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. H1gh strength geotextlles and geogr1ds have been

developed and:used as relnforcement 1n 5011 elnforcement

o ‘\\-ﬁf.*,**ﬂ
'-;<app11cat1ons. Few studles have been made on the 1nterface e

v:;strength propertles af cohes1ve soils w1th geotextlles or

' _geogrlds. At the present time .no. standard test apparatus or -

. procedure exlsts to measure the 1nterfac1a1 strength

parameters for the de51gn of geogrld re1nforced slopes.a

The ma1n objectlve of this research program is" to ’ﬁ.f
x

t determlne the 1nfluence of the constructlon and geometry of
“four geogr1ds and a geotext1le on the 1nterfac1a1 shear |

' fstrength of a granulargand a- cohe51ve 5011 In addltlon, a
lmodlflcatlon to the standard d1rect shear testlng/apparatus

’ W
._1s presented ahd -a testlng procedute for measurlng the

.

‘o o

gi1nterfac1al shear strength is devéloped l;- “gf.},-'
. The test resulﬁs sﬁbwfthat the 1nterfac1a1 shear,pré
trength‘of relnforced 5011 is less than the shear strength
fof the unrelnforced 5011 The percent of open area and the
vaperture d1mens1ons of geogrlds are found to have an,
~.1nfluence on the 1nterfac1al fr1ct10n of relnforced sand.
h;Geogr1ds wuth large apertures\ ‘ 1t.a greater degree of, .
":5011 to 5011 1nteract1on and eih%tht hlgher 1hterfac1al

>

_fr1ct1§n than woven geotextlles. It is found that geogrlds

9

- do. npt represent s1gn1f1cant planes of weakness w1th1n a’

compacted granular f111 Geotextlles may represent a more

potent1al slld1ng plane w1th1n a granular embankméht than

'vgeogrlds. For cohe51ve 5011, geogrlds w1th a hlgh percent of
S R . N . — o 4

£ . L e
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List of Symbols -

I

In the follow1ng 115t of symbols, a prlme on an angle,

s

'dr'stress represents effect1ve stress.

a',a, | Interaeptﬂof the 11ne ]01n1ng the fallure stresses""
- on the P-q dlagrap - e -

A iEffective*coheSion ihtercept

c ‘.Interfac1al adhes1on interﬁept of the SOlld
o ’re1nforcement Co &

[ . . . .
e e B o

' cT;cg”e_Apperent or undrained eoheSiQh'intercept \;/;;/_ o
e [ AT .
“Total interfacial cohesion intercept

~

‘C 3 3 qufficient;of cohsdlidatich
'v(dv/dh)pDiiationafate eorreSpOnding to the peek'shear stress_-lef

C— o~

"Dy - Graln dlameter for 50% flner ‘by. welght
:rf‘Egv;w xléfficiencyr
."Efficieneﬁ of friet;oh ah'I.V* “'>?*\'f
' X N g L t‘ | {g e R - o

"55E»ffsﬂ:hﬁfficien¢§_oﬁ coheSiQn or adhesion
' _G{"’ﬂf;ispeciﬁie grqyityt
-..  Degree of. saturation

@ " Ratio 65{591id;areegof’the'reiﬁforcemeht.to;theﬁ

Caviii oo
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'J”tal.area'qfxthelkeinfercemenff ‘

'nAngle of 1nterfac1al frlctlon of the SOlld
-re1nforcement : .

1Peak total angle of 1nterfac1al frlctlon of the’

k solld relnforcement ' R e
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Totai‘interfaciaifshear»strenéth

‘wg‘EffeCtivevangle of internal friction:

Re51dual total angle of 1nterfac1a1 frlctlon of the~'
sol1d relnforcement e ‘

1

Total angle of 1nterfac1a1 fr1cton between the
”ﬁrelnforcement and the sand _

| P?ak‘total angle_of.inte:facial7frictidn

';Reszdual total angle of 1nterfac1al fr1ct1on f ’ e
~Normaifstress.f'v‘vj"

Angle between the plane of the relnforcement and the
g horlzontal shear surface _

v

'Peak'shear strenéthJJa L e

v

~

 'Peak angie”of internal frictipnj‘.'

57Eriction‘angle measqred’at.eOnsfant_velnmeicondition'i*

*

: Apparent or undralned angle of fr1ct1on

| Slope of the 11ne ]01n1ng ‘the fallure stresses on -
“the p-q d1agram s =R -



-foundat1on (F1gure 1. 1). The 5011 mass is d1v1ded 1nto a.
‘serles of vert1ca1 sl1ces and the equ111br1um of each of

-these sllces is cons1dered As shown—zn F1gure 1.1 the :

1. INTRODUCTION

1 1 Statement of Problem 'pf.

In the eafly 1970's. h1gh ten511e strength geotext1les

_ were developed and used as re1nforcement 1n the des1gn of
o slopes, embankments, and reta1n1ng structures. The role of

"geotextlles 1s\to 1mprove the stab111ty of these structures

agalnst shea
~
of a slopejyan'be analyzed by the«llmlt equ1l1br1um method

;fa1lure.»The potent1al for the shear fa1lure

. A c1rcular arc fallure surface 1s assumed ‘to pass through an

embankment and tangent to the.surface of the competent

: f?gﬁ%f'rf J'

ire51st1ng forces and the dr1v1ng forces of each sl1ce are
'.summed at the bottom of- the sllce. The . factor of safety
,°aga1nst shear fallure 1s the rat1o of the re51st1ng moment

1 1to the dr1v1ng moment S1m11ar stablllty analys1s can be,-

performed on a slope re1nforced with geotext1les. Flgure 1.2

shows that the dr1v1ng force of the relnforced slope is ‘the

l same. as that of the unrelnforced slope, but. the reszst1ng B
',‘forces agalnst shear fallure of the re1nforced slope are
‘1ncreased by the ten51le force in the geotextlle. Therefore,

- the 1nclu91on of hlgh strength geotextlles 1ncreases the

stabxllty of the slopes by 1ncreaslng the res1st1ng moment
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| , ‘_:“ ,,;‘. ; o
* The other p0551ble modes of fa11ure of the relnforced slgpe
| are- slld1ng fallure of the 5011 mass along a geotext1le
surface and pullout fallure of a geotextlle. The res1stancefd”
. to a slld1ng fa11ure and to . a pullout fallure is a functlonl
of the 5011 and geotext11e 1nterfac1al fr1ct10n. De51gn
,con51derat1on of either fallure mechan1sm requlres a’ Q}l
. knowledge of the 5011 and geotextlle 1nterfac1al shear.
strength The magn1tude of the 1nterfac1al strength 1s
pr1mar1ly a function of the phy51cal propertles of the 5011_
the normal stress actlng on the reigforcement, and the -,
construct1on or the geometry of the relnforcement. ThlS
%nterfac1al shear strength can be determlned experlmentally
’;n the°d1rect sheaf‘test.'f o "Al

"y Recently, a new. type of h1gh strength polymer
- relnforcement called geogrld has emerged Geogr1ds are used .
frequently in a: vaﬁéety of soil relnforcement appl1cat1ons. ;i:
" The mechanlsm of 1nteract10n between a so1l and a geogr1d 1s‘
samllar to that of a 5011 and a geotextlle with the. add1t1on
L of 1nterlock1ng of coa:se gra1ned partlcles w1th1n the
geogr1d apertures. : ) " '

Numerous studles have been made on the 1nter£ace .
strength propertles of | non- cohe51ve 50115 and geotextlles.
There has been llttle research study1ng the 1nterface
1nteractlon betWeen 5011 and geogrlds. The des1gn eng1neer

~‘lacks 1nformat1on for selectlng the appropr1ate geogr1d for
a: part1cular 501} re1nforcement applxcat1on. At the present

t1me no standard test apparatus or procedure exlsts to

N R

-



s

'measure the approprlate materla} parameters for the de51gn
‘ of geogrld reffforced slopes.; ' |
. ) . N o ‘,A
p1 .2 Ob)ect1ves of The51s ' ‘ ' _'_ o \f~f" ]" B A'ﬁ.A. /ﬂ;

‘The main - object1ve of thls4research is" to determlne thefry'
,1n£luence of the constructlon and geometry of four geogrlds
_.and a. geotextlle on. the 1nterfac1al sheap¢5trength of a ‘
'granular and'a cohe51ve 5011 In addltlon, a mod1f1cat10n to
fthe standard dlrect shear testrng agparatus is presented and

a testlng procedure for meaSurlng the 1nterfac1a1 shear,f,

L Stfé&ch,lS developed;”
_ -
1.3 Scope of Thes1s- L

,Q‘ ~ This research program is- funded by Alberta. .

' Transportat1on and forms part of a comprehens1ve study of LI
e -
-.geogrld relnforced slopes. Az12 ‘m h1gh testf111 is presently

»
under constructlon in- Devon, Alberta. Cohe51ve f1ll mater1a1

_ from a nearby borrow is used for the embankment and will be .

<

used 1n this research Three dlfferent types of hlgh 3

strength geogrlds are used as pr1mar11y re1nforcement for
{.

this embankment. Hence, the 1nteract1ons between the Devon

"h:”5011 and the three. geogrlds are of. 1nterest and wlll be

.,‘H: Eim .
;?Studledwln th1s test1ng program. A fourth geogr1d and a

L ‘?" ~Ny ' ‘

Fa ikotext1le also will be tested to form a comparatlve study.v

N

L
_-%zg un1form1y graded sang supplled by the laboratory of

Alberta Transportat1on wxll be tested as a typlcal granular

soil for embankment construction. * . ," -



- terms of total ‘and effectlve stress condltlons. The

~

propertles w111 be . measured in the mod1f1ed w1de

' 1n Chapter 2. The mechanlsms of soil and re1nforcement o

O R -

Lol . 3 *" . ) . ‘A i‘
\"_. . . . L . (

To assess the 1nfl ence of the propertles of the : szfj

LS

t

relnforcement onfthe 1nt rfaclal 1nteract10n, the laboratory

'

%
study w111 be. conducted 1n two parts. In the flrSt part, the

'5011 propert1es whlch appear necessary for the des1gn of

’5011 relnforcement Wlll be determlned The stress, straln

and - shear strength of the 5011 W111 be measured in a )

1

' standard tr1ax1al or a dlrect shear apparatus. In the second

Ve
part the 5011 and relnforcement 1nterfac1a1 stress and

v

fdeformatlon propertles w111 be measuned These %:werface“\

idth"”

ect shear apparatus to model the plane straln cond1t10ns S

‘ whlch ex1st 1n the fleld The results w111 be. analjzed 1n_

—

'“propertles of the relnforcement i\h1ch may. 1nfluence the

1nterface 1nt€rattion w111 e exam1ned, ‘and faceors that may -

’

‘affect the 1nterac1a1 strength w1ll be dlscussed

Q
. e B
’

~

'1 4 0rgan1zat1on of The51s

Publlshed 1nformat1on concern1ng d1rect shear box test

-'methods, advantages and: dlsadvantages of the d1rect shear

, Vs
test, test assumpt1ons, and compact1on methods are rev1ewed

ynteraetlon and publlshed stud1es on’ so1l geosynthetﬁé\_

1nterfac1al shear strength are also presented

‘ Chapter 3 contalns 1ndex propertles and strength

Y

propertles of a cohe51ve.and a non—cohes1ve 5011 The

construct1on and the geometry of four geogr1ds and one '

A

Pl

TR L et s
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L4

'[5apparatus and test procedure employed 1n the exper1mental

'_program are presented 1n Chapter 4

-+

, v - -
_ The experlmeﬁtal results and dlscuss1on.of the‘

"dlscuss1on of the relnforced clay te/p*results are 1ncluded
l1n Chapter 6 The conclu51ons drawn from thls research are
- summarlzed in. Chapter 7 and recommendatlons for future

}”research are presented L 1:f/“

3 R ; . B . C e . . . . .
q‘.-‘. o : L e
Low R i - . . .

'ifgoetext1le are also glven A descrlptlon of the laboratory

'relnforced sand are presented 1n Chapter 5 ‘The analy51s and )

o



2. LITERATURE REVIEW

2.1 Introductaon . ,;J_»";' » .';.,. | |
- Thls chapter w1ll present a summary of the publlshed

.11terature on the varxous types of d1rect3shear box test

"v..methods and the limltatlons and advantages of the shear

. test. Test assumptlons and 1n place compact1on,methods are f'
-7ddescr1bed The mechan1sms of 5011 re1nforcement 1nteract10n"

5based on 1nterface fr1ctlon and cohe51on or adhe51on are

llpresented Factors that af ect the 1nter£ace fr1ct1on

‘a.between 5011 and relnforcem nt are d1scussed. D1rect shear

;atest results that have been - publlshed on both granular and
'”-cohe51ve 50115 relnforced wlth geotextlles, geogrlds, and

e

geomembranes are summarlzed.,

’-v 2 2 D1rect Shear Bon Tests . B

| The fr1ct1on or adhe51on bétween 5011 and relnforcement

: fls commonly evaluated in. a d1rect shé’r box. Rlchards and
;Scott (1985) dlscussed the f1ve mod1f1ed d1rect shear box‘

.Ttest methods that are used by many researchers. These f1ve‘

methods are the £1xed part1ally f1xed completely free, thé.%*

?Myles large base, and the central base shear mode (Flgure

' 'F}“2'1) “The advantages and dlsadvantages of each test method

vare also summar1zed in the1r paper.‘ ,
“1n addltlon to the f1ve mod1f1ed shear box test
®

o methods, Sna1th Bell, and Dub01s (1979) developed the\

?,octagonal shear box test to study the behavxor of an
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B embedded geotextlle in a coheszve so11 (Flgure 2. 2) The~~

Vr-plane of the geotext11e can be 1nc11ned_irom 6 = 0 to

o = 180°. At .= 0° ‘and. 180 the plane of the geotext;le :

¥

fCOlnc1des w1th the 1ntended shear plane' the test s1mp1y

)

=rbecomes a free d1rect shear test, Ingold (1980 1981 1983)'f

;}and Je§ell (1980 1980) also performed a serles of free

' -shear box tests on- relnforcements that were 1nc11hed at

' dvar1ous angles frOm the 1ntended shear plane., -

Wernlck (1977) developed a'"True D1rect Shear

B ‘prparatus" to measure the shear re51stanae between 5011 and

an anchor. Thls apparatus con51sted of a convent1onal shear
o

_box and a mod1f1ed 1oad1ng platen. The load1ng cap, .

‘n'supported by the roller bear1ngs (Flgure 2, 3) is not'

iperm1tted to t1lt dur1ng the test but can move 13 the

vert1ca1 d1rect1on. Hausmann and R1ng (1980) commented on ,'

'T_,the poss1ble use of the "True Dlrect Shear Apparatus" to

measure the d11atancy character1st1cs of granular 5011

' Thus,,lt 1s-poss1b1e to. further modxfy th1s apparatus to !

A,determ1ne the 1nfluence of geotext1Ies on the d11at10n

Po v

"'behav1our of sand - - '7”“$¢

B)-/‘,”‘ T

Lok _' B ‘;',-,.

The various s1zes Qﬁ d1rebt shear boxes thCh have been

~used range from 6 X 6 cm’ to 60 x 60 cm?. Ingold (1982

q19B4) conducted a series of d1rect shear tes's.to study the

-effect of. shear box s1zes and two test met',dolog1es He"

.-; used 6 1&6 Cﬂl and 30 X 30 cm boxes; and

bested re1nforced

shear: mﬁaés.}ﬁe found'

é;é~,ﬂ“the shear box rdiblts wene~1n good ahreemeht wzth one

Wiy
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' SHEAR PLANE

'Fxgure 2. 2 An. Octagonal Shear Box Test :
(Mod1f1ed from Snalth Bell, and. Du801s, 1977\>

Flgure 2, 3 A True Direct Shear Test Apparatus
(Mod1f1ed from Wernlck,‘1977) '
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flanother for normal pressures greater than 100 kPa Gu1lloux;if¥

. Notte, and Gon1n (1984) also found that the shear box s1ze

' 7d1d not have any s1gn1f1cant effect on; ‘a moralne 501lq On

e';the other hand DeGoutte and Mathleu (1986) found the large§

andwsmall shear box test results were: very d1fferent. They
';‘eattrlbutedﬁﬁhe dxfference in strength to the greater wall

j effect of- the smaller shear box. As a result they used the '
f:;large shéas box for most of: the1r Uests.“' o

: The use of the conventlonal 6 x 6 cm’ shear box has

'4]been 11m1ted because of the sample 51ze effect. Ingold a

":f-boxntests. "ﬁ

.(1982) stated that the sample 51ze effect may not be:

[is; n1f1cant for geotextlles, but would be 1mportant for af
_S%ogrlds where a, un1t cell of the gr1d may be larger than -
3 the shear area of ¢he box. Also,vthe conventlonal box only

.'v.

lallows 10 to 12 mm . of so11 geotextlle relat1ve dlsplacement .'
‘.wh1ch may not be adequate to reachgthe peak or res1dua1 4
strength”of the re1nforced 5011 Researchers such as _

. Chrlstle (1982) Ha11burton, Angl1n, and Lawmaster (1978)

) Ingold (1980, 1981 1982 1983), and McGown and Andrawes 3

.b(1982) employed small boxes for thelr f1xed geotext11e shear

e, .

e!!fSheariaox.“

2.2, 1 Advawtages and stadvantages of the Dir

»

Test

There are several advantages and d1sadvantages of us1ng

_ 'the dlrect shear box test The test ;tsef 1s 1nexpens1ve,

fast, and 51mple to. carry out. It 1s a very—guxck test to o

C P R . o SR
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17;measure the short term shear strength parameters Of

' f}relnforced so1ls 1n terms of the total stresses. The

:'-apparatus 1s also ava11ab1e 1n var1ous sxzes, and 1t can be

'ea511y modlfled to accommodate any type of re1nforcement. ,v*;
b L

Another advantage of the direct shear test 1s that the

spec1men 15 constralned to fall along a predetermlned shear

";;plane, thus the 1nterface behav1our of the':

> B

~:i5011 relnforcement can-be assessed dlrectly Varlous
ncompar1sons have been,made between the plane stra1n and the'}
?ﬂdlrect shear test results of granular so1ls (Bolton 1986"”
:fJewell and Wroth 1987 Hanna and Youssef 1987) These ]_'
.results show- that for typlcal sands the tangent of the planefv
stra1n angle of frlctlon 1s about 20 to 25% greater than :
‘fthat of the d1rect shear. Thus,‘the fr1ct1onal angle of sand*
7‘obta1ned from the convent1onal d1rect shear test is.
conservat1ve and w111 have a hldden factor of safety of
»‘approxlmately 1. 2 . 1f »?:':l -g_'ff?f.ﬂ':b?;rf;;';fh.yjl;;,:”.

,'u_

Jewell (1980) stated one of the l1m1tat10ns of the

)

l”ffdlrect shear test 1s that the detalled stress straln T';:“l,g

-..

vrbehav1or of the re1nforced 5011 cannot be d1rectly

Adetermlned from the boundary measurements of force and
{

7 dlsplacement. Thls 1s because the d1rect1ons of the planes

of pr1nc1pal stresses rotate as the shear straln 1s
'anreased The other dlsadvantages of the dlrect shear testff
Idlscussed by Ingold (1982) and Rlchards and Scott (1985)
yare- - o :" y*ﬂ,.”' | o

" . ; T e

CoE The problem of stress concentratlons at the tested



[,spec1men boundar1es; wh1ch leads to non-unlform stresstpf“'
lfdlstr1but1ons w1th1n the. speC1men.: d
'f.§w3‘The development of pa551ve and actlve pressure zones
l_1n51de the spec1men may cause the load1ng platen to
- t1lt, wh1ch results 1n non un1form vert1ca1 stress
:dlstrlbut1on at the shear surface. |
f"vThe shear dlsplacement is. 11m1ted to the travelled

-

l‘length qf the shear-box;s

2. 3 Test Assumptxons

In order to 1nterpret drgﬁct shear test results,

fresearchers generally assume ;hat the relnforced spec1men'

'.,experlences unlform stress and straln 1n the 1nterface

¥ jshearlng zone.. The boundary measurements of force and

. drsplacement may be used as an overall measure of the stress i
_ujlstate and deformatlon.. .:_—"”_ N h v"mjfi t{ pf:"'
In an- attempt to ver1fy the assumpt1on of un1form
"mfstress and straln, Jewell (1980) used a rad1ography
4dh}techn1qa§ to determlne the straln f1eld of an qare1nforced

erEIthon Buzzard sand in a d1rect shear box test. He found

‘tthat the external boundary measurement of shear dl lacement

il

o= ,"was 1n good agreement w1th the 1nterna1 measurement made by

the rad1ograph Moreover, the 1nterna1 and external vert1cal
;dlsplhcement measurements were 1dent1cal. He concluded that -

ha unlform band of stra1n was developed at farlure in the

T T

| ﬁunre1nforced sand and the assumpt1on was appropr1ate. ;f?

Tt



the shear ‘zone 1s den51ty dependen% TFlgureufil} _and he :

A conflrmed the un1form1ty of shear band found by Jewell

.2:4‘Compaction'Methoda
| For ‘a cohe51ve 5011 an optimum vater content and a

_ maximum dry den51ty are commonly chosen to spec1fy a

D

~standard degree of compactlon to be achleved dur1ng the
i construct1on of a re1nforc1ng structure. For a granular
.5011 the 1ndex @en51ty tests are performed to determlne a

dry den51ty for‘the f1eld compactlon spec1f1cat1on. In order

'W.to model the fleld 5011 and re1nforcement 1nterface

s 1nteract10n, the laboratory ‘compaction- method that is used

&

must be representatlve of the fleld constructlon procedure.
The method used to compact a 5011 spec1men 1n the_
"d1rect shear box tests varies w1th the s1ze of the boxes,'
:the types of so1l and the fleld compactlon den51ty
_requ1rement For loosely compacted granular 5011 Jéwell _
| (1980) McGown and Andrawes (1982) -and Myles (1982)’ and :'
. Rlchards and Scott (1985) chose the pourlng method to Jo

”achleve_the'requlred dens1t1es. To ach;eye the dense

I

-
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v el

.1'cond1t1on, Rlchards and Scott (1985) employed the tamp1ng
“methods. Martln, Koerner, and Whltty (1982) and Mlyamorl, e

ﬂ: Iwa1, and Mak1uch1 (1986) used the 2. 5 kg’ manual hammers for_:?7'
‘compactlon, wh11e Sarsby and Marshall (1983) employed~the

v1brat1ng electr1c hammer approach to obtaln the de51red

) den51t1es.

