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Abstract: In this paper, we propose a new method to analyze airport pavement bearing capacity using vibration in runways during 
aircraft taxiing. The new method overcomes shortcomings of existing tests, such as flight suspension and simulated loading. 
Between aircraft take-off and landing, acceleration sensors are arranged on the surface of the pavement far from the centerline, and 
the in-situ responses of the pavement under aircraft loads are collected during aircraft operations. The fundamental frequencies of 
the pavement are obtained by fast Fourier transformation of the measured accelerations, and are used to modify the parameters of 
a pavement finite element model built according to a design blueprint. By comparing the fundamental frequencies of the measured 
and calculated signals, the soil modulus is back-calculated. To implement this test method and ensure the accuracy of bearing 
capacity evaluation, aircraft dynamic loads are obtained by solving dynamic balance equations of the aircraft-pavement coupled 
system, and the vibration response of the pavement and sensitivity analysis of the fundamental frequencies are introduced. The 
results show that the fundamental frequencies at the center of the pavement are basically the same as those at the far side on the 
cross section; the fundamental frequencies in the depth direction remain constant, but the amplitude of the frequency spectrum 
decreases. The effect of the soil resilient modulus on the vibration frequency is most significant. The fundamental frequency 
increases from 6.02 to 10.55 Hz when the soil dynamic resilient modulus changes from 91 to 303 MPa. The effects of surface 
thickness and base thickness on the vibration frequency are less significant, and there is minimal influence when changing the 
dynamic elastic moduli of the surface layer or base layer. Field test results indicate the efficacy of the method of vibration 
measurement at the pavement surface to estimate the layer modulus of airport pavement. 
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1  Introduction 

 
It is important to monitor the condition of civil 

infrastructure during its service life. Two different 
methods can be used to evaluate the in-situ condition 

of highway and airport pavements. The first is based 
on nondestructive evaluation (NDE) at different times 
in the service life of the pavement. The second is to 
install sensors within the pavement structure or on the 
surface to measure pavement responses continuously. 

Heavy weight deflectometer (HWD) is the most 
common NDE technology used for evaluating the 
bearing capacity of airport pavements. However, 
there are three disadvantages in the testing process. 
First, the HWD test must be carried out when runways 
are closed. Therefore, in busy airports it is difficult to 

Journal of Zhejiang University-SCIENCE A (Applied Physics & Engineering) 

ISSN 1673-565X (Print); ISSN 1862-1775 (Online) 

www.jzus.zju.edu.cn; link.springer.com 

E-mail: jzus_a@zju.edu.cn 

 
 

‡ Corresponding author 

* Project supported by the National Natural Science Foundation of 
China (No. 51178456) and the Fundamental Research Funds for the 
Central Universities (No. 3122017039), China 

 ORCID: Qian DONG, https://orcid.org/0000-0003-0294-6521 
© Zhejiang University Press 2021 

Administrator
新建图章

http://crossmark.crossref.org/dialog/?doi=10.1631/jzus.A2000378&domain=pdf


Dong et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2021 22(9):736-750 737

find a suitable time to evaluate the bearing capacity of 
runways. Second, the impact load induced by drop-
ping a hammer does not accurately represent the total 
load of an aircraft in terms of the resulting responses 
in the pavement. Third, it is difficult to back-calculate 
the modulus of each pavement layer based on the 
measured deflection basin. For example, the dynamic 
deflection basin caused by the impact of a drop 
hammer is regarded as a static deflection basin curve 
in the back-calculation, which leads to problems with 
the reliability of HWD test (Tarefder and Ahmed, 
2014; Hamim et al., 2018; Wang et al., 2021). Alt-
hough different back-calculation methods have been 
proposed using an iteration-based approach or a soft 
computing method (Fileccia Scimemi et al., 2016; Li 
and Wang, 2018, 2019; Wang et al., 2019; Bazi et al., 
2020), the accuracy of back-calculation is still not 
satisfactory.  

In traditional instrumentation, pavement condi-
tion was monitored through the use of different types 
of sensors embedded during construction, such as 
strain gauges, pressure cells, and temperature sensors. 
Based on the responses of the instrumentation, the 
effect of the pavement material or loading on pave-
ment stress and strain responses can be evaluated. As 
demonstrated through pavement test tracks, in-situ 
instrumentation can provide valuable information for 
mechanistic design, performance evaluation, and 
maintenance planning of highway and airport pave-
ments (Rollings and Pittman, 1992; Al-Qadi et al., 
2004, 2010; Al-Qadi and Wang, 2012; Wang et al., 
2013; Khan et al., 2020). However, this method is not 
applicable for in-service roads because the sensors 
need to be placed in the pavement by excavation. 

