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A COMPARISON OF THE RESPONSE OF
GEOSYNTHETICS IN THE M ULTI-AXIAL AND
UNIAXIAL TEST DEVICES

ABSTRACT: Thewidestriptension testimposesboundary conditionsthat vary fromauni-
axial stress state near the middle of the specimen to a plane-strain, biaxial stressstate at the
clamps. The multi-axial tension test imposes boundary conditions that vary from a plane-
strain, biaxial stress state at the restraining ring to a nearly isotropic, biaxial stress state at
the center. To evaluate the influence of the stress state induced during testing on the stress-
strain response of geomembranes, strain-controlled multi-axial and wide strip testswere per-
formed on specimens of elastic latex, polyvinyl chloride (PVC), and high density
polyethylene (HDPE). Theratio of the secant Young'smodulusin the multi-axial test to that
inthewide strip uniaxial test was approximately 1.2 for the nearly linear, elastic latex mem-
brane, which issubstantially lessthan the theoretically derived value of 2.0. Thisratio was
approximately 1.4 and 1.9 for PV C and HDPE geomembranes at 1% strain, respectively,
indicating greater differences between measured multi-axial and uniaxial responses with
materials exhibiting more nonlinearity. Strength values measured in the tests were similar,
but the uniaxial test overestimated the ductility (i.e. failure strain) of the HDPE geomem-
brane. Wider use of the multi-axial test deviceisrecommended for caseswhere the geomem-
brane deformsin abiaxial stress state, and material ductility and stiffness are important.
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1 INTRODUCTION

Evaluation of themechanical responseof geosynthetics through controlled laborato-
ry testing is integral to designing systems involving geosynthetics (e.g. containment
systems, mechanically stabilized earth walls, and reinforced structura fill overlying
soft ground). Duetoitsvisco-elastoplastic response, the characterization of thegeosyn-
thetic’s mechanical response often includes measurement of its stress-strain-time re-
sponseat aspecified temperature under thelikely chemical environment. Thelaboratory
test device utilized to measure the geosynthetic’ smechanical response should optimally
maintain boundary conditions that induce stress and strain fields that are representative
of the field loading conditions. However, this optimal situation may not be achievable
while maintaining the simplicity of the test boundary conditionsthat allow the acquired
datato beinterpreted unambiguously. Consequently, standardization of the test device,
procedure, and interpretation is typically achieved, and the design engineer is often
left with the difficult task of relating measured geosynthetic responsein the laboratory
with its anticipated performance in the field under different loading conditions.

In the current paper, two performance tests standardized by the American Society
for Testing and Materials (ASTM) that are available to evaluate the stress-strain re-
sponse of geomembranes are examined and compared. These tests are commonly re-
ferred to as the multi-axial tension test (ASTM D 5617 Standard Test Method for
Multi-Axial Tension Test for Geosynthetics) and the wide strip tension test (ASTM D
4885 Sandard Test Method for Determining Performance Srength of Geomembranes
by the Wide Srip Tensile Method). Test methods for assessing the tensile characteristics
of plastics (ASTM D 638 Sandard Test Method for Tensile Properties of Plastics; and
ASTM D 882 Sandard Test Method for Tensile Properties of Thin Plastic Sheeting),
which are often referred to asuniaxial tension tests, are merely index tests and are dis-
cussed only briefly. Rather, the current paper focuses on the measured response of com-
mon polymeric geomembranes using established performance tests, such as ASTM D
5617 and D 4885. Asneither of these geosynthetic tension tests exactly replicates field
conditions, acomparison of the results obtained by both test deviceswith an evaluation
of their respective stress and strain fields would be useful to design engineers. Thisis
the objective of the current paper.

2 BACKGROUND
21 Generd

The multi-axial and wide strip tension test devices, procedures, and interpretations
have both been standardized through ASTM, and detailed descriptions of these testsare
contained in the ASTM standards referenced in Section 1. Hence, comprehensive dis-
cussions of each of these tests are not repeated in the current paper. However, anumber
of recent studies have clarified some key aspects of these tests, so discussions of these
advancements are presented in this section, along with adiscussion of previous and on-
going comparisons of wide strip and multi-axial tension test results.
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2.2 Wide Strip Uniaxial Tension Testing

The wide strip tension test (ASTM D 4885) was recently re-investigated by Merry
and Bray (1996), and the results of their study indicate that, contrary to acommon mis-
conception, that this test captures a geosynthetic’ s response under plane-strain condi-
tions, the wide strip tension test should be considered auniaxia stresstension test. The
wide strip test boundary conditions vary from a plane-strain, biaxial stress state at the
clamped ends of the test specimen (i.e. no lateral strains are permitted and the out-of -
plane principal stressis essentially zero) to auniaxial stress state in the middle of the
test specimen (i.e. lateral and transverse deformations are not restrained and the lateral
and transverse principal stresses are both zero). However, test results presented by
Merry and Bray (1996) showed that there isno systematic variation in the stress-strain
response of high density polyethylene (HDPE) and polyvinyl chloride (PV C) geomem-
branes dueto specimen width to length aspect ratio variations over arange of 0.1t0 5.5.
Over thisrange of aspect ratios, which included values aslow asthose used in the “in-
dex” uniaxia tension tests (i.e. aspect ratio of 0.1 to 0.2 for ASTM D 882 and D 638)
and values amost three times that specified in thewide strip tension test (i.e. an aspect
ratio of 2.0for ASTM D 4885), the nearly pureuniaxia stressfield within thetest speci-
men away from the clamps governs the membrane’s overall stress-strain response.
Thus, the wide strip tension test should be considered a uniaxial stress state perfor-
mance test, not a plane-strain test, and in the remainder of the current paper, it will be
referred to as the uniaxial tension test.

