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Abstract: This paper aims to study the shear interactionhamgism of one of the critical geosynthetic inteefcthe geotextile/geomembrane,
typically used for lined containment facilities buas landfills. A large direct shear machine isdusecarry out 90 geosynthetic interface tests. tEse
results show a strain softening behavior with g wenall dilatancy (<0.5 mm) and nonlinear failurevelopes at a normal stress range of48® kPa.
The influences of the micro-level structure of thggosynthetics on the macro-level interface shehavior are discussed in detail. This study has
generated several practical recommendations togreligssionals to choose what materials are moeguade. From the three geotextiles tested, the
thermally bonded monofilament exhibits the bestrfiaice shear strength under high normal stressloonormal stress, however, needle-punched
monofilaments are recommended. For the regulautedtgeomembranes tested, the space between tméiasgs an important factor. The closer
these asperities are, the better the result achié@ the irregular textured geomembranes tesftednonwoven geotextiles made of monofilaments
produce the largest interface shear strength.

Keywords: geotextiles; geomembranes; landfills; fiber lengttughness; shear strength; friction angle

1. Introduction the suitable test parameters (shear displacementaensolidation time,
hydration time) are established based on the stuftem Stark and
The main functions of a municipal solid waste (MSIafdfill are to Poeppel (1994), Stark et al. (1996), Fox et al9{14998), Gilbert et al.
permit the maximum accumulation of waste in thellsgpossible space (1997), Jones and Dixon (1998), Eid et al. (199@)plett and Fox
and to isolate the waste from the natural surrowgsli Besides, a MSW (2001), Zornberg et al. (2005), Sharma et al. (2@0id McCartney et al.
has to maintain security and provide a future usafger its closure. (2009). The following relationships are analyzedhis study: interface
Landfill liner and cover systems are mainly formbg geosynthetic shear strength vs. shear displacement, shear cispént vs. normal
protection layers, which interact on geosynthetio&ynthetic and displacement, and interface shear strength vs. alstress.
geosynthetic/soil interfaces. This paper provides a useful and practical apptoatfor both
An important subject with respect to the landfithlslity is the researches and practitioners who use these materitthe field, helping
interface shear strength, which has been investigitoroughly in the them to make a decision about what geosyntheti@nmaatcould work
last decade (e.g. Fox and Kim, 2008; McCarney gt28109; Palmeira, better in a particular loading condition.
2009; Eid, 2011; Fox and Ross, 2011; Brachman aabir,S2013;
Thielmann et al., 2013). 2. Experimental work
The geotextile/geomembrane interfaces can be wsedoth liner and
cover systems of the landfills. Geomembranes gpécally used as a
hydraulic barrier and geotextiles protect it froenthges that may occur
in some situations, such as high normal stressgsuagular soil particles.
Geotextile/geomembrane interfaces have previousgnbstudied by
Giroud et al. (1990), Koutsourais et al. (1991)ro@d and Darrasse
(1993), Gilbert and Byrne (1996), Stark et al. @9ones and Dixon
(1998), Wasti and Ozdiizgiin (2001), Hebeler et2810%), Bergado et al. monofilaments.
(2006) and Pintanga et al. (2009). (2) Five geomembranes of 1.5 mm thickness: GMs has tnsoofaces;
The objective of this paper is to study the integfahear behavior of GMrl and GMr4 have irregular heavy textured susasmaller than
the geotextile/geomembrane, providing a deeper rstateling of how 1 mm; GMr2s1 and GMr3 show regular, evenly sprespedties

the structure of these geOSynthetiCS at a micretlemfluences the greater than 1 mm; GMr2s2 exhibits regu|ar Sprmﬁies smaller
interface shear behavior at a macro-level. Thefaxte shear behavior is than 1 mm.

studied by means of the direct shear tests on fi&etit interfaces using

8 different geosynthetic materials. The guidelirfs ASTM D5321 Table 2 summarizes the geotextile/geomembranefaces tested as
(2014) are followed during the direct shear testdifferent types of well as the testing conditions.

geosynthetic interfaces. The means to grip thewdifft geosynthetics and

2.1. Materials
The characteristics of geosynthetics used for trecdshear tests are
listed in Table 1 and described as follows:

(1) Three nonwoven geotextiles: GT1 (500 §/ris made of needle-
punched monofilaments; GT2 (500 gjris made of needle-punched
staple fibers; and GT3 (335 dgfmis made of thermally bonded
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Table 1. Type of geosynthetics.

