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ABSTRACT: The main objective of this paper is to examine the influence of discrete and

randomly distributed geofiber reinforcement on the integrity of clay-based landfill covers subjected

to differential settlements in a geotechnical centrifuge. A series of centrifuge tests was performed

on model clay-based landfill covers with and without geofiber reinforcement at 40 gravities. A

hydraulic-based differential settlement simulator was used to induce continuous differential

settlements with a distortion level up to 0.125. The type and moist-compacted conditions of the

soil barrier and fiber content were held constant, and the thickness of the soil barrier and the fiber

type are varied. The performance of the soil barrier with and without geofiber reinforcement

having an overburden pressure equivalent to that of landfill covers was monitored by measuring

water breakthrough at the onset of differential settlement. With an increase in the thickness of the

geofiber-reinforced soil barrier, and with the provision of an overburden equivalent to that of

landfill cover, the integrity of the geofiber-reinforced soil barrier was found to be retained, even

after inducing a distortion level of 0.125. Analysis and interpretation of the test results indicate the

significant potential for geofiber reinforcement to decrease and to retard soil crack potential in a

discrete and randomly distributed soil barrier reinforced with geofibers, while retaining its hydraulic

performance.
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1. INTRODUCTION

Despite the recent development of new municipal solid

waste (MSW) treatment techniques and increased recy-

cling rates, landfill is still the most common MSW

treatment method used worldwide (Staub et al. 2010). The

purpose of a landfill is to provide complete isolation from

the surrounding environment of waste material that other-

wise would pollute all the vital components of the living

environment. This can be achieved by providing an

impermeable barrier within waste containment systems on

the top, bottom and sides of landfills. Compacted clay can

be used effectively as a hydraulic barrier because of clay’s

low permeability, and hence such barriers are widely used

wherever clay soils are abundantly available (Heerten and

Koerner 2008; Camp et al. 2009; Gourc et al. 2010a).

The main challenge in using clay as a barrier material

is the formation of cracks, due either to moisture fluctua-

tions, or to the possible differential settlement of landfill
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covers. The main reason for differential settlement of a

landfill is ongoing biodegradation of waste. Since the

cover systems are constructed on heterogeneous waste

material, differential settlement can cause more damage to

landfill covers than to bottom-lining systems. When the

differential settlement becomes excessive, tensile cracks

can be formed along the zone of sharp curvature. The

most important property that affects the performance of a

landfill barrier is its hydraulic conductivity. The hydraulic

performance or sealing efficiency of the barrier is com-

promised by tension cracking, since this leads to infiltra-

tion of rainwater into the landfill, and the release of

harmful gases to the atmosphere (Staub et al. 2011).

The deformation behavior of the soil barrier can be

exemplified using the settlement ratio and the distortion

level. The settlement ratio a/amax is defined as the ratio of

the settlement at any stage of deformation to the maxi-

mum settlement. The distortion level a/l is defined as

settlement at any stage of deformation to the influence

length l within which differential settlement is induced

(i.e. it is measured as the horizontal length from the center

of the barrier where settlement is zero or negligible). Qian

et al. (2002) categorized the differential settlements of

landfill covers into large craters having a distortion level

of 0.167 (maximum strain of 1.8%) and localized depres-

sions having a distortion level of 0.27 (maximum strain of

4.5%). As low-level radioactive wastes are stored in

containers, and the spaces between these containers are

filled with buffer material, there is an inevitable possibi-

lity that differential settlements may occur (Camp et al.

2009; Gourc et al. 2010a). ADEME-LIRIGM (2005) and

Gourc et al. (2010b) reported that heterogeneous moisture

content distribution in bioreactor landfills might result in

differential settlement, potentially harming the integrity of

the landfill cover. Keck and Seitz (2002) reported that

maximum and average subsidence depth values were

3.7 m and 0.6 m at the Radioactive Waste Management

Complex Subsurface Area Disposal (RWMC-SAD) site

during 1983 and 2002, with distortion levels ranging from

0.066 to 0.888.

The problem of cracking of compacted clay barriers has

been studied by several investigators, but studies of the

deformation behavior of barriers subjected to differential

settlement are very limited. It can be analyzed by full-

scale testing (Edelmann et al. 1999; Gourc et al. 2010a),

by reduced-scale laboratory testing (Jessberger and Stone

1991; Scherbeck and Jessberger 1993; Viswanadham and

Muthukumaran 2007; Viswanadham and Rajesh 2009;

Viswanadham et al. 2009), or by an analytical approach

(Sagaseta 1987; Liang et al. 1994; Bredariol et al. 1995;

Gucunski et al. 1996). Previous studies have shown that

clay-based landfill covers are found to lose their integrity

when subjected to differential settlements.

The performance of a compacted clay barrier can be

improved by providing adequate overburden, by increasing

its thickness, or by adding some tensile inclusions.

LaGatta et al. (1997) reported that geosynthetic clay liners

(GCLs) can be effectively used as an alternative to

compacted clay barriers. The tensile strength of geotextile

layers sandwiching bentonite improved the performance of

a GCL. Viswanadham and Muthukumaran (2007) reported

that the use of a biaxial geogrid placed within the clay

barrier can limit or prevent it from cracking. The perform-

ance of a geogrid-reinforced clay barrier depends upon the

selection of a suitable geogrid, and on the contact between

the soil and the geogrid layer. Recently, Miller and Rifai

(2004), Viswanadham et al. (2009, 2010b) and Gourc et

al. (2010a) explored the use of discrete and randomly

distributed fiber reinforcement (DRDF) to restrain the

cracking potential of clay-based landfill cover systems.

This technique was also explored earlier by Rodatz and

Oltmanns (1997).

One of the main advantages of randomly distributed

fibers over geosynthetic reinforcement is the absence of

potential planes of weakness, parallel to the oriented

reinforcement, when an adequate soil–geosynthetic inter-

action is not mobilized (Maher and Gray 1990; Rajesh and

Viswanadham 2011). The mixing of discrete fibers with

the soil is very similar to other admixtures, such as lime

and cement. It has been reported that fiber reinforcement

increases both the peak strength and the residual strength

(Ranjan et al. 1994; Morel and Gourc 1997; Nataraj and

McManis 1997; Santoni et al. 2001; Yetimoglu and Salbas

2003; Tang et al. 2007; Das et al. 2009; Park 2009;

Consoli et al. 2010; Falorca and Pinto 2011). The tensile

strength and ductility of the soil matrix have also been

found to be enhanced by fiber reinforcement (Maher and

Ho 1994; Ziegler et al. 1998; Consoli et al. 2011).

Zornberg (2005) reported that fibers increased the friction

angle between the clay barrier and a smooth geomembrane.

