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geosynthetic reinforced, cyclic The findings can be illustrated through deformation and failure
loading, finite element method envelopes applicable to various cycle counts. Factors such as the
(FEM), pavement, AASHTO material's compaction level, moisture content, and saturation degree

significantly affect its deformability. An elastic-plastic analysis utilizing
the finite element method (FEM) was conducted to validate the
experimental results and to establish the parameters necessary for the
FEM analysis of the pavement. Utilizing the principles outlined in the
AASHTO pavement design methodology, the necessary combined load-
bearing capacity of the pavement layers situated above the sub-grade
was determined. Additionally, the AASHTO geosynthetic reinforced
roadway design approach was established. The mechanical properties,
specifically strength and stiffness of reinforced with geosynthetics at
various elevations were assessed through both static and cyclic triaxial
testing methods. It was noted that the positive impacts of reinforcement
were closely linked to the amount of reinforcement used, with the
advantages of geosynthetic reinforcement becoming particularly
apparent at higher strain levels.

1. Introduction

Soil improvement could be an important solution for foundations on problematic soils. Austin [1] provides five
main soil conditioning functions applied to foundations: Increasing load-bearing capacity, controlling
deformation and accelerating consolidation, providing lateral stability to slopes and excavations, shutting off
leachate and other types of environmental control, and increasing resistance to liquefaction of loose and
saturated granular deposits. Geosynthetics, as an emerging technology, has been widely utilized to reduce
reflective cracking in paved roadways. Recent studies have assessed the role of Geosynthetics as reinforcement
components in asphalt overlays, with the objective of improving the mechanical characteristics of both newly
constructed and rehabilitated pavements increase [2]. Over the last three decades, the utilization of
geosynthetics to enhance flexible pavement systems has seen a notable increase [2]. Generally, geosynthetic
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reinforcement is installed at the junctions between the aggregate base course and the sub-grade; however, it
may also be applied at the interfaces of other layers, including those between asphalt layers and granular base or
substructure layers. This research primarily focuses on examining the effects of geosynthetic reinforcement
layers on soft soil increase [3] and [4].

The benefits of employing geosynthetics for the reinforcement of base and sub-base layers have been
substantiated by both field and laboratory investigations conducted by scholars [5], [6], [7], and [8]. Research
indicates that the shear of soil enhanced with one or more layers of reinforcement is influenced by factors such
as the internal failure mode the spacing of the reinforcement elements and the permeability characteristics of
the reinforcing materials as evidenced by triaxial compression tests performed on soil integrated with
geosynthetic layers.

A comprehensive investigation was performed to assess the mechanical properties, elastic deformations, and
permanent deformation characteristics of both pavement and subgrade materials using cyclic triaxial testing
that replicate traffic loading scenarios [9]. The research examined a range of variables, including grain size
distribution, material density, moisture levels, reinforcement spacing, and the proportion of crushed gravel
particles, initial effective stress, and the conditions of cyclic loading, which encompassed static, spherical, and
distorting stress components [10]. These variables were critical for establishing design parameters. The
outcomes of the laboratory tests were meticulously analyzed and recorded, accompanied by a cost-benefit
evaluation. Utilizing the AASHTO pavement design methodology, the necessary combined load-bearing capacity
of the pavement layers above the sub-grade was determined. Additionally, a framework for AASHTO
geosynthetic reinforced roadway design was established. A comparative analysis of pavement design
parameters was conducted for unreinforced and reinforced pavements under various sub-grade conditions. The
cost analysis revealed substantial savings associated with reduced substructure strength requirements [11], and
[12].

2. Materials & Method

The objective of this study is to forecast both the elastic and permanent deformations of pavement structures in
relation to the number of loading cycles and the specific loading conditions applied. The research included a
thorough examination of the physical and mechanical properties of the granular base, sub-base materials, and
sub-grade soil. CBR and triaxial tests were carried out at the Soil Mechanics Laboratory (LSM) within the Faculty
of Civil Engineering at Qom University of Technology. A variety of tests were executed under different loading
conditions and repeated loading scenarios [13], [14] and [15]. The granular base material was enhanced by
integrating geosynthetic reinforcements and was compacted in a mould to achieve the desired density and
moisture content.

