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When agricultural vehicles operate in the field, the soft road excitation makes it difficult to measure the vehicle vibration. A
camera-accelerator system can solve this issue by utilizing computer vision information; however, the relationship between the
field road surface and the vehicle vibration response remains an unsolved problem. .is study aims to investigate the correlation
of the soft road excitation of different long-wave surfaces with the vehicle vibration response. Vibration equation between the
vehicle and soft road surface systemwas established to produce an effective roughness model of the field soft road surface. In order
to simulate the vehicle vibration state under different long-wave road surfaces, the soil rectangular pits with 21 kinds of different
spans and depths were applied to the road surfaces, and a tractor vibration test system was built for vibration test. .e frequency
spectrum analysis was performed for the vibration response and the roughness signals of the road surfaces..e results showed that
coefficient (R2) of frequency correlation between the roughness excitation and the original unevenness at the excitation point at
the rear end of the rectangular soil pit fell within 0.9641∼0.9969. .e main frequency band of the vibration response fell within
0∼3Hz, and the phenomenon of quadruple frequency existed. .e correlation of roughness excitation with quadruple frequency
fell within 0.992165∼1. .e primary excitation points were located at the rear end of the rectangular soil pit. In addition, it also
indicated that when the vehicle was driven without autonomous power, the vehicle vibration frequency mainly depended on the
excitation frequency of the field road surface and the frequency at the maximum vehicle vibration intensity was 2 or 3 times of that
at the maximum field soft road excitation. .ese findings may provide a reference for optimal design of vibration reduction and
control for agricultural vehicles.

1. Introduction

In recent years, agricultural mechanization in china has been
improved to a new higher level, followed by an increase in
the application of agricultural vehicles [1]. Vehicle vibration
will be caused by soil excitation during its operation, which
will cause damage of parts, reduce the service life of vehicles
[2], and also cause damage to the driverʼs body [3].
Meanwhile, it will aggravate soil compaction, affect the
growth of crop roots [4], and ultimately reduce the yield [5].
As the road surface will be compressed and deformed during
the vehicle is driven in the field, a wheel envelope will be
formed on the soft road surface if it is featured with short

wavelength. .is will increase the relative damping between
wheel and ground to form buffer [6], making it difficult to
cause vehicle vibration. .erefore, long-wave road surface
(such as gully and ridge road surface) in field is an important
factor causing vehicle vibration [7]. .us, it is of practical
significance to exploring the correlation between different
excitation features of long-wave road surface and vehicle
vibration response.

.e features of road surface excitation mainly depend on
road roughness. .e excitation features of highway hard
road surface can be evaluated by measuring the shape and
size of the road surface [8]. .e measurement methods
generally include contact measurement method, noncontact
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measurement method, and dynamic response measurement
method [9]. For example, Bidgoli [10], Kheirati [11], and
Putra [12] all measured the road surface with a noncontact
measuring device and analyzed excitation features of the
road surface, which provided a reference for the measure-
ment of roughness of the hard road surface. Xue [13] and Shi
[14] established vibration equation of vehicle-road surface
system, analyzed vehicle vibration response signal under
pothole road surface by using dynamic response measure-
ment method, and calculated the size of pothole in the road,
which provided great help for road maintenance. However,
soil is a combination of solid, liquid, and gas phases [15].
When it is under pressure, it will be deformed. So, the shape
of field soft road surface cannot be directly used as an ex-
citation source for measurement. In the 1990s, research
results of Zheng Research Group of Jilin University showed
that interaction between soft road surface and wheels will
make soft road surface deformed [16, 17], which makes soft
road surface at different roughnesses before, at the moment
of, and after compression by tires. Domestic scholars call
displacement excitation of soft road surface to wheels in the
form of a certain roughness as effective roughness. It is
generally believed that effective roughness is the real exci-
tation to vehicle [18–20]. Meanwhile, a set of soft road
surface roughness test device was designed for measuring
original roughness, effective roughness, and rutting
roughness [18]..e empirical formula of effective roughness
was obtained by combining the features of soil and wheels
[20].

