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Abstract: Regarding constitutive behavior of concrete-like brittle materials subjected to high strain rates, we
combine ABAQUS finite element simulations and back propagation (BP) artificial neural network method to
analyze the critical waveform parameters in the split Hopkinson pressure bar (SHPB) experiments, and
propose the machine-learning based methodology for predicting mechanical properties of concrete-like
materials under high strain rates. This model significantly improves the computational efficiency to reveal the
correlation mechanisms between deformation behavior and constitutive parameters of complex brittle
materials under impact loading. We adopt the dynamic analysis module of ABAQUS finite element software

to apply four different stress waves on the free surface of the incident bar to obtain the stress-strain curve of
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materials under different strain rates. By comparing with SHPB experimental data, the accuracy of numerical

predictions from finite element simulations is validated. 20 sets of ABAQUS simulation results are exploited

as training samples, in which the incident wave is used as the input layer while the transmitted and reflected

waves are taken as the output layer. The results show that the machine-learning prediction model based on BP

artificial neural network method owns satisfactory generality, and this proposed method could replace

repetitive finite element modeling to considerably save the time for model creation, analysis and post-analysis

process. It can accurately predict the constitutive behavior in the form of stress-strain curve for concrete-like

materials under high strain rates, and can also predict the stress-strain responses under a wider range of strain

rate beyond those provided from training samples.

Key words: split Hopkinson pressure bar (SHPB) ; machine learning; concrete; dynamic mechanical

properties; BP artificial neural network

VE Sy — b BT i 4 e AR TR BE AR
Sz s AE B WA PG . RMTTER & A
SRIE DL AR B T AR v A T R sk
Hiu R R TR BE AR B BT b PR R, DI Bk — 2P
ik e LR TR TR BE A RE ) 2 M e M L IR AT
R o AR G e I AR AR L g, A4 VR
58 VA AR 3 0 B AR o SR AL
T i 1 0 RV ] Al i, B A 4 AR AT i D s T
LS 30 5l 285 0 28 2% 1 T IOAE i g 7 7 R4 o LA
e HT ) i AR R R PR Rl Tz b is R
AR R S AR MR TR MR R 2
— R Z A B AR S ST RORE B AR T L 2R
B RSO e KA BRSS9 4~5 A% i, TR BE + Al
BN NSRBI SRR Z R AR R RN IR EE L
B T AR T i S 0 T N A — I LA R
SR PR T FH B84 09 A SR AT B0 5 A AR T AR
WRS, Bt Ao R KBRS B
B M AR R R S 0 2 ) VR R AR Y Bl 2
SVERE A I as A BR 0 5 vk 0 AT B 5
BT AT LS o s 280l 4 7 32 YR B - 2B Rk i
A R AR R AR SO

METREE L REMOB R BRI s T &R E
#T (Split Hopkinson pressure bar, SHPB) 3 6 3= %
FEAE LA JUAS [n) 80 - o TR0 B8 488 A B R R
SHUEOT PR RO R B AR 4E . SHPB S
5 I 5 0 2, 0 20T S ST AT O R A S U L R
W 375 5 T DAL Okt 2 o o f v 280 b B E DR L O
TRBE M B S RE O oE 1Y SR P 7E . — T
& SHPB 525 1if s 22 i 47 Jo il 4 25 4 il 4, o 1
WA AR FGE AL TR — H . N RIEAT
RGN — B 0 W B A bR v b AT e
Kk, SHPB 52 5 o 25 By B O B 27 e 11
s R N T T AEA B G Bk O ) i
S VAR RN 1 115) i -2, A} 0 oy ) = RO L 544
It 1) b R ER 43 W W R BT R N AR, N h
A —E R BHR T SemmiR s, Witk IREE .

Jb R SHPB 52 56 % £ 5 A 45 5 LT Sk % 300 114 96
e 52 7 i

TREE T AE N —Fh Z A0 00 etk 2 45 b kL, 75 220k
f SHPB 52 5 vh1 [ 7 9% 1% 55 B 9k 8508087 B 80k %
P&, FLIR %6 4 b4 k) & A e R B oy AR /N 75 B o
o st 4 o)A S D 1 I T B R G, AR
PR 2% 2 45 52 i) SHPB 52 56 0 it B0 ) v 1k o R
TS0 L SHPB 52 58 v % i Ab 38 vl 167 SR Ak 1] 2%
FAS 38 57 I ) g 7 32, 4R A AS [) A A 7 %, 9F EL9S
AN T A I A RE . Wang %R ] SHPB
ARG A [F) AN AT 4R IR B + s AR WF 5T
21 AT T 3l A 0 B R R LB ARG . TS5
2524 B YR BE 12 28 SHPB 5 b7 78 28 52 06 K00
TN S 1 b L - £ ke B AE HL R AR R R
A Y, N o 4 BE O E AR R AY 1.38 4% .
W 4 A 42N R R B AR SHPB IR B L 52 56 AE FE AT
P AR 55 0 T R LA BB i 8 S22 PR 1 TR
S e P B R A i AR A R R AR K
T AT SHPB 525, DA Ay Mt b A} A 17 A 23 o 48 wfe
JEREAR 35 =4k Ry 4 B R T A 5 Foom ik
W AP T A B 25 2 vk i . 1 8 B AT X G 1 A
R SHPB 5256 3418 J7 1) 3k IR BB 2% R Mk
SGOILREARBOR R 4 S R . B
SO IR R [ A AR S50 48 o A LA TR RO D
TE B 52, B X AN [R) A1 kR M 38 FH 42 < 4, 7
W #1 B} ) Pochhammer-Chree 24 N . BRIE % 44
TR BE + SHPB 5 56 F6 455 1 (4 20 #F Gorham 15 74
RN S 3R, 12628 2RT AR e b 16 T 16 2 A T 4
T SR

