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Abstract

The vibration caused by moving loads gradually destroys the road, negatively affecting the performance of the road
structure. Therefore, a study on the natural frequency of a road structure is necessary for a dynamic analysis of the road.
In this study, the natural frequency of an expressway was calculated based on the finite element method with the help of
the ABAQUS software. Results indicated that the natural frequencies of the first to the fifth orders of the road were 4.016,
4.271,4.361, 4.431 and 4.956 Hz, respectively. Further study indicated that natural frequency was sensitive to model size,
such that the former decreased when the latter increased. The result of natural frequency was highly sensitive to length
(along the driving direction) and thickness. A suitable model size should be selected to ensure a reliable and accurate
calculation result of natural frequency. The suitable model size should be 3.75 m wide (one lane), 30 m long (along the
drive direction), and 10 m thick. The calculation result of natural frequency was also highly sensitive to boundary
conditions. Therefore, rational boundary constraints should be determined to obtain accurate results. The calculation
results of natural frequency differed slightly with the variations in contact conditions between layers. Fully continuous
contact conditions between layers should be selected for the road model. The natural frequency was not sensitive to the
horizontal alignment parameter of the road, remaining constant when the horizontal radius changed from < to 1000 m.
Thus, the effect of the horizontal alignment parameter on the natural frequency can be ignored. Furthermore, the natural
frequency was not sensitive to the material density of the road except that of the sub-grade material. No obvious change

was observed from the calculation result of natural frequency when the material Poisson’s ratio varied.
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1. Introduction

Various loadings with different frequencies occur with the
increase of daily traffic and vehicle speed. Resonance occurs
if the loading frequency is close to the natural frequency of
the road structure, and the dynamic damage to the pavement
is accelerated [1]. Therefore, a study on the natural
frequency of the road structure is necessary to further study
on the dynamic response of the road under different loading
frequencies.

Few studies on road natural frequency have been
conducted. Yoo et al reported that resonance might occur
when the vehicle speed is high and the temperature is low
because the loading frequency and the road natural
frequency are very close under such conditions [2]. Yuan et
al studied the natural frequency of asphalt pavement by
employing the finite element method, and found that the
natural frequencies of the first order were 2.6 and 6.4 Hz,
and those of the second order were 4.6 and 12.3 Hz, before
and after cracks occurred in the pavement, respectively [3].

* E-mail address: jtxwy(@]163.com
ISSN: 1791-2377 © 2014 Kavala Institute of Technology. All rights reserved.

Using FEM, Zhang et al calculated the natural frequency of
the road to be 17.023 Hz. They further concluded that no
resonance occurred on the pavement [4]. Sun et al
determined that the natural frequency of urban road ranged
from 5 Hz to 15 Hz during their study of the environmental
effect of city road traffic [5]. In their study of the
relationship between the dynamic response of asphalt
pavement and the distance of the vibration source, Yuan et al
argued that the natural frequency of the highway ranged
from 10 Hz to 60 Hz [6]. Zhao et al analyzed the natural
frequency of semi-rigid pavement by employing both the
FEM and the experimental method, concluding that natural
frequency of such pavement ranged from 10 Hz to 20 Hz
[7].

The FEM is generally used for the natural frequency
analysis of road. However, the results are diverse. Thus,
conducting further studies is necessary. This paper aims to
study the natural frequency sensitivity of the road to
discover how the parameters of the FEM affect the
calculation result of natural frequency. This study may serve
as a reference in developing a finite element model for the
structural dynamic response analysis of roads.
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2. Fundamental theory of Natural Frequency Analysis
for Structures

The basic aim of natural frequency analysis based on the
FEM is to identify the eigenvalues of a motion equation with
finite freedom without loading. The damping of the structure
can be ignored because it only slightly affects the results.
The free vibration equation of the structure without damping
can be illustrated in matrix form given by

[M 14} + [ K {u} = {0} M

where [M]is the mass matrix, [K] is the stiffness matrix,
and {u} is the displacement of the system.

For a linear structure system, [M]and [K] are both real
symmetric matrixes. The equation has a solution in the form

of simple harmonic motion given by
u=de' ' (2
where @ is the amplitude of u, and w is the angular
frequency of the simple harmonic motion.