.ere are many researchers who take the effective
roughness of soft soil pavement as the excitation input to
explore the vibration characteristics of tractors. For ex-
ample, Zhao [7] designed a set of vibration test system to
measure the nonuniformity of paddy field bottom layer
combined with rice transplanter. .e results show that the
nonuniformity of paddy field bottom layer is grade A
pavement. .e vibration characteristics of tractor are an-
alyzed, which provide a new way for the design of paddy
field agricultural machinery and the research of interaction
mechanism between agricultural machinery and soil. Fan
[21] selected a small sugarcane harvester combined with a
vibration test system for vibration test with the random
road surface in the field as the input, analyzed the vibration
signals of the sugarcane harvester, and solved the excitation
characteristics of the effective roughness of the road surface
in the field. It is verified that the effective roughness of the
soft road surface in the field has a great influence on the
vibration of the harvesting cutter head of the sugarcane
harvester. Zhu designed a test system of irregularity to
measure the ups and downs of the hard bottom layer under
paddy fields [22]. A tire-wet and soft paddy field soil system
model is established to analyze the vibration characteristics
of tractors. .e results show that compared with the dirt
road without vegetation coverage, the displacement
transmission rate of front and rear wheels, pitch vibration,
and vertical vibration of the fuselage all decrease [23].
Cutini [24] selected three tractors to install three-axis

acceleration sensors at the seats and carried out vibration
test combined with six kinds of field roads..e results show
that the X, Y, and Z axes responses of the sensor are all in
the low-frequency range, and the longitudinal vibration
response is highly correlated with the vertical displace-
ment. It shows that the longitudinal comfort depends to a
large extent on the vertical motion of the tractor. .e above
scholars have all taken random soft road surface as input
excitation to explore the characteristics of tractor vibration
and provided basis for the design of tractor vibration
absorption system and real-time detection of road surface
excitation characteristics. However, the tractor has too
many degrees of freedom, which would lead to mutual
interference in the actual movement process and reduce the
accuracy in the vibration test process. At the same time, the
frequency domain distribution of random soft road exci-
tation is wide, which makes it difficult to accurately express
the vibration characteristics of tractors under specific
wavelength excitation.

In this study, a test method of tractor vibration is used to
explore the correlation between the excitation characteristics of
field soft pavement with different wavelengths and tractor
vibration by the abovementioned concept of effective rough-
ness. We firstly use the vibration acceleration sensor to explore
the vehicle responses and then use the subjective evaluation to
find the correlation. Vibration tests are carried out on a specific
pavement by setting up rectangular pit with various sizes in the
soil tank laboratory, simulating soft soil pavements with dif-
ferent wavelengths, and a single-degree-of-freedom vibration
test system is used to avoid the interference caused by the
negative effect of unexpected degrees of freedom of the tractor.
An effective roughness model is established based on the vi-
bration equation of the tractor-ground system. .e frequency
spectrum and relevant statistical analysis of the effective
roughness and vibration acceleration signals are carried out to
obtain the excitation frequency band of the soft pavement, the
vibration frequency band of tractor, and the excitation char-
acteristics of the vibration intensity and effective roughness, in
order to reveal the correlation between the ground excitation
characteristics and tractor vibration characteristics. When
driving on a soft road, the longer and shorter wavelengths can
cause the space movement of the vehicle, which makes it hard
to determine the effective wavelength range from the vibration
sensors. .erefore, the binocular event camera is fixed on the
vibration test system to perform vibration test on the con-
structed field road, combining with the three-dimensional
spatial motion signal measured by the visual mileage calcu-
lation method to synthesize and analyze the one-dimensional
vertical displacement signal of the vehicle. By combining the
image and vibration measurements, it is possible to obtain the
short-wave and long-wave ranges of the pavement and explain
the vehicle-soft road interaction. .is paper will focus on the
correlation between the excitation of the soft pavement and
vehicle vibration. .e contribution of this work is to provide a
basis for real-time detection of the excitation characteristics
and determine the wavelength range of the soft pavement,
which will provide a basis for effective vehicle vibration control.
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2. Materials and Methods

2.1. Test Materials

2.1.1. Test Instruments and Equipment. .e single-degree-
of-freedom (SDOF) vibration test system is shown in Fig-
ure 1. .e tire is 825R16 all-steel radial tire of Mountaintech
with an air pressure of 0.5MPa. .e acquisition instrument
model is WS-5291, the signal amplifier model is WS-2401,
the signal acquisition software is VibʼSYS, and the accel-
eration sensor model is BZ1124, all of which are produced by
BeijingWavespectrum Science and Technology Co., Ltd..e
sensitivity of the acceleration sensor in the Z-axis direction
(vertical direction) is 6.234 pc/ms−2, the frequency response
range is 0.2∼8 kHz, and the total mass m in the vertical
direction of the wheel is 103.5 kg.

.e test site is the soil trough laboratory of Tarim
University (longitude: 81.297248, latitude: 40.544428), and
the soil is aridisols [25]. .e area of the soil tank is 5× 30m2,
and the soil firmness of the trimmed site is measured. .e
model of the soil firmness instrument is TJSD-750-II. .e
test site is evenly divided into 7 columns and 3 rows, with a
total of 21 sampling points. Each point is measured three
times. .e depths of the three measurements are 10 cm,
20 cm, and 30 cm, respectively..emeasured data are shown
in Table 1.

