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ABSTRACT{ The pullout resistance of welded steel geogrid rein-
forcement embedded in poor-quality, cohesive-frictional backfill ma-
terial such a$ weathered clay was investigated. Laboratory pullout
tests were copducted on various reinforcement sizes, mesh geometry,
and compaction conditions of the backfill material. Field pullout tests
were also conducted to investigate the pullout resistance of reinforce-
ments embedded at representative overburden, field moisture, and
density condjtions. The soil-reinforcement interaction indicated the
dominant role of passive or bearing resistance contributed by the
transverse members to the total pullout resistance. The frictional
resistance of the longitudinal members was found to contribute only
about 5 to 15% of the total pullout resistance. It was observed that
the reinforcement moved nearly as a rigid body and that the pullout
resistance along the reinforcement is uniformly mobilized. The field

pullout test provided higher pullout resistance compared to that of °

the laboratory test. Comparison of the predicted pullout bearing
resistance with the observed data indicatedp that the prediction based
on the bearing failure model formed the upper boundary while the
prediction associated with the punching failure mode] provided the
lower boundary. An empirical equation was proposed to predict the

" bearing resistance of the transverse members with reasonable -

accuracy.

KEY WORDS: reinforcement, soil, soil reinforcement, geognd
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Owing to its flexible construction method and compefitive cost,

earth reinforcement techniques have gained enormous applica-
bility to geotechnical engineering infrastructures such as retain-
ing walls and embankments. A variety of reinforcements have

'Associate professor, Division of Geotechnical and Transportation
Engineering (GTE), Asiarn Institute of chhnology (AIT) G. P O. Box
2754, Bangkok, 10501, Thailand. . -

*Former graduate student, GTE Dlvxsxon, AIT G P O Box 2754
Bangkok, Thailand.

3Doctoral student GTE Dlviswn AIT G P. O Box 2754 Bangkok
i Thailand. Lo

*Research Assbcnate GTE Dms:on AIT G. P 0 Box 7754 Barig-
kok Thailand.

“Professor, Departmént of Civil and Envxronmental Engmcenng, _Utah

| State U"Wers"y, Logan; Utah 84322-4110.
- © 1992 by the Amencan Soclety for Tesung and Materlals o

" SProfessor, GTE Diwslon. AIT, G.P.O. Box 2754, Bangkok, “Thai-
;. land. )

trar
I

. beenjemployed, from steel strips and steel geog}ids to polymer

grids and geotextiles. However, the backfill mat:erials commonly
used consist of the ideal granular materials. .

In the Chao Phraya Plain of Thailand in Wthh the Bangkok
metropolis is located poor-quality, cohesive- fnctlonal soils are
abundant. High-quality granular soils are scarce “and usually lo-
cated far from construction sites and thus are expenswe due to
high transportation costs. On the other hand, thé use *of polymer
materials as reinforcement becoines expensive due tof'hxgh import
tax. Consequently, it is imperative to utilize cheaper, locally
available but poor-quality backfill materials in ¢onjunction with
steel geogrid reinforcements which can be fabricated Jocally.
Several investigators (Ingold 1983; Jewell et al. 1984; Fabian
1987; Abdel-Motalleb 1989; Hannon and Forsyth 1984) have
studied the interaction between the reinforcements and cohesive-
frictional backfill materials. A full-scale welded steel geogrid

__reinforced wall/embankment system was constructed inside the

Asian Institute of Technology (AIT) campus, located 42 km

‘north of Bangkok, to investigate the behavior of mechanically

stabilized earth (MSE) constructions with cohesive-frictional
‘backfills on soft ground (Bergado et al. 1991). Field and labo-

" ratory puﬂout tests were conducted in' conjunction with the above

backflll materials.

investigation to understand the intera¢tion mechanisms between -

the welded steel geogrid reinforcement and cohesive-frictional
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*Engineering Properties of Compacted Weathered Bangkok Clay
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The weathered Bangkok clay is the uppermost surface layer
of about 2.0-m-thick dark-brown weathered clay crust overlying
the soft Bangkok clay deposit. The index and basic properties
are given in Table 1, while the grain-size distribution is shown
in Fig. 1. The strength, deformation, and permeability charac-
teristics of compacted weathered Bangkok clay have been studied
by several résearehers’ (Leelasithorn 1977; Haque 1977; Plang-
pongpon 1977; Liew '1978) in connection with the settlement
and stability analyses of embankments. The strength parameters
baséd on' direct shear,unconsolidated-undrained (UU) and
consolidated-undrainéd (CIU) triaxial tests were' alsé investi-
gated for ‘the study of the interaction with welded steel geogrid
reinforcement (Cisneros 1989; Hardiyatimo 1990). The relevant
results from thede ‘studies ‘are summarized in Table 2. The
compression test résults indicated that compacted weathered
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TABLE 1=Index and bas:c propernes of weathered Bangkok clay.

