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Abstract. To explore the difference in the impact of transverse bracing on the seismic effect of through
concrete-filled steel tube arch bridges with non-isolated and earthquake-isolated, nine non-isolated and
earthquake-isolated structural models under different cross-bracing arrangements were established, and
Elcentro seismic waves were selected. The internal force, displacement, velocity, absolute acceleration,
relative acceleration, and separation of arch ribs of each model were compared and analyzed under uniform
excitation along the bridge, transverse and vertical directions, multi-dimensional combined excitation, and
multipoint excitation considering the traveling wave effect. Based on the shear force and displacement of the
earthquake support, it is concluded that the internal force response of different excitations of various models
is more complicated. The installation of transverse bracing on the upper part of the arch rib can reduce the
vertical displacement of the arch rib of the nonseismic structure. The “X”-shaped cross brace at the top of
the arch rib and the “K”-shaped cross brace at the lower part help to reduce the transverse acceleration of the
arch rib. The absolute acceleration and relative acceleration of the seismic structure arch ribs are significantly
reduced.

Keywords: transverse bracing, seismic isolation, through concrete-filled steel tube arch bridge, time history
analysis.

1. Introduction

In recent years, there have been frequent earthquakes around the world. As a lifeline project
for postdisaster reconstruction and disaster relief, bridges have always received extensive
attention. A large number of concrete-filled steel tube arch bridges have been built, and research
on related cross-bracing arrangements is also ongoing.

Dong Rui et al. [1] studied the effectiveness of new L-shaped cross-braces in the stability of
long-span concrete-filled steel tube truss arch bridges. Hejiang Third Bridge was taken as the
engineering background, using a combination of numerical calculation and theoretical analysis to
compare and analyze its mechanical performance and stability, and use orthogonal experiment
and variance analysis methods to evaluate the significance of L-shaped cross braces in the stability
of long-span CFST truss arch bridges Zhang Sumei and Yundi [2] analyzed and compared the
possible layout schemes of cross braces and X braces for a 360-meter-span half-through
concrete-filled steel tube arch bridge, and proposed the rationality of X braces and cross braces
accordingly. According to the principle of equal bracing area and similar material consumption of
transverse bracing system, four bracing schemes were proposed and analyzed for ultimate bearing
capacity respectively; Wan Peng et al. [3] designed the Guangzhou Xinguang Bridge with a main
span of 428 meters in plan, the large-scale finite element software ANSYS was used to establish
a three-dimensional finite element model of the full bridge, and the influence of the number and
position of the transverse braces on the elastic stability and the ultimate bearing capacity of the
plane was analyzed. Jin Bo et al. [4] used the finite element method to analyze the influence of
transverse bracing on the overall stability of a cable-stayed concrete-filled steel tube arch bridge;
Chen Baochun et al. [5] found arch and arch-girder composite bridges are the main ones; Liu Zhao
et al. [6] derived the analytical calculation formula for the lateral elastic stability bearing capacity
of arch bridges with transverse braces based on the energy principle, and verified the proposed
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finite element numerical solution through a numerical example. The correctness of the analytical
formula and finally discussed the influence of structural parameters on the stability of bearing
capacity; Wu Meirong et al. [7] stepped into the non-thrust half-through concrete-filled steel tube
arch bridge in terms of rise-span ratio, width-span ratio, main arch rib stiffness, transverse bracing
Changes in the dynamic characteristics of the bridge structure when the layout mode, suspender
failure, and support layout are changed; Kong Dandan et al.[8] took a steel truss arch bridge in a
certain city as the research object and showed that increasing the number of wind bracing
structures can significantly improve the structure’s performance stability; but when the number of
wind bracing is sufficient, the continue to increase the number of wind bracing structures, the
stability of the structure cannot be greatly improved, and the setting of diagonal braces has a great
influence on the overall stability, especially “K” and “X” diagonal braces have a significant impact
on the structural stability; Li Xiayuan et al. [9] relying on a certain through-type steel tube concrete
arch bridge, based on the original bridge wind bracing form, using the MIDAS Civil finite element
analysis software to establish the “-” The calculation model for the through-type steel tube
concrete arch bridge with “X”-shaped wind bracing, “K”-shaped wind bracing, “m”-shaped wind
bracing, and “X”-shaped wind bracing, extracts the first 20-order natural frequency and The
vibration mode types of the first 6 steps were compared and analyzed with the original bridge;
Zheng Xiaoyan et al. [10] studied the stability of the tied arch bridge during the construction phase
and the influence of temporary transverse bracing on the structural stability.

In this paper, nine non-isolated and earthquake-isolated structural models under different
cross-bracing arrangements were established, and Elcentro seismic waves were selected. The
internal force, displacement, velocity, absolute acceleration, relative acceleration, and separation
of arch ribs of each model were compared and analyzed under uniform excitation along the bridge,
transverse and vertical directions, multi-dimensional combined excitation, and multipoint
excitation considering the traveling wave effect.

The layout position and layout of the transverse bracing have different effects on the
through-type concrete-filled steel tube seismic arch bridge and the seismic isolation arch bridge.
The article will conduct comparative analysis and research to provide the necessary references for
the design and construction of similar arch bridges.

2. Principles of time history analysis

The vibration equation for dynamic time history analysis is:

[M1{y} + [C1} + [KI{y} = {P}, ()

where Mg, Cs, Ks denote the mass matrix, damping matrix and stiffness matrix of the
corresponding structural non-supporting position, respectively, use My, Cp,, K}, to denote the mass
matrix, damping matrix and stiffness matrix of the corresponding structural support position,
respectively, and use i, Vs, Vs to denote the structural non-supporting position under earthquake
action, the acceleration, velocity and absolute displacement of the support, with y,, v,, v,
respectively represent the acceleration, velocity and absolute displacement vector of the structural
support position under the action of an earthquake. F), is the reaction force of the support under
the action of an earthquake. Then the vibration equation can be expressed in the following form:

R [ N A i [ T ®
0 M, 1Ws)  [Chs Cppl Wn) Ky Kyl Wb Fy

3. Finite element model

Taking an actual through arch bridge as the background, nine non-seismic and seismic finite
element models of different transverse bracing arrangements are established. The transverse
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bracing arrangement and finite element model are shown in Table 1 and Fig. 1. The seismic
isolation model is equipped with lead-core rubber seismic isolation bearings, and the bearing
parameters are shown in Table 2. The bridge has a main span of 127 m and a bridge deck width
of 31 m. The arch rib cross-section is dumbbell-shaped. The diameter of the upper and lower arch
ribs is 1.2 m, and the diameter of the cross brace is 1.3 m.

