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a. CFRP laminates test specimen

b. water immersion ultrasonic C-scan
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Fig.1 Images of CFRP laminates test specimen and water im-

mersion ultrasonic C-scan

1.2 KWEE

R Je H & 2 Brs A48 32 48 a5 1
R PR IE MR o a0 B oK BT s A 2ot e it B R A 22
F AR R0 e T AR 22 (R, S A ] JE
R0 e, PR AIE J2 G A I S ] S, e A7 o2 24 1 T
BR300 mmx300 mm. KEZ N KA 101 1 B A IE
TNT, R 25BN 1.58~1.63 g-cm™ . 10 HHE B 43K 1
s, Wk EEE MRS R, AR
20 g TNT A [A] 45 B T 00 & JF Rl 56, L rh Jg R Ry
O mm B TNT 15 & hy I BE AR AE
1.3 KEAH%

16 7E B 5t B TR 240 L B I 5 0
15, KE 2 DU JE G355 BE DA B 1k ok 0 B R B R A AR T 48
T Ji5 77 150 it RE s G 2 A AR R X N B R IR A T

A et A 2024 % F 324 # 94 (930-941)



932

fifp I, 2R, W DUUR, £ LR IR T

flange plate

bolt hole
2 I B iR 2

Fig.2 Design diagram of test specimen holder
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Table 1 Test conditions of CFRP specimens

test  layup sequence charge mass /g stand-off distance / mm

1#  [0/45/-45/90], 20 300
2#  [0/45/-45/90], 20 200
3#  [0/45/-45/90], 20 100
4#  [0/45/-45/90], 20 50
5#  [0/45/-45/90], 20 0
6#  [0/90/45/-45], 20 50
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Fig.3 Experimental setup in field tests
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F2 CFRPEAWIMNS EHERESH
Table 2 Mechanical properties of CFRP laminates

property value

density / g-cm™ p=1.6
elastic properties / GPa E=129,E,=9.83,E=9.83
poisson’s ratio v,,=0.31,»,,=0.31,7,,=0.4
shear modulus / GPa G,,=5.38,G,,=5.38,G,,=3.42
tensile strength / MPa X;=1733,Y,=68
compressive strength / MPa Xc=1264,Y.=225

shear strength / MPa 5,=132,5,=112,5,,=112

Note: p is density. E,, E,, E, are elastic modulus in “17, “27, “3” directions.
v,,s ¥, ¥,, are poisson’s ratio in “127, “13”, “23"directions. G, ,,
G,,, G,, are shear moduli in “127, “137, “23"directions. X, is tensile

strength of fiber. Y, is tensile strength of matrix. X. is compressive
strength of fiber. Y. is compressive strength of matrix. S ,,S,,, S,, are

shear strengths in “127, “317, “23” directions.

203 4 S W o U SR FH 0z g E U, s 7) B

t, t, t,
() +[5) 3] = @7
WL LN AN N S K P L e AN DR R R
AN YA 51 J1 ,MPa; NS T4 5% 33 ) 185 1)y
[6] B ST 5 B, MPa. N R ot ABRE Z
Jei AR B-K v DU 42 ) HG A v A i B st (18)
B

GC = GIC + (Guc - G|c)(G”) (18)

GI+ GII
G Gio Gy 70 5 0 B W7 2 RE |3 1) I 24 B8 L 07 1)
Wi 2LHE , m)-mm™;m y B-K A5 %, % 3 5 R Ty ot
P

