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Vibrations induced by traffic are of concern for road authorities due to disturbance on the population, and
the damage of buildings and structures. In the field of pavement engineering, the anti-vibration paving
technologies by the so-called damping layer are under investigation to avoid the generation of excessive
vibration and contains propagation. To more fully examine the effectiveness and potential of such a
damping layer in the application of anti-vibration pavement, numerical simulations based on a two-
dimensional (2D) finite element (FE) model is conducted. The method of determining Rayleigh damping
parameters is proposed to more accurately characterize the attenuation of vibration in the road pave-
ments. Sensitivity analysis of varying monitored points and varying loads are performed. Several impor-
tant parameters such as the damping layer position and thickness, damping ratio are evaluated as well.
By the use of this FE simulation to model the vibration response induced by traffic, the costly construction
mistakes and field experimentation can be avoided.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The convenient transportation has enriched people’s lives.
However, vibration-induced by road traffic is around everyone in
the city, which can affect the living conditions of urban residents
and can lead to sleep disorders, and is becoming more and more
serious. Traffic-induced vibration can jeopardize the integrity and
the stability of historical buildings [1–4]. Vibrations are to be
reduced also in the case of sensitive scenarios as hospitals, scien-
tific research labs, and high-tech industries [5–9]. Furthermore,
road vibrations can induce traffic-generated noise dominating fre-
quencies below 1000 Hz [10,11]. Therefore, reducing vibrations is
of primary interest.
To mitigate the effects of traffic-induced vibration, various pre-
ventive strategies are under investigation. Limiting traffic volumes
and speed, screening of vibration by using in-ground barriers, and
developing isolation systems, represent some of the methods pro-
posed [6]. In the field of pavement engineering, the so-called anti-
vibration paving technology is under investigation to avoid the
generation of excessive vibration [12]. To preserve an ancient
building (the Villa Farnesina, Roma) against traffic-induced vibra-
tions, an anti-vibration system composed of a concrete grid sup-
ported by rubber pads, was developed under the near
Lungotevere road, reducing the acceleration values of about 80%
according to the obtained results. Similar solutions have also been
used for new constructions in Piazzetta S. Paolo, Milan, and Via
Parigi, Roma [2]. The anti-vibration pavement has also been devel-
oped by Dondi et al. [13] and Grandi [14] with a lower-stiffness
vibration-absorbing layer which did not reduce the stiffness of
the whole pavement systems. Such anti-vibration pavement has
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been proved to increase the elastic absorption capacity of the
vibrations caused by the surface irregularities near the source.
Based on the optimized surface texture as well as the improvement
of the vibration absorbing, another type of anti-vibration pavement
was constructed for the Municipality of Novara [12]. The verifica-
tion was conducted by the vibration comparison of the anti-
vibration pavement and one reference, showing the anti-
vibration level reached. Diependaele and Rens proposed an ambi-
tious design for a tramway carriageway consisting of continuously
reinforced concrete having a three-layered structure supported on
a noise and vibration abatement mat [15]. The results showed that
the propagation of acoustic waves and vibration waves through the
sub-soil to nearby houses, schools, and commercial buildings was
prevented by providing a flexible insulating mat underneath and
against the sides of the concrete railway slab.

In 2019, a novel trial pavement for anti-vibration was designed
and constructed by Huang and co-workers. The test track was
located in Via Dino Buzzati, Agliana (Prato, Italy). The trial field
covered 24 m in length and 6 m in width in which the existing
wearing course has been fully milled. The field construction was
divided into two parts, each of which included test sections of
8 m (with damping layer) and 16 m (without damping layer),
respectively. The damping layer is composed of so-called damping
asphalt mixtures (DAMs) with a thickness of 3 cm. A detailed intro-
duction to the DAMs can be found in early studies [9,16–19]. The
on-site falling weight deflectometer (FWD) test was used to simu-
late the vibration response of the traffic pulse load to the surround-
ing environment [20–22]. The results show that laying a damping
layer composed of DAMs in the road system can effectively reduce
the vibration response of the loads to the surrounding environ-
ment, indicating the applicability of such kind of damping layer
in anti-vibration pavements.

The trial field experiment on anti-vibration pavement showed
the effectiveness in mitigating the vibration response of the sur-
rounding environment caused by traffic loads [16]. However, the
process of field experiments is often expensive and time-
consuming. Therefore, it is difficult to be carried out many times
to investigate the design parameters to achieve reasonable opti-
mization of the anti-vibration pavements. Furthermore, the effec-
tiveness of vibration-reduction was only evaluated from the
deflection in the time domain and the effectiveness and potential
of the damping layer cannot be fully evaluated [20–22].

To more fully examine the potential and effectiveness of the
damping layer in the application of anti-vibration and optimize
the pavement structure, the study presented in this paper involves
the creation and analysis of a two-dimensional (2D) finite element
(FE) modeling of road pavements based on the field tests to
dynamically analyze the vibration reduction.