Set the depth and span of the rectangular pit as variables.
.e depth is 10 cm, 20 cm, and 30 cm, respectively, which is
used to change the amplitude of excitation. .e spans are
10 cm, 20 cm, 30 cm, 40 cm, 50 cm, 60 cm, and 70 cm, re-
spectively, which are used to change the excitation wave-
length. .e width is fixed at 30 cm, and the distance between
the two pits is fixed at 60 cm. Ten rectangular pits with the
same depth and span are one kind of pavement, which is
divided into 21 kinds, as shown in Figure 2.

When a vehicle travels on a rectangular pit road surface,
assuming that the rear end of the rectangular pit is the
excitation point, the wavelength λ of road surface excitation
is defined as the sum of the spacing between the two pits and
the span of the rectangular pit. .erefore, the equation
[7, 27] for solving the excitation frequency of the actual
rectangular pit pavement is

f � n × v, (1)

where f is the spatial frequency, which is the reciprocal of
the wavelength λ, and v is the vehicle speed.

2.2. Test Methods

2.2.1. Vibration Test Method. In this paper, the tractor is
used as the power to drive the vibration test bench.
According to ISO5008, too slow speed of agricultural ve-
hicles causes the phenomenon that it is difficult to cause
excitation and too fast speed causes the nonlinear phe-
nomenon [26]. .erefore, the vehicle speed is kept at 2 km/h
during the test process to ensure that the resonance of the
test bench can be caused [24]. .e excitation frequency is
changed by changing the original pavement wavelength, and

the vibration intensity is analyzed by test bench vibration
acceleration signal..e sampling frequency is set to 2000Hz,
and the flow diagram is shown in Figure 3.

In order to be able to evaluate the vibration intensity of
21 kinds of pavement test, vibrating test bench intensity of
soft soil pavement, the weighted root mean square value
statistical calculation of vibration acceleration signals is,
respectively, selected..e equation for solving the root mean
square value of acceleration aw is shown in the following
equation [24, 27]:

aw �
1
T


T

0
a
2
w(t)dt 

1/2

, (2)

where aw(t) is the weighted acceleration time history
function and T is the duration of the measurement.

2.2.2. Establishment of Effective Roughness Excitation Model.
In this paper, the test bench response is taken as the output
to reverse the effective roughness of soft soil pavement. It
mainly includes three parts: (1) establishing the vibration
model of the vehicle-soft pavement system, obtaining the
effective roughness model, and finding out the parameters
that affect the effective roughness, including the stiffness and
damping of the system and the displacement, speed, and
acceleration of the wheel in the vertical direction. (2)
Obtaining equivalent stiffness and equivalent damping by
hammering experiment and modal parameter identification.
(3) Carrying out one-time integration and two-time inte-
gration on the acceleration signal to obtain the vertical speed
and displacement signals of the wheel.

(1) Effective Roughness Model. In the process of test, the
wheels are set to be evenly and symmetrically excited by the
ground, and the stiffness and damping of the soil itself would
also affect the vibration characteristics of the vehicle.
.erefore, the stiffness and damping of the vehicle-ground
system are equivalently superimposed in the vertical di-
rection [22, 27]. .e simplified process of the vibration
system is shown in Figure 4.

Figure 4(a) is the actual vibration system model.
Figure 4(b) is the simplified vibration model. In the model,
K � k1 + k2, C � c1 + c2. q(t) is the effective ground
roughness input excitation, and the vibration differential
equation [13, 27] is established as shown in the following
equation:

m €x(t) + C[ _x(t) − _q(t)] + K[x(t) − q(t)] � 0. (3)

In the equation, x(t) is the vertical vibration displace-
ment of wheels; _x(t) is the vertical vibration speed of wheels;

€x(t) is vertical vibration acceleration of wheels; q(t) is the
effective ground roughness input displacement.

.e vertical displacement can be solved by

q(t) � x(t) +
m

K
€x(t) +

C

K
_x(t). (4)

Here, the mass m � 103.5 kg and vehicle acceleration
signal is €x(t). Measured by vibration test that, in order to be
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able to evaluate the road excitation intensity of 21 kinds of
pavement test, the power spectral density method of pavement
effective roughness is, respectively, selected. .e equation for
solving the spectral density of effective roughness rate is shown
in equation (4). Since the function curve of effective roughness
is already known, the power spectral density [5] can be cal-
culated by using a computer, as follows:

P �
1
N



N−1

k�0
[Q(k)]

2
. (5)

Here, P is the power spectral density of the effective
roughness and Q(k) is the spectral function of the effective
roughness time domain signal q(t) after Fourier transform,
wherein, k � 1，2，3 . . ..