Table 1. The layout of transverse bracing in various working conditions

Working | Working | Working | Working | Working | Working | Working | Working | Working
condition | condition | condition | condition | condition | condition | condition | condition | condition
1 2 3 4 5 6 7 8 9

A cross | Three “-”- | Three “-”- | Five-way | One “-”- | One “-”- | The vault | One “-- Five
brace in | shaped shaped | "-"cross | shaped shaped has one shaped “X-
the shape Cross Cross brace Cross Cross e cross shaped
of “-” on | braces on | braces on brace on | brace on | shaped | brace on Cross
the vault | the vault | the vault the vault, | the vault, Cross the vault | braces
and the and the andtwo | two “K” | brace and | and four
middle middle “K” cross Cross four “K”- | “X” cross
and upper | and lower braces in | bracesin | shaped braces
parts parts the middle | the middle | cross
and upper | and lower | braces
part part
Table 2. Parameter table of lead rubber bearing
Support plane size | Lead core Rigidity before Rigidity after Horizontal equivalent
(mmxmm) yield (kN) yielding (kN/mm) | yielding (kN/mm) stiffness (kN/mm)
1320x1320 964 25.6 39 6.4

a) Working condition 1

ndition 3
/;m S

d) Working condition 4 e) Working condition 5
’ /” e ; %.w e

g) Working condition 7 k) Working condition 8 1) Working condition 9
Fig. 1. Finite element model diagram

4. Analysis of dynamic characteristics

Through the finite element software analysis of the dynamic characteristics, the frequency and
mode shape of the non-isolated and isolated models under nine working conditions are obtained.
The first three orders are shown in Table 3, and the frequency comparison is shown in Fig. 2. It
can be seen that the first-order modes of the two models under nine working conditions are all
arch rib lateral inclination, and the first-order frequencies of working conditions 1, 2, 3, and 4
have little difference, while the first-order frequencies of working conditions 8 and 9 are relatively
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different. Large “K”-shaped cross braces and “X” cross braces can increase the fundamental
frequency, and the effect of being close to the lower part of the arch rib is obvious. The “X” cross
brace on the dome actually reduces the fundamental frequency. The second and third order
frequencies and modes of the two models are quite different, and the influence of the cross bracing
of the non-isolated model is more obvious than that of the isolated model.

Table 3. The first third-order frequency and mode shape of each working condition

Workin Frequency
<ng Types | and mode First order Second order Third order
condition
shape
Non- Is\ﬁzdz
isolated P
Working Frequenc
condition q Y
1 Mode
isolation| shape
Frequency
Non- ls\ﬁgdz
isolated P
Working Frequenc
condition q Y
2 Mode
isolation| shape
Frequency
Non- ls\ﬁgdz
isolated P
Working Frequenc
condition q Y
3 Mode
isolation| shape
Frequency
Non- ls\;[lgdz
isolated P
Working
condition
4 Mode
isolation| shape
Frequency 0.161
Non- lgﬁzd:
isolated P
Working
condition Frequency 0.188
5 Mode
isolation| shape
Frequency 0.177 0.252 0.290
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Non- Is\ﬁzdz
isolated P
Working Frequenc
condition q Y
6 Mode
isolation| shape
Frequency
Non- I;;Ilgd:
isolated P
Working Frequenc
condition q Y
7 Mode
isolation| shape
Frequency
Non- I;;Ilgd:
isolated P
Working Frequenc
condition q Y
8 Mode
isolation| shape
Frequency
Non- I;;Ilzdz
isolated P
Working Frequenc
condition q Y
9 Mode
isolation| shape
Frequency

5. Selection of seismic wave and apparent wave speed

The seismic fortification intensity of the area where the bridge is located is 8 degrees (0.2 g),
and the site category is Type II. The El Centro seismic wave is selected, and the peak acceleration
value of the seismic wave is multiplied by a coefficient of 0.339 for adjustment. The adjusted
seismic wave is shown in Fig. 3, and the action time is taken as 20 s, the excitation direction is
uniform excitation along the bridge direction, uniform excitation across the bridge direction,
uniform excitation vertical direction, multi-dimensional combination one (long bridge direction +
0.3 horizontal bridge direction + 0.3 vertical) excitation, multi-dimensional combination two
(0.3 forward bridge direction + Transverse bridge direction + 0.3 vertical direction) excitation,
multi-dimensional combination three (0.3 along bridge direction + 0.3 transverse bridge direction
+ vertical direction) excitation and the apparent wave speed is 100 m/s, 200 m/s, 300 m/s, 400 m/s,
Multi-point excitation of 500 m/s, 1000 m/s, 1500 m/s, 2000 m/s.
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6. Earthquake response analysis
6.1. Internal force of arch rib

See Table A1 for the maximum internal force and damping rate of arch ribs in different models
under uniform excitation. See Table A2 for the maximum internal force and damping rate of arch
ribs in different models under multi-dimensional combined excitation. Under multi-point
excitation considering traveling wave effect, the maximum internal force and shock absorption
rate of arch ribs in different models under various working conditions are shown in Table A3. The
time-history response of partial arch foot axial force is shown in Fig. 4.

