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Finite Element Based Design and Analysis of Unpaved Roads over Difficult Subsoil:

Sustainable Application of Geotextile Reinforcement to Attain Long-Term Performance

ABSTRACT

The performance and durability of an unpaved road depends on the strength of its individual components, i.e.
aggregate layer and soil subgrade. For unpaved roads built over weak soil subgrades, the action of repetitive
vehicular loading leads to permanent deformation in the form of rutting that gradually deteriorates the
serviceability. In this study, initially, based on a coupled stress-deformation approach, a step-by-step design
methodology of unreinforced unpaved road is developed by incorporating operational failure conditions. In order
to avert the operational failures, geotextile layer introduced at the aggregate-subgrade interface is found to
successfully reduce the stresses transferred to the subgrade. The usage of geotextile reinforcement is also found
effective in reducing the required thickness of aggregate layer, as much as 50% in comparison to that required for
unreinforced condition. Furthermore, finite element analysis of unpaved road under repetitive loading condition
for different numbers of vehicle passes is conducted. When subjected to higher axle loads, rutting in unreinforced
condition is observed to substantially increase with vehicle passes and even exceeding the serviceability criteria
beyond certain cycles of loading. Geotextile layer at the aggregate-subgrade interface is found to successfully
counteract the surface rutting. With the application of geotextiles of higher axial stiffness, not only rutting is
conveniently controlled within the serviceability limit, the accumulation of rutting is also significantly arrested
even for larger number of repetitive vehicular passes. Thus, through this FE-based analysis, the sustainable
application of geotextile in unpaved road design and enhancing its performance under repetitive loading is

successfully highlighted.

Keywords: Geotextile-reinforced unpaved roads, Finite element-based design, Operational conditions, Aggregate

thickness, Rutting, Sustainable application

1. Introduction

According to global study, unpaved road comprises almost 80% to 85% of the world’s road network [1]. In India
[2] and USA [3, 4], 35%-50% of the road network is still unpaved. There are various types of unpaved roads, out
of which gravel road or non-paved surface roads are the most common ones. Unpaved road structure consists of
an aggregate layer directly placed over the natural soil subgrade [5, 6] without immediate application of any binder
material such as asphalt or cement [7]. Unpaved roads carry low volume of traffic; thus, it is often economically
viable to surface them with a bituminous seal if the average annual daily traffic (AADT) increases more than 300
[8]. However, in some specific cases, unpaved roads need to carry heavier vehicles such as in case of the access
road to an industrial plant or a construction site, connecting or supply roads of goods from major village to nearby
highway etc. Depending on unavailability of good quality material or site specific restrictions, unpaved roads are
many a times constructed on weak or locally available soil having low bearing resistance. In such cases, unpaved
road undergoes short-term or long-term deformation such as rutting, corrugation, potholes, washboard formations
and surface degradation leading to dust emission [9-12]. In such cases, regular maintenance work such as replacing
the unpaved road material (aggregate, soil subgrade) or incorporating soil stabilization technique (dynamic

compaction, mixing of admixtures etc.) for the durability of the unpaved road becomes significant. However,
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regular maintenance work at regular intervals each time becomes highly cost incurring due to the involvement of
man power and natural raw material extraction. Ground improvement techniques for subgrade strengthening
induce more longevity to the unreinforced unpaved roads; yet such methods are significantly cost incurring
processes and equipment. In this regard, use of geosynthetic as reinforcement in unpaved road structure has
emerged as a sustainable and economical solution to the problem [13, 14]. In comparison to ground improvement
techniques, laying of geotextiles at the aggregate-subgrade interface is a comparatively less time-consuming and
less equipment-intensive process. Moreover, the performance life of the geotextiles is significantly high, which
results in substantially lesser long-term maintenance costs. Hence, from the view of economic viability,
application of geotextiles to construct reinforced unpaved roads has more long-term economic feasibility.
However, to get a realistic assessment, a cost-benefit analysis needs to be done, which is beyond the purview of

the present study.

Geosynthetics are the product of synthetic or naturally occurring polymeric material. The main applications of
geosynthetics in areas such as civil, geotechnical, transportation, environmental etc. includes filtration, drainage,
protection, separation, slope stabilization, soil reinforcement and stabilization [15-17]. There are various types of
geosynthetics available commercially in planar or three-dimensional form such as geotextile, geogrids,
geomembranes, geocomposites and geocells [18]. Commonly, out of all geosynthetics, geotextiles and geogrids
are extensively used in unpaved roads [7, 19]. Generally, geosynthetic reinforcements are placed at the aggregate
and subgrade interface to improve the unpaved road performance. Due to the tension membrane effect [20] and
interlocking effect of geotextile and geogrid, respectively, the lateral movement of the aggregate materials is
restrained, thereby improving the load distribution to the subgrade layer and ultimately increasing the bearing
capacity of the subgrade layer [7, 14]. Earlier, researchers have worked on the application of geosynthetics in
unpaved road. Giroud and Noiray [20] conducted two quasi-static analyses for the design of unpaved roads resting
on a saturated cohesive subgrade with low permeability, in the absence and presence of a single layer geotextile
reinforcement placed at the aggregate-subgrade interface. It was observed that due to the geotextile reinforcement,
the aggregate thickness required to sustain the vehicular axle load can be reduced. Holtz and Sivagukan [21]
continued the earlier work for different rut depths (additive of the maximum settlement occurring beneath the
wheels and the maximum heaving occurring in between the wheels). It was found that for smaller rut depths, the
geotextile primary worked as separator; however, at larger rut depths, the geotextile behaved as reinforcement.
Bourdeau et al. [22] conducted an analytical study to critically examine the large-scale strip loading test of
geotextile-reinforced unpaved roads on peat performed by Douglas and Kelly [23]. Through this study, the
influence of geotextile anchorage and stiffness modulus on the soil-geotextile interaction and interface response
was examined. The results from loading test suggested that there is no significant difference in the performance
of unpaved roads with a woven or a non-woven geotextile or even a polyethylene film separator with different
anchorage conditions and tensile moduli. Miligan et al. [24, 25] presented a new method for the design of
unreinforced and reinforced unpaved roads under plane strain condition following the work by Giroud and Noiray
[20] by considering the development of shear stresses at the subgrade-fill interface. The analysis demonstrated
the role of reinforcement at smaller as well as larger rut depth. Tingle and Webster [26] conducted a full-scale test
to validate the design criteria proposed by U.S. Army Corps of Engineers [27] for geotextile reinforced unpaved

roads and modified the same for including a stiff biaxial geogrid reinforcement. From the tests conducted by
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Tingle and Webster [26], comprising a moving load generated by 2000 passes of military trucks having single
front axle weight of 4.76 tons and dual-tandem rear axle of weight 15 tons, it was observed that the bearing
capacity factor for geotextile-reinforced unpaved road is unconservative as compared to the theoretical results
[27]. Giroud and Han [28, 29] developed a generalized methodology to estimate the required thickness of the base
course (aggregate layer) in reinforced unpaved roads with a single layer of geogrid placed at the aggregate-
subgrade interface. Hufenus et al. [30] conducted full scale field test on the application of variation in geogrid
stiffness on the reduction in rut depth formation of the unpaved road structure. Lyons and Fannin [31] highlighted
the importance of proper choice and consistency of parameters while dealing with the semi-empirical design of
unpaved roads. Perkins et al. [32] applied the mechanistic-empirical modeling methods previously developed for
geosynthetic base-reinforced flexible pavements to reinforced unpaved roads. The model provides necessary
information of rutting formation in unpaved road and the importance of excess pore pressure assessment on the
stability of the structure. Calvarano et al. [14] conducted parametric study to give the limiting criteria of
determining the base thickness of geogrid-reinforced unpaved roads. Calvarano et al. [16] conducted bi-
dimensional finite element analysis, using FE software ABAQUS, to understand the performance of geogrid
reinforced unpaved road under repeated loading. Han et al. [33] conducted cyclic shear test to the study reinforcing

mechanism of geogrid in unbound granular base.

The application of geosynthetics in civil engineering construction is vast. However, the study of reinforcing
mechanism of geotextiles and geogrids on controlling the individual and coupled deformation of components of
an unpaved road structure are still limited. Moreover, the study of reinforcing mechanism of geosynthetics on
reducing permanent deformation of unpaved road due to rutting is not well understood. Earlier researches on
unpaved roads have been carried out considering the undrained cohesion as the only strength parameter of the
subgrade [20, 21, 24, 25, 28, 29]. However, depending on the drainage state (undrained, partially drained or fully
drained) of the soft soil subgrade, strength parameters are characterized by both cohesion (c) and angle of internal
friction (). The consideration of conservative strength magnitude leads to over-estimated estimates of aggregate

thickness which might not be practically required owing to subgrade strength actually available at the site.

