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Abstract. Stabilizing the base layers of flexible pavements is gaining tremen-
dous attention due to the lack of suitable construction materials. A geogrid rein-
forcement could offer a reduction of granular layer thickness or enhance the
service life of the pavement. However, there is no standard direct methodology
available for the design of a flexible pavement with a geogrid-reinforced base
layer. The current design approaches adopt the base layer coefficient ratio
(LCR) derived from the layer coefficient equation proposed by the American
Association of State Highway and Transportation Officials-(AASHTO,1993),
which was initially developed for an unreinforced base layer. Moreover, the ac-
curacy of the existing model for determining the base layer coefficient needs a
reassessment since it varies for different subgrade conditions. Hence, an attempt
was made to propose a new model which emphasizes on unreinforced and ge-
ogrid reinforced base layer coefficients for weak to moderate subgrade condi-
tions. Prior to the analysis, large-scale model pavement experiments (LSMPE)
were conducted to realize modulus improvement factor (MIF) and range of val-
ues of LCR of different geogrids, which are crucial parameters used in the de-
sign aspect. In addition, design examples, validation, and the MIF and LCR
values of geogrid-reinforced base layer were provided for obtaining the base
layer coefficients. It was noticed that the MIF and LCR value for the geogrid-
reinforced base layers range between 1.6 to 3.33, and 1.23 to 1.59, respectively.
The newly proposed equation for the base layer coefficients accounted for about
a 33% reduction in the base layer thickness compared to the unreinforced case.
Hence, a safe and economical pavement section may be obtained from the pro-
posed model.

Keywords: Subgrade, Geogrid, Modulus improvement factor, Layer coefficient
ratio, Base layer coefficients, Pavement design

1 Introduction

After the concrete industry, road construction consumes a large quantity of aggregate
material from the quarries. The global agencies and local practitioners are alarmed
about the shortage of crushed aggregate materials. Besides, stabilizing the base layers
of flexible pavements with geogrids is gaining tremendous attention due to the lack of
suitable construction materials. The usage of geogrids in the base layer is highly rec-
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ommended, primarily due to the reinforcement function, in recent years, over conven-
tional methods such as chemical stabilization. Geogrids are considered to play a vital
role in three ways, i.e., arresting the lateral movement of aggregate material, sustain-
ing higher loads, and giving adequate membrane support over induced loads. These
leading advantages due to geogrids are considered to aid in the reduction of base
course thickness substantially [1-3]. However, the benefit that comes from the geogrid
material was limited to certain conditions, especially the type of subgrade and the
resistance offered by it. For example, Hufenus et al. [4] observed that the reinforce-
ment is beneficial with subgrade possessing California bearing ratio (CBR) of less
than or equal to 6% beyond which a marginal improvement was reported. A similar
study by Christopher [S] observed minimal reinforcement effect beyond subgrade
CBR of 8%. Generally, the benefit availed due to geogrid is classified in terms of
bearing pressure improvement factor, layer coefficient ratio (LCR), and traffic benefit
ratio (7BR), mainly with significant emphasis on LCR, though it is not a direct ap-
proach to determine the influence of reinforcement. The layer coefficient ratio is de-
fined as the ratio of the reinforced base layer coefficient to the base layer coefficient
of an unreinforced base with the same material properties and thicknesses, and this
will be further discussed in detail in the subsequent sections. The traffic benefit ratio
is defined as a ratio of a number of load cycles applied on a reinforced pavement sec-
tion to an unreinforced pavement section, for a given settlement amount. However,
these approaches are being less implemented due to a lack of experimental data and
design methods [6]. Only few studies [7, 8] reported LCR values based on the analyti-
cal solution or backward analysis from field measured data. Recently, Goud et al. [9]
have demonstrated the procedure to establish the LCR values based on controlled
large-scale experimental studies. They provided a range of LCR values to be adopted
in the design of flexible pavements with geogrid reinforced base layers. The LCR
values for geogrids reported in the previous studies range between 1.2 to 2.0 [3, 9].

Typically for flexible pavement, two factors are used to incorporate the benefit of
geosynthetics into the pavement design, i.e., LCR and 7BR [6]. These benefit factors
aid in lending reduced base layer thickness and increased service life of the pavement.
The concept of LCR was introduced to enable the use of geosynthetic reinforcement
[10]. However, there is no standard direct methodology available for the design of a
flexible pavement with a geogrid-reinforced base layer, as the methodology to assess
the direct benefit in terms of base layer coefficients. The existing guidelines provided
by the American Association of State Highway and Transportation Officials [11] and
Indian Roads Congress [12] have suggested adopting an LCR based design, which
will accommodate the benefits of geosynthetics used in base layer in terms of modu-
lus improvement factor (MIF). On the other hand, mechanistic-empirical (M-E)
pavement design guidelines do not count for the inclusion of geosynthetics in base
layers [13]. Thus, still, modified AASHTO guidelines give consistent results and
follow the M-E principles but not to the full extent [13].

