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ABSTRACT

A total of 52 large-scale laboratory pullout and 24 large-scale direct-shear
tests were conducted to investigate the interaction behavior between the
different reinforcements and cohesive-frictional soil. The reinforcements
used were steel grids, bamboo grids, and polymer geogrids. The backfill
material used was locally available weathered Bangkok clay. The test results
show that the inextensible reinforcements, such as steel grids, move
approximately as a rigid body during the pullout test, and the maximum
pullout resistance was reached within a relatively small pullout displace-
ment. For extensible reinforcements, such as Tensar geogrids, the degree of
resistance mobilization along the reinforcement varies, and the pullout-
resistance achieved in the tests was controlled by the stiffness of the
reinforcement. For steel grids, the friction resistance from the longitudinal
member contributed only to about 10% of the total pullout resistance of the
grids. The pullout of the bamboo and Tensar geogrids without transverse
members yields 80-90% of the pullout resistance of the corresponding grids
with transverse members, attributed to the nodes or ribs on longitudinal
members. The bond coefficient as calculated for steel and bamboo grids
demonstrated that the steel grids yielded a higher bond coefficient than that
of the bamboo grids with the same grid size. However, for a polymer geogrid,
the bond cocefficient cannot be calculated from a pullout test because of the
complicated pullout-resistance-mobilization mechanism along the reinforce-
ment. The large-scale direct-shear-test results showed that, for the soil/grid-
reinforcement interfuaces, shear resistance can exceed the direct-shear
resistance of the soil itself owing to the influence of the apertures on the
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grids.. Firially, for compacted weathered ‘clay, the strength parameters: -
obtained fromvlarge-scale direct-shear tests were found to -be substantially
smaller than the results of triaxial UU tests.-This may be because the failure
plarie in the large-scale direct-shear test. was formed progressively, and.the
peak.soil strength.along the predetermined shear plane may not have been
mobilized simultaneously. o
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For. the last two“decades the practlce of remforcmg the sonl thh tensnle
inclusions has..been wrdely xmplemented in geoteohmcal -engineering. .
Several types, of materials-have-been:used. a:s soil, reinforcements, namely:
steel strips,, ,geotextiles, polymer. geogrrds steel grlds, and, bamboo grids.
Different reinforcements can be. econom;call,y used, for different purpose,
e.g. the locally available bamboo can be effectively used to reinforce’ the
embedment constructed on soft ground because the reinforcement force is
needed only during and immediately after construction. ;. ,. ,, . e
At an early stage of the earth-reinforcement technlque from most case

histories, the,backfill ,materials used were frictional,materials. Recently, -

because:of .cost,considerations, locally avallableand ‘poor- quahty backfills

have been. successfully wused,.such as the test. remforced wall/embankment

constructed:in,the campus, of the Asian Instltute of Technology. (Bergado,_ A,

et al., 1991).
Whatever reinforcement and backfill materials are used for the desxgn of
an earth-reinforcement system! the reinforcement/backfill-soil interaction



Interaction between soil and grid reinforcements Coao 329

properties play an important role. The interaction mechanism betweer: the
reinforcement and the soil can be simply classified into two types, namely:
soil sliding in direct shear over the “reinforcement and pullout of
reinforcement from the soil (Jewell et al., 1984). Thus the direct-shear
and pullout tests are widely used methods to study quantitatively these
interaction mechanisms. 7 o
In this study, large laboratory direct-shear and pullout tests were used to
investigate the shear resistance and bond coefficient of various reinforce-
ments embedded in weathered Bangkok ‘clay, which is the most abundant
and least expensive backfill material for reinforced-earth construction in
the Bangkok area. Three types of reinforcement were used; namely: steel
grids, polymer geogrids and bamboo grids. The study focused on the
comparison of the direct-shear and pullout resistances for the different
types of reinforcement, and the comparison of the pullout resistance of the - f;\
reinforcement with - or without " transverse -'members. - The tests ‘were ‘
interpreted in terms of total-stress strength parameters.

2 THEORETICAL BACKGROUND' - .

The reinforcements can be divided into three groups, namely: (i) ‘sheet. =
reinforcements; (ii) strip reinforcements, and (iii) grid reinforcements. For
sheet- and strip-type reinforcements, the soil/reinforcement interactions are
‘controlled by friction between the soil and the reinforcement. However, for
grid reinforcements, the direct-shear interaction mode is controlled not

only By the friction between the soil and the grid surface area but-also'by -

the friction of the soilitself. The ‘pultout resistance ‘is goverried by-the

friction 'between the soil’ ‘and- the sgrid ‘surface as ‘well as the'bearing

resistarice’ Of the soil on ‘the ‘transverse meinbers of grid. Usually,” the ¢

bearing resistance is much higher than the friction resistaticé (Chang et al.,

2.1 Direct-shear resistance L

The direct-shear resistance between the reinforcement and the ‘soil has two <

components, namely: "the ‘shear ‘resistance between the soil and’the

reinforcement-plane surface area, and the soil-to-soil shear resistance at -
irect-shear resistance, Py, can be' -

the'grid opening (Jewell et al., 1984). The d

expressed as follows: :
BTN . ) g

P, = oadlogs tan (6+ (1 — cus)tan éas)] )
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where ¢g; is the friction angle of soil in direct shear, ¢ is the skin-friction
angle between soil and reinforcement shear surface, oy, is the ratio between
the reinforcement shear area and the total shear area, o, is the normal stress
at the shear plane, and 4 is the total shear.area.