» For cohe51ve solls,'the 2. 5 kg manual hammer compactlon i
method was used by Snalth et al (1979) and Saxena and @ong
4(1984) ‘The statlc compactlon method waépemployed by Ingold
(1980) Jewell (1980), and Jewell and Jones (1981)
| éenerai ‘the pourlng method 1s used w1th the small shear box
.'for low den51ty reguzrements whlle the 2. 5 and 4.5 kg |
hammers and v1brat1ng hammers are employed to compact SOllS &
'1n the larger s1ze shear boxes for hlgh den51ty | ' 3
requ1rementsg
2.5 Mechanlsms of So11 and Relnforcement Interact1on ‘

| There are two maxn mechan1sms that govern the ¥
: 5011 relnforcement 1nterface shear behav1or. These have been
’ determ1ned experlmentally us1ng the mod1f1ed d1rect shear '-"
b0x tests, by Jewell ef‘al (1984) Rowe, Ho, and Flsher
91985) Sarsby (1985), and W1111ams and Houllhan (1987), and
.disscnssed by Glroud (1984) Glroud et a}% (1985), and
‘M1lllgan and Palme1ra (1987) The-two meohanlsms are:
l1;' Shearlng between 5011 and solid surfaces of the )

: re1nforcement wh1ch are 1n the dlrectlon of relatlve

5011 movement.



"_2: :Intetlochinoiand shearinoioflsollvonetfSoil’throughjthe':

_openlngs 1n a re1nforc1ng mater1al | '. v' du
f The shearlng re515tance between the soil and the solld'
'dsurface areas of a relnforcement is deflned by the skzn
_fr1ct1on angle 86. It can be meqsured dlrectly from a-;f
mod1f1ed d1rect shear box test. The frmct1ona1 re51stance of_l'
sthe second mechanlsm should equal the 1ntern;l frxct1on ‘

angle of the unrelnﬁgrced SOll ¢,‘wh1ch can be determlned in

the conventlonal dlrect shear test._f

ewell et al (1984) developed a theoret1cal equatlon
to descr1be the 1nteract1on of . thﬁ two mechanlsms hetween

non- cohes1ve 5011 and grld relnforcement The expre551on can

- be wr1tten as: .o ®

| tan 8.=.a tan &, + (1-a) tan ¢ ~ . - [2.1] .
where T E N . T B

2

Sm,ég total angle of the interface friction. .

- Voo N\ B R, ‘ 4
‘a = ratio of solid area of the reinforcement to-
: ~ the total,a:ealOffthe_reinforcement.. '
6o = angle‘of 1nterfac1a1 frlctlon of the

o sol1d re1nforcement._ :
_'¢ = anglecof internal-friction.i

The theoret1cal expressxon shows that the so11
propertzes such as thed%ra1n s1ze d15tr1but1on, shape, and
den51ty together w1th the conf1n1ng pressure can influence

1nterface shear res1stance 51gn1f1cantly. The reznforcement ,“'

7:léfﬁVT?



e .

'parameters such as the structure of the relnforcement
':contact surface texture, aperture 51ze, and deformab111ty ™~

' can hlghly affect the the 1nterface 1nteract10n. Jewell et

7_::al. (1984) and Sarsby (1985) conducted a ser1es of digect

4shear box tests to 1nvestlgate the effect of partlcle size

ndfgeogrld aperture s1ze on the lnterface fr1ct10n['
res1stance. Thelr results ‘showed that the hlghest

: coeff1c1ent of frlctlon re51stance, tan [ was reached when_’

the rat1o of,the m1n1mum aperture d1mens1on to Dg, of 5011

',was 3. 5. 7]g»‘,:'fv _' B ' _:~ ’J
The 1mportance of contact texture was evaluated by :
WllllamS and Houllhan (1987) They performed a serles of
-shear tests on granular and cohe51ve 50115 relnforced w1th
various geotext1les and geomembranes. The1r results showed }x;h
- that the prlmary mode of interface res1stance of the suooth.d;
'surfaced geomembranes and geotext1les is the dlrect sl1d1ng

3

of graxns agalns jthe surface of the re1nforcement The

fr1ct1ona1 res1stances of the rough textured geotext11es are .
governed by the ad§§510n, d1lat10n,¢1nterlock1ng and 511d1ng
of the soil gra1ns on the 511d1ng surfaces. When the, _“
_1nterface shear re51stance was greater than. the shear |
strength of the soil, the shear surface was found to sh1f€’o .
'1nto the ad]acent so1l at a distance of about 0 04 to 0. 32

-

cm from the 1nterface.

i

_The- effects of soil- part1cle angularlty and geotextile
_.deformab111ty were evaluated by . COlllOS et al. (1980)- Akber.

-;and Hammanji (1985), and ngllams and Houl1han (1987) They

- )
'u . ' . . , [ TR



iascertalned that the 1nterface contact eff1c1ency zncreased?jgf'

7w1th 1ncreas1ng partlcle angularlty and relnforcement

A3
'flex1b11ty The role of den51ty on the 1nterface shear~“f~

‘.re51stance was. exam1ned by Hausmann and Rlng (1980), and waij

"‘!' .
~ found that for granular 5011 the shear band thlckness«g '
R

-

41ncrea%pd w1th decrea51ng relatlve den51ty. Collo1s et al
(198")‘ Ingold (1982 1983), and Akber and Hammamjl (1985)
concluded from thelr test results that the frlctlonal
<re51stance was dlrectly dependent on the cohfxnlng stress
‘when the stress was greater than’ 100 kPaB:;i

L . '-‘ 4 - 4 _
2.6_, ‘Re_s.ults for .M_odi'fied "Direct ":S“hear"'B‘ox‘sts |
e

2. 6 1 So1ls Re1nforced with Geotextlles or Geogr1ds'

Table A. T presents the results of granular 'f»"“

5011 geotext1le or 5011 geogrld 1nter£ace frlctlon data that{"h‘

-

- have been publlshed by . other researchers,»results Eor .
cohesive 5011 are g1ven in Table A 2. '”‘."'_';:". :'Qﬁi
g The 1nterface eff1c1ency,_ , is. deflned as j»

ftan Gsmlre”ﬂmcuwm/tan ¢sm1sou (Collls et al 1980 Degoutte -

~ and Math1eu 1986 Myles 1982 Rlchards and Scott 1985) The-bﬁ

’eff1c1ency values for the geotextlles in Table A 1 have beenh'“

S

calcu}ated These range from 0. 60 to 1 16 wh1ch means that
."'between 60% to 100% of 5011 strength was mob1llzed at the

-'1nterfaces" The 1nterface fr1ct1on angle between the

'granular 5011 and geogr1d is. close to the\'oll s effectlve

1nternaI fr1ct1on angle w1th 1ncreas1ng g ogr1d Openzng



‘}v'pgeotextlles vary from 0. 48 to 1 14 (Tabla A 2).

‘,vfthat of the 5011 'l:-fhi"',ff R Rl

3:~-51ze.,-'.«;.f:ﬂ .h.ﬂﬁ?v'-l R R

The eff1c1enc1es for cohe51ve so1l re1nfor ed W1th o
- v

'.Jall values._'
'n:of 1nterface adhe51on were also found by w;ll1avs'and o
}Houlrhan (198:). Very few geogrlds have beenbtested in . the
hfd1rect shear apparatus. The few that were - tested f0und that
-,the 1nterface frlctlon angle was approx1mately i/;cto 85% to‘u'h
- The followlng observat1ons can be ;%d%;from the;results -
’;oi Table ALt and A.2. . | e
:1;} In 5011 relnforced w1th a geotextlle fr a geogrld
o _it.the.rnterfac1al fr1ct10n between loosely compacted
o 7fxgrandiar 5011 and relnforcement is’ s1m11ar to. the
l'unrexnforced 5011 Its eff1c1ency 1s therefore very
' close to one. :y': ’na_ih’:
2. The 1nterfac1a1 fr1ct1on between dense granular so1l‘

fand relnforcement 1s less than that of the

B unrelnforced 5011 The reductlon 1n eff1c1ency may
" [

T -g
'relnforcement. A ”_ , ".14V"
.. ) ?"BIJJ i

‘3.  The 1nterfac1al fr1ct10n 1ncrea§gﬁ w1th 1ncreas1ng

L "surface roughness 1ndependent of the type of so1l

_ and the type of relnforcementagThe textured surface

may prov1de better 1nterloc h g w1th the so11 gra1ns
'.then the smooth surface, t us the eff1c1ency '
1ncreases.'

4, In granular or: cohe51v'“ oil:reinforced”withl

A
: "Li_"[v .



V4
bvgeogrlds w1th the same planarlty, the one wlth the :

‘ blgger openlng dlmen51ons has hlgher 1nterfac1al

-'frlct1on._1t appears that a greater amount of so1l

: to so1l 1nteract1on occurs 1n the larger open1ngs

wthan in:. the smaller open1ngs whlch results 1n a

‘ h1gher eff1c1ency value. |
St For granular so1l relnforced w1th woven geotextlles.a

: hav1ng a 51m11ar percent of open area, a Stlff and

-gth1n geotextlle mob1llzes sllghtly hlgher fr1ct1onal
ire51stance than a flexlble and thxn geotextlle.

A However, a th1ck and flexlble non WOven geobextlle :
w1elds a hlgher frlctlon angle than both a. th1n and;}
flex1ble and a th1n and Stlff woven geotextxle._Itfan
appears that th1ckness and stlffness of geotext1les

have some 1nfluence on- the 1nterfac1abnfr1ctlon. ﬂ

'v‘2 6 2 So1ls Re1nforced w1th Geomembranes
S1nce one of the 1nterface 1nteract1on mechan1sms 1s

-

‘ the slldzng of 5011 along the solld surface of the g

A B

relnforcement, a summary of pub11shed dlrect shear test

"results w1th geomembranes is examlned Table A.3 presents

'_the results for granular geomembrane 1nterface fr1ct1on,d'v"'

'ﬁ__datar results for cohe51ve stl—geomembrane are ngen 1n

© Table A.4. | o
1 An average eff1c1ency of 0 75 has been calculated for
\the data in- Table A 3. The cohes1ve solls geomembranes

-d(Table A 4) show effzc1enc1es varylng from 0 34 to 1. 00. rwfff.

© i .



”iSmall 1nterface adhe51ons we/; also found by W1111ams and

CE

.Houl1han (1987).. ’ 3f_4, , "d ‘v‘:'\'_.v S f:)':-r

Regardless of the type of 5011 and the type of POlymer,f‘v Tt

the 1nterfac1a1 frlctlon of geomembranes 1ncreases with

R

s1ncreas1ng surface roughness. For materlals w1th the same

: vroughness, the th1n and less st1ff geomembrane moblllzes 3

- greater. strength than the thlck and stlff one.-
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: relat1on, and consolidat1on behav1our are also glven. The

'ng'3:2-Propertle530fjthe CohesduecSOil‘-%”y

a

3. PROPERTIES OF THE SOILS AND THE REINFORCEMENTS

3.1 Introductxon"?”

hls chapter descrlbes the 1ndex propertles of the

cohes1Ve and granular 50115 used in ‘the: modlfled dzrecb

shear tests. ‘The other propert1es of the 50115 such as graln‘

' szze d15tr1but1on, compactlon dry den51ty and water content

&

total and effectlve shear strength of these soils are ,Ff :

reported The constructron method and the geometry of the

ulb .
. 3 H—
L A, L .
Lo o R D 2
PN S : . o .

4 . .. c -» . ] .

o .

f1ve tYpes of relnfdrcements are glven.~

A

.

4 :

3 2 1 Index‘ Partzcle Size Analysxs, and Spec1f1c Gravity o

s Tests SR R _ j;:zQ

A well graded §1lty qlay so1l suppl1ed by the Alﬂﬁrta

. Transpoﬁkat1on laboratory was, used for all the c@nsblldated

undra1ned dlrect shear box tests. Thls-s1ltf‘clay so1l was B

sl

taken from a borrow p1t near the Devon testf1ll' The clay

had been a1r dr1ed and clumps had been broken and bagged 1n o

nlnety 20 kg batches. The cons1stency of the 51lty clay wasf
determ1ned by takxng a. spec1men from each of four dxfferent
20 kg batches. Each spec1men was tested to determlne the

Atterberg 11m1ts and partlcle 51ze dlstr1butaon (ASTM D421

: D422 and D4318) The 1xqu1d and plast1c l1m1ts averaged

from the four tests vere. 40 8% * 1 3% and 20 6% t 0 2%. The f-«

y..
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typ1cal gradlng curve (Flgure 3 1) shows 23. 5% of the graln

——

51ze is flner than 2. um. Th1s glves an act1v1ty of 0.9: A
SR,

'»H;@ specks of coal were found among the 5011 gra1ns from the

'_'graln size. analys1s. F1ve spec1f1c grav1ty tests (ASTM D854)

' gave an average G of”? 10 O“M i

’r'

»

>3 2 2 Compactloﬁ
. The compact1on dry den51ty and water content relatlon.
was determlned by the- dynamlc and kneadlng compactlon
pmethods. Flgure 3 2 shows that the compactzon curve ach1eved
‘fby 1mpact1ng the 2 50 kg hammer 25 times on each of the
'fthree l1fts of 5011 is 51m11ar to that by knead1ng
’tj,compact1on.,The h1gher compactlon effort achleved by.“.
d,fapply1ng 25. blows of 700 kPa contact pressure of the
rmechanlc foot on each of the three layers of 5011 had no:
'U's1gn1f1cant effect on the s11ty clay so1l dry denszty The f~

: . A .
-.‘_average opt1mum water content from the two compactlon curves .

oW

bifwas 20 1% and the correspondlng max1mum dry densltywas

.1 68 g/cm . The estlmated degree of Saturat1on was 87%.

4

Durlng the prellmlnary testlng,_ it was found that the A
."fsame maX1mum dry den51ty could be ach1eved in the 300 mm

'dfgbox..A 4 54 kg hammer attached w1th a 10 2 cm square steel

y

.=h-foot was uSed ‘to apply 64 blows\per 1ayer for three layers

'"“;of 5011“ The compactlve effort was 447 6 kJ/m wh1ch

B :. 'vJ{ ‘

represented 75 5% of the standard compactlve effort Uslng

hls method the 511ty clay was compacted to a dry den51ty of

1 68 g/cm t 0 02 g/cm_. At the compacted water content of
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23 3% 0 6% thlS rendered a. degree of saturat1on of } E
.approxlmately 98% td 100% Thus, the- dry den51ty of

B 68 g/cm and a water content of 23 0% was speclfled for

,,l
P

dﬂvf-f :

3. 2 3 Oedometer Test _515 | h”{:j: -,;;Z,_ e

fall s1lty clay spec1mens. ’fg%'-f-h

- —
The consol1dat10n character1st1cs “of the 51lty clay was

j-determ1ned from the results of three oedometer tests. Each

";oedometer spec1men was carefully trxmmed from the sample

' vwh1ch had prev1ously been compacted in the large shear box.:~tkf

' The dry. dens1ty of the whole sample was 1. 68 g/cm at the

Tﬁwater content of 23 1% However, the measurement of the =
'spec1mens 1nd1cated that the average as- compacted dry .

' ;den51ty was only 1 61 g/cm . At the water content of 23 0%,:}
.the degree of saturatlon was 90 0%. - -

Consol1dat1on was completed w1th1n 24 hours under each

'applled vert1cal load The percent stra1n versus normal U

:Ay,stress plot (F1gure 3 3) shows that the pre onsolldatzon

v;_pre55ure of thlS 511ty clay was between 1 to 175,kPa‘.The,'

coeff1c1ent of consol1datlon was determ1ned for each :
n”.spec1men at each normal stress, and was found to have a mea& ;l
.;.value of 2.5 x. 10 m /s 3 1. 1 x 10 ”-2/5; Th1s magnltude of"”al
’C means - that for a 12 m. h1gh s1lty clay f1ll under a double
yfdralnage condit1on,_1t w1ll take approxlmately n1ne years to
'7complete 50% consolldat1on. f:ffil-;‘[-, _ |

| The poss1ble sources of errors that nght lead to the

"l._

j'wd1fference 1n den51ty between the 300 mm sample and the )

“
ps
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=~oedometer spec1mens were examlned The scale on whlch the-fff

R 5011 was we1ghed was calzbrated,.and the 1nterna1 dlmens1on

o A
_of the box was ~measured. The method of measurlng the heaghts

";.of the sample was checked ‘No error was 1dent1f1ed However,

'vftathe compact1on curves 1nd1cated that at the water content of

"L23 0% the dry den51ty was 1 63 g/cm and the degree of
75aturat1on Was 95 0% Hence,ilt 1s p0551b1e that the overall

,sample dry den51ty was 1.63 g/cm 1nstead of 1. 68 g/cm .

0!

f 3 2 4 Total Shear Strength e :'_ ;" -.'th‘;_h’"n} “
' The consolldated undralned shear strength of the silty
“clay was determ1ned w1th both 300 and 60 mm shear bOx

. tests. In the large shear box the sample was compacted
'”1n51de the box,_and 1t was consolldated under the Conf1n1ng

A

',pre55ure for 24 hours. It was then sheared at the rate of

““t3 05 mm/m1n. US1ng the aVerage value of the coef£1C1ent of

:consolldatlon, the rate of shear deformatlon requ1red to
fﬁfdlss1pate 95% of the pore pressure is about 3. g X 10 mm/mln -

.°(equat1on from B1shop and Henkel 1978) ‘Thus, the shearlng

'»;’rate of 3 05 mm/m1n is fast enough to ensure the undra1ned

o condxtlon durlng shear. The consolldatlon curves and the e

"fa1lure envelope are shown in F1gures 3. 4 and } 5.;"
° Comparatlve tests were carrzed out us1ng the Gomm

br‘box. The sample was compacted 1nta,mold by the kneadlng

5o :method to g1ve ‘a dry denS1ty of 1 58 g/cm and a water

*'content of 23 5% Several specxmens were cut from the

h'sample. The consol1dated undralned test results are also
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4shown 1n Fxgure 3. 5 The apparent angle of 1nternal fr1ctzon;‘
T.11s 17 0°, and the apparent cohes1on 1ntercept 15 34, 2 kPa. »

‘[ A compar1son between the re5ults of the ,two. shear boxes
1nd1cates that hlgher shear strength and non llnear
‘}Mohr-foulomb envelope were obta1ned w1th@the large shear boxu’»

,_(Flgure 3 5) The varlatlon 1n shear strength could be . due

- S

|‘ .
to. the 5% dlfference 1n 1n1t1al dens1ty Under the same_

e

) consol1datlon pressure, the smaller spec1mens wh1ch had the
lower 1n1t1al den51ty would have ach1eved a smaller den51ty
Thus, a smaller amounv/of shear force was . requ1red to

overcome the 1nter£ac1al shair res1stance wh1ch resulted 1n

A

~lower shear strength.t" o
Sk ' G
The d1screpancy%&n shear strength may also be caused by.

‘the dlfferent compactxon methods that were used to prepare.-‘
thev300 and 60 mm' spec1mens. As dlscussed}by Seed,.r

'Mitchell “and Chan (1961) sllty'clay.material-is | |
;partlcuﬁarly susceptxble to structural changes result1ng

. ,:{fev,}
‘from.different compactlon methods. Even for’ spec1mens that

'were compacted to the sgme water COntent and dry den51ty,_.

3

:"kneadlng compactlon 1nduces larger shear stralns dur1ng

7-compact10n compared to dynamlc compactlon and results ina ..

*l'.h1gher degree ‘of d15pers1on, hzgher pore pressure, and 1ower

:,strength at low stra1ns. In add1t10n, the 1nfluence—of wall
-fr1ct10n between the s1de of the box and the spec1men was
greater 1n the smaller box because of the scale effect. The f

;rat1o of the th1cknesa%to length of the sp.;rmen was 0. 43

‘for the small box and 0. 32 for the 1arge box. ~ {J_x,j"»v

7
4



One factor that may have 1nfluence the shape of the

~Mohr Coulomb envelope is the dlfference 1n test condltlons._ﬂ ..
g: In the small shear box test water was: added to the shear *
box after the spec1men was placed 1ns1de the box. Although qiﬂ
the permeab111ty of the 51lty clay is low, 1t 1s p0551ble o
that the spec1men had become fully saturated under the
consolldatlon pressure and the test condltlons.ﬂln contrast
the specxmen in the large shear box was not 1mmersed in
_water. It rema1ned partlally saturated unt1l the applxed
v'pressure was hlgh enough to cause the full saturatlon..In*
';add1t1on, the preconsollda;}on pressure of the remolded cla{
'-1s ‘about. 175 kPa. Any app11ed normal pressure less than thlS
.*value will yield a sl1ghtly 0verconsolrdated sdll' thlS may
pcontrlbute to the curvature in the large shear box results

'(Flgure 3 5) As w1ll be seen in the next sectlon, such a_
| ‘curvature of the fallure envelope is pot found among the

" non- cohes1ve 5011 results. Thus, this partlcular feature may
be @be to the test cond1t1ons of the cohes1ve so1l : |

| Mltchell (1976) also po1nted out that curved fallure

envelopes are observed for some clays. He suggested two
p0551b1e causes for the stress dependency behaY1or. Under‘a h
low normal stress, less energy 1s requxred to shear the soil’ h
sw1thout rearrangxng the or1entat10n of the part1cles. Under

la h1gh normal stress less work 1s spent to rearrange thevp
- soil partie&es because partlcle reor1entat10ns may %ave been

rdeveloped dUrlng the appl1catlon of the h1gh conf1n1ng

pressure. e ?f} '



J._3 2.5 Effect1ve Shear Strength ) . ' ‘
The effect1ve shear strength of the 51lty clay was.
1-:determ1ned w1th consolldated undralned tr1ax1al tests w1th
| pore pressu;e measurements. N1ne spec1mens were prepared d'
di.frgm five samples whlch had prev1ously been prepared by

L knead1ng compactlon. The average of the n1ne dry dens1t1es f"h'
fwas 14 59 g/cm , and the water content was 24 0%. The
=Mohr Coulomb and P- q d1agrams for undra1ned and effect1ve";3§“
_'stresses are plotted in. F1gures 3 6 and 3 7 The undralned. :
vangle of 1nternal fr1ctlon was 14 . 9° wh1ch 1s lower than the
5d1rect shear test undra1ned value (¢T-17 0° ) As expla1ned
earller, due to the dynamlc method of" compactlon the o

' tr1ax1al spec1mens had y1elded a lower shear strength The
'undra}ned cohe51on 1ntercept was 41 5 kPa.—The effect1ve

angle of 1nternal fr1ct10n and the effec1tve cohe51on_*¥%.
o .

