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Evaluation of Pavement Layer Moduli using Instrumentation
Measurements
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Abstract: Instrumentation embedded in pavements is increasingly being used to measure the critical responses and monitor performance
of specially-constructed experimental pavement sections or in-service pavements under controlled wheel loading or live traffic. On the
other hand, nondestructive tests (NDT), such as falling weight deflectometer (FWD) testing, are routinely performed to evaluate
pavement layer structural properties based on deflections measured on the surface of the pavements. In cases where measurements from
the pavement surface only are not sufficient to infer pavement layer modulus values, e.g. rolling wheel deflectometer (RWD) tests
typically with only one deflection measurement or complex geometries, a procedure that combines measurements from the embedded
instruments and surface deflections would provide an alternative to the traditional backcalculation of pavement layer moduli. This study
presents an inverse analysis procedure integrating finite element (FE) models and a population-based optimization technique, Covariance
Matrix Adaptation Evolution Strategy (CMA-ES), to determine the pavement layer structural properties. Tests using a lightweight
deflectometer (LWD) were conducted on instrumented three-layer scaled flexible pavement test sections. The time histories of the LWD
load, surface deflection underneath the LWD load, subgrade deflection and vertical stress were recorded and used in the inverse analysis.
While the common practice in backcalculating pavement layer properties still assumes a static FWD load and makes use of only peak
values of the load and deflections, dynamic analysis was conducted to simulate the impulse LWD load. Results of the inverse analysis
show that consistent pavement layer properties can be obtained based on the LWD surface deflection data and measurements of the

embedded instrumentation.
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Introduction

Over the decades, instrumentation technology has been increasingly
adopted to measure critical responses of pavements to traffic load
and monitor the performance of pavements [1-6]. Along with the
release of the mechanistic-empirical (ME) pavement design
program, DARWIn-ME by AASHTO, the need for model
calibration and verification will continue to expand [7, 8]. A number
of recent studies aimed at refining the ME models and aiding in the
implementation of MEPDG have used a variety of embedded
instruments to monitor the long-term behavior of in-service
pavements [9-11]. The future instrumentation of pavements as a
component of structural health and response monitoring systems is
also being seriously explored, and is increasingly seen as viable [12,
13]. Since embedding instrumentation in pavements is perhaps the
most reliable way to measure the in-situ pavement responses and
performance, the application of instrumentation in pavements is
expected to continue growing.

Backcalculation of flexible pavement layer properties based on
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falling weight deflectometer (FWD) testing has been routinely used
as a tool for evaluating the structural capacities of pavements.
Traditional backcalculation of pavement layer moduli involves
using the measured surface deflection basin data, i.e. peak pavement
surface deflections measured at the location underneath the impulse
load of an FWD and locations with certain offsets from the load [14,
15]. The FWD backcalculation of pavement layer properties is
essentially an inverse problem with known input signals into a
system and known output signals based on which unknown system
parameters are identified [16]. It is therefore possible to
backcalculate pavement layers’ properties from any known loads
applied to the pavement and any properly measured pavement
responses. The load applied to the pavement can be the impulse
FWD load or rolling wheel load while pavement responses include
surface deflections and measurements from instruments embedded
in the pavement system.

There are cases where measurements from the pavement surface
only are not sufficient to infer pavement modulus, e.g. rolling wheel
deflectometer (RWD) tests typically with only one deflection
measurement or complex pavement geometries, which would lead
to an indeterminate problem with non-unique solutions. The inverse
analysis procedure combining measurements from the embedded
instruments and measurements on the surface would provide an
alternative to the traditional backcalculation of pavement layer
moduli. Furthermore, as the strategic objective of highway renewal
research in the second Strategic Highway Research Program (SHRP
2) is to develop the necessary tools to “get in, get out, and stay out”
when renewing highway pavements, the increasingly widespread
use of pavement instrumentation in in-service pavements provides
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the potential to evaluate and monitor the in-situ structural properties
of in-service pavements with significant less interruption of traffic
and compromise of safety at the tested sites [17]. To demonstrate the
inverse analysis procedure based on instrumentation measurements,
this study presents using a lightweight deflectometer (LWD) to infer
the moduli of an instrumented three-layer scaled flexible pavement
test section. Inverse analysis based on site-specific finite element
(FE) forward modeling was conducted to backcalculate the
pavement layer properties using the information of the recorded
LWD data and measurements of the deflection and vertical stress at
the top of the subgrade from instrumentation.