2.2 Pullout :"résiStance

Generally, the pullout resistance consists of two parts, namely: friction
resistance and passive-bearing résistance. The friction resistance can-be
calculated from eqn (1) by usinguth‘e_ reitn‘fo‘rﬂcemenvt‘_rfr;ictiona‘lfarea, A and
putting o4, equal to 1-0. .

The passive-bearing resistance is evaluated by bearing-capacity theory
and can be expressed as follows: e

0 = CNetaaNg 70T ()

where oy, is the bearing resistance on grid-bearing members, C is the
cohesion of backfill soil ¢, is:the,applied. normal pressure at the soil/
reinforcement interface, and N, and N, are the bearing-capacity factors.
Differentvass,un}gﬂt_iqns have been.used for delt_e‘rmining: the bearing-capz)lkcity
factors. Peterson and Anderson (1980) assumed a normal characteristic
field for a foundation rotated to the horizontal as shown in Fig. 1(a). The
expressions for Nq and N, are as follows:

Nq = exp[m tan ¢|tan? <E + ?> (3)
L8 e ’ E 4 2
N = (Nq‘- )cot ¢ (4)
where ¢ is th‘e_f'ri‘c’tiolﬁ "a\x‘lgle 61: théf?éoiil‘f"” R

Jewell et al. (1984) assumed a ~pit}hching?;fai—lf&réjﬂmode-fo—r-- reinforcement
passive-bearing resistance. The stress =c,hzt_“raqt_‘f:_rijsticswﬁeld is as shown in
Fig. 1(b). The expressions for bearing-capacity factors are:

RIS

(5)

Ne = Wg=Deoty . (4

AR o R

Equations (3) and (4) and (5) and (4a) form the apparent upper and lower
bounds of ‘pul‘l‘o;utﬁVpassiye-‘bear\i‘ng r¢sistanc¢. et e
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2.3 Bond coefficient

The bond coefficient between the reinforcement and soil is defined as
follows: | - SIS
oo o3 resistance between soil and reinforcement
bond coefficient = : . . - (6)
RN, o resistance between, soil and soil

For the' soil/reinforcement direct-shear-interaction mechanism, the resis-
tance between soil and soil is the direct-shear resistance of the soil with the.
same shear area as that of the soil/reinforcernent interface, whereas, for the
soil/reinforcement pullout-interaction. mechanism, the soil-to-soil resis-
tance is the direct-shear resistance of the soil with a shear area equivalent to

s -

the total interface areas above and below the reinforcement.
e T ayhineg 3 S A : B

Qe [ .
¢ T
R DA DA R

3 LABORATORY TEST PROGRAM L
In.all, 52 pullout tests and 24 large-scale direct-shear tests were conducted
in this “study (Abiera; 1991).- Thé?fbd‘c"kﬁl«‘lfﬁih’éft'éri’als‘ were ‘taken’ from "
Bangpain Industrial Estate, about 50 km north of Bangkok, Thailand. The **
index properties of -the soil are 'givén in Table 1 . The'soil ‘specimens -for * -+
strength tests were compacted at the dry side of optimuni'tc 95° of standard o
Proctor compaction with a water ¢onitent of 16%, corresponding to the s6il
conditior used in‘the large-scale direct shear and pullout tests: The'strength -
pararteters: were defermined- from an unconsolidatéd uridrained triaxial
test, with- d.soilssample:102 mm'(4'in.) in diameter and 204 mm @inyin -
height: The'cohesion'was'S7 kPa'and thé friction angle35<9°. As mentioned -
previously;, three:types of reinforcemetit migterials were! ffééd ; namely: steel
grids, Tensar geogridsy and ‘bamboo grids. For eacltype ‘of reinforcement =7
material, two'grid configurations wereselécted ‘to’enablethe’inflience of ¢~
the reinforcement geonietry: on'the 'soil/reinfo reemerit-inté?4ctidi behavior '
to be-studied. In-addition, pullout'tests were also niade 6n reinforcements ¢