The ASTM D 638 and D 882 test methods for evaluating the tensile characteristics
of plastics are commonly considered uniaxial tension tests, abeit index tests. Giroud
et al. (1994) evaluated the distribution of strains within the dumbbell specimen usedin
the ASTM D 882 uniaxial tension test, and they recommended that strain be cal culated
across the specimen’ s central section using an extensometer as opposed to using gage
separation. In addition, conventional procedures for these types of tests evaluate stress
based onthe original area of the specimen (i.e. nominal stressas opposed to true stress),
and thisoverestimates the cross-sectional areaduring thetest, especially after cold draw
(necking) initiates. Assuch, these tests cannot berelied uponto accurately characterize
the stress-strain response of geomembranes. However, using ASTM D 882 size speci-
mens, Merry and Bray (1996) found that reasonable performance data can be obtained
from these tests if the specimen’s extension is measured accurately across a uniform
specimen width and if true stress is calculated using the actual area during testing.
Hence, if properly executed andinterpreted, these index tests can provide useful insight
regarding the uniaxia response of geomembranes.

2.3  Multi-Axial Tension Testing

The multi-axial tension test ideally provides boundary conditions that vary from a
plane-strain, biaxial stress state at the restraining clamps (i.e. no lateral strains are per-
mitted and the out-of -plane principal stressisessentially zero) to anearly isotropic biax-
ia stress state at the center (i.e. deformations are not restrained and balanced in-plane
membrane stresses exist with the out-of-plane stress equal to zero on the outside of the
membrane). The out-of-plane stress acting on the inside of the membrane is actually
nonzero and equal to the applied internal air pressure. However, thispressureisresisted
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by the in-plane tensile stresses due to the curved deflected shape of the membrane.
Hence, the overall out-of-plane stress effect onthe membraneis considered to beminor,
so that anearly isotropic biaxial stress state isachieved at the center of the membrane.

Several apparatuses and interpretations for multi-axial tension testing of membranes
have been developed (e.g. Treloar 1944; Adkinsand Rivlin 1952; Steffen 1984; Giroud
et al. 1990; Koerner et al. 1990; Caldwallader 1991; Frobel and Taylor 1991; Duvall
1993; Nobert 1993; Merry et al. 1993; and Merry and Bray 1997a). These studies have
provided useful insight regarding thisrelatively new test for evaluating the stress-strain
response of geomembranes, and many of these insights have been incorporated into the
ASTM D 5617 standard test procedure for the multi-axial tension test. Moreover, rapid
development inthisfield hasled to design procedures based on the multi-axial test (e.g.
Giroud et al. 1990; Koerner and Hwu 1991; Berg and Collin 1993; Merry et al. 1995).
However, anumber of key multi-axial test and interpretation issues are not widely ac-
cepted, and these key issues require discussion.

Currently, ASTM D 5617 requires a minimum diameter clamping ring of 450 mm,
but theoretical and experimental results allow the use of smaller clamping rings aslong
as the ratio of the ring’s diameter to the thickness of the material tested is at least 60
(Merry and Bray 1995). In addition, the D 5617 recommended pressure-controlled
loading produces uncontrollable and variable strain rates, particularly inthevicinity of
failure. Instead, multi-axial testing should be performed with a strain-controlled load-
ing algorithm that allows for unambiguous interpretation of the strain-rate dependent,
stress-strain response of most geomembranes. Moreover, thistype of loading allowsfor
direct comparison of the results with those obtained from uniaxial tension testing,
which also uses strain-controlled loading. Likewise, where evaluation of a geomem-
brane’s creep response is desired, constant membrane stress (not constant internal test
pressure) creep tests are preferred (Merry and Bray 1997a). Lastly, the average stress
induced in the geomembrane at various center-point deflections should be calculated
using the true stress equation developed by Merry et al. (1993) in lieu of the nominal
stress formula contained in D 5617, asit is based on a constant geomembrane-volume
(incompressible) hypothesis, which is the expected response of most polymeric geo-
membranes (Koerner 1998).

Whereas testing and analysis has shown that even the wide strip tension test iseffec-
tively a uniaxial stress tension test (Merry and Bray 1996), the stress and strain field
governing the multi-axial tension test islessclear. A well-executed wide strip test pro-
duces “failure” in the test specimen’s midsection, where a uniaxial stress state exists,
and atest specimen’ soverall response has been found to be governed (and can beinter-
preted) by this uniaxial stress state. A well-executed, multi-axial tension test also pro-
duces“failure” inthemiddle of the test specimen: whereanearly isotropic biaxial stress
state exists. Thus, one might suspect that the overall response of the multi-axial, tension
test specimen isgoverned by the nearly isotropic biaxial stressstate inits middle. How-
ever, experimental evidence to collaborate this suspicion islacking, dueto the unavail-
ability of purely plane-strain, membrane testing and the difficulty of defining the
transition from the plane-strain, biaxial stress state near the restraining ring to the iso-
tropic biaxial stressstate at the center of the multi-axial test specimen where longitudi-
nal and transverse deformations are permitted. The proximity of the boundary in the
multi-axial test suggests that the test specimen is more influenced by boundary condi-
tionsin the multi-axial test device in comparison with the uniaxial test device. An ex-
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perimental investigation of the strain distribution across a membrane in a multi-axial
device is discussed in Section 4.