Instrumented Test Section
Test Section

Two sets of test sections were constructed in a pit bounded by
reinforced concrete walls. The pavement section within the pit
was 206 cm (81 in) long, 91 ¢cm (36 in) wide, and 127 cm (50 in)
deep. The pavement test sections were constructed in the pit on top
of a densely compacted 2.5-m layer of AASHTO No. 57 aggregate.
The scaled pavement was a three-layer flexible pavement structure:
a 4-cm asphalt layer, a 10-cm aggregate base course, and a 113-cm
soil subgrade layer as shown in Fig. 1. The two sets of flexible
pavement test sections were built with the same dimensions and
pavement materials except for the subgrade soil types and subgrade
conditions.

Studies were carried out to investigate possible boundary effects
due to both the side walls and backfill aggregate foundation
underlying the soil subgrade. The investigation focused on the
impact of various boundaries on a critical pavement response,
namely vertical stresses at the top of the subgrade. A previous study
was conducted on an unpaved aggregate-subgrade structure to
investigate the effects of subgrade thickness on the pavement
critical responses. Results showed that the change of vertical stress
atop subgrade becomes minimal when the subgrade thickness is
about 100 cm (40 inches). Therefore, it is assumed that the 113-cm
(44.5 inches) thick subgrade for the proposed pavement cross
section with the addition of an asphalt layer has negligible boundary
effects due to the backfill underlying the subgrade. A series of linear
static two-dimensional axisymmetric finite element (FE) models
with different radial distances between the load center and the radial
boundary were created to study the effects of side walls on the
pavement responses. The study showed that the 46 cm distance
between the center and the nearest boundary has insignificant
effects on the change of vertical stresses at the top of subgrade.

The asphalt layer was constructed using a 9.5-mm surface mix
containing a PG 64-22 binder. No dynamic modulus tests were
conducted to characterize the stiffness of the asphalt mixture. The
base layer was constructed using a dense-graded crushed limestone.
Two different types of soil designated as Soil 1 and Soil 2 were used
as pavement subgrades. They are classified as lean clay with sand
(CL) and silt with sand (ML) or A-4(5) and A-4(4) for Soil 1 and
Soil 2, respectively. The percentage passing the #200 sieve (0.075
mm) for Soil 1 and Soil 2 are 77.6 and 83.2 and plasticity indices
are 8.1 and 4.4, respectively. The optimal moisture contents for Soil
1 and Soil 2 are 18% and 19% and maximum dry densities are 1700
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Fig. 1. Schematic and Dimensions of a Typical Test Section: (a)
Plan View of the Test Section; Cross Section of the Section and
Position of the LVDT.

kg/m® and 1690 kg/m®, respectively. During construction, the soil
was compacted at a water content greater than optimum to induce
soft subgrade conditions. The subgrade CBR was maintained at 2.0
and 1.5 for the two individual sets of tests based on the relationship
between CBR and water content developed through a series of CBR
tests.

Instrumentation

The elastic deflection at the subgrade was recorded by using linear
variable differential transformers (LVDTs) (Macro Sensors
GHSE-750-1000). The maximum travel distance of the push rod is
25.4 mm (1 in). The overall length of the LVDT is 29 cm (11.4 in).
The linearity error of the LVDT is less than 0.06% and the
repeatability error is less than 0.6 pm.

The installation of each LVDT was accomplished in two steps.
Prior to the construction of subgrade, a steel tube for housing the
LVDT was mounted on a concrete slab and placed at the center of
the test section as shown in Fig. 1. The concrete slab was leveled as
much as possible to ensure the horizontal level of the subsequent
LVDT installation (Fig. 2(a)). The cable for the LVDT was also
protected from angular aggregate particles by using a PVC pipe.
After the construction of subgrade, the LVDT was connected to the
cable and inserted into the steel tube by excavating the built
subgrade to avoid possible damage to the LVDT during the
subgrade construction. A thin yet rigid disk with diameter of 5 cm (2
in) was attached onto the contact tip of the spring-loaded LVDT to
provide sufficient contact area. The contact tip was wrapped with
thin, flexible membrane to avoid the intrusion of soil particles into
the LVDT. The LVDT was totally immersed in the soil with its
contact disk flush with the soil surface. The LVDT measured the
total deflection of the subgrade, since the end of each LVDT was
fixed with respect to the bottom of the subgrade.

