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ABSTRACT

Construction variability and isolated defects in base layer can be limiting factors in pavement’s service life.
To control construction quality and implement an efficient quality management system, this study develops
a quick, accurate, and simple non-destructive method using ground penetrating radar (GPR) to determine
reliable values of in-place compacted base material properties, such as suction (h,,), water content (8), dry
density (y4), and resilient modulus (Mg). To overcome the challenges associated with timely laboratory
testing on core samples, a set of mechanistic empirical characteristics curve models were utilized and
corresponding fitting parameter prediction models were proposed based simple laboratory tests like the
Methylene Blue Test (MBT), Percent Size Distribution Analyzer Test, Percometer Test, and Aggregate
Imaging Measurement System (AIMS) Test. The laboratory characterization results were integrated with
GPR scan data and processed using two GPR signal analysis software programs, PaveCheck and
LayerMAPP, to generate a strip map of the in-situ base properties along the pavement section. Finally, to
validate the results from the GPR-based approach, the predicted profile of base material properties from
filed test sections was compared with results from other non-destructive methods such as the Nuclear

Density Gauge and Falling Weight Deflectomter.

Keywords: Ground penetrating radar, non-destructive monitoring, resilient modulus, dry density,

pavement layer properties.



1. Introduction

A high-quality base layer, which is applied between the surface layer and the subgrade, provides functional
support to the pavement structure and effectively dissipates stresses induced by traffic loads to the
underlying subgrade [1]. However, the performance of the base layer can vary significantly depending on
construction quality; thus, the properties of the compacted base material should match as closely as possible
to those used in the design phase. In current design practices, core samples are extracted from the compacted
base layer during construction, and engineering properties are measured in either the laboratory or the field
to assess construction quality. A major obstacle in controlling these design properties during construction
is the difficulty of collecting core samples and the time-consuming nature of the process. Additionally,
construction variability and isolated defects can limit a pavement's service life, and core sample sizes often
miss defect areas. Hence, a new approach is needed to efficiently monitor the quality of compacted base
material properties in a continuous strip, ensuring high accuracy and precision while minimizing traffic
disruptions. This study aims to address this challenge by developing a Ground penetrating radar (GPR)
based nondestructive approach integrated with simple and quick laboratory testing protocols for real-time
monitoring of engineering properties in the compacted base material. This approach provides a more

comprehensive view of pavement layer conditions compared to traditional core sampling methods.

GPR is a nondestructive geophysical tool widely used to detect the properties of the underground
layer. It has been adapted and successfully applied by researchers and pavement engineers to predict the
characteristics of pavement layer systems. The basic principle of the GPR operation system is that it emits
electromagnetic (EM) pulses and receives reflected signals through an antenna, measuring the time of
arrival of each wave. The magnitude of the signal amplitudes changes based on the dielectric properties of

each layer [2, 3].

In previous research, GPR technology has been widely used to gather information on subsurface
layers and determine their properties [4-10]. The variation in water content in most natural soils is

considered the principal factor affecting dielectric properties [11]. Consequently, many studies have



assessed water content in base/subgrade layers underlying pavement surface and railways using GPR data
[12-14]. A correlation model was established between soil density and GPR survey readings, highlighting
that the dielectric permittivity of soils in their natural state depends on water content, which generally
decreases as bulk density increases [15]. In a recent study, a GPR-based methodology was proposed to
estimate the depth of underlying soil layer as well as soil hydraulic properties [16]. Building on theses
previous studies, a methodology was offered for monitoring water content variations in the base layer and

evaluating the moisture susceptibility of base aggregate materials through single-offset GPR readings [17].

GPR technology enables high-speed data collection and the analysis of the continuous dielectric
profile [18, 19]. A transmitter antenna emits a high-frequency mono-pulse electronic signal, which travels
through each layer and reflects at the interface between layers with different dielectric properties. This high-
frequency signal is received by the antenna and transmitted to a signal acquisition unit, where it is converted
to relatively lower signal pulses. A typical plot of a received radar signal versus arrival time for one pulse
is illustrated in Figure 1a. The first amplitude, 4, reparents the incident wave which emits from the lower
end of the antenna. The incident wave reflects at each layer interface, and the reflected waves are plotted
as return voltage against their time of arrival in nanoseconds, as shown in Figure 1a. The amplitude, A,
represents the voltage energy from the surface of pavement, while subsequent amplitudes A, and A,

indicate reflections from the surface of base and subgrade layers, respectively.
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Figure 1. (a) Mechanics of signal operation system, and (b) a GPR equipment

These signals are received by a receiver, converted to low frequency, digitized by an A/D converter, and
then sent to a host computer for data processing and display. The radar system moves along the survey
location, with received waves displayed as a 2-D pseudo-color strip map by the host computer. In this study,
an air launched GPR unit was utilized, as shown in Figure 1b. The radar system was carried in a van, with

the radar antenna mounted on the front bumper. This particular GPR van can operate at a highway speed of



60 mph while effectively collecting data. It is capable of emitting and receiving 50 pulses per second,

penetrating to a depth of 2 feet.

1.1 Principal of Ground Penetrating Radar System
The basic principle of radar wave propagation is that a radar wave traveling through a dielectric medium
moves at a velocity (v) equal to the speed of light divided by the square root of the relative dielectric
constant, as shown in Equation 1.
v=c/Ve 1)
where ¢ = the speed of light (3.0 x 108 meters per second) and ¢ = the relative dielectric constant
When applying the radar wave principle to pavement layer surfaces, the signal is directed vertically
downward. As the incident wave (4,) strikes the pavement surface, a portion of the signal's voltage (4;) is
reflected vertically upward from the surface and the remainder of the electromagnetic energy is transmitted
through the surface into the next layer, as depicted in Figure 1a. The transmitted wave encounters the next
interface between layers (surface and base) with different dielectric constants, resulting in another reflection
(4,) and transmission voltage. This process continues as the wave reflects off the base-subgrade interface
and travels back to the surface, undergoing further reflections and transmissions at each layer interface.
Each pavement layer interface has a reflection and a transmission coefficient. The reflection coefficient for
any interface between layer i and layer i + 1 can be expressed as a function of the relative dielectric

properties (&) of the adjacent layers.
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The corresponding transmission coefficient is expressed in Equation 3.
Tiiv1 =14 piiva 3
As the radar wave strikes the pavement surface or layer interfaces, the amplitudes of the reflected and

transmitted waves are diminished. The amplitude of the incidence wave (4,) and the reflected wave



(A,) from the surface are related through the reflection coefficient (p,) for the pavement surface, as shown
in Equation 4.

