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Study on Local Response Characteristics

of RC Beams under Impact Loading

ZHAO Wuchao, QIAN Jiang’
(State Key Laboratory of Disaster Reduction in Civil Engineering, Tongji University, Shanghai 200092, China )

Abstract: Based on the existing experimental results, the dynamic response of RC beams under impact loading
is divided into local response stage and overall response stage. As RC beams are vulnerable to shear failure during
the local response stage, this study investigates the transient response of the components in this stage. Thus, the ef—
fect of inertial force and reverse reaction on the internal force distribution at the local response stage is also dis—
cussed. Based on the basic principles of force equilibrium and parametric analysis results, a computing method for
the internal force of RC beams is proposed. The results show that both the inertial force and negative reverse reaction
affect the internal force distribution of beams during the local response stage, and the reverse reaction is approxi—
mately linear to the span—depth ratio and peak impact force. The assumption that the distribution of inertial force is
linear can well reflect the actual force state of the beam.
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Fig.2 Comparison of beam crack patterns
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Fig.3 Comparison between numerical and experimental results
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Fig.4 Time histories of impact force and reaction force under different load cases
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Fig.6 The shear force and moment diagram of RC beams

U B YN SES ALY R

x=aV1 -y +yll(4a?) (4)
s N RSN -

M. = qa*(2a + 3x,)/31 + Rx\/2 — qx,/31 (5)
S5 R SR BRSO oy, T WL A2

qa*(2a + 3x,)/31 + Rx,/2 — qx,'/31 = 0 (6)
s R R RS A

M. = q(l 1% 12¢1) _ yq(l E 4a?) (7)

H TG O 067 1o SR S S A AE BN TR
TN AT ST B A T
IR 1) S 2 I AME S 7GR S R S A T HL 2
b N 1A B RS 5 AR R B ) oA A
JIT S AR AT A N Jay P 7 i B 5 7 1
e+ B HT TR FRAK , BUBY 5 >R AL, M 32 A
HW 5 S A S VIR e Ah , B2 b T B TR 1 7
R [F) I B2 25 A AEAE RIS/ 1 il 43 5 o2 2 1Y
AR L, XSRS GE 0 32 1B
32 ZERNNAASTHHIRM

P 7 25 Hh T A [ it R 1 2 225 v BT e R
R AR i R R A R S S A i 7 [] S e
ST AR JE A = alls Moo R SR TT N
T G 5 v BT Fie KOS 5 M0 SN SRR S ) S )
T b SN B YIRS e S BN
T FE 2R IR A RIS R, 24y S 0.1

AF, A = 0.107 52 5 R AT 17125 5 24 02 A 2% i A7 )
SRR FIEFY 3 4% TREF A = 0.075 B FER KR
AT 67 25 B R R ) TR A [ S S T Y 7
1 ZEis ke KA y BN R, HRiE X
JAE 2 3 A 3G R/ IN. 2 A 58/ INmsE 368 T e R 25 %o
A AR AR RHHURS, 24 A i — e BUE S, O ek
THERES A A3 IR N, S S AR A
T A b far 4T 1932 AR I RO N TR
(Y SEBR BT L, PRI S 3 o A % 2 1) 80 ) i
HATEEE . S 5 SRR G [ R A 38K
TSR, (HLIG R W8N , eI S R 1 T
R A= RO

—0—A=0.188
—o—2A=0.136 /

1=0.107 e
3 A=0.088 v

= 4} —e—2=0075 e
=

1.0 ¢
N
\\\‘Q(
0.8 \\

MM
|
!
//
i

0.4

0.5

03y e

X/l
|
i

0.2 poepr e —0=1=0.188

0.1k A=0.107

(c) A5 A fir
B 7 %R AN

Fig.7 The effect of reverse reaction on the internal force



30 PN === (HE SRR 1Y)

2019 4F

25 FITIR SRR X AR A TR R A R B B DN
KAV B e R A MU S S B A
BB, 11T DA A I 5 2200 5K — 3 43 14 BTk, X 2%
XN TR AEE 232 N T T TR B — s R 22
3.3 famEER S FwE S IEE