Conventional limit equilibrium based analytical formulations consider the individual component (aggregate,
subgrade) of the unpaved road to be non-deformable [20, 34]. However, in reality, different components of
unpaved road undergo deformation even due to the operational aggregate placement and/or wheel loading.
Considering all the factors, in this present study, finite element (FE) analysis of geotextile reinforced unpaved
road constructed on cohesive-frictional (c-¢) soil subgrades is conducted. In this regard, the soil subgrade is
considered to be weak to exhibit the full benefit of using geosynthetics. At first, FE analysis of unpaved road for
quasi-static loading without reinforcement is carried out. It is observed that under different operational conditions,
the individual layers of unpaved road undergo deformation. Further, the geosynthetic is introduced as a
reinforcement at the aggregate-subgrade interface. It is observed that geosynthetics of various stiffness capture
the stresses and strain generating in the unpaved road system with minimal application of ground improvement
for subgrade strengthening. Further, an additional study of application of geosynthetic in reducing the thickness
aggregate layer is also conducted. Later on, application of geosynthetic in reducing the rutting developed due to

repetitive vehicular loading is discussed. It is observed with increase in stiffness of the geosynthetic, rutting in the
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unpaved road system is reduced. Further, it is noted that beyond a particular stiffness value, the rutting generated
from particular number of vehicular loading cycles is completely arrested, thereby showing the benefits of using
geosynthetic as reinforcement to construct an economical and sustainable unpaved road structure. In this regard,
the novelty of the present work lies in the concept of using coupled stress-deformation approach to formulate a

design principle of unpaved roads by considering its individual components as deformable bodies.

2. Quasi-Static Analysis of Unpaved Road

In this part of the study, the thickness of the aggregate layer is determined using the analytical formulations
developed by Meena ef al. [34] for unpaved roads resting on a generalized c-¢ soil subgrade that is encountered
more frequently in the field conditions. The developed expression is based on quasi-static analysis using limit
equilibrium (LE) approach. Quasi-static analysis represents worst case scenario, wherein a vehicle is considered
to be static for a significantly long time and as a result, there is a complete stress transfer through the interaction
of the vehicle tire with the aggregate layer [20]. Fig. 1 represents the actual bi-directional pyramidal stress
distribution that would occur beneath a quasi-static wheel load placed on the aggregate layer. Dual wheel vehicular
axle load is considered in the present study [20], wherein each dual-wheel carries half of the axle-load (P/2). The
load is transferred to the aggregate layer through the contact area of the dual wheel, whose equivalent dimensions
are represented by m and n, respectively, thereby g., being the equivalent contact stress transferred at the tire-
aggregate interface. Further, the generated contact stress on the surface of aggregate layer (g.,) is assumed to
follow a pyramidal stress distribution through the depth of the aggregate layer (H) and spread over a dispersed
area at the aggregate-subgrade interface, having a dimension of m' x n'. It is to be further noted that at the
aggregate-subgrade interface, the overburden stress due to the aggregate (yaggreqaref1) is omnipresent, and it gets
added to the dispersed wheel stress to generate the total stress (¢). Although the wheel stress distribution is a three-
dimensional problem, this study considers only a two-dimensional dispersion scenario, with f being the load-
dispersion angle. In the present study, it is considered that there is a constant and uniform flow of similar vehicle
along the longitudinal section of the road. Furthermore, the wheels are assumed to always travel along the same
section of the road such that every cross-section of the road receives the same magnitude of load and undergo
same magnitudes of deformation [20]. Hence, the problem is considered as a plane-strain one, wherein every
section has the same geometry and loading conditions. Under such scenario, in the absence of residual deformation
along the longitudinal direction of the road, it is expected that the mechanical response of the roadway remains
same at all the cross-sections [20], and equal strains are developed along the longitudinal direction of the road.
Therefore, the quasi-static vehicular load analogically represents a strip load acting along the road. Hence, further,
analyses for the present study are conducted within a two-dimensional plane-strain framework. The required
aggregate thickness is determined by equating the stress generated at the aggregate-subgrade interface (Fig. 1) to
the allowable subgrade strength. Equation 1 gives the final expression to determine the aggregate thickness (H)

of unpaved road resting on c-¢ soil subgrade.

/
P +vy H = CS“bgradeNc * 7aggregateHNq+ 0.5ym N;/ (1)
2(m+2HtanB)(n+2Htanp) e FoS

where, P is the axle load, m and n are the equivalent contact dimension of the dual wheel, H is the thickness of

the aggregate, y is the unit weight of soil, yuggreqare i the unit weight of the aggregate, csupgrade 1s the cohesion in the
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subgrade, m' is the width of the distributed stress at the aggregate-subgrade interface, N, N, and N, are the

bearing capacity factors, and FoS is the factor of safety.

It is worth mentioning here that evaluation of California Bearing Ratio (CBR) is very essential for pavement
design, and it has been the standard and pioneered practice in the design of unpaved roads to use CBR as an
indicator of the undrained shear strength or undrained cohesion of soil [20]. However, the estimation of CBR
disregards the frictional strength of soil material which, apart from cohesion, is another primary shear strength
parameter. Thus, assessing the strength of cohesive-frictional soils through assessment of CBR remain
conservative, thereby expectedly increasing the requirement of aggregate thickness of unpaved roads. Further,
mere mention of CBR values do not allow distinguishing the types of soil; soils of two different characteristics
can have a similar CBR. Hence, in such scenario, the intricate role of different types of soils in governing the
behaviour of subgrades and unpaved roads remain elusive, which is supposed to have a critical role in controlling
the generation of stress and deformations in the system. Hence, the primary aim of this study is to shift the
perspective from standard CBR-based design to the coupled stress-deformation based design governed by the

shear strength parameters (c and @) of the geomaterials.
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Fig. 1 Pyramidal stress distribution by aggregate layer on the subgrade interface

3. Numerical Methodology

The analytical formulations as shown in Equation 1 follows a stress-based approach, where the individual
components of the unpaved road structure are considered to be non-deformable. However, in case of unpaved road
built on weak or soft soil subgrade, deformation under different operational conditions becomes a guiding factor

for the design [22, 35]. Different operational conditions include (i) failure or permanent deformation of weak
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subgrade layer due to the weight of stacked unbounded and poorly-graded coarse aggregate layer during their
laying operation and (ii) failure within aggregate layer due to the stresses developed by vehicular loading. In this
regard, and coupled stress-deformation based approach incorporating operational loading conditions becomes
necessary to design sustainable and economic unpaved road system. In this study, a FE based design methodology

of unpaved road structure subjected to quasi-static vehicular loading is discussed.

A finite element-based design of unpaved road resting on generalized c-¢ soil subgrade is conducted. For the
present research work, numerical modelling software PLAXIS 2D v2018 is used to design unpaved road system.
Fig. 2 depicts a typical geometry of the unpaved road, comprising the overlying aggregate and underlying
subgrade layers. The cross-section of the unpaved road is considered to be identical along the longitudinal section
and hence plane-strain model is selected. 15-noded triangular elements are choose to model the soil layers and
other aggregate volume, so that high quality stress-deformation results can be obtained. The thickness of the
aggregate layer is initially designed from the analytical expression provided in Equation 1. The slope of the
aggregate layer has been maintained to a value of 3H:1V or 4.5H:1V for higher axle load, to avoid any slope
failure along the sides of the aggregate. Uniformly distributed vehicular load under tires are considered on the
surface of the aggregate layers, over suitable contact width and axle width. Along the lateral boundaries of the
subgrade layer, horizontal fixities are provided, while the bottom boundary of subgrade is fully fixed against both

horizontal and vertical displacements.

1 24m |

| 7m |
Tire width (#) = 0.5 [ |

v Axle width () = 1.7
I /‘_u_‘\ Slope 3H:1V 1.09m

X

Fig. 2 Finite element model of unreinforced unpaved road

Both the subgrade and aggregate layer for the present study has been modelled using Mohr—Coulomb (M-C)

model, which is a linear elastic — perfectly plastic model. This model allows elastic behaviour up to the yield limit,
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beyond which plastic flow occurs under constant stress. The Mohr-Coulomb yield point is defined by the friction
angle of the material [36, 37]. Although the M-C model considers the variation of material strength with lateral
confinement (wherein the material strength increases with stress level), it does not consider the variation of elastic
modulus with stress levels [38]. The model is capable of capturing the hysteretic loading-unloading behaviour if
plasticity occurs, i.e. if the yield stress level is reached [39, 40]. The loading, unloading and reloading modulus
remain constant (equal to chosen Young’s modulus) for each cycle of stresses. Each cycle of loading-unloading is
characterized by a residual strain or residual deformation, with a portion of total strain being recovered due to the
elastic unloading. Hence, in case of repetitive loading, the M-C model is capable of producing accumulative
settlement, provided that at each loading and reloading cycles, the yield stress is attained. In such case, for
repetitive loading, the accumulation of settlement would be noticed after each loading cycle, as depicted in later

parts of the present study.