The research plan of the present study is given in Fig. 1. (I) the
dynamic analysis of flexible pavement is the starting point of the
simulation. However, it should be noted that the conventional
method used for the dynamic analysis may need to be improved
since it rarely involves the accurate vibration-calculation in road
Fig. 1. Research plan in
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pavements while often focuses on the stress–strain states at differ-
ent locations. Besides, as indicated by Chopra [23], the conven-
tional method for damping characterization is not appropriate if
the system to be analyzed consists of two or more parts with sig-
nificantly different levels of damping, such as the pavement
include a special damping layer. Therefore, the damping character-
ization is a prerequisite for the vibration calculation in the road
pavements [24,25]. Based on such consideration, (II) a novel
method for determining the Rayleigh damping parameters is pro-
posed to improve the deficiencies in previous studies. The accuracy
of the method is verified by the comparison with the results of field
testing. (III) Once the damping characterization is completed, a 2D-
based FE dynamic model of pavement subjected to the pulse load
can be established. A traditional pavement and an anti-vibration
one are compared to emphasize the effect of the damping layer,
and at the same time, parametrical studies are carried out to eval-
uate the effects of the varying thickness, location, and damping
ratio of materials used.
2. Damping characterization in flexible pavement

2.1. Literature review

2.1.1. Damping characterization in finite element (FE) modeling
The dynamic analysis has been successfully used to predict the

pavement response more accurately under different traffic load
conditions while considering a wide range of constitutive laws
based on the finite element (FE) modeling, during which the proce-
dures for creating stiffness and mass matrices for a system’s ele-
ments and their assembly into a global system representation
have been well established [26]. However, analogous procedures
for representing intrinsic damping, a material’s innate capability
for mechanical energy dissipation, are still under development
[24,27–32]. A material’s intrinsic damping does not refer to a
unique phenomenon but rather to a collection of atomic actions
that produce an observable effect on a system’s overall dynamic
response [33–38]. It is not currently practical for typical engineer-
ing purposes to link these actions at the atomic level to the overall
system response. Therefore, intrinsic damping is typically modeled
on the material scale, considering constitutive and rheological
properties.

A very common and efficient type of damping used in the incre-
mental finite element modeling for pavement engineering is Ray-
leigh damping, giving damping matrix [C] as the combination of
mass-proportional damping and stiffness proportional damping,
as shown in Equation (1) [39,40].

½C� ¼ a½M� þ b½K� ð1Þ

where [M], [C], and [K] are the mass matrix, damping matrix, and
stiffness matrix, respectively; a and b are mass proportional param-
eter and stiffness proportional parameter, respectively. The rela-
tionship between a and b and the critical-damping ratio at a
the present study.



Fig. 2. Relationship between damping and frequency by QUAD4.
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circular frequency x for one degree of freedom problem is given by
Equation (2) [41,42].

n ¼ a
2x

þ bx
2

ð2Þ

where n is the damping ratio andx is the circular frequency [rad/s].
Damping is an important component of the material’s behavior; it
must be considered in dynamic problems that include loading with
FWD or moving wheels while it can be ignored in static problems
[43]. For the dynamic analysis, so far several researchers have tried
to get meaningful values of Rayleigh damping coefficients a and b,
and the methods can be divided into two situations:

(1) In the first type of method, the damping matrix for each
layer is assembled, where the frequency range considered is that
of the whole system. Typically, in this method, the natural fre-
quency of the road system is determined firstly, then the classical
damping matrix to represent each layer or each material is calcu-
lated by Rayleigh damping and the global damping matrix is
assembled via standard FE techniques [39,44–47]. The study con-
ducted by Uddin and Garza [40] showed the natural frequency to
range from 3.7 Hz for a thin highway pavement to 14.7 Hz for a
thick airport pavement. In the same study, the Rayleigh damping
parameters are determined as a = 4.86 s�1 and b = 4.85 � 10�5 s
by the assumption of a damping ratio of 5% and the natural fre-
quency of 8 Hz. Ling and Newcomb [44] set a = 0 and calculated
b for a single degree of freedom problem using a damping ratio
of 5% and a natural frequency of 14 Hz as suggested by Mamlouk
[48] and Davies and Mamlouk [20]. Siddharthan et al. [22] used
a = 0 and b = 0.002 for a damping ratio of 6% to 9% and a natural
frequency of 10 to 15 Hz. The weakness of this type of method
has been pointed out by Wang et al. [30] that it can result in a
non-orthogonal global damping matrix, thus obscuring the mean-
ing of the mode shape and natural frequency between the sub-
components and the entire system and ignoring the interaction
of sub-components.

(2) In the second type of method, the natural frequency of each
layer is calculated firstly by the assumption of a free-free boundary
condition. Wang and Yang [49] set a = 0.078 s�1 and b = 0.0321 s
by the calculation of the natural frequency of 1.56 Hz for the AC
layer and a = 0.086 s�1 and b = 0.0291 s by the calculation of the
natural frequency of 1.72 Hz for subgrade. Zeng [47] set b = 0 and
calculated a as 25, 8, 0.125 s�1 for rubber-modified asphalt con-
crete (RMAC), asphalt concrete (AC) and compacted soil, respec-
tively. This type of method suffers from the drawback that it is
frequencies of the two lacking an effective method to calculate
the natural frequency of each subcomponent, which may result
in large errors compared to actual conditions. Besides, the method
to separate each sub-component also ignores the interactions
between sub-components. Besides, the results obtained from
Valaskova et al. showed large dispersion of the Rayleigh coeffi-
cients, especially of alpha at the lower bulk densities, but the over-
all trend leads to smaller dispersion at higher densities [50].

