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ABSTRACT

The design of cover landfill requires an optimum thickness of the compacted fine soil layer with small
permeability. In general, the objective is to reduce the thickness of the landfill cover. However, for a thin
layer, and under natural evaporation, denser crack network growths occur during the desiccation by
drying. Cracks change the geometrical properties during the drying and wetting cycles and significantly
compromise the role of the cover layer, by inducing an infiltration water flow and gas migration. An
important differential flexure deformation occurs. The landfill cover, where stiffness and tensile and shear
strengths were reduced is being progressively damaged. Thus, this paper aims 1) to quantify the flexural
deformation and 2) to provide a methodology and a guideline for studying the integrity of a cover landfill.
So, a mechanical model is proposed and implemented in Code Bright software. The methodology starts
from the calibration and the validation of the mechanical model based on 1) four-point flexural beam tests
and 2) on existing published results. A physical prototype was employed to demonstrate the flexure
deformation, and the crack development. Moreover, short natural fibers were mixed and embedded in the
soil to make the soil reinforcement and delay crack propagation. In addition to the experimental
investigation, mathematical constitutive equations were proposed, in which the contribution of short fibers
in terms of increase of tensile strength was introduced. Finally, a simple case study was considered to
demonstrate the role of the fiber-soil composite on flexural deformation and tensile stress distribution
across the cover layer. An analysis of the numerical results was conducted to support the use of short fibers
as reinforcement, which is an environmentally friendly and sustainable solution.

Keywords-cover landfill; desiccation cracks; deformationn; beam ftests; flexure modeling; fibers;
reinforcement

I.  INTRODUCTION

The controlled landfill surface storage of non-radioactive
solid waste has been developed to preserve the environment by
developing a convenient waste management policy [1-3]. As an
example, according to the Saudi Arabia National Center for
Waste Management, the environmental degradation caused by
solid waste in 2021 was estimated at $1.3 billion. Also,
according to the former CEO of the Saudi Investment
Recycling Company, most of the country’s waste is currently
being landfilled at an average of $1.87 per ton and the
incineration technique is increasingly being neglected and

abandoned [4]. Landfill space has been managed according to a
main rule, which is based on the protection of the soil against
the infiltration, lixiviation, and gas produced by the biologic
process of solid waste transformation during long landfill
deposition [5-7]. Landfill cover is designed to prevent the
infiltration of water, the release of gases, and the migration of
contaminants from the waste material into the surrounding
environment. The deflection of the cover can be influenced by
various factors, including the design and construction of the
cover system, the nature and composition of the waste material,
and environmental conditions such as temperature and water
moisture. Engineering standards and guideline regulations such
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as the US Environmental Protection Agency's Subtitle of the
Resource Conservation and Recovery Act (RCRA) provide
standards for landfill design, construction, operation, and
closure. These guidelines often include requirements for
landfill cover systems and may address aspects related to cover
deflection [8].

Obviously, the control of the bottom of the landfill by a
complex associated geomembrane-geotextile composite is now
considered as a successful technical solution. From an
engineering point of view, its design and application are
relatively understandable tasks. However, the issue of the
sealing task from the landfill cover is still big and complex.
The completely non-homogenous deformation of the cover
layers due to the non-homogenous settlement of the solid waste
and its heterogeneous physical properties such as water content
and dry density is a complex geotechnical problem. In addition,
due to variations in the temperature, desiccation cracks can
occur, which in turn strongly affect the hydraulic and
mechanical properties. In fact, cracks increase the permeability
and reduce the mechanical strength. To analyze and predict the
flow and transport behavior in cracked unsaturated soils,
recently published papers in the geotechnical field have been
interested in the unsaturated permeability function [9-11].
Obviously, crack birth and growth are functions of the
deflection increment and the development of tensile stress in
the zone of landfill cover [12-14]. Monitoring the deflection of
the cover is therefore crucial for ensuring its long-term
performance and the protection of the environment and public
health [15-17]. Techniques, such as slope inclinometers,
settlement plates, and surveying methods can be used to
measure and track the deflection of the cover over time. By
closely monitoring and managing deflection, engineers and
landfill operators can identify potential problems early on and
implement corrective measures to maintain the integrity and
functionality of the landfill cover system [6, 8, 15].

