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Table 1 Material parameters of concrete and reinforcing steel(26]

Structural material Material model Parameter Value
Density 2500 kg/m?
Compressive strength 35 MPa
Concrete/Foundation *MAT_CSCM_CONCRETE )
Maximum aggregate
. 19 mm
size
Density 7850 kg/m?*
Poisson’s ratio 0.3
Young’s modulus 200 GPa
Yield strength
) 200 MPa
(Stirrups)
Yieldistrength
(Lengitudinal 400MPa
Reinforcement / Stirrups *MAT_PLASTIC KINEMATIC
reinforcement)
Failure strain 0.15
Tangent modulus 1500 MPa
Strain-rate parameter
40.4
C
Strain-rate parameter 5

p
IR AR H NCAC B W R A MRS 4IA AT BT R B, AR SCR AR RE F800 | ZE 1 My hili i
MR, g 20 ZERIER O 2 DU TR F IR AT SRR3R S HCNFEK 8.58
m. % 244 m. FE 332 m, B 5.29m. REAUERIZ)N 3.5 ViR, HAR R BEE 1.7 mm
(IR 2H A% o

12160 mm
| 6300,m3 |

box girder

900 mm,

v bearing 6D28
£ “— cap beam D16a200
g D162200 N
e «— reinforcing
H steel bar
_D16a100
v 1000mm
] <« foundation
817
(a) Bridge geometric parameters (b) Reinforcement configuration

RIS G IPIRE B S

Fig. 1 Bridge and rebar geometric parameters
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(a) The mass-weighted dampin,

ethod (b) The axial of bridge pier
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. 3 Gravity initialization process
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Fig. 4 Schematic diagram of the drop-weight impact test apparatus
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Fig. 5 Schematic of the specimen reinforcement fw op<weight impact test [35]
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Fig. 7 Numerical validation of the simulation
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Fig. 8 Accident-based validation %%
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Fig. 9 Mechanism of eccentric impact and definition of impact directions
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Bumper impact Engine impact Cargo impact

(b) e=30%
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(c) e=60%
10 RESHBEA R L IR TE H

Fig. 10 Interaction between the truck and idge pier at different impact stages
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Fig. 12 Damage characteristics of the bridge pier under different eccentricities
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Fig. 13 Shear force and bending moment envelope diagrams-for different eccentricities
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Fig. 14 X-direction displacement under central\(e =0%) impact and 30% eccentric impact
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Fig. 15 Y-direction displacement in the 30% eccentric-impact case

AE T A ol 7 ) 22 I ORBSAL . RSN B £ RIB BOMEAE S S, XU W 4 25
PR IR Z: S A T A BN 00 S s A O SR AL . W9 i 22 A T IR Il ey ) E 2 x
FfLih. MOy, ZRAMATE Vs PSS R IR . WEESAT, SN R A x 17 Bl d 4,
ESZH y [ 53 IR o 30% i CodiE o T 350 70 Rl J8E RS B AR RS TR S R REB A S e Ak
y 7 TR R A M N, S A T T R A 3 B A b R RS, BRI 0 AR R g iR
JEACT IEmE S . Him ORI KR 60%IN, KAWAHERES SHEd, T2 R3EEH KR
B BB b By, AT E M 0 58 5 = B 0 47 e B AR i R e . AR, IR i S O
it ity 350 B A WS R Bk e SR AE {8 o2 (S S0 7 P L ) 2 5 A e 3 D A i 55 0 i o
A A E R Ak ah it e

3 TEISHXE Wi L ET RIS

10



(IS 7/ B
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

3.1 FHIRE

DRI LR O o 2 A TR TR B LM R A B S R, AR SCRL e=30% i Lo di Ty 3
WEFXT G, (R IAE IE Th o A B Tk 2430 B 80+ 100 120 km/h =AM/K-F. £ 2 fIEL 3
TR T R TOAEA R 25 o I AL R A R B, x ) =B BEUEE 71 F F1. F2. F3 320K,
y = BEE I 1. 220 3 o u N x KA, why REKME; V RERE, Me
RIOWUTE, M AYIRE, e AmOREEE, NHABMNIENSIERRRE M, R HILEfE
FonH TS e SCERAR, F3CHHe DUIREE (ZE0HED) RAEK .

