduse otornes cut on aadius for
the junctions between arms. Radii ranged from 10 mm (e.g. Gao et al. 2018) to 55 mm
(Galliot and Luchsinger 2010).

For shar tests on polymeroated fabrics, the Chinese Space Structures Research
Center used a cruciform sample with a 160x160 mm interior region and 160 mm arm
length outside the griput by three slit§Gao et al. 2018, Shi et al. 2018, Chen et al.

2018). Gaoet al. (2018) and Shi et al. (2018) both usedlarith slits, but Chen et al.
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(2018) used slits of varying length as showfrigure9. Galliot and Luchsinger used a
larger cruciform specimen for their shear ramp andédree bias biaxial tests, with 500
mm interior dimensions and 300 mm arm lengthisby four fultlength dits (Figure6).
Additionally, they specified a welding process for attachingloias arms to a 48egree
bias center as shown lngure10; their shear ramp specimen negated any need for
welding. Galliot and Luchsinger (2010) observed that the welding process made bias
sample fabrication difficult, andhéy suggested outsourcing the work to specialists.
Colman et al. (2014) also noted difficult fabrication fordEgree bias cruciform
specimens. Instead of a bias cruciform specimen, Colman et al. (2014) used a 300 mm
square specimen in a picture frarastt no slits were used since arm lengths were
negligible (the frame was adjacent to the interior region).

For shear tests on uncoated woven fabrics, Sharma et al. (2003) usddgaets
bias cruciform sample with 75 mm interior dimensions and 200 mnalblemgth
outside the grips in each of the loading directions. No slits were mentioned.bitiseir
cruciformsample geometry was based on ASTM D1®34or uniaxial bias extension
tests(essentially the dimensions of two uniaxial bias extension sammussed
perpendicularly in the middlghowever, this standard has been withdrawn without

replacement.
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Extensometer

Figure9: Biaxial sample fronChenet al. (2018) showing arm slits and corner radii.

0° specimen

45° specimen

H H

ezzzzzzzZZ overlap area for welded joint

FigurelO: Non-bias (0/90) kear ramp specimen (top)5-degree bias specimen with
0/90 nonbiaswelded arms (bottom) from Galliot and Luchsinger (2010).
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Loading Protocols

Most researchers in the literature used a sinokdingapproach, with a cyclic
shear load apm@d at varying load ratios as shownTiablel. Load ratio as used in the
table describes the maximum proportion of increased load in one ajs)to released
load in the other axis (¥, ) aswas previously shown iRigure3. Example load
historiesare shown irFigurelli Figurel4. A precursor report to the European Design
Guide for Tensile Membrane Structures (Mollaert et al. 2016) also samyaiic
loading, but no specific test data was given other than the illustration shéigume1l.

In this figure, warp and weft stresses are shown in blue and thenresultant shear

stress is shown in green.

Tablel: Summary of load protocols discussed in the literatufléS = ultimate tensile

strength.
First Author LoadRatios No. of | Prestress | Max Stress
Cycles | (% UTS) | (% UTS)

Sharma (2003) | Monotonic only N/A None Failure
Bridgens (2011) | 1:1, 2:1, 1:2, 10:1, 1:10, 1(honbias) |1 13t02.5 | 25
Galliot (2010) 1:0, 11:1, 5:1, 3:1, 2:1, 7:5, 1:1, 5:7, 5 4 20

1:2, 1:3, 1.5, 1:11, 0:1
Colman (2014) | 1, 3, and 6 degrees siiear 3 3,6,9 Not given
Jackson (2007) | 2,7, 2, 15, and 2 degrees of shear 5 1.3 27.5
Chen (2018) Approx. 4:1, 1:4 (preload approx. 2:2)| 4 Not given | Not given

: Approx. 4:1, 1:4 (preload approx. 2:2) . .

Shi (2018) Approx. 6:1,1:6 (preload approx. 3:3) 3 Not given | Not given

SeeFigurel4top 3 2 8
Gao (2018) SeeFigurel4 middle 3 5 8

SeeFigurel4bottom 3 2t05 8
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N
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Weft Stress Shear Stress

—— Warp Stress

Figurell Example load history after Mollaert et €2016).

Bridgens et al. (2011) discuss the significance of prestressrebiasbiaxial
tests of architectural membranes, noting that the-$t&in behavior from subsequent
|l oad cycles is fundamentally diffebent fro
conditioned behavior, 06 they lopdpmotdcols. med ext e
brief, their protocol consists of 12 hours of prestress at 1.3% to 2.5% of ultimate tensile
strength, followed by cyclic mechanical conditioning at 1:0, 0:1, ahavarpfill load
ratios between the prestress and 25% of ultimate strength. After conditioning, cyclic
loading for data of record is appliedvairiousload ratios Tablel), with maximum loads

of 25% of ultimate strength. Cycle time for conditioning was 2.5 minutes for each
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loading/unloading path, with rest intervals of 2 minutes at prestress between cycles; for
data of record, the cycle time increased to 5 minutesaftr bading/unloading path,
keeping the same rest interval. The rest time at prestress assisted with removing residual
strains that developed as a result of the

Galliot and Luchsinger (2010) performed cyclic testing&load ratios with five
cyclesper load ratiqTablel). To ensure no residual strains, only the last cycle for each
load ratio was kepsthe data of record. Witthéir method, the level of biaxial prestress
did not appear to affect the shear stigtsain response.

Colman et al. (2014) performed cyclic picture frame testing at three shear
deformation ratios (1, 3, and 6 degrees). Thirteen sets of three cycles formed the load
profile shown inFigurel12. They noted an increased shear stiffness with increased

biaxial prestress.

f
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Figurel2: Cyclic test profilg(shear angle versus timedm Colman et al. (2014).

Chen et al. (2018) and Shi et al. (2018) used similar cyclic shear loading

protocols, with a preload immediately followed by three to four cycles in positive shear,
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then three to four cycles in negative shéagyre13). Rather than allow recovery time

between cycles, additional stress was applied to remove residual strains.

Load / (kN.m )

x-axial Upper limit
—————— y-axial
||'|| Iﬂ. |" O
A M ,'I I'. r .
[ ;. Pretension
| [ i i '
| I'- |II I'- ,'II ! M
| I|I|I I|‘,| \ 1l
I o K k) A [ i
/ Vv Y ) Lower limit
! (N N |
{ III | V! \
llllI." ||’|' Il.ll )
-
Time / Min

Figurel13: Cyclic test profile from Shi et al. (2018).

Gao et al. (2018performed expanded cyclic shear testing with three different loading

patterns as shown Figurel4. The differences between the loading histories is

summarized inTable2. Constant ideal normal stress means that the stress in the material

directions is always the same across load steps as calculatgddtyoBE(9); it is shown

in the load histories where all the shear loads are symmetrical about a single preload axis.
Zero shear stress was achieved by cycling baes at equal tension levels rather than the
oppositemagnitude tension levels for shearing. Shear cycles were 20 minutes each, with
equal tension cycles of 10 minutes. Like Bridgens et al. (2011), Gao et al. (2018) also
noted in SLH3 that zereshearstress cycles helped to remove residual shear strains.
Shear stiffness appeared to be somewhatigtdry dependent as discussed further in

the
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Yes
Yes

SLH-2
Yes
No
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SLH-1
No
No

Shear Behaviosection below.
Table2: Differences between the shear loading histories from Gao et al. (2018).