- ;ntercept_are_3061 and~6.7 kPa."

KR

.
: dra1ned dlrecf shear box tests..The sand had been air- drled

,'and bagged The gra1n 51ze dlstrlbutlon curve is - shown 1n

A "

Flgure 3. 1. The coeff1c1ent of un1form1ty is- 12 7 The

relatlon between dry denijyv'and water content,vwas

-'establlshed by a 2.50 kgmthxfer dynamlc compad%1on method

(Fxgure 3. 8) 51nce the dynamlc compactlon method would be

a

.'used to compact “the sand 1n thezgarge shear box._The maximum

.'l
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'gdry dens1ty of the sand was determlned 1n accordance w1th

il

A.f;the ASTM D4253 v1bratory compactlon test. Three tests were

"performed glv1ng a mean max1mum dry den51ty of i 91 g/cm i
0 01 g/cm . The mlnlmum dry den51ty was determ1ned by the i”
::‘pourlng method as descr1bed in ASTM D4254 The test was B
.*repeated three t1mes g1V1ng a mean of 1 42 g/cm - 0 01‘f'<f“““”

-g/cm . The three spec1f1c grav1ty test results gave an

L

'lhaverage G of 2 64.‘

The pre11m1nary compactlon trlals 1n the modlfled

":'drrect shear box 1nd1cated that con51stant compact1on could

*;f!and res1dual effectlve 1nterna1 angles %f shearlng

" be achleved u51ng a 2 50 kg hammer fltted w1th”a'
| m*: steel compactlon foot. 64 blows per layer_ et
"fover the three layers of a1r drred so11 The compactlve
’effort was 164 1 kJ/m wh1ch represented 27. 7% of the e
'a?standard compactlon energy Usrﬁg thlS method 1t wasver¥ _
p0551b1e to obtain a dry dens1ty of 1 77 g/cm 0. 02 g/cm .”gv‘
".Thls represent; 95 5% of the maxlmum dry dens1ty achleved 1n.311f
Cthe standard compact1on test and glves a ghgatlve den51ty 1ni:dd
" the. range of 0 74 to 0. 83 w1th a mean value of 0. 78. v,'f}:,~“uf’
| "h The consol1dated dralned shear strength of sand was-

Tivdetermlned Wlth the 300 mmz shear box tests-.The appl1ed

normal stress was 20 50 100, 175, and 250 kPa. The peak

“ifres1stance of 42 5 and 39, 1 were obta1ned from the rjrf

.

(F1gure 3 9)
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3.4 Propertles of the Re1nforcements fhiitr “hf;;;d;rflf(f?f‘
fhrﬁﬁ"f The 1nterfac1al shear re51stance of four types of B
K"geogr1ds and one type of geotextlle were 1nvest1gated in the ;
-‘testlng program. These materlals have h1gh ten51le strength |
'5and have been w1dely used for 501l relnforcement The.“;ff,fﬁ
f geogrlds are SR2 SSZ TNX 5001, and ParaGrld SOS The

- geotextlle 1s 9600 Three of the geogr1ds GRZ TNX 5001
.and ParaGr1d ‘508, were ‘used as part of the Devon pro:ett
hThe construetlon method and the geometry of these __f":

',;wre1nforcements are summarlzed 1n Table ‘3 /l Photographs of -

these relnforcements are shown 1n Plates 3 1 to 3 5
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 ILLUSTRATIONS OF THIS"

'THE QUALITY OF THIS MICROFICHE
‘18- HEAVILY DEPENDENT UPON. THE 

'QUALITY OF THE THESIS: SU%H%%TED

”‘f,pox MICROFILMING.

UNFORTUNATELY TRE

,CAN ONLY. YIELD DIFFERENT TONES

. OF GREY. ,

COLOURED - HALHEUREUSEMENT ‘:Lts-
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T QUALITE bE CET§  MICROFICHE
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. ILLUSTRATIONS EN COULEURS DE CETTE" e
"THESE NE. PEUVENT DONNER QUE DES;'

TEINTES DE GRIS.' o .
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" 4. DESCRIPTION OF APPARATUS AND TESTING PROCEDURES.

‘f'4 1 1ntroduct1on

' In this chapter the mechanlcal deta1ls for the dlrect

5

Shear apparatus, the normal stress load1ng system,_and the

machlne was mod1f1ed to measurex

-~

;commonly used in the convent10na1 d1rect shear tests

' accommodate the geogrlds w1th large un1t cells. The leadlhg

procedure, the select1on of normal’ stresses, and the rate of‘jf

[y

',shear‘are'dlscussed.

'-Tv4 2 D1rect Shear Apparatus

& Most aspects of 5011 relnforcement 1nterface behav1our

5011 relnforcement 1nterface are descrlbed

IR

4 2. 1 Descrxpt1on of the D1rect

¥

| “The kaeham Farrance large

R

mechan1cal deta1ls of the shear'

Flgure 4 1.

~

The ‘upper and lower shear boxes are slm111ar to those

(Flgure 4 2) The re1nforced sample d1mens1ons of

ﬂ"

capac1ty dlrect shear

.Shear Apparatusf

A}

1nterface behav1our.

apparatus are 11Lustrated 1n",

'ltmeasure the strength ‘and deformat1on behav1our at the -

3_dev1ces for boundary measurements ‘are descrlbed The test

t‘can be studled thtough the use- of a d1rect shear apparatus.

- Mddlflcat1ons andﬂmechanlcal deta1ls of an apparatus tov

The

edge of the bottom shear boqus modlfled tolperm1t the

3

2 .N ’{‘g .

DR
.-

Yy

°

)

xfh30 x 30 cm’ were chosen to m1n1m1ze the s1ze effect ‘and to -

3}’ !
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'7x‘.clamp1no of the~rerﬁ%orc&ng materlal (Plate 4, 1)

The shear boxes are contalned w1th1n a l%rger outer box
'h'whach runs on a pol1shed sta1nless steel track Free )

.dmovement is allowed 1n the d1rectron of shear, and any 'T p;i
o lateral movement 1s prevented. d.l {ﬁ; 'TP g;T |

The vertlcal load was exerted by a D1aphragm Alrl

Cyllnder, a Bellofram, Wthh 1s connected to a air regulatori

to monltor the a1r pressure. The cyllnder has an extremely p}in

Vi .
'sens1t1ve response ‘to. small pressure varlatlons. Thus,-the“

».na1r pressure can ea511y be ad]usted to keep the normal load
constant during the test. s |
”J- The shear load 1s.app11ed to the apparatus by ae)

'electrlcal motor dr1v1ng a mechanlcal screw ]aek V1a a 42

.. speed gearbox. The sheatlng force 1s then transmltted to the

‘vr~shear qu by a. rlg1d SOlld metal connector wh1ch applles the

shear load at the mid- plane level of the sample. The shear
' d1splacemenf rates can be varled from 0. 00012 to 6 1 mm per
:~minute-,é.dfd~" 'v . - Do . o St

.f4 2 2 Boundary=Measurements of Forces and Dlsplacements

P

The nprmal load was applled dlrectly from a Dlaphragm',

Al

'fAlr Cyl1nder to-a load cell whlch was placed ‘on - the center

of a loadlng plate._The applled load was accurately measured o

'and malntalned by the load cell Th1s measurlng dev1ce 1s _f
"_able to mon;tor the vertlcal stress to an accuracy of-

0.1 kpa. T



‘pstatlonary, and is rlgldly connected to a @rossbeam and two')

f%steel rods, whlch pass through the wall of the outer box to

l':the pr%i1ng r1ng Thus, the generated shearlng re51stance to

fvthe horlzontal d1splacement was measured by the prOV1ng :

Trlng The prov1ng r1ng has a capac1ty of ]06 kN and the 1

j'shear force can be measured.éo‘an accuracy of 110 N‘f\;fi
The shear- d1splacement pf the two halves of thepb0x was

-Qmeasured by a’ L1near Var1able leferentlal T&%nsformer'

" (LVDT) wh1ch has 50 mm of travel It can measure the

. horrzontal dlsplacement to the nearest 0. OGS -mm, The'

jvvertlcal dxsplacement was measured by four LVDTs. One LVDT

¢ L

;f;Qwas placed on. each quarter of the 1oadlng plate to better
':?measure the compresszon and dllatant behav1our of the

‘ re1nforced 5011 The LVDT glves readlngs to- an accuracy of

~0- 005 mm.- P

R v T : H o

.-,’c-
The purpose of. callbratlon is- to deflne the aCCuracy of

14 -

o each 1nstrument The LVDT was callbrated by an electronxc

vy

h'«m1crometer. The load cell was calxbrated by a 44 5 kN

prov1ng r1ng 1n a: compresslon machlne. Sam11arly, the y'vh
; p'prov1ng rlng was cal1brated by a 4 5 kN and a. 133 5 kN
"p:;v1ng r1ng Each cal;bratzhn result was plotted and .
| :Jraﬁ%lysed by the L1near Regress1on method The cal;bratxon

.f: curves are shown 1n Appendlx B.

: .'~,..,



e shear box was assembled and placed 1n51de the shear-*“;‘

a paratus. The load cell and LVDTs were p051t1oned on the

'vload1ng plate. The 1n1t1al readlngs were taken, and the.ﬁ.-u ’

normal load was applled The vert1cal compress1on data were

5recordcd (Flgure B 8). When the compre551on ceased the load .

'f was removed and the shear bu. and the metal block were

4.2. 4 Datalogger Acquxst1on Control Un1t

i

ftaken apa;t.-The whole pr'cedu1e was repeated for each

7normal(load

S

7;:‘ : Data logglngpwas performed by a Fluke 224OB Data

Acqu1s1t10n Control Un1t._It was used to monltor and record

the appl1ed normal load shear force, and all LVDT

'measurements dur1ng the test1ng program. The . datalogger

_allows ‘a varlable necord1ng perlod to be spec1f1ed

-

s

'4 3/Test Procedures

7 The select1on of consol1dation stresses, the rate of

- shear, the thlckness of compacted 5011 samples, and the

“method of plac1ng the relnforcement 1n31de the shear box

w111 be dlSCUSSed The sample preparatlon procedures and

compactlon are descrlbed for both the 511ty clay and sand

_:The test procedure for each stage of the dlrect shear test :

“is also descrlbed A .xf.
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'314 3 1 Select1on of Normal s#%ﬁ!s and Rate of Shear field_
| In thlS test progféﬁ, the normal stress range of 50
ifOO 175 and 250 kPa Were chdsen to consol1date the'
Samples. These pressures were selected to represent the
:fvertlcal stresses experlenced by a 2 5 m,_5 0 m 8 75 m, and .
12 5 m. h1gh embankment, at the foundatlon 1nterface.gw
| A cr1t1ca1 de51gn 51tuat1on may occur when an 'TA

paddltlonal stress ;s raprdly applled to the 5611 in an -

;.;Aembankment which has become consol1dated and is® at lita}iitﬂl. |
. equ111br1um w1th the exlst1ng stress system:.fhls»rag;a fate e
_of 1oad1ng may 1nduce an undraxned shear fa1lur@ of the g '
whole structure. The consolldated undra1ned ai:é&e shear :f{?:;“
‘”Mtest is. approprlate for modellng thls typ? of ﬁleid f'tﬁ?fffffa
dbehavlorf-Thevshear dlsplaCement rate of §-05 mm/min was,nvﬁ‘“'
. ehosen;to”represent the undra1ned€ra;ga6é }Oadlng.,f“;;?fl4h
| | | R L T r.'._.‘r" TR s RO .
WSS S S ;,,}:, : L

4. 3'2 Determ1natxon of Soxleample gh hkness'fi;fi'; :
Durlng tﬂE early staqg of thg test program, foup trlal
ftests were pég%ormed on’ the 51l;y sand The obgect1ve was to |
study the influence of SDll thlckness on shear strength |
'-1Each of jhe fxrst three samples was compacted 1n two layers,
:and had a. dry dens1ty of . 73 g/qm The. thlcknesses were |
7. 0 cm, 9 7,cm 'and 11 9 qm. TheSe were consolldated under a e
“:normal pressure of 250 kPa,.and weré sheared at a rate of
3 05 mm/min, - -
_=The regults are shown in, the shear stress and

A:{dlsplacement plot (F1gure 4 3) The d1fference in- maxzmum .

~ '\’\); :
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A

-_ythe numbers of compacted layers on den51ty and shear

wstsength The sample was compacted 1n three layers. The

_ thzckness

4.3, 3 Reznforcement 1='1ac1m!B L»itpj ;:;_ 4;3.73

{-_ :

'ﬂshear strength between the 7 0 and 11 9 cm samples was 9%
't%wh11e there was llttle d1£ference 1n strength between the

:9 7 cm and 11 9 cm samples.,The d1ﬁ{§ience in the amOunt of {5;1;"

shear dlsplacement requ1red to mobll the maxlmum shear

:.strength and ‘the shape of the curves strongly 1nd1cate that

vthe sample thlckness 1nfluences the results.v 'jgl'

The fourth sample was used to study the 1nfluence of .

x A

dﬂcompacted helght was 9 6 cm but the den51ty was 1ncreased

"to 1 79 g/cm . The peak shear strength was 7% greater than

\that of the 11 .9 cm sample, however, the shear stress andt.

dlsplacement behav1our was 51m11ar. The peak shear strengthig‘;

of the 9 gihm sample was 10% hlgher than that of the 9 7 cm, .

'»_ and the d1splacement to the peak was smaller (Flgure 4 4)

Blshop (1950) recommended the m;nlmum rat1o of sample
A

thqckness to its length of 0 25 for d1rect shear tests. For.'f13

the 9:7vchr1gh sample the rat1o 1s 0 32 Thus, thp

6/

£ approx1mately 10 cmoand three layers compact1on

PO

were spec1f1ed for each sample..

AN

-

W="' AIl the geogrlds were clamped in: the same manner° the

tens1on members were placed 1n the d1rect1on parallel to the

shearlng whlle the anchor members were placed transverly to ,L:h

the shear d1rect1on (Pfgte 4 1) For the woven geotext1le

9500 the warp d1rectlon was parallel to the shear1ng.l ffh}ft'd'ﬁ
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’ -_'_"»-_-';4:.3“.i4,fpevqh 'si1ty c1~ay:'- B TR S

4, 3 4 1 Sample Preparatlon _ o ‘
: “f';j: The hygroscoplc water content%of each 20 kg batch
of a1r drled s1lty clay was determ1ned A fresh bag of

5011 was prepared for each test at a water content of
*.

L:Q?{;?h 23 0% After m1x1ng the so11 wlth tap water, 1t was

"j stored 1n two plastlc bags and cured 1n a m01sture room
e for at least 18 hours to allow mOJSture content
'd:## eqd1llzatfgn vAt the end of the cur1ng perlod 1t was
| s1fted through a 0 5 1nch 51eve to break up any clumps,
and the 5011 was ready for compactlon..,

It was found durzng the 1n1t1al groperty 1ndex

tests that the duratlon of curlng t1me had an effect on'y'”:'

the relatxonsh1p between the dry den51ty and the water

' contenty:Increas1ng the length of the cur1ng per1od

2

ﬁ.resulted’1n a decrease 1n dry dens1ty. ThlS f1nd1ng waS“lﬁ_i

also noted H& Casagrande and leschfeld (1960) They

found that a dlfferent length of cur1ng perlod ylelded

d1fferent dry Fen51ty and water content relat1on curves._.o B

mpact1dn PrOCedure 1’ R

_.2.
'"f_»vf,’Ea

Y

h sample was composed of three compacted layers.“
A serles of prel1g¢pary té!lg demonstrated that to -

obtaln a dry denés1ty of 1 68 g/cm i 64 blows per layer s

had to be a§p11ed to the clay so11 uszng a 4 5 kg manualﬁjﬁi.

"j;fi? compactzon hammer attached w1th a 10 2 cm steel plate..ftﬁff




Tof educe the boundary and 1nterface fr1ct1on, theé
-.inter.'? alls and flanges of the two halves of the ;-a;;»ij*

o

: g _
shear boxes were thoroughly cleaned and coated wlth .
'several layers of Teflon or Slllcone lubrlcant. The y

boxes were then placed on the flat surface of a concrete yy

e 4 - 4 e BRI N

1compact1on block Four ralser plates,_a saturated porous -

| 'stone,,and a f11ter paper fllled the the bottom of the:'

‘box to render the requ1red he1ght. Three strlps of 2 54
'fcm w1de and 25 4 cm long B1d1m U64 geotextlle were cut

,'and sprayed w1th the lubrlcant. These strlps were used
> . =

to £fill in the gap over - the flanges wh1ch was. created by
the re1nforcement when 1t was 1nserted between the

boxes. These str1ps prevented loose 5011 from escaplng
’)

AQA relnforcement clamp was mounted on the leadlngnedge of'

‘)the bottom half of - ‘the shear box.;f_;@p

R The two halves of the shear boxes were secured
P . i '-/ ~)~’ AR !

?otogether,'and the 1nterna1 dlmen51ons of the bok were

J

“measured by a palr of vern1er callpers at the mid-p01nt

v.of the four 51des of - the box. The vern1eéaca11pers can nyE
measure‘to the accuracy of d 02 mm. The box was }

-‘separated the rexnforcement was 1nserted and heLd in ;f3'f=
-place.iThe three strlps of UEZ geotextlle were taped on“fﬂﬁﬁ

" the flanges of the lower box. The two halves were f i
Eclamped toé%ther, and the 1nterna1 d1mens1ons were'

'imeasured aga1n. The relnforcement and the U64 were then
,removed and the boxes were placed tdgether for:;'

[ ’ ¢ s . e
compact1on,- C .'¢‘{ y~x S



e i'and placed '

o determlne the :

p"?} box;pTheﬂso1l was compacted by
apply1ng the"‘fix in fourkserles of 16 blows. To
AineSS'of_the cqmpacted 1ayer, an 'f
’;average depth wa§lmeasured from the top*of the upper bow"
-‘fto the surface of the compacted layer along the four -
‘”L]51des of the box. The thlckness of the sample wasa?d
Etfcalculated by substractlng the four measured depths. from.j
fthe helghts of the box. Subsequently, the wet den51ty of"'
~the f1rst layer was. determlned ' o

Next the upper box was removed, and approx1mate1y

::-3 5 kg of loose so11 was placed on top of the compacted

' layer. The 1oose 5011 was sl1ghtly packed and levelled

by a hand trowel The graded so11 pro;ected about 10 mm “'
'above the top of the bottom box,'so that after '

~A_compact1on the surface of the relnforcement would l1e"

e

o

_w1th1n the f1xed shear plane of the. apparatus.;’."

One end of the re1nforcement was: clamped on the N

- 1ead1ng edge, and the free end was laid flat 1n51de the

box on top of the levelled 5011 The three strlps of 064

'.1geotext11e were taped on the flanges of the bottom box.'

’The two boxes were tlghtened together by three threaded'
,locat1ng plns. Another 2 5 kg of loose 5011 was placed By
"on top of the relnforcement and compactlon was resumed

:J.The 1nternal measurements were taken agazn, and the o

scorrespondlng thlckness and wet den51ty of the two

~ compacted layers were calculated and corrected w1th the,xf”

ot
®



"den51ty of the relnforcement.t ; _ . _
The flnal 5. 50 kg of loose soxl was placed and

compacted to’ ach1eve the total thlckness of

f"approx1mately 9. 7 cm. The total wet dens1ty of $the -

'content of each layer was determlned from the‘l'ose so1lu
'sused for each 1nd1v1dual layer.: B

. The surface of the flnal compacted layer was graded L
"to pr§v1de a relatlvely ‘flat surface. The fllter paper
| and porous stone and load1ng plate were placed 1nsxde |
the box. A hydraullc crane was used to lift the shear

box’ from the concrete block and pos1t1o%)1t 1n51de the

'lfshear apparatus‘

4 3 4 3 Consolldatlon Stage

‘ The 1oad transducer was placed on. the cenfeft of the

.f)loadlng plate, and. an LVDT was p051t1oned on every

',vquarter of the plate. In1t1al readlngs were recorded by o

5

“the datalogger, and the txme 1nterval for automatlc
’ -readlngs was set ‘The requzred normal pressure was -
?-gradually applled by tne d1aphragm ait. cyl1nder whlch
lwas monltored and transmltted by’ the load transducer to’
~the sample. The vertlcal compre551on was measured by the“
LVDTs and recorded by the datalogger. To prevent
' eVaporatlon of m01sture from the 5011 dur1ng i
nconsolldat1on, layers of Saran Wrap were used to. cover

'the shear box and the outer box. The consol1dat10n stage 'V

-
i
]

was d1scont1nued when the prlmary consolldatlon had been

‘



"‘/complve.t’,ed._ :" . o : ' o . '-,'. .{

. o
.

{4 3 4. 4 Shearlng Stage

»

All the slack was removed from the system by
resetlng the prov1ng r1ng w1thout appllng shear load to '

the sample. Four spacer screws were 1nserted 1n thexr

holes. The locatlng p1ns were loosened 50 that a 2 5 mm

d

‘ Spac1ng between the two halves of the boxes could be‘
~A'ach1eved by w1nd1ng3all the screws the same number of

turns. After the~reqy1red gap was obta1ned, the spacer,r

4

screws and th! 1ocat1ng p1ns were removed and the gap‘f

l B
was checked to ensure that the two halves of the boxeskr

b

were. stlll separated A gulde bearlng was clamped on.

':g-each s1de of the flanges of the upper shear box to

l'prevent the box from t1lt1ng. .