3. Flexible Pavement Models

The vertical movement of the pavement is considered a result of the deformations that take place within the
pavement layer as well as the underlying sub-grade material. This analysis includes both elastic and permanent
deformations related to the road layers and sub-grade, taking into account different stress conditions. The
resilient strain is identified as indicative of the elastic strain.

M, = 2 €Y

Ji.-=
Ae "

The elastic response of unbound granular materials during cyclic triaxial testing can be characterized using the
k-6 model [4]. The formulation is as follows:

Lz .

ET — (EF1+2.EF!] _ (3.;:!] (2)

iy — 1 ) — 1|
Pa d Pa

Where

+ 04,01,03 = cyclic deviatoric stress, principal stresses

« & =resilient axial strain

« Er=resilient modulus

* Dp,pa= mean normal stress, reference stress (101 kPa)

+ kikz=model parameters
In this context, Poisson's ratio v is considered a constant. The k-6 model can be applied along a designated

stress path to effectively tackle elastic problems. Conversely, inelastic issues are addressed using a constant
Poisson's ratio v in conjunction with Young's modulus E. The characterization of volume strains &+ and shear
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strains gq", along with the moduli E, K, and G, is derived from the research conducted by Dondi [5]. The shear
strains gq are defined as follows:
- _Pn:i Lo (&]‘ (3)
TG \py

Where

+ pa= constant stress (100 kPa)

+ pr=mean normal stress

+ Qr = deviator stress

+ Ga= parameter of model

The modulus of elasticity is influenced by both the mean and deviatoric stresses. Taking these factors into
account, Ling [6] explored a novel model. The revised AASHTO equation designed to represent this behavior has
been incorporated.

sy Ky (4)
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Where

+ 0a=reference stress (101 kPa)

+ €1,03 = principal stresses

* Toct = octahedral shear stress

+ ki,kz,k3 = model parameters

The assessment of permanent deformations in EFG materials relies on cyclic testing as outlined in standards [7]
and [9], which exhibit variations in certain specifics.

The limit state plastic strains are calculated in agreement with the Nazzal model [8]. The relation between the
axial permanent deformations £1? (N).

El?:l [J'lllfﬂ__l = Eir. |:J' f:' + Eir. [1':":'] (5)
Where
+ €1P(100) = axial permanent deformation after 100 cycles
+ €P"(N) = normalized axial permanent deformation at N > 100

Equation 6 illustrates the normalized axial permanent deformation, with parameters A and B characterizing
the increase in strain relative to the number of loading cycles. Parameter A represents the threshold of the
permanent axial deformation function, while parameter B indicates the degree of deflection. The variations in
axial permanent deformation €1 and normalized axial permanent deformation €:P* are expressed as a function of
the loading cycle count N.

N Noy" 6)
P — A.F(N) = A. 1—(
1 () I To0) E]

The magnitude of parameters A and B depend on the stress level, which is expressed by the spherical and
deviatoric stress components

_ 7, + 17,
P =0y +- g=0, — 0 (7)

The change in the plastic strain with the loading cycles is

de? 7 AR ( N ~]‘5 (8)
dN T dN T N T\lo0)

The maximum axial permanent deformation or parameter A is proportional to the maximum deviatoric and
spherical stresses given in Equation 6.
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Y max (9)
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Where the stress parameter p* is defined by the intersection of the failure line with the g-axis in p-q space. It is
determined from the linear equation of the test data using the least squares method.

g=kp-p (10)

Where k is the slope of the failure line. Parameters a and b are determined from the test data, with linear
equation of the inverse value of parameter 4, using the method of the least square deviation.

A_lzu[ Tmaz ]‘l_b (1D
Pmaxt+ 0

The relation between parameters a and b gives the slope of the failure line, given by parameter M
M=0 5 (12)
The failure line in the p-q space is
g=M.(p+p") (13)
The development of the permanent axial deformations in the p-q space can be given by

£, (N, p.w.p.9) = &5 f(0).F(w). (). () (14

Where the characteristic value of the permanent axial deformation € is given at selected values of the spherical
stress component po and the deviatoric stress component qo

g0 =&," (Np Pp Wo.PpG0) (15)

The magnitude of the permanent axial deformation depends on the spherical stress component p and the
deviatoric stress component g, following the exponential equation

o oemaDy o egeFy (16)
a - 1—|= 1—-|—
£4F (N.p.q) = & gl [.ﬂy' el [q':#' /

Where C and D are the parameters defining the variations of the normalized permanent axial strain &17* as a
function of the spherical stress component p, E and F are parameters defining the variations of the permanent
axial strain as a function of the deviatoric stress component g.