Constant ideal normal stress
Zero-shearstress condition
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To comparenon-biasbiaxial test data from multiplest programs using different
biaxial devices, Bridgens at. (2011) recommended using an interpolated sB&sss
strain response surface generated-i», 8vhich enables comparison of surfaces rather
than discrete data points (which may not be directly comparable due to variances in
testing programs). A sittair approach was also used by Galliot and Luchsinger (2010) to
comparebiasbiaxial test data with model predictionBigurel15). Alternately, Bridgens
etal. (2011) suggested comparison of the elastic constants derived from each dataset

rather than comparison of the leamlain curves themselves.

(b) . Expenments (Warp)

34 «  Experiments (Fil)
[___1Model (Warp)
(1 Modei (Fill)

Strain (%)

B e

Fill stress (kN/m) Warp stress (KN/m)

Figurel5: Stressstressstrain surface for biaxial shear test (Galliot andhsinger
2010).
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Shear Behavior

Shear behavior observed in the literature include viscous effects and locking of
fibers at a maximum shear angle. A summary of shear modulus values from the literature

is provided inTable3.

Table3: Shear behavior reported in the literature.

First Author Material Shear Max | Shear | Viscous
Modulus | shear | locking?| behavior?
(KN/m) angle

Sharma (2003)| Dry woven carbon fiber N/A 65° Yes No
PVC-coated woven polyester| 12.2 24° No Yes
PVC-coated woven polyester| 11.0 24° No Yes
PVC-coated woven polyester| 11.2 24° No Yes
PVC-coated woven polyester| 12.0 24° No Yes
Galliot (2010) | PVC-coated woven polyester| 8.2 24° No Yes
PVC-coated woven polyester| 10.9 24° No Yes
PVC-coated woven polyester| 12.0 24° No Yes
PTFEcoated woven fiberglas| 32.2 9° No Yes
PTFEcoated woven fiberglas| 40.0 9° No Yes
PVC-coated woven PET 21.828.0 | 6° No Yes
Colman (2014)| PVC-coated woven fiberglass 22.629.3 | 6° No Yes
PTFEcoated woven fiberglas]| 99.2120.5| 6° No Yes
| PVC-coated woven polyester| 26.0 145 | No Yes
Jackson (2009)"5v= coated woven polyester| 12.6 145 | No Yes
~13.9 14° No Yes
Chen (2018) PVDF-coated woverpolyester 118 WG NoO Yes
PVDF-coated woven polyeste 10.5 15° No Yes
Shi (2018) PVDF-coated woven polyeste 13.9 13° No Yes
PTFEcoated woven fiberglas] 38.3 12° No Yes
PTFEcoated woven fiberglas] 45.5 10° No Yes
3.96.3 21° No Yes
Gao(2018) PVDF-coated woven polyeste 4.3-7.7 21° No Yes
4.27.9 21° No Yes

Sharma et al. (2003) observed concaved-stadin curves fobiaxial bias tests of
dry woven composites={gure16), with a sharp increase occurring in all samples at a

shear angle of about6560 degr ees. Thi supwa so fattthrei bfuitbeedr
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prevented continuing deformation in the interior regibock-up was explicitly noted
not to be present in other studies due to testing at lower maximum shear angles than the
locking angle (Jackson et al. 2009, Galliot and Luchsinger 2010, Gao et gl. 2018
However, in biaxial bias tests on architectural membranes, Gao et al. (2018) suggested
that a similar lack of interfiber movement might be the cause of a hysteresis phenomenon

observed at the beginning of unloading cycles.

.............. Picture frame
- = — Bias extension
Biaxial v/

2, _O_ 0.8 }
10 i s

—h— 1.2

Shear line force Ng (N/mm)

80
Shear angle (deg.)

Figurel6: Concaved loadtrain response from Sharma et al. (2003) showing ugpckt
65-70 degrees of shear.

For all the architectural membranes in their study, Galliot and Luchsinger (2010)
noted an initial nonlinear shear stretsinresponséhatbecame linear after a certain
level of shear stres&igurel?). The linearity was assumed to be governed by the
polymeric coating of the aterials since the shear angle remained less than the locking
angle for all testsVisco-elasticplastic behavior was also reported by Shi et al. (2018)

and Chen et al. (2018) for architectural membranes. At low shear stresses, Shi et al.
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(2018) observedonlinear, clearly viscous behavior; however, the second half of the
initial loading curve became relatively linear, so the slope of this portion was taken as the
original shear stiffness. Subsequent cycles showed similar effects during loading but
definite nonlinearity during unloading. Consequently, shear modulus for these cycles
was taken from the slope of the best fit line of the loading portion. Transfer shear
stiffness (between positive to negative shearing cycles, after removal of residuag) strain
was found to be linear and close to the value of the original¢fide) shear stiffness.
Chen et al. (2018) observed slightly greater stiffness for positive shearing versus
negative; the difference averaged about 15% (2.1 kN/m). Satkt al. (18)andChen
et al. (2018noted the presence of residual shear strains due to plasticity. -Ed&dDEd
polyester fabrics exhibited residual strains of about 20% of the maximum shear strain, but
for PTFEcoated fiberglass fabrics, the residual rose to.686st of this plastic
deformation appeared to occur in the initial cycle: Bsitihet al. (2018andChen et al.
(2018)observed that the first shear cycle produced quite different shearsteass

behavior compared to subsequent cycles.

Shear 45°
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Figurel7: Bias-biaxial shear stresstrain curves from Galliot and Luchsinger (2010).
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Figurel8: Shear stresstrain plots from Shi et al. (2018). Top: PVId&ated woven
polyester. Bottom: PTFEoatedwoven fiberglass.

Gao et al. (2018) observed a hysteresis effect in which shear deformation lagged
the load application. Shear strestgain curvesKigurel9) showedan inverse $hape
except at the lowest load level (0.5 kN/m), which was too low for precise control with
their device. Shear behavior was determined from the last two cycles of eaetytiece
phase since these produced the most consistenfstaikarto Chen et al. 2007, Jackson
et al. 2009, Shi et al. 2018, and Chen et al. 20T8¢ method of removing the first cycle
is also supported by Becarralli et al. (2015), who then additionally recommended

averaging the second and third cycl&hear modulsiwas determined fromeHinear
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portion of the shear strestrain curves, specifically from half the negative maximum
shear strain to half the positive maximum shear strain. Modulus was taken as the average
slope of lines fitted to the second and thiydles of each phase, and results are shown in
Table4. Tip-to-tip stiffness was also evaluated as a quick estimate method. Shear
stiffness decreased nonlinearly wititieasing maximum shear stress; however, it
increased as biaxial tension increased (this trend was also observed in picture frame tests,
e.g. Colman et al. 2014). Shear stiffness appeared to béikiady dependent, as the
material exhibited different aximum shear strains for the same maximum shear stress in
each loading history. Also, the maximum shear strain was shown to be a linear function
of the maximum shear stress. Jackson et al. (2009) and Colman et al. (2014) observed
many of these same shédxhaviors from architectural membranes in picture frame tests.
According to Jackson et al. (2009), the modulus should be determined only from the
slope of the linear portion of the curve, since theddifip stiffness is not representative

of the overalbehavior (due to hysteresis).

Table4: Average shear modulgN/m) in second and third cycles from Gao et al.
(2018).SLH = shear loading history

Shear stress (KN/m) SLH-1 SLH-2 SLH-3
1 6.33 7.70 7.92
1.5 4.85 5.94 6.06
2 4.14 5.08 4.81

2.5 3.92 4.27 4.15
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three different loading histories shownRigure14.
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Digital Image Correition

Digital image correlation (DIC) is an established method forcantact, fult
field strain evaluation. DIC works by optically tracking a stochastic pattern as it moves
in comparison to a reference frame, and the technology is capable of veagtighcy
measurements inR and in 3D (using stereo imagery) (www.GOM.com 2019). DIC is
often used for measuring strains in fabrics and in thin materials that would be damaged or
disturbed by traditional contact extensometers (e.g. Galliot and Luch2og@, Colman
et al. 2014, ladicola et al 2013). DIC is also used for-Btghin tests and tests on very
flexible materials, where strain gages would be stiffer than the test sample or
displacements larger than the allowable gage range (Nilsson 20difekAgt al. 2004,
Cen et al. 2018). Additionally, DIC offers the ability to fully examine local behaviors, as
opposed to the average strain obtained by extensometers (Aydilek et al. 2004, Galliot and

Luchsinger 2010).