The vertical stress at the top of the subgrade was measured using
a hydraulic type earth pressure cell with semiconductor transducer
(Geokon 3500) and a diameter of 10.2 cm (4.0 in). The pressure cell
has a full-scale range of 250 kPa (36.3 psi), which can provide
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Fig. 2. Instrumentation Used in this Study: (a) a LVDT was Housed
in a Steel Tube Mounted on a Concrete Slab; (b) Earth Pressure Cell
was Leveled before Being Covered by Soil.

satisfying resolution and range since the pressure was expected to
be about 20 kPa (3 psi) in this application. The pressure cell has the
following specifications: +0.5% calibrated accuracy, < 0.05%
thermal effect on zero, < 0.5% linearity.

The pressure cell was installed at the location about 25 cm (10 in)
from the center of the section upon the completion of the subgrade
layer construction (Fig. 1). The subgrade was excavated using small
hand tools for placement of the pressure cell. The pressure cell was
installed about 1.3 cm (0.5 in) below the subgrade surface. Care was
taken to ensure that the pressure cell was positioned and leveled
(Fig. 2(b)). Details on the installation of the instruments used in this
study can be found elsewhere [18].

LWD Testing

A portable light weight deflectometer (Carl BroTM PRIMA 100)
was used for assessment of in situ pavement layer moduli. By
dropping a weight with a mass of 10 kg from a certain height, the
LWD applies an impulse load to the pavement through the bearing
plate with a diameter of 30 cm. The impulse load was measured
using a load cell, and the surface deflections were measured with
accelerometer. The main purpose of the LWD tests was to measure
the pavement responses (surface deflections) to a known load and to
use the measurements to backcalculate the resilient modulus of each
of the pavement layers.

LWD tests were conducted on each pavement layer as the
construction progressed. The LWD was not able to yield meaningful
measurements when testing directly on both of the soil subgrades
because the subgrades were too weak to experience resilient
deflection under the LWD load. In order to adjust the LWD impulse
load to accommodate the deflection measurement, the LWD weight
was dropped at the height of 0.61 m for LWD tests on the base layer
and 0.91 m for LWD tests on the asphalt layer, which generates a
peak load of about 4.8 kN and 9.2 kN, a peak stress of 65.0 kPa and
130.0 kPa, respectively. It is noted that the load applied on the
pavement is lower than the standard full-scale axle load due to the
limitation of LWD’s light weight. However, for the purpose of
backcalculating the pavement layer moduli, the loading level of the
LWD on the scaled pavement test sections is sufficient, which is
proved by the measurements from the LVDT and pressure cell at the
top of the subgrade. LWD tests were performed for each section on
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the base layer and asphalt concrete layer at locations above the
LVDT and pressure cell. The responses from the LVDT and pressure
cell to the LWD loading were recorded. The time histories of the
LWD load and the surface deflection underneath the loading plate
were also recorded and used in the subsequent dynamic linear
backcalculation procedure.

Forward Modeling
Geometric Model and Material Properties

The backcalculation of the properties of flexible pavement layers is
a parameter identification problem involving two primary
components: (1) the forward modeling of the pavement system and
(2) the inverse analysis based on measurements. In this study, finite
element (FE) modeling was adopted to serve as the forward model.
While it is ideal to use a three-dimensional FE model to simulate the
actual geometries of the pavement test sections, a three-dimensional
model demands much more computational resources due to the
increased number of elements. The cost of computational time and
resources was considered when creating the FE models because the
FE model will be called repeatedly during the inverse analysis.

The test section was simplified as an axisymmetric model since
the LWD load can be approximated as a uniformly-distributed
circular load and is axially symmetric. The axisymmetric model is
less computational resource-demanding than a 3-dimensional model.
The general-purpose FE package, ABAQUS® , was used to create
the 2-dimensional axisymmetric model. Fig. 3(a) shows the plan
view of one test section. The problem is symmetric with respect to
the axis passing through the center of the loaded area up to the
nearest boundary with a radial distance of 46 cm. Through the
axisymmetric model, the rectangular block is now reduced to a
cylinder - the circle in Fig. 3(a) extruding into the plane of the page
to the depth of the pavement. The FE model of the pavement test
section uses first-order quadrilateral solid elements (CAX4R). The
element has four nodes and a total of eight degrees of freedom with
each node, having two degrees of freedom in the vertical and radial
directions. Non-uniform meshes were used in discretizing the model.
Finer meshes were assigned at the regions closer to the load and of
greater interests (Fig. 3(b)). The FE model consists of 12,150 nodes
and 11,920 elements.