Ay = Ap * pos 4
Similarly, the amplitude of the reflected wave (A4,) from the surface-base layer interface is related to the

incident wave amplitude (4,), as shown in Equation 5.

Ay = (Ag * To1) * p12 * T1o )
By measuring the amplitudes of each reflected wave, the reflection coefficient, p,4, in Equation 4 can be

replaced with Equation 2 to calculate the dielectric constant, &;, of the surface layer.
1+2—3 2
& = AL (6)

The amplitude of the incident wave, A, can be determined by measuring the amplitude of the reflection

wave from a large metal plate (represents the case of 100% reflection).

Equations 2, 3, 5, and 6 can be employed to determine the relative dielectric constant of the base layer, ¢,.

()
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Additionally, the arrival times of each reflected wave are also measured (in nanoseconds) and the time
interval between the arrivals of reflected waves, At; , is used to determine the thickness, h;, of each layer

using Equation 8.

cxAt;
h;

- 2\/8—1, (8)

Hence, the thickness of the surface layer and the base layer can be estimated following Equation 9.

c*xAt,

N (9)

C*Atl_
hl == y
2\(81

and h, =

where h, and h, yield the thickness of the surface and base layers respectively, c is the speed of the
electromagnetic wave in air (5.9 inches/ nanosecond for two-way travel), At, is time delay (in nanoseconds)

between A, and 4,, and, At is time delay (in nanoseconds) between A, and A;. In this study, the thickness



(h,) and dielectric constant (e,) values of the base layer were processed as a continuous strip along the

GPR survey path using the PaveCheck software program. The focus of this study is to integrate GPR scan

data with simple laboratory characterization test results to determine reliable values of the in-place as

compacted base material properties. The key objectives are described below.

Experimental characterization of base engineering properties i.e., suction (4,,), water content (8),
dry density (y,), resilient modulus (M) for the collected aggregate materials

Development of a set of characteristics curves, i.e., the soil-water characteristic curve (SWCC),
suction-dielectric characteristic curve (SDCC), compaction curve model (CCM) based on
experimental test results

Development of a set of correlation models to predict fitting parameters for characteristics curves
based on simple base course properties, including the Methylene Blue Value (MBV), percent fine
content (pfc), dielectric constant (¢), and the angularity (A), shape (S), and texture (T)
characteristics of the base materials

To implement the GPR-based monitoring approach by integrating GPR scan data with laboratory
characterization curves to estimate the base material properties for two field pavement sections
To validate the GPR predicted base material properties using other nondestructive testing

approaches i.e., Falling Weight Deflectometer (FWD), Nuclear Density Gauge.

2. Methodology

Figure 2 illustrates the procedures for implementing the GPR-based mechanistic-empirical approach in field

projects. The outputs from the GPR scan are analyzed using the software program PaveSCM to obtain the

dielectric constant profile of base layer. The generated characterization curves (SDCC, SDCC, CCM) for

the base materials derived from laboratory characterization test results, and dielectric constant data, are then

input into the software program LayerMAPP. The program analyzes this information to estimate the

engineering properties of in-situ compacted base layer, including suction (h,,), water content (8), dry



density (y4). The estimated values for h,,, 8, and coefficient of resilient modulus (Mg) are subsequently
entered into a built-in Finite Element Program (FEM) to determine the Mg value based on a stress- and-
water content sensitive Mg-model. To validate the GPR-based nondestructive approach, the predicted
values of 0,y,, and Mg for the base layer from filed projects are compared to those obtained from other

non-destructive methods such as Nuclear Density Gauge readings and backcalculated FWD test data.
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Figure 2. A Schematic flow chart presenting the process estimating base properties using GPR
approach

3. Laboratory Test Results

To experimentally characterize and validate prediction models for engineering properties, i.e., suction (h,,),
water content (), dry density (y4), and resilient modulus (Mg), base aggregate samples were collected from
nine quarries across Texas. The laboratory tests conducted include the filter paper test to determine suction,
the compaction test to measure dry density at specific water content, and the resilient modulus test to
determine the base modulus value. The following subsections provide a detailed description of these tests,

including the test protocols, procedures, and results.



3.1. Soil Suction (Filter Paper Test)
The filter paper test is widely used as a standard method for measuring soil suction in unsaturated soil
mechanics. In this study, the filter paper test procedure was employed to measure the matric suction (h,,)
of aggregate materials passing through the No.4 sieve.

3.1.1. Filter Paper Test Procedure
Two compacted aggregate specimens were prepared for each type of base material using the standard
compaction method outlined in ASTM D 698 [20]. The size of the compacted specimens was 1.5 in. in
height and 3 in. in diameter. The compacted soil specimens were kept in a 100 percent humidity room until
they dried down to a desired water content level. Once the samples reached the desired water content, they
were taken out the environmental room and immediately placed for the filter paper test. One filter paper
was placed between two compacted specimens to measure matric suction, while two additional filter papers
were placed on top of the sample to measure the total suction. The specimens were then placed in a jar and
sealed with electrical tape. These specimens were kept for 7 days in the sealed jar. After 7 days, the water
content in filter papers and the corresponding suction level in the specimens would reach an equivalent
phase. The jar was opened afterward, and the suction values were determined by weighing the water content
of the filter papers using a highly accurate scientific scale. The filter paper test procedure is described in
ASTM D5298 [21]. The complete testing protocol for a compacted base aggregate sample is illustrated in

Figure 3.

