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Abstract: To overcome the limitations of using time interval division to calculate the bridge impact
coefficient (IM), a sieving method has been proposed. This method employs multiple sieves on
bridge time-history curve samples to ultimately obtain the bridge impact coefficients. Firstly, CA
cellular automata are used to establish different levels of traffic flow fleet models. The random traffic
flow-bridge coupling dynamic model is established through wheel-bridge displacement coordination
and mechanical coupling relationships based on the theory of modal synthesis. Then, the variation of
bridge dynamic time-history curves for different classes of random traffic flow, speed and pavement
unevenness parameters are analyzed. The sieving method is applied to screen the extreme points
of the dynamic time-history curve of the bridge, enabling the distribution law of the bridge IM
to be obtained using the Kolmogorov-Smirnov test (K-S test) and statistical analysis. Finally, the
calculated value is then compared with the IM specifications of multiple countries. The results show
that the proposed method has high identification accuracy and produces a good inspection effect.
The value obtained using the sieving method is slightly larger than the value specified in the US code,
0.33, which is considerably larger than the values specified in other national codes. As pavement
conditions deteriorate, the IM of the bridge increases rapidly, especially under Class C and Class D
pavement unevenness, which exceed the values specified in various national bridge specifications.

Keywords: long-span bridges; dynamic response; sieving method; impact coefficient

1. Introduction

As a crucial component of transportation infrastructure, bridges serve as key nodes in
the highway network. Vehicle-bridge coupling vibration affects both the working condition
and service life of bridges while also serving as a crucial basis for evaluating the dynamic
safety of bridges. Conducting an in-depth study of vehicle-bridge coupled vibration
problems is of great significance for the design and safe operation of highway bridges [1-5].

Currently, a reliable, traditional approach to researching vehicle-bridge coupling
vibration is to use field tests to obtain bridge dynamic response data for analytical studies.
Since the 1950s, a number of field tests have been carried out in countries such as the
USA and Australia, providing a reliable basis for the study of vehicle-bridge coupling [6].
However, due to the relatively high cost of field tests and the number of interference
factors, it has not been widely used in relevant research [7]. With the rapid development of
the computer level, numerical simulation analysis has become the main efficient method
for studying vehicle-bridge coupling and has been widely used. Scholars from various
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countries have used numerical methods to simulate complex multi-degree-of-freedom
vehicle-bridge analysis models. Wang et al. [8] established a three-axle vehicle model.
Harris et al. [9] and O’ Brien et al. [10] established a five-axle heavy truck model, etc.
Some scholars used the distribution function of one or several vehicle models to simulate
random traffic [11-13], and some scholars assumed random traffic flow as a simpler random
process [14-16] and used the cellular automaton method [17] or Monte Carlo method (MC)
to simulate random traffic flow [18-20]. Regarding the simulation of bridge models, it has
developed from the one-dimensional beam cell to the two-dimensional plane model [21],
then to beam lattice models [22-24], three-dimensional solid models [25], etc.

The impact coefficient (IM) is an important indicator for evaluating the dynamic
response of a bridge and an important parameter for bridge design and safety assessment.
Currently, the traditional IM is determined as the ratio of the dynamic effect to the static
effect generated by a vehicle crossing the bridge. However, the actual vehicle load is
generated by a random combination of multiple vehicles, and its IM is calculated differently
from that of a vehicle. The current mainstream approach for calculating the IM of a bridge
under random traffic flow is a method proposed by Qi-Lin Zhang [26], which involves
dividing the time periods. The basic principle is to divide the total operating time f of the
traffic flow into n small time intervals At, analyze the maximum dynamic displacement
and maximum static displacement of the bridge within each At, and calculate the IM via
the ratio of the sample data for the dynamic and static displacement of the bridge [27-29].
As shown in Figure 1, the IMs calculated using this method are strongly influenced by
the variation of the interval time. However, no reasonable basis for At has been provided,
leading to significant deviation from the actual situation in the calculated values. Therefore,
it is urgent to conduct research on the IM of bridges under random traffic flow.
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Figure 1. Calculation process of impact coefficient (time period division).

