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Abstract  With the advent of high strength geogrids, the interest of civil engineers in using
geosynthetics as reinforcement material in pavement construction has increased. An experimental
study is carried out at IIT Delhi to understand the effect of geogrid in unpaved roads. Behavior of
composite material, which comprises of Yamuna sand as subgrade and Water Bound Macadam
(WBM) as base course is studied with and without geogrid reinforcement under drained conditions. A
geogrid is used as reinforcing material. Drained triaxial tests were performed at three different
confining pressures of 50, 100 and 200 kPa on both unreinforced composite and reinforced composite
materials of specimen size 100mm diameter and 200mm height. Hierarchical single surface (HISS)
model developed by Desai and co-workers is used to model the unreinforced and reinforced
composite material. A computer program PARAG is used to calculate the various parameters and to
back predict the stress-strain-volume change behavior of unreinforced and reinforced composite
materials. The predicted results match closely with the observed results.
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1. INTRODUCTION and the natural ground. The basic aim of pavement
is to provide a hard surface for the movement of
Pavement is a structure made in between the wheel wheels without significant deformation and to
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distribute the wheel load effectively to a larger area
of natural ground so that the stresses are within
bearing capacity. Temporary or unpaved roads
with low traffic volume are required for
construction and access roads, contractors’ haul
roads, short-term detours, for example, bridge
replacement construction etc. Further, such roads
are also frequently constructed world wide to
support resource industry viz. forestry, mining, oil
and tar-sand extraction, agriculture and others.

Considering the economic significance of
unpaved roads, attempts have been made to
understand their behavior, so that the benefit of
geosynthetic can be quantified. Initially low
strength geotextiles were used as a separation layer
only, thereby maintaining the effective thickness.
Reinforcement function of geosynthetics was
realized with the emergence of improved materials
in the form of strong woven geotextile and
geogrids. Various factors, which affect the
behavior of soils, include soil density, confining
pressure, drainage conditions and the stress path
followed triaxial testing. In the analysis load
deformation problem, stress-strain relationship
plays an important role. Reinforced soils have
further complex behavior due to insertion of
reinforcement layer. The behavior is dependent on
many additional factors such as the quantity, type,
spacing, interface properties and tensile strength of
the reinforcement. Stress-strain relationship of the
reinforced soil is thus a function of these factors in
addition to the other factors of unreinforced soil.

A number of experimental and analytical
studies have been undertaken by researchers to
understand the behavior of the reinforced soils.
Interface friction behavior is experimentally
studied by modified direct shear test and/or pullout
test. Stress-strain and strength characteristics have
been studied mostly by conducting triaxial tests.

Triaxial tests were conducted on cylindrical
specimen of reinforced sand using woven fabric
glass netting as reinforcement [1]. It was observed
that the axial stress increased with the number of
reinforcement layers. Axial strain at failure also
increased due to insertion of the reinforcement.
Strength of the reinforced soil was observed to be
increasing with the number of reinforcement
layers. The beneficial effects of reinforcing
subgrade soils with a single layer of geogrid and
their behavior under static and cyclic loading were
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also investigated by other researchers [2] and were
observed that geogrids can play an important role
in the control of the rut formation in pavements.
Comprehensive statistical analyses were conducted
on the collected triaxial test data [3]. The results of
these analyses indicated that the geogrid inclusion
within crushed limestone samples significantly
reduced their permanent deformations and it was
also observed that this improvement was
significantly affected by the geogrid stiffness.

Constitutive model is a mathematical relation,
which reproduces the observed response of a
continuous medium. Constitutive models can be
broadly classified into the following three
categories.

e  Empirical models
e  Elasto-plastic models
e  FElasto-viscoplastic models

All geological materials show plasticity almost
from the beginning. Therefore, stress-strain and
volume change response of many geologic media
including water bound macadam, bituminous
concrete can only be predicted by plasticity
models. Some of the yield criteria are

