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Modeling a Lightweight Deflectometer Test of
Unbound Granular Materials with the Discrete
Element Method
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Abstract—Unbound granular materials are widely used in
the base and subbase layers of pavement systems. Currently,
the compaction quality assurance (QA) of unbound granular
base is mostly density-based with many drawbacks and is to be
replaced by modulus-based QA. The Light Weight
Deflectometer (LWD) test, which is often used to determine the
stiffness of unbound granular materials, is a promising tool for
modulus-based compaction QA but needs a more fundamental
understanding of its experimental configuration and data
interpretation. We build a digital model that adopts a discrete
element method to model LWD field tests and account for the
effects of moisture and finer particles by adopting a modified
Hertz contact model which includes a component of attractive
force. We investigate the relations between microscopic
parameters and macroscopic material properties qualitatively,
finding that the LWD modulus increases with model suction
which is reversely related to moisture content, or interparticle
friction which is reversely related to fine content. We calibrate
this model using test results from field LWD tests. From the
modeling results, we observe a trend of decreasing stiffness with
increasing moisture or fine particle content, which agrees with
existing experimental data. With the quantitative relations
obtained from calibration, the model can be used to predict the
LWD modulus of unbound granular base.

Index Terms—discrete element modeling, lightweight
deflectometer, pavement engineering, unbound granular base

I. INTRODUCTION

HE good flexibility and cost effectiveness of unbound

granular materials have led to their widespread use in the
base and subbase layers of pavement systems, especially in
cold regions [1]. The strength, stiffness and stability of the
unbound granular base is therefore crucial to pavement
systems’ performance and service life. Due to the complex
behaviors of unbound granular base under vehicle load, such
as shear dilatancy, non-linearity and cross-anisotropy [2], [3],
it is critical to characterize the deformation of unbound base
material properly with results from both laboratory and field
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tests.

On one hand, the widely accepted laboratory test for the
characterization of unbound granular materials is the cyclic
load triaxial (CLT) test in which the vehicle load is simulated
by cyclic deviator stresses [4]. The resulting strains from
CLT tests are often used to calculate the resilient modulus
which is a fundamental input for mechanical-empirical
pavement design procedure and is considered the most
important property of unbound granular material [5].

On the other hand, in field testing, compaction quality
assurance (QA) is usually based on density rather than
modulus because soil density can be easily measured and is
loosely related to more fundamental engineering properties.
For example, the Chinese specification requires the dry
density of the base to reach a certain percentage of the
maximum dry density (degree of compaction). However,
density is not a direct input parameter for pavement design,
nor is it directly related to pavement performance. Moreover,
the particle arrangement in the soil structure may be very
different in the absence of a significant difference in dry
density, resulting in different properties and behavior of the
soil [6].

Therefore, in recent years, modulus-based compaction QA
is gaining attention in the pavement industry. The
Lightweight Deflectometer (LWD) test is one of the most
promising techniques for modulus-based QA. The LWD is a
portable device that can be used to directly measure the
surface modulus of an unbound layer in the field. It is
currently being employed for pavement construction QA in
some states in the United States. In China, it is usually used to
complement the conventional density-based QA [7].
However, due to the lack of widely accepted standards to
interpret the measured stiffness data, its broader
implementation has been hampered. There are significant
challenges in establishing a standard specification, including
differences in the configuration of various commercial LWD
devices, non-linearity of the soil modulus under different
moisture and stress conditions, and the differences in the
stress states and boundary conditions between typical
laboratory tests and field conditions [8]. To use the LWD test
with methods based on the modulus QA specification to
replace the traditional density-based QA, fundamental
understanding of the experimental configuration and data
interpretation of the LWD test is required.

The discrete element method (DEM), a discontinuous
method capable of simulating individual particles and
detailed interparticle interactions during  material
deformation, can provide insights into unbound granular
material behavior at particle level [9]-[12]. The contact
model imposed on interparticle contacts has a significant
influence on the material response under load [13], [14].
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Water bridge forces may be incorporated into the contact
model to simulate wet granular material, resulting in an
increase in bulk modulus [15], [16]. This type of contact
model is necessary for simulation of unbound granular base
material since capillary water usually exists in such materials.
The relation between water bridge forces and experimental
soil suction needs further investigation.