DIC on Geosynthetics

DIC has frequently been used in geotechnical engineering for soil particle
deformation analysis (e.g. Giang et al. 2010, Stanier et al. 2015), including with
transparent soils to analyze geosynthetic pullout tests (e.g. Ezzein and Bathurst 2014,
Bathurst ad Ezzein 2015, Ferreira and Zornberg 2015). ForerunnerseefdlDIC on
in-air tensile tests of geosynthetics included laser extensometry (Skochdopole et al. 2000)
and video extensometry (Jones 2000, Shinoda and Bathurst 2003, Shinoda and Bathurst

2004). Since then, fufield DIC has been applied in wide width tensile testing as
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reported by Aydilek et a(2004), Kutay et al. (2016), Mishra et al. (2017), Cen.et al
(2018), Aboelwafd2018) and Aboelwafat al. 019. Several of thesgapers provided
significant details regarding DIC setup, processes, and results, which are discussed
below.

Shinoda and Bathurst (2004) used commercially available software from
Messphysik GmbH of Austria to perform2video extensometry for vertical atateral
strains on wideavidth tensile tests. Their materials included punched and drawn geogrids
and knitted geotextiles.ouTbepaohtwdpéestpa
nodes of the materials (also on the tensile webs for uniaxial geogdgsto 100 dots
could be tracked simultaneously at a frequency of 25 Hz, and the software provided real
time loadstrain data. The filming system comprised one monochrome CCD camera
positioned with the lens parallel to the specimen surface. Arc lgpogi$ioned at an
angle to the specimen for best contrast, provided lighting. Image resolution was smaller
than 2>m at the 1 m optimum distance for their camera/lens system, and strain accuracy
was estimated from manuf aeaD.006%ford@%6 straincth ni c a
0.01% for 20% strain, and + 0.02% for 30% strain. Shinoda and Bathurst (2004)
demonstrated repeatable results; differences between LVDT and video extensometer
strains were attributed to slip of the LVDTSs that caused themderastimate the
material stiffness at high strain levels.

Aydilek et al. (2004) used an-house LABVIEW algorithm to analyze images of
geosynthetics in widavidth tensile tests, including woven, nonwoven, geogrid, and

geocell materials. The stochasti¢tpen consisted of highontrast paint marker gridlines
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at 10mm spacings, and a typical image frame capturing an area of approximately 64 mm
by 48 mm is showbelowin Figure20. The camera system was an analog CCD camera
with a close focus zoom lens, mounted using a thrdwdé focusing jig. Zoom was
scaled at 640 by 480 pixels, or roughly
rate was determined based on the displacement in terms of pixel counts between
successi ve f-seeondansageccaptune ohteraal waused with a machine
strain rate of 1 mm/min (Aydilek et al. 2004). Fiber optics were used for specimen
lighting. To validate DIC results, strain gages and an extensometer were mounted to the
back side of the specimens. DIC strains were found to be comparable to results from
both the strain gages and the extensometers, with a maximum difference of under 11%
(one geogrid produced an outlier of 18% difference). Only strain measurement

equivalency was investigated; no attempts were made to evaluatgdaiadcurves.
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Figure20: Typical image frame for Aydilek et al. (2004). Shown on geocell specimen
with extensometer holes.

Mishra et al. (2017) conducted wigedth uniaxial tension tests on polymer and
natural fiber geotextiles using2 DIC. For DICprocessing, they used GeoPRG, an

improved version of the opesource MATLAB GeoPI1V code developed for analysis of

10
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granular movements and usually used on soil particle deformation analysis. &GRGPIV
is desirable for its improved accuracy in lagjein conditions. With the original
GeoPlV code, two options are available for analysis of large deformations: 1) reference
every subsequent image to the initial image (reference frame) and ignore data loss at
displacing edges (in essence, accept a medtced final analysis area), or 2) reference
every image to the preceding image and let the analysis area expand with the
deformation. Option (2) risks accumulation of small random errors and reduces the
overall accuracy. GeoPHRG offers a compromise to inéain reasonable accuracy,
where the reference frame is updated periodically but not at every frame. Reference
frame update is controlled by us#efined parameters, which are selected based on trial
and error. When any facet fails the udefined corelation tolerance, the reference
image automatically updates to the last successful iteration. Additional verification using
known locations of markers is recommended for dimensional analyses (e.g.
displacements), but this is not necessary fordiamensonal analyses (e.g. strains).
Mishra et al (2017) captured images using a Nikon D5300 DSLR digital camera and a
Samsung Galaxy J5 smartphone. Cameras were controlled remotely through a PC.
Comparable accuracy was obtained for DSLR still image seri&3 K), DSLR HD
video (reduced to 0.33 Hz), and Samsung Galaxy J5 smartphone still image series (1 Hz).
Resolution of images obtained from video was significantly smaller than resolution of
still images (~2 vs ~24 megapixels), and facet size was adjastied resolution
available from each image acquisition method. With the highest pixel resolution, the

DSLR still image series provided the most accuracy but required longer DIC processing
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time. A facet overlap of 50% was selected by trial and errdrifrestaccuracy results,
and DIC strains were well inside the 2% error bound for strains calculated from the
crosshead movement. Results were plotted as displacement vector fields and as strain
heatmaps, and strains in the direction of loading were wi$é¢o be noruniform as
shown inFigure22. At the unconstrained edges of the sample, Poisshuted strains

perpendicular to loadind-{gure21) were about +4% at the edges of the woven polymer

geotextile (0% down the centerline).
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Figure21: Poissorinducedhorizontalstrainfields for jute (top) and polymer (bottom,
with grip slippage) woven geotextiles in uniaxial loading (Mishra et al. 2@L@in
color scale is in percent.
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Ezzein and Bathurst (2014) use®2DIC with CanorRebel XSi DSLR cameras
to evaluate pullout tests of geosynthetics in transparent soil. Scattered opaque particles
made up the stochastic pattern used for displacement tracking. The cameras were
outfitted with EFS 1&5IS lenses, and maximum camera nesoh was 4272 x 2848
pixels. All cameras were controlled from the PC, and simultaneous data capture with
load and displacement measurements was obtained using gang shutter triggering. Images
were captured at 1&econd intervals; 3-8econd intervals werused for a few tests of
shorterlength specimens. Potential for higher frequency image capture was noted to be
dependent on camera buffer capacity and data acquisition equipment. DIC facet size was
set to 32 x 32 pixels, with a 4@ixel (50%) facet ouwdap, and results were found to be
accurate to 0.1 pixel (0.03 mm over the 2 m specimen length). Preprocessing and DIC
image analysis were conducted using the commercial software PIVview2C V3.3 (PivTec
2011) as well as GeoPIV opensource MATLAB code, asdlts were checked using

extensometers. Postprocessing was done in Excel spreadsheets with VBA macros.

DIC on Biaxial Tests of Nowgeosynthetics

Significantly more literature was available for Digstrumented biaxial testing of
other planar materialgjcluding architectural membranes, polymer films, and sheet
metal. Several of these papers are included here for their contributions to DIC
methodology and error analysis; also, the tests on architectural membranes may be
relevant literature for tests @eotextiles.