&l 8 Ay 28 ZH AlffE T4 < I A Ay g
fEZ (A EOS L b, P R s SR 3 R A
1.7~13.7 m/s; 5 15 LLUEE R 3.2~10.4. 585 & L
3.2 B, EB ST AR TN S KA e A A A AR
M, 245 v LA L 5.6 IR, A [] Al 1 A9 7 ] 52
JAE S 3 3 AR5 il A g (B S e M G &R L I HL B 1Y
FU A B 25 5 EE A R . X 5 A B e S
K s 3 S g B E FE B E — 2 TR 4y
SR AS ) 855 v U R S 8 sz g R 48 ) =22 ] 1) 5% 3R
WATERMERLG  PUE 25 R E 8 frR

1.0 60
z 50
£ os R=0 Z ol R=0113p
L;( 0.0} o-o-er-c0--tomuccnnnne ° X 30 L
= ool T
™ -0.5 ~o
10} -

0
100 200 300 400 500

?OO 200 300 400 500

fillA8 J/kN TlfA%E J1/kN
(a)l/h =32 (b)l/h =5.6
150 180
Z120f g-gaosp | ZY0 Rr=03s8p s
= 9 N =120
= »” X ;
) = 90
2ol = >
Lt e 60
3oL 30
100 200 300 400 500 100 200 300 400 500
i 1/kN A F1/kN
(c)llh=38.0 (d)l/h =104

A8 RFI5 & e R 69 Bk AR Ay Ao 3R B A W8 A
Fig.8 Scatter plots of impact force and reverse reaction

force of RC beams with different span to depth ratio

R TGS R XS S AR e S s X X
S5 AT LA A 3 388 R ) 6 T il AR g 0 {1 A
5 e R b A

R = (0.053l/h - 0.165)P (8)
KR R ITE T (KN);P R fill 8 J7 0 (A
(kN ) ;1 Rk 45 (mm ) 3 A A 8% 5% (mm ).

okl e — A LA 2 1 4 B T, AR X DA
FRYE FRG ff o 2 Al T WA RN, AR S A %)
BB AT 2] 11 il 45 7 G (B0 00 A 7400 75 A A5 28] flf 4
JI A Rl R A A 1.7~13.7 mi/s; filf
i T Y BUETE LR 50~1 600 kg 210 5 i HHUE
JE A 3.2~10.4.7F JRy & g B Bt , G5 PN N7 7 i DA Al

TR 28 T 1) v A% e M IS R R B 4 A Akt
Z5pdimny. F RGNS S B I
AW R A AR A A b A G A AN R LA PRI M
fR) AN e — ML, SR BiggsPHE ) SCBA [ JEE
IR R I7 vk, o R S i R K, M

. [ () (9)

| pix

Ko AR EE - PR EE (o) NRHBE
TEAR PREL, X HABOE o (a0) b, MBS Kl
a. VSN 1 GRS e R AL K., = 1/3 + 8a/3P°.
MNTTAS 2] 4 B AS [R]85 50 bE 2 00 25 3000 £ 22 50000 1)
49:0.351.,0.337.0.334 1 0.334.

2 3 i AR 5 TR AR I T E L A e o A
X il 4 7 WAL () DT Rk i oy i 3, 3 HE 220 T At vk
TR K, X 34 dRERE T.00 B A as itk £
JUARZENE [ H 4B , D17 75 21 i 48 7 W4 (E P(KIN ) &
:‘FE\%E Hﬁ Ms/meﬂ'\#'f'iﬁﬁ U(m/S)E/‘JéégKﬁ/A§J—it

P = 100( M. /mq) %3 (10)