Geosynthetic LabeType Raw material/Type of fiber Manufacturing process Masa/lg m®) Density (g i) Thickness (mnf)
Geotextiles GT1 NW PP/monofilament Needle-punched 500 4+0.2

GT2 NW PP/staple fibers Needle-punched 500 5+0.6

GT3 NW 70% PP+30% PE/monofilament Thermally bonded 335 2+0.
Geomembranes GMrIextured (~0.5 mnf) HDPE Coextrusion nitrogen gas >0.94 15

GMr2 Textured (s1: ~1.2; s2: ~0.8) HDPE Calendared structured >0.94 15

GMr3 Textured (~1.3) HDPE Structured same resin as base 0.94 1.5

GMr4 Textured (~0.2%) HDPE Coextrusion nitrogen gas >0.93 14

GMs Smooth HDPE Flat sheet extrusion 0.94 1.5

Note: *Thickness at 2 kPa for geotextiles, at 20 kPa for geonsebl’ Average asperity height (mnf)Average asperity height of GMr2, which presents two difietextured sides:
sl=side 1 and s2=side 2; NW=Nonwoven geotextile; PP=Pglyfmoe; PE=Polyethylene; HDPE=High density polyethylene.

Table 2. Geosynthetic interfaces tested and testingitions.

Geosynthetic interfaces Sample size (mmxmm) Normal stres (kPa) Direct shear test conditions

GT1/GMs, GT1/GMrl, GT1/GMr2sl, GT1/GMr2s2, GT1/GMr300x285 25, 50, 100, Tests are conducted under wet conditions: (1) Hydration 2¢hé
GT1/GMr4, GT2/GMs, GT2/GMr1, GT2/GMr2s1, GT2/GMr2s2, 300, 450 for geotextile, and 0 h for geomembrane; @)nsolidation time
GT2/GMr3, GT2/GMr4, GT3/GMs, GT3/GMrl, GT3/GMr2s1, 10 min; (3) Shear rate: 5 mm/min

GT3/GMr2s2, GT3/GMr3, GT3/GMr4

2.2. Testing equipment (2) Based on the studies of Fox et al. (1997, 1998padicularly
The tests on geosynthetics are carried out witlargel direct shear textured plate is designed for gripping the drammagocomposites,
machine, whose shear box is 300 mm long and 300 wiche and the geomembranes and the geosynthetic clay lin€LYGThe

therefore fulfills the minimum requirements. Thetseare performed at a dimensions of this plate are 300 mm x 285 mm x 1d. ffhe plate
constant shear displacement rate and fixed nonresss The shear box is has 210 drainage holes of 2 mm diameter and 168npgs of 1

divided into a moving lower part and a static uppert. The geotextile is mm height, which protrudes from the topside, assshn Fig. la.

fastened to the lower box, while the geomembrafi@siened to the upper The bottom side has channels to allow for watewflas shown in
box. The following gripping systems are used far tifferent types of Fig. 1b. This plate is screwed onto a metal supipatt is placed into
geosynthetics: the direct shear box. The topside is in contach wie geosynthetic

and the bottom side is in contact with the metapsut.
(1) Geotextiles are gripped with a double-side adhesige. This system

works well for the range of normal stresses tested.

Fig. 1. Textured plate for gripping textured georbeanes. (a) Topside and (b) Bottom side.