Colman et al. (2014) used DIC to measure strains for bias biaxial testing of

architectural membranes using the picture frame technique. To ensure a good stochastic
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pattern and highest quality strain data, they resorted to speckling by iarad w
permanent marker pen instead of spray painting. The DIC software was Correlated
Sol ut i ®mp and WeDg which are USAproduced and used by NASA, United
States national laboratories, MIT, Boeing, and others (www.correlatedsolutions.com
2019). Images were taken at 3@cond intervals for a shear angle change of 0.5 to 0.6
degrees per minute. Colman et al. (2014) note specifically that strain uniformity
assumptions must be validated. Baseavork by Galliot and Luchsinger (2010), strain
wasconsi dered to be uniform where Astandard
entire sample do not exceed 5% of the aver
Galliot and Luchsinger (2010) performedd3DIC analysis for a comparisarf
two biaxial slear methodscluding a 45/45 biasheartestand their shear ramp test
architectural membranes. For their materials, strain was not uniform throughout the full
area of interest for either test method except at the very center of the specimensas show
in Figure23. Their results suggest that the most uniform strain data may be obtained
from a small central region of analysis rather than from theafal; in their case, this
small region was 150x150 mm out of an overall area of 500x500 Tima standard
deviation of shear strain in the small region was determined to be insignificant at less
than 4% of the average shear strakuditionally, a corretion factor was necessary for
accurate comparison of applied shear stress (calculated from load applied to the

membrane arms) to FE@alculated shear stress in the central region.
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BT 4

0° specimen with shear ramp 45° specimen under tension/compression

Figure23: Shear wain uniformityof architectual membrane (Galliot and Luchsinger
2010) Gray dots show locations of needle extensometers in smaller central region.
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Figure24: Shear srain uniformity for 45/45 bias test on architectural membf{&ao et
al. 2018).

Gao et al. (2018) used2 DIC for strain uniformity analysis of bidsaxial tests
of architectural membranes. Equipment was a Nikon D3000 CCD camera wi2ibVic
2009 software, and the speckle pattern was created using water tpampsfepasted on

the specimen. Images were captured at zero and maximum deformation for comparison



39

(LVDTs supplied continuous data). Fdikld shear strainKigure24 left) did not meet
uniformity constraints; however, a small central region was acceptably unfogore
24 right), with standard deviation not more than 1% of the average shear strain.

ladicola et al. (2013) provide a detailed description of their process for biaxial
testing of sheet metals using DIC at the National Institute of Standards and Technology
(NIST). 2-D DIC was used for redime feedback for strainontrolled tests, and-B
DIC data was postprocessed for data of recorgaydiffraction was used to measure
the stress state of samples during testing. TABOCHC camera systems were used to
evalwate both the full 200x200 mm cruciform sample (including arms) and also a
zoomedin 50x50 mm central region. Camera equipment was two pair of Point Grey
GRAS50S5MC five-megapixel CCD cameras outfitted with 1) Sigma 105mm /2.8 EX
DG telephoto macro lees and 2) Kreuzach XenoPlan 1.9(B81 compact lenses.
Maximum frame rate was 5 Hz. ladicola et al. (2013) estimated noise and systematic
errors by an analysis of the undeformed reference image. Synchronization of data from
independent capture systemas observed to be challenging.

Nilsson (2017) performed biaxial testing on polymer film usifig RIC. He
noted that pseudo strains can result freb RIC if the camera lens is not kept parallel
to the area of interest, and that pseudo strains wilttatgculation of accurate Pois€en
ratios.

Karadogan and Tamer (2017) performed biaxial testing on sheet metal 43ing 2

DIC, and their test frame limited the angle of the camera view such that the lens was
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significantly nonparallel to the sample surfadhis introduction of error was noted, but

results were still considered reasonable enough for publication.

Camera Systems

To evaluate the DIC suitability of the cameras available for this research, a brief
review into camera systems was conduct#dcording to Teledyne DALSA (2019) (a
specialist in high performance digital imaging component design and manufacturing), the
two primary types of image sensors used in digital camera systems are CCD (charge
coupled device) and CMOS (complementary metal@semiconductor). Each sensor
type offers distinct advantages depending on the intended application. The primary
difference between CCD and CMOS is that CCD sensors process all pixel data in
sequence through typically a single output converter, wh€®H3S sensors process
pixel data in parallel, with an output converter built into every pixel
(www.teledynedalsa.com 2019). This difference results in fast processing speed and low
power draw for CMOS, but higher output uniformity and therefore potdotibletter
image quality for CCD Historically, CCDs dramatically outperformed CMOS, but
enormous investments in CMOS technology from the cell phone camera industry has
reversed that situation for all but a few select applications. In nearly all coramerci
applications such as cell phones, scanners, and machine vision, CMOS provides better
performance. Exceptions where CCDs still dominate includein&ared, ultraviolet,
and highspeed, lowlight sensing. According to Diffraction Limited (anotherrig
performance scientific imaging specialist), CCD is still the technology of choice for very

high performance imaging such as for astronomy due to advantages in sensitivity, long
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exposure shots, and large array sensors (George 2018). However, CMOS imaging
begun to appear in scientific applications, and the performance gap is closing (George
2018). Of the DIC literature reviewed, most researchers used CCD cameras, often with
3-D DIC. However, a few researchers used CMOS technology, with camerasrngaud
Canon Rebel XSi DSLR, a Nikon D5300 DSLR, and a Samsung Galaxy J5 smartphone

(Ezzein and Bathurst 2014, Mishra et al. 2017).

Synthesis of Literature Review

Bias biaxial testing of fabrics initially suggested the feasibility of bias biaxial
testingfor geosynthetics. Since fabrics and geosynthetics cannot be loaded in
compression for a tensi@ompression biaxial stress state, shear deformation may be
accomplished by unequal tension on the biaxial arm pairs. Given the limitations of the
biaxial device available for this research, this unequal tension may be created by
pretensioning both loading directions, then continuing to load in only one direction. The
available biaxial device lacks the sophistication necessary to perform the cyclic loading
protocols found in the literature, including shearing at various load ratios. However,
resilient testing at a single load ratio following the method of Haselton (208))
achievable. Arm slits may or may not be necessary for woven geotextile saples;
shear tests from fiber composites did not use slits, but tests on coated fabrics did. For
slits to be successful in a fully bitast sample, a similar structural coating may need to

be applied to the arms of the geotextile.
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The stiffening effecof polymeric coatings on the shear behavior of woven fabrics
suggests that geogrids with integraibymed or welded junctions will exhibit a higher
shear modulus than wovegeotextiles Woven geotextiles may exhibit loakp after a
certain degree of sheaimilar to other uncoated woven fabrics. However,-oglas a
structural phenomenon should not apply to geogrids. Shearstraisscurves for
polymer geosynthetics will likely show viseasticplastic effects similar to those of
architectural mebranes, and initial loading curves may be quite unrepresentative of
resilient behavior. Additionally, shear stredgin behavior may be loddstory
dependent. Modulus values are anticipated to be on the order of 10 kN/m, possibly as
high as 20 kN/m 1oas low as 5 kN/m.