Mohr-Coulomb Criterion
Drucker-Prager Yield Criterion
Critical State Models

HISS model

Two models, the SIGMA-model and TAU-model
were postulated using Yang’s results for describing
the strength of soil mass reinforced with horizontal
layers [4]. A semi-empirical formula is suggested
by Broms [5] to evaluate the strength of reinforced
soil in a triaxial test. He further observed that
placement of reinforcement plays an important role
in the behavior of reinforced soils. The empirical
relation was, however, very complex. An attempt
was made by [6] to model the results with a
hyperbolic model. All these studies were
conducted using the conventional triaxial
compression stress path. Baykal et al. [7]
conducted triaxial tests using two stress paths and
observed that stress-strain behavior of reinforced
soil is stress path dependent. Soni [8] studied the
behavior of reinforced soil using six stress paths
and modeled the behavior using HISS model.
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In the present study a series of drained triaxial tests
were performed on unreinforced and geogrid
reinforced composite specimens (Water Bound
Macadam and Yamuna sand), and their stress-
strain and volume change behavior is modeled
using the Hierarchical Single Surface model.
Modeled stress-strain and volume change behavior
are compared with the experimentally observed
behavior, and were found in close agreement.

2. ROLES OF GEOSYNTHETICS IN
UNPAVED ROADS

The use of geosynthetics in the pavement
construction started to serve as a separation layer.
An example of use of geosynthetics as a separation
layer is in the construction of an airfield in
Switzerland [9]. With the development of new
stronger geosynthetics reinforcement application of
this new construction material became apparent.
Today geosynthetics are used in the pavement
construction primarily to serve the following four
functions:

Separation
Filtration
Drainage
Reinforcement

2.1. Behavior of Reinforced Flexible
Pavement The strengthening effect of
geosynthetics in flexible pavement has been
studied through plate bearing tests on laboratory
models and through triaxial tests under static and
repeated loading.

According to [10] non-woven geotextile inhibits
the punching type failure characteristics of soft soil
by restraining the soft subgrade and they proposed
to use higher bearing capacity factors in reinforced
system (irrespective of the mechanical properties
of geotextiles).Similar observations were made in a
test road with non-woven geotextile [11].

Later on [12-13] indicated that the performance
of such systems improved with modulus of
geotextiles and led to the inclusion of membrane
effect in theoretical analysis and design procedures
proposed by [14-16]. [17] proposed the restraint
action of geotextiles on the aggregate layer.
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Limited studies have been done on reinforced
pavement system under repeated loading. From the
above literature it is very clear that a geotextile
effectively reduces the permanent deformation of
the reinforced pavement system. The beneficial
effect of the geotextile in controlling the evolution
of permanent deformation appears to be due to the
following reasons as quoted by [18-19]

e  Geotextile at the interface improves the load
spreading capacity of the aggregate consequently
the stress-strain state in the subgrade changes
leading to less plastic strain with particular number
of load repetitions.

e Lateral restraint effect of geotextile restricts
and the lateral movement of the subgrade soil away
from the directly loaded zone.

With the increase in thickness of the aggregates
the beneficial effect decreases. For better
performance some lateral extensions beyond the
directly loaded area is also essential [19]. On the
other hand, [20] found that anchorage details of
geotextile do not affect the behavior of unpaved
road models.

The cumulative permanent and elastic
deformations at the surface under repetitive load
tests on aggregate-soil system with and without
reinforcement at the interface are observed by [21].
From the results it is concluded that under similar
test conditions geosynthetics can reduce the elastic
deformation on such systems, thereby improving
the resilient modulus of the system.

3. HISS MODEL

In the present study HISS model is used. Classical
plasticity-based models (von Mises, Mohr
Coulomb and Drucker-Prager) can provide
satisfactory responses for some geological
materials, but in general they do not predict the
observed behavior accurately, particularly the
volume change response during plastic
deformations near failure. Models based on critical
state and cap approaches suffer from various
limitations such as: (i) the failure and cap surfaces
intersect which may cause computational
difficulties; (ii) dilative plastic strains are predicted
only at failure, while many geological materials
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experience dilative strains before the peak is
reached; (iii) the yield strength is assumed to be
the same for all stress paths, while many
geological materials possess different strengths for
different stress paths; and (iv) the hardening is
dependent on volumetric plastic strains, while
deviator plastic strains can also affect hardening.