¢

', The normal pressure was checked and the 1n1t1al

'-Ireadlngs of the LVDTs and prov1ng r1ng were recorded.

=~

'were gathered and recorded by the datalogger at

' spec1f1ed t1me 1ntervals.‘f o

)

-The d1rect shear machlne was set to shear the sample atl':

L4

‘a rate of 3.05 mm/mln. Read1ngs of the hor1zontal

dnﬁplacement changes of. sample he1ght, and shear forcef:'.?

-

Shearlng was ceased when the shear force became

';constant, or passed through its piik and decreased to a.hv:

constant res1dual value. The norma pressure and the ,‘

: measurlng devrces were removed and the ent1re shear box

“s llfted out of the shear apparatus. The load1ng

p ate, porous stone, and f11ter paper were removed and_'




-i:the upper box was dlslodced from the relnforced sample.:"
,“héThe relatlve pos1tlon of the so1l relnforcement
'J1nterface and the 1ntended shear. plane was checked
¥‘v1sually Then the sample was taken out from the box and. -
' f,la 5011 spec1men was removed from each layer: to determlne
.the water content after the test. | A :
Bldlm U64 geot@xtlle was not requlred for the shear_‘
;test of the: re1hforcement P600 geotext1le because the
ljthlckness of the geotextlle was too small to create any
V:f separat1on when 1nserted between the boxes: The same
l_test procedure was used . for the unre1nfprgfd so11 w*th
‘the om1551on of 1nsert1ng the reinforcement and U64
strxps.b,“ﬁ _i“;e o .' ' o 72;
4, 3 5 S1lty Sand
| The hygroscoplc water content of the sand sample was
. determined for each test. Slnce the 511ty sand was tested in
~ the a1r dried cond1tlon there was no_mlk;ng»or cur1ng T T
_ requ1red o = , ' :_ | T' | X f_v" S |
A 2, 5 kg hammar w1th a 10.2 cm steel foot was used to
rcompact the three’ layers of sand To obta1n the dry den51ty
of 1. 76 g/cm , 64 blows'per layer were applled to the soil..
n The compactlon and test procedures employed ‘to compactrahh“
| the sand were 51m11ar to tho e described in- sectlon 4; 2 2.27
for the 51lty clay except that 5. 35 kg, 5 41 kg, and 5 35 kgf'

- of loose so1l vere placed respect1vely for the f1rst

second, and th1rd layers.



5. TEST RESULTS FOR REINFORCED SAND

. 5. 1 Introductxon "f' 't', - ' ‘_‘__ b S o i'é'

°

The mod1f1ed dlrect shear apparatu7 descrlbed ‘in the

"prev1ous chapter was used to determlne the 1nterface

'lpropertles for sand w1th four types of geogrlds and one type"> "

- of geotextlle. The results of thlS test program are'

t‘presented and analyzed in thlS chapter. The 1nf’uence of the g

a
"construct1on and geometry of the reinforcement on the
1nterfac1al shear strength is examlned Othe& factors that

- may cause reductlon 1n,~t;”

_J,are dlscussed. .
A total of 35 consp1~' ‘jf "ralned tests were _

3 were conducted dur1ng the
mod1f1cat10n of the shea'- pparatus and the development of~

- test procedures. The rema1n1ng 2% tests were performed u51ng

_the mod1f1ed apparatus. Data for each set of tests are

:'»presented in Append1x o (Tables C.1 to c. 4)

45 2 Shear Stress and D1splacement Behav16ur

Two sets of curves show1ng the typzcal shear

X

a -

' .. "d'

‘.stress~dlsplacement behav1our of the unrelnforced sand and ,

the sand relnforced w1th SRZ are prov1ded 1n Flgures 5 1 and

*

5. 2 Other shear stress d1splacement curves for sano ~f‘ .
'- rel‘nforced w1th ssz TNE-5001, ParaGrld sos and PE00 are |
shown 1n Flgures C. 1 through C.5. All shear |

stress dxsplacement curves of the dynamxcally compacted sand

‘exhlblted stra1n softenlng behavxour at all stress levels

2
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A : ,
1ndependent of the type of re1nforcement. The shear stress _'gu

developed rapldly to a well deflned peak value before 'l,: ‘?h.
[f? L .“'v.w
( decre 51ng to a constant value for b%th unretnforced and L
relnforced samples.: ' R . o S

The amount of hor1zontal dasplacement requ1red to ,fl v
mob111ze the peak shear stress ranges from 5. 5 mm to 12 4
mﬁ; The d1splacement at peak shear stress 1ncreases w1th

1ncrea51ng normal stress, bu“for a g;ven,stress level the o
P T

' d1splacement to peak is approx1mate1y the same for both v«'
nrelnforced and re1nforced samples. Sand relnforced

geogr1ds moblllzed peak strength at s1m11ar d15placements~

o
4

the woven geotextlle, P600 reached peak strength at: smalle:
hor1zontalade£ormat1ons (5 5. to 8 1 mm) than Q1d*the - |
geogrlgs. It 1s p0551ble that the smaller deformat1on was"
f?;- attr1buted to the rough sunface texture and the planarlty of
P600 vhlch may requlre a smaller amount of part1cle '

). reor:entat1on to mob111ze the peak st\Ength '1'75" EREEE
co Cel
The re51dua1 shear stress values are attalned when the b

-t

horlzontal dlsplacement reaches 15 to 20 mm. Agazn, smaller,p:

.

?aﬂ‘.amounts o£ shearadlsplacement (7AO to 12 0 mm) are mobrl1zed

S < fon the&res1dua1 values of PSODf ‘;fﬁfb;1"{f_"'v:¢f.f§;317“"'
v C R I ;“"'f"uF"' BRI

5 3 Volume Change Behav1our ey _o';~'* e Qj~;_,';

. The vert1cal VersuSahquzontal d1splacement plots are S
p presented in F1gures 5. 3 and S, 4 others are shown in.

! - L .
F1gures of 5 to. c.8. The curves are typccal for dense_, q‘fl,v
samples, that 1s, they show a smaisrlnltlal compre551on

3
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o

follOWed by rap1d d11at1on._The followlng observat1ons are

'3'In general a greater degree of dxﬂatlon ocsurs w1th

.geogrld relnforced sand compared to that of the j;;_;_r

at

geotextlle relnforced sand ThlS suggests that the

}1arge aperture of the geogr1ds allows a greater ;jﬂ
S N o

- fﬁ; _Spec1mens atta1n”peak shear stress when the G f.
;Quh;fp:rhfdllatancy rate is; at a maxlmum. Generally;,a; ihe yff
o ef-i;d uormal stress _____ }é&feases, the dllatancy rate and the
. 'Q;Sl magnltude of the overall spec1men expansxon - ﬂi
:- 'd‘e\rcre'ases.rt : 7’_:,‘ : )A ‘ R : q
:%;%;'For aig1veﬁ normal sqress, the overall specxmanw“ik;;f;

PSS

,.7;;;1p-.g;expaﬂ51on rates are smaller for re1nforced sand than

; ‘-( - R "‘

‘[for unrelnforced sand Thls decrease rs more

'fpronounced wzth P6007Je;ause'of the l1m1ted amounk

5 4 Peak Shear Strength

._19."4

The peak and re51dual shear stress'ehvelbpes for the

gf“j rexnforced sand are plotted Ln F;gures C 9 to C 14 The

N

plots of peak shear stress aga1nst normal streﬂs 1nd1cate g

:7. 11near relatlonshxps for both re1n£orced sah.f,”fﬁﬁvkﬂrf,




-y

”'_fr1ctxon is sllghtly 1ower for retnforced sand Among the'jfpi;ff

‘m7fre1nforced sand samples, the peak angle of 1nterfac1a1
l;;ffr1ctlon is hlgher for the geogrld re1nforc1ng (40 0 to
'77f41 5 ) than for the geotextlle (36 2 ). | : ‘”
In some cases a small fnterfac1a1 cohesﬁon or adhevlon
’j.1ntercept 1s attalned when the shear strength envelope 1s |

pr03ected back to zero effect1ve normal stress. No phys1cal

-

“llmeanlng can be attached to the cohe51on 1ntercept suggested

gby th1s extrapolatlon. It has been found that thls 1ntercépt
1s uncertazn unless tests are performed at a Very 1ow “
;-‘*effect:ye stress and is thus commonly 1gnored (Lamb and

"fWh1tman 1976<\M1tchell 1976) For the test results shown L

‘;and are not d1scussed further 'Q_fﬁ'% ﬂ_'h '.fgfﬂ-f
‘ s, 5 Re51dua1 Shean strength n'}ﬁf‘ﬁ;f K '-stf' g
.\. ‘_‘.*\’ x o . " . .Av . S W o g
?éffﬁ-fh The re51dual or constant volume value of shear strength
: ' —_— Rt AN : -‘7 R 5

v

1s measured when the spec1men has,undergone a 1arge

hor1zonta1 deformatzon wlthout further volume change or

strength ga1n._The plots of the re51dual value of shear

T »

_;fstress Versus nOrmal«stress also 1nd1cate é%?e;?;j:i;%QQFEt’hlf
relatlonshlpa (Flgures C 9 to C 14) The ref1dual angle of

1nterfacral fr1ct10n 15 lower‘for the reinforced sand than
for the unrelniorcéd sand

-



'_55 6 E£f1¢1en¢y Values'fth,fmepff_ .

'- e

R .

'fThe peak and ré%1dual valuph of eff1c1ency fop both ‘ﬁ?lp_@#

;;<funre1nfqrced and re1nforced sand are summar1zed’1n'§1gures

vfijs 5 and 5 6 The eff1c1ency is” glven by ;
SEIRPEE SR ,}@ DLt el e

Ly

a

‘rithe effectlve total angle of 1nterfac1al frlctlon e
;’between the relnforcement and. the sand.,

, [

§ fthe effectlve angle of 1nternal fr1ct10n of
= ‘ 1n£orced sand.u ; _

o The peak eff1c1ency ﬁ?kuig_rangeffrom 0 75 to i 04 W1th .i
"ia geogrld e£f1c1ency of 0165 + 0 04.. The. hlghest E SR
fflcorresponds to the geogrzd TNX 5001 whlle the lowest E ;?
-}’corresponds to the geotext11e 9600 As shown in. F1gure‘5 7

"Jothe hlgh efv\t1ency value of the geogrxd can be attrlbeted
”rovto the extens1ve 5011 to 5011 1nteract10n ehrough the __fh‘
: ‘Tapertures. Th1s 1mp11es that geogr1ds do not represent fﬁ{f]fibff

Tgf551gn1f1cant planes of weakness W1th1n a. compacted granular

--I‘
SR

42:15111 The sllghtly IOWer efﬁlcxency Valuesxxndidate that the

”3v;roughness of P600 dld not prov1de adequate soil aﬁd ej;T,;ﬁ-”‘

“

‘faf're;nforcement 1ntenact10n_ o force the shean plane 1nto the

A

.f.adjacent 5011 layer..The 'eotext11e maylrepreSent a more

‘.p;ipotent1al slidxng pl_ﬂe’thh1n a granular lel than a’
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N

3 es1dua1 eff1c1ency values vary between 0 78 and 1 06
The 1argest reductlon between the peak and resxdual
h, eff1c1ency 1s shown by ParaGrld 505 Its re51dual
é§f1c1enc1es are. very close to that of P600
5.7 Sﬁfectstot Reinforcement;Propertlesj
5.7,1 pgk Strength 3 | | |
f;ﬁﬁ__‘ Resgarch reported in Chapter 2 shows that 1nterfac1a1 _yhﬁ_
"shear stm&hgth 1s pr1mar11y a functlon of so1l and
| re1nforcement propettles S1nce only one type of granular
. _5011 ‘was tested and all exper1ments wgke conducted in the
same manner the effect of rérnéprcement propertles such as.,%‘_
‘ the pewcent of open area, thenagerture shape, the aperture" L
dlmen51ons,‘and the surface roughness can be stud1ed by
comparlng the varxous 1nterfac1a1 shear strengths.,»"‘ .
The symbol a denotes the ratlo of the SOlld area of the o

re1nforcement to the total area of the re1nfordement. S1nce

the geogrlds SRZ and TNX 5001 have 51m11ar a: values (0. 45 ..fa':

.30
N

i‘and 0 42),_the1r shear envelopes can be compared f1rst to
study the 1nfldence of the dxmenszens of the apertures, the
. surface texture,:and the planarlty on ‘the 1nterfac1al shear

strength Second -a s1m11ar compar1son of propert1es of the

geogrlds SSZ and ParaGr;d 508 1s made. F1na11y, the shear
E ,strength envelope of P600, a geotextlle, 1s compared w1th
k the geogr1ds to’ g1ve an overall assesvment of the 1nf1uehce 'Hﬁ“
of these propertles on- the 1nter£ac1al fr1ctxon. g

et



F1gure 5 8gshows that the peak 1nterfac1al shear :;;rfay'k“
istrength envelopes of re1nforced sand are- less than the N
“effectlve 1nternal frlctlon«angle of the sand 1tself._ .

,‘Comparlng the two geogrlds, the 1nterfac1al shear strength
hgsof TNX 5001 (41 5 ) 1s very close to that of sand (42 5° )
:Th% total angle of 1nterfac1al fr1ct1on of SR2 1s 40 O . The

3

>7overall eff1c1epcyi

'0.92, In contrastu P600 dtsplays the lowest total angle of

*H1nterfac1al frlctlon (36. 2 ) and has an average eff1c1ency
© value of 0.89. ' o ek
| Although the gedgr1ds TNx 5001 and SR2 have 51m11ar a |
v'values and 51m11ar aperture shapes, the aperture d1mens1ons
%?%'d?fferent. The area of the aperture of TNX-5001 is. 116 .ii.
t't1mes larger than SR2 It seems from the results that the |
:fewer;blarger apertures of TNX 5001 may have prov1ded a

tgreater amount of 5011 to 5011 1nteract10n compared to that
”of SR2 Thls may cause the sl1ghtly hlgher ;nterfac1al shear
strength Therefore, the 1nterfac1al fr1ct10n 1s not only a.

;‘functlon of the percent of open area but 1s also a functlon

pof the dlmen51ons of the apertures.vS1m1lar conclus;ons have ‘

2

"”r774:¢~?'"

malues for TNX 5001 and\SRZ are 0 97 and L

7been drawn by other researchers (Coll1os et al.'1980 Jewell ;'

'et al; 1984~'W1111ams and Houl1han 1987) R -
L Jewell ‘et. al %1984) and Sarsby (1985) have found from K

:the1r results that there was a relat1onsh1p betweenihl'f

vj"efflcxency and the rat1o of aperture wldth to D50 of 5011

&

Spec1£ically,lthey found that the hlghest eff1c1ency value‘i"

’ was reached when the ratlo was 3 5 To further 1nvestlgate



_;g33 ;o9- — e ?’$“ 

n

-‘4‘0"-00.

| o—o U*emforced’ Crp
2504, &—a SR2. )

ETR ] < TNX 5001 ™ Y

] E"'—E?*:gPESOO' - S Srp ,-‘,’1-,_5_

} - _6~v .36 20,

W "

"

TP . . » .l' ‘-_ . u

0 . k0’ 100 150

- NORMAL "S}TRESS ( Pd) '

Y . N : - 'P, L .

‘ Interfacxal Shear Strength Envelopes of
Remforced Sand\ 2



S v A

PR

, the effect of aperture dlmen51on on the 1nterfac1al _'ﬂ:i'hk,fv

strength‘ the peak eff\plency 1s plotted aga1nst the ratlo
of the aperture width ﬁo D50 of the sand Flgure 5. 9 ;"f;,
demonstrates that some of the eff1c1ency values pf the

geogtlds tested in thlS program are sl;ghtly hlgher than ?i;jﬂ,

N those of Jewell and Sarsby The eff1c1ency valﬁes appear to\

be relat1vely constant over the range of tested aperture *};_F

o wxdths Thus,'at appears that when the so11 part1cles are f“'

L ]

” A

f.‘ small compared to the aperture w1dth of the relnforcement

the aperture width has llttle 1nfluence on the 1nterfac1al

The surface texture of the two- géogrlds are allke ;Qv.i -
S except that - the surface of TNX 5001 1s smoother and harder rfoﬂ
than- SR2 It aPpears from the results that the small |

v d1fference 1n sUrface propertles is not sagnlflcant enough

to cause any dlfference 1n strength Thus,othe 51ghtly _
4 BRSNS ST
3_smoother surface has no apparent éffect’on fhe strength _-f'—f

One dlfferen e between the propertxes of. the two

geogrlds is the1r planarlty The rat1o of the thlckness of
' 6
R the anchor member to the ten51on member of SR

\1s 3 74 and ‘

geogrlds 1nd1cate that TNX 5001 has a more plannar surface f

_of TNX 5001 1s 2. 0 The dlfference 1n thlckn'

' compared to SR2 One pOSSJble 1nf1uenqe of the varlatzon 1?} ,

'}thlckness ks that the shear surface may not co1nc1de w1th

A
,:the surface of the SR2 Due to the test cond1t10ns,_1t was

;not poss1b1e to examlne th”lshear surface of the reinforced

'Hsand However, the exam1natlon of the shear surface of the

i
LA
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P \

'_shear strength

-_geOgr1ds are 51m11ar. Be51des hav1ng 51m11ar a values (0 22

o

re1nforced clay tests showed that the shearlng was taken o

t
place along the 5011 and re1nforcement 1nterfdce. The fg*s:"n f‘

.

planar1ty of geogrlds has, 11tt1e effect on the 1nterfac1al

PR

e 2 .

F1gure 5 10 preSents the peak 1nterfac1al shear .‘ftuﬁl-,w
~l-strength enVelopes for sande1th PdraGr1d 505 SSZ, and d |
:P600 Un11ke TNX 5001 and SR2 there is no dxfference in the
7tota1 angles of 1nter£ac1al frrctlon between ParaGrld.SDS
.and SSZ The overall eff1c1ehc1es are 0.93 ang 0 94 The,'l
leestllnterfac1al fr1ct1on is shown by P600 v’ /_ .
In many way§'the phy51cal propert1es of the two il'l‘.( wo

~—-

.

and 0. 23) and 51mllar aperture shapes, the planarlty, and

"'the stlffness of the two geogrlds are also allke. Slmllar

deformatlons to peak strength and eff1c1ency values were

|'found

One dlfference between the two geogrlds is the aperture]_

d1men51ons, The ParaGrld SOS aperture s1ze is larger than

that for SSZ-tthe ‘area’ of the aperture of ParaGrld 505 is

5.2 t1mes larger than SSZ Slnce the ratlo of the SOlld an@@

"of the re1nforcement to the total area of the relnforcement

s small the majorlty of the total area of the

-relnforcement oon51sts of open1ngs. For th1s reason, the :

has a smooth surface whlle ParaGr1d 505 has ‘an embossed

- aperture dlmen51ons do ‘not seem to’ have a s1gn1f1cant effect,-

- on the 1nterfac1al fr1ct10n (Flgure 5. 9)

.\ - .
Another dlfference between the two geogrlds is- that SSZ
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surface.;Thus,_the effect of surface texture may be
% >""" "' v__.aq.

— ¥

examlned ffV‘”"f'g~<'jp-:.f:f""

;:v' f . § close examlnatlon of the surface of ParaGrld SOS S

| ”g'after testlng revealed that”sand f1lls the vo1ds of the

A
i embossed surface._Thus, in addrtlon to the 5011 to 5011 R
'_; lnteractlonkln the apertures, add1t10nal so1l to geogrld 45'

":h~f 1nterlock1ng is generated through the f1111ng of the v01ds.

However th1s addltlonal 1nter10ck1ng has not made a ;’fg
"s1gn1f1cant contrlbutaon to the 1nterfac1al frlctlon s1nce,

7;the 1nterfac1a1 shear strength of ParaGrld S%S was not

From the compar1son of the strength enVelopes of the

—

~ geogrlds it. appears that when more than 50% of the total

'L area con51sts of open1ngs, the aperture d1mens1ons and the
embossed surface do ndt have al51gn1f1cant 1n£luence on the

3l1nterfac1a1 frlctlon.n,

P600 w1th an a value of 1 00 exh1b1ts Qelat1vely hlgh

;f,},tcompar1son to the geogrlds. In theory the a value of 1. 00

represents a case of a sol1d ;heet of reznforcement. .'v

-

_ However, when the surface/was examlned af;er the tests, sandﬁ“

'lgralns were found embedded 1n'the t1ny openlngs between the
. \

-'4yarns. Although tﬁe openzngs (150 to 500 um) are extremely
o w2 N

: small compared to the aperture 51gq}of the geogrlds, 1t
i'appears that the;r presence are 1mp r‘ nt 1n prov1d1ng soll‘

"to so1l 1nteract10n.,

B . ’ ‘ A’



. the rough surface texture of the geotextlle and the small

In add1t1on» PGOO has a rough surface whrgh contrlbutes._if
"fto the mob111zatlon of the frlctzonal strength dur1ng shear;de'
'y.Hence, the moderately Hﬁgh 1nterfac1al fr1ct10n 1s due to ;t-va

amount of so11 to 5011 1nteract1on 1n the t1ny open1ngs.‘,

l

' The comparlson of the strength envelopes of the fﬁ;d
geogrlds and the geotextlle shows that the constructlon _
method of the re1nﬁorcement and the geometry 51gn1f1cantly
\1nf1uence the so1l and relnforcement 1nteract1on.b':v77 {1 v'*fi
Consequently, geogrlds wh1ch perm1t a greater degree of 5011
‘to soal 1nteract10n exhlblt hlgher 1nterfac1al strength than"

the woven geotext?le..

