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         GEOSYNTHETICS  UNDER  WET  CONDITION
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                                        ABSTRACT

  This paper presents direct shear  testing data for interfaces between a  nonwoven  geotextile oT  two  types of  geosyn-
thetic  clay  liners (GCL) (reinforced and  unreinforced)  and  two  types of  geomembranes  (smooth and  textured). In this

study,  the efiect of  moisture  on  interface shear  behavior was  investigated by performing  shear  tests in both dry and  wet

(or hydrated) conditions  because the geosynthetic interfaces in a landfi11 are  easily  exposed  to rain, leachate and  groun-
dwater beneath the liners, The degree of  strength  reduction  with  increasing displacement and  the effect of  the normal

stress level on  friction angles  were  examined,  and  the modified  hydration  method  applied  for the  GCL  was  also  validat-

ed. The  test results  showed  that the normal  stress level, interface water  presence  and  hydration methods  dominated the
interface shear  strength  and  behavior. The relationship  between the peak secant  friction angle  and  the  normal  stress

demonstrated that the friction angle  decreased with  increasing normal  stress, implying that the shear  strength  for safe
design should  be determined by using  the maximum  value  of  the normal  stress applied  in landfi11s, Finally, compari-

sons  with  a  few published  test results  were  presented and  some  design implications for the geosynthetic-installed land-
fi11s were  discussed,
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INTRODUCTION

  Various  kinds of  geosynthetic such  as geotextile, ge-
omembrane,  and  geosynthetic clay  liner (GCL) have been
widely  installed in waste  landfi11s for different purposes.
Geotextiles have been commonly  used  as separation  lay-

ers, filtering layers and  geomembrane  protectors. Ge-
omembranes  are  commonly  used  as a liner to minimize
leachate migration  at the bottom of  landfi11s and  to

reduce  landfi11 gas escape  from  the cover  system,

However, GCL  is a  relatively  new  type  of  geosynthetic
that is installed to function as  an  alternative  to compact-
ed  clay  liners (CCL) in final covers  or  as  an  augmentation

to CCL  in bottom-lining systems  of  waste  containment
'facilities,

 GCL  is a  good  alternative  due to its low
hydraulic conductiyity  and  relatively  Iow cost  (Bouazza,
2002), It is generally composed  of  a thin layer of  ben-
tonite (1) mixed  with  an  adhesive  that is attached  to a ge-
omembrane  or (2) sandwiched  between two  geotextiles.
  With  the increased appljcation  of  geosynthetics at  the

side  slopes  of  landfi11s, dams, and  banks, the stability  of

geosynthetic-involved slopes  has become  an  important

factor for consideration  in side  slope  design, Geosynthet-

ics slippage  against  soil  or  other  geosynthetic along  the
weak  interface of  steep  side  slopes  can  induce  an  excessive

local stress that  may  lead to tear  and  consequently  sliding

failure Qf  the slope.  Especially for waste  containment

facilities, interface shear  strength  of  soillgeosynthetic  or

geosyntheticlgeosynthetic is often  lower than  that of

other  materials  like soil  and  wastes  (Gabr and  Valero,
1995; Kavazanjian,  2001). Therefore, structural  stability

should  be considered  during all  phases  of  installing a  liner
or cover  system  with  geosynthetics,

  In most  landfi11 sites, the interfaces of  soillgeosynthetic

or geosynthetics are  vulnerable  to water  from leachates,
rain,  and  groundwater,  which  can  significantly  change

the  interface shear  strength,  In the  failure case  of  Kettle-

man  Hill waste  Iandfi11, 
`wetting'

 of  HDPE  linerlcom-
pacted  clay  liner was  concluded  to have  contributed  con-

siderably  to the slope  failure (Mitchell et al., ] 990; Seed et

al., 1990). Subsequently, the effect of  water  presence  on

the interface shear  strength  has been investigated exten-

sively  (Yegian and  Lahlaf, 1992; Ellity and  Gabr, 2001;
Triplett and  Fox, 2001; Briancon et  al,, 2002), However,
the studies  did not  perform a variety  of  laboratory tests
with  varying  interfaces and  conditions.

  For  geotextile (GT)lgeomembrane (GM) inrerfaces,
some  studies  have  been carried  out  to examine  the effect

of  water  on  the interface shear  behavior (Yegian and  Lah-
Iaf, l992; Ellithy and  Gabr, 2001; Briancon et al., 2002).
Yegian  and  Lahlaf (1992) performed  direct shear  tests un-
der static  loads and  shaking  table  tests under  dynamic
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loads for both  dry and  wet  conditions.  Ellity and  Gabr
(2001) found that the influence of  moisture  on  interface
shear  strength  varied  according  to the  surface  type  of  ge-
omembrane,  Briancon  et al. (2002) devised a  very  large
inclined plane  testing apparatus  (2.0mx1.2m  for the

lower box)  to determine the friction characteristics  of  ge-
osynthetic  interfaces in wet  conditions.  In addition,

Briancon et al. (2002) proposed new  procedures  to simu-
late the most  common  hydraulic conditions  to  which  ge-
osynthetics  systems  are  exposed.

  In testing  reinforced  GCL  and  geomembrane  (GM) in-
terface, a variety  of  hydration methods  have been applied
(Gilbert et al., 1996; Eid et al., 1999; Triplett and  Fox,

2001). Generally, the hydration of  GCL  is conducted  in a
shearing  machine  under  shearing  normal  stress  before the
actual  shearing  test is initiated (Gilbert et al,, 1996; Eid et

al., 1999). However,  this  process requires  considerable

cost  and  testing time  which  can  vary  from 3 to 22 days.
To  overcome  these shortcomings,  Triplett and  Fox  (2001)
performed GCLIGM  shearing  tests using  the four-day,
two-stage procedure  proposed  by Fox  et al. (1998), whieh

requires  a  significantly  shorter  period  of  time of  four
days: two  out  of  the machine  and  an  additional  two  in the

machine,

  Based  on  the earlier  research,  this paper  focuses on  the
infiuence of  moisture  on  the  interface shear  strength  be-

tween  GTIGM  and  GCLfGM,  Laboratory  tests were  car-

ried  out  using  large direet shear  testing equipment  that is
capable  of  measuring  peak  and  residual  interface shear

strength  at 80 mm,  The  influence of  the normal  stress lev-
el  was  examined  and  the  effects  of  interface wetting  or

GCL  hydration methods  were  discussed in detail. Finally,
comparisons  were  made  with  the  published  works  and

suggestions  were  provided  on  the design of  geosynthetic-
incorporated waste  landfi11s.