The Hierarchical Single Surface (HISS) models
(0o and &;) are proposed by Desai [22] and
modified by Desai and co-workers [23]. The non-
associative (9,) model has been adopted for the
present study for the prediction of stress-strain-
volume change behavior of soil and water bound
macadam. The models were developed using the
theory of elasto-plasticity and are capable of taking
care of various complexities such as stress path
dependency, non-associativeness and anisotropy.
In these models, a unique and continuous yield
function is used that leads to failure when an
ultimate condition is reached. The brief description
of the model is as follows.

The constitutive equation for elasto-plasticity
can be written as

__EP
doy; =Cija deg )

where Cglfl is the constitutive matrix for elasto-

plastic approach.
The yield function for & model is given as

J I (1)
122D |_|_ 4| L 1 R m 2
F ) J oc[PaJ ﬂ{P J (1-BS,) (2)

a

S, = Stress ratio = @%—D 3)
2 J1.5
2D
where:
Ji First invariant of stress tensor
Jop Second invariant of deviatoric
stress tensor
Jip Third invariant of deviatoric stress
tensor
P, Atmospheric pressure
o,B,nandy  Material constants
m -0.5 For geological materials [23]
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For non-associative model 03, plastic potential
function Q is defined as a modification of F with o
replaced by ag, i.e.,

n 2
J J J
Q=|2D |l ag| L] +y| 2L [a-psp™ @)
22 ol it oo
where:
ocQ:ochK(ocO-oc)(l-rV) ®))

in which k is non-associative parameter, o, is o at
. . g .
the beginning of shear loading and r, =?V, & is

volumetric part of & (plastic strain trajectory).

3.1 Properties of The Hiss Yield Function
Some of the features of HISS model are as follows:

e The model involves only one continous
surface which describes yield or loading surfaces
by a single function and also describe the ultimate
behaviour. In the model only two parameters y and
B (at ultimate) are used to define the traditional
failure.

e  Entire hardening and ultimate behaviour is
defined by only one function.

e  The plot of yield function F is continous and
convex in the stress space for geological material.
However it intersects the J; axis at right angles, as
a result it can be implemented in the context of the
classical theory of plasticity.

e  As the intersection of two or more surfaces
and corner in II plane are avoided, the model is
easier to implement in numerical analysis.

e A single parameter growth function o can
simulate hardening and include the effect of stress
path, volume change and coupling of shear and
volumetric responses.

4. DETERMINATION OF MATERIAL
CONSTANTS

The HISS model requires nine parameters for the

constitutive modeling of any material, which can
be classified into five categories.
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Elastic constants (E,v)
Ultimate parameters (y,3,m)
Phase change parameter (n)
Hardening parameters (a;,n;)
Non-associative parameter (i)

The procedure for calculating material parameters
has been described in detail in various references
[24-27]. It is briefly presented herein.

° Elastic constants (E,v)

The two elastic constants for an isotropic material,
Young's modulus, E and Poisson's Ratio, v are
determined from the average slopes of the initial
part of the stress-strain curves and the ratio of
lateral and axial strains respectively. Janbu’s
relation is used to correlate Young’s modulus with
confining pressure.

LN
E=kP, {P_ﬂ (6)

a
where k and N are constants.
e  Ultimate parameters (y,,m)

For many geological materials m is found to be-0.5
[23]. Therefore, in the present work, m is
considered as-0.5. The procedure adopted for the
calculation of y and B from the laboratory results is
described below.

At the ultimate state, the value of a tends to
zero thus, the yield surface degenerates to an open
surface-intersecting T, axis at infinity. Applying

the condition to the yield function, Equation 2, the
slope of the ultimate line is derived as

s (s ) 4]

_ )
\/ "D !

where: S; = 1 for compression path and S, = -1 for
extension path. The ultimate parameters can be
found out by conducting the least square fitting
procedure on Equation 7 for at least two triaxial

tests on J; - ,J2D plane.