The fluctuations in additional factors, such as density and water content, can also be articulated. Given the
negligible alterations in these parameters across different material types, they are regarded as stable conditions.
From equation 14, the normalized permanent axial deformation €1P* is expressed in terms of the spherical stress
component p and the deviatoric stress component q, which can be specified with the surface in €1* - p - q space.

At a certain constant value of the spherical stress component p, the value of €1P* increases exponentially with
increasing g, and at a certain limit the value of q diverges. For any plane in 1" - p - q space with any value of p,
the relationship between the deviatoric stress component q and the normalized permanent axial strain €:* can
be determined [10].

‘ lf'rf' (17)
1 £,F

(1-2)°) =

. 1
q[:El*’ ) =g, |1 +E.fﬂ,

As the spherical stress component p rises and the deviatoric stress component q remains constant, the value
of €1P" approaches a specific limit. Equations 16 and 17 can be employed to ascertain the failure and deformation
curves within the p-q space.
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4. Repeated Load Triaxial Tests

This paper investigates triaxial repeated loading tests performed on unbound mixtures using two different
approaches: the variable confining pressure method, where the cell pressure is cyclically adjusted during the
vertical axial loading phase, and the constant confining pressure method, in which the cell pressure remains
constant while the vertical axial load is varied cyclically. The study includes a series of individual tests
conducted along various stress paths, with the applied stresses being gradually increased. The ratio of
distortional to spherical stresses, represented as q/p, varies from 0 to 3 for each test. The experiments are
conducted with a limited number of cycles (N=100) after a conditioning phase of 20,000 cycles to evaluate the
elastic parameters, and with a greater number of cycles (80,000 or more) to examine the characteristics of
permanent deformation. The execution of cyclic triaxial tests necessitates the use of specialized testing
apparatus, which includes a triaxial cell, a hydraulic press, and various ancillary devices, along with measuring
instruments, a control system, a data acquisition system, and the requisite computer hardware and software.
The setup of the testing apparatus and the arrangement of reinforcements are depicted in Fig. 1.

Valve & water
distribution panels

......

Dynamic Volume
controller & change
drive device

Fig. 1 Dynamic triaxial test system

In the present investigation, neither the unreinforced nor the reinforced systems showed any signs of
failure. Instead, following 10,000 cycles, the samples exhibited enhanced compactness and density, as depicted
in Fig. 2. Some minor necking was observed at the locations of the geosynthetic materials during the testing
process, with the most pronounced necking occurring at the upper reinforcement layer. This occurrence can be
explained by the bulging of the granular fill located between the geosynthetic layers, even though the
geosynthetic effectively restricted the lateral expansion of the specimen.
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Necking of samples at the location
of geosynthetic

[ Interface (Geosynthetic interlayers) ]

Fig. 2 Prepared sample reinforced with geosynthetic

5. Deformation Analysis

After each distinct phase of the investigation, the strength characteristics are calculated based on the recorded
deformation and stress parameters. The parameters measured during the tests include cell pressure (o03),
vertical stress (o1), vertical strain (g1), and radial strain (&3).

The validity of the proposed model was assessed through a practical examination involving repeated load
triaxial tests on granular materials used in sub-grade and base courses. Both reinforced and unreinforced
samples were subjected to testing. The study also considered the types of stone materials in relation to the
proportion of crushed grains present in the gravel and its water content. Investigations into the stone materials
for sub-grade and base courses were performed in both laboratory settings and field conditions. The laboratory
assessments encompassed:

a) Characteristics of the stone materials (including mineralogical and petrographic composition, presence
of hazardous admixtures, mechanical properties, quality assessments, physical properties, and
geometric and mechanical attributes of the stone grain mixture),

b) Techniques for enhancing the integration of the stone grain mixture (such as crushing, incorporation of
additives like electro filter ash, and soil reinforcement),

c) Repeated load triaxial testing.

A portion of the analysis provided utilizes data derived from the report [16]. The foundational course
material underwent testing under repeated loading conditions with a water content set at w = wopt - 2%. The
physical characteristics remained consistent across all types of stone materials.

