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Abstract
The light-weight deflectometer (LWD) device provides a quick, consistent, direct 
measurement of dynamic deformation modulus (ELWD) and an integrated way to 
characterize the layered pavement section. This study encompasses an intensive 
453 data points obtained from six test pad cases constructed with different 
materials to evaluate: (i) compaction quality control parameters in terms of ELWD 
for four different types of subgrade soils, soling, base and surface layers; (ii) effect 
of rigidity of underneath layer on ELWD of the base layer; (iii) effect of number of 
compaction roller passes on the ELWD of the base layer; and (iv) spatial variability 
of ELWD to check the uniformity of compaction. The results show that the ELWD 
depends on the type of material, number of compaction roller passes and the rigidity 
of underneath layer. It is easy to perform quality control tests frequently, and a range 
of ELWD were found by using LWD devices that ensure proper monitoring of various 
materials owing to compaction. However, this study was carried out using LWD 
device to evaluate ELWD, which resulted in an overall improvement in the quality 
of compacted pavement layers to enhance their long-term performance and thus 
reduce maintenance costs. In order to set the desired modulus of various materials 
for proper compaction in the field, field compaction verification tests are necessary.
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(ELWD) · Quality control (QC) · Coefficient of variation (COV) · and Spatial variance 
(SV)
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1  Background

Flexible and rigid pavements are the most representative types of pavements glob-
ally. These pavement sections consist of granular bases (GSB and WMM) and a sur-
face layer (DBM), which are constructed on an existing or compacted subgrade soils 
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of various site-specific conditions. A significant problem may arise during the design, 
construction and compaction processes of the proposed pavement projects due to 
extrinsic factors. These include allowable wheel loads, alterations in pavement classi-
fication, analysis of materials physical and mechanical characteristics for design pur-
poses, feasibility of implementation and the evaluation of quality control parameters 
related to compaction. This necessitates the adoption of a novel strategy based on a flex-
ible approach in terms of design, execution and compaction quality control parameters 
of materials. Compaction is one of the most important parameters for any earthwork 
or layered pavement section. Some of the pavement sections fail due to poor compac-
tion of layered materials. (Rajagopal et al. 2014). Typically, there are various destruc-
tive testing (DT) methods (viz., core cutter, sand cone, density gauges and dynamic 
cone penetrometer) for assessing the quality of compacted layered pavement sections 
in terms of targeted density and relative compaction (Duddu and Chennarapu 2022). 
To evaluate QC parameters quickly in terms of modulus, several non-destructive test-
ing (NDT) devices are available, such as Benkelman beam deflectometer (BBM), Lac-
roix deflectograph (LD), static plate load test (PLT) and falling weight deflectometer 
(FWD) (Tayabji and Lukanen 2000; Newcomb and Birgisson 1999). However, these 
test methods are uneconomical to perform in the field owing to their initial cost and 
maintenance. Enforcing their usage abruptly increases the project costs and duration, 
especially when testing needs to be conducted frequently at multiple locations. Moreo-
ver, it is a challenging task to transport and operate these devices in remote or inaccessi-
ble locations, which further increases the cost and logistic complications of field testing 
(Dwivedi and Suman 2023; Liu et al. 2020; Newcomb and Bjorn 1999).

To address the drawbacks of the abovementioned conventional DT and NDT 
methods, several portable NDT devices were introduced which help in quality con-
trol of compaction in terms of modulus. Extensive research work has been carried 
out for several years to develop light and portable devices that can provide a quick 
assessment of the bearing capacity of pavement layers (Mahamid 2013), such as 
TRL foundation tester (TFT) (Rogers et  al. 1995), natural vibration device, load-
man device (Fleming and Rogers 1995), soil stiffness gauge (Fleming et al. 2002) 
and dynamic plate device (known as light-weight deflectometer) (TP BF-StB Part B 
8.3-1997 (R1) 2012). The aforementioned devices are categorized by intensity and 
rate of maximum load pulse (Fleming and Rogers 1995), while all portable devices 
have their own advantages and disadvantages. Despite many alternative devices, 
the in-situ quality control in terms of dynamic deformation modulus was assessed, 
and  monitored using LWD device for layered structures like pavements, embank-
ments and sports amenities (e.g., tennis and basketball courts) (Michael 2021; Cesar 
et al. 2017; Sunny et al. 2016; Senseney and Mooney 2016). Now-a-days, a light-
weight deflectometer device is emerging as the most acceptable tool for quality con-
trol of pavement layers. The LWD device has the advantage of precisely resembling 
the loading rate and contact area of a single moving wheel, using the same trans-
ducer technology as the falling weight deflectometer (FWD) (Fleming et al. 2007). 
Furthermore, over the past couple of decades, many research studies have explored 
the use of LWD devices in examining the mechanistic characterization of subgrade 
soils, aggregate bases and unbound material (Senseney and Mooney 2016; Hossain 
and Apeagyei 2007).
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A light-weight deflectometer (LWD) device was first used in India for 
pavement assessment in the early twenty-first century. Despite, there is a lack 
of knowledge regarding the effectiveness and reliability of LWD devices for 
evaluating pavements in Indian conditions. Furthermore, the usage of LWD 
devices for different kinds of pavement materials and subgrade conditions is 
limited. Previous studies have used LWD device  to assess the surface layer of 
flexible pavement, but its use has been limited to certain subgrade circumstances. 
(Lee et  al. 2021; Kumar et  al. 2021; George and Anil 2017; Umashankar 
et  al. 2016; Senseney and Mooney 2016;  Elhakim et  al. 2014; Ebrahimi and 
Edil 2013; Vennapusa and White 2009; Mooney and Miller 2009; Rahman et al. 
2008; Fleming et al. 2007; Alshibli et al. 2005).

