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Cement-Modified Backfills for Mechanically Stabilized Earth
Walls with Built-In Facing
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Abstract: A field study was undertaken to evaluate the performance of model geotextile-reinforced mechanically stabilized earth walls
constructed using locally available marginal backfill soils without and with cement modification. Cyclic plate load tests were carried out
on the constructed walls both at optimum moisture content and in fully wet conditions in the case of plain backfills and in fully wet
condition for cement-modified backfills. The performance and utility of the proposed built-in soil cement facing with folded-back
geotextile layers were also examined. The reduction in load-carrying capacity of walls upon wetting could be compensated by cement
modification of marginal backfills while maintaining the pullout resistance of reinforcing layers with nominal variation in the flexibility
of walls. The performance of model walls constructed using cement-modified marginal backfills is found to be even superior to the wall
constructed using free draining sand backfill in terms of higher load-carrying capacity with reduced lateral facing deformations. It was

observed that the geotextile-reinforcing layers in marginal backfills also facilitate the internal drainage.
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Introduction

Mechanically stabilized earth, popularly known by its trade name
“reinforced earth,” has gained universal acceptance for a variety
of civil engineering applications. A new era began in this technol-
ogy with the advent of geosynthetic-reinforcing materials as an
efficient alternative to other reinforcing materials (Hausmann
1990; Koerner 2000). Despite the wide appreciation of the tech-
nique for its versatility, in recent years, few problems and failures
of reinforced soil structures were reported (Bathurst and Ben-
jamin 1990; Rowe 1997; Yoo et al. 2004; Ma and Wu 2004, Yoo
and Jung 2006; Sahadat and Victor 2007). The reasons for their
failure were attributed to the use of inappropriate backfill materi-
als, difficulty in facing connections, and sometimes, poor com-
paction control (Cousens and Pinto 1996; Holtz 2001; Suah and
Goodings 2001). It was felt that the use of marginal soils as
backfill in reinforced soil construction could be recommended if
comprehensive internal drainage could be provided (Wang and
Wang 1993; Zimmie et al. 2005; Goel 2006). Further, it was also
opined that cohesive-frictional soils could be a convenient com-
promise between the technical benefits of cohesionless soils and
economic advantages of cohesive soils (Ingold 1981; Wang and
Wang 1993; Keller 1995; Swami Saran 2006). The use of elec-
trokinetic geosynthetics to aid drainage in cohesive backfills
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(Glendinning et al. 2005) and preloading and prestressing (Tat-
suoka 2002) to make reinforced backfill very stiff and elastic were
suggested in recent years. However, these techniques involve
stringent quality control and technical difficulties, especially with
large-scale works. It was also felt by some researchers (Gill and
Bushell 1992; Marchal et al. 1996; Lawson 2003; Tatsuoka 2004;
Mohammad and Mohammad 2006) that the cementitious modifi-
cation of backfill materials could offer a promising lasting perfor-
mance of reinforced soil structures. The difficulty in the erection
of a facing and its connection to reinforcement, and also a few
connection failures of mechanically stabilized earth (MSE) walls
were reported by other investigators (Bolton and Pang 1983; Col-
lin and Berg 1993; Gourc 1996; Collin 2001; Goel 2006). An
alternative method of constructing a built-in soil-cement facing
with folded-back geotextile-reinforcing layers to overcome these
difficulties is also presented in this paper.

This paper presents the experimental work carried out to study
the behavior of model nonwoven geotextile-reinforced soil walls
constructed using plain and cement-modified locally available
marginal backfill soils. Also, the performance of a built-in soil-
cement facing adopted in the construction of model walls was
investigated by measuring the facing deformations during load
testing. Further, the pullout behavior of the geotextile was also
examined in uncemented and cement-modified backfills to under-
stand its pullout resistance under different test conditions.

Materials and Methodology

Materials

Backfill Soils

Three locally available soils were used as backfills, and their
properties were determined as per the Bureau of Indian Standards
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Table 1. Properties of Backfill Soils

[SP 36 (Part 1) (1987)]. The properties of these soils are given in
Table 1. Soil-2 (murrum) and Soil-3 (upland soil) were chosen to