3 (10) 42 3 T V% File v o 12 30 A9 A5 400 485 21 Jor
FERY, T EE T A SO HE B BRI Sk AR wh il
SR AN TR BRI . RIS RS
S C10) v] A A I A9 R PSS SR OEEE S8, DIIgT it
— N B TR S

K9 g5 TiZa A MIA TR, WNEdES:
V5T LU Y, Rl 8 (S (s AL A (i 2 L
M- 2BME A 0.998, 48 7 RECH 0.067, P RECH
0.951, Al WAL AR A A,

2.0

AVG=0.998

L5} COV=0.067
~I R=0.951

LX)
9909 °
: 'fﬂ?%;a;ffmﬂz'ﬂaatr%'""o‘““‘

0 6 81012 1416 1820 2224 26 2830 32 34

AT S
B9 ALIE ISR
Fig.9 Goodness of fitting of the peak impact force

34 NAOHE

Vo5 Tl 48 o g R S JRE S 7 (R 4 56 R4 A )
PRS- RE TR CANEL 6 FIf7R ), AT LLAS 21 s fay 2
T SRR A B 7 RIS R R B T [ B A AR T O, M
I AT LK 2 BBt s Pk RE IS5 A8 R A 5, A
T RN . MR SR8 I 1 RRESE g B 2963 A
AR ) S R 1A T S D HU A

L 1
Y=1= 00530k + 0835 (1)




5 3 1]

X SR 25 « ok i 280 A9 T 25 - 2 SRy A R A AT 31

M G 22 s AT — AT 9 2500 M MBSy v
TLLRRA -
1 = (0.053/h = 0.165) (2 — 4a’ = 6a>x )P _

3y(P - 4d?)
(0.0531/h 5 0.165)xP (12)
y = 2(0.0531/h = 0.165)(«* = >)P__
y(I? - 4a*)
(0.0531/h 5 0.165)xP (13)

KA REERKE (mm); o AR (mm);h
R AT (R B2 (mm ) o0 A SRR TAT 5 2 AR 22 (8] ) 1
(mm) ; P NAIEE 77 (KN, il #283(10)3H5.

Wt 285 e iy A B3 e o i 288 X6 R 0 T R L R 1 Y
J153 A W 52 M KT AR TE | DA I BRI 28 7 0k 1) D L
s (1A 48K 1T B RS AR RS X 4. 161 10 X He T 4K
TR A X (12) (13) 75345 21 14 AS [ filf 45 52k
FIUAS ]l B I A A T 25 2 B 9 T 2 A

=
z
i /
& gy —
=r N\ 3.4 w/s; T HATH
R 30F ——3.4 m/s; AT
------ 13.7 m/s; P ECT
45 . . —®—13.7 m/s; AT
0.2 0.4 0.6 0.8 1.0
xll
(a) Y5 1.4 m INA5HE 40
300 —
------ 3.4 m/s; P ELTHET
200} —e—3.4 m/s; AT
ool =e=e=13.7 m/s; [ ELT]
z N3 7 w/s AR
50 : —
R
-100}
-200}
-300

xfl
(b) %% 1.4 m B85 J35045

E
z
=
S \ f——3.4 w/s; NG
301 =+=+=13.7 m/s; P EL 34
45 —®—13.7 m/s; N1
0 0.2 0.4 0.6 0.8 1.0

xll
(¢) V5 2.0 m B 25 5E 50 A

300 e
—=e=3.4 /s P HITH
200} ——3.4 m/s; AT
SXCLd 13.7 m/s; 5 B
100
=
R O
iaR—100-
200}
-300 . . . .
0 0.2 0.4 0.6 0.8 1.0
«/l
(d) %5 2.0 m BT J1 5045