To address the limitations of the aforementioned research approach, this paper pro-
poses a dynamic analysis model for random traffic-bridge based on the basic principles of
the modal synthesis method using cellular automata. Furthermore, a sieving method is
proposed for calculating the IM of the bridge based on the extreme value principle, which
uses multiple sieving methods for time-history curve samples of the bridge and performs
K-S testing and statistical analysis to obtain the IM distribution. This approach offers
high accuracy and effective inspection. An IM analysis under random traffic flow is also
conducted on a long-span continuous beam bridge as an example. The relevant research
results could provide guidance for the calculation and study of such bridges under the
influence of random traffic flow.

Using the screening method, which compares the sizes of adjacent points to obtain
the extreme points of the bridge structure, allows the shortcomings caused by uneven time
division to be avoided, and the obtained extreme points allow for more accurate calculation
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of the impact coefficient under random traffic flow provided by the screening method.
The objective of this work is to calculate the impact coefficient under random traffic flow
provided by the screening method.

2. Theory of Random Traffic Flow-Bridge Coupled Vibration

To analyze the coupling effect of random traffic-bridge, a separate dynamical model
of random traffic and bridge coupling needs to be developed, and the geometric and
mechanical coupling between vehicles and the bridge should be investigated.

2.1. The Vibration Equation of Random Traffic Flow

The vibration equation for random traffic flow is established using the principle of
virtual work, as shown in Equation (1).

leélm + Cvluvl + Ky1Uy1 = Fiy
MU + CooUy + KyoUp = Fip

: ¢y
Mo (1) Up(n-1) + Co(n-1)Uo(n-1) T Ko(n-1)Uo(n-1) = Fo(n-1)
My Uy + ConUpy + KyyUyn = Fup
Organize Equation (1) into Equation (2):
Mvuv+cvuv + Kolly = Fyy (2)

where My;,Cyi,Koi, Fpi = the mass matrix, damping matrix, stiffness matrix and external
force vector of the ith vehicle, respectively;  is the number of vehicles in the random traffic
flow; M,, Cy, Ky, = the mass matrix, damping matrix and stiffness matrix of the random
traffic flow, respectively; F, is the external force vector of the random traffic flow; U, is

the displacement matrix of each degree of freedom of the vehicle; Uy = the velocity matrix

of each degree of freedom of the vehicle; U, is the acceleration matrix of each degree of
freedom of the vehicle; Fy,, = the force vector of the bridge on the vehicle.

2.2. The Vibration Equation of Bridge
According to D’ Alembert’s principle, establish the vibration equation of bridge:

MU, + C,U, + KU, = F,y, (3)

where M;, Cp,, K = the mass matrix, damping matrix and stiffness matrix of the bridge,
respectively; Uy = the displacement matrix of each degree of freedom of the bridge; U;, =

the velocity matrix of each degree of freedom of the bridge; U, = the acceleration matrix of
each degree of freedom of the bridge; F,;, = the force vector of vehicle to bridge.

2.3. The Roughness Model of the Road

In this paper, a numerical road roughness model [30] is developed using the harmonic
superposition method, wherein the road roughness profile can be represented by the sum
of a series of harmonics, as shown in Equation (4).

s

Il
—_

q(x) = 2Gy(nyig—1An) sin(27t1,,;41x + 6;) 4)

where g(x) is the spatial domain dispersion of the wheel corresponding to the road rough-
ness (mm); G, = the displacement power spectral density (m?/Hz); n,,;4_1 is the central
frequency of the ith interval (Hz); An = the frequency interval; n,,;;_1 = (i — 0.5)An; x = the
distance travelled by the vehicle (m); 6; is the random variable from 0 to 27t.
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In order to conform to the actual road surface conditions, this paper considers the
coherent relationship between the left and right wheels corresponding to road roughness
and establishes a spatial road roughness model [31-33], as shown in Equation (5).

RL(})|?
(’YRL(n))Z = qulgzn)éq)i(n) cos? (8 — 0R) = con’n

The results of the C-level spatial road roughness surface map are given in Figure 2.
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Figure 2. Surface map of C-level spatial road roughness.

