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Abstract—The progressive failure of carbon fiber reinforced 

polymer (CFRP) laminates with out-of-plane fiber waviness and 

resin zones is simulated in the present paper. A finite element 

model, which includes multiple damage modes, is developed for 

the static compression failure analysis of the laminates. 

Three-dimensional Hashin failure criteria are applied for 

damage onset and abrupt degradation was adopted for material 

degeneration. Both the case of a single resin zone and two resin 

zones are discussed. Different damage modes are investigated up 

to final failure. The results show that, fiber fracture is the 

dominant damage mechanism in both the case of a single 

resin-zone and two resin-zones, but inter-ply delamination also 

plays an essential role on the failure of the laminate in the case of 

two resin-zones. The predicted patterns of damage indicate that 

kink bands occur at the junction region of the two resin-zones, 

with severe fiber fracture and delamination damage. The effects 

of defect configuration on compressive strength are also 

quantitatively assessed.   

 
Index Terms—Compressive strength, fiber waviness, 

progressive damage, resin-zone.  

 

I. INTRODUCTION 

Fiber waviness is one type of the common manufacturing 

defects particularly encountered during the filament-winding 

process. Various causes of the occurrences of fiber waviness 

may include the volume contraction due to chemical or 

thermal shrinkage [1], the mismatched size between 

components and mold [2], or consolidation proving excess 

length of material [3] are the common factors in terms of the 

waviness. It also could be summarized into non-uniform 

consolidation pressure, interactions with other layers or ply 

drop-offs [4].  

The mechanical performance of the laminates is affected by 

the waviness, such as static strength and stiffness, and a large 

volume of work has been conducted on this topic [1-9]. It is 

note-worthy that fiber waviness in CFRP composite materials 

often companies resin zone or resin pocket. However, there 

are limited references in the literature considering the effect 

of the resin zone. Reference [10] investigated the influence of 

the out-of-plane waviness and resin zone on the static strength 

and fatigue life experimentally and numerically, in which the 

CFRP was modeled as transversely isotropic material without 

plies. Thus the FE model proposed in [10] is not a progressive 

 
Manuscript received July 10, 2018; revised December 23, 2018. This 

work was supported by the National Natural Science Foundation of China 

under Grant No.11302083.  

Z. Ning, C. Xu, and G. Huo are with the School of Mechanics and 

Construction Engineering, MOE Key Lab of Disaster Forecast and Control 

in Engineering, Jinan University, Guangzhou, 510632, China (e-mail: 

ning_zhihua@163.com, 864417966@qq.com,huogl0515@163.com).  

damage model, without the ability to capture the damage 

mode sequence and to confirm the leading damage 

mechanism in the laminate.  

In the present work, a FE model with multiple damage 

modes was developed to investigate the progressive failure of 

CFRP laminates with out-of-plane waviness accompanied by 

resin zones under axial compression. The FE results 

successfully illustrated the initiation of multiple interacting 

damage modes at the waviness location and the progressive 

failure. The influence of waviness geometry on the 

compressive strength reduction was also evaluated 

quantitatively. 

 

II.  FINITE ELEMENT MODELLING 

A. Model Description 

The out-of-plane waviness geometry is usually 

characterized by the wave severity, i.e., the ratio of wave 

amplitude over wavelength A/L, or the maximum 

misalignment angle max (see Fig. 1). In most of the literature 

involving waviness, sine or cosine waves are usually 

considered for describing and quantifying the waviness 

[5]-[9], typically in analytical models. Reference [4] 

presented a photo of a sever fiber waviness with resin pocket 

in a composite structure, in which the profile of the waviness 

looks like a bell-curve(see in Fig. 2)  and was characterized by 

means of a Gaussian function.   

 
Fig.1. Schematic of waviness. 