In summary, the damping characterization in the dynamic anal-
ysis is not well established, and it is difficult to determine the nat-
ural frequencies and modal damping ratios that might be more
applicable to the general flexible pavement. Since there is no uni-
form, effective, and reasonable method to calculate Rayleigh
parameters, it can lead to large differences in the determined val-
ues which may cause different dynamic responses. In any case,
once the above-mentioned natural frequency and modal damping
are selected, the next process is to determine the corresponding
Rayleigh damping parameters.

2.1.2. Determination of the Rayleigh damping parameters
Typically, there are two principal methods for determining Ray-

leigh damping parameters to be used in FEM analyses. The first one
3

was proposed and applied by Idriss [51] in the QUAD4 software for
geotechnical seismic analysis then applied in pavement dynamics
[49,52]. It was assumed that the contributions of mass and stiffness
proportional coefficients are the same. In this way, a and b can be
described as,

a ¼ n1x1 ð3Þ

b ¼ n1
x1

ð4Þ

where n1 is the damping ratio and x1 is the fundamental frequency
of the system. The relationship between frequency and damping
ratio is given in Fig. 2, from which it can be observed that such a
method can results in an overestimation of damping in all fre-
quency ranges, determining a lower dynamic response of the
system.

Hudson et al. [53] introduced appropriate improvements to
these shortcomings of using only the fundamental frequency to
determining the damping coefficient and modified the QUAD4 as
QUAD4M, which has been applied in some research of pavement
dynamics as well [39,46]. Two natural frequencies x1 and x2 are
determined for the calculation of the Rayleigh damping parame-
ters. Particularly, x1 is the first fundamental frequency, and
x2 = nx1, where n is an odd number greater than xe/x1; xe is
the dominant frequency. The parameters a and b are given as
follows.

a ¼ 2n
x1x2

x1 þx2
ð5Þ

b ¼ 2n
1

x1 þx2
ð6Þ

As shown in Fig. 3, this method takes the natural frequencies
and spectral characteristics of the structure into considerations,
but can underestimate the damping between x1 and x2 as well
as overestimate damping outside that range.

2.2. Proposed model for damping characterization in flexible pavement

The following section describes the development of the pro-
posed model for damping characterization in the flexible pave-
ment, consisting of two main steps, (1) According to the method
proposed by Liang et al. [54], to characterize the damping differ-
ence between different layers, the multi-layered pavement struc-
ture is divided into sub-layers, each of which consists of
materials of similar physical properties. Then each sub-layer is
treated as a subsystem for damping characterization, by selecting
the corresponding Rayleigh damping parameters. (2) Rayleigh
damping parameters are determined to make sure the target
damping ratio (the small-strain material damping) and modal
damping calculated from natural frequencies match best by linear
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time-domain solutions [55]. A detailed description of the proposed
method is described below.
2.2.1. Division of road structure and calculation of natural frequencies
for each part

As a multilayer system, the road structure consists of finite lay-
ers over a semi-infinite subgrade. The layered site of the different
pavement materials properties has significantly different damping.
To characterize the difference between different layers, the road
pavement can be divided into several sub-layers depending on
the materials, and each sub-layer is chosen with the corresponding
Rayleigh damping parameters [54]. For a typical pavement struc-
ture, according to similar physical properties of the materials, the
road structure can be divided into the asphaltic layer and unbound
layer (including the sub-base and sub-grade), as shown in Fig. 4.

To determine the Rayleigh damping parameters, the natural fre-
quencies should be determined first. As the natural frequencies are
strongly dependent on the thickness and stiffness modulus of the
layers, it assumes very different values for the asphaltic layer
and unbound layer. The unbound layer can generally be considered
semi-infinite, so the effects from the asphaltic material layer can be
almost ignored. Therefore, with simple boundary conditions, the
natural frequency of the unbound layer can be directly extracted
by the FE method. However, for the asphaltic layer, the support
effects from the unbound layer cause complicated boundary condi-
tions that are difficult to apply directly by FE technologies. To solve
this problem, the idealized shear beam model proposed by Dobry
et al. [56] to estimate the fundamental period of the layered soil
is presented. In this model, the pavement multilayer system is
transformed into a layered system of linear elastic shear beams,
without considering the horizontal length of the different layers,
as shown in Fig. 5.

Each shear beam is considered to be homogeneous with the
same cross-sectional area and extends indefinitely in all horizontal
Fig. 4. Divisions of the p
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directions. The support effect of the unbound layer on the asphaltic
layer is modeled by a shear spring with consideration of the shear
stiffness. The parameters of each layer required for the computa-
tion of the natural frequency are including the shear modulus
(G), mass density (q), shear-wave velocity (c) and the thickness
(H), among which the velocity of a shear wave, c is controlled by
the shear modulus,

c ¼
ffiffiffiffi
G
q

s
ð7Þ

For the shear beam representing one structure layer in the
pavement, an infinitesimal segment section (dy) at y is assumed
and the free vibration of the transverse shear is analyzed, as shown
in Fig. 6.