2.3. Test procedure (2) Consolidation time inside the machine is 10 min.

The shear test is carried out according to ASTM Z158014). The (3) Constant shear rate is 5 mm/min. Stark et al. (L886@ Triplett and
geotextile/geomembrane interfaces are tested umdeconditions with Fox (2001) found out that the shear rate does igatfisantly affect
the following parameters: the peak and post-peak strengths.

(1) Hydration time is 24 h for the geotextiles and ttsomembranes The normal stress is applied to the loading platswve the upper metal
were not hydrated. The geotextile samples are sigadeinto tap support. After 10 min of consolidation, the lowdrear box moves in
water inside a humidity chamber (temperature of@lhumidity of parallel direction to the shear force at a consthetr rate. The maximum
96%). shear displacement is 50 mm. The shear displacerseear force and



vertical displacement are recorded during the t€ke shear force is 200
measured using a suitable dynamometric ring. Tweeali variable
differential transformers (LVDTs) are used to measthe shear and
vertical displacements.

(@) GT3/GMr2s]

Interface shear strength (kPa)

3. Constitutive model on geosynthetic interfaces Gy(kPa)
450

All interfaces tested exhibit frictional behaviavhich is modeled by 300

Mohr-Coulomb’s equationr =c, +o,tand , wherer and g, are the

interface shear strength and normal stress actinghe failure plane, 100

respectively;c, is the adhesion; and is the interface friction angle. %(5)

Linear regression of the plot efvs. o, is used to identify the best-fit 0 K : : . : :

shear strength parameters. The shear strength stfimterfaces tested in 0 10 20 30 40 50 60

this study presents important friction angles aedligible adhesion. Shear displacement (mm)

4. Direct shear test results 500 )
As mentioned above, the geotextile/geomembranefaties are tested E*\i 400 4 | OPeak
under wet conditions (Table 2). However, the watentent does not =
- . - Bl OPost-peak
affect significantly the interface shear strength shown in Fig. 2 as well s -
as proven by Mitchell and Mitchell (1992) and Beatgat al. (2006). The = 300 1
range of normal stresses applied is 25-450 kPa.p€h& interface shear §
strength is usually reached at shear displacemedt-50 mm and the = 200 A
post-peak strength is obtained at shear displaceaneand 50 mm. ; -
600 = 100 A
O WetGT1/GMrl 2
= 500 - = Dry GT1/GMrl o +3 . . , .
e O  Wet GT3/GMrl 0 100 200 300 400 500
= 400 X Dry GT3/GMrl
D T Wet envelope Normal stress (kPa)
15} — Dry envelope
17 300 4 Fig. 3. Typical interface shear strength behavior for noven
S geotextile/textured geomembrane interfaces. (a)aStstrength vs. shear
:3, 200 - }peak displacement curves, and (b) Peak and post-pdakefa@nvelopes.
£ post-
2 peak In line with Giroud et al. (1990), Koutsourais &t@991), Stark et al.
= 100 1 (1996), Hebeler et al. (2005) and McCartney et2009), the interaction
mechanisms during the shear tests on nonwoven >diéetextured
0 T T T T T geomembrane interfaces show the following behaviors
0 100 200 300 400 500 600
Normal stress (kPa) (1) At low normal stress (<50 kPa), the interactionwesn nonwoven
Fig. 2. Geotextile/geomembrane interface sheamgtiein wet and dry geotextiles and the textured geomembranes cons$tstwo
conditions. mechanisms: (i) one is the interlocking (hook amap) between the
superficial filaments of the geotextile and the aijes of the
Fig. 3 presents the typical interface shear sttengehavior for geomembrane, (i) the other is the friction betwedba materials.
nonwoven geotextile/textured geomembrane interfacEke shear Both take place on a superficial level.

strength-shear displacement curves in Fig. 3a shwain softening (2) As the normal stress increases (>50 kPa), the xféeteis

behavior, i.e. the interface shear strength deeseasth increasing shear compressed and the asperities are introduced imto geotextile

displacement (Byrne, 1994; Stark et al., 1996; Scared Dixon, 1998). matrix, which is called interbedding factor. Thuke friction and