LABORATORY  TESTING  PROGRAM

Materials dsed
  Three  different kinds of  geosynthetics, namely  ge-
omembrane  (GM), geotextile (GT) and  geosynthetic  clay

Iiner (GCL), were  used  in the testing program,  The basic
information for geosynthetics used  is furnished in Table
l, including tensile strength  and  polymer  type which  may

influence the interface shear  strength  between geosynthet-

ics under  wet  condition,  The 6M  is a  very  low permeable
synthetic  membrane  liner or  barrier used  with  some  ge-
omaterials  to control  fluid migration  in a  man-made

project, structure  or  system.  The GT  is a permeable ge-
osynthetic  comprised  solely  of  textiles. GTs  are used  with

foundation, soil,  rock,  earth  or  other  geotechnical en-

gineering-related materials  as an  integral part of  a  man-

made  project, structure  or system.  Also, the GCL  is a
hydraulic barrier censisting  of  a  layer of  bentonite and

geosynthetic like geotextiles or geomembranes, mechani-

cally  held together by needling,  stitching  or  chemical  ad-

hesives (Koerner, 1998), Bentonite in GCL  is known  as  a

very  highly plastic and  swelling  clay  material.  This is an

highly colloidal,  expansive  clay  that  is an  alteration

product  of  volcanic  ash  (Mitchell, 1975).

  One  side  of  the interface consisted  of  smooth  or  tex-

tured HDPE  (high density polyethylene) geomembrane,
and  the other  was  made  of  a  nonwoven  geotextile or  two

commercially  available  GCL  products. For two  GCLs,
GCL(A)  is a  reinforced  liner in which  granular bentonite
is held between  a  woven,  slit-film,  PP  (polypropylene) ge-
otextile  (170 gfm2)  and  a  nonwoven,  needle-punched,  PP

geotextile (340g!mZ). To  provide reinforcement,  PP

fibers are  needle-punched  through  the bentonite and  ge-
otextiles, GCL(B)  is an  unreinforced  GCL  consisting  of

bentonite mixed  with  an  adhesive  and  bonded to a  ge-
omernbrane,  which  is 2.0 mm  thick and  made  of  textured

HDPE  material.  The liquid and  plastic limits are  484%
and  45%  for the bentonite encased  within  GCL(A)  and

453%  and  45%  for the  bentonite included in GCL(B),  re-

spectively.

Direct Shear 7lests
  One  of  the first experimental  studies  of  the frictional
behavior between geosynthetics was  conducted  by Martin
et al, (1984) with  a  modified  direct shear  testing appara-

tus. Since then,  the direct shear  testing method  has been
used  for geosynthetics interface tests (ASTM, 1998),

ASTM  D  5321  (1998) requires  direct shear  tests on  ge-
osynthetics  to be performed  on  specimens  having mini-

mum  dimensions of  300 mm  by 300 mm.  In this research,

direct shear  test method  suggested  by ASTM  D  5321

(1998) was  applied  and  shear  testing program  for the

GCLs  was  designed based on  ASTM  D  6243 (1999) and
Fox  et al. (1997).

Nezation

Tab)e 1,''T"'Geosynthetics tested

/･-r

Type

S-GMT-GM

 GT

    Smooth geomembrane

    Textured geomembrane

     Nonwoven  geotextile

 Woven+bentonite+nonwoven

      Cneed!e punched)
Bentonite attached  to geomembrane

L
Th,i.'k.":ss

/

'
2.02.09,O

1/

GCL(A)1

'

- tnsile's'trength
Density {kgffrn)
(glm?)

GCL(B)

-t

MDI}

7.08.0

1,OOO'

CMD2)

4,1006,650

1'olymer Type

6,S06

1 11,629/

6,1197,35S

L --
1) MD:  Machine  Directioll, 2) CMD:  Cross  Machinc  Direction, 3) HDPE/

  HDPE])

   HDPE

Staple fiber PP`}

High  Density Polyethylene, 4) PP:  Polypropylene

PPHDPE
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 As  described previously, large direct shear  tests were

applied  to evaluate  interface shear  strength  between ge-
osynthetics.  A  large direct shear  test has a  merit  of  being

used  for both soils  and  geosynthetics witb  minor  modifi-

cation,  and  can  be handled with  easy  and  simple  manner.

For  this reason,  direct shear  tests for geesynthetic inter-
faces have been recommended  and  used  by many  resear-

chers  for many  decades (Martin et al., 1984; Koutsourais
et al. 1991; Jones and  Dixon,  1998; Goodhue  et al.,

2001).
  The direct shear  tests on  large (300× 300 mm)  rectan-

gular geosynthetic specimens  were  performed with  amax-

imum  travel of  100 mm  and  no  loss in the  area  of  the

shear  plane. Geosynthetic samples  were  cut  into rectan-

gular shape  for testing  and  clamped  to the  end  of  the low-

er  and  upper  box.  Then,  the  upper  box  was  placed  on  the

lower box  and  two  geosynthetic samples  were  placed  next

to each  other.  Five  different normal  stresses,  ranging

from 6 kPa  to l54 kPa, were  applied.  The  displacement
of  the lower box  was  controlled  by a precise motor  con-

trol system  with  the horizontal movement  monitored  by a

Linear  Variable Differential Transformer (LVDT) with  a

shearing  rate  of  1 mmlrnin.  The shearing  rate  was  chosen

based on  Triplett and  Fox  (2001) who  concluded  that no

consistent  trend  is observed  between  displacement  rate

and  measured  shear  strength  of  textured  geomembrane

(T-GM) and  GCL.  Triplett and  Fox  (2001) performed
direct shear  tests over  a shearing  rate  range  of  O.Ol -10

mm/min  to investigate the effect of  horizontal displace-
ment  rate  on  peak  and  large displacement shear  strength

of  the geomembrane  and  GCLs.  They found no  effect of

displacernent rate  on  shear  strength,  which  was  in agree-
ment  with  previously published data indicating that shear
strength  of  a T-GM  lnonwoven geotextile interface is in-
dependent  of  displacement  rate  (Stark et  al.,  1996), The

horizontal load required  to  maintain  the chosen  shearing

rate  was  measured  by a  load cell and  displayed on  a digi-
tal transdueer  readout.