(2) Test of Mechanical Parameters of Vehicle-Ground System.
At present, the method of experimental modal analysis is
relatively mature. Generally, it includes single-point exci-
tation, multipoint excitation, and single-point partition
excitation [28]. In this paper, the hammering method is used

(9) (8) (7) (6)

(5)(4)(3)(2)(1)

Figure 1: Test system. (1) Wheel assembly, (2) single wheel frame, (3) connection bearing, (4) computer, (5) acceleration sensor, (6) tractor,
(7) signal amplifier, (8) data acquisition instrument, and (9) fixing device.

Table 1: Test statistics of solidarity (unit: kg/cm2).

Depth (cm) Columns
Rows

1 2 3 4 5 6 7

10
1 10.2 13.8 12.6 12.4 13.7 13.8 8.8
2 15.8 12.6 14.7 13.8 14.8 15.9 16.2
3 14.6 9.2 10.7 12.5 10.4 11.3 10.6

20
1 16.9 21.9 18.3 16.9 16.9 18.8 16.8
2 19.0 20.1 21.0 21.1 21.2 22.8 19.3
3 17.0 20.3 23.1 21.5 19.8 20.0 19.4

30
1 38.2 32.5 30.1 29.7 30.1 36.5 47.0
2 41.7 50.7 38.8 32.0 23.1 33.9 39.2
3 37 36 33.1 21.5 29.8 20.9 29.4

Distance

(a)

W
id

th

Span

Depth

(b)

Figure 2: Sample of the rectangular pit.
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for testing, and the signal generated by hammering is taken
as the excitation force signal and the signal measured by the
acceleration sensor is taken as the response signal. .e ratio
of Laplace transform of the acceleration response signal to
Laplace transform of the excitation signal is taken as system
response, i.e., transfer function [29]. .e transfer function
signal curve is used to identify the parameters and obtain the
mechanical parameters of the system. In this paper, a single-
point hammer test method is selected. .e force sensor
model is LC-50 piezoelectric sensor (produced by Beijing
Wavespectrum Science and Technology Co., Ltd.). .e
sampling frequency is 5000Hz, and the sampling time is 0.2
seconds, as shown in Figure 5.

After modal analysis, the natural frequency ωn, damping
ratio ξ, equivalent stiffness K, and equivalent damping C of
the system can be obtained.

.e relationship between each parameter is shown in
equations 6 and (7) [27, 29]:

ω2
n �

K

m
, (6)

ξ �
C

2mωn

. (7)

In order to obtain the wheel vertical displacement signal
x(t) and the wheel vertical speed signal _x(t), it is necessary
to carry out one-time integration and two-time integration

on the measured wheel vertical acceleration signal €x(t). For
signal integration, there are mainly two methods: time
domain integration and frequency domain integration. As
time domain integration will cause the generation of DC
component and trend term of signal, it will lead to inte-
gration error, while frequency domain integration can
convert integration operation into division operation, which
can better avoid the generation of error [29, 30]. As a result,
the frequency domain primary integration of the accelera-
tion signal is performed to obtain the frequency spectrum of
the velocity signal as follows:

V(K) �
A(K)

jω


N

n�0

1
j2πkΔf

H(K)ane
− j2πkn/N

. (8)

.e frequency spectrum of the displacement signal
obtained by quadratic integration is

S(K) �
A(K)

ω2
k



N

n�0

1
(2πkΔf)

2 H(K)ane
− j2πkn/N

. (9)

Here,

H(K) �
1, fd < kΔf<fu,

0, otherwise,
 (10)

whereΔf is frequency resolution; fd is the lower limit of the
cutoff frequency; fu is the upper limit of cutoff frequency;N
is the number of sampling points of the data; and ωk is the
frequency corresponding to the Fourier component.

3. Vibration Test Analysis

.e acceleration signal in the vertical direction of the wheel
is collected through the vibration test system, and the col-
lected voltage signal value is imported into them file written
by MATLAB and converted into the acceleration signal
value. .e vibration response data of 21 kinds of pavements
are divided into 7 groups by span, and each group contains
pavement data of 3 different depths for comparison and
display, as shown in Figure 6. It can be seen that each group
of data can see 10 peaks, proving that each rectangular pit
constructed can cause vehicle vibration.