Through the comparison of Table A1l to Table A3 and Fig. 4, we can get:

(1) Under the action of seismic waves with different wave speeds in the bridge direction,
transverse bridge direction, combination 1 and bridge direction, the main internal force of the
seismic isolation structure arch rib in each working condition is significantly reduced;

(2) Under the action of vertical earthquake, the main internal forces of the seismic isolation
structure arch ribs in various working conditions increased, the shear force F; increased by more
than twice, and the bending moment M,, increased by more than three times;

(3) Under the action of the second combination earthquake, the arch rib axial force of each
working condition of the seismic isolation structure decreases, the shear force F, increases, the
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bending moment M, in working condition 8 and 9 increase, and the rest decrease. Under the action
of the combination three earthquakes. The main internal force of the arch rib of the seismic
isolation structure in the working condition increased, the shear force F, increased more than
doubled, and the bending moment M,, increased more than doubled;

(4) Under the effects of lateral earthquake and combination, the main internal force of the
seismic isolation structure arch ribs in working conditions 8 and 9 increase significantly.

3000

Non isolation condition 1
2000 . . o
~~~~~~~ isolation condition 1

Axial force/kN

201

1000

-1000

0

00

01234567 8910111213141516171819
Time/s

a) Working condition] along the bridge

500
400
;88 isolation condition 1
100
0
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-200
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-300
-400
-500

Non isolation condition 1

01234567 8910111213141516171819
Time/s

¢) Condition 1 Cross-bridge direction
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2000 [

---------- isolation condition 7

—_
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(=]

01234567 8910111213141516171819
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b) Condition 7 along the bridge

Non isolation condition 5
2500 . . .
isolation condition 5

Axial force/kN

012345678910111213141516171819
Time/s

d) Working condition 5 Combination one

Fig. 4. Time history response of arch foot axial force

6.2. Arch rib displacement

The maximum displacement of the arch rib under transverse excitation is shown in Table 4,

and the time-history response of the DY time history of the vault displacement under non-seismic
conditions is shown in Fig. 5.

displacement/cm

Condition 1
Condition 6

Condition 2 Condition 3 Condition 4
Condition 7 ==+ Condition 8

Condition 5

Condition 9

Time/s

Fig. 5. DY time-history response of vault displacement under various conditions of non-seismic isolation

Through the comparative analysis of Table 4 and Fig. 5, we can get:
(1) Under the action of transverse bridge seismic wave, the arch ribs of non-seismic and
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isolation models mainly undergo lateral displacement. The lateral displacements of working
conditions 1, 2, 3, and 4 are not much different. The lateral displacements of working conditions
5, 6, and 7 are more than other, the working condition is small, and it is concluded that the
“K”-shaped cross brace is better than the “-” cross brace and the “meter” cross brace in reducing
the lateral displacement of the arch rib;

(2) Comparing various working conditions, it can be concluded that setting up transverse
bracing on the upper part can reduce the vertical displacement of the arch rib of the non-seismic
model.

Table 4. Arch rib displacement (unit: cm)

S . L Working condition
Incentive direction |Displacement direction] Model

112/3]4/5/6/7/8]9
OON\OOONWMNM

D =0 0| Qlnlooln
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Non-isolated| § | = | 2| 2| | 2| K| & &
glalaa|Zal = A
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Vertical |||l n| w0

izontal | ©| = |2 GRS QS
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Vertical |3|8/8|8|2(8|8|=|=
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O || —| 4|0 o
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6.3. Arch rib speed

The maximum speed of arch ribs under transverse excitation is shown in Table 5. The
time-history response of the transverse velocity of the vault under each condition of seismic
isolation is shown in Fig. 6. Through the comparative analysis of Table 5 and Fig. 6, we can get:

(1) Under the action of transverse bridge seismic waves, the lateral velocity of arch ribs in
non-seismic and seismic isolation models basically increases in working conditions 1 to 8, while
working condition 9 decreases slightly;

(2) Under the action of transverse bridge seismic waves, the longitudinal and vertical speeds