This paper employs the discrete element method to
simulate the LWD test of the unsaturated aggregates of a
specific gradation (G-A-5). A Hertz model with attraction
force is used as a contact model to account for the effects of
moisture and fines. Qualitative analysis is performed to
explore the connections between micro and macro properties.
We also used published test results to develop quantitative
relations between virtual and physical testing parameters,
which can be used for calibrating virtual LWD tests from
field data. With these virtual LWD tests, a better
understanding of LWD test configuration and contact model
effects on the material responses (for example, LWD
modulus) may be obtained. Moreover, we present an
easy-to-use, less computationally demanding -calibration
procedure for obtaining the quantitative relationships
between test and simulation results. Ultimately, the goal is to
gain insight into the underlying mechanism of granular
material deformation under LWD loading conditions and to
partly replace physical tests with virtual LWD tests.

II. LWD FIELD TEST

Weight Release
— Mechanism

Guide Rod

/ 70 cm drop height

Falling Weight
10 kg

Damping System

Bearing Plate

Load Cell 300 mm diameter

Deflection Sensor ——
I i

Fig. 1. Structure of a typical LWD instrument

A typical LWD test device is shown in Fig.1. It contains a
drop weight as a loading mechanism. Once released, the
weight falls along a rod until it hits a disk-shaped bearing
plate which is in contact with the ground. Once the drop
weight hits the plate, the LWD and ground move together in
contact with each other. A pulse load is generated and applied
to underlying soil via the plate. The weight and the plate lose
contact when the impact load becomes zero. A velocity
sensor or accelerometer records the speed or acceleration of
the movements of the ground. The whole LWD-ground
system can be represented by a two degrees of freedom

(DOF) mass-spring-damper system, and the maximum
displacement can be calculated by means of double/single
integrations of the accelerations/velocities. During the test,
the load history and peak load are measured by a load cell.

Usually, several drops are carried out on the same testing
spot; the first few drops are typically discarded. The average
deflections from subsequent drops are used to calculate an
effective modulus.

The LWD value can be expressed by peak deflection A or

the effective bulk modulus E|,, . According to Davich et al.
[17], E.yp can be calculated by:

10°D

E o 221"170(1—1/3) (1)

where A is the measured peak deflection, 7, the radius of the

LWD plate, o the peak stress applied on the LWD plate, v,

the Poisson’s ratio of the bulk granular material, and D the
stiffness of the LWD plate.

Field test results show that LWD values vary with
moisture and particle size distribution [18]. The former can
be represented by gravimetric moisture content @, and the

latter by grading number GN:

Ep, )% @

100%

where m, is the mass of water, m_ the mass of dry granular
material, p  the percent passing specific sieve size by

weight. It should be noted that GN is a non-unique measure
of size distribution. In general, mixtures with a higher
fraction of smaller particles tend to have a higher GN.

For a given particle size distribution or GN, as the water
content increases, the peak deflection increases and the
corresponding  effective  bulk  modulus  decreases.
Additionally, for a given water content, peak deflection A
increases with GN, thus decreasing the effective bulk
modulus [18]. Similar trends can be obtained from simulated
LWD tests. Before elaborating on the details of modeling an
LWD test, we first introduce the basic concepts of DEM
modeling and the contact model used in the next section.

III. DISCRETE ELEMENT METHOD

A. Fundamentals of DEM

The DEM is an explicit time stepping algorithm that
applies Newton's second law of motion [19]. In the DEM
simulation, it is assumed that particles are rigid bodies, and
interparticle deformations are very small and thus can be
simplified as interparticle overlaps. The time step is small
enough that the velocities and accelerations of particles can
be treated as constant values during each time step. Then, the
interparticle contact forces and moments are calculated by
contact laws, with interparticle overlaps and parameters
associated with particle material properties as inputs.