e=30%; THL R, F2, F3 YR 3G nmsg i, F2 M@ 80 3% 120 km/h KK H
4.34x10° kN. 7.39x10° kN 3% 1.03x10* kN, AN, IEMHEEGXN F2 B 6.22x10° kN 14
9.62x10° kN, HPHIH IR HIIIRANTE N 7F e=30% LI R, F3 [l 25388 i i s AR 8 s 1
F2, (HAEHFSEZEE (100 km/h) CHILBARIEF; M e=30% THLH F3 £ 1R THLF) 1.70 f%.
MZEH 80 km/h $E 52 100 km/h B, e=30% LILHT F3 H 1.66x10° kN I 35 1#%%,5.52x10° kN; 1 1E
s T LAY F3 A 1 2.48%10° kKN 14 % 3.26x10° kN.

FHEE x [N,y [A) 8l A 6 7R SR AU £2 B Rl i ok, AR V120 km/h B3GR
H—BH K. 3 7F V=120 km/h B FIIRAE 235K, 2978 V=100 km/h #-2.640% . X %K B BE 5 28
N,y MR R R R R .

WA 77 P 398 RS I B St 25 AR ST A e S o R x 18] 5y ) e RORL RS F 2 11 A A e 34 5 e ) A8
IR —F, HAE V=120 km/h B R IGIR AR . x A7 u BE4EE H 80 km/h B4 M E] 100
km/h, {XH 1.60 mm # % 2.69 mm, {HYZEHMEE 120 knvhy—0 RIEE 33.8 mm. y [IFLFE w FEE
s, EZEE 120 km/h I, REIE 15.6 mm, 24 V=100km/h 5 1 20.5 £%.

=2 BEEHAEIEEH SRS

Table 2 Peak force and displacement‘along the impact force direction

Label Case F1/kN F2/kN F3/kN u/mm
Vi V80 - Me0.6 - M5 - e0% %2133.37 —6216.34 —2478.69 1.64
V2 V100 - Me0.6 - M5 - e0% —2435.49 —8744.64 —-3255.05 3.89
V3 V120 - Me0.6 - M5 - e0% —2878.10 -9618.50 —-19913.10 32.30
V4 V80 - Me0.6 - M5 ~830% —2375.38 —4341.87 -1662.81 1.60
V5 V100 - Me0.6 -5 *e30% —2911.18 —7389.75 —5522.50 2.69
Vo6 V120 - Me0,6 - M5% e30% —2808.04 -10262.60 —14534.90 33.80

®3 EHEEGHAEEENSMHB

Table3 Peak force and displacement perpendicular to the impact force direction

Label Case f1/kN f2/kN f3/kN w/mm
v4 V80~ Me0.6 - M5 - e30% —28.8457 —1154.63 -366.30 0.44
V5 V100 - Me0.6 - M5 - e30% -31.6208 -1995.7 —590.84 0.76
Vo6 V120 - Me0.6 - M5 - e30% —88.7299 -2614.95 —1534.22 15.60
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Fig. 16 Pier damage under frontal impact and 30% eccentric impact at different velocities
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Table 4 Peak force and displacement along the impact force direction

Label Case F1/kN F2/kN F3/kN u/mm
Vi V80-Me0.6-M5—-e0% -2133.37 -6216.34 —2478.69 1.64
M1 V80-Mel.2-M5-e0% -2074.24 -9639.42 -2462.33 3.05
M2 V80-Me0.6-M15-e0% -2118.96 -6031.84 —15254.20 33.70
V4 V80-Me0.6-M5-e30% —2375.38 —4341.87 -1662.81 1.60
M3 V80-Mel.2-M5-e30% —2449.42 —6591.56 A28 0.90
M4 V80-Me0.6-M15-e30% —2436.51 -4288.42 ~14308.90 28.10

®5 BEEETNAEEENSHR

Table 5 Peak force and displacement perpendicular to the impaet fofce.direction

Label Case f1/kN f2/kN f3/kN w/mm
V4 V80 - Me0.6 - M5 - e30% -28.8457 —1154.63 -366.30 0.44
M3 V80 - Mel.2 - M5 - e30% -122.16 —1863.60: -235.16

M4 V80 - Me0.6 - M15 - ¢e30% -9269.47 ~I151.85 —1405.16

view from  view from view from view from view from view from view from  view from view from view from view from  view from
x direction v direction x direction wdirection x direction y direction x direction v direction x direction v direction x direction v direction