DIC has been used successfully on widdth tensile tests of geosynthetics as
well as in many other biaxial testing applications, including on architectural membranes
and polymer films.Multiple analysis tools exist, including commialty available
software and opesource MATLAB codesKeys to obtaining high quality DIC include
a good stochastic pattern scaled to the zoom level of the image, good lighting, and careful
camera setup. For accurat®DIC strains, the camera lens mhstkept parallel to the
surface of interest. Aydilek et al. (2004) indicate that the number of images should be
scaled to the strain rate to ensure sufficient movement between frames for strain
calculation and to avoid bogging down DIC computationsaistiniformity must be
evaluated across the surface of interest before selecting any gage area as a representative
measuremenBased on the literature, strains can be considered uniform if the standard

deviation is less than about 5% of the average strain
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The two DSLR cameras available for DIC data collection in this project are a
Sony CyberShot DSC4300 and a Canon Rebel T2i. The Sony camera was released in
early 2014 and uses CCD technology, while the Canon camera was released in early 2010
and uses MIOS technology. Since both cameras are relatively new, both should deliver
usable quality for DIC, especially under controlled norsgEctrum lighting and at nen
extreme distances (e.g., not astronomic or microscopic). Also, the Canon camera is
reasonaly comparable to the DSLR cameras reported in the literature for use with DIC.
Both cameras are capable of shooting video, but Canon camera offers higher video
resolution (1920 x 1080 pixels versus 1280 x 720 pixels for the Sony). For shooting
series oftill photos, the Canon camera is capable of up to 4 fps, whereas the maximum
for the Sony camera is 0.8 fps. ladicola et al. (2013) suggest that an uncertainty analysis

should be performed on the reference image to obtain an estimate of inherent error.
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CHAPTERTHREE

THEORY

Introduction
An orthotropic linear elastic model was used to describe the material response of
geosynthetics subjected to°#5° bias biaxial tensile loading. Throughout this thesis,
stress will be expressed as force per length, which is the typical expression for
geosynthetics (as opposed to dividing by the material thickness to obtain true stress
units). The focus of this thedsthe calculation of the shear modulus obtained from bias

biaxial test data.

Constitutive Equations for Shear Modulus

For planar membrane materials, Hookeos

to the plane stress case shown in Equdtidn

" 0 0O T - 11
» 0 0 mn -
T m m o0 T
where:
0 ' a2
o (13

Figure25 andFigure26 show a biaxibtest specimen oriented on a bias with the principal

material directions (1 and 2) at 45 degrees to the directions of loading (x and y). The
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stresses and strains in the directions of loadinig (h, h, ) are measured in the test,

and the sheasstrain in the loading coordinate systém { is assumed to be zero. As

demonstrated later in this section, the applied shear stress may also be assumed to be zero

with no change to the resulting shear modulus equation.
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Figure25: Biaxial test specimen orientedad5-degree bias ttheloading directions.
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Figure26: Assumed state of stress and strain in a bias biaxial test specimen.

Mohr és circle can be used to show the
loading coordinate system to the material coordinate system, similar to the work of
rcl e

Gundersorand Rowlands (1983)igure27, t he Mohr é6s ci

strain transformation summarized Byuation {4). Note that t@generate a nenero
shear strain in the material coordinate system)(the applied strains in the loading

directions { i ) cannot be equal.
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Transformation of stress is shownFigure28, t he Mohr 6s circl e

assumedthat - . Thetriangleontherigh si de of Moh®wdés ci
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Figure28: Transformation of stress.

Finally, the shear modulus (G) may be derived from Equafi®)s (14), and(15):

o r_ (16)

As mentioned at the begimg of this section, Equatiofi6) is also obtained if the shear

stresst in Figure28is assumed to be zero.
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Equation(15) was also obtained bgao et al. (2018), Chen et al. (2018), and Shi
et al. (2018using mathematical force transformatioagain based on the assumption of
a negligible shear angle as discussed in Chapter 2. Their shear strain equation was
derived from trigopnometric relationships between the shear angle and the strain in the
loading directions-( i+ ). If the same assumption of a negligible shear angle is applied
to their equation for shear strain, an equation for the shear modulus can be developed that

is identical to Equatiofil6).

Assumptions to be Checked

The above derivation relies on the validity of the assumed state of stress and strain
portrayed inFigure26, specifically that the shear strain in the loading directibng {s
zero. Fulifield DIC strain imaging will enable these assumptions to be checked and

modified as needed.



49

CHAPTERFOUR

TESTINGPROCEDURE DEVELOPMENT

TestingProcedurébjective

The goal of this research project was to quantitatively describe the mechanical
behavior of geosynthetics subjected to loading in multiple directions that simulated field
loading conditionsi appl i cations such as reinforced
on biaxial loading of geosynthetics produced three of the four elastic constants for an
orthotropic linear elastic constitutive model: namely, the elastic moduli in each of the
two prindpal directions and theip| ane Poi ssonds rati o. Thi s
performed withthenat er i al 6 s principal directions (w
the directions of loadingTo obtain the fourth constant and complete the stiffnessxmat
for each materiathe inplane shear modulus must be determined using a different
loading form. Implane shear testing performedany wovenfabrics for fiber composites
suggestdt he feasi bility of wusing bildmdtiamd | oadi
placed on a bias. Consequently, to complete the final test series, the disstiab
devicewasused with the geosynthetic materials placed d45-degreebias.

Previously, strain was measured mechanically via LVDTSs, but these failed to
produce repeatable data for the trial tria
inconsistent LVDT strain was suspected to be related to the triaxial grid geometry (as
conmpared to that of the biaxial grids). Triaxial grid nodes selected for LVDT

instrumentation | ikely experienced strains
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measurement. Since the bias tests would likely also produce misaligned strains, a new
methodfor obtaining strain was required. DIC software available through the Subzero
Lab at Montana State University was selected as acaotact strain measurement
system capable of capturing movement in any direction. The DIC strain components in

the princi@l loading directions were then matched to datalogger load records via time.

Biaxial Testing Overview

The biaxial testing procedure was adapt
was based on ASTM D7556 and results from additional uniaxial teskimgwarp
direction, or Machine Direction (MD) is referred to as the Y -@igction in this thesis,
foll owing Haseltondés not daadhioeDirectiolr(KMD),we f t d
is referred to as the X orRirection.

Biaxial loading could be gghied in three different ways. Mode 1 applied tensile
load to cause equal displacement in both principal directions (XMD and MD). Mode 2
displaced the XMD while maintaining constant displacement in the MD. Mode 3, the
reverse of Mode 2, displaced the MiDile maintaining constant displacement in the
XMD. The definitionofmodes-B i s consi stent with Haseltol
nomenclature. Based on the literature (€alliot and Luchsinger 20)0bias tests for
this research were performed usMgde 2 or Mode 3 loading only, and samples were
cut so that the material principal directions (XMD and MD) were now rotated 45 degrees

from the principal directions of loading. For-dégree bias tests, Mode 2 and Mode 3
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loadings should produce the samsults, and this assumption was verified on one
material (Geogrid E). The materials included in this research are summarizaeb.

Due to the lack of redime strain data feedback, resilient tests were load
controlled rather than strain controlled as in previous work by Haselton (2018). The test
format was to preload both axes, allow the sample to sit for 20 minutes for stress
relaxation and creeping, then tbanly one axis up to the next preload level while
holding the displacement of the second axis constant to induce shearing. After this, the
fixed axis was manually tensioned to the same preload as the maohinalled axiso
that both axes experiencdte same preload before each new load step. Preload levels
were 5, 10, 15, 20, and 25% of ultimate tensile strength, withrai@@e hold time after
each load step. After the final hold time, samples were loaded until imminent failure
(audible crackingpr until the test frame reached its capacity of 2000 Ibs. The first three
load steps of 5%, 10%, and 15% were selected based on expectations for significantly
lower shear resistance than the tensile strength in the primary directions. These were
then eyanded to include 20% and 25% after tests showed the capability for additional
data capture. For materials with different ultimate strengths in MD and XMD, load steps
were determined from the average ultimate tensile strength so that both axes were
preloaled equally.

