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Accuracy analysis of Young’s modulus and stress-strain curve in the elastic
stage of materials using Hopkinson bar experimental method

ZHOU Xuan, WANG Botong, WU Yiding, LU Wencheng, MA Minghui, YU Yilei, GAO Guangfa
(School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, Jiangsu, China)

Abstract: The stress-strain data obtained from split Hopkinson pressure bar (SHPB) tests include both strain rate effects and
structural effects, where the structural effects result in non-uniform stress in the elastic phase of the stress-strain curve. The
elastic phase is a critical focus of study for materials like concrete with low sound velocity or certain metals under high strain
rate loading conditions. In this paper, we focus on one-dimensional rod systems and employ one-dimensional elastic
incremental wave theory to derive analytical expressions for stress-strain curves and Young’s modulus under one-dimensional
stress wave conditions with linear incident waves. We investigate the effects and mechanisms of stress difference and velocity
difference at both ends of the specimen on the accuracy of stress-strain curves and Young’s modulus. Furthermore, we provide
a method for determining stress-strain curves and tangent Young’s modulus during the elastic phase for arbitrary incident
waveforms. We analyze the influence of the incident wave slope and shape characteristics on the stress uniformity in
specimens and stress-strain curves. We establish the inherent relationship between stress uniformity and experimental stress-
strain curves, and clarify the relative accuracy and applicability conditions of tangent modulus and secant modulus. The results

indicate that stress uniformity is a key factor affecting the accuracy of stress-strain curves and Young’s modulus. However, the
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accuracy of Young’s modulus is not solely dependent on the change in stress difference at both ends of the specimen; it is also
related to the factors such as the incident wave slope, shape characteristics, and the elastic segment range of the specimen. An
increase in the linear wave slope leads to a greater difference between the tangent modulus and the secant modulus from the
actual values. For larger slopes, the accuracy of the secant modulus is higher than that of the tangent modulus. When the
incident wave shape is considered as a reference, curves with low initial slopes, such as sine waves, have higher accuracy for
the tangent modulus compared to the secant modulus, whereas curves with high initial slopes show the opposite trend. For
concrete specimens, we verify the influence of incident wave slope on Young’s modulus and evaluate the maximum incident
wave slopes for concrete specimens to reach accurate values, which are 0.128 MPa/us for the tangent modulus and
0.319 MPa/ps for the secant modulus.

Keywords: SHPB; Young’s modulus; stress uniformity; stress wave

8 O 4 #R R AT (split Hopkinson pressure bar, SHPB) )12 I FH T 44 B} 55 1 A8 R R (1 FE 45 11 2%
PERRI, FC s B ST A — AR N T AR RN T B4 AR 1 Bl 22 L, — AN T D AR R 2 W SR B
AT AT Ao — A 5 I B Ve ok 43 B (R A s T 7 g 49 50 A 15 UL A ek 1 s A ABT A A5 07 5 7 A AR RN AT i
T8 DG T AR AR SRR P 38R E BT, N R BORION A A FE SRR AT A5 B U
PRe, Hoal o 5 i Oy R g AT WP R S 5 AR T, RS W SHPB S50 A 4 BN ™ 4% 7Y R
s —J7 T, ARSI BRE T B AR AR A R AR R BRI — D7 T, WSS e T I S g AR MR A RCE s
PTG R . — RIS, Y A ST I 2 6% BE T, a1 280 3K Ja R 5 B A B (R A 0, okt a2 5L o B 9 Iz g o
AEANHER, PRI, T8 22 AT 56 SHPB SE 56 rh b R S PR R Be ) SR T, AT5A #8250 220 b
SRR B W I AR 5T, IACh SHPB 5256 25 Hi 9 31 [y B it e 2 HE A 1), B0k — 20 2 s HOAH RL 26 oo
FRAEDO, U, AT AR EE T A Sl RS BOR | 7S SRR A AR, 38 8 7 Sk B B B & AR e 2 ),
1 G JE ABHE 5 10 728 FE 2, R AR A QAR AT BB AL T ) AN A Y X, RT3 1 ) AN 35 A Pk
SR B B g - AR it e B s U Y R AR R A . 1R 25T BT X SHPB SE 5 rh i N T 4 A0 Il R, fif
PSRBT L5 03B TN B S PR RS R R ER O 4 T RE L A SO R Y S A — BRI S S A
TR B X SHPB 52 56 45 5 (0 52 i) KA, (H ISR B B 0. 1y X g v 55 0 g - A2 2 N TEBR R S
AR

