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Improvement of Long-Term Performance of Unpaved Road constructed over

marginalized Subsoil using Geotextile Reinforcement

ABSTRACT

Conventional design of unpaved road is based on a two-dimensional plane strain approach with no residual
deformation along the length of the road. However, in reality, the nature of vehicular load distribution is three
dimensional. In this study, firstly, by considering the shape and dimension of equivalent wheel contact, analytical
formulations are developed based on a limit equilibrium approach to determine the thickness of unpaved road
resting on a generalized marginal subgrade. Further, to overcome the basic assumption of limit equilibrium
approach that considers the unpaved road system to be rigid while neglecting any deformations, a Finite Element
based study is conducted to incorporate the influence of deformations in improving the design of unpaved road.
Based on a coupled stress-deformation approach, a step-by-step design methodology of unreinforced unpaved
road is developed by duly incorporating the operational failure conditions under quasi-static loading condition. In
order to avert the operational failures, application of geotextile layer at the aggregate-subgrade interface is found
to successfully reduce the stresses transferred to the subgrade, thereby exhibiting its benefit in enhancing the long-
term performance of unpaved roads. Furthermore, the influence of quasi-dynamic repetitive loading condition for
different numbers of vehicle passes is also exhibited for both unreinforced and reinforced unpaved roads. It is
observed that with increase of vehicle passes, substantial rutting is exhibited in the unreinforced condition that
surpasses the serviceability criteria beyond certain cycles of loading. Inclusion of geotextile layer at the aggregate-
subgrade interface is found to successfully counteract the surface rutting and vertical displacements. Through the
FE-based analysis reported in the present study, the sustainable application of geotextile in unpaved road design

and enhancing its long-term performance under repetitive loading is successfully highlighted.
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1. Introduction

According to the global studies, unpaved road comprises about 80-85% of the world’s road network [1]. In
developing countries like India [2] and even in developed countries such as USA [3, 4], 35%-65% of the road
network is still unpaved. The most common type of unpaved roads is the gravel road or non-paved surface roads.
A typical gravel road 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]. In general, 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 cases, unpaved roads also need to carry
heavier vehicles such as in case of the access road to industrial plants, mining sites, construction sites, and
connecting or supply roads of goods from major village to nearby highways [8]. In specific scenarios, owing to
the unavailability of good quality material or for some site-specific restrictions, engineers are compelled to
construct the unpaved roads on weak or marginalized soils 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 degradations leading to dust emissions [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.) becomes significant for prolonging the durability of the unpaved
road. However, 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 resource equipment demanding. 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.

The applications of geosynthetics in areas such as civil, geotechnical, transportation, environmental etc. includes
filtration, drainage, protection, separation, slope stabilization, soil reinforcement and stabilization [15, 16]. There
are various types of geosynthetics available commercially in planar or three-dimensional form such as geotextile,
geogrids, geomembranes, geocomposites and geocells [17]. Out of all geosynthetics, geotextiles and geogrids are
extensively used in unpaved roads [7, 18, 19]. Generally, geosynthetic reinforcements are placed at the aggregate
and subgrade interface to improve the performance of unpaved road [20, 21]. Due to the tension membrane effect
in geotextile [22] and the interlocking effects imparted by geogrids [7], the lateral movement of the aggregate
materials is restrained, thereby improving the load distribution to the subgrade layer and consequently increasing
the bearing capacity of the subgrade layer [14]. Over the decades, researchers have conducted experimental and
numerical studies on the application of geosynthetics in unpaved road. Giroud and Noiray [22] conducted
pioneering quasi-static analyses for the design of unpaved roads resting on a saturated cohesive subgrade with
low permeability. The beneficial effect of placing a single layer geotextile reinforcement at the aggregate-
subgrade interface was exhibited by lowered rut depths and capacity to carry higher number of vehicular passes.
It was also observed that due to the geotextile reinforcement, the aggregate thickness required to sustain the
vehicular axle load can be reduced. Holtz and Sivagukan [23] extended the pioneering work for different rut
depths (defined as the 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. [24] 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 [25]. 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.
Following the work by Giroud and Noiray [22], Milligan et al. [26, 27] presented a new method for the design of
unreinforced and reinforced unpaved roads under plane strain condition by considering the development of shear

stresses at the subgrade-fill interface. The analysis demonstrated the efficiency of reinforcement under both



smaller and larger rut depths. Tingle and Webster [28] conducted a full-scale test to validate the design criteria
proposed by Army and Air Force [29] for geotextile reinforced unpaved roads and modified the same for including
a stiff biaxial geogrid reinforcement. From the tests conducted by Tingle and Webster [28], 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 [28]. Giroud and Han [30, 31] 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. Tingle and Jersey [32] conducted
laboratory cyclic plate load tests on six instrumented model test pavements. The results indicated that for the same
aggregate layer thickness, reinforced pavement sections exhibited an improvement in the resistance to rutting.
However, at the same time, it was also noted that unreinforced sections with an additional 150 mm base thickness
exhibited better performance than the corresponding reinforced section. Hufenus et al. [33] 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 [34] highlighted the importance of proper choice and consistency of parameters

while dealing with the semi-empirical design of unpaved roads.

Research on unpaved roads experienced a substantial rejuvenation from the last decade. From a comparative study
by Latha et al. [35], excessive rutting was observed for unreinforced section after 17 passes, however reinforced
sections were operational beyond 250 vehicle passes except for a single geotextile reinforced unpaved road section
that failed at 100 passes. Mekkawy et al. [36] conducted a field and laboratory study to investigate the application
of biaxial geogrids on the rutting of a 310 m stretch granular shoulder overlying a clayey subgrade layer
(California bearing ratio, CBR<10) subjected to repeated traffic loads. A year-long monitoring indicated that the
shoulder rutting is eliminated along with a perceptive increase in CBR value. Perkins et al. [37] 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. Yang et al.
[38] conducted accelerated pavement testing (APT) to evaluate the performances of a novel polymeric alloy
(NPA) geocell in improving the stability of unpaved road sections with sand bases under wheel load. The strain
gauge measurements exhibited the development of tensile stresses in the NPA geocell beneath the wheel path,
while compressive stresses were noted in the geocells outside the wheel path. Ravi et al. [39] conducted a series
of model-scaled tests to understand the performance of reinforced unpaved road systems constructed on clayey
subgrade of various strengths under repetitive loading. The results indicated that the efficacy of the reinforcement
in reducing the settlement reduces with the strength of the subgrade layer and its usage becomes irrelevant beyond
an undrained shear strength (s,) of 30 kPa. Wu et al. [40] conducted loaded wheel tester (LWT) to evaluate the
reinforcing effect of four different geogrids reinforcement with different apertures and stiffness in three
unbounded granular base materials under repeated loading. The LWT test results successfully exhibited the
beneficial effects of using geogrid reinforcement in the base course in improving the rutting resistance as indicated
by the improved values of traffic benefit ratio (TBR) and rutting reduction ratio (RRR). With the aid of laboratory-
based repeated plate load test, Nair and Latha [20] succinctly presented the effect of type, quantity, position and

form of geosynthetic reinforcement on the measured deformations and surface profiles of unpaved road sections



constructed on clayey subgrade. The results successfully illustrated benefit of using geosynthetics is introducing
higher magnitudes of elastic or recoverable settlement and arresting the plastic settlement. From similar tests,
Suku et al. [41] elucidated that application of geocell reinforcement in base courses of unbounded roads can
reduce the permanent deformation by almost 70% as compared to the unreinforced sections. Apart from arresting
rutting, the application of geosynthetic reinforcement is also aids in reduction in the thickness of aggregate layer
as much as 50% as compared to unreinforced section, thereby paving the pathway of achieving more sustainable
and economically viable unpaved road sections [39, 41]. Ingle and Bhosale [42] conducted a full-scale laboratory
accelerated pavement test on unreinforced and geotextile reinforced unpaved road using 35000 loading cycles of
standard axle load. Based on the change in vertical stresses recorded at various radial distances from the loaded
section, mobilization of membrane action of geotextile was recognized to initiate after nearly 26000 cycles.
Similar observation was made by Demir et al. [43] based on large-scale tests for geogrid-reinforced unpaved
roads. With the aid of laboratory-scale CBR tests, Singh et al. [44] critically illustrated the usage of single and
dual layers of different types of geosynthetics (Glasgrid, Tenax 3D grid and Tenax multimat), along with their
positioning, on the enhancement of CBR of unreinforced sections. Calvarano et al. [14] conducted parametric
study to give the limiting criteria of determining the base thickness of geogrid-reinforced unpaved roads. The
work was further extended in a bi-dimensional finite element analysis framework (using FE software ABAQUS)
to understand the performance of geogrid reinforced unpaved road under repeated loading [16]. Han et al. [45]
conducted cyclic shear test to elucidate on the reinforcing mechanism of geogrid in unbound granular base in
terms of the resilient shear modulus acting as an indicator to the interlocking mechanism between geogrid and
aggregates. Based on laboratory plate load tests and traffic load tests, Khoueiry et al. [46] also highlighted the
contribution of geogrid reinforcement in arresting the rut depths and enhancing the serviceability of unpaved
roads. Based on moving wheel load tests, Singh et al. [19] conducted field tests with moving wheel load tests to
evaluate the efficiency of geosynthetic (geogrid and geotextile) reinforced unpaved test sections constructed on
subgrades with CBR less than 3% in terms of TBR and performance index. It was elucidated that separation action
also plays an important role in reducing rutting in granular soil [19, 32]. Biswas et al. [47] conducted a series of
repeated wheel load tests to investigate the behaviour of bamboo and jute geocell reinforcements on unpaved
roads constructed with comprising an unbounded layer made of different materials (sand, crushed aggregate and
recycled asphalt pavement). Considering a rut depth of 50 mm, extensive increase in the TBR was noted when

the geocells were accompanied by an inclusion of basal geosynthetics.