Soil-1 Soil-2 (igi;lnfd simulate marginal backfills with a higher content of fines and low
Property (sand) (murrum) soil) permeability. In order to overcome the ill effects of plastic fines of
. . marginal soils, cement modification was adopted, and the proper-
Sp e?lﬁc, gra\.nty. ) 265 2.66 2.67 ties g0f cement-modified soils are given in "?able 2. Thotfghpthe
Grain size distribution . . .
soils became nonplastic with 2% cement content, 3% cement con-
Gravel (%) > 10 2 tent was used to account for the possible nonuniform mixing of
Sand (%) 95 59 58 cement content while handling considerable quantities of materi-
Silt (%) - 21 24 als used in this investigation.
Clay (%) — 10 16
Atterberg limits Cement
Liquid limit, w; (%) 38 36 Ordinary Portland cement of 53 grade was used to modify the
Plastic limit, w,, (%) NP? 19 17 marginal backfill soils and also to form the built-in soil-cement
Shrinkage limit, w, (%) 14 14 facing.
Unified soil classification SP° ey e
Compaction properties Geotextile
OMC (%) 12 15 16.5 Nonwoven geotextile (Fibertex G-100) was used as a reinforce-
MDD (Mg/m®) 1.58 1.82 1.83 ment in this investigation, and its properties as given by the
Shear strength parameters manufacturer are: weight= 1QO g(mz; .thickn.ess at 2 kPa
(i) UUS condition =0.6 mm; static puncture (California bearing ratio test)=940 N;
f elongation=55%; tensile strength  (longitudinal direction)
¢, (kPa) — 55 57 . . .
Iy o 16° 140 =4.0 kN/m; tensile strength (transversg direction)=5.0 kN/m;
u N o elongation at break=40-50%; dynamic cone drop=40 mm;
(ii) CD" condition . . Lo iy
K permeability=0.13 m/s;  permittivity=2.6 s~';  water  flow
¢ (kPa) 0 10 15 =1301/s/m?; kpaey at 2 kPa= 1073 m/s; pore size, Ogyq
& 41° 40° 39° =110 pm.
Coefficient of permeability, 125X 1073 889X 107 248X 107
k (cm/s)
NP=nonplastic. Test Procedures
b .
S | |
MDD =maximum dry density In. order to unde?rstand the pullout res1sta1}ce Qf the geotextile
. ) o reinforcement (Fibertex G-100) embedded in different backfills,
fuu:uncor.lsohdated }mdramed. pullout tests were carried out in a modified direct shear box of
¢,=undrained cohesion. size 60X 60X 20 mm. The geotextile strip of 25 mm wide and
*¢,=undrained angle of internal friction. 100 mm long was placed over the respective compacted fill ma-
"CD=consolidated drained. terials in the lower half of the shear box, and then the same fill
i =effective cohesion. was compacted in the upper half of the shear box to its maximum
i’ =effective angle of internal friction. dry density. The projected part of the geotextile strip was attached
to a clamping system, which in turn was connected to a tension-
proving ring. Subsequently, these strips were pulled out at the rate
of 1.25 mm/min at both optimum moisture content (OMC) and in
fully wet condition under normal stresses (o) of 10, 20, and
30 kPa. The pullout stress versus pullout deformation plots for all
the test conditions was drawn, and from these plots the peak
Table 2. Properties of Soil-Cement Mixes
Percent cement in Soil-2 Percent cement in Soil-3
Property 0% 2% 3% 4% 0% 2% 3% 4%
Atterberg limits
(immediately after adding the cement)
Liquid limit, w; (%) 38 37 36 34 36 35 34 32
Plastic limit, w,, (%) 19 20 21 22 17 17 18 20
Atterberg limits
(at 3-day curing period)
Liquid limit, w; (%) — NP NP NP — NP NP NP
Plastic limit, w,, (%)
Unconfined compressive strength (UCS) at 3-day curing 76 275 359 669 74 261 334 608

period (kPa)

“NP=nonplastic.
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Fig. 1. Schematic of experimental setup for load testing on geotextile-reinforced (Fibertex G-100) model wall

pullout resistance (p) values were noted to calculate the interface
friction angle (8=Tan™'(p/c)) between the respective fill materi-
als and geotextile reinforcement.

Cyclic Plate Load Tests

Construction of Model Walls. Model MSE walls of 2.50 m
wide and 2.50 m high were constructed using geotextile rein-
forcement at 0.30 m vertical spacing with folded backs at the
facing (Fig. 1). Four MSE walls, two for each marginal backfill
soil (Soil-2/Soil-3) without cement modification were constructed
for load testing at both OMC and in a fully wet condition, respec-
tively. Two more walls were constructed again using Soil-2 and
Soil-3, respectively, as backfills after admixing them with 3%
cement content. In the case of the wall constructed using sand
(Soil-1) as backfill, no cement modification was adopted, as it
was nonplastic, free draining, and frictional material, for which
the load testing was carried out only at OMC. In order to form the
vertical facing for these walls, specially fabricated steel-form
shutters were used. The respective fill materials were placed over
each geotextile layer and compacted using a 2-t stone roller at its
OMC. In order to form a 200 mm thick built-in soil-cement fac-
ing, the same backfill soil was mixed with 10% cement content
and compacted near the facing simultaneously with the placement
of backfill, and the geotextile layer was folded back as shown in
Fig. 1. Further placement of backfill and the formation of the
facing were continued up to the top of first lift, and then the next
layer of geotextile was placed over the compacted soil layer, and
the procedure was repeated until the construction of the wall was
completed.