On the other hand, pavement condition can be 
evaluated by measured acceleration using accel-
erometers mounted on the pavement surface. The 
time history of acceleration data has been used for 
evaluation of pavement responses and measurement 
of axle loads. Zhang et al. (2017) measured frequency 
spectra of vertical acceleration for asphalt slabs under 
different loading scenarios and found that the dy-
namic response of pavement structures provided ac-
tual field information, helped with damage prediction, 
and had the potential to distinguish between damaged 
and intact pavements. Jiang et al. (2021) introduced a 
back-calculation method for road excitation of a 
monorail. Comparison of experimental and accelera-

tion data with the simulated results of the back- 
calculation process was precise enough. Levenberg 
(2012) collected the accelerations of a road under a 
vehicle at constant speed, and analyzed the meas-
urements to infer the properties of the pavement layer. 
Ye et al. (2018) found that the acceleration extreme, 
time-domain signal waveform, frequency distribu-
tion, and sum of squares of the Fourier amplitude 
could be potential indexes for evaluating the service 
condition of roadways. Nielsen et al. (2020) pasted 
four accelerometers on a pavement and recorded the 
vertical acceleration traces resulting from several 
nearby passes of a truck with known characteristics. 
An interpretation method for inferring the mechanical 
properties of the pavement system based on the rec-
orded accelerations was demonstrated. Liu et al. 
(2018) proposed a specific computational program, 
SAFEM, based on semi-analytical finite element 
method to overcome the difficulty that stationary 
loads do not represent real traffic loading. 

Few studies have used vibration analysis and 
acceleration measurement on the pavement surface in 
an airport to evaluate the bearing capacity of the 
runway. 
 
 
2  Objective 

 
In this study, we developed a new method to 

analyze the bearing capacity of airport pavements 
through a comprehensive vibration analysis and finite 
element updating. The test method can be conducted 
during normal aircraft operations, thereby overcom-
ing shortcomings of existing tests, such as the need 
for flight suspension and simulated loading. 

 
 

3  Implementation steps of the test method 

3.1  Technical roadmap 

The specific processes are shown in Fig. 1. 
Between aircraft movements, acceleration sensors are 
installed on the pavement surface far from the cen-
terline. Then, vibration accelerations through the 
pavement are collected during aircraft taxiing. An 
initial finite element model (FEM) of the runway can 
be established using ANASYS according to design 
and construction data. However, because of errors in 
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construction and the occurrence of fatigue damage 
during service, the initial FEM will not reflect the true 
state. Therefore, finite element updating is required 
based on fundamental frequencies obtained by fast 
Fourier transformation (FFT) of measured accelera-
tions. As parameters obtained from inversion of each 
sensor may be different, the ordinary least square 
method is proposed to ensure the acquisition of the 
actual FEM. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2  Means of test technique 

The BDI-STS-WIFI structural testing system 
(Fig. 2), produced in the USA is adopted to achieve 
the dynamic testing technology. The system includes 
various sensors (acceleration, strain, and tilt), a 
wireless data transmission node, a wireless base sta-
tion, and data collection terminals. In this method, 
only the acceleration sensors are used to collect the 
acceleration of the pavement, from which the fun-
damental frequencies can be obtained by FFT. 

3.3  Key problems 

1. Aircraft dynamic load 
Calculating the aircraft dynamic load accurately 

is a precondition of bearing capacity evaluation, and 
needs to be analyzed carefully. The force imposed on 
the pavement by aircraft is influenced by the rough-
ness of the deck and lift. In this study, this was ob-
tained by solving the dynamic balance equations of 
the aircraft-pavement coupled system. 

2. Finite element model updating 
The vibration responses across and along the 

runway are analyzed and a sensitivity analysis of 
frequencies is carried out to make sure FEM updating 
is scientific and effective.  