  The schematic  view  of  the large direct shear  testing

machine  used  in the test is shown  in Fig. 1. The shearing

machine,  originally  designed for soil testing, was  modi-

fied for testing  the geosynthetic interfaces and  featured
the advantages  of  having a  sjmple  structure  and  being
easily  controlled,  ln addition,  the  shearing  rnachine  can

be used  for various  testing  conditions  including soillsoil,

soillgeosynthetic  and  geosynthetic/geosynthetic.

  Dry  and  tap-water indu¢ ed  wet  (or hydrated for GCL)
conditions  were  applied  for all the interface shearing  tests

which  investigated six  types of  interfaces. Two  kinds of

geomembrane,  S-GM  (smooth geomembrane)  and  T-GM

(textured geomernbrane),  had interface combinations

with  three other  geosynthetics, GT  (geotextile), GCL(A)

and  GCL(B),  respectively,  In case  of  the GCL(A)IGM  in-
terface, the nonwoven  part of  GCL(A)  was  in contact

with  GM,  whereas  for interfaces involved  with  GCL(B),

the bentonite part of  GCL(B)  was  in contact  with  GM.
Details of  the shear  testing program  are  listed in Table 2.

PVetting thydration? of Geosyntketic  Iittet:fLices

  Geosynthetics were  submerged  or  hydrated before
being sheared  to  simulate  the wet  interface condition.

The  wetting  or  hydration  method  differed depending  on

the geosynthetic type. The  geotextiles were  just sub-

merged  for one  day  to simulate  wet  condition,  whereas

different hydration  methods  were  applied  for the two

GCLs.  GCL(A)  was  hydrated either under  no  normal

stress (referred to as Free Swelling: FS) or  under  a normal

stress of  6kPa  (referred to as Constrained Hydration:
CH). The FS state  was  considered  in the  study  to simulate

the  condition  where  GCL  installed in landfills is hydrated
before  the  waste  is placed, while  the  CH  condition  simu-

lates the  condition  in which  GCL  is hydrated with  waste

fi11ing process. Though  CQA  (Construction Quality As-
surance)  programs  generally do  not  allow  for FS  to  oc-

cur,  GCLs  are  frequently hydrated without  any  loading
over  the GCL,  which  was  one  of  the reasons  that the FS
condition  was  considered  in the study.

  Following the two-stage hydration precedure proposed
by Fox  et al.  (1998), GCL(A)  was  hydrated out  of  the

Loadert[calleaeling

 framepperandLower

GcreOms;nthetic

gidplate

Fig. 1. Schematic view  of  direct shear  testing equipment  u$ed

           Table 2,
'T

 

-
 

'con-diti6IList
 of  experimental  progrttm

lnterfacc
T

of  the interfuce - Description of  wetting  or  hydration

GTIS-GMGTfT-GM     i-4-
Dry,  wet / Submergcd  fer one  day

GCL(A)IS-GM

GCL(A)!T-GM
Diy. ltydrated (FS', CH*")

GCI.(B)fS-GM

GCL(B)IT-GM
Dry, hydrated

/

' ]

Hydrated  for 10 days

Hydrated  Cor 10minutes

 with  lle  normal  stress

"
 FS  (Free Swelling}: hydrated  under  no  normal  stress,"'  CH  <Censtrained Hydration): hydrated under  a norma]  stress of  6 kPa
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Fig. 2. Interfaee shear  strength  of  GCL(A)IS-GM  with  hydration

   time Fig. 3.
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  200ge=c

 1509sO

 100tsreB

 sooo1020

 30 40

  lme  (min)
5060

Water  content  or  the  bentonite in GCL(B)  with  hydration time

sheaTing  machine  before  the  main  shear  tests, which

could  reduce  hydration  time  compared  to time  required

when  GCL  was  hydrated in machine.  The hydration time
for GCL(A)  was  chosen,  referring  to the time  suggested

by Daniel  et al. (1998) and  obtained  from preliminary
tests. Namely, interface shear  tests with  varying  hydra-
tion times were  carried  out  to determine the  time  showing

a  constant  shear  strength  value.  The  preliminary  tests in-

dicated that the interface shear  strength  of  GCL(A)IS-

GM  in the FS condition  started  to be stable  after  a hydra-
tion time  of  6days  (144 hr), as  can  be  seen  in Fig. 2.

However, even  though  after  6 days, peak  strength  slightly

decreased; therefore, hydration time  was  conservatively

chosen  as 1O days to get a  shear  strength  in a completely

hydrated condition,

  In the  case  of  6CL(B),  the  bentonite part of  GCL(B)
was  assumed  to be dry for all phases  of  landfi11ing be-
cause  an  impermeable  geomembrane  is generally laid

above  the bentonite part of  GCL(B).  However, bentonite
often  becomes hydrated due to unexpected  conditions.

The  testing for the GCL(B)!GM  interface was  conducted

to identify the reduction  of  strength  with  the hydration of
bentonite included in GCL(B),  quantitatively.
  Daniel  et al. (1993) pointed out  that, once  water  con-

tent of  bentonite exceeds  50%,  interface shear  strength

does not  change  too much  frem  direct shear  test results

with  varying  water  content  of  bentonite, Namely,  the

bentonite does not  have to be fully hydrated  for ben-

tonite's  strength  to be greatly reduced,  It means  that, at
50%  water  content,  the bentonite is fully hydrated  and

very  slick, Moreover,  the average  water  content  of  the

failured test plot with  same  GCL  installed (Daniel et al,,

1998) was  also  60%.  Therefore, as water  content  of  ben-

tonite  of  GCL(B)  reached  50%  within  1O minutes  with  no

normal  stress,  GCL(B)  was  hydrated for 10minutes  in

the  experiment  (Fig. 3).