Plasncxiy Index,

% Passing qumd Lxmn Plastic Lxmn R ! wo,,..
Soil Description G, No. 200 % % % kN/m? %
- Dark brown 2.67 83.25 45.0 21.0 24.0 16.0 23.3
~ weathered clay
‘ T 5 o " - 2
GRAVEL SAND o )
Coarse] Fine Coorse] Medium Fine SILT CLAY
Percent 0.0 0.0 07 4.4 1.7 23.8 59.5
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d FIG l—TyplcnI gram-stze dxsmbuuon of wealhered Bangkak clay.
o f TABLE 2—Slrength deformanon and permeabzluy propemes of compacled wea:hered Bangkok Clay
e I Strength Properties EERRPRPE
" "Direct Shear "'UU Triaxial s © CIU Triaxial ‘ _ o
¢ 9, c, &, <, b, o, o', Compression ;  Permeability, Swelling . . Tension,
kPa deg. kPa deg. kPa deg. kPa deg. Index cm/s Index kPa
i 73.0¢ 214 -:.118.0 315 19.0 0258 . 24.0 155 ,-0.08-0.12 1077 .0.005-0.025 .. .,25.0-35.0
89.0% 32.2% )
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“Compacted at the wet side of optimum Water content, ™ °
*Compacted at the dry side of optimum water content.

Bangkok clay behaved like a natural stiff clay with the coefficient
of compressibility, C,, ranging from 0.08 to 0.12 (Liew 1978).
The swelling ‘property is_controlled by dry density and water
content. Higher dry density and lower water content cause larger
swelling and swell pressure. For dry densities within 14 to

16 kN/m*® and compaction water content between 23 and 27%,
 the free swelling index is in the range of 0.5 to 2.5%. The tension

~side and wet side of optimum water contents are designated _

strength ranged between 25 to 35 kPa, corresponding to maxi-
mum density and compaction water content of 24 to 25% (Lee-
lasithorn 1977). Two compaction water content conditions were
investigated, namely, dry side and wet side of optimum, Dry

herein as the water contents, with variation of * 1%, corre-
sponding to 95% of the maximum standatd Proctor [ASTM
Test Methods for Moisture- Densnty Relations of Soﬂ; and Sonl-_
Aggregate Mixtures, Using 5.5-1b (2.49 kg) Rammer :md 12-in.
(304 8-mm) Drop (D 698)] dry density at the dry and wet side,
respectively. The compaction water content had influenced some
of the engineering properties of compacted weathered Bangkok
clay. The perméability of the specimens compactéd At wet side
of optimum had a coefficient of permeability two to three times
less than the specimens compacted at dry side of optlmum This

is believed to be due to the different structure of the fabnc The:
samples comipacted at the dry side of optimuin tend to form a

O
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flocculated structure, while the samples compacted at the wet
side tend to form a dispersed structure (Haque 1977). As in the
case of direct shear test, the specimens compacted at the dry side
of optimum had higher strength parameters compared to those
compacted at the wet side of optimum (Hardiyatimo 1990).

Theoretical Considerations

As in conventional reinforced earth structures, the intefnéilu

stability of the welded steel geogrid reinforced system consists:
of two basic components. The first component: is the tension.

failure of the reinforcement, and the second is the pullout failure -

of the reinforcement. The former component can easily be ver-
ified for adequacy on the basis of the actual lateral stress imposed
on the reinforcement of known cross-sectional area and allowable

tensile stress. For the latter component, however, the mechanisnr- -

of failure has not yet been fully understood and-is subject to
considerable research. This is especially true for the case of the
welded steel geogrid reinforcement where there are two com-

ponents contributing to the puilout resistance compared, to-a.

single component at the strips used in conventional earth rein-
forcement. The first component of the pullout resistance is that
. of friction between the longitudinal member of grid reinforce-
ment and the backfill material, which is basically the only source
of resistance for strip reinforcement. This frictional component
of the pullout resistance is quite easily understood and deter-
mined theoretically. The second component of the pullout resist-
ance is the bearing resistance’offered by the.transverse member?