1JE Transactions B: Applications

e  Phase change parameter (n)

The phase change parameter, n, is calculated using

the zero plastic volume change condition, L 0.
1

An average of n values for different tests is taken

as an overall value of n for the material.

e  Hardening parameters (a;,n;)

In the present study, an isotropic hardening rule
was used. The growth function o as suggested by
Wathugala [28] is

a=—L (8)

Taking natural log on both sides of Equation 8
gives,

In (@) = In(a;) —n, In(2) ©)

a; and m; are determined from the least square
fitting procedure for each test. The average value
of a; and 1, from various tests are taken as overall
values of the hardening parameters.

e  Non-associative parameter (k)

Non-associative parameter, k in the plastic
potential formation, Q is assumed as constant and
is determined from the conditions near the
ultimate. Basic steps in evaluating k are given
below.

From the flow rule,

deP = 2L (10)
1 acij
we get
o1 o1 o1
deP = Q %, Q T Q9 (11)
OJI 6011 6]1 6022 6]1 6033
or
deP =3, Q2 (12)
Voo

1

Vol. 20, No. 1, April 2007 - 17



. =
dal 1 [ oQ
6011

Then from Equation 5,

K:(OLQ - 0()/[((10 -a) (1-1))]

where
dgf) is the axial plastic strain increment,
o1l is the axial stress, and
de? is the volumetric plastic strain
increment.
&P
The ratio of l;/ can be obtained from the slope
dsll

of the observed ds{)l versus dag response by

choosing a point in the ultimate state. Knowing

deP
v

p
dsl 1

, the value of ‘ag’ can be calculated using

Equation 13 as ‘Q’ is expressed in terms of ‘og’.
This value of ‘0g’, along with ‘@’ and ‘r,” at the
ultimate condition, is used to calculate the average
value of ‘x’.

Even though, k could be calculated for any stress
point, the portion of g,-¢; curve near the ultimate

condition is used since the deviation (aiq-ot) is the
greatest in the ultimate zone. The value of k has
been calculated using the program PARAG.

5. TEST PROGRAM

In order to model the reinforced and unreinforced
unpaved composite materials, a series of drained
triaxial tests were carried out on unreinforced and
reinforced unpaved composite materials at three
confining pressures of 50, 100 and 200 kPa.

5.1. Materials

5.1.1. Subgrade soil The subgrade soil used in
the present study is Yamuna Sand. Yamuna Sand
is locally available sand obtained from the bed of
river Yamuna River. The characteristics of
Yamuna sand are summarized in Table 1.

5.1.2. Aggregates Crushed stone coarse
aggregates and screening were used to prepare the
Water Bound Macadam (WBM) mix. The particle
size distribution of the coarse aggregate and
screening are shown in Figure 1.

Water Bound Macadam (WBM) Mix Design

Water Bound Macadam mix was designed as
per [29] specification, for possible use as surfacing
course. Delhi Silt (P. I. = 6%) was used as a
binding material. Required quantity of both the

TABLE 1. Characteristics of Yamuna Sand.

Property Value
% Sand 94
% Silt 6
Specific Gravity (SG) 2.67
Coefficient of Uniformity C, 2.24
Coefficient of Curvature C, 1.14
Maximum Dry Density (Y max.) 16 kN/m’
Minimum Dry Density (Y min.) 13 kN/m’
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Figure 1. Gradation of yamuna sand, delhi sit, coarse
aggregate and screening.

coarse aggregate and screening were mixed with
binding material in the ratio of 1.0: 0.16: 0.15 by
volume in a loose state under dry conditions. Then
the Proctor Compaction Test was carried out to
find out the Optimum Moisture Content (OMC)
and Maximum Dry Density (MDD) for further use.
OMC for WBM is 6.8 % and MDD achieved at
this moisture content is 22.30 kN/m”.

5.1.3. Geogrid The geogrid used was an extruded
mesh with an aperture size of 7.1x7.1mm,
thickness 1.85mm and at joint is 3.25mm.The wide
width tension tests were carried out as per [30] to
determine the load deformation behavior in the
machine and cross directions of the geogrid.
Tensile strength is 7.11 and 6.43 kN/m in the
machine and cross directions respectively at 40mm
elongation.