 

 
Fig. 2. Example of a severe fiber waviness profile in [4]. 
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In experimental investigation, a means of artificially 

introducing and reproducing the waviness has to be 

considered. Thus a convenient way was proposed in [10] as 

follows: out-of-plane fiber waviness is reproduced by 

inserting polymer rods transverse to the fiber direction among 

the layers in a unidirectional laminate. In order to correlate the 

FE analysis with the experimental results in [10], a 

unidirectional (UD) CFRP laminate with local waviness and 

resin-zone similar to [10] is considered in the present work.  

The geometry of the composite laminate is shown in Fig.3. 

The laminate consists of twelve UD layers with a constant 

thickness of 1.8mm, the length and width of 20mm and 6mm, 

respectively. The boundary between resin-zone and CFRP is 

approximated by spline curves and the inserted polymer rod is 

considered of circular cross-section with a diameter of 0.5mm. 

The width of the resin-zone is 2.4mm. 

 
(a) 

 
(b) 

Fig. 3. Geometry of the composite laminate with a single resin-zone:(a) 

dimension of the laminate and (b) geometry of local waviness with resin 

zone. 

The mechanical properties of the composite ply are shown 

in Table I. The Young’s moduli of the polymer rod and the 

resin zone are 
rods 1GPaE  ,

resin 3.4GPaE   respectively, and a 

Poisson’s ratio 0.3  is assumed. 

TABLE I: MATERIAL PROPERTIES OF COMPOSITE 

E11 E22=E3 v12=v13 v23 G12=G13 G23 

128GPa 8.7GPa 0.32 0.3 4.0 4.0 

XT XC YT =ZT YC=ZC S12=S13 S23 

2.093GP

a 

0.87GP

a 
0.05GPa 

0.198GP

a 

0.104GP

a 

0.086GP

a 

The FE model of the laminate shown in Fig. 4 was built up 

in ABAQUS/Standard. The layers are meshed using a sweep 

mesh with a defined sweep path and a refined mesh in the 

resin zone. The whole model is discretized with C3D8R 

continuum solid element of an average element size of 

0.15mm in the composite layers and 0.05mm in the resin zone. 

For checking mesh convergence, uniform mesh refinement 

(2/3 element size in the composite layers) from 205219 to 

435800 elements has shown an increase of 0.4% for the 

stresses at location A in the composite plies, while the stress 

level keep constant at location B in the resin zone. The load 

case considered for the FE model is compression 

displacement applied at the right end of the model in the 

longitudinal direction by the use of MPCs. Displacement in 

the y direction at the ends of the model are suppressed. The 

displacement in the x direction at the left end is also 

suppressed.  

 
Fig. 4. FE mesh at waviness location. 

 

B. Multi-damage Initiation Criteria 

For the failure of a composite laminate with fiber waviness 

in compression, both in-plane failure and inter-ply 

delamination should be taken into account. Basically, there 

are three different in-plane failure modes in CFRP composite: 

fiber breakage, matrix cracking and fiber-matrix shearing. In 

the following analysis, three-dimensional Hashin failure 

criteria would be adopted to simulate the onset of multiple 

damages in the laminate, which can be expressed as follows. 
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Delamination in tension (for
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Delamination in compression (for
33 0  ) 
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In (1)-(7), , , ,f m s de e e e are the damage threshold 

parameters of fiber breakage, matrix cracking, fiber-matrix 

shearing and delamination, respectively. ( , 1,2,3)ij i j  is 

the stress component  referred to the principal material axes. 

 and T CX X represent longitudinal tensile  and compressive 

strengths;  and T CY Y are transverse tensile and compressive 

strengths; 
12 13 23, ,S S S denote shear strengths of plane 1-2, 1-3 

and 2-3, respectively. 