Boundaries were assigned to both the outer perimeter and the
rotation axis, as well as the bottom of the model. It should be
pointed out that boundaries were added to the symmetry axis in the
FE model, although the axis physically is the central line of the
cylinder and does not have boundaries. The nodes on the rotation
axis and outer perimeter were restrained in the radial direction but
allowed to move in the vertical direction. The nodes at the bottom of
the model were restrained in the vertical direction.

In this study, the pavement materials were assumed to be linear
elastic although they may have nonlinear behavior, e.g.
stress-dependence for base aggregates and time-dependency for the
asphalt concrete. Elastic modulus and Poisson’s ratio were the only
material inputs for the static analysis, and a Rayleigh damping ratio
was assigned to each pavement layer during the dynamic analysis.
Poisson’s ratios for the asphalt concrete, aggregate base, and soil
subgrade were assumed to be 0.30, 0.35, and 0.45, respectively [19].

International Journal of Pavement Research and Technology 757



Tang, Stoffels, and Palomino

GIL AIwD Load
AL

4cm

A
10 cm"
103 cm| == Al

r [~ 46cm
206 cm| |; Vet >

\ | 113cm|)
"L-oaded area !

N ,.
.
X .

St

FE boundary

A
y

92 cm
(a) (b)

Fig. 3. Geometries and Mesh of the Axisymmetric Finite Element
Model for the Test Section: (a) Plan View of the Test Section with
the Circular Area Representing the FE Geometric Model; (b)
Cross-section View of the FE model, Not to Scale.
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Fig. 4. Time Histories of the Measured LWD Load, Measured
Central Surface Deflection, and Modeled Central Surface
Deflection.

Dynamic Analysis of LWD Load

Fig. 4 shows the recorded time histories of the LWD load and the
surface deflection underneath the LWD load plate. The time lag
between the load and deflection indicates the inertial and damping
effects and the dynamic nature of the impulse LWD load. Thus, a
dynamic analysis of a LWD test would be more realistic than a static
analysis. However, due to the complexity of dynamic analysis and
its high computational cost, static analysis has been traditionally
adopted in the practice of backcalculating pavement layers’
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properties. For the purpose of comparison, both the static and
dynamic analysis of LWD tests was conducted in this study. While
the measured peak value of the LWD load was used for the static
analysis, the collected load-time history data were used for the
dynamic analysis.

The LWD test can be simplified as a single degree of freedom
(SDOF) system subjected to an external dynamic load, in this case
the LWD impulse load as a function of time. The equation of motion
for the SDOF system with known mass, stiffness, and damping can
be expressed as follows [20]:

MU+CU+KU=F(t) 1)

in which M is the mass of the SDOF system; C is the damping
coefficient; K is stiffness; U, U, U are displacement, velocity, and
acceleration, respectively; F(t) is the external load as a function of
time measured with the load cell of the LWD.

The recorded time-history of the impulse LWD load was
incorporated into the FE model of the pavement section. The
dynamic equilibrium equation discussed above for the pavement
system subjected to the LWD load was solved through time
integration based on the central difference integration rule using
ABAQUSR /Explicit. The mid-increment value of velocity is
determined from the known velocity, U(t_m) and acceleration, U,
from the previous increment:

) ) (t+at) t
U erarz) = U (ramy + u U 2

2

The displacement at the end of the increment is calculated as
follows:

Ugeag = U+ ALY 0 (4 agm) (3)

One of the important aspects of an explicit dynamic analysis is
the time increment, which should be small enough to ensure a stable
and converged analysis yet reasonably large to maintain an
appropriate computational time. The stable time is determined based
on the smallest dimension of the FE elements and the wave speed of
the material [21]:

Atgapie = Le / Cq Q)

in which L, is the smallest dimension among all the elements in the
FE model and cgq is the wave speed of the material.
Furthermore, the wave speed ¢4 can be estimated as follows [20]:

Cq=

E ©)
P

in which E is the elastic modulus of the material; p is the density of
the material.