C ey ey e Sy oy eyt B
DR T RN s D NRGNO TR G T D

25 ™ sttt g el G o s
Goo oo Table 1o s s Yy g
Index Properties of Weathered Bangkok Clay
Natural water content (%) or ot d3O6 g S
‘Liquid limit (%) 58-70 '
oy Blasticindex (%) . 4gey
~ Optimim water content (%) ‘2100 '
' “"Maximr dry density (kN/m?) * Se00” T -
- ‘Percentage passitigzrio. 2000 . rigoioy Koo i o
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with only longitudinal members to investigate their contributions to the
total pullout resistance, Subsequently, two types of welded steel grid were

formed by using bars of 6-3 mm (1/4 in.) and 12-7 mm (1/2 in.) diameter

with four longitudinal bars equally spaced at 152 mm (6 in.) on centers and
six transverse-bars-evenly spaced at 225 mm (9 in.) on centers. Tensar SS2
and SR80 were used for polymer geogrids, in which the test specimens were
cut to 0-45 m in width and 1.2 m in length. The two types of bamboo grid

were formed by cutting the bamboo into two sizes, 10 mm by 20 mmand
10 mim by 40 ' mm in cross-section, and tying ‘to'gether,with‘_e‘ight"stee'lvwitesf"
The bamboo grids were also constructed with four longitudinal members .
spaced152 mm (6 in.) on centers and five transverse members spaced
225 mm- (9'in.) on centers. A yellowish - to slightly greenish-coloured k
bamboo specimen was used, which is a very common and cheap species

(Thyrsotachys Oleveri) found in Thailand.

3.1 The pullout box

bpateo by i 2t anY IO TR Tne e e el
The laboratory pullout box-wasdescribed in detail by-Shivashankar (1991). = -
It was built, by using 12-7. mm- thick (1/2 in. thick) steel plates reinforced - -
with steel beams, and with inside dimensions of 1-27 m x-0-76 m.x 0.5l m:-
(50 in. x 30-in. x:20-in.), as shown'in Figs 2(a),2(b).- The pullout force"
was applied by. an:electro—hydraulically. controlled: putlout jack through a . -
steel reaction, frame. The -pullout capacity of this equipment 15.22 kN .-
(5000 1bf)... The, horizontal displacements ~of ' the- reinforcement: were ;..
monitored by using @ Linear Variable Differential Transformer {LVDT). -
A dapajacqui,sitian system, consisting: of an 18-channel: micrologger, was’
employed to.record the mat.displacement, the pullout forces, and the.axial -
_strains in. the  reinforcements. -The rate of: pulling. was- electronicatly - ©.:
controlled, .and a. pullout rate of I mm/min was-adopted.: The: backfill«i:
material, was.compacted by an- impact hand compactor.; The density and.: -
moisture content of the.compacted-soil were: measured by a;nuclear-gage -~

densitometer. The normal pressure was applied by an inflated air bag fitted
inside the pullout box over a flexible metal plate, 6.3 mm thick, which was
placed directly on top of the »‘cpmpactcdv"b’a’c‘:'kﬁll’ soil.

3.2 Large-scale direct-shear devices

A schematic diagram of the large direct-shear apparatus is shown in Fig. 3.
Installed on the frame of the pullout-test box, it has a shear area of 0-50 m?,
The same pullout jack was:used to apply the shear force. Two 1-24 m long
(49 in. long) and 9:5mm’ thick (3/8 in. thick)  steel channels

©

N



334 .D. T. Bergado, J. C. Chai, H 0. Abtera M C A[f(qu S. B(l/asubramaniam

2 - 5Immx5fmm Steel Angles

12.7mmStee! Cover Plate

- 6.3 mm Flexible" Steel Plate—- |« AEACRERATES R
l02mm Steel H-Section 3E —3F —3C '?_2"““

102 mm Channet Section
76imm x5l mm Steel Angle —. . Air Bag )
— lS%mm ' 508 mm
/ .
= el E s ooz .
EF N XK L 3 — ' E
: OmmOpemng l52mm Remforcmg ere
152 mmSteel H-Section. = Sl _JT 12:7 mm
504 mm T -Bedin——iie s, H —= \c”:/ \TF” b] o 204.mm

————— 1016 mm. 4 — lZTOmm : —
LONGITUDINAL SECT!ON T

(O) v o ELEL TR

2 - 5! mmx5t mm Steel Angles 6. 3mm FIexubIe" Steel Plate

EmeSfeel H-Section ' IO_gmm
12.7 mmSteel ‘-'-] —= —N_
Plate e Alf Bag
' So:l ©l T [ s08mm
R"_e‘?nforcmg :Wrre*ﬁ.'j-:- -

:F|2.7mm

204 mm I-Beom 3 , 20?"7'3‘
+—+————762mm ——+—-—4
lo2mm 102 mm
cnoss SECTION o
(bY

v Fig, 2:‘:P‘u‘lﬁlont box: (a) longitudinaf,"'séc'tig view; (b) cross-sectional view.