(a) V1 @Yl (c) M2 (d) va (e) M3 (f) M4
B/ 19 ASIF) &R IE AN 30%% O J8 oA S A 175 100
Fig, 177 Rier"damage under frontal impact and 30% eccentric impact at different masses

MALER BT, 2505 B A S 0 0 5 T 3 e e 5 %l 4 o B B M 7K P A o g R S
RENHUT BT, AP Bt e i s i s 38K, SBOZP B E L 0t &, JIF otk
BRIV o vy PRI AR SRR T 105 50025 ol S B DDA N, T (g RSB o 2 o 2R S U 25 B 2R
IR o BLWBURE RGN, ZE TR & it m eV DR B OB PE B0, 5 SUI R SR R 3 ol ' S P
1L P Sl s/ 4 i VAV WS 1 i o S (P P/ 67 RN e b A 7% 1 NP <o AR YA S DS BB R Vb e s TR
BARIAAL . DRIE, B R T B R A R A e 4 5, B R U e S R A A
BEFEM.

4 25 i

BT RGBUERI, ASCHETT T R i O R R R BB o A4, 3 R b
T ORESE . BAEESE . GRS E SO HRS s .  aAL ArAR R N SO s .
TERUTT

13



(ISR 7/ B O
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

(1) O P2 5 2 58 A2 — M S e AdoIR S, T (530 TS M S0 o i 7 110 2 i - B 18 ik 553
T2 eI 5 o B SR R . FEARSCONTER N, U ORI KA 30%0), #7f & i 4
TSI A i S ST ST RERL, AN T V8CSS M SR P A 00 S 3 o b RS s T A DR P E— 2P
R E 60%I, KRAWAF SHFERE B, M fE A N ey £ S IERSE, il
W M ineE, HEBL DG T, R, TREETT b AR B ACKE 1 T 8 o A0 e — AN T
AR RS R TR 8,  7 E ASAR A% R STLAS 5 M S B e e o 1 1 T

(2) il R s M A O SR AR YE [ R DG 28, HL s 2 B 35 AR 2R MG KRR IE
T FEEE N 30%M TR, 247558 H 80 km/h $27 2 120 ke/h I, 7l 4614 N AR S0 5 €L ] J= 453
1 FIED e ) JE R R 2L B IR R S R R R A AR . BRI, fEA S
P, 120 km/h AFRR 945 0 535 00 R ARER M U 2, TR b R e i o T S i
TR 8 S ) S I .

(3) ZEA S0 M AR A (R s ma 1A B R 1) 2 B B 2 SRR, L R SO R s T
WiRE et aR R, R E N T 5 MR s ORI R . RO FR B 30% LT, KB
o 5 R 5 0 2 R R ST R B B, AR ST SR R S A0 4 1 — 2D 0 R s DB o )
FOK G J T 8O, RS 10 i J S A 4 e 1) AR S il i AL, T R 4
i KU s ML, AN TR B v D3 o 20 A 0 A S 4 () S AR mis, g JELTE B 470 ol o s K
(150> 75 25 RE A 0BT 4 2% B Rk AR 5

S22 3CRK

[1] Wardhana K, Hadipriono F C. Analysis of Recent Bridge Failures in the United States[J]. Journal of
Performance of Constructed Facilities, 2003, 173);/144-150.

21 S, JEwE, 36, T 15 55 E AP IR SRR B RS 70 A 7], Sl RH, 2015, 23(5):
61-64.
YIRY, ZHOU R F, HUANG Q. Reason dnd'risk of bridge collapse in recent 15 years[J].
Transportation Science & Technology, 2015, 23(5): 61-64.

[3] F4A, BRIT, JAAEUE. ST A A A A A i o B O B A [J]. IR R Ak (E
SRFLEERR), 2016, 43(7): 88-95.
WANG J, QIAN J, ZHOU D.Y. Numerical simulation of urban bridge substructures impacted by
heavy vehicles[J]. Journal of Hunan University (Natural Sciences), 2016, 43(7): 88-95.

[4] Do TV, Pham T M, HdoH..Dynamic responses and failure modes of bridge columns under vehicle
collision[J]. Engineetifg Strdctures, 2018, 156: 243-259.