The current design methods [12, 14] adopt an equation to determine base layer coeffi-
cients proposed by AASHTO [11], which was developed for an unreinforced granular
base layer [15]. Since there is no direct procedure available for obtaining LCR values
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of particular geosynthetics, back-calculation procedures were followed in practice
based on MIF. The equation suggested by Giroud and Han [15] for determining LCR
based on MIF value considers the existing AASHTO base layer equation developed
for the unreinforced base layers (Eq. 1), which was initially proposed based on the
AASHO road tests in late 1956.

a, =0.249xlog, (M, )—0.977 , (AASHTO [11]) )

Where a; is the base layer coefficient, M, is the resilient modulus of unreinforced
base layer, in psi

The accuracy of the existing equation needs a reassessment since the current equation
has been adopted for varied subgrade conditions, with different CBR values. The
appropriate equation for the considered range of subgrade conditions, especially for
geogrid reinforced base layer sections, might lead to safe and economical pavement
design. Moreover, the AASHTO guideline considers the structural number-based
design; it is not always assessed whether the designed section is safe against horizon-
tal tensile strain below the asphalt layer (fatigue) and vertical compressive strains on
the top of the subgrade (rutting) [16-18].

Hence, an attempt was made to verify the existing base layer equation of the unrein-
forced section first and subsequently propose a new equation by considering the weak
to moderate subgrade conditions (CBR of 2 to 5%). Once the newly proposed base
layer coefficient equation was validated for unreinforced bases, an attempt was made
to propose a new equation to obtain the base layer coefficients for the geogrid-
reinforced section based on LCR value. Along with developed equations, design
charts were provided to get the reinforced base layer coefficient by considering the
LCR values, unreinforced resilient modulus, and traffic into account. Prior to the
analysis, large-scale model pavement experiments (LSMPE) were conducted to ascer-
tain the MIF and LCR values, which are crucial parameters used in the design and to
understand the practical range of these design parameters.

2 Materials and methods

2.1 Subgrade material

Based on preliminary examination, the required quantity of subgrade material was
sourced from the local vicinity of IIT Hyderabad. Prior to the engineering testing,
subgrade material was thoroughly pounded and dried. The essential physical and me-
chanical soil properties were determined in the laboratory. The physical and mechani-
cal properties of subgrade material are listed in Table 1. As listed in Table 1, the sub-
grade soil has a slightly higher liquid limit (LL= 48%) value; hence free-swell index
test was conducted per IS: 2720-40 [21]. The differential free swell index was found
to be minimal at 15% against moisture contact. Further, the grain size distribution
assessed by wet sieving revealed that the percentage finer passing 75 microns IS sieve
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was more than 50%. Hence, in addition to wet sieving, the hydrometer analysis was
also performed to obtain the complete grain size distribution. From the hydrometer
analysis, the percentage of silt, and clay, presented in the entire sample was of the
order of 18%, and 30%, respectively. Based on index and grain size distribution, the
soil is classified as “clayey sand” as per the [S:1498-1970 [22]. According to the Uni-
fied Soil Classification System, the subgrade soil can be classified as ‘lean clay’. The
grain size distribution plot of the soil sample is shown in Fig. 1. The subgrade soil
was further examined for optimum moisture content and dry unit weight relation in
compliance with IS:2720-7 [23]. Since the significant portion of the subgrade material
consisted of fines content, the lightweight Proctor compaction test was performed.
The characteristic compaction curve of subgrade material is shown in Fig. 2. The
subgrade soil has a maximum dry unit weight (MDU) of 19 kN/m® and an optimum
moisture content (OMC) of 14.5%.

Table 1. The laboratory determined properties of subgrade material.

Properties Value Standard
Specific gravity (Gs) 2.71 1S:2720 [19]
Liquid limit (LL), % 48 1S:2720-5 [20]
Plastic limit (PL), % 24
Plasticity index (PI), % 24
Differential free swell index, % 15 1S:2720-40 [21]
Maximum dry unit weight (MDU), kN/m? 19 1S:2720-7 [22]
Optimum moisture content (OMC), % 14.5
Soil classification SC 1S:1498 [23]
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Fig. 1. The grain size distribution of subgrade and base-cum-subbase materials.
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Fig. 2. Variation of dry unit weight with a moisture content of subgrade and aggregate
material.