3.1.2. Filter Paper Test Results

The moisture content absorbed by the filter paper is converted into a suction value based on a calibration
curve [22]. The suction values were recorded in log kPa units, where the suction in log kPa equals logio

|suction in kPa|. Table 1 lists the measured suction values for the collected base materials in kPa units.
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Figure 3. Filter Paper suction test procedure steps (a) compacted identical base aggregate
specimens, (b) one filter paper in between two specimens, (c) two filter papers placed on top of a
plastic ring, (d) the process of placing specimens in a jar and sealing it, (e) storing the sealed jar in a
chest box, (f) after equilibrium period, opened the seal jar and weigh the wet filter papers along
with the tin, (g) placing the tin with wet the filter paper in a hot oven, and (d) weigh the tins along

(h)

with the dry paper

Table 1. Measured suction values for collected aggregate materials

Source  [Volumetric Matric Suction, h,, |Source |Volumetric Matric Suction, h,,
material |water content, |(kPa) material |water content, |(kPa)

0, (%) Mean value |SD 0, (%) Mean value |SD
E-01 4.0 -50.1 0.3 |E-06 4.0 -125.9 0.6
E-02 4.1 -39.8 0.3 |E-07 4.3 -63.1 0.3
E-03 4.1 -20 0.8 |E-08 4.1 -63.1 0.2
E-04 3.9 -100 1.1 |E-09 4.0 -63.1 0.2
E-05 4.2 -100 0.2




3.2. Dry Density (Compaction Test)
Since the base materials are three-phase mixtures consisting of solid particles, water, and air, the relative
amounts and arrangement of these components have considerable effects on the physical and mechanical
properties of the materials [23]. In construction, compaction is a necessary process that involves applying
energy to the materials to rearrange these three phases, which results in increased density and strength. The
two essential factors in quality control of base material compaction are water content (8) and dry density
(va) [24, 25]. The standard test procedure was followed in this study to perform compaction tests on each
collected sample, aiming to establish the water-density relationship of the base materials [26].

3.2.1. Compaction Test Procedure
The base materials were compacted in a mold measuring 6 inches (152.4 mm) in diameter and 8 inches
(203.2 mm) in height. The materials were molded in four layers using a 10 Ib. (4.53 kg) rammer. The
rammer was dropped from a height of 18 + 1/2 inches (457 + 12.7 mm) until a total compaction energy of
750.0 ft-1bs was delivered equally to each layer, as measured by the soil compactor analyzer (SCA) device.
To achieve the energy, a total of 50 + 5 drops was applied. This test procedure involved using aggregate
that passed through the 1-3/4 in. (45 mm) sieve, followed by the use of a 7/8 in. (22.6 mm) sieve to separate
the aggregate retained on the 7/8 in. sieve from the aggregate that passed through it. The separated
materials- both retained and passing through the 7/8 in. sieve- were distributed equally based on size, shape,
and quantity into four separate layers. This process was repeated five times with varying moisture contents

to obtain a well-defined water content versus dry density curve.
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Figure 4. Compactioh equipment used for molding a specimen with SCA

3.2.2. Compaction Test Results
After compaction, the gravimetric water content of the specimen was determined by measuring the
difference in weight. The wet density was calculated by dividing the wet mass by the volume of the mold
used. Next, the dry density was computed using the wet density (y,,) and the gravimetric water content (6,),

according to Equation 10.

Va =2 (10)

1+6,

This process was repeated five times for each aggregate source, with the water content being increased after
each iteration and the corresponding dry density calculated. The dry densities calculated for the tested water
contents of each aggregate source are listed in Table 2.

Table 2. Compaction test results for each pit at five different water contents
Sourc_e Gravimetric water content, 6, (%) Dry density, y4r, (pcf)
material

E-01 3.92 |4.78 |5.58 |580 [6.37 139.60 |141.84 |143.16 |143.00 | 142.63
E-02 581 |6.65 [7.10 |7.61 [8.15 135.00 |137.00 |137.10 |136.63 | 135.78
E-03 7.09 |7.60 [8.04 |9.04 [9.68 130.28 |130.80 |130.92 [128.63 |126.39
E-04 413 [4.95 |5.78 |6.00 |6.60 13441 [137.98 |143.62 |142.10 | 140.55
E-05 466 [5.58 |6.00 |6.41 |6.77 131.01 |140.63 |141.50 | 140.18 | 138.97
E-06 412 1498 |560 |5.89 |6.64 144.06 | 149.72 |150.40 | 149.63 | 147.72
E-07 6.06 [6.80 [7.40 |7.55 [841 132.69 |136.69 |137.70 [137.68 |134.71

12



E-08 5.03 |5.72 |6.50 |6.58 |7.69 143.33 | 144.34 |145.80 | 146.29 | 143.60
E-09 6.31 1690 |7.32 |7.85 ]9.11 132.50 |135.40 |136.44 |135.83 | 134.28

3.3. Resilient Modulus Test
The resilient modulus of unbound aggregates is widely used to describe the response of the base layer under
traffic loads. It is defined as the ratio of the maximum cyclic stress to the recoverable resilient strain in one
repeated dynamic loading cycle. In this study a Repeated-Load Triaxial (RLT) test was conducted on
cylindrical aggregate specimens using a triaxial chamber equipped with a closed-loop test system.

3.3.1. Resilient Modulus Test Procedure
In order to consider the cross-anisotropic behavior of unbound aggregates, a new loading protocol has been
developed to determine the actual responses of aggregate layers under various types of traffic loading [27].
For each loading sequence, the specimens were tested at a constant confining pressure and an axial cyclic
stress applied in a haversine waveform, with a load duration of 0.1 seconds and a cycle duration of 1.0

seconds.

Base aggregate specimens were prepared using a vibratory compaction machine as recommended in the
AASHTO sampling protocol [28]. These granular specimens were compacted at a specific moisture content
and corresponding densities. The dimensions of the specimens were 6 inches diameter and 12 inches in
height. After de-molding, each specimen was wrapped in a plastic membrane to minimize moisture loss
and was kept for 14 hours, or overnight, to allow the water inside the specimen to distribute uniformly. One
linear variable differential transformer (LVDT) was attached to each side of the specimen before being
placed into the triaxial chamber. The gauge length of LVDTSs, used to compute strain, was 6 inches. Figure
5 shows the specimen with LVDTs attached before the repeated loading test started. Figure 5b illustrates
the configuration of the resilient modulus test. Prior to the test, the pressure inside the chamber was
increased until it reached the desired confining pressure. Then, the axial load was applied to the specimen
through the loading frame in the Material Testing System (MTS). The entire testing process was controlled

by a computer program that specified both the axial load and the confining pressure. During each test, two

13



LVDTs measured the vertical deformations of the specimen. The loading and deformation test data were

analyzed to assess the recoverable and unrecoverable behavior of the granular base material.

(@) (b)
Figure 5. (a) Sample preparation before resilient modulus test; (b) configuration of Material
Testing System (MTS) test machine with a mounted specimen

3.3.2. Resilient Modulus Test Results
The resilient modulus (Mg) value of the aggregate specimen was measured for each loading sequence. Since
aggregate base material is both stress and water-content dependent, it is necessary to predict the Mg-value
at any specific stress and water-content level. In this study, a modified Mg model was used to consider the
influence of water content, suction, and stress on Mg characteristics [29]. The model used is presented in
Equation 11.