  After wetting  or  hydration  is completed  out  of  the

shearing  machine,  the specirnens  were  transferred to a

shear  box  in less than  10 minutes,  Then,  vertical  loading
was  applied  and  the  shear  tests were  initiated after  verti-

cal  displacements were  stabilized.  In almost  all cases,  the

time  for stabilization  did not  exceed  30 minutes,  which

was  comparable  to the case  of  Fox  et  al,  (1998). More

time  was  required  for stabilizing  specimens  hydrated on
the  FS  condition  for GCL(A).

rvkE-mEits2oueg!

?aiffacygtsoS8ge!

9080706050403020aooo20

 40 60 80

 Displacement(mm)

 (a) GTIGM  interi'ace

fil;-ms#")eeegeeg

o

9B76s4

100

20 40 60 80 100

   Displacement  (mm]

  (b)GCI.(AYGMinterface

o

o:

2o 4o 6o so  leo

   Displacement(mm)

  (c)GCL(B)JGMinterfaec

/[

Fig. 4. Shear stress  and  displacement relationships  at  anormal  stress

   of  100 kPa
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Fig, 5. Breakage  of  geotextile (GT) filament during sheHring  of  GT!T-

   GM  interface (SEM photo}
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(a) GTIGM  interface
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RESULTS

Shear  Stress Behavior  Vlenyus Displacement

  Figure  4 presents typical  shear  stress  and  displacement
relationships  for six types of  interfaces (Table 2) under  a

normal  stress of  100 kPa.

  In Fig. 4, the peak strength  was  followed by significant

strength  reduction,  i,e. post-peak reduction,  as  shear  dis-

placement proceeded for all the interfaces. The peak in-
terface shear  stress was  usually  mobilized  at a  shear  dis-

placement  of  about  3 mm  for interfaces wjth  srnooth  ge-
omembrane  (S-GM). However,  the  peak interface shear
resistance  was  developed  at  displacements varying  from

10 to 40  mrn  for interfaces involving T-GM,  which  im-

plies that greater displacement was  required  to mobilize
the peak  shear  strength  compared  with  that  of  S-GM,

Such differences in behavior were  caused  by a  difference
in the failure mechanism,  where  T-GM  locks into the GT
fabric and  tears  it with  sliding.  Figure 5 displays SEM

(Scanning Electron  Microscope)  photo  showing  breakage
of  geotextile filament caused  by T-GM  in the GTIT-GM
interface test, Namely,  the  GT!T-GM  interface behavior
was  characterized  not  by sliding  but by  the textile fibers

pulled by the textured  surface  of  the geomembrane.
However,  for S-GM  involved  interfaces, sliding  alone  is

the main  failure mechanism  and  no  tearing of  geosynthet-
ic filament was  found after  testing.

  Each failure occurred  at the  geosynthetic!GM  inter-
face except  for some  GCL(B)  interfaces. Nonlinear be-
haviors, especially  for the interface between geosynthetic
IT-GM, were  obseryed  at the region  before peak
strength,  For  GTIGM  interfaces (Fig. 4(a)), peak shear

strength  of  S-GM  decreased with  interface wetting,

whereas  that of  T-GM  increased at  a  normal  stress  of

1OOkPa. However, these changes  caused  by interface wet-

ting were  not  identical over  all  the  normal  stresses  tested.

  In the  case  of  GCL(A)IGM  interfaces (Fig. 4(b)), the
highest peak  shear  strength  was  observed  in the dry con-
dition for the T-GM  interface and  the  lowest in the FS

condition  for the S-GM  interfaee. It was  observed  that

more  bentonite acting  as lubricating materials  were  ex-

truded  into the interface in FS conditjon  than  CH  condi-

tion  and  this made  the peak  shear  strength  in FS condi-

 aoo
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 50si.
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  dO

  oo

 foo
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  80fi
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  60v8
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   o
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(b) GCL(A)t(}M interface
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Fig. 6.

  50  riOO

 Nerrnal stress  {kPa}

<c) GCT,CB)IGM  intcrl'acc

aso

Failure enve}ope  for peak  shezr  strength

tion  show  the  lowest.

  In view  of  the structure,  a  high plastic bentenite con-
sists  of  an  oetahedral  sheet  sandwiched  between  two  silica

sheets  and  the bentonite has bonds which  are  very  weak

and  easily separated  by cleavage  Qr  adsorption  o'f water.

Due  to characteristics  of  the bentonite having a structure

easily  failed by  water,  the  bentonite extruded  into the in-

terface occurs  as  flakes that  are  so  thin as  to appear  rnore

like films as  the bentonite gets hydrated,  resulting  in a  sig-
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 ....
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4.44.8 l3.14.5

/
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nificant  decrease of  shear  strength  (Mitchell, 1992).

  The  stress-displacement  curves  showed  that the water

existing  at  the  interface and  the  bentonite extruded  into

the  interface from internal GCL  significantly  affected  the

peak  strength,  peak  strength  location and  stress-displace-

ment  curve  shape,  These  results  were  analyzed  in more
detail with  regard  to shear  strength,  strength  ratio  and

strength  reduction  in later section.

  Finally, for the GCL(B)IGM  interface (Fig. 4(c)), peak
shear  strength  in the  dry condition  was  greater than  that

in the  GCL  hydration condition,  The  strength  of  the T-
GM  interface decreased considerably  with  the bentonite
part in GCL(B)  hydration, which  was  attributed  to the

strength  loss with  bentonite hydration (Daniel et al,,

1993). Therefore, as GCLs  placed in the landfi11 can  be
hydrated easily  (Bonaparte et al,, 1997; Daniel et al.,

1998), GCL(B)  is generally not  recommended  as a  side

liner on  steep  side  slope.

Peak  and  Residual  aange-displacemenij Shear  Strength

  Peak  interfaee shear  strength  versus  normal  stress is
plotted in Fig, 6. Failure envelopes  were  assumed  to  be
approximately  linear and  characterized  using  the  Mohr-

Coulomb  failure criterion.