&

iS 7 2 Resxdual Strengtﬁ* fff”{
’ For thq d1rect shear cond1t1on, the re51dual effectlve .
.angle of 1nternal frlctlon 1s the same - as the fr1ct1on angle |
'.measured at the constant volume cond1t10n, ¢R ¢& (Hanna o
fd;and Youssef 1987' Jewell and Wroth 1987). Blshop (1971) also B

‘expressed ¢' as the dlfference betqee; the measured peak hf;{
NG SRR
:angle and the correspondlng d1lat1on ate '

.'(¢ - arctfn (dv/dh) ).. . ' |

- Flrst, the accuracy of the measurements of the fr1ct1on

‘angle at constant volume cond1t10ns w111 be - shown. Second
/

l_} the fr1ct10nal strength of both the relnforced and

'urelnforced sand w111 be compared to study the cause of a

'_decrease in frlctlon..
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-Tapd 5 13 presenv

.,\‘

the res1dual 1nterfa§1a1

1dual total angle of 1nter£ac1a1 fIICtaon ,.sr,
‘S%&M@Yb ko 37.9%) is shqhtly 1éver. '_’7;.'-'? |
“‘”’«é‘;ﬁh‘? :

than fofgﬁnrg& %orced sand (39 1 ) The ST;-value of TNX 5001 2 .

: _-fw |_? }{‘a_“,o
-‘\ O

G§$ 9“} @gheﬁx among the geogrlds wh1}e the &ﬁ value

6 '

g§4 1°) 1s the lowest and 15 the same as the_

5

;p, ) &é &Sﬁagpears that aperture 51ze and surface
qughness haVe Jlttle effect on the re51dual strength of"

’_} geogrlds. Thus, the re51dua1 1nterfacaal strength must be

affected by the presenaf of the sol1d re1nforcement

»

5 8 6:Iatfon\83rength _ “7"”§9i. o ?’5

5&\'

I

Flgure 8. 14 shows that tha boundary measurement of

/

'fsample expan51on dur1ng shear decreases w1th 1ncrea51ng

ﬂ;effectlve normal streSs. For the same vaer of normal stress
o e _
Mf-the d1lat1on of a re1nforced sample 15 less than that of .an

’unrelnforced Sample.‘It appears that the d11at1on rate 1s )
- 0 'z D
lfreduced by the presence of the rgznforcement To 1nvestzgate '.,”

"-thxs effect, the 1nfluence of the rat1o of the sol1d area of
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hl

the re1nforcement to the total area of the re1nforcement

‘on the d1latlon rate at peak strength (dv/dh) is. examlned

'l“r- Flgure 5. 15 1llustrates that the max1mum dllatlon rate

3l

) decreases w1th 1ncrea51ng a.‘Thus 1mp11es so1l expan51on
e

L,~occurs predomlnantly 1n the apertureS\pf geogrld and l1tt1e

- 5011 expans1on takes place on’ the solld relnfdggemént..Tt 1s E
- poss1ble that less energy is: spent to rearrangﬁa he 5011

' -partlcles on the SOlld part . of the relnforcement because of

LtS relatlvely smooth surface compared to the 3urface df the't

5011 part1cles. The dllatlon rate of the re1nforced sand 1s =TT

I‘l:

' decreased unless there is a large amounteqf open area. The

>

greatest reductfon in d11§k1on rate occurs when a 1s equal

3

00 (PGOO) ‘which allows ' very 11ttle s0il to 5011
qnteractlon. The dllatlon rate (dv/dh) approaches that of A}l
| the SOlld sheet. of | relnfircement but 1s not Zero. o
| To examlne €%é effect of the geometry of the “
re1nforcement on the d1lat1on rate,.the expansxon behav1our :
fof the re1nforced samples are compared ParaGrLd 505 has the_
greatest sample expan51on wh11e TNX 5001 exhlblts the: J,?c

3

: smallest expan51on In contrast, 9600 has the overall lowestl?~

N

2
relnforcement such as the ap ture d1mens1ons and the

?fembossed surface may have some 1nfluence in sample d11at10n. o

oo B
To 1nvestlgate the effect of rexnforcement planarlty on,

‘dllat1on rate,_(dv/dh) is. plotted aga1nst the ratlo of

‘anchor member or Junctlon thlckness to D“. F1gure 5 16

3 ‘o
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:‘5v941 Peak Angles‘ﬁf{ | '1sl“V7;f4. o L

“.where,

]6&5‘- peak total*angle of 1nterfac1a1 £r1ct10n

'¢1p;=_peakhefﬁeCtiVe angle of,internal frict{on;'

"5l'f'7kk”ff"-lﬁf.',i':”fb fd.fzf%3’:L“;-nszﬁ90"_7"
g1nd1cates that the d11at1on rate 1ncreases “with 1ncreas1ng
-Junctlon thlckné%s to D50 ratlo. It appears that the

"presence of the junctlons becomes 51gn1f1cant compared to

fthe small partlcles' a“Iarge amount of volume expan51on 1s

o el

o requ1red to Sllde the 5011 partlcles over the J%nctlons. The

“‘comb1nat10n of embossed contact surface and planarlty glves f

o

ParaGrld SOS the hlgh dllatlon rate. :

. 5.9 interfacial Eriction,of Solid'Reinforcements

To date, the two ma1n mechanlsms that govern the'~

';“5011 relnforcement 1nterface shear behav1our have been

o 1dent1f1ed and theoretlcal équatlons such as 5.2 have been

deVeloped to descrlbe the 1nteract10n (Jewell et all. 1984).s

- ~

EY

Q2 . .
LI : .
e e \ .

-
L

DS ='-p’<’=_'::ak‘totaiv”vangﬁle of interfacialgfriction;

ratio of sol1d atea of the. re1nforcem3ﬁ§;39 the .
o total area of the relnforcement. o "

e
II

of the solld re1n£orcement

tan &= a tan & + (1-a) tan ¢', - .[5.2] - .
T Pl o Gp.._ : o ! p_ : o - :



Equatzon 5 2 d1v1des the measured total angle of -
1nterfac1a1 frlctlon 1nto’two parts. It assumes that the
‘1nterlock1ng re51stance of 5011 part1cles ocdbrs only
'through the apertures ((1 a) tan ¢' ) and that the shearilf

'}

d.re51stance of 5011 to the solld surface of the relnforcement

o takes place only along the ten51on and anchors members

v'(a tan 6') 'Wlth these assumptlons,'equatlon'5.2 may-be‘.“
7iiused to estlmate the value of elther a"of.a"fof a”givenV
type of relnforcement. The calculated 6' may be used t
-pred1ct the eff1c1ency for a sheet of relnforcement where
ld&reet~slld1ng»faxlure.;s a concern. Alternatlvely,_bﬁimay n
- be approximated'from the knowniéé;and ¢'§;f0r any'h |
elnforcement conflgurat1on. » - _ d» | .

o Rowe, Ho, " and F1she%(1985) conducted pull out tests |
and dlrect shear tests to. show that equat1on 5 2 1s valld

c\v

'The re1nforcement used was SR2 and the 5011 was a’ loosely

‘compacted sand The results showed that the dlrectly

5 measUred 8'Vwas the same" as that predlcted by equat1on 5. 2
o Flgure 5 17 presents the calculated 6 for each type
of relnforcement at each normal stress level Although the -
'calculated-ﬁg is sllghtly scatte?ed a general trend of
:)decreaslng Sep w1th 1ncreas1ng effectlve normal stress is
evident The geogr1d TNX 5001 has the«h1ghest peak tota1~

£
angle of 1nterfac1al fr1ct10n of the SOlld relnforcement

- whlle the embossed b1ax1al ParaGr1d 505 ylelds a lower 6

It appears that even though ParaGryg 505 has an embossed

:surface, thlS does not seem to have a 51gn1f1cant 1nfluence'
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:Note'thatithe-S" calculated here w1ll overest1mate the
Sactual effect1ve 1nterfac1al fr1ct10n angle between a

' polymer1c sheet and sand. The reason 1s that the .
vapproxlmated 6 ;ncludes the addltlonal peak strength
_'ga1ned through the dilation of sand over: ‘the anchor- members.

v . .
4Th1s ‘must be con51dered when u51ng the est1matedl6 value.;,

,The calculated 6' Wlll best represent the 1nterfac1al o x\
frlctlon for a rlbbed sheet of re1nforcement.r B 4

Slnce the calculated 6' 1ncludes the shear re51stance i
. ‘ QA\

-

between the 5011 and anchor members (or junctlons) e‘
'th1ckness of the anchor members relatlve to the 51Ze of the
'5011 partlcles w1ll affect the amount of part1cle expans1on
and hence the value of &g In Flgure 5 4@ the Values of
'.1/D50 is normallzed by the thlckness of the Junctlons. It
‘appears that 8 reaches-an‘optlmum value when the ratlo of
.the maximum thlckness to D50 is 5. 4. Below‘thls Qalue;S’

irapudly decreases. The anchor members become th1nner or- the
‘gralns become larger. The ;resence of the members will be L
1ns1gn1f1cant compared to- the 1§%§ér part1cles, thus llttle ;.
'volume expan51on is requlred to. overcoms the 1nteract1on
between SOll gra1ns and members. 8o becomes - the angle of
3d1rect slld1ng of gralns on a polymerlc sheet.

For a maxlmum th1ckness to D50 ratlo larger than the

optlmum value, Scpvdecreases slowly w1th 1ncreas;ng member
th1ckness and decrea51ng partlcle size, Th1s 1mp11es that

the re1nforcement surface is ‘no longer a planar surface. In -
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-thlecase, large volume expan51on is expected to take place.i
'around the anchor members whlch should result in a large‘r'
’6&, It is p0551b1e that due to the greater degree of
klnematlc ireedom of small 5011 gra1ns in the shear zone,

ﬂless energy may be requ1red to rearrange the sozl partlcles,-

*thus 6' is sl1ghtly decreased

/ ‘,;.;»?“ e 4

5.9.2 Residual Angles' }5¥' e
[ U51ng the same assumpﬂ'ons as in équatlon 5 2 the "

fexpre551on of the total angle of.re51dual 1nterfac1al\d///'
,fr1ct1on C?“.be wrltten as:f; , ?

e
4

'."tan'&&=ia_tan16ét+ {1<a) tan ¢ . E +g.31
" where, - .. o7 T - “

j&ﬁd=fresidual totallangle of interfacial friction.

8,.= residual total angle of ‘interfacial
7~ “friction of the solid reinfqrcement.

R

gl s residual'effective»an lefoflintnrnal fricitOn.
R T 9

- The 8.y versus effectlve normal stress 1s plotted 1n'm'f

-Flgure 5. 19 The same trend of decreas1ng can- be observed

The decrease of 6&\15 not as large as 8 because thevvolume

texpans1on effect is, removed TNX 5001 has the hlgheSt GGR,_

:”&ollowed by P600 The planarlty and the surface roughness of

a sheet type of reznforcement m§¥ have some 1nfluence on the

vre51dual 1nterfac1al fr1ct1on._-
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. 5011 1s proportlonal to the normal stress d1str1but1on at

icontact with other 5011 partlcles Bec

vSlnce there is no reduct1on 1n the externally applxed

5. 10 Effect of Normal Stress

The max1mum shear stress envelopes of the tested

‘vmaterlals (F1gure 5. 12 and 5 13) 1nd1cate that ‘the -

'1nterfac1al shear strength is normal stress dependent As'

Py

seen in’ Flgure 5.14 and 5. 17 the overall d11at1on rate and
the peak angle:;!’1nterfac1al fr1ctlon of the SOlld
component of the relnforcement decrease w1th 1ncreas1ng

conf1n1ng pressure. Thus, the 1nfluence of normal stress on-

'the 1nterfac1al fr1ct10n should be exam1ned

It 1s known 1n the dlrect shear test that the str;ss

' concentratlons at the boundarles have contr1buted to

1’pn;-umform stress d15tr1but1ons within the tested spec1men

97

(Ingold 1982- R1chards and Scott 1985). Hence, the presence .

of relnforcement may further alter the normal stress

’

_d1str1but10n along the 1nterface.

> - .

The fr1ct1ona1 re51stance to dlrect slldlng of granular

‘the p01nts-where 5011 gralns come bnto contact ulth each
other. Thus, an 1ncrease 1n conf1n1ng pressure causes

increased contact whlch 1ncreases the frlctlonal re51stance.

‘lrg At the 1nterface, only the 5011 partlcles wh1ch

jprottude through the apertures of the geogrlds are 1n

L?e of the

. e

.1ncompre551ble nature of the sand gra1ns, a. greater port1on

of the normal stress w111 be carr1ed hy thece partdcles. S

v 9

conf1n1ng pressure,;the vert1cal stress carr1ed byﬁthe 5011_ -




-}hktrgnp‘_n;g:prfl»;';‘,%Q hﬂi‘_itééf
i | o L CoL e
partlcles on the solld surface of the relnforcement must be"»
lesseaed Flgure 5. 20 1llustrates the hypothetlcal normal
stress dlstrlbutlon Ain the 1nterface. : '+%_'
o If this. hypothet1cal normal stfess d15tr1but1on 1s'
'correct the fr1ct10nal re51stance to d1rect sl1d1ng is

S
1ncreased over the apertures and decreased over the solld
: 5ur£ace of the relniorcement - The" 1ncrease of normal stress
in the apertures leads to a decrease 1n partlcle

1nterlock1ng Consequently,_the d11ation rate 1s decreased

'5.11 Summary

Y

1. The peak 1nterfac1a1 shear strength of relnforced Sand
v.;ls less than unreznforced sand N | |
.2.'.The peak angle of 1nterfac1a1 frlctlon is higher for yy

- geogrid’ relnforcement (40 0° to 41 5° ) than for theg&

geotextlle (362) - L §
f ’ : ’ .4‘..v~

'strength- the aperture shape, planar1ty,;- smbossed

surface of geogrlds have no 51gn1f1cant eud
4, The surface roughness and t1ny open1ngs of a geotextlle -
- are 1mportant to the moblllzatlon of the fr1ct10na1 o ﬁb-

strength, = h*\,; : ':; v fli;'.\ 'fh“hﬁ;g;;- h%f;.
5., The re51dua1 1nterfac1al shear strength of relnforced
_ sand 1s lower than unre1nforced sand L"

- 6?1 Thﬁ res1dual total angle,of 1nterfac1al fr1ct10n for the

| ) geogrld re1nforcement 1s szm1lar to. the geotext11e. The



3
'7
. ‘ ’ \‘.
S .
T vlnan‘s.oovorApoﬂubres o R : . o
. ° v
B
EQ
o=
20
' <« \Docr-ea‘se over Solid
_ _ Lo - Reinforcoament
BT TR & -eemeaeae - EE R -
} :
Solid Reinforcement
L »
) 
- | \‘ -

.5:_

v

Fighre'5,20~Hypothetica1 Nofmél Stress Dfstribution at the .



e

appear not .to. have an’ effect.

v

'aperture s1ze,,aperture shape, and surface roughness

N
A

_ The percent of open area, aperture d1mens1on embossed

<

: surface and planarlty 1nf1uence the dllatlon rate« The':

'U_re51dual"1nterfac1al strength.‘ -

;reductlon of the" shear dllatlon of the relnforced sand

‘may also be caused by the non unlform normal stress

: jdlstr1butlon at the. 1nterface.

for the tested mater1als, the embossed surface appears

~not to have any effect on the peak total angle ofA

1nterfac1a1 frlctlon of ‘the SOlld relnforcement The
planarlty .and the rough surface texture of a sheet;type

of re1nforcement appear to have some 1nfluence the



) *~ 6. TEST RESULTS FOR REINFORCED CLAY
e S
6.1 Introduction

fThe consolidated undrained direct §hear-test results of -

. a cohesive 5011 w1th four geogrlds and a geotext1le are

"esented These results are dlscussed 1n terms of total

'vstresses The 1nfluence of the - re1nforcement propertles on

';1n Appendzx D (Tables D.1 to D. 6) ._ S v

. 3
. oo

;‘dynamlcally compacted clay is 11ke that of al

6 2 Shear Stress and Deformat1on R ' R

the 1nterfac1al shear strength of the relnforced clay are !

_ ‘stud1ed

~A total of 46 consolidated undrainedhtests'were

performed Six prel1m1nary tests were conducted durlng the
v 5

'development of the test procedures. The rema1n1ng 40 tests
were conducted in accordance w1th the test procedures

“outlined in chapter 4, The data “from each test is summarlzedv’

L - . . - . .

k)

;(serxes of twelve consolldated undralned dlrect shear

-‘g S '

s;wert'@arrled out on the unrelnforced silty clay The -
,cdarﬁsixess and dlsplacement curves -are summarlzed 1n‘ '

‘Fxgﬁﬁe-é 1. The stress deformat1on behav1or of the

A

strain- hardenlng so1l It exhibits a rapld rise in. shear

.\

strength with 1ncrea51ng dlsplacement before 1t levels off

- to ach1eve a peak value. The straln soften1ng behav1or was

d1splayed for normal stresses less than 50 kPa. This. /\\\\\\

- behavior was thought ‘to be the result of the applied normal
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l'fre1nforced 511ty ciay 1s shown in Flgure 6 2

-pressure belng 51gn1£1Cantly smaller than the

dpreconsolldatlon stress (140 to 175 kPa)

N

' The typlcal shear stress deformat1on plot of a .

ol

5GStra1n hardenlng behav1or 1s found 1n all the tesg_results

4ffor relnfticed s1lty clay (Flgures 6 2 and D 1 to D 4) The

hear dlsplacements requ1red to’ mobillze the peak undralnedj’

,sffﬁhgth (8 to 17 mm) ‘are 51m1lar ‘to those~of the jf'gi

‘ unre1nforced clay (8 to, 15 mm) The deformatlon to peak

s

1ncreaSes w1th 1n€rea§1ng normal stress The presence of the

, the shear dlsplacement to peak %Jf"

o \.,4

relnforcement appears not to have.a 51gn1f1cant efféct on

e

o Desplte the dlsplacement rate used in- the tests, the:;”

e vertlcal dlsplaqement measurements 1nd1cated that a small

overall helght phange occurred 1n both the unrelnforced and
re1nforced undpalned shear tests (Fagures 6 3 and 6. 4) Th1s

1mp11es that the stress concentratlons at the spec1men

boundar}es may cause the development of pass1ve and actlve, S

pressure zones,1n51de the spec1men. ThlS may 1nduce the y7;.7

load1ng platen "to t%%t, affectlng the vert1cal dlsplacement R

measurement S1mllar results were also found by Jewell
(1%?0) who performed undralned tests on kaolln clay
re1nforced w&th a metal gr1d Southern (1982) also reported

[
°51m11ar behav1or for the undralned tests of sandy clay

. relnforced wlth SR2 D t> 



1409

1301 .

1

1204’

1103

~Rate of Shear = 3.05 mm/min

10041 -

R §
p
sS4
4

SHEAR STRESS (kPa) -

-] p = =
804 & o
] e e < = S
O & e a
R -
. a
B = = o . .

5 10 o 39
HORIZONTAL D P

}\

: F1gure 6 2 Shear Striéif
Clay Re1nforced with eég:id.SR2 i

SR

T
EMENT (mm)

v

40

& .

and Deformation: Curves fcr Silty

L +0 4\ |

-~



- 25 :

o.
w BN
N

'HEIGHT CHANGE o BT

o
PR |

: ‘_z_q v , SR . — ‘1"’_ ."‘;' ‘ ey m— .,_ -
SRR ¢ o5 10 .15 20 25 . 30 35~ 40
| HORIZONTAL DISPLACEMENT (mm)

22
F1gure 6 3 Vert1cal and Horlzontal Dlsplacement Curves for

*Unremf’orced Sllty Clay



L
‘o
P I

HEIGHT CHANGE (%)
2

,
o

o v L.

P NPT RO RS B

0, = 50 kPo ‘ Rate of Shear = 3. 05
o =100 kPo o
o= l(5;kF3Q Y

=25O e ;

mm/min.~’

N

.r.

A
PR}

- ’ —

, ‘.,V'Q.jﬁ
10 15 20 25  +.30

“HORIZONTAL DISPLA.:CEMENT (rm).

[ - :
» . -
R <
: N'&n.‘ E
i I S E

w,+

,':n~ -
v

§1lty Clay Relnforced w1th Geoé?id PafaGr:d 505 Ir

P——

35

40' L

&,



S S R 1 2

W

6 3 Consol;datlon Results

Two sets.of consolldatlon curves of the unrelnforced

'and relnforced s1lty clay from the undralned tests are shown o

in F1gures 3 4 and 6. 5 The consolldatlon stage was -

‘completed w1th1n 24 hoﬁrs pr1or to ‘the undralned shear test.

'Other consolldatlon curves are shown 1n Flgures D 5 to D 8
The consolldatlon results are also shown in the percent
Stwaln versus normal stress plot Flgure 6 6 It appears
1_that a. greater degree of consolldatlon was achleved by the -
spec1mens in the 300 mm’ shear box compared to those in the

oedometers

’6 4 Shear Strength
The undralned strength of a cohe51ve 5011 was

:orlglnally d1v1ded by Coulomb 1nto two parts. fr1ct10nal

vystrength and coheszve strength S1m11arly the total ' BRI

' 1nterfac1al shear strength of. the re1nforced clay rp can be
';_d1v1ded into. two parts' .
TTp= CTp + qdn tan 5'l’p ‘. N ‘, [6°1] ' |

"where{
—total 1nterfac1af cohes1on 1ntercept,

o, —normal stress._

6, =total angle of interfacial friction,
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As dlscussed in the prev1ous chapter the 5011 and
g re1nforcement 1nteract10n that governs the 1nterfac1al shear
~.strength of granular 5011 cons1sts of two components. For aih
coheslve so11 the two components cah be further d1v1ded ’

f,1nto the cohes1ve and adhe51ve strength Hence, ‘the total B

1nterfac1a1 shear strength can be wrltten as the sum of the

-
t &

;contrlbutlons. Equatlon 6.1 becomes

?h'a)(c +o tan¢ )

CI6.20a

AT 5TT§_ aCtG+a tan6 )

where;

Ce =‘1nterfac1al adhe51on 1ntercept of the solld

re1nforcement..,vv~ R s .
N Bclﬁ?angle of 1nterfac1a1 fr1ct10n of the SOlld
T -relnforceme;y ' . .
L o A ., : S o o .
c, = _undrain_ed'cohesion intercept. . N
. ¢, = undrained angle of internal friction.
< and ¢ can be measured 1n a convent1ona1 d1rect o T
- shear test whlle cG and &g of a- 51ngle member can be .
'fdetermlned from the mod1f1ed shear box test. Assumlng the ot
_contr1but10n made by each component 1s correct, Trb of any v

>

,'type of re1nforcement may be estlmated from equat1on 6 2

'h Alternatlvely, the 1nf1uence of each component may be

‘ studled



It is beyond the scope of thls study ta-determlne tha»7{
exact contrlbutlon of each component and to e%mpafé’t
p “Q

o

: 1nformatlon obtalned from th1s test1ng program makﬁﬁft

: \ ‘.
.-1mposs1ble to demonstrate ‘the valldlty @f equation 6. 2‘/Qm
w1thout maklng numerous assumptions.vThus, the resultS'ot
‘the relnforced clay obtalned from this program are compared
Cin terms of total 1nterfac1al shear strength or the
JMohr Coulomb fallure envelope. | | ‘ |
As d1scussed in the prev1ous chapter, the shear

:strength on the shear surface 1s prlmarlly a fun¢t1on of the
properties of the relgﬁorcement and of the 5011 In thlS
'f_study, the propert;es of the 51lty clay were held relatlvely

constant Therefore, the 1nterfac1al shear strength of f1ve
y‘types of relnforcement can: be compared to g1ve a qualltatlve
' assessment ‘of the 1nfluence of the geometry of the o
relnforcement on the 1nterfac1al strength

-
.