Recently, Lovisa et al. (2010) reported that randomly

distributed fiber inclusions introduce an apparent cohesion

to the soil. Tang et al. (2010) reported that the interfacial

shear resistance of the fiber-reinforced soil depends pri-

marily on the rearrangement resistance of soil particles, the

effective interface contact area, the fiber surface roughness

and the soil composition. Viswanadham et al. (2009,

2010b) reported that for kaolin–sand mixture in the ratio of

4:1 reinforced with polypropylene fibers with a fiber

length of 90 mm and soil fiber content of 0.5%, the

coefficient of permeability was about 1 3 10�9 m/s, and

increased beyond 0.5%. Recent work reported by Viswa-

nadham et al. (2010b) indicated the significant influence

of fibers in retarding cracking of compacted soil beams

subjected to bending. However, the knowledge pertaining

to the DRDF technique is very limited, particularly the

influence of fiber type along with an overburden equivalent

to that of landfill covers to restrain cracking of compacted

soil barriers at the onset of differential settlement. Hence

the motivation behind this study is primarily to use a

geotechnical centrifuge to evaluate the sealing efficiency

of clay-based landfill covers with and without fiber

reinforcement subjected to bending conditions due to

differential settlement. Figure 1 shows a schematic

representation of a geofiber-reinforced soil barrier of a

landfill cover. In the present study, soil barriers of two

different thicknesses were modeled, and subjected to an

overburden pressure equivalent to that of the closure

system of low-level radioactive waste disposal and landfill

sites. Polypropylene and polyester fibers with a uniform
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length and a fiber content of 0.5% (by dry weight of the

soil) were used.

At the time of writing, to the best of the writers’

knowledge, scaling considerations pertaining to the model-

ing of fiber-reinforced soil are limited. Only a few

investigators, such as Li et al. (2001), Izawa et al. (2009)

and Viswanadham et al. (2009) have reported results of

centrifuge model tests to study the behavior of geo-

technical structures involving fiber-reinforced soil.

2. CENTRIFUGE TESTS ON SOIL
BARRIERS WITH AND WITHOUT
GEOFIBER REINFORCEMENT

Cracking of the soil barrier and fiber–soil interaction are

highly influenced by the prototype stress conditions. In

small-scale modeling, the same stress levels cannot be

achieved in model and prototype. Hence, in the geo-

technical field, small-scale modeling does not simulate the

exact field conditions. This problem can be overcome by

full-scale testing, or by providing an artificial gravitational

field in a centrifuge. In centrifuge testing, stress similarity

is achieved by accelerating a model of scale 1/N to N

times the earth’s gravity. Here the unit weight of the model

is increased by the same proportion by which the model

dimensions have been reduced. In addition, the soil

conditions, the loading and the response measurements

can be much better controlled in the centrifuge than in

full-scale testing. By considering the difficulty in perform-

ing full-scale model tests and the merits of centrifuge

model tests, the centrifuge modeling technique was

adopted in the present study, with the aim of studying the

deformation behavior of soil barriers reinforced with

randomly distributed fibers. The centrifuge tests reported

herein were performed at an acceleration field of 40g

using a 4.5 m radius beam centrifuge at the Indian

Institute of Technology Bombay (IIT Bombay). The

centrifuge capacity is 2500g kN, with a maximum payload

of 25 kN at 100g; at a higher acceleration of 200g the

allowable payload is 6.25 kN. The detailed specifications

are discussed by Viswanadham and Muthukumaran

(2007).

2.1. Scaling considerations for modeling geofibers in

a centrifuge

Scaling considerations of the geofibers are very impor-

tant for modeling of fiber-reinforced soil in a centrifuge.

In order to model geofibers in a centrifuge, the length,

breadth and thickness of the geofibers have to be

reduced by 1/N times to satisfy complete geometrical

similarity between the reduced physical model and the

prototype. However, it is difficult to make and use

reduced dimensions for modeling geofibers in small-scale

physical model tests. The most important properties of

fiber-reinforced soil are the tensile strength of the fibers

and the bond strength along the soil/fiber interface.

Geofibers (flexible polymeric fibers) with two different

cross-sections are considered for deducing scaling con-

siderations for modeling geofibers in a centrifuge: poly-

propylene tape fibers with breadth b and thickness t, and

very fine polyester fibers with equilateral triangular

cross-section of size b.

Bond strength is important, because if perfect bonding

between fibers and soil is not achieved, the fibers might

be pulled out of the soil. The length of the fibers should

be sufficient to achieve an adequate bond force. The crack

interfaces are held together by the fibers, and thus help to

reduce the cracking failure. When the first crack occurs in

the soil matrix, the fiber at the point of cracking takes the

entire load, and sudden extension in the fiber occurs

(Taylor 1983). When fibers undergo stress within a soil–

fiber composite, the force equilibrium is achieved by

equating the tensile force acting perpendicular to the

cross-section of the fiber and the adhesion force between

the soil–fiber interfaces along the fiber length l9 over the

fiber surface, as shown in Figure 2. If �t is the tensile

stress in the fiber, and �b is the bond stress (as shown in

Figure 2), then the pullout force and tensile force for can

be obtained as follows.

The pullout force is �bA9, where A9 ¼ 2L(b + t ) for the

rectangular cross-section and A9 ¼ 3bL for the equilateral

triangular cross-section. The tensile force is �tA, where

A ¼ bt for the rectangular cross-section and A ¼
ffiffiffi

3
p

b2=4
for the equilateral triangular cross-section. The maximum

pullout force can be obtained when L ¼ l9/2 (considering

half the length of the fiber), and the maximum tensile

force can be obtained when �t equals the ultimate tensile

strength of the geofiber, (�t)max:

Vegetation

Cover soil

Drainage layer

Geomembrane

Geofiber-reinforced
soil barrier

Gas drainage
layer

Municipal
solid waste

d

Figure 1. Schematic cross-section of landfill cover with

geofiber-reinforced soil barrier

Influence of randomly distributed geofibers on the integrity of clay-based landfill covers: a centrifuge study 257

Geosynthetics International, 2011, 18, No. 5



The force equilibrium equation can be written as

follows, for Case 1 of Figure 2.

� tA ¼ �bA9 (1)

After simplification, considering the maximum pullout

force and maximum tensile force, Equation (1) can be

written as follows.

For rectangular geofiber cross-section:

l9

b
¼ � t t

�b bþ tð Þ (2)

For equilateral triangular geofiber cross-section:

l9

b
¼ 1

2
ffiffiffi

3
p � t

�b
(3)

Equations (2) and (3) lead to the scale factor of the

aspect ratio as unity. The aspect ratio is defined as the ratio

of length to width for fibers with a rectangular cross-

section, and to the size of the side for fibers with an

equilateral triangular cross-section area. However, for con-

venience, only fiber length was used in the present study.

Pullout or anchorage failure for geofibers with a

rectangular cross-section, as shown in Case 2 of Figure 2,

can occur when

� tð Þmax
A . �b

l9

2
2 bþ tð Þ

If (�t)maxA , �b(l9/2)2(b + t) then two types of failure may

be possible based on the location of the fiber (Cases 2 and

3): pullout failure or breakage of the fiber.

