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Fig. 1 Symbol description and pictures of specimen
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Table 1 Design size of tested specimens

Specimen Dx¢/(mmxmm) [6/(°)1, t/mm  L/mm  Typeoftest v/(m's') Maximum strain rate/s '
S-58-1.5-30 58.0x1.5 [30/-30], 2.0 100.0  Compression
S-58-2.0-90 58.0%2.0 [90], 2.0 100.0  Compression
D-58-1.5-30-3.0 58.0x1.5 [30/-30], 2.0 100.0 Impact 3.0 9.5
D-58-1.5-30-4.5 58.0x1.5 [90], 2.0 100.0 Impact 4.5 21.1
D-58-2.0-90-4.5 58.0x2.0 [90], 2.0 100.0 Impact 4.5 21.1
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Fig.2 Compression test system
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Fig.3 Drop hammer test system
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Fig. 4 Repeated test results of D-58-1.5-30-3.0
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Fig. 5 Comparison of test results between compression test and low-velocity impact test
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Fig. 6 Finite element model of GFRP reinforced circular steel tube
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Fig. 7 Finite element model of drop hammer
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Fig. 8 Material test result for steel tube!”
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Table 2 Parameters of the Johnson-Cook model™ Table 3 Parameters of the Johnson-Cook fracture criterion

AMPa  B/MPa  n m TJK T/K D, D, D, D, D,
272.28 899.7 094 0.1515 1795 293 —43.408 44608 0016  0.0145  —0.046
T4 WITEKNUEN RiRGmEE AN

Table 4 Initial failure criterions and damage evolution laws"™

Failure modes Initial failure criterions Damage evolution laws

o \2 o \2 o \2 St it
Fiber tensile failure F' = k) I PR Y ) S | D = - ! - (1 - —1)
X, S S £ —& &
2 gfc Sic
. . . g c 1 1
Fiber compression failure Fe=l—]| >1 Df —|1-—
1 Xc Slc 811L .
o \2 o \2 o \2 St it
Resin tensile failure F; =22 +1=—=1 + = >1 D‘2 m 2 - (1 - —2)
Y[ S S 23 &, (912 &
2 f i
m( 1 (0 v f
Resin compression failure 5 = ( = T (6) ) +( T (6) ) D; = f)’ - (l - 1)
st +/J,,,(T,, (9) S 12 +ﬂnlo-n (9) yr - 711- Yr
. - o 1 & &
Stretch in-layer delamination F = — | + D; — 1-—=
S S 23 &3 53 &3
. . . . J¢ Sgc giSC
Compression in-layer delamination F$= — | + Dj - - (1 - —)
Sis Sz% &5 — & &3

R 5 GFRP BRI RLERED

Table 5 Material properties of GFRP unidirectional laminate'”!

Modulus/GPa Poisson’s ratio Strength/MPa Fracture energy/(N-mm)
E\=41.29; E,=E;=4.21; vi,=v7=0.31; X=884.5; X=837.17, Y=2=37.38; I =2825I7=380.1;
G,,=G,7=3.16; G,;=3.0 v,,7=0.42 Y =Z=145; §,,=5,,=44.765; 5,;=50.88 I=ry=036;17=15=724
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Table 6 Parameters of cohesive behavior™

Elastic properties/GPa Strength/MPa Fracture toughness/(N'mm™)  B-K parameter
K,,=4210; K,=3160; K,=3160 T,=37.380; T=44.765; T=44.765 G,=0.36; G=1.33; G=1.33 n=2.6
®7 GFRP NTXEYNERBMFSH
Table 7 Parameters for the model considering the strain rate effect of GFRP
Parameter @ B Y Parameter a B Y
E,,/GPa 41.29 1.139 0.276 X/MPa 837.17 7.721 0.886
E,,/GPa 4.21 0.437 0.262 Y/MPa 37.38 13.088 0.131
G,,/GPa 3.16 —0.941 0.054 Y/MPa 145 0.11 1.278
X/MPa 881.5 7.721 0.886 S/MPa 44.756 15.656 0.086
[ A5 ) T A B GFRP 6 Fib) i % 3k ( Start )
15 5 CEF A A/ 40 3. W DG A /1 4 2R 28 LA )
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Ji7s o B, bt B rp o v ER R S, HERTRL
Aﬁﬁlé % Xk E=217 GPa, 1=0.3; %@ Eiﬁﬁ: Z IRl ;}% —>| Calculate, strains and strain rates |
ﬁi%ﬁﬁ S| ﬂﬂfﬁﬁ%i&ﬁﬁim, EXEF“:V/J ﬁé*ﬁ?% ﬁﬂ‘j 0.3, Calculate, material properties considering No
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Fig. 11 Compared load-displacement curves between simulation and low-velocity impact test
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Table 8 Design of simulated specimens

Specimen  D/mm t/mm [0/(%)], t/mm L/mm Displacement/mm Loading speed/(m's™)
A-1 58.0 2.0 [90], 2.0 100 20.0 Quasi-static
A-2 58.0 2.0 [90], 2.0 100 20.0 2.0
A-3 58.0 2.0 [90], 2.0 100 20.0 4.0
A-4 58.0 2.0 [90], 2.0 100 20.0 6.0
A-5 58.0 2.0 [90]¢ 2.0 100 20.0 8.0
B-1 58.0 2.0 [90], 3.0 100 20.0 Quasi-static
B-2 58.0 2.0 [90], 3.0 100 20.0 2.0
B-3 58.0 2.0 [90], 3.0 100 20.0 4.0
B-4 58.0 2.0 [90], 3.0 100 20.0 6.0
B-5 58.0 2.0 [90]¢ 3.0 100 20.0 8.0
C-1 58.0 3.0 [90], 2.0 100 20.0 Quasi-static
C-2 58.0 3.0 [90]¢ 2.0 100 20.0 2.0
C-3 58.0 3.0 [90], 2.0 100 20.0 4.0
C-4 58.0 3.0 [90], 2.0 100 20.0 6.0
C-5 58.0 3.0 [90], 2.0 100 20.0 8.0
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Fig. 14 Comparison of simulated result
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Strain Rate Effect of GFRP-Reinforced Circular Steel
Tube under Low-Velocity Impact

WU Qijian"?, ZHI Xudong'*

(1. Key Laboratory of Structures Dynamic Behavior and Control of the Ministry of Education,
Harbin Institute of Technology, Harbin 150090, China,
2. Key Laboratory of Smart Prevention and Mitigation of Civil Engineering Disasters of the Ministry of Industry and
Information Technology, Harbin Institute of Technology, Harbin 150090, China)

Abstract: This paper discussed the strain rate effect of glass fiber/epoxy resin composite (GFRP)-reinforced
Q235 circular steel tube under low-velocity impact load. Firstly, the responses (axial load and displacement)
of GFRP-reinforced steel tube under quasi-static and low-velocity impact load were obtained through axial
compression tests and low-velocity impact tests respectively, which provided gist for the subsequent
simulation. Secondly, a VUMAT subroutine considered initial failure modes, damage evolution and strain
rate effect of GFRP was introduced; then the axial compression and low-velocity impact processes were
simulated. Finally, the results under 4 situations (ignoring strain rate effect, considering the strain rate effect
of steel tube, considering the strain rate effect of GFRP and considering the strain rate effect of both steel
tube and GFRP) was compared using simulation.

Keywords: strain rate effect; steel tube; glass fiber/epoxy resin composite; low-velocity impact test; finite
element simulation
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