TABLE II: MATERIAL DEGRADATION 

E11 E22 E33 12 13 23 G12 G13 G23 ef em es ed 

1 1 1 1 1 1 1 1 1 0 0 0 0 

0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 1 0 0 0 

1 0.2 1 1 1 1 0.2 0.2 0.2 0 1 0 0 

1 1 1 0 0 0 0 1 1 0 0 1 0 

1 1 0 1 0 0 1 0 0 0 0 0 1 

0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 1 1 0 0 

0.14 0.14 0.14 0 0.14 0.14 0 0.14 0.14 1 0 1 0 

0.14 0.14 0 0.14 0 0 0.14 0 0 1 0 0 1 

1 0.2 1 0 1 1 0 0.2 0.2 0 1 1 0 

1 0.2 0 1 0 0 0.2 0 0 0 1 0 1 

1 1 0 0 0 0 0 0 0 0 0 1 1 

0.14 0.14 0.14 0 0.14 0.14 0 0.14 0.14 1 1 1 0 

0.14 0.14 0 0.14 0 0 0.14 0 0 1 1 0 1 

0.14 0.14 0 0 0 0 0 0 0 1 0 1 1 

1 0.2 0 0 0 0 0 0 0 0 1 1 1 

0.14 0.14 0 0 0 0 0 0 0 1 1 1 1 

C. Material Degrade Scheme 

For material degrade, there are two typical degrade modes: 

abrupt degradation and progressive degradation. In the case 

of abrupt degradation, i.e. instantaneous degradation, the 

relative material property reduces to zero or a small value 

due to the occurrence of damage. Abrupt degradation is 

widely applied in progressive damage analysis for its easy 

operation. Unlike abrupt degradation, the material 

degradation rule is described as a function of damage 

variables in progressive degradation mode, which can avoid 

the distortion of local elements due to material abrupt 

degeneration, particularly in the simulation of dynamic 

behaviors.  

In ABAQUS/Standard, the static problem is usually 

globally solved to reduce local distortion. Therefore abrupt 

degradation mode is adopted in the present work. The detail 

of the material degradation is shown in Table II. 

That the damages initiate at the locations of the highest 

stresses, in the following analysis the locations of highest 

stresses are evaluated to predict possible locations of damage 

initiation combined with damage initiation criteria. 

 

III. NUMERICAL RESULTS 

The material damage initiation criteria and material 

degradation are implemented by means of ABAQUS user 

subroutine USDFLD.  

A.  Stress Analysis 

The aim of the present work is to understand the damage 

modes and failure load of the CFRP laminate with fiber 

waviness and resin zone, therefore we focus on the stress 

distribution in composite plies. Based on the expectation  

 
(a) Normal stress in the longitudinal direction(

11 ). 

 
(b) Normal stress in the thickness direction(

33 ). 
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(c) In-plane transverse normal stress (

22 ). 

 
(d) Shear stress in x-z plane (

12 ) 

 
(e) Transverse shear stress in x-y plane (

13 ) 

 
(f) Shear stress in y-z plane (

23 ) 

Fig. 5. Stress distribution at waviness location for =0.0114mm. 

Stresses distribution at waviness location for compressive 

displacement =0.0114mm were shown in Fig.5. It has to be 

pointed out that the y direction is in accordance with the 

thickness direction. Accordingly the direction index “2” 

should be exchanged with “3” in the stress symbol “Sij” in 

Fig.5 (b) to (f). In the case of axial compression, the normal 

stress in the longitudinal direction 
11 in the composite plies 

is negative. Thereby the criteria in (2) and (5) would be 

applied for the onset of fiber failure and fiber-matrix 

shearing. We can see that in Fig.5, the magnitude of 
11  is far 

greater than all the other stress components. The maximum 

value of 
11 occurs at the peak of the highest misalignment 

fiber and it implies the initiation of fiber failure at this 

location according to (2). High shear stresses 
12 13,  appear 

at the location with maximum misalignment angle, which in 

turn trigger the formation of fiber-matrix shearing here. 