Assuming that the tensile stresses and bond stresses in

the fiber with identical material characteristics in model

and prototype and the constitutive law �t ¼ E�t (where �t
is the tensile stress in the fiber, E is the elastic modulus of

the fiber, and �t is the tensile strain in the fiber) and

identical fiber strains in model and prototype are valid,

then Equations (2) and (3) indicate that by maintaining

identical aspect ratios, identical fibers can be used in the

centrifuge model and the prototype. Hence the fibers can

be treated as discrete inclusions and fibers with identical

dimensions and properties can be used in the field. The

fiber content f, which is defined as the ratio of the weight

of fibers to the weight of dry soil (expressed as a percent-

age), can be considered as the same in the model and the

prototype.

3. MATERIALS

3.1. Soil

In order to model a soil barrier in the laboratory, it is

important that it should represent the barrier material

properties in the field. This was achieved by analyzing the

data from 85 landfills in the USA presented by Benson et

al. (1999). Most of the soil barriers are compacted on the

wet side of optimum using standard Proctor compaction

energy. It was reported that, in most of the landfill sites,

the soil barriers placed in the cover systems have liquid

limits ranging from 30% to 40% and plasticity indices

ranging from 10% to 20%. In the present study the soil

barrier was modeled in such a way that it represented the

above material characteristics. Various blends of commer-

cially available kaolin and naturally available sand were

tried to achieve the ideal properties, from which a kaolin–

sand mix of 4:1 by dry weight was chosen as the model

soil barrier material. The properties of this material are

summarized in Table 1. The selected model soil is

classified as CL according to the Unified Soil Classifica-

tion System (USCS) and was found to be have properties

τb

σt

τb

σt

Case 2: Pullout failure
σ τt bA A� �

τb

σt

Case 3: Breaking failure
of fiber σ τt bA A� �

Centerline

l�/2 l�/2

σt

Fiber subjected to tension

τb
σt

Case 1: σ τt bA A� �

Soil particles

Figure 2. Schematic of soil–fiber interaction at zone of maximum curvature
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similar to those of most of the locally available, naturally

formed, fine-grained soils used for constructing soil

barriers in much of India and France, and it represents the

wide range of properties of the fine-grained soils used in

soil barriers of landfill covers reported by Benson et al.

(1999) and Camp et al. (2009). To prepare the model soil

barrier, the kaolin-sand mixture was mixed and compacted

at 5% wet of optimum, with a corresponding dry unit

weight of 14.2 kN/m3: The fine sand used for develop-

ment of the model material in the present study was

uniformly graded, and is classified as SP according to the

USCS. The maximum and minimum void ratios of the

sand are 0.895 and 0.597, respectively, and the corre-

sponding unit weights are 13.57 kN/m3 and 16.43 kN/m3:

3.2. Geofibers

Geofibers are available in different shapes and lengths.

They can be made of various material, such as polypropy-

lene, polyester or polyvinyl alcohol, and are available in

different types, such as monofilament, fibrillated, or slit-

film tape. In the present study, ultraviolet-stabilized poly-

propylene plain tape fibers 2 mm wide and 0.02 mm thick,

and polyester fibers with an equivalent diameter of 33–

55 �m were used. The polyester fibers were made by

polymerization of pure terephthalic acid and monoethy-

lene glycol using a catalyst. They have a special triangular

cross-section for better anchoring with other ingredients of

the mix. Polyester fibers of 15 denier with tensile strength

capacity of 0.6 MPa (as supplied by the manufacturer)

were selected. Denier is a unit of measurement for the

linear mass density of fibers; it is defined as the mass in

grams of 9000 m of fiber. The tenacity is defined as the

stress at which the fiber breaks, and is expressed in grams

per denier (gpd). The polyester fibers were reported to

have excellent acid resistance and good alkali resistance.

According to Miller and Rifai (2004), the hydraulic

conductivity of a fiber-reinforced clay sample remained at

1 3 10�9 m/s for a value of fiber content up to 0.5% of

the dry weight of the soil sample, beyond which the

hydraulic conductivity increased proportionally. The

length of the fibers was selected as 90 mm, based on

results reported earlier by Viswanadham et al. (2010b).

Also, to prevent pullout failure at the zone of maximum

curvature, long fibers were used in the present study. The

compaction characteristics of the fiber-reinforced soil

were found to have very negligible variation when com-

pared with the soil alone. Keeping in view the results

reported in the literature, a fiber content equal to 0.5% of

the total dry weight of model soil (kaolin–sand mix of

4:1) was mixed uniformly. The properties of the fibers are

summarized in Table 2. Polypropylene fibers have a lower

specific gravity than polyester fibers. This implies a larger

fiber volume, and hence the number of fibers will be

greater for the same fiber content.

Table 3 summarizes the compaction and permeability

characteristics of soil blended with 90 mm long polypro-

pylene tape fibers, with fiber contents ranging from 0%

(unreinforced) to 0.75%. The variations in the maximum

dry unit weight and optimum moisture content are less

than 5%, which is similar to the variations reported by

Miller and Rifai (2004). Therefore the changes in compac-

tion behavior of the soil due to fiber inclusion are consid-

ered insignificant. The reported values of permeability

were measured by conducting falling-head tests in the

laboratory at the end of three weeks’ permeation time.

The permeability was found to be 28 times that of the

unreinforced soil for a fiber content of 0.75%. In compari-

son, it was observed to be only 1.25 times that of the

unreinforced soil for a fiber content of 0.5%. The increase

in permeability was found to be insignificant for fiber

contents up to 0.5%. This implies that it is essential to

limit the fiber content at or below 0.5% to achieve the

Table 1. Summary of properties of soil barrier material

Properties Values

Hygroscopic moisture content (%) 0.9

Specific gravity 2.54

Liquid limit (%) 38

Plasticity index [%] 16

Maximum dry unit weight (standard Proctor) (kN/m3) 15.9

Optimum moisture content (standard Proctor) (%) 22

Coefficient of permeabilitya (m/s) 0.4 3 10�9

Shear strength parameters at 5% wet of optimum

c9 (kN/m2) 19

�9 (degrees) 29

Elastic modulus of soil barrier material, E50 (kN/m2) 2620

a Moist-compacted at maximum dry unit weight and optimum moisture content according to standard

Proctor compaction.

Table 2. Summary of properties of fibers used in the

present study

S. no. Properties Polypropylene

tape fibers

Polyester

fibers

1 Denier 890 15

2 Specific gravity 0.91 1.334

3 Tenacity 5.45 7.0

4 Breaking load (N) 48.4 –a

5 Elongation strain at break (%) 18 –a

6 Tensile strength at break (MPa) –a 0.6

a Not reported or not available.
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target permeability of 1 3 10�9 m/s for soil barriers

blended with polypropylene tape fibers. This observed

behavior is assumed to be valid for polyester-fiber-blended

soil also.

4. MODEL TEST PACKAGE, TEST
PROGRAMME AND TEST PROCEDURE

A strong container with internal dimensions 720 mm

length, 450 mm width and 410 mm depth was used in the

present study. The container is made of well-machined

mild steel plates, except for the front, which is made of

thick, transparent Perspex for viewing the model during

flight. A cross-section of the model test package used in

the present study is shown schematically in Figure 3. By

this arrangement, it was possible to model a landfill cap

area as large as 520 m2 and a central settlement of the

order of 1.0 m. Friction between the walls and soil was

reduced by applying a thin layer of white petroleum

grease.

