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ABSTRACT 

A progressive damage model based on extended Hashin criteria and cohesive model was developed 

to investigate the position effect of designed delamination on compressive behavior of CFRP laminate 

in thick direction. Designed delamination was placed in the CFRP laminate with different depths, 

which were varying from 1/20 to 10/20 of its thickness by considering the symmetry of laminate. 

Buckling mode, intralaminar failure, and the progress of designed delamination were obtained with the 

developed progressive damage model. As the designed delamination was embedded at depth position 

of 1/20, both local-buckling and global-buckling took place and the maximum local-buckling 

displacement reached 0.35 mm. While, only global-buckling occurred with designed delamination 

embedded at deeper position. Fiber tension and matrix crack usually generated at the outside of 

buckling laminate with only global-buckling while fiber compression and matrix crush inside. These 

four failure modes could be distinguished at local-buckling area of laminate which contained both 

local-buckling and global-buckling. The fiber direction of adjacent layers where designed 

delamination located was the predominant factor that affected the strength of laminate. Delamination 

propagated from the edge of designed delamination to free side with superficial designed delamination 

while the propagating path was opposite when the designed delamination was deeper. 

 

1 INTRODUCTION 

Composite laminates consisting of continuous carbon-fiber reinforced plies are now widely 

employed in engineering structures by the virtues of high strength and light weight. However, due to 

the lack of through-thickness reinforcement, delamination between two adjacent layers becomes one 

of the most serious damaging behaviors in laminated structures [1-4]. Delamination can be often pre-

existing or generated during service life, which causes significant reductions in stiffness and strength. 

In particular, when the laminated composites are subjected to compressive loads, delamination usually 

originates from manufacturing flaws or interlaminar stress raises and propagates after initiation, which 

causes the degradation of the structural behavior and even catastrophic failure of the laminated 

structures [5]. It is therefore of great importance to understand the effect of delamination on the 

behavior of the composites. 

Due to the high cost and impossibility to study each condition by experiment, various numerical 

methods have been gradually developed to assist the research of delamination problems. Among them, 

cohesive zone model (CZM) has been successfully adopted due to their high versatility and relative 

simplicity to be incorporated into research and commercial finite element (FE) codes. According to the 

original formulation of Dugdale [6] and Barenblatt [7], CZM hypothesizes a process (softening) zone 

located ahead of a crack tip where cohesive interactions, or tractions, are related to the interfacial 

separation, or displacement jump. Based on uniform constitutive relation to describe the crack 

initiation and propagation, CZM can avoid the stress singularity of crack tip in the linear elastic 

mechanics and is widely utilized by many researchers in the delamination analysis of composite [8]. A 

zero-thickness three dimensional cohesive element can commendably represent the buckling behavior 

and delamination growth in composite laminates with artificial and impact-induced delamination when 
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subject to four-point bending [9]. However, the influence of both the cohesive mesh size and the 

maximum tractions is sensitive when predicting the compressive behavior of damaged composite 

laminates [10]. Moreover, recommended guidelines have been provided for accurate simulations on 

the delamination growth in the multidirectional laminates [11]. In addition, Craven et al. [12] 

presented a FE model of carbon fiber reinforced plastics (CFRP) with multiple delaminations of 

realistic shape and including fiber fracture cracks loaded under compression, which showed that 

peanut shaped delaminations caused significant stiffness reduction and the contribution of fiber 

fracture cracks to further stiffness reduction was minimal but they had some significant effects on the 

buckling shapes. Therefore, the depth position effect of designed delamination on compressive failure 

modes and delamination propagation needs further study. 

The main purpose is to investigate the effect of depth position of designed delamination on 

compressive behavior based on cohesive element method, simultaneously considering the failure 

modes of CFRP laminate. The results is implemented by standard ABAQUS software. 

 

2 FINITE ELEMENT ANALYSIS 

2.1 Failure criteria of constituents 

ABAQUS/Standard [13] was used to develop numerical simulations of the CFRP laminate 

specimen with a designed delamination and taking account of the progressive development of damage. 

