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In order to study the driving comfort and influencing factors when vehicles pass over manholes and pavement around manholes
on an urban road, the deformation and vibration of the manhole cover were considered, a multidegree of freedom vibrationmodel
of the human-vehicle-manhole cover was established, and the variation characteristics of driving acceleration was analyzed. )e
root mean square of weighted acceleration was taken as the basic index, and driving comfort was evaluated based on ISO 2631-1-
1997 standard. After that, 9 influencing factors were analyzed, such as driving speed, subsidence of manhole, manhole cover
stiffness, and longitudinal slope.)en, grey correlation entropy analysis was used to evaluate the influencing factors, and the main
factors were determined. )e results showed that the maximum acceleration was 3.6m/s2 when a vehicle was passing over a
manhole cover under the basic parameters. At the same time, the root mean square of weighted acceleration was 0.975m/s2 and
driving comfort degree was “uncomfortable.” Driving direction and vibration of the manhole cover had little influence on driving
comfort, while the remaining influencing factors had significant influence on that. )e ranking of key influence factors on driving
comfort was longitudinal slope, driving speed, height difference caused by pavement damage, height difference caused bymanhole
cover subsidence, tire stiffness, manhole stiffness, and tire damping. )erefore, in order to ensure driving comfort and safety,
damage to pavement around manholes and manhole cover subsidence should be repaired in a timely manner.

1. Introduction

Urban pipeline networks are an important part of municipal
facilities, known as the “arteries of the city,” and manholes
are indispensable components of urban pipeline networks,
playing an important role in installation, inspection, and
maintenance processes. Due to the difference of stiffness and
structure, these areas are weak points in the pavement.
Investigations have found that more than 90% of manholes
in China have damage, which can be divided into subsidence
in manhole, cracking in pavement around the manhole,
cover fracture, and subsidence in pavement around the
manhole [1].

Existing research on manholes and pavement around
manholes (referring to the pavement in a certain range
around manholes) mainly focuses on the settlement

mechanism of manholes, design of new manhole structures,
development mechanism of damage in pavement around
manholes, and the repair materials for damage in pavement
around manholes. A longitudinal vibration equation of
manholes under traffic loads was constructed [2], and the
settlement mechanism of manholes was studied. Materials
were chosen and optimized according to corrosion re-
sistance, fatigue resistance, and impact resistance based on
many physical and mechanical property tests [3]. And three
kinds of manhole cover were developed, including tough-
ened organic glass manhole cover, toughened inorganic glass
manhole cover, and toughened organic/inorganic composite
glass manhole cover. A new type of epoxy resin-modified
concrete manhole structure which was of good mechanical
properties was developed [4]. A manhole and pavement
around manhole model were established, then tensile,

Hindawi
Advances in Materials Science and Engineering
Volume 2019, Article ID 1293619, 10 pages
https://doi.org/10.1155/2019/1293619

mailto:lizhigang@chd.edu.cn
https://orcid.org/0000-0002-9287-8579
https://orcid.org/0000-0003-2905-2042
https://orcid.org/0000-0003-2220-4859
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/1293619


compressive, and shear stress of pavement around manholes
under static loads were calculated, which revealed the failure
mechanism of pavement around manholes, and reasonable
suggestions for improved design and construction of
manhole structures were put forward [5]. In terms of
pavement repair materials, high-performance cement repair
materials [6], resin cement [7], cold-filled asphalt mixtures
[8], polyurethane rubber particle mixtures [9], etc., were
developed and used in physical engineering, showing good
performance.

However, there is currently little research on the
comfort and safety of vehicles passing over manholes.
When damage to manholes and pavement around man-
holes occurs, driving comfort can be seriously affected, and
serious traffic accidents can occur. A vehicle vibration
model and roughness model were constructed to analyze
the dynamic load characteristics of vehicles by different
simplifying vehicle models [10–17]. )e research proved
that a 1/4 vehicle vibration model could meet the accuracy
requirements of most research [18, 19]. Although all di-
rections of vehicle vibration were considered, this model
was complicated and difficult to solve. In addition, the
introduction of more parameters brought a lot of in-
terference to the research and reduced the research
efficiency.