Unlike the first, the mechanism responsible for providing:pullout !

resistance to the transverse member is not well understood and

has been determined only empirically-from laboratory pullout ;

tests (Bishop and Anderson 1979 Peterson and Anderson 1980

Nielsen and Anderson 1984). - " =
The total pullout resistance. of tﬁe reinforcement (F ) can be
expressed as follows ' - T e
F,=F + F, SN

The frictional resistance (F;) developed along'fhe longitudinal
members of the reinforcement is taken as (Peterson and An-
derson 1980)

AN

F=Adcwuné - @

-. where A, is the frictional area of the reinforcement, o, is the
average normal stress usually, taken, as 0.750,.in ‘which o, is the
wvertical overburden.pressure,and ¢ is the friction angle between

.~ reinforcement and soil.. The passive or.bearing resistance (F,) of

.- the transverse members.isTtelated to the cohesion, friction angle

.. and-the bearing capacity factors,in. the Terzaghx-Bmsman bear-

.ing-capacity.equation, which was. modified in the followmg form

(Peterson and. A,nd«:rson 1980)

F,,/(nwd) = cN 40, N 3)
where .-
n= jl;é number of transverse members,
w = the width of the reinforcement. and

N, and N, = the bearing capacity factoys.
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The expression for N, depends on the assumed failure mechanism
such as bearing failure mode (Peterson and Anderson 1980) or
punching failure mode (Jewell et al. 1984) as illustrated in Fig.
2. The value for N, is taken as cot ¢ (N, ~ 1). A study by Ospina
" {1988) based on X-ray monitored pullout tests conducted on wire
mesh embedded in sand indicated that the failure mechanism
was a function of the allowed deformation of the wire mesh and
the normal confining pressure. It was observed that the mech-
“anism of failure in front of a transverse member embedded in
_loose sand is .a bearing capacity failure. At the dense state, a
punchmg failure seemed to develop in front of the transverse
members at low deformations, which became a bearing capacity
failure at larger deformations. Furthermore, at low normal con-
fining pressures, the failure mechanism was closely related to a
punching type failure while bearing capacity failure was noted

_.-for high normal conﬁmng pressures.
$10AM o

Pullout Tests

In the laboratory, pullout tests were conducted using a 1.30

2 by 0780 By:0.50-m (50 by 30 by 20 in.) test cell made up of 13.0-

mm (a-in.)-thick ‘steel plates (Fig. 3). A typical test setup for
the laboratory pullout test is shown in Fig. 4. The vertical stress
was supplied by an air bag fitted inside the pullout box between
6.5-mm (Y-in.) flexible metal plates. The pullout force, meas-
ured by means of an electronic load cell, was applied to the test
specimen using an electrically controlled hydraulic cylinder
mounted against the supporting frame of the pullout cell. The
horizontal displacement of the mat was monitored using the lin-
ear variable differential transformer (LVDT) and was pulled out
at a rate of 1 mm/min. The data acquisition system (21 X mi-
crologger) recorded both the mat displacement, pullout force,
“and the axial strains in the longitudinal and transverse members
by means of strain gages. The reinforcements consisted of 6.5-
‘mm (Y%-in.), 9.5-mm (%-in.), and 13.0-mm (%-in.)-diameter bars
..with-various mesh sizes of 0.15 Ly 0.23-m (6 by 9-in. ) 0.15 by
0.30-m_(6.by 12-in.), and 0.15 by 0.35-m (6 by 18-in.). The
weathered clay backfill materials were compacted at 95% stand-
ard Proctor (ASTM D 698) densities at dry side and wet side of
optimum water contents. A typical schematic diagram of the

>, welded’ steel gedgrid rem,forcement used in laboratory tests is

shown in Fig. 5.
«A full scale,“mcchamcally stabilized wall/embankment system

e wmh weldedsteel geogridireinforcements (Fig. 6) was constructed

inside the Asian Institute‘of Technology campus, located 42 km
north of Bangkok. It has a vertical wire-mesh facing on one side
and a sloping.back..It consists: of three sections with three dif-
., ferent backfill materials, namely, weathered clay, clayey sand,