of arch ribs in non-seismic and seismic models are relatively small in condition five;

(3) The speed of the arch ribs of the seismic isolation structure in each working condition is
reduced.
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Table 5. Arch rib speed (unit: cm/s)

Incentive direction

Speed direction

Workin,

g condition

Model

—_

3

4

5

6

7

el

Cross bridge

Along the bridge

Non-isolated

1.572553

1.573233 |&
1.55233
1.555467
1.481314
1.592136
1.495981

1.442885 |
1.443201

Isolated

0.8401
0.842009
0.831214
0.836434
0.801512
0.875925
0.845275

0.88414
0.885579

Cross bridge

Non-isolated

25.172737
25.105125

25.468387

25.328813

27.179484
29.70583
31.043626
39.780206
38.68521

Isolated

19.793487
19.782502
19.837443
19.837609
18.940581

23.446982

26.028057
39.182534
38.69969

Vertical

Non-isolated|

3.808268
3.734763
3.786084
3.709999
3.400459
3.806481
3.455232
3.459467
3.521407

Isolated

1.711642
1.729262
1.698642
1.715102
1.625263
1.767564
1.702519
1.688422
1.690779

40 F Condition 6

Speed/(cm/s)

Condition 1 ——— Condition 2

Condition 7

Condition 3
Condition 8

Condition 4
Condition 9

Condition 5

Time/s

Fig. 6. Time-history response of vault lateral velocity in each case of seismic isolation

6.4. Absolute acceleration of arch rib

The maximum absolute acceleration of the arch rib under transverse excitation is shown in
Table 6, and the time-history response of the lateral acceleration of the nine vaults under working
conditions is shown in Fig. 7. Through the comparative analysis of Table 6 and Fig. 7, it can be

obtained:

(1) Under the action of the transverse bridge seismic wave, the non-isolated and isolated model
arch rib lateral acceleration, the non-seismic structure working condition 5 and working condition
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7 are smaller, the seismic isolation structure working condition 7 is relatively small, and the
working condition 9 is relatively small. Working condition 8 is reduced, it can be inferred that the
“>k”-shaped cross brace at the top of the arch rib, and the “K”-shaped cross brace at the lower part
will help reduce the absolute acceleration of the arch rib.

(2) The absolute acceleration of the arch rib of the seismic isolation structure in each working
condition is significantly reduced.

Table 6. Absolute acceleration of arch ribs (unit: cm/s?)

Working condition
Incentive direction | Absolute acceleration direction Model
112(3[4(5/6/7|819
O IF IO —| O =N AN
O (ST N N0 |[O|n |
O O (>en | — ||
solated B 2| 2|2 S8 I8| 2
Non-isolated EIRI8|8|2 R 22K
AN 0T ©O|—|[Wn|—|en| X0
SN = | S| |—= ||| on
NnjAN|eNnN AN N AN |enfon
Cross bridge Cross bridge
|| ||| —| |
SV NS | ==
O |F || =|e|t|=
o N S|t | X[ || \O
Isolated |~ ||| v OS] =
|| QA= | S| % e x
e al| Pl = =| L
o0 | o0 R0V |0 |~ |0
250
—— Non isolation condition 9 isolation condition 9
150 |
§ A l
= I
N S T ;l N e | s
= s e I y ! i 'll' I ‘ |
£ 't"| I WAL 'f'ul 4 ’hn.-']!
g 50 b \ . g | { "r‘ 'h m’ | ” "
2 ’1
o
< 150 |
_250 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

001122333445556677888 9T910/10]1111]12121313131414]5151616161717181818]91920
me/s

Fig. 7. Time-history response of lateral acceleration of nine vaults under working conditions
6.5. Relative acceleration of arch rib

The maximum relative acceleration of arch ribs under transverse excitation is shown in
Table 7.

Table 7. Relative acceleration of the arch ribs (unit: cm/s?)

. . . . .. Working condition
Incentive direction |Relative acceleration direction)  Model £
1/2(3[(4]5/6|7/8|9
N[ — | Ot |—~|n|en|— |
N[O | — N |0 |FT | AN |
| — | N[N |en Ay~
; RNT/Z28|2 x2S
Non-isolated RIBISIRIK|A QI2S
SN N[N |— | DN 0|O
N VN T T VN NN <H| <
cnjenjenenjenjenjonion|on
Cross bridge Cross bridge
VI — [~ O |\ AN \O|0
— T R[N | O N>~ O[O
—S 0O (T V| T I |0
Slalalg T SRA
Isolated SRR AR A
T S SN NS I R R
ninininn nin n n
RAY AT AR A] A IS RAY InA T It
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Through the comparative analysis of Table 7, we can get:

(1) Under the action of the transverse bridge seismic wave, the relative acceleration of the arch
ribs of the non-seismic and isolation models is relatively small for the non-seismic structure
working conditions 6 and 7, and the seismic isolation structure working conditions 1 to 7 basically

show a decreasing trend;

(2) The relative acceleration of the arch rib of the seismic isolation structure in each working

condition is significantly reduced.

6.6. Shear force and displacement of seismic isolation support

See Table 8 for the maximum shear force and displacement of the seismic isolation support.
See Fig. 8 for the shear force comparison of some supports. See Fig. 9 for the displacement

comparison of some supports.

Table 8. Maximum shear force and displacement of seismic isolation support

Incentive direction| Working condition| 1 2 3 4 5 6 7 8 9