The constitutive behaviour of Mohr — Coulomb model is controlled by five input parameters, soil elasticity and
stiffness represented by Young’s modulus (£) and Poisson’s ratio (v), and angle of internal friction (¢), cohesion
(c) and angle of dilatancy () for soil plasticity [41]. For the present study, dilatancy is not considered. The strength
parameters of subgrade and aggregate layer are considered on the lower side so that the deformations developed
in the unpaved road system under operational conditions can be exclusively exhibited. In Table 1, the typical
model parameters used in the present study are listed that are chosen as available in the earlier literature [34, 42].
These are some typical values of the parameters that falls within the wide range of material parameters that could
be reasonably encountered in the construction of such unbounded roads. For the subgrade layer and aggregate
layers, the unit weight (y) is kept same owing to the fact that the unit weight of soil and locally available aggregates
are mostly similar and that slight variations in this parameter does not significantly affect the deformation response
of the unpaved road system [34]. Two different vehicular axle loads 80 kN and 190 kN are used in this study for

quasi-static and repetitive vehicular loading analyses.

Table 1 Typical material properties adopted in the finite element analyses

Subgrade Aggregate
Soil model Mohr-Coulomb Mohr-Coulomb
Unit weight (y) 19 kN/m? 19 kN/m?
Young’s modulus (E) 20 MPa 60 MPa
Poisson’s ratio (v) 0.4 0.3

A mesh convergence study has been carried out for a particular model to identify the sensitivity of the FE model
to the variation in mesh size. In Plaxis 2D, finite element meshes of various element sizes can be generated by
taking into account the soil stratigraphy as well as all objects, loads and boundary conditions. It is obtained from
the output results that for ‘medium’ mesh size, the convergence has been achieved. Fig. 3 represents the outcome
of the mesh convergence study conducted for the model. In areas of large stress concentrations, local mesh

refinement has been also provided (e.g., aggregate-subgrade interface, corners of the aggregate layer, etc.). Fig. 4



262 shows the model after mesh refinement, with an average element size of 0.07727 m; the same element size is used

263 in all other FE models reported in the manuscript.
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To understand the efficiency of the coupled stress-deformation based design approach and the constitutive
behaviour of the individual component of the unpaved road, a validation study has been carried out. The FE model
of the unpaved road, comprises of two layers (aggregate layer overlying the subgrade layer) with a strip vehicular
loading (representing the quasi-static vehicular load) over the aggregate layer. The experimental problem reported
by Ghosh and Kumar [43] on surface strip footings resting on two layered media is analogically considered for
the validation work. Out of all experiments conducted in the study, footing width (B) of 50 mm, center-to-center
spacing of the footing (S) as 3.08 (= 150 mm), and thickness of the top layer (D) being equal to 1.0B (= 50 mm)
is considered of the validation work. The angle of friction of the top (¢;) and bottom layer (¢,) were 32.6° and
38.9°, respectively. A FE model is developed considering all the necessary information related to the footing
material, soil properties, loading conditions and measurement points. Fig. 5 shows the FE model utilized for the
validation study. To find out the settlement values, nodes are selected on both side and at the centre of the footing.
The selection of the nodes is based on the position of the dial gauges used in the experimental set up. For the

selected nodes, the data obtained for settlement and load is averaged and put in a single plot

¥ I S=150 mam
-
!

B =50 mm

D= 50 mm - Top Sand Layer

Bottom Sand Layer

2

3
+
.

Fig. 5 FE model for the validation study

The output results of the FE analysis, in the form of load-settlement response, are compared to that obtained from
the experimental observation (Fig. 6). The load settlement responses exhibited a reasonable agreement; for a
maximum settlement of 6 mm, the ultimate load obtained from the experimental and numerical exercise is 33 kg
and 35 kg, respectively. A minor dissimilarity can be noted between experimental and FE results (with an average
deviation of 5-8% for most part of the plot), which is possibly due to the idealization of the stiffness of
experimental sand bed being constant in Mohr-Coulomb constitutive model, whereas the actual experimental
programs generally reflect a pressure-dependent stiffness. However, such minor dissimilarity remains existent and
are well within the tolerable limit (<10%). Thus, from the study, it can be well inferred that the constitutive
behaviour of FE model for the closely spaced loading resting two layered soils successfully validate the
experimental results; hence, the developed FE modelling approach can be suitably considered in the rest of the

study.

10
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Fig. 6 Comparative of the load-settlement response between the experimental and FE results

4. Coupled Stress-Deformation based Design Methodology for Unpaved Roads

4.1 Operational failure conditions and limiting cohesion

The analytical expression expressed in Equation 1 considered the aggregate and subgrade layer to be non-
deformable. However, in reality, both the subgrade and the aggregate are deformable systems. For weak and soft
soil subgrade, the subgrade might not provide the bearing resistance during the laying process of stacked
unbounded aggregate. This would be manifested by the subsidence of the aggregate within the subgrade layer,
thereby This leading to a loss in design thickness followed by additional aggregate placing, and incurring higher
expenditures of material and cost. Furthermore, in the absence of fine binding material in the cluster voids,
aggregate can undergo punching failure that is prevalent under the vehicular loading at the edges of the tire
contacts. These two stated failures constitute the operational failure during the construction and service life of the
unpaved road, that is not incorporated in the analytical solutions. In this regard, the strength parameters of the
aggregate and soil subgrade needs to be improved to counteract such operational failures. The expressions for the
minimum cohesion required individually by the subgrade and aggregate are determined from limit analysis. The
expressions to assess minimum cohesion are incorporated to propose the coupled stress-deformation based

approach for FE model of unpaved roads.

4.1.1 Expression for limiting cohesion in subgrade layer required to sustain aggregate loading

The subgrade should be strong enough for sustaining the aggregate load during its placement. Hence, following
Terzaghi’s bearing capacity formulation for an analogous surface strip load resting on supporting soil [44], the
expression for minimum cohesion required by subgrade under operational condition has been developed by
equating the aggregate stress (Yagereqaref1) to the allowable bearing capacity of the subgrade. The same is expressed

as follows:

c N, +0.5ym’'N,

'subgrade, min
H _ 9

7aggregate - FoS (2)

11
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where, Csubgrade,min 18 the minimum cohesion required in soil subgrade, and rest of the parameters are same as

described in Equation (1).

4.1.2 Expression for limiting cohesion in aggregate layer required to sustain quasi-static vehicular loading
The aggregate layer under quasi-static loading might experience punching shear failure from the concentrated
stresses developed at the siders of the wheel. In such case, the stress concentration under edges of the tire contacts
should be dispersed to a magnitude lower than the allowable bearing capacity of the aggregate alone. Hence,
following Terzaghi’s bearing capacity formulation for a surface strip load resting on supporting soil [44], the
expression for minimum cohesion required by the aggregate (Caggegaremin) Under operational condition can be
expressed as

N, +0.57/aggregatem’ N

FoS

P _q _Caggregate,min
2mn

s 3)

where, Caggregate,min 15 the limiting cohesion required to prevent punching shear failure in the aggregate layer due to
the imposed quasi-static vehicular loading. The corresponding bearing capacity factors are to be determined based

on the friction angle of the aggregate material.

4.1.3 Additional cohesion requirement of subgrade considering deformability of aggregate and subgrade

In the previous sub-sections, separate expressions to determine minimum cohesion required by the subgrade and
aggregate to ensure their individual operational stability against failure are produced. However, in practical
scenario, the stress-deformation mechanism of the unpaved road system will be coupled and the subgrade would
be a deformable medium; thereby, the stability of individual layers would be affected by the secondary stress
transfers through stress-deformation interaction between the layers. Since under vehicular load the aggregate layer
is already ensured to be stable, further failure in this layer under operational condition can only be triggered
because of the deformable subgrade. Hence, in such situation, the cohesion of the subgrade needs to be further
modified to arrive at a minimum value (Csagemin) that would render the subgrade enough bearing strength to sustain
the overall imposed stress, inclusive of the secondary stresses. In the next section, implementation of such
expressions is discussed. Such improvement in strength of the subgrade is possible by adopting proper ground
improvement techniques, wherever necessary, although the choice of the ground improvement techniques is

beyond the scope of the present study.

4.2 Design Methodology for Unreinforced Unpaved Road Design
Following are the step-by-step design procedure of unreinforced unpaved road structure based on coupled stress-
deformation based approach.

Step 1. Make a preliminary assessment of the required aggregate thickness (H) based on Equation 1.

Step 2. Develop the FE model in PLAXIS 2D using aggregate thickness assessed in Step 1. The side slopes
of the aggregate layer are maintained to 3H:1V or any other flatter gradient to ensure that no side-
slope failure is evident. The shear parameters (Cuugrade, Psubgrade; ANA Quggregare) for subgrade and

aggregate layers is to be kept same as that used in the analytical expression used for assessing the
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Step 3.