Rotations and velocities of particles conform to Newton's
second law. The simulation starts from an assembly of
particles with known grain material properties, geometries,
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initial positions and velocities. By inputting the material
properties, interparticle velocities and the interparticle
overlaps to the contact law, the interparticle forces and
moments can be solved. Then, the resultant interparticle
forces and moments are substituted into Newton's second law
to obtain the updated velocities and positions by time step
integration. Cycle by cycle, the deformation (e.g., a triaxial
shearing) of a granular material assembly can be simulated.
This demonstrates the connection between the microscopic
forces and the macroscopic granular material behaviors for
geomechanics  research. In this study, classical
general-purpose DEM software called PFC3D (Particle Flow
Code in 3 Dimensions) is employed.

B. The Hertz Contact Model

For a typical DEM model, the macroscopic granular
material behaviors depend heavily upon the interparticle
contact model. In this study, we utilize a three-dimensional
contact model which is based on Hertz-Mindlin contact
theory [20]. It consists of a nonlinear stiffness component, a
damping component and Coulomb sliding friction. The
normal contact force F, and shear contact force F, are

updated each cycle according to the following equations:
3 1

F, =—k,02 -1,6} 3,

1 [
F; = min _kté‘gdv _7736‘3 5.\" /uF;l
‘ { | } ®)
with & = 4, 5 = do,
dt S de

where J, is the contact overlap (J, >0 is overlap) and 50
is the relative translational velocity normal to the contact

plane defined such that 50 >0 is increasing overlap. &, 55

are relative displacement and velocity tangent to the contact
plain, respectively, k, , k, are normal and shear stiffness

coefficients, and 77, , 77, are normal and shear damping
coefficients. k, .,k ,n, .7, are derived from the effective
properties of contact. The stiffness coefficients &, and £,

are given by:
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where R, , E , and G, are the effective radius, the effective

Young’s modulus, and the effective shear stiffness at the
point of contact between particles 1 and 2. R{I,Z} , E{l,z} , and

Vi, are the radius, Young’s modulus, and Poisson’s ratio of

the two particles in contact, respectively.

The damping coefficients are determined by:

77" = ah V mekn s
775‘ = ah V mekn (5)

1Y
m o= —+—7| ,
mm,

where m, is the effective mass of contact, m, , represents

with:

particle mass and «, is the damping constant, which is

related only to the coefficient of restitution.

C. Modeling Moisture Force

To account for moisture effects, a moisture force, which is
an interparticle attractive force, is added to the
above-mentioned Hertz contact model. The modified Hertz
model has two moisture states, dry and wet, corresponding to
dry granular material and wet granular material respectively.
When the moisture state is wet, moisture force F" is added
to the contact model. The moisture force model originated
from the liquid bridge model, which mechanistically captures
the effect of interparticle dispersed liquid on the macroscopic
response of the bulk material [21]. The liquid bridge model
does not capture the moisture effect when finer particles are
present whereas the modified Hertz model employed in this
paper does.

For wet granular material, the moisture force, which is
defined as an attractive force acting on the normal of the
contact plane, is maximal when two particles are in contact or
overlapping. The moisture force decays exponentially as the
distance between particle surfaces in contact — called the
contact gap (g,, g <0 indicates overlapping) — increases.

the

liquid bridge ruptures and the moisture force becomes zero.

When the contact gap reaches a critical distance of 2s

cr?

Generally, the moisture force F" can be summarized by
following equation:

o »8.<0
F" =JF" exp (_si] ,0< g, <25,

0 ,8, >2s, (6)
with FJ =y (zR}),

s, =R, =min(R, R,)

where F”

max

model suction (7 ) and the minimal radius of contact
particles (R,).