A summary of all materials and the number of samples tested in each mode is
presented iTable5. Additional tests were performed during the developrottite

DIC process and for strain uniformity analyses, but these are excludedddebd.
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Table5: Summary ofmaterialsandtesttypes

, Manufacturer and . Bias Trials
Geosynthetic Type Generic Name by Mode
Product
(2,3
Biaxial Geogrid Tensar BX1100 | Geogrid A (GgA) 2,0
Biaxial Geogrid Tensar BX1200 Geogrid B (GgB) 2,0
Biaxial Geogrid BOSTD E1616 Geogrid C (GgC) 2,0
Biaxial Geogrid BOSTD E2020 Geogrid D (GgD) 2,0
Biaxial Geogrid BOSTD E3030 Geogrid E (GgE) 2,2
Biaxial Geogrid BOSTD RX1200 Geogrid F (GgF) 2,0
Woven Geotextile | TenCate RS380i| Geotextile A (GtA) 30
Woven Geotextile | TenCate RS580i| Geotextile B (GtB) 4,0

Biaxial Test Frame

Testing was performed using the same biaxial test frame as Haselton (2018)
(Figure29), which was developed and built by the Western Transportisbitute
(WTI) at Montana State University (MSU) specifically for geosynthetic testing. The
maximum interior dimensions for cruciform specimens in this device are 450 mm by 450
mm, and the maximum length of the cruciform arms is 600 mm.

Load is applied evenly to the cruciform arms by chains and sprockets linked to a
central bottom load plate, which is displaced vertically by an electric motor, gear reducer,
and worm screw. By pretensioning the chains equally, a constant rate of digsiacem
all four directions (Mode 1 loading) is possible such that the sample remains centered in
the frame. Displacing in one direction while maintaining constant displacement in the
second (Mode 2 and Mode 3 loading) is accomplishedkebgchinghe chans in the
constandisplacement direction from the bottom load plate atachingthem to a fixed
plate.Grips consist of textured steel plates connected to the loading chain at the end of

each cruciform armThe grips are clamped manually by torquingsnwhich drive the
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two grip plates togetheManual tensioning, required for bias tests to bring samples back
to a state of equal biaxial tension between successivédbadringksteps, is performed
by using a wrench to tighten the nut that adjusts the position of the grip sprocket from the

end ofeachbiaxial arm Figure29).

|| Tighten nut 6r manual loading|

Figure29: Biaxial testingdevice at MSU

Loading speed and direction is set manually amogor control panel by a knob
and digital readout. To measure tension, the device has one load cell linked into the
chain for each principal loading direction. The biaxial device is connected to a laptop
computer, and load data monitoring and collection is accomplished using RTDAQ
softwarefrom Campbell Scientific (Logan, UT) [CR1000 data loggdRITDAQ is also
used formonitoring and collection of LVDdneasured strains as described below. For a
more detailed description of the biaxial loading frame and data acquisition system, refer

to Haselton (2018).
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LoadData CollectiorRate

Load data was collected afraquency of 2.5 Hz. This was the fastest time
increment that the datalogger PC could process that would also mattdrarewith
strain video data reduced from 25 fps. (Processing speed limitations for the datalogger

PC capped the absolute fastestetimcrement at 3.066 Hz.)

LVDT Validation of DIC Strain Measurement

For oneto-one comparisons of DIC strain to LVDT strains previously used for
geosynthetic testing, LVDTs were set up following methods established by Haselton
(2018). Strain was measdracross the gage distance using both LVDTs and DIC, and
the results compared®esults and discussion are found intMDT-DIC Strain

Comparisorsection beginning ongge82.

Sample Preparation

Samples were cut and prepared following
that no ribs were snipped in the cruciform arms duedct8degree bias material
geometryAs i n Haseltonds work, geotextile ribs
region to facilitate the passage of the threaded rods that make up the grip clamping
system, and holes were melted in the geotextile arnfdigsvn later irFigure32) for
this same purposé.o reduce necking of woven geotextiles cut on -@d§ree bias and to
enhance load transfer into the center region, {atesed flexible construction adhesive
was applied with a putty knife to both sides of the cruciform arms. The grip zone was not

reinforced with adhesive. Initially, the construction adhesive was masked out of the full
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shear zone as shownhigure30to enable perpendicular straining. This test showed
stress concentrations at the corners with reduced stress along the sides of the interior
square regionHigure31), which was probably a result of constraint perpendicular to the
loading directions preventing even biaxial expansion. A contributing factor may have
been the fibersé range of ability to strai
corners were icreasingly adhesiveeinforced, permitting less strain compared to fibers

toward the center of each side.

Figure30: Initial adhesive reinforcement masking pattern. Yellow box marks
approximate analysis region fergure31.
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Figure31: Strain in loading dirg@n, initial adhesive reinforcement pattern (GtA). Strain
scale is from zero to ten percent. No DIC pattern errors have been corrected.
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To determine the feasibility of applying adhesive to the full length of each arm
and cutting slits to enable perpendarstrain, uniaxial tests ofidch adhesive
reinforced straps were conducted. Two results were investigated: 1) whether the required
load per unit width could be transmitted without breaking a narrower strap, and 2)
whether increased necking from naresvstraps would exhaust the displacement range of
the biaxial device before required loads could be reached. Stiffnesscéidl necking
behavior) was approximated by a®@h gage length, and ultimate strength was
determined from a Xihch gage due tthe maximum uniaxial test displacement of 4
inches. Grips were not available to testi2€h gages of wider specimens. The tests
showed excessive necking for a slit spacing of 2 inches. Rather than pursweptinin
uniaxial testing program, a compr@a slit pattern was tested where slit spacing was
kept at 2 inches, but slit length was varied as followk2-6-18-6-12-6 inches Figure
32), respectively, based onetlsample patterftom Gao et al. (2018)This method
worked well for Geotextile A as shown kigure33, which has better strain uniformity
through more of the AOI in ecoparison to thespattern developed in the unslit specimen
(Figure31). However, Geotextile B exhibited much more necking in the unslit arm
portions than Geotextile A uedcomparable biaxial loading, such that the biaxial device
extension range was exhausted at the 10% load step. With an additional glue coat added
to both sides of the arms and the load increment lowered to 2% of the average tensile
strength, Geotextile Beached 16% of its average ultimate strength before running the

biaxial device out of range. (Material failure still did not occur.) The excessive necking
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for Geotextile B may be due to a greater imbalance in principal strength directions than

for Geotetile A.

Figure32: Geotextile sample showing dimensions, fully glued arms, at?18-6-12-
6 slit pattern.
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full adhesive reinforcement with 2 inch géitimg

and 612-6-18-6-12-6 inch slit lengths (GtA). Strain scale is from zero to ten percent. No

DIC pattern errors have been corrected.

Figure33: Strain in loading direction
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DIC StrainData Collection

DIC Stochastic Pattern Development

The DIC stochastic pattern went through several iterations before arrivang at
final technique. Initially, only high contrast dots were placed on two gage nodes for X
and two for Y (equivalent to the LVDT placement), with hopes that the DIC software
would be able to ignore the remainder of the surface and only track the movement of the
nodes. This method resulted in highly inconsistent tracking in the DIC software
(ARAMIS). Placing highcontrast dots on every node improved the DIC pattern
recognition shhtly, and it became evident that the DIC software was attempting to
process the entire surface rather than track only the few points of interest at the nodes.
For large scale stochastic patterns, DIC literature suggested using a dot stencil for spray
pant or drawing a grid in marker, and for small scale patterns, a spray paint speckle
technique was recommended (ARAMIS User Manu@bftware 2007). Based on the
largescale pattern suggestion, placing high contrast dots over the entire geosynthetic
materal produced highly consistent stochastic pattern recognition and good pattern
guality (as assessed from the zet@in reference image). Due to the success of the
overall pattern, the spray pattern was also tried, with good results. The primary dfenefit
the spray paint speckle was its speed and adaptability to batch processing, although it
required careful attention while spraying to ensure pattern consistency.