MATLAB is used to write a program to calculate the
power spectral density of the signal, as shown in Figure 7. It
can be seen that the frequency band range in the power

Take the constructed
pavement as the excitation

input

The tractor is used as a
dynamic driving vibration

testing system for
vibration tests

The AC signal generated
by the BZ1124 acceleration

sensor is amplified by a
WS-2401 signal amplifier

Acquisition is carried
out by WS-5291

acquisition instrument

The collected information
is processed by the upper
computer Vib ′SYS-5291

software

The information processed
by Vib ′SYS-5291 software is

imported into MATLAB software
for further analysis

Figure 3: Vibration test flow.

m

k1 k2 c1 c2
q (t)

x (t)

K C q (t)

x (t)
m

(a) (b)

Figure 4: Simplified schematic diagram of the vehicle-ground
system model. k1: soil vertical stiffness; k2: tire vertical stiffness; c1:
soil vertical damping; c2: tire vertical damping; x(t) : wheel up and
down displacement; q(t): effective ground displacement input; K:
system vertical equivalent stiffness sum; C: system vertical
equivalent damping sum.
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spectral density is 0∼13Hz, and the most active part of the
vibration power value is 0∼3Hz. It is close to the test fre-
quency band of tractor vibration in references
[21, 24, 31–33], and the frequency band range does not
change significantly with the change of rectangular pit size.
.is shows that, under the excitation of soft soil pavement,
the vehicle vibration is mainly in the low-frequency range,
and the SDOF vibration test system can reflect the overall
vibration characteristics of the tractor. .e vibration re-
sponse signal is analyzed within 0∼3Hz, and four peak
points appear. Taking the data with a span of 10 cm and three
different depths as an example, the data rules are consistent.

3.1. Effective Roughness Model Parameters. .e transfer
function of the vehicle-ground system is obtained through
hammering test, as shown in Figure 8. Both the real part and
the imaginary part of the transfer function curve have 5 peak
points. .e first-order natural frequency [28, 29] is obtained
by selecting the peak frequency with the real part being 0 and
the imaginary part being the highest and carrying out modal
parameter identification. A total of 7 hammering tests were
carried out (test has the same law for 7 times), and the 7 test
data of the first-order natural frequency were averaged. .e
results are shown in Table 2.

.e first-order natural frequency is selected as the
dominant frequency of the system, and the ωn value is
211.8998Hz. Modal parameters of the first-order natural
frequency are identified to obtain damping ratio ξ � 1.16%.
Combining equations 6 and (7), the vertical equivalent
stiffness K is 4647307.86Nm−1 and the equivalent damping
coefficient C is 508.8138N sm−1.

3.2. Vertical Wheel Displacement and Speed Signals. .e
frequency domain integration program is written byMATLAB,
and the vertical vibration acceleration signal of the axle is

integrated first and second in the frequency domain..e upper
and lower limit cutoff frequencies are 100Hz and 0.3Hz [34],
respectively, and the vertical speed signal _x(t) and displace-
ment signal x(t) of the axle are obtained, as shown in Figure 7
(the data are data with a depth of 10 cm and a span of 10 cm).
Combining equations 8 and (9), it can be seen that frequency
domain integration is equivalent to division operation in
frequency domain, so the amplitude would be amplified when
the frequency is in the range of 0∼1Hz, and the amplitude
would decrease when it is greater than 1Hz, and the amplitude
would increase and decrease as the frequency value increases.
As a result, the signal shows a smooth trend in the time domain
with the increase of the number of frequency domain inte-
grations, as shown in Figure 9(a). As the number of frequency
domain integrations increases in the frequency domain, the
amplitude of the signal gradually increases in the lower fre-
quency range and gradually decreases in the higher frequency
range, as shown in Figure 9(b).

3.3. EffectiveRoughness Signal. .e vertical speed signal _x(t)

and displacement signal x(t) of the axle, as well as the
stiffness K and damping C are obtained, and the time do-
main signal of the effective roughness is obtained by solving
equation (4). Since the effective roughness of soft soil
pavement is the superposition of the vertical displacement
and velocity of test bench and the product of acceleration
and various mechanical parameters, as well as the value of
vertical stiffness K is much larger than the value of vertical
damping C and vertical mass m, the product of speed and
acceleration and various mechanical parameters is smaller,
and the sum of tire deformation is smaller, due to relatively
small stiffness of soil compared to tire. So, the effective
roughness value basically depends on the vertical dis-
placement of the wheel. As shown in Figure 10, the span is
10 cm. .e data of rectangular pit pavement with depths of
10 cm, 20 cm, and 30 cm show that the amplitude of effective
roughness changes irregularly with the increase of depth.
.e rest of the data are consistent with the above. Fourier
transform is performed on the effective roughness time
domain signal to obtain a frequency domain diagram. As
shown in Figure 10(b), the excitation frequency band range
is from 0 to 3Hz, and that frequency values corresponding to
the two peak points of each group of data are different. .e
resulting difference has a linear multiple relationship with
the frequency corresponding to the first peak point. .e
vertical displacement of the peak point decreases with the
increase of frequency, which is similar to the nonsinusoidal
periodic signal [35]. .e rest of the data are consistent with
the above.