—3%0,* f *h
P

a

I T
My =K,P, (- ) E” (11)

where I is the first invariant of the stress tensor, P, is the atmospheric pressure, 8,, represents the volumetric

water content, h,, is the matric suction in the aggregate matrix, f is the saturation factor, 1 < f < %, Toct

14



is the octahedral shear stress, and k; , k,, and k5 are fitting parameters that dependent on the aggregate
material properties. Table 3 presents examples of the resilient modulus test results for all aggregate samples
tested at optimum moisture content, under a confining pressure of 7 psi and a deviatoric stress of 20 psi.

Table 3. Resilient modulus test results for aggregate specimen at specific water content

Source Volumetric water | Matric ky ko ks | Resilient Modulus
material | content,d Suction, h,, (Mg) (MPa)
(kPa)

E-01 0.133 -63.1 2440.2 | 0.36 | 0.00 | 368.88
E-02 0.155 -100 299.2 |1.05 |-0.07 | 107.87
E-03 0.161 -316.2 7739 |0.74 |-0.10 | 241.20
E-04 0.136 -79.4 544 1.21 |-0.12 | 229.37
E-05 0.136 -41 7724 125 |-0.14 | 322.71
E-06 0.135 -39.8 1198.2 | 0.84 | -0.02 | 303.83
E-07 0.163 -63.1 456.7 121 |-0.12 | 191.53
E-08 0.152 -39.8 1464.5 | 0.78 | -0.05 | 354.55
E-09 0.173 -63.1 1206 0.87 |-0.03 | 332.56

4. Characteristics Curves to Determine the Base Properties

This study aims to establish a quick, accurate, and straightforward method for determining reliable values
of the engineering properties of compacted base materials using radar scan data. To achieve this, a set of
characteristic curves and a model were utilized, such as the soil-water characteristic curve (SWCC), the
suction-dielectric characteristic curve (SDCC), the compaction curve, and a resilient modulus (Mg) model.
Typically, generating these characteristic curves requires a special set of laboratory equipment, experienced
labor, and extensive testing schedules. For instance, laboratory procedures such as pressure plate or filter
paper tests can take two days to a week to measure suction values and subsequently generate the SWCC.
To eliminate the challenges associated with laboratory testing, this study utilized more easily determined
soil properties as an efficient alternative for predicting the characteristic curves. The series of tests to
determine these soil properties include: (1) the methylene blue test to determine the methylene blue value
(MBV), (2) the Horiba particle size distribution analyzer test to determine the percent fines content (pfc),
(3) the percometer test to measure the dielectric constant value, and (4) the aggregate imaging measurement
system (AIMS) test to measure the geometric characteristics (angularity, shape, and texture) of the base

material. The methylene blue value (MBV) assesses the amount of percent clays, a key factor influencing

15



the relationship between soil suction and moisture content. The dielectric constant value and percent fine
content (pfc) are related to the suction value (based on corresponding water content) and the total amount
of specific surface area, respectively, helping to generate a unique suction-dielectric constant relationship.
The dry density-moisture content relationship, represented by the compaction curve model (CCM), is
established using a co-relationship with MBV, pfc, and specific gravity (Gs). Finally, to predict the
coefficients of the resilient modulus model, the k-values were correlated with simple base course properties,
including the dry density (yq), pfc, and aggregate geometric characteristics such as gradation, angularity,

shape, and texture.

4.1. Methylene Blue Test
The W. R. Grace methylene blue test is widely used to establish a direct relationship between the clay
content and the MBV for a wide range of soil types. MBV measures the clay content based on the fact that
the negative charges on the clay particle surfaces can have ion exchanges with methylene blue cations,
which brightens the methylene blue solution [30-32]. The W.R. Grace test protocol was modified at Texas
A&M University to enable its use for the detection of both non-plastic and plastic fines from soils [33]. The
fines are classified as non-plastic and plastic materials according to their different specific surface area. The
Methylene Blue separates these two types of fines at the critical value of 7.00 mg/g. A detailed description
of the methylene blue test procedure and generation of SWCC for unbound aggregate materials based on

the test results was presented in a previously published paper [34].

As shown in Figure 6, the methylene blue test apparatus consists of a colorimeter, a timer, a 45 mL plastic
tube, a 500-microliter micropipette tip, a syringe, a 0.20 micrometer size filter, an eye-dropper, a 1.4 mL
small plastic tube, a portable scale, distilled water, and methylene blue solution. Table 4 lists the results of

the methylene blue tests for the selected base materials.
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Table 4. Methylene blue values for the selected aggregates
Material source |MBV (mg/g) |Material source |MBYV (mg/g)
E-01 4.96 E-06 7.12

E-02 5.32 E-07 7.04

E-03 18.50 E-08 6.76

E-04 16.36 E-09 3.11

E-05 241

5 = o ]
2 72 5 3 3 23 83
3 é 22 = i & ) ga% 22

(2]
—

Figure 6. Configuration of Methylene Blue Te
4.2. Particle Size Distribution Analyzer Test

A Horiba laser-scattering, particle-size distribution analyzer was used in this study to determine the pfc of
aggregates, which is shown in Figure 7. In the particle size distribution test, a viscous solution made of the
particles that pass through a No. 200 sieve and water is passed through a beam of light. As different sizes
of particles scatter light at different angles, the percentage of the particles smaller than 2um can be
determined by analyzing the intensity of the scattered light at certain angles. The light scattering device
analyzes the dimensions of various particles in the solution and generates a particle size distribution ranging

from the smallest to the largest particle size.
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Figure 7. HORIBA LA-960 Laser Particle Size Analyzer

The pfc is calculated according to Equation 12.

Percent Fines Content (pfc) = :Zﬂ (12)

75um
where maun iS the mass of aggregate smaller than 2 microns, and mysy. is the mass of aggregate smaller
than 75 microns.

Table 5 shows the pfc of the test samples.

