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Abstract
The full-scale field performance of geocell reinforced-fly ash as a subbase layer was evaluated by constructing three test 
sections in the widening part of the Sahol-Kim state highway (Surat, India). The in-situ modulus of the pavement layers was 
measured during construction by a light weight deflectometer (LWD) and post-construction by a falling weight deflectom-
eter (FWD). During construction, a positive effect of geocell reinforced-fly ash was observed on composite in-situ modulus 
and quantified in terms of composite modulus improvement factor (CMIF). The CMIF value for the 100-mm high geocell 
reinforced-fly ash section was 1.19, and for the 150-mm high geocell reinforced-fly ash section was 1.39 against the granu-
lar control section. After construction, a positive effect of geocell reinforced-fly ash was observed on the average elastic 
modulus of the subbase layer and quantified in terms of modular ratio (MR). The MR values vary between 1.16 and 1.22 
for a 100-mm high geocell reinforced-fly ash layer. The highest MR value of 1.30 was obtained by a 150-mm high geocell 
reinforced-fly ash layer. Furthermore, finite element analysis was carried out to determine service life ratio (SLR) against 
fatigue and rutting failure. The SLR value for geocell reinforced-fly ash sections against the granular control section was 
more than one for rutting and fatigue failure, confirming the suitability of geocell reinforced-fly ash in the subbase layer.

Keywords Fly ash · Geocell · Light weight deflectometer · Falling weight deflectometer · Composite modulus improvement 
factor · Modular ratio · Service life ratio

Introduction

Due to rapid socio-economic development, the construc-
tion of the road network has gained momentum in India. 
Construction of pavement, its maintenance, and a massive 
amount of construction material has required for widening 
purposes. Consequently, there is a scarcity of suitably graded 
conventional materials for pavement construction. The cost 
of extracting good-quality natural material is increasing. 
On the other hand, India generates more than 200 million 
tonnes of fly ash yearly [1]. It creates a substantial solid 
waste disposal problem and threatens the environment. The 
use of fly ash in bulk quantity in the pavement can resolve 
the issue of (i) waste disposal and (ii) scarcity of suitable 

graded conventional material. The soaked California Bear-
ing Ratio (CBR) values of fly ash vary from 9 to 12%. How-
ever, the minimum requirement of soaked CBR is 30% for 
subbase material as per the Indian Road Congress (IRC) [2]. 
Therefore, fly ash needs either stabilization or reinforcement 
before it can be utilized as a subbase layer.

Geocell reinforcement improves infill material strength 
by providing three-dimensional confinement and reduction 
in lateral spreading [3]. Like a slab action, a high bending 
stiffness value of the composite geocell mattress reduces 
induced stresses over subgrade [4]. The Geocell wall gives 
confinement to infill material and results in apparent cohe-
sion to infill material [5]. The performance of geocell rein-
forcement was affected by the type of infill material. For 
example, load-carrying capacity increased by 13, 11, and 10 
times for the aggregate, sand, and red soil infills compared 
to unreinforced soil bed [6]. Geocells improved the modulus 
of local marginal quality or recycled infill materials by an 
average of 2.75 times or more [7]. In another study [8], geo-
cell reinforced fly ash was found to have seven times more 
load-carrying capacity than unreinforced fly ash beds. In yet 
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another study, geocell reinforced fly ash bed exhibited less 
permanent deformations than unreinforced fly ash against 
static loading, showing two to three times improvement in 
the modulus [9]. Edil et al. (2006) [10] found substantial 
improvement in geocell-reinforced silty clay’s resilient 
modulus but a slight improvement in geocell-reinforced 
gravel and sand through repeated load tests. In a field study, 
a geocell reinforced sand bed was found to have a higher 
rutting resistance under accelerated pavement testing (APT) 
facility compared to an unreinforced sand bed [11]. Al-qadi 
and Hughes [12] performed a falling weight deflectometer 
(FWD) test on geocell reinforced pavements and reported 
that the resilient modulus of 100-mm-high geocell rein-
forced aggregate was approximately two times compared to 
unreinforced aggregate.