Differential settlements were simulated using a

hydraulic-based differential settlement simulator. This

comprises a hydraulic cylinder, a trapdoor settlement

plate, two rigid supports, and two hinge plates with a

hinge connection. The hinged aluminum plates were made

to rest on the trapdoor settlement plate, connected symme-

trically to the hydraulic cylinder. When the cylinder is in

full stroke, a horizontal plane can be achieved, as shown

in Figure 3. The model was prepared by setting the

hydraulic cylinder in the full-stroke position, and an

operating pressure of 400 kN/m2 was applied. Initially,

three thick nonwoven geotextile pieces overlapping one

another were placed on top of the hinged doors and piston

assembly to prevent the entry of coarse or fine sand

Table 3. Summary of compaction and permeability characteristics of soil with and without polypropylene tape fiber

reinforcement

Property Unreinforced

soil

Soil blended with 90 mm long polypropylene fibers

f ¼ 0.25% f ¼ 0.50% f ¼ 0.75%

Maximum dry unit weight (standard Proctor) (kN/m3) 15.9 15.59 15.55 15.58

Optimum moisture content (standard Proctor) (%) 22 21.4 21.6 21.5

Coefficient of permeabilitya (m/s) 0.43 10�9 7.253 10�10 1.13 10�9 2.53 10�8

a Moist-compacted at maximum dry unit weight and optimum moisture content according to standard Proctor compaction.

f ¼ fiber content.
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Figure 3. Cross-section of model test package (all dimensions in mm)
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through gaps into the hinges, which might hinder settle-

ment of the trapdoor. In order to prevent stress concentra-

tion near the hinges when the trapdoor settle, a sacrificial

layer of coarse sand, 30 mm thick, followed by another of

fine sand, also 30 mm thick, were provided before the

model barrier layer was constructed. Thin filter papers

were provided to act as a separator between the fine and

coarse sand layers. The sand layers were presaturated and

drained for about 9–10 h to facilitate compaction of the

soil barriers with and without fibers to a suitable thick-

ness. The fine sand used immediately below the soil

barrier was the same as that used in preparing the model

barriers. The coarse sand, which was immediately above

the trapdoor settlement unit, was classified as SP accord-

ing to the USCS. The peak angles of internal friction for

the coarse and fine sand were found to be 43.58 and 378,

respectively, at a relative density of 55%. The main reason

for using the coarse and fine sand layers below the model

soil barrier was to avoid any sort of discontinuity, either in

the induced settlements or in the curvature. The settling

rate could be adjusted by using a needle flow control

valve in the trapdoor settlement control unit. A fixed

settlement rate for all the tests of 0.85 mm/min (in model

dimensions) was achieved. Based on scaling considera-

tions, the settlement rate (settlement over time) in the

field, Srp, is 1/N times the settlement rate in the centrifuge

model, Srm, with tm/tp ¼ 1/N2: This means that a settle-

ment rate of 0.85 mm/min at 40g is equivalent to

30.6 mm/day in the field. This settlement rate may not be

realistic when extrapolated to prototype dimensions, but to

some extent these settlement rates represent localized

depressions, the sudden collapse of waste containers, or

ground subsidence in waste disposal sites (Keck and Seitz

2002; Qian et al. 2002; Gourc et al. 2010a).

The model barrier was moist-compacted at a moisture

content of 5% wet of optimum and at a corresponding unit

weight of 14.2 kN/m3 on top of the presaturated and

drained coarse and fine sand layers. The sand layers were

presaturated and drained to facilitate compaction of the

soil barrier to a suitable thickness. The thicknesses of the

model soil barriers used in the present study were 0.6 m

and 1.2 m. The model fiber-reinforced soil barrier (FRSB)

was prepared in a similar way to that of the unreinforced

soil barrier; the only difference was that a fiber content of

0.5% of the dry weight of the kaolin–sand mix was added.

One of the difficulties in preparing FRSBs is the method

used to mix the fibers into the soil. In the present study, a

hand-mixing procedure was adopted to blend the soil and

fibers. First, approximate proportions of dry soil were

pulverized and mixed. Fibers were then weighed, and

mixed gradually into the soil after mixing thoroughly with

half of the desired amount of water. The remaining water

was gradually mixed into the soil–fiber mix. In this way a

uniform distribution of fibers throughout the specimen

was achieved. The hand-mixing method will not be

applicable to large-scale work in the field, though. This

was used earlier by Das et al. (2009) and Viswanadham et

al. (2009, 2010b).

Plastic markers were inserted along the cross-section at

every 20 mm center-to-center distance and 5 mm below

the top surface of the model barrier to measure the

displacements of these markers during various stages of

the test. A 10 mm square grid of markers was also placed

on the top surface of the model soil barrier surface along

the zone of maximum curvature (i.e. along the hinge axis,

which is an axis showing the position of the mechanical

hinge that connects the side box and the trapdoor settle-

ment plate, as shown in Figure 3). Figures 4a and 4b show

a front view and a top view of the model barrier before

placing the overburden.

Instrumentation of the model soil barrier involves

mainly the placement of potentiometers, to monitor the

deformation profiles of the soil barrier surface and trap-

door settlement plate, and pore pressure transducers

(PPTs). Five PPTs (Type PDCR81, manufactured by

Druck Limited, UK) were placed above the properly

prepared soil barrier surface, as shown in Figure 3, to

monitor the water level and determine the water break-

through and limiting distortion level at which the soil

barrier with and without fibers loses integrity. In order to

prevent leakage of water between the sides of the contain-

er and the soil barrier, a watertight seal made of a thick
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Figure 4. (a) Front elevation of a model test package and (b)

top view of model soil barrier surface before centrifuge test
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bentonite paste was applied all along the sides of the soil

barrier. To achieve an overburden pressure of 25 kN/m2, a

sand layer, 27 mm thick, was pluviated to achieve a

relative density of 55%, above which a calculated quantity

of water was added so that it formed 10 mm of free-

standing water. During the centrifuge test, the pressure

generated by the water may be lost once water starts to

infiltrate through cracks. In addition to the above, one

potentiometer was attached to the trapdoor plate to

monitor its movement, which would provide the central

settlement a values starting from zero to a maximum of

25 mm in model dimensions during the centrifuge test. In

prototype dimensions this represents a settlement value

of 1 m.