’6 4 1 Effects of Re1n£orcement Propert1es on Shear Strength
e The Mohr Coulomb fallure envelopes of two geogr1ds and
a geotextlle are: compared in’ Flgure 6 7. The 1nterfac1a1 !
shear strength of the relnforced clay is less ‘than the
unrelnforced clay. All fa1lure envelopes are gently curved

1nd1cat1ng the 1nterfac1a1 strength is non llnearly normal'

stress dependent ‘;' - . . o o "ﬁﬁu S
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‘lTh gqurld TNx 5001 mob111zes sllghtly hlgher shear

’- -

'~strength compared to SR2 S1nce ‘the mechanlsm of the

l 1nteractxon 1s the same“for the geogr1ds, the sllghtly

Y

L hlgher strength may be attr1buted to a d1fference in |
‘.'jgeometry As discussed prev1ously SR2 and TNX-~ 5001 have a

:,srmllar ratio of_the_sol;d>area~of_the re1;¥2rceméht to the

total areafof the'reinforcement (dQO 45‘-0 42), but the1r

‘aperture d1mens1ons and thlckness ‘are quite dlfferent It is
,.hp0551ble ‘that. the sllghtly hlgher ghterfac1al strength of

‘TNX- 5001 is. attr1buted to the greater amount of 5011

shear1ng over so11 in the larger apertures. The smooth and

vyhard surface of TNX- 5001 does not. seem to have an effect on'

o
the shearlng strength o

A comparison of the 1nterfac1al shear envelopes of the

'Tunrelnforced clay and those relnforced w1th SSZ

'ParaGr1d 505 Fg% P600 is made in FLgure 6 8. The response
;of the relnforced clay is s1m11ar to that prev1ously noted

‘ for TNX 5001 and-SRZ The peak shear-strength envelope foryi
,the unrelnforced clay is greater than ‘that fogsrelnforced |
: clay. §s2 has a sl1ghtly hlgher 1nterfac1al strength than
ParaGrid. SOS |

' For ParaGrld 508" and SSZ it appears that aperture

1'd1mens1on has no 1nfluence on strength Even though the area
of. the aperture in ParaGrld 50S is 5. 23 t1mes larger than'

SSZ the 1nterface strength of ParaGrld 50S 1s less than e

%

.~ 882, The embo:sed surféce of ParaGrld 505 also appears not

to have an’ influence on the strength 552 has a 'smooth »



. —e Unrewﬁorced o T, ' .

'_;250—"‘5""15 Ss2 - " * w - 1 -

' " | == ParaGrid SOS R ' 8 B
je— PEOO .

',} .

n .
o
L

1=

150—~.a'

100 A

'SHEAR STRESS (kPa)

504

0 .- s0° 100 150 200 750 300
o ~ NORMAL STRESS (kPa)

LN

) Figure 6.8 Un'dra‘i'néd' Shear 4St'rength'p"Bm-(e‘lopés'_ Qf Reinforced -



'to those of the geogrlds As dlscussed by Williams and

strength of the unrelnforced soil.

-~

<SUffa€QJY€t ekhibitS'higher shear strength than ParaGrld
'fSOS The p0551b1e ekplanatlon is that when a. 1s small 'thef r

_total area of the relnforcement con51sts of openlngs. The. '

by

;1ntegfac1al strength is predomlnately from tne shearlng of

soil partlcles in the apertures, thus the size. of the

;_openlng has no major effect on the strength Slnce a .

relatively small portlon of the total relnforcement is _l

-solld the contrlbutlon of the shear resistance generated :

from 5011 sl1d1ng on the SOlld surface is. small For thls

reason whether the SOlld surface of . the geo?rld is smooth or"

embossed has no effect on the shear strength

o For rough.textured P600 the contrlbutzon‘ofdshear‘

: N |
-strength is. predomlna%ﬁay from the shearlng of 5011 over the;
'ent1re rough surface an&%penetrat1on and lodglng of 5011

.'partlcles in the open1ngs between the yarns, Flgures 6. 7 and d"

Ed

6.8 1nd1cate that tgy§\m$de of shear re51stance 15 superlor

Y

.and the roughness of the. surface of the geotextlle may be M

suff1c1ent enough to cause the shear stress to be

transferred.from the 1nterface 1nto the adjacent so1l layer.
They found the shear’surface 1s developed ‘at ' a dlstance of
between 0. 4 to 3.2 mm above the 1nterface. Thus, the

. _
strength of the 5011 geotextlle matr1x can approach the

\ )

1t*%is evrdent from the comparlson of ‘the f1ve ‘envelopes

- that for\§ grid type of re1nforcementi the ratlo of the

.e

Houllhan (1987) the interlocking of soil w1th1n the openlngs I

q



o _'.1nterfac1a1 strength 1s strongly dependent on t‘surface

‘terms,.one related to fr1ct1on E, and’ ‘the other to cohes1on éj-ff

T e e M6
S - : AR o o

A»isolldAarea og,the relnforcement to the total area of the

relnforcement governs the 1nterfac1al 1nteract10n. When ,,fr

' “ there is an exten51ve amount of 5011 to- so1l 1nteract10n

through the apertures, the 1nten£ac1a1 strength 1s .

*_1ndependent of the aperture d1menszons and sur%ace texture.v.

'When the 5011 to 5011 1nteractlon 1s lJmlted ‘é%e

_characterlst1cs of the relnforcement Thus :1€'appears that

the type of re1nforcement and its geometry 1nfluences the

1shear strength behav1or.

R

‘6 5 Eff1c1ency _ vﬂ e *t', A

For relnforced non- cohe51ve 50115 the eff1c1ency (E' 1s ﬁﬁw

-commonly deflned as tan &w/tan ¢ For relnforced cohes1ve

' 50115, ollls et al (1984),—Koerner, Martln, Koerner

(1986), and M1111gan (1987) have d1v1ded eff1c1ency 1nto twb

L

or adhes1on E

Y tam s,
= TR ' . ) R ] K
B e o 16.3]

~and AR . L L

_Cmp

‘ft6;4];7

.. The 11terature rev1ew shows that E ranges from 0.4 to

1. 0 ‘and E from 0 1 to - 0 9 and vary Hlth the appl1ed normal

etreace n:r+1ﬁ1n ‘eioa anA nnnmn#ru Af +ha rnqn#nvnnmanh
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?
For the test results shown here, the curvatute

-‘faxlure envelope 1nd1cates that the apparent angle o-_r

“,h”lnternal frlctlon ¢ the total angle of 1nterfac151

: ?
~fr1ctlon-6 pr the apparent cohes1on c and the 1%terfac1al

7
‘coh951on c For thﬁs

'w vary w1th applled normal stress

2.

-reason _eff1c1ency is expressed in: terms of total

'1nterfac1al“shear strength

Lo
‘ : : . Lo o
The eff1c1ency for each relnforced test’ls calculated.

h_and presented in F1gﬁre 6.9. Eff1c1ency ranges from 0. 74 to

- .1 0. Although the calculated E is sllghtly»scat ered it

appears that eff1c1ency decreases wzth 1ncrea51ng normal

A

: stress. '

- As dlSCUSSed prev1ously a seems to have ‘some 1nfluence

'fon the 1nterfac1al shear strength To study the effect of a,

z»f,x

L'the results are’ plotted in the form of eff1c1ency versus a._»'

l'Flgure 6 10 shows th t when ais small there 1s more 5011 to .

o '?'ba\
,’5011 1nteract10n. The 1nterfac1al shearxstrength pproaches

o that of the unrelnforced 5011 and the eff1c1ency 1s§hlgh As

. ¢ L A

a 1ncreases, the 5011 to 5011 contact decreas wh11e the
‘ 3‘?

.

~

‘-then73
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BRRREY-X

'the contact surface texture becomes 1mportant Tables A. 2
~-and A 4 show that for a sheet type of re1nforcement |

:v‘eff1c1ency ranges from 0 3 to 1, 0 It varles w1th thlckness
'?and surface characterlstlc of the re1nforcement Flgure 6 10.
ﬁshows that w1th a rough contact surface, exempl1f1ed by

v PGOC the 1nterfac1al shear strength can approach that of .

: the7501l and the eff1c1ency can be hlgh T |

The consolldated undralned shear test is performed to

model the undra1ned shear streSS behav1or of a relnforced .

'“‘[5011 in the f1eld The dralned condltlon assoc1ated with thei

]
?effectlve shear strength was not 1ncluded 1n the. testlng

o program. However the test results of. the re1nforced sand

3

have made 1t p0551b1e to’ estlmate the dralned eff1c1ency of
the relnforced 81lty clay ‘As shown by the results of the
.“re1nforced sand dralned eff1c1enc1es are 51m11ar to the

undralned eff1c1enc1es of the relnforced clay In add1t1on},

'“'l test results from Ingold and Jones (1981) also 1nd1cate that

for kaolin clay re1nforced w1th an 1ncl1ned metal gr1d the-'

dra1ned and undralned eff1c1enc1es are 51m11ar. Hence, the

R dralned eff1c1enc1es of the four geogr1ds and one geotext11e<"

used in. thlS research program would be s1m11ar to . thelr
_ undralned eff1c1enc1es. The dralned eff1c1enc1es of these

"relnforcements are estlmated to be between 0 84 and 0 93



‘) .

« o
Ve

1.2

1.1

SR

" SR2 ..

TNX-5001

‘X '_Pcra'Crid.'SOS"

ss2 0. P60O.

o

0.9 -

EFFICIENCY

0.8

0.7 %

LN

X X

-

A

T PR P

02 0.3 04 05 06 07

» : o G SRR
- ..  Open-Area Ratio = = < ' | a

v

. R

‘. . o v N R
. . ~% - A

K3

‘

Figure 6.10 Influence of the Open Area Ratio en 'U'ndr-a&hed-‘_’ R,
" Efficiency R GO U B S NI A A S




7. CONCLUSIONS AND RECOMMENDATIONS

oo

| Sumniary

‘The purpose of th1s research program:was to determlne'
.'the 1nf1uence of the construct1on and geometry of four
_geogrlds and one geotextlle on the 1nterfac1al shear |
strength of a, granular and a. cohe51ve so1l In add1tlon a p

[ aa

'mod1f1catlon to a standard w1de w1dth dlrect shear box'

‘ apparatus was presented and testlng procedures were -
_vdeveloped for th1s research A total of 35 consolldated
'dralned d;rect shear tests .on_one sand and f1Ve types of :
”re1nforcements were performed The exper1mental results have
been reported in Chapter 5 From these results the 1nfluence .
»of the propert1es of the relnforcements were examlned The
'Jtest results of 46 consol1dated undra1ned shear tests on
'relnforced clay have. been presented in Chapter 6. The effect .

. of the relnforcement propertles on a 51lty clay were

discussed.

v7,2'Conc1uSions~

A
7.2. 1 Re1nforced Sand' o o T

v o

The constructlon method of the re1nforcement and -
w
'therefore 1ts geometry have some 1nfluence on the 5011 and

"relnfordement 1nteract1on. Geogrlds wh1ch permlt a greater"

degree of - so1l to SOll 1nteractlon exh1b1t h1gher

"1nt$rfaéial fr1ct10n than woven geotextlles.
KO . . \') : “« .




 The lower eff1c1ency (0 83 0 06) of the geotextlle\

o

: The ;nterfacral £r1ct10n betweenvthe densely compactedlrt
_,4'sands %nd the geogrlds 1s dﬂose to the shear strength of the
fsand Therr eff1c1ency is close to one..The h1gh eff1c1ency
,::,values of'geogrlds (0 95 + 0 04) can be attrrbuted to the f’h'
afexten51ve 5011 to sotl 1nteractlon through the aperturestl
Th1s 1mp11es that geogrxds do not represent 51gn151cant
‘planes of weakness w1th1n a’ compacted granular flll The:‘
'h,aperture dlmen51ons, the apertur 1shape, and ‘an. embossed

i -

_ﬁoblllzatlon of the s

'surface have 11ttle effect on the

1nterfac1al frlctlon when a. geogrld has an open area ratlo .
greater than 50%. 'V} e '?' ’ ff N . %.f" rgf d,f‘] f'f.;"
Y The 1nterfac1a1 frlctlon of the densely compacted sand

;and geotextlle is less than the shear strength of the sand

}1nd1cates that 1t may represent a more potentlal slldlng
plane w1th1n a granular embankment. For geotextlles the_
"surface roughness and the small openlngs created by the
_ .closely spaced yarns are essent1al 1n moblllzrg; the

‘1nterfac1al strength Q“-”;gf }ii@;“‘ Lf

The re51dual total angles of 1nterfac1al fr1ct1on of

‘fthe geogrlds (34 1° to 37 9 ) are 51m11ar to that of the

,geotext1le (34,1;) The re51dual eff1c1ency IS 0 92 ¢ 0 08

ItvappearSrtha'.the percent of open area, the aperture

shape, and the aperture d1mens:ons have no apparent effect ’
"on the mob111zatlon of the res1dua1 Laterfac1al shear v
' strength Qhe presence of, the SOlld rernforcement has causedn

:the—reductlon of the res1dua1 strength S




ff (Sh:i-:fr-lY:TZE"h":'f.; 'tu;ptﬁf h,::;'hleff:‘7‘\5L123fri5

l'The.dilatgon ratevduring shearvis.reduced'hydthe:'nu
presence of the re1nforcement because the so11 d1lat10n is
’occurr1ng predomlnantly in the apertures. The reductlon 1s B
7-more pronounced wlth the geotext1le because of 1ts 11m1ted
amount of soil to 5011 1nteract10n and 1ts planarlty;,The"
'hlghest d1lat10n rate is ach1eved by the geogr1d w1th the . .
combinat1on of ‘an embossed surface and a 1arge openlng 51ze.

Thus,.the amount of 5011 dllatlon 1s a functlon of the

percent of open area, the aperture d1mens1on, and- the

'surface roughness of the relnforcement. The reductlon of thefff

B

'~'shear dllatlon of the relnforced sand may also be caused by
_the non un1form normal stress d1str1but10n at the 1nter£ace.
For a- plane sheet of relnforcement the embossed surface;
,appears not to have any effect on- the peak total angle of -
-d1nterfac1al fr1ctlon of the sol1d relnforcement..The |
planarlty and the rough suriace texture of a sheet type of |
relnforcement appear to have some 1nfluence the re51dual
1nterfac1a1 strength f-xf | s
.-h7 2. 2 Rexnforced Clay .: »:]:f;.f .'_ : =

lFor" ogrlds, the ratlo of the SOlld area of the

're1nforC‘ment to the total area of the re1nforcement, a,.
governs the 1nterfac1al 1nteract10n.~When there 1s ar

- extensive amount of 5011 to 5011 1nteractlon through the

apertures, the 1nterfac1a1 strength is- 1nde t
- aperture dlmenglons and surface texture. When the 5011 to

'5011 1nteract10n is l;m1ted‘(a=1.0) the 1nterfac1al -
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"'sgrength is strongly dependent oni the surface chafacterlstlc _;:
fhof the relnforcement For geotextiles a rough su&face can‘,;f“

Jgenerate an adhe51ve shearlng strength appnoachlng that of

;,_clay. Thus, the constructlon method and the geometry of the

"relnforcement strongly 1nfluence the shear strength

behav1our.

-

The 1nterfac1al shear strength of the relnforced clay
l'was less bhan that of the unrelnforced clay. The' eff1c1ency
..ranges between 0 74 and 1, .00 var1ng w1th the constructlon
'h and geometry of the relnforcement The'presence of the ,
‘re1nforcement has- no effect on the stra1n hardenlng behavxor
“of ‘the tham1cally compacted szlty clay or on the amount of

’”—the horlzontal dlsplacement to mob111ze the peak strength

e

:';7 2 3 Test Apparatus and Procedure

\ThlS study showed that the mod1f1ed wlde w1dth d1rect

.shear apparatus was appropr1ate for determlnlng the requ1red o

011 where 1nterfac1al S

-

materlal propertles of a relnforced
'gslld1ng is a concern. The testlng pro edures developed for
thlS research were su1table for asse381ng the 1nfluence o{,

'relnforcement propertles on 1nterfac1a1 strength

7hf;3‘Summary'of'ﬂiteratureﬂneview | o B
‘In so1l relnforced with a geotext;le or a- geogr1d 'the:h%

'1nterfac1al fr1ctlon befween 1oose1y compacted granular so1l

'and relnforcement 1s s1m1lar to that of unre1nforced soql

.
Its eff1c1ency is therefore very close to’ one.,»

e -



The 1nterfac1al frlctlon between dense granular so1l

Gand relnforcement is. less than that of the unre1nforced

)

5011 The redUctlon 1q eff1c1ency may be related to the-‘f
'hconstruct1on and geometry of the re1nfortement.v7_;ip‘

| . The’ 1nterfac1a1 frlctlon 1ncreases WIth 1ncreas1ng _
,surface rouanesgglndependent of the type of so1l and the

,type of relnforcement- A textured Surface may prov1de better’f
‘1nterlock1ngfh1th the so1l gralns than a. smooth surface,~'
‘ ! : U L
thus the efficiency 1ncreases._. ST vh'f- SRUTRRR A

)

. ‘In granular or cohe51ve 5011 relnforced w1th geogrlds ’
yw1th the samﬁ plgnarlty, the geogr1d w1th the b1gger open1ng

dimens1ons has adplgher 1nterfac1a1 frlctlon. It appears
: » . ‘, o

-zthat a greater amount of s0il to so11 1nteract10n occurs in

. ) 2

“the larger openlng 7h1ch results 1n a hlgh eff1c1eﬁ’y\value.

‘For granular sd1l re1nforced w1th woven geotextlles

\

.w1th a 51m1Lar percent of open area, a th1n and st1ff

;geotext1le mo 1l1ze§ slaghtly h1gher frlctlonal res1stanceh

'than a thln /

13

;percent of open area, a. th1ck and flex1ble non woven
i:geotextlle y1elds a h1gher frlctlon angle ‘than both a thln..
and "’ flex1b1e and a thln and stiff woven geotextlle.\It
v'~appeqrs the thlckness andAthe stlffness of geotextlle have
:some lnflu;nce on the 1nterfac1al frlctlon. » |
| fqﬁegardless of the type of ‘soil" and the type of polymer,'l
;the 1nterfac1al f(zction of geomembranes increase w1th b -
1ncrea51ng surface roughness. For materlals w1€h the. same'

3 RO

roughness,,arthln and less st1ff geomembranenmoblllzes-
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B greater"strength than,a'thick;and'stitfer one;_f

fr7;4=ReCOmmendations for'Future Research | L

| l;' Although the mod1f1ed large dxrect shear box was found

:u"dsu1table for measurlng the requ1red 1nterfac1al ‘ v¢~

'ypropertles for a relnforced so1l ~the problem of ,.

‘ boundary stress and the non unlform stress dlstrlbutlon
.w1th1n'the sample requ1res further.studyt=The effect of
fnormal stress dlstrlbutlon at - the 1nterface needs to ‘be
examlned so that thevmeasured 1nterfac1a1 fr1ct1on and
gsample dllatlon may be interpreted more accurately. To
measure the vert1ca1 stress dlstrlbutlon, small load
cells may be embedded in the so1l layer above the
1nterface, 1n the apertures, and on. the SOlld parl ofl

" ‘the . relnforcement _ ‘ ’ ‘

f2._»In add1tlon to the f1ve types of h1gh strength geogrnds

- rand geotextlle that were tes*ed in th1s research ‘
_5program the 1nterfac1al shear strength of. geogrlds and

‘-_geotextlles Whlch have var1ous constructlons and

__'geometry need to- be tested to verlfy the 1nfluence of

L

yhgyﬁwthe reinforcement propertles thatvwere found in thls

i .
WL S .
: research \

~ 3.t D1rect shear tests on varlous polymer sheets and 50115
- need to be tested to determ1ne the contr1butlon of the
' f;, 1nterfac1a1 shear strength of the SOlld re1nforcement 15

_ the 5011 and re1nforcement 1nteract10n.