Most of the literature studies reveal that the LWD device was used for quality 
control (QC) evaluation of compacted homogeneous materials, whereas only a 
few research studies present QC in the field of composite layered  pavement 
sections. In addition, most of the previous studies have mainly concentrated 
on finding the compaction characteristics using conventional devices and the 
deformation modulus using plate load tests. There are several shortcomings, such 
as limited sampling area (< 1%), which may cause test bias (Nie 2011), damages 
to the compacted layer, longer testing time and heavy equipment’s loading that 
cause significant interference to the subsequent construction process (Hua et al. 
2020). Lately, sensor-based NDT technology has been emerging progressively 
as a reliable way to measure critical in-situ performance (Xiaochao et al. 2013; 
Timm et al. 2013), check structural health and monitor the response of pavement 
sections (Lajnef et  al. 2011). In view of this, it is necessary to assess the 
effectiveness and reliability of NDT devices like LWD for pavement layers in an 
Indian scenario.

The overall structural quality of a pavement is defined by its weakest layer, 
which can be located anywhere in the layered pavement section. As a result, 
the dynamic deformation modulus of pavement sections will be computed by 
considering the subgrade soil properties, base and surface layers. A similar 
rule applies when designing and strengthening an existing road (Petri et  al. 
2010; Zubeck and Doré 2009). Moreover, extensive research was carried out 
earlier in evaluating the dynamic deformation modulus of sand, subgrade soils, 
bases (wet mix macadam - WMM), bitumen (dense bitumen macadam - DBM), 
reclaimed asphalt pavement (RAP), crushed limestone, cement stabilized 
clayey soil and fly ash by various researchers (Deshmukh et  al. 2022; Duddu 
et  al. 2023;  Lee et  al. 2021;  Sunny et  al. 2016; Senseney and Mooney 2016; 
Elhakim et  al. 2014; Ebrahimi and Edil 2013; White et  al. 2010; Mooney and 
Miller 2009; Rahman et  al. 2008;  Fleming et  al. 2007; George et  al. 2004). A 
few field investigations have been mentioned in the published literature, with 
an emphasis on measuring the dynamic deformation modulus of specific layers 
within composite layered pavement sections (Umashankar et al. 2016; Livneh and 
Goldberg 2001). The current study is the first of its kind to discuss the variation 
in dynamic deformation modulus for six test pad cases of composite layered 
pavement sections. In addition, assessed the effect of compaction passes as well 
as the rigidity of underneath layers on the WMM layer.
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2  Configurations of Six Test Pad Cases

In this study, test pad cases of various composite layered pavement sections were 
discriminated to determine the dynamic deformation modulus, as indicated in 
Table 1 and Fig. 1(a–f). The phenomenon observed is the extensive construction 
of highways, low-volume and unpaved roads stretching thousands of kilometres 
with various configurations. One such scenario may arise for different site-spe-
cific conditions, primarily in the expansion of metropolitan cities (i.e., for such 
scenarios, the configurations of six test pad cases were discriminated). The com-
posite pavement layers of six test pad cases were considered in accordance with 
Indian codal provisions (IRC 37 2018; MoRTH 2013) and identified as case-1, 
case-2, case-3, case-4, case-5 and case-6. These test pad cases were located at 
Mahindra University, Hyderabad, Telangana, India. The detailed test configura-
tions, such as layer thickness (H), materials used and number of test points (N), 
are provided in Table 1. Figs. 1(a–f) show a schematic 3D view of six test pad 
cases of finite thickness and their testing points. Case-1 is solely constructed 
with subgrade soil (refer to Table 1 and Fig. 1a), while cases 2, 3 and 4 consist 
of a surface layer (DBM of VG 30) laid on a WMM layer and subgrade soils 
(soil-2 and -3), which resemble the flexible pavement. While, in cases 5 and 6, 
the surface layer was proposed to be constructed with reinforced cement concrete 

Table 1  Details of test configurations, materials used, thickness of layers (H) and number of test points 
(N)

S. no. Test pad cases Materials used H (m) N

1 Case-1 Subgrade soil: prepared soil-1 0.50 24
2 Case-2 Surface layer: DBM (VG 30) 0.05 28

Base layer: WMM 0.15 84
Subgrade soil: existing soil-2 0.50 28

3 Case-3 Surface layer: DBM (VG 30) 0.05 28
Base layer: WMM 0.15 56
Subbase layer: existing RCC bed 0.15 -
Subgrade soil: existing soil-2 0.50 28

4 Case-4 Surface layer: DBM (VG 30) 0.05 28
Base layer: WMM 0.15 56
Subgrade soil: prepared soil-3 0.50 28

5 Case-5 Base layer: WMM 0.15 10
Milled bitumen 0.05 10

6 Case-6 Base layer: WMM 0.15 15
Soling (boulders) 0.15 15
Subgrade soil: prepared soil-4 0.50 15

Total number of test 
points, N = 453
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(RCC) on a WMM layer, which lies on milled bitumen and soling, respectively, 
which resemble the rigid pavement. The testing on RCC layer was not encom-
passed in the present study. In view of this, the LWD tests were performed on 
the WMM layer. For cases 2 to 6, a minimum thickness of 0.15 m for the WMM 
layer was provided as per codal provision (IRC 37 2018). However, cases 3, 5 
and 6 were special composite cases in which a WMM layer was laid on an exist-
ing RCC bed, milled bitumen and soling layers, respectively, to assess their effect 
on the dynamic deformation modulus of a WMM layer. While the subgrade soil 
is consistent in cases 2 and 3, it differs in cases 1, 4 and 5.