At present, there are many studies on driving comfort.
Based on MATLAB/Simulink simulation analysis, a 1/4
vehicle vibration model and a comprehensive evaluation
method of airport and highway pavement roughness were
proposed [18, 20]. A 1/2 vehicle vibration model was
established which was used to analyze the interaction be-
tween vehicle and pavement [21]. After that the development
law of vehicle dynamic load with road grade and speed was
proposed. Considering the vehicle and road coupling effect,
the human-vehicle-road-coupled vibration model was
established [22], and an evaluation method of pavement
roughness was proposed. A 1/4 vehicle vibration model was
constructed [19], and the mechanism of pavement rough-
ness deterioration was studied based on the theory of shell
permanent deformation.

When the vehicle passed over a manhole, the vehicle
vibration characteristics and driving comfort were obviously
different from those when passing over a normal section of
road. While the vehicle passed over the pavement around a
manhole and a normal section of pavement, deformation
(order of magnitude of 0.1mm) and vibration of the
pavement were small enough to be ignored. However, when
the vehicle passed over the manhole cover, obvious de-
formation and vibration of the manhole cover occurred,
which greatly aggravated the vibration of the vehicle and
seriously affected driving comfort. In order to evaluate the
driving comfort and find the key influence factors on the
driving comfort while vehicle passing through the manhole,
a coupled vibration model of a human-vehicle-manhole
cover was established considering the deformation and vi-
bration of the manhole cover, and weighted root mean
square acceleration was used as the evaluation index of
driving comfort. )e driving comfort of a vehicle passing
over a manhole was evaluated according to ISO 2631-1-1997

standard. Grey correlation entropy analysis was used to
analyze the influence of vehicle speed, manhole cover
stiffness, longitudinal slope, subsidence of manhole, etc., on
driving comfort and to figure out the key influencing factors
in order to lay a foundation for the maintenance of the
pavement around manholes.

2. Vibration Model of Human-Vehicle-
Manhole Cover

2.1. Establishment of Model. As a complex system of mul-
tiparticle vibration which is generally considered to have 18
degrees of freedom, it is difficult to build a model according
to the actual situation. )erefore, it is necessary to simplify
the model. At present, the 1/2 vehicle vibration model of 5
DOFs [22] and 1/4 vehicle vibration model of 3 (or 2) DOFs
[11] are commonly used simplified models. Moreover, it
has been proved that the 1/4 vehicle vibration model is
feasible for studying driving comfort [11]. When vehicles
pass over the pavement around manholes, the deformation
and vibration of the pavement are negligible compared
with that of the manhole cover. )erefore, when a vehicle
passes over the pavement around manholes, the vibration
of the pavement is ignored, and the 1/4 vehicle vibration
model of 3 DOFs was established; when a vehicle passes
over the manhole cover, the deformation and vibration of
the manhole cover are both taken into account, and the 1/4
vehicle vibration model of 4 DOFs (human-vehicle-man-
hole cover) is shown in Figure 1.

In Figure 1, m1, m2, m3, and m4 are the weights of the
vehicle seat, frame, wheel, and manhole cover; y1, y2, y3, and
y4 are the displacements; k1, k2, k3, and k4 are the stiffness
coefficients; c1, c2, c3, and c4 are the damp coefficients, re-
spectively; ξ(t) is the pavement unevenness; and v is the
vehicle speed. As shown in Figure 1, the process of a vehicle
passing over a manhole cover and the pavement around
manhole is divided into four stages: (1) on pavement around
manhole⟶ (2) on manhole cover⟶ (3) on pavement
around manhole⟶ (4) on normal pavement. In stage 2,
considering the deformation and vibration of the manhole
cover, a 4-DOF vehicle vibration model was established, and
a 3-DOF vehicle vibration model was established in the
remaining stages.

It was assumed that the pavement roughness was good
except for the degradation of manhole settlement and the pit
slot in the pavement around the manhole. Considering the
damage as an unevenness incentive in the calculation
process, the 3-DOF vibration model was established as
follows:

m1 €y1 + k1 y1 − y2(  + c1 _y1 − _y2(  � 0,

m2 €y2 + k2 y2 − y3(  + c2 _y2 − _y3(  + k1 y2 − y1(  + c1 _y2 − _y1(  � 0,

m3 €y3 + k3y3 + c3 _y3 + k2 y3 − y2(  + c2 _y3 − _y2(  � 0.