3. Different model updating results  
Data collected at different positions are used for 

model updating, and different updating results may be 
obtained. The ordinary least square method is pro-
posed to ensure that the results of model updating are 
objective. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4  Aircraft-pavement coupled system 

4.1  Aircraft loading model 

In highway engineering, vehicle dynamic loads 
are obtained mostly by the coupled vehicle-road sys-
tem (Su, 2008; Lu et al., 2016; Jie et al., 2017) and 
vehicle-bridge system (Zou et al., 2016; Li et al., 
2018). A coupling analysis of the aircraft-pavement 
system is proposed in this paper.  

Boeing aircraft with single-axle and double- 
wheels were used for the field test, and the following 
assumptions were set. First, the load distribution co-
efficient of the main landing gear was up to 0.95 
(CAAC, 2009, 2010), and the nose landing gear was 
ignored. The whole model of the aircraft was simpli-
fied as a mass-spring system with only two main 
landing gears and four degrees of freedom (Fig. 3). 
Second, the structures above the shock absorber were 
defined as a suspended system, and those under the 
shock absorber were defined as a non-suspended 

Fig. 2  Structural testing system 
Fig. 1  Flow chart of the proposed test method 
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system. Third, multiple wheels on one landing gear of 
the aircraft were considered as an equivalent single 
wheel. Fourth, the stiffness of landing gear shock 
absorbers and wheels was considered as constant, and 
the damping force was assumed to be linear in rela-
tion to the taxiing speed (Li et al., 2017). 

Z0 represents the vertical displacement at the 
geometric center of the airframe; Z1 and Z2 represent 
vertical displacements of the fuselage at the shock 
absorbers, respectively; θz represents the rollover 
angle of the fuselage; Ly and Lz represent the distances 
from the left and right main landing gears to the center 
of the model. 

The vibration differential equations are shown in 
Eq. (1). The random dynamic loads generated by the 
main landing gear of the aircraft applied on the 
pavement are shown in Eq. (2). 
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where Z3 and Z4 are displacements at two main land-
ing gears; Z5 and Z6 are wheel displacements caused by 
an uneven pavement; KxHZ and CxHZ are the stiffness 
and damping of the suspended system; KLHZ and CLHZ 
are the stiffness and damping of the non-suspended 
system, respectively; M1 and M2 are the masses of the 
non-suspended system; M0 represents the mass of 
suspended parts; Jz is the moment of inertia of aircraft 
around Z-axis; Pd1 and Pd2 are the random dynamic 
loads generated by the left and right main landing 
gears of the aircraft, respectively. 

4.2  Structure dyanamic analysis 

The balance equation of the pavement model is 
shown in Eq. (3).  

,  my cy ky p                            (3) 
 

where m, c, and k represent the mass matrix, damping 
matrix, and stiffness matrix, respectively. y, y , and 

y  represent the displacement matrix, velocity matrix, 

and acceleration matrix, respectively. p represents the 
aircraft load matrix, including the random dynamic 
and the static loads.  

According to the structural dynamic mode su-
perposition method, Eq. (4) can be expressed as linear 
independent differential equations of the n-order 
mode:  

 

  2
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         (4) 

 

where Pn is the generalized force of the nth order 
mode shape, including static and dynamic loads of 
aircraft; An is the generalized coordinates; ξn is the 
damping ratio for the nth mode; ωn is the circular 
frequency for the nth mode; ϕn(x) is the nth order 
mode shape function at a horizontal position of 
pavement; Pd represents the random dynamic loads; 
Ps represents the static loads of aircraft; N is the 
number of freedom degrees of structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.3  Aircraft-pavement coupling analysis 

When an aircraft is taxiing on the pavement, the 
wheel and the pavement surface always stay in con-
tact. The vertical displacements at aircraft tires are the 
sum of the vertical vibration displacements generated 
by the aircraft and surface roughness (Eq. (5)): 

Fig. 3  Four degrees of freedom of aircraft model  
v represents the taxiing speed of aircraft 
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where Z(x) is a function representing pavement 
roughness at any point in the horizontal direction; y is 
vertical displacement caused by pavement vibration.  