Several test points were selected to study the uniformity of compaction and to 
generate numerous sets of data points to analyse the dynamic deformation modulus 
of various layers of pavement sections. For instance, a 38 m × 18 m test area was 
divided into test intervals of 6.6 m × 3 m, as shown in Fig. 1(a–d). Similarly, for the 
test pads shown in Figs. 1(e, f), a number of test points (N) for each layer is chosen 
accordingly (refer to Table 1).

Wet Mix Macadam 

(WMM)
0.5 m

0.15 m

0.05 m

38 m

6.6 m 6.6 m 6.6 m 6.6 m 6.6 m2.5 m 2.5 m
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Existing Natural 

Subgrade Soil - 2

Bitumen 

(VGA 30) 

Test Points

0.5 m

Prepared Subgrade Soil – 1

50 m

6.4 m 6.4 m 6.4 m 6.4 m 6.4 m 6.4 m2.5 m

(a)

2.5 m6.4 m

(c)

0.5 m

0.15 m
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38 m

6.6 m 6.6 m 6.6 m 6.6 m 6.6 m2.5 m 2.5 m

0.15 m

RCC Bed

0.5 m

0.15 m
0.05 m

38 m

6.6 m 6.6 m 6.6 m 6.6 m 6.6 m2.5 m 2.5 m

(d)

Test Points

Prepared 

Subgrade Soil - 3

Bitumen 

(VGA 30) 

Wet Mix Macadam 

(WMM)

Existing Natural 

Subgrade Soil - 2

Wet Mix Macadam 

(WMM)
0.5 m

0.15 m

0.15 m

Soling

Test Points

Prepared subgrade soil – 4

50 m

7.5 m 7.5 m 7.5 m 7.5 m 7.5 m 7.5 m2.5 m

(f)

2.5 m

0.05 m

0.15 m

50 m

7.5 m 7.5 m 7.5 m 7.5 m 7.5 m 7.5 m2.5 m 2.5 m

Existing natural subgrade soil
(e)Milled bitumen layer

0.5 m

Fig. 1  Schematic 3D view of field test configurations of six test pad cases with dimensions and test locations; 
a case-1, b case-2, c case-3, d case-4, e case-5, and f case-6
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3  Materials and Construction Process

3.1  DBM

Dense bituminous macadam (DBM) of viscosity grade (VG 30) was chosen because 
the considered test pad cases were constructed for low-volume traffic roads in accord-
ance with standard specifications (IRC 37 2018; MoRTH 2013) for the surface layer to 
prevent rutting failures. Table 2 illustrates the physical properties of DBM in accord-
ance with standards (AASHTO M 226-80 2021; BIS 73 2013; ASTM D2937 2004).

3.2  Base Layer and Subgrade Soil

Base layers were constructed with well-graded crushed aggregate mix collected from 
a local quarry. The mix was screened and utilized as wet mix macadam (WMM) for 
the considered test pads, as shown in Fig. 1(b–f) and Table 1. Figure 2a presents the 
gradation curve of base layer and subgrade materials (ASTM D2487 2017; MoRTH 
2013). Figure  2b presents the compaction characteristics of various subgrade soils 
(soils: 1–4) and WMM material. Table 3 presents the physical properties of subgrade 
soils, determined in accordance with the specifications of ASTM standards.

3.3  Construction Process of Test Pads

After the characterization of selected materials, subgrade soil was prepared by spreading 
and levelling the surface using a dozer. The compaction process was performed by using 

Table 2  Physical properties of surface layer (DBM of VG 30)

*Provided by the local bitumen manufacturer

S. no. Characteristics Viscosity 
grade (VG 
30)*

1 Bitumen density, g/cm3 1.01
2 Absolute minimum viscosity 60 °C, N-s/m2 240
3 Absolute maximum viscosity 60 °C, N-s/m2 360
4 Kinematic viscosity, 135 °C,  cm2/s 3.50
5 Flash point, C, min 220
6 Solubility in trichloroethylene, %/m 99.0
7 Penetration value of VG 30, at 25 °C 50 - 70
8 Softening point, °C, min 47.0
Tests on residue from rolling thin film oven test (RTFOT)
9 Viscosity ratio at 60 °C, Max 4.0
10 Ductility at 25 °C, cm/min, after thin film over test 40.0
11 Specific gravity at 25 °C 1.01
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a 10-ton steel drum vibratory roller (refer to Fig. 3) after sprinkling the water on surface 
in accordance with codal provisions (IRC SP 97 2013). The calibration studies were per-
formed to determine the number of roller passes required to achieve the targeted relative 
compaction of greater than 95%. It was observed that a vibratory roller of 8 passes was 
required to achieve the targeted relative compaction of 95%.