(1)

Obvious deformation and vibration of the manhole
cover occurred due to the vehicle passing over it, and the
human-vehicle-manhole cover 4-DOF vibration model was
established, as shown in the following equation:
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m1 €y1 + k1 y1 − y2(  + c1 _y1 − _y2(  � 0,

m2 €y2 + k2 y2 − y3(  + c2 _y2 − _y3(  + k1 y2 − y1(  + c1 _y2 − _y1(  � 0,

m3 €y3 + k3 y3 − y4(  + c3 _y3 − _y4(  + k2 y3 − y2(  + c2 _y3 − _y2(  � 0,

m4 €y4 + k4y4 + k3 y4 − y3(  + c3 _y4 − _y3(  � 0.

(2)

)e basic parameters of the vehicle and manhole cover
model were obtained by accessing relevant references and
are shown in Table 1 (the standard axle load is 100 kN, so 1/4
vehicle total load is 50 kN).

2.2. Determination of Initial Conditions. )e displacement
and velocity parameters were obtained by using the transfer
matrix [23] method to solve differential equations (1) and
(2). )en the velocity and acceleration parameters were
obtained by derivation. Finally, the specific data were ob-
tained by MATLAB. When solving the differential equa-
tions, the initial value of vibration was a necessary condition.

2.2.1. Initial Conditions for Vehicle Passing over Damaged
Pavement around Manhole. When the vehicle passes over
the pavement around the manhole from a normal section of
pavement, it is assumed that the damage is located at the
junction of the two areas. )e height difference of the two
sections caused by the damage was recorded as H1, and the
designed longitudinal slope of the pavement was recorded as
θ. When the vehicle was stationary on the pavement, the
compressions of springs k1, k2, and k3 of the vehicle vibration
model were, respectively, Δk1 � m1g/k1,
Δk2 � (m1 + m2)g/k2, and Δk3 � (m1 + m2 + m3)g/k3.

(1) Initial Conditions of Velocity. When H1 >Δk3, masses in
the vibration model were moving freely. )e velocity vari-
ation of each mass in the model was neglected for conve-
nience of calculation due to the small drop and short time;

when H1 ≤Δk3, the velocity variation of each mass was zero.
)erefore, the initial conditions for the velocity of each mass
were as follows: _y1 � vθ, _y2 � vθ, and _y3 � vθ.

(2) Initial Conditions of Displacement. In the process of
solving the vibration equation, initial displacement condi-
tions of each mass were discussed according to the following
conditions: the normal section was taken as the line, and the
vehicle just passing over the pavement around the manhole
was taken as the zero moment.

(a) When H1 ≤Δk3, each mass deviates from the
equilibrium position H1. )us, y1(0) � H1,
y2(0) � H1, and y3(0) � H1.

(b) When Δk≤H1 ≤Δk2 + Δk3, spring k3 had com-
pletely been restored, but masses m1 and m2 still
deviate from equilibrium position H1. )us,
y1(0) � H1, y2(0) � H1, and y3(0) � Δk3.

(c) When Δk2 + Δk3 ≤H1 ≤Δk1 + Δk2 + Δk3, springs k2
and k3 have completely been restored, but mass m1
still deviates from equilibrium position H1. )us,
y1(0) � H1, y2(0) � (Δk2 + Δk3), and y3(0) � Δk3.
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Figure 1: Human-vehicle-manhole cover vibration model.

Table 1: Parameters for the vehicle and manhole cover.

Parameters Value
m1 (kg) 70
m2 (kg) 4500
m3 (kg) 430
m4 (kg) 56
c1 (N·s/m) 1800
c2 (N·s/m) 7000
k1 (N/m) 2100
k2 (N/m) 9.5 × 105
k3 (N/m) 4.8 × 105
k4 (N/m) 1 × 107
c3 (N·s/m) 5000
c4 (N·s/m) 0
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(d) When Δk1 + Δk2 + Δk3 ≤H1, springs k1, k2, and k3
have completely been restored, and mass m1 fell
freely, which was beyond the range of acceleration
endurable by humans. So this situation was not
discussed, and it also showed that the maximum
height difference caused by damage could not exceed
(Δk1 + Δk2 + Δk3).