The displacement and shear force at the bottom of the infinites-
imal segment section are u and Q, respectively, while those at the
top are uþ @u

@y dy andQ þ @Q
@y dy, respectively. According to Newton’s

second law,

@Q
@y

dy ¼ qA � dy � a ð8Þ

where A is the shear area; a is the shear acceleration, which can be

presented as @2u
@t2

. Since Q can be given asGA � @u
@y, the Equation (8) can

be transformed as,

@2u
@t2

¼ c2 � @
2u

@y2
ð9Þ

For the case of steady-state resonance, u(y, t) can be expressed
as,

uðy; tÞ ¼ UðyÞexpðixtÞ ð10Þ
where U(y) is the modal shape. Substitute Equation (10) into Equa-
tion (9), the free vibration equation of the transverse shear in the
frequency domain can be given as,

d2UðyÞ
dy2

þx2

c2
UðyÞ ¼ 0 ð11Þ

which can be transformed as,

UðyÞ ¼ Acos
x
c
y

� �
þ Bsin

x
c
y

� �
ð12Þ

where x is the natural frequency. Correspondingly, the modal
shapes for the surface layer and base layers in the pavement model
can be expressed respectively as,

U1ðyÞ ¼ C1cos
x
c1

yþ D1sin
x
c1

y ð13Þ
avement structure.



tanðxc2 H2Þsinðxc1 H2Þ þ c1G2Kc2cosðxc1 H2Þ
tanðxc2 H2Þcosðxc1 H2Þ � c1G2Kc2sinðxc1 H2Þ

(19)

Fig. 6. Infinitesimal segment section at y.

Fig. 5. Shear beam model for pavement.
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U2ðyÞ ¼ C2cos
x
c1

yþ D2sin
x
c1

y ð14Þ

The natural frequencies can be determined as the solutions of
the system composed of these vibration shape functions, taking
into account the boundary conditions, which are presented as fol-
lows. The free boundary condition at the top of the surface layer
can be evaluated as,

dU1ðyÞ
dy

jy¼H1þH2
¼ 0 ð15Þ

The stress continuity boundary condition of the bottom of the
beam can be given as,

G2A � dU2ðyÞ
dy

jx¼0 ¼ �K � U2ðyÞ ð16Þ

where K is the shear stiffness of the unbound layer. The stress and
displacement continuities at the interface of the surface and base
layers are respectively given as,

G1A
dU1ðxÞ
dx

jx¼H2
¼ G2A

dU2ðxÞ
dx

j
x¼H2

ð17Þ

U2ðH2Þ ¼ U1ðH2Þ ð18Þ
By substituting Equation (13) and Equation (14) to Equations

(15), (16), (17) and (18), the implicit solution of the natural fre-
quencies x can be obtained as follows,

tan
x
c1

H
� �

¼
c2G1G2xsinðxc1 H2Þ � c1G

2
2xtanðxc2 H2Þcosðxc1 H2Þ þ c22G1K

c2G1G2xcosðxc1 H2Þ þ c1G
2
2xtanðxc2 H2Þsinðxc1 H2Þ þ c22G1K
5

by which the natural frequencies x of the different modes for
the asphaltic layer can be determined, while for those values for
the unbound layer, the FE technique can be applied directly for
the extract [57]. It should be noted that the obtained solution
can be many fitted natural frequencies since each vibration mode
should correspond to a natural frequency. However, only the
low-order modes of pavement structures tend to be considered
in the dynamic analysis.
2.2.2. Determining Rayleigh damping parameters
Once the natural frequencies of these sub-layers are deter-

mined, the next step is to determine the corresponding Rayleigh
damping parameters. As far as these parameters concerned, it
can be conjectured that there is a relationship between damping
and frequency whilst damping is regarded as mostly frequency
independent in a limited frequency range and the small strain
material damping is considered as the constant target damping
to the form of the Rayleigh damping formulation [55]. Conse-
quently, the Rayleigh damping parameters, a, and b should be
appropriately formulated to match the target damping to the
modal damping by linear time-domain solutions best.

Most dynamic analyses consider frequency ranges between x1

and x2, and hence it is very essential to improve the decoupling
accuracy in such frequency range [51,53]. In the present study,
the method proposed by Song et al. [58] is simplified and applied.
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In this method, the damping parameters are calculated by the
application of the least square method to minimize the difference
between the calculated and actual damping ratio of each order
within the cut-off frequency, as follows.

min
a;b

Xn
i¼1

a
2xi

þ bxi

2
� n

� �
ð20Þ

However, it should be noted that unlike those large or complex
structures, the road pavements tend to be considered more about
the low-order modes. Hence, Equation (20) is simplified to reduce
the computation as follows. Fig. 7 shows the relationship between
Rayleigh damping and frequency.

Assume the differential of Rayleigh damping,

n ¼ a
2x

þ bx
2

ð21Þ
Fig. 8. An experimental test of falling weight deflectometer (FWD).
dn
dx

¼ � a
2x2 þ

b
2
¼ 0 ð22Þ

Then,

x ¼
ffiffiffi
a
b

r
ð23Þ

Substitute Equation (23) to Equation (21) and the minimum
value of the damping ratio, nmin can be given as,

nmin ¼
ffiffiffiffiffiffi
ab

p
ð24Þ

The damping ratio at the selected frequency range boundary is
regarded as the maximum one, which can be expressed as,

nmax ¼
a

2x1
þ bx1

2
ð25Þ
nmax ¼
a

2x2
þ bx2

2
ð26Þ

It is worth noting that x1 and x2 are determined according to
the proposed method in the present study. Then, the frequency-
independent damping ratio is assumed as,

n0 ¼ 1
2
ðnmin þ nmaxÞ ð27Þ

In this way, a closer relationship between the Rayleigh and the
frequency-independent damping can be observed in Fig. 5. Besides,
only the natural frequencies of the two models are required to be
determined, by which the efficiency of the solution is improved
under the premise of ensuring the accuracy of the operation.
Fig. 7. Relationship between damping and frequency by the proposed method.
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3. Field testing and model validation