Quality control by measuring the in-situ modulus of the 
granular layer has been successfully achieved by LWD test-
ing [13, 14]. In a field study by Deshmukh et al. [15], the 
effect of geosynthetic reinforcements and their properties 
on the field modulus of the unpaved road was successfully 
evaluated using LWD.

Although several laboratory and field studies have been 
reported regarding the benefits of geocell reinforcement, 
studies where fly ash is used as fill material in the geocells, 

are lacking which gave impetus to evaluate the field perfor-
mance of the geocell reinforced-fly ash layer used as sub-
base layer of flexible pavement. Three test sections were 
constructed (refer Table 1), and their in-situ performance 
was evaluated using light weight deflectometer (LWD) 
and falling weight deflectometer (FWD) testing during 
and after construction, respectively. The two geocell of 
different heights (i.e., 100 and 150 mm) were used in the 
test sections to assess the effect of geocell height on an 
in-situ modulus.

Field Study

Three test sections have been constructed in the widening 
part of the Sahol-Kim state highway in the Surat region of 
Gujarat, India. Two of these sections were built using geo-
cell reinforcement with fly ash in the subbase layer, and one 
section was a conventional section with granular material 
for comparison. A cross-section with geocell reinforced-fly 
ash as a subbase layer is shown in Fig. 1a and a cross-section 
of the conventional unreinforced test section is shown in 
Fig. 1b.

Table 1  Details of test sections

GCE Geocell, FA Fly ash, CS Control section, GSB Granular subbase

Section number Geosynthetic used Subbase type Geosynthetic location Nomenclature of section Total 
length 
(m)

S-1 Geocell 100 mm height Fly ash Bottom of subbase layer GCE-100-FA-S 50
S-2 Geocell 150 mm height Fly ash Bottom of subbase layer GCE-150-FA-S 50
S-3 Control section GSB – CS 45

Fig. 1  A typical cross-section of the a geocell reinforced-fly ash test section and b unreinforced granular control test section
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Materials

Extensive laboratory tests were done on the subgrade soil, 
granular base, subbase, and fly ash. The results of the test-
ing are illustrated in the following section.

Subgrade Soil

Subgrade soil samples were collected from the test loca-
tions and tested for liquid limit (varied from 25.4 to 
27.3%), plastic limit (varied from 5.02 to 6.53%), and plas-
ticity index (varied from 19.51 to 21.98%). The subgrade 
soil had 40–45% clay, 30–35% silt, and 25–30% sand. The 
subgrade soil was categorized as low compressible clay 
as per the American Society for Testing and Materials 
(ASTM) D248-17 [16].

Granular Base and Sub Base

The Wet Mix Macadam (WMM) was used as the base 
layer in all the three-test section (S-1 to S-3), and the 
Granular Subbase (GSB) was used as the subbase layer 
only in the section S-3. Ministry of Road Transport and 
Highway (MoRTH) [17] specification was used to select 
WMM and GSB material grading. In the case of section 
S-3, the total 400-mm subbase layer contains two different 
grades of GSB, the bottom 200 mm was GSB-V, and the 
top 200 mm was GSB-I (Fig. 1b). The maximum dry unit 
weight values were 18.82, 19.80, and 22.26 kN/m3, and 
optimum moisture content (OMC) values were 5%, 3%, 
and 5.93% for GSB-V, GSB-I, and WMM, respectively. 
The Dmax (maximum particle size) was 74, 70, and 50 mm, 
and D50 (particle size corresponding to 50% finer in the 
particle size distribution) was 15, 14, and 12 mm for GSB-
V, GSB-I, and WMM.

Fly Ash

In two sections (S-1 and S-2), fly ash was used as an infill 
material in geocell as a subbase layer. The optimum mois-
ture content (OMC) and maximum dry density (MDD) of fly 
ash were found to be 21.66% and 13.33 kN/m3, respectively, 
as per Indian Standard (IS) 2720 (Part 7) [18]. Unconfined 
compressive strength of fly ash on the 7th and 28th day of cur-
ing was determined to find unconsolidated- undrained shear 
strength. Unconfined compressive strength of fly ash on the 7th 
and the 28th day was 0.69 MPa, and 0.85 MPa, respectively, 
and corresponding unconsolidated- undrained shear strength 
was 0.34 MPa and 0.42 MPa. The soaked CBR value for fly 

ash was 11.4% as per IS 2720 (Part 16) [19]. The fly ash was 
‘Class F’ type as per ASTM C618-17 [20].