After placing all the soil layers and connecting all the

PPTs and potentiometers to an onboard data acquisition

system, the centrifuge was set directly to 40g acceleration

by rotating at a constant angular velocity of 93 rev/min

and waited for about 10 min to establish equilibrium of

the entire system. After completing the waiting period, the

air pressure within the oil tank was slowly reduced in

steps, to maintain a constant rate of settlement of the

trapdoor–cylinder assembly. The top camera and front

camera helped in capturing pictures showing the propaga-

tion of cracks at the zone of maximum curvature at the

onset of differential settlement. However, as the topmost

surface of the barriers was hidden by the sand overburden

layer, the view of the model soil barrier surface could not

be monitored during the centrifuge test. At various stages

of central settlement, photographs of the front elevation of

the model were taken using image-acquisition software,

and were later used for image analysis to compute

deformation profiles and the strain distribution along the

surface of the soil barrier. If the induced central settlement

is equal to 25 mm, or central settlement was achieved

during the penultimate stages of centrifuge test, whichever

is the greater is referred as the maximum central settle-

ment amax: In order to induce amax ¼ 25 mm at 40g for all

the tests, a mechanical stopper was placed to prevent a

central settlement of more than 25 mm. The distortion

level can be determined using the ratio of the central

settlement at any stage of deformation, a, to the influence

length l within which differential settlement is induced (as

shown in Figure 3). The length l is defined as the

horizontal distance between the mid-span of the soil

barrier and 20 mm away from the hinge axis, where

deformations reduce to zero, or are very negligible: that

is, 200 mm and 8 m (at 40g) from the mid-span in model

dimensions and prototype dimensions, respectively. This

was decided based on experience obtained from a number

of tests conducted using a hydraulic-based differential

settlement simulator. At the end of the centrifuge test, the

model was taken out of the centrifuge chamber, and post-

test analyses were performed, such as calculating the

amount of water retained, tracing the cracking pattern on

the surface, and crack propagation along the cross-section

of the soil barrier. Table 4 provides details of the various

centrifuge tests reported in this paper. Details of unrein-

forced model BFL8 have already been discussed by

Viswanadham and Rajesh (2009).

5. ANALYSIS OF CENTRIFUGE TEST
RESULTS

The influence of discrete and randomly distributed fiber

inclusions on the deformation behavior of soil barriers

subjected to differential settlements was evaluated with

the help of the water breakthrough, strain distribution and

limiting distortion level at the onset of breakthrough.

Table 5 summarizes the results of the centrifuge tests

conducted to evaluate the influence of discrete fiber

reinforcement on the integrity of clay-based landfill covers

when subjected to differential settlements.

5.1. Deformation behavior

The deformation profiles of the top surface of the soil

barrier for various stages of central settlement were

obtained from the measured potentiometer data and image

analysis of the discrete markers embedded along the right-

hand side of the soil barrier (Figure 3). Potentiometers

were placed at a spacing of 100 mm center to center from

the center of the barrier. High-resolution pictures of the

front elevation of the model, captured at various stages of

the central settlement, were used for digital image analysis

using GRAM++ software (GRAM++ 2004). Variation of

the actual movement of the discrete markers with refer-

ence to zero central settlement was determined at every

stage of central settlement. Four permanent markers,

Table 4. Details of centrifuge tests

Sr. no Test g level d

(mm)

Fiber type Fiber content,

f (%)

Fiber length,

l9 (mm)

�o
(kN/m2)

amax

(mm)

1 BFL5r 40 30 (1200) –b –b –b 25 25 (1000)

2 BFL8a 40 15 (600) –b –b –b 25 25 (1000)

3 BFL4A 20 30 (600) PP 0.5 90 12.5 25 (500)

4 BFL4B 40 30 (1200) PP 0.5 90 25 25 (1000)

5 BFL4C 40 30 (1200) PET 0.5 90 25 25 (1000)

6 BFL4D 40 15 (600) PET 0.5 90 25 25 (1000)

a After Viswanadham and Rajesh (2009).
b Not relevant.

d ¼ thickness of soil barrier; f ¼ fiber content; l9 ¼ fiber length; �o ¼ overburden pressure; amax ¼ maximum central settlement.

Prototype values are given in parentheses.
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whose coordinates were predefined, were fixed on the

inner side of the Perspex, as shown in Figures 3 and 4a.

The coordinates of the discrete markers were determined

with reference to the coordinates of the permanent

markers using the map edit module of GRAM++. A

deformation profile was fitted for different marker posi-

tions at various central settlement values, and it was found

to match the exponential equation of the normal distribu-

tion (Sengupta 2005). Only the right-hand portion of the

model soil barrier was shown, because of symmetry. When

the horizontal distance from center of the soil barrier, x, is

zero (Figure 3), the value of settlement is defined as the

central settlement, which is represented as a. Figures 5a

and 5b show the deformation profiles of the soil barrier

surface for soil barriers with and without fiber reinforce-

ment. Measured potentiometer data are also plotted in

Figures 5a and 5b. This shows good agreement between

the measured potentiometer data and the deformation

profiles obtained from image analysis of the markers.

5.2. Strain variation

The shape of the deformed barrier is given by the

deformation profile w(x), where x is the horizontal

distance from the center of the model soil barrier. By

differentiating w(x) successively, the respective slope and

curvature can be obtained. Simple beam theory was

assumed to be valid when computing strains from the

deformation profiles. The strains were computed using a

combined bending and elongation method (Lee and Shen

1969; Scherbeck and Jessberger 1993; Tognon et al.

2000). The detailed methodology adopted for computing

deformation profiles and strains was explained earlier by

Viswanadham and Rajesh (2009). The equation for obtain-

ing the strain distribution from the center of the soil

barrier (i.e. x ¼ 0) along the top surface of the soil barrier,

due to elongation and bending, is

� xð Þ ¼ �˜ l xð Þ � �k xð Þ (4)

where �(x) is the outer fiber strain along the top surface of

the soil barrier due to both elongation and bending; �˜ l is

the strain due to the change in length along the length of

the barrier; and �k(x) is the strain due to change in the

curvature of the soil barrier.

The variation of the outer fiber strain distribution for

the unreinforced and fiber-reinforced models along the

horizontal distance from the center of the barrier are

shown in Figure 6. Here the tensile strains are plotted as

positive. It can be seen that, as the central settlement

increases, the strain values also increase. There is a

definite trend of a change in strain from tensile to

compressive near 2 m distance from the centerline of the

barrier. The maximum outer fiber tensile strains were

found to develop near the hinge line, which is at a

distance of 7.2 m from center. When the strain value

increases beyond the permissible value of the barrier

material, then cracks may occur and propagate, which can

affect the functionality of the cover system.

6. RESULTS AND DISCUSSION

The performance of the soil barriers with and without

fibers at the onset of differential settlement was analyzed

using a centrifuge technique at 40g. Controlled deforma-

tions were induced by lowering the trapdoor–cylinder

system below the model barrier. Differential settlement

can be characterized either by the settlement ratio or by

the distortion level. For the developed test package config-

uration, a distortion level a/l (i.e. amax/l ) up to 0.125 could

be imposed on the barrier during centrifuge tests.

Comparisons were made in terms of outer fiber strains,

the radius at the zone of maximum curvature, and the

infiltration ratio for all model barriers at various distortion

levels. From the outer fiber strain distributions along the

horizontal distance from the center of the barrier, as

shown in Figure 6, the maximum outer fiber strain

corresponding to each central settlement can be obtained.