2.2 Determination of targeted subgrade CBR values

As the study targeted to replicate varied subgrade conditions from soft to medium stiff
in the test tank with a typical CBR value ranging from 2 to 5%, the CBR test molds
with compacted samples were soaked (four days) prior to the testing to replicate worst
weather conditions. Based on the compaction curve, several samples were prepared
by varying the moisture content at + 2.0 % of OMC on the wet side of the curve with
applied energy of 632 kN-m/m’. The wet side was chosen to avoid further swelling
upon soaking since soil showed a minimal degree of expansiveness. Upon reaching
the soaking period, the samples were examined as per the 1S:2720-16 [24]. The load
versus penetration plots obtained based on testing multiple repetitions (at least quad-
ruple) are shown in Fig. 3. Besides the CBR values (2, 3, and 5%), the corresponding
dry unit weights and moisture contents were recorded from the specimens, which are
in the order of 16.84, 17.20, and 17.40 kN/m3; 17.93,17.60 and 17.20%, respectively.
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Fig. 3. The load versus penetration characteristic plot of CBR samples tested.

2.3 The base and subbase material

The local quarry processed aggregate material was obtained and screened to meet the
gradation requirements of the Ministry of Road Transportation and Highways
(MORTH) [25]. The gradation of aggregate material, as shown in Fig.1, was qualified
as a base (Tab. 400-13) and subbase (Grade II) application. The compaction charac-
teristic curve showing the variation of the dry unit weight with moisture content is
presented in Fig. 2. The modified compaction results tested on aggregate samples
resulted in MDD of 22.7 kN/m* at an OMC of 5.5%. Since the material composition
is the same for both base and subbase layers, the same compaction characteristics are
used for both the layers.

2.4 Geogrids

Two types of geogrids made of polypropylene (GG1) and polyester (GG2) were se-
lected for this study, as shown in Fig. 4. The geogrids, GG1 and GG2, have an ulti-
mate tensile strength of 30 x 30 kN/m and 60 x 60 kN/m, respectively in the machine
(MD) and cross-machine direction (CMD). These geogrids were further tested in the
universal testing machine for multi-rib wide width tensile tests in compliance with
ASTM D6637-15 [26]. The typical tensile strength versus strain behavior of geogrids
evaluated in MD and CMD have been presented in Figs. 5 (a) and (b). The GG1 and
GG2 geogrids had an average stiffness of about 495 x 522 kN/m and 430 x 500
kN/m, in MD and CMD at 2% of tensile strain.
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a. Polypropylene grid (GG1) b. Polyester grid (GG2)
Fig. 4. Geometry of geogrids, GG1 and GG2.
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Fig. 5. The tensile strength characteristics of geogrids tested under a wide-width multi-rib ten-
sile test.

2.5 Preparation of subgrade and granular layers inside the test tank

Before compacting the subgrade and granular layers in a test tank, calibration studies
were conducted to maintain uniformly dense layers. The required subgrade material
inside the test tank to maintain a particular CBR condition was divided into nearly
equal parts per each lift. The weighed subgrade material for each lift (layer) construc-
tion was carefully mixed with the required moisture content, which was determined in
the previous step and left to achieve equilibrium in closed airtight covers. The steps
involved in the preparation of subgrade material prior to placing it inside the test tank
can be found elsewhere [27]. Initially for obtaining a subgrade CBR of 2%, the re-
quired moist soil was placed in layers in the test tank measuring 1.5m (length), 1.5m
(width), and 1.0m (height). The required layer thickness inside the test tank for each
calculated soil mass was achieved with the help of manual tamping with a wooden
plank and labor maneuver for obtaining a subgrade CBR of 2%. Since the CBR of 2%
possesses higher moisture content, the flowability of the moist soil is much higher
when compared to the subgrade material having a CBR of 3 and 5%. Besides, sub-
grade CBR of 3 and 5%, showed a relatively stiff condition, to achieve the desired
subgrade condition, impact compactor was traced over the test tank area with 30
minutes of continuous impact at 40 to 50 Hz frequency over each layer. To further
enhance the compaction to the required degree, the manual rammer is used. The ram-
mer weighing 4.32 kgs with mechanized free fall from a certain height (47 cm) over a
bottom impact receiving plate size of 200mm x 200mm is used. The CBR values of
3% and 5% were achieved at 30 minutes of continuous impact from the compactor
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and 2 and 6 passes of manual ramming over the layer, respectively. A similar proce-
dure was followed for base and subbase layer replication to realize ideal compaction
time and passes. While in the preparation of base and subbase layers inside the test
tank, wet mix macadam (WMM) procedure was adopted. The resulting ideal compac-
tion time for each layer observed with the compactor was 30 minutes with one round
of manual ramming. The resulting compaction characteristics of each subgrade layer
was ensured by extracting small core samples. However, in the case of base and sub-
base layers, where core samples are difficult to obtain, compaction was ensured by
measuring the levels marked on the tank walls and the quantum of aggregate calculat-
ed based on the unit weight, i.e., based on weight-volume measurements.