Hashin’s failure criterion [14], which includes fiber failures and matrix cracks, has been widely 

employed to model the initiation of the damage. In order to overcome the shortcomings of Hashin’s 

criterion, Dávila and Camanho [15] propose a new failure criterion, which is only suitable for in-plane 

stress conditions. However, as to describe the delamination phenomenon of laminated composite, the 

transfer of stress between layers cannot be negligible. Consequently, three-dimensional finite model 

was conducted and the initiation failure criteria with seven failure modes were adopted which were 

extended based on the four failure modes originally defined by Hashin, among which some indexes for 

predicting fiber and matrix failure were described in the following [16]: 
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Fiber compressive failure (
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In-plane matrix cracking (
22 0  ): 

4 4

4 4

2
2 4 2 4

212 12 12 23 23 2322
imt2 4 2 4

12 12 12 23 23 23T

σ +3α +3ατ 2G τ τ 2G τ
+ + = e

Y +3α +3αS 2G S S 2G S

 
 
 

                                   (3) 

In-plane matrix crushing (
22 0  ): 
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where XT and XC represent tensile and compressive strengths in the fibre direction, YT and YC represent 

tensile and compressive strengths in the transverse direction, G and S represent the shear modulus and 

shear strengths. For composites with linear elastic behaviour, α = 0. 

The failure criteria can be used to judge the initial damage of composite constituents. Once the 

local damage occurs, the load-bearing capacity of laminate will decrease and with the damage growing 

the stiffness of material will decrease, thus leading to the load-bearing capacity gradually decrease to 

zero, which is a progressive damage process. The material stiffness degradation strategy used in this 

paper is based on the damage model proposed by McCarthy [17]. 

 

2.2 Cohesive zone method 

The interface thickness of plies with different orientations is assumed to be negligibly small, so a 
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zero-thickness three-dimensional cohesive element is used to model the connection between each ply 

[12]. As shown in Fig. 1, based on bilinear traction-separation constitutive relationship, the top and 

bottom nodes of cohesive element are hold together using penalty stiffness KN (Mode I) and KS, 

KT(Mode II and Mode III) in linear elastic range (Point 1). In pure Mode I, II or III loading condition, 

once the interfacial normal or shear tractions attain their respective interlayer tensile (N) or shear 

strengths (S, T) (Point 2), the stiffness of cohesive element will decrease. At this moment, if unloading 

happens the force and displacement will act as the line through point 3, in contrast if continuing the 

loading the force and displacement will act as line through point 4 until final damage in point 5. The 

areas under the traction-separation curves are equal to corresponding fracture toughness of each mode. 

 

                     
(a)Mode I                                  (b) Mode II and Mode III 

 

Fig. 1: Traction-separation constitutive relationship of cohesive model [18]. 

 

 The stress status of composite under compression is complex and the delamination often occurs in 

mixed mode, a quadratic nominal stress criterion is employed to judge the initiation of delamination 

[19]:  
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where < > represents Macaulay bracket and signifies that a pure compressive deformation or stress 

state does not initiate delamination. n
 , s

 and t
  are the normal stress and shear stresses on the 

interface; and N, S and T are the normal and shear strengths of interface. 

The criteria used to predict delamination propagation under mixed-mode loading conditions are 

usually established in terms of the energy release rate and fracture toughness. The mixed-mode 

criterion proposed by Benzeggagh and Kenane [20] (B–K criterion) is competent to account for the 

variation of fracture toughness as a function of mode ratio in epoxy composites and is adopted in this 

paper, whose expression is as follows: 

 
 
 
 

η

ΙΙ ΙΙΙ
ΙC ΙΙC ΙC C

Ι ΙΙ ΙΙΙ

G +G
G + G -G = G

G +G +G
                                                 (9) 

where IG ， IIG and IIIG  are the strain energy release rate of mode I , II , and III . ICG , IICG  are the 

critical strain energy release rate (fracture toughness) in mode I , II .The parameter η can be obtained 

from MMB tests at different mode ratios, and in this paper it is set as 1.3. 

 

2.3 Finite element modeling 

The study of compressive behavior was carried out on an IMS194/CYCOM 977-2 carbon/epoxy 

laminate. The ratio of the CFRP laminate was W/L = 0.25, where W and L respectively present the 

width and the length of the CFRP laminate. To investigate the effect of depth position, a square 

designed delamination with size of 8 x 8 mm was embedded inside the laminate. The depth position of 

designed delamination was denoted with the ratio of top sub-laminate thickness t to laminate thickness 

T. A displacement-control compressive load was applied at the clamped end of the laminate while 

another two sides were free. A schematic representation of the CFRP laminate geometry was given in 

Fig. 2.  

The laminate was assumed quasi-isotropic with a symmetrical stacking sequence of [45/90/-
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45/0/90/0/-45/90/45/-45]s. The thickness of single ply was 0.188 mm. The lamina material properties 

and the interlaminar fracture properties used in the FE analyses were given in Table 1 and Table 2, 

respectively. 

 

 
 

Fig. 2: The geometry, boundary condition and applied load of FE model. 