               T==  c+  u. tanO  (1)

where  c  and  th are  apparent  cohesion  intercept (kPa) and
interface friction angle  deterrnined from  linear regres-

sion,  respectively,  Table  3 lists the  peak  and  residual

shear  strength  parameters  fQr each  interface. Generally,
the failure mechanism  of  the S-GM  interface is character-
ized by sliding,  whereas  that of  the T-GM  interface can  be
characterized  by combinations  of  sliding,  smoothening  of

T-GM  surface  and  tearing  of  the  textile  by  the  T-GM  sur-

face (Fig. 5), thereby  increasing the  strength.

  For  the case  of  GT-involved interfaces, the peak and

residual  friction angle  of  the GTIS-GM  interface

decreased by approximately  1a, as  the interface became
wet.  However, in case  of  the  GTfT-GM  interface, the  co-

hesion decreased with  the interface wetting  (Table 3) in
contrast  to the friction angle.  From  Fig. 6(a), it was  seen

that the shear  strength  of  the GTIT-GM  interface in the
wet  condition  have exceeded  the strength  in the dry condi-
tion from certa{n  normal  stress  (here about  50kPa),

which  indicated that  the  water  at  the  GT!T-GM  interface
can  work  as an  anti-lubricant  on  high norrnal  stress ()50
kPa). One  plausible alternative  is that the water  absorbed

by the geotextile fibers causes  the fibers to become  more

pliable and  better able  to grip the T-GM  surface  with  in-
creasing  noTmal  stress. Further explanation  regarding  the

anti-lubricant  effect is presented later in the discussion
sectlon.

  In the case  of  interfaces involving GCL(A),  the shear

strength  in the  dry condition  was  comparable  with  that in

the CH  condition  at  the  range  of  low stresses.  However,

with  increasing normal  stress, the  shear  strength  in the
dry  condition  was  slightly  higher than  that  in the  CH  con-

dition, for both interfaces, S-GM  and  T-GM,  These

deereases in the  CH  condition  stress  were  considered  to

be caused  by  lubrication effect  of  the bentonite extruded
from  GCL(A)  into the interface because of  the high nor-
mal  stress  applied.

  The shear  strength  in the FS  condition  was  the lowest

for both  S-GM  and  T-GM  interfaces over  the  range  of

normal  stress  tested  in this experiment,  due  to the amount

of  bentonite and  wateT  extruded  from 6CL(A)  into the
interface. The  extruded  bentonite and  water  during
shearing  is known  to significantly  infiuence on  interface

shear  strength.  The extruded  bentonite during shear  can

reduce  the  shear  resistance  significantly.  The  water  con-

tent  of  bentonite in GCL(A)  was  higher in FS  condition

than  CH  condition  and  the higher water  content  in the
hydrated bentonite results  in higher shear  reduction  in FS
condition.  This extruded  bentonite and  water  were  get-
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ting more  with  increasing normal  stress applied  and  the

extruded  water  also  formed  a slight water  film, which  has
reduced  the  strength.

  Finally, for the GCL(B)!GM  interfaces, significant

reduction  of  peak  strength  was  observed  with  bentonite

of  GCL(B)  hydrated, as identified from  the stress-

displacement relationship  (Fig, 6(c)). Especially, the
shear  strength  between GCL(B)IT-GM  in the hydration
condition  decreases to the level of  GCL(B)fS-GM  in the
dry condition.  This decrease was  the  result  of  the loss in
stTength  of  the bentonite part with  hydration, which  was

identified by visual  inspection after  testing. Unlike  the
other  cases,  the failure for the GCL(B)IGM  interface oc-
curred  within  the  GCL(B)  as well  as in the interface,
which  induced further shear  strength  reduction  in the
hydration condition.  The  final water  content  of  GCL(B)
was  86%  and  73%  for S-GM  and  T-GM,  respectively,

Strength Reduction  ipost7peak strength  reductionJ

  Post-peak strength  reduction  is prevalent in the inter-
face of  many  waste  containment  systems,  Most  curves

identified from this experiment  displayed marked

strength  reduction  from  peak  to residual  state (Fig. 4). In
order  to quantify the level of  strength  reduction,  the
strength  ratio,  i.e. the ratio  of  residual  strength  to peak
strength,  was  evaluated  for each  interface. The  strength

reduction  with  increasing displacement is known  to be
caused  by  geosynthetic polishing. geosynthetic failure

and  clay  particle reorientation  for interfaces involving
soil (Gilbert and  Byrne, 1996). The  strength  ratio  versus

normal  stress is plotted in Fig. 7 for each  interface, The
average  values  of  strength  ratio  are  also  summarized  in
Table 4.

  Although  the T-GM  interface displayed more  strength

reduction  than  S-GM,  any  ciear  relationship  between
normal  stress and  strength  reduction  or  consistent  effect

ofmoisture  on  strength  reductiQn  was  not  found. Simply,
some  increases of  strength  ratio  caused  by water  or

hydration were  observed  only  for GCL(A)!S-GM  in the
FS  conditien  and  for 6CL(B)!S-GM  in the hydrated con-
dition. For the GTIT-GM  interface, the strength  reduc-

tion at the displacement of  80mm  was  also  somewhat

mitigated  due to the water  presence. The  values  Iisted in
Table  4 can  be  referred  to for the design of  the geosyn-
thetic-installed sites where  large displacements are  expect-

ed  due to sliding  on  steep  slopes,  significant  settlements  in
soft  waste  and  so on.  However, it should  be noted  that
additional  tests have to be performed using  the installed
geosyntherics when  other  geosynthetic is used.

Efil!ct of Normal  Stress on  Secant Niction  Angle
  The  interface shear  strength  parameters,  c and  ip,
which  are  determined by  the Mohr-Coulomb  failure
criterion,  are  obtained  from  a best-fit straight  line of  the

shear  and  normal  stresses  acting  on  the interface at

failure. However,  it has been suggested  that  the failure
envelope  cannot  be always  characterized  as  a straight

line, and  that it shows  a  curved  Iine for many  cases,  de-
pending  on  the normal  stress  level (Wasti and  bzdUzgUn,
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2001). This characteristic  is also  widely  observed  in soils,
gravel  and  rock  materials.  It is acceptable  to use  a linear
failure envelope  to analyze  the stability  of  the interface-
involved structure.  However,  the c  and  di values  must  be
selected  for the appropriate  range  of  stress  because the in-
terface shear  strength  shows  a dependency on  normal

stress  (Fig, 8). The  peak secant  friction angle  versus  the
normal  stress,  plotted in Fig. 8, shows  that the friction
angle  is dependent on  the normal  stress.
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Table  4. Strength ratio  of  peak  to residua)  state
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  In Fig. 8, a  term, 
`secant

 friction angle',  is used  to iden-
tify the  effect  of  normal  stress, The  secant  friction angle  is
calculated  using  Eq, (2),

              ¢ sec  a"L 
=tan-i  (TloD (2)

where  T  and  u.  are  the shear  strength  and  normal  stress,

respectively.  The  friction angres  are  summarized  in Table
5, together with  water  condition  and  range  of  the  normal

stress.