2.4. Vehicle-Bridge Coupling Interaction
2.4.1. Geometric and Mechanical Coupling Relationship between Wheel and Bridge

Assume that, during the driving process, the displacement vector at the centroid of
the bridge is U}; and the displacement vector at the contact point between the wheel and
the bridge deck is Uy;, as shown in Figure 3 and Equations (6) and (7):

Upi = [Xoi Yoi Zbi Oxvi Oybi Oabi ©)
U, = [xvi Yvi Zvi Oxvi GYVi GZVi] @)
ZvA
Z,A P
< ch
YV my
B2,/ .B/2,,
Ky Lst Krsi
My | Mrx1 ZRI

Ky CLtl Krai $Cry

;,,k ehﬁ

Figure 3. Wheel-bridge geometric coupling relationship.
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Annotation:

e = the horizontal distance from the centroid of the bridge to the center of the wheel-
base (m);

h = the vertical distance from the centroid of the bridge to the center of the wheel-
base (m);

B = the lateral distance between the left and right wheels of the vehicle (m);

my, = body mass (kg);

@ =roll over moment of inertia (kg~m2) ;

Kis1, Krs1, K111, Kri1 = suspension stiffness and tire stiffness (kN-m~1);

Crs1, Crs1, Cru1, Cry = damping coefficient and damping coefficient (kN-s-m~1);

M1, MRx1 = unsprung mass (kg);

214, Zry = vertical displacement of suspension system (m);

Xbi, Ybis Zbi = the coordinate value at the centroid point of the bridge (m);

Oxbis Oybi, Ozbi = the angular displacement at the centroid point of the bridge (°);

Xvi, Yvir Zvi = the coordinate value at the point of action of the axle (mm);

Oxvis Oyvi, Ozvi = the angular displacement at the point of action of the axle (°).

Based on the geometric coupling relationship between wheels and bridge, establish
the displacement transfer equation for wheel-bridge coupling, as shown in Equation (8).

u, = TU, 8)

Annotation:

U, is the wheel displacement matrix;

Uy, is the bridge displacement matrix;

T is the vehicle-bridge displacement transfer matrix.

U,1i, Uyg; are the displacement vectors of the left and right wheels of the vehicle, as
shown in Equations (9) and (10).

(xyi] 100 0 h —(e—3)] [xwi]

YvLi 01 0 —hB 0 0 ybi

o Zyli | 00 1 e— 5 0 0 Zhi
Ui = Oetil 00O 0O 1 0 0 Ori ©)

Oy 000 0 1 0 Oybi

_szLi_ _0 00 0 0 1 _ _szi_

(xri] [1 00 0 h —(e+5)][xw]

YvRi 01 0 —hB 0 0 ]/bi

_|&rRi|_|0 01 e+5 O 0 z,,
Ui = Ogril |0 OO 1 0 0 Oxbi 10)

evai 0O 0 0 0 1 0 Gybi

_GZVRi_ _0 00 0 0 1 _ _gzbi_

Assuming that the unevenness of the road surface at the contact point between the
wheel and the bridge deck is r1(x) and rg;(), the vertical displacement at the point of action
of the vehicle-bridge coupling is d; and dg;, as shown in Equations (11) and (12).

B

dui = rri(x) +zp + (e — E)exh (11)
B

dri = rri(x) + 2z + (e + 5)93(1: (12)

Under the excitation of spatial road roughness, a set of equal and opposite forces will
be generated between the wheels and the bridge deck, as shown in Figure 4.
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Figure 4. Wheel-bridge coupling relationship mechanics.

Annotation:

Kii, Kry = suspension stiffness and tire stiffness (kN-m~1!);

CLti, Crii = damping coefficient and damping coefficient (kN-s-m™1);

7y, Zg; = vertical displacement of suspension system (m);

Myix, MRix = under-spring mass (kg);

7Li, 'ri = the speed of uneven road surface (m/s);

Zy, = vertical displacement of bridge structures (m).

The vertical force of the left and right wheels on the ith axis of the vehicle is shown in
Equation (13).

{ Fii= CLti‘:iLi + Kpgdii (13)
Fri = Credri + Kriidri
The vertical load of vehicle on the bridge is shown in Equation (14).
{ Foori = *CLti(éiLi - ZLi) — Ky (dui — Zui) — Foui (14)
Fyouri = —Crei(dri — Zri) — Krei (dri — Zri) — Fori

Annotation:

Fy1i, Fyri = the vertical force on the left and right wheels (kN);

Fo1i,Fpzri = the vertical force of the ith left and right wheelset bridge (kN);

FaLi, Fgri = the weight of the vehicle carried by the ith left and right wheels (kg).