When Equation (2) is integrated into Equation (1),
Equation (3) can be obtained as
[K - o, M]{®}e"™" = {0} 3)

Given that Equation (3) is workable at any time, the ¢
function part can be removed. Then, Equation (4) can be
obtained as
[K -0, M{®} = {0} “4)

Equation (4) is a typical equation with real eigenvalues.
If the value of its coefficient determinant is zero, as shown
in Equation (5), then @ has a nonzero solution expressed as

K -awM|=0 Q)

A set of discrete roots w, (i =1, 2, ..., n) can be

obtained based on Equation (5). When these solutions are
integrated into Equation (4), @ (i=l, 2, ..., n) can be

obtained accordingly, where ), is the ith eigenvalue of the

structure (i.e., natural frequency) and @ is the ith

eigenvector (i.e., vibration mode) [8].

3. Preliminary Analysis of the Natural Frequency of a
Typical Road Structure Based on the FEM

The size of the finite element model is determined by a
typical semi-rigid pavement of an expressway with six lanes.
Half of the cross section is studied to simplify the model.
The top width of the model is 17.25 m (X-axis of Figure 1),
which is composed of a grass median (1.5 m), a left curb
(0.75 m), three lanes (11.25 m), a hard shoulder (3 m), and
an earth shoulder (0.75 m). The slope of the cross section is
1:1, and the slope height is 2 m. The thickness of the model
is 10 m (Y-axis of Figure 1), and the length of the model is
30 m along the drive lane (Z-axis of Figure 1). The structure

and material parameters of the road based on a previous
work [7] are shown in Table 1.

Fig.1. Road model

Tab. 1. Pavement structure and material parameters

Road Structure Thi/c‘::knl‘lless I/iegn?rlltgl I\/I/(I);;Lus Poisson’s Ratio
Surface Course 4 2500 1600 0.35
Binder Course 16 2450 1600 0.35
Base Course 36 2400 1600 0.25
Sub-Base 20 1800 1400 0.20
Sub-Grade — 1850 40 0.40

The basic hypothesis is presented as follows: (1) each
layer is anisotropic linearly elastic material, (2) the
displacement in all directions is 0 at the bottom of the model,
(3) the horizontal displacements in the Y-Z and the X-Y
planes are 0, and the slope is free, and (4) the contact
conditions between the layers are fully continuous [9], [10].

The natural frequency is calculated with the help of the
ABAQUS software. The first- to fifth-order vibration modes
are shown in Figure 2. The natural frequencies of the five
orders are 4.016, 4.271, 4.361, 4.431 and 4.956 Hz,
respectively. They are close to the results listed in [3].
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Fig.2. First- to fifth-order vibration modes

4. Analysis of Natural Frequency Sensitivity to the Model
Size

Next, natural frequency sensitivity to the model size (i.e.,
length, width, and thickness) is analyzed. Sixteen model
cases with different sizes are developed. The size of each
case is listed in Table 2.

Tab. 2. Sixteen model cases with different sizes (m)

Cases Width (X-axis) Length (Z-axis) Thickness (Y-axis)
1 3.75 (1 lane) 30 5
2 7.50 (2 lanes) 30 5
3 11.25 (3 lanes) 30 5
4 3.75 10 10
5 3.75 15 10
6 3.75 20 10
7 3.75 25 10
8 3.75 30 10
9 3.75 30 3
10 3.75 30 4
11 3.75 30 5
12 3.75 30 6
13 3.75 30 7
14 3.75 30 8
15 3.75 30 9
16 3.75 30 10

Cases 1 to 3 have different widths (X-axis), while the
length and thickness remain constant. The calculation results
of the natural frequencies of cases 1 to 3 are plotted in
Figure 3. The results clearly show the natural frequency
sensitivity to width.

55¢ — = first order
—®— second order
—A— third order
N
= 50F
z
5
=
g
= 45r
40F = . n
1 2 3
Lane

Fig.3. Natural frequency-lane curve

Figure 3 shows that the natural frequencies of all three
orders range from 4 Hz to 5.5 Hz. Increasing the width
causes the natural frequency values to decrease. The decline
ratio and magnitude of the natural frequencies of the first
and second orders are much smaller than those of the third
order when the width increases from one to three lanes. The
values of the first- and second-order natural frequencies are

decreased by 0.27% and 2.9%, respectively, whereas the
value of the third order is decreased by 17.3%.

Cases 4 to 8 have different lengths (Z-axis), while the
width and thickness remain constant. The calculation results
of the natural frequency of cases 4 to 8 are plotted in Figure
4. The results clearly show the natural frequency sensitivity
to length.