  The  plotting of  peak  secant  friction ang]e  versus  nor-

mal  stress  shows  that the friction angle  decreases with  in-
creasing  normal  stress and  that  this effect is much  more

pronounced  for T-GM.  The  secant  friction angle  at  peak
is reduced  due to the water  effect at all  interfaces, except

for GT!T-GM.  The  overall  trends  are  cornparabie  to  the

results  of  interface shear  strength  according  to the nor-

mal  stress,  as shown  in Fig. 6.

DISCUSSIONS

Comparison with  Published 7kest Results

GeotextilelGeomembrane

  Yegian and  Lahlaf  (1992) conducted  static and  dynam-
ic shear  tests (20.3× 30.5 cm)  to evaluate  the  interface
shear  strength  between GT!S-GM  in dry and  submerged

conditions. The  friction angles  corresponding  to the sub-

merged  condition  were  consistently  smaller  by  about  1-20

than  those corresponding  to  the dry condition,  which  is
consistent  with  the  results  obtained  from  this research.
As  expected,  the peak  dynamic friction coeMcient  in the

submerged  conditions  was  slightly  lower by O.60 than
that  in the  dry conditions.

  In addition  to  GTIS-GM,  Ellithy and  Gabr  (2001) ex-

amined  the effect  of  wetting  on  the interface shear

strength  for GTIT-GM.  They  perforrned direct shear

tests under  normal  stresses  ranging  from 25 kPa  to 500
kPa  and  found  that  the  cohesion  decreased  while  the  fric-

tion  angle  increased for interface wetting  condition.  This
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change  coincides  very  well  with  the testing results  ob-

tained from  this experiment,  They  stated  that both  cohe-

sion  and  friction angle  were  affected  by wetting  and  that

the  shear  strength  of  the interface increased by 73%  at the

normal  stress  of  250 kPa  due to submergence.  However,
the interface shear  strength  could  decrease on  low  normal

stress due to the reduction  of  cohesion.  They assumed

that the function of  water  between geosynthetics changes
from  lubricant to anti-lubricant  with  increasing normat

stress.  Howeyer,  more  tests are  required  to explain  the
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mechanism  for this effect in greater detail.

  Briangon  et al. (2002) performed an  inclined plane test,
known  to  be more  appropriate  for the  cases  of  low nor-

mal  stress, to verify  the infiuence of  water  on  GLS  (Ge-
osynthetic  Lining  System) stability. They  found  that the

decreasing level of  the interface friction angle  due to
water  presence  was  usually  inconsistent, depending on

the kinds of  geotextile and  geomernbrane. The  difference
of  friction angle  from  dry to wet  condition  varied  from
one  interface to another:  1.5O for smooth  PP  (polypropy-
lene) GM  interface with  the GT  for reinforcement,  1,30
for HDPE  GM  interface with  the  GT  for protection, and

4.30 for PP  GM  interface with  the GT  for ptoteetion.
Girard et al. (1990) also  carried  out  tilting table  tests (1.0
× 1,Om)  to measure  interface friction angle  between
PVC  (polyvinyl chloride)  GM  and  nonwoven  GT,  They
observed  that the water  presence  reduced  the angle  by be-
tween  2.5e for S-GM  and  5,OO for TGM,  The  decrease of
friction angle  for T-6M  is consistent  with  the  testing

results  of  this  research  under  low normal  stress  level (Fig.
6(a)).

 riODr.
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  As  the  reinforeed  type  GCL,  i,e. GCL(A),  can  transmit

more  shear  stress across  the bentonite layer than  the un-

reinforced  type GCL,  i.e. GCL(B),  the former type is
widely  used  as an  alternative  to CCL  (Compacted Clay
Liner) in landfi11s for higher shear  strength  applications.

Triplett and  Fox  (2001) employed  a  different hydration
rnethod  for interface shear  testing, where  GCL  specimens

were  hydrated  under  a normal  stress applied  during
shearing,  using  the four-day and  two-stage  procedure  de-
scribed  by  Fox  et  al. (l998). The  results  of  Triplett and

Fox (2001) were  compared  with  those  of  the  present study

to examine  the infiuence of  difierent hydration methods
on  the interface shear  strength  characteristics.  The  com-

parison results  are  illustrated for S-GM  and  T-GM  in
Fig, 9.

  The  data shown  in Fig. 9 confirm  that  the  results  in the
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Fig. 9.

   GM

200

150

100

50

o

o  tOO 200 300 400

     Normalstress(kPa)

(a) GCL(AYSmooth  GM(S-GM)

500

o5D  100 150 200  250

     NeFma] stress CkPa)

(b)GCL(A)!1/exturedGM(T-GM)

3eo

Comparison  with  published dnta for the  interface of  GCI:(A)f

CH  condition  were  in good  agreement  with  those  of

Triplett and  Fox  (2001), whereas  the results  in the FS con-

dition were  lower  than  the published  data. This compari-
son  supports  that  the  modified  hydration  method  applied

in this experiment  to  shorten  hydration  time  can  give
relevant  test results.
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Fig. 10. Comparison  uf  interface shear  streilgth  with  internul strength

   of  GCL(B)

GCL(B)IGeomembrane

  Daniel et al, (1998) constructed  14 full-scale test plots
and  examined  the stability  of  the  final cover  system  con-

taining various  GCLs.  In their research,  they chose  the in-
ternal shear  strength  of  unreinforced  GCL  as a  design
parameter  to evaluate  the  slope  stability,  where  the ben-
tonite portion of  the geomembrane-supported  GCL,  i.e.
GCL(B),  faced downward.  The  internal shear  strength  of

GCL  used  in their research  is provided  in Fig. 10,
together with  the interface shear  strength  of  GCL(B)  with

geomembranes  obtained  in this experiment.