4. Discussion

4.1. CorrelationAnalysis of Effective Roughness,Original Road
Roughness, and Main Frequency Band of Vibration Response.
.is experiment includes 21 kinds of rectangular pit pavements
with 7 different wavelengths. Because the constructed rect-
angular pit pavement is similar to a nonsinusoidal periodic
signal, there will be frequency doubling. Since there are 4 peak

(1)

(2)

(3)

(4)

Figure 5: Schematic diagram of hammering test. (1) Acceleration
sensor; (2) force hammer sensor; (3) signal amplification and
acquisition equipment; (4) computer display.
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points in the spectrum diagram of the effective roughness
signal, the four frequency doubles of the original road
roughness excitation signal are counted, andTable 3 is drawn in
combination with the spatial frequency n and time frequency f
corresponding to different wavelengths, as follows.

Linear regression analysis is carried out on the peak
point frequency of the effective roughness model signal, the
excitation point frequency of the original pavement
roughness, and the four peak point frequencies of the main
frequency band of the vibration signal, respectively. .e
results show that the coefficients of the linear regression
equation between the effective roughness model signal and
the excitation point frequency of the original pavement
roughness are close to 1, and the R2 value ranges from 0.9641 to

0.9969. .e coefficients of the frequency linear regression
equation of the four peak points of the main frequency band of
the effective roughness model signal and the vibration accel-
eration signal are all around 1, and the R2 value range is
0.992165∼1, as shown in Table 4. It is shown that the effective
irregularity excitation frequency is highly correlated with the
original irregularity excitation point frequency of rectangular
pit pavement..e feasibility of the effective roughness solution
method is verified. It is proved that the excitation point of the
vehicle when driving on the soft road surface is the rear end of
the rectangular pit. At the same time, it is shown that the main
frequency band of vehicle vibration is highly correlatedwith the
excitation signal of the road surface and basically depends on
the excitation characteristics of the ground.
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Figure 6: Time-domain diagram of the vibration acceleration signal.
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Linear fitting is carried out on the frequency value of the
original road roughness excitation, and the actual measured
peak frequencies of the effective roughness are compared
with the four peak frequencies of the main frequency band of
the vibration signal, as shown in Figure 11. It can be seen that
the difference between the three is small, and with the
change of rectangular pit depth, the excitation frequency and
vibration frequency values do not change significantly. With
the increase of the rectangular pit span, the excitation fre-
quency and vibration frequency values decrease. .is shows
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Table 2: Statistics of first-order natural frequency of the vehicle-
ground system (unit: Hz).

Number of hammers First order natural frequency Average
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Figure 7: Frequency domain diagram of the vibration acceleration signal.
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that the change of rectangular pit span is the main reason to
change the road wavelength, indirectly changing the exci-
tation frequency of effective uneven and vibration frequency
value of vehicles. At the same time, the frequency of effective
roughness excitation points is slightly lower than that of the
original pavement excitation points. .ere are mainly two
reasons: (1) systematic errors will occur when the application
of measuring tools and shovels cannot be completely unified
when the road surface is constructed manually. (2) In the
process of test, tires and soil will deform and increase the

wavelength of the original road surface, resulting in the
effective roughness excitation frequency (consistent with the
vibration frequency) being smaller than the original road
surface roughness excitation frequency value.

4.2. Correlation Analysis of Vibration Acceleration Intensity
and Effective Roughness Intensity. MATLAB combination
equation (2) is used to solve and make statistics on the root
mean square value of acceleration of 21 kinds of road surface
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Figure 9: Primary and secondary frequency domain integration and time and frequency correspondence diagram of vibration acceleration
signal. (a) Time domain diagram. (b) Frequency domain diagram.
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data, as shown in Figure 11(a). Combined with equation (5),
the effective irregularity power spectral density value is
solved and counted, as shown in Figure 11(b). It can be seen
from the test data of 7 spans with a depth of 30 cm and the
depth of 10∼20 cm and the span of 10∼40 cm that, with the
increase of the span, the weighted root mean square value of
vibration acceleration and the power spectral density value
of effective roughness of road surface increase. .is is due to
the increase of rectangular pit size, which leads to the in-
crease of wheel vertical displacement and effective roughness
power value. At the same time, the vertical displacement of
the wheels increases, which results in an increase in the shear
force given to the wheels by the soil [6]. As a result, an
increase in the vertical moving load on the vibration test
bench occurs when driving on the road [34], so the in-
stantaneous excitation suffered by the wheels when passing
through the rear end of the rectangular pit increases, thus
enhancing the vibration intensity of the vehicle. As shown in
Figure 12(b), with this increase of the depth of the rect-
angular pit, the amount of subsidence at the front and rear
end of the rectangular pit increases, so that the effective
roughness power spectral density value increases accord-
ingly. However, with the increase of the depth of the rect-
angular pit, the weighted root mean square value of the
vibration acceleration signal does not change significantly, as
shown in Figure 12(a). It is mainly because the effective
roughness is basically equal to the vertical displacement of