Step 4.

Step 5.

Step 6.

Step 7.

Step 8.

Step 9.

Step 10.

Step 11.

aggregate thickness [34]. The values of other model parameters such as modulus of elasticity (£),

Poisson’s ratio (v), unit weight (y) and initial void ratio (e;.ir) are adopted as per field specifications.

The simulation of the FE model developed in Step 2 is undertaken to investigate the operational
instability of the subgrade solely due to aggregate loading. If the operational stability is not
jeopardized, consider csubgrade min=Csubgrade and continue to Step 6. If the FE model exhibits stress-based

failure in the subgrade, continue to Step 4.

Assess the limiting magnitude of cohesion (csubgrade,min) required in the subgrade layer (as per Equation

2) to sustain the operational aggregate loading.

Using the csubgrade min value obtained in Step 4, analyse the FE model developed in Step 2 to ascertain
the operational stability of the subgrade under aggregate loading. If the subgrade remains stable under
the aggregate load, continue to Step 6. If the subgrade still portrays failure, repeat Step 4 to re-estimate

Csubgrade,min With higher FoS.

Reform the FE model by incorporating csusgrade,min as the cohesive strength parameter for the subgrade
(obtained in Step 5) over and above the friction strength parameter of the subgrade (@susgrade)-
Investigate whether the aggregate layer (with strength parameter adopted in Step 1 or Step 2) is
operationally stable and able to sustain the punching stress concentration imposed by the quasi-static

vehicular load.

If operational stability of aggregate layer is ensured, the design of unpaved road is deemed complete
With @ubgrade and Csubgrade,min @s the shear strength parameters for the subgrade, and @uggreqare as the

shear strength parameter for the aggregate.

If the aggregate fails under the imposed vehicular load, determine the minimum value of cohesion

required (Cqggregaremin) in the aggregate using Equation 3.

Analyse the reformed FE model developed in Step 6 (already having gsusgrade, Csubgrade,min ad Qaggregate)

by incorporating Caggregare,min as limiting aggregate cohesion to reassess its operational stability.

If the aggregate still exhibits operational instability, considering a higher FoS. Further, proceed to
Step 9 to include the re-estimated cuggregare,min in the reformed FE model that is already incorporating
the Qsubgrades Csubgrademin AN Paggregare (from Step 6). If the reformed FE model with higher magnitude
of Cuggreqate,min IN aggregate layer exhibits operational stability, proceed to Step 11; else, repeat Step 10

again by heuristically and iteratively enhancing cuggregatemin to @ higher value.

If the aggregate does not exhibit stress-based failure under imposed load and that the operational

stability of the aggregate is ensured, the strength parameters of unpaved road system is finalized to
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Step 12.

Step 13.

Step 14.

Step 15.

Qsubgrade ANA Csubgrademin @S the shear strength parameters for the subgrade, along with @uggregare and
Caggregatemin @S the shear strength parameter for the aggregate. Even after achieving operational
stability, it is necessary to check whether the reformed FE model exhibits failure in the subgrade due
to the secondary stresses generated in the subgrade for simultaneous aggregate and vehicular loading.

The unpaved road system is further checked for failure under secondary stresses.

If no secondary stress-based failure is noticed, the design of unpaved road system is deemed complete

with the strength parameters finalized and mentioned in Step 10.

Any instability in the subgrade arising due to the secondary stresses (as in Step 11) can be tackled by

heuristically and iteratively increasing the value of Csupgrade,min to @ modified higher value (csaggmin).

The FE model is reanalysed with csage min as subgrade cohesion to reconfirm the stability of the system.

If the stability against secondary stresses is achieved, the design of unpaved roads is deemed complete
with the strength parameters of unpaved road system is finalized to @susgrade aNd Csagemin as the shear
strength parameters for the subgrade, along with @ugeregare and Caggregare,min @s the shear strength

parameter for the aggregate. If the stability is yet to be achieved, repeat from Step 13.

For easy visualization, Fig. 7 exhibits the developed algorithm in the form of a flowchart.
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Fig. 7 Flowchart depicting the step-by-step design of unreinforced unpaved road
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4.3 Design Methodology for Reinforced Unpaved Road

4.3.1 Quasi-static loading condition

In the previous part of the study, it is understood that unreinforced unpaved road built on soft soil subgrade is
susceptible to deformation under operational conditions. To counteract such problems, ground improvement
techniques need to be implemented to ensure stability of the unpaved road system. However, traditional ground
improvement techniques are costly and require space and lots of manpower (soil replacement, compaction etc).
Use of geotextile as reinforcement is an economic and sustainable solution to the problem. Geotextiles are planar
members that can sustain and induce tensile force within the compressible soil. In Plaxis 2D, two types
geosynthetic material comprising 3-noded and 5-noded elements are available. The selection of type geosynthetic
element depends on the type of soil element provided in the project properties section. For the present study, 15-
noded soil element is provided and 5-noded geosynthetic element is used. The geosynthetic element is represented
by elastic and isotropic material behavior. For an elastic geotextile, the main material property is its axial stiffness
(EA). The axial stiffness value was varied between 200-1000 kN/m (within the range for woven geotextiles
available in practice for road construction projects) to understand the benefit imparted by geotextiles with different
stiffness values [20, 33]. For proper bonding between the geosynthetic and the surrounding soil, interfaces are
provided on both sides of the geosynthetic. It can be noted that the geosynthetic is placed at the interface of
aggregate and subgrade. Hence, in the numerical model, two interfaces are created; one between aggregate and
geosynthetic (i.e. above the geosynthetic) and the other between geosynthetic and subgrade (i.c below the
geosynthetic). Riuer governs the amount of strength parameter to be considered for the interface; a value of 0 (zero)
signifies interface to be smooth and full slippage is allowed, while a value of 1 (one) emulates perfect bonding
through a rough interface where no slippage is allowed. In the present study, the latter (i.e. Riuer = 1) is adopted
considering a perfect bonding between the materials. Under such condition, the strength parameter of the interface
is chosen to be the same as that of the adjacent soil. In this case, the interface above the geosynthetic inadvertently
uses the strength properties of the aggregate while the one below the geosynthetic uses the strength parameters of

the subgrade.

As discussed in Section 4.2 for unreinforced unpaved roads, in Steps 3-5, the subgrade is considered failing under
aggregate loading. Further, in Step 11, the subgrade again is considered for failure due to the secondary stresses
generated by simultaneous aggregate and vehicular loading. Instead of adopting a conventional ground
improvement technique to induce modified strength parameters for subgrade and aggregate to ensure the stability
of unpaved road, incorporation of geotextile layer is considered and the model is analysed in the corresponding
steps for different operational conditions. However, yet there might be some cases of extremely weak subgrade
wherein even after incorporating geotextiles of higher stiffness, the subgrade might show signs of impending
failure; in such cases, some ground improvement technique needs to be inadvertently adopted to ensure stability

of the reinforced unpaved road system.
4.3.2 Repeated Loading condition

In the previous section, FE analyses were adopted to conduct quasi—static analysis for designing and assessing the

performance of unpaved roads. Although quasi-static analysis represents a worst-case scenario, in actual field
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scenario, load repetition effect due to vehicular passages comes into picture. Therefore, a FE-based study is
conducted to decipher the effect of vehicular load repetition on the behaviour of unreinforced and reinforced
unpaved road. The problem is tackled as a quasi-dynamic problem. In this case, the actual time-dependent spatial
movement of the vehicle is represented in terms of the axle load repetitions at specific intervals of time. In such
consideration, the main parameters of load repetition were considered as the vehicle axle load (P), number of load
passes (V) and time interval of two consecutive passes (Af). In the present problem, the quasi-dynamic load is
applied through dynamic load multipliers having the axle load as the amplitude repeated at regular time interval
of 0.4s. Fig. 8 shows the sequence of input dynamic load, expressed through a triangular waveform to provide a
representative sequence of vehicles with similar axle load passing a section of a road at regular time intervals. The
rising arm of the triangular input (over a time interval of 0.1 s) signifies the vehicle is approaching at a road
section, following which it reaches a maximum magnitude equal to the axle load of the vehicle, and subsequently
followed by the falling triangular arm over a time interval of 0.1 s) signifying the vehicle leaving the unpaved

road section. Hence, the overall time duration of the passage of vehicle over a particular section is 0.2 s.
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Fig. 8 Triangular load distribution signifying the quasi-dynamic vehicular load repetition

In this study, influence of repetitive loading conditions on unpaved road structure are investigated for both
unreinforced and reinforced scenarios. The development of FE model of unpaved road is similar to the quasi-static
loading condition discussed in a preceding section. The main difference is the input of the repeated loading that
is described in the previous paragraph. Initially the response of unreinforced FE model of unpaved road is
observed under repetitive loading for a particular material model parameter. If the unreinforced unpaved model
shows signs of failure due to the rutting at the surface of the aggregate layer due to repeated loading, a geotextile

layer is introduced to develop the reinforced model of unpaved road and subsequently analysed.
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5.0 Results and Discussion
This section gives the FE output results of unreinforced as well as reinforced unpaved road under quasi-static

and repeated loading condition.