A Al ae a1 A | £ .. 2 [ a TR . £y




g

: relnforced 511ty clay was examlned’here. Therefore, the
~dra1ned shear stress behav1or of re1nforced 51I£y clay

| requ1res further study. ;, i . v<f; B

Ly .
——

To solve the problem of t11t1ng of- the loadlng platen

»caused by the boundary stresses. the platen loadlng
O,
fmechan1sm needs: to be redes1gned Alternatlvely, an@alr_‘

_ bag whlch has been pressur21ed with a1r or water mlght =

s,

T=be used to applled the requ1red normal stress more

i “unlformlly

Stra1n gauges may be attached to the relnforcement to

,measure the straln that 1s necessary to cause the

o~ . ~
s

interfacial dlsplacement 'v.' ' e

1

w ’ : " . ¥
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. | . static, compaction " $0.) ma :
: ,Norwal strees 7 | .50 /
O )00 to doo kh .
Ingold - bemd " [aorenan voodpu Snnd st d b o |t fnes ‘ ‘ o
(19‘0. l"ll "SI.‘ qur test . .|c e 2.8 : PO, L 1. Neclon CEXL 2 1.5 L 0078,
1903, 1586)) . Yol e Oval mesh Sx7 s’ - : o
. R p, . . Thickness 2.9 s . . [ .
Tl ey B9 glew 2, Wetlgn CE12I" 2.0 0.3 - | o
‘Oval wash 6x7 sa” ' : . Lo
= Thickness 3.} mm ’ FRRIN -
K domectonczidt L, | a3s ] oo
. Oval mesh 2$x30 - : ¥
: Thickness 5.2 sm oo B
4. Netlon CE161 - - 34.0 1.00
P _Diamond mash - e N
’ . iy 1 R 10 mm pitch .
o c : R Thickness 4.0 = - - 1.
: T . 1. |5 wetien 1268 %.0 |7 roo
A 1 " Diamond mash’ e . o .
& : : 6.5 =m pltch - s, . Y} . .
Thickness 4.0 m' . . -
5. Netlon FBMS -- - BT N 1.00
Rectilinear ;rld
. ‘Opening stze 11160-‘
- 1 - Thicknass &.0wm ’ .
. . ,
A N - en Sven ; R
ret . L v B ¥ Terram 1000 B 1 ] “ 0.89
JMelt bonded .
A . . Thickness 0.7 wm L
! St 7, L] Terram 20060 < 1.0
- : . " Mele bonded | <
4 G- 1 o215 ¥ hickeess 1.0 w7
; . B
- . , - - BN Lo v
pu | . . Coquoaltc e e
. 1 T : A 4y Tecram l!‘ll! Lt IS | Y I
“ ’ - i L Koiceed 'and voven 1] o o
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’

: EASERE . R B T - g : X . Co Taterfacial

Relerence - ) Shear Test L Sotl Description 1 : . #’ " . Reinforcement ' . § <|-:r S‘lrm;lh
. - - Dencription - '

Delcr’lpuon Type - ° . X “og v . ¢ )P scription ; ; T

R , o teteany iy ey [wke o 7

:
+ 1 B T .-

Eff1cteney

tngotd : - ) , [ P R
(1;‘50_ 1987 .30 c-z . Botrehan Uoodpu S-nd MRS T4 P 38,0 'y IMgn vavqn. ult bnndnd , ZSd to 10.0 | 0.67 co 0,87} , -
1983, “a,.;‘ :l::hlly {ixed shear cu- - 2.8 C .t BN R RS 260 |/l | v' o ; \ . v
B} . e S - ! . - p o
b | Shear rata = 1 -lntu c N :';t Ie-)‘
, : Normal scress d AN e
| 50 to-200 kra

Knuud/wov-n.

: S 1,00~
0 | 2 . Jrough suctace 14 i

geopera. 0.92

'

30 :le — . lonhn Uoodpu SAnd 1.8

Fixed shesr test . c =17.8
Shear zaté = ) mm/ain’ v
‘Normal stress -

350'to 200 kPs -

. Non woven, melt Bamhd 27,0 to ]2;0 _0'.1; to _?.I’ - n
: . © |20 g/mt - o PR I A

. ol oo i ;
¢ . i :: jcm N E S R knlttcdlvovtn.
og = 270 Aicn 101 rough wr(uo 310 |,/l

3.0

RO R SRR PR KRS c.a.rxa~~:.j e b e e

- L,

Koerner - | 10.0 P . 1. Concrete Sand ] | 00f - . |relyfalcerx " . ¢ .26,0 - $ 0,88 % o
(1986) - Fiied shear tesc Dgo = 0.20m O S . Voven wonoltledéne £ | . - T

7 L | shear racte €’ - 2.6 : ) L Seiff,. Ehin R N BT SU
¥« 0.9 o o L High I open srea. R [ T

-

Martin, | = 0.12) wm/uin )
Yoerner, . C " Algular shaped ) . IS L .
and Uhteey o ) | paruclu [ & . RS B 1 . . 1.
1982y - - . . o : o 3 B IR R N ' I S &
R ' b = SO | test song B N TN coare ]
: ' v | Moven lplif T1lm . - R )
. ‘¢ [ ™, flaxible . . T .
: o g ngh b4 opcn ares
’ x R © S : : " [ oureine uo‘ : 26,0
: : : : -} - . Non vvv',.n hn( “sat s .1 - ) : Eo T _

| Frextere, ¢ e . « 1
Lov' X open igq v REY R .

4_,

o L - . . B : ' N - N CZ 600 . . ! ‘ﬁ.o_ “ L.1.00

. - ) - . ! ' Non voven nesdled . S PP S i R
ST - ] wlem L o . N T "‘
a - : ) L) o | Thtek, flaxible - 2

—_—
.

"3 u1gh X open area 1 IACE [ "
g - ] o . R N . ) ,. : . N .
- ‘2. Mtca schtse Sllly o aecof s nueatt Soox A oame o . | 7
Sand . N - Ce R . . q S
Dyg = C.0ST mm: . N e o T s 25.0 1 0.96 .
c - s l . ; . . - " » " . " _l

3. Octava Sadd L | as.of T} widars sbox G T PURTI IO TSRCRURY I
T B 0.2 m 1 : . TR IR R BEEERTERE A
o P cVatle. : o x -fezws00 - - 26.0 Lop L0092 ’
S R .qund«. plruclu . ~H S ‘ = : DETRERE B
— L BT .« . . = B o
- . ”
Marshall 30 ea® L. Crushed Limescone 2,08 | L3144 R £ YT T T SE RN BRI B
11983, 1981 | Parctally fixed shear G = 2.85 3 4 - . {opentng otze 7 o N RO
. . §test e¢°13°|"‘ g E 1 100—1219- ) L
Jvibritory- ha-n - . 6.8 2 S 1. : e DTS ;
coupaceton 3 - I ) N R A TR : Lk

- Sheacr tate = 0.2 —/-xr : . 1 - a 4 1. A T L
Normsl stress | . Cow P T R ol . L el e e S R
30 to 200 kPs - R. Crushed Limestons . | 1.99 ' Jervar 882 - . 1 36,5 .8 .}
} P . 2 0 ;/c- . 1. . ) . S . R :
- - ' o
i # o« ;e . .
o r - .
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weleevucs /

’SI‘-eafv Test

So1l escription -

Relnforcement:

Lescription.

Incerfsctal
Shear Streageh

E“‘lc‘_l:n:‘y . :

Subangulsr lo :
aagular, sedluam t’;
1ine sand with-

0.5 to 17 mica’

Trpe [ - e e . .Dewcrliption T
Lo tesead)| (00 | ¢*) | ara ' T
tove., Ha, | 10 <t Stlcy Sand o | “32.0 GCeotestile L
| Fiohar " Partially ‘{ixed -m-r Dy * 0.2 6m. ‘ 1. Permqaliner nnss ,32.0 - 1.00
(1983) tase Vove®, 225 g/ml ) :
. 9 compact fon . 0.4 - thick
i .4 2. Miralt P600 X 2 32.0 B 1.00‘ :
n T - . ~ Moven, 207 g/e® : - e
: PR I . 0.4 mm thick’ :
+ , 3. MirsTe PSOD 3.0 1.0¢
N Woven, 167 g/a :
; - E 0.4 mm.thick - 0 c
' o ‘ 4. Geolon 1250 L2 35.0 .12
o ¢ " Woven, 730 g/a‘. ¢ :
e I : 2,26 wm thick 2
S : i 5. Terrafix J70RS . 36.0 1.16
3 . Composige, ‘non wvover . T
O N 475 ¢/»" , 0.9 am .
: thick. . . R
o o 6. Tervafix 1200k . |— -'36.0 1.16
Woven, 1019 ;/-z : .
¥ L - ~ ~ 4.5 em thick i B R
- ’ 7. Tensar SR} . g0 4, 0.92
‘. . L. " Open mesh, 938 g/- k :
. ' \ ! 3.0 ssm thick B
. . o | ~ P
Saraby 130 ea Pulverized Tuel A b 1.104272.¢- |- 35.0 Tensar SR2 o 29.5 0.81
{1983) bartially . flned lh(ar ! - ° - . .
e .test Lo S
.¥ibratory hnnr i < . X
compaction ’ o " R
Shear rate = 0.6om/win .
Normal stress - . .
-90 to-200 kPa . .
‘saraby and | 30 cal L. Crushed Limeatgne 1.91 38.8 Tensar SR2 583 1.00
{ Macshaly " Lrattislly. (1xed shear ‘d - 2.1) g/cm :
1assn test S R EE: ‘ E—
g - Vibratory hammar N AL ) PR W
- Shear rata = 0.6 wa/airf 2. Bolton Crushed Stond L.8% 55.6 Tensar. SR2 5.0 1.00
Norms! stress °d *2.06 g/em” ' : ~ - :
50 to 200, kPs L Ok . N
opt - . ’.

“|¥ttitems and |30.% :L ) 1. Ottava Sand ™ ' 1.57 380 T/par 3401 > 7 25.0 0.60
Houlthan Partistly “ud or L€ e.1.3 Non woven heat “bonded , v
(1987) fxee shear test e D“ . 0.95 ‘Smooth surface

: Shaar rate = 0.3 -/lll T T J0.38 mm thick
Normal ‘stress - Mell rounded C -
0 to 100 xPs . particles - Travira 1153 28.0 - 0.68
K Non woven '
Nicolon 900-M 315.0 0.90
: Voyen, rough surface :
1 . E . BT et
2. Concrate Sand - 151 1 36.0 Typar 3401 0.60
o, =095 : . 1 : _
Trevira-1155 . - 0.68 -
N p Subrounded to - | . . . . T
subangular particles Nicolon 900-M 35.0 *0,90
}3. saprolitte 1.58 | 12.0 | 3s.0 |1ypac. 201 .29.0 0.80
€ e 20 o . .
] T py 162 /e’ Travira 1155 ~.30.0: 0.79
Mapr T 12.02 {Ntcoton 900-4 ;a0 0.83




Table A 2 Cohe51ve 5011 Geotex 1le/Geogr1d Intenfac1a1 Shear

Strength 2 L
erence - Shcnr ‘Test So1l Descripticn . t | Interfactal”, T 3 B
- A8 : . : A etntorcemant . s etftet »
\Df-;e“’"”"h’ . : Type - - . ¥ o4 ' [] ¢ Description -Shear Screngeh 10 T ey
. - AR — —— . - " & €y E
|- - ' e/cahy] ) L [wra . -t |t
- DeCoutte Ve B p Sandy Clay ' - 186§ 12.5] 33.3] 30,0 | Ceatextile 1 19.0 R E XS
| and Flied shear Test TN - U.O! o A i : .

Hathteu Seatic compaction 4. . o

(1986). ‘Normal stress Jraceicre stze . : =

. 200 to 1200 kPa F 23X CAnar than 80 U- - R

> S 7T finer than 2 um I~ L
. 2 . '- : : . : j‘ . . N . ~

lagold 6.0 cm Kasolin Clay 1.87 |- 36.0 | 26,0 | 0.0 | wacs! BN BRSO L .
(1980, 1983) | Fixed .shear test . . TR : . = 1. Netlow CE111 - {, RUS E 0.58
. . Static compsction . Oval wash 5x7 um o -

Y Shear rac 2%/wtn - . - Thickness 2.9 mm - e ..
s ‘h Normal stress .. 2," Netloa CEI2l . . 16,8 0.6?
50 to 200 kPa - o Oval. sssh 6x7 am B .
: . C . Thickness 3.3 m . R .
% ].3. Natloa CEIJl: . - ~11.0 Obf |
\ . Oval wesh 25x30-vm i
o Thicknesp 3.2 'mm: S L
i + 4. Nelcon CELSL 19.0 0.1
- . . Dtasond mash EER
- ' 10 wm plech .
. DU Thtcll.nou 4.0 ma -
R T 1o Tercen 10001 2000 ,...|o.83
\ : . Male bonded /. - : Sl
. . ~ Thickness 0.7 sm’ B Ty
' ‘ 2. Terram 2000 - 10.0 10.03
: | Malt bonded : :
: ‘n\l:kul l 0'm ’

; - T Y . = . . R T - ‘,v.
Lafleur, 5.0 cnl : | Plascte clay . R 25,0 § 3%.0 8.0 | Voven MP-300 : 2.0 0,581 -
Sall, and Pirclally fixed shear [V, = 561 : “ ] setet, 0.6 wm ehtew | - 1
Ducharme test &0 : T e 361 Mon woven PF-700 3r.0| I B XL e
(1987) “Shear rate L ver 107 ‘e thick . G A A ]

. = 0.024 mm/atn P Kon wowven TX- 765] . .90 316 ’
Norwal stress R §2.3 sm thick S "
- 30 :odso kh , K : T o ‘
- 0.0 132.0 | 6.0 [veven uriso0 - . s 0.61
- ey ' |Non_ woven PF~700 3.0 1.04
g . Lo » . Kbn voven ﬂﬁ“l ) %.0 1.08
N o . ~ - . o S
' i 60.0 Voven NP-300 ' o 15.0 Ho.aa
s - JMon’ woven: PF-700 29.0 J L00.
O v . [kon voven TX-7643 28.0 '0.96"
Southera 30. 0 c- {7 13- Irovn plastic cuy K 1312 e |Ténsar sR2 9.2 ’ 0.7}
Vater . . Paccially fixed sheax:} v w8z ’ . : ' 1= %1 -
|, MAuthority tede . Cq adzer ' ; .
(1982) Dym-tc co-nu:l.on . [ - . )\ : :
: shnr fate . ' . ) L. . : i e : :
= 3.0 majatn - E . Brown Sardy Clay: Tar.4 | 189 - |ransac sz O e U3 0.83
R T L 05T - B N . :
Cabeasr :
LA u : ,
‘Villlams 0.3 el |1 Oocsava and and | 1.70°|10.0 | 36.0 Typar 3:01 0| o6 foise ]
- and Parcially fixed or 5% Bertonite . . ' . Mo woven hest bondad . :
Houlihaa- Cree shear tast: L v <162, IP «.20%" . : Smooth surface -
(1987) . Shear tate & M I L fe. Jl ‘wm thick. . n
. ‘e 0.3 ma/ain _017“5 h:g‘ /\ N s
. Norwal ecress: — 9= L : Ciltreviea “Iiss” a0} e Jooe
0 co 100 kPs Wope © 7= . - /{Non woven o
' . Nicelon 9004 1 noe} oo
- . R m,m‘hw gace e :
2. Ottava Sand sad ‘1.87.113.3 }ae.0 . Typar 3501":,
102 ‘Beatouite . SRS B S Trevics 11355 .
‘H' = 202, l' - 272 lmu."oo-u o
" - ; ] . - i 7 o 3 N
3. Gulf Coast. chy 8l |15.5°J20.0 |s1.0- 1"..- uox
: B AR R L I o trevive 11557 - -
- : CeoTh, s .63 N "“}""‘”"‘
' ! ) 'y - l.l& g/cm? R 9 - °_
Wopt. - 15-3% 5 "
. L] . -
‘. cucm nu e ) as o Porigbrigie oY
sapg, 10t ) ) ot B Trewtes 1283 00
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Table A 3 GranuIar 5011 Geomembrane Interfac 1a1 Shear
] . le,
Strength -
. R o
. » ; NERT
.| Refecence ' | Shear Test Sotl Oescripcion . 4 ‘Relnforcement. - :::::l;:‘ﬂ h. | Efftctency
s ‘°'_.'"_‘"_lon “Type - fg | v ) e bé-sfivctnn- i > .""“ Sl
feseeif 0 [Py fo 02 ™)
Akber snd U 2 c- ’ Cranvlar vell graded .
Nammsefl *rauhlly und nhur subsngular particles’
[~¢1985) _tast - . ’ . :
Stactc eoupnc:lm 1. ‘Sofl passtng 3/4% . “42.0 1. Me-2 3. 0.74
Shest rate = 0.1 -/o sieve, retained.on '] 1,68 gmgk I - S
- 3/3" sleve . . rough surface . ;
: _ . 4 2. PVC-4 30.5 0.65
0.73 wm thick, -
. llcﬂblc and smooth - w0
: ‘surlace . : e
: 3. EPOM . ¢ 3.7 ) 0.74
' PR 1.1 em zhlck \»,{!3 oo
N - . " flextble snd’ rough -
’ - . surface’ o
, 4. RDPE e 26.9 0,52
: " 1.5 sm thick, ‘ . a :
. Costbf and lnoor.h e B
surface - . o
S, BPX=1 . 6.4 |- 0.82..°
3.88 wa thick,"
flexible but
- surface . . -
6. wrx-1 . %2 01y
- 3,885 wa thick . i
'  flexible but smooth ¢
3 " surface .
. 7. NPT 410 0.97
- L . 3.75 e, :hlck . :
/ aedff and -mo:h
. surfece o
] S 43.1 T 1o
‘ . 3.75 m thick . L
; d st and rough . -
" sutrface” . ' .
; 2. 'Soal passing 3/8" 41.0 1. PVC-2 , 33.6 0.76
o siave, retained on : 2. WG4 . - . 28,1, 0.61
i 14 slave 3. EpDM - 3.3 0,70
: o L, NoreE - 23.2 0.49
I \ S. BPX-1 (smooth) - 36.0 0.86."
- 6. ‘BPX-L (rough) 3.7 - 4 0.80
) ‘11, wrr | (amooth)- 40.0: 0,91
' 8. NPT ' (rough) - 41,0 1.00
3. 'Soil pasafng #4 . : . «0.6 1. pvC-2 30.7 0,69
: ‘sleve, retained s i 2. PVC=4 . 28.5 0.6
on {10 ¥leve® o o 3. £ro v 0.5 0.69 *
e : oo 4. HDPE - 2.2 Q.48
5 ¢ T S, 8PX=1 (smwooth) ', 35.6 . 0.84 .J
. 6, BPX-1 (rough) .~ |" /36.0 - 0.85:
- " ; N 7. NPT (smooth)} - 385", 0.93
Y 180w (ourn) 73827 0.92
4. Soil.passing 110 40.} 1. PVC-2 30.4 ,? - 0.69.
©" sieve, ratained on . . Y 2. wve-2 . 5.0 . L 0.5%
920 stave 3. EPDM 3 N 0.78
. ’ ’ &, wore” - t— L 22,1 0.48
~ £, P 15. BPx-1 (smooth) 36,2 . ‘0.80
- B 6. 'BPX-1 (rough) 38,1 0,92
. : 7.-NPT. . (smooth) 5.8 - 0.85
. 8. NPT- . (rough) 135.0 - 0.83
DeGoutte 30 cul | ) ) Sand’ 39.0 C 36.5 S 0.91.°
Cand Fizéd shear. test lenm «2,0 : '
Hathieu Static compaction D, 0.3 m ; .
'(1936)( Normal stress ' - - 30 - N oot
AR +100 to 1200 &kla . :
P
.4




Table A.3 . .Continue S .
. —_e “ » " i : : L .
ehere chear Test TSotl Deweviption - ) 4 cement, Interlgeial g
_ll..l_u\uc:- ;:1:::‘7:::" . : cpcl ip ‘ L : . 'n.-|'.-li‘;'::.':"l : fhéu,’rmm(h -
e prion Type L g - [} < serintic ) ’ - T -
Percady] (1 | ) ] oaeall SN
" | xoerner 10.041 - 1. Concrete Sand 30.0 1. EPOM wPp = 0,17
(1986) Fixéd shear -test [ Dgg = 0.20 mm- y 70,75 mm thick, } ’ .
A Shest rate Yo e3.6 - ~-flexible -and |
Martin, | «-0.127 wa/umin u\ ‘swooth -urlu)c : L
Xoermer, ’ : -‘0 9. 2. HOPE . 18.0- 0.56
and intcey * 0.5 w thick, PR 2 ’
Mguhr lhapcd ! h M :
(“u) ,) , P!nicltq R . 5 :::::c:nd smaoch o S . .
“o sl eve 7.0 TR S
’ ] - 0.75 wm thick, IR :
: 1 ) : .oadium stiff and . .
LR . “ 3 - 3.0 0.8
¢ . Ko : o i o
: [ 1% . . madiym scttf and g ¥
‘i‘.'" o ’ . ‘amooth ' -urhu o
"" 2. -Ottava ‘Sand ‘28.9 1} eeen 0.0 0.68°
.DIO - 0.42 om - s . 2§ HOPE .18.0 0.61 -
s »Cu";‘ 1.9 .
loundcd('plr:(;lil .. ) s
o e S .
3. Mica Schisc Sllty ©26.0 1., EPDM .0 0.91
Sand. 2. wre ¢ 17.0 0.6
. ;5010 = 0.057 w e 3. e (tou;h) . 25.0 0.96
- . ) ) 4. PVC (wmooth) 1.0 6.79
_ c, -l o )
Sand “|pve trough 5.0 = 27.0
' ‘ - |pve (amooch) | n.0-dsee
. ; ) . ez 17.0 - 27.0
» ’ 4 -
,' 9
27.9 c- 1. Otuvn Sand : ’ )
Partislly tixed sheai. G = 2,66 1.88 Hore 1.
_test - . o
Shear rats . v . - - : .
‘m’ 16 wm/mtn 2. Low grade Lisastone |2.01 HoPE 53.0
‘Normsl stess ce . Ballast D .
68.9 to 206.7°kPa - | - o
uilltews [ '30.5 cal - ) oceave. sangt s | sy 8.0 WoPE. : 19.0 0.4
and “Parctslly fixed pr C. =13 ’ 1.5 wm thick and. uoozh . : -
| Houlthsn' free shesr test oY = 0.95 .. surface ‘ . o
" (1987) <~ | .shear rate 11 rounded 1 rve 26,0 oo.sz
A =03 en/uin . particles | n 0.73 s thick and ’ o
v | Norms] .atress A ’ - smoath aurface :
%.. | .0 to 100 kPa s : o - o S
2 B : : 2. Concnu Sand 1.5 36.0° HDPE: - L0 0.70
e ’ -0. 95 : ' | rve 1.0 6.89
o : iubrmdld o ! - ’ ’ )
o ,mbnngulu particles )
s 1. . . . Y . .
3. s.pnmu 1.58 - [12.0-J 6.0 ] wore zk.o- 0.%)
€ - 2,0 g RN rve 28.0 0.7
) o‘ «-1.62 glce . ST
% - ] Cs o
vie.m 120t ) "
. ¥ 'Suhnguhr te X L
- ‘. angular; medive’ to ' '~
. fine sand vith . . - ~ .
© 0.3 co 12 wics,. ) 4 ’
N ’ b . : B ¢
; ' g3
. . . ot g




Strength
'.ll(cr"gnci B Slulr Tent Soll Descripcion r Reln(a:ce-.en( . latecfactal . El‘fu:ie.ncv’y\
. . ) lﬁu:rlptlon — - - - Descriptton ] Sbear Strength | TEREY. -

. Type '/ o] od v [ < o R ~3 p =

- - - ’ . a £, ] €.

h [r/cwi] (1) | ). fura | R T ¢ <
DeCoutte 0 cal . Sandy Clay 1,86 { 12,5 33.5 | s0.0 |evc V 35.0 '1.06 ,
and Fixed shear tesg 32 fioer than 2 -l:fonu [N R (RN R ' . LN B
Héchieu | stattc compaction . . . . ) :
(1986) Normal stress . |
S 200 co 1200,kPa ) . g

N - N ] .