It can be noted that most of the researches in the domain of unpaved roads has are concentrated to experimental
investigations, either laboratory-scale or full-scale sizes. The published literature has successfully elucidated the
benefit of utilizing geosynthetics as reinforcement in unpaved roads in order to increase the resilience and
sustainability of the constructed stretches [48, 49]. However, in comparison, the study of reinforcing mechanism
of geotextiles and geogrids in controlling the individual and coupled deformation of components of an unpaved
road structure through numerical modeling and simulations are still limited and can further be investigated. More
studies related to mechanism-based behavior of unreinforced or reinforced unpaved roads can help elucidating
the intricate functional mechanisms of geosynthetics on reducing permanent deformation or rutting in unpaved
roads. Most of the earlier analytical and numerical researches on unpaved roads were carried out considering the

undrained cohesion as the only strength parameter of the soil subgrade [22, 23, 26, 27, 30, 31]. However,



depending on the drainage state (undrained, partially drained or fully drained) of the marginalized soil subgrade,
strength parameters can be characterized by both cohesion (c¢) and angle of internal friction (). The consideration
of conservative strength magnitude leads to over-estimated assessments of aggregate thickness that might not be
practically required owing to actual strength of soil subgrade available at the site. Conventional limit equilibrium
based analytical formulations for unpaved roads are generally prescribed following the two-dimensional (2D)
plane-strain assumption, wherein the vehicular load is considered a strip load acting along the road. 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 [22, 50, 51]. However, in reality, the
actual problem presents a hybrid scenario, wherein the operation placement of aggregate on the soil subgrade
follows a 2D plane-strain problem, while the imposition of vehicular traffic is a three-dimensional loading
scenario. Hence, for a better insight, the scenario of unpaved road design can be considered judiciously as a 3D
problem. Considering all the factors, a 3D analytical expression is developed to determine the thickness of
unpaved road constructed on marginalized cohesive-frictional (c-¢) soil subgrade. Then a finite element (FE)
analysis of unreinforced, as well as geotextile reinforced, unpaved road constructed on marginalized soil
subgrades is conducted. In this regard, the soil subgrade is considered to be specifically weak to exhibit the full
benefit of using geosynthetics. At first, FE analysis of unreinforced unpaved road for quasi-static loading is carried
out. Under different operational conditions, the deformation of individual layers of unpaved road are investigated.
Further, a single layer of geosynthetic is introduced as a reinforcement at the aggregate-subgrade interface to
investigate the influence of its tensile stiffness in arresting and reducing the stresses and strains developing in the
unpaved road system. Further, the application of geosynthetic in reducing the rutting in the unpaved road system
developed due to repetitive vehicular loading is also discussed, and the benefits of using geosynthetic as
reinforcement to construct an economical and sustainable unpaved road structure is elucidated. 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. Analytical expression to assess thickness of aggregate layer based on three-dimensional load dispersion
Over the years, various researchers have proposed design methods to determine the thickness of unpaved road.
Giroud and Noiray [22] pioneered the development of a design method to estimate the thickness of aggregate
layer for unpaved roads that is based on a load dispersion mechanism through the aggregate layer overlying a
purely cohesive subgrade soil. Such design of unpaved roads used CBR as an indicator of the undrained shear
strength or undrained cohesion of soil subgrade [22]. However, the estimation of CBR disregards the frictional
strength of subgrade material. Thus, the overall design based on CBR value is conservative, thereby expectedly
increasing the aggregate thickness of unpaved roads. The design method by Giroud and Noiray was further
improved by Meena et al. [50] considering unpaved roads resting on a generalized c-¢ soil subgrade that is
encountered more frequently in the field conditions. The developed expression was also based on a quasi-static
analysis using limit equilibrium (LE) approach for a 2D plane-strain problem. 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 [22]. As mentioned
earlier, a 3D stress distribution approach would be better suited for assessing the thickness of aggregate layer

required under a quasi-static scenario. A dual wheel vehicular axle load [22, 30] is considered in the present study,



wherein each dual-wheel carries half of the axle-load (i.e. P/2). The load is transferred to the aggregate layer
through the contact area of the dual wheel, whose equivalent dimensions are represented by B and L, respectively,
thereby the equivalent contact stress transferred at the tire-aggregate interface is expressed as geq =P/(2BL).
Further, as shown in Fig. 1, the generated contact stress on the surface of aggregate layer (geq) 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 B'(=B+2htana) x L'(=L+2htan«). The required

aggregate thickness is determined by equating the stress generated at the aggregate-subgrade interface to the
allowable subgrade strength of the soil subgrade. It is to be further noted that at the aggregate-subgrade interface,
the overburden stress due to the aggregate (yagh) is omnipresent, and it gets added to the dispersed wheel stress
to generate the total stress at the aggregate-subgrade interface (q).

For an axle load P, using the stress equilibrium, the stress generated at the aggregate-subgrade interface is
expressed as follows:

q=%+yaggh; B'=B+2htane; L'=L+2htane 1)

The generated stress is equilibrated with Terzaghi’s (1943) proposition to determine the allowable bearing
capacity for a shallow footing resting on a c-¢ soil subgrade, which is expressed as:
Can NS¢ +725sNN, S, +0.57,,,B'N.S,

= 2
Qa FoS 2

where, y,,,h is the overburden pressure on the subgrade due to aggregate layer and FoS is the factor of safety.

The unit weight of soil and aggregate are ysup and yagq respectively. As both have nearly similar value, henceforth
y would be used to represent either of the densities. N, N, N, are the bearing capacity factors which depends on
the angle of internal friction of the soil (psub). Sc, Sq, S, are the shape factors which value depends on the equivalent
contact dimensions (B' and L") of the wheel load and « is the stress distribution angle (a =7/4 =P,y /2) .
Equation 3 gives the final expression to determine the aggregate thickness (h) of unpaved road resting on c-¢ soil
subgrade

0.5P rh= CanNS. +7hN_ S, +0.5yB'N,S,
(B+2htana)(L+2htan ) FoS

@)

3. Numerical Methodology

Equation 3 gives the expression of required thickness of aggregate layer based on a LE approach, which considers
the individual components of unpaved road structure to be rigid and non-deformable. However, due to the
booming industrialization, the availability of good quality construction materials to be used in unpaved road is
gradually decreasing. Furthermore, owing to site-specific constraints, many a times, the unpaved road system has
to be constructed on marginalized soil subgrades. For such unpaved roads, deformation arises outright during the
initial construction and might exhibit operational failures, especially (i) failure or permanent deformation of weak
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 quasi-static vehicular

loading and long-term deformation in the form of rutting due to repeated vehicular loading. Thus, deformation



under different operational conditions becomes a guiding factor for the design of unpaved road [24, 52]. However,
LE based design of unpaved road fail to highlight these phenomena. In this regard, a FE based design, based on
coupled stress-deformation approach, incorporating operational loading conditions seems prudent for a

sustainable and economically viable design of unpaved road system.

Accordingly, a FE-based design of unpaved road resting on generalized c-¢ soil subgrade is conducted. For the
present research work, the numerical modelling software PLAXIS 3D is used to simulate the unpaved road system.
Figure 2 depicts a typical geometry of the unpaved road, comprising the overlying aggregate and underlying soil
subgrade layers. Given the specific magnitudes of the contributing parameters, the thickness of the aggregate layer
is adopted as per the solution of Equation 3. To avoid any slope failure along the sides of the aggregate, the slope
of the aggregate layer is maintained to a value of 3H:1V (or 4.5H:1V for higher axle loads). The width of the road
is considered to be 7 m. The vehicle, comprising the front axle wheels (FAW) and rear axle wheels (RAW), is
placed along the center-line of the road. Uniformly distributed vehicular load under the wheels, acting over contact
width, are considered on the surface of the aggregate layers; the wheels being separated from each other as per
the chosen axle width. The soil subgrade layer is considered homogeneous and semi-infinite, the dimensions of
which are judiciously decided such that the lateral and bottom boundaries do not intersect or influence the
development of stress, strains or deformations in the subgrade that are originated and propagated from the
aggregate layer. 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. The effect of water

table is not considered in the present study, and hence drained conditions is adopted for the numerical analyses.

Both the subgrade and aggregate layer are represented using Mohr—Coulomb (M-C) model that follows a linear
elastic — perfectly plastic constitutive relationship. This model allows elastic behaviour up to the yield limit,
beyond which plastic flow occurs under constant stress. The Mohr-Coulomb yield point is defined by the friction
angle of the material [53, 54]. 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 [55]. The model is capable of capturing the hysteretic loading-unloading behaviour if
plasticity occurs, i.e. if the yield stress level is reached [56, 57]. 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 (E) and Poisson’s ratio (v), while the strength being represented by
angle of internal friction (p), cohesion (c) and angle of dilatancy () for soil plasticity [58]. For the present study,
dilatancy is not considered. Table 1 reports the typical material properties used in the FE models developed to

investigate the stress-deformation response of unpaved road constructed on weak or marginalized soil subgrade



and subjected to quasi-static or quasi-dynamic loading scenarios. It is to be noted that Table 1 specifically reports
the magnitudes of unit weight and stiffness parameters that are adopted in the present study. The adopted
magnitudes conform to the reasonable range of the corresponding parameters that are encountered in the
construction materials of such unbounded roads and reported in relevant literature [50, 59]. It is also to be noted
that the specific strength parameters of the marginalized subgrade (cohesion, csub, and angle of internal friction,
@sub) are not mentioned in Table 1. In the latter half of the manuscript, Section 5.1 and Section 5.2 utilizes different
magnitudes of the strength parameters to elucidate the influence of quasi-static and quasi-dynamic loading
scenarios, respectively, on the response of FE model. Thus, the specific magnitudes of the shear strength
parameters are explicitly mentioned thereof and, hence, is not mentioned in Table 1 as typical magnitudes. For
the subgrade 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 [50]. Two different vehicular axle loads
of high magnitudes, 360 kN and 190 kN, are used in this study for quasi-static and repetitive vehicular loading
analyses [22, 27, 60]. The high axle loads considered here are common for heavy haul caterpillar dump trucks
[61] and are specifically considered for the present study to distinctively elucidate the robustness of the FE-based

design algorithm described in the latter sections of the manuscript.