5.1 Quasi-Static loading

In this section, finite element-based design of an unpaved road system under quasi-static loading condition is
discussed. The parametric values for the analysis of the parent model considered herein are P = 80 kN, P. = 600
kPa, m = 0.37 m, cuubgrade = 1 kP, @subgrade = 5° and @uggreqare = 25° and FoS = 1. In the parent model, strength
properties of subgrade and aggregate layers are considered in such a way that the individual layers undergo
deformation and the minimum cohesion-based design is illustrated through the FE-based design methodology.

Later on, the benefit of incorporating geosynthetics in the parent model are exhibited.

5.1.1 Outcomes from a typical FE-based simulation for unreinforced unpaved road
As discussed in Section 4.2, a step-by-step design methodology of unpaved road structure without geosynthetic
reinforcement is conducted. The outcome of the design is as follows:
> Step 1: Based on the parametric data and following Equation 1 (with FoS=1), the thickness of aggregate
layer (H) is preliminarily assessed to be 0.79 m.
» Step 2: Fig. 9 shows the FE model developed with the thickness of aggregate layer obtained in Step 1.
The material properties of the model are kept as same as mentioned above and the side slopes of the

aggregate layer are maintained to 3H:1V.

Fig. 9 FE model of unpaved road with subgrade subjected to aggregate loading

» Step 3: The operational stability of the subgrade is checked under the aggregate loading. Fig. 10 shows
that under aggregate loading, significant deviatoric strains have developed as manifested by the slip lines
propagating through the aggregate layer to the subgrade layer. The observation indicates that the subgrade
is not sufficiently strong to bear the aggregate loading and that it fails even due to the laying of the

aggregate, thereby necessitating enhancement in its strength properties.
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Failure lines

0.00 0.4 0.3 1.2 1.6 2.0 2.4 [x1079]

Total Deviatoric Strain
Maximum: 2.436 x 102 , Minimum: 0.2745 x 105

522
523 Fig. 10 Total deviatoric strain diagram of subgrade subjected to aggregate loading considering basic
524 parametric
525
526 » Step 4: Following Equation 2 and considering FoS=1, the minimum cohesion (Csusgrade,min) required in
527 the subgrade layer to sustain the aggregate loading is assessed to be 1.82 kPa, which is more than the
528 previously considered value of cusgraze = 1 kPa.
529 » Step 5: Couvgrademin = 1.82 kPa is used in the FE model and the operational stability of the subgrade is
530 rechecked. Fig. 10 shows the total deviatoric strain diagram and it can be noted that the strains are well
531 captured and restricted within the aggregate layer. These observations conclusively indicated that with
532 improved strength parameters, subgrade is capable of bearing the aggregate load. Hence, cuusgrade,min =
533 1.82 kPa is used in the subsequent analyses.
534

0.4 0.6 0.8 1.0 1.2 [x1079

Total Deviatoric Strain

Maximum: 1.213 x 10? , Minimum: 0.5893 x 105

535
536 Fig. 11 Total deviatoric strain diagram of subgrade subjected to aggregate loading considering the
537 improved strength parameter of subgrade
538
539 » Step 6: With the quasi-static vehicular load applied on to the aggregate layer resting on the reformed
540 subgrade (as shown in Fig. 12), the FE model is analysed for the operational stability of aggregate layer.
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It is observed that under vehicular load, the FE model simulation exhibited failure. Fig. 13 shows the
total deviatoric strain diagram, wherein it is noted that the strains are heavily concentrated within the
aggregate layer and maximum at and around the edges of the wheels. This indicates the development of
punching shear failure mechanism within the aggregate layer due to the imposed wheel load. Based on
the output results, it is understood that the strength parameters of the chosen aggregate are insufficient to

prevent failure in aggregate layer due to the vehicular load. Hence, there is a necessity to improve the

aggregate strength.

Axle load () = 80 kN

Contact width =0.3Tm

Tire contact pressure (Pe) = 600 kPa

YA ||
_ _ Qaggregate = 25°
“‘-‘1""""-._.

L

-

{w_“-l.sz kPa

subgrade = 5°

.

Fig. 12 FE model of unreinforced unpaved road subjected to vehicular load

0 8 16 24 32 40 48 5 64 72

B e,

Total Deviatoric Strain
Maximum: 0.06804 , Minimum: 0.4444 x 106

Fig. 13 Total deviatoric strain diagram of unreinforced unpaved road with basic strength parameters of

aggregate layer and subjected to vehicular load

Step 7: As the aggregate is not operationally stable, the final shear strength parameters are not achieved,

and the design is progressed to Step 8.

Step 8: Following Equation 3 and with FoS=1, the strength parameter of the aggregate layer is further

increased and the minimum value of cohesion required in the aggregate layer (cqggregate,min) 18 determined

to be 15.56 kPa.
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> Step 9: Subjected to quasi-static vehicular loading, the FE model developed in Step 6 is further analysed

with increased cohesion of aggregate (Caggregate, min). However, even with the enhanced strength parameter
of the aggregate, the FE model again exhibited further failure. It is observed from Fig. 14 that as the
failure in the aggregate layer is arrested by increasing the strength within the layer, additional secondary
stresses are getting transmitted towards the subgrade, thereby leading to the failure of unpaved road
system. Incremental deviatoric strain diagram depicts the development of the slip lines within the
subgrade, thereby indicating the bearing capacity failure of the subgrade due to the migration of strain

concentration from the aggregate to the subgrade through the interface.

0.1 0.14 0.18 0.22 0.26 0.3 0.34

[x107]
Incremental Deviatoric Strain
Maximum: 0.3594 x 103 , Minimum: 1.057 x 10°?

Fig. 14 Response of subgrade subjected to vehicle loading considering the improved strength parameter

of aggregate in terms of incremental deviatoric strain developed in the system

Step 10: Based on Equation 3, the cohesion of aggregate layer is further enhanced to a value of 24.01
kPa, by considering a higher FoS value of 1.5.

Step 11: However, even with the enhanced aggregate strength, the unpaved road system still undergoes
failure. Fig. 15 shows the plastic point or potential failure points developed in the subgrade layer due to
the stress-transfer from aggregate to subgrade layer under quasi-static vehicular load. The development
of plastic points is an indicator of the distribution of potential failure points that stem from the
comparative of the stress distribution and strength at different locations within the subgrade Thus, it is
understood that the strength of the subgrade layer needs further enhancement to tackle the developed

secondary stresses.

Fig. 15 Plastic points distribution in the of the aggregate-subgrade system subjected to higher axle load

after strength improvement of the aggregate layer
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>  Step 12: As the secondary failure is still encountered in the subgrade, the final shear strength parameters
are not achieved, and the design is progressed to Step 13.

» Step 13: In order to tackle the secondary stresses developed in the subgrade, the subgrade cohesion
(Csubgrade,min = 1.82 kPa) is heuristically and iteratively modified to a higher value csaggmin = 4 kPa

» Step 14: It is observed with csgeemin = 4 kPa, the unpaved road structure does not fail under vehicular
loading. Fig. 16 shows the incremental deviatoric strain diagram after increasing the strength of subgrade
layer. It can be observed that the slip lines are prevented from developing prominently in the subgrade

layer, and are being primarily confined within the aggregate-subgrade interface.

e

Slip lines did not develop
prominently in the subgrade layer

Fig. 16 Response of unpaved road subjected to vehicle loading in terms of incremental deviatoric strain

developed in the system while considering the improved strength parameter of subgrade

» Step 15: Since the stability against secondary stresses is achieved, the design of unpaved roads is deemed
complete with the strength parameters of unpaved road system is finalized to @supgrade = 5° and Csaggmin =
4 kPa as the shear strength parameters for the subgrade, along with @uggregare = 25° and caggregare,min = 15.56

kPa as the shear strength parameter for the aggregate.