2.4.2. Random Traffic Flow—Bridge Time-Varying Dynamic Equation

The random traffic flow-bridge vibration equation under time-varying effects is estab-
lished based on the principle of modal synthesis method, as shown in Equation (15):

v 0 :| {Kv Kvb:| [U‘U] |:Fbv:|
+ = 15
[ 0 M, Koy Ky | [Up Fyy 15
Annotation:
Cib, Coy, Kip, Kpy = the damping matrix and stiffness matrix for the interaction
between vehicles and bridge, respectively.

In this paper, FE model was followed using Midas Civil software. Newmark-beta was
adopted for iteration, and the iteration interval was 0.006 s.

U,

u,

u,

[ Cv va]
U,

Cov Gy

3. Calculation of Bridge Impact Coefficient Using Sieving Method

The IM is usually of great importance as a key indicator for evaluating the dynamic
response of a bridge. When calculating the bridge IM, the extreme points of the dynamic
and static response of the bridge should usually be taken, but there is a characteristic of
multiple extreme points in the dynamic time curve of the bridge under random traffic flow,
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and there are relatively few existing methods to study such cases. Therefore, this paper
proposes a new method to calculate the bridge IM via the sieving method, and its basic
principle is detailed in Section 3.1.

Figure 5 shows that the screening method obtains 516 extreme points, 288 extreme
points were obtained through time division (Qi-Lin Zhang’ method) and the extreme points
of the screening method can include 97% of the points in the Qi-Lin Zhang’ method.

10
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Figure 5. Comparison of methods.

3.1. Principle of the Sieving Method

The dynamic time-history curve is screened by comparing the size relationship of
three adjacent extreme points based on the extreme value theory. If the absolute value of the
intermediate extreme point is greater than the absolute value of the adjacent extreme points
on both sides, it is considered to be the target extreme point and is retained. If the absolute
value of the intermediate extreme point is less than the absolute value of either extreme
point on either side, the extreme point data are removed, and the process is repeated until
all extreme points are screened.

In order to briefly explain the principles associated with the sieving method for calcu-
lating bridge IMs, the process of dealing with the extreme points of bridge displacement
during part of the time period (At € [57, 67] s) is illustrated in this paper, as shown in
Figures 6 and 7.
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Figure 6. Time-history curve of mid-span section displacement.
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Figure 7. The extreme value distribution of 57 to 67 s. (Red represents the extreme points with
intrusiveness, while blue represents the desired targets that we hope to obtain through filtering).

Figure 7 indicates that there are 10 sample trough extreme value points, marked as
Aj1~Aj in this period. If the t moment sample trough value at the same time is less than
the adjacent moment sample trough values, then the data should be saved; otherwise, the
data should be rejected. For example: when A; > A; < Aj, the extreme value point A
should be saved, and other extreme value point processing processes are similar. Thus,
the expected trough extreme values A; and Ag can be obtained. At the same time, due to
the downward positive trend of the vehicle-bridge dynamic displacement curve, if the
screening of the target trough extreme value points shows that they still exist at values
greater than 0, it is necessary to carry out multiple screenings until the screened extreme
value points are less than 0; then, the screening is completed.

3.2. Implementation Process

Using the basic theory of bridge-vehicle coupling, the time series of displacement
curves of key sections of the bridge under random traffic flow are calculated. The displace-
ment vectors ¥; and ¥) are arranged in chronological order, where Y is the bridge dynamic
displacement vector and Y; is the bridge static displacement vector, and the corresponding
time series vector T is saved. According to the principle of the sieving method, the pre-
and post-differential values of ¥; and Y; are taken; that is, the time-history response value
at time ¢; is compared with the displacement values at the adjacent times ¢;_; and t;11 on
both sides. If the displacement value Yy; at time ¢; is greater than the displacement values
Yai-1), Ya@i1) at time £;_q and t;,1, as shown in Equation (16), Yy; is used as the retained
trough extreme point after screening, and its corresponding time ¢; is recorded. Otherwise,
according to Equation (17), the data will be excluded and the displacement value of #;,4
at the next time will be determined. Operating cyclically, all time-history response data
will be filtered once to obtain the dataset Yqnax Of all trough extreme points and the static
displacement ¥jmax of the bridge.

lf Yd(ifl) < Ydi > Yd(ifl) reserve Ydi (16)

if Yd(ifl) <Yy < Yd(i+1) remove Yy
if Yd(i—l) > Ygi 2 Yd(i+1) remove Yy (17)
if Yai-1) = Yai < Yg(y1) remove Yy

The maximum value Y (j)max of the wave trough is determined after screening. If

there is a situation where ¥ (j)max is greater than 0, more screening is performed until the
maximum values of the sample wave trough after screening are all less than 0.
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The K-S test is performed on the maximum value of the final retained wave trough
to obtain the distribution pattern of the extreme values of bridge dynamic and static
displacement, thereby determining the average values Yjmax and Yjmax of bridge dy-
namic and static displacement. The average IM y;, of the bridge is calculated according to
Equation (18), and the technical flowchart is shown in Figure 8.