A mesh convergence study is carried out for a particular model configuration to identify the sensitivity of the FE
model to the variation in mesh size. In PLAXIS 3D, 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 was
exhibited by Sarma and Dey [51] that for two-dimensional modeling, a mesh convergence was achieved for
‘medium’ mesh with an average element size (AES) of 1.2 m (approximately). Following the same, in the present
study, mesh convergence is conducted with ‘medium’-sized mesh having different coarseness factor to generate
larger density of mesh element. Figure 3 represents the outcome of the mesh convergence study conducted for the
model. It is observed from the output results that for ‘medium’ mesh size with a coarseness factor of 0.25, thereby
yielding and AES of 0.0056 m, the convergence has been achieved; beyond which reduction in mesh size did not
substantially alter the results. Furthermore, in areas of large stress concentrations, additional local mesh

refinement is also provided at the aggregate-subgrade interface and corners of the aggregate layer.

3.1 Validation study

It is important to conduct a validation study to understand the capability of the developed FE methodology in
capturing the stress-deformation response from a chosen constitutive model. Such validation studies are conducted
primarily to gain confidence on the developed numerical model such that it can represent the experimental findings
to an acceptable extent. In this regard, a suitable experimental investigation is chosen in similitude to the
considered problem, and the suitability of the developed FE model and the adopted constitutive relationships is
judged based on the similarity in the outcomes from the numerical analysis and experimental investigations. Once
the numerical model is validated, the same model itself can be further used, especially for parametric
investigations. However, it is not mandatory to proceed with the validated model for further research. If the
suitability of the numerical methodology and constitutive relationships is already established through the validated

model, the geometrical dimensioning and the material properties of the validated model can be altered to suit the



actual research problem, as long as the relative geometrical configuration and constitutive behaviour of the
individual components of the FE model is not altered. In the present study, the FE model of the unpaved road
comprises two layers (aggregate layer overlying the subgrade layer) with loading from dual wheel (representing
the quasi-static vehicular load) on an equivalent rectangular tire-contact area over the aggregate layer (as shown
in Fig. 2). In absence of an exact experimental representation of quasi-static loading on an unpaved road system,
for the present study, the validation is carried out with respect to an experimental investigation by Roy and Deb
[62]. The stated experimental investigation [62] deals with the interference effect of two closely-spaced identical
footings resting on granular fill of limited thickness over soft clay and, accordingly, a corresponding FE model is
developed (as shown in Fig. 4). Both the FE models, i.e. one that used for unpaved roads (Fig. 2) and the one used
for validation study (Fig. 4), have the same physical structure of double-layered soil system with a granular layer
overlying the marginalized or soft soil layer. For both the models, closely spaced interfering rectangular areas
placed over the granular layer subjected to uniformly distributed loads is considered. For both the models, the
granular fill and soft clay is represented by the Mohr-Coulomb constitutive relationship. Hence, in light of these
similarities, if the FE model for validation study (Fig. 4) shows agreeable results with the experimental
investigations, the FE model unpaved road (Fig. 2) can also be considered validated as long as it follows a similar
relative geometrical configuration and utilizing the same constitutive relationship for the different components of

the numerical model.

Out of all the experiments conducted by Roy and Deb [62], the following information are used for the validation
study: rectangular footing of dimensions 75(b)x150(I) mm (width x length), center-to-center spacing of the
footing (S) as 2.0b (= 150 mm), and thickness of the top layer (d) being equal to 0.75b. Figure 4 shows the
corresponding FE model, whose material properties are listed in Table 2. The experiment by Roy and Deb [62]
was conducted within a steel tank. Hence, as per the experimental set up, in the numerical model, the bottom
boundary of the soft clay layer is fully fixed against vertical and horizontal displacements, while, along the lateral
boundaries, only horizontal fixities are provided. As per the information from experimental investigations, the
soft clay was maintained at an undrained condition, while the presence of sand bed provided a drained condition
in the overlying layer; the same is maintained in the numerical model. The loading rate in the numerical model is
maintained at 2 mm/min in conformity to the rate of loading in the experimental investigation. In the experimental
investigation, settlement is measured through dial gauges positioned at the edges of the footing. In conformity, in
the FE model, the closest relevant displacement nodes are selected on both sides, as well as in the center, of the
footings. For the selected nodes, the output result of the FE analysis (in the form of bearing pressure vs settlement
ratio) is compared to that obtained from the experimental observation. Figure 5 denotes the agreeable similarity
between the responses; for a maximum settlement ratio of 26.5%, the bearing pressure values from FE and
experimental results are 51.91 kPa and 51 mm respectively. A minor dissimilarity can be noted between
experimental and FE results (with an average deviation of 5-8% over the plot), which is possibly due to the
idealization of the stiffness of experimental sand bed being considered constant in Mohr-Coulomb constitutive
model, whereas the actual experimental programs generally reflect a pressure-dependent stiffness. However, such
dissimilarity remains existent and are well within the tolerable limit (<10%). Based on these observations, the

corresponding FE model (Fig. 4) can be considered validated, and in line to the previous discussion, the FE model
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for the unpaved roads can also be considered validated and the same is utilized for further studies reported in this

paper.

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

4.1 Operational failure conditions and limiting cohesion

As Equation 3 is developed based on LE method, the aggregate and subgrade layer is considered non-deformable.
However, in reality, a weak marginalized subgrade might not provide the required bearing resistance during the
laying process of stacked unbounded aggregate itself. This would be manifested by the subsidence of the aggregate
within the subgrade layer. This leads to a loss in design thickness necessitating additional aggregate placing and
incurring higher expenditures. Similarly, in the absence of finer binding material within the cluster voids,
aggregate can undergo prevalent punching failure under the vehicular loading, especially at the edges of the tire
contacts. These two stated failures constitute the ‘operational failures’ during the construction and service life of
the unpaved road, which is not incorporated in the LE based analytical solutions. In this regard, the strength
parameters of the aggregate and soil subgrade needs to be improved to counteract such operational failures.
Accordingly, the expressions for the minimum cohesion, required individually by the subgrade and aggregate, are
determined from limit analysis. The minimum cohesion required to tackle operational failure are further

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 [63], the
expression for minimum cohesion required by subgrade under operational condition is developed by equating the
aggregate stress (yh) to the allowable bearing capacity of the subgrade. The same is expressed as follows:
NS, +0.5yB' Nysy

FoS

where, Csub-min IS the minimum cohesion required in soil subgrade, and rest of the parameters are same as described

Csub—min
rh= 4)

in Equation 2.

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 sides 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 [63], the
expression for minimum cohesion required by the aggregate (Cagg-min) Under operational condition can be expressed
as

i _q, = Cagg—min N.S, + O.57/BNySy
2BL ™ FoS

where, Cagg-min IS 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
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the friction angle of the aggregate material. Similarly, corresponding shape factors are determined based tire

contact dimensions of the wheel load.

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

In the previous sub-sections, separate expressions are developed to determine minimum cohesion required by the
subgrade and aggregate to ensure their individual operational stability against failure. 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 the aggregate layer is already ensured
to be stable under vehicular load, 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 (Csagg-min) 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 approach. For easy visualization, Fig. 6 exhibits the developed algorithm in the form of a flowchart.

Step 1. Make a preliminary assessment of the required aggregate thickness (h) based on Equation 3.

Step 2. Develop the FE model in PLAXIS 3D using aggregate thickness assessed in Step 1. The shear
parameters (Csub, @sub; aNd @agg) for subgrade and aggregate layers is to be kept same as that used in
the analytical expression used for assessing the aggregate thickness (Eqgn. 3). The values of other
model parameters such as modulus of elasticity (E), Poisson’s ratio (v), unit weight (y) are adopted

as per field specifications.

Step 3. 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 Csub-min=Csub and continue to Step 6. If the FE model exhibits stress-based failure

in the subgrade, continue to Step 4.

Step 4. Assess the limiting magnitude of cohesion (csup-min) required in the subgrade layer (as per Eqn. 4) to

sustain the operational aggregate loading.

Step 5. Using the csup-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

Csub-min With higher FoS.
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Step 6.

Step 7.

Step 8.

Step 9.

Step 10.

Step 11.

Step 12.

Step 13.

Step 14.

Reform the FE model by incorporating Csu-min as the cohesive strength parameter for the subgrade
(obtained in Step 5) along with the friction strength parameter of the subgrade (psu). 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 gsu and Csup-min @S the shear strength parameters for the subgrade, and ¢agq as the shear strength

parameter for the aggregate.

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

required (Cagg-min) in the aggregate using Equation 5.

Analyse the reformed FE model developed in Step 6 (already having @sub, Csub-min @aNd @agg) by

incorporating Cagg-min @S 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 Cagg-min in the reformed FE model that is already incorporating the
@sub, Csub-min &Nd @agg (from Step 6). If the reformed FE model with higher magnitude of Cagg-min in
aggregate layer exhibits operational stability, proceed to Step 11; else, repeat Step 10 again by

heuristically and iteratively enhancing Cagg-min t0 @ 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
@sub and Csub-min @S the shear strength parameters for the subgrade, along with gagg and Cagg-min as 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. Thus, 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 11.