5.2 Testing

5.2.1. Triaxial test Conventional triaxial
apparatus [31] was used for the triaxial tests. A
perspex triaxial cell capable of withstanding more
than 1 MPa and with the facility of 100 mm
diameter and 200 mm height was used. Thickness
of subgrade (Yamuna sand) and base coarse layer
(WBM) is 100mm each in both unreinforced and
reinforced specimen. Axial strains, deviator
stresses and volumetric strains were observed
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during the tests. It is observed that the mode of
failure of unreinforced composite material is by
bulging of the subgrade layer, hence reinforcement
is provided at the center of the subgrade layer in
reinforced composite material specimen (Figure 2).
The experimentally observed behavior is presented
in Figures 3-6.

From Figure 3 and 5 it is observed that
maximum octahedral stress are 213, 501 and 896
kPa at a confining pressure of 50, 100 and 200kPa
in an unreinforced composite specimen. With the
inclusion of single layer geogrid at the center of
the subgrade the peak stresses increases to 265,
597 and 1025 kPa respectively in confining
pressure of 50, 100 and 200 kPa. Resulting in an
increase in peak stress of 24 %, 19 % and 14 % for
a confining pressure of 50, 100 and 200 kPa
respectively. This indicates that the benefit of
inclusion of the geogrid is more predominant at
low confining pressure than higher confining
pressure. It is further observed that strain
corresponding to peak stress increases with
increase in confining pressure, from 5.4 % to 6.15
% in case of unreinforced specimen and 6.3 to 7.2
% in reinforced composite specimen, for a
confining pressure of 50 to 200 kPa. From the
above observation it can be concluded that
inclusion of the geogrid results in an increase in
strain corresponding to peak stress at a particular
confining pressure.

wtr 00¢

Geogrid

Yamuna sand

100 mm

Figure 2. Geogrid reinforced triaxial specimen.
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Figure 3. Variation of octahedral stress with axial strain for
unreinforced composite material at o3 = 50, 100 and 200 kPa.
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Figure 4. Variation of volumetric strain with axial strain for
unreinforced composite material at o3 = 50, 100 and 200 kPa.

6. PREDICTION

The incremental constitutive relation (Equation 1)
has been used to predict the stress-strain-volume
change response. The equation is integrated
starting from the initial hydrostatic state. The
prediction is made using the nine parameters
calculated for wunreinforced and reinforced
composite material under strain control conditions.
Both predicted and experimentally observed
octahedral stress and volumetric strain with axial
strain are presented in Figures 3-4 for the
unreinforced case and in Figures 5-6 for the
reinforced case. The observed and predicted
behavior matches closely.
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Figure 6. Variation of volumetric strain with axial strain for
reinforced composite material at o3 =50, 100 and 200 kPa.

7. MODELLING

All the nine constants for HISS model are
calculated for both unreinforced and reinforced
cases and are presented in Table 2.

8. CONCLUSIONS

From the results it is observed that inclusion of
geogrid improves the performance of composite
material by more than 15 %. Dilation starts at a
higher axial strain in the case of reinforced
composite material as compared to unreinforced
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TABLE 2. The Material Parameters for Unreinforced and
Reinforced Composite Materials.

Constant Unreinforced  Reinforced
k 141.97 171.58
N 1.1280 1.0996
Y 0.0798 0.0840
B 0.74 0.74
m -0.5 -0.5
n 2.655 2.820
a 0.001150 0.000215
M 0.420 0.686
K 0.15 0.22

composite material. Degree of correlation in
modeled and observed behavior of unreinfoced
composite specimen are 98.1 %, 99.4 % and 99.9
% for confining pressure of 50, 100 and 200 kPa
respectively. In the case of geogrid reinforced
specimen the degree of correlation between
modeled and experimentally observed results are
98.7, 99.7 and 99.9 % for confining pressure of 50,
100 and 200 kPa respectively. Hence justifying the
statement that modeled behavior is good harmony
with the experimentally observed behavior under
triaxial loading.
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