Geocell

All the geocell’s mechanical, physical, and chemical proper-
ties are listed in Table 2. Geocell materials were provided free 
of cost by Maccaferri (India), along with the test results of 
geocell. Geocell in all the sections was selected as per the 
guidelines and requirements suggested by MORTH [17] sec-
tion number 700.

Methodology

A total of three test sections were built to study the field per-
formance of geocell reinforced-fly ash in the subbase layer 
(Table 1). In-situ LWD testing was conducted during con-
struction over the base layer to determine the effect of ‘geocell 
reinforced-fly ash’ and ‘height of geocell’ on composite in-situ 
modulus (Fig. 2c). Test sections were completed in June 2019, 
then immediately, the Sahol-Kim state highway with its newly 
constructed widening lane was open for traffic. After that, the 
test sections’ built-in widening lane was undergone for FWD 
testing in August 2019 and February 2021 (Fig. 2d).

The terminologies used for test sections are self-explana-
tory and are given in Table 1. For example, GCE-100-FA-S 
indicates a section consist a 100-mm-high geocell with fly ash 
and geocell placed at the bottom of the subbase layer.

During construction, the performance of the geocell rein-
forced-fly ash test section was evaluated in terms of composite 
modulus improvement factor (CMIF) and determined using 
Eq. (1),

where, ELWD(2) = Composite in-situ modulus (in MPa) from 
LWD test for geocell reinforced-fly ash sections (S-1, S-2), 
ELWD(1) = Composite in-situ modulus (in MPa) from LWD 

(1)CMIF =
ELWD(2)

ELWD(1)

Table 2  Properties of the geocell given by the manufacturer

Properties Unit Specified value Average value

Polymer density kg/m3 935–965 959
Carbon black content % Min. 2.00 2.24
Nominal sheet thick-

ness (post texturing)
mm Min. 1.50 1.52

Weld spacing mm 356 356
Cell height mm 100 and 150 100 and 150
Expanded cell area mm3 289,000 290,000
Seam peel strength kN 2.13 4.34
Tensile strength kN/m Min. 16 21.67
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test for conventional control section (S-3). The performance 
of geocell reinforced-fly ash sections (S-1, S-2) was checked 
against the conventional control section (S-3). LWD test was 
performed on the top of the 250 mm base layer (WMM) 
and hence recorded reading was composite in-situ modulus 
(ELWD) of subgrade, subbase, and base layer.

After construction, the performance of the geocell rein-
forced-fly ash test section was evaluated in terms of modular 
ratio (MR) and calculated using Eq. (2),

The average modulus of the geocell reinforced-fly ash layer 
and the average modulus of the granular subbase layer was 
measured using FWD testing.

Geocell Reinforced‑Fly Ash and Conventional 
Control Test Sections

The use of large amounts of fly ash in the pavement can 
address two challenges at once: waste disposal and the pro-
tection of a natural resource, namely aggregates [21]. Sec-
tion S-1 and S-2 were constructed with a 400 mm fly ash 
layer in the subbase layer reinforced with 100 and 150 mm 
high geocell, respectively, placed at the bottom of the fly ash 
layer (Table 1; Fig. 1a). The base layer was 250-mm WMM, 
and the top surface layer was 140-mm dense bituminous 
macadam (DBM) and 40 mm bituminous concrete (BC).

(2)

MR =
Average modulus of geocell reinforced − fly ash layer

Average modulus of granular subbase layer

The test section S-3 was constructed with conventional 
pavement materials, i.e., 400  mm GSB and 250  mm 
WMM, to compare the geocell reinforced-fly ash test sec-
tions (Table 1; Fig. 1b). The top surface layer was built 
with 140-mm dense bituminous macadam (DBM) and 
40-mm bituminous concrete (BC).