The higher the normal stress, the higher the stsafitening behavior. interlocking interactions take place on a matriele

This phenomenon is observed in rock joints but optto geosynthetic

interfaces, the higher the normal stress in thiggthe lower the strain  Fig. 4 illustrates how the peak interface sheamsith is reached for a

softening behavior. Based on this fact, Bacas.€R8ll1) proposed a new small shear displacement (peak displacement), guxinich the friction

shear constitutive model for this type of interface angle is mobilized first and then the hook and laueract, causing the
In this study, approximately 60% of the tests révesmlinear failure shear strength to reach its peak. After the pehk, Hook and loop

envelopes whereas 40% are linear envelopes. Figsh8lvs nonlinear mechanism degrades since the filaments are pulletl rn and

peak and post-peak failure envelopes (continucuss)i However, the untangled from the geotextile until the residuaéiface shear strength is

straight envelopes, passing through the origin Hedsines) with peak reached.

and post-peak friction angles of 24° and 12°, respely, also show a

good fit (R>>0.9).



higher than 50 kPa, the differences between rowgghpatterns affect the

= 200
< e\ ——————
g ; . -
= AW ?hook-loop GT1/GMrl interface shear strength. GMrl and GMr2s2 shownareased frictional
a 150 A i m bilizep Idegradation performance compared with GMr4. The post-peak aurae uniform
5 v L 0,=450kPa without any successive steps, even though the GMi2ss regular
% 100 4 f residual strength asperities, but these are too close.
< 1
2 ! friction
8 50 | ! mobilized e
g 01 | @® = GTI/GMrl
E i 150 1 —— GTI/GMr3
= 0 v . | . | 125 GT1/GMr2sl
0 10 20 30 40 50 60

Shear displacement (mm)

Fig. 4. lllustration of the decomposition of straioftening behavior.

Bacas et al. (2011) developed an interface sheaehtiased on rock
joint theories, quantifying the interbedding and thterlocking (hook and
loop) factors, which depend mainly on the type ebtgxtile and the
asperities of the geomembrane. Their respectivgemmre 13 for the
interbedding factor and-8 for the interlocking factor. The higher the
asperity height, the higher the interlocking fact®esides, the larger the
hollows of the geotextile, the higher the interbaddfactor. An example
for such a geotextile would be one made of stapkss.

5. Influence of roughness characteristics of the gemembranes on
interface shear strength

5.1. Effect of roughness patterns

The differences between the various roughnessrpatire analyzed
through the interface shear strength vs. sheafagdisment curves of the
nonwoven needle-punched geotextile, GT1. Fig. 5asemts the
GT1/GMrl, GT1/GMr2sl and GT1/GMr3 results. GMrl hagough,
irregular texturing while GMr2s1 and GMr3 have rieguasperities, as
shown in Fig. 6, which presents microscope imagésrooghness.
Interface shear strength presents similar valuesmal stress lower than

100
75
50
25

0

Interface shear strength (kPa)

Shear displacement (mm)

125
® ~. [ - GT1/GMrl
; — GT1/GMr2s2
100 GT1/GMr4

75

50

25

Interface shear strength (kPa)

20
Shear displacement (mm)

10 30 40

Fig. 5. Comparison of different roughness patterns: (auleg (GMr3,
GMr2s1) and irregular (GMrl) texturing, (b) irregultexturing with asperity
height less than 1 mm.