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 Csub-min to @ modified higher value (Csagg-min)-

The FE model is reanalysed with Csagg-min 8 modified cohesion of the subgrade to reconfirm the

stability of the system against secondary stresses.
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Step 15.  Ifthe 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 @sub and Csagg-min @s the shear
strength parameters for the subgrade, along with @agg and Cagg-min as the shear strength parameter for

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

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. As mentioned earlier,
traditional ground improvement techniques are costly and require lots of manpower or automated resources (for
soil replacement, compaction etc). Use of geotextile as reinforcement is a viable alternative for an economic and
sustainable solution to the problem. Geotextiles are planar members that can sustain and induce tensile force
within the compressible soil. Hence, in this part of the study, the FE model developed for unreinforced unpaved
road is improvised to include a single layer of geotextile at the aggregate-subgrade interface. In PLAXIS 3D, 6-
noded triangular geosynthetic surface elements are available for this purpose. The geosynthetic element is
represented by elastic and isotropic material behavior. For an elastic geotextile, the basic material property is its
axial stiffness (EA). The axial stiffness value is 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 [22, 45]. For proper bonding between the geosynthetic and the surrounding soil,
interfaces are provided on both sides of the geosynthetic. Figure 7 shows the FE model reinforced unpaved road,
wherein it can be noticed 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.e below the geosynthetic) (Fig. 7). The strength of the interface
is governed by the strength reduction factor (Riner) Value, signifying the roughness of interaction between two
dissimilar materials while they are shearing to each other. Generally, Riner Value ranges between 0 (zero) to 1
(one). A value of Riner = 0 signifies the 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
interface is provided between two materials i.e. soil subgrade and geotextile and that between geotextile and
aggregate. In most geotechnical engineering problems involving shearing of one medium over the other, the
magnitude of Riner is maintained less than one as one material is allowed sliding over the other. For example, in
slope stability problems involving soil-geosynthetic interfaces, it is a common practice to consider the critical
strength at the interfaces, and hence Riner Value can range between 0.4-0.7 [64, 65]. However, in the present study,
the aggregate-geosynthetic and geosynthetic-subgrade interface is meant to bear the compressive loads and is
expected to undergo minimal shearing induced slippage along the length of the geosynthetic. Further, the
aggregate-geosynthetic interface is supposed to be quite rough so that slippage is prevented and the membrane
action of the geosynthetic is triggered from stretching of the geosynthetic owing to the lateral stresses transferred
from the aggregate layer to the geosynthetic interface. As the aggregate and geosynthetic is considered in perfect

bonding to each other without any slippage, Riner=1 is assumed in the present study.
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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 FE 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
condition, load repetition effect due to successive vehicular passages are prevalent in actual field situation.
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. This is conveniently represented by a triangular or Haversine loading of specific duration
(denoting the passage time of the vehicle through the specific section of the road) and repeating at a specific time
interval (denoting the passage of successive similar vehicles). In such consideration, the main parameters of load
repetition that are considered comprise the equivalent contact stress at the tire-aggregate interface (P/2BL),
number of load passes (N), time gap between the arrival and departure of the vehicle through a road section (t")
and time interval between two consecutive passes (At). Following such consideration, the input signal of quasi-
dynamic vehicular load is considered to be triangular or Haversine in nature to give a realistic view of the multi-
vehicular passage through a common section [7, 42, 43, 52, 64-66]. The two arms of the triangular/Haversine
input signify the approach (rising arm of the loading) and departure (falling arm of the loading) of a vehicle
through the particular section of the road. In the present problem, as shown in Fig. 8, the quasi-dynamic load is
applied through dynamic load multipliers repeated at regular time interval (At) of 2 s. The approach of a vehicle
(denoted by the rising arm of the triangular input) takes place over a time span of 0.1 s, following by its departure
(denoted by the rising arm of the triangular input) from the same section in the next 0.1 s. Hence, the overall time
duration of the passage of vehicle over a particular section (t") is 0.2 s. Figure 9 depicts a typical displacement
profile observed beneath the wheel for a single passage of the vehicle. It can be noticed that during the interval
0.2-0.4 s, the displacement follows the haversine triangular pattern in congruence to the applied triangular load.
Furthermore, interestingly, as the vehicle departs, an elastic rebound is observed for around 1.2-1.3 s, beyond
which the displacement culminates to a residual magnitude. Hence, in the present study, the next vehicular pass
is considered at a time interval after the completion of the elastic rebound, and accordingly a conservative resting
time interval of 2 s is adopted before the application of next passage of the similar vehicle. However, any other
time interval could have been also considered depending upon the actual traffic passage through the road section.
In the present study, identical vehicle passages are considered, and the influence of mixed mode vehicular

configuration is kept out of scope from the analyses.
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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 remains in the input of the repeated
loading that is described in the previous paragraph (as in Fig. 8). 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 FE model for reinforced unpaved road and the same is

subsequently analyzed.

5. Results and Discussion
This section gives the FE output results of unreinforced as well as reinforced unpaved road under quasi-static and

repeated loading conditions.

5.1 Quiasi-static loading

In this section, an exemplified finite element-based design of an unpaved road system subjected to quasi-static
loading condition is discussed. The parametric values for the analysis of the parent model considered herein are
as follows: P = 360 kN, P. = 600 kPa, csuy = 1 kPa, gsun = 5° and gagg = 25° and FoS = 1. In the present study, a
dual wheel system truck is considered as they are more prevalent than single wheel version on unpaved roads. In
a dual wheel system, it is considered that the soil in-between the tires get mechanically associated with the wheels.
As it is understood that the mechanically associated soil or aggregate between the tires would not undergo failure,
they represent a composite or equivalent contact area that is larger than twice the actual contact area of each tire

[22, 50]. Accordingly, considering on-highway vehicles, the width of the equivalent contact area is given as

B=/P/P, and L= B/+/2 ; for off-highway vehicles the same is denoted as B =[Pv/2/P, and L = B/2[22].

Accordingly, in the present study, based on the chosen magnitudes of P and P, the equivalent contact dimensions
are estimated as B = 0.77 m and L = 0.55 m. The strength properties of subgrade and aggregate layers are
considered to be minimum such 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 unreinforced unpaved road structure is
conducted. The outcome of the design is as follows:

» Step 1: Based on the parametric data and following Equation 3 (with FoS=1), the thickness of aggregate
layer (h) is preliminarily assessed to be 1.21 m. The assessed aggregate thickness is quantitative
agreement to the thickness required if the weak subgrade was characterized only by undrained cohesive
strength [22].

» Step 2: A FE model is developed with the thickness of aggregate layer obtained in Step 1. The material
properties of the model are kept the same as mentioned above and the side slopes of the aggregate layer

are maintained to 3H:1V.
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Step 3: For the unpaved road model developed in Step 2, operational stability of the subgrade is checked
under the aggregate loading. Since the unpaved road system has uniform cross-section along the length
of the road, following the plane-strain condition, the output results along a perpendicular section gives
representative observation for the whole length of unpaved road. Figure 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 mere laying of the aggregate, thereby
necessitating enhancement in its strength properties.

Step 4: From Step 3, it is understood that the strength of the subgrade layer is required to be enhanced,
which can be achieved by increasing the subgrade cohesion. Following Eqn. 4 and considering FoS=1,
the minimum cohesion required in the subgrade layer to sustain the aggregate loading (Csub-min) i assessed
to be 1.88 kPa, which is marginally more than the initial value of ¢ = 1 kPa.

Step 5: The FE model developed in Step 2 is analyzed with modified cohesion of subgrade i.e. Csup-min =
1.88 kPa. The output results shows that the strains are well captured and restricted within the aggregate
layer (Fig. 11). The maximum value of total deviatoric strain obtained after improvement is 2.212x10°3,
which is nearly 100 times lesser than that observed in Fig. 10. These observations conclusively indicated
that with improved cohesion, the subgrade is capable of bearing the operational aggregate load. Hence,
Csub-min = 1.88 KPa is used in the subsequent analyses. This step reenacts the necessity to depend on
coupled stress-deformation based finite element modeling to assess the operational response of subgrade
under aggregate loading, which cannot be captured by LE methodology.

Step 6: After ensuring the stability of unpaved road under aggregate load resting on the reformed
subgrade, the FE model is analysed for the operational stability of aggregate layer under quasi-static
vehicular load. It is observed that under vehicular load, the FE model simulation exhibited failure (Fig.
12). The output result indicates the development of punching shear failure mechanism within the
aggregate layer due to the imposed wheel load. The strains are heavily concentrated within the aggregate
layer and maximum at and around the edges of the wheels. Hence, it is understood that the chosen
strength parameters of the aggregate layer are insufficient to prevent failure in aggregate layer due to the
vehicular load. Hence, there is a necessity to improve the aggregate strength.

Step 7: As the aggregate is not operationally stable under imposed vehicular loading, the necessary shear
strength of the aggregate is not achieved, and hence the design is progressed to Step 8.

Step 8: Following Equation 5 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 to sustain vehicular loading
(Cagg-min) is determined to be 12.26 kPa. This can be achieved by introducing fines in the aggregate layer
in a controlled manner.

Step 9: Subjected to quasi-static vehicular loading, the FE model developed in Step 6 is further analysed
with increased cohesion of aggregate (Cagg-min). It is observed from Fig. 13 that the failure in the
aggregate layer is arrested by increasing the strength within the layer. As shown in Fig. 12, the strains

developed are very negligible as compared to that developed in Step 6.
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» Step 12: It can be noted from Fig. 13 that the total deviatoric strains are all concentrated within the
aggregate layer itself. As there is no secondary failure encountered in the subgrade due to vehicular
loading, the final design parameters for the complete stability of the unreinforced unpaved road under
different stages of operation are gsu = 5°, Csup-min = 1.88 kPa, pagg = 25° and Cagg-min = 12.26 kPa

respectively.

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

A step-by-step design methodology of unreinforced unpaved road has been discussed in Section 5.1.1. In Step 3,
it was observed that subjected to operational aggregate loading, the subgrade layer undergoes failure. In this
regard, the strength parameter of the subgrade layer was increased to stabilize the system. 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 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 [18, 67, 68]. 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,
lastly, on the cost of project that 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.