2.3 ARTITEHER
FR PRI T 00, 7 4 L A A B e A AR A AR
W RSN IE 4 B s, CFRP 2 A MU AR R SF oy

F3 WEIBRSH

Table 3 Parameters required for the cohesive zone model

property value

density / g-cm™ p=1.2

cohesive strengths / MPa t=30,t=30,t=30

initial cohesive stiffness

= = — 5
/MPa-mm’W Kl\n_Kss_Klt_1x10

fracture energy / mJ-mm™ G.=0.339,G,=0.966,G,=0.966

nc

B-K exponent n=1.45

Note: p is density. t is cohesive strength in normal direction. t is cohesive
strength in the in-plane direction. t is cohesive strength in the
out-plane direction. G is total fracture energy. G is fracture energy

in normal direction. G, is shear fracture energy. 7 is B-K exponent.
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Fig.4 The finite element model for the CFRP laminates
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Fig.6 Calculation results with different mesh sizes
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a. facing blast view

b. back blast view

7 20 g 25 50 mm RN CFRP 2 A MR K45 5 5 0 BLab B Xt [t

Fig.7 Comparison between test results and simulation results of CFRP laminates exploded by 20 g charge with 50 mm stand-off

distance
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Fig.8 The failure morphology of laminates with [0/45/-45/90], ply orientation with different stand-off distances
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Fig.9 The failure schematic diagram of CFRP laminates under blast loading

3.2 CFRPEAEIRMBMEMHE

T RAWESE CERP 2 G M 2R 5 HLEE , 43 30l ik
WS 5 rf Y )2 5 0 g 12 LD A B R 1, ]
J2 AL SRR R L 2, R T A AL A AR AR 3,
SR 1 L T R UBE (SEMO) 23 1 e LA 00 2k 3500 350 ok
7T Mg, nE 10,11 iR,

Kl 11a.d.gE/R T CFRP JZ & W AEARAE R T i
4 S 300 A T ) B 24 AR LE e ) J2 T 9 1w T
Sy, )2 R T W 25k Bk B OE 2R AT
Yk 3K HY TR I A B R AR b, 32 B A R
4510 1 5 AN ST O) R VR R i SRR S A A A
Yk, W LTS A L 2 R T J2 A AR R sk
32 B 1 T Ah R 45 0 ) BEAR, B AL B b e s
PO A Y, E 2F Y- SE R ) LTS A 4 AE A, 25K 2

Chinese Journal of Energetic Materials, Vol.32, No.9, 2024 (930—941)

specimen | (front surface)

specimen3 (back \m'IPcu

10 SEMLEEHE il 1Y 16 L7
Fig.10 The locations of specimens observed by SEM
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Failure Mechanism and Energy Absorption Characteristic of CFRP Laminates under Small-quantity and
Near-field Blast Loading

XIE Jiang', LI Xuan®, PAN Han-yuan’, WANG Li-xuan’, FENG Zhen-yu'
(1. Research Institute of Science of Technology, Civil Aviation University of China, Tianjin 300300, China; 2. College of Safety Science and Engineering ,
Civil Aviation University of China , Tianjin 300300, China; 3. Shanghai Aircraft Design and Research Institute ;, Shanghai 201210, China)

Abstract: To study the failure mechanism and energy absorption of carbon fiber reinforced polymer (CFRP) composites subject-
ed to small-quantity and near-field blast loading, free-field blast tests and scanning electron microscope (SEM) tests were carried
out on CFRP laminates. Meanwhile, a damage model was established based on the 3D Hashin failure criterion, and the dynamic
response of CFRP laminates under near-field blast loading were simulated. Combined with the test results, the failure mechanism
and energy absorption of CFRP laminates were analyzed. Results show that there are differences in the failure modes between the
facing and back blast surfaces of CFRP laminates. The matrix cracking, fiber fracture or center perforation mainly appear on the
facing blast surface, and the delamination occurs at the fiber-matrix interface. The large-area delamination failure and the frag-
ment dispersion of the back blast surface are mainly due to the influence of the reflected tension wave, and the delamination of
appears inside the matrix. During the response process of laminates, the high stress area is concentrated on the boundary of the
center perforation and distributed along the fiber direction, and the stress levels of 0° ply and 90° ply are larger than that of £45°
ply. Compared with the facing blast surface of laminates, the layers of the back blast surface absorb and transform large energy,
accounting for 52%—-56% of the total energy absorption.

Key words: CFRP laminates;near-field blast loading;numerical simulation;failure mechanism;energy absorption characteristic
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