5.1.2 Outcomes from a typical FE-based simulation for Reinforced unpaved road

In Section 5.1.1, a step-by-step design methodology of unpaved roads is discussed. In Step 3, it was observed that
under aggregate loading, the subgrade layer undergoes failure. In this regard, strength parameter of the subgrade
layer was increased to stabilize the system. In Step 7, under vehicular loading, aggregate layer experienced
punching failure. To counteract that, as the strength parameters of the aggregate layer was increased, secondary
stresses were transferred to the subgrade layer, thereby necessitating further increase in strength properties of the
subgrade. Thus, for an unpaved road structure founded on deformable weak subgrade, additional ground
improvement might be required to strengthen the unpaved road system under operational conditions. Depending
upon the requirement, different types of traditional ground improvement techniques can be adopted based upon
mechanical stabilization that aims to either compact the soils at the surficial regions or until larger depths. The
depth of improvement required can be decided from the depth of slip lines formed in the subgrade. Surficial

improvement techniques primarily involve compaction by the usage of different types of rollers and heavy weight
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drops or confides to soil replacement techniques where a portion of the existing subgrade soil can be replaced or
blending by soils of better engineering characteristics. Soil improvement to larger depths are generally achieved
by the advanced techniques of vibrocompaction, vibroflotation, blast-induced compaction or dynamic compaction
accompanied by displacement piles. Soil stabilization using admixtures such as cement, lime, flyash, bitumen and
fly-ash are other common adaptations [45, 46]. The selection of ground improvement techniques depends on
several factors such as type of soil, geographical structure, seepage conditions, degree of improvement required,
availability of equipment and material, available construction time, durability and reusability of materials used,
environmental conditions, and finally the cost of project which might be a decisive one. These factors increase
the overall cost of construction and consumption of raw materials for the construction. In this regard, inclusion of
geosynthetics as reinforcement provides a more practical and cost-effective solutions to such problem. At the same
time, the solution using geosynthetics also proves to be sustainable in offering a long-term performance of the

improved unpaved road system.

In this regard, finite element-based design methodologies were developed for reinforced unpaved roads under
different operational conditions for quasi-static condition (as highlighted in Section 4.3.2). In Step 3 of
unreinforced design (Section 5.1.1), it was observed that with the considered properties of the parent material, the
subgrade was failing under aggregate loading. As a result, strength parameter of the subgrade layer had to be
increased from 1 kPa to 1.82 kPa. However, instead of increasing the strength parameter, a layer of woven
geotextile can be placed at the interface of aggregate-subgrade to harness the benefits of introducing a tensile
element in the deformable system. The stiffness of the geotextile is considered to be 400 kN/m. It is observed that
due to the inclusion of geotextile, model does not undergo failure. Fig. 17a shows the total deviatoric strain
diagram after the inclusion of the geosynthetic layer. It can be observed that most of the strains are concentrated
at the interface due to the geosynthetic layer and the maximum value is almost half of that unreinforced case. Fig.
17b shows the displacement in the geotextile layer under aggregate loading. It is observed that under aggregate
load, the deformed shape of the geotextile is more alike to a trapezoid, and is in contrast to the parabolic form as
discussed in earlier studies [20]. The earlier studies have considered the incompressibility of the subgrade soil. It
was assumed that the volume of soil displaced downwards due to the settlement below the wheel loading is equal
to the volume of soil displaced upwards by heaving between the two wheels. Under this scenario, the geotextile
was assumed to attain a wavy parabolic shape upon its deformation. However, earlier studies did not consider any
deformation as they followed limit equilibrium approach. The current study considers the coupled stress-
deformation approach, wherein the actual deformation of the geotextile is dependent on the stress distribution and
corresponding deformation in the subgrade as well. Hence, a different trapezoidal shape of the deformed geotextile
is noted in this case. With increase in stiffness, the geotextile can sustain more stresses coming from the aggregate
layer and reduces the stresses transferred to the subgrade; this effect is pertinent the tension membrane

phenomenon of stretched geotextile.
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Fig. 17 Response of the subgrade layer under aggregate loading with a geotextile layer at the interface: (a) Total

deviatoric strain (b) vertical displacement in the geotextile layer

In Step 7 for the unreinforced model, due to vehicular loading, punching failure in aggregate layer was observed.
As aresult, the strength parameter of the aggregate layer was increased to 15.56 kPa from the nominal magnitude.
Although the aggregate layer exhibited resistance against the vehicular load, secondary stresses were developed
in the subgrade layer of the unpaved road system, thereby destabilizing the unpaved road system. The final
strength parameter adopted to strengthen the subgrade layer had to be increased up to 4 kPa. This implies that
under vehicular loading, further ground improvement might be required to strengthen the subgrade layer. Hence,
as shown in Fig. 18, as an alternative, a geosynthetic layer is included at the aggregate-subgrade interface. The
parent material properties are considered as the same discussed in previous section for unreinforced unpaved road
under quasi-static condition. The aggregate layer has cohesion value of 15.56 kPa to resist the punching failure
stresses in aggregate. The geosynthetic layer is introduced to counter act the secondary stresses developed in the

subgrade due to the vehicular loading.
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Fig. 18 FE model of geotextile reinforced unpaved road subjected to vehicular load

Initially, the stiffness of the geosynthetic layer is considered to be 400 kN/m and the model is analysed. Fig. 19a
shows the incremental deviatoric strains in the analysed model. It is observed that although a layer of geotextile
is introduced, the failure lines are still developed in the subgrade, thereby the purpose of reinforcement usage in
the unpaved road system is defeated. Hence, the FE model is further analysed with a higher stiffness of geotextile,
i.e. 1000 kN/m. Fig. 19b shows with increase in the stiffness of geotextile, maximum strain value reduced by half.
However, prominent slip lines within the subgrade layer are still evident and model is observed to exhibit failure.
It signifies that for unpaved road built on soft soil and subjected to higher axle loads, the stability is not completely
achieved by using a higher stiffness geosynthetic; some additional ground treatment is also required. In the
subsequent analysis, the model possessing enhanced cohesive strength parameter of the soil subgrade as 2.5 kPa
exhibit stability (Fig. 19¢). The cohesion value is lesser than the unreinforced case i.e. 4 kPa, the reduction in

cohesion is due to the reinforcement mechanism of geotextile.
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Incremental Deviatoric Strain
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Fig. 19 Response of the strengthened subgrade layer under vehicular loading with a geotextile layer at the interface

and having a stiffness (a) 400 kN/m (b) 1000 kN/m (c¢) 1000 kN/m

5.1.3 Outcomes from a typical FE-based simulation for reinforced unpaved road with reduced thickness

Unpaved road comprises two layers, the aggregate and the soil subgrade. As understood from previous sections,
strength of aggregate layer directly governs the stability of the unpaved road under vehicular loading. The
thickness of aggregate layer, estimated from Equation 1, depends on the strength of the subgrade and the
magnitude of the applied axle load. For very strong subgrades, the aggregate layer might not be required at all as
per the analytical formulation; however, in such case, a nominal aggregate cover of 150 mm is generally provided
[20, 21, 47]. For a weaker subgrade or to support a higher axle load or both, a thicker aggregate layer would be
required. With thicker aggregate layer, the stability of the unpaved road system is to be supposedly more. This is
due to the fact that a thicker aggregate layer is supposed to distribute the wheel stresses over wide area at the
aggregate-subgrade interface, thereby leading to reduction in the transferred stress and imparting higher factor of
safety against bearing failure. However, depending on the availability of good quality raw aggregates and the
associated cost of the same, the cost of construction of an unpaved road also increases for thicker aggregate layers.
In this regard, the application of geosynthetic can be a suitable and sustainable option in utilizing a reduced
thickness of the aggregate layer, while still attaining the stability of the unpaved road system. The parent material
parameters for the analysis are considered as same as that adopted for unreinforced unpaved road condition
(Section 5.1.1). Using the adopted parameters, the thickness of the aggregate layer obtained from Equation 1 is
0.79 m. As discussed in the previous section (Section 5.1.1), under operational condition, the aggregate and
subgrade undergo failure, as a result the strength parameter of the subgrade and aggregate is modified for a stable

unpaved road structure. The final cohesive strength value of subgrade and aggregate are obtained as 15.56 kPa
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and 4 kPa, respectively. Hence, in a nutshell, the final model parameters for the stable unpaved road section with
aggregate thickness of 0.79 m are as follows: P = 80 kN, P.= 600 kPa, m = 0.37 m, cungrade = 4 kP2, @subgrade = 5°,
Caggregate = 15.56 kPa and @aggregare = 25° and FoS = 1

For the same unreinforced unpaved road model, considering all the enhanced strength of subgrade and aggregate,
the thickness of the aggregate layer is intuitively reduced up to 0.6 m and the model is re-analysed. Fig. 20a shows
the FE model with reduced aggregate thickness. It is observed that the unpaved road system fails under vehicular
load. Fig. 20b shows that the total principal strain diagram shows the migration of strain from aggregate to
subgrade, since there is no reinforcing protection at the interface. Fig. 20c shows the development of shear stress
concentrations beneath the wheels. Thus, as an overview, due to the reduction in aggregate thickness, the aggregate

layer proves to be insufficient in preventing the failure stresses generated by the considered vehicular axle load.

Y A
Caggregote — 15.56 kP:l
Qaggregars = 23° _t_[l.ﬁm

A - . ’

>

| Csubgrade = 4 kPa
Psubgrads = 3°

(a)

(b)
40 32 24 16 8 0 8 16 24 32 4
"l TH.....