Along the bridge Shear force / kN [940.21/939.78|939.62|940.56/940.731940.49(939.69|938.43|938.22
Displacement /cm| 4.87 | 4.87 | 4.86 | 490 | 490 | 490 | 489 | 4.84 | 4.84
Cross bridge Shear force / kN [873.87|873.54|873.76|873.44/861.16|844.86(843.41/762.70|753.41
Displacement/cm| 4.34 | 433 | 434 | 433 | 423 | 409 | 395 | 3.40 | 3.35
Vertical Shear force / kN [190.50/190.67/190.48/190.66/190.81[190.56]190.93|191.25[191.63
Displacement /cm| 0.75 | 0.75 | 0.75 | 0.75 | 0.75 | 0.75 | 0.75 | 0.75 | 0.76
Combination one S.hear force / kN 934.84/937.98(937.77/936.80/934.97/936.03|937.64|938.89/938.63
Displacement/cm | 4.97 | 499 | 5.00 | 5.01 | 498 | 498 | 496 | 494 | 491
Combination two Shear force / kN [852.10|851.64|855.63|852.19(837.90(822.17|815.99|745.03|741.08
Displacement /cm| 4.37 | 438 | 441 | 437 | 422 | 418 | 391 | 345 | 3.34
Combination three Shear force / kKN [448.11|450.55/448.51|452.70|440.66(442.84|446.90(442.42|442.31
Displacement/cm| 1.88 | 1.84 | 1.84 | 1.81 | 1.88 | 1.85 | 1.85 | 1.86 | 1.86
942 920
—@— Along the bridge Combination 1
940 | .
£ g
2 ot 2 0|
LE E —#— Transverse direction of
'::3 936 | 2 bridge
7 @ Combination 2
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Fig. 8. Comparison of bearing shear force
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See Figure 10 for the shear response time history of some supports. Hysteresis curve for some
supports. See Fig. 11. From the analysis of Table 8 and Fig. 8 to Fig. 11, we can get:

(1) The maximum shear force of the seismic isolation support under the excitation of working
conditions 1 to 7 is greater than that of combination 1, and the maximum shear force of the seismic
isolation support under the excitation of working conditions 8 and 9 is greater than the excitation
of the forward bridge;

(2) Under the action of the transverse bridge direction and combination two, the maximum
shear force of the seismic isolation support of working conditions 1 to 9 shows a decreasing trend,
and the linear direction is basically similar, and the transverse bridge excitation of each working
condition is greater than the combination two excitation;

(3) The maximum displacement of each working condition is that the excitation of
combination one is greater than the excitation along the bridge direction, and the cross-bridge
direction and combination two are basically the same, and there is a decreasing trend from working
condition 1 to working condition 9;

Under the vertical excitation, the shear force and displacement of all working conditions are
basically the same.
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Fig. 10. Time history response of bearing shear force
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Fig. 11. Hysteresis curve

7. Conclusions

Nine non-isolated and earthquake-isolated structural models under different cross-bracing
arrangements were established, and Elcentro seismic waves were selected. The internal force,
displacement, velocity, absolute acceleration, relative acceleration, and separation of arch ribs of
each model were compared and analyzed under uniform excitation along the bridge, transverse
and vertical directions, multi-dimensional combined excitation, and multipoint excitation
considering the traveling wave effect.

Through the above comparative analysis, we can get:

1) The main internal force of the arch ribs of the seismic isolation structure in each working
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condition decreases significantly under the action of the bridge direction, the horizontal bridge
direction, the combination one, and the seismic waves with different wave speeds. Under the
vertical earthquake action, the arch of the seismic isolation structure, the main internal force of
the rib increases. Under the action of the second combination earthquake, the axial force of the
arch rib in each working condition of the seismic isolation structure decreases, the shear force F,
increases, the bending moment M, working conditions eight and nine increase, and the rest
decrease, and the combination three under the action of an earthquake, the main internal forces of
the seismic isolation structure arch ribs in various working conditions have increased;

2) Under the action of transverse bridge seismic waves, the arch ribs of non-seismic and
isolation models mainly undergo lateral displacement. The “K”-shaped cross brace is better than
the “-” cross brace and the “meter” shape in reducing the lateral displacement of the arch rib.
Transverse bracing, setting transverse bracing on the upper part of the arch rib can reduce the
vertical displacement of the arch rib of the non-seismic model;

3) Under the action of transverse seismic waves, the lateral velocity of the arch ribs of the non-
seismic and isolation models basically increased, and the velocity of the arch ribs of the seismic