Table 5. Percent fines content (pfc) values for aggregates
Material source | pfc (%) | Material source pfc (%)
E-01 16.10 E-06 13.20
E-02 11.43 E-07 15.48
E-03 22.83 E-08 13.55
E-04 12.71 E-09 13.25
E-05 22.20

4.3. Percometer Test
The Percometer test is a fast and nondestructive method to measure the dielectric constant and electrical
conductivity of base materials, both in the laboratory and during in-situ testing [33, 35]. Figure 8 shows the
standard Adek Percometer equipped with a surface probe while taking measurements on cylindrical
specimens. The cylindrical specimens that were prepared for filter paper tests were used for Percometer

measurements.
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Figure 8. Adek Percometer measurin;]”{rllle dielectric constant of compacted base samples

Dielectric constant measurements were taken immediately before starting the filter paper test to ensure that
suction and dielectric constant were measured at the same moisture level. The readings were carefully taken
from five different points on the surface of each specimen. The mean value and standard deviation of the
collected measurement for each base material is presented in Table 6.

Table 6. Measured dielectric constant values of collected aggregate materials using Percometer
device

Source material | VVolumetric water Dielectric Constant, &,
content, 8,, (%) Mean value | SD
E-01 4.0 -50.1 0.3
E-02 4.1 33.0 0.3
E-03 4.1 24.0 0.8
E-04 3.9 14.0 1.1
E-05 4.2 12.5 0.2
E-06 4.0 15.0 0.6
E-07 4.3 12.0 0.3
E-08 4.1 9.5 0.2
E-09 4.0 10.1 0.2

4.4. Aggregate Imaging Measurement System Test
The Aggregate Image Measurement System (AIMS) is a computer-integrated laboratory test device that
analyzes morphology of aggregates, including shape, angularity, and surface texture [36]. It is comprised
of a computer, image acquisition hardware, a high-resolution camera, a microscope, an aggregate tray, and
a lighting system, as shown in Figure 9. Aggregate shape characterizes the flatness and elongation of

aggregate particles, angularity evaluates the degree of roundness of aggregate corners, and surface texture
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defines the roughness of aggregate surfaces. In this study, coarse aggregate particles collected from nine
different quarries were tested using the AIMS device. The washed coarse aggregates were separated first
by retaining materials on 1/2 in., 3/8 in., and No. 4 sieves. The materials retained on each sieve were placed
in the aggregate tray and scanned by the high-resolution camera. A detailed description of the AIMS test
procedure and distributions of the measured indices for angularity, shape, and surface texture, was presented

in a previously published article [27].

Flgure 9. (a) Aggregate Imaging Measurement System (AIMS) Test dewce (b) AIMS Camera
System

In order to quantify the test results, a known statistical distribution was fitted to the distributions measured
from the AIMS test. The cumulative Weibull distribution function was adopted in this study as shown in

Equation 13.

"a
F(x;a,A) =1-— e_(i) (13)

where F(x;a, A) is the cumulative probability; x is the composite angularity, shape, or surface texture
indices; A is the scale parameter; and a is the shape parameter [37]. The determined shape parameter a and
scale parameter A were used to quantify the AIMS test results. Table 7 presents the fitted cumulative
Weibull distribution parameters for the collected base samples. The subscripts in Table 7 denote the

following: G is for gradation, A is for angularity, S is for shape, and T is for texture.
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Table 7. Cumulative Weibull distribution parameters of aggregate materials

Source Gradation Angularity Shape Texture

material ag Ag a, A ag As ar Ar
E-01 0.8783 8.31 4.38 3336.93 4.66 8.19 3.16 287.58
E-02 0.8663 14.57 5.09 3113.11 411 8.56 2.51 194.07
E-03 0.747 9.859 3.25 3633.44 4.27 8.15 2.87 253.88
E-04 0.98 12.2 5.1 3072.87 3.65 8.03 1.96 171.51
E-05 0.7 10 3.79 3291.5 3.96 7.75 2.12 165.78
E-06 0.6652 9.585 4.76 3327.99 4.44 8.86 2.93 174.63
E-07 0.8467 12.69 4.53 3210.45 4.63 7.97 1.86 138.83
E-08 0.884 10.81 4.99 3342.81 3.63 8.72 1.48 205.58
E-09 0.9048 11.33 3.75 3228.12 4.48 7.6 1.75 205.47

4.5. Soil-Water Characteristics Curve (SWCC) Prediction Model
There are two popular approaches to determining the SWCC for an unbound base material: (1) experimental
methods such as filter paper or pressure plate test where suction values are measured at different moisture
contents, (2) estimation of the fitting parameters of the Fredlund and Xing SWCC equation, as shown in
Equations (14) and (15) [38].

0

6, = (x| —— ] (14)
finfe+ ()b, T
af
In(1+75)
C(h) = 1~ ——o_ (15)
In(1+ o )

where 6,, = volumetric water content; 8,,; = saturated volumetric water content; h = matric suction; and
ag, by, ¢, and h,. = fitting parameters.

The four-fitting parameters, af, by, cf, and h,, can be used to determine the suction value at any water
content, thereby establishing the SWCC for a specific soil type [39, 40]. Several research studies have
correlated these fitting parameters with the weight percent of material passing sieve No. 200 (P2o0), effective
grain size with 60% passing weight (Deo), and plasticity index (Pl) [41-43]. However, the predictive
variables, including P20 and Pl, demonstrate significant variability [44]. Hence, The SWCCs generated

based on these variables also possess considerable variability compared to the measured SWCCs. Given
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this circumstance, this study employed a methylene blue value (MBV)-based estimation method proposed
by Sahin [33]. Test results and findings from previous research indicate that the four SWCC fitting
parameters primarily depend upon gradation and clay content of the soil. The MBYV also assess the fine clay
content in the unbound aggregate material.

To investigate the correlation between the four SWCC fitting parameters and the MBV, two critical steps
were followed. The first step involved determining the four parameters based on the experimental data
using the curve fitting method. The second step was to establish the relationships between these parameters
and the MBV through regression analysis. Each fitting parameter shows a unique relationship with the

MBYV, which is presented in Equations 16-19.

ap(psi) = 3.4994 x MBV %0002 (16)
by = 2.0044 x MBY 0003 (17)
¢; = 0.4956 * MBY ~041° (18)
h,(psi) = 20.00 x MBV%-5E~06 (19)

In addition to these correlation equations, Figure 10 shows that there is good agreement between the fitting
parameters and the MBV. Hence, this approach allows for the prediction of the SWCC for any unbound

base material by calculating the fitting parameters based on the MBV.
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Figure 10. Change in ay, by, cf, and h,. with respect to the Methylene Blue Value
4.6. Suction Dielectric Characteristics Curve (SDCC) Prediction Model

The dielectric constant of base course aggregate can be directly used to determine soil suction using the
Suction Dielectric Characteristic Curve (SDCC). In this study, a mathematical model based on the approach
proposed by Juarez-Badillo was utilized to generate the Suction Dielectric Characteristic Curve (SDCC)

[45]. This model is founded on the philosophical principle that changes in the dielectric constant, within
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defined boundary limits, correspond to changes in soil suction, which ranges from zero suction to a
maximum value of 10° kPa. The general form of the Suction Dielectric Characteristic Curve is presented in

Equation 20.

