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Dynamic mechanical behavior and numerical simulation of concrete
under three-dimensional coupled static-dynamic loading
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Abstract: To study the dynamic mechanical behavior of concrete under three-dimensional coupled static-dynamic
loading, split Hopkinson pressure bar (SHPB) experiments were carried out under combined axial compression,
confining pressure, and impact loading. A stress initialization method was introduced into the LS-DYNA program,
and a sequential analysis approach consisting of implicit static loading followed by explicit transient dynamic
loading was used to simulate the coupled static-dynamic loading process. The influence of different static load

combinations on the strength and failure characteristics of concrete was systematically analyzed. The results show
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that, at the same impact velocity, the dynamic compressive strength of concrete increases with increasing
confining pressure, which provides a protective effect on the specimen. A critical axial compression value is
observed: below this threshold, axial compression enhances specimen strength, whereas beyond it, axial
compression leads to strength deterioration. The introduction of the stress initialization method enables accurate
realization of constant pre-stress conditions before dynamic analysis. Comparative analysis between experimental
and numerical results shows that static loading provides limited compaction enhancement, while changes in static
load combination significantly alter the internal stress distribution, which is the main factor affecting the dynamic
strength of concrete. Numerical simulations effectively capture the failure process of concrete under three-
dimensional coupled static-dynamic loading, revealing that the dominant failure mode is compressive-shear
failure. Furthermore, the damage evolution of concrete can be reliably predicted by analyzing the time-history
curves of damage variables in the numerical model.
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Fig.1 Experimental system of three-dimensional coupled static-dynamic loading
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Table 2 Physical parameters and mechanical properties of C40 concrete specimens
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Fig. 4 Experimental results of SHPB compression under different axial pressures
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Fig. 5 Experimental results of SHPB compression under different confining pressures
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Fig. 8 Pressure time history curves without initial stress treatment

32 MAMBHETEE

LS-DYNA 2t 7 | 3 4 03l 1 2 W 3 5% 3 01 % 53 B B O 1 00 46 AL B2 7 L & 4 ANSY'S 119 xR
fEThfg, & T A RCR A, oS Rt BB A TS s . SO R B W0 4R Ak ik i B
A5 SO R RN S AT 43, 1% 07 Bkl 1 3 I *INTERFACE_SPRINGBACK LSDYNA 56 8 5 38 £F a5 i
PEAS T MRS TS 7 0 A5 B 100 46 2 285 SO i 3 12 SC PR aT RATE S 3T 5 5 R B a4 i e AT R AR
(189 JLART AZ T K 17 3 A% Dy s, A6 i 252 4 2 2 n 28 43 A v L 5 S M BR T A B ST R AL 8 SN A 8 OC HE
FHRVE SE AL ) 2l B il 2L *INCLUDE fir & i B2 P 7E 15 b A 3 S AW IR sh &8 30k AR oy B X3 s
AT SRR . (EAT — 4R R, S0 R v A AR R AT AR AEAE N T AR AR A 5 R T A N AR R e S, I AR 4
AN SZ AT R 75 BB RS AU T E T A X N AR AT AT R R IR b 0 AR AF S, Sy ke B At )
0y 73 2w AL 285 L 3 U A X AN (] 307 3 i i Dy 2 R AL R BEAT X L A BT, 45 A 3 A R L o 95
F1J5 R FH I 190 R Ak 7 325 1T LAt b 3 B = 4k S R AL A N AR A S I R

P9 Jyfhi [ 14.4 MPa, [l 5 MPa 2544 IR BE 4w AR my B #E 2k . v LU L 78 400 ps T, B
el 7 7 38 s 80 A 2 TR TR0 70 A S B P ARCRAS | S 2 R T il 2R U s BN R TS B R,
51 AR 3 00 s A 5 1k 52 B3 A 3907 7 PR N 28, in R (B 5 B S AR — B