To evaluate the accuracy of the developed method, a calibration
process is conducted. The FE simulation based on the developed
method is established to compare the dynamic response with in-
situ experimental tests of falling weight deflectometer (FWD),
which is a widely used non-destructive test for flexible pavement
evaluation and assessment of residual life. The FWD (Fig. 8) applies
an impact load to the pavement surface, to simulate the action of
traffic, and the pavement response in terms of deflections is mea-
sured at several radial locations from the load center. To examine
the applicability of the proposed method, the in-situ measure-
ments including non-rubberized and rubberized asphalt pavement
were carried out.

3.1. Construction of the finite element (FE) model

In the pavement structure, the dynamic analysis can be per-
formed by the following equation in which the damping and iner-
tia effects are presented.

½M�f€Ug þ ½C�f _Ug þ ½K�fUg ¼ fPg ð28Þ

where [M] = mass matrix, [C] = damping matrix, [K] = stiffness
matrix, {P} = external force vector, {Ü} = acceleration vector, { _U}
= velocity vector, and {U} = displacement vector. In the present
Fig. 9. FWD loads for the non-rubberized and rubberized pavements.
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study, the implicit analysis (time-domain) in ABAQUS is selected as
the solution for Equation (28) for its stability and efficiency. The
same pulse loads (Fig. 9) conducted in the FWD tests of non-
rubberized and rubberized pavements are applied in the simulation.
The total simulation time equals 120 ms with a step length of 1 ms.

A 2D FE model of the pavement structure is presented in Fig. 10,
with the composition of three layers, including an asphaltic surface
layer, the sub-base layer, and subgrade, which are homogeneous in
horizontal planes. The axisymmetric model by using roller vertical
boundary node and fixed supports for the bottom boundary node
was employed.

The haversine pulse load is applied on a circular footprint with a
radius of 0.15 m and it is the idealized representation of the
dynamic loading applied by the passage of traffic, which is also rec-
ognized as the load subjected to falling weight deflectometer
(FWD) tests. The 4-node bilinear axisymmetric quadrilateral and
reduced integration element, CAX4R was selected as a mesh ele-
ment type in order to improve the calculation accuracy and to
reduce calculation time. The FE model was meshed by refining
the loading and upper areas as well as roughening the remaining
ones. The different grid densities and model sizes were selected
in this study to evaluate the influence of these modeling parame-
ters on the accuracy of numerical modeling. The optimized grid
and model size was determined based on convergence
optimization.

Table 1 gives the properties of the material for the two pave-
ments. The layer moduli, density, and Poisson’s ratio are back-
calculated from FWD tests and the damping ratios are optimized
from the values by Zhong et al. [59]. The calculation for layer mod-
uli was performed by the ELMOD software, separately for the lay-
ers thickness data obtained by coring. The corresponding Rayleigh
damping parameters were calculated according to the method pro-
posed in the present study. After that, they directly inputted into
Table 1
Properties of the materials in the pavements.

Pavements layers Thickness [cm] Young’s

Non-rubberized pavement Surface layer 20.5 5680
Base layer 22.5 660
Subgrade – 110

Rubberized pavement Surface layer 20.4 2657
Base layer 29.2 73
Subgrade – 66

7

the damping option of the material behavior in ABAQUS, and the
damping behavior of the asphaltic and unbound materials can be
defined.

3.2. Comparison between the numerical and testing results

The results of FWD testing was used for comparison with
numerical results. Fig. 11 gives a detailed description of the exper-
imental setup and measured components.

In this study, 9 geophone sensors consisting of a permanent
magnet and a mass with a coil, coupled through spring were
employed for the test. A movement of the geophone leads to a rel-
ative movement between the coil and magnet due to the inertia of
the mass. Proportional to the speed of this relative movement, a
voltage is induced in the coil which is used to calculate the speed
given an appropriate calibration. The deflection is further deter-
mined by integrating the speed. Finally, the deflection basin and
the deflection time-history for each sensor were measured and
recorded.

Fig. 12 presents the comparison of deflection basin curves for
the field measurements and FE simulations.

The FE simulation results of the deflection basin curves are
completely overlapping with the field measurement data, while
it is worth noting that for model validation, these comparisons
can be inadequate because the deflection basin curve cannot fully
reflect the characterization of damping since only those maximum
deflection values are recorded. Therefore, the deflection history
curves of three sensors during the FWD measurements are
recorded for each pavement, as shown in Table 2.

These deflection histories from the FWD field measurements
are used as benchmarks to validate the accuracy of the proposed
method as well. The comparison results are presented in Fig. 13
and Fig. 14.
Modulus [MPa] Poisson ratio Damping ratio Density[Kg/m3]

0.3 0.05 2400
0.3 0.03 2000
0.35 0.03 1500

0.3 0.1 2400
0.3 0.03 2000
0.35 0.03 1500



Fig. 11. Experimental setup and measured components.