£ = (20)

where &, is the saturated dielectric value, ¢, is the soil dielectric value, ¢,,;,, is the minimum dielectric
constant, h is the suction value (kPa), a« and y are the fitting parameters that change with the soil
characteristics. A detailed derivation of the SDCC model, along with the boundary conditions for the
defined functions, can be found in a previously published article [33]. Figure 11 illustrates a typical SDCC
for base material, representing the relationship between matric suction (h) and the dielectric constant (&,.)

as described by Equation 20.

6.0
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5.0 1.0 10°kPa
Measured Dielectric Constant

<40 and Matric Suction Point
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I:l} n

Dielectric constant, €, -

Figure 11. A Typical SDCC of base materials

Here, the minimum dielectric constant (&,,,;,) can be calculated using Equation 21.

JEmn =146, (e —1) (21)

where, 6, is the volumetric solid content.
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As shown in Figure 11, SDCC is an S-shaped curve and requires the input of the saturated dielectric constant
(g5q¢), suction (h), and two fitting parameters (a, y). These two fitting parameters primarily govern the
change in the shape of the SDCC. In this study, an efficient methodology has been developed to determine
the parameters a, y, and &,; based on MBV and pfc values. Regression analysis was performed using the
JMP statistical software program to investigate the correlation between the identified fitting parameters and
the MBV, pfc value. Two distinct sets of « and y parameters were defined based on the MBV value
conditions: MBV less than 7.0 mg/g and MBYV greater than 7.0 mg/g. For a MBV of less than 7.0 mg/g, the
prediction equations for &« and y parameters are presented in Equations 22 and 23.

a = 3.976 * (pfc * MBY)%-0015 (22)

y = —4E — 08 = (pfc * MBV)? + 4E — 07 * (pfc * MBV) + 0.0301 (23)

Similarly, with a MBYV greater than 7.00 mg/g, the equations for @ and y are expressed in Equations 24 and

25.
a = 3.9649 x (MBV)0-:0054 (24)
y = 0.0683 * (MBV)~0-102 (25)

The saturated dielectric constant, &,;, is also dependent on MBV and can be represented by a simple
second-order polynomial expression, as shown in Equation 26

£5q¢ = 0.0334(MBV?) — 0.1086(MBV) + 12.569 (26)
Figure 12 presents the comparison of the predicted parameters based on Equation 22-25 and the measured

values.
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Figure 12. Correlation of (a) a, and (b) y parameters with pfc and MBV

4.7. Compaction Curve Prediction Model
To investigate the moisture-density relationship in compacted soil samples, a new mathematical model
known as the compaction curve model (CCM) was utilized. The typical shape of a compaction curve is
generally a C-shaped curve. Therefore, this model was derived by adapting the general form of a C-shaped
equation, which is a common mathematical model for specific energy used in fluid mechanics, to the
mathematical representation of the dry unit weight in unsaturated conditions [44, 46]. The equation for dry

unit weight in an unsaturated condition is presented as follows.

Y 1
=TT (27)

s Gs

where, y,4 is the dry unit weight of base material, y,, is the unit weight of water, 6,, is the volumetric water
content, 6, is the saturated volumetric water content, and G is the specific gravity of the solids. The
modified model consists of three parameters (a4, bg, and ny) that vary with aggregate sources and

characteristics. The mathematical formulation of the modified dry unit weight model is expressed as follows
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Top B D, (28)
Yw (ﬁ+i)nd (ﬁ_ki)
05 GS 65 GS

To compare the accuracy of the modified compaction curve model, laboratory compaction tests were
conducted for various aggregate sources. In order to generate the full compaction curve, dry unit weights
are measured at four different moisture contents for aggregate sources. The modeled CCM follows a very
similar pattern to that which the experimental compaction curve follows. The three parameters (a4, by, and
ng) in the developed compaction model is identified using a least square minimum error curve fitting with
the laboratory test results.

Furthermore, the relationship between unbound aggregate material properties and the estimated fitting
parameters are investigated by JMP program. The parameters a4, by, and n,; were found to be highly

dependent to pfc, MBV, and Gs as expressed in Equation 29-31.

ag = —0.725 « MBV + 0.239 * pfc + 0.878 * G + 1.88 (29)
bg = 0.108 * MBV — 0.167 * pfc + 0.160 * Gg + 0.122 (30)
ng = —0.013 * MBV — 0.045 * pfc + 0.013 = Gg + 0.058 (31)

Figure 13 shows a comparison between measured and predicted coefficient values based on simple

aggregate properties.
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Figure 13. Comparison of measured versus model predicted CCM parameters, (a) a4, (b) bg, and

(c) ng4, using regression models

4.8. Resilient Modulus (MRr) Prediction model

In order to predict the k-values in the resilient modulus model, as expressed in Equation 11, the Mg-tests

were conducted for aggregate specimens collected from various sources. Using the test results at different

loading sequences and moisture contents, the Mg model parameters were estimated for each source of base
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materials by conducting a least square error curve fitting method. The k; , k,, and k5 parameters in the Mg
model are influenced by the performance-related properties of unbound base materials. A Multiple
regression analysis was performed using the JMP software to investigate the correlation between the k
values and the base properties, including the dry density (y,), gravimetric water content (6,), MBV, pfc,
and aggregate gradation (G), angularity (A), shape (S), and texture (T) in terms of the shape parameter, a,
and the scale parameter, A, in the Weibull distribution function. It was found that y,, shape (S), angularity
(A), and texture (T) parameters and pfc are significant variables in the prediction models. A detailed
discussion of the development of correlations models, along with results of the regression analysis, was
provided in Gu et al. (2015). Equations 32 to 34 present the prediction models for k; , k,, and k5,

respectively, derived from the regression analysis.