Construction and Field Testing

The test sections were designed for traffic intensity of 30 
million standard axles (MSA) and subgrade CBR of 3% 
as per IRC-37: 2012 [22]. The top width of the widening 
part (test section) was 4.90 m, and the bottom width was 
5.05 m.

Installation of Geocell

Each geocell layer was 6.5 m in length and 2.59 m in width. 
The stretching of the geocell was done with anchoring at the 
corner and at regular intervals along the length. The con-
nection with the next geocell layer was made using binding 
steel wire. An installed geocell layer in the subbase layer 
is shown in Fig. 2a and b. Extra care was taken during the 
filling of the geocell pocket to avoid damage to the geocell 
walls. Rolling was allowed only after infilling and placing a 
minimum 150-mm fly ash layer over the geocell.

Fig. 2  a Installation of geocell, b filling of geocell, c LWD testing over the base layer, and d FWD testing over bituminous layer
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Quality Control and Field Testing

During the construction of test sections, quality control over 
a specified degree of compaction was achieved by the sand 
replacement method as per IS 2720 (Part 28) [23]. The field 
dry density of fly ash and granular material was found in the 
range of 12.55 to 13.63 kN/m3 and 21.96 to 22.45 kN/m3, 
respectively, and optimum moisture content in the range of 
18.7–22.3% and 2.00–5.20%, respectively. The in-situ com-
paction of the WMM varied from 97.6–99.2%.

Dynamic Cone Penetration Test (DCPT)

A dynamic cone penetrometer (DCPT) was performed in 
accordance with ASTM D6951 [24]. A total 400-mm sub-
base layer was placed in two layers of 200 mm. DCPT test 
was conducted over the first layer of a 200-mm-thick Fly ash 
and GSB layer. The location of the DCPT tests is shown in 
Fig. 3. CBR values were determined using Eq. (3) given in 
ASTM D6951 [24],

where DCPI Dynamic cone penetration index and CBR Cali-
fornia bearing ratio.

Light Weight Deflectometer (LWD)

LWD is a handheld falling weight deflectometer that is used 
to measure the in-situ modulus of soil and granular layer. 
LWD test is suitable for quality assurance of subgrade, sub-
base, and thin, flexible pavement constructions to check 
compliance with requirements. The LWD used in this study 
is shown in Fig. 4. The LWD weighed approximately 22 kg 
with a standard drop weight of 10 kg, making it highly 

(3)CBR =
292

(DCPI)1.12

portable and easy to carry on a construction site. With an 
additional optional 10 kg weight, the LWD could produce 
up to 15 kN peak loads.

The LWD tests were conducted in accordance with 
ASTM E2583 [25]. The program uses a shape factor and 
Poisson's ratio as input parameters for calculating the modu-
lus according to Eq. (4) [26],

Fig. 3  Location of quality con-
trol and field testing

Fig. 4  Light weight deflectometer (LWD)
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where ELWD is the composite in-situ modulus, f is the shape 
factor, υ is Poisson’s ratio, σ is applied stress, r is the radius 
of the loading plate, and δ is surface deflection.

The location of LWD tests is shown in Fig. 3. Testing was 
carried out on the centreline, outer wheel path (OWP), and 
inner wheel path (IWP). A load of 15 kg was used during 
the testing with the maximum drop height of 680 mm, which 
produces an impulse load of 9.3–10 kN and average stress of 
130–143 kPa on the top of the base layer.

Falling Weight Deflectometer (FWD)

A Falling Weight Deflectometer (FWD) is an impulse-load-
ing device (Fig. 5c). The weights fall with a pre-determined 
height on the loading plate to produce desired pressure on 
the pavement (Fig. 5a and b). The pressure produces deflec-
tions in the pavement, which are captured by a series of 
geophone sensors rested on the pavement surface during the 
impact of loading (Fig. 5b). The peak load and peak deflec-
tions are recorded by geophone sensors placed at radial 
locations.