Fig. 12. Comparison of deflection basin curves for the field measurements and FE simulations: (a) Non-rubberized pavement; (b) Rubberized pavement.
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Table 2
Sensors to record the deflection history in each pavement.

Non-rubberized pavement Measurement points Sensor G1 Sensor G5 Sensor G9
Distance from the FWD load [mm] 0 500 1900

Rubberized pavement Measurement points Sensor G1 Sensor G5 Sensor G8
Distance from the FWD load [mm] 0 500 1500

Fig. 13. Comparisons of the non-rubberized pavement at different points: (a) G1; (b) G5; (c) G9.
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As far as the non-rubberized pavement, except for a small mag-
nitude difference at G1 and dephasing at G9, good agreements are
achieved. The magnitude difference at G1 can be explained by the
falling weight which impedes the vibration at the loading point.
Theoretically speaking, the deflection history should be a vibration
curve along with the pavement-air interface similar to the FE sim-
ulation result. For the dephasing at G9, it can be influenced by the
heterogeneity of the subgrade, since G9 is the furthest point from
the load. Similarly, good agreements of amplitudes and phases
can be observed for the rubberized pavement except for the mag-
nitude difference at G8 due to the non-homogeneity of the ground.
In any case, these differences are considered acceptable for the
developed method. Besides, the proposed method for calculating
the Rayleigh damping parameters is not only applicable to the con-
ventional non-rubberized pavements, but also to those rubberized
ones.
Fig. 14. Comparisons of the rubberized pavement at different points: (a) G1; (b) G5;
(c) G8.
4. Parametrical studies for the anti-vibration pavement

4.1. FEM simulations of the vibration reduction

Similar to the model establishing process mentioned above, the
anti-vibration pavement with the damping layer was simulated, as
presented in Fig. 15.

The simulation represents a cross-section of a typical pavement
structure with the surrounding environment. The pavement struc-
ture consists of an asphalt concrete (AC) layer, a layer of subbase,
and a layer of subgrade by the compacted soil and the surrounding
environment characterized by the un-compacted soil. The mechan-
ical properties of the materials for the pavements and surrounding
environment are listed in Table 3.

The thickness, elastic modulus, and Poisson ratio of each layer
are back-calculated from the field FWD tests while the elastic mod-
ulus of the damping layer is determined according to the labora-
tory results by the means of dynamic modulus evaluation
(AASHTO TP 79-12).

The damping layer is placed at 0, 5 cm, 10 cm, 15 cm, and 20 cm
from the top to evaluate the effect of damping layer position on
vibration attenuation. The effect of the damping thickness is eval-
uated with values of 0, 1, 2, and 3 cm. The damping ratio of the
damping layer varies by 0.02, 0.05, 0.1, 0.15, and 0.2. The magni-
tude of the load is determined as 800 kPa, representing the axle
loading of the passing traffic. Five points including point A, on
the pavement directly underneath the loading and point B, C, D,
and E, which are 2, 4, 10, and 30 m away from the loading, were
monitored for their time histories of accelerations during the sim-
ulations. The root-mean-square acceleration (ARMS) was recorded
at the five monitored points closely for evaluation of vibration
reduction and it is given by
ARMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
T

Z T

0
a2ðtÞdt

s
ð29Þ
Fig. 15. Schematic diagram of the finite-element simulation.
where a(t) is the acceleration at time t, and T is the duration of
vibration. The RMS refers to a common mathematical method of
defining the effective magnitude. For a uniform sine wave, the
root-mean-square value is 0.707 times the peak value or 0.354
times the peak-to-peak value. By comparing the root-mean-
square and peak accelerations of monitored points, the capacity of
the damping layer in the vibration reduction can then be deter-
mined [47,60].
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Table 3
Mechanical properties used for the FE simulations.

Structures Materials Thickness [cm] Elastic modulus [MPa] Poisson ratio Damping ratio Density[Kg/m3]

Pavement Surface layer Asphalt concrete (AC) 20.5 5680 0.3 0.05 2400
Subbase layer Gravel stones (GS) 22.5 660 0.3 0.02 2000
Subgrade Compacted soil – 110 0.35 0.02 1500

Damping layer DAMs 0, 1, 2, 3 850 0.3 0.02, 0.05, 0.1, 0.15, 0.2 2400
Surrounding environment Un-compacted soil – 110 0.35 0.02 1500

Fig. 16. Relationship between the monitored points and vibration reduction.

Fig. 17. Loads applied in the simulations.

Fig. 18. Sensitive analysis for varying traffic loads.

Fig. 19. Effects of the damping ratio on vibration reduction (at monitored point A;
damping layer thickness = 10 mm).