24  Relationship Between Uniaxial and Multi-Axial Testing

Few studies haveinvestigated the rel ationship between uniaxial and multi-axial ten-
sion testing of geosynthetics. Studies such as those published by Giroud et al. (1994)
and Merry and Bray (1996) have provided useful insights regarding uniaxia tension
testing, and studies such as those published by Giroud et al. (1990), Duvall (1993), and
Merry and Bray (1995) have provided useful insights regarding multi-axial tension tes-
ting. Yet, direct comparisons of the test results from these dissimilar testing devicesare
lacking. Asdiscussed, the uniaxial tension test provides boundary conditions that vary
from a plane-strain, biaxial stress state at the clamps to a uniaxial stress state in the
middle, and the multi-axial tension test provides boundary conditions that vary from
aplane-strain, biaxia stress state at the restraining clampsto anearly isotropic biaxial
stress state at the center. Thus, it isinteresting to investigate how the stress-strain re-
sponse of geosynthetics are affected by these different test boundary conditions.

Soderman and Giroud (1995), updating therel ationships originally derived by Giroud
(1992), present theoretical relationships between biaxial and uniaxial tensile character-
istics (i.e. secant Young'smodulus, yield stress, and yield strain) based on assumptions
that the geosynthetic is an isotropic linear elastic material and that the material yields
at agiven distortion strain energy regardless of the state of stressaccording to the Mises
yield criterion. Secant Young's modulus is defined between the origin and yield point
in the stress-strain diagram. At the yield point, Soderman and Giroud (1995) show that
theratio of secant Young’'smodulusfor amaterial undergoing anisotropic biaxial stress
state, E;, , to that for the same material undergoing a uniaxial stress state, E,, is:

E, 1

Euzl—V (1)

where v is the engineering Poisson’s ratio.

For an incompressible material at lessthan 10% strain, Poisson’sratio is very close
to 0.5. Thus, the theoretical ratio of secant Young's modulus for an isotropic biaxial
stress state to that for auniaxial stress state would be 2.0. Thisfactor isaresult of both
stress states having identical yield stresses, but the yield strain for the isotropic biaxial
stress state being only half of theyield strain for the uniaxial stressstate (Soderman and
Giroud 1995). Similarly, atheoretical value of 1.33 for an incompressible material was
developed for the ratio of the secant modulus between the plane-strain, biaxial stress
state and the uniaxial stress state, due to the plane-strain, biaxial stress state having a
dlightly higher yield stress(1.15times higher) and slightly lower yield strain (0.87 times
lower) than those values in the uniaxia stress state (Soderman and Giroud 1995). As
pointed out by Giroud et al. (1993), while these theoretical relationships are potentially
useful to design engineers, thereisaneed to evaluate these theoretical findings against
laboratory tests, because the stress-strain-time response of most geomembranes has
been shownto beclearly visco-elastoplastic, not linear elastic, and dueto themachining
process, slightly anisotropic, rather than isotropic (e.g. Merry and Bray 1997a).
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3 TESTING PROGRAM

A program of laboratory testing of similar materials was performed to investigate the
relationship between uniaxial and multi-axial tension testing. Uniaxia tension testing
isperformed following the ASTM standard test procedure for the wide strip tension test
(D 4885) using the uniaxial tension test apparatus described in Merry and Bray (1996)
and shownin Figure 1. Multi-axia tension testing was performed following the ASTM
standard test procedure for thistest (D 5617), with the modifications recommended by
Merry and Bray (1995) discussed in Section 2.3, using the strain-controlled multi-axial
tension test device devel oped by Merry and Bray (1995) and shownin Figure2. All test-
ing was conducted in atemperature-controlled room at atemperature of 21 + 1°C. Data
acquisition was performed with ATS software for Windows (Sousa and Chan 1991) at
ahigh rate of acquisition and accuracy (Merry and Bray 1995, 1996).