(4)ELWD =
f
(

1 − �
2
)

.�.r

�

Test locations were selected so that it covers the entire 
area of the test section to get a clear picture of the modulus 
values of a particular test section (Fig. 3). Three drops were 
applied at every test location; the first drop represents the 
seating load, the second drop represents 40 kN load, and 
the third drop means 55 kN load. Loads were adjusted by 
dropping the height of the whole load assembly of FWD. 
The FWD tests were performed as per IRC-115: 2014 [27].

Performance evaluation of test sections was carried out 
by conducting periodic FWD testing (in August 2019 and 
February 2021) overall three test sections. Deflection data 
collected from FWD testing were processed in ELMOD-6 
software to calculate the modulus values of each layer of the 
test section. Modulus values of pavement layers are the gov-
erning factor for the performance evaluation of test sections.

Results and Discussion

A series of DCP, LWD, and FWD testing was carried out 
on test sections to evaluate the performance of ‘geocell 
reinforced-fly ash’ as a subbase layer in the pavement. The 
results of DCP, LWD, and FWD tests are summarised and 
discussed below.

Fig. 5  a Loading assembly, b loading plate with geophone sensor, and c falling weight deflectometer (Model-Dynatest 8081)
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DCP tests

The results of DCP tests for sections S-1 and S-3 are given 
in Fig. 6a and b, respectively, in terms of CBR value against 
depth. Variations in CBR values for the top 200 mm are 
comparatively more minor, and values decrease abruptly. 
This assures the uniform thickness and compaction of the 
200-mm fly ash and GSB layer.

LWD tests

The results of LWD testing for all the three test sections 
(S-1, S-2, and S-3) are given in Table 3. The test sections S-1 
and S-2 were constructed with geocell-reinforced fly ash as 
a subbase layer with 100 and 150 mm geocell height. LWD 
testing was carried out on both the test sections S-1 and 
S-2 at 27 locations each. The maximum and minimum ELWD 
value for 100 mm high geocell (section S-1) is 77.5 and 
59.5 MPa, respectively, with a coefficient of variance (COV) 
of 3.63% to 8.69%. The average ELWD for section S-1 with 
100 mm high geocell is 66.63 MPa (Fig. 7). The maximum 

and minimum ELWD value for 150 mm high geocell (section 
S-2) is 90 and 66.2 MPa, respectively, with COV of 6.55% 
to 11.65%. The average ELWD for section S-2 with 150 mm 
high geocell is 77.54 MPa (Fig. 8).

0

50

100

150

200

250

300

350

400

450

500

0 10 20 30 40 50

)
m

m(
ni

htpe
D

CBR %

Middle

IWP

OWP

Fly Ash 200 mm
(a)

0

50

100

150

200

250

300

350

400

450

500

0 10 20 30 40 50

)
m

m(
ni

htpe
D

CBR %

OWP

IWP

Middle

GSB-V 200 mm

(b)

Fig. 6  CBR against penetration depth for section a S-1 and b S-3

Table 3  The composite elastic modulus for test sections in MPa from the LWD test

Section number Location of 
LWD testing on

Test points Maximum Minimum Median COV
(%)

Mean Mean for sec-
tion (ELWD)

CMIF

S-1 IWP 9 77.5 63.3 70.1 8.69 70.84 66.63 1.19
Centre 9 71.5 61.2 67.9 4.39 66.95
OWP 9 66.9 59.5 62.3 3.63 62.08

S-2 IWP 9 86 72.1 78.2 6.55 78.07 77.54 1.39
Centre 9 90 68.6 75.2 10.19 77.01
OWP 9 88.1 66.2 74.1 11.65 75.94

S-3 IWP 8 58.2 50.1 53.3 5.11 53.53 55.70 1
Centre 8 58.1 52.3 57 3.27 56.36
OWP 8 59.3 53.4 58.1 3.93 57.21
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The test section S-3 was constructed with a granular 
subbase layer. In 24 locations, LWD testing was carried 
out over section S-3. The maximum and minimum ELWD 
value for section S-3 is 59.3 and 50.1 MPa, respectively, 

with COV of 3.93% to 5.11%. The average ELWD for sec-
tion S-3 is 55.70 MPa (Fig. 9).