The base layer (WMM) material was laid, and dozer was used to spread uniformly 
and compacted with the specified number of roller passes to obtain a uniform thickness 

Fig. 2  a Grain-size distribution curve and b compaction characteristics of the materials

Table 3  Physical properties of subgrade soils as per ASTM standards

S. no. Properties Soil — 1 Soil — 2 Soil — 3 Soil — 4 Standards

1 Specific gravity, Gs 2.73 2.67 2.76 2.71 (ASTM D854-02 2014)
2 Grain size distribution (GSD) (ASTM D2487 2017)

Gravel, G (%) 22.00 11.0 2.0 9.25
Sand, S (%) 76.25 84.80 93.6 87.72
Fines, (%) 1.75 4.20 4.40 3.03
Effective size, D10 (mm) 0.34 0.26 0.16 0.19
D30 (mm) 0.80 0.68 0.34 0.50
D60 (mm) 2.2 1.84 0.80 1.35
Coefficient of uniformity, 

Cu
6.47 7.08 5.16 7.11

Coefficient of curvature, 
Cc

0.86 0.97 0.93 0.97

3 Soil classification (ASTM D2487 2017)
As per AASHTO A-1-a A-1-b A-1-b A-1-a
As per USCS and IS SP SP SP SP

4 Maximum dry density, 
γdmax (kN/m3)

20.2 19.3 18.8 16.3 (AASHTO T180-
93 2020; ASTM 
D1557-02 2007)Optimum moisture 

content, OMC (%)
8.0 10.0 12.10 12.0
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of 0.15 m for test pad cases 2 to 6. The surface layer for cases 2, 3 and 4 comprising 
a 0.05-m thickness of DBM course was prepared on the compacted WMM layer and 
compacted to eight roller passes on the surface layer. However, in case 5, the existing 
bitumen top layer was milled to a specified thickness without affecting the underneath 
existing base layer. Case-5 was undertaken to enhance the pavement thickness by lay-
ing the WMM layer and proposed RCC layer to align with the top surface level of the 
rigid pavement in case-6. Subgrade soil, milled bitumen and soling were prepared to 
establish a strong and stable base for the WMM layer.

The soling stones were initially positioned along the entire stretch to ensure a uni-
form thickness of 0.15 m, with a maximum allowable deviation of ± 20 mm. Subse-
quently, the entire stretch was filled with soling stones. If any voids were left in between 
the soling stones, they were filled with a thin layer of stone chips. A thin layer of stone 
chips was spread uniformly throughout the soling surface and sprinkled with water, 
allowing the chips to fill any residual voids. After filling the voids, the irregularities of 
the stones were knocked off by using hammers to maintain a levelled top surface, and 
a vibratory compactor roller was used to compact the soling for the proposed case-6 
test pad, as shown in Table 1 and Fig. 1f. LWD tests were conducted for the proposed 
number of test points (refer to Table 3) on subgrade soils (cases-1 to 4 and 6), milled 
bitumen (case-5), soling (case-6), base layer (WMM for cases 2 to 6) and surface layer 
(DBM for cases 2 to 4), respectively (refer to Fig. 4).

4  Methodology

A light weight deflectometer is a non-destructive testing (LWD) device that was 
used to perform a series of tests on six test pad cases (i.e., cases 1 to 6) mentioned 
in Table 1 and shown in Fig. 1. The LWD device used in this study consists of a 
15-kg-standard weight with a drop height of 0.72 m. The impact energy induced 
by the drop weight is cushioned by elastomeric buffers, resulting in a pulse load 
of 10.6 kN. An accelerometer sensor is positioned in the middle of the circular 
loading plate with a diameter of 0.3 m to detect the accelerations of the tested 
layer. LWD measurements were communicated with a handheld personal digital 
assistant (PDA) device (refer to Fig. 5). The PDA device generates the reaction 
of tested layer with a time history for the applied dynamic load in terms of 

Fig. 3  Schematic view of steel 
drum vibratory roller on a typi-
cal test pad

10-Ton Vibratory Compactor
Bitumen (DBM of VG 30) 

Prepared Subgrade Soil 

Wet Mix Macadam (WMM)

2.1 m

0.05 m

0.15 m

0.50 m
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deformation (w) from the loading plate. Initially, at every selected test point, three 
seating drops were established to ensure proper contact between the loading plate 
and surface of the respective testing layer. Furthermore, for three consecutive 
drops, the corresponding deformations were recorded as per standard (ASTM 
E2835 – 11 2020). The mean value of the surface deformations from these three 
consecutive drops was employed in Eq. (1) to evaluate the dynamic deformation 
modulus (ELWD) of the tested layer by using Boussinesq’s Eq. (1) (Vennapusa and 
White 2009; Fleming et al. 2007).

where ELWD = dynamic deformation modulus (MPa); q = maximum contact pressure 
(0.15 MPa); r = radius of loading plate (150 mm); ν = Poisson’s ratio; fr = stress 
distribution factor (1.57); and ͞w = mean deformation of the loading plate measured 
at its centre (mm).

5  Results and Discussions

A series of LWD tests resulted in an intensive 453 field data points (for all 6 cases), 
which were represented using a radar chart. Radar charts show multivariate data in the 
form of quantitative variables of dynamic deformation modulus (ELWD), mapped on 
the Y-axis originating from the centre of the radar chart (2-D). It represents a spider’s 
web, with a central axis that has at least three spokes, called radii. Dynamic deforma-
tion modulus (ELWD) values were mapped on the spokes. It is intended to highlight the 
resemblances, differences, outliers and symmetry in the distribution of variation in ELWD 
values rather than specific values among observations. Also, it is a quick visual way of 
viewing variation in ELWD data for various layers at a glance for the six test pad cases.