The current paper aims to analyze the deflection of the
cover layer, starting from the modeling and the experiments
performed on beams of clay built by compaction. Evidently,
initial water content and dry density were considered in the
modeling because they have a significant influence on the
deflection of the beams. A physical prototype has been built to
reproduce the deformation and study reinforcement techniques
to reduce the deflection. It has been demonstrated that the use
of geotextile, which was located at the bottom of the cover
layer, significantly reduces deflection. However, despite the
local soil-geotextile reinforcement, cracks appear in the soil
mass of the cover layer. Thus, the reinforcement of the soil-
volume by short fibers, if mixed randomly, reduces crack birth
and crack network development. The utilization of silty soil,
intended for use for landfill cover due its lesser permeability [8,
18], and modeling based on finite element method with the
Code-Bright software [19] are considered. The results are
analyzed in terms of vertical displacement and tensile stress.
The efficiency of each reinforcement technique is evaluated
versus its capability to decrease the vertical displacement of the
landfill cover and the crack network propagation [15-17].

II. EXPERIMENTAL STUDY

A. Physical and Mechanical Properties of the Materials

The Grain Size Distribution (GSD) of the soil was
determined. To check that the soil structure had not been
altered after reconstitution, the Grain Size Curves (GSCs) of
the soil before and after reconstitution were also determined.
The GSD of non-reconstituted samples was obtained by using
the wet sieve analysis method and the hydrometer test.
However, the laser technique was adopted for the reconstituted
soil. Figure 1 presents the GSDs of soils. It is noticed that the
two GSCs are close. The soil is constituted of 60% silt, 5%
clay, and 35% fine sand. Table I provides the physical and
mineralogical characteristics of the soil. According to ASTM
classification, the soil is silt with high plasticity. In this paper,
the definition of sandy silt soil is utilized to take into account
the percentage of fine sand (35%).
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Fig. 1. Grain size distribution of the soil and used fibers.
TABLE L. SOIL CHARACTERISTICS
Sample designation Sandy silt soil
Specific gravity 2.72
Liquid limit-LL (%) 51
Plasticity Index-PI (%) 26
Initial water content, w; (%) 18
Optimum Water Content-OMC (%) 15
Dry unit density (gr/cm’) 1.78
Specific surface SST (m*/gr) 124

Mechanical properties and dimensions of alpha fibers
(natural treated fibers)

Tensile strength (MPa) 54
Elastic tensile modulus (GPa) 18
Average diameter (mm) 0.3
Average length (cm) 3-4

B. Mechanical Properties of the Soil

Compressive and flexure tests have been performed on
several samples. Compressive tests were conducted on samples
with cylindrical and cubic forms. In fact, cylindrical specimens
were prepared (diameter = 10.16 cm, height = 20.32 cm) along
with cubic samples from the beam after finishing the bending
tests. Figure 3 illustrates images of the two sample types and
the corresponding compressive failure modes. Figure 4
portrays the compressive stress curve for the two types of
specimens. On the other hand, to characterize the sandy silt to
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use in landfill cover, four-point bending tests attempting to
reproduce conditions of implementation were carried out in the
laboratory. Dimensions of the beam have been optimized to
respect the standard definition of the beam dimensions, which
should be also convenient for compaction (initial dry density
reached by compaction in a prepared mold). The dimensions
are 10 cm x 40 cm. Figure 5 displays the flexure test protocol,
where the tensile failure mode by flexion is presented and
exhibits a typical mode of tensile failure. Three bending tests
have been performed by less variation of the initial water
content. Obviously, the tensile modulus and the failure force
are deduced from the curves obtained for specimens compacted
at OMC and tested.
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Fig. 2. Proctor compaction curve of the sandy silt.
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Fig. 3. (a) Failed cylindrical specimen at the end of the compression test,

(b) Cubic specimen at the end of the compression test.
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Fig. 4. Compressive stress versus axial strain.