 

E11 (GPa) E22 = E33 (GPa) G12= G13 (GPa) G23 (GPa) ν12=ν13 ν23 

165 8.17 4.27 2.90 0.33 0.48 

XT (MPa) XC (MPa) YT =ZT (MPa) YC = ZC (MPa) S12=S13=S23 (MPa) 

3150 1450 81.4 270 108 

 

Table 1: Lamina elastic properties of CFRP laminate. 

 

GIC 

(N/mm) 

GIIC = GIIIC 

(N/mm) 

N 

(MPa) 

S = T 

(MPa) 

KN 

(MPa/mm) 

KS = KT 

(MPa/mm) 

0.276 0.807 30 50 30000 3000 

 

Table 2: Interlaminar fracture properties of CFRP laminate. 

 

The laminate was modeled using the eight-nodes 3D layered solid elements which can provide 

accurate interlaminate stresses and transverse shear effects effectively. Simultaneously, the interface 

between two sub-laminates was modeled by the eight-nodes 3D cohesive element with a zero 

thickness in order to predict delamination propagation. 

 

 
 

Fig. 3: FE model composed of top sub-laminate, cohesive layer, and bottom sub-laminate. 

 

The structure of the sub-laminates and interface including designed delamination was presented in 

Fig. 3. The cohesive layer was inserted into sub-laminates (between top layer and bottom layer). All 

interface elements inside the delamination area (Zone I) were deleted as a numerical simulation of 

designed delamination and surface-to-surface contact element was placed to avoid penetration between 

plies, while the cohesive elements at Zone II remained. According to the empirical formula proposed 

by Rice and Falk et al. [21], a mesh size of 0.5mm is adequate to capture an accurate stress and strain 
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field in the cohesive zone while reducing the computational cost. The displacements of U-point (centre 

point of top sub-laminate) and L-point (centre point of bottom sub-laminate) along the thickness 

direction can effectively describe the delamination growth and buckling displacement of the laminate 

[22], and thus are obtained in this study. 

 

3 RESULTS AND DISCUSSION 

3.1 Modeling validation 

To validate the accuracy of above FE method combining progressive damage and cohesion element, 

a FE model was implemented according to the geometry and material parameters given in the 

literature [23] and the obtained numerical results were compared with the experimental data of the 

literature. The comparison between experimental and numerical load–separate displacement curves 

were shown in Fig. 4. An excellent agreement between numerical prediction and experimental data 

was found in both buckling load and buckling displacement. The proposed FE method predicted the 

critical local-buckling load of 4186.1 N, similar to the experimental result of 4048.0 N, with an error 

less than 3.3%, while the error of load capacity obtained from numerical result of 10016.0 N and 

experimental data of 10005.5 N was only 0.1%. The maximum local-buckling displacement of 

numerical result was 0.30 mm, revealing an error of 6.25% comparing to the test data of 0.32 mm. 

Moreover, the present method can reproduce the non-linearity delamination propagation while 

considering the progressive failure of the laminate. 

 

 
 

Fig. 4: Comparison of load-displacement behavior between test and simulation. 

 

3.2 Buckling mode 

In addition, the FE model was carried out to analyse the buckling mode with different depth 

position of designed delamination, as listed in Table.3. It was considered that the delaminated laminate 

was with constant square designed delamination of 8 mm x 8 mm, but various depth position from 

1/20 to 10/20 due to the symmetry of laminate. 

 

No. Designed delamination (mm2) Depth position Adjacent layers 

1 

8 x 8 

1/20 45°/90° 

2 2/20 90°/-45° 

3 3/20 -45°/0° 

4 4/20 0°/90° 

5 6/20 0°/-45° 

6 8/20 90°/45° 

7 10/20 -45°/-45° 
 

Table 3: Depth position configuration of designed delamination. 

 

As was shown in Fig. 5, when the designed delamination was embedded at depth position of 1/20, 

both local-buckling and global-buckling existed and the maximum local-buckling displacement 

reached 0.35 mm (seen in Fig. 6 (a)), nevertheless, only global-buckling took place as it was imbedded 
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at deeper position, which could be explained by the stronger suppression of adjacent sub-laminate with 

thicker sub-laminate. Furthermore, when the designed delamination was at the center depth, the 

buckling displacement was only 0.005 mm, while the local-buckling and global-buckling occurred at 

the same time and was symmetrical to each other, as illustrated in Fig. 6 (e). When the designed 

delamination was at the center of laminate, the top and bottom sub-laminate were same and the 

suppression was strongest, thus only a small strength reduction. 