Ink, = —137.19 + 13.60 In(y,) + 4.35In(A,) — 0.624¢ + 1.68 In( A7) (32)
k, =36.14+0.04 pfc—3.81In(4, ) —0.22a,—0.77 In(4, ) (33)
k, =—4.39+0.45In(y,) —0.01pfc+0.05a.+0.15In(A,) (34)

Figure 14 compares the k values predicted by Equations. 32—-34 with those measured using test results.
Overall, the k values predicted using the correlation models produced a good fit with the measured values,
depicting an R? value above 0.9. This indicates that the proposed easily available base material properties

can accurately predict the k parameters in the Mg model.
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4. Validation

To validate the prediction accuracy of the developed correlation models (i.e., SWCC fitting parameters,
SDCC fitting parameters, CCM parameters, Mg-model parameters), we compared the predicted

characteristics curves (SWCC, SDCC, CCM) and Mg-values of aggregate materials from nine selected

queries with those measured using the laboratory tests results.
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The accuracy of the proposed SWCC fitting parameter correlation models was evaluated by comparing the
generated SWCCs using the predicted parameters with the measured matric suction values obtained from
the filter paper test. Each SWCC was generated by entering the predicted fitting parameters (ay, by, c¢, and
h,.) into Equations 14 and 15. Figure 15 shows that the model-predicted SWCCs are in good agreement
with the measured matric suction values from the filter paper test. This indicates that the SWCC fitting

parameters for aggregate base materials can be reliably predicted based on the MBV.
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Figure 15. Comparison of predicted SWCC curves versus measured suction values for selected base
materials

Similarly, Figure 16 illustrates a family of generated SDCCs with respect to the dielectric constant values
for the nine selected aggregate pits. The three predicted parameters &4+, @, and y were substituted into
Equation 20 to obtain the SDCC for entire suction range. To validate the predicted curves, the
experimentally measured suction and dielectric constant values for the same set of aggregate samples were
plotted in Figure 16. The strong match between the predicted SDCCs and the measured suction-dielectric

constant relationships establishes that the developed SDCC parameter prediction models can be reliably
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utilized to generate the SDCC for base aggregate materials and to determine suction values from dielectric

constant readings, as presented in Figure 2.
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Figure 16. Comparison of predicted SDCC curves versus measured suction-dielectric constant
values for selected base materials

To validate the accuracy of the proposed CCM fitting parameter prediction models, the laboratory-
measured compaction curves and the predicted compaction curves were plotted together for the same
aggregate samples. Figure 17 shows that the predicted CCM follows a similar pattern to the experimental
compaction curve. It is also noted that the five calculated points using the CCM model align closely with
the corresponding experimental measurements. The minimum density difference between the two curves
occurs at the maximum dry density point. Therefore, it can be concluded that the proposed CCM, derived
using the a4, by, and n, parameter prediction models, can effectively predict the relationship between

gravimetric water content and dry density for base materials.
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Figure 17. Comparison of CCM predicted and lab-measured compaction curves
The accuracy of predicted Mg values is examined for the collected base materials. The predicted k; , k,,
and k5 coefficients from the three regression models were input into Equation 11 to calculate Mg values,
which were then compared with the measured Mg test results. Figure 18 presents the comparisons between
measured and predicted Mg values. The results clearly show that the Mg values estimated using the
coefficient models, based on performance-related base properties, matched well with the test data. The
estimated R? value of 0.63 indicates a relatively good accuracy, suggesting that the proposed coefficient

models can effectively predict the Mg-value of base materials.
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Figure 18. Comparison of model predicted resilient moduli against lab-measured values
Therefore, applying the measured dielectric constant value to the suction-dielectric characteristic curve
(SDCC) yields the corresponding suction value for aggregate materials. This suction value can be used on
the SWCC to determine the water content at that condition. Subsequently, the dry-density of the aggregate
is determined using the predicted water content from the SWCC applied to the CCM. For example, a known
dielectric constant value of 9.46 for the E-06 base material corresponds to a suction value of 7244 kPa, as
obtained from the SDCC curve. As shown in Figure 15, the water content for E-06 at this suction value is
0.062. The dielectric constant value of base materials can be measured either in the laboratory using a

Percometer or in the field with a GPR device, as described in the next section.

Field Validation

In this section, the GPR-based NDT approach was employed to evaluate the engineering properties of the
base layer under field conditions, including h,,, 8,, Y4, and Mg, using the developed characteristics curve
models. Figure 2 illustrates the procedures for implementing the GPR based monitoring approach to
estimate the base properties for field projects. The GPR outputs were initially analyzed using the Pavecheck
software to obtain the dielectric constant profile of base layer. The laboratory characterization test results,
along with the dielectric constant data, were then input into the LayerMAPP software to estimate the in-
situ properties of base materials. In order to validate the predicted h,,, values from the GPR approach, core

samples of the base were extracted for laboratory analysis. The predicted 6,,, y4, and Mg values of the base
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layers were compared with those obtained from the NDG measurements and back-calculated from the FWD
test data, respectively. In this study, GPR scan data were obtained from two different pavement sections in
Texas during construction, as collected by the Texas Department of Transportation. These sections are
identified as State Highway-24 (SH-24) and Farm to Market Road-159 (FM-159), located in Delta and
Brazos Counties, respectively (Figure 19a). A summary of pavement layer thickness and the pavement layer

types is presented in Figure 19b.
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Figure 19. (a) Location of SH-24 and FM-159 pavements in Texas (ArcGIS map); (b) illustration of
SH-24 and FM-159 pavements structure

SH-24, Cooper Town — Delta County, TX
The GPR data analyzed in this pavement section was collected over a length of 4.5 miles from the

westbound lane of the construction site. The scanning was performed on a newly constructed pavement
using an air-coupled GPR system mounted on a van. Three core samples were extracted from selected
locations within the pavement for laboratory characterization and to validate the predicted properties of the
base layer. The base course material for SH-24 was primarily sandstone. According to the test results, the
plasticity index ranged around 3.2, with an optimum moisture content of 6.9% and a maximum dry density

of 137.3 Ib/ft3. Additional parameters measured in the laboratory included the MBV, which was 7.2, and

35



the PFC, which was 9%. These values were utilized to generate the characteristic curves for the SH-24 base
material.