Load Testing. In the case of MSE walls constructed using
marginal backfills without cement modification, cyclic plate load
tests were carried out at both OMC and in fully wet conditions.
For the walls constructed using cement-modified backfills, the
load testing was performed at a 7-day curing period by inundating
the walls to simulate the fully wet conditions. Load was applied
centrally over the top surface of the wall through a 300 mm di-
ameter steel plate with the help of a hydraulic jack and a proving

ring of 20 ton capacity reacting against the knetledge-loading
frame (Fig. 2). A seating load of 5 kPa was applied initially to
ensure proper contact of the loading plate over the compacted soil
surface, and then the dial gauge readings were set to zero. Later,
the load was applied in increments of 25 kPa, and each increment
was maintained until the settlement was less than 0.10 mm/h up
to the first loading cycle of 100 kPa and then unloaded in 50 kPa
decrements. Again the reloading was done to the next cycle of
200 kPa while measuring the settlements and unloaded as above.
The testing was continued until failure of the respective walls and
the cyclic load—settlement plots were drawn for different test
conditions.

Results and Discussion

Pullout Behavior

The results obtained from pullout tests carried out in a modified
direct shear box on the nonwoven geotextile fabric embedded in

Fig. 2. Experimental setup for load testing on geotextile-reinforced
(Fibertex G-100) model wall
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Table 3. Soil-Geotextile Interface Frictional Properties under Different
Test Conditions

Values of normal
stress (o) (kPa)

Interface frictional properties 10 20 30
Soil-1 (at OMC and MDD)

Peak pullout stress (p) (kPa) 14 13 26
Interface friction angle () 54° 52° 50°
Soil-1 (saturation)

Peak pullout stress (p) (kPa) 13 25 36
Interface friction angle () 52° 51° 50°
Soil-14+3% cement

Peak pullout stress (p) (kPa) 21 31 38
Interface friction angle (3) 64° 57° 52°
Soil-2 (at OMC and MDD)

Peak pullout stress (p) (kPa) 10 16 22
Interface friction angle () 45° 38° 36°
Soil-2 (saturation)

Peak pullout stress (p) (kPa) 7 10 15
Interface friction angle (3) 35° 27° 26°
S0il-2+3% cement

Peak pullout stress (p) (kPa) 25 36 50
Interface friction angle () 68° 61° 59°
Soil-3 (at OMC and MDD)

Peak pullout stress (p) (kPa) 8.40 15 18
Interface friction angle (3) 40° 36° 31°
Soil-3 (saturation)

Peak pullout stress (p) (kPa) 6 10 12
Interface friction angle () 31° 26° 22°
Soil-3+3% cement

Peak pullout stress (p) (kPa) 26 39 52
Interface friction angle (3) 69° 63° 60°

both plain and cement-modified fills are presented in Table 3. It
can be observed from this table that the interfacial friction angles
between the marginal fills (Soil-2 and Soil-3) and the geotextile
are reduced by about 30% upon wetting. The reduction in pullout
resistance of geotextile due to the plasticity of marginal soil fills

Pressure (kPa)
0 200 400 600

is not only compensated by 3% cement modification but also
added further resistance. However, all these values are much
higher than the usual range. Further, the variation of interfacial
friction angles for different cement-modified fills is observed to
be marginal for a given normal stress. These trends could be
attributed to the extensibility of geotextile reinforcement, due to
which, the testing displacements inevitably include the amount of
stretching besides sliding; and also the possibility of formation of
a slight wavy pattern of the fabric that mobilizes the passive
resistance, whereby, the recorded behavior can be skeptical. Pre-
vious investigators also reported such behavior with flexible rein-
forcing materials (Ingold 1983; Kate et al. 1988; Rao and Pandey
1988; Voottipruex and Bergado 2003).

Pressure-Settlement Behavior

From the cyclic pressure-settlement plots as obtained from load
tests, the maximum settlement for each pressure increment was
noted, and using these values, pressure-settlement plots (Fig. 3)
were drawn for all the test conditions in order to show their rela-
tive behavior. These plots clearly indicate that the marginal back-
fills suffer from substantial loss of their load-carrying capacity
upon wetting due to the presence of more plastic fines. The same
soils have become unaffected by wetting upon 3% cement modi-
fication and could offer higher load-carrying capacity than the
walls built with plain backfills, without significant variation in
flexibility of the system.