6. Sub-grade Material

A comprehensive assessment of the quality of natural sandy gravel was conducted both in laboratory settings
and in situ. Multiple triaxial stress tests were performed, and various samples of stone material were analyzed.
The physical characteristics of the analyzed stone material types exhibited variability in accordance with the
selected sub-grade strength, as determined by the California Bearing Ratio (CBR). Fig. 3 illustrates some of the
apparatus utilized in the CBR testing process. [17]
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Fig. 3 (a) CBR test apparatus; (b) The CBR mould and implements in the CBR Test; (c) Schematic diagram
Samples both with and without reinforcements were subjected to testing. The influence of reinforcements
on resilient stiffness and permanent deformations was investigated.

7. Deformation Analysis

The analysis of deformation was conducted through a series of repeated triaxial stress tests on various material
types. Fig. 4 illustrates the typical results observed, specifically the increasing strain in the repeatedly loaded

Penerbit
UTHM



J. of Science and Technology Vol. 16 No. 2 (2024) p. 71-84 78

sand-gravel subsoil. In Fig. 5, the results for the sand-gravel subsoil are presented, highlighting the relationship
between the deviatoric stress ratio Aq and the vertical axial strain €1. The parameters A and B were derived from
equations (6) and (8), which provide a numerical framework for understanding the progression of permanent
axial strains €1P (N) and normalized permanent axial deformations &17* (N) [18] and [19].

60 . . 12
L
50 a0 e
|
|
40 - - 0.8
E ! =
= 30 + 1HA - 0.6 ==
<~:]“-‘-" )
20 + 4t HAHEHART HAH 0.4
|
| |
10 - —lF A v H - 0.2
SRARARARAN
0 — 0

o 2 4 6 8 10 12 14 16 18 20
N [-]
Fig. 4 Deviatoric stress Aq and vertical axial strain &1 vs. time t (number of loading cycles)

Ag [kPa]

ey [%0]

Fig. 5 Deviatoric stress Aq vs. vertical axial strain &1

Fig. 6 illustrates the relationship between the normalized axial permanent deformation €:P* and the number
of loading cycles N for the uncrushed variant of base course stone material, characterized by a water content of
W = Wopt - 2%.
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Fig. 6 Normalised axial permanent deformation 17" vs. the number of loading cycles N for various loadings of stone
materials with a water content of w = Wopt - 2%

The behavior of the normalized axial permanent set 1" can be represented as a function of the deviatoric
stress q and the spherical stress p across various cycles. This allows for the derivation of the correlation
between the normalized axial permanent deformation €1P* and the deviatoric stress q, while maintaining a
constant spherical stress p, which is analyzed within specific planes of the €1P" - p - q space. Fig. 7 illustrates the
relationship of the normalized axial permanent strain €:* (N) in relation to the spherical stress p and deviatoric
stress q for the subsurface material [20].

(1x10") [%]

p*
g
H

Fig. 7 Sub-grade normalized axial permanent deformation €17 in the £1** - p - q space.

The correlation between the normalized axial permanent deformation £1P* and the distortional stress q,
under a constant spherical stress p, was derived from equations 15 and 16, as illustrated in the €:P* - p - q space.
Fig. 8 presents these relationships specifically for the base course material. By applying equations 10 to 13, it is
possible to determine the failure envelopes within the p - q space for various types of stone materials [21].
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Fig. 9 Deformation envelopes for various numbers of loading cycles N

The connection between the spherical stress component p and the deviatoric stress component q at a given
level of normalized axial permanent strain €1p* leads to the formation of deformation envelopes. These strain
envelopes diminish as the number of cycles N rises, but they expand with increased axial fatigue strain,
ultimately nearing the failure envelope that characterizes the critical state of the q/p relationship (Fig. 9).

Fig. 10 shows failure envelopes for unreinforced and reinforced sub-grade material compared to base
course material.

450 | —e— Base course gravel
’ —&— Subgrade reinforced
400 11 —e— Subgrade unreinforced|”

0 100 200 300 400
p [kPa]

Fig. 10 Failure envelopes for unreinforced and reinforced sub-grade and base course material
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8. Analysis of Pavement Structure

A finite element method (FEM) was employed to conduct an elastic-plastic analysis, aimed at comparing the
findings with experimental results and establishing the parameters necessary for the FEM analysis of the
pavement. Fig. 11 illustrates the two-dimensional finite element mesh utilized in the examination of
geosynthetic-reinforced pavement models. The outcomes of the elastic-plastic analysis, which include axial
force, horizontal deformation, and shear stress, indicate significant variations in results when reinforcement is
applied. The elastic-plastic analysis of a flexible pavement structure consists of three distinct phases:

a) Specification of the mesh, material properties, loading conditions, and boundary constraints for the
finite elements.
b) Calculation of plastic displacements and strain components.