Besides, the quality of the constructed subgrade and granular layers were assessed
with the measured deformation modulus values using a lightweight deflectometer
(LWD). The LWD equipment with bottom impact receiving plate size of 300 mm, a
falling mass of 10 kgs with the height, approximately 72 cm is used. The average
measured deformation modulus values were reported to be 6.63 MN/m?, 15.5 MN/m?,
and 16.40 MN/m? for subgrade CBR of 2 %, 3 %, and 5%. Besides, the corresponding
base and subbase measured deformation values across the height were obtained as 33
MN/m?, 35 MN/m?, and 39 MN/m?. These measured values were further rechecked
against repetitive testbeds with the same configuration to validate the obtained range
of values. Any layer which is giving more than 2% error was removed and recon-
structed for achieving the appropriate compaction level. It is to be noted that the prep-
aration of testbeds, which can be replicated multiple times, is a difficult task, and of
course, the key to the accurate data.

3 Experimental Program

It was essential to conduct static plate load tests to arrive at different benefit quantifi-
ers such as MIF and LCR. These large-scale model pavement tests were conducted in
a test tank, measuring an internal dimension of 1.5m (length) x 1.5m (width) x 1.0m
(height). Initially, the pavement layers which are needed to be built inside the test
tank were first designed following IRC37 [28] for the traffic of two msa (million
standard axles) corresponding to a given subgrade condition (CBR from 2 % to 5 %)
as shown in Fig. 6. Experiments were conducted in three stages. The first stage of
experiments was conducted to determine the elastic modulus of subgrade alone (£>)
with a complete test tank filled with subgrade material. About six tests were conduct-
ed and averaged for each case of subgrade conditions with CBR of 2 %, 3 %, and 5
%. The procedure for obtaining the resulting values of elastic modulus (£2) of the
subgrade is explained in the next section. The second stage of experiments was con-
ducted to determine the appropriate reinforcement position in the base layer, which is
to arrive at an optimum depth of geogrid placement for the highest performance. In
the third stage, tests were conducted by placing the geogrid at an optimum depth to
quantify the reinforcement benefits. About four numbers of tests (stage 2) were per-
formed on the unbound pavement with underlain subgrade CBR of 3 % to arrive at an
optimum placement depth of geogrid within the base layer. The rest of the tests (nine
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tests) were assessed for bringing the benefit quantifiers of GG1, and GG2 reinforced
base layers over subgrade CBR of 2 %, 3 %, and 5 % (stage 3). Firstly, a rigid circular
steel plate of size 300 mm diameter and 25 mm thickness was placed concentrically
on the compacted pavement layers to apply the appropriate load over the prepared test
section. Over the circular plate, a ball bearing arrangement was used to preclude the
eccentric application of the load. The loading was applied on the prepared testbed
using a sophisticated double-acting linear dynamic actuator (100 kN capacity). The
hydraulic actuator is connected to a 3.5 m high and 200 kN capacity reaction frame.
The complete test setup with the prepared unbound pavement section is shown in Fig.
7. Finally, a displacement rate of 0.5mm/min was applied on the testbed to measure
the load response using a multipurpose testware graphic interface. Further data was
analyzed for benefit quantifiers.

Static load application
Circular footing dia. (300mm)
Geognd placement at u=H1/3

—Lavyer 1
Subgrade=400mm 3 |— Layer 2,
{a) Subgrade CBR 2%
T A A A A A AR A AN A AN
Base=225 H Base=225mm Hi
AAAAAAXAAAAX AN
AAAAAAAAX AN AN A
H Subbase=215mm H>

(b) Subgrade CBR 3% (c) Subgrade CBR 3%

Fig. 6. Selected pavement layer thickness in accordance with IRC guidelines for different
subgrade conditions.
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Experimental key components

1. Test frame (20 Ton capacity)

2. Actuator

3. Hose pipes

4.Test control and monitor

5. Load cell (100 kN)

6. Plunger

7. Rigid circular plate (Dia.300mm)
8. Prepared test section

9. Test chamber (1.5mx1.5mx1.0m)
10. Actuator shifting control unit

Fig. 7. Large-scale model pavement test setup.

4 Results and Discussion

4.1 Placement depth of reinforcement in the base layers

As mentioned in the earlier section, the optimum depth of geogrid for better perfor-
mance was determined on a subgrade CBR of 3%. The three possible depths (u = Hj,
Hi/2, and Hi/3, where “u” represents the geogrid depth from the top of the base layer)
were examined to assess the optimum depth of geogrid in the base layer. The load-
response was quantified in terms of the improvement factor. Improvement factor can
be defined as the ratio of bearing pressure sustained by GG1 to the bearing pressure
sustained by the unreinforced section within the elastic region. Fig. 8 presents the
improvement factors obtained over different examined depths. It is evident that the
reinforcement placed at one-third depth of the base layer from its top surface has re-
sulted in the highest improvement factor of 1.44, and the least values are observed as
1.13 when the geogrid is placed at the interface of base and subbase layers. It is evi-
dent that when the geogrids are situated close to the loading region would increase the
load-carrying capacity due to mobilization of membrane support from the geogrid
[29, 30]. However, the attributed benefit was reduced with an increase in the place-
ment depth. Moreover, as the depth increased, the effect of reinforcement was felt at
considerably higher settlements. Therefore, further tests were carried to obtain the
benefit quantifiers by placing the geogrid at the optimum depth of Hi/3.
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Fig. 8. Optimum reinforcement depth trails conducted within the base layer.