2.2.2. Initial Conditions for Vehicles Passing over the Man-
hole Cover. When the vehicle was stationary on the manhole
cover, the compressions of k1, k2, and k3 were the same as
those of the previous one. )e compression of k4 was
Δk4 � (m1 + m2 + m3 + m4)g/k4.

(1) Initial Conditions of Velocity. When the vehicle enters
the manhole cover area at time t1, the height difference of
the pavement caused by manhole cover subsidence is H2.
Similar to the situation of the vehicle entering the
pavement around the manhole which has been discussed,
the initial conditions of the velocity of each mass when the
vehicle enters the manhole cover area were as follows:
_y1 � _y1(t1), _y2 � (t1), and _y3(t1), _y4 � 0.

(2) Initial Conditions of Displacement. )e initial displace-
ment conditions of each mass were discussed according to
the following conditions:

(a) When H2 ≤Δk3, each mass deviates from the
equilibrium position H2. )us, y1 � y1(t1) + H2,
y2 � y2(t1) + H2, y3 � y3(t1) + H2, and y4 � 0.

(b) When Δk3 ≤H2 ≤Δk2 + Δk3, spring k3 had com-
pletely been restored, but masses m1 and m2 still
deviate from equilibrium position H2. )us,
y1 � y1(t1) + H2, y2 � y2(t1) + H2, y3 � y3(t1) +

Δk3, and y4 � 0.
(c) When Δk2 + Δk3 ≤H2 ≤Δk1 + Δk2 + Δk3, springs k2

and k3 had completely been restored, but mass m1
still deviates from equilibrium position H2. )us,
y1 � y1(t1) + H2, y2 � y2(t1) + Δk2 + Δk3, y3 � y3
(t1) + Δk3, and y4 � 0.

(d) When Δk1 +Δk2 +Δk3≤H2, this situation was also
not discussed, and the maximum height difference
H2 could not exceed (Δk1 +Δk2 +Δk3).

When the vehicle leaves the manhole cover area or the
pavement around the manhole area, the initial conditions
could be discussed according to those of the vehicle passing
over the manhole cover.

2.3. Evaluation Index and Standard for Driving Comfort.
In ISO 2631-1-1997, weighted root mean square (RMS) of
acceleration is used as the basic evaluation index for driving
comfort [24], and the calculation method is shown in
equation (3). Moreover, the relationships between driving
comfort and weighted RMS of acceleration are listed in
Table 2.

aω �
1
T


T

0
a
2
ω(t)dt 

0.5

, (3)

where aω(t) is the weighted acceleration value at t time (m/s2)
and T is the analysis time of vehicle vibration (s); 1 second
was taken in actual analysis, and the timing began when the
vehicle just entered the damaged area of pavement around the
manhole. )e frequency weight function is shown as follows:

W(f) �

0.5, 0.5<f< 2,

f

4
, 2<f< 4,

1, 4<f< 12.5,

12.5
f

, 12.5<f< 80,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(4)

where f is the frequency (Hz).
Parts of the upper and lower limits for RMS of

weighted acceleration overlap with other parts in Table 2.
And the evaluation results of driving comfort were affected
by the data overlap. At this time, a poor grade of comfort
degree was taken due to the high requirement of driving
comfort on a high-grade road. Because manholes are
generally located in urban roads and require a high degree
of driving comfort, the following analysis was defined
according to “high standards.” For example, when RMS of
weighted acceleration was 0.9, the evaluation of driver’s
comfort was “uncomfortable,” rather than “a little
uncomfortable.”

3. Evaluation of Driving Comfort and
Analysis of Influencing Factors

3.1. Analysis of Driver’s Acceleration Variation. We assume
the height differences caused by the pavement damage and
the manhole cover were H1 � 1 cm and H2 �1 cm, re-
spectively. We assume that the location of the pavement
damage was 0.6m away from the edge of the manhole
cover, and the diameter of the manhole cover was 0.7m.
Furthermore, the longitudinal slope value of the road was
4%, the direction of the vehicle was downhill, and the
speed of the vehicle was 36 km/h. As Δk3 � (m1 +m2 +m3)
g/k3 �10.3 cm, then the following relationship could be

Table 2: Relationships between driving comfort and RMS of
weighted acceleration.