Interface Geogrid
=S
. < = A
Loading '
Ared Base course
: R >
. I
4
|
/ )
X0 SEHRE0)
I : Subgrade
: e, |
7 i A
Axis of . i
symetry S
{ || Vertical
[ ree
) S Ny

\Fixed

(b) (©)

Fig. 11 (a) Finite Element Meshed Geosynthetic-Reinforced Pavement Model; (b) and (c) Geosynthetics used in the
study

The connection between the subsoil height CBR and the load count N is determined to achieve specific rut
depths of 10 mm and 20 mm across different gravel layer thicknesses, which can be either reinforced or
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unreinforced. Utilizing the principles from the AASHTO flexible pavement design methodology, the required
combined load-bearing capacity of the pavement layers above the sub-grade is calculated. Fig. 12 displays the
necessary thickness of the base course for various substrate thicknesses and different traffic conditions,
including light, medium, and heavy traffic scenarios [22].

00 Unreinforced Unreinforced
—e—heavy traffic ——heavy traffic

20 - —8— medium traffic —8— medum traffic
—&— light traffic —&— light traffic

70 1 Remforced Reinforced

---©-- - heavy traffic
- - -B- - - medium traffic
---A--- light traffic

---&--- heavy traftic
---B--- medmm traffic
- - A~ - light traffic

60

Required thickness [em]
Required thickness [cm]

Fig. 12 Thickness of base layer d vs. sub-grade strength CBR for (a) 80; and (b) 90 cm freezing zones

9. Cost-saving Analysis

An average expense of 15 EUR for an engraved aggregate base and 1.2 EUR for engraved geosynthetic
reinforcement has been employed to calculate the savings associated with the use of reinforcements across
varying sub-grade strengths. Fig. 13 illustrates the cost savings per square meter for pavements incorporating
reinforcements, considering different sub-grade strengths and traffic loads within 80 and 90 cm freezing zones.

T T T (}

I I I I
90 cm freezing criterion

80 cm freezing criterion

—e—heavy traffic
—8— medium traffic

—a— light traffic

—e—heavy traffic

—8— medmm traffic |-

—&— light traffic

| E B
| | |
1 | 1
|l - -l L
|

. . 2
Cost saving [€/m"]
Cost saving [€/m]

Fig. 13 Cost savings vs. sub-grade strength CBR for (a) 80; and (b) 90 cm freezing zones

10.Conclusions

A thorough series of experiments was carried out to assess different stress states and dynamic loading
conditions. The base and sub-base materials were improved with geosynthetic reinforcements and compacted in
a mold to achieve specific density and moisture levels. Two types of samples were examined: one group without
reinforcement and another with reinforcement. The study included a variety of tests in which parameters such
as density, moisture content, effective initial stress, and cyclic loading were systematically altered.

A variation in material stiffness was observed during cyclic loading. The modulus of elasticity was defined
using the AASHTO 2002 PDG model. It was found that the reinforcement does not have a significant impact on
elastic stiffness. The reinforced samples exhibited a notable decrease in permanent sets when compared to the
unreinforced samples. Permanent deformations are characterized by the number of load cycles (N), the
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spherical component of cyclic loading (p), and the deformation component of cyclic loading (q). These findings
can be illustrated through deformation and failure envelopes for any specified number of cycles (N). To facilitate
a comparison of the test outcomes and establish the parameters necessary for a finite element method (FEM)
analysis of pavement, an elastic-plastic analysis was conducted utilizing FEM. By integrating the principles of the
AASHTO flexible pavement design methodology, the requisite combined load-bearing capacity of the pavement
layers situated above the sub-grade was determined. Additionally, a design approach for geosynthetically
reinforced pavements based on AASHTO guidelines was formulated. The design parameters for both
unreinforced and reinforced pavements, as well as various subsoil conditions, were analyzed. Furthermore, a
cost-benefit analysis was performed, revealing substantial savings associated with lower sub-grade strength.
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