50 kPa and depends neither on the roughness pateron the asperity 5-2. Effect of asperity height

height. At normal stress higher than 50 kPa, regtdgturing normally

Fig. 7 presents the interface friction angles \&pesity heights. The

shows larger interface shear strength and strdiersng behavior than following important aspects are observed:

irregular texturing. The downward stepping postkpearves of GMr3

and GMr2s1 with their successive peaks (mini-peaks)caused by the
deterioration of the geotextile fiber weft, as dam observed at normal
stress of 300 kPa. The separation between the peaiis matches the
separation between the asperities. GMr3 and GMi2sle asperities
spaced at 6 mm and 9 mm in staggered rows, respBctTherefore, the
GMr3 presents larger peak and post-peak interfaearsstrengths than
GMr2s1. This means that the closer the asperitiestiae better the result
achieves but without becoming too close, because stirface could
become uniform. One has to bear in mind, howevet, tntil 100 kPa,

the shear results of GMr3 and GMr2s1 show simitdues.

Fig. 5b illustrates the results of three differg@omembranes with
different roughness patterns and different aspéeights less than 1 mm.
GMr2s2 has regular asperities spaced at 4 mm, afd @nd GMr4 have
rough irregular texturing, however GMrl is rougtiean GMr4 (Fig. 6).
The curves at normal stress of 50 kPa are sinfilar,at normal stress

(1) The smaller values of interface friction angle Ingldo the smooth
geomembrane (GMs). Shear strength is purely frietiohence the
geotextile/GMs interfaces present similar peak post-peak friction
angles.

(2) The higher the geomembrane roughness, the highgrethk interface
shear strength (lvy, 2003; McCartney et al., 200Bherefore,
GMr2sl and GMr3 show the greatest peak values wBiMr4
presents the smallest peak friction angles.

(3) The geomembranes with an asperity height larger theam present
greater post-peak interface strength loss dueeio ttigh capacity of
damaging the geotextile fiber wefts.

(4) The post-peak values do not show a clear trendeckl® the size of
the asperity, but they do show dependency on the tf geotextile
(McCartney et al., 2005).
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Fig. 6. Scanning electron microscope (SEM) images of roagh of geomembrane. Asperity average height: ¥#3G~1.3 mm, (b) GMr2sl: ~1.2 mm, (c)

GMr2s2: ~0.8 mm, (d) GMr1: ~0.5 mm, (e) GMr4: ~Or@fn.

35 4
R 1 [ OGTI peak (a) OGTI/GMrl peak
T 30|58 ek m 3 300 AGT2/GMr1 peak
= 1| =GT1 post-peak o) = OGT3/GMrl peak
S 25 5 @) &) =GT1/GMr1 post-peak
< 1 | +GT2 post-peak ©] =
g 1 XGT3 post-peak | @O O 0 +GT2/GMr1 post-peak
2 20 4 8 X é - 5 X GT3/GMrl post-peak
E 5 x Z 200 A
] X - - —
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<10 1 - - G ;
L ] [}
= s B £ 100 | 2
] 2
0 T T T T . . = +
GMs GMr4 GMrl GMr2s2 GMr2sl GMr3 1
Asperity height(mm): 0.25  0.50 0.80 1.20 1.30 8 ?
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Fig. 7. Friction angles of geotextile/geomembranterfaces tested in wet 0 100 200 300

conditions.
Normal stress (kPa)

6. Influence of fiber characteristics of the geotdite on interface shear
wrenath (b) OGT1/GMr3 peak
sireng = 300 | AGT2/GMr3 peak
& OGT3/GMr3 peak
6.1. Effect of fiber length = -g%;gl\l\;llrg post-peallz
. A - , . o + r3 post peal
The |nfluence of the geotextile f|be.rs length dretinterface shear g X GT3/GMr3 post-peak
strength is observed through comparing the nonwawvesdle-punched £ 200 -
17}
geotextiles GT1 and GT2 in Fig. 8. They are madenohofilament and § A
staple fibers, respectively, as shown in Fig. 9a d4n which are = 1 8
microscope plots of the fibers. At normal stresgdothan 100 kPa, GT1 §
presents larger peak values than GT2. This is tsecthe length of the “g 100 -
fibers greatly affects the interface shear strergtlow normal stress, as = >—+§
can be observed in Fig. 10a, which depicts thefete shear strength vs. ] = g
shear displacemewurves at normal stress of 50 kPa. GT2 presents a 0 I BHR
smaller interface shear strength, because on afmigelevel, the staple 0 100 200 300

fibers do not develop the interlocking mechanism masch as the
monofilament of GT1 does. However, at normal stigigher than 100
kPa, the peak values are closer for both matgftéds 8). The lower post-
peak values belong to the GT2 because its staplsfiare easier to
damage than the monofilaments weft, which are rimdegtwined.