1 xoarnar, 10.2 cal . 1 Delavire River . 1.52 | 13.3} 8.0 [ 9.0 {eve 39 8.5 |1.00] 0.9
| Masein, and | Fixgd shear cpoc rChycy 1l . g CPE . i 40 8.0 |1.00] 0.89"
| xoerner Shash rate EPDM. © .., 33.0-| .’s.0 [o.87-} 0.s5 -

(1986} = 0.06 sm/atn WOPE  26.07] 's.0 Jo.68 | o.88
. * w.,;m- 13,52 Eabossed HDPE 35.0 | 9.0 ]o0.92] 1.00"
.. . N .o ‘ ’ v “ .- ) ’ . b :
2. ‘saridy Stlty Clay | 1.63 | 11.8 ] 34.0°| 12.0 |PvC 23.0 | 3.7 }o.69 | 021
W, = 46%, 1= 291 B cr: 2¢.0{ 3.2 jo.nn | 0.2
0, = 1.9 ‘;'-1 v EPDY ‘ 23,0 s.0 [o0.67] 0.42
s T b ‘| eabosved 1oPE < * “29.0] 11.0 .|0.85 | 0.92.
Wl _oy @ 11.8% ahec a0 b I
. - Wopt = R - :
o - |3, xeoltated Clay' © | 1239 | 30.8 | 30.0 | 20,0 Jrve 16.0 | 12.0 “|0.53 0.70
. v =S7T, .- 272 ] o . |cre . 1720 | 13.0 -~ {.0.52 ] 0.65
1.3 glcad- £POH ©. 7 -e]| 230) 8.0 foarrdo0.r0
0q 7. 0-7 Bicm “{wore . 15.0 14,0+ | o.sa ] a.70.
" Wopp T 31.0% Esbossed HDPE 27.0 | 18.0 0 {0.90 |.0.90
4. Clayey Sand e | 6.2 J2a0 | 2500 |pve : w.0| go Jio0] 0.2
. v - 873, I - 72: - L * cPE . 23.0 8.0 0.96 | 0.3
: . . L8l gread " gFOR 0.0 7.5 {o.83f.0.30
: Lt HDPE D 21,0 3.0 |o.8s | 0.12.
Wopt ; boued HDPE 8.0 15.0 1.00 | 0.60
5. Sandy Clay 1.72 | 18.2 | 28.0 M22.0 wé 0] 1200 o1 ] 0.0
' S ARV P00 SN £33 I N & Jeee “19.0].10.0 ‘| 0.86] 0.36.
W L. P o} 7 . . oy |
. .
. L4 t .
® 1 Sy ‘. ' )
8y = 1.81 plew o oo 18,0} 9.0 Jo.821] 0.3
w - e.17.0% HDPE o 15,0 16,00 | 0l68 |T0.50
’ opt TTTTT Embossed HDPE 25.0| 16.0 1.00 | 0.57
. 2 C e
Leach, Hacpe, Ciny PVC (rough) 26.2
and Tape ’ . PVC (smooth) - 25.0
(1987) - . KDPE “13.0 .

Saxana and  |.27.9 " $Sandy Clay 1.76 | 16.0 § 12.6 | 1.6 {woPE 13.9] 7.5 |1.16] 0.99,
Wong (1984) Parcislly fixed shaac : - .
' tesc o .

Shear rate Y,
‘= 0.76 em/uin -
Normal stress . . .
68.y  to 206.7 kPa M .
h B »
“tlltans and | 30.3 ca? 1. Ottaus Sand and 1:70 | 10.0 § 36.0 WPE 10 o6 |o0.30
Houlihan hr:hlly nud ot 5T Bentonite X 1.5 =m thick: and :nouth P
(1387) free shear test v =16%, 1= 202 surface. o : s
: Shear tate «=0 7: S . 432 PVC . ’ . 19.0 0.8 0.47
= 0.) ma/atn PP 136 olc B ‘10,75 sm cthick and’ ’ : |
. Norwmal stress d ,_'91 s/icm sgooth surface .
R 0 to 100 kPa- Wopt Co
2. Oxcava Sand ‘and 187 | 13.3.] %.0 HOPE 17.0 | 0.6 |o.e2
. 102 Beaconite . : : e 19.0 | 0.7 ] 6.47
W =20%,.1 =212 - :
_ P S e .
. " . ks
! ; R 3. Culf Cosst Clay 1,80 J15.5 | 20.0{ s7.0]more 25.0 | 1.0 | 1.28] 0.02
. . A TR SR ; : PG . 23,0 1.6 |17} 0.03
«=0.74, 5« g .
- £, 86 |/c- . .
' 6.0 | ; ' ; s¢| 0.07]
. . ; ? 0. .
4. Glactal Ttil 2.17. ] 7.5 . ]se.0 [31.0 [iveE 2.0 |o. ,
‘T g 17X, =0 : ”ne 5.0 J.1.0 0.65| . 0.03
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- KPPENDIX C: Reinforced Sand Test Refults



."

~

-

a of Sand

_Table C.1 Dat

P

| Test No.

'4“'3‘ T, E f'5.

Dy (®)

o /¢m3)

| Initial -
‘W 3.

| Py (g/cm)

| Pg (g/cmd)

e

s° %) .

S

After .
W oy

[ Pq W/amd)
e
 DdH®)

L e
Compacted
Height (cm)

Ah'(mm)‘f

Normal Stress | . -
| 1750

(kPa)

{

| Maximm Shear |
Stress:- (kPa)
| ‘Displacement to
Peak (mm) = -

| Residual Shear
~Stress (kPa)

;Remarks:

v 0.72
- 1.75 . .
1,74
1 0.52 )

1 12430
473,700 -

1 1.77

1.76

©0.50 -
- 75.90

;,sah g

| 982
.93 .

9,70

139.6

161.2

191.2

. 0.72  0.72 0.58.
). -1.79 . 1.78 1.77..
L7777 1,76
- 0.48 . 0.49 - 0.50 :
-79.20 78.50 - 76.50
. 3.90 ¢+ 3.90  3.10.-

©-90.80 84.00 76.50

3 9,58 9.64 9.55
1.04 1.8 0.12

e

©160.0 - 50.0 175.0
996 50.3 164.4

10.10° 8.50 12.80 -

©79.0. 40.1  39.1

1.85 1.82 177+
- °1.84 1.80 1.76
0.43  0.46  0.50

RN



_,‘ ?§?.‘ 4@@5 5 " :lifii;3;:f!5
ot

'I‘able C 2 Data of Sand Relnforced w1th SRZ

Test No.. - | 1 2. 3 4 5 §

w3 aﬂ 1" 0.61 'o 61 0.47  0.47- '0.47- - 0.53 - |.
Puig/amd . | 197 1177 1.78 0 1.76 L.76 178
P4 (g/cm3) ' 1,76 176 1.77 176 1,15 1,78
e k0,50 0.50 0.49 0.50 .0.50 °0.48 |-
Dd (%) | 75.70° 76.20° 78.40 75.70 +75.30 -79.60: | %
(%) | 3.20  3.20. 2,50 2.50 .2.50:-:2.90 f .-

CAfter L L e e z-:*

Py (g/emd) - | 177197 1790 175 1.7 B
“Dd (g/cn3) o F 176 0 1.76 1,787 175, 176 14
- ] 0.50 - 0.49 0,487 0.5} _ 0.49, 0.48"
: Dd (%) | 76. 90_. 77.40- 79.60., 73.80 17 10°, 8L, oo

| , o R ?7?:T?'fvl .f;ﬁ ’*.;ffi4f7}f
" Height (cm) -~ 9.96 9 82 9 78 9.98 9 89 10 21 !

Cahm | 0.9 0.20 - 0.31_~;—0.5.8, 0 54 © 0,37
’ - ) , . . . “, N : ‘{ . -‘fvu L . R
-1 .Normal Stress\ B R @ B RS
C(kea). 4 175.0° 250.0 100.0 5O, J 190 0. 50 9
Maximm Shear | T TS LS
‘Stress (kPa) 1;7 .9 215.5 93.5 .53.6 - 92.5 50.9.

Jb

l7~’>‘_ v

'fnlsplacement to : R o ‘-"..l"" o )
Peak (m) . ’10'.10 °10.50 .'7,,1‘0- 7.40. *7.50 8,90

‘| Residual Shear - oL ,' L e R
_Stress (kPa) | 109.0 176.7 73.5. '41.4 73.5 40,4

| Remarks:




[

Bk "I"_ab',l’e"-

._9-.

Test No. .

C.3 Data of Sand Reinforced with. S§2:

'In'_i'tiai

w3 3

Pw (g/am?)

°d (g/emd)
e -

D%
od N

Aftef

Py -(g/cm?)
d (g/cm?)

e e

' ',V_Dd ('%) Y

;Cdi't!paéted : _‘ '

‘| -Beight (cm)

| ah .qm

(kPa) _{-':. N

Maximum Shear

~.Stress (kPa)

i

‘Peak (mm) -
4

- Stress (kPa) |

Remarks: -

Normal Stress |

" Displacement to |

- Residual Shear . |

0.47
- .82.00

 0.66
. 1.79
1.78°

3,70

©100.0

 88.6-
900

SRIER

50.0

-47.6
19,00

37.4

0.47

1.74

1,73

. 0.52
72.00
B 2.40 -

1.74 |
1.73
052 4

72.40

9.91

3 s |
100.0
8.9
'10;30”:

742

149



“,"I‘ab,l-e C.4 »_;Dat'a- of Sand Reil-xjﬁorce‘d“;with TNX"WQ\.‘J-

P

‘:*v ‘

“Initial T
w$ . < | 0.5 0.75 " 0.80  .0.80
Py (g/ad) - | 1.79.71.79...1.80. 1.79 -
°d (gyth § 1770 178 L79 1177
| 0.48° 0.48 . 0.47 0.49
Dd S:) | 8020 °79.40 8210 79.10 | .
| 410 4.0 4550 430 | - .

After Q B A
Py (g/th) - 1.81  1.81 1.82 ° 1,79 *| - :
P4 (g/cm S I O 1.79 1.81 1.78
e | o0.47. 0.47 0.46 0.48
B.(8) | 83.00 83.30 85.40 80.00 |

Coﬂipecteéx R I
Height (cm) | 9.67 = 9.68 9.62 9.72
ah om0 | L1113 100 0.36

- | Normal Stress el
.| (kpa) | 184.0 2500071000 500 | ki

&

Maxmum Shear v N E O

Stress (kPa) . | 166.9. 216.2.. .9.1;._8@‘-46,7 R w

o Dlsplacgment g0} o T
- 77| Peak (mm) .].11.40 '11.40 10.80 °6.00 -. :

Residual’ Shear y ’_ T A R
Stress (kPa) -147.2 . 191.4° 79.5 . 39.7 -

Remé.rkS: “




_ﬁTabié'@.5 Daté:of Sand Reinfo§ﬁ§d ﬁith b#;gG:id15651f@.;

Test .No..

‘(kPa)'”

.ihitlal‘ﬂ'

w %
d (g/cm )

(%)
g ®)

1 After |

Py (g/tm ) -
t°d (g/Cm )_:

| Dd (%)

7t6mpactedv L
Height (cm) -

" ah (m)

Normal -Stress

' Maxlmum Shear. -

Stress - (kPa) ?

"‘D1splacement to

Peak - (mm)

| Residual Sheaf'
~Stress (kPa)

;Remarks: |

112.70

137.2f

©0.61

7
476
50

- 0.61 -

- 1.79

177

0.49

‘3. 20" 3 30

1.78

1.76 -

0.49
- 77.90

9.80

0 .10 '
1 1750

‘ 163.0:

1.77
0.48

@

©9.74 .

1.79

1,79
- 047,

S

. 0.05 -
250.0
224,0":;

“11.10.

v

‘ K

0.40

100.0°

.183,6?ii79;7

0.61 -
. 1.79
-1.78
haa P 0.48

76 90. 79.00 - 80 Sb
3 40f

9.69.

99.0 .

10.50°

fl.. 30

4

. 48.4

‘1.79° .

177
:0.49

79.70 82.00 79, 10,:
g

50.0
57.6

8,70

|0

3

&



4,_~' iﬂafvvi*r»&‘ Talre RN

s P 8

8%,

g ;'Resldual Shear

::_"' TableCG .;D‘é‘t_z-:l- of Sén_d '_ Pie ihvf'o;"c;ed.- W ifth: P600

46

‘ 'f'l'Remarks- -

“In1t1a1 \'
. W % . e
Py (g/cm3)
‘Pd (g/dtl)
: nd (%)
' (%)
>A'fvterv
O (g/bm )
P4 (epﬁzn )
Dd ® Sl
~Compacted“ P
Helght (cm)

Ah n(nm)

Noz;mal Stress ‘
- R (kpa) ‘,'_.

iMaxumnn Shear .

: Stress (kPa)

"Stress (kPa)

._V: — PR
SRR e Lo e

971

o
o

.'7 .

WS

-
. -

176
0.50 "

RE 77hoof_

014

P

ERN
Tl

:_;zs;p

» &Displacement to 3;?eﬁ.{?‘g
2| eak (m) | "800
{ﬁ134i193

£ 0450

;SooIa

S 340

J-t:'-l.i_:.

'”71'777

s 64‘f”
.77

- 1,76
. 1.76

1,75
0.50 -

"76.00, 75 10.

" 1.97:

- 1.76
V0450
76.00

75 10

9.75.1

.4° 06
250 0 100 0

730

»;203;31"

0.64 ~0.64°
176

176.50°
3.30

"i 76
1,75
'0.50.

9.78
o

1!% 9/L~73 9 
'~é;7p;ﬁ}s;sd;ﬁ

7439

1,77 1.78

0.50° 0.49

3.40

1.81
1.80 -
0.47
82 00

1.80

9.74.
OxiQf

0.64
1.77

78.00 | -
3.40 |-

1.81

~0.47 |

9.68 |
*ybf3°:;'4

50.0." 100—0 ;;ff,;‘*"”

“wv~
43 8 L33 0

5.

£

37 4

PR
I :
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S

.~ Table.D.7 Data of Silty Clay

- X - S ) [ . "
g '»’.
e PR
: - . .
: 1]
‘.. “.

R

2
2

pe- N S . . i . v S .- T

IR Ut 2

-
»
-
w

Tedt: Wo.

1 : . L
Inieial 2050 23.92 : .
2006 200t L v oL
166 1.8 | i
0.65 0.6 | -
102.0 -303.0 { .

22,69 .13
2.08 . 2.08.
1.69 '1.68
0.6l 0.6
1973 .98,70

23.32 M
2.0 2%¢
1.69 1,67
0.61° 0,63
104.0 101,0.

22,90 © 23.14
- 2.08 2,08
1.69. 1.69 -
- 0.61 0.62 .
102,0 - 103.0.

22.69 23,73 24,50
2.08 '.2.08
‘1.69  1.68-
0.6 -0.63
1100.0-103.0

123,08 22.19
2.13 02,19
1,73 1.7

T 0.58 .0.54

.. 109.0 -112.0

22:41 22028
2.2
. 1.8% .
0.50 0.53° 0.
d ,120.0° 115.0° 110

- : L T B . . 3

. c?wud ¥ o
Hefght' (cm). - 8.77

‘,10;92’1 11.36 .n.i_u 1522 14,27 1116 |,
Canem

. . . - > P
‘2,00 269 19, LT84

101 10;70 10,47

€17 S92 %2 S SR2. 66

-e

Normal Stress [ - o T TR T S TR :
(xPa) ) 175_.0 17%.0 "175.,0 175.0. 100.0- '5».[ i 59.'0. 250.0 ‘5.8 .
Stress (kPa) .uh? 110.7. m,-°~'n|-‘5 ~90.8 , 8.4 - “J.Q 1280 249 61.0 0.4 393 ¢
‘Displacesent £o |\, : VoL ‘ g

g 1e 380,

* e

Lo | Pesk e, 3.
’ quuion{ni ‘
Ismadiate .
Conidol{dation

- B IE G
<l ev o we

W WD L3K.0
B S L

e e " S
S8 e o328 239 T SENTE .
15497 1.49 .. 1.76 0,89 =703y 1,307 L
: R LS U
w0 100 800/ W - o= 0 L2l -

. . yoo i ; - .

. . e : St . : . P g g : . 3




Initial L
Tw kL 15' .o
By (g/cm

84 (g/em).

e

STy

“| After

w w
W(g/GM% S
d(g/cm

e
x%)

Height' (em) . -

Ah (um)

1 (kPa)

meal Stress

Shear
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= | f523 44 23.62 22.53 22.36 zz 84

| pw (g/bm3) ©2.00 2,08 2.05 2.07..2.09

°q (g/cm?> © 1,69 1.68 1.67 1.69' 1.70-
‘s -1 0.61  0.62 0.63 0.62 0.6l

s »(%y,< | 040 1030 970 sh.0 102.0-

IR

Clwe o |21.95+ 22,35 21, 86 32.58 23.03

Py (g/an% ColF 2,240 20220030200 2,13 2,16

"L Pd (g/em) '1'"1284f;u3h"&$ 1.81 1,74  1.76

] e .~ | 0.48 0980 :-0.51  0.57  0.55 | -
| s @7 1240 121,0°117:0 108.0 1140 -

b

-~ T + . . -

|- Compacted L e e

' Helght (cm) -] 9.83 9.56° 9.02 :9;82 9 68
| At:(nno '; 6.93. 6.14 6.40 . 2.98 3 36

(kpa) ?‘;v@-175;o;a-2so,o;gzso:ogglﬁo=0' 500

| Maximm. Shea: i-'- o - Ii *ji“ ST Y A
. | Stress (kPa) * | 104.2 ' 116.2 125.0 - 87.6 ‘578~ T o
*ZD;splacement to _'_ E IS R o |
Peak .(mm) - | 41.4  40.9 41.3 40.6. 39.6
Compression (mm){ . . . 0 oo F
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s _Tab1é7D-5.Daté ofjéilty Clay Réinfoiced.with ParaGrid 508 .

™
-3

R TEStAJNé; o :~_ll

In1t1al L ' T -
Wi oo | 24,03 23.72 24;;4,3 24.17

oy (g/cm% {2402 2,05 2,05 2.03 |
‘g (g/cmd 7| 1.63 . 1.66 1.65 1.64
e 0.68 . 0.65 0.66  0.67
S @ | 97.0° 100.0102.0 99.0

After e I T .
w¥ o . 12130 23.35 23,98 23.75°
Ow (g/cm o 02,06 2:19 213 2.07
ey (g/cma) C- 170 T1.78 171 167 |
e | 0.62 . 0.54 0.59 0.63- | &
- s wm . 93,0  119.0 111.0 103.0 -

. ..
1 o N . 5

o xHeJ.ght (cm) 1 9‘63. . 9.55 1 9.71 $§80‘

L ] Normal Stress Af”f“' ‘9 7 .\:ﬂﬁ";‘:] - “'.§§ngﬁ
(kPa) .. 1750 2500 10000 50.0°

: S| Stress ‘(kPa) 198.7 109.3  83.8 . 63.1

o

o : ] o Y
/
7

e :'“fzﬁwh.-:" Dlsplacement to |
EOAD M TR Peak (m) ... |-37.5 38.5 37.7 ‘19,8

~

.| Compre331on (m) | o

Imnediate | 2.13 3.62 - 2.54 - 1.40. |
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- ’.('7—'.

i 7
. j IS, . _7 , 1 8 ] e ) . . o
CV o mz/s) [ 03" 0.4 7 2.
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- 'Table D.6 Data of Silty Clay -Re‘i‘nfbrc»:"e.d___'s_é_l"x_-t'h.-.PGOO

;k — S - e —
“[pTest Mo, if° A2+ 3 4. s

| Inittal - | IR 2

| w $ Sl 22,760 022,72 22 “so ;. 23 sd,&za 7.0
Py (g/emd) -1 2,86 0 2,11 294 .2 " 2,06 PR

Y (g/cm3 o) 1,680 2011 0 2,04 2 06.: 2.06

e / .7 '0.62  0.59 - 0.64. . 0.64% 0.64 3

| s (%) .:;.,100 0 105.0 97, o,‘1ozo 1010_._*

w% oy -22.-36 22,18 22. 87‘,22 02 24.25 ‘

Pw (g/cm) 2.4 2,230 2,090 2,16 2.10° |

Pa (g/cxn)" | 175 182 1.70 1992 - 1.69

- e . | 0.5 - 0.50_  0.60  0.54" 0.6l
S (%) . 7 | 109.0 121.0 1030.1110 1080

- Height (cm) " « |7 9.76 ~ 9.60 9.96 9.80 9.77 .
Cabmm) . | 3.62 5.02 2.67 7.13 194 |

‘NdmalSt'ré'ss' e S
_(kPa) : 1. 175.0 .250.0 100.0 250.0 50.0 -

Maxummshear TR L AR
Stress (kPa) | 113.6  132.1 81.3 ‘116.2 48.0 |

.'l)‘lsplac'eﬁér'ltt‘:o L A
Peak'(mm) | 40.8 . 40.2 296 38.4 23.7 |
Coxrpressmn (mn) - x e SRR | - :

| Immediate . 2 46, . 2,88 1.89 - 4,43 0.89

Consohdat:.on 117 0 2.4 0.78 -2.70 "1.05 |

Cv- (1o ‘we .| 09 S r1 L5 0.8 33 |
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