F2 b, BB EE AR RON (BRI 7 800 ) S B S AN 5] 7E SHPB S5 e 2 WA FE 1Y, 1l
TE NN A3 72 v B 10 7 -1 A8 OC R AR Bt JF o i, AU A FRATTME T 17 0 g ¥ 505X — ik, T B0A
R ARAF RN 7 -0 7 MO AN ERR Y . PR, A O SHPB SCae 45 R T AR = HER P, 50F) T SHPB 5
G AR OB R BN A I T (8 st B B il 4, AN SR e 3 e A A 4 7 g 38 ) MRS ke Tk B, T N S N
FI¥ oy 5 S N - AR I L N TERR B o AR SO E — R ) B BR BT ER T L 2B SERE R A AR A5
PERSON, R 7 8 B 7 B 43 BT B 02 7 - 10 72 it ke LA R ;o I8 RN e 1 7 - 1y A8 i 4 ) s e, A ST
I 345 5 0 - A A B 5GBS TR) AR X i s B B it 4k DA R A D ASE i B 52 )5 3 #r
15 B V) L AL 2 R ) SR ABE A 00 R X M (I A FH 2% A8, DA DS 8 Rz g - 1 78 O R v el s 235 0 2380 7Y
SEMA, DT ARAG R EAS B A0 14 15 7 -1 28 i 2, S0 J5 22 SHPB S 46 v A7y FOASE A 1 1) 20 B LA S 52 36 3
RS %

1 E1Z) SHPB X I8 {1l

18 ] ABAQUS A BRITHk A4 X584 4 i (1) SHPB 5256 A7 BB 455481, SHPB 5256 19 — 4k 5hxd B A
FROCHERLGNIE 1 Fra, Hor ASEFTF LA SEAT AL B9, AR 2N 14.5 mm, 25 7830 kg/m’, % [N &
210 GPa, AR HER 0.295 AGFATFIIE STAF K BE 23 50 2.0 A 1.5 me iXPFMBER R G 4, BN
10 mm, K JEK 5 mm, %N 2.7 g/em?, 7 [ A 70 GPa, JAFA LN 033 B FAS SOy 32 86 7 S AR i
PR B AS T B B, RMOREER B 4 ARk A A R A 7R 5 £ SRy XL 1 A5 ) B Ak S8 A RY, T 2 TR A T

091443-2



5 44 45 JT, A S ARSI IR R R BeAs AR B HC 2k v %59 4

Dol AT B SR Al R R AT B DT B, RS RSE D 0.25 mm, ARSI S E S E AT Z
(1) 249 S TR - TR i oy T S R S e A P 5 T 2 ) 2 S R, DR IR 4 TR R 0.05
VAL Z 0 i Ve S BUE R B M B 2ad et Sy 1 SRR T S i S PR E , A S v R AR
BRI U AR 5 e 0 N 0455 I BRI AR AR AR i AT, 14T 1 7

Incident bar Specimen Transmitted bar

1 SHPB MR R EIA
Fig. 1 SHPB model schematic diagram

Kl 3 G < SHPB S8 B SE PR AR o AR AR i AR i B AU F 5 AP B B AT T AR 2 L, w1
AT ABMAR B Y JeE I 56 28 157 P A B R R, DU B AT AR N 2%, e K05 EUR A B A B B ] 4 BT,
B ar @ EIH RS P 3 AR SiBr ASHEOE S B . O 1 AR50 2800 A SR SRR B B A 52, e
UEASFHE R 1 G AR RGO , SR M B2, 508 1., 8. 80 ps —AlUAN IR I IHC A AR

700
o
600
500
443 MPa ey E,=700 MPa g
S 400
B 300 . Corresponding yield stress
/i E=70 Gpa 2001 |
100 + [
0 20 40 60 80 100 120 140 160
o £ .
Time/us
2 oA A YR AL I - .

Fig. 2 Bilinear constitutive model of aluminum alloy Fig.3 Actual incident wave
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Fig. 4 Simulated input linear waves Fig. 5 Stress-strain curves using the three-wave method
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Fig. 16 Schematic of sinusoidal and linear incident waves
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