isolation structure under various working conditions decreased;

4) The “meter”-shaped cross brace at the top of the arch rib and the “K”-shaped cross brace at
the lower part help reduce the lateral acceleration of the arch rib. The absolute acceleration and
relative acceleration of the arch rib of the seismic isolation structure under various working
conditions are significantly reduced;

5) Under the action of the maximum shear force of the seismic isolation support in the
transverse direction and the combination two, working conditions 1 to 9 show a decreasing trend,
and the linear directions are basically similar. In all conditions, the excitation of combination one
is greater than the excitation along the bridge direction, and the cross-bridge direction and
combination two are basically the same, and there is a decreasing trend from working condition
one to working condition nine.
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Appendix
Table Al. Maximum internal force and shock absorption rate of arch ribs under uniform excitation
Incentive | Internal | Model and shock Working condition
direction force absorption rate 1 2 3 4 5 6 7 8 9
Axial force | Non-isolated | 4534.3 | 4545.15 | 4548.65 | 45573 | 4551.72 | 4564.87 | 4581.32 | 4550.02 | 455548
Fx () Isolated 3963.03 | 3982.89 | 3985.78 | 3993.48 | 3991.76 | 3998.69 | 4032.11 | 4062.09 | 4071.14
Dampingrate | 12.61% | 12.37% | 12.37% | 12.37% | 12.30% | 12.40% | 11.99% | 10.72% | 10.63%
Along the |Shear force Non-isolated | 917.48 | 918.65 | 920.45 | 921.65 | 919.08 | 924.46 | 926.06 | 927.47 | 928.78
bridae | Fr (kN) Isolated 32198 | 32194 | 322 | 3223 | 3222 [ 32239 [ 32231 [ 32232 [ 322.23
Damping rate | 64.91% | 64.96% | 65.02% | 65.03% | 64.94% | 65.13% | 65.20% | 65.25% | 65.31%
Bending | Non-isolated | 3751.23 | 3753.01 | 3761.15 | 3762.67 | 3753.19 | 3771.23 | 3773.62 | 3778.32 | 3783.74
moment Isolated 1387.38 | 1385.62 | 1385.54 | 1385.62 | 1386.5 | 1385.26 | 1381.31 | 1376.95 | 1375.24
My (kN'm)|  Dampingrate | 63.02% | 63.08% | 63.16% | 63.17% | 63.06% | 63.27% | 63.40% | 63.56% | 63.65%
Aial force | Nowisolated | 610.05 | 60891 | 604.5 | 60252 | 534.59 | 60495 | 533.73 | 714.06 | 734.57
Fx (kN) Isolated 273.68 | 273.54 | 272.88 | 272.56 | 2569 | 268.1 | 297.44 | 653.65 | 658.64
Damping rate | 55.14% | 55.08% | 54.86% | 54.76% | 51.94% | 55.68% | 44.27% | 8.46% | 10.34%
Cross |Shear foree —Non-isolated | 18089 | 189.1 | 18383 | 190.15 | 103.85 | 164.56 | 142.02 | 232.33 | 23767
bridge | Fy (kN) Isolated 58.55 | 58.98 | 58.85 | 5837 | 6837 | 67.78 | 78.18 | 209.98 | 207.11
Damping rate | 67.63% | 68.81% | 67.99% | 69.30% | 34.16% | 58.81% | 44.95% | 9.62% | 12.86%
Bending | Non-isolated | 1745.89 | 1739.55 | 1741.97 | 1730.91 | 1652.05 | 1674.06 | 1560.34 | 2711.21 | 2702.32
moment Isolated 1191.55 | 1191.33 | 1199.27 | 1199.01 | 1247.23 | 1162.67 | 1261.18 | 2908.61 | 2879.42
Mz (kN'm)| Dampingrate | 31.75% | 31.52% | 31.15% | 30.73% | 24.50% | 30.55% | 19.17% | -7.28% | -6.55%
. Non-isolated | 2895.18 | 2905.67 | 2919.86 | 2928.84 | 2942.31 | 2946.59 | 2973.49 | 3016.52 | 3021.57
A;;al(]f"Nr)ce Isolated 3321.61 | 3321.56 | 3316.25 | 3317.23 | 3321.82 | 3309.72 | 3313.99 | 3314.5 [3321.16
Damping rate | -14.73% | -14.31% | -13.58% | -13.26% | -12.90% | -12.32% | -11.45% | -9.88% | -9.92%
Non-isolated | 337.43 | 340.06 | 334.81 | 337.58 | 343.93 | 332.52 | 338.33 | 339.1 | 342.14
Vertical St;ezazkf;r)ce Isolated 1128.16 | 1129.9 [ 1128.69 | 1130.91 | 1133.73 | 1130.7 | 1136.45 | 1144.87 | 1144.61
Damping rate |-234.34%|-232.26%)|-237.11%|-235.01%)|-229.64%|-240.04%|-235.90%|-237.62%|-234.54%
Bending | Non-isolated | 1058.7 | 1066.75 | 1049.81 | 1058.07 | 1077.95 | 1040.69 | 1058.11 | 1059.61 | 1071.18
moment Isolated 4524.67 | 4530.19 | 4527.13 | 4534.13 | 4540.83 | 4531.31 | 4548.01 | 4569.16 | 4569.93
My (kN'm)| Damping rate  |-327.38%|-324.67%|-331.23%|-328.53%|-321.25%-335.41%]-329.82%|-331.21%|-326.63%
Table A2. Maximum internal force and shock absorption rate
of arch ribs under multi-dimensional excitation
Model and Working condition
Incentive Internal shock
direction force absorption 1 2 3 4 5 6 7 8 9
rate
Aial foree | Nowisolated | 4791.17 | 4804.44 | 4806.89 | 4820.12 | 4800.55 | 4831.38 | 4852.98 | 4819.56 | 4823 37
P (kN) Isolated | 3970.09 | 3988.81 | 3982.47 | 3988.42 | 3989.81 | 4001.17 | 4029.14 | 4094.66 | 4109.14
Damping rate | 17.14% | 16.98% | 17.15% | 17.25% | 17.04% | 17.18% | 16.98% | 15.04% | 14.81%
. Non-isolated | 934.4 | 93528 | 9369 | 937.97 | 932.97 | 938.6 | 937.38 | 937.45 | 940.32
C"mg'“a“"“ S};earkf;r“e Isolated | 392.63 | 392.79 | 392.58 | 392.1 [ 391.28 | 391.64 | 392.56 | 396.52 | 396.88
ne z(N) Damping rate | 57.98% | 58.00% | 58.10% | 58.20% | 58.06% | 58.27% | 58.12% | 57.70% | 57.79%
Bending | Non-isolated | 3752.91 | 3755.68 | 3762.75 | 3765.3 | 3749.56 | 3767.57 | 3764.34 | 3759 [ 3768.39