The differential equations of the aircraft- 
pavement coupling system can be expressed by  

 

   
   

   
   

   

   

 

1

1

0 0 xHZ 1 3 xHZ 1 3

xHZ 2 4 xHZ 2 4

xHZ 1 3 xHZ 1 3

xHZ 2 4 xHZ 2 4

1 3 xHZ 3 1 xHZ 3 1 LHZ 3

LHZ 3 LHZ 1
1

LHZ

0,

0,

z z z

y

N

n nx
n

nx

M Z K Z Z C Z Z

K Z Z C Z Z

J L K Z Z C Z Z

L K Z Z C Z Z

M Z K Z Z C Z Z K Z

C Z C Z A x

K Z A






   

    

     
      

    

    
 

 



  

 

  

 

  

 

 

   

   

   

 

   

 

2

2

1

1

1
1

2 4 xHZ 4 2 xHZ 4 2 LHZ 4

LHZ 4 LHZ 2
1

LHZ 2
1

2
1

LHZ 3 LHZ 1
1

LHZ 3 LHZ
1

,

,

2

N

n
n

N

n nx
n

N

n nx
n

n n n n n n n

N

n nx
n

N

nx
n

x

M Z K Z Z C Z Z K Z

C Z C Z A x

K Z A x

A A A x

K Z K Z A x

C Z C Z A







   













 
 
 

    

 
   

 
 

  
 

  

      
 

  











  

 

 

   

 

   

   

2

2

1 s1

2
2

LHZ 4 LHZ 2
1

LHZ 4 LHZ 2 s2
1

,

2

,

1, 2, , ,

n

n n n n n n n

N

n nx
n

N

n nx
n

x P

A A A x

K Z K Z A x

C Z C Z A x P

n N



   








































        


  
          
  

      
  

 





 

 



   (6) 

 

where Ps1 and Ps2 are the static loads generated by the 
left and right main landing gears, respectively. 

The random dynamic loads of aircraft applied on 
the pavement surface were calculated at different 
taxiing speeds. The main parameters of the aircraft 

(Table 1) were obtained from previous studies (Ling 
et al., 2017) and the Aeronautical Materials Division 
of Shenzhen Airlines, China. The random dynamic 
loads were superimposed with aircraft static loads, 
excluding the lift force of the aircraft (Fig. 4). 

When the aircraft is taxiing on the pavement at a 
speed of more than 15 m/s, the dynamic load of the 
aircraft decreases as the taxiing speed increases 
(Figs. 4b–4d). Because the lift also increases with 
increasing taxiing speed, its increase is greater than 
the increase of dynamic load caused by pavement 
roughness. When the speed keeps constant, the air-
craft load increases significantly with the increase of 
international roughness index (IRI), as shown in 
Figs. 4a and 4d. This shows that as the flatness of the 
pavement deteriorates, the aircraft random load ap-
plied on it will also increase, which is consistent with 
existing research conclusions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5  Finite element model of runway pavement 
 
The concrete pavement was simplified as a 

three-layer elastic system composed of a surface 
layer, a base layer, and a soil foundation. Materials in 
each layer were assumed to be elastic, isotropic, and 
homogeneous. They were characterized by their dy-
namic elastic modulus and Poisson’s ratio (Table 2). 
Dynamic modulus has been gradually applied to the 
dynamic response of a rigid pavement, and proved 
that the ratio between the dynamic modulus and the 
static modulus ranges from 1.5 to 3 (Irwin, 1977). 
Correlations between the dynamic and static moduli  

Table 1  Main parameters of the aircraft 

Parameter Value

Mass of suspension part, m0 (kg) 59 033

Moment of inertia around Z-axis, Jz (kg·m2) 540 302

Mass of non-suspended part, m2 (kg) 888 

Stiffness coefficient of suspension, KxHZ (N/m) 614 264

Damping coefficient of suspension, CxHZ (N·s/m) 625 000

Stiffness coefficient of non-suspension, KLHZ 
(N/m) 

4 000 000

Damping coefficient of non-suspension, CLHZ 
(N·s/m) 

4066 

Distance between center of gravity and the right 
tire, Lz (m) 

2.86 

Distance between center of gravity and the left 
tire, Ly (m) 

2.86 
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of each layer were obtained from the literature (Zeng, 
2003; Sha and Hu, 2008; AASHTO, 2012). 

In this paper, the pavement was 45 m wide. 
Significant displacement of the pavement in the di-
rection of moving aircraft was found in a range of 
15 m under the aircraft static load (Zhang and Dong, 
2012). The length of aircraft moving load needed was 
15 m and the length of the model in the taxiing di-
rection was determined as 25 m considering the 
boundary effect. The acceleration of the pavement 
was not affected by the soil foundation boundary 
when the thickness of the soil foundation was greater 
than 13 m after trial calculation, and the depth was 
selected as 15 m. The mesh size was set as 0.10 m× 
0.10 m×0.18 m in the surface layer, 0.30 m×0.30 m× 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.20 m in the base layer, and 0.30 m×0.30 m×0.50 m 
in the soil foundation, respectively.  