(a)
(b)
Fig. 5. (a) Bending test on a compacted specimen, (b) tensile failure mode
in bending test.
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Fig. 6. Bending results of flexure force versus the roller vertical
displacement.
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The tensile modulus is acquired from the deflection test
according to (1):
1 Fp BB
E = dmax 16 b* @
where d,,, is the maximum deflection, / is the length between
the two top rollers, b is the width of the beam and F,,,,, is the
maximum force obtained from bending tests (Figure 6).

The tensile and compressive modulus will be used as the
main modeling data.

nI. MODELING OF FLEXURE TESTS AND
APPLICATION TO LANDFILL COVER STABILITY

A. Validation of the Proposed modeling based on Flexure
Beam Tests

In this section, the finite element method is adopted
utilizing the Code-Bright software [19]. Initially, the model
validation takes place using some results from [20]. The results
from Code-Bright are observed in Figure 4 in [20]. The former
are based on the flexural four-point bending tests on clay with
the mechanical properties described in [20] and compared with
the data from [20]. The laboratory tests were performed on
different specimens of compacted clay with four different
initial water content (W) values and with different equivalent
Proctor energy rates, e. = E/E;, (Where E4, is the standard
Proctor energy equivalent to the effort = 450 kN/m?) [20].
Plane strain elastoplastic finite element analysis was
considered. The Mohr—Coulomb failure criterion was chosen to
model the soil behavior. The elastoplastic Mohr—Coulomb
model involves four input parameters: Young’s modulus E,
Poisson’s ratio v, cohesion, and friction angle ¢ [20, 21]. There
is a a good agreement between the results. Tensile stress
damage and shearing bands are often observed in the tested
beam in the laboratory. Figure 4 in [20] gives the strain g, (%)
versus deflection in mm, (where €, is here defined as the
average deformation according to the x axis on the bottom
"line" of the beam, submitted to tensile stress). Figure 7
manifests the mesh of the finite elements engageed in the
modeling and the position of the tensile fiber for which the
average tensile strain was calculated.

Tensile fiber

Deformed finite element mesh in bending test and
definition of tensile fiber.

Fig. 7.

It is useful to indicate that authors in [20, 21] employed
image correlation and determined a maximum tensile strain

corresponding to crack initiation. Obviously, the model
proposed in this paper could not predict the crack birth and its
development. So, the average strain is utilized instead of the
maximum strain €n,,, at crack initiation [20]. The second
validation is to reproduce some results of the four-point
bending tests carried out in this research and presented in
Figure 6. Figure 8§ demonstrates the obtained results and reveals
a good agreement between modeling and experimental data.
However, it is important to mention that in the laboratory,
experimental bending tests were performed by controlling the
force rate, contrary to the modeling where the displacement
rate was controlled.

F*=F(L)/b
250 . .
lﬁ —g— ©=16,49% , W=17,45 kN/m®
200 O . - @=17,27% , 0=17,09 KN/m’
150 — = @=17,33% , W=17,19KN/m*
z
“ 100 Q @ Results of proposed
modeling
50
0 T T
0 1 2 3 4
Roller displacement (mm)
Fig. 8. Validation of the proposed model using four-bending tests

(described in Figure 6).

Based on the two types of validation of the numerical
modeling, the second step was to model the deflection of a
cover landfill with silty sand. The goal is to use numerical
simulations to study the role of the volume-reinforcement of
the cover landfill deploying short fibers.

B. Modeling based on Flexure Beam Tests

Aiming to study the deflection of a landfill cover and to
present a deep analysis of the expected deformation, a
reference is primarily made to the following laboratory tests
[22] on a reduced physical prototype, showcasing the
deflection of part of the soil despite the use of geotextile to
reinforce the physical-beam model. To simulate the
deformation of the waste mass, clay beads were disposed on
the bottom, and then void (cavities) was induced by removing a
part of clay beads. Figure 9 displays a photo of the bending-
physical prototype. It also demonstrates that the bottom layer
works independently as a 0.3 m layer subject to bending under
its own weight. Besides the fact that geotextile significantly
reduces the deflection (the maximum deflection was of 10
mm), the important finding concerns the development of crack
network by tensile in a weak zone of the sub-layer. Obviously,
the characteristics of the geotextile can be optimized to
currently assure the function needed to reduce the deflection
[22].