The dynamic response of the pavement to the impulse LWD load
is the resultant effect of the spectrum of stress waves that propagate
in the pavement. In this study, the pavement FE model was
restrained in the radial direction at the outer boundary. In FE
modeling, it is likely that the stress wave impinges and reflects on
the fixed outer boundary. However, during the LWD testing on
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Table 1. Boundary Constrains of the Pavement Layer Moduli
Pavement Layers Elastic Modulus Ranges (MPa)

Asphalt Concrete 1000 - 3000
Base Course 50 - 200
Subgrade 5-100

pavement sections, the stress wave propagates beyond the distance
between the load center and the FE outer boundary. Thus, it is
necessary to address this phenomenon in order to have a simulation
that more closely resembles the LWD testing.

Infinite elements are commonly used in FE modeling to simulate
the far-field region, where the influence of the medium in the region
is considered insignificant and is neglected. In this study, infinite
elements were used as absorbing boundaries to transmit the
impinging body waves [21]. The infinite elements are connected to
the outer boundary of the finite elements in the FE model only, as
shown in Fig. 5. No infinite elements were used at the bottom of the
FE model because the stress wave energy dissipates along the travel
path towards the bottom and the subsequent reflection at the bottom
boundary was found to be minimal and negligible. It should be
pointed out that the infinite elements adopted in this study do not
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simulate the geometries of the pavement test section.
Inverse Analysis
Inverse Analysis Procedures

Fig. 6 shows the inverse analysis procedure in which the
optimization process is coupled with forward modeling/FE
modeling to evaluate the pavement layer properties. Reasonable
initial assumptions of material properties were made for the FE
model before starting the inverse analysis. Traditional
backcalculation typically uses only one set of initial inputs, while
the inverse analysis procedure in this study starts with a population
of initial inputs. The pavement responses were then calculated from
the FE model with the initial material properties. The calculated
pavement responses were compared to the measured responses until
the difference between them was minimized to a satisfactory
criteria.

The process of minimizing the difference between measured and
calculated pavement responses was based on an optimization
methodology, CMAES (Covariance Matrix Adaptation Evolution
Strategy) developed by Hansen [22]. The optimization algorithm is
written in an open-source programming language, Python [23] and
communicates with the FE models created by using the ABAQUS®
Python scripts.

Optimization Problem Formulation

Typically, an optimization problem includes the following three

primary components:

(1) Optimization variables: these are usually the unknowns that
need to be solved for, denoted as vector x. They are the
pavement layer resilient moduli in this study.

(2) Constraints: the variables can be subjected to certain
constraints in accordance with the physical meaning of the
variables, denoted as g(x) < 0 and / or h(x) = 0. In this study,
broad yet reasonable bounds of the individual variables were
specified as presented in Table 1. The constraints among the
variables were also applied to the optimization procedure:
Esubgrade < Ebase < Eagpnair- The optimization search space was
narrowed by defining the bounds and constraints.

(3) Obijective function: this is also called cost function, denoted as
f(x). The objective function is the root mean squared error
(RMSE) between the measured pavement responses from the
LWD load and the calculated pavement responses from the FE

Zn:(é‘mi - é‘ci )2

i=1
(n-1)
measured value of the pavement response, such as surface and
subgrade deflections; J. is the calculated value of the
pavement response from the FE model.

To define an optimization problem, a feasible set S is defined as a
collection of all the points that satisfy the constraints g(x) < 0 and /
or h(x) = 0. Then the procedure of optimization is essentially to find
a vector x* € S such that f(x*) <f(x) for all x€ S.

The Poisson’s ratios were assumed and not considered

model: f(x)= in which &, is the
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optimization variables because they do not influence the pavement
responses within the range of typical values. Two measurements,
surface deflection on the base layer and the subgrade deflection
beneath the center of the LWD load, were used in the inverse
analysis for the two-layer pavement structure (base-subgrade) to
solve for two unknowns: Epg and  Egpgrage  Three
measurements—surface deflection on the asphalt layer and the
deflection and vertical stress at the top of the subgrade—were used
in the inverse analysis for the three-layer pavement structure
(asphalt-base-subgrade) to solve for three unknowns: Eagpnait, Epase,
and Egngrage- The time histories of the surface deflection were used
for the inverse analysis involving dynamic finite element modeling.