(76-2 mm x 152 mm) (3 in. x 6 in.) were platéd on both'sides at the base
of the empty pullout box together with the bottom: 'frortt plate to form the
lower half of the shear box. The upper haif of the shear box was made of
9-5 mm thick (3/8 in. thick) steel plate with an inside dimension of 0-94 m
(37 in.) in length by 0-58 m (23 in.) in width<by 0-56 m (22 in.) in height,

which was settled on the two bottom steel channels with roller bearings.

- Four steel bars, 12-7 mm (1/2 in.) in diameter, were welded in front of the
upper box just above a predetermined shear surface so that the shear force
could be applied by pulling out the upper-half box. Two steel angle beams
and one I- shaped steel beam connected to the pul Sut box and runnmg
along its length formed the reaction frame for the apphcatlon of normal’ :
stress. The top cover ‘was a 6.3 mm. thick (1 /4 in. thick) steel plate. The '
roller-bearing system was connected to the reaction frame The normal’ ~
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pressure was applied bya compressed-air bag. Besides its large shear area,
the other advantage of this device is that the inside length of the uppershear
box isshorter than that of the lower shear box. Thius, there is no probtem of
shear-area reduction with the increase in shear displacement. :
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For the initial set-up of the direct-shear test apparatus, the reinforcement
was first fixed at the back end of the lower-half shear box by clamps, and
the lower portion of the shear box was filled with compacted soil. The
geogrid was then positioned on the soil surface in such a way that it flushed
with the predetermined shear surface. The remaining steps are the same as
in the conventional direct-shear test.

3.3 Test procedures

For both pullout and direct-shear tests, the multistage procedure was used.
First, the low normal pressure was applied. After 25 mm (1 in.) pullout or
shear displacement, the test was stopped for 2 hours. The test was then
continued under an increased applied normal pressure. For a steel grid, at
25 mm relative displacement, the. maximum pullout or :direct-shear
resistance can be mobilized. Three pullout tests were done in each set-up.
The applied normal pressures for each of the three series were; 10, 30, 50;
50, 70, 90; and 90, 110, 130"kPa, respectively. Four large-scale direct-shear
tests were made in each set-up with-applied-normal pressures of 10, 50, 90,
130 kPa. The pullout rate and direct-shear rate of 1 mm/min were adopted
for all tests. The measured backﬁll-soil,wdter content was 16 4 0-8%, and
the degree of compaction was 95 + 2 (dry density of 15-2 + 0.3 kN/m>) of
standard Proctor compaction.

4 PULLOUT-TEST RESULTS -
Figures 4-6 show typical pullout-resistance curves for steel, bamboo, and
polymer grids, respectively, at applied normal pressures of* 10,-50, and
90 kPa. Itis clearly shown that, for inextensible steel and bamboo grids, the
resistance mobilization is much faster than-that of extensible Tensar SR80
geogrids. As shown in Figs 4 and 5, at a pullout-displacement of 25 mm,
for steel and bamboo.grids.either the pullout resistances are fully mobilized
or the rate of increase'is significantly reduced because the whole grid
reinforcement moved nearly as“a rigid body (Bergado-et al:, 1992).
However, for Tensar SR80 geogrid, the resistance increased very slowly

owing to its extensibility (Fig. 6). Thus, the resistance was .mobilized

gradually along-theembedded reinforcement length. Consequently, in the
latter case, the maximum pullout resistance achieved in the test is
controlled by the stiffness:of the grid reinforcement.

Figure.7 shows: plots of the typical measured axial strain,versus pullout
displacement of steel grid with 6.3 mm bar diameter and 152 mm by
225 mm mesh size. The locations of strain gages are shown in the figure by



~50

as|

35

1

N
(&
T

. TTOTAL PULLOUT RESISTANCE (kN )

'WEATHERED CLAY : STEEL
(6.3 MM DIAMETER). '« .
(152 MM x 225 MM MESH)

o——o IO kPa'

' H 50 kPa
OO 90 kPa

ST RRRESEC TR TSI A SN S St

Fig. 4. P_ﬂibiit-tesistaricdcurve

8, 12 .15 .20 24

F RGNT DlQPLAC‘EM‘ENT ( MM )

' mesh)

R4

E (kN)
= 5 & =
T

RES|STANC
¢ 3
k-

o
uT,

£ PULLO

_TOTA

WEATHERE‘D CLAY: a!AMaoo ZCM
WITHOUT TRANSVERSE- NEMBERS
1, ., o0—o0 10 kPo
o—0 50 kPa_ o
o—-—o 90 kPo ‘ ifﬂ ‘

5T AR B ey gty eyl [

. R

E : GRPIIEL

8 . 12 16, 20, . 24

G FRONT: ‘DISPLACEMENT (MM)

S for steel gnd (6 3 mm bar dmmcter 152 mm x 225 mm

©

Flg 5. Pu(lout—resnstnnce curves for bamboo grid (20 mm bar wxdth ISZ mm 225 Tmm
W tiuE mesh) AU A S DS S PR coh