One of the most important input parameters for the
modified Hertz model is the model suction parameter y
(stress unit), which can be estimated from soil suction
obtained from physical tests for the SWCC (soil-water

characteristic curve). The choice of suction values is
discussed in the next section.

is the maximum moisture force determined by
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IV. SIMULATION OF UNSATURATED GRANULAR SOIL

A. Particle Size Distribution

The coarse particles in granular material can be explicitly
modeled; the material properties and gradation of coarse
particles can be directly input as model parameters. However,
as the number of particles increases, the computational
demands of the model increase dramatically. Hence, it is not
feasible to model finer particles explicitly. Therefore, the
finer particles are not generated in the DEM model; their
effect on the system is simulated by the contact model.

TABLE I
G-A-5 GRADATION FROM THE SPECIFICATION

Sieve Size (mm)) Percent Passing (%)

26.5 100

19 95-100
16 82-89
13.2 70-79
9.5 53-63
4.75 30-40
2.36 19-28
1.18 12-20
0.6 8-14
0.3 5-10
0.15 3-7
0.075 2-5

A Chinese specification titled, “Road Pavement

Construction Technical Specification (JTG/T F20-2015)”
recommends using several particle size distributions in the
base layer of pavement. Here we focused on the G-A-5
gradation (Table I).

TABLE II
G-A-5 GRADATION AS REPRESENTED IN THE DEM MODEL

Sieve Size Percent Particle Size Percent in Range

(mm) Passing (mm) (%)

26.5 100 19.0-26.5 5

19.0 95 16.0-19.0 13

16.0 82 13.2-16.0 12

13.2 70 9.5-13.2 17

9.5 53 4.8-9.5 23

4.8 30 <4.75 30

The particle sizes in G-A-5 gradation range from less than
0.075 mm to 26.5 mm. Particle sizes greater than 4.75 mm
can be modeled explicitly. To reduce the number of
particles—and thus computational demand—particles
smaller than 4.75 mm are not modeled explicitly and are
partly accounted for by contact models. The modified
gradation used in the DEM simulation, which is based on the
G-A-5 gradation, is shown in Table II.

B. Suction y and Friction Coefficient u

Since the tests used to obtain the suction of unsaturated soil
are expensive and time-consuming, we used existing test
results to estimate suction i in this model. Gupta and Larson
[22] studied mixtures of sand, silt, clay, and organic matter at
different water contents and proposed an empirical
relationship between the volumetric water content and
percentages of these ingredients. Their experimental
moisture content covers the range of water content typically

found in unbound granular bases (about 10%). For the
mixture of sand and silt, the empirical relationship can be
written as:

0, = axsand%+bxsilt% +cxp, (7)

where €, is the volumetric moisture content. p, is the bulk

density of the mixture, and a,b,c are empirical coefficients.

The coefficients of each item in (7) are functions of
suction. The test results can be fitted with the least-squares
method to obtain the empirical suction corresponding to
different volumetric water contents 6, . Table III shows

empirical suction values calculated from various

combinations of Qp and silt content.

Note that the larger particle in Gupta’s test is sand, with an
average particle size of approximately 2 mm; the
representative particle size (mass weighted average) of the
DEM model is 12 mm. Applying the dynamic similarity
between the physical test and DEM simulation, the model
suction is six times the empirical suction. The model suction
values are also shown in Table III.

TABLE III
G-A-5 GRADATION FROM THE SPECIFICATION

0, Silt Content (%)  Empirical Suction (kPa) Y (kPa)
(%)

10 10 50 300
15 30 50 300
15 20 23 138
15 10 11 66
20 30 16 96
20 20 8.3 50
20 10 5.5 33

The suction parameter i considers the effects of moisture,
but not the effects of finer particles. With the modified Hertz
model, such a simulation is mainly achieved by (1) allowing
moisture forces to exist between contacting particles within a
certain distance (the moisture gap, g., g.>0) when the

moisture is first added (i.e., when the moisture state becomes
wet) so that we can simulate suction in finer particles that fill
the pores between coarse particles; (2) varying the
interparticle friction coefficient g Smaller interparticle
frictions can be used to simulate the stabilization or
lubrication effect of finer particles between coarse particles.
In this study, we simulate different finer particle contents
mainly by varying the friction coefficient between particles
to values 0f 0.2, 0.3, and 0.4.