In this regard, FE-based design methodologies were developed for reinforced unpaved roads under different
operational conditions for quasi-static condition (as highlighted in Section 4.3.1). However, instead of increasing
the cohesion of subgrade from 1 kPa to 1.88 kPa (Step 3 of Section 4.3.1), a layer of woven geotextile can be
placed at the aggregate-subgrade interface to harness the benefits of introducing a tensile element in the
deformable system. It has been shown by Meena et al. [50] that recognizable beneficial effects of geotextile in
reduction of aggregate thickness is harnessed with those having tensile strength greater than 100 kN/m. Hence,
following the recommendation, a geotextile having an axial stiffness of 400 kN/m is considered in the present
study; geotextiles with these specified tensile strengths are commonly available as commercial products. It is
observed that due to the inclusion of geotextile, the FE model does not undergo failure. Figure 14b shows the total
deviatoric strain diagram after the inclusion of the geosynthetic layer. The maximum value is 0.06912, which is
three times lesser than the maximum strain obtained in unreinforced case (Fig. 14a). With increase in tensile
modulus, a geotextile is expected to sustain more stresses coming from the aggregate layer and should aid in

reducing the stresses transferred to the subgrade; this phenomenon is pertinent to the ‘tension membrane effect’
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displayed by a stretched geotextile. Hence, a geotextile of tensile modulus 1000 kN/m is further considered in the
present study. Figure 14c shows the corresponding total deviatoric strain diagram after the inclusion of geotextile
with higher tensile modulus. As illustrated in the Fig. 14c, the failure lines are almost diminished indicating a
perfectly stable unpaved road structure. In similar unpaved road sections reinforced with different types of
geosynthetics, Hufenus et al. [33] reported the development of strains approximately up to 0.8%, which provides
conformity to the obtained results from the present numerical exercise; similar observation was also reported by

Ingle and Bhosale [42] based on full-scale laboratory accelerated tests.

5.2 Repetitive Vehicular Loading

In the previous sections, step-by-step design methodology of unreinforced as well as reinforced unpaved road,
based on quasi-static analysis, is illustrated. Although quasi-static analysis represents worst case scenario, 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 is generally observed, especially in the form of rutting. 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. Furthermore, the effect of geotextiles of various tensile modulus in arresting the

rutting developed in the unpaved road section is also discussed.

The parametric values of the model analysed in this section are as follows: P = 190 kN, P, = 600 kPa, B = 0.56
m, L = 0.4 m, csup = 10 kPa and ¢gagg = 25°. In this model, the subgrade is considered to be comprising weak
cohesive soil, while the aggregate is considered to made of purely granular material. Using Equation 3 and FoS=1,
an unpaved road is modelled with an aggregate layer thickness of 0.1 m. The model is analysed for three different
numbers of vehicular load repetition, i.e. 2 passes, 10 passes and 20 passes, respectively. The load repetition is

described in the form of dynamic load multiplier as was typically illustrated earlier in Section 4.3.2.

5.2.1 Outcomes from a typical FE-based simulation for unreinforced unpaved road under repetitive loading

To observe the amount of rut developed due vehicular load, a perpendicular section (Section B-B) has been cut
across the length of the road that passes through the edge of the rear axle wheels (Fig. 15a). Figure 15b provides
a qualitative estimate of the amount of rutting developed at the surface of the unpaved road for three different
numbers of vehicle repetitions, i.e. 2 passes, 10 passes and 20 vehicles pass, respectively, for rear axle wheel load.
It is to be noted that the magnitudes of rutting shown in Fig. 15b are presented in exaggerated scale for intra-
comparison and is not at the same scale of aggregate layer thickness. 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 in-between the wheels [22, 35, 69]. It is observed from the Fig. 15b that the maximum
heaving is near the edge of the vehicular load, while the settlement is maximum at the center of the vehicle tire.
A recognizable rutting displacement is noted as the vehicle passes increase from 2 to 10, while the increase in
rutting is not in significant magnitudes beyond 10 vehicle passes. With increase in the number of vehicular passes,
the amount of rut increases significantly. The rut developed for the mentioned vehicle passes are 0.044 m

(comprising 0.0288 m of settlement and 0.0154 m of heaving), 0.118 m (comprising 0.056 m of settlement and
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0.0623 m of heaving) and 0.122 m (comprising 0.0593 m of settlement and 0.0636 m of heaving), respectively,

for 2, 10 and 20 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
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 in corroboration to surface rutting phenomenon in roadways. Thus to observe the gradual
accumulation of the permanent vertical displacement at every loading-unloading-reloading cycles, a node is
slected at the center of the equivalent rectangular wheel load contact area, as shown by Point A in Fig. 15a. Figure
16 shows the vertical displacement at Point A against the dynamic time for 10 vehicular passes throught he
unreinforced unpaved road. Following the loading pattern described in Fig. 8, it is observed that the peak
discplacement at each vehicular pass is getting repeated at an interval 2 sec, thereby exhibiting proper application
of repetitve vehicular load input. 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 displacement, i.e. rutting. The elastic rebound
occurs for around 1.2 s after the passage of the vehicular axle load. From the obervations, it can be understood
that with each of the passes, there is an accumualtion of rutting at the surface of unpaved road. After 10 vehicle
passes, the permanent vertical displacement is around 140 mm, which is nearly 2 times of the required
serviceability criteria of 75 mm [22, 23, 51, 69].

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

It is understood from the previous section that with the increase in number of vehicular passes, the amount of rut
also increases. 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 owing to repetitive vehicular loading.
The response of unpaved road under repetitive vehicular load is checked for two different tensile modulus of the
geotextile, i.e. 400 KN/m and 600 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).
Figure 17 shows the comparison of rutting developed between unreinforced and reinforced unpaved road due to

10 vehicle passes. It is to be noted that the rutting magnitudes shown in Fig. 17 are in exaggerated scale for intra-

comparison and is not at the same scale of aggregate layer thickness. Similar comparative qualitative trend of
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displacements of unreinforced and reinforced unpaved roads was also highlighted by Wu et al. [40] as well as
Ingle and Bhosale [33]. In the present case, for a geotextile with tensile modulus 400 kN/m, maximum heaving
and maximum settlement are obtained to be 0.037 m and 0.006 m respectively (adding to a rutting of 0.043 m),
thereby reducing rut by 63% in comparison to unreinforced case. Similarly, for a geotextile with tensile modulus
of 600 kN/m, maximum heaving and maximum settlement are 0.018 m and 0.006 m respectively (adding to a
rutting of 0.024 m), thereby reducing the rutting approximately by 79% in comparison to unreinforced case.
Leonardi et al. [7] exhibited a surface displacement reduction of 25% by the application of geogrid reinforcements
in paved roads. In comparison to unreinforced unpaved road sections subjected to repeated loading, based on both
laboratory and controlled field tests, researchers [20, 35] have highlighted an approximate reduction in surface
displacement of about 50% when different types of geosynthetics, having varying tensile moduli, were used as
reinforcement at the aggregate-subgrade interface. Based on moving wheel load tests, Singh et al. [18] highlighted
a 30-40% improvement in surface displacements when geosynthetics of varying tensile strengths are used at the
interface of aggregate and lime-stabilized subgrade. In a similar manner, Wu et al. [40] exhibited an improvement
of 40-70% when geogrids of various tensile modulus are used to reinforce the unpaved section by their placement
at the aggregate-subgrade interface. Thus, it is understood that with increase in the axial stiffness of the geotextile
reinforcement, 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 longevity of unpaved roads.

Figure 18 shows the vertical displacement against the dynamic time averaged over the section B-B connecting the
edges of the wheel load (as shown in Fig. 15a). Similar to the former observation, it is observed that for
unreinforced case, there is a recognizable increase in permanent vertical displacement after each vehicular cycle
for a total of 10 passes. However, it is to be noted that the displacement at the centre of the wheel (as in Fig. 16)
is evidently more than that observed in the edges of the wheel (as in Fig. 18). It is worth mentioning that the
magnitude of permanent displacement attained after 10 cycles in this numerical simulation, i.e. around 85 mm,
conforms to a similar magnitude reported by Perkins et al. [37] from similar experimental investigations. Figure
18 also exhibits the observed vertical displacement for 10 vehicle passes when a layer of geotextile of varying
axial stiffness, i.e. 400 KN/m and 600 kN/m, is applied at the aggregate-subgrade interface. It is observed that
inclusion of geotextile reinforcement aided in substantial reduction in the vertical displacement at the surface of
the unpaved road, thereby elucidating the successful reinforcing action of geosynthetic. For reinforced unpaved
road, the permanent vertical displacement after 10 cycles are approximately noted to be 7 mm and 6 mm when
geotextile with tensile modulus 400 kN/m and 600 kN/m, respectively, is used. Similarly, based on controlled
field tests, significant reduction in rut depth was also reported by Latha et al. [35] when different types of
geosynthetics having varying tensile moduli was used as reinforcement at the aggregate-subgrade interface. It is
worth mentioning that the vertical deformation keeps on marginally decreasing with the increase in number of
vehicle passes in reinforced case owing to the tension membrane effect rendered by the stretched geotextile. In
this process, the rutting (summation of maximum displacement and maximum heaving) attains a nearly constant

magnitude, thereby enhancing the sustainability of the reinforced unpaved road system.
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Figure 17 and 18 comprehensibly delineates the beneficial and sustainable application of geotextile in arresting
the permanent vertical displacement beneath the wheels as well as rutting in unpaved road system. Geotextiles,
with properly chosen axial stiffness, not only substantially reduces the rutting in comparison to the unreinforced
unpaved roads, it is also largely successful in arresting the rutting and preventing the accumulation of rutting
under higher number of vehicular load cycles. This transcribes to the 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.