(©)

Fig. 20 Response to reduction in thickness of aggregate layer under vehicular loading for unreinforced unpaved
road: (a) FE model (b) Total principal strain diagram (c) Development of shear stress concentration in the

aggregate layer beneath the wheels
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For the same model parameters discussed for the unreinforced case, a geotextile layer is now introduced at the
interface of aggregate-subgrade. The axial stiffness of the geotextile layer is chosen as 1000 kN/m. Due to the
inclusion of geotextile, the thickness of the aggregate layer can be reduced up to 0.45 m. Beyond 0.45 m, the
geosynthetic reinforcing mechanism is not enough to stabilize the unpaved road structure further ground
improvement will be required. Fig. 21 shows the incremental deviatoric strain diagram in the reinforced unpaved
road section for four different aggregate layer thicknesses i.e. 0.6 m, 0.5 m, 0.45 m and 0.4 m, respectively.
Initially, the failure lines are restricted within the aggregate layer; due to the combination of aggregate strength
and reinforcing action from the geotextile layer, the slip lines do not develop fully and are conveniently captured
at the aggregate-subgrade interface (Fig. 21a). As the thickness is reduced, more stresses are borne by geotextile
layer. Until a reduced thickness of 0.45 m (Fig. 21b-c), the slip lines do not develop fully and are well confined
within the aggregate layer. However, as the thickness reduced to 0.4 m, distinct slip lines are well developed that
passes from the aggregate layer to the subgrade, thereby indicating the failure phenomenon extended within the
subgrade even in the presence of geotextile for the cases of aggregate layer with sufficiently reduced thickness
(Fig. 21d). Hence, apart from bearing the stresses at the interface, the geotextile layer proves to be sustainable in

reducing the thickness of the aggregate layer while achieving the stability of the unpaved road section.

—
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(d)
Fig. 21 Development of incremental deviatoric strains for reinforced unpaved road section as a response to the

reduction in thickness of aggregate layer under vehicular loading to: (a) 0.6 m (b) 0.5 m (¢) 0.45 m and (d) 0.4 m

5.2 Repetitive Vehicular Loading

In the previous study, sustainable design of geosynthetic reinforced unpaved road based on quasi—static analysis
is conducted. Quasi-static analysis represents worst case scenario, considering the vehicle to be almost static and
time-independent in nature, thereby imposing the entire weight of the vehicle at a particular location of unpaved
road. However, in reality for daily used unpaved roads founded on soft or weak soil subgrade, the overall
performance of the road depends on the amount of vehicular load repetition. With gradual increase in the number
of loads repetition, permanent damages in the unpaved road structure in the form of rutting is generally observed.
A finite element-based design of unpaved road is done to understand how rutting is developed with increase in
the number of vehicular load repetition. Later on, the effect of geotextiles of various stiffness are investigated to

decipher its sustainability in arresting the rutting developed in the unpaved road section.

The parametric values of the model analysed in this section are as follows: P =190 kN, P. = 600 kPa, m =0.56 m,
Csubgrade = 20 kPa and @uggregare = 35° (Fig. 22). In this model, the subgrade is considered to be comprising weak
cohesive soil, while the aggregate is considered to made of purely granular material. Higher axle load is considered
so that benefits of using geosynthetics for the critical cases can be understood. Using Equation 1, an unpaved road
is modelled with aggregate layered thickness 0.41 m. The model is analysed for three different numbers of vehicle
passes: 2 passes, 10 passes and 50 vehicle passes, respectively. In Plaxis 2D, load repetition is described in the

form of dynamic load multiplier as illustrated earlier in Section 4.3.2 and in Fig. 8.

Axle Load (P) =190 kN
Tire pressure (P;) = 600 kPa
Contact width (z) =0.56 m

YA

@nggregnte = 25°
o> - . .

| Coubgrade = 20 KPa

-

Fig. 22 Typical FE model of unpaved road under repetitive vehicular loading
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5.2.1 Outcomes from a typical FE-based simulation for Unreinforced Unpaved Road under Repetitive loading
Fig. 23 shows the amount of rutting developed at the surface of the unpaved road for 2 vehicular passes. The
vehicular loading induced rutting in unpaved roads on deformable subgrade is expressed as a combination of
maximum settlement beneath the wheels and maximum heaving between the wheels. It is observed from the figure
that the maximum heaving is at the central zone, while the settlement is maximum near the edges of the vehicle
tire. With increase in the number of vehicular passes, the amount of rut increases significantly. Fig. 24 shows the
comparison of rut developed due to 2, 10 and 50 vehicles pass. The rut developed for the mentioned vehicle passes
are 0.082 m (comprising heaving of 0.023 m of settlement and 0.059 m of heaving), 0.323 m (comprising heaving
of 0.114 m of settlement and 0.209 m of heaving) and 2.02 m (comprising heaving of 0.903 m of settlement and
1.116 m of heaving) respectively. The observations clearly depict that the settlement due to the repeated vehicular
load reaches beyond the aggregate layer to the subgrade layer. It is worth mentioning that the rutting reported

herein for 50 vehicle passes is a numerical artefact and is not practically reasonable or realistic.

— ~~—
T T
- Settlement R

Total Rutting
Maximum Heaving: 0.02291m,Maximum Settlement: 0.05939m

Fig. 23 Rutting developed in unpaved road due to repetitive load from two vehicular cycles

Red coloured shaded part = 50 vehicle pass
Blue coloured shaded part = 10 vehicle pass
Brown coloured shaded part = 2 vehicle pass

HEAVING

IT .
»
/ SETTLEMENT

Fig. 24 Comparison of rutting developed in unpaved road due to repetitive load from vehicular cycles comprising

2, 10 and 50 vehicle passes

As mentioned in Section 3, the constitutive behaviour of elastic-perfectly plastic M-C model is capable in
addressing the accumulative settlement provided that the yielding occurs at every stage of loading and reloading.
For soil elements present in the uppermost levels of the model (having smaller depths from the loading boundary),

the confining stresses are small, and hence the yield limits are also on the lower side. As the depth increases, the
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yield limits would increase with the increase in the confining pressures. Hence, at the lower depths, it is quite
customary that each cycle of loading-unloading would lead to gradual accumulation of vertical displacement, with
each unloading cycle having some partial elastic recovery. The amount of settlement and accumulation would
gradually decrease with depth, and beyond a depth when the yield limit would not be exceeded, the settlements
would be purely elastic and no such accumulation would be noticed. This occurs at quite a considerable depth
below the surface and is not of importance for the present study. In the present study, all the deformations are
measured at the aggregate surface, hence, the accumulation at every loading-unloading-reloading cycles can be
observed, which is corroboration to surface rutting phenomenon in roadways. Fig. 25 shows the vertical
deformation profile against the dynamic time for 2 vehicular passes at a point directly below the tire wheel. It is
observed that the traingular displacement pattern occurs at an interval 0.2 sec, which is similar to the input load
multiplier; thereby showing the proper application of input repetitve vehicular load. As the vehicle departs the
section, an elastic rebound is noted over a small interval of time until it emerges into a final residual or permanent
deformation, i.e. rutting. The elastic rebound occurs for around 0.8 sec after the passage of the vehicular axle load.
From the obervations, it can be understood that with each passes, there is an accumualtion of permanent settlement
at the surface of unpaved road. After 2 vehicle passes, the permanent vertical deformation is around 50 mm.
Similarly, as the number of passes increases, the permanent settlement also increases. For the particular model,
after 50 vehicular passes, the total settlement is around 770 mm, which is almost 10 times greater than

serviceability criteria of 75 mm.

0.07

0.06

0.05 |

Vehicle Departure

0.04

Permanent
Deformation

0.03 | <FElastic Rebound —

Vertical Displacement (m)

0.02

) Vehicle approach
0.01

1.0 2.0 3.0 4.0

Dynamic Time (s)
Fig. 25 Vertical deformation profile against dynamic time response of unreinforced unpaved road for 2 cycles of

vehicular passes

5.2.2 Outcomes from a typical FE-based simulation for reinforced unpaved road under repetitive vehicular

loading
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In the previous section, it is understood that for higher axle vehicle load, permanent deformation in the form of
rutting develops and it gradually increases with each pass of vehicle and after some passes, the unpaved road
system tends to fail on the basis of its serviceability criteria. Rutting not only damages the long-term performance
of unpaved road, thereby increasing the regular maintenance cost, it also restricts the day-to-day comfort of
commuters depending on the service of the road. In this regard, to seek out a sustainable alternative, a geotextile
layer is introduced at the interface of aggregate and subgrade to reduce the rutting developed in unpaved road due
to repetitive vehicular loading. The geotextile used in the model is an elastic-isotropic one, whose main material
property is defined through its axial stiftness (£4). The response of unpaved road under repetitive vehicular load
is checked for two different axial stiffness of the geotextile, i.e. 600 kN/m and 1000 kN/m respectively. The

parametric properties of the model are kept same as that of the unreinforced case (as illustrated in Section 5.2.1).