Tensile stress 
33 occurs in the resin-zone, although the 

stress lever is low it may lead to cracks initiation 

perpendicular to the thickness direction (mode I crack 

initiation) for the low fracture resistant of the resin, which is 

consistent with the results in [10]. 

B. Failure Modes in the Model 

For a profound understanding of damage initiation and 

progression, damage modes are discussed in the following 

section.  

 

 
(a) fiber failure initiation at =0.0222mm. 

 

 
(b) Matrix failure initiation at =0.024mm. 

 

 
(c) fiber-matrix shearing initiation =0.024mm 

 
(d) Delamination initiation at =0.0294mm 

Fig. 6. Damage initiation at waviness location. 

To capture the sequence of different damage modes, the 

locations and moments of initiation of four damages are 

shown in Fig.6. As can be seen, fiber failure occurs first 

among all the damage modes, at the top and bottom of the 

resin zone when =0.0222mm. This is followed by matrix 

failure and fiber-matrix shearing, then shortly afterwards by 

delamination. It can be inferred from Fig.6 that the damage 

ranges caused by fiber failure and fiber-matrix shearing are 

larger than those of matrix failure and delamination. 

To confirm that the leading damage mechanism  is one of 

the four damage mode, the model was run without a certain 

failure mode. For comparison, the model of a UD laminate 

specimen without any defect was built to perform the 

identical analysis. The corresponding load vs. displacement 

curves were shown in Fig.7. 

It is shown in Fig.7(a) that the curve of reaction load vs. 
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displacement not incorporating fiber failure in the model 

obviously differs from that with four damage modes, while 

none of the other three failure modes has any influence on the 

failure load of the laminate. There is a knockdown in the 

curve of the reaction load vs. displacement for the laminate 

without any defect, although all damage modes were 

considered in the model corresponding model. It is noted that 

the defect drastically reduces the level of failure load of the 

laminate, with a reduction of the pristine strength to about 

60%.  

However, it should be noted that there is no knockdown in 

the curve without fiber failure for the compressive 

displacement 0.06mm. Is this related to the waviness 

severity? In order to be clear on this point, the curve of 

reaction load vs. displacement for the height of the 

resin-zone H=0.2mm is shown in Fig.7(b). Similar result is 

found, which infers that the waviness severity has no 

influence on the damage mode in the present model. 

Although the present FE model may be improved to deal with 

this issue, it is clearly indicated that fiber failure is the 

dominant mechanism for the laminate with both local 

waviness and a resin zone. 
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(b)  

Fig.7. Predicted load vs. displacement curves for the case of a single 

resin-zone: (a) the height of the resin-zone is 0.5mm; (b) the height of the 

resin-zone is 0.2mm. 

 

 
Fig. 8. Defect geometry and FE mesh for the case with two resin-zones 

To illustrate the interaction between resin-zones, a similar 

FE progressive damage model with two resin-zones in the 

laminate was built up in ABAQUS/Standard, as shown in 

Fig.8. The only difference between the previous model in 

Fig.4 and the present model here is only the number of 

resin-zones. The configuration of the defect in Fig.8 can be 

described by the angle  . Example plots of the stress 

distributions are presented in Fig. 9. 

 

 
(a) Normal stress in the longitudinal direction(

11 ). 

 
(b) Normal stress in the thickness direction(

33 ). 

 

 
(c) In-plane transverse normal stress (

22 ). 

 

 
(d) Shear stress in x-z plane (

12 ). 

 

 
(e) Transverse shear stress in x-y plane (

13 ). 

x z 

y 
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(f) Shear stress in y-z plane (

23 ) 

Fig. 9. Stress distribution at waviness locationwith two resin-zones for 

=0.0216mm ( o30  ). 

 

Similar to the case of a single resin-zone, the longitudinal 

normal stress in the composite plies is negative with high 

stress level. The locations of higher shear stresses 

12 13,  coincide to the maximum wrinkle angles as the 

previous case. It should be noted that, for the case of two 

resin-zones, once damage initiates in the area with high stress 

level between two resin-zones, the failure region would 

extend gradually as damage propagation until connecting 

into a large damage band finally. This is the interaction 

mechanism of two resin-zones, which is different from the 

case of a single resin zone. 