RMS of weighted acceleration (m/s2) Driver’s comfort
<0.315 Comfortable
0.315∼0.630 Slightly uncomfortable
0.500∼1.000 A little uncomfortable
0.800∼1.600 Uncomfortable
1.250∼2.500 Quite uncomfortable
>2.000 Extremely uncomfortable
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obtained: H1 ≤Δk3 and H2 ≤Δk3. )erefore, initial con-
ditions for the vehicle entering the pavement around the
manhole were as follows: _y1 � 0.4, _y2 � 0.4, _y3 � 0.4,
y1 � 0.01, y2 � 0.01, and y3 � 0.01. And the initial conditions
for the vehicle entering the manhole cover area after 0.06 s
were as follows: _y1 � _y1(t1), _y2 � _y2(t1), _y3 � _y3(t1),
_y4 � 0, y1 � y1(t1) + 0.01, y2 � y2(t1) + 0.01, y3 � y3(t1)

+ 0.01, and y4 � 0. Equations (1) and (2) were solved
according to those initial conditions and combined with
MATLAB programming, and the development law of
driver acceleration with time was obtained, as shown in
Figure 2.

)ere were three mutation points of driver acceleration
due to the obvious change in road roughness and the new
“excitation” of vehicle vibration.

)e corresponding time of mutation point 1 was 0.06 s,
when the vehicle entered the manhole cover area from the
damaged pavement around the manhole area. And the
acceleration increased from 1.5m/s2 to 3.3m/s2 in-
stantaneously. )e corresponding time of mutation point 2
was 0.13 s, when the vehicle left the manhole cover and
entered the damaged pavement around the manhole area on
the other side. And the acceleration decreased from 3.6m/s2
to 1.1m/s2 instantaneously. )e corresponding time of
mutation point 3 was 0.19 s. )e vehicle drove into the
normal section from the damaged pavement around the
manhole section. At this time, the acceleration increased
from 0.3m/s2 to 2.9m/s2 suddenly.

Driver’s acceleration reached the maximum value of
3.6m/s2 at 0.12 s when the vehicle was driving over the
manhole cover. According to equations (3) and (4), RMS
value of weighted acceleration was calculated, and it was
0.975m/s2. And the comfort degree was evaluated as “un-
comfortable” according to Table 2. )e surface roughness
had an obvious influence on driver acceleration.

3.2. Analysis of Influencing Factors. )ere are many factors
that affect a driver’s comfort when driving on the road,
including driver’s driving intelligence, vehicle vibration
characteristics, and road condition (comprising road
roughness, road alignment, and cultural landscape) [25].
)us, 9 main factors were discussed on the effect of accel-
eration combined with existing research results [23], such as
vehicle speed, height difference caused by damage to the
pavement around the manhole, manhole cover subsidence
and stiffness, tire stiffness and damping, and longitudinal
slope value. )en, the acceleration-time curves were cal-
culated, as shown in Figure 3. Also, the evaluation results of
driving comfort are listed in Table 3.

)e following conclusions can be drawn by analyzing
Figure 3 and Table 3.

(1) Figure 3(a) shows that the maximum acceleration of
the driver of 3.3m/s2 ignored the manhole cover
vibration, which is 8.3% less than that of considering
the manhole cover vibration. Table 3 shows that
the RMS weighted acceleration of the driver was
0.975m/s2 and 0.830m/s2, respectively, when con-
sidering manhole cover vibration or not. )e driving

comfort degree was defined as “uncomfortable”
according to Table 2. )e results indicate that the
vibration of the manhole cover had a little effect on
driving comfort.

(2) As shown in Figure 3(b), the maximum acceleration
of the driver decreased gradually with increasing
stiffness of the manhole cover. As the stiffness of the
manhole cover increased from 104N/m to 107N/m,
the maximum acceleration of the driver decreased
from 4.5m/s2 to 3.6m/s2, a decrease of 25.0%. As the
stiffness of themanhole cover increased from 102N/m
to 107N/m, the RMS value of weighted acceleration
decreased gradually, and the comfort degree changed
from “quite uncomfortable” to “uncomfortable.”
However, the comfort degree had a little variation,
while the stiffness of the manhole cover continued to
increase. It could be seen that the stiffness coefficient
of the manhole cover had a certain influence on
driving comfort, but the influence range was limited.