moment | Isolated | 1573.14 | 1579.72 | 1580.13 | 1579.56 | 1572.57 | 1573.99 | 1565.35 | 1590.86 | 1592.29
My (kN'm)| Damping rate| 58.08% | 57.94% | 58.01% | 58.05% | 58.06% | 58.22% | 58.42% | 57.68% | 57.75%
. ) Non-isolated | 1787.6 | 1798.74 | 1789.57 | 1800.25 | 1805.18 | 1853.59 | 1859.61 | 1830.46 | 1830.71
COmemat‘on A;Ial(kf"Nr)“ Isolated | 1473.47 | 1471.71 | 1481.52 | 1480.01 | 1504.23 | 1521.05 | 1555.04 | 1630.42 | 1641.37
we * Damping rate| 17.57% | 18.18% | 17.21% | 17.79% | 16.67% | 17.94% | 16.38% | 10.93% | 10.34%
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Non-isolated | 315.01 [ 315.52 | 31525 | 315.71 | 306.88 | 310.96 | 304.47 | 330.04 | 331.77
S};ezazkfl‘zf)ce Isolated | 354.49 | 355.02 | 35436 | 355.17 | 365.1 | 364.01 | 372.96 | 402.68 | 405.07
Damping rate | -12.53% | -12.52% | -12.41% | -12.50% | -18.97% | -17.06% | -22.49% | -22.01% | -22.09%
Bending | Non-isolated | 1748.5 | 1742.22 | 1743.32 | 1732.86 | 1652.73 | 1679.33 | 1566.11 | 2713.34 | 2703.02
moment | Isolated | 1188.51 | 1189.24 | 1192.43 | 1190.08 | 1240.67 | 1163.57 | 1267.35 | 2894.4 | 2845.11
Mz (kN'm) | Damping rate | 32.03% | 31.74% | 31.60% | 31.32% | 24.93% | 30.71% | 19.08% | -6.67% | -5.26%
Axial foree | Non-isolated | 329573 | 3306.62 | 3314.77 | 3324.99 | 331842 | 3334 | 3359.71 | 34816 | 3487.94
P (k) | lsolated | 3420.96 | 3422.17 | 3419.27 | 3420.54 | 342508 | 342004 | 34197 | 343247 | 3440.28
Damping rate| -3.80% | -3.49% | -3.15% | -2.87% | -3.21% | 2.58% | -1.79% | 1.41% | 1.37%
o Non-isolated | 441.19 | 44438 | 439.01 | 442.11 | 45047 | 440.65 | 449.68 | 459 | 462.19
CO'%’I‘““O“ S};"arlf;rce Isolated | 1140.53 | 1142.15 | 1140.91 | 1146.34 | 1149.59 | 1146.78 | 1152.87 | 1169.45 | 1169.17
ree z(N) Damping rate |-158.51%|-157.02%|-159.88%|-159.29%|-155.20%|-160.25%| - 156.38% - 154.78%|-152.96%
Bending | Non-isolated | 1428.57 | 1440.89 | 1431.49 | 1444.06 | 1455.82 | 1436.77 | 1459.4 | 1511.04 | 1505.11
moment | Isolated | 4494.48 | 4500.12 | 4497.68 | 4507.43 | 4519.6 | 4512.9 | 4533.85 | 4585.72 | 4591
My (KN"m)| Damping rate |-214.61%|-212.32%|-214.20%|-212.14%|-210.45%]-214.10%]| -210.67%| -203.48%| -205.03%
Table A3. The maximum internal force and shock absorption rate
of arch ribs considering traveling wave effect
Wave Internal force Model ar}d shock Working condition
speed/(m/s?) absorption rate 1 2 3 4 5 6 7 8 9
. Non-isolated | 3852.42 | 3856.42 | 3857.74 | 3860.85 | 3861.33 | 3863.93 | 3870.79 | 3880.93 | 3883.24
A;;al(kfg)“ Isolated 520.67 | 522.55 | 522.37 | 523.81 | 523.73 | 523.75 | 526.45 | 528.48 | 529.06
Damping rate | 86.48% | 86.45% | 86.46% | 86.43% | 86.44% | 86.45% | 86.40% | 86.38% | 86.38%
Shear force | Non-isolated | 166651 | 1667.43 | 1667.71 | 1668.71] 166733 | 1672.1 | 167172 | 1673.34| 1674.12
100 Fo (kM) Isolated 17141 | 171.16 | 171.01 | 170.66 | 170.93 | 170.62 | 170.02 | 169.87 | 170.04
Damping rate | 89.71% | 89.74% | 89.75% | 89.77% | 89.75% | 89.80% | 89.83% | 89.85% | 89.84%
Bending Non-isolated | 6876.43 | 6880.55 | 6882.39 | 6886.51 | 6881.43 | 6897.96 | 6902.4 [6910.57 | 6913.85
moment My Isolated 546.41 | 546.86 | 547.49 | 547.27 | 547.35 | 54828 | 548.97 | 550.39 | 551.68
(kN-m) Damping rate | 92.05% | 92.05% | 92.05% | 92.05% | 92.05% | 92.05% | 92.05% | 92.04% | 92.02%
] Non-isolated | 4199.8 |4206.56 | 4207.83 |4213.32 [4214.77] 4219 [4231.08 [ 4245.63 ] 4248.93
A;;al(&r)ce Isolated 749.72 | 753.1 | 753.01 | 757.06 | 757.83 | 750.79 | 758.66 | 758.81 | 760.53
Damping rate | 82.15% | 82.10% | 82.10% | 82.03% | 82.02% | 82.20% | 82.07% | 82.13% | 82.10%
Shear force | Non-isolated [1273.92[1276.09] 1274.96] 1275.59 | 1275.48 | 1275.28 | 1278.56 | 1280.12 | 1280.2
200 Fo (kN) Isolated 15523 | 155.13 | 154.98 | 154.57 | 154.21 | 154.55 | 153.92 | 153.14 | 15323
Damping rate | 87.81% | 87.84% | 87.84% | 87.88% | 87.91% | 87.88% | 87.96% | 88.04% | 88.03%
Bending Non-isolated | 4950.38 | 4954.86 | 4955.16 | 4960.66 | 4963.35 | 4960.57 | 4973.22 | 4983.6 | 4987.3
moment My Isolated 586.18 | 58533 | 585.73 | 585.37 | 585.12 | 585.77 | 585.04 | 584.47 | 583.99
(kN'm) Damping rate | 88.16% | 88.19% | 88.18% | 88.20% | 88.21% | 88.19% | 88.24% | 88.27% | 88.29%
. Non-isolated | 3325.7 | 3329 [3328.98|3330.66 | 3334.49 | 3337.37|3339.91 | 3345.95 | 3346.56
A;;al(kf"Nr)“ Isolated 804.53 | 806.12 | 805.87 | 809.03 | 809.83 | 808.14 | 814.24 | 809.7 | 811.4
Damping rate | 75.81% | 75.78% | 75.79% | 75.71% | 75.71% | 75.79% | 75.62% | 75.80% | 75.75%
Non-isolated | 1250.91 | 1255.81 | 1255.42 | 1258.82 | 1257.02 | 1260.33 | 1267.79 | 1269.53 | 1269.93
300 Sk;eza;lf;r)“ Isolated 138.13 | 13735 | 137.37 | 137.26 | 137.97 | 137.26 | 136.99 | 137.2 | 136.96
Damping rate | 88.96% | 89.06% | 89.06% | 89.10% | 89.02% | 89.11% | 89.19% | 89.19% | 89.22%
Bending Non-isolated | 4614.67 | 4626.32 | 4623.44 | 4635.08 | 4634.55 | 4642.87 | 4662.47 | 4674.2 | 4678.59