4.2 Modulus improvement factors (MIF)

The term modulus improvement factor (MIF), which is defined as the ratio of the
elastic modulus of the reinforced base layer to the elastic modulus of the unreinforced
base layer, was used to quantify the base reinforcement effect. The following expres-
sion was used to obtain MIF.

MIF = EL:?—‘ 2)

beu u

Where Es is the elastic modulus of a reinforced base course (MPa) and Ep, is the
elastic modulus of the unreinforced base course (MPa).

Since the base and subbase layers are constructed with the same materials with the
same gradation, these two layers are considered as a single layer in the analysis. Now,
the entire pavement, with base, subbase and, subgrade layers, has become a two-layer
elastic system. It is essential to obtain the individual layer elastic modulus of rein-
forced and unreinforced base layers to quantify MIF benefit.

Before the determination of the elastic modulus of layer 1 (E,), it is important to ob-
tain an elastic modulus of subgrade (E>). Hence, for obtaining the elastic modulus of
subgrade (E»), the following general elastic theory expression was used.

2
Subgrade elastic modulus (E,), (MPa) = % 3)

.
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Where ¢ is bearing pressure obtained from the static plate load tests at prescribed
settlements, while 7/ is the influence factor, taken as (1/4), S. is the elastic settlement,
and the D is the diameter of the plate. The Poisson’s ratio () of soft clay was taken as
0.4. The substitution of appropriate values into the above equation resulted in an elas-
tic modulus of the subgrade with a CBR of 2% as 4.7 MPa. Similarly, the subgrade
with CBR of 3 and 5% resulted in about 5.4 and 8.9 MPa, respectively.

Further, to obtain the elastic modulus of layer 1, the two-layer elastic approach pro-
posed by Ueshita and Meyerhof [31] was used. Based on the modular ratio of equiva-
lent modulus of pavement (E.,) to the elastic modulus of subgrade (£), H/a, (where
H is the total height of base and subbase, a is the radius of the circular plate) ratio, the
elastic modulus of layer one was obtained for reinforced and unreinforced sections.
With the known parameters, further MIF values were obtained for the reinforced sec-
tions for different subgrade conditions. Table 2 presents the MIF values of GG1 and
GG2 reinforced base layers overlying subgrades with varying values of CBR. It can
be seen that the MIF is as high as 3.3 when the GG2 reinforced base layer was placed
over a subgrade with a CBR of 2%. The lowest MIF was found to be 1.6 for GG1
when the subgrade condition is relatively stiff (CBR = 5%). The improved modulus
was observed to be higher for a combination of low subgrade condition (CBR 2%)
and higher tensile strength of geogrid, and, as the subgrade condition changes to a
relatively stiffer nature (CBR 5%), the MIF values reduced. In other words, for a giv-
en subgrade condition, the MIF was found higher if the tensile strength of the geogrid
was higher. The improvement in MIF might be due to the reinforcement effect of the
geogrid as the resistance to the deformation offered by the subgrade is lower. On the
other hand, the lower MIF' values might have resulted due to the stiff nature of the
subgrade, which might not have offered better resistance to deformation.

Table 2. The modulus improvement factors (MIF) of geogrid (GG1 and GG2) reinforced bases.

Geogrid Subgrade condition MIF
GGl CBR 2% 2.40
GGl CBR 3% 1.88
GGl CBR 5% 1.60
GG2 CBR 2% 3.33
GG2 CBR 3% 2.25
GG2 CBR 5% 2.00

4.3 Layer coefficient ratios (LCR)

Generally, LCRs are back-calculated based on experimentally evaluated MIF values.
The LCR equation (Eq. 4) suggested by Giroud and Han [15], which is modified
based on the AASHTO [11] base layer coefficient equation (Eq. 1), is used to obtain
the LCR through MIF. The AASHTO [11] equation gives the base layer coefficient
corresponding to a base layer resilient modulus. The regression model was proposed
based on the field data observed from the American Association of State Highway
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Officials (AASHO) road tests conducted in the late 1950s. Hence, the applicability of
the model for a wide range of subgrade conditions is questionable, and warrants for a
design verification before it is adopted for the reinforced base layers, generally select-
ed for weak subgrade conditions (CBR between 2% to 5%).