[5] Do TV, PhamIi M Hao H. Impact force profile and failure classification of reinforced concrete
bridge columns/against vehicle impact[J]. Engineering Structures, 2019, 183: 443-458.

[6] Chen L,/Xida0 X, Xiao G, et al. Test and numerical simulation of truck collision with anti-ram
bollards[J]/International Journal of Impact Engineering, 2015, 75: 30-39.

[7] Chen L, Wu'H, Fang Q, et al. Full-Scale Experimental Study of a Reinforced Concrete Bridge Pier
under Truck Collision[J]. Journal of Bridge Engineering, 2021, 26(8): 05021008.

[8] HengK, Chen T, Li R, et al. Dynamic behaviors and equivalent static force of double-column pier
under horizontal impact[J]. Structures, 2023, 49: 1093-1111.

[9] Zhao W, Ye J, Qian J. Dynamic behavior and damage Mechanisms of reinforced concrete piers
subjected to truck impact[J]. Engineering Failure Analysis, 2021, 121: 105158.

[10] Buth C E, Brackin M S, Williams W F, et al. Collision loads on bridge piers: phase 2—teport of
guidelines for designing bridge piers and abutments for vehicle collisions: FHWA/TX-11/9-4973-2;
9-4973-2[R]. College Station, TX: Texas A&M Transportation Institute, 2011.

14



(ISR 7/ B O
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

[11] AASHTO. AASHTO LRFD bridge design specifications[S]. 7th ed. Washington, DC: American
Association of State Highway and Transportation Officials, 2014.

[12] Zhou C, Xie Y, Wang W, et al. Machine learning driven post-impact damage state prediction for
performance-based crashworthiness design of bridge piers[J]. Engineering Structures, 2023, 292:
116539.

[13] Buth C E, Williams W F, Brackin M S, et al. Analysis of large truck collisions with bridge piers:
phase 1—report of guidelines for designing bridge piers and abutments for vehicle collisions:
FHWA/TX-10/9-4973-1; 9-4973—1[R]. College Station, TX: Texas A&M Transportation Institute,
2010.

[14] Chen X, Agrawal A K, El-Tawil S, et al. Inelastic behavior of a bridge bent subjected to truck impact:
Experimental and computational study[J]. Engineering Structures, 2019, 199: 109543.

[15] Chen L, El-Tawil S, Xiao Y. Reduced models for simulating collisions betweeit ttucks and bridge
piers[J]. Journal of Bridge Engineering, 2016, 21(6): 04016020.

[16] Chen L, Wu H, Fang Q, et al. Numerical analysis of collision between a tragtor-trailer and bridge
pier[J]. International Journal of Protective Structures, 2018, 9(4): 484—503.

[17] Ma H, Cao Z, Shi X, et al. Performance assessment of reinforced cencrete ‘eolumns under vehicle
impact load using P-I diagram[J]. Structural Concrete, 2020, 21(4);1625—1643.

[18] Xue S, Hao H, Hao Y. Numerical investigation of impact response of'bridge pier subjected to off-
center vehicle collision[J]. Engineering Structures, 2024, 317:-118624.

[19] Ful, Wang W, Wang X, et al. Fragility assessment of RC\bridge piers subjected to vehicle collision
based on residual load-bearing capacity[J]. Structutes; 2024,/68: 107103.

[20] Xue S, Hao H, Hao Y, et al. Experimental and numerical investigations on the impact response of
precast segmental bridge piers subjected to soft and hard missile impacts[J]. Engineering Structures,
2025, 339: 120602.

[21] Liu Y, Yang J, Xu G, et al. Performance of UHPE bridge piers subjected to heavy vehicle collisions
and probability analysis of damage level[J]. Structures, 2023, 47: 212-232.

[22] Li R W, Wu H, Fang Q, et al. Damage eyaluation and performance-based design of double-pier RC
bridge subjected to vehicle collisSionfd]. Structures, 2021, 34: 3141-3154.

[23] Auyeung S, Alipour A, Saini D¢/Performance-based design of bridge piers under vehicle collision[J].
Engineering Structures; 2019, 191: 752-765.

[24] Auyeung S, Alipour A, Evaluation of AASHTO Suggested Design Values for Reinforced Concrete
Bridge Piers Under Mehicle Collisions[J]. Transportation Research Record: Journal of the
Transportation-Research*Board, 2016, 2592(1): 1-8.