(1)ELWD =
qr
(

1 − �
2
)

fr

w

Fig. 4  Pictorial representation of LWD testing on a subgrade soil, b–c base layer (WMM), and d surface 
layer (DBM)
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In LWD testing, deformations of each test point were recorded for three consecu-
tive testing drops, and dynamic deformation modulus (ELWD) was calculated using 
Eq. (1). The statistical parameters such as mean ( �ELWD

 ), standard deviation ( �ELWD
 ), 

coefficient of variation ( COVELWD
 ) and spatial variance ( SVELWD

 ) of the dynamic 
deformation modulus were calculated by using Eqs. (2)-(5) and represented in 
Table 4 for all the considered test pad cases.

 where N = number of ELWD data points; i = ELWD value at each data point; and i + 1 
= ELWD value at i + 1 data point.

5.1  Dynamic Deformation Modulus of Subgrade Soil‑1 (Case‑1)

Case-1 was designed particularly to measure the dynamic deformation modulus of 
subgrade soil of a thickness equal to 0.50 m (refer to Fig.  1a). A series of LWD 

(2)Mean,�
E
LWD

=
1

N

∑N

i=1

(

E
LWD

i

)

(3)Standard deviation, �ELWD
=

�

∑N

i=1

�

ELWDi
− �ELWD

�2

N − 1

(4)Coeff icient of variation,COVELWD
=

�ELWD

�ELWD

(5)Spatial variance, SVELWD
=

1

2N

∑

(

ELWDi+1
− ELWDi

)2

Fig. 5  Pictorial view of 
light weight deflectometer 
device and its components

Handle

Drop weight fix and 

release mechanism

Guiding rod

Drop weight 

(15 kg)

Belleville Steel spring

Handle for shifting

Loading plate

Accelerometer

Adjustable drop height 

(Max. 0.720 m)

Personal digital assistant device

Ball Joint
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tests were carried out for 24 test points, as shown in Table 3. Figure 6 represents the 
dynamic deformation modulus (ELWD) values of the prepared subgrade soil-1, which 
were estimated using Eq. (1). The mean dynamic deformation modulus ( �ELWD

 ) of 
33.5 MPa was reported for the prepared subgrade (case-1) obtained from Eq. (2). 
A coefficient of variation ( COVELWD

 ) and spatial variance ( SVELWD
 ) values were 

observed as 17.5% and 2.7, respectively (refer to Table 4). The reported COV and 
SV values of dynamic deformation modulus evaluated from LWD test results were 
based on the type of materials tested and their state (i.e., moisture content, lift thick-
ness and relative compaction). The results indicate that the utmost care should be 
employed in the field work while constructing the subgrade layers to ensure consist-
ency in test results. However, for the typical highway test pad sections in the field, a 
coefficient of variation (COV) of less than 20% was considerable. As per the study 
carried out by Maji and Das (2008) on all the test sections, it was observed that 90% 
of the test sections showed COV values of less than 25%, which can be considered 

Table 4  Comparison of multivariate and spatial statistics of deformation modulus (ELWD) for six test pad 
cases

Test pad cases Materials Statistical parameters of ELWD

Mean, μ (MPa) Standard 
deviation, 
σ

Coefficient 
of variation, 
COV

Spatial 
variance, 
SV

Case-1 Soil-1 33.5 6.0 17.5 2.7
Case-2 Soil-2 19.1 2.8 14.7 1.2

WMM (before passes) 27.0 3.9 14.3 2.0
WMM (4 passes before 

watering)
29.7 4.3 14.4 3.9

WMM (4 passes after 
watering)

39.1 5.0 12.7 8.2

DBM (VG 30) 65.2 8.4 13.0 17.0
Case-3 Soil-2 (after 8 passes) 21.1 3.1 15.0 1.0

WMM (4 passes before 
watering)

81.8 4.3 5.3 4.0

WMM (4 passes after 
watering)

90.2 6.1 6.8 10.7

DBM (VG 30) 103.7 9.1 8.8 15.3
Case-4 Soil-3 (after 8 passes) 47.8 7.0 14.4 17.3

WMM (before passes) 48.8 6.5 13.4 10.1
WMM (after 8 passes) 60.0 8.1 13.5 14.1
DBM (VG 30) 75.8 5.8 7.7 8.1

Case-5 Milled bitumen 143.1 20.0 14.0 39.1
WMM (after 8 passes) 73.2 5.7 7.8 8.3

Case-6 Soil-4 (after 8 passes) 26.1 5.0 19.0 1.6
Soling (after 8 passes) 35.6 6.8 19.1 7.7
WMM (after 8 passes) 49.3 6.8 13.7 9.4
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a practical value. Hence, in this case, the observed COV value of 17.5% was practi-
cally in the considerable range.

5.2  Dynamic Deformation Modulus  (ELWD) of Pavement Layers Resting 
on Subgrade Soil‑2 (Case‑2)

Figure 7 illustrates the variation of the dynamic deformation modulus for a rela-
tive compaction value of 95% for each layer (refer to Fig. 1b). Dynamic defor-
mation modulus (ELWD) follows a comparable trend across all layers. The mean 
dynamic deformation modulus ( �ELWD

 ) values were evaluated by using Eq. (2) of 
existing subgrade soil (soil-2), base layer (WMM) and surface layer (DBM) and 
were found to be 19.1 MPa, 39.1 MPa and 65.2 MPa, respectively.