At strain levels appropriate for design, thereisessentially no difference between en-
gineering strain and true/natural strain, but there can be significant differences between
the nominal stresscalculated using the original area and true stresscalculated using the
actual area (Merry and Bray 1996). Hence, for both multi-axial and uniaxia tests re-
sults, graphs of average membrane true stress versus engineering strain are presented,
which are generated using the equations given below. These equations are based onthe
assumption that the geomembrane deforms as an incompressible material. For the uni-
axial tension test, the stress and strain formulas are (Merry and Bray 1996):

5000 Ib load cell

~—— | oad frame

Data acquisition
computer

Figure 1. Uniaxial tension testing and data acquisition system (from Merry and Bray
1996).
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4
L+

data acquisition and LVDT (stroke = 406 mm)
system control computer

102, 203, 356, and 508 mm —m
diameter clamping rings :

servo valve and pressure
+ transducer below not shown

Figure2. Multi-axial tension testing and data acquisition system (from Merry and Bray
1997a).
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where: 0, = average true membrane uniaxial stress; ¢, = axial engineering strain; F =
measured tensile force; L, = original (untensioned) length of the geomembrane between
the grips; t = original geomembrane thickness; w = origina geomembrane width; and
AL = overall geomembrane el ongation. For themulti-axial tension test, the equation for
the average true membrane stressis (Merry et a. 1993):

L2+ 46%)?
o= M for all 6 and constant geomembrane volume (5)
160 L2t

where: p = internal pressure during testing; L = original (untensioned) diameter of the

geomembrane (or diameter of the apparatus over which the geomembrane isclamped);
and 6 = deflection at the center of the geomembrane during the test.
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Giroud et al. (1990) and Koerner et a. (1990) presented Equation 6 for calculation
of the strain when 6 < L/2, and Giroud et a. (1990) and Merry et al. (1993) presented
Equation 7 for calculation of the strain when 6 = L/2:

B 4L 6 L2+462
tan ! - L
L2—462 40

e = T for 6 < L/2 (6)
L2+462 [ 4Lo
_— T — sin _— - L
40 L2+4 62
€= T for 6 =L/2 (7)

where ¢ is the engineering strain.

To minimize the material contribution to differences between the tests, initially a
seriesof multi-axial and uniaxial tests were performed on specimens of anearly isotrop-
ic, linear-elastic membrane. The membrane used wasal.65 mm thick latex membrane.
All of these tests were performed at a strain rate of approximately 7% per minute. The
elastic latex membrane was loaded to approximately 50% strain and then fully unloa-
ded. Subsequently, uniaxial and multi-axial tension tests were performed on two poly-
meric geomembranes: (i) 0.75 mm (30 mil) thick PV C geomembrane; and (ii) 1.5 mm
(60 mil) thick HDPE geomembrane. These tests were performed at the standard strain
rate of 1% per minute. Uniaxial tension tests were performed using ASTM D 4888 size
specimens (i.e. 200 mm wide by 100 mm long), except the latex specimens wereslight-
ly larger. Multi-axial tension tests were performed typically using a 203 mm diameter
clamping ring, but some tests were conducted using 102 and 508 mm diameter rings,
and no systematic difference in results was observed. The resulting stress-strain data
are not smoothed.

4 STRAIN DISTRIBUTION IN MULTI-AXIAL TEST SPECIMEN

Strain fieldswithin themulti-axial device can beexamined through observationsand
geometrical considerations. External measurements of the test specimen’s deformed
shape and measurement of the volume of water intruded during multi-axial testingusing
arange of clamping ring diameters indicate that the multi-axial test specimen deforms
asaportion of asphere(Merry and Bray 1995). Usingcommon geometrical formulations
for a sphere and acircle (Moffit and Bouchard 1975) and assuming that the membrane
longitudinal strain across the test specimen undergoing multi-axial testing is uniform
(which appears reasonable based on photographs by Frobel and Taylor (1991) of de-
formed membraneswith grids), thelongitudinal strain canbe compared to thetransverse
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strain within the membrane along the circumference of acircle centered about the pole
of the sphere. At the pole, as pointed out by Duvall (1993), the longitudinal strainsin
two perpendicular directions are equal and, hence, the specimen isin anearly isotropic
biaxial stressstate. However, at aquarter of the radiusfrom the pole (adistance that en-
compassesonly 6.25% of thetotal test specimen area), theoretically, thetransversestrain
is approximately 94% of the longitudinal strain. At half of the radius from the pole (in-
cludes 25% of the total specimen area), the transverse strain is 75% of the longitudinal

strain, and at three-quarters of the radius from the pole (includes 56% of the total speci-
men area), the transverse strain is only 44% of the longitudinal strain. Of course, at the
clamped edge, the transverse strain is zero and the specimen isin aplane-strain, biaxial

stressstate. Hence, amajority of themulti-axial test specimen isnot inanisotropic biax-
ial stressstate, and thetest boundary conditionsimpose astrain field that isintermediate
to an isotropic, biaxial stress state and a plane-strain, biaxial stress state.

To investigate the strain distribution in amulti-axial test specimen, anearly elastic
latex membrane was subdivided into segments as shown in Figure 3. Each segment on
the membrane was measured carefully using a pair of digital calipers. Photographic
methods were not used, because the effects of parallax would be large along aspherical
surface, and strain gages were considered to be too stiff relative to the membrane, thus
affecting local measurements. Air pressure was increased to deform the latex mem-

Figure3. Markings for making strain measurements on test specimen in the multi-axial
device (picturetaken at atotal longitudinal strain of approximately 5%).
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braneto the proper centerline deflection. The deformed shape of thelatex remained es-
sentially constant during measurements because the latex does not creep.