Y rmax
pr = (18)

jrmax

Annotation:
ir = the average impact coefficient of the bridge under random traffic flow.

Extract time history
curve
|
' l
Displacement Time step
vector ¥, Y, vector T

J

Extract displacement
vector wave troughs

Delete Yy/t;

Reserve Yyt

|

Store Y,/T

K-S Test

*—%

¥

an

I—l—‘

Calculate u,

Figure 8. Flowchart of the sieving method.

3.3. Test

Using the data of the bridge displacement curve in Figure 6 for case analysis, the
screening data results were obtained, as shown in Figure 9.

Figure 10 indicates that the displacement curve contains 44 trough points, and the
remaining extreme values of bridge displacement are all less than 0 after three sieves.

The results of comparing the test results with the original curve are given in Figure 10.
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Figure 9. Test analysis. (a) Primary screening; (b) Secondary screening;(c) Tertiary screening.
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Figure 10. The time-history curve of the bridge displacement. (a) Full time screening results;

(b) Period screening results (At € [205, 225] s).

The results show that the sample envelope curve after three screenings is in good
agreement with the original trough extremum curve, and the randomly selected trough
extremum data within the time period At € [205, 225] s also meet the expected extremum

values for screening, verifying the correctness of the method.

The K-S test was performed on the sample data after three screenings, and the test

results are shown in Figure 11.

1t 6=2.53

Frequency

13 Y grmax= —9-30

Dynamic displacement amplitude/mm

(a)

Figure 11. Cont.
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Figure 11. K-S test. (a) Dynamic displacement; (b) Static displacement.

The results show that the dynamic and static displacement sample data of the bridge
satisfy the K-S test and conform to the normal distribution. The average values of dynamic
and static displacements can be calculated, with Yg,pnax = —9.30 mm and the variance
0 =2.53,Yjrmax = —6.74 mm and the variance 0 = 3.21, and the average impact coefficient
ur = 0.38.

4. Study on the Calculation of Impact Coefficient of Long-Span Continuous Beam
Bridge under Random Traffic Flow

4.1. Project Case
4.1.1. Bridge Profile

Taking a continuous beam bridge as an example, the length of the bridge is 57 + 100 + 57 m.
The main girder adopts a single-box and single-chamber section with C55 concrete, while
the pier adopts a double-column type pier with C40 concrete, as shown in Figure 12.

| 239 |
57 100 57 |

(b)

Figure 12. Bridge model(m). (a) Bridge project (yellow means pier, blue means pier body); (b) Bridge
FEM model.
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4.1.2. Determination of Random Traffic Flow

During the operational period, traffic flow on the bridge deck is random. To facilitate
the analysis of the bridge’s dynamic response under typical random traffic flow, the traffic
flow composition is divided into four different levels of random fleet models based on

design specifications and measured data [34,35]. The parameters of each vehicle model are
shown in Figure 13.

3630mm
Sedon 670kg 4670kg
@ )
3570mm 1340mm
Micorbus 712kg 230kg 1265kg
O @ ®
2670mm 3480mm 1900mm
Medium truck [534kg 768kg 1068kg 1062kg
O ® @ ®
. 3310mm 4940mm »11290mmi 300mm
Motor bus 502kg 039kg P24kg - 887kg 883k
° —@) ®© @ @
(1830mm;_2700mm 4340mm 1290mm1 280mm
Truck 457kg E%kg 1237kg 1051kg 1045kg |1162kg
@ L) =) () O) @
(a)
[ ISedan
B Microbus
| |Medium truck
B Motor bus

|:| Truck 26.7%

33.3%

20% 6.7%

13.3%

(b)

Figure 13. Vehicular parameters. (a) Vehicle characteristics; (b) Proportion of vehicle types.