0.249 x log,,(MIF x M, )-0.977
LCR = 0.0069 (4)

M
0.249x I, ny_0.977
g‘”(o.oow)

Where M,, is the resilient modulus of the unreinforced base layer in MPa.

The following section emphasizes on formulation and determination of unreinforced
and reinforced base layer coefficients.

4.4 Determination of new base layer coefficients

A three-layer elastic system was considered for the determination of the base layer
coefficient of unreinforced and geogrid-reinforced pavement sections. As discussed in
the earlier section, the structural number based AASHTO [11] design, along with
damage analysis, was carried out. The structural number represents the total pavement
thickness, and damage analysis ensures the selected pavement safety against fatigue
(horizontal tensile strains below the asphalt layer) and rutting (vertical compressive
strain on top of subgrade layer) strains. The following Eq. 5 gives the expression for
computing the structural number.

Sy = (axdy) +(ay }dy Xmy) (%)

asphal laver

Where, Sy is the required structural number, a; and a; are layer coefficients of asphalt
and base layers, d; and d, are asphalt and base layer thicknesses, and m; is the drain-
age coefficient of the base layer.

In the present study, the analysis was conducted for the traffic as 2, 5, 10, 20, 30, 40,
50, 100, and 150 msa and subgrade conditions with CBR 2, 3, 4, and 5%. Initially
required structural number, Sy was calculated using the AASHTO Nomograph (Wis,
anticipated cumulative 18-kip equivalent standard axles (ESAL)) equation for a se-
lected subgrade resilient modulus. The parameters, reliability of 90%, standard nor-
mal deviate (Zz) of -1.282, overall standard deviation (S,) of 0.49, allowable loss
(4PSI) of serviceability as 2.2, and underlying subgrade resilient modulus (M) of
3046, 4496, 6091 and 7542 psi corresponding to CBR of 2, 3, 4, and 5%, respectively
were used to compute the required structural number based on a trial and error meth-
od. All the calculated structural numbers for various traffic and subgrade conditions
were stored.

For an asphalt layer, a; was obtained from AASHTO guidelines as a; = 0.43 for as-
phalt layer resilient modulus of 3000 MPa. The asphalt layer thickness d; was ranged
from 75 to 110 mm, and these thicknesses were within the range specified by
AASHTO guidelines. The minimum asphalt thickness (75 mm) was assigned to lower
traffic (2 msa), and higher thickness (110 mm) was assigned for higher traffic (150
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msa). The drainage coefficient (m.) of the base layer was taken as 1.0. Similarly, a
practical range of resilient modulus of a virgin aggregate (200 MPa to 350 MPa) col-
lected across the world by Peddinti e al. [32] was adopted for the current study. To
compute the base layer thickness with all other known parameters, the KENPAVE
pavement analysis program was used.

To arrive at an appropriate base layer thickness (d2) based on the traffic, subgrade
type, and material data input; thickness satisfying the horizontal tensile strains (fa-
tigue, ;) below the asphalt layer and vertical compression strain (rutting, &,) on the
top of subgrade was considered. The critical strain equations adopted by IRC:37 [18]
based on the Asphalt Institute manual were used for 90% reliability to compute limit-
ing fatigue strains. Besides, Poisson’s ratio of asphalt, base, and subgrade was in-
putted as 0.35, 0.35, and 0.4, respectively. All the layers were considered as interface
bonded. The trail base layer thicknesses satisfying the limiting strains were stored.
Now, with all known data, the base layer coefficient of an unreinforced base layer can
be computed by rearranging Eq. 5, as shown in Eq. 6.

_ Sy = (4 Xd) gt tayer (6)

T T k)

The flow chart showing procedural steps followed for obtaining the base layer coeffi-
cients is shown in Fig. 9. Further, regression analysis was performed to get the base
layer coefficient of the unreinforced section as a function of resilient modulus. Fig. 10
shows the variation of the unreinforced base layer coefficient with the resilient modu-
lus of the base course material. A newly proposed model for obtaining the base layer
coefficient of an unreinforced section is shown in Eq. 7.

a,, =0.224xlog, (M,,)-0365, R =0.99, CBR 2 — 5% (7

Where a2, is the unreinforced base layer coefficient, M,, is the resilient modulus of the
unreinforced base layer in MPa

The above equation has shown an excellent correlation with a coefficient of determi-
nation as 0.99. Further, for reinforced sections, a similar procedure was followed by
keeping all the parameters constant except the input value of the resilient modulus,
which attributes due to the reinforcement effect. To quantify the reinforcement effect,
LCR was taken into consideration where the benefit was observed in terms of im-
proved resilient modulus. Initially, the reinforced base layer coefficient was computed
by multiplying the LCR to the unreinforced base layer coefficient, as shown in Eq. 8.
In the present study, LCR was varied from 1.2 to 1.7.