Fig. 20. Effects of the damping ratio on vibration reduction (at monitored point A;
damping layer thickness = 30 mm).
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4.2. Results of parametrical studies

4.2.1. Sensitive analysis of varying monitored points
As the damping layer with a thickness of 30 mm is at the bot-

tom and top of the asphalt concrete (AC) layer, the influences of
11
varying monitored points on vibration reduction were evaluated.
The vibration reduction was determined as follows. As the damp-
ing ratio of the damping layer change from 0.02 to 0.2, the ARMS

at the monitored point are recorded as ARMS (n = 0.02) and ARMS

(n = 0.2), respectively. Then the vibration reduction, Dvibration can
be presented as,

Dvibration ¼ ARMSðn ¼ 0:02Þ � ARMSðn ¼ 0:2Þ
ARMSðn ¼ 0:02Þ ð30Þ

by which the Dvibration at the five monitored points A, B, C, D, and E
are recorded. Fig. 16 presents the relationship between distance
(from the monitored point to the loading point) and Dvibration as
the damping layer is placed at the top and bottom of the AC,
respectively.



Fig. 22. Effects of the damping ratio on vibration reduction (at monitored point E;
damping layer thickness = 30 mm).

Fig. 21. Effects of the damping ratio on vibration reduction (at monitored point E;
damping layer thickness = 10 mm).
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A relative higher vibration reduction, 15% is observed when the
monitored point is approximately 2 m to 30 m away from the load-
ing point. As the increase of the distance, the vibration reduction
increases firstly and then decreases. The maximum value appears
at a distance of 5–6 m. Also, regardless of the damping layer is at
the top or the bottom of the asphalt layer, similar results can be
obtained. As the loading point is regarded as the monitored point,
the minimum vibration reduction appears.

The loading point is on the pavement, where the vibration
response much depends on the stiffness and mass characteristics
instead of the damping characteristics. The damping ratio changes
from 0.02 to 0.2 while the other parameters related to the stiffness
and mass characteristics stay the same. Hence, minor displacement
and phase difference can be obtained, resulting in a minor reduc-
tion of ARMS. When the distance from the monitored point to the
loading point increases, the damping effect of the damping layer
plays a predominant role thus the gradually obvious reduction of
ARMS can be found. However, with the continuous increase in dis-
tance, the damping effect of the surrounding soil starts to play
the predominant role, causing the reduction of Dvibration. It can be
predicted when the distance is far enough, the Dvibration may
decrease until it vanishes.

4.2.2. Sensitive analysis of varying traffic loads
As a special dynamic structure, the pavement may vibrate dif-

ferently with varying loads. To evaluate the sensitivity of varying
loads, three haversine pulse loads (Fig. 17) with loading times of
24 ms, 36 ms, and 96 ms are applied.

As the damping layer is located at the bottom of the AC layer,
the results of vibration reduction for varying loads are presented
in Fig. 18.

For different loading times, the maximum vibration reduction
appears at different distances. For the loading time of 36 ms, the
maximum vibration reduction is observed at 5 m away from the
loading point and a relatively higher Dvibration can be obtained;
while for the loading times of 24 ms and 90 ms, the maximum
vibration reductions appear at approximate 10 m away from the
loading point. However, in any case, the three loads show very sim-
ilar trends, demonstrating that the dynamic response of the anti-
vibration pavement is not sensitive to the pulse loads with varying
loading times.

4.2.3. Effect of damping ratio of the damping layer
Five damping ratios were selected to determine their effects on

vibration reduction. The ARMS (as the damping layer thickness is
10 mm) at monitored point A with varying damping ratios are pre-
sented in Fig. 19, where varying damping layer positions are given
in the legend part.

As the increase of the damping ratio, the ARMS decrease with
obvious linearity. This may be explained that, compared to other
layers (AC layer, subbase layer) and subgrade, the damping layer
plays a predominant role in characterizing the damping of the
whole system, causing the Dvibration of the whole system strong lin-
earity with the damping ratio. Fig. 20 presents the simulation
results of the ARMS at point A when the damping layer thickness
is 30 mm.

Similar results are obtained compared to those obtained when
the thickness is 10 mm, demonstrating the linear reduction of ARMS

can still be applicable for different damping layer thickness. In such
a linear relationship, the slope of the ARMS curve represents the
effect of varying damping ratios. A higher slope value, demonstrat-
ing the more obvious effect of vibration reduction, is more prefer-
able during the process of optimizing the damping ratio. However,
all the ARMS show closed slope values, though a little higher slope
value when the damping layer is 0 cm from the top, by which bare
practical significance can be supported.
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Fig. 21 and Fig. 22 are the effects of damping ratios at point E
when the damping layer thicknesses are 10 mm and 30 mm,
respectively.

A similar linear relationship between damping ratio and ARMS

can also be found at monitored point E. When the damping layer
thickness is 30 mm and the damping ratio changes from 0.02 to
0.2, the vibration at 10 m and 30 m away from the pavement can
reduce about 20% and 15%, respectively. Such reductions can
demonstrate the significant benefits of the damping layer in reduc-
ing the impact of traffic-induced vibrations on the surrounding
environment and building.