C. Modeling of the Cover Layer Deflection and Stresses

1) Definition of the Proposed Model

Regarding the limited efficiency of the geotextile to
reinforce the upper layer observed across the physical
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prototype results, the reinforcement technique has been
selected through an introduction of the short fibers embedded
randomly in the cover landfill. In fact, it is well known that
short fibers embedded in the soil delay crack initiation and
increase tensile resistance [23-25]. In this study it is proposed
for the influence of fibers to be exclusively modeled on
cohesion and consequently on tensile strength as follows:

Ry = Ry + AO'tf(Hf) 2)

where R, is the tensile strength of the soil defined above and
reported in Figures 6 and 8, Ady; is the increment of the tensile
strength due to reinforcement by fibers, and 6'f is the mass
percentage of fibers (mass fibers content). Some researches
have been interested to investigate the measurement and then

the calculation of the increment (as non-exhaustive
publications [13, 26, 27].
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Fig. 9.

The tensile strength is defined here as:

R = C(&) cotang(¢p) 3)

where ¢ is the friction angle assumed independent of the fiber
content and C(6) is the apparent cohesion which depends on
;.

f

Then the apparent cohesion of reinforced soil is obtained
as:

c(6;) = R.tang( @) @)
The definition given in [23] is assumed, where:

md o (o i)

Aoy (6) = ; s)
where d is the average diameter of the fibers of 0.3 mm, ¢; is
the active length of each fiber (part of fiber submitted to
interfacial shear). It was admitted that the active part of fiber
submitted to shear action is /2, and /; is defined by the average
value [ of 30 mm [23], 7; is the individual interfacial shear
between fibers and soil matrix and s is the tension failure plane

area (cross section of tensile failure), assumed as constant for
all fibers and equals to the average cross section of the fibers.

My (1+w)

ef = Mo (6)
Considering the assumptions, (4) becomes:

d Nfzr 1 1
Aoy (6;) = —LL—=4-N; 5 ()

As was demonstrated in [26], the expected number of fiber
per unit volume is:

4Cf

v = T[D}El (1+Cf) (8)
_ Ve _ Pd
where:
(1+w)M
Gf = Tf (10)

where p, and p; are respectively the dry density of the matrix
and the density of fibers, and w is a water content (considered
here as OMC value). M;,, and M; are accordingly the mass of
the matrix and the mass of embedded fibers. Obviously, the
total number of fibers is Ny deduced as Ny = N,, V,, where V;
is a total volume of cover landfill layer. The average value of
interfacial shear is given by:

2 H 1
7 =3 tan((p)y? =3 tan(p) y H (11)

where ¢, y, and H are respectively the friction angle (=16°,
obtained by triaxial tests), the moisture unit weight of the silty
sand soil, and the height of the landfill cover layer. The
obtained value was around 17 kN/m’.

On the other side, in the proposed model the soil is
bimodular, in the sense that the compressive elastic modulus Ec
(Figure 4, for cylindrical samples) is different from the tensile
elastic modulus E, (given by (1) and deduced from the
experimental results in Figure 6).

2) Application for a Case Study of Landfill Cover and Results
Analysis

Figure 10 provides a schema of the finite element mesh of
the waste layer and the upper landfill cover. The finite element
mesh is denser for a cover layer compared to the waste layer.
The &x of each finite element method is fixed at 1 m. Figure 10
also illustrates the boundary conditions, where the symmetric
condition is given by ux=0. To generate deflection settlement,
the elastic modulus of waste is assumed to increase gradually
from x=0 to x=Lw (half of length of the landfill = 45 m). The
gradient is 6E,/ 0x = +0.2 MPa/m, with the elastic modulus of
the waste being E,, = 0.5 MPa at x=0. The values of waste
stiffness are only assumed, but unfortunately without any
laboratory tests.