[25] SymondsP»S rSurvey of methods of analysis for plastic deformation of structures under dynamic
loading®BU/MNSRDC/1-67[R]. Providence, RI: Division of Engineering, Brown University, 1967.

[26] Sun W, FaniW; Yang C, et al. Lessons learned from vehicle collision accident of Dongguofenli
Bridge: FE modeling and analysis[J]. Engineering Structures, 2021, 244: 112813.

[27] Zhou C, Xie Y, Wang W, et al. Performance-based design for improving impact resistance of RC
bridge piers with CFRP grid-reinforced ECC[J]. Engineering Structures, 2023, 275: 115217.

[28] Wu M, Jin L, Du X. Dynamic responses and reliability analysis of bridge double-column under
vehicle collision[J]. Engineering Structures, 2020, 221: 111035.

[29] Heng K, Jia P, Xu J, et al. Vehicular impact resistance of highway bridge with seismically-designed
UHPC pier[J]. Engineering Structures, 2022, 252: 113635.

[30] Heng K, Li R, Li Z, et al. Dynamic responses of highway bridge subjected to heavy truck impact[J].
Engineering Structures, 2021, 232: 111828.

15



(ISR 7/ B O
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

[31] Fan W, Xu X, Zhang Z, et al. Performance and sensitivity analysis of UHPFRC-strengthened bridge
columns subjected to vehicle collisions[J]. Engineering Structures, 2018, 173: 251-268.

[32] Mohan P, Marzougui D, Kan C S. Validation of a single unit truck model for roadside hardware
impact: NCAC-2003—W—-001[R]. Ashburn: National Crash Analysis Center (NCAC), 2003.

[33] NTRCI. F800 single unit truck FEM model for crash simulations with LS-DYNA[EB/OL].
2005[2026—01-21]. Available:
https://thyme.ornl.gov/FHW A/F800WebPage/description/description.html.

[34] Abdelkarim O I, ElGawady M A. Performance of bridge piers under vehicle collision[J]. Engineering
Structures, 2017, 140: 337-352.

[35] Fujikake K, Li B, Soeun S. Impact Response of Reinforced Concrete Beam and Its Analytical
Evaluation[J]. Journal of Structural Engineering, 2009, 135(8): 938-950.

Dynamic Response of Circular Bridge Piers Subjecteéd/te Eccentric Vehicle

Impact

LIU Yunting, ZHANG Jie, LIANG Shaomin, YAN>Tao, WANG Zhiyong
(1. College of Aeronautics and Astronautics, Taiyuan University of Technology, Taiyuan 030024,
Shanxi, China;
2. Shanxi Provincial Key Laboratory of Material Strength and Structural Impact, Taiyuan 030024,
Shanxi, Ching)

Abstract: Existing studies have extensively investigatéd the global dynamic response of bridge piers under
vehicle impact; however, most of them focus on frontal collisions, and the pier response under eccentric
collisions remains insufficiently clarified. This study conducts a numerical investigation on the dynamic
response of a circular bridge pier subjected to.eccentric vehicle impact. A finite element model for vehicle—
circular pier collision is establishédyand validated. Comparative analyses are performed between eccentric
impact cases with different eccentricity levels and the frontal-impact case in terms of failure-mode evolution,
impact-force time histories; andykey-section displacement responses. In addition, the effects of impact
velocity and vehicle mass on, the dynamic response under eccentric collision are examined. The results
indicate that when the\eccentricity is less than 60%, the damage in the impacted region and the bending
cracks on the rear facelare generally less severe than those under a central frontal collision. As the eccentricity
increases such that;the gngine no longer directly participates in contact, the collision mechanism shifts, and
the overall damagelevel becomes higher than that of the central frontal collision. The velocity effect is non-
linear; when the'speed increases to 120 km/h, damage is markedly aggravated, accompanied by a significant
increase in peak structural displacement. Mass parameters exhibit stage-dependent dominance: the engine
mass mainly governs the flexural-shear response during the engine-contact phase, whereas increasing cargo
mass substantially amplifies the impact effect in the cargo-contact phase, promoting the pier damage from
localized cracking to more extensive flexure-dominated failure.

Keywords: eccentric vehicle impact; circular bridge pier; dynamic response; damage evolution
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