 

 
(a) Fiber failure. 

 

 
(b) matrix failure. 

 

 
(c) Fiber-matrix shearing. 

 

 
(d) Delamination 

Fig. 10. Patterns of damage at maximum load (For o30  ). 

 

Fig. 10(a)-(d) show four damage patterns of the laminate 

with two resin-zones at maximum load. It could be inferred 

that fiber failure and fiber-matrix shearing occur at the first 

moment, then followed by interlaminar delamination and 

finally matrix failure. The observed damage patterns of a 

laminate with two resin-zones were presented experimentally 

in [10], as shown in Fig.11 (a) for o35  . It can be seen 

clearly that the locations of fiber fracture and delamination 

predicted in the present model (see in Fig.10) are consistent 

with those in Fig. 11 (a). 

 

(a) Fracture pattern. 

 

 
(b) Final collapse.  

Fig. 11. Experimental photoes of fracture patterns under axial  

compression in [10]. 

 

The final collapse pattern of the case of two resin zones 

was shown in Fig. 11(b)，with a kind band at the junction of 

the two resin zones. A kind band is induced by fiber breakage 

and fiber micro-buckling due to matrix plastic yield [11], 

[12]. 

As before, to better demonstrate the significance of 

different damage modes, the model was run with and without 

fiber failure or delamination mode. The results are shown in 

Fig. 12. The effect of fiber failure is similar to the case of a 

single resin zone. However, it is worthy of noting that 

inter-ply delamination also plays a significant role on the 

failure load, which is different from the case of a single resin 

zone. 
 

Fiber fracture 

Delamination  

Kind band 
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Fig. 12. Predicted load vs. displacement curves for the case of two  

resin-zones. 

C. Influence of Defect Configuration on Failure Load  

The following section is to evaluate the effect of defect 

geometry on the compressive strength of the laminate by 

comparison with the compressive strength of laminate 

without any defect. 
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Fig.13. Compressive strength vs. the height of resin-zone. 

 

For the case of a single resin-zone, the dependence of the 

compressive strength on the height of the resin-zone 

normalized by the thickness of the laminate is shown in Fig. 

13, in which the width of the resin-zone keeps constant 

(2.4mm, 40% of the laminate). The right Y is the 

compressive strength normalized by the strength of no-defect 

laminate. It can be seen that the failure load has a nearly 

linear decrease with the increase of the normalized height. 

For the normalized height is 0.28, the strength reduces to 

52.4% of the pristine strength. 
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Fig. 14. Compressive strength vs. defect angle. 

 

The influence of the defect angle on the compressive 

strength is illustrated in Fig.14. For o0  , the laminate has 

the highest level of failure load, with a reduction of the 

strength to about 54% of the pristine strength without any 

defect. With the increase of the defect angle, the compressive 

strength drops down with a minimum value for a defect 

angle o45  . This is in good agreement with the result in 

[10].  

IV. CONCLUSION 

Based on the proposed progressive damage model, the 

failure behavior of a CFRP laminate with both fiber waviness 

and resin zones was described quantitatively. The results 

show that for the laminate with both waviness and resin 

zones, the dominant damage mechanism is fiber failure, 

which is different from the results given by the literature 

involved only fiber waviness. As described in the literature 

[11], [12],matrix plasticity plays an important role on the 

compression failure modes of axially loaded UD CFRP 

laminate. However, the damage model proposed in the 

present work did not consider the plastic effect, particularly 

in the waviness location. Therefore, in order to illustrate the 

exact damage behavior of the CFRP with both waviness and 

resin-zones, a combined elastoplastic progressive damage 

model would be developed in the future work. 
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