B S AR E R e “‘_f’s SRS MR T g e oy




L i L L et o

338 D. T. Bergado, J. C. Chai, HOAblera M. C A/f(qu . S. Balasubramaniam

15—
14}
13

ad
-
3,‘12—
'g,“t",
. & lOF
. 9f
;. ,
~ 8}
.-
k 3 T
2 o - WEATHERED CLAY : TENSAR SRE0
25k . O—O [0 kPa
=l .6—0 50 kPa .
e '0—0 90 kPa
- '3’ "‘ ‘
{E’ZL- R LT SALL i . EAE TR UL A RARERN P I e
.0 .4 . 8. . N 20 24 .
f p . FRONT DISPLACEMENT (MM)
rerr A Flg.6. PulLout-resnstance curves:for. Tensar SR80 .
1 0.1 ,
|  WEATHERED CLAY ISTEEL 6.3 mm! 152 mm x 225 mm
R Y| APPLIED NORMAL PRESSURE * 10kPa_ _
“6.09

0.06

0.05

0.04

AXIAL STRAIN, (%)

0.03

0.02

0.0t

¥ gy, T e g - o ,‘v(

PULLOUT DISPLAGEMENT (MM) N

Fig. 7. Typxcql curves of axial §train: versus pullout dzsplacement ‘?

[ L

a key sketchy-and-the applied normaLpressure during the-test-was 10 kPa. It
can be seen that the strain in the.grid. long1tudmal bar varies, with the
largest value at the location where the pullout force is applied. The shape of

the ¢urve of the axial strain’ m 'the grld longitudinal bar versus the pullout B

displacement is similar to that of the curve of pullout force versus pullout
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displacement. This_indicates that the measured strain in the steel grid
longitudinal bar is elastic strain. The measured maximum axial strain in
steel-grid longitudinal bars is less than 0-2%. This result confirmed that the
whole steel-grid spcc;im:én~ moved nearly as a rigid body. The strain gages
were also used to measure the axial strain in Tensar grids. However, the
results were quite scattered and are not included in this presentation. It was
found that more reliable data about the displacement along the extensible
can be obtained by using the wire~dial gauge displacement-measuring
system (Chai, 1992). N R B
Figure 8 shows a comparison of total-pullout-resistance curves for the
different reinforcements:at the same applied normal pressure of 10 kPa.
Because each reinforcement' has a different grid configuration, this
comparison just shows ;th“"e’j;év‘éfibill mobilized resistance. It. shows that
the welded steel grids with a 12-7 'mm (1/2 in.) bar diameter and 152 mm by
225 mm grid dimensions yield the highest resistance, while the Tensar SS2
grid produced the*lowest resistance under a given pullout displacement.
For the steel grids, the larger the bar diameter, the higher was the pullout
resistance for the same "‘grid‘?si’ze.f?Fd’r‘1bam‘-boo”‘fgrid‘s,‘ the grid with 40 mm
width resulted in a higher pullout resistance than that of 20 mm width.
Tensar SR80-is stronger-and less extensible-than -SS2. From a practical
point of view, this comparison is _Talsb,fr"mé_aningfulf?bec'ause, for actual
design, one important factor to be considered is how much resistance can a
particular reinforcement mobilize at a specifiedpullout displacement.
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Figure 9 plots the total pullout roslstance at 25-mm displacement versus
the applied normal pressure. The total pullout resistance increased with an
increase in the applied normal pressure. However, the increase rate is
different for different reinforcement types. The steel grids have a higher
rate of increase than the. polymer grids and bamboo grids. For extensible
reinforcements under a given pullout displacement, the higher the applied
normal pressure, the shorter is. the length of reinforcement in tension
(Ochiai et al., 1988). S
The pullout test with only longltudmal members was also conducted to
study the frictional component of the pullout resistance. For steel grids, as
reported by Bergado et al..(1992);: the frictional resistance from . the
longitudinal members’ was only about'10% of the total pullout resxstance

and it was moblllzed at a’ small “pullout displacemerit.- Srfmlarly, “the

transverse members aofwthe 'l{ensa.r geogncl were also cut away-to form the
test specimens. All: the? samples had-the same number of longltudmal
members as the-grid-with-transverse-members. Figure-- 10-shows-the pullout-
test results of bamboo and. Tensar- grids, without.transverse members at
10-kPa apphed Jpressure. The shapes of pullout-resistance curves are similar _
to those of the grlds with trahsverse members. A comparison was made of
the total pullout resistance of the reinforcement with and without
transverse members for bamboo and Tensar grids. A typical plot showing
the comparison, of the total pullout resistance for Tensar SR80 ‘with and.