Fig. 26 shows the comparison of rutting developed between unreinforced and reinforced unpaved road due to 50
vehicle passes. For a geotextile with axial stiffness 600 kN/m, maximum heaving and maximum settlement are
obtained to be 0.377 m and 0.432 m respectively (adding to a rutting of 0.81 m), thereby reducing by 60% in
comparison to unreinforced case. Similarly, for a geotextile stiffness of 1000 kN/m, maximum heaving and
maximum settlement are 0.248 m and 0.159 m (adding to a rutting of 0.41 m), thereby reducing by approximately
72% and 85%, respectively, in comparison to unreinforced case. Thus, it is understood that with increase in
geosynthetic stiffness, the overall rutting of the unpaved road system reduces significantly, thereby increasing the
service life of the system. Hence, placement of geotextile reinforcement can be considered a sustainable solution

for enhancing the life-period of unpaved roads.

Red coloured shaded part = Unreinforced
Blue coloured shaded part = Reinforced (Stiffness = 600 kN/m)
Green coloured shaded part = Reinforced (Stiffness 1000 kN/m)

T TN

Fig. 26 Comparison of rutting developed between unreinforced and geotextile reinforced unpaved road due to

repetitive vehicular load of 50 cycles

Fig. 27 shows the vertical displacement against the dynamic time for the unpaved road system. As discussed
earlier, for unreinforced case, for higher axle repetitive load there is a gradual but substantial increase in permanent
deformation after each vehicular cycle. It is noted that after 50 vehicular cycles, the permanent deformation is

around 770 mm, which is almost 10 times greater than serviceability criteria [20, 21, 41].
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Fig. 27 also exhibits the same plot for reinforced unpaved road with geotextile having axial stiffness of 600 kN/m.
It is observed that in contrast to the substantial accumulation of rutting for unreinforced case, the vertical
deformation-dynamic time curve is largely flatter, thereby indicating the reinforcing action of geosynthetic. The
curve shows a gradual increase in permanent deformation with vehicular passages; however, after few cycles, the
rutting becomes almost constant. The final permanent deformation after 50 cycles for this case is observed to be
approximately 100 mm. For a geotextile having axial stiffness of 1000 kN/m, it is observed that after few initial
cycles, the increase in the permanent deformation is restricted totally, and the magnitude of rutting become
constant. From the plot, it can be predicted that for reinforced unpaved road with stiffness of geotextile layer being
1000 kN/m, there would not be any change in the permanent deformation beyond 50 vehicular passes. The final
permanent deformation after 50 cycles is observed to be approximately 48 mm, which is lesser than the

serviceability criteria of 75 mm.

Fig. 27 comprehensibly delineates the beneficial and sustainable application of geotextile in arresting the vertical
deformation in unpaved road system. Geotextiles, with properly chosen axial stiffness, not only substantially
reduces the rutting in comparison to the unreinforced unpaved roads, it would be also largely successful in
arresting the rutting and preventing the accumulation of rutting under larger number of vehicular load cycles. This
transcribes to that understanding that properly chosen geotextile and their proper implementation in the

construction practices of unpaved roads can significantly enhance the performance and sustainability of the same.
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Fig. 27 Comparison of rutting of unreinforced and geotextile reinforced unpaved road for 50 vehicular passes

using geotextiles of varying axial stiffness
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6.0 Conclusions and Recommendations

This paper illustrates the necessity of using geotextile as reinforcement in design of unpaved road resting on weak

deformable soft soil with the aid of a coupled stress-deformation based approach. Conventional limit equilibrium

based approach considered the individual component of unpaved road are non-deformable, that eventually leads

a conservative design. Therefore, a FE based stress-deformation approach is considered in this study to simulate

the real field behaviour of unpaved roads under vehicular axle load. The paper produced the results for both

unreinforced and geotextile reinforced unpaved road under quasi-static and repetitive loading conditions. The

benefits of using geosynthetic in overall stability of the unpaved road under different operational conditions is

administered. Following are the list of important outcomes from the present study:

>

A FE-based step-by-step design methodology of unpaved road resting on generalized weak soil subgrade
under quasi-static loading condition is produced. The coupled stress-deformation based design gives the
response of unpaved road section for different operational conditions i.e., failure of subgrade under
aggregate loading and failure of aggregate under quasi-static vehicular loading. Such operational
conditions are not considered in the conventional design of unpaved roads. Through the FE-based design,
the necessity of improvement in strength of the individual component of the unpaved road is illustrated
so that the operational failures can be suitably averted.

Introduction and application of geotextiles at the aggregate-subgrade interface leads to substantial
improvement of the unpaved road system over its unreinforced state. For unpaved roads resting on weak
soil subgrade, inclusion of geotextile having even lower axial stiffness is enough to counteract the
stresses coming from aggregate loading and prevent the corresponding operational failure. Utilization of
geotextile proves to be a suitable and sustainable alternative in comparison to the conventional and
commonly adopted in-situ ground modification techniques to improve the subgrade of unreinforced
unpaved roads.

Application of geotextile is also found to be largely beneficial in arresting the secondary stresses at the
aggregate-subgrade interface that are originated due to simultaneous loading from aggregate layer and
vehicular passes.

Application of geotextile reinforcement at aggregate-subgrade interface proves effective in reducing the
thickness of the aggregate cover in comparison to that required in the unpaved roads. For unreinforced
case, a reduction in aggregate thickness leads to the migration of the strains from the aggregate to the
subgrade layer, thereby leading to rutting induced failure. However, utilization of geotextile at the
interface effectively arrests the stresses generated by the vehicular load, as a result of which a reduction
in the aggregate thickness can be comfortably achieved up to 45%-50% of the thickness required for an
unreinforced unpaved road.

FE model developed for unpaved road built on weak soil subgrade is analysed under repetitive vehicular
loading. The output results depict that the rutting behaviour of the unpaved road under multiple vehicle
passes is well represented. With increase in number of vehicle passes, the rutting in the unpaved road
increases. For specific cases of model parameters, the plot between vertical displacement and dynamic

time revealed that after larger number of load repetitions (> 50), the total permanent settlement
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accumulated at the surface of unpaved road might significantly exceed the serviceability criteria, thereby
rendering the unpaved road unusable in long run.
» The surface rutting in an unpaved road is significantly reduced by incorporating a geotextile layer at the
interface of the aggregate and subgrade, which depends on the axial stiffness of the chosen geotextile.
For a typical unpaved road system, a geotextile with higher axial stiffness, such as 1000 kN/m, is capable
of reducing the rutting by almost 85% to that obtained for an unreinforced scenario.
»  Geotextile with higher axial stiffness not only limits the rutting below the serviceability criteria, it is also
capable of restricting the rutting from further accumulation even with higher number of vehicular passes.
For a typical unpaved road system, a geotextile with axial stiffness of 1000 kN/m exhibited a restriction
on the accumulation of rutting induced deformation even higher numbers of vehicular passes. The rutting
is found to attain constant magnitude beyond 40 cycles, and the same is maintained for even 100 cycles.
This indicates that the application of geotextile with a properly chosen axial stiffness is sustainable
enough to completely prevent progressive rutting for significantly higher number of vehicle passes over
the unpaved road system.
With increase in global population and industrialization the demand of global transportation network is
tremendously increasing. This rapid growth in urbanization, supplemented by depletion of global natural reserve
of good quality raw material and communication routes with sufficient bearing capacity, many a times leads to
the construction of unpaved roads over weak and highly deformable subsoil conditions. With the growth in vehicle
numbers, the number of passes of vehicle over a particular section of road has also significantly increased. Added
to that, the use of poor quality of locally available marginal materials as aggregates also hampers the long-term
performance of unpaved roads that starts exhibiting significant and uncontrollable rutting. Conventionally adopted
ground improvement proves to be costly when it is adopted for long stretches of road network. In this regard, use
of geosynthetic proves to be sustainable solution offering durability and long-term performance of the unpaved
road by controlling the rutting within serviceability criteria and not allowing the rutting to progressively

accumulate with increasing number of vehicles passes.

7.0 Future Scope of the Present Research

This paper successfully highlights the fruitful application of a single layer of geotextile at the aggregate-subgrade
interface and illustrates that a properly chosen axial stiffness of the geotextile is largely sufficient in imparting
sustainability to a technical safe design of unpaved roads. In this regard, depending on the strength characteristics
of natural soil subgrade and the aggregate material, application of multiple layers of geotextiles within the
subgrade and aggregate can also be explored to explore and harness their benefit in enhancing the sustainability
and longevity of the unpaved roads. Further, the design approach prescribed herein utilizes a single quasit-static
vehicle load at the center of the roadway section. Presence of mixed traffic scenario and moving along the different

sections of the road should be thoroughly analysed to understand the response of the designed section.
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