6. Conclusions and Recommendations

This paper illustrates the necessity of using geotextile as reinforcement in design of unpaved road resting on
marginalized soil with the aid of a coupled stress-deformation based approach. In the earlier proposed design
methods, the thickness of aggregate layer in unpaved road was determined based on conventional two-dimensional
limit equilibrium approach considering plane strain equilibrium of the stresses from applied strip loading
representing the wheel to the undrained bearing capacity of soft cohesive soils. In the present study, the limit
equilibrium-based approach is processed with the three-dimensional load-dispersion of stresses through aggregate
layer is considered and a modified expression for assessing the aggregate layer thickness is proposed considering
the shape of the equivalent contact area of a dual wheel system. Conventional limit equilibrium-based approach
considers the individual component of unpaved road to be non-deformable, thereby eventually leading to a
conservative design. Therefore, a stress-deformation approach based design is considered in this study to simulate
FE models of the real field behaviour of unpaved roads under vehicular loads. The paper illustrated 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 and conclusions from the present study:

» A FE-based step-by-step design methodology of unpaved road resting on marginalized soil subgrade
under quasi-static and repetitive loading conditions is proposed while incorporating different operational
conditions that are not considered in conventional limit equilibrium based design. 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
marginalized soil subgrade, inclusion of geotextile having with axial stiffness 400 kN/m or higher is
enough to counteract the stresses coming from aggregate loading and prevent the corresponding
operational failure. With the choice of geotextile with even higher tensile modulus, there is further
decrease in the strain accumulation in the soil subgrade layer occurs and for a geotextile with tensile
modulus greater 1000 kN/m, the strain accumulation becomes negligible.

» FE models developed for unpaved road built on marginalized soil subgrade successfully depicted the
rutting behavior and accumulation of permanent vertical displacement under increasing number of
repetitive vehicular loading. For a typical unreinforced unpaved road, accumulated vertical displacement

was found to surpass the limiting serviceability criterion for rutting after 10 vehicular passes. This would
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render the unreinforced unpaved road unusable in the long run and would require ground improvement
or strengthening by geotextile reinforcement.

» The surface rutting in an unpaved road is significantly reduced by incorporating a geotextile layer at the
interface of the aggregate and subgrade. The tensile modulus of geotextile governs the reduction in
rutting in comparison to unreinforced scenarios. For a typical unpaved road system, a geotextile with
higher axial stiffness, such as 400-600 kN/m, is capable of reducing the rutting by almost 63-79% to that
obtained for an unreinforced scenario. Presence of geotextile also arrests the vertical displacement
beneath the wheels under repeated loading owing to the tension membrane effect imparted by their

progressively stretched form.

With rapid industrialization, the global natural reserve of good quality raw material for construction of road
network is depleting. 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.
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Table 1 Stiffness properties of materials used in the FE simulations of unpaved roads in the present study

Subgrade Aggregate
Soil model Mohr-Coulomb Mohr-Coulomb
Unit weight (y) 19 kN/m® 19 KN/m?3
Elastic modulus (E) 20 MPa 60 MPa
Poisson’s ratio (v) 0.4 0.3

Table 2 Material properties used in the FE model developed for validation study

Top sand layer Bottom soft clay
Soil model Mohr-Coulomb Mohr-Coulomb
Unit weight (y) 15.7 KN/m?® 17.17 kN/m?®
Elastic modulus (E) 1000 kPa 5000 kPa
Poisson’s ratio (v) 0.15 0.4
Cohesion (c) 0.5 kPa 7.2 kPa
Angle of Internal Friction () 38’ -
Geq
Vehicular
load
\\‘ L
F 3 B
Aggregate layer i B
h Pyramidal stress distribution
L r
q
y N Yaggh
h I \
. B’ N
« o
Soil subgrade

Fig. 1 3D pyramidal load distribution through the aggregate layer

29



Maximum Vertical Displacement (m)

0.05
0.045
0.04
0.035
0.03
0.025
0.02

0.015 -

0.01
0.005

Aggregate

Fig. 2 Finite element model of unreinforced unpaved road in PLAXIS 3D
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Fig. 3 Optimal mesh size determination from mesh convergence study
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Footings

Fig. 4 FE model developed for the validation study following the experimental investigation by Roy and Deb [62]
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Fig. 5 Comparison of pressure-settlement plots from experimental investigation and FE model used for validation
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Fig. 6 Flowchart depicting the algorithmic step-by-step design of unreinforced unpaved road
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Fig. 7 FE model of reinforced unpaved road exhibiting geosynthetic and its interfaces
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Fig. 8 Triangular load distribution signifying the quasi-dynamic multiplier for single vehicular passage
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Fig. 9 Variation of vertical displacement beneath the wheel for a single passage of vehicle
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Total deviatoric strain
Maximum value = 0.1931, Minimum value = -0.7443 * 103

Fig. 10 Total deviatoric strain diagram of unpaved road subjected to aggerate loading on subgrade before improvement
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Fig. 11 Total deviatoric strain diagram of unpaved road subjected to aggregate load after improvement
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Fig. 12 Total deviatoric strain diagram of unpaved road subjected to vehicular load before improvement
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Fig. 13 Total deviatoric strain diagram of unpaved road subjected to vehicular load after improvement
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Fig. 14 FE model of unpaved road subjected to aggregate load (a) unreinforced condition and (b) reinforced condition (tensile
modulus = 400 kN/m) (c) reinforced condition (tensile modulus = 1000 kN/m)



Red coloured shaded part = 20 vehicle pass
Green coloured shaded part = 10 vehicle pass
Blue coloured shaded part = 2 vehicle pass

Settlement

(b)

Fig. 15 Comparison of rutting developed in unreinforced unpaved road due to repetitive load from vehicular cycles comprising 2,

10 and 20 vehicle passes (NB: The rutting magnitudes are shown in exaggerated scale for intra-comparison and is not at the
same scale of aggregate layer thickness)
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Fig. 16 Vertical displacement at Point A for 10 vehicular passes on unreinforced unpaved road

Violet coloured shaded part = Unreinforced
Black coloured shaded part = Reinforced (Stiffness = 400 kKN/m)
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Fig. 17 Comparison of rutting developed between unreinforced and geotextile reinforced unpaved road due to repetitive vehicular

load of 10 cycles (NB: The rutting magnitudes are shown in exaggerated scale for intra-comparison and is not at the same scale

of aggregate layer thickness)
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Fig. 18 Comparison of vertical displacement in the surface of unreinforced (Section B-B) and geotextile reinforced unpaved road
after 10 vehicular passes using geotextiles of varying axial stiffness
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Response to Reviewer Comments

Manuscript No.: IGGE-D-23-00358
Manuscript Title: Improvement of Long-Term Performance of Unpaved Road constructed

over marginalized Subsoil using Geotextile Reinforcement

The authors whole-heartedly thank the reviewers for their thorough reading through the paper
and providing numerous constructive comments that have been immensely helpful to improve
upon the quality and clarity of the paper. The authors have responded on point-to-point basis
on all the comments and queries raised by the esteemed reviewers. According to the
suggestions, all the modifications have been made in the revised manuscript to the best of the

authors’ knowledge.

Response to Reviewer-1 Comments

Reviewer #1: The present study highlights a design methodology of unreinforced unpaved
roads considering a coupled stress-deformation approach incorporating operational failure
conditions under quasi-static loading conditions. Study shows that an additional geotextile
layer at the aggregate-subgrade interface successfully reduces operational failure. Additionally,
three-dimensional finite element analysis insights of reduction of rutting failure of pavement
with the inclusion of geotextile layer. Study shows the sustainable use of geotextile in
improving the performance of unpaved roads under repetitive loading.

However, the manuscript needs certain corrections before publishing in the journal.

Comment 1: How does the author derive the final equation (1)? Please describe it in detail.
Response: In the revised manuscript, details on derivation of Equation 1 is provided. In order
to include some other equations in the derivation, Equation 1 is renumbered as Equation 3 in

the revised manuscript.

Comment 2: In Table 1, the cohesion and angle of internal friction values of the subgrade and
aggregate layers are not given.

Response: Table 1 reports the typical material properties used in the FE models developed to
investigate the stress-deformation response of unpaved road constructed on weak or
marginalized soil subgrade and subjected to quasi-static or quasi-dynamic loading scenarios. It

is to be noted that Table 1 specifically reports the magnitudes of unit weight and stiffness
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parameters that are adopted in the present study. The adopted magnitudes conform to the
reasonable range of the corresponding parameters that are encountered in the construction
materials of such unbounded roads and reported in relevant literature (Meen et al., 2013;
Yaghoubi et al., 2016). It is also to be noted that the specific strength parameters of the
marginalized subgrade (cohesion, csub, and angle of internal friction, ¢sun) are not mentioned in
Table 1. In the latter half of the manuscript, Section 5.1 and Section 5.2 utilizes different
magnitudes of the strength parameters to elucidate the influence of quasi-static and quasi-
dynamic loading scenarios, respectively, on the response of FE model. Thus, the specific
magnitudes of the shear strength parameters are explicitly mentioned thereof and, hence, is not

mentioned in Table 1 as typical magnitudes. The caption of Table 1 is also slightly modified.

Comment 3: What is the thickness of the subgrade and aggregate layers? How did the authors
choose the thickness of the pavement layers? The authors should clarify it in the manuscript.

Response: The current study pertains to the unpaved roads that comprise of an unbounded
aggregate layer directly placed over the soil subgrade. The thickness of the aggregate layer is
governed by the bearing strength of the subgrade layer and the vehicular load it has to carry.
Hence, for the FE simulations, the thickness of the aggregate layer is adopted as per the solution
obtained from Equation 3 (in the revised manuscript) based on the specific magnitudes of the
contributing parameters. As for the soil subgrade layer, it is considered as a semi-infinite
homogeneous medium. The thickness is chosen in such a way that the
stresses/strains/deformations developed beneath the aggregate layer is not intersected or
influenced the bottommost fixed boundary of the soil subgrade. The clarifying statements in

this regard are added in the revised manuscript.

Comment 4: A validated model is not used for further analysis. Then, what is the significance
of the validation part of the manuscript?