_.-and lateritic residual soil. The backfill materials were.compacted

.at 95% standard Proctor (ASTM D 698) densities with placement
_. water content varying by about * 1% corresponding to that den-
sity, generally: on the-dry side of optimum. Dummy. reinforce-
ment specimens were installed during the construction of the
embankment at different levels in the vertical wall for field pull-
out tests. Field pullout tests were conducted td investigate the
pullout resistance of reinforcements embedded at representative
_overburden, field moisture, and density conditions. There were
five dummy-. remforcement specimens embedded in the weath-
_ ered.clay section (see Fig. 6a). The details of the dummy rein-
forcement are given in Fig. 7. The dummy reinforcements were
pulled out using the same strain rate (1 mm/min) and test pro-
cedure as adopted in the laboratory pullout test. The pullout
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" force was applied similar to that in the laboratory with a specially

designed teaction’ frame buttirig against the wall face of the me-

“"“chanically stabilized wall-embankment system. A wooden plat-
“'form ‘was built to- support the pullout equipment when testing

' for diimmy 'reinforcements located ‘at higher levels in the wall.
© A'typical test setup for field pullout test is shown in Fig. 8.

e vy

'S€S, .. . Ca . .
Typical stréss-strain relationships from laboratory pallout tests
are shown in Figs. 9'and 10, for dry and wet side compactions,
respectively. The typical stress-strain relationships from field
pullout tests are shown'in Fig. 11: In the laboratory, it was
‘observed that the pullout resistance with backfill materials com-
pacted at wet side of optimum was lTower compared to that of
the dry side of optimum. This was attributed to the higher strength

N ‘gfe("rr'*"”'#’) ton2 (45'+'$72)

fon (45 +$/2) ”

Slip
Planes

FIG. 2= Failure mecharisms with respective expressions for Ng: (top) bearing capacity
“ failisre (after-Peterson and Anderson;, 1980) (bottom ) punching shear failure (after Jewell

~ of soil commpadcted ‘at the dry side of optimumi than that at the

wet side of optimum. Generally, the pullout resistance increased
with increasing applied normal pressure ‘as'in the case' of high-
quality backfill materials. The plots of strain with distance from

- the facing are typically shown in Figs. 12 and 13 for dry and wet

side compactions, respectively. The results indicate linear vari-
atiorr of strains in the order of 0.01 to 0.20% only. This means
a maximum of 2-mm elongation for a 1.0-m longitudinal bar
which is very small compared to about 25-mm pullout displace-
ment. It is therefore reasonable. to consider that the reinforce-
ment moved nearly as a rigid body and that the pullout resistance
along the reinforcement is uniformly mobilized. The levels of
strains were also found to reduce when the backfill compaction
varied from dry side to wet side of optimium, with the dry side
exhibiting a steeper slope of strain variation with distance. This
implied that at the dry side compaction, in which the soil was

)
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‘s=omeer. the relative movement of the reinforcement with're- - sion failures occurred in-6.5-mm (Ve-in.) reinforcement at higher

spec o the backfill soil was smaller compared to that of the ‘wet
“sce.'=zusing higher'induced- strains ‘in’ the-reinforcement (Ber-
‘z=332r 21:°1990). The maximum pullout resistances for different
' —esk sizes seemed to’ indicate ‘that the 0.15 by 0.23-m (6 by 9-
“5:-meshrsize-was-Superior for'bothi-the dry-and wet-compacted
ZJemsi“as of backfill materials:’ Reinforcements with' their trans-
ez —embers removed 'were tested to determine the ‘contri-
== of the longitudinali members through adhesion/friction
=== Ze backfill material. As expected for poor quality backfills,

i - == =°d component was quite, minimal at about 5.t0,15% of the
== tlout resistance. Figure 14 shows the relationship between

© T-ressive bearing resistance per unit area, F,/nwd; andapplied
I "zor==_ pressure for the‘two bar‘diameters, namely,’ 6.5 mm(Va-
i ‘= 2=d 13.0'mm (%ein:)"The’ notationF, stands for: pullout
- ~ez=—g force, ' is the number:of transverse members, w is the
===t the reinforcement specimen, and -d is-the diameéter of
~Tz—sversé ‘members. In-the case of 6.5-mm (Ya-ify.)-diameter
~=—Zsrzements, Jower normal pressures were applied compared