To quantitatively describe the differences between different levels of random traffic
flow, this article uses the average headway to illustrate, as shown in Equation (19):

— 1000
5= (19)

Annotation:
S = the average headway (m);
K = the density of traffic flow (pcu-km~!-In"1)
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CA cellular automata are used to generate a random vehicle flow fleet model at the
first to fourth service levels, as shown in Figure 14.

From Figure 14, it can be seen that as the service level decreases, the density of traffic
flow gradually increases and the distance between vehicles decreases.
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Figure 14. Cont.



Buildings 2023, 13, 2389

15 of 21

1030.18
0.16
A
go 14
=
F
0.12
0. 10 T IPARU RS SIS S B S S
0 50 100 150 200 250
Distance/m

Figure 14. Schematic diagram of a random vehicle flow fleet model under four service levels.
(a) Level 1; (b) Level 2; (c) Level 3; (d) Level 4.

4.2. Research on Calculation of Bridge Impact Coefficient under the Action of Sensitive Parameters

In order to analyze the variation in the bridge IM with vehicle speed and road rough-
ness parameters under different levels of random traffic flow, a 100-vehicle fleet model was
utilized for analysis in this paper. The calculation results are as follows.

4.2.1. Vehicle Speed

In order to explore the relationship between the driving speed of the fleet and the
dynamic response of the bridge, the random traffic flow under the second level of service
and the B-level road roughness were taken as the research background. The dynamic
response of the bridge was calculated for 9 speed conditions, starting from 40 km/h and
increasing by 10 km/h until 120 km/h, and K-S tests were conducted. Some results are
shown in Figure 15 and Table 1.

Table 1. Variation law of displacement amplitude range of mid-span mid-section (V = 40 km/h~
120 km/h).

Mid-Section in the Middle Span

Speed (km/h) Dynamic ... Impact Coefficient
Disp}iacemen ¢ Mean (mm) Standard Deviation (Sillving Method)

40 [—13.22,7.25] —8.81 3.09 0.37

50 [—14.04,10.01] —9.65 3.55 0.51

60 [—14.25,7.14] —9.48 2.56 0.48

70 [—14.36,9.17] —-9.34 2.63 0.46

80 [—14.51,7.70] —9.23 3.1 0.44

90 [—14.19,8.71] —9.06 2.77 0.41

100 [—13.59, 6.36] —-9.30 2.54 0.45

110 [—13.84,7.26] —9.85 2.37 0.54

120 [—15.96, 8.28] —-10.47 2.5 0.63

Static displacement [—11.86,4.78] —6.41 3.28 /

The results indicate that the overall range of dynamic and static displacement ampli-
tudes in the mid-span section of the bridge shows a fluctuating trend of first increasing,
then decreasing, and then increasing when the speed of the vehicle fleet changes from
40 km/h to 120 km/h. At low vehicle speeds (40 km/h to 80 km/h), the dynamic response
amplitude of the bridge increases as the vehicle speed increases. However, as the vehicle
speed gradually increases (from 80 km/h to 110 km/h), the dynamic response amplitude
of the bridge shows a decreasing trend. At a speed of 120 km/h, the dynamic response
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amplitude of the bridge reaches its maximum value. Studies have shown that the influence
of vehicle speed on the dynamic response of bridges is relatively complex and may work in
conjunction with various other factors to affect the vibration response of the bridge [36].

12 —— V=50km/h
10
8 r Ydmuleo'Ol
E o
= i
5}
£ 2r
5}
ok
g OF
&
5t
o 6F
N
é—lo L
12 b
14 k= Ydmin~— —14.04
716 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700
Time/s
6 F ——V=50km/h
4 Yima=4-78
g of
~
g of L
-
Q
S gt
o
=
=
=
+~
A ok
Yimin= —11.86
-12
714 1 1 1 1 1 1 1 ]
0 100 200 300 400 500 600 700

Time/s

Figure 15. Time-history curve of mid span displacement (V = 50 km/h).