(3) As the subsidence of the manhole increased from
1 cm to 3 cm and 6 cm, the maximum acceleration of
the driver changed to 4.7m/s2 and 6.6m/s2, an in-
crease of 30.6% and 91.7%, respectively, as shown in
Figure 3(c). As the subsidence of the manhole in-
creased, the driving comfort degree decreased
gradually, as we can see in Table 3. And when the
subsidence of the manhole increased to 4 cm, the
comfort degree changed from “uncomfortable” to
“quite uncomfortable.” )us, the subsidence of the
manhole had a great influence on driving comfort.

(4) Figure 3(d) shows that with increased driving speed
from 36 km/s to 60 km/s and 80 km/s, the maximum
acceleration of the driver changed to 5.1m/s2 and
6.6m/s2, an increase of 41.7% and 91.7%, re-
spectively. Table 4 shows that comfort of driver
decreased gradually with increasing driving speed.
As driving speed changed from 40 km/s to 50 km/s
and 80 km/s, the comfort degree changed from
“uncomfortable” to “quite uncomfortable” and
“extremely uncomfortable,” respectively.)us, speed
had a distinct impact on driving comfort.
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Figure 2: Development law of driver acceleration with time.
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(5) Figure 3(e) and Table 3 show that driver’s maximum
acceleration increased and the driver’s driving com-
fort decreased gradually as height difference caused by
damage to the pavement around the manhole in-
creased. As the height difference increased from 1 cm
to 3 cm and 6 cm, the driver’s maximum acceleration
was 4.4m/s2 and 7.5m/s2, an increase of 25.0% and
108.3%, respectively. Furthermore, when the height
difference increased from 2 cm to 3 cm and 5 cm, the

comfort degree changed from “uncomfortable” to
“quite uncomfortable” and “extremely uncomfort-
able,” respectively. Hence, the height difference
caused by damage to the pavement around the
manhole had a conspicuous effect on driving comfort.
As we can see by comparing Figures 3(c) and 3(e), the
subsidence value had a greater effect on the early stage
(0.06 s∼0.13 s) of vehicle vibration, while height dif-
ference caused by damage to the pavement around the
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Figure 3: Driver acceleration changes with time under the influence of different factors. (a) Vibration of the manhole cover. (b) Stiffness of
the manhole cover. (c) Subsidence of manhole. (d) Driving speed. (e) Height difference. (f ) Longitudinal slope value. (g) Driving direction.
(h) Tire stiffness coefficient. (i) Tire damping coefficient.
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Table 3: Influencing factors and evaluation of driving comfort.

Influencing factors aw (m/s2) Driving comfort degree

Driving speed (km/h)

10 0.533 A little uncomfortable
20 0.663 A little uncomfortable
30 0.849 Uncomfortable
40 1.063 Uncomfortable
50 1.291 Quite uncomfortable
60 1.526 Quite uncomfortable
70 1.766 Quite uncomfortable
80 2.009 Extremely uncomfortable

Longitudinal slope value (%)

1 0.525 A little uncomfortable
2 0.631 A little uncomfortable
3 0.790 A little uncomfortable
4 0.975 Uncomfortable
5 1.176 Uncomfortable
6 1.384 Quite uncomfortable
7 1.598 Quite uncomfortable
8 1.814 Quite uncomfortable

Tire damping coefficient (104N·s/m)

0.1 1.106 Uncomfortable
0.5 0.975 Uncomfortable
1 0.851 Uncomfortable
2 0.692 A little uncomfortable
8 0.545 A little uncomfortable
20 0.638 A little uncomfortable
40 0.754 A little uncomfortable
100 0.911 Uncomfortable

Manhole cover stiffness coefficient (N/m)

102 1.423 Quite uncomfortable
103 1.420 Quite uncomfortable
104 1.395 Quite uncomfortable
105 1.220 Uncomfortable
106 0.977 Uncomfortable
107 0.975 Uncomfortable
108 0.979 Uncomfortable
109 0.979 Uncomfortable

Height difference caused by damage to pavement
around manhole (cm)

0.5 0.901 Uncomfortable
1 0.975 Uncomfortable
2 1.184 Uncomfortable
3 1.443 Quite uncomfortable
4 1.730 Quite uncomfortable
5 2.033 Extremely uncomfortable
6 2.346 Extremely uncomfortable
8 2.989 Extremely uncomfortable

Subsidence of manhole (cm)