The improved «, = LCRxa, ~ (IRC: SP59:[12]) ®)

The obtained a- was substituted into the Eq. 7 to obtain the improved resilient modu-
lus, and this typical procedure explained in detail in IRC: SP59: [12]. For all selected
range of LCR values, the improved modulus values were inputted into the KENPAVE
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for obtaining reduced thicknesses of the base layer, which satisfy the critical strains.
Further, the reinforced base layer coefficient was computed by using Eq. 9:

_ Sy —(a, % dl)awhuh layer (9)

(dlr x m: )base

a.

2r

Where a,, is the reinforced base layer coefficient, and d> is the reduced base layer
thickness

Regression analysis was carried out to obtain the reinforced base layer coefficient as a
function of known unreinforced resilient modulus and LCR values. The proposed
equation with a very high coefficient of determination (R*> = 1.0) to obtain the base
layer coefficient of the geogrid reinforced section for a given subgrade with CBR
between 2% and 5% (Eq. 10).

a,, =0.0142x[log,, (M, )*** x(LCR)*** (10)

The newly developed single equation (Eq. 10) for a select range of subgrade condi-
tions showed a very good correlation for the chosen range of values with a high coef-
ficient of determination (R? = 1.0). The equation directly provides the reinforced base
layer coefficient if the resilient modulus of unreinforced bed and the LCR values are
known, to calculate the base layer thickness. However, to obtain the az,. either Eq. 8
or Eq. 10 may be used. Figure 11 presents the variation of geogrid reinforced base
layer coefficients with the practical range of base layer resilient modulus for LCR
values of 1.2, 1.3, and 1.5. The reinforced base layer coefficient can be directly read
from the Fig. 11. It is crucial to validate the newly developed equations for unrein-
forced and reinforced base layer coefficients before adopting them in the design of
flexible pavements with geogrid reinforced bases.
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Fig. 9. Flow chart showing the base layer coefficient computation.
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4.5 Model validation

To validate the models proposed for both unreinforced and geogrid reinforced base
layers, an example is considered to analyze a pavement section designed based on the
AASHTO [14] method considering the LCR evaluated from both the approaches. A
subgrade condition of CBR 2% with design traffic of 50 msa was considered for the
design. Table 3 shows the design example validation for unreinforced and geogrid
reinforced pavements. The selected design parameters, such as traffic, subgrade con-
dition, required structural number, etc. are listed in Table 3. From Table 3, it can be
seen that both the design methods obtained layer thicknesses do not show failure in
terms of critical strains. However, considerable differences were observed in the case
of the unreinforced section. The AASHTO equation yielded a base layer thickness of
about 818 mm. Whereas for the newly proposed equation yielded a base layer of
thickness 767 mm. It is noteworthy to consider that the AASHTO method suggests a
conservative thickness of the base layer. The present model ensured the safety of the
pavement against fatigue and rutting failure modes along with the structural number
approach.

In the case of the geogrid reinforced section, a MIF value of 2.5 was considered so as
to obtain the LCR values of 1.47 and 1.56 from the present study and from Giroud and
Han [15], respectively. These values are presented in Table 3. It is evident that LCR
equal to 1.56 resulted in a reduced thickness of the unreinforced base layer from 818
to 524 mm. Whereas from the present study (LCR =1.47), the thickness was reduced
from 767 to 521 mm. Both the methods satisfied the critical fatigue and rutting strains
with the proposed design thicknesses. Due to the marginal difference in the LCR val-
ues from both the methods, the resulting thicknesses are found to be nearly the same.
However, in the absence of the LCR values from the manufacturer or large-scale test-
ing, as per the IRC SP59 [16], the designer is supposed to adopt an LCR of 1.2 for
geogrids. In such a case, the Giroud and Han [15] method gives a conservative base
layer thickness which is about 8% to 10% higher than the value given by the proposed
model (Table 3).

The present model resulted in about a 33% reduction in the base layer thickness when
compared to the unreinforced section. The significant advantage of the present study
is that the designer can directly obtain the geogrid reinforced base layer coefficient
from the proposed model without further evaluation of critical strains since base layer
thicknesses were already assessed for the critical strains.
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Table 3. Design example and validation for geogrid-reinforced pavement sections with the
proposed new a2, and az-equation.