moment My Isolated 554.55 | 553.44 | 553.61 | 552.55 | 553.12 | 552.87 | 550.52 | 549.09 | 548.25
(kN-m) Damping rate | 87.98% | 88.04% | 88.03% | 88.08% | 88.07% | 88.09% | 88.19% | 88.25% | 88.28%
. Non-isolated | 2001.98 | 2000.47 [ 2001.26 | 1998.17 | 2002.35 | 2002.54 | 1992.68 | 2002.4 |2004.08
A;;al(kfg)“ Isolated 866.69 | 869.49 | 871.78 | 872.87 | 870.94 | 873.89 | 878 | 869.54 | 870.4
Damping rate | 56.71% | 56.54% | 56.44% | 56.32% | 56.50% | 56.36% | 55.94% | 56.58% | 56.57%
Shear force | Non-isolated | 1078.69 | 1081.48| 1080.86 | 1082.59 | 1082.04 | 1082.67| 1087.95 | 1090.47 | 1090.65
400 Fo (N) Isolated 129.81 | 129.65 | 129.76 | 129.77 | 129.79 | 129.92 | 129.94 | 129.83 | 129.74
Damping rate | 87.97% | 88.01% | 87.99% | 88.01% | 88.01% | 88.00% | 88.06% | 88.09% | 88.10%
Bending Non-isolated | 4306.38 | 4314.78 | 4312.4 |4319.56 | 4318.96 | 4322.06 | 4335.74 | 4342.61 | 4346.3
moment My Isolated 594.91 | 593.36 | 593.44 | 592.71 | 592.7 | 592.87 | 591.49 | 589.37 | 588.43
(kN-m) Damping rate | 86.19% | 86.25% | 86.24% | 86.28% | 86.28% | 86.28% | 86.36% | 86.43% | 86.46%
Avial force | Non-isolated [2173.11[2173.33[2175.69] 2176.14 | 217643 | 2179.8 |2183.08|2190.55 | 2193.51
P () Isolated 902.19 | 904.35 | 906.2 | 908.96 | 907.2 | 909.61 | 9152 | 906.55 | 907.67
Damping rate | 58.48% | 58.39% | 58.35% | 58.23% | 58.32% | 58.27% | 58.08% | 58.62% | 58.62%
Shear force | Non-isolated [ 1050.06 | 1051.37] 1051.48 | 1052.65 | 1052.65 ] 1053.31 | 105631 | 1059.72 | 1060.98
500 Fo (kN) Isolated 136.03 | 135.93 | 136.09 | 136.04 | 135.95 | 136.22 | 136.15 | 136.12 | 136
Damping rate | 87.05% | 87.07% | 87.06% | 87.08% | 87.08% | 87.07% | 87.11% | 87.16% | 87.18%
Bending Non-isolated | 4331.32 | 4337.84 [ 4337.69 | 4343.13 | 4343.31 | 4345.57 | 4357.41 | 4369.91 | 4374.32
moment My Isolated 630.5 | 629.46 | 629.57 | 628.67 | 628.26 | 628.83 | 627.11 | 624.63 | 623.57
(kN'm) Damping rate | 85.44% | 85.49% | 85.49% | 85.52% | 85.53% | 85.53% | 85.61% | 85.71% | 85.74%
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) Non-isolated | 3678.94 | 3686.52 [ 3686.98 [ 3696.27 [ 3691.74 | 3702.87 [ 3708.38 [ 3693.45 [ 3698.67

A;;al(kfg;’e Isolated 943.16 | 947.1 | 948.88 | 951.56 | 949.69 | 95231 | 959.51 | 954.69 | 955.7
Damping rate | 74.36% | 74.31% | 74.26% | 74.26% | 74.28% | 74.28% | 74.13% | 74.15% | 74.16%

Shear force | Non-isolated | 1047.8 11049.53] 1051.06 [1051.77 | 1049.13 ] 1053.82 | 1056.15 | 1057.85 | 1059

1000 Fo (k1) Isolated 122.84 | 122.72 | 122.87 | 122.81 | 122.77 | 122.97 | 122.89 | 122.73 | 122.68
Damping rate | 88.28% | 88.31% | 88.31% | 88.32% | 88.30% | 88.33% | 88.36% | 88.40% | 88.42%

Bending Non-isolated | 3010.44 | 3017.31 | 3017.79 | 3023.91 | 3023.88 | 3028.34 [ 3039.98 | 3052.94 | 3060.72

moment My Isolated 545.06 | 543.27 | 543.47 | 54233 | 542.69 | 542.49 | 540.13 | 537.36 | 537.04

(kN-m) Damping rate | 81.89% | 81.99% | 81.99% | 82.07% | 82.05% | 82.09% | 82.23% | 82.40% | 82.45%

) Non-isolated | 4161.2 | 4170.73 | 4171.33 | 4180.59 | 4174.41 | 4188.64 | 4208.25 | 4177.41 | 4182.35

A;fﬁ;gfe Tsolated 95221 | 955.48 | 957.44 | 960.84 | 958.89 | 961.24 | 968.91 | 964.19 | 964.67

Damping rate | 77.12% | 77.09% | 77.05% | 77.02% | 77.03% | 77.05% | 76.98% | 76.92% | 76.93%

Shear foree | Non-isolated | 1034.8 11036.54]1038.39 | 1039.2 |1036.35] 1041.68 [1043.97 | 1045.2 [ 104649

1500 Fo () Isolated 118.28 | 118.13 | 11842 | 11828 | 118.1 | 118.56 | 118.4 | 118.18 | 118.02
Damping rate | 88.57% | 88.60% | 88.60% | 88.62% | 88.60% | 88.62% | 88.66% | 88.69% | 88.72%

Bending Non-isolated | 2794.08 | 2795.7 [2803.14 | 2804.7 | 2797.28 | 2812.77 | 2814.72 | 2817.44 | 2821.68

moment My Isolated 51434 | 513.03 | 513.17 | 511.76 | 511.93 | 512.02 | 509.32 | 506.77 | 505.42

(kN'm) Damping rate | 81.59% | 81.65% | 81.69% | 81.75% | 81.70% | 81.80% | 81.91% | 82.01% | 82.09%

) Non-isolated | 4256.85 | 4266.21 | 4268.61 | 4278.59 | 4270.5 | 4286.33 | 4304.75 | 4271.53 [ 4275.49

A;§ﬁ§i§e Isolated 95738 | 960.88 | 962.69 | 966.05 | 964.39 | 966.47 | 974.28 | 967.76 | 968.47

Damping rate | 77.51% | 77.48% | 77.45% | 77.42% | 77.42% | 77.45% | 71.37% | 77.34% | 77.35%

Non-isolated | 1034.68 | 1036.26 | 1038.02 | 1039.02 | 1036.28 | 1041.59 | 1043.68 | 1044.77 | 1045.99

2000 Skl‘j’zazkf;r)“ Isolated 118.69 | 118.49 | 118.79 | 118.67 | 118.48 | 118.93 | 118.8 | 118.62 | 118.47
Damping rate | 88.53% | 88.57% | 88.56% | 88.58% | 88.57% | 88.58% | 88.62% | 88.65% | 88.67%

Bending Non-isolated | 2914.52 | 2915.8 [2923.91 | 2925.29 [ 2917.29 [ 2933.72 [ 2935.28 | 2938.24 | 2942.97

moment My Isolated 51622 | 5147 | 514.84 | 5135 | 513.82 | 513.82 | 511.34 | 508.87 | 507.44

(kN-m) Damping rate | 82.29% | 82.35% | 82.39% | 82.45% | 82.39% | 82.49% | 82.58% | 82.68% | 82.76%
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