Composite Modulus Improvement Factor (CMIF)

The average ELWD values for section, fly ash + 100 mm high 
geocell (S-1) and fly ash + 150 mm high geocell (S-2), are 
66.63 and 77.54 MPa, respectively. These moduli were 
compared with the conventional granular control section's 
average ELWD (55.70 MPa) (S-3). The CMIF values are cal-
culated using Eq. 1. The CMIF value for the 100 mm high 
geocell-reinforced fly ash section (S-2) is 1.19 and for the 
150-mm high geocell-reinforced fly ash section (S-3) is 
1.39 (Table 3) against of granular control section (S-1). The 
inclusion of geocell reinforcement in the fly ash improves 
the CMIF value due to the three-dimensional confinement 
effect of geocell.

FWD tests

The results of FWD testing for all the three test sections 
(S-1, S-2, and S-3) are given in Table 4. Test sections were 
completed in June 2019; after that, test sections constructed 
in the widening lane were undergone for FWD testing in 
August 2019 (first testing) and February 2021 (second test-
ing). Two FWD loads (40 kN and 55 kN) were used during 
each testing, and geophone sensors recorded deflections. 
To evaluate each layer's modulus value, recorded deflection 
data of individual test sections are then used in ELMOD 
06 software for the back-calculation process. During each 
testing, FWD testing was carried out on a total of 27 points 
for each test section S-1 and S-2 and a total of 24 points for 
section S-1.

In Fig. 10, the average elastic modulus of the subbase 
layer for the FWD test load of 40 kN is shown for both test-
ing periods. It is observed that with the time (from August 
2019 to February 2021), the subbase layer's modulus values 
increase for the same FWD load (40 kN). Also, the elastic 
modulus of the geocell reinforced-fly ash subbase layer (S-1 
and S-2) is more than the granular subbase layer (S-3) which 
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Table 4  Elastic modulus of sub-
base layer in MPa from FWD 
test and modular ratio

Section FWD testing in

August 2019 February 2021

FWD load-40 kN FWD load-55 kN FWD load-40 kN FWD load-55 kN

Elastic 
Modulus

Modular 
Ratio (MR)

Elastic 
Modulus

Modular 
Ratio (MR)

Elastic 
Modulus

Modular 
Ratio (MR)

Elastic 
Modulus

Modular 
Ratio 
(MR)

S-1 69 1.16 71 1.16 77 1.18 81 1.22
S-2 75 1.27 79 1.29 84 1.29 86 1.30
S-3 59 1 61 1 65 1 66 1
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confirms the suitability of the same in the subbase layer. In 
Fig. 11, the average elastic modulus of the subbase layer for 
the FWD test load of 40 kN and 55 kN is shown for the sec-
ond testing (February 2021). It is observed that FWD load-
ing has shown a slight positive effect on the elastic modulus 
value; it is mainly due to an increase in hoop stresses in the 
geocell wall with an increase in FWD loading.

Modular Ratio (MR)

The performance of the ‘geocell reinforced-fly ash’ layer is 
quantified in terms of modular ratio (MR). The MR values 
are calculated using Eq. (2) and presented in Table 4. The 
MR values were calculated for both the FWD load (44 kN 
and 55 kN) and the testing periods (August 2019 and Feb-
ruary 2021). In each testing, the MR value of the ‘geocell 
reinforced-fly ash’ layer is greater than 1; it shows the suit-
ability of ‘geocell reinforced-fly ash’ as a subbase layer in 
the pavement. The highest MR value of 1.30 is obtained by a 
150 mm high geocell reinforced-fly ash layer during second 
FWD testing with 55 kN loading.