There are joints between concrete pavement 
slabs to prevent cracks due to temperature-induced 
stress. The shear force transmission between the slabs 
was simulated by a spring unit. By adjusting the 
spring stiffness, the joint load transfer capacity could 
be adjusted. The spring stiffness was calculated based 
on the contribution area method (Ling et al., 2019). 
According to the capacity evaluation method (Ling et 
al., 2019), the static load of a B737-800 was applied at 
a distance of 15 cm from the joint. By comparing the 
displacements at the corresponding positions of the 
adjacent slab, the load transfer coefficient was 
90.56%. 

Table 2  Parameters of the pavement structure and materials 

Structural layer 
Thickness  

(m) 
Elastic modulus 

(MPa) 
Dynamic elastic  
modulus (MPa) 

Density 
(kg/m3) 

Poisson’s 
ratio 

Concrete slab 0.36 36000 49819 2500 0.15 

Cement stabilized base 0.40 1500 2692 2000 0.25 

Soil subgrade 15 80 242 1800 0.35 

Fig. 4  Random dynamic loads with time T (one landing gear) 
(a) IRI=1 m/km, v=40 m/s; (b) IRI=2 m/km, v=10 m/s; (c) IRI=2 m/km, v=20 m/s; (d) IRI=2 m/km, v=40 m/s 
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In the model, the x-axis was perpendicular to the 
aircraft’s taxiing direction, the z-axis was parallel to 
the aircraft’s taxiing direction, and the y-axis was 
along the depth direction. The constraints of the 
x-direction were applied on the surfaces parallel to the 
taxiing direction. The constraints of the x-, y-, and 
z-directions were applied to surfaces perpendicular to 
the taxiing direction and soil underneath. The contact 
between the pavement layers was set to be completely 
bonded, and the displacements on nodes of the con-
tact surface were the same. 

Aircraft usually move along the centerline of the 
pavement, and the loading positions are shown in 
Fig. 5. The start point of two main landing gears’ load 
was at 5 m in the z-direction, and the end point was at 
20 m in the z-direction. Two groups of units were 
selected at the start point, and the loads of the main 
landing gear were loaded onto the two groups of units 
on the corresponding side for a duration of 0.01 s, 
which corresponded to a taxiing speed of 15 m/s. 
Then, the loads were deleted, the load units changed 
forward, and the corresponding random loads applied. 
The duration time on the load unit could be adjusted 
based on the required taxiing speed. 

In the finite element simulation, a number of 
nodes at a distance of 12 m away from the center line 
were selected as observation points to analyze the 
vibration along the depth direction. The coordinates 
and node numbers of the observation points are 
shown in Table 3. Twenty-one points on the sideline 
of Z=12.5 m and Y=0.36 m were selected, and vibra-
tion characteristics were analyzed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

6  Model outputs 

6.1  Pavement depth direction 

The accelerations at observation points A and I 
during aircraft taxiing are shown in Fig. 6. The overall 
trend of the acceleration of other observation points 
was similar, and only the amplitude changed. As the 
depth of the observation point increases, the ampli-
tude fluctuation of the acceleration gradually de-
creases, and is close to zero at the depth of 11.4 m 
from the surface of the soil. This indicates that the 
vibration energy is gradually attenuated as the depth 
increases. 

FFT was applied to extract the frequency spec-
trum of the acceleration data. The first-order fre-
quency (namely, the fundamental frequency, the first 
peak value on spectrum curves) of node A was 
9.57 Hz. The first-order frequencies of the other 
nodes were also 9.57 Hz, and only the amplitude of 
the frequency spectrum changed (Fig. 7). This shows 
that the pavement vibrates mainly under the excita-
tion of the aircraft load, which is consistent with the 
structural vibration characteristics. 

6.2  Pavement width direction 

Data on vibration in the width direction of the 
pavement were collected and spectrum curves ob-
tained by FFT to analyze the vibration change across 
the pavement. The coordinates and node numbers of 
the observation points are shown in Table 4. 