The values of maximum outer fiber strain were plotted

against settlement ratios and distortion levels for all the

model barriers, as shown in Figure 7. The maximum outer

fiber strain was found to increase for all the model

barriers as the distortion level increased. It can also be

seen that, up to a certain settlement ratio and distortion

level, the variation of the maximum outer fiber strain with

Table 5. Summary of centrifuge test results

Parameter Test

BFL5r BFL8 BFL4Ac BFL4B BFL4C BFL4D

Thickness of soil barrier, d (mm) 30 (1200) 15 (600)a 30 (600) 30 (1200) 30 (1200) 15 (600)

Type of soil barrier tested UR UR PP-FR PP-FR PET-FR PET-FR

Overburden pressure, �o (kN/m2) 25 25 12.5 25 25 25

Maximum central settlement, amax (mm) 25 (1000) 25 (1000) 25 (500) 25 (1000) 25 (1000) 25 (1000)

Nature of failure Full-depth

cracking

Full-depth

cracking

Tiny surface

cracks

Tiny surface

cracks

Tiny surface

cracks

Narrow and

deep cracks

Limiting distortion level, (a/l )lim 0.083 0.069 0.107 0.115 0.119 0.081

Maximum outer fiber strain (%)b 3.72 2.7 1.81 3.18 3.94 2.87

a Prototype values are indicated within parentheses.
b At amax:
c At 20g only.

UR ¼ unreinforced; PP-FR ¼ reinforced with polypropylene fibers; PET-FR ¼ reinforced with polyester fibers.

Influence of randomly distributed geofibers on the integrity of clay-based landfill covers: a centrifuge study 263

Geosynthetics International, 2011, 18, No. 5



settlement ratio has a gentle slope, but thereafter the slope

is considerably steeper. This variation can be seen in all

the model barriers of identical thickness, both with and

without geofiber reinforcement.

The curvature of the deformed soil barrier, k(x), is the

second derivative of the deformation profile of the soil

barrier, w(x). The reciprocal of the curvature is the radius

R of the deformed barrier at a distance x from the center

of the soil barrier. The radius and the curvature for all the

model soil barriers were determined for settlement ratios

from 0 to 1 at 0.2 intervals. The variation of the maximum

outer fiber strain was plotted against the radius at the

maximum curvature on a semi-log scale, as shown in

Figure 8. Irrespective of the barrier type, identical

response of barriers to the artificially induced differential

settlements could be obtained for identical thickness. This

also shows the efficient functionality of a differential

settlement simulator in inducing the continuous differen-

tial settlements used in the present study.

The efficiency of a barrier as an effective sealing layer

can be understood from the reduction in the known

volume of water stored above the barrier surface. This can

be determined from the change in water level or the height

of water measured using PPTs, which are installed at

the top surface of barrier placed at the mid-width of the

container (Figure 3). Water tends to accumulate in the

central portion of the barrier as it deforms owing to

the induced central settlements. The initial height of the

water present above every PPT was measured before the

commencement of inducing movement in the central plat-

form. The volume per unit width of water was obtained by

numerical integration of the area under the measured

water profile. The height of the water along the width of

the container was taken as identical to the measured value

at the mid-width of the container. The total volume of

water above the soil barrier is twice the volume of water

computed for one half section, which is the product of the

volume per unit width of water and the width of the

container. The ratio of the numerical difference between

the initial volume of water V0 and the volume of water at

any instant (Va) to V0 is defined as the infiltration ratio.

This ranges from 0 to 1, corresponding to no flow to

complete flow of water through the soil barrier. The

variation of infiltration ratio with various settlement ratios
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Figure 5. Deformation profiles: (a) unreinforced soil barrier (Model BFL8); (b) geofiber-reinforced soil barrier (Model BFL4D)
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and distortion levels for all the model barriers is shown in

Figures 9a and 9b. The distortion level corresponding to

water breakthrough is termed the limiting distortion level,

(a/l )lim: It can be determined by the back-tangent method.

In Figures 9a and 9b, the magnitudes of central settlement

at which a considerable increase occurs in the value of the

infiltration ratio are presented. Viswanadham et al.

(2010a) carried out simple beam tests to evaluate the

flexural behavior of soil beams made out of moist-

compacted, fine-grained soils. The soil beams were made

of a kaolin–sand mix in a 4:1 ratio, which is the same as

the model material adopted in the present study. Viswa-

nadham et al. (2010a) reported that the model soil barrier

material compacted at its maximum dry unit weight and

optimum moisture content (standard Proctor compaction)

had a tensile strain at initiation of cracking of 0.99%. For

the same soil, when the molding water content was

increased (OMC + 4%), the strain at crack initiation was

found to be 1.09%. This implies that once the outer fiber

strain attains the value of a strain at crack initiation,

cracking within the soil barrier might have initiated during

the centrifuge test. In the present centrifuge study, owing

to the presence of sand as an overburden, the exact

distortion level corresponding to crack initiation of the

soil barrier with and without fiber inclusions could not be

ascertained. However, as the cracks extend to sufficient

width and depth, the initiation of water flow through

cracks can be determined from the increase in the

infiltration ratio. From post-test examinations of deformed

soil barriers, it was confirmed that there was no side

leakage for all the models. Hence the reduction in water

volume can only be due to infiltration of the water, either

through pore spaces present in the soil barrier, or through

cracks.

Tables 4 and 5 give particulars and results of centrifuge

model BFL4A reinforced with 90 mm long polypropylene

fibers (PP-FR) with a fiber content of 0.5%. However,

owing to some equipment restrictions on the day of testing

this model, only 20g could be maintained. In view of this,

the thickness of the soil barrier is 0.6 m and amax ¼ 0.5 m,

with an overburden equivalent to 12.5 kPa only (in proto-

type dimensions).

6.1. Influence of geofiber reinforcement

Model BFL5r was unreinforced (UR), and models

BFL4B and BFL4C were reinforced with polypropylene

(PP-FR) and polyester (PET-FR) fibers respectively

(Table 4). As shown in Figure 8, as the distortion level

increases, the maximum outer fiber strain of all barriers

increases, regardless of the nature of the soil barrier

(UR/FR) or type of fiber (PP/PET). The maximum outer

fiber strain at a distortion level of 0.125 was found to

be 2.7% and 3.8% for 0.6 m thick (Model BFL 8) and

1.2 m thick (Model BFL5r) unreinforced soil barriers,

respectively. LaGatta et al. (1997) reported that tensile

strains at failure of compacted soil barriers typically

range from 0.1% to 4%. The maximum outer fiber strain

for the 1.2 m thick barrier was 25–30% more than for

the 0.6 m thick barrier. The distortion level correspond-

ing to water breakthrough (i.e. (a/l )lim) was found to be
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0.069 for the 0.6 m thick barrier (Model BFL8) and

0.083 for the 1.2 m thick barrier (Model BFL5r). Hence

it is clear that the thick soil barrier can withstand greater

deformation; however, the thickness of the unreinforced

soil barrier is not sufficient to sustain a distortion level

of the order of 0.125. As shown in Figure 8, identical

responses of the barriers to the artificially induced

differential settlements could be obtained for identical

thickness of soil barriers, regardless of the barrier type

(UR/FR) or fiber type (PP/PET). Significant shift in the

curves can be observed for the thin and thick soil

barriers. A similar trend was reported by Viswanadham

and Muthukumaran (2007) and Viswanadham and Rajesh

(2009) based on centrifuge tests on moist-compacted soil

barriers with and without geogrid inclusion, using a

hydraulic-based differential settlement simulator.