—m— first order

6.0 -
—— second order

55¢ —&— third order
T
z
s 5.0
Q
=
o
I
o451

4.0 -

10 15 20 25 30
Length/m

Fig.4. Natural frequency-length curve

The frequencies of all three orders generally decrease if
the length increases (Figure 4). Specifically, the decline rates
of the first- and third-order frequencies decrease when the
length increases from 20 m to 25 m. The decline rate of a
second-order frequency decreases when the length increases
from 25 m to 30 m. Furthermore, the frequency of each
order levels off when the length is greater than 30 m.

Cases 9 to 16 have different thicknesses (Y-axis), while
the width and length remain constant. The calculation results
of the natural frequency of cases 9 to 16 are plotted in Figure
5. The results clearly show the natural frequency sensitivity
to thickness.
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Fig.5. Natural frequency-thickness curve

The frequencies generally decrease if the thickness
increases (Figure 5). The natural frequencies of the first,
second, and third orders are decreased by 54.6%, 54.8% and
40.8%, respectively, when the thickness increases from 3 m
to 10 m.

To sum up, natural frequency is highly sensitive to the
values of length and thickness. Therefore, a suitable width
and length should be designed. Hence, a single-lane, length
of 30 m, and thickness of 10 m are reasonable values
according to the aforementioned results.
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5. Analysis of Natural Frequency Sensitivity to Boundary
Constraints

Four boundary constraint cases (Table 3) are designed for
the study of natural frequency sensitivity to boundary
constraints. The size of the model is 3.75 m (single lane)
wide, 10 m thick, and 30 m long. The natural frequencies
from the first to the third order of each case are shown in
Table 4.

Tab. 3. Boundary constraints

Case Boundary Constraints

1 The bottom is free, and the vertical displacements of the X-Y
and Y-Z planes are constrained.

5 The bottom is fixed, and the vertical displacements of the X-Y
and Y-Z planes are constrained.

3 The bottom is free, and no displacement is permitted in any
direction of the X-Y and Y-Z planes.

4 The bottom is fixed, and no displacement is permitted in any

direction of the X-Y and Y-Z planes.

Tab. 4. Frequencies under different boundary conditions (Hz)

condition changes from fully slip to fully continuous, the
frequency is only increased by 1.5%, 0.95%, and 0.97% for
the first, second and third orders, respectively. Therefore, the
effect of contact condition on the calculation result can be
ignored given the small affecting magnitude. However, fully
continuous contact should be designed for the dynamic
response analysis of road structures, considering the strong
lateral constraint between different layers.

7. Analysis of Natural Frequency Sensitivity to
Horizontal Alignment Parameters

A circular curve model case with a 1000 m radius and 6%
cant rate is developed in the study of natural sensitivity to
horizontal alignment parameters. The model size is 3.75 m
(single lane) wide, 10 m thick, and 30 m long (outside arc).
The natural frequency of the circular model case is
calculated, and the comparison of natural frequencies for
straight versus circular curve sections is shown in Table 5.

Tab. 5. Comparison of natural frequencies of straight versus circular
curve sections

Natural Frequency

Horizontal Alignment

Case Natural Frequency
First Order Second Order Third Order
1 2.621 3.651 4.879
2 4.005 4.400 5.273
3 5.545 6.204 7.077
4 6.154 7.161 7.184

First Order Second Order Third Order
Circular curve

3.998 4.398 5.256
(R=1000 m)
Straight (R=00) 4.005 4.400 5.273

Table 4 shows that the natural frequencies of cases 1 to 4
gradually increase. This result indicates that the more the
boundary constraints, the higher the natural frequency.

6. Analysis of Natural Frequency Sensitivity to Contact
Conditions between Layers

Three contact conditions are developed for the study of
natural frequency sensitivity to contact conditions between
layers. The three contact conditions are fully slip,
frictionally slip, and fully continuous. The size of the model
is 3.75 m (single lane) wide, 10 m thick, and 30 m long. The
calculation results of the natural frequency of each case are
shown in Figure 6.
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’ third order
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Fully slip  Frictionally slip  Fully continuous

Contact condition
Fig.6. Curve of the natural frequency-contact condition

The natural frequency of each order slightly varies when
the contact condition varies (Figure 6). When the contact

Table 5 shows that the natural frequency of each order of
the straight model is slightly greater than that of the circular
curve model (increased by 0.17%, 0.04%, and 1.7% for the
first, second and third orders, respectively). Therefore, the
natural frequency is not sensitive to the horizontal alignment
parameters. However, sensitivity should be considered for
the dynamic response analysis of road structures,
considering the complex loading applied on the pavement in
the curve section.