  The  comparison  results  shown  in Fig. 10 demonstrated

that the internal shear  strength  of  GCL(B)  is located be-
tween  the  interface shear  strength  of  GCL(B)IT-GM  and

GCL(B)IS-GM,  This figure indicated that when  this type

of  GCL  is in contact  with  S-GM,  the interface surface

shows  relative  high weakness  of  sliding  failure in com-

parison with  the  internal shear  strength  of  unreinforced

GCL.  Hence, this kind of  eombination  should  be avoided
for final steep  covers  of  landfills or  other  steep  structures,

  Daniel  et  al.  (1993) used  the internal shear  strength,  in-

stead  of  GCL(B)!T-GM  interface strength,  to evaluate

the factor of  safety  on  failure sites where  T-GM  was  the

interface with  the bentonite portion of  unreinforced

GCL,  The  conservative  use  of  internal shear  strength  for
the stability  evaluation  of  GCL(B)IT-GM  interface can
be supported  by the fact that failure occurred  within  the

GCL(B)  instead of  GCL(B)!T-GM  interface,

Applicability of Direct Shear Tlest Results
  Until now,  the  result  of  direct shear  tests has been

widely  used  in design of  most  landfi11s. Daniel  et  al.

(1998) used  results  of  the interface direct shear  test to

analyze  a failure case  in pilot scale  test plots. Further-
rnore,  Villard et al. (1999) suggested  satisfactory  results

in numerical  analysis  for evaluating  stability  of  geosyn-
thetic  liner system  by using  direct shear  test results.  In ad-

dition, when  direct shear  test results  are  used  in designing
the landfi11 liner system  or  estirnating  the behavior of  ge-
osynthetic-involved  interface, following technical sugges-
tions related  with  this direct shear  tests can  be  considered,

  When  external  loading  after  geosynthetic installation is

forced to geosynthetic interfaces, the weakest  interface
starts to slide downward. Significant displacernents of  the

interface can  be followed by  severe  failure condition,  In

Table 5, peak  secant  friction angle  strength  rneans  the
starting  point on  a geosynthetic interface in case  the  inter-

face has the  lowest shear  strength  among  geosynthetic in-
terfaces, In most  geosynthetic interfaces considered  here,
strength  reduction  was  seen  due to effect  of  water,  which

can  rnove  up  the  starting  point of  sliding  in a  geosynthetic
interface. Failure cases  in the  test plot (Daniel et al.,

1998) gave  an  example  of  reduction  in GCL  shear

strength  due  to  GCL  hydration, resulting  in sliding

failure.

  The direct shear  test results  obtained  from modified

testing method  were  compared  with  those of  previous
research  and  good  agreements  were  obtained  as  can  be
seen  in previous section,  Also, in this research  program,
testing time  needed  for hydration and  shearing  could  be
reduced  in comparison  with  hydrated  time  in Gilbert et
a]. (1996). Therefore,  the testing method  used  in this test-
ing program  can  be applicable  to geosynthetic interface
tests on  dry and  wet  (or hydrated) conditions.
  From  the  interface direct shear  tests, reasonable  test

results  applicable  to landfi11 design in various  site  condi-

tions were  obtained.  In contrast  to the  former research

which  generally focused on  a  few kinds of  geosynthetic
interface combinations,  this testing program  tested com-

prehensive  kinds of  interface combinations  easily  found

in the  landfi11 site,  Also, characteristics  of  interface shear

strength  were  evaluated  and  eompared  quantitatively on

dry and  wet  (or hydrated) conditions  through  detailed
analysis  of  test results,

  Generally, tests are  carried  out  with  the  same  geosyn-
thetic installed in a  landfi11 site  to get a  design parameter
of  geosynthetic-involved site.  Therefore,  the  design

parameters  suggested  here should  not  be used  when

diiferent geesynthetics are  installed in a  landfill si±e. If so,
shear  tests should  be  additionally  performed  with  the  new

geosynthetic. However, the design parameters  presented
in this paper  can  be reference  values  in design of  landfi11
liner system  because other  geosynthetic interface with  the

same  interface type shows  qualitatively similar  behavior.

Design  Implications

  Generally, a factor of  safety  is calculated  to evaluate

the  overall  stability  o'f landfi11 sites  in which  various  ge-
osynthetics  are  installed. Then,  the effect of  water  or
water-fiow  on  interface shear  strength  is also  taken  into
account  (Koemer and  Hwu,  1991; Giroud et al., l995).
On  calculating  tbe safety  factor of  slope  stability,  Brian-

con  et al. (2002) suggested  from  the  inclined plane test

results  that  water  has different effects  on  friction angle,

cover  soil  weight  and  friction foree due to the water  pres-
sure  at  the interface. It was  also  observed  that the friction
angle  changes  considerably  with  respect  to  water  and  the

normal  stress applied.

  On  the other  hand,  peak  shear  strength  may  not  be an
appropriate  parameter  to ensure  safe  stability  because  the

weak  interfaces berween  geosynthetics show  strain-
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softening  behavior. Deformations  in the  waste  material

are  suthcient  in many  cases  to limit the available  shear

resistance  along  an  interface to Iess than  the peak
strength.  Based  on  comparisons  of  data at the Kettleman

Hills landfi11 failure with  FEM  analysis  considering

progressive failure which  reflects the strain-softening

characteristic  of  geosynthetic interfaces, Filz et al. (2001)
reported  that the mobilized  strengths  were  about  7%
higher than  the  residual  strengths.  Gilbert and  Byrne

(1996) also suggested  an  analytical rnodel to provide  use-

ful insight into the available  shear  resistance  along  inter-
faces in containment  systems.  They emphasized  that the

potential for reductions  in mobilized  resistance  is con-
siderably  affected  by waste  stiffhess, rate  of  strain-soften-

ing and  length of  the  slip  surface:  Therefore,  the  determi-

nation  between peak  and  residual  shear  strength

parameters  should  be assessed  carefully  so  that  the  design

is neither  made  too conservatively  nor  too unstably.