When the cracks extend to sufficient width and depth,

water has a tendency to flow through the barrier, and the

infiltration ratio increases. As can be noted from Figure

9a, the values of infiltration ratio were found to be on the

higher side for 0.6 m thick unreinforced soil barrier when

compared with the polyester-fiber-reinforced barrier for

the entire range of distortion level from 0 to 0.125. The

value of the limiting distortion level for a 0.6 m thick

polyester-fiber-reinforced barrier was found to be 1.75

times greater than for a 0.6 m thick soil barrier without

any fibers. This indicates the influence of fibers in

maintaining sealing efficiency and retarding water break-

through in the soil barrier at the onset of differential

settlement. The limiting distortion level of a 0.6 m thick

soil barrier reinforced with polypropylene fibers with a

maximum central settlement of 0.5 m was found to be

0.107. The magnitude of central settlement at which a

water breakthrough was observed for model BFL4A ob-

served was found to be slightly less than for the unrein-

forced case (Figure 9a). The significant influence of the

inclusion of polypropylene fibers on the integrity of the

0.6 m thick soil barrier could not be registered, mainly

because of the lower overburden pressure (12.5 kPa). The

influence of the thickness of the soil barrier on the
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deformation behavior of FRSBs can be clearly seen from

a slight delay in water breakthrough, and by a relatively

higher distortion level being sustained. The variation of

the 0.6 m thick barrier reinforced with polyester fiber was

found to be comparable with the variation of the 1.2 m

thick unreinforced soil barrier. This suggests a possible

reduction in the thickness of the soil barrier upon

inclusion of geofibers. The values of the limiting distor-

tion level for a 1.2 m thick soil barrier with polypropylene

and polyester fibers with a fiber content of 0.5% (Models

BFL4B and BFL4C) were registered as 0.117 and 0.119,

respectively. In both models, 50% of the initial volume of

water stored on the soil barrier could be collected

immediately after completion of the centrifuge tests.

Moreover, during all stages of central settlement, the

values of infiltration ratio were found to be lower than for

the corresponding unreinforced case. This observed behav-

ior of restraining cracks and an increase in limiting

maximum distortion level was due primarily to the rein-

forcement effect of soil–fiber interaction.

For an unreinforced soil barrier, the magnitudes of the

strain value corresponding to the limiting distortion level

for 0.6 m and 1.2 m thick soil barriers were 1.01% and

1.73%, respectively; in comparison, for 0.6 m and 1.2 m

thick soil barriers reinforced with polyester fibers, they

were 1.31% and 3.4%, respectively. This implies that the

FRSB has sustained higher strain values than the corre-

sponding unreinforced soil barrier, at the onset of water

breakthrough.

Figures 10a–10f show the status of the 0.6 m and 1.2 m

thick soil barriers with and without two types of fiber at

the end of the centrifuge test. A distinct and clear full

penetration of the crack through the unreinforced soil

barriers, even with an overburden equivalent to that of

landfill covers, can be seen in Figures 10a and 10d. When

the soil barrier was strengthened with 90 mm long poly-

ester fibers, with a fiber content of 0.5%, a narrow crack

extending up to its full depth was noticed (Figure 10e).

However, when the polyester fibers were used in a 1.2 m

thick soil barrier, only tiny surface cracks were observed

(Figure 10c). Identical behavior was observed for the

1.2 m thick soil barrier reinforced with 90 mm long

polypropylene fibers at a fiber content of 0.5% (Figure

10b). From Figure 10f, it can be seen that the 0.6 m thick

soil barrier reinforced with polypropylene fibers has not

shown a distinct full-depth crack; however, interconnected

fine cracks extending up to full depth were noticed. This

could be the reason for the observation of a gradual

increase in infiltration ratio at a/llim ¼ 0.107 (a ¼ 0.43 m)

This observed behavior could be due to the reduced

magnitude of the overburden pressure induced on the soil

barrier. The performance of both thicknesses of FRSB was

found to be much better than that of the corresponding

unreinforced soil barriers. The reason for the formation of

narrow and full penetration of cracks in the 0.6 m thick

FRSB could be inadequate mobilization of the required

tensile load to suppress cracking at the onset of differ-

ential settlement.

The length of the fibers is an important parameter. If

short fibers are used, they may not be able to bridge the

gaps in the cracked soil mass, and there is a chance that

FRSB will be ineffective. Viswanadham et al. (2010b)

reported that lower values of strain at crack initiation were

reported for soil beams reinforced with 30 mm long

polypropylene tape fibers at 0.5% fiber content than soil

for beams reinforced with 90 mm long fibers at an

identical fiber content. They reported that model soil

barrier material compacted at its maximum dry unit

30 mm

30 mm

30 mm

15 mm
15 mm 30 mm

(a) (b) (c)

(d) (e) (f)

Figure 10. Status of soil barriers at zone of maximum curvature after inducing amax 25 mm: (a) Model BFL5r; (b) Model

BFL4B; (c) Model BFL4C; (d) Model BFL8; (e) Model BFL4D; (f) Model BFL4A
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weight and molding water content towards wet side of

optimum (standard Proctor compaction) had a tensile

strain at initiation of cracking of 1.09%. For the same soil,

the incorporation of 0.5% and 90 mm long polypropylene

fibers resulted in a strain at crack initiation of 2.27%,

which is 2.1 times better than for an unreinforced soil

beam. The observed deformation behavior of clay-based

landfill covers was found to be in good agreement with

the results reported by Viswanadham et al. (2010b). This

was also found to be evident from the state of fibers

(especially polypropylene tape fibers) exhumed from the

soil barriers during post-test investigations. They were

found to be distorted and split intermittently, which is a

clear indication of their participation in restraining cracks.

6.2. Influence of geofiber type

Two types of geofibers were used in the present study, as

explained in the preceding sections: polypropylene tape

fibers and polyester fibers. Polypropylene fibers are very

light in weight, and it was simple to prepare a uniform

soil–fiber mix. There is less chance of accumulation of

polypropylene fibers to form a cluster in one place within

the soil matrix than there is for polyester fibers. The large

specific gravity of polyester fibers implies low fiber

volume and a lower number of fibers, and may lead to a

tendency to premature water-breakthrough in soil barriers

at the onset of differential settlement. As shown in Table

2, the specific gravity of polyester fibers is 1.334 and that

of polypropylene fibers is 0.91. However, the two fibers

were found to have different equivalent diameters. Based

on the tests carried out so far, a distinct influence of fiber

type on the deformation behavior of soil barriers could not

be ascertained. This could be attributed to the availability

of large surface areas of fibers to interact with the soil in

the case of polypropylene tape fibers. The denier of

polypropylene tape fibers was found to be about 75 times

more than that of the polyester fibers used in the present

study.