the wheel, and it shows that the acceleration signal is
mainly noise at 4∼13Hz since the amplitude of the ac-
celeration signal and the effective roughness signal are
mainly concentrated in 0∼3Hz, as well as the coupling
between the vibration acceleration signal frequency and the
effective roughness excitation frequency. .erefore, there
are errors in the acceleration signal measured by the vi-
bration testing system, resulting in irregular changes in the
root mean square value of the acceleration signal with the
increase of the depth of the road rectangular pit. At the
same time, two integrals are carried out in the process of
solving the effective roughness, which will reduce the noise
part and improve the prediction accuracy of the effective
roughness of soft pavement. .erefore, with the increase of
the depth of rectangular pit, the power spectral density
value of the effective roughness increases obviously. When
the depth is 10∼20 cm and the span is 50 cm, 60 cm, and
70 cm, the vibration amplitude is small because the wheel
collapses too fast when passing through the front end of the
rectangular pit. In the meantime, the wheel will contact the
bottom of the rectangular pit, the collapsed soft soil will fall
on the bottom of the rectangular pit as a buffer, and the rear
end of the rectangular pit cannot directly give excitation,
resulting in the process which cannot generate large ex-
citation. It shows that, in the complete excitation of the
rectangular pit (in this paper, the test data of 7 spans with a
depth of 30 cm and the test data with a depth of 10∼20 cm

Table 3: Statistics of calculation results of excitation point wavelength, spatial frequency, and quadruple frequency of original pavement
roughness signal.

Span (unit: cm) Wavelength, λ (unit: m) Spatial frequency, n (unit: m−1)
Quadruple frequency time frequency (unit: Hz)
Fundamental Double Triple Quadruple

10 0.7 1.429 0.794 1.588 2.382 3.176
20 0.8 1.250 0.694 1.388 2.082 2.776
30 0.9 1.111 0.617 1.234 1.851 2.464
40 1.0 1.000 0.556 1.112 1.668 2.224
50 1.1 0.909 0.505 1.010 1.515 2.020
60 1.2 0.833 0.463 0.928 1.391 1.854
70 1.3 0.769 0.427 0.854 1.281 1.708

Table 4: Regression analysis of effective roughness peak point frequency and original roughness excitation point and vibration signal main
frequency band peak point frequency.

Depth (cm) Peak point
Frequency regression analysis of effective

roughness and original roughness
Regression analysis of effective roughness and

main frequency band of vibration signal
Regression equation Standard error R2 Regression equation Standard error R2

10

First peak point y� 1.0009x− 0.0482 0.027790 0.964080 y� 0.9730x+ 0.0174 0.012979 0.992165
Second peak point y� 1.0619x− 0.1499 0.034771 0.987183 y� 0.9772x+ 0.0309 0.007792 0.999356
.ird peak point y� 1.0736x− 0.2628 0.057738 0.983743 y� 0.9639x+ 0.0704 0.025687 0.996959
Fourth peak point y� 0.8164x+ 0.1873 0.095525 0.976495 y� 1.0134x− 0.0394 0.034624 0.996912

20

First peak point y� 0.8768x+ 0.0110 0.007053 0.996882 y� x 0 1
Second peak point y� 0.8730x+ 0.0407 0.032586 0.983410 y� 0.9867x+ 0.0124 0.003107 0.999849
.ird peak point y� 0.9124x− 0.0119 0.035318 0.992006 y� 0.9872x+ 0.0177 0.004976 0.999841
Fourth peak point y� 0.6540x+ 0.5266 0.047584 0.991348 y� 0.9846x+ 0.0364 0.02293 0.997991

30

First peak point y� 0.8768x+ 0.0110 0.007053 0.996882 y� x 0 1
Second peak point y� 0.9117x− 0.0033 0.036182 0.981283 y� x 0 1
.ird peak point y� 0.9431x− 0.0654 0.035183 0.992572 y� x 0 1
Fourth peak point y� 0.7153x+ 0.3941 0.035697 0.995736 y� x 0 1
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and a span of 10∼40 cm are called complete excitation of
rectangular pit, and the rest data are called incomplete
excitation of rectangular pit), the increase of rectangular pit
span is the main reason for the increase of vehicle vibration
power.