 

 
 

Fig. 5: Buckling displacement behavior with different depth position. 

 

 
 

Fig. 6: Buckling mode with different depth position: (a) 1/20, (b) 3/20, (c) 6/20, (d) 8/20, (e) 10/20. 

 

3.3 Intralaminar failure 

Based on progressive damage method, the intralaminar failure mode with different depth position 

was obtained and the effect on the strength of laminate was evaluated. The strength of laminate with 

designed delamination at center depth was the biggest while a serious decline of 10.70 MPa arouse 

with delamination at depth position of 1/20, as was shown in Fig. 7. It indicated that the designed 

delamination played a significant role in strength decrease when it was superficial. Moreover, serious 

reduction of strength also took place at depth position of 2/20 and 8/20, with 9.24 MPa and 10.43 MPa, 

whose adjacent layers’ fiber directions were 90°/-45° and 90°/45°. Combining with the fiber directions 

of adjacent layer at depth position 1/20 which were 45°/90°, the reason was properly that 90° layer 

didn’t bear load as the compressive load was longitudinal. 

 

 
 

Fig. 7: The effect of depth position on stress-strain curves. 
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The result of intralaminar failure which was accessed by extended Hashin criteria was attained, 

including fiber tension, fiber compression, matrix crack and matrix crush, as illustrated in Fig. 8. It 

was clearly that these four failure modes occurred at the local-buckling area of delaminated laminate 

with designed delamination at depth position of 1/20. However, at deeper position, due to global-

buckling only, fiber tension and matrix crack usually took place at outside of buckling laminate while 

fiber compression and matrix crush inside. It was because of compressive stress inside and tensile 

stress outside the buckling laminate when subjected to compressive load. Matrix failed more easily 

than fiber as its strength was lower. In addition, failure took place preferentially at fixed end when 

there was designed delamination at the center of laminate, revealing that it could be acceptant if only 

small delamination existed away from the edge of laminate. 

 

 
 

Fig. 8: Intralaminar failure of different depth position. 

 

3.4 Delamination 

Fig. 9 showed the delamination propagation of delaminated laminate with depth position of 1/20, 

3/20, 6/20, 8/20 and 10/20, respectively. At depth position of 1/20, delamination propagated transverse 

from the edge of designed delamination to free side and a through-the-width delamination formed. 

After that, it grew along loading direction and failed at last, thus local-buckling occurred easily. 

However, delamination always grew from free side of the laminate with deeper designed delamination, 

in spite of through-the-width delamination generated at depth position of 6/20 and 8/20. What’s more, 

delamination propagation was difficult to occur with center designed delamination. It demonstrated 

that depth position made a big difference in delamination growth, including propagating path and 

delamination area.  

 

 
 

Fig. 9: Delamination propagation with different depth position:  

(a) 1/20, (b) 3/20, (c) 6/20, (d) 8/20, (e) 10/20. 
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4 CONCLUSIONS 

A progressive damage model was developed based on extended Hashin criteria and cohesive model. 

To investigate the depth position effect of designed delamination on compressive behavior of CFRP 

laminate in thick direction, designed delamination was embedded in the symmetrical CFRP laminate 

with different depths, varying from 1/20 to 10/20 of its thickness. Based on the developed progressive 

damage model, buckling mode, intralaminar failure, and the growth of designed delamination were 

obtained and summarised as follows: 

(1) When the designed delamination was embedded at depth position of 1/20, both local-buckling 

and global-buckling existed and the maximum local-buckling displacement reached 0.35 mm, 

nevertheless, only global-buckling took place as it was imbedded at deeper position. Moreover, 

when the designed delamination was at the center depth, the local-buckling and global-

buckling occurred at the same time and was symmetrical to each other with only 0.005mm 

buckling displacement. 

(2) The strength of laminate with designed delamination at center depth was the biggest while it 

declined severely when the fiber direction of adjacent layer where designed delamination 

located contained 90°. When local-buckling existed, failure easily generated at the local-

buckling area. However, as for only global-buckling, fiber tension and matrix crack usually 

took place at outside of buckling laminate while fiber compression and matrix crush inside. 

(3) Depth position made a big difference in delamination growth, including propagating path and 

delamination area. At depth position of 1/20, delamination propagated transverse from the 

edge of designed delamination to free side and a through-the-width delamination formed. 

After that, it grew along loading direction and failed at last, thus local-buckling occurred 

easily. However, delamination always grew from free side of the laminate with deeper 

designed delamination, and the delamination area was relatively decreased. 
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