From these results, it is clear that if a landfill cover

with 0.6 m thick soil barrier experiences a distortion level

greater than or equal to 0.05, then it has a tendency to

experience cracking sufficient to lose its integrity. Simi-

larly, for a landfill cover with a 1.2 m thick soil barrier,

the limiting distortion level is about 0.083 with full-

penetration cracking. Although a delay in water break-

through was observed for a 1.2 m thick clay-based landfill

cover, distinct full-depth cracking was observed. Hence

there is a need to evolve options for the strengthening of

soil barriers of landfill covers to enhance their sealing

efficiency, even at the onset of large differential settle-

ments. One of the reasons for the superior performance of

1.2 m thick soil barriers reinforced with discrete fiber

reinforcement over the respective 0.6 m thick case may be

an increase in the initial stresses within the barrier. This

results in an increase in confining stresses, which in turn

enhances bond stresses along the soil/fiber interfaces.

From the present study, geofiber-reinforced soil barriers

1.2 m thick (especially with a fiber content of 0.5% and

fiber length of 90 mm) were found to be very effective in

restraining cracking and in enhancing the water break-

through capacity. However, it is very important to achieve

uniform blending of fibers with soil in the field. Some of

the field mixing methods adopted by Zhang et al. (2003)

and Fowmes et al. (2006) can be thought as viable

options. Hence the resulting experience of using the

discrete and randomly distributed fiber reinforcement

technique remains very interesting, and calls for more

field trials. To some extent, this can be realized in

repairing distressed landfill covers by replacing at least

top 50% thickness with the same soil blended with fibers.

7. CONCLUSIONS

In this paper, the performance of moist-compacted clay-

based landfill covers with and without discrete and

randomly distributed geofibers at the onset of differential

settlement was demonstrated by performing centrifuge

tests at 40g. A hydraulic-based differential settlement

simulator was used for simulating the differential settle-

ment of landfill covers during centrifuge tests. Two

thickness of soil barrier (0.6 m and 1.2 m) and two types

of fiber were varied by maintaining: (1) the fiber content

and length of fibers; and (2) identical type of the soil

barrier material and moist-compacted state of the soil

barrier material of landfill covers. The deduced scaling

considerations imply that fiber dimensions need to be

identical in a centrifuge model and prototype and be

treated as discrete inclusions, analogous to other admix-

tures such as lime and cement.

Based on analysis and interpretation of the centrifuge

test results, the following conclusions are drawn.

1. Centrifuge model tests on 0.6 m and 1.2 m thick

unreinforced soil barriers with an overburden equiva-

lent to that of landfill covers was found to experience

a crack of narrow width extending up to full depth of

the soil barrier. Catastrophic water breakthrough was

observed for a 0.6 m thick unreinforced clay-based

landfill cover at a settlement ratio of 0.56 and

distortion level of 0.069. In comparison, a 1.2 m

thick unreinforced soil barrier with an overburden

equivalent to that of landfill covers was found to

sustain a large distortion level. The limiting

distortion level corresponding to water breakthrough

was found to be 0.083 at a settlement ratio of 0.66.

Water breakthrough was delayed in the case of the

1.2 m thick barrier, compared with the 0.6 m thick

barrier. The maximum outer fiber strain for a thin

soil barrier was less than for a thick barrier for all

settlement stages. This indicates that a thicker barrier

can withstand greater deformations, maintaining the

sealing efficiency.

2. The deformation behavior of 0.6 m thick fiber-

reinforced soil barrier subjected to an overburden

equivalent to that of landfill covers was found to be

superior to that of the corresponding unreinforced

soil barrier. The limiting distortion levels for

polypropylene tape fiber-reinforced and polyester

fiber-reinforced soil barriers of 0.6 m thickness were

registered as 0.071 and 0.081, which is 1.2–1.3
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times that of the corresponding unreinforced soil

barrier. The values of infiltration ratio were found to

be on the higher side for the 0.6 m thick soil barrier

without any fiber reinforcement throughout all stages

of the test. Hence a fiber-reinforced soil barrier is

very efficient when compared with an unreinforced

barrier of identical thickness.

3. The 1.2 m thick soil barriers reinforced with

polypropylene tape and polyester fiber and subjected

to 25 kN/m2 were found to have tiny surface cracks,

and to sustain their integrity even after being

subjected to a distortion level of 0.125. This implies

that the fiber-reinforced soil barrier has sustained

higher strain values than the corresponding unrein-

forced soil barrier, at the onset of water break-

through.

4. A distinct influence of fiber type on the deformation

behavior of soil barriers could not be ascertained,

although polypropylene fibers are light in weight,

and hence there is a chance of a greater number of

fibers in a given volume of soil than for polyester

fibers. To a large extent this was compensated by the

availability of large surface areas of polypropylene

tape fibers, which might have resulted in mobiliza-

tion of bond stresses along the soil/fiber interface.

For the types of fiber used in the present study,

blending of 0.5% by dry weight of soil with 90 mm

long fibers was found to be effective in improving

the integrity and water breakthrough tendency of

clay-based landfill covers subjected to differential

settlements.

Recently, Moon et al. (2008) reported that the gas

permeability of a soil barrier was about two or three

orders of magnitude greater than permeability to water. In

this case, it is questionable whether the compacted soil

barrier subjected to bending will be effective in preventing

gas emissions from landfill sites, although a 1.2 m thick

unreinforced soil barrier subjected to an overburden

equivalent to that of landfill covers appear to sustain

slightly larger distortion, and the occurrence of full-

penetration cracking is an issue, which may affect its

performance. In such situations, the use of discrete and

randomly distributed geofiber reinforcement inclusions

within the soil barrier can enhance the performance of

clay-based landfill covers. However, further work in this

direction is warranted to understand the efficacy of soil

barriers subjected to differential settlements in preventing

gas emissions from landfill sites.
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NOTATIONS

Basic SI units are given in parentheses.

A cross-sectional area of fiber (m2)

A9 surface area along fiber (m2)

a central settlement (m)

amax maximum central settlement (m)

a/amax settlement ratio (dimensionless)

a/l distortion level (dimensionless)

(a/l )lim limiting distortion level (dimensionless)

c9 effective cohesion (N/m2)

d thickness of soil barrier (m)

b fiber width (m)

E elastic modulus of fiber (Pa)

E50 elastic modulus of soil barrier material (Pa)

g acceleration due to gravity (m/s2)

l influence length (m)

l9 fiber length (m)

N scale factor (dimensionless)

R radius of curvature (m)

sr settlement rate in model dimensions (m/s)

t thickness of fiber (m)

Va volume of water at required central

settlement (m3)

V0 initial volume of water (m3)

w(x) deformation of soil barrier (m)

x horizontal distance from center of soil barrier (m)

�of outer fiber strain (dimensionless)

�t tensile strain of fiber (dimensionless)

�t tensile strength of the fiber (Pa)

�o overburden pressure (Pa)

�b bond strength of fiber (Pa)

�9 effective angle of internal friction (degrees)

ABBREVIATIONS

CSB compacted soil barrier

DRDF discrete and randomly distributed fiber

reinforcement

FRSB fiber-reinforced soil barrier

GCL geosynthetic clay liner

PPT pore pressure transducer

USCS Unified Soil Classification System

REFERENCES
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