C. Other Modeling Parameters

The material properties of granite are used as particle
material properties. The values of Young’s modulus,
Poisson’s ratio, and density are 29 GPa, 0.15, and 2650
kg/m?, respectively. For the LWD plate, we used the material
properties of steel, which has a Young’s modulus, Poisson’s
ratio, and density of 210 GPa, 0.30, and 7850 kg/m’,
respectively. Damping ratio ¢, in (5) is set to 0.07,

corresponding to a coefficient of restitution of 90%. In
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addition, the local damping of particles is set to 0.7 to keep
the system quasi-static.

V. SIMULATION OF LWD TEST PROCEDURES

In the DEM simulation of an LWD field test, the load was
applied to a steel plate 20 cm in diameter, so that the steel
plate was subjected to a peak stress of 0.2 MPa. It is not
possible to explicitly simulate the half-space body of the
entire granular material. Instead, we adopted a cylindrical
container 260 mm in diameter filled with spherical particles,
which is large enough to avoid size constraint effects without
excessively increasing the number of particles.

A. Specimen Preparation

Before generating granular material for the LWD test, we
first made a cylindrical vessel (Fig. 2). Next, we applied a
boundary-contraction packing procedure [23] to the material
using the following stages:

Loading Plate

"\\
TR
w

has
RSO

S
5 ((‘m m
(."‘. N
»i
>
N

Fig. 2. Simulation of LWD loading. The loading plate is a clump consisting of
closely packed balls. Boundaries are massless walls whose positions are fixed.

1. Generate a particle cloud with specific porosity. The
porosity here does not account for the overlap between
particles. The particles are generated according to a
given grading and the location is randomly chosen;
thus, large overlaps between particles are to be
expected.

2. Set the particle friction coefficient to zero, which allows
the particles to be rearranged until the average stress
approaches zero or static balance is achieved. This step
eliminates the large overlap between particles.

3. Set the particle friction coefficient to the specified
value 4, , and apply confining pressure to the material.

During the confining stage, boundaries move under the
control of a  servomechanism  until  the
boundary-measured pressure reaches a target value
(within a specified tolerance) and static equilibrium is
reached.
At the beginning of stage 3, the interparticle friction was
set to a specified value temporarily so that we can obtain
various initial packing configurations by altering g .

Generally, under the same confining conditions, a denser

initial packing can be achieved by using a smaller y, . In this
paper, a friction coefficient of x4, =0.2 was used for all

simulated LWD tests to achieve the same dense initial
packing.

We then introduced moisture and fines by adding a
moisture force corresponding to suction value  and set the
interparticle friction coefficient to . While adding moisture,
new contacts may be created. The moisture gap g, was used

to control the generation of interparticle contacts. New
contacts were created only when the distance between
contacting particles was smaller than the moisture gap g, ,

which was arbitrarily chosen to be 1 mm for all simulations.
Note that another material genesis approach used by many
is the gravitational settlement approach, in which randomly
generated particles are allowed to settle under gravity and are
compacted by external forces to obtain a dense packing [24].
By comparison, a boundary contraction approach is less
computationally expensive, since it does not require a
separate compaction stage. As described above, by applying
a small interparticle friction, a compacted specimen can be
obtained at the end of the boundary contraction procedure.

B. LWD Loading

The LWD plate was modeled as a cylindrical clump
consisting of mono-sized, hexagonal packed particles to form
the so-called hexagonal closed-pack (HCP). The clump
particle size is smaller than the smallest specimen particle
size to make the load distribute uniformly (Fig. 2). Particle
interactions within the clump were neglected. To reduce the
complexity and calculation time of the model, loading was
simplified to a pulse load applied to the plate. Within a short
time, the load increased linearly from zero to a peak of 0.2
MPa and then linearly decreased to zero and remained in that
state until a static equilibrium was reached.