Response: It is important to conduct a validation study to understand the capability of the
developed FE methodology in capturing the stress-deformation response from a chosen
constitutive model. Such validation studies are conducted primarily to gain confidence on the
developed numerical model such that it can represent the experimental findings to an
acceptable extent. In this regard, a suitable experimental investigation is chosen in similitude
to the considered problem, and the suitability of the developed FE model and the adopted
constitutive relationships is judged based on the similarity in the outcomes from the numerical

analysis and experimental investigations. Once the numerical model is validated, the same
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model itself can be further used, especially for parametric investigations. However, it is not
mandatory to proceed with the validated model for further research. If the suitability of the
numerical methodology and constitutive relationships is already established through the
validated model, the geometrical dimensioning and the material properties of the validated
model can be altered to suit the actual research problem, as long as the relative geometrical
configuration and constitutive behaviour of the individual components of the FE model is not
altered. In the present study, the FE model of the unpaved road comprises two layers (aggregate
layer overlying the subgrade layer) with loading from dual wheel (representing the quasi-static
vehicular load) on an equivalent rectangular tire-contact area over the aggregate layer (as
shown in Fig. 2 in the revised manuscript). In absence of an exact experimental representation
of quasi-static loading on an unpaved road system, for the present study, the validation is
carried out with respect to an experimental investigation by Roy and Deb (2019). The stated
experimental investigation (Roy and Deb, 2019) deals with the interference effect of two
closely-spaced identical footings resting on granular fill of limited thickness over soft clay and,
accordingly, a corresponding FE model is developed (as shown in Fig. 4 in the revised
manuscript). Both the FE models, i.e. one that used for unpaved roads (Fig. 2 in the revised
manuscript) and the one used for validation study (Fig. 4 in the revised manuscript), have the
same physical structure of double-layered soil system with a granular layer overlying the
marginalized or soft soil layer. For both the models, closely spaced interfering rectangular areas
placed over the granular layer subjected to uniformly distributed loads is considered. For both
the models, the granular fill and soft clay is represented by the Mohr-Coulomb constitutive
relationship. Hence, in light of these similarities, if the FE model for validation study (Fig. 4
in the revised manuscript) shows agreeable results with the experimental investigations, the FE
model unpaved road (Fig. 2 in the revised manuscript) can also be considered validated as long
as it follows a similar relative geometrical configuration and utilizing the same constitutive
relationship for the different components of the numerical model. A note in this regard is added

in the revised manuscript.

Comment 5: Section 4.3, Normally, Rinter is considered less than 1 for the interface of soil and
geosynthetic material. Why did the authors choose a high Rinter Value in this study?

Response: The strength of the interface is governed by the strength reduction factor (Rinter)
value, signifying the roughness of interaction between two dissimilar materials while they are
shearing to each other. Generally, Riner Value ranges between 0 (zero) to 1 (one). A value of

Rinter = O signifies the interface to be smooth and full slippage is allowed, while a value of 1
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(one) emulates perfect bonding through a rough interface where no slippage is allowed. In the
present study, the interface is provided between two materials i.e. soil subgrade and geotextile
and that between geotextile and aggregate. In most geotechnical engineering problems
involving shearing of one medium over the other, the magnitude of Rintr IS maintained less
than one as one material is allowed sliding over the other. For example, in slope stability
problems involving soil-geosynthetic interfaces, it is a common practice to consider the critical
strength at the interfaces, and hence Rinter Value can range between 0.4-0.7 [64, 65]. However,
in the present study, the aggregate-geosynthetic and geosynthetic-subgrade interface is meant
to bear the compressive loads and is expected to undergo minimal shearing induced slippage
along the length of the geosynthetic. Further, the aggregate-geosynthetic interface is supposed
to be quite rough so that slippage is prevented and the membrane action of the geosynthetic is
triggered from stretching of the geosynthetic owing to the lateral stresses transferred from the
aggregate layer to the geosynthetic interface. As the aggregate and geosynthetic is considered
in perfect bonding to each other without any slippage, Rinter=1 is assumed in the present study.
Although briefly explained in the earlier submission, in the revised manuscript, a description
related to the consideration of Rineer Value is further added along with some amendments in the

earlier statements.

Comment 6: Section 4.3.2: Why did the author consider this loading pattern?

Response: 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. This is
conveniently represented by a triangular or Haversine loading of specific duration (denoting
the passage time of the vehicle through the specific section of the road) and repeating at a
specific time interval (denoting the passage of successive similar vehicles). In such
consideration, the main parameters of load repetition that are considered comprise the
equivalent contact stress at the tire-aggregate interface (P/2BL), number of load passes (N),
time gap between the arrival and departure of the vehicle through a road section (t') and time
interval between two consecutive passes (At). Following such consideration, the input signal
of quasi-dynamic vehicular load is considered to be triangular or Haversine in nature to give a
realistic view of the multi-vehicular passage through a common section (Shen and Carpenter,
2007; Tao and Abu-Farsakh, 2008; Abu-Farsakh and Chen, 2011; Vern et al. 2016; Ingle and
Bhosale, 2017; Demir et al., 2018; Leonardi et al.,, 2020). The two arms of the
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triangular/Haversine input signify the approach (rising arm of the loading) and departure
(falling arm of the loading) of a vehicle through the particular section of the road. In the present
problem, as shown in Fig. 8 (in the revised manuscript), the quasi-dynamic load is applied
through dynamic load multipliers repeated at regular time interval (At) of 2 s. The approach of
a vehicle (denoted by the rising arm of the triangular input) takes place over a time span of 0.1
s, following by its departure (denoted by the rising arm of the triangular input) from the same
section in the next 0.1 s. Hence, the overall time duration of the passage of vehicle over a
particular section (t') is 0.2 s. Figure 9 (in the revised manuscript) depicts a typical displacement
profile observed beneath the wheel for a single passage of the vehicle. It can be noticed that
during the interval 0.2-0.4 s, the displacement follows the haversine triangular pattern in
congruence to the applied triangular load. Furthermore, interestingly, as the vehicle departs, an
elastic rebound is observed for around 1.2-1.3 s, beyond which the displacement culminates to
a residual magnitude. Hence, in the present study, the next vehicular pass is considered at a
time interval after the completion of the elastic rebound, and accordingly a conservative resting
time interval of 2 s is adopted before the application of next passage of the similar vehicle.
However, any other time interval could have been also considered depending upon the actual
traffic passage through the road section. In the present study, identical vehicle passages are
considered, and the influence of mixed mode vehicular configuration is kept out of scope from
the analyses. Although briefly discussed in previous submission, an elucidated note is provided

in the revised manuscript with due modifications and amendments.
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Fig. 8 Triangular load distribution signifying the quasi-dynamic multiplier for single vehicular passage
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Fig. 9 Variation of vertical displacement beneath the wheel for a single passage of vehicle

Comment 7: Section 5.1.1, line no. 30, figure number is missing.
Response: The missing figure number is now added (Figure 10) in the revised manuscript.

Comment 8: Section 5.2: How was the number of passes for the repetitive vehicular loading
determined?

Response: Thank you for the comment. As such, the number of vehicle passes were arbitrarily
chosen to begin with the simulations. However, the primary emphasis was given to the vertical
displacement generated due to repeated loading and its agreeability to the failure criterion of
the unreinforced or reinforced unpaved road. In this case, the failure criterion is governed by
the limiting rut depth of 75 mm to be maintained for the serviceability of the unpaved road as
given in the standard literatures (Giroud and Noiray, 1981; Holtz and Sivakugan, 1987; ASTM
E1703/E1703M-10, 2015; Sarma and Dey, 2024).

Comment 9: Kindly provide the figure of the 3D FE model of reinforced pavement.
Response: In the revised manuscript, a figure of the 3D FE model of reinforced unpaved road

is now provided (Fig. 7).

Comment 10: In the Result and Discussion section, please provide some comparisons between
your data and other published literature.

Response: Thank you for the valuable comment. In accordance to the suggestion, relevant
comparisons and discussions in light of previous published literature has been added at

appropriate locations in the ‘Results and Discussions’ section in the revised manuscript. The
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qualitative and quantitative mentions about various findings are provided; namely the strains
generated in unreinforced and reinforced unpaved sections (Hufenus et al., 2006; Ingle and
Bhosale, 2017), magnitudes of rutting for repeated loading (Perkins et al., 2012; Wu et al.,
2015; Ingle and Bhosale, 2017) and percentage improvement in surface displacements due to
the application of varying geosynthetics of different tensile modulus (Leonardi et al., 2000;
Latha et al., 2010; Nair and Latha, 2016; Singh et al., 2022).

Comment 11: Editorial corrections are required throughout the manuscript: it should be Figure
1 instead of Fig. 1 at the start of the new line (Page 5, line 23). Similar corrections need to be
made throughout. A few sentence corrections are required (e.g., page 22: lines 26-29; page 23:
lines 54-57). Check for it throughout the manuscript.

Response: Thank you for the comment. In the revised manuscript, all the editorial corrections

have been taken care of to the best of authors knowledge.

Response to Reviewer-2 Comments

Reviewer #2: | have reviewed the paper "Improvement of Long-Term Performance of
Unpaved Road constructed over marginalized Subsoil using Geotextile Reinforcement".
Overall, the paper brings an interesting idea for a research topic, even though there are many
publications related to the concept not cited in the paper. I strongly recommend the authors to
improve the literature review. There are just a few papers cited in the paper of the last four
years. It is very important trying to compare the current results to previous investigations. In
the results session, the authors must better explain why they obtained the observed behaviors
and if they agree to other investigations. There is a conceptual mistake in several figures:
deformation is different from displacement. The unit of the first is "%" and for the second is
"m" or "mm".

Response: Thank you for the comment. In the revised manuscript necessary changes in the
manuscript has been conducted. As per the suggestion of the reviewer, the authors have
significantly improved the literature review, with more publications from the recent years being
cited and their significance in the research domain being mentioned in the ‘Introduction’
section of the revised manuscript.