Themeasured values from one point to another point along theradial lines represent
thelongitudinal chordlengthsal ong anassumed sphere. Thearclengthswerethen cal cu-
lated using standard geometrical equations (Moffit and Bouchard 1975). Therepeatabil -
ity of longitudinal strain measurements varied by approximately 1%, due to the
limitations of measuring small changes in segment lengths asthe membrane deformed
over a strain range of 1 to 5%. While the measured values of total longitudinal strain
acrosstheentiremembranewereingoodagreement withtheval uecal culated using Equa-
tion 6(within afraction of apercent; asimilar finding tostudiespresentedinMerry 1995),
thedistribution of segmental longitudinal strainsvaried somewhat acrossthemembrane.
Systematic variations could not be discerned because of the scatter in the data.

Transverse strain measurements represented by the strain between two points on ad-
jacent radial lines were also taken. Measurements at larger strain values were made to
minimize scatter. Figure 4 showsthe variation in the measured transverse strain at ato-
tal longitudinal strain of 20.6%. The repeatability of transverse strain measurements
varied from apercent to afew percent. The scatter increases as the pole is approached
because the distance between adjacent radial linesis shorter near the pole and, hence,
the error made in the measurements is alarger percentage of the measured value. The
measured transverse strain at a quarter of the ring diameter from the pole was dlightly
lessthan the total longitudinal strain acrossthe membrane, as suggested by theory. Ad-
ditionally, the measured transverse strain was consistent with the theoretical values of
75 and 44% of thetotal longitudinal strain at the half radius and three-quarters location
from the pole, respectively. Thus, these measurements confirm the theoretical trends
described previoudly, indicating that the transverse strain transitions in a predictable
manner from 100% of the longitudinal strain at the pole to 0% of the longitudinal strain
at the clamped edge.

30 T T T
(O Calculated from observed measurements
g € Theoretical values
c L3 -
3 20
; s
0
é 10 a -
= N -
Overall longitudinal strain = 20.6%
0 ] ] ] é
0 20 50 75 100

Distance from pole as a percentage of clamping ring radius (%)

Figure4. Variation of transverse strain as a function of distance from the pole at atotal
longitudinal strain of 20%.
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Althoughthe significant scatter inthese measurements preclude devel oping detailed
findings regarding the variations of strain across a membrane in amulti-axial test de-
vice, these measurements confirm that longitudinal strains across the deformed mem-
brane are relatively uniform and that the total longitudinal strain can be reliably
estimated with Equation 6. However, significant relative variations in strain across a
membrane can occur at low strains in the multi-axial device. In addition, a nearly iso-
tropic biaxia stress state with nearly equal longitudinal and transverse strains occurs
within the middle of the specimen, such that the multi-axial test device can be consid-
ered to replicate anearly isotropic biaxia stressstate with fairly uniform strainsin this
region; but, near the clamped edges, the multi-axial test does not represent an isotropic
biaxial stress state.

5 UNIAXIAL AND MULTI-AXIAL RESULTS AND DISCUSSION
5.1 Elastic Latex Membrane

Five multi-axial tension tests and four uniaxial tension tests were performed using
the 1.65 mm thick latex membrane. The results presented in Figure 5 show the average
true stress versus strain from these tests (multi-axial stresses calculated per Equation
5). Theseresultsindicate that thismaterial isnearly linear elastic, particularly consider-
ing that theinduced maximum strain of 50% ismorethan twice the strain range of inter-
est for geomembranes (i.e. considerably lower than 20%). Figure 6 shows the results

10 T T T T T T T T T T T
| Multi-axial results (clamping ring diameter = 102 mm)
————— Uniaxial results (128 mm wide x 217 mm long specimens)
0.8 r n
_ R 4
g 0.6
\E_/ .
o R 4
&
s 04 r -
0
0.2 | 1.65 mm thick latex membrane
Strain rate = 7% per minute
Temperature =21 + 1°C T
0.0 Y 1 1 1 1 1 1 1

0 10 20 30 40 50 60
Strain (%)

Figure 5. Multi-axial and uniaxial tension test results for a 1.65 mm thick latex
membrane showing full load-unload response.
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05 ! 1 T T T T T
R Multi-axial results 4
oal T Uniaxial results 7
’ — — Secant modulus (5%) Multi-axial
<
o 03 F
2
w R
o
s 02 F
(9p]
0.1 F 1.65 mm thick latex membrane -
Strain rate = 7% per minute
Temperature =21 + 1°C T
00 1 1 1 1 1
0 5 10 15 20

Strain (%)

Figure 6. Multi-axial and uniaxial tension test results from Figure 5 showing initial
primary loading only.

of these tests for primary loading only over a reasonable strain range of interest (less
than 20%). Theratio of themulti-axial touniaxial secant Young'smodulus (defined from
theorigintoaspecified point onthe stress-strain curve) over thisstrainrangevariesfrom
1.1t01.3. Thesecant modulusat 5% strain for both test conditionsisal so showninFigure
6 and, at thislevel of strain, the ratio of the secant modulus is approximately 1.2.