6th hit
04 e 4
204
g
> 2nd hit
3
% 60 -
A 1st hit .
o) 1st hit
Z - ~ ~2nd hit
---- 3rd hit
—-—- 4th hit
100 max deflection —--=-5th hit
—— 6th hit
120 T T T
0.00 0.05 0.10 0.15
Time (s)

Fig. 3. Recorded deflections of six consecutive hits (with model suction y =
33 kPa, interparticle friction x= 0.2).

The relative position of the plate was recorded during
loading. Fig. 3 shows the typical deflection results of an
LWD test. The largest peak deflection appeared at the first
impact and as the number of impacts increased, the peak
deflection decreased. This is analogous to the change in the
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Fig. 4. LWD test results for DEM simulation: (a) peak deflection and (b) effective modulus plotted as functions of DEM Model suction y; (c) peak deflection and

(d) effective modulus plotted as functions of friction coefficient.

permanent strain observed in a typical laboratory CLT test,
which decreases as loading number increases, but the overall
permanent strain keeps increasing [25]. As with the LWD
field test, the effective modulus of the granular material
E, , Wwas calculated from the average peak deflection from

several consecutive drops [using (2) with », =0.1m ,

c=02MPa, v, =035, and D=0.79 ]. The first three

drops were discarded, and the deflections from subsequent
drops were used to calculate the bulk modulus.

VI. MODELING RESULTS

A. Qualitative Analysis

A series of simulated LWD tests were carried out on the
wet granular material prepared with the aforementioned
procedure. The interparticle suctions and frictions were
varied so that we could demonstrate the relations between
LWD values and the microscopic parameters. From Fig. 4 (a)
and (b) we can clearly see that the peak deflection increased,
and the corresponding bulk modulus decreased, with
decreasing model suction . As previously mentioned, the
model suction y was related to the SWCC test results and
decreased with increasing moisture content. Thus, it is safe to
conclude that the peak deflection increased and the LWD
modulus decreased with increasing moisture content, which
agrees with reported field test results.

Similarly, Fig. 4 (c) and (d) shows that the peak deflection
increases and corresponding LWD modulus decreases with
decreasing interparticle friction. The interparticle friction can
be related to fine content and a lower friction value indicates
higher fine content in the mixture. In other words, the peak
deflection increases and the LWD modulus decreases with
increasing fine content, which, again, agrees with results
observed in field tests.

From Fig. 4, it is clear that the deformation behavior of the
modeled unbound granular material under LWD loading is
significantly related to interparticle friction and model
suction. Specifically, a nonlinear relationship between LWD
modulus, interparticle friction and model suction is to be
expected. To obtain a quantitative relationship, the DEM
model should be calibrated properly with test results. In the
next section, we present the calibration procedure and the
calibrated modeling results.

B. Calibration of DEM Parameters

As shown in the previous section, the simulation results
captured trends from the test results. However, since the
model parameters representing moisture and fine particles are
not mechanically related to their physical entities, it was
necessary to develop an appropriate model parameter
calibration procedure to predict the LWD test results. To
simplify this calibration, we assumed that the moisture
content was solely determined by model suction i, whereas
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the fine particle content and corresponding GN were solely 0.05 (11)
determined by interparticle friction coefficient x According GN~ 7+ 3.19,

to the test results, the relationship between the LWD

deflection and test parameters was linear. Hence, we assumed 25.87 (12)
that the relationship between the LWD deflection and model @, =146+ Iny

parameters was also linear. Through trial and error, we found
a linear relationship between LWD deflection, 1/ yz, and
I/ Iny .
Using the least-squares method, we fitted the field test
results to acquire the following equation:
Ay =122+100(GN -3)+46.3(a, ).

expt

®)

Similarly, we obtained a linear relationship between LWD
deflection, 1/, and 1/1Iny :

1.27 299.47
+

w Iy 9)

Apgys = —5.73+

Comparing the test and modeling results, the peak
deflection from the field test was generally about 5.2 times
that from the model:

A, ~=52A

expt

(10)

From (8), (9) and (10), we derived the following
calibration equations:

DEM *

Fig. 5 shows the calibrated modeling results and field test
results. They are in good agreement, except the modeling
results cover only a subset of the field testing results when the
data is plotted against GN (4.1 to 5.3), indicating that the
interparticle friction coefficient alone may be not enough to
account for all the effects of finer particles.