70 10 -
BT L
60 L — 125563 — 102391
—— 159346 8 L —— 99646
—— 166092 —— 104791
50 -
«
E 40t ]% 6
E 4 W
20 -
2L
10
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Bt /s A8l /ps
(a) BHEERFR R (b) EEMRHZ

9 LA R J7 4b 2R B IE 7 B AR B 2%

Fig. 9 Pressure time history curves with initial stress treatment



116 TR K F F IR % 49 %

33 HEHEZWIE

Pl 10 Sy S 55 55 A 40000 07 ) B AR il 4 be L, AT DUAR Y 2 S 50 O A5 30 0 0 ) B R it W B AT .
iﬁﬂm_ﬁwml&%T‘{meﬁiﬁt#f%fﬂa{*ﬂiﬁ%ﬁ?ﬁ%ﬂiﬂﬁﬁ,EEEI LA G 32 30 48 1) i 0 SR
AR 8 2 WL T ok A R 40 e O A i ke X i R B AR A S 3 A R 8D o S SR A A SRR AR
BE B LRCR B W) BE | ABEH00R e 8 52 A3 v 347 3 SO, g i A% s 2 i A I 220 Sy B TR) 5 e [T 12 Sl B A
T SO B 20 1 Fl P AT BB RS 0L S 8 B SRR X B — 0 B SR R K 3 A R A DU ke A il 3k
IR I ROR R Af

200 ~
— SRS+ )
150 SEBS(BESTN FT)
— RIS +Ji§3‘ 1))
— HEREESRT)
100
50 -
=
S0
%
=50
-100 [~
-150 [~
200 I | | I | I | I

0 100 200 300 400 500 600 700 800
B E] /s

E 10 SLIG 5 IR 71 A2 i 2R3 b

Fig. 10 Comparison of stress-time history curves between

B SEE2TRGERT

Fig. 11 Failure process of specimen under high-

experimental and numerical results
speed camera

LS: DYNA nsel input "

o P Max Prin Strain LS":I-EYN‘IZ:.S:" input Max Prin Strain LS-DVNA user input Max Prin Strain
s of x Frin S 3000002 Contours of Max Prin Strain 3000002 T ¥
000421636, at lom# 116380 2885002 min=296976.06, at olom# 105338 oo ““" ' "' P S 3000002

Tar=0.0295553 ol somé 84734 max=0.0299676, at oloml 90597 i e h""“'“‘g':,““ 2700002

- 2391002 2400002 e ot
- 2400002 _§
20870.02_ 2100002 _ 2100002 _
1783002 _ 1900002 _ 18000.02_
1478602 | 1:5000.02 1| 1.5000-02
1174002 | 1200002 | 1.2000-02_
86990-03 9001003 | 9006005 _
5.657e.03 6.0020-03 6.0070-03
26150.03 :I 3002003 3008003
4277004 | 2970006 | 853706 |
h N f’
Ao ils
LS DYNA user input o
Time= 498.99 Max Prin Strain ‘I_.‘S DVNA user input Max Prin Strain LS—DYNA usel input Max Prin Strain
O of M Pl 86l 3.0000-02
Comursof MaxPrin s 3000002 Contoursof HasPin s 2000802
min=0.060480-06, at slom# 51578 ine1.050230.05, o slom¥ 83210 2e8.08036.06,at lom §1578
max=0.0299984, at elomi 104425 2700002 ax=G.0209907, 8t slomt 106407 zm--nz] a0 0299589, ot olomé 78348 zm.-nz]
2.4000-02_| 24000-02_§ 2400002 |
2100002 _ 2100002 _ 21000-02_
1.8006.02_ 1800002 _ 1800002 |
1.5000.02_| 1.501e-02 1.5000-02_
1.2010.02_| 1201002 | 1201002
9.007003_ 9.0076-03 | 9.0060-03 |
e 6008603 60070.03
Tkos :I 300903 mum:l
1050005 9080006,
9.969¢-06 | = e
I-I:J 3 [ 2 LLZY