B 10 HALMDFe 22 50 XA 2] A d 5 4EF0 3T 77 i £
Fig.10 The shear force and moment diagrams of beams

calculated by numerical simulation and empirical formula

BMARE , 28N AIH AR SRS R T
PR, FORAE RGO, B LA —E 125 5, X R
JE F T AR BRAE 23Hr R RE 3 7 BT A0 S a5 e 2311 R
5 LRI AR Ak i B i B S R A A B, TS
AT BN BT T3 700 R BRI ETR. X 1s
e BT AT T 4, R A Ja i Bz [ Be 42 1 59 1)
RO U, 59 708 SRR A P R M) B o T A
X HE— A W] TR T I R R 1 R A A1 Y I
T UL PR

4 & it

AR SR BRSSO FHIE 7347 7512 % 5 5773
TRBGE b G A el iy 28T A9 JR R B R AR AT TR
Pf. FETOA il E TR T R B
P, IE 0B T Rl 7 SRR R 1 03 AT A2 AL
FUHE. AR i 28 S BAS 2) 1R me N B B e
FIBH T FEER R

D)2 oh o A T BT T B = 22 i it A pIL
L5 A 2N B I 2 e 5 BB T R A ) SR
2 3k 2 HLREAR T B AR (H IR A H 8T )
iR, PR 5 K B UIR R I AT
AR/, B TR A AT FE R AN 3238 AT

2) SR T2 . 2 b5 v % T i R A7
L ERKIEE R S B A 2 SO U Y
M2 RN IR B —E R iR 2. SRR
D105 B 5 g LU FOAEARE ) S 2 OC % s i ks
SRE X AR ) W (L PR B2

3 )3 5 i S T A B g~ A BRI {5 EL 45 R
CPER: ¢ CE RIS o P b e DEST /N
3, PTG 1) de AN A8 T A 57 B A PN TR0 G



32 PN === QSRR 1Y)

2019 4F

R B A I B, AR AP g
TSI N o A STk, HA TR A R S
R LR G, 2R SRy L B S
AN I IBOE FLAL A B

Sk

(1] VPERZE, Bibk. )2 854 il i BOE o 2 s S A Rl A 73
BrlJ ] IR I e i (A SRR 2R ) , 2015, 42(3):106—111.

XU X J,SHAN C L. Impact analysis of the bridge pier anti—colli-
sion floating box sets made by sandwich structure with curved —
shaped [J]. Journal of Hunan University (Natrual Sciences),

2015,42(3):106—111. (In Chinese)

(2] FAA, BRI, TSN T g2 R as i ss 2L 44 & o Bl

DB I 2 4R (A SR B2, 2016,43(7):88—
9s.
WANG J,QIAN J,ZHOU D Y. Numerical simulation of urban
bridge substructures impacted by heavy vehicles [J]. Journal of
Hunan University (Natrual Sciences),2016,43 (7):88—95. (In
Chinese )

[3] HUGHES G,BEEBY A. Investigation of the effect of impact load—
ing on concrete beams [ ] . Structural Engineer, 1982,60(3):45—
52.

[4] KISHI N,MIKAMI H,MATSUOKA K G,et al. Impact behavior of
shear—failure—type RC beams without shear rebar[ J ]. International
Journal of Impact Engineering,2002,27(9): 955—968.

[5] SAATCIS,VECCHIO F J. Effects of shear mechanisms on impact
behavior of reinforced concrete beams| J]. ACI Structural Journal ,
2009,106(1): 78—86.

[6] FUJIKAKE K,LI B,SOEUN S. Impact response of reinforced con—
crete beam and its analytical evaluation [J]. Journal of Structural
Engineering, 2009, 135(8): 938—950.

(7] VR, WA b fir 20E R SNAT IR e L e R IR UF e[ .
TARTREEM,2014,47(2): 41-51.

XU B,ZENG X. Experimental study on the behaviours of reinforced
concrete beams under impact loading [ J . China Civil Engineering
Journal ,2014,47(2): 41—>51. (In Chinese)

(8] FWIVE, FAEIR KA. MATIREE L AR oh il N I3 07
LR, 2006,27(3): 399—405.