SR 2 ] BB AR 9 5 580 O T4 1E R A
B3 7 I T 10 S M kL Sh S Ty 2 v RE B . A
T A N4 HA [ 2 2] B R 38 A A B R 2 v )
A, Horh 2 24 400 R 50 HAA R ENS LR AFNAT
il Ze Mk A B, 35 A T SHPB 52 56 v S 53 0 A1
25 U, DTS2 BRI B - 2 bR B A T 2 1k R T
Do ST TR 27 S MR BT 2 Rl 450 A 45 B 1)



55 5

Jeo AT N IM 2% B TR BE 2R R SHPB 8l 285 Ik 46 148 g il 791

£ 4% #h 22 W 4% (Back propagation, BP) | % FH i 22
¥ % (Convolutional neural network, CNN) . 1§ ¥
22 M 2% (Recurrent neural network, RNN) A1 45
W id 12 M %4 (Long and short term memory,
LSTM) BRI A N T A28 I 45, b 3 fif 28 ) 2% 18
HA A2 2T ke T BB 48100k BP #l 42 N
26 7 1 AT AR i 1R 22 R AT P AT RUBRUI 1 TR A L A L
BCHAD B SR I AR, B R A
WEME o BRI A o URE BcNE (R RS AR IR 2% L RE S
S NSRRI =l 1 Qi E | S G
Wang 55706 BP #ft 28 W) 2% £ R 32 T i e Ak B,
3 o A G H AR R Y R 9, 52 B S 5 Y O N BLAR
PO WS OG22, DA 4 w8 17 02 7 - % i 7 i £k 1Y)
HEAME o B IR A8V R H BP Bl 48 N 46 H R BF 5
TR A Y SHPB 52 5 3 e Mk S A0 A AT N o
R il AE O X OR i B s OG &L R R I R 25 N
T RS BRI A SR BN #E AT T B IE, B
& IE 45 R B A R4 093 HIE .

g5 BT A W b 2 A B R AU D S
00 R TR B - b R iR AR SRR AR IR AT L i R
iz FAAIL 2% 27 ) 500k 100 DR Bk -+ 28 4 kv iy A8 R R
L -7 g s RE B IE ST o PRI, AR DA H — b
¥ SHPB 25547 FALL 5 BP A TR 28 [ 45 B AR AH
G55 BB 5 AR R B 1 T TR S
A A 20 25 A0 1S BF 5T, R T Zhang 2559 L5507 Y
S B, A BROCHRE AL, Xt B SHPB 52 56 5 ik
BE B AR VE o K BB AL B AT B AR S LA
2 ) U GRREAS 0y )25, RS 8 R 375 S OB A Sk i
J2 3 ST 9 2 IR SRR Y DA T R R B0 25 )
SVERE . XA BRI AUE AN Lt K HAER A R JT
U5 3 43 B, Ab BRAE T AR, S ST (R 2 2 B g N T3
FE 00U JEE Bk - S b Rt 2 25 ) 2 1 R B 1R 2 R S ik
T2 i 2

1 SHPBH#HEMHE

1.1 SHPB LI /48

SHPB 52 5 $7 AR DLW A~ S A% i e ok Ll o
e SRVERT Y — 4R 0 ) W ABE BT AR S 5 5
Hh R 2 b T 5L A 1 BT R A M 3 R i R
JE NG B8 T AR T R ) 5 R R B R T
A A Al i) O ) ¥ A0 4 A, BB A) Pk ABCE G
f9 K BE G /N T N T U K R O I A e T
A o Wl R P FEARE A R B A R S 5
iR,

O R A AR NE 1R, AL
FE AT FIE S AT SR AT o 3 AN [ 9 95 OB XoF i
F SHPB 52 5 Hh 43 51 02 A G e B 5 e, A3 B

NIFE g R EAHT
{ u| ]
Eﬁ?ﬁwﬁ X
i ETH

Pl SHPB % ¥R &
Fig.1 Schematic diagram of SHPB setup
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