During multi-axial testing, the stress conditions at the center of the test specimen
most closely represent anisotropic, biaxial stresscondition. Based on the methodol ogy
of Giroud et al. (1990) for calculating geomembrane tension with a constant thickness
material, Duvall (1993) presented equations for calculating the true, isotropic biaxial
stress and strain for an incompressible material. Merry (1995) showed that for 6 < L/2,
the equation provided by Giroud et al. (1990) for cal culating the strain during the multi-
axial test isidentical to Equation 6 and that the equations for calculating the isotropic
biaxial stress at the pole given by Duvall (1993) simplify to:

o - (L?>+462)(1 +¢)?p
166 ¢

with ¢ given by Equation 6. The consequence of calculating the stresses with Equation
5 or 8isshownin Figure 7 where data from amulti-axial tension test on 1.0 mm thick
HDPE has been interpreted with both of these equations. At significant levels of strain
(i.e. greater than 5%), the balanced biaxia stresses calculated from Equation 8 are
greater than the average true stress as given by Equation 5. However, at strain levels
less than 5%, the differences are negligible. Asshown in Figure 4, only alimited area

for 6 < L/2 (8)
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Figure7. Consegquences of calculating average true membrane stress (Equation 5) versus
balanced biaxial stress at pole (Equation 8).

of the multi-axial test specimen isinanearly isotropic, biaxial stressstate, so Equation
5 is preferred because using Equation 8 can result in high (unconservative) estimates
of the induced membrane stress at larger strain levels. However, to allow adirect com-
parison with thetheoretical study by Soderman and Giroud (1995), Equation 8 wasused
as a best estimate of the isotropic, biaxia stress state at the pole of the membrane.
Figure 8 showsthe elastic membrane test results where the isotropic biaxial stresses
at the pole from the multi-axial test have now been calculated using Equation 8. The
secant modulus ratio between the isotropic biaxial stressstate and uniaxial stress state
over the strain range of interest (2 to 20%) rangesfrom 1.2to 1.3. Also shownin Figure
8isthetheoretically derived secant modulus at 5% strain for the multi-axial tension test
based on the uniaxial tension test results on the nearly linear, elastic latex membrane
and the theoretical relationship between isotropic biaxial and uniaxial stress states for
an isotropic, linear elastic material developed by Soderman and Giroud (1995). The
measured ratio of theisotropic, biaxial secant modulusat 5% strainto that for the uniax-
ia stressstate of approximately 1.2 issignificantly lessthan thetheoretical value of 2.0.
This discrepancy could arise from alimitation resulting from the simplifying assump-
tionsrequired in the theoretical derivation or from thelimitation of the multi-axial test
deviceto produce aperfectly isotropic, biaxial stress state at the center of the test speci-
men. Nevertheless, until this discrepancy between theoretical and experimental results
can beresolved, it isrecommended to place greater weight on the consistent laboratory
test results. Hence, for an isotropic, linear elastic material, theratio of the secant modu-
lusfor theisotropic, biaxial stress state to that measured in the laboratory using the uni-
axial tension test ismost likely within the range of 1.2 to 1.3, and based on this bound,
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Figure 8. Balanced biaxial and uniaxial tension test results for elastic membrane using
biaxial stress calculation at pole (Equation 8).

0.0

the ratio of the secant modulus for a plane-strain, biaxia stress state to that from the
uniaxial test iswithin the range of 1.0to 1.3 (i.e. thisratio should be between the mea-
sured multi-axial to uniaxial secant modulus ratio and one).

52 PVC Geomembrane

Six multi-axial and five uniaxial tension tests were performed on the 0.75 mm thick
PV C geomembrane. Theresults are presented in Figure 9. Again, theindividual test re-
sults are fairly consistent for this manufactured material, with the multi-axial tension
test results exhibiting a stiffer response than the uniaxial test over the strain range of
interest (i.e. lessthan 20%). The stress-strain response of the PV C geomembrane isonly
dlightly nonlinear over the strain range of interest, and one might expect the comparison
themulti-axial and uniaxial PV Ctest resultsto besimilar tothat presented for thelinear
elastic latex membrane. Individual test results were averaged by calculating the in-
duced average stressat each strain level, and these average multi-axial and uniaxial test
resultsare shownin Figure 10. For these test conditions, the observed ratio of the multi-
axial to uniaxial secant modulus remained almost constant over a range of 2 to 10%
strain (i.e. 1.50to 1.40, with an average of 1.43). At 6% strain, the observedratio is23.4
MPa/16.6 MPa, or approximately 1.4. Correspondingly, the strength (i.e. mobilized
stressat aspecified strain) isslightly lessfor the uniaxial test compared to the multi-ax-
ia test, and the material’s failure strain (i.e. strain at the maximum stress) was not
reached in these tests, which were terminated at a strain of approximately 100%.
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Figure 9. Multi-axial and uniaxial tension test results for 0.75 mm thick PVC
geomembrane.
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Figure 10. Comparison of average multi-axial and uniaxial tension test results for PVC
specimens.
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53 HDPE Geomembrane