WEATHERED CLAY BAMBOO TENSAR STEEL e

90l o—o STEEL (6.3 MM) "

VIR STEEL (12.7.MM) ¢ w T o T sogre e .
2 3‘_ *y ‘ i1

24 B00——0-BAMBOO(4'CM)- ; agts g
wi,_ | 0——0BAMBOO. (2CM) . . . .. z

S0 e g TENSAR” (sR80) ™
LiaG 'lv-—v‘ TENswm( Ss2)-

PE

- |2 -~
ls ilts lx‘ ; 4‘,& ;}4'1 .

~s
L
b
£
s
Iy

by
AY N

svormiradnu

arael s

g v oy s ed eomgs s o e s - o o o by L2 AT
2? 42‘0:.i G? LRI - O O 4/\27 ? 4‘1.”*, Tl
=i .. ver bzl e ® ®
' : Stak —_ cm A AR
O NN ‘3 ——-‘— A A Yy X
o Y =2 —4r X —
,—r-iﬁ'o'-v,ﬁf“‘:’ Vo L \r' ; M Sy P ! -
arfs fo | SRS ulsbr: el g0 ol npewiie gy A ey g ol T,
....Io 30+ .50, . 70 90 _ uo 130,

4T 2R el

OVERBURDEN PRESSURE (kPo )

S

1

R Rt o ;1 ;p; S AT AR RS e n sy 3-\3 TR A

Fig. 9. Co‘rvnpanson of [0['ll pullout capacxty of bamboo Tensar and steel gnds at 25 mm ;

pullout drsplacement

.lll.,f,/” oy Ed PR B i A'?‘(? 2 'l‘ﬁ"i (RN

R

~!a'u

b o P PSLITRR - -
. "y Y vy el e enilen e
w0 T f» A SRR R Sis LO I !

s 0T



Interaction between soil and grid reinforcements 341

ol
1

RESISTANCE (KN)~

“.GRIDS WITHOUT = 0
- TRANSVERSE MENBERS
.0—0 BAMBOO (4CM).
" o—o0 BAMBOO (2CM)
lo—0 ‘TENSAR ( SR80) '
oo TENSAR{SS2) -

oy

[

=, TOTAL PULLOUT

| | S i Lol 1 1 1 1 ,J”
4 8 : _12 . l6__'_\ 20 24
CUL FRONT DISPLACEMENT (MM) ' o

s R SR NULD L S PO IR C e T e seory oot
Fig. 10. Pullout-resistance curves for bamboo and Tensar grids without transverse members

e at'lO”kPé.“appli’ed normal pressure.

‘.,f""~",fy".“‘ S 4

- ;
ZI AR

without transverbe metnbers is illustrated in Fig. 11. It was fouind that the

pullout resistance of Tensar geogrids without transverse members was
about 90—100%--of -the-pullout -resistance of - the - grids -with transverse
members, and the pullout resistance of the bamboo rods was about 80-
90% of the pullout resistance of the bamboo grids. It was further.observed
that the pullout resistance of the Tensar and bamboo” grids~without
transverse members is not only due to the frictiohal resistance between the
soil and plane surface of the reinforcements. There seems to.be.an extra
pullout resistance-attributed to the bamboo _nodes where the diameter is
larger, and where the longitudinal members of Tensar grids have a larger
width and thickness at the junctions:of longitudinal and transverse
members. Furthermore, for Tensar grids, the -spacing between the
longitudinal members is small. Owing to the three-dimensional effect; the
total resistance ~’oﬁ;the¢«g-risds—wi,thout.,tr.ansverse_.members is nearly as high as
that of the grid with. transvérse members. Similar results were found by
Shivashankar (1991) by comparing the pullout-test results of steel grid and
the steel bars-with_small ribs. The space.between ribs is the same as the
spacing between the transverse members for, the grid. It was suggested by

Shivashankar that it is possible to use the longitudinal-bar reinforcements

only, but with Tibs. I
The bond coefficient is the parameter that expresses the efficiency of the
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Tensar grids cannot be calculated easily because the length  of the
~ reinforcement that was in tension was not monitored during the test. It
can be seen that the steel grids provided a higher bond coefficient than the
bamboo grids. Furthermore, the variation of the bond coefficient of the
steel grids with the applied normal pressure was less significant than that of
the bamboo grids. For a'steel grid with a 12-6 mm bar diameter, the bond
coefficient slightly increased with the applied normal pressure, and, for the
case of 2 6-3 mm bar diameter, it slightly decreased with the applied normal
pressure. This kind of variation may be due to the scatter of the test-data.
However, the bond coefficient of the bamboo grids decreased with the
increase in the applied normal pressure. The possible reason is the dilatancy
effect described by Schtosser’and Elias (1978). Compared with the steel
grid, the bamboo grids have bigger bar size and smaller space ratio, which
is defined as_the ratio.of the space. between the grid transverse members
divided by the thickness of the“transverse members (S/D), such that the
dilatancy effect of the latter is more significant. For instance, the steel grid

with the bar-diameter-of 12-7 mmx (1/2 in.) has twice:the bearing areaand - -

friction area of the steel grid with'a'6:3 mm (1/4 in.) bar.diameter, but the
bond coefficient of the former is not twice that of the latter. This is

attributed to their different space.ratios. For the same bearing :area, the
higher :the space‘,r-atiyo;\,(thefhigh’erqis the pullout resistance (Palmeira and ..