To calculate the average IM of the bridge using the sieving principle and compare
it with the values of multiple national codes [37,38], the relevant results are shown in
Figure 16.
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Figure 16. Comparison of impact coefficients in Vehicle speed [39-43].
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Figure 16 indicates that when the random traffic flow under the second level of service
and the B-level road roughness were taken as the research background, the bridge dynamic
response obtained using the specifications of various countries is different, among which
the value of the American specification is the highest (0.33), followed by the Canadian
and British specifications (0.30 and 0.25, respectively), while the value of the Chinese and
Japanese specifications is relatively low (0.05 and 0.08, respectively). The calculation results
of the screening method proposed in this paper show that the bridge dynamic response
changes with the change in vehicle speed. Overall, there is a trend of increasing first, then
decreasing, and then increasing. The IM ranges from 0.35 to 0.55, which is slightly higher
than the values specified in the US regulations, higher than the values specified in the
Canadian and British regulations and much higher than the values specified in the Chinese
and Japanese regulations.

4.2.2. Road Roughness

Taking the random traffic flow at the second level of service as an example, the road
roughness was used as the input variable, and four different operating conditions from
level A to level D were selected to calculate the dynamic response of the bridge. The
roughness geometric means are shown in Table 2.

Table 2. Road roughness classification via ISO.

Road Class

Degree of Roughness

Lower Limit Geometric Mean Upper Limit Geometric Mean
Spatial Frequency Units, n Gu(n)

Galno) * 10-®m
10-6 m3

A — 16 32 6.3

B 32 64 128 25.3

C 128 256 512 101.1

D 512 1024 2048 404.3

E 2048 4094 8192 1617

F 8192 16,384 32,768 6468

G 32,768 65,536 131,072 25,873

H 131,072 262,144 — 103,490

2ng=0,1cycles/m.

The dynamic response and IM at typical positions are shown in Figure 17.

The IM value of the bridge was calculated using the screening principle and compared
with the values specified in national standards. The relevant results are shown in Figure 18.

Figure 18 indicates that as the pavement grade decreases, the IM of the bridge cal-
culated using the screening method gradually increases, and the increase is significant.
When the unevenness of the road surface is at level A, the calculation result using the
screening method is relatively close to the values specified in Chinese regulations. When
the unevenness of the road surface is at level B, the calculation result of the screening
method is slightly higher than the American standard (0.33). When the unevenness of the
road surface is at level C and level D, the results calculated via the screening method are
0.90 and 2.02, respectively, which are much greater than the values specified in national
standards. The relevant results indicate that in situations where the road surface condition
is relatively good, the values of the American standard (AASHTO-2017 [40]) are relatively
safe, while the values of other national standards are relatively small. When the road
surface roughness level is C or D, the IM increases significantly, exceeding the values of
national standards. Therefore, it is recommended to add the influence of bridge surface
roughness on the calculation of the bridge IM into subsequent standard revisions.
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Figure 17. Time-history curve of bridge displacement under different road surface roughness values
(the second level of service). (a) Dynamic displacement; (b) Static displacement.
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Figure 18. Comparison of impact coefficients in Road roughness [39-43].

5. Conclusions

(1) By utilizing the fundamental principles of the modal synthesis method, this study
employs cellular automata (CA) to establish various levels of random vehicle flow fleet
models and uses the modal superposition method to develop bridge dynamic models.
Through coordinating the displacement of wheels and bridges and considering the
mechanical coupling relationship, as well as the impact of spatial road roughness, a
stochastic vehicle flow-bridge coupling dynamic model is established.
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(2) Considering the complexity, continuity and multiple peak and valley characteristics
of the dynamic response curve of bridges under random traffic flow, a sieving method
is proposed for calculating the inertial IM of bridges. The screening method is more
accurate and advantageous in obtaining extreme points than the time interval method
proposed by Qi-Lin Zhang. This method is based on the extreme value principle
and involves multiple screenings of time-history curve samples of bridges, as well
as K-S testing and statistical analysis, to obtain the IM distribution. This method
has the advantages of high recognition accuracy and good inspection effect, and the
correctness of the method was verified through numerical examples.

(3) By analyzing the dynamic response of bridges under random traffic flow, it is found
that under B-level road roughness, with the increase in vehicle speed, the amplitude
range of the dynamic and static displacement at typical positions of the bridge shows
a trend of first increasing, then decreasing and then increasing. The calculation results
are slightly larger than the values in the American standard (AASHTO-2017 [40]) and
far greater than those in other national standards. As the unevenness of the road
surface deteriorates, the IM of the bridge under different levels of random traffic flow
shows an increasing trend and a significant increase, especially under C-level and
D-level road unevenness, where the calculated value of the bridge IM is much greater
than the standard value. The relevant research results can provide reference for the
dynamic safety assessment of such bridges.
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