Normal stress (kPa)

Fig. 8. Comparison of interface shear strength betw 3 nonwoven
geotextiles. (a) Geotextile/GMr1, and (b) GeoteXx@iMr3.
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Fig. 9. SEM images of nonwoven geotextiles. (a) Gifdedle-punched monofilament, (b) GT2: needle-padcstaple fibers, (c) GT3: thermally bonded

monofilament.

s 50 geotextile which acts like a plow, stretching thperficial filaments, as
é { @ |Norma1 stress 50 kPaI can be observed in Fig. 11a which shows the sangites testing. Fig.
= 1 11b indicates that the interaction between GMrl Gi@ leads to higher
s | ----- GTI ——GT2 . .
o . interlocking (hook and loop) due to the greatemegtement between the
% 1 e S GMr3 filaments and the irregular roughness. This behagi@also observed at
5 251 low normal stress (see Fig. 10b).
Q i ’
Jv:) Il’ e GMrl
I Vs
Q "
N o
0 T T T T T T T T T T GMrl
0 10 20 30 40 50 60
Shear displacement (mm)
50
(b) ‘Normal stress 50 kPa|
] | ----- GTI ——GT3 ] , -

[N
W

Interface shear strength (kPa)

[«

0 10 20 30 40 50 60
Shear displacement (mm)

Fig. 10. Comparison of interface shear strengtfowtnormal stress for (a)
needle-punched geotextile (GT1, GT2)/GMr, (b) negqainched geotextile
(GT1)/GMr and thermally bonded geotextile (GT3)/GMr

6.2. Effect of geotextile manufacture

The influence of the manufacture of the geotextdes be observed
through comparing the nonwoven monofilament gedésxtGT1 and
GT3. The former is a needle-punched fabric andatter is a thermally
bonded one. Fig. 9a and c prove that GT1 has Iddaerents and larger
hollows than GT3. The latter shows a higher intsking leading to a
higher interface shear strength, as shown in Figmd 8a. An exception
to this is presented in Fig. 8b, where the GT3/GMt8rface presents the
lowest interface shear strength. The asperitiesnatapenetrate the

Fig. 11. Thermally bonded geotextile after testmigiormal stress of 300 kPa.
(a) GT3/GMr3, and (b) GT3/GMr1.

The post-peak interface shear strengths mainly ridepe the type of
geotextile. Usually, GT3 presents the largest pesik values, because

geotextile matrix deeply enough because of the lsmaholiows. thermally bonded monofilaments are stretched amg tengled during

Moreover, the regular texturing creates linear Ksachrough the



the shear, causing a higher resistance as the georaee slides over the (Spain). The facilities provided for this reseanmtoject are gratefully
geotextile. However, the needle-punched monofilamenf the GT1 are acknowledged. Moreover, the authors are grateful Deutscher
stretched and brushed in shear direction, fadiligathe geomembrane to Akademischer Austausch Dienst (DAAD, Germany) fbe tresearch
slide over the geotextile’s surface. Finally, GT@rmally presents the fellowship received, as well as the facilities pd®d by the Chair for

lowest post-peak values because its staple firersteetched and brushedRock Mechanics at the Geotechnical Institute, thé Bergakademie

most easily.

The conclusion from these analyses is that the faaturing process
of the geotextile influences both the peak and pbst-peak interface
shear strengths. If the roughness of the geomerabisrirregular and

Freiberg (Germany).
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