The number of compaction roller passes plays a crucial role in determining the 
mechanical properties of a material. Effective compaction passes enhance interparticle 
bonding and densification, resulting in a stiffer and more resistant material. The dynamic 
deformation modulus (ELWD) of the WMM layer was increased after application of water 
and compaction passes. For instance, the mean dynamic deformation modulus ( �ELWD

 ) 
value increased from 29.7 to 39.1 MPa as the number of roller passes increased from 
4 to 8, respectively. However, the optimal range of compaction roller passes should be 
carefully considered to avoid issues such as material fracture and reduced durability.

E
LW

D
(M

Pa
)

Soil - 1 0.50 m

Case - 1

Fig. 6  Radar chart of dynamic deformation modulus (ELWD) for case-1
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The mean value of dynamic deformation modulus ( �ELWD
 ) for a DBM layer with 

a thickness of 50 mm was reported as 65.2 MPa. According to Umashankar et  al. 
(2016)  and  Fleming et  al. (2007), the range of dynamic deformation modulus was 
105–120 MPa for dense bitumen macadam (DBM) of thickness equal to 130 mm. How-
ever, the coefficient of variation (COV) of the dynamic deformation modulus (ELWD) was 
calculated using Eq. (4) and reported as 14.7%, 12.7% and 13.0%, respectively (refer to 
Table 4). These values were observed to be within the acceptable range. However, for 
typical highway test pad sections in the field, a coefficient of variation (COV) value of less 
than 20% was practically considerable Maji and Das (2008). The spatial variance values 
were calculated using Eq. (5) and observed in the range of 1.2 to 17.0.

5.3  Effect of Rigid Base (RCC Layer Existing on Subgrade Soil‑2) on Dynamic 
Deformation Modulus of WMM and DBM Layers (Case‑3)

Figure 8 represents the variation of dynamic deformation modulus (ELWD) for the 
composite layered pavement section of case-3 test pad, which comprises a WMM 
layer laid on an existing RCC layer (as shown in Fig. 1c). The impact of an existing 
rigid base (RCC bed) on the dynamic deformation modulus of WMM and DBM 
layers was evaluated by constructing a specific test pad (case-3). The mean ELWD 
values were calculated using Eq. (2) of the existing subgrade (soil-2), base layer 
(WMM) and surface layer (DBM), which were reported as 21.1 MPa, 90.2 MPa and 
103.7 MPa, respectively. The COV of dynamic deformation modulus ( COVELWD

 ) val-
ues were calculated by using Eq. (4) and reported as 15.0%, 6.8% and 8.8% respec-
tively. The spatial variance values ( SVELWD

 ) were calculated using Eq. (5), which are 
in the range of 1.0 to 15.3 (refer to Table 4). In comparison with case-2, due to the 
rigid base (existing RCC bed), the effect of rigidity of the underneath layer results 
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Fig. 7  Radar chart of dynamic deformation modulus (ELWD) of case-2
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in a significant improvement in mean ELWD value. The improved mean dynamic 
deformation modulus 

(

�ELWD

)

 values were reported as 51.1 MPa for WMM layer and 
38.5 MPa for the DBM layer when it was laid on the same subgrade soil (soil-2). 
Maji and Das (2008) reported that the COV of dynamic deformation modulus for the 
granular base layer (WMM) and bituminous surface layer (DBM) was in the range 
of 10–30% and 10–20%, respectively, for the field studies. Therefore, the uniform 
rigidity of an existing RCC bed plays a critical role in determining the ELWD val-
ues of WMM and DBM layers. The radar chart indicates a huge variation in ELWD 
between WMM layer when laid on the subgrade soil-2 and on an existing RCC bed, 
respectively (refer to Figs. 7 and 8). This indicates the rigidity of the bottom layer 
has a significant effect on the immediate layer (WMM and DBM) of the compos-
ite  layered pavement section. In this study, a mean ELWD value of 103.7 MPa was 
reported for a DBM layer of 50-mm thickness when it was laid on a WMM layer 
resting on an existing RCC bed. The results were in close agreement with an aver-
age modulus value of 110 MPa of an asphalt surface placed in two layers of 65-mm 
thickness reported by Fleming et al. (2007). In the case of WMM layer, the mean 
dynamic deformation value was  increased from 81.8  MPa to 90.2 MPa for an 
increase in the number of passes from 4 to 8. This indicates the effect of compaction 
roller passes on the compacted pavement layers.

5.4  Dynamic Deformation Modulus of Pavement Layers Resting on Subgrade 
Soil‑3 (Case‑4)

Figure 9 represents the variation of dynamic deformation modulus (ELWD) of vari-
ous layers resting on subgrade soil-3 of the case-4 test pad (refer to Fig. 1d). The 
LWD readings on each layer follow a similar trend of increment and are consistent 

Fig. 8  Radar char of dynamic deformation modulus (ELWD) of case-3
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in comparison with the other layers. The mean of dynamic deformation modulus 
( �ELWD

 ) values of the existing subgrade soil (soil-3), base layer (WMM) and surface 
layer (DBM) were determined by using Eq. (2) and were found to be 47.8 MPa, 60 
MPa and 75.8 MPa, respectively. The corresponding COV values ( COVELWD

 ) were 
reported as 14.4%, 13.5% and 7.7%, with a spatial variation of 8.1 to 17.3 (refer to 
Table 4) and were evaluated by using Eqs. (4)–(5) respectively. The mean dynamic 
deformation modulus ( �ELWD

 ) values for the surface layer (DBM) of test pad cases 2 
and 4 show good consistency, with a minimal percentage difference of 15%. How-
ever, there is a significant difference in percentage for the subgrade soil and WMM 
layer, with values of 85.8% and 42.2%, respectively. This is due to the different 
types of subgrade soils (i.e., soils 2 and 3) and their stiffness, despite the similar 
type of WMM material being laid. This indicates that a significant influence on the 
mean ELWD of the WMM layer was observed. In the case of WMM layer, the mean 
dynamic deformation modulus ( �ELWD

 ) values were increased from 48.8 MPa to 60.0 
MPa for the number of passes from 4 to 8.