The fundamental frequencies at the center of the 
pavement are basically the same as those at the edge 
of the pavement on the cross section. The frequencies 

Fig. 5  Schematic diagram of moving random load load-
ing position 

Table 3  Coordinates and node numbers of the obser-
vation points 

X (m) Y (m) Z (m) Node Location 

10.5 0.36 12.5 A Surface of pavement 

10.5 0.0 12.5 B Surface of base 

10.5 −0.4 12.5 C Surface of soil base 

10.5 −1.4 12.5 D 1 m deep from the soil surface

10.5 −3.4 12.5 E 3 m deep 

10.5 −5.4 12.5 F 5 m deep 

10.5 −7.4 12.5 G 7 m deep 

10.5 −9.4 12.5 H 9 m deep 

10.5 −11.4 12.5 I 11 m deep 
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are 9.77 Hz between X=14.5 m and X=28.5 m, only 
2.05% lower at the far-edge than in the center. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

7  Sensitivity analysis of vibration frequency 
 
A sensitivity analysis of factors influencing the 

fundamental frequency needed to be conducted to 
determine the key parameters of the FEM for future 
analysis. The change of influencing factors was de-
termined according to the actual pavement structure 
in design specification. 

7.1  Effect of subgrade modulus 

The soil base resilient modulus E0 was changed 
from 91 to 303 MPa, and the resulting change of the 
fundamental frequency at point A is shown in Fig. 8. 
As the resilient modulus increases, the fundamental 
frequency increases up to 74.4%, from 6.05 to 
10.55 Hz. When the dynamic resilient modulus of the 
soil foundation increases, the response depth in the 
soil decreases under the same aircraft. That is, the 
depth of the soil base affected by vibration decreases. 
In addition, the increase of the overall stiffness of the 
pavement structure leads to an increase in the vibra-
tion frequency. This indicates that the dynamic resil-
ient modulus of the soil foundation is a key factor in 
determining the overall stiffness of the pavement 
structure. Therefore, the resilient modulus of soil 

Table 4  Frequencies of 21 nodes on the surface 

Coordinate Fundamental frequency (Hz) 
45.0, 0.36, 12.5 9.57 
42.5, 0.36, 12.5 9.57 
39.5, 0.36, 12.5 9.57 
37.5, 0.36, 12.5 9.57 
35.5, 0.36, 12.5 9.57 
34.5, 0.36, 12.5 9.57 
32.5, 0.36, 12.5 9.57 
30.5, 0.36, 12.5 9.57 
28.5, 0.36, 12.5 9.77 
24.5, 0.36, 12.5 9.77 
22.5, 0.36, 12.5 9.77 
20.5, 0.36, 12.5 9.77 
16.5, 0.36, 12.5 9.77 
14.5, 0.36, 12.5 9.77 
12.5, 0.36, 12.5 9.57 
10.5, 0.36, 12.5 9.57 
9.5, 0.36, 12.5 9.57 
7.5, 0.36, 12.5 9.57 
5.5, 0.36, 12.5 9.57 
2.5, 0.36, 12.5 9.57 
0, 0.36, 12.5 9.57 

Fig. 6  Acceleration (A) curves of the observation points A
(a) and I (b) during aircraft taxiing  
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Fig. 7  Acceleration spectrum curves at node A (pavement 
surface) (a) and nodes B and I (at different depths in the 
pavement) (b) 
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foundation should be considered as a key parameter to 
modify the FEM using the measured fundamental 
frequency of the pavement. 

7.2  Effect of concrete and base layer moduli 

When the dynamic elastic modulus of surface 
layer E1 was changed from 38 to 66 GPa, the vibration 
fundamental frequency at point A increased by 
2.73%, from 9.51 to 9.77 Hz (Fig. 9a). When the 
dynamic elastic modulus of base layer E2 was in-
creased from 1200 to 4200 MPa, the vibration fun-
damental frequency at point A increased by 1.05%, 
from 9.56 to 9.66 Hz (Fig. 9b).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

7.3  Effect of pavement layer thickness 

When the thickness of the surface layer was 
changed from 28 to 48 cm, the fundamental frequency 
decreased linearly by 9.65%, from 10.16 to 9.18 Hz 
(Fig. 10a). When the thickness of the base layer was 
changed from 20 to 50 cm, the fundamental frequency 
decreased by 5.25%, from 9.90 to 9.38 Hz (Fig. 10b). 
This indicates that the influence of the base layer 
thickness on the fundamental frequency is less sig-
nificant than that of the surface layer thickness. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