0.5 0.968 Uncomfortable
1 0.975 Uncomfortable
2 1.019 Uncomfortable
3 1.095 Uncomfortable
4 1.198 Uncomfortable
6 1.461 Quite uncomfortable
8 1.769 Quite uncomfortable
10 2.104 Extremely uncomfortable

Tire stiffness coefficient (105N/m)

1 0.405 Slightly uncomfortable
2 0.623 A little uncomfortable
4 0.871 Uncomfortable
8 1.227 Uncomfortable
16 1.650 Quite uncomfortable
32 1.780 Quite uncomfortable
64 1.706 Quite uncomfortable
128 1.622 Quite uncomfortable

Considering Vibration of manhole cover or not Yes 0.975 Uncomfortable
No 0.830 Uncomfortable

Diving direction Uphill 1.099 Uncomfortable
Downhill 0.975 Uncomfortable
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manhole had a greater impact on the middle and late
stages (after 0.3 s) of vehicle vibration.

(6) As the longitudinal slope value changed from 4% to
2% and 6%, the maximum acceleration became
2.2m/s2 and 5.1m/s2, a decrease of 38.9% and an
increase of 52.8%, respectively, as shown in
Figure 3(f). As the longitudinal slope increased from
3% to 4% and 6%, the comfort degree changed from
“a little uncomfortable” to “uncomfortable” and
“quite uncomfortable.” )erefore, driving comfort
was significantly affected by the longitudinal slope.

(7) Figure 3(g) shows that the maximum driver accel-
eration was 3.5m/s2 and 3.6m/s2 and RMS weighted
acceleration was 1.099 and 0.975, respectively, while
the vehicle was moving uphill and downhill, re-
spectively. At the same time, comfort degrees were
both “uncomfortable.” )us, the vehicle driving
direction had little effect on the driving comfort but
moving uphill or downhill affected speed which had
a significant effect on driving comfort.

(8) With the increase of tire stiffness, vehicle vibration
periods decreased, and frequency increased gradually,
which was detrimental to driving safety and comfort, as
shown in Figure 3(h). When the stiffness coefficient
increased from 1× 105N/m to 4.8×105N/m and
1× 106N/m, themaximum acceleration increased from
1.5m/s2 to 3.6m/s2 and 4.6m/s2, an increase of 140.0%
and 206.7%, respectively. Table 3 shows that with the
increase of tire stiffness, RMS weighted acceleration
increased first and then decreased. )us, tire stiffness
coefficient had an obvious impact on driving comfort.

(9) Figure 3(i) shows that maximum acceleration
changed little as tire damping increased. However,
attenuation of vehicle vibration was accelerated,
which is beneficial to vehicle driving comfort. Table 3
shows that with the increase of tire damping, the
RMS weighted acceleration value decreased first and
then increased but had little variation. And the
driving comfort degrees were “a little uncomfort-
able” and “uncomfortable,” respectively. )us, tire
damping had little effect on driving comfort.

It was found that driving speed, height difference caused
by damage of the pavement around the manhole, longitu-
dinal slope, subsidence of the manhole cover, tire damping
and stiffness, andmanhole cover stiffness all had a significant
effect on driving comfort. However, the driving direction
could be ignored for it had little effect on driving comfort.

While many factors had great influence on driving comfort,
a further study needed to be done to identify which ones play the
most significant role. )e grey correlation entropy method was
used to point out the main control factors of driving comfort.

4. Analysis of the Influencing Factors Based on
Grey Correlation Entropy Method

4.1. Grey Correlation Entropy Method. Grey correlation re-
fers to the uncertain relationship between different things. It

is a systematic analysis method used tomeasure the degree of
correlation between factors and systems to compare the
influence degree between factors. However, this method can
easily generate the problem that the local point correlation
value controls the overall point correlation value, causing
loss. To solve this problem, the grey correlation entropy
method was proposed [26].