8. Analysis of Natural Frequency Sensitivity to Material
Density

The natural frequency sensitivity to material density is
analyzed in this section. The size of the model is 3.75 m
(single lane) wide, 10 m thick, and 30 m long. The
assumptions made are as follows: the surface and binder
courses are made of asphalt mixture, the base course and
sub-base are made of stabilized soil, and the sub-grade is
made of soil. Five density cases are designed for each
material. The results of natural frequency of the first, second,
and third orders are shown in Figures 7, 8 and 9, respectively.
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Fig.7. Curve of natural frequency-asphalt mixture density
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Fig.8. Curve of natural frequency-stabilized soil density
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Fig.9. Curve of natural frequency-soil density

Figures 7 to 9 show that the natural frequency is slightly
sensitive to the densities of the asphalt mixture and
stabilized soil, respectively. This result may be attributed to
the fact that the thickness of these layers is too small to have
an obvious effect on the total mass of the structure. As a
result, it is difficult to affect the natural frequency of the
whole structure. However, the natural frequency is highly
sensitive to the density of soil, that is, it sharply decreases
when the soil density increases. The frequencies of the first,
second, and third orders decrease by 10.1%, 9.6% and 9.1%,
respectively, when the density increases from 1600 kg-m'3 to
2000 kg~m'3. This may be attributed to the fact that the mass
of the sub-grade is sufficiently large to have a great effect on
the total mass of the structure. Consequently, the mass has
an obvious effect on the natural frequency of the structure.

9. Analysis of Natural Frequency Sensitivity to the
Poisson’s Ratio of the Material

The natural frequency sensitivity to the Poisson’s ratio of the
material is studied in this section. The model size is 3.75 m
(single lane) wide, 10 m thick, and 30 m long. Four
Poisson’s ratio cases are designed for each material (i.e.,
asphalt mixture, stabilized soil, and soil). The results of
natural frequency of the first, second, and third orders for
different cases are shown in Figures 10, 11 and 12,
respectively.

Figures 10 to 12 show that no obvious change can be
observed for the natural frequency when the Poisson’s ratio
of the material varies.
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Fig.10. Curve of natural frequency-Poisson’s ratio of asphalt mixture
6.5
A — A A A
6.0 -
N
jun)
> 55+
g e e e e
g
g 50 —&— first order
= —®— second order
4.5+
—4A— third order
40 = - = -

0.20 0.25 0.30 0.35

Poisson’s ratio of stabilized soil

Fig.11. Curve of natural frequency-Poisson’s ratio of stabilized soil
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Fig.12. Curve of natural frequency-Poisson’s ratio of soil

10. Conclusions

The natural frequency of a road structure with different
parameters is calculated, and the natural frequency
sensitivity to the parameters is analyzed in this study using
the ABAQUS software. Several conclusions are obtained.

First, the calculation result of natural frequency is
sensitive to the model size, that is, frequency decreases when
the model size increases. A suitable model size should be
designed for the dynamic characteristic analysis of road
structures to obtain reliable and accurate results. The
following parameters are reasonable for the model size:
single lane, length of 30 m, and thickness of 10 m.

Second, the calculation result of natural frequency is
highly sensitive to the boundary constraints. Thus, rational
boundary constraints should be designed for the dynamic
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characteristic analysis of road structures, in order to obtain
reliable and accurate results.

Third, the calculation result of natural frequency is not
nearly as sensitive to the contact conditions between layers.
However, fully continuous contact should be designed for
the dynamic response analysis of road structures,
considering the strong lateral constraint between different
layers.

Fourth, natural frequency is not sensitive to the
horizontal alignment parameters. Hence, the effect of
horizontal alignment on the natural frequency can be
ignored. However, sensitivity should be considered for the
dynamic response analysis of road structures, considering

the complex loading applied to the pavement in the curve
section.

Finally, natural frequency is not sensitive to the material
density of the road, except that of the sub-grade material. No
obvious change is observed from the calculation result of
natural frequency when the Poisson’s ratio of the material
varies.
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