The values of ultimate bearing capacity and the corresponding
settlements for different test conditions were obtained against the
intersection points of tangents drawn to the initial and final
straight-line portions of pressure-settlement plots (Adams and
Collin 1997). From these values, the bearing capacity ratio (BCR)
and settlement ratio (SR) for different backfill conditions were
calculated (Table 4). The BCR is taken as the ratio of ultimate
bearing capacity of reinforced soil walls for a given backfill ma-
terial without the effect of inundation to the ultimate bearing ca-
pacity of the wall affected by the inundation. The ultimate bearing
capacity values for the walls constructed with plain backfills and
tested at OMC or with cement-modified backfills cured by inun-
dation are taken as unaffected by the inundation. Similarly, the SR
is defined as the ratio of settlements corresponding to the ultimate
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Fig. 3. Pressure-settlement curves for MSE walls under different test conditions
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Table 4. Values of Ultimate Bearing Capacity and the Corresponding Settlements for Different Test Conditions

Geotextile- Settlement at ultimate

reinforced Test Ultimate bearing capacity bearing capacity

backfill condition (kPa) (mm) BCR SR
Soil-1 At OMC 338 9.75 — —
Soil-2 At OMC 495 7.1 2.04 0.78
Soil-2 After 7-day inundation 242 9 1.00 1.00
Soil-2+3% cement After 7-day inundation 670 9 2.76 1.00
Soil-3 At OMC 526 7.05 2.02 0.90
Soil-3 After 7-day inundation 260 7.8 1.00 1.00
Soil-3+3% cement After 7-day inundation 665 9.2 2.55 1.17

bearing capacities for the above conditions. Though the previous
investigators (Binquet and Lee 1975; Sakti and Das 1987; Shan-
karaiah and Narahari 1988) defined the BCR as the ratio of ulti-
mate bearing capacity of reinforced soil to the unreinforced soil
for equal settlement, the modified definitions are adopted in the
present study to understand the settlement behavior of marginal
backfill soils along with their bearing capacity. The previous
works carried out by the investigators on sand indicated that there
is a shift in ultimate bearing capacity of sand due to the provision
of reinforcement with only a nominal variation in its settlement.
Others also followed some deviations with regard to the BCR
values (Sakti and Das 1987; Das et al. 1998). As can be seen from
Table 4, the BCR values of walls constructed using Soil-2 and
Soil-3 are increased by about 2.5 to 2.7 times upon cement modi-
fication with SR values close to unity. The reduction in load-
carrying capacity of walls upon wetting of marginal backfills
could be offset by cement modification of such fills. The rela-
tively flatter pressure—settlement plots of walls with cement-
modified backfills also reflect their improved performance with
nominal variation in flexibility.

Wall-Facing Deformations

The wall-facing deformations were recorded with loading inten-
sity, and the values corresponding to the ultimate loads as given
in Table 4 were plotted at different wall elevations for varied test
conditions (Fig. 4). It can be seen from this figure that the maxi-
mum lateral facing deformations in the fully wet condition of
walls with cement-modified marginal backfills are reduced to
about one-third of the respective walls with plain backfills, indi-

cating their improved performance. These trends can be supported
by the fact that the marginal soils have become unaffected by
wetting upon cement modification. The built-in soil-cement fac-
ing has not shown any cracking or yielding during load testing
that indicates its possible use as an alternative to conventional
facings, which of course needs prototype testing before recom-
mending it in practice. The desired aesthetics can also be given to
the built-in soil-cement facing by plastering the surface accord-

ingly.

Summary and Conclusions

The use of marginal backfill soils can be made amenable for the
construction of MSE walls by modifying them with cement,
which helps to alleviate the ill effects of finer fraction on the
performance of such walls. The provision of geotextile reinforc-
ing layers in such marginal backfills facilitates internal drainage,
which coupled with a nonplastic nature of cement-modified back-
fills could preserve their strength even under fully wet condition,
and the constructed MSE walls have shown improved stability in
terms of increased BCRs of about 2.5 to 2.7 with the SRs close to
unity. The reduced lateral wall deformations due to cement modi-
fication of backfills also indicate the improved performance of
MSE walls with little variation in their flexibility. The concept of
a built-in soil-cement facing can be a potential alternative to con-
ventional facings, as it does not involve the erection and connec-
tion problems that could help in faster construction of MSE walls.
However, this aspect of a built-in soil-cement facing needs further
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Fig. 4. Horizontal deformation of wall facing
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investigation on prototype walls for its long-term performance,
especially for greater wall heights.
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