Finite Element Analysis

Finite element (FE) analyses were carried out to evaluate 
all three test sections' service life ratios (SLR). FE analyses 
were carried out using PLAXIS 2D for a five-layer flexible 
pavement system. The thickness for all the layers above the 
subgrade was determined as per IRC: 37–2012 [22] for 30 
MSA traffic intensity and Subgrade CBR of 3%. The test 
sections were modeled as an axisymmetric solid, with all 
layers of 15-noded triangular elements. The boundary condi-
tion used and adopted fine mesh during modeling is shown 
in Fig. 12. Boundaries were assigned to the outer perimeter, 
axis of rotation and the bottom of the model. The axis of 
rotation and the outer perimeter were allowed to move verti-
cally only whereas the bottom of the model was restricted for 
movement in both horizontal and vertical direction. As the 
pavement layers experience dynamic loading (Axle loads or 
FWD loads with loading frequency > 5 Hz) the correspond-
ing strains are very low in magnitude as compared to the 
failure strain of the material. Therefore, it is assumed that the 
pavement layers will exhibit linear elastic behavior. There-
fore, in PLAXIS linear elastic model was used to simulate 
pavement layers. Uniform stress of 575 kPa was applied over 
a circular area with a radius equal to 150 mm, representing 
a single-axle wheel load of 40 kN. The material proper-
ties used for finite element analysis are given in Table 5. 
The elastic modulus values for the subbase layer (GSB, 
FA + 100 mm GCE, and FA + 150 mm GCE) were taken as 
average in-situ modulus obtained during second FWD test-
ing (February 2021) for both 40 and 55 kN loading (Refer 
Table 4). The elastic modulus for the base layer (WMM) 
was 135 MPa for all three sections, which was obtained for 
the unreinforced granular control section during the sec-
ond FWD testing with a 40 kN load. The elastic modulus 
values for bituminous concrete (BC) and dense bituminous 
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Fig. 10  Elastic modulus of sub-base layer (MPa) for FWD test load 
of 40 kN
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testing (February 2021)

Fig. 12  Finite-element model of flexible pavement system using code 
PLAXIS
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macadam (DBM) were taken from IRC: 37–2012 [22] for 
the viscous grade (VG)-40 (at a temperature of 35 °C). The 
elastic modulus (E) for subgrade of CBR 3% was determined 
as per Eq. (5), given in IRC: 37–2012.

Service Life Ration(SLR)

Finite element analysis was done to measure critical strains, 
namely, vertical compress strain (ϵv) and horizontal tensile 
strain (ϵt). In Figs. 13 and 14, compression strain (ϵv) and 

(5)E(MPa) = 10 × CBR

tensile strain (ϵt) contours are shown for all three sections, 
respectively. Strain contours shown in Figs. 13 and 14 were 
found for the modulus value obtained for the subbase layer 
by FWD load of 55 kN (refer Table 5). Similarly, strain con-
tours were also found for the modulus value obtained for 
the subbase layer by FWD load of 40 kN. Critical vertical 
compressive strain (ϵv) was measured at the top of subgrade 
and horizontal tensile strain (ϵt) was measured at the bottom 
of bituminous layer. Recorded critical strains for all the test 
sections are given in Table 6. The Eqs. (6) and (7) were used 
by Shahu et al. [28] and Chaudhary et al. [29] to determine 
the SLR of pavement against rutting and fatigue failure, 
respectively. The SLR of pavement against rutting failure is 
calculated by Eq. (6),

Table 5  Parameters used for 
the finite-element analysis of 
pavement

Parameter 3% CBR 
Subgrade

GSB FA + 100 mm GCE FA + 
150 mm GCE

WMM DBM BC

E (MPa) 30 66 (55 kN),
65 (40 kN)

81 (55 kN),
77 (40 kN)

86 (55 kN),
84 (40 kN)

135 3000 3000

ν 0.35 0.35 0.35 0.35 0.35 0.35 0.35
γ (kN/m3) 17.7 21.4 13.33 13.33 21.9 22.6 23.3

Fig. 13  Compression strain ( ∈v ) contours for section a S-1, b S-2, and c S-3
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where ϵv1 and ϵv2 are a maximum vertical compressive strain 
at the top of the subgrade for the control section (S-3) and 
geocell reinforced-fly ash (S-1 & S-2) section, respectively. 
The SLR of pavement against fatigue failure is calculated 
by Eq. (7),

where ϵt1 and ϵt2 are a maximum horizontal tensile strain 
at the bottom of the bituminous layer for the control sec-
tion (S-3) and geocell-reinforced fly ash (S-1 & S-2) sec-
tion, respectively, the SLR values are measured against 

(6)SLR =

(

∈v1

∈v2

)4.5337

(7)SLR =

(

∈t1

∈t2

)3.89

the granular control section (S-3) for 40 and 55 kN FWD 
loading.