The LWD loading is essentially dynamic. To find out if the
model is still valid under quasi-static loading conditions, and
to investigate the effects of different loading style on the
simulation results, a series of simulated triaxial loading tests
on the same sets of materials were carried out and the results
are presented in Fig 6. To ensure a quasi-static loading, the
loading rate is very slow (0.1% per second). Both loading and
unloading stages were performed for each specimen. And the
resilient modulus (a secant modulus, e.g., the slope of line
segment AB in Fig. 6b) was estimated from the recorded
data. The detailed description of the simulation of triaxial
tests can be referred to [23]. Fig 6 (c) and 6 (d) show that the
resilient modulus is much smaller than the LWD modulus,
this is mainly due to the fact that the specimen was loaded
only once comparing with 6 consecutive loadings of LWD
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lines = experimental values).

(Advance online publication: 1 February 2019)



 Engineering Letters, 27:1, EL._27_1_08

200

—
o
=1

—_
N
=

Resilient Modulus (MPa)
=
(=]

—
1N
=1

oo L a a a a a

300 250 200 150 100 50 0

Model Suction y (kPa)

(©

60

i
[ A
1 = ‘: ————————————————————— -
1
= |
& 404 |
4 |
~ 1
w)
g |
5 |
wn
2 204 I
= 1
g |
S 104 1
q>) |
| B
T T T T T T
0% 20 30 40 50
1
-101 Akial Strain (10%)
I
220 - !

(b)

200

—
o
1S

N
S

Resilient Modulus (MPa)
=

—
1Ny
S

0.30 025 0.20

Friction Coefficient

(d)

Fig. 6. Model triaxial tests and resulting resilient modulus. (a) triaxial test setup, (b) estimation of resilient modulus, (c) resilient modulus as a function of model

suction, and (d) resilient modulus as a function of interparticle friction

tests. Besides the differences on magnitude, the overall trends
of modulus are similar between the two types of tests.

VII. CONCLUSION

We have employed a DEM model to simulate an LWD test
of G-A-5 grading material. The coarse particles were
simulated explicitly, whereas finer particles were simulated
via a contact model. A modified Hertz model was employed
to consider the effect of moisture and fines, which are
represented by interparticle suction and friction, respectively.
By adopting a body-contraction scheme, we prepared dense
specimens of unsaturated granular material. Several
simulated LWD tests were performed on the prepared
specimens. From the simulation results, the following trends
were observed:

1. LWD modulus increases, or peak deflection decreases
with increasing model suction. Similar trends were
observed with decreasing moisture content in physical
LWD tests.

2. LWD modulus increases, or peak deflection decreases
with increasing interparticle friction. Similar trends
were observed with decreasing fine content in physical
LWD tests.

Under reasonable assumptions, the LWD test model was
calibrated with published field test results from [17]. The
translated results agree with experimental trends and the
calibration equations can be used to predict the behavior of
unbound granular material under LWD loading. Further, the
results were compared with the resilient modulus obtained

from simulated triaxial tests in which a quasi-static loading
condition was applied. The model well captured the
deformation behavior under both conditions. Hopefully, The
DEM model has the potential to be used as a possible
substitute for physical experiments required for pavement
design quality control. However, it should be noted the
relationships between micro and macro properties presented
in this paper are based upon simplified assumptions. Thus,
more simulated tests need to be performed to further explore
micro-macro relationships from a micro-mechanical
perspective. Also, the differences of stress states and
boundary conditions between the simulation and field test
may lead to incorrect predictions and are not covered in this
paper. To address this issue, LWD tests on mold [8] should
be performed. The related tests and simulations are in
progress and are deferred for future work.
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