Miltigan,:1989). The results of bamboo grids show a similar tendency:

Fi-gureul3‘nf-pk‘)’tﬁs¢;:,xthe;f - comparison . of the calculated and measured

maximum total pullout resistance for steel grids with a 63 mm bar
diameter. The pullout resistance is expressed as the resistance per unit
bearing area (total pullout force divided by. the .number of bearing
members, the diameter of thé ‘bearing’ member; ‘and - the widthof the
reinforcement). It clearly indicates that the ‘general shear-failure mechan-
ism (Peterson and Anderson, 1980) and punching shear-failure mechanism
(Jewell et al., 1984) provided the apparent upper and lower bounds for the
actual pullout resistance, so neither of them can represent the:pullout-
failure mechanism of grid reinforcements. For bamboo grids, it is likewise
difficult to evaluate the passive resistance of the bamboo nodes and to
determine the exact bearing area. For Tensar grids, it is difficult to
determine the length of reinforcement in tension under._cettain pullout
displacements and the degree of the resistance mobilization at the different
positions of the reinforcement.- - ' T

=5 DIRECT*SHEAR-TEST;RESU-LTS
The large-scale direct-sheér-ﬁtes‘twrésults A}frorﬁ‘com»pac“ted backfill material
without reinforcement are shown in Fig. 14. The cohesion and friction

©



344 D.T. Bergado, J. C. Chai, H. 0. Abiera, M. C. Alfaro, A. S. Balasubramaniam

9000

18000}

'O—O ACTUAL TEST RESULTS: Sl
&0 JEWELL ot ol, (1984) PREDICTION |
0—0 PETERSON & ANDERSON, ( 1980) PREDICTION

gl ol D WEATHERED 'GLAY: STEEL '
1o 70001~ (.6.3 MM, 152. MM x 225MM MESH) - |

IRV
y -

o

sooo$ "

-

;n?

sl

. PULLOUT CAPAC)
el & o
Q Q Q
o Q [0
Q o (o2

B ‘, 2'000‘ ’ 4

3 RATRAA iR TUNSE ISa il R AR N M ], TR (A
Oy, .20 . 40, . 60 , B0 .. 100 .. 120 . i
D APPL!ED NORMAL PRESSURE (kPa) - S

Fig. 13 Companson of the calculated and measured:maxitrivm totat pullout resxst‘ance fora -

e . 'steel‘grid with: 6-3:mm: bar diameter:
y r30 . ‘ ' !
ogh ’DRY SIDE.OF OPTIMUM WITHOUT REINFORCEMENT
{‘26’—\" ae, oo : e
< tinal
“Baf
Z 20t
~ tef
S
& 6.
L 1af
g 2r . S B AN RN
z 1o WEATHERED CLAY :DIRECT SHEAR TEST :
8 o—0 10 kPa S
6 ~_ o—0 50 kPa T
4} T ——0"90 kP,
28 &o—a0 130 kPa .
0 1 1 L I ) L ! 1 1 1 Py
0 4 8 2. .16 20 24

. SHEAR oxspucsmsur (MM y T

Fig. 14. Large-scale dxrect sheaf-rcs:stance curves for compacted backfill matenal

angle were found to be 21 9’““‘k‘Pa and 11.3°, respectively, which are
substantially - lower -than -the- UU-triaxial-test" results—Except for the
different shear mechanisms involved in direct-shear-and triaxial tests, the
main reason for the dlscrepdncy is that the compacted, weathered Bangkok %
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clay used in the tests showed strain-softening behavior. The UU-triaxial-
test results showed that the peak strength of the backfill soil was mobilized
with 2-4% axial strains, and that, when the axial strain increased to about
10%, the strength reduced to 80-90% of the peak strength: For large-scale
direct-shear tests, the shear surface is progressively formed owing to the
compressive deformation of the soil specimen. Consequently, the peak
shear strengths along the predetermined shear surface are not mobilized at
the same time, and-the measured strength parameters are lower than those
of the triaxial UU test. In actual cases, such as slope failure, the failure
surface is formed progressively. Hence this indicates that the large-scale
direct-shear-test result is more suitable for actual design. SRR
Figure 15 shows the typical shear-resistance curves for the soil/Tensar
SR80 interface. It indicates that the shear stress increased- nearly linearly
when the shear displacement was less than 4-8 mm, after which the shear
force approximately remains constant with the increase in shear displace-

ment. For other reinforcements and soil interfaces, the shear-resistance

curves have a similar shape to that-in Fig.:15. - L

Figure 16 shows the bond coefficients of Tensar grids from direct-shear
tests. The corresponding values are between 1.0 and 1-2. It is indicated that
the shear resistancé betwéen the soil and the grids was higher than that of
the soil to soil. In a situation where the location of the shear surface is
constrained to pass along-the soil-reinforcement interface, this is possibly
due to the influence of the apertures on the grids, which may provide some
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Fig. 15.-Large-scale direct-shear-resistance curves for Tensar SR80/soil interface.