WANG M Y,WANG D R,SONG C M. A calculation method of re—
inforced concrete beam under low velocity impact [J]. Acta Arma—
mentarii, 2006,27(3): 399—405. (In Chinese )

(9] X%, B, 35 2L M. R vt T RC 2 S I AR HL
RS ()], LARJ124,2015,32(5): 155—161.

LIU F,LUO Q Z,JIANG Z G. Dynamic response and failure mech—
anism of RC beams to low velocity impact [J]. Engineering Me—
chanics,2015,32(5): 155—161. (In Chinese )

[10] KISHI N,MIKAMI H. Empirical formulas for designing reinforced
concrete beams under impact loading [J]. ACI Structural Journal ,
2012,109(4): 509—519.

(1] B, Sy b, S IR e - b0 i PR R AN T 7 i oY

[J]. a5 vhiti . 2015,34(11):139—145.
ZHAO D B,YI W J. Anti—impact behavior and design method for
RC beams [J]. Journal of Vibration and Shock,2015,34 (11):
139—145. (In Chinese)
[12] JONES N. Structural impat:t[M 1. New York: Cambridge University
Press,2011:61—75.
[13] SYMONDS P S,FLEMING W T. Parkes revisited: on rigid—plastic
and elastic—plastic dynamic structural analysis [J]. International
Journal of Impact Engineering, 1984 ,2(1):1—36.
THOESUAE S SCE 1 . JELRE RN Xk G ek o 17 (52 [ .
2f24,2004,36(2):184—190.
XING Y F,XIE W J,ZHU D C. Influence of thickness effects on

[14

[

impact responses of beam [J]. Acta Mechanica Sinica,2004,36
(2):184—190. (In Chinese )

M, FRLLM, DN BN TR EE LA B s AL ) .
W KA 2R (A SARHERR) , 2005, 32(1) : 48—51.

TONG H,CHENG H M, LUO S N. Wave propagation in prestressed

[15

[

concrete with damage [J]. Journal of Hunan University (Natural
Sciences ),2005,32(1):48—51. (In Chinese)

[16] COTSOVOS D M. A simplified approach for assessing the load —
carrying capacity of reinforced concrete beams under concentrated
load applied at high rates| J ]. International Journal of Impact Engi—
neering,2010,37(8):907—917.

[17] FEHE, BITPRL. RC B ahi WANLEL BT 52 5 5 Ay ST T

TrERI L] W R A (A SRBRA M) ,2017,44(1) : 112—
117.
HUO J S,HU K Y. Failure mechanism of RC beams under impact
loading and discussion on prediction methods of residual deflection
[J]. Journal of Hunan University( Natural Sciences),2017,44(1):
112—117. (In Chinese )

[18] MURRAY Y D. User’s manual for LS=DYNA concrete material
model 159 [R]. McLean, VA : Federal Highway Administration,
2007:3—12.

[19] PHAM T M,HAO H. Behavior of fiber —reinforced polymer —

strengthened reinforced concrete beams under static and impact

loads [J]. International Journal of Protective Structures,2017,8

(1):3—24.

W0, Ve, JCIE AN AT IR e BT AT IR IR T ). &

AT AR, 2012,45(9):63—73.

ZENG X, XU B. Experimental study on the impact —resistant be—

[20

.

havior of RC beams without shear—resistant rebar [J]. China Civil
Engineering Journal ,2012,45(9) :63—73. (In Chinese)

[21] YI'W J,ZHAO D B,KUNNATH S K. Simplified approach for as—
sessing shear resistance of reinforced concrete beams under impact
loads[ J]. ACI Structural Journal ,2016,113(4 ) : 747—756.

[22] PHAM T M,HAO H. Plastic hinges and inertia forces in RC beams
under impact loads [J]. International Journal of Impact Engineer—
ing,2017,103:1—11.

[23] BIGGS J M. Introduction to structural dynamics [M ]. New York:
McGraw Hill, 1964 : 199—203.