  In addition,  it is particularl'y Tecommended  that the

tests be carried  out  at the anticipated  normal  stress level
as can  be identified from the changes  in friction angle

with  normal  stresses  (Fig. 8; Wasti and  OzdUzgUn, 2001).
Moreover, the water  condition  of  the interface, hydration
of  GCL  (Bonaparte et  al.,  1997) and  loading condition

when  hydrated should  also  be taken  into account  in the
design process of  landfi11 sites, including various  geosyn-
thetics,

  For  the unreinforced  GCL,  i.e. GCL(B),  the bentonite
part of  GCL(B)  is known  to be didicult to hydrate when
the geomembrane  is placed upon  GCLs  because two  im-

permeable geomembranes  surround  the bentonite. There-
fore, the use  of  interface shear  strength  in the  dry condi-
tion will  be acceptable  for most  landfi11s only  if good  QA
IQC  (Quality AssurancelQuality  Control)  results  fer the

landfi11 site and  the installed geosynthetic condition  are

assured.  However,  as reported  by 14 full-scale field test

plots (Daniel et al., 1998), the bentonite often  gets
hydrated with  a resuLtant  decrease in shear  strength.

Therefore, the use  of  value  in the dry condition  should  be
carefully  considered  in the  design of  GCL(B)-involved in-
terface.

CONCLUSIONS

  A  series of  Iarge-scale direct shear  tests were  performed
on  GT!GM  and  GCLIGM  interfaces to examine  the
effect  of  water  presence or  hydration on  interface shear

strengths.  The  interface shear  strengths  were  measured

between  the  following  geosynthetics, i.e. GT,  S-GM,  T-
GM  and  GCLs  and  the following cenclusions  were

drawn:(1)
 The  conventional  iarge direct shear  tests were  per-

formed to estirnate  the interface shear  behaviors  between

geosynthetics. To  investigate the effect  of  wet  condition

in the  interface, dTy and  tap-water induced wet  (or
hydrated  for GCL)  conditions  were  applied  for all  the  in-
terfaces. Especially, a  modified  hydration method  was

applied  for the  GCL(A)  to  shorten  the  hydration  time.
Then, the  hydration time  for two  GCLs  (GCL(A) and

GCL(B))  was  determined based  on  both  preliminary  test

results  and  published  data.
(2) Shear stress and  displacement relationship  curves

showed  that interface shear  behaviors were  clearly  in-

fiuenced by the water  presence  at the interface or  the

hydr ation  of  the  bentonite portion  of  GCL.  HoweveT, the

effects of  moisture  on  the interface shear  behavior were
not  consistent  in all  interfaces, and  varied  depending on
the  type  o'f  interface and  the  materials  involved. in addi-

tion, a significant  decline in the shear  stress was  observed

for GCL(B)!GM  interface with  hydration,

(3) Peak and  residual  shear  strength  failure envelopes
were  approximated  to have a  linear relationship  with  the

normal  stress. Changes of  the interface shear  strength

with  wetting  or  hydration  were  clearly  identified from  the

linear approxirnations.  For  GTIS-GM  interface, the

shear  strength  was  reduced  with  interface wetting.  In the

case  of  GCL(A)!GM,  the strength  in the  FS  (Free Swell-
ing) condition  was  the lowest among  all conditions  due to

the most  intruded bentonite and  water  into the shear  in-
terface. The  shear  strength  of  the GCL(B)-involved inter-
face deereased significantly  with  hydration of  bentonite

poMon.

(4) Test results  showed  significant  post-peak  strength

reduction  from  the peak  to residual  state  and  this

decrease was  the largest in the T-GM  inter face. The  calcu-

lated strength  ratio  shows  how  much  geosynthetic inter-
face shear  strength  can  decrease due to sliding  on  steep

slopes  or  significant  settlements  in the waste  landfi11 site.

(5) The plot of  peak secant  friction angle  against  nor-

mal  stress  shows  the  decrease of  friction angle  due  to  in-

creasing  normal  stress.  The  infiuence of  normal  stress  is
more  pronounced  for T-GM.  Friction angles  at the peak
state  also  decrease due to the effect of  moisture  for all in-
terfaces except  GTIT-GM  interfaces under  the  high nor-
mal  stress.

(6) Test results  were  compared  with  some  published
data for the GTfS-GM  interface, with  generally good
consistency  being found for all  interfaees, The  friction
angle  corresponding  to  the wet  condition  was  consistently

smaller  by  10 to 20 than  that corTesponding  to the dry
condition.  However,  the cohesion  decreased while  the
friction angle  increased on  interface wetting  of  the GTIT-
GM  interface. Therefore, the  interface shear  strength

decreased on  low normal  stress due to the reduction  of

cohesion,  which  coincides  very  well  with  the published
data,(7)

 The shear  strength  of  GCL(A)  in CH  condition,

with  hydration load of  6kPa  applied  before shearing,
showed  good  agreement  with  published  data obtained

through  different hydration methods.  The  findings from
the  comparison  support  the  usefulness  of  tbe modified

hydration  method  applied  in this study  to shorten  the

hydration tirne, Furthermore, comparisons  with  pub-
lished test results  showed  that the  internal shear  strength

of  GCL(B)  was  located between the interface shear

strengths  of  GCL(B)fS-GM  and  GCL(B)!T-GM,  which

means  that  the GCL(B)IS-GM  interface has more  weak-

ness  of  sliding  than  GCL(B)  itself.

NII-Electionic  



The Japanese Geotechnical Society

NII-Electronic Library Service

The  JapaneseGeotechnical  Society

856 SEO ET AL.

(8) For  the  design of  GCL(B)-installed sites, the value

of  interface shear  strength  in the dry condition  will be ac-

ceptable  for landfi11 sites only  if good  QAIQC  results  are

assured,  However, as reported  by 14 full-scale field tcst
plots, it should  be noted  that the bentonite often  gets
hydrated, resulting  in a  decrease in shear  strength,  There-
fore, the use  of  value  in the dry condition  should  be care-

ful in design of  GCL(B)-involved interface.
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