Six multi-axial and four uniaxial tension tests were performed on the 1.5 mm thick
HDPE geomembrane. Theresultsare presented in Figure 11. Theindividual HDPE test
results are even more consistent than the PV C test results discussed in Section 5.2, and
again, themulti-axial resultsexhibit astiffer responseinitially than the uniaxial results.
However, comparing Figure 11 with Figure 9, it is clear that the stress-strain response
of the HDPE geomembrane is highly nonlinear compared to that of the PV C geomem-
brane. Average results for HDPE for both test conditions are shown in Figure 12. Due
to the nonlinearity, the observed ratio of multi-axial to uniaxial secant modulus is de-
pendent onthe strain level and decreases asthe strain increases. At 0.5% strain, theratio
iS922 M Pa/383 MPaor approximately 2.4, at 1% strain, theratio is 732 MPa/384 MPa
or approximately 1.9, and at 2.0% strain, theratio is528 MPa/364 M Paor approximate-
ly 1.45. At 5% strain, thisratio isapproximately 1.1 and, effectively, 1.0 at strainsgreat-
er than 10%. Both tests indicate the maximum induced membrane stress (i.e. strength)
of the HDPE geomembrane is approximately 18.7 MPa. As a point of reference, the
manufacturer of this HDPE geomembrane measured a yield stress and yield strain of
17.5MPaand 16.3%, respectively, usingthe ASTM D 638 “index” uniaxial tension test
and conventional procedures (i.e. nominal stress instead of true stress).

Besides the initialy stiffer response of the HDPE geomembrane in the multi-axial
tension device (an observation consistent for all materials tested in the current study),
the HDPE uniaxial and multi-axial test results differ in one moreimportant aspect. The
average HDPE multi-axial test results show apeak induced membrane stress of approx-

30 T T T T T

Multi-axial results (clamping ring diameter = 203 mm)

L - Uniaxial results (D 4885 specimen) 4

20 | I

Stress (MPa)

10

Strain rate = 1% per minute
Temperature =21 + 1°C

0 1 1 1 1 1
0 10 20 30
Strain (%)

Figure 11. Multi-axial and uniaxial tension test results for 1.5 mm thick HDPE
geomembrane.
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Figure12. Comparison of average multi-axial and uniaxial tension test results for HDPE
specimens.

imately 18.7 MPaat astrain of approximately 19.5%. However, for the same material,
the average HDPE uniaxial test results show acontinuousincrease in the calculated in-
duced membrane stress over the entire duration of the test (uniaxial tests were aborted
at 30% strain). Thedetermination of failure strain (strain at maximum membrane stress)
for amildly strain-softening material such as HDPE is not possible using the uniaxial
tension test when the test results are plotted as true stress versus strain. If the data is
plotted asnominal stressversusstrain, a peak stress and corresponding failure strainis
sometimes observed, but this peak nominal stress is fictitious and, hence, the corre-
sponding failure strain is also fictitious.

Thus, the uniaxial tension test (when properly interpreted) could lead to unconserva-
tive estimates of the ductility of a geomembrane; whereas, the multi-axial tension test
isableto capture the peaking of induced membrane stress and define the strain at which
thisoccurs (i.e. the materia’ sfailure strain). For HDPE materials, thefailure strain has
repeatedly been found to be within the range of 16 to 20% in the multi-axial device at
strain rates of 1% per minute at 21°C (e.g. Merry and Bray 1997a). Failure strain has
been shown to be both strain rate (Merry and Bray 1997a) and temperature (Merry and
Bray 1997b) dependent, with the failure strain decreasing as the strain rate increases
or asthetemperature decreases. Definition of amaterial’ sfailure strain is of paramount
importance when using an allowabl e strain design approach, such asthat recommended
by Giroud et a. (1993).
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6 CONCLUSIONS

Both the multi-axial and wide strip tension tests provide varying boundary condi-
tionsfor the specimen during testing. The wide strip tension test imposes boundary con-
ditions that vary from a uniaxia stress state near the middle of the specimen to a
plane-strain, biaxial stress state at the clamps. The multi-axia tension test imposes
boundary conditions that vary from aplane-strain, biaxial stress state at the restraining
ring to anearly isotropic, biaxial stress state at the center. A critical re-examination of
the wide strip tension test (ASTM D 4885) has found that the membrane’ s overal re-
sponseisgoverned by itsuniaxia stress response away from the clamped ends (Merry
and Bray 1996). Therefore, the wide strip tension test issimply aperformance-oriented
uniaxial tension test. Interpretation of the multi-axial tension test is not unambiguous,
but the membrane’ sresponseisintermediate between that in anearly isotropic, biaxial
stress state and a plane-strain, biaxial stress state. The longitudinal and transverse
strains across the middle of the test specimen (i.e. area within a circle centered at the
pole and having aradius of half of the specimen radius) arefairly uniform and essential-
ly balanced. However, the middle of the specimen constitutes only aquarter of thetotal
specimen area, and the remaining part of the test specimen is affected by the
plane-strain, biaxial stress state imposed at the clamped edge of the specimen. Hence,
it appearsreasonable and it isconservative regarding strength and failure strain to inter-
pret themulti-axial tension tests data using Equation 5, which providesthe average true
membrane stress for the test specimen, rather than Equation 8, which assumes apurely
isotropic, biaxial stress state.

The average stress-strain response obtained from the multi-axial tension test was
compared with that from the uniaxial tension test and the secant Young's modulus re-
sults are summarized in Table 1. The uniaxial response was found to be similar in peak
strength, but softer in theinitial secant modulus, compared to the multi-axial response.
More importantly, determination of the material’ sfailure strain from the uniaxial ten-
sion test results may not be possible. For materials that exhibit amild post-peak strain-
softening response, such asHDPE, themulti-axial tensiontest device offersthe superior
advantage of being ableto capture thisresponseandidentify thematerial’ sfailurestrain.

