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Numerical simulation of low-velocity impact damage of composite laminates based on
interface degradation mechanisms
SU Jian, CHEN Jiabin, GAN Guochao, DING Hao
(School of Mechatronics and Vehicle Engineering, Chongqing Jiaotong University, Chongqing 400000, China)

Abstract : The interfacial properties of carbon fiber reinforced plastic (CFRP) inevitably degrade during service due to hygro-
thermal erosion or manufacturing defects, significantly compromising structural crashworthiness. To elucidate this non-linear
damage mechanism, a high-fidelity 3D finite element model of CFRP laminates under low-velocity impact was established, which
included the physical degradation path. This model employed the mesh offset strategy and the cohesive zone model (CZM) based on
the physical failure criterion. By integrating the Hashin criterion with the B-K energy evolution law, the model accurately captures
the coupling behavior between matrix cracking and delamination, achieving a peak load prediction relative error of only 11.6%.
Distinct from traditional single-parameter sensitivity analyses, five parameter decoupled interface degradation paths were construct-
ed, including uniform aging, interface embrittlement, softening, shear-driven failure, and weak bond defects, which systematically
quantified the influence of microscopic interface mechanisms on macroscopic safety. Numerical simulation results reveal that inter-
face fracture toughness is the governing parameter determining ultimate bearing capacity and damage tolerance, outweighing the
influence of initiation strength. Specifically, interface embrittlement (reduced toughness only) triggers unstable interface crack propa-

gation, causing a 17.2% drop in peak load and a 49.1% surge in delamination damage area. Conversely, interface softening (reduced
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strength only), despite earlier crack initiation, effectively restricts damage propagation through the crack tip bridging effect provided

by retained high toughness, unexpectedly reducing the delamination damage area by 13.9%. Furthermore, it is confirmed that the

interlaminar damage is predominantly shear-driven, degrading shear properties alone reproduces the damage mode of uniform aging

with high precision with 1.0% of the relative error in the delamination damage area. Notably, the "weak bond" scenario (simulating

"kissing bond" defects) retains initial contact stiffness but precipitates catastrophic brittle fracture, resulting in a 154% increase in

delamination damage area. Consequently, for anti-aging design, enhancing matrix interface fracture toughness through toughening

technology and strengthening the detection of weak bond defects are key to ensuring service safety of CFRP.

Keywords : composite laminate ; low-velocity impact ; interface degradation ; numerical simulation ; cohesive zone model ;

parameter decoupling
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Tab.1 Mechanical property parameters of T700 GC/M21 laminate

Parameters Values
Density/(kg-m™) 1 600
Modulus/GPa E, =130; E,=Eyy=7.7;

G =G,,=4.8; G,,=3.8
v]2=v|3=0.33; v23=0.35
X;=2 080; X =1 250; Y,=60; Y =140; S,,=S,:=
S,=110

Poisson's ratio
Strength/MPa

Fracture energy/(N+

) 6,=133; G,=40; G, =0.6; G, =2.1

Notes: E is Young's modulus; G with numerical subscript is shear
modulus; v is Poisson's ratio; X and X, are the longitudinal tensile and
compressive strengths; Y. and Y. are the transverse tensile and compres-
sive strengths; S is the shear strength. G, G,., G,,, and G, are the frac-
ture energies for fiber tension, fiber compression, matrix tension, and
matrix compression, respectively. Subscripts 1, 2, and 3 denote the longi-

tudinal, transverse, and through-thickness directions.
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Fig. 1 Finite element model generated by offset strategy and local
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Tab. 2 Interlaminar interface materials property parameters for

baseline
Parameters Values
Elastic modulus/GPa 5
Strength/MPa N=S=T=30
Fracture energy/(N+-mm™") G=0.6;G,,=2.1
Power exponent (1) 1.45

Notes: N, S and T are the normal and two shear strengths, respec-
tively; G,. and G, are the Mode I and Mode II fracture toughnesses,

respectively.
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Tab.3 Definition of interface degradation paths

Path ID Mechanism Sm'ength reten- Togghness reten- Physical description

tion (7/T,) tion (G/G,)
Path 1 Uniform aging f f Simultaneous degradation of strength and toughness (hygrothermal effect)
Path 2 Embrittlement 1.0 S Toughness reduction only (e.g., increased cross-linking)
Path 3 Softening f 1.0 Strength reduction only (e.g., matrix softening)
Path 4 Shear-driven I's=fT,=10 Gu.=f.6.=10 Degradation of shear properties only; Normal properties remain intact
Path 5 Weak bond 0.3 0.3 Weak adhesion with intact contact stiffness (manufacturing defect)

Notes: T, and G, are the baseline interface strength and fracture toughness, respectively; 7" and G are the degraded interface strength and fracture

toughness, respectively; /s the degradation factor.
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curves of laminates under different interface degradation paths
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Tab. 4 Definition of single-factor perturbation for interface parameter sensitivity analysis

Input factors Symbol Reference value (X)) Perturbed value (X ,) Variation rate (AX/X ) Corresponding case
Fracture toughness Gy.Gyc 100% (Baseline) 60% —40% Path 2 (Embrittlement)
Interface strength T,.Ts 100% (Baseline) 60% —40% Path 3 (Softening)
Shear properties Ts,Gye 100% (Baseline) 60% —40% Path 4 (Shear-driven)
Contact stiffness K,, 1.0 x 10° 1.0 x 10° 0% Path 5 (Weak bond)

Notes: G and G, are the Mode I and Mode II fracture toughnesses, respectively; 7', and T are the normal and shear interface strengths, respective-

ly; K, is the contact stiffness.
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