T =% o1 13.0-mim (Y4-in. )-diameter reinforcements because ten-

/ normal pressures. It was generally observed that the 6.5-mm (V-

+- jnJ)-diameter reinforcements yielded higher F,/nwd:values than
~ thatof 13:0{mm (¥in.) diameter: This may be attributed to the
<+ fact that the passive bearing'resistance for smaller diameter bars
- -is fully'mobilized. A similar study (Palmiera and Milligan 1989)
- -supporting this observation indicated that a larger S/D ratio re-

<sulted in higher pullout bearing resistance up to a certain limit,

< 'where S is the spacing between transverse members and D is the

diameter of the transverse memberi: - . -
¢+ vComparing the stress-strain relationships from laboratory pull-

““out tests'(Figs. 9 and 10) with that from field pullout tests (Fig.

~'11), it was observed that laboratory tests yielded a peak pullout
* resistance at relatively low displacement, while the peak pullout
resistance from the field tests occurred-at higher displacement.
This suggésts that the elongation for longer reinforcement re-
sulted in more displacement to reach the yield load for the same
overburden pressure.’ The :comparison between laboratory and
field pullout resistances was made by plotting the maximum pul-
lout resistances against normal pressures as shown in Fig. 15. It
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FIG. 5— Typical schematic diagram of the steel geogrid reinforcement used in the labora:ory

pullout 1est.

-:can'be: seen that thefield tests provided higher pullout resistance
- than'that of laboratory tests. One of the reasons may be-due to
‘.thedonger embedment length.employed-inthe field tests. Longer
>reinforcements were observed to have higher peak pullout resist-
-+ ance for the same overburden.pressure,(Chang et-al. 1977). The
"other‘reasons:could be diie to the:variations in sample: compac-

* tion; boundary..effects in pullout:apparatus, scale effect,.and
arching reffect in:the .embankment:system.: The interaction be-

;" tween soil-reinforcement system-and:the rigid-boundaries.of the
" pullout box (especially the front face) in small-scale tests can
-} affect themeasured-pullout resistance. - As the reinforcement was
'pulled .out fromi:the box; lateral pressures could have.alsode-

! veloped-against the rigid front face, }eading to the arching of the
“'soil’ over the reimforcement near the front face, which:reduces
“'the local vertical stress-on the reinforcement, and consequently,
-a decrease in the pullout resistance (Palmiera and Milligan 1989;
“Jurdn-et al.-1988). The-arching effects:in the embankment.system
near the face of the .wall resulted: from: the- relatively higher

- settlement in the middle section -(lateritic residual-soil section)

" of the embankment. The vertical stress (overburden) at the mid-

- dle section, which suffered higher. settlement, could be distrib-
. uted to the end sections (i.e., weathered;clay.and:clayey sand

sections), which-have lower settlement(Fig., 16). The distribution
of vertical.stress from the middle section to both end sections of
the embankment was transmitted by the interconnection in- the

-reinforcements at the face of the wall. The subsequent increase

in vertical stress .at the.end sections provided higher pullout
resistance as.compared in. the laboratory. 0

Prediction of Pullout Resistance , o

Figures 17 and 18 show the comparison between the prédicted
and observed pullout resistances. It can be seen that the predic-
tion based on the bearing failure model (Peterson and Anderson

-1980) provided an upper boundary. The prediction associated

with -the punching failure model (Jewell et al. 1984) offered a
lower boundary. At wet side-compaction, it was.observed-that
the prediction based on the bearing failure model was closer to
the observed pullout resistance than that based on the punching
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with.the punchm[g faxlure model was closer to the observed data.
It wasgindicated. in: the?prevrous section-that; at dryside com-
paction, relative displacement between the- ‘feinforcement with
respect'to'the backfill soil was smaller compared to the wet side.
Therefore, for large, relative displacements, the failure. mecha-
nism seemed to conform with the bearing failure model. For
small relative displacements, the failure mechanism was in con-
formity with the punching failure model.

An empirical equation for the bearing resistance (F,) is pro-
posed based on test data which takes the form

F, = ANC, 4)

T Sy 06 dr v o

B , I
04 Vi 0.2 . .y 04
, s o NORMAL PRESSURE (EJX IOO{I(PO)

A, = the bearing area, v
N, = an empmcal number equal to 13 for weathered Bangkok
it "clay* ‘and- -

Q”

="the apparem undramed sfrength of the backﬁll defined
as (Ingold 1983)
C,=C+oa,tand (%)
where

C = the cohesion intercept
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