Tablel. Summary of test results comparison.

Material Secant modulus ratios
E, E,
Linear elastic - theoretical
(Soderman and Giroud 1995) 20 133
Elastic latex membrane —1.2 10to 1.2
PV C geomembrane -14 10to14
HDPE geomembrane —-19* 10to1.9*

Note: * Ate = 1% strain.
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Thetrendsin the multi-axial and uniaxial tension test results (i.e. higher secant mo-
dulus for multi-axial results compared to uniaxial results) were found to be consistent
for al three materials tested (i.e. elastic latex, PV C, and HDPE geomembranes). How-
ever, the magnitude of the ratio between the secant modulus for a balanced, biaxia
stress state obtained from the multi-axial tests to those from the uniaxial tests varied
with test material. Experimental results from the isotropic “linear” elastic latex mem-
brane showed this ratio was within the range of 1.1 to 1.3, which is significantly less
than the theoretical ratio of 2.0 as presented by Soderman and Giroud (1995). In fact,
the measured secant modulus ratio is closer to that derived for the modulus ratio of
plane-strain, stress state to uniaxia stress state (theoretically, a value of 1.33). Based
ontest results for two common geomembrane materials, PV C and HDPE, the multi-ax-
ial to uniaxial secant modulus ratio was approximately 1.4 (at 2 to 10% strain) for the
PV C geomembrane, and at the commonly used 1% strainlevel, the secant modulusratio
was 1.9 for the HDPE geomembrane, but the secant modulus ratio varied significantly
with strain level for the HDPE geomembrane. These resultswere obtained at strainrates
of 1% per minute at a temperature of 21°C and, due to the visco-elastoplastic nature
of these polymeric geomembranes, these values would need to be adjusted for other test
conditions. The stress-strain data presented for these materials (e.g. Figures 6, 9, and
11) indicate that the latex membrane responseisnearly linear elastic, the PV C geomem-
braneresponseisonly dightly nonlinear, and the HDPE geomembrane responseishigh-
ly nonlinear. Correspondingly, the multi-axial to uniaxial secant modulusratio at strain
levels commonly used in practice increases from approximately 1.2 for the latex mem-
brane, to approximately 1.4 for the PV C geomembrane, and to approximately 1.9 for
the HDPE geomembrane. Hence, the difference between the multi-axial and uniaxial
tension test resultsismore significant for material s exhibiting more nonlinearity intheir
stress-strain response, especially at low strain level swhere the secant modulusisamore
sensitive parameter.

Considering the findings of the current study and the stressand strain fields common
inanumber of field applications of geosynthetics (e.g. plane-strain, biaxial stressdrag-
down of sidedopelinersinwastefills; plane-strain, biaxial stressdeformation of contin-
uous reinforcing layers in mechanically stabilized earth; and isotropic, biaxia stress
subsidenceof ageomembrane overlying avoid), themulti-axial tensiontest deviceoffers
superior boundary conditions and will often be the most appropriate performance test
for geosynthetics. Moreover, themulti-axial tensiontest offersthe significant advantage
of capturing theductility (i.e. failure strain) of ageomembrane’ sresponse. AstheASTM
D 5617 minimum clamping ring diameter of 450 mm hasbeen shownto be unnecessary
(Merry and Bray 1995), good performance-oriented test results can be obtained from
100to 200 mm diameter tests conducted on specimens available from the 305 mm width
commonly removed from every other roll of manufactured geomembranes for quality
control testing. Hence, wider use of the multi-axial test device is recommended.

However, for cases in which the geosynthetic will deform in principally a uniaxial
stress state (e.g. isolated geosynthetic reinforcing strips) or when only checking the
peak strength of the geosynthetic, the wide strip uniaxial tension test is appropriate. For
cases in which uniaxial test results are available and a material’ s multi-axial response
requires assessment, the engineer should assume that the material’ s multi-axial stress-
strain responsewill beinitially stiffer (e.g. for thisstudy, approximately 1.4 timesstiffer
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for PVC) and significantly less ductile (e.g. for this study, multi-axial HDPE failure
strains on the order of 16 to 20%).
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NOTATIONS

Basic Sl units are given in parentheses.

F = measured force acting on geomembrane during uniaxial tension test (N)

E = secant Young's modulus (Pa)

Eip = secant Young's modulus for material undergoing an isotropic biaxial
stress state (Pa)

Eps = secant Young's modulus for material undergoing a plane-strain, biaxial
stress state (Pa)

E, = secant Young's modulus for material undergoing an isotropic uniaxial
stress state (Pa)

L = length of specimen between clamps (m)

L, = untensioned (original) length of specimen between clamps (m)

p = internal pressure during testing (Pa)

t = original, untensioned thickness of geomembrane specimen (m)

w = origina width of geomembrane specimen (m)

AL = elongation of test specimen length (m)

) = deflection at center of geomembrane during multi-axial testing (m)

€ = engineering strain (dimensionless)

&a = axial engineering strain with respect to original length (dimensionless)

& = transverse engineering strain with respect to original width or thickness
(dimensionless)

v = engineering Poisson’sratio (dimensionless)

oy = average uniaxia tensile stressin middle portion of specimen (Pa)
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