S.No Pavement particulars AASHTO Present
[11] Study

1 Subgrade CBR CBR 2 % CBR 2 %

2 Million standard axles 50 msa 50 msa

3 Asphalt layer
Resilient modulus, M,,, MPa 3000 3000
Thickness, d;, mm 110 110
Layer coefficient (a;) 0.43 0.43

4 Unreinforced Base-layer
Resilient modulus, M,,,, MPa 300 300
Drainage coefficient (m.) 1.0 1.0
Layer coefficient (a2.) 0.1780(Eq.1) 0.1898(Eq.7)
*Thickness, d2, mm 818 767

5 Sy (required) 7.594 7.594
Sna (actual) 7.594 7.594
Sna (actual) > Sy (required) Safe Safe

6 Fatigue strain, ¢ (Limiting = 0.00017813) -0.00020998  -0.0002100
Rutting strain, ¢, (Limiting = 0.00037169) 0.00021580 0.0002394

Reinforced Base-layer

7 Drainage coefficient (m.) 1.0 1.0
Modulus improvement factor (MIF) 2.5 2.5
Layer coefficient ratio (LCR) 1.56 (Eq.4) 147 (Eq.11)
Layer coefficient (a2, 0.2777 0.279(Eq.10)
*Thickness, d2,, mm 524 521

8 Sna (actual) 7.594 7.594
Sna (actual) > Sy (required) Safe Safe

9 Fatigue strain, ¢;(Limiting = 0.00017813) -0.00010520  -0.0001057
Rutting strain, &, (Limiting = 0.00037169) 0.00024550  0.00024770

Reinforced Base-layer (LCR=1.2)

10 Improved resilient modulus, M,,, MPa 417 443
Drainage coefficient (m;) 1.0 1.0
Layer coefficient (az,) 0.2136 0.2297
*Thickness, d2,, mm 682 634

11 Sna (actual) 7.597 7.595
Sna (actual) > Sy (required) Safe Safe

12 Fatigue strain, ¢;(Limiting = 0.00017813) -0.00016930 -0.00016050
Rutting strain, ¢, (Limiting = 0.00037169) 0.00023530  0.00025150

*Note: The thickness shown is a combined thickness of base and subbase layers. The individual

thickness of base layer may be considered about 40% of the thickness shown.
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5 Conclusions

An attempt has been made in the present study to propose a new set of equations for
calculating the base layer coefficients for both unreinforced and geogrid-reinforced
base layers through a regression analysis conducted on a three-layer elastic system.
Besides, a series of large-scale model pavement experiments (LSMPE) were conduct-
ed to determine the range of MIF and LCR values for different geogrids and subgrade
conditions, and these experimental ranges were considered appropriate in the design
aspects. The following important conclusions can be drawn from the present study.

1. The MIF value for the geogrid-reinforced base layers was found to range be-
tween 1.6 to 3.33 for GG1 and GG2 geogrids over the subgrade CBR of 2 to
5%.

2. Higher MIF values are noticed when the higher tensile strength of geogrid is
adopted in base layer over a weak subgrade condition (CBR = 2%)).

3. The computed LCR values of existing (proposed by Giroud and Han, [15])
and newly proposed equations ranged between 1.27 to 1.7 and 1.23 to 1.59,
respectively. The existing method slightly overestimated the LCR values by
adopting the AASHTO based base layer coefficients.

4. Further, to compute the base layer coefficient of unreinforced and geogrid-
reinforced base sections, the following simplified new expressions are pro-
posed for soft subgrade conditions with CBR varied between 2% to 5%.

5. @, =0224xlog,,(M,,)—0.365

a,, =0.0142x[log, (M, )" x(LCR)"*

7. A design section was validated by computing the structural numbers as well
as the critical strains (fatigue and rutting). The existing design methods sug-
gest a conservative unreinforced base layer thickness.

8. Charts are provided for direct selection of base layer coefficients for geogrid
reinforced base layers.

9. Itis recommended to use LCR values up to 1.5 for the design purposes in the
case of stiffer subgrade condition (CBR 5%) and an unreinforced resilient
modulus up to 350 MPa.
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Notations
a Radius of the circular loading plate
aj, a;  Layer coefficients of asphalt and base layers
azr Base layer coefficient of reinforced section
Az Base layer coefficient of unreinforced section
d;, d;  Asphalt and base layer thicknesses
dor Reduced base layer thickness
D Diameter of the circular plate
E, Elastic modulus of layer 1 (base and subbase together)
E> Elastic modulus of layer 2 (subgrade)

Eber, E1- Elastic modulus of reinforced base course
Epeu, E1, Elastic modulus of unreinforced base course

Eeq Equivalent elastic modulus
Se Elastic settlement of plate
& Horizontal tensile strains below the asphalt layer (fatigue strains)
& Vertical compressive strains on the top of subgrade (rutting strains)
1 Influence factor
Poisson’s ratio
H Total height of base and subbase
H, Layer thickness of the base
H, Layer thickness of subbase
H; Layer thickness of subgrade
m; Drainage coefficient of the base layer
M, Resilient modulus of an asphalt layer
M, Improved resilient modulus
M Subgrade resilient modulus
M,y Unreinforced resilient modulus of the base layer
q Bearing pressure
Sn Required structural number
Sha Actual structural number
So Opverall standard deviation
Zr Standard normal deviate

APSI  Allowable loss of serviceability
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