5.5  Effect of Milled Bitumen on Dynamic Deformation Modulus of WMM Layer 
(Case‑5)

In this case, the WMM layer was placed on a milled bitumen layer as a part of the 
overlay design (refer to Fig.  1e). The presence of a milled bitumen layer influenced 
the LWD test results. Figure 10 illustrates the variation of dynamic deformation modu-
lus (ELWD) obtained from 10 test points using the LWD device. The mean dynamic 
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Fig. 9  Radar chart of dynamic deformation modulus (ELWD) of case-4
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deformation modulus ( �ELWD
 ) was calculated by using Eq. (2) and reported as 143.1 

MPa and 73.2 MPa for milled bitumen and WMM layers, respectively. This indicates 
that there is a significant influence of milled bitumen on the mean ELWD value of the 
WMM layer, with an improvement of 34.1 MPa when compared with the WMM layer 
laid on subgrade soil-2. Whereas a reduction of 17 MPa was observed when the WMM 
layer was laid on an existing RCC layer, owing to which the overlay of 0.15-m thick-
ness of WMM layer was laid similar to the other considered test pad cases. The rea-
son beyond this is the leftover thin layer of milled bitumen on an existing base layer 
(WMM) which has minimal influence on the constructed WMM layer. The reported 
COV value of 14% for milled bitumen can be due to the variability in milled thin lay-
ers and uneven levelling. COV and SV of the WMM layer were calculated using Eqs. 
(4) and (5) and reported as 7.8% and 8.3%, respectively. Most care should be taken 
in pavement rehabilitation works, such as milling, pre-levelling and cleaning to place 
WMM layers, to ensure consistency in COV results, which should be within an accept-
able range (i.e., 10–20%), as reported by Maji and Das (2008).

5.6  Effect of Soling (Resting on Subgrade Soil‑4) on Dynamic Deformation 
Modulus of WMM Layer (Case‑6)

Soling is a technique for creating a stable base for the pavement layer by placing 
a layer of uniform-sized boulders on subgrade soil. Its purpose is to distribute the 
low-volume traffic load evenly and avoid subsidence in the subgrade soil. Soling 
is frequently employed in regions with unfavourable subgrade soil conditions, for 
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Fig. 10  Radar chart of dynamic deformation modulus (ELWD) of case-5
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instance, with high water tables and is considered a challenge by constructing the 
case-6 test pad (refer to Fig. 1f) to protect the pavement layers from the impact of 
the nearby water body.

Figure  11 represents the variation of dynamic deformation modulus (ELWD) 
obtained from 15 test points. The mean dynamic deformation modulus ( �ELWD

 ) val-
ues of the existing subgrade (soil-4), soling and base layer (WMM) were found to be 
26.1 MPa, 35.6 MPa and 49.3 MPa, respectively. The corresponding COVELWD

 was 
reported as 19%, 19.1% and 13.7%, respectively, and was evaluated using Eq. (4) 
(refer to Table 4). The reported SV values of 1.6, 7.7 and 9.4 were determined by 
using Eq. (5) for soil-4, soling and WMM layer, respectively. There is minimal influ-
ence of soling on the mean ELWD of WMM layer (improvement of 10.2 MPa) when 
compared with the mean ELWD of WMM layer when it was laid on subgrade soils 
(soil-2 and -3) for cases 2 and 4, respectively. This variation is a result of filling the 
voids with stone chips, and a thin layer of stone chips was spread all over the soling 
surface, which behaves similarly to the granular sub-base layer. The reported COV 
value of 19% for soil-4 and soling was due to the variability of unfavourable soil con-
ditions under testing and their state (i.e., moisture content and compacted density). 
However, for typical highway test pad sections in the field, a coefficient of variation 
(COV) value of less than 20% was practically considerable as reported by Yoder and 
Witczak (1975).

5.7  Statistical Analysis (Mean, Standard Deviation, Coefficient of Variation 
and Spatial Variance) of Dynamic Deformation Modulus for Six Test Pad Cases

The present study focused on evaluating the dynamic deformation modulus 
values for various materials in composite pavement systems. Experiments were 
performed and resulted in 453 data points. Statistical analysis was performed 
by using Eqs. (2)–(5) to calculate the mean, standard deviation, coefficient 
of variation of ELWD and spatial variance, respectively. Table  4 represents a 
summary of all test pad cases considered in this study. The estimated COV using 
Eq. (4) for soil-1, -2, -3, -4, milled bitumen and soling was reported as 17.5%, 
15%, 14.5%, 19%, 14% and 19.1%, respectively. The LWD results tend to be in 
the acceptable range, as reported by Yoder and Witczak (1975). However, COV 
values were reported within the limits for stiff layers such as WMM and surface 
layers (i.e., 6.8%–13.7% and 7.7%–13%, respectively). The COV is influenced 
by several factors, such as non-uniform compaction around the test pad sections 
(edges and corners), variations in material properties, density, moisture content 
and lift thickness. Consequently, these factors lead to disparities in the effective 
measurements of dynamic deformation modulus (ELWD) from LWD NDT devices 
and their reliability. In addition, this study highlighted the importance of proper 
compaction of subgrade soil and the  WMM layer in pavement performance by 
summarizing the statistical analysis as tabulated in Table 4.