8  Field test and analysis 

8.1  Sensor instrumentation in an airport  
pavement 

Field tests were conducted at an airport in 
Yunnan Province, China. The cement concrete run-
way at the airport is 2350 m long and 45 m wide. The 
airport is classed as 4C and can be used for main-
stream aircraft in civil aviation, such as the Boeing 
737 and Airbus A320. According to the pavement 
structure design, the thickness of the surface is 34 cm 
and its elastic modulus is 33 000 MPa. The thickness 
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Fig. 10  Effect of concrete (a) and base layer (b) thick-
nesses on frequency  
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of the cement stabilized gravel layer is 35 cm and its 
elastic modulus is 2000 MPa. The resilient modulus 
of subgrade top is 70 MPa, and its reported pavement 
classification number (PCN) is 60. The IRI of the 
pavement surface is 2.2 m/km. 

A total of five test lines numbered from 1 to 5 
were instrumented in the pavement. The distance 
between test lines was 30 m. There were four accel-
eration sensors on each test line. They were installed 
in the concrete pavement from 15.5 to 22.5 m away 
from the centerline of the runway to cover the normal 
taxiing of the aircraft. The layout of sensors in the test 
area is shown in Fig. 11. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

8.2  Back-calculation of subgrade modulus 

The acceleration signals of the pavement during 
the taxiing of multiple B737-800 aircraft were col-
lected in the test. Figs. 12 and 13 present the acceler-
ation signals of sensors numbered A2079, A2053, 
A2066, and A2054, located from the centerline to the 
shoulder on the No. 3 test line during the taxiing of 
aircraft at two different times (15:55 and 15:10 on 
April 12, 2016), respectively. 

The FFT was performed on the acceleration 
signals caused by aircraft taxiing at 15:55, and the 
fundamental frequency of the pavement was found to 
be 8.90 Hz. The frequency spectra of acceleration 
data collected at test line 3 are shown in Fig. 14 
(p.747). The distance between line 1 and line 5 was 
120 m. The peak values of the acceleration measured 
by line 1 and line 5 showed that the duration of the 
aircraft passing through the test area was 1.54 s. 
Therefore, the taxiing speed through the test area was 
77 m/s. 

The FFT was performed on the acceleration 
signals caused by aircraft taxiing at 15:10, and the 
fundamental frequency of the pavement was found to 
be 9.12 Hz. The frequency spectra of acceleration 
data collected at test line 3 are shown in Fig. 15 
(p.747). The taxiing speed through the test area was 
74.5 m/s. 

The FEM was used for calculating acceleration 
at the measurement points for comparison with 
measurements made in terms of fundamental fre-
quency. The weight and stowage of the aircraft were 
provided by the airport. The measured fundamental 
frequencies at positions A2066, A2054, A2079, and 
A2053 under the dynamic load of aircraft landing at 
15:10 were 7.56 Hz with an error of 17.11%. The 
measured fundamental frequencies at those positions 
under the dynamic load of aircraft landing at 15:55 
were 7.92 Hz with an error of 13.38%.  

A core sampling method was adopted and the 
thickness and static modulus of the cement concrete 
surface were obtained exactly, and the dynamic 
modulus of the pavement surface could be calculated. 
However, the thickness of the base usually does not 
change within the service life of an airport. Therefore, 
only the moduli of the base and soil foundation, rep-
resented by E2 and E0, respectively, need to be ad-
justed in the inversion process. Fig. 11  Layout of sensors in the test area 
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Fig. 12  Time histories of acceleration signals (aircraft taxiing at 15:55) 
(a) A2079; (b) A2053; (c) A2066; (d) A2054. g represents gravitational acceleration 
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Fig. 13  Time histories of acceleration signals (aircraft taxiing at 15:10) 
(a) A2079; (b) A2053; (c) A2066; (d) A2054 

12 14 16 18 20 22 24

-0.010

-0.008

-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

0.008

0.010

(a)

A
cc

el
er

at
io

n 
(g

)

T (s)

 A2079

A
 (

×
g)

 

12 14 16 18 20 22 24

-0.008

-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

0.008

(c)

A
cc

el
er

at
io

n 
(g

)

T (s)

 A2066

A
 (

×
g)

 

12 14 16 18 20 22 24

-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

0.008

(b)

A
cc

el
er

at
io

n 
(g

)

T (s)

 A2053

A
 (

×
g)

 

12 14 16 18 20 22 24

-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

(d)

A
cc

el
er

at
io

n 
(g

)

T (s)

 A2054

A
 (

×
g)

 



Dong et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2021 22(9):736-750 747

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based on the above analysis, the influence of the 

soil modulus on the fundamental frequency was most 

significant, and was the main factor affecting the 
fundamental frequency of the pavement. It was the 
primary factor to adjust among the parameters in the 
FEM, based on the measured frequency in the field 
test. The modulus of the base layer influenced the 
fundamental frequency more slightly, and could be 
used for fine-tuning the parameters of the FEM.  