Optimization Method

The objective function in the problem formulation of this study is
discontinuous and non-differentiable. Therefore, the traditional
gradient-based optimization methods such as Newton’s method and
the Steepest Descent method are not applicable to this category of
problem because they require information about the gradient of the
objective function. The Covariance Matrix Adaptation Evolutionary
Strategy (CMA-ES) optimization algorithm was adopted based on
its well-recognized performance in solving difficult optimization
problems [22] and its successful application in backcalculating
pavement layer properties [24].

The CMAES belongs to the category of Evolutionary Algorithms
(EAs), which are a class of stochastic search and optimization
methods [25]. The algorithm is based on the principles of natural
biological evolution and operates on a population of potential
solutions, applying the principle of survival of the fittest to produce
successively better approximations to a solution. The CMAES
algorithm starts with a population of search points instead of a
single point as most direct search methods do. An important and
innovative feature of the CMAES algorithm is the definition of new
search points. A new population is generated from a normal
distribution expressed as [22]:

Xk(9+1) ~N (m(G)’ (a(g))2 C(G)) 7

inwhichk=1,2,....% and A is the size of population; x¢*? is the
k™" offspring / search points for generation g+1; N (m@, (¢/¥)? C®)
represents a multivariate normal distribution in generation g; m@ is
the mean value of the search distribution at generation g; ¢ is the
overall standard deviation, step size at generation g; C© is the
covariance matrix at generation g.

Each iteration or search step is accomplished by calculating
values of m@, 6@ and C© for the next generation g+1. There are
four parameters that are the key operators in CMAES: population
size, adaptation, and change rates; population selection and

Table 2. Results of Inverse Analysis Using Synthetic Sata.

recombination; step size control; and covariance matrix adaptation.

Verification of the Inverse Analysis Procedure using
Synthetic Data

It is well-known that locating a global minimum is usually difficult,
as well as the task of verifying the global minimum. In order to
ensure that the inverse procedure and the optimization algorithm
work for the specific problem in this study, the procedure was
subjected to an examination before it was applied to solve the
problem. A set of synthetic pavement response data were generated
from the FE model with assumed pavement layer moduli, and the
synthetic data were substituted for the measured values into the
inverse procedure (Fig. 6). The inverse procedure was then carried
out to find the “known” assumed pavement layer moduli.

The examination was conducted for both the two-layer system
and three-layer system, as listed in Table 2. The difference between
the backcalculated moduli values and the predefined layer moduli is
negligible for both the two-layer and three-layer system, which
indicates that the inverse analysis procedures and the optimization
algorithm are capable of finding the global or best minimum and
accurately estimating the pavement layer moduli. Figs. 7 and 8
display the iteration of the optimization procedures for the two-layer
and three-layer pavement systems. It is worth pointing out that an
inverse analysis converges when certain criteria are met, e.g. the
objective function value is smaller than a prescribed value in this
case. Fig. 8(b) shows that the objective function value becomes
stable and approaches the prescribed value after about 240 iterations,
although the asphalt layer modulus value appears to be transitioning
in Fig. 8(a). In comparing Figs. 7 and 8, it took more iterations for
the inverse analysis on the three-layer system to reach a satisfactory
objective function value than for the two-layer system. The
verification tests on the inverse analysis procedure showed the
procedure is a viable process to find the pavement layer moduli.

Results of Inverse Analysis

Inverse analysis of the pavement layers’ moduli were carried out
based on instrumentation measurements and deflections measured
on the surface. The inverse analysis procedure involved solving the
FE models repeatedly until the convergence of the optimization
procedures.

The pavement layers’ elastic moduli were the only backcalculated
material properties, while the other values for material properties in
the FE model were assumed. The Poisson’s ratios for the asphalt
concrete, base layer, and subgrade were assumed to be: 0.3, 0.35,
and 0.45, respectively [19]. Reasonable values were also assigned to

Runs FE Models Synthetic Measurements Assumed Layer Moduli (MPa) Backcalculated Moduli (MPa)
1 Two Layer Base Deflection Base: 20.0 Base: 20.0
Linear Static Subgrade Deflection Subgrade: 10.0 Subgrade: 10.0
Three Layer Asphalt Layer Deflection AC: 2000.0 AC: 2007.0
2 Linear Static Subgrade Deflection Subgrade Base: 20.0 Base: 19.9