By analyzing the rates defined respectively as:
R¢ Re

o=t and = (12)
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where R, and R, are the compressive and tensile strengths
measured in the laboratory given by Figures 4 and 6. o, and g,
are respectively the compression stress and tensile stress
developed in level 7. The tensile fibers in the cover layer can
be deduced and the apparent cohesion can be calculated as
defined by (4). Naturally, the prediction of deflection,
particularly of maximum deflection, is important. It was found
that the deflection of cover landfill fiber reinforcement is well
reduced, where it decreases with the added embedded fiber
content. The vertical displacement calculated in section S1
(maximum deflection, see Figure 10) decreased by around 30%
for reinforced soil by fibers (6, = 0.5%). Figure 11 depicts the
results of the rates 7, and 7; obtained for four sections (S1, S2,
S3, and S4).

silty sand cover

s1 s2 Jls3 Bs4 B taver

Fa

(=]
o Il
Il |
g °
=
f x «
0\ waste layer ﬁ
X
ux=0anduz=0 [
Fig. 10.  View of the finite element mesh of the studied landfill and the

deflection of the cover layer.

Regarding Figures 12(a)-(d) corresponding to the results of
the rates defined for the compression zone and tension zone
across the four sections, it can be deduced that in section S1
where the tensile is important (large deformation by tension
and tensile stress reaches the tensile strength measured by the
four-point bending test in Figure 6). However, in section S4,
only compression stress is significant. Globally, the trend of the
ratios is similar between S1 and S2 (where the deflection
occurred by tension and the tensile stresses were developed),
and between S3 and S4 (where the deflection was insignificant,
and contraction by compression arose in the same trend of
compressive stresses). The contribution of fibers, implicitly
included across the apparent cohesion, appears clearly in
reducing the tensile stresses more than reducing compressive
stresses. This is expected since the short fibers develop only a
tensile and eventually flexure resistance and their compressive
strength is neglected.

IV. CONCLUSION

The current paper presents a new methodology of the
design of the landfill cover layer. The proposed methodology is
based on two experimental and numerical approaches. The
experimental studies were conducted using unconfined
compression and four-point bending tests. From the

experimental tests, compressive elastic modulus, tensile elastic
modulus, and compressive and tensile strengths were
determined. Mohr-Coulomb modulus was implemented
considering the bimodular behavior of the tested sandy silt soil
in the elasticity framework. The validation of the proposed
modeling was conducted based on two different four-point

pending tests. The second stage was to implement the model in
Code-Bright.
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The findings of this study pertain that the compacted fine
soil employed as a landfill cover can be submitted to high
differential deflection and tensile stresses, which may locally
exceed the tensile strength and lead to an intensive crack
network. This fact compromises the sustainability of the waste
landfill. The results demonstrated that the use of the geotextile
can minimize deflection, but it is not efficient enough to delay
crack initiation and propagation. However, the fiber
reinforcement not only increases the tensile strength of the
composite and delays the cracks development, but also is an
environmental friendly solution. Based on the proposed model,
the result analysis suggests that the fibers reduce the tensile
stresses in the composite mainly in the deflected and tensile
zones.

As mentioned in the introduction, a few studies have
focused on the stability of the landfill cover, particularly on the
reinforcement role. Thus, this paper briefly discusses the
comparison between the contribution of the geotextile on the
reinforcement of the soil cover-layer submitted to deflection
and the contribution of the short vegetal fibers embedded in the
soil. It was revealed that geotextile reduces only the deflection,
but it does not play a part in the crack development. However,
the fibers contribute to the reduction of crack initiation and
development. Consequently, they led to an increase of the
tensile strength and tensile stiffness of the composite, which
consequently results in the reduction of the deflection
deformation. The use of vegetal fibers as a friendly
environmental solution is recommended and their positive
contribution is well highlighted. This paper conducts a deeply
extended research study based on new experimental results and
new numerical investigation on the basis of a bimodular
constitutive elastoplastic law. Finally, the research about such a
complex problem was carried out employing experimental and
numerical tools. The former has interesting perspectives
concerning the hydromechanical interactions and the
investigation of the environmental wetting and drying cycle’s
role.
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