The damping property of the asphaltic material is highly depen-
dent upon the environmental conditions to which they are
exposed. As loading time and temperatures change, the damping
ratio will vary even if the same boundary condition. However,
according to the viscoelastic property of the asphaltic materials,
the intrinsic material damping at the same condition of tempera-
ture, load, and boundary condition can be roughly compared. Par-
ticularly, for the pavement structure with normal temperature and
load, the damping ratios of soil, conventional asphalt mix, and rub-
berized asphalt mixture can be regarded as 0.02, 0.05, and 0.1,
respectively. Hence, to obtain the obvious vibration reduction
effect, the damping ratio of the high-damping mix asphalt special
for the damping layer should arrive at 0.15–0.2, which is almost



(a) 0 cm from the top

(c) 10 cm from the top (d) 15 cm from the top

(e) 20 cm from the top

(b) 5 cm from the top

Fig. 23. Effects of damping thickness at monitored point A.
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2 times compared to conventional rubberized mix under the same
loading condition, while from the laboratory results obtained, such
design target has already arrived.
4.2.4. Effect of the damping layer thickness
Another very essential design parameter for the anti-vibration

pavement is the damping layer thickness. In this series of simula-
tions, the thickness of the damping layer was varied from 0 mm,
10 mm, 20 mm to 30 mm. The effect of damping layer thickness
at monitored point A is shown in Fig. 23.

The increasing thickness of the damping layer does not neces-
sarily reduce the vibration response at point A. For example, as
the damping layer is 5 cm from the top, with the increased thick-
ness, the vibration can show the trend of increase for n = 0.02 or
0.05, demonstrating that the increasing thickness of the damping
layer may have a negative effect as the damping ratio is low. This
can be due to the lower elastic modulus of the high-damping
13
asphalt mixtures, composed by which the thicker layer can result
in a higher vibration under the same load. However, such a nega-
tive effect can occur only when the monitoring point is point A.
Considering the vibration reductions at monitored points E (see
Fig. 24), positive effects caused by the increased thickness can
always be found.

Besides, the reductions are almost linear for all thicknesses,
from which the optimized thickness of the damping layer cannot
be obtained directly. However, based on the consideration of con-
struction cost and pavement structure reliability, 30 mm can be
regarded as the optimized thickness.
4.2.5. Effect of the damping layer position
When the thickness of the damping layer is 30 mm, the effects

of the damping layer position on ARMS at monitored points A, C, and
E are evaluated, as shown in Fig. 25. The horizontal axis represents
the damping layer position, which is the distance from the top.



(a) 0 cm from the top (b) 5 cm from the top

(c) 10 cm from the top (d) 15 cm from the top

(e) 20 cm from the top
Fig. 24. Effects of damping thickness at monitored point E.
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The varying damping layer positions have a relatively obvious
effect at point E compared to point C and point A; at point C, chang-
ing the position of the damping layer has almost no effect on the
vibration response of the system. Hence, it can be concluded that
the most meaningful point to select the optimized damping layer
position is point E, where the values of ARMS the damping layer
placed at the top is the optimal position. However, due to the
low indirect tensile strength (ITS) evaluated from the laboratory
tests [17–19,61], the damping layer cannot work as a surface layer
and the second choice might be the optimized position. Hence, it is
determined that the optimized position for the damping layer can
be 5 cm or 10 cm from the top.
14
5. Conclusions

To reduce traffic-induced vibrations, a novel trial pavement by
the anti-vibration technology with a special damping layer was
developed. To more fully examine the effectiveness of such a
damping layer in the application and optimize the pavement
structure, a novel method to determine the two parameters of
the Rayleigh damping for the dynamic modeling was proposed.
The numerical simulations based on a two-dimensional (2D)
finite element (FE) model of the anti-vibration pavement were
conducted. The conclusions from the present study can be high-
lighted as:



(a) Point A

(a) Point C

(C) Point E

Fig. 25. Effects of damping layer position on vibration reduction.
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� Based on the idealized shear beam model, a more reasonable
method to calculate natural frequencies of different layers in
the flexible pavement was proposed, by which the global damp-
ing matrix of the road pavements can be assembled.

� The least-squares method was simplified and used to calculate
the frequency-independent damping to reduce the computa-
tion. The best-fit Rayleigh damping was obtained by only deter-
mining the natural frequencies of the two models. FE model and
in-situ field experimental subjected the same FWD pulse loads
are performed to validate the accuracy of this method. Good
agreements are noted between simulation and field in-situ
results demonstrating that this method can provide a more
accurate prediction of the vibration response for flexible
pavement.

� Sensitivity analysis of varying monitored points and varying
loads showed that, by laying a damping layer in the pavement
structure, the obvious vibration reduction of 15%�20% can be
15
observed from 2 m to 30 m away from the loading point. Such
results can demonstrate the effectiveness of the damping layer
on the pavement and the surrounding environment. For the
loads with different loading times, the maximum vibration
reductions can appear at different distances but show very sim-
ilar trends, demonstrating the low sensitivity of the pavement
structure on the loads.

� With the increase of damping ratio, the ARMS at the monitored
point decreases linearity. To obtain the obvious effect of
vibration-reduction, the damping ratio of the materials special
for the damping layer should arrive at 0.15–0.2, which is almost
2 times compared to conventional rubberized mix under the
same loading condition, while from the laboratory results
obtained, such design target can be realized.

� The increasing thickness of the damping layer does not neces-
sarily reduce the vibration response at point A due to the low
elastic modulus of damping asphalt mixtures (DAMs); while
considering the vibration reductions at monitored points C
and E, positive effects caused by the increased thickness can
always be found. Based on the construction cost and structure
reliability, 30 mm can be the optimized thickness for the damp-
ing layer.

� The effects of varying damping layer position at point A and E
have a relatively more obvious effect compared to point C. For
the pavement structure referred to in the present study, the
optimized position for the damping layer is 5 cm or 10 cm away
from the top.
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