The overall results from the six test pad cases showed that the dynamic defor-
mation modulus (ELWD) values varied significantly depending on the compos-
ite-layered pavement sections. This study highlights the importance of effective 
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measurements of ELWD using LWD devices in designing and optimizing com-
posite-layered pavement sections of various materials, which ultimately leads to 
increased performance and durability while reducing maintenance cost of the pro-
ject. The practical implications of these findings extend to the construction and 
maintenance of composite layered pavement sections in various contexts.

5.8  Limitations and Future Scope

The current study is focused on the measurement of dynamic deformation modulus 
(ELWD) of composite-layered pavement sections and proposes the range of dynamic 
deformation modulus for the six test pad cases. In addition, studied the influence 
of underneath layers on the dynamic deformation modulus of composite layered 
pavement sections. However, this study has a few limitations, such as that the effect 
of variation in moisture content, bitumen (DBM) temperature, climatic tempera-
ture and influence depth of the LWD device on DBM was not considered. Further 
research can be expanded to compare the effects of abovementioned limitations 
on the dynamic deformation modulus (ELWD). In addition, the data obtained from 
LWD device can be compared with other kinds of NDT devices, such as dynamic 
cone penetrometer, soil stiffness gauge, falling weight deflectometer and Benkel-
man beam deflectometer devices.
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Fig. 11  Radar chart of dynamic deformation modulus (ELWD) of case-6
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6  Conclusions

The results of this study were presented to evaluate the potential use of LWD 
devices in determination of the in-situ dynamic deformation modulus (ELWD) of 
layered  composite pavement sections (six test pad cases). Based on the results 
obtained from the LWD device for six test pad cases, the following conclusions 
were drawn:

1. The field test results indicate that the repeatability of the LWD tests and their 
results depend on the compacted material being tested and the composition of 
the layers that are being evaluated. The repeatability of the LWD tests was found 
to be in good agreement for the subgrade soil-2 of cases 2 and 3. For instance, 
mean dynamic deformation modulus ( �

ELWD
 ) values of 19.1 and 21.1 MPa were 

obtained for cases 2 and 3, respectively.
2. The dynamic deformation modulus (ELWD) of the WMM layer was different for 

various cases based on the subgrade soil. For instance, when the WMM layer 
was laid on existing subgrade soil-2 (i.e., case-2), the mean ELWD of WMM was 
reported as 39.1 MPa with a COV of 12.7%. Whereas for case-4, the mean ELWD 
of WMM layer was reported as 60 MPa, with a COV of 13.5% when the WMM 
layer was laid on prepared subgrade soil-3.

3. The rigidity of the underneath layer also influences the dynamic deformation val-
ues (ELWD) of the WMM layer. For instance, where a WMM layer was laid on an 
existing RCC bed (i.e., in case 3), the mean ELWD of WMM layer was found to be 
90.2 MPa. Whereas for cases 5 and 6, the mean ELWD of WMM layer was reported 
as 73.2 MPa, and 49.3 MPa when the WMM layer was laid on milled bitumen and 
soling, respectively. In comparison, a higher ELWD value was observed in case-3 
due to the RCC bed underneath the WMM layer.

4. The number of roller passes played a major role in increasing the dynamic defor-
mation modulus values. For instance, as the number of passes increased from 4 to 
8, the mean ELWD values of WMM layers increased from 29.7 MPa to 39.1 MPa, 
81.8 MPa to 90.2 MPa and 81.8 MPa to 90.2 MPa for test pad cases 2, 3 and 4, 
respectively.

5. In the case of surface layer (i.e., cases 2–4), where a DBM material was laid on 
the WMM layer, the mean ELWD values of the DBM layer of 50-mm thickness 
were found to be 65.2 MPa, 103.7 MPa and 75.8 MPa for cases 2, 3 and 4, respec-
tively. However, the COV and SV values were obtained in the range of 5.81% to 
13% and 8.1 to 17, respectively.

LWD tests were carried out to determine the dynamic deformation modulus 
(ELWD) of the layered  composite pavement section to ensure optimal compaction 
and prevent failures. This makes the LWD device a strong tool for evaluating 
the compaction quality control of various materials used in the construction of 
infrastructure projects, improving durability and reducing maintenance costs. It 
allows optimization of the compaction process and ensures the construction of high-
quality and long-lasting infrastructure projects.
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Notations/Symbols COV: coefficient of variation, (%); (COVELWD
): coefficient of variation of dynamic 

deformation modulus (MPa); DBM: dense bituminous macadam; DT: destructive testing; ELWD: dynamic 
deformation modulus, (MPa); FWD: falling weight deflectometer; i :   ELWD value at each data point (ith 
point); LWD:  light  weight deflectometer; NDT:  non-destructive testing; N:  number of ELWD test data 
points; SVELWD: spatial variance of dynamic deformation modulus (MPa); VG: viscosity grade; w: defor-
mation, (mm); WMM:  wet mix macadam; w    :  mean deformation, (mm); �ELWD

  :  mean of dynamic 
deformation modulus (MPa); �ELWD

 : standard deviation of dynamic deformation modulus (MPa)
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