Furthermore, in accordance to the valuable suggestion, relevant comparisons and discussions
in light of previous published literature has been added at appropriate locations in the ‘Results

and Discussions’ section in the revised manuscript. The qualitative and quantitative mentions
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about various findings are provided; namely the strains generated in unreinforced and
reinforced unpaved sections (Hufenus et al., 2006; Ingle and Bhosale, 2017), magnitudes of
rutting for repeated loading (Perkins et al., 2012; Wu et al., 2015; Ingle and Bhosale, 2017) and
percentage improvement in surface displacements due to the application of varying
geosynthetics of different tensile modulus (Leonardi et al., 2000; Latha et al., 2010; Nair and
Latha, 2016; Singh et al., 2022).

Thanks you for highlighting the conceptual mistake in the figures related to deformation and
displacement. The corrections have been applied to the relevant figures and their associated

texts in the revised manuscript.

Comment 1: Authors need to better explain how they calculated an axis load of 360 kN. It is
36 tons. How did you get this value?

Response: Two different vehicular axle loads of high magnitudes, 360 kN and 190 kN, are
used in this study for quasi-static and repetitive vehicular loading analyses (Giroud and Noiray,
1981; Milligan et al., 1989b; MORTH, 2000). The high axle loads considered here are common
for heavy haul caterpillar dump trucks (https://www.easternplanthire.com/2020/01/10/the-

worlds-top-5-biggest-mining-dump-trucks-2020) and are specifically considered for the

present study to distinctively elucidate the robustness of the FE-based design algorithm
described in the latter sections of the manuscript. In the revised manuscript, necessary

references and relevant note is now included.

Comment 2: In Table 1, what are the values of soil friction angle and cohesion?

Response: Table 1 reports the typical material properties used in the FE models developed to
investigate the stress-deformation response of unpaved road constructed on weak or
marginalized soil subgrade and subjected to quasi-static or quasi-dynamic loading scenarios. It
is to be noted that Table 1 specifically reports the magnitudes of unit weight and stiffness
parameters that are adopted in the present study. The adopted magnitudes conform to the
reasonable range of the corresponding parameters that are encountered in the construction
materials of such unbounded roads and reported in relevant literature (Meen et al., 2013;
Yaghoubi et al., 2016). It is also to be noted that the specific strength parameters of the
marginalized subgrade (cohesion, csun, and angle of internal friction, ¢sus) are not mentioned in
Table 1. In the latter half of the manuscript, Section 5.1 and Section 5.2 utilizes different

magnitudes of the strength parameters to elucidate the influence of quasi-static and quasi-
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dynamic loading scenarios, respectively, on the response of FE model. Thus, the specific
magnitudes of the shear strength parameters are explicitly mentioned thereof and, hence, is not

mentioned in Table 1 as typical magnitudes. The caption of Table 1 is also slightly modified.

Comment 3: In the validation study, it was not explained the boundary conditions and if the
analysis was conducted in drained or undrained condition? An undrained condition can lead to
the local failure of the soft soil layer underneath the tires and this can imply higher
displacements.

Response: The experiment by Roy and Deb (2019) was conducted within a steel tank. Hence,
as per the experimental set up, in the numerical model, the bottom boundary of the soft clay
layer is fully fixed against vertical and horizontal displacements, while, along the lateral
boundaries, only horizontal fixities are provided. As per the information from experimental
investigations, the soft clay was maintained at an undrained condition, while the presence of
sand bed provided a drained condition in the overlying layer; the same is maintained in the
numerical model. The loading rate in the numerical model is maintained at 2 mm/min in

conformity to the rate of loading in the experimental investigation.

Comment 4: Insert the methodology of the item 4.2 as a table.

Response: The authors checked in the draft revision the visual aesthetics of putting the
methodology in a table format. However, none additional benefits are noticed in this way, either
in aesthetics or in saving of space in the manuscript. The visual easiness is provided by the
supplementing flowchart, which was already present in the original manuscript. Hence, the
methodology of Section 4.2 in maintained unchanged in a listed form in the revised manuscript

as well.

Comment 5: Item 5.1: A 0.77 m length tire contact as well as the value for the width (0.55 m)
are very large values. There are other researches which used lower values. Please, improve the
literature about it and better explain why these values.

Response: In the present study, a dual wheel system truck is considered as they are more
prevalent than single wheel version on unpaved roads. In a dual wheel system, it is considered
that the soil in-between the tires get mechanically associated with the wheels. As it is
understood that the mechanically associated soil or aggregate between the tires would not
undergo failure, they represent a composite or equivalent contact area that is larger than twice

the actual contact area of each tire (Giroud and Noiray, 1981; Meenaet al., 2013). Accordingly,
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considering on-highway vehicles, the width of the equivalent contact area is given as

B=./P/P. andL=B/y2; for off-highway vehicles the same is denoted as

B:JP\/E/Pc and L=B/2 (Giroud and Noiray, 1981). Accordingly, in the present study, based

on the chosen magnitudes of P and Pc, the equivalent contact dimensions are estimated as B =
0.77 m and L = 0.55 m. A note on the same is provided in the revised manuscript.

Comment 6: Figure 8 does not bring much as a result. Furthermore, there is not any discussion
about it. | suggest you remove it.

Response: The figure has been renumbered as Figure 10 in the revised manuscript. The figure
is important in depicting the state of deviatoric strains propagating in the subgrade through the
aggregate-subgrade interface, thereby indicating that the subgrade strength (for this case) is not
sufficient to bear the aggregate loading itself, thereby necessitating a ground improvement
technique. Figure 10 is important to be given for substantiating this observation, and hence, the
same is maintained in the revised manuscript as well. In Step 3 of Section 5.1.1, the figure
number was inappropriately missing in the previous submission. The same has been included

as pointed out by Reviewer 1.

Comment 7: Page 18: In the discussion of the "5.1.1 Outcomes from a typical FE-based
simulation for unreinforced unpaved road", there are some issues to be better addressed: is the
analysis considered in a drained or undrained condition? What were the drainage conditions at
the boundaries and interfaces?

Response: In the numerical analyses, analyses are considered under ‘drained’ condition. The

effect of any water table conditions is left out of scope of the present work.

Comment 8: Page 21: | do not understand why to increase the cohesion to 1.88 if the idea is
to insert the geotextile element. Would not be easier to calculate a Factor of Safety and if it is
less than one the geotextile is recommended?

Response: In case of subgrades with lesser strength than that desired, a common approach to
enhance the strength of the subgrade is by adopting some ground improvement techniques. In
general, either soil replacement or soil stabilization by admixtures. For long stretches of road,
the latter find more practical usage. In this process, mostly the cohesive characteristics of the
strength gets enhanced. Thus, in order to show the utility of such ground improvement

technique in improving the strength of the subgrade to bear the operational loading conditions,
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a minimal increase in the cohesion is highlighted for a particular case as an example (in Section
5.1.1). However, given the fact that 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. Thus, for the reinforced unpaved road analysis (as in Section 5.1.2), as an alternative
to ground improvement measures by increasing the cohesion, geosynthetics are used as planar
reinforcement to enhance the bearing capacity of the system. Hence, in Section 5.1.2, the
cohesion is not increased further and the beneficial usage of geosynthetic reinforcement is
highlighted. This is in tune with the observation made by the reviewer, and is already described
in the manuscript. However, instead of going to assessing the factor of safety (FoS), the authors
banked upon the stress-deformation and formation of slip planes to take the confirmative
decisions. FoS can also be used, but the authors deliberately avoided going into limit
equilibrium techniques that has its own shortcomings by not considering any deformation into
the analysis. To make the discussion clarified, relevant portions of this note is included in the

revised manuscript.

Comment 9: Figure 13: authors must insert x and y axis. The way the figure is being
represented, the rutting is higher than half of the embankment height.

Response: In Figures 15b and 16 (renumbered from Figures 13 and 15 in the original
manuscript), the scaling of the rutting deformation are not in conformity to the scaling of the
aggregate layer thickness (which is of much higher magnitude). The exaggerated scaling of
rutting magnitudes is provided for giving a comparative visualization from different numbers
of vehicle passes. Hence, just by providing axes labelling will not help the cause. A note is
added in this regard in the corresponding text as well as the caption of Fig. 15 in the revised

manuscript.

Comment 10: Why in Figure 14 the maximum vertical displacement is equal to 0.17 m for 10
vehicle passes and in Figure 15 this value is less than 0.10 m for the unreinforced case if the
amount of vehicle passes is the same? By the way, are not these values high for only ten vehicle

passes? Authors must compare their results to similar publications.
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Response: Figure 14 (renumbered as Figure 16 in the revised manuscript) shows the
accumulation of vertical displacement at the mid-point of the equivalent rectangular wheel load
distribution on the surface of aggregate layer (shown as Point A in Fig. 15a of the revised
manuscript as well as in the adjacent figure). However, in Figure 18 (in the revised manuscript),
the vertical displacement is depicted averaged over the section B-B (shown in Fig. 15a of the
revised manuscript as well as in the adjacent figure) connecting the edges of the wheel load.
Hence, both the values are different. The displacement at the center of the wheel is evidently
more than that observed in the edges of the wheel, and the same is intended to be shown here.
For adding clarity, the locations of the measurement are highlighted with the aid of diagrams
in the revised manuscript. Furthermore, in accordance to the valuable suggestion, relevant
comparisons and discussions in light of previous published literature has been added at
appropriate locations in the ‘Results and Discussions’ section in the revised manuscript. The
values obtained here seems to be satisfactory given that unpaved road undergoes greater rutting
in comparison to the paved road systems; magnitudes of similar order are reported in other

studies as well, and same has been mentioned at relevant places in the revised manuscript.

Comment 11: Authors must reorganize the conclusions. Some of them are not conclusions
based on the manuscript results. For example, the first conclusion is only an abstract about the
methodology.

Response: As per the suggestion, the conclusions have been reworked based on manuscript

results.
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