The GPR scan data were imported into the PaveCheck program for processing. A detailed description
instructions to use PaveCheck software program can be found in PaveCheck user manual [47]. The
PaveCheck program generates a strip map of the layer thickness and dielectric constant of the base layer
from the scan data. The thickness and dielectric constant data were further processed using the LayerMAPP
software in the following order: (a) dielectric constant measurements were input to estimate the matric
suction and water content of base layer based on the generated SDCC and SWCC; (b) the water content
values were applied to the CCM to generate the dry density profile; and (c) the suction, water content and
predicted ki, k2, and ks values were input into the FEM to calculate the resilient modulus profile of base
layer based on the stress- and -water-content dependent Mg model. The predicted properties are turned into
strip maps to display the variations along the length of the survey section. The outcomes of the analysis are
presented in Figures 20a-20d. Figures 20a and 20b present the suction and volumetric water content profiles
of the base layer in the SH-24 pavement section. The two locations marked in red correspond to the
laboratory measurements of suction and volumetric water content values obtained from the collected cores.
Both figures compare the calculated moving average values of suction and volumetric water content profile
obtained from GPR scans with the measured values at specific locations. Overall, the calculated suction
and water content values agree well with the measured values. Figure 20c presents the dry density values
along the length of the survey section. To validate the dry density profile from LayerMAPP software,
Nuclear Density Gauge readings were taken from the top of the base layer during construction. It is noted
from Figure 20c that the measured dry density values from Nuclear Gauge are slightly lower than the
calculated weighted average dry density profile obtained from the GPR scans. Figure 20d compares the
GPR predicted resilient moduli of base layer with those backcalculated from FWD data. Overall, the model
predictions agree well with the backcalculated results, with only one outlier point showing a higher modulus
from the FWD compared to that calculated by LayerMAPP. The generated modulus profile in Figure 20d
clearly shows the fluctuation and variation in the as-built resilient modulus of base layer. Therefore, the
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GPR approach facilitates the comparison of the design modulus against the constructed layer modulus for

each spot location.
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Figure 20. Generated profiles of (a) suction, (b) volumetric water content, (c) dry density, and (d)
resilient modulus based on GPR scan data on SH-24 test site

FM-159, Bryan District — Brazos County, TX

Similarly, GPR field scans were conducted on the FM-159 asphalt pavement located in the Bryan district
of Brazos County. Data was collected using an air-coupled GSSI 2 GHz Horn Antenna system over a 1,600-
foot section. Simple laboratory tests were performed on the collected base materials to generate the
necessary characteristics curves. The FM-159 base materials had a MBV of 4.5 and a pfc value of 9.5%. In
order to compare the properties of the base layer predicted using the GPR approach, Nuclear Density Gauge
measurements were collected from the surface of the base layer during construction. These measurements
were collected at four different locations, which are indicated by red dot marks in Figures 21a and 21b.
Overall, the dry density and water content values were in good agreement between the LayerMAPP
calculations and the Nuclear Density Gauge measurements. As shown in Figure 21a, at the third test
location, the difference between the water content values from the LayerMAPP calculations and the Nuclear
Gauge is a maximum of 1.4%. Figure 21c compares the Mg-values predicted using GPR and the FWD. The
center portion of the scanned section reveals the largest discrepancy between the predictions from GPR and
those backcalculated from FWD, with an unreasonably low modulus value from FWD ranging between 10-

15 Ksi.
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Figure 21. Generated profiles of (a) volumetric water content, (b) dry density, and (c) resilient
modulus based on GPR scan data on FM-159 test site

6. Conclusions and Recommendations

This study presents a quick, accurate and non-destructive method for determining important base material
properties, i.e., suction, water content, dry density, and resilient modulus values using ground penetrating
radar (GPR) readings and easily accessible laboratory characterization test results. The knowledge of base
layer properties is important, especially in the construction phase, as accurate in-place layer properties can
be used precisely to control the quality while the construction is underway. Additionally, these properties
can be useful after the construction phase, as they can be fed into pavement management systems to predict
pavement performance and rehabilitation priorities.

It has been observed that the engineering properties of the base layer fluctuate along the survey section. For
instance, changes in dry density and resilient modulus of the base layers can be easily identified using the
strip map generated from GPR scan readings. Poorly compacted locations are also detectable from this strip
map. A detailed dry unit weight strip map of the SH-24 pavement section is illustrated in Figure 22. The
figure highlights the locations where the dry density is significantly lower than the maximum dry density
of 137.3 Ib/ft3. Therefore, if a spot or area is poorly compacted and falls below the minimum acceptable
density limit, this can be instantly identified and rectified to an acceptable limit before placing a surface

layer.
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Figure 22. Highlighting the low-density Spots based on GPR measurements
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Currently, nuclear density gauges (NDG) have been used by many agencies to evaluate the dry density of
the pavement layers as a final compaction control device. The GPR method can be used as an effective
compaction control method to determine the dry density using only the dielectric constant and the simple
laboratory test values. In addition to the limited data that NDGs can provide from specific spot locations, it
has also been known that the accuracy of the readings by NDG may be offset when the base aggregate
materials contain fly ash, coal, clays, gypsum, lime, phosphates, and organic materials, which contain
neutron or bound hydrogen. For example, gypsum, which includes water molecules in its crystalline
structure, can lead to falsely high-water content readings from NDGs, resulting in inaccurately low dry
density readings. However, there are no such limitations associated with either the GPR method.
Furthermore, the modulus strip map generated using the GPR methodology allows for comparison between
the predicted layer modulus along the construction section with the design modulus. This method takes into
account variations in suction and water content measurements along the section, which result in a change
in resilient modulus value.

In conclusion, the developed approach can be employed in both construction quality control and quality
management processes, as it allows real-time assessment of all layer properties. The GPR approach also
enables one to visualize the results as a strip map (color map), presenting the findings graphically, digitally,
and clearly. The color map clearly presents higher and lower modulus subsections, aiding in decision
making. One major concern for highways is the continuation of traffic flow without delays due to
construction work. This challenge can be addressed through continuous monitoring of highway
infrastructure and providing timely maintenance and rehabilitation for pavement structures. Nondestructive
devices like GPR can facilitate this by offering real-time condition assessments of pavement structures at
highway speeds. Efficient maintenance and rehabilitation efforts can ultimately reduce fuel consumption,
traffic delays, and travel times.

The findings of this study emphasize the need for further research to improve this approach for better quality
control and quality assurance of base sections. The existing version of the LayerMAPP software requires
laboratory test data on aggregates properties, i.e., MBV, pfc, and aggregate size and shape characteristics
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for the selected pavement sections to be analyzed. Given that the properties of some aggregate materials
have similarities to others, it may be possible to apply the properties of a specific aggregate type that has
similar characteristics to the new quarry. Hence, it will be helpful to develop an aggregate property dataset
based on mineralogical and gradation classifications so that they can be directly utilized for aggregate

material from a new source.
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