The SLR value for both geocell reinforced-fly ash sections 
(S-1 & S-2) against the granular control section (S-3) is more 
than 1 for both rutting and fatigue failure, which confirms the 
suitability of geocell-reinforced fly ash in the subbase layer. 
The higher SLR values are obtained against higher FWD load-
ing (55 kN), which indicates the improved performance of the 
‘geocell reinforced-fly ash’ test section under heavy trafficking.

Conclusions

The field performance of ‘geocell-reinforced fly ash’ as 
a subbase layer was evaluated during construction by a 
light weight deflectometer (LWD) test over the base course 

Fig. 14  Tensile strain ( ∈t) contours for section a S-1, b S-2, and c S-3

Table 6  Service life ratio for all 
the test sections

Section 
Number

∈t(micron) ∈v(micron) SLR (fatigue) SLR (rutting)

40 kN 55 kN 40 kN 55 kN 40 kN 55 kN 40 kN 55 kN

S-1 216.4 215.5 419 418 1.04 1.06 1.12 1.13
S-2 215.8 214.5 415 413 1.05 1.08 1.17 1.20
S-3 219 218.9 430 430 1 1 1 1
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and after construction by a falling weight deflectometer 
(FWD) test over the surface course. During construction, 
a positive effect of geocell-reinforced fly ash was observed 
on composite in-situ modulus and quantified in terms of 
composite modulus improvement factor (CMIF). After 
construction, a positive impact of geocell-reinforced fly 
ash was observed on the subbase layer’s average elastic 
modulus and quantified in terms of modular ratio (MR). 
Furthermore, finite element analysis was carried out to 
determine service life ratio (SLR) against fatigue and rut-
ting failure. The following conclusions can be drawn:

• LWD successfully captured the benefits of geocell-
reinforced fly ash through in-situ composite modulus 
and confirms the suitability of the same as a subbase 
layer in the pavement.

• The CMIF value for the 100-mm-high geocell-rein-
forced fly ash section was 1.19, and the 150 mm high 
geocell-reinforced fly ash section was 1.39 against the 
granular control section. The higher value of the CMIF 
confirms the suitability of geocell-reinforced fly ash in 
the subbase layer.

• The MR values were calculated for both the FWD load 
(44 kN and 55 kN) and for both the testing periods 
(August 2019 and February 2021). In each FWD test-
ing, the MR value of the geocell-reinforced fly ash 
layer was greater than 1; it shows the suitability of 
‘geocell-reinforced fly ash’ as a subbase layer in the 
pavement. The MR value varies between 1.16 and 1.22 
for the 100-mm-high geocell-reinforced fly ash layer. 
The highest MR value of 1.30 was observed for the 
150-mm-high geocell-reinforced fly ash layer during 
the second FWD testing with 55 kN loading.

• The SLR value for both geocell-reinforced fly ash sec-
tions (S-1 & S-2) against the granular control section 
(S-3) is more than 1 for both rutting and fatigue fail-
ure, which further confirms the suitability of geocell-
reinforced fly ash in the subbase layer.

• The higher SLR values were obtained against higher 
FWD loading (55 kN), which indicates the improved per-
formance of the ‘geocell-reinforced fly ash’ test section 
under heavy trafficking. The SLR value for fatigue was 
increased from 1.06 to 1.08 with an increase in geocell 
height from 100 to 150 mm for higher FWD loading (55 
kN). Similarly, the SLR value for rutting was increased 
from 1.13 to 1.20 with an increase in geocell height from 
100 to 150 mm for higher FWD loading (55 kN).
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