E12 HESEDTRKEHERTRE
Fig. 12 Failure process of specimen under numerical simulation
TE AL A0L 7 B AR AR A A B 2 G N AT MR Y SO R R R S 45 R W) G R AT, an sl 13
Fﬁmo Tﬁﬁh{ﬁlﬂﬁ%? i 13(a) (b) o, i A 28042 1 97 & LA n) S A g IR ™ A5 138 ) 4 a0y 32, 78 I S Al
i E B RPN IR Z R B S ST A . TEShERA S BT WK 13(e) (d) s, il R 80g 1) DL sy U1 el
F L AEST Y Jr 0] BT E R K )Y S AT IR, 3R W Tl N7 A R T A T R 8 AR G b 1N B 4 A
iz T VR EE 1 0 3 A R 46 REE



% 34 GAEAE, S % B A mBTRELDESAFHEBEEBEMTR 117

(a) BHPEH LK (b) gl rh AR (c) SHBABMBLE

B 13 RIS

Fig.13 Failure mode of the specimen

(d) ShERE A MBI

3.4 EIlh &S

Xf AN () 65 2 4 G 2 80T IR BE 1 SHPB S2 40 FE A7 BB A, 155 5¢ iU i i LS-PrePost J7 b FEAR (2R £ A
SP3BT g I 7 B R I R e R R X e R AT A B A5 Bl g I - A ko (0 B T
IRl HE 0.21.6 MPa, [l 0,10 MPa (14 5080 i 7 % B, I X6 S0 A 01 15 S 36 45 1 14 107 7 — I 72 il £k 308 45 %
oA, sl 14 s o

ME 14(a) (b) AT %0, Bl 24 0 MPa 1 21.6 MPa i, Bifi 25 6] 1) 38 0 , 5 56 FRASE 400 25 SR W 45 B S 0, B e it
FER BT S5 G A T 450 RUBUIE BT L 0 “ RE RV " R AT A0 BT AEAS B IR IR 24 BRI 1 B0 L A
0 S 56 235 SRAT LA A T] 0 28 Tl #4158 ) L 1) 4 iRV FH 8 20 R V51 0l R 0 s 4B A B T 0 S, R

100 - 100
— SCI =0 MPa o fE#) FE| FE=0 MPa —— SIS FE =0 MPa o 1E#)| Bl FE=0 MPa
90 —— SIS FE=5 MPa o B =5 MPa 90 [ —— SLIG [ FE=5 MPa o B Bl FE=5 MPa
— LIGEE=10 MPa o 53| E=10 MPa — LI REE=10 MPa o B[ E=10 MPa
80 — LREE=15MPa o #EEE=15 MPa 80 —— S E=15MPa o BIfIEE=15 MPa
70 |
r_{': 60 Q9 90 %0 o
E 20000 Q s -
~R 50 woqo CLV) ° )
= o o
ol ;w° o |° °
30 °O° ° ]
L % .
20 |
- o
10 |
0 § 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
RiAg RiAs
(a) #lifE=0 MPa (b) H#HE=21.6 MPa
100 100
— LBl =0 MP o BHFE=0 MP — SLHHE=0 MPa o MR E=0 MPa
90 | —LKHE=144 ;IPa o Bl E=14.4 lf\l/IPa 90 | — LEMIE=144 MPa o ALBIHIE=14.4 MPa
—— LIHE=21.6 MPa o Ail#HE=21.6 MPa — LHMIE=21.6 MPa o ALBIHIE=21.6 MPa
80 ——LIGHHE=28.8 MPa o Hifllli/E=28.8 MPa 80 F —— SLIMHE=28.8 MPa o Ail#HE=28.8 MPa

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0
jve:s
(c¢) BIHE=0 MPa

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
REAE
(d) ElFE=10 MPa

E14 FLEE5EMALITLL
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Fig. 15 Failure process of specimen under three-dimensional stress state
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