Vertical Stress

Subgrade: 10.0

Subgrade: 10.0
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damping ratios of the pavement materials during backcalculation
based on dynamic analysis. The damping ratio for the soil subgrade
is expected to be low, ranging from 0.01 to 0.03 [26]. In this study,
the damping ratios for asphalt concrete, base, and soil subgrade
were assumed to be: 0.06, 0.04, and 0.02. The Rayleigh damping
coefficients — alpha and beta — were then estimated based on the
relationship between the damping ratio, natural frequency of
interests, and the damping coefficients. The values of alpha and beta
for the asphalt concrete, base, and soil subgrade were: 47.2,
2.60x10°F; 33.2, 1.95x10°; 11.1, 9.10x10”". According to Uzan [27],
effects of damping ratios on backcalculating layers’ properties are
minimal. The mass density of asphalt concrete, base course, and
subgrade soil were: 2247 kg/m®, 2100 kg/m®, and 1990 kg/m?,
respectively. A total of six sets of backcalculation were carried out.
Listed in Table 3 are the results from the inverse analysis on
pavement layer properties. Since LWD tests were conducted on the
base layer and the asphalt layer along with the progress of
construction, inverse analysis was conducted for both the two-layer
and three-layer pavement structures. Static FE analysis was carried

Vol.6 No.6 Nov. 2013

out when peak values of the LWD load were used in the FE model
while the time-histories of LWD load were used for the dynamic FE
analysis.

Inverse analysis based on static FE analysis was conducted using
LWD tests on the base course layer and the asphalt layer built over
Soil 1. Based on the results shown in Table 3, the backcalculated
elastic moduli values for the base layer and subgrade are different
between the two sets of static inverse analysis (Run 1 and Run 2).
The base layer and subgrade exhibit higher stiffness resulting from
the inverse analysis based on the LWD tests on the asphalt layer.
The same observation was made for the pavement section built on
Soil 2 (Run 4 and Run 5). One of the reasons is likely due to the
further densification of the base layer and subgrade from the
compaction of the asphalt layer. This also indicates that the addition
of the asphalt layer may have changed the confining conditions of
the unbound layers and consequently increased the moduli of the
unbound base and subgrade layer.

In addition to the backcalculation conducted based on linear static
analysis using peak values of measurements, the pavement layers’
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Table 3. Results of Inverse Analysis Using Instrumentation Measurements.

Run  FE Model

Measured Pavement Response

Backcalculated
Pavement Layer

Moduli (MPa)
1 Two-layer Section with Soil 1 Base deflection: 1.98 mm Base: 14.3
LWD Peak Stress: 64.6 kPa Subgrade Deflection: 1.66 mm Subgrade: 4.8
Three-layer Section with Soil 1 Asphalt Deflectlo.n: 0.82 mm AC: 1684.0
2 LWD Peak Stress: 129.6 kPa Subgrade Deflection: 0.59 mm Base: 43.5
' ' Subgrade Vertical Stress: 12.6 kPa Subgrade:12.2
. . . AC: 1401.2
3 Three-lgyer S'ectlon with Soil 1 Time-history Data of Asphalt Layer Deflection at the Center of Load  Base: 37.5
LWD Time-history Load
Subgrade:15.1
4 Two-layer Section with Soil 2 Base Deflection: 1.99 mm Base: 12.0
LWD Peak Stress: 66.1 kPa Subgrade Deflection: 1.80 mm Subgrade: 3.1
Three-layer Section with Soil 2 Asphalt Deflectlo.n: 1.04 mm AC: 1705.1
5 LWD Peak Stress: 130.0 kPa Subgrade Deflection: 0.80 mm Base: 27.8
T Subgrade Vertical Stress: 11.2 kPa Subgrade: 9.0
. . . AC: 1480.0
Three-I h Soil 2 ) . .
6 ree-layer Section with Soi Time-history Data of Asphalt Layer Deflection at the Center of Load  Base: 23.9

LWD Time-history Load

Subgrade: 12.8

moduli were backcalculated through linear dynamic models using
measured time-histories of the LWD load and corresponding
pavement deflection. Fig. 4 shows the time histories of the
measured load, measured deflection, and modeled deflection. The
modeled deflection matches well with the measured deflection. It is
noted that the backcalculated moduli of the asphalt layer and base
layer are lower than those from backcalculation based on static
analysis for both sets of pavement sections. The backcalculated
subgrade modulus in the pavement test section with Soil 2 is lower
than that in pavement test section with Soil 1, which is consistent
with the fact that the subgrade with Soil 2 was a weaker subgrade
with lower CBR.