For grey correlation entropy analysis, let X be the grey
correlation factor set. Take J as the reference set
(X0 � X0(k)|, k � 1, 2, . . . , n ), and take 7 influencing
factors (except “driving direction” and “considering the vi-
bration of manhole cover or not” in Table 3) as the com-
parison set (Xi � Xi(k)|, k � 1, 2, . . . , n ) (i� 1, 2, . . ., 7). In
the calculation process, the magnitude and unit of each factor
were different. )erefore, in order to eliminate influence on
the calculation result, the data need to be processed to obtain
the dimensionless set Xi and the reference set X0, which was
Xi
′ Xi(k)/Xi|, k � 1, 2, . . . , n  (i� 0, 1, 2, . . ., 7).
)e process of grey correlation entropy analysis is

summarized into the following 5 steps:

Step 1. )e grey correlation coefficient of Xi to X0 was
obtained from the following equation:

ξ x0(k), xi(k)  �

mini�1,mmink�1,n x0(k) − xi(k)


 + ρmaxi�1,mmaxk�1,n x0(k) − xi(k)




x0(k) − xi(k)


 + ρmaxi�1,mmaxk�1,n x0(k) − xi(k)



,

(5)

where ξ is the grey correlation coefficient and ρ is the
resolution coefficient (ρ ∈ [0, 1], and is 0.5 generally).

Step 2. )e distribution density of grey correlation entropy
was obtained according to equation (6).

Let Ri � ξ[x0(k), xi(k)] , and the defined distribution
density of grey correlation entropy as follows:

Ph ≜
ξ x0(h), xi(h) 


n
k�1 ξ x0(h), xi(h) 

, (6)

where Ph ∈ Pi(h � 1, 2 . . . , n) and Ph ≥ 0,  Ph � 1.

Step 3. )e grey correlation entropy was obtained from
equations (7) and (8).

Let X� (x1, x2, . . ., xn), ∀i, xi≥ 0,  xi � 1, and grey
correlation entropy as follows:

H⊗ (x)≜ − 
n

i�1
xi lnxi, (7)

where xi is the attribute information.
)e grey correlation entropy of Xi is

H Ri( ≜ − 
n

h�1
Ph lnPh. (8)

Step 4. )e grey entropy correlation degree of Xi was ob-
tained from the following equation:
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E Xi( ≜
H Ri( 

Hmax
, (9)

where Hmax � ln n is the maximum value of the grey entropy
and represents the maximum value of the difference in-
formation column composed of n elements.

Step 5. Significance of influencing factors was determined
by the grey entropy correlation degree.

4.2. Results. Grey correlation entropy analysis for the 7
factors shown in Table 4 was performed, and the computed
results and ordered correlation values of grey entropy are
shown in Table 4.

From Table 4, it can be seen that the significance order
of the different factors that affected driving comfort was as
follows: longitudinal slope, driving speed, height differ-
ence, subsidence of manhole, tire stiffness coefficient,
manhole cover stiffness coefficient, and tire damping co-
efficient. Driving speed, height difference caused by
damage to the pavement around the manhole, longitudinal
slope, and subsidence of manhole were the four most
important factors which affected driving comfort. Height
difference and subsidence of manhole were both irregu-
larity problems. However, influence of the height difference
on driving comfort was greater than that of manhole cover
subsidence. When the road surface roughness was poor, the
existence of the manhole cover with elastic characteristics
could reduce driving discomfort when passing over an
irregular road.

5. Conclusions

(1) Under the same basic parameters, when the vehicle
passed over the manhole cover, the driver’s accel-
eration reached the maximum of 3.6m/s2, the RMS
weighted acceleration was 0.975m/s2, and the
driving comfort degree was evaluated as “un-
comfortable.” )e existence of the manhole cover
and damage to the pavement around the manhole
greatly reduced the driving comfort.

(2) Driving speed, height difference, longitudinal slope,
subsidence of the manhole cover, tire damping and
stiffness, and manhole cover stiffness all had sig-
nificant influence on the driving comfort, and all of
them should be paid more attention. Meanwhile,

driving direction had little effect on driving comfort,
which could be ignored.

(3) Grey correlation entropy analysis showed that the
order of significant influencing factors on driving
comfort was longitudinal slope, driving speed,
height difference, subsidence of inspection wells,
tire stiffness, cover stiffness, and tire damping.
Driving speed, height difference caused by damage
to the pavement around the manhole, longitudinal
slope, and subsidence of the manhole cover were the
four most important factors which affected driving
comfort.

(4) )e effect of height difference on driving comfort
was greater than that of manhole cover subsidence.
)us, the existence of a manhole cover with elastic
characteristics could reduce driving discomfort in
poor roughness conditions.
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