Three different backgrounds were tried in the process of obtaining better DIC
data. Inital videos were filmed without changing the background previously used with

LVDT -instrumented tests. This busy, multicolor background was quickly modified to a
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solid color, and additionally then to a flat surface by placing the blocking under the
centralbackground instead of on top of it. Both a matte black color and ecbighast
fluorescent green color were evaluated. The black color was selected with hopes that the
geogrids would disappear against it such that only thedogltrast node markingsould
be tracked in the DIC software; however, the software continued to attempt to track the
entire geogrid surface. Consequently, the background was changed tecaritigist
green for better edge definition of the geogrid apertures. The flat suréscgesirable to
reduce shadowing (and secondarily to eliminate blocking edge lines, which the DIC
software frequently identified as part of the geogrid surface).

Table6 shows a summary of DIC stochastic pattern marking methods explored.
Photos of the different backgrounds and stochastic markings are shbignrie34 and

Figure 35.

Table6: DIC stochastigpatternmarkingmethods

Marking Method Marking Technique Results
Silver permanent marke Gage nodes for X | Poor recognition and tracking of gage nodks
Gagenodes for Y

Silver permanent marke All nodes Improved recognition and tracking of node
but not consistent throughout image stack.

Matte white grease All nodes Improved recognition and tracking of resj

marker but not consistent throughout image stack,
Potentially less glare due to matte surface

Matte white grease All nodes and webg Good stochastic pattern quality.

marker ( Amwlott id ) | Consistent recognition and tracking of nod

throughout imagstack for biaxial grids.
Potentially less glare due to matte surface
Matte white spray paint | All nodes and webg Good stochastic pattern quality.

speckle Consistent recognition and tracking of nod
throughout image stack for biaxial grids.
Potentially lss glare due to matte surface.
Improved sample marking speed; ability to
batchspray.
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Figure34: Stochastic pattern developmer@lockwise from top left: Original
background with surface blocking; blablckground with silver sharpie on all nodes;
high-contrast green background with silver sharpie multidot pattégh:contrast green
background with surface blockirand silver sharpie on all nodeSilver LVDTSs also
appear in the left two images.
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Figure 35: High contrast green background with white spray paint speckle.

Camera Overview

The initial camera used for DIC process development was a Sony-Slber
DSC H300 DSLR; however, this camera was quickly abandoned dueprenise way
to match loaektrain curves via time. The camera used for the remainder of development
and testing was a Canon EOS Rebel T2i DSLR, which had the capability for remote
control from a laptop computer (PC) using a USB cable. Canon EOS Utiitp)2
software was used to set the camera time from the PC and provide remote control of the
camera and viewscreen from the PC. Camera settings were selected to facilitate easy
oneto-one matchup with 2.5 Hz datalogger records and for high image resdtution
DIC processing. Sequential still photos (interval timer automatic shooting) were
investigated as a higher resolution alternative to video, but the minimum time increment

of 5 seconds between photos for the Canon camera was unsuitable for theasliagt lo
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period of these tests. This time increment may have been limited by PC processing
capability, according to the Canon software manual (EOS Utility 2010). Canon camera

settings used for testing are listedlable?.

Table7: Canoncamerasettings

Setting Option Explanation

Camera setting | A-DEP Enable Live View Movie recording (camera control from P
Video setting PAL Avoid fractional frame rate (fps).

Frame rate (fps)| 25 Lowest FPS setting available.

Avoid excessive frames (bogs down DIC software).
Match %to-1 with 2.5 Hz datalogger records after thinning.

Resolution 1920x1080| Highest resolutiomvailable for video with this camera.
(Full HD) | Increase precision of DIC analysis.

Exposure Auto Worked fine.

Daylight setting | Auto Worked fine.

Camera Jig and Focus

The camera was positioned using an overhead thrbalghfocusing jig as shown
in Figure36 (left) so that the lens was parallel to the test surface. Initial tests we
performed using a cantilevered jig so that the camera was fully separate from the test
frame. This setup was subsequently modified such that the camera jig was rigidly
attached to the test frame as showhigure36 (right). If any vibrations traveled from
the frame into the jig during testing, no problems were observed. Camera focus,
centering, and the apparent digital quality of the stochastic pattern wekedhgior to
each test using the largereen PC display. Zoom was set so that the minimum field of
view was the extents of the square interior region of the test frame, as shown above in

Figure 35.



Figure36 Left: Throughhole focus mechanism. Right: Rigid camera jig.

Camera Lighting

Lighting was provided by warftoned overhead fluorescent lights and several
large northfacing windbws. Direct lighting on the sample was controlled by draping a
white sheet over the camera jig and test frame to create diffuse lighting. Three lamps
with a combination of warm white, bright white, and cool white lightbulbs were used to
brighten the diffise lighting. Figure37 shows the lamps and light diffuser sheet. These

lighting protocols were developed to help with DIC stochastic pattern recognition
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consistenyg, which appeared to be affected by dim lighting and especially by glare from

nontdiffuse lighting.

Figure37 Left: Lamps. Right: Light diffuser sheet.

Strain Data Preprocessing

Preprocessing for the video data involved adding a timestamp to each frame,
trimming the timestamped file, exporting the trimmed file to a 5 Hz frame rate, and

slicing the 5 Hz video into an image stack.
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Timestamping

Timestamping was done using vM@4&software with the video output size set to
native, with the output video bitrate set manually based on the input bitrate found in the
videoproperties (Visual MP4/MOV Time Stamp 1.4.0, 201&)timestamp format of
HH:MM:SS.SSS was used, and the date algo stamped to aid with file management.
The vMTS64 timestamp software automatically exported the input MOV video file into
an mp4 format; this was a hardcoded software feature and not adjustable. Spot check

comparisons of file size indicated no omimial data loss.

Data Reduction

Trimming and frame rate reduction were performed on the timestamped .mp4
files using VSDC Free Video Editor software (2017). Trimming the videos minimized
excess data to process through the DIC software and ensurédl zevastrain reference
i mage. Tri mming points were taken just
load cell and just prior to unloading or material failure. Files were exported to .AVI
video format (required for MATLAB image stack sliagyde) using highest quality video
settings and a 5 fps frame rate. Multiple export frame rates were tested to try to improve
DIC stochastic pattern recognition, but no improvement was observed using faster frame

rates (25, 12, and 8 fps).
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Conversion to Image Stack

For image stack slicing, a basic MATLAB script was borrowed and adapted. The
scriptés functionality was | imited to slic

AVI video files. The sliced image stack was then readyDI€ processing.

Data Reduction for Londerm Tests

For longterm (onehourplus) stress relaxation / strain creep tests, video data was
condensed by splicing. The test length was too long for either of the cameras to film as a
single video, so filmingvas limited to the loading portions of the test since they were of
primary interest. After the videos were trimmed and sliced, a further reduced frame rate
of 2.5 Hz was obtained by deleting every other image in each of the 5 Hz image stacks;
this helpedo reduce DIC processing time. Next, the image stacks were spliced into a
single dataset for DIC so that all successive reloading frames would be measured from
the true zerestrain reference frame at the very beginning of the test. Lastly, the images
in the spliced stack were renumbered sequentially (required for DIC processing).