The starting point is choosing a trial pair of layer 
moduli, E2 and E0. Next, acceleration traces and 
fundamental frequencies are calculated for each of the 
four sensors. As a means of simultaneously consid-
ering the signals from all four sensors, the ordinary 
least square method was adopted to obtain the least 
residual squared sum of frequencies of four sensors 
on a test line and match the fundamental frequency 
from measurements and calculation by adjusting E2 
and E0. The objective function is given as  
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                    (7) 

 
where fci represents the fundamental frequency cal-
culated by FEM (Hz); fti represents the fundamental 
frequency from pavement test (Hz). 

The parameters of the pavement obtained by 
core sampling and inversion are shown in Table 5. 
The dynamic elastic moduli of each layer were chosen 
in finite element calculation, so the moduli obtained 
by inversion (namely, moduli of the base and soil 
foundation) were dynamic and could be changed to 
static moduli. 

When the dynamic resilience modulus of the soil 
foundation is 196 MPa (i.e. when the static resilience 
modulus is 65 MPa), and the dynamic elastic modulus 
of the cement stabilized base is 3435 MPa (i.e. when 
the static modulus is 2000 MPa), the calculated fre-
quency is 8.96 Hz and the error is reduced to 1.75% 
after fitting by least squares. Build the airport FEM 
consisting of three layers with static modulus (Ta-
ble 5), and calculate the displacements under the 
standard test load. The calculated displacements are 
close to displacements obtained by the Beckman 
beam method in a field test, which proves that the 
moduli obtained by inversion are credible. By ana-
lyzing many passes and subsequently combining the 
individual results, the inferred moduli are expected to 
become more representative. 

Fig. 14  Spectrum curves of four sensors on test line 3 
(taxiing at 15:55) 
(a) A2079 (4-4) and A2053 (4-3); (b) A2066 (4-2) and A2054 
(4-1) 

Fig. 15  Spectrum curves of four sensors on test line 3 
(taxiing at 15:10) 
(a) A2079 (4-4) and A2053 (4-3); (b) A2066 (4-2) and A2054 
(4-1) 
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9  Conclusions 
 
An array of four accelerometers on each test line 

was used on a pavement in a field experiment to rec-
ord several passes of aircraft. Accelerations measured 
were used for pavement bearing capacity analysis. 
Conclusions can be summarized as follows: 

1. Aircraft dynamic loads are obtained by solving 
dynamic balance equations of an aircraft-pavement 
coupled system. When the aircraft is taxiing on the 
same pavement at a speed of more than 15 m/s, the 
dynamic load of the aircraft decreases as the taxiing 
speed increases under the influence of lift. When the 
speed is constant (i.e. when the lift is unchanging), the 
aircraft load increases significantly with the increase 
of IRI. 

2. The fundamental frequencies at the center of 
the pavement are basically the same as those at the far 
side of the pavement on the cross section; the 
first-order frequencies of nodes in the pavement in the 
depth direction stay the same, and only the amplitude 
of the frequency spectrum decreases.  

3. The effect of the soil resilient modulus on the 
vibration frequency is most significant. When the soil 
resilient modulus changes from 91 to 303 MPa, the 
fundamental frequency increases by up to 74.4%, 
from 6.02 to 10.55 Hz. The effects of surface thick-
ness and base thickness on the vibration frequency are 
less significant, and the effects of the elastic moduli  
of the surface layer and base layer are the least  
significant. 

4. By comparing the fundamental frequencies of 
measured and calculated signals, back-calculated 
moduli are obtained. The credibility of the moduli has 
been proved by the Beckman beam method. 

The results of our analysis show the potential of 
using surface acceleration to evaluate the structural 

condition of a pavement. Future work needs to be 
conducted to validate the proposed analysis method 
with different pavement structures and loading  
conditions. 
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