The backcalculated asphalt layer moduli vary between 1401 MPa
and 1705 MPa (Table 3). While the values of the asphalt moduli are
not completely out of range, they are near the lower boundary of
anticipated asphalt moduli. This is likely attributed to the inadequate
compaction carried out by using a small vibratory plate compactor
that probably does not generate the needed compaction energy.
Measurements of air voids of the asphalt layer by a pavement
quality indicator (PQI) showed a high air void content ranging from
7.3% to 12.0% with an average value of 9.9%. As a result, the
density and modulus of the asphalt concrete is low in this study. It
should be pointed out that the tests were conducted in an indoor lab,
and the asphalt concrete temperatures were recorded throughout the
tests using a K-type thermocouple. The recorded temperature varies
from 24.2°C to 27.0°C with an average value of 25.6°C, indicating
that the ambient temperature during the tests does not play a role in
resulting in the low stiffness of the asphalt concrete layer.

Compared to the anticipated values listed in Table 1, the
backcalculated moduli of the base layer are relatively low. It should
be pointed out that the range of the modulus value given in Table 1
does not guarantee that the backcalculated value falls in the range.
Instead, it generates the initial population of layer moduli within the
range, i.e. the starting points of the search for optimal values. The
low modulus value of the base layer was most likely due to
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inadequate compaction of the aggregate base during construction,
which is consistent with the fact that the aggregate base was
constructed over a soft soil subgrade with a CBR value from 1.5 to
2.0 and unable to be fully compacted. Furthermore, the LWD
loading level in this study is lower than the standard wheel axle load
and the FWD load. Given the stress-dependent nature of the
unbound materials, a higher loading level may result in a higher
modulus value. A nonlinear resilient modulus model (e.g. the k-6
model, Uzan-Witczak model, and MEPDG universal resilient model)
may be adopted in the forward modeling for the base aggregate to
account for its stress-dependent behavior.

Summary and Conclusions

This study demonstrates the use of instrumentation measurements in
a generalized inverse analysis procedure. The inverse analysis
procedure involves a population-based optimization algorithm
coupled with FE models. Two sets of pavement sections were
constructed such that the sections had the same dimensions and
same pavement materials except for the subgrade soil types and
conditions. The subgrade layers were constructed at CBR= 2 (Soil 1)
and CBR= 1.5 (Soil 2). The two flexible pavement test sections
were instrumented with LVDTSs to measure soil subgrade deflections
and pressure cell to measure the vertical stress. A lightweight
deflectometer (LWD) was used to test the structural properties of the
two flexible pavement test sections. Pavement surface deflection
and subgrade deflection were recorded in response to the LWD
impulse load. The measurements were then used in an inverse
analysis procedure to backcalculate the pavement layers’ moduli.
Results generated from the inverse analysis conducted on the two
sets of flexible pavement test sections show pavement layer moduli
that are consistent with the experimental measurements. The
primary findings from this study are summarized as follows:
e An inverse analysis procedure was developed and its
effectiveness of backcalculating flexible pavement layer
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properties was demonstrated.

The generic inverse procedure adopted in this study showed that
it is possible to backcalculate pavement layer properties based
on any known input signals (LWD load in this case) and any
properly measured output signals (pavement responses from
embedded instrumentation and surface deflections in this case)
of the pavement system. Furthermore, the procedure showed the
attribute of broad applicability by using commercially-available
and general-purpose numerical modeling packages coupled with
well-developed open source of optimization algorithms.
Although the backcalculated modulus values of the asphalt and
base layers were consistent through the two sets of tests, they
both are relatively low mainly due to the inadequate compaction
during the construction. Furthermore, compared to the FWD
load and a standard full-scale axle load, the LWD loading level
is lower and may play a role in resulting in a low
backcalculated modulus for the aggregate base layer. A
nonlinear resilient modulus model would better characterize the
stress-dependent behavior of the unbound aggregate layer.

Given the trend that the application of pavement instrumentation
is continuously growing, the inverse analysis procedure can be
potentially extended to evaluate and monitor the layer moduli of
instrumented in-service pavements with decreased interruption
of traffic. The difficulty for practical implementations of this
inverse analysis procedure lies in its FE forward modeling,
particularly the dynamic FE modeling which requires a large
amount of computational time and resources. Substituting the
FE model with a surrogate such as a Neural Network model
would significantly increase the efficiency of the inverse
analysis procedure.
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