We continue to carry out statistical analysis on the vertical
displacement corresponding to the four peak points of the
power value of the four peak points of the first band of the
vibration signal and the four peak points of the effective
roughness. Figure 13 is a rectangular pit road surface with a
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Figure 11: Comparison of the frequency value of original road roughness excitation point, frequency value of effective roughness peak
point, and frequency value of vibration peak point. (a) Depth: 10 cm. (b) Depth: 20 cm. (c) Depth: 30 cm.
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Figure 12: Vibration response and road excitation law. (a) RMS of vibration acceleration, (b) Average of effective irregularity power spectral density.
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span of 10 cm and a depth of 10 cm, 20 cm, and 30 cm. It can be
seen that, with the increase of the peak point, the vibration
power value increases first and then decreases..e highest peak
is the second peak point and the third peak point. .e vertical
displacement of the effective roughness excitation point de-
creases in turn. .e maximum value is at the first peak point,
which conforms to the excitation law of the constructed
pavement, and the other data laws are consistent. .e main
reason is that the effective irregularity excitation characteristics
mainly depend on the vertical displacement of the wheel, and
the first peak point is amplified in turn and the other peak
points are reduced in turn in the two integration processes. It
shows that the double frequency and triple frequency of road
excitation are the main frequencies that cause the maximum
vibration power of vehicles. Moreover, in the frequency do-
main, the output signal is the product of the frequency response
function of the system and the input signal [29], indicating that
the frequency response function of the system is themost active
in the excitation of frequency doubling 2 and frequency
doubling 3. At the same time, the vibration generated by the
ground excitation of the whole tractor is in the low frequency
band (0∼3Hz) [21, 24, 31–33]. When the acceleration signal is
integrated in the frequency domain, the signal in the 0∼1Hz
frequency band would be amplified, and the signal in the
1∼3Hz frequency band would be reduced, which results that
the soil soft road excitation corresponding to the highest peak
of the vehicle vibration response is not the fundamental fre-
quency. At the same time, it provides a reference for the
prediction of soft soil pavement excitation and the design of
tractor vibration reduction.

5. Conclusions

In this paper, the constructed rectangular pit pavement is
used to simulate the field soft pavement with different

wavelengths, and the test is carried out in combination with
the vibration test system. .e effective roughness model is
established through the vibration equation of the vehicle-
ground system, and the effective roughness of soft pavement
is obtained, which is used as the excitation characteristic of
pavement. In order to explore the correlation between the
excitation characteristics of different long-wave roads in the
field and the vibration response of vehicles, the following
conclusions are drawn.

(1) In the full excitation of the rectangular pit, the increase
of the span of the rectangular pit leads to the increase of
the effective irregularity excitation wavelength and the
decrease of the excitation frequency given to the wheel.
At the same time, the increase of rectangular pit span
leads to the increase of vertical moving load during the
driving process of the vehicle, resulting in the increase
of vehicle vibration intensity. In the incomplete exci-
tation of the rectangular pit, the collapse of the front
end of the rectangular pit will form a buffer zone. .e
wheel cannot directly contact the rear end of the
rectangular pit due to the contact with the bottom of
the rectangular pit, which is difficult to cause large
excitation.

(2) .e correlation coefficient (R2) between the fre-
quency of the peak point of effective roughness and
the frequency of the excitation point at the back end
of the rectangular pit is 0.9641∼0.9969, and the
frequency range is 0∼3Hz. .is shows the effec-
tiveness of the method for solving the effective
roughness of soft soil pavement and determines the
rear end of rectangular pit as the main excitation
point. .e correlation coefficient (R2) between the
main frequency band frequency of the vibration test
bench response acceleration signal and the effective
roughness excitation frequency ranges from
0.992165 to 1. It indicates that the vibration fre-
quency generated by agricultural vehicles traveling
on soft pavement is mainly determined by the ex-
citation frequency of soft pavement, which provides
a basis for predicting the excitation characteristics of
soft pavement.

(3) Due to the periodic characteristics of the arrange-
ment of rectangular pit excitation points, the vi-
bration acceleration signal and the effective
roughness excitation signal have the generation of
double frequency band. .e highest point of vehicle
vibration acceleration power value is concentrated at
the frequency doubling and frequency doubling
points, and the fundamental frequency amplitude of
effective roughness excitation on soft road surface in
the field is the highest. .e results show that the
maximum value of vehicle vibration acceleration
response and the maximum value of field soft
pavement excitation have a relationship of 2 or 3
times in frequency distribution, which provides
reference for the prediction of pavement excitation
frequency and the design of vehicle shock
absorption.
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Figure 13: Vertical displacement of vibration power value and
effective roughness corresponding to peak point.
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In this paper, the vehicle vibration response is used to
evaluate the correlation between the excitation character-
istics of the soft road surface and the vehicle vibration, but it
is difficult to determine the effective wavelength range.
Future plan will solve this issue by using the binocular visual
odometer algorithm to obtain the spatial motion of the
vehicle. A computer vision system will be developed to
reduce the agriculture vehicles in the soft-filed roads.
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