o




346 ‘D. T. Bergado J. C C/rat H. O Abiera, M. C A/faro A. S Bala.subramamam

2.0

.8

.6

l.4

7T T 17 T ¥ 1

i T

1.2
1.0

os

o—o0. SR80

0.6 ,
- o= SS 2

BOND COEFFICIENT

o4

| B O L1 L. ! L 11 1 i}

20.-: 40 : 60 ..~ 80~ 100 .~ (20 140
APPLIED NORMAL PRESSURE kPo

ST T v

oO

SERS AN

Flg, 16 The bond coe['ﬁcrent of Tensar geognds* from Large‘ascale chrc«ct shear tests.

amount of bearing resistance “during shear. However, it is difficult to
measure the bearing effect of tHE' dpértures on the’ grids quantltatlvety In
the field, the shear plane will pass through the plane with lowest resistance,
sothat the bond coefficient cannot exceed, unity. These results indicate that
the soil/grid reinforcement mterface can provide'the same shear strength as
the soil-itself. ;- et mr e
Figure 7., shows the bond ooefﬁcrents of steel and rbam'boo; -grids
obtained ;by - using, the. sorl strength parameters.from Iarge -scale direct-

‘shear test.It;shows. that the ‘bond coefficients of the steel.grids-are larger

than. 1-0, whereas, for. bamboo grids, the corresponding: values-are smaller
than | 0.,,Cogmpa.rmg_thrs observation with the results-in Fig:»12 shows that
using -the soil-strength parameters from .the large-scale;direct-shear test
yields a higher bond coefficient than that obtained by-using-thetriaxial-test
soil-strength- parameters.. The :estimation of>bond -coefficient. therefore
depends on the kind of test used to- determme the sorl—rstre.ngth parameters
that are used for;calculation. ... .. 0 00 g pb e e
AL LT R T I SPR PR ST AR VU ol SETA RTINS R RIS B

Cire gbive s Dol
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Large- scal‘ewlaboratory pu&lout and dlrect shear tests were employed to
investigate the interaction.properties between weathered, Bangkok clay and
various reinforcements, consisting of steel grids, bamboo grids, and Tensar
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SRSO‘iind SSi On the basrs of the test results the followmg conclusnons :
can, be drawn o
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]

(I) During the pullout test; for mextensrble remforcements such zts steel

! and' bamboo grids, the whole ‘grids ‘move approximately as a rigid -

body, the resistance mobilized uniformly along the rein’fbrc‘ernent .

T rela‘tive‘lﬁl small pullout dtsplacement However for~ extensnble
remfovrcements such’ as'“polymer grids, ‘the’ elongatron of ‘the -
“reinforcementvaried non-linearly- along the reinforcement length,
i ' which resulted in non-uniform resistance mobilization, and thus the -
- maximum ‘pullout resistance '1chxeved is controlled by the stiffness of
"'thefréinforcement. 77 ‘

%(2) For steél grids  about 90% of the xpu[lotit resistance is derlved from

' the: passive-béaring resistance of’transverse members. For bamboo’
and Tensar grids, owing to the influence of the nodes or ribs on the -
longitudinal members, the pullout resistance of the grids without
transverse members proved to be 80—90% of that of the grids with
transverse members. o

(3) The steel grids yielded a hlgher bond coefficient than that of the
btiboo grids. The dectéasé in the bond coefficient for bamboo grids
1s possrbly due to tHe dilatancy ef'fect of the backf' Il-soil. The bond

(e )\ ,‘
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. coefficient of the Tensar grids in a pullout test cannot be easily
calculated because of the variation‘in the degree of pullout-resistance
mobilization along the reinforcement.

“(4) For inextensible reinforcements, the general ‘shiear-failure mode and

punchmg shear-failure mode provide apparent upper and lower
..y, bounds, respectively,.of the pullout-test results. .

(5) The large-scale direct-shear strength of the weathered clay was much

© - lower than the-triaxial-test results.” Besides ‘the different shear

~'‘mechanisms’ of these two types of test, for ‘the case of the large-

.., .scale direct-shear test, the shear plane is formed progressively, and

. the strength; parameters obtained may not represent the peak
~strength of the.soil., - ’ : : :

(6) Owing to the mﬂuence of the apertures on the gnd remforcements
the shear resistance between the grids and the soil in a direct-shear
test can be equal to or larger than the shear resistance between soil
and soil.
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