Image stack splicing was successful using the following conditions: GOM
Correlate DIC software, spray paint speckle stochastic pattern, and fully remote camera
operation. Fothese conditions, splicing the load steps directly together worked fine,
with no need for additional intermediate filming. Unsuccessful preliminary development
involved a temperamentalder version of ARAMIS DIC software, earlier iterations of

the stochstic pattern, anchanual camera control that introduced jiggle into the video.
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DIC Software

The initial DIC software investigated was GOM Correlate, a free software for
two-dimensional analysis of displacements and strains (2018). However, wHileethe
version could perform all the analysis required, numerical data export was restricted to
the licensed version, GOM Correlate Professional. Since an older DIC software,
ARAMIS, was already available through the MSU Subzero Lab, ARAMIS was used for
developing most of the filming and preprocessing protocols (2008). Both ARAMIS and
GOM Correlate are licensed from the same developer (Trilion), and GOM Correlate
includes an updated version of ARAMIS together with additional software functionality.
Later,the MSU Subzero Lab software was updated to the full GOM Correlate
Professional, so it was used for all data processing except the-one LVDT-DIC
strain comparisons, which were already complete using ARAMIS. The older ARAMIS
version was highly tempamental, and updating the software improved all DIC

performance aspects.

DIC Process Overview

The basic processing method was the same for both ARAMIS and GOM
Correlate Professional. For the imported image stack, a surface was created on the
referencamage (initial frame) for the displacing geosynthetic, and overall surface strains
were calculated. Next, points were created on every geogrid hode centeto{paimt
distances were created between every two nodes in the principal loading directibns,

strains overthe poifto-p oi nt di st ances (fisegment so)

wer f
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image stack. The point and segment method was developed for geogrids because their
punchedanddrawn polymeric architecture primarily strains at the nodes rdthar t
along the webs (i.e., an overall surface strain field would not provide useful information
for global strain behavior of geogrids.) For geotextiles, segments were created within the
region of uniform strain determined for each sample. Finally, gihsat strains for all
images were exported numerically to an ASCII file to be matched with load data in
Excel. Strain output was also available in video heatmap format, which was useful for
evaluating surface tracking consistency throughout the test.

Table8 summarizes the primary software parameters used for ARAMIS and

GOM Correlate Professional.

Table8: DIC softwareparameters

Parameter ARAMIS GOM Caorrelate Professional
Stochastigatterngested: All except spray paint Grease marker multdot
speckle Spray paint speckle

Facetsize: 10- 24 pixels 10 pixels

Facetspacing (overlap): 7-12 pixels 5 pixels

Surfacemasking: Interior cruciform region Interior cruciform regioror
none

Surfaceguality: High Accuracy High Accuracy

Node point type: Stage Point Facet Point

Segment line type: PointPoint Distance 2-Point Distance

Strain calculation tool: Line strain(technical) Length change (X) and (Y)

Strain export: File/Export Statistics View data in table > Export
Table Contents

Export file type: Delimited ASCII Delimited CSV

Macro recording: Yes; not tested Yes; easy

Processingime: Long (1-4 days) Short to Medium (1 to 6
hours)
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Facet Parameters

Facet size was selected to be very small while still maintaining good identification
of the stochastic pattern. The smaller facet size enabled better local resolution of strains,
but the facets had toe large enough to capture a unique greyscale pattern; consequently,
the fine spray paint stochastic pattern enabled the use of much smaller facets.

Facet spacing was selected for 50% facet overlap, the maximum recommended in
the literatur ARAMIS User Manual Software, 2007) High overlap provided better
global resolution of strains due to increased densitgadsuring points. Also, in
ARAMIS, point creation was restricted to the selection of existing facets, so high overlap
provided maximum positioning flexibility for node center points. (In GOM Correlate
Professional, points could be created without regiric

Multiple facet sizes ranging from 10 to 24 pixels and multiple facet spacings
ranging from 7 to 12 pixels were explored in ARAMIS to reduce flicker in the data, but
facet size and spacing did not appear to have a strong control over stochtestic pat
recognition, especially as compared to lighting and marking techniques. Additionally,
changing the facet shape from rectangular to quadrangular (as recommended in the

literature for high strains) did not appear to reduce the flicker in ARAMIS results

Surface Creation and Stochastic Pattern Recognition

Surface creation parameters were set for high accuracy. During surface creation,
before processing the entire surface, a surface quality répgur¢38) was produced
based on the stochastic pattern of the reference image. This was particularly useful in

that a single photo of the reattyrun biaxial test could be imported to evaluate siafa
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quality before running the test; in ARAMIS, inconsistent surface recognition was directly
indicative of data loss from the nodes. Masking was used to restrict analysis to the
interior of the cruciform specimenslltimately, it was discovered that in@M
Correlate, the nodes reported much more consistently than the flickery DIC pattern
recognition had indicated, so the value of surface creation for GOM Correlate processing

appears to be negligible for geogrids.

To restrict the surface componentto a certain a ands in the 30 taolhar,

. -
o 5 10 15 20 25 3

Figure38: GOM Correlate surface quality report generated during surface creation. The
stochastic pattern was the spray paint speckle showigine 35.

25 -20 -15 -10 5
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Segment Creation and 8im Export

For geogrids, node center points were created using facet points, which were
created manually to ensure accurate placement. Node center points were numbered in the
same order for every dataset, which enabled a macro to batch process tbe ofeati
segments and the strain export. To handle the variations among the grid geometries and
orientations, several versions of the macr
recording tool. Segments were created using peir2 distance tool, and sins in the
primary loading directions were obtained using the length change inspection tool.
Numbering of segments was necessary to correctly spatially map the exported strains.

Numerical strain data was exported via the PIP/Table/Diagram explogpap with all

segments selected, the table display was s
epsLX properties. These were then exporte
Contentso icon. Geogrid procesatgvelyfast, i n GOM

approximately 16 hours depending on the use of macros; however, processing in
ARAMIS typically required multiple days. The processing time could have been
shortened by increasing the facet spacing and not selecting-adugiracy surfacdyut

this would tend to reduce the quality of the output strain data. The magnitude of potential
guality loss, however, was not explored and quantified.

For geotextiles, fulsurface strain behavior was used to select arbitrary gage

lengths along both lo&tgy axes for strain export. Direct export of shear strain was
explored, but the GOM Correlate shear strain field appeared to be much more sensitive to

small DIC pattern errorthan the principal loading direction strains. Consequently, shear



74
strain was daulated from principal loading direction strains following the method used

for the geogrids.

Postprocessing

Strain Data Reduction

For geogrids, depending on the number of segments, DIC analysis typically
produced around 150 strans-time datasets ieach principal loading direction. Since
the datalogger only captured one leaetime dataset in each principal loading direction,
the strains had to be condensed to a single;rbpstsentative strains-time dataset to
pair with the load dataset. Bospatial averages and single gage lengths were considered,
but spatial averages were determined to be more reliable since they were less sensitive to
nortuniform strains or data loss due to flicker. For each sample, four concentric regions
were selectetbr comparison as shown Figure39. Average strains from each region
were mapped to the load dataset and the results compared through each stage of analysis.
Thiswas done to evaluate the consistency and quality of the regional averages and to
help identify outlier values (from nemniform strains) that might otherwise be difficult to

determine.
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Figure39: Typical concentric regions fatrain averages. For the innermost region,
yellow bars show typical X strain segments, and red bars show typical Y strain segments.

For woven geotextiles, strains were exported from segments created in the region
of uniform strain for each sample. Fottee confidence in the data, five segments in
each loading direction were selected for comparison as showigure40 andFigure
41. Of these, the three axientric segments in each direction were then plotted versus

load.



























































































































































































































































































































































































































































































































































































































