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Highlights:  

 The Benzeggagh-Kenane fracture criterion and the Hashim-Rotem damage 
mechanism proved to be capable of perfectly predicting surface damage and projected 
delamination of the composite material subjected to low-velocity impact. 

 Mass model selection is suspected to be the reason for slight differences in mimicking 
the dynamic response. 

 Selection of a Kirchoff based shell element contributed to poor bending stiffness 
modeling of the composite plate, leading to a significant difference in predicting the 
quantity of absorbed energy. 

 
Abstract. The present work compared experimental and finite element analysis 
on the low-velocity impact response of a carbon/epoxy composite plate. Finite 
element analysis was based on the utilization of cohesive zone elements with the 
Benzeggagh-Kenane fracture criterion to predict the initiation and propagation of 
delamination. A Kirchhoff based formulation of a continuum shell element was 
used to model the stiffness of each lamina and the Hashim-Rotem damage 
mechanism to predict damages in every lamina. Five specimens of a 16-layer uni-
directional carbon/epoxy composite plate with fiber orientation [+45°/90°/-
45°/0°/+45°/90°/-45°/0°] s were subjected to low-velocity impact with a single 
energy value of 2.75 Joule/mm. The experimental results were then compared to 
the finite element results. Good agreement was achieved for the size and shape of 
the total projected delamination and visual damage to the top and bottom surface 
in the form of matrix and fiber failure. Slight differences were found for the 
dynamic response in the impact force history. Furthermore, a significant difference 
was found for the quantity of absorbed energy.  

Keywords: barely visible impact damage; carbon composite laminate; delamination; 
finite element; low-velocity impact. 
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1 Introduction 

Low-velocity impact on composite laminate structures has attracted attention 
from many researchers, among others [1-3], and [4]. The low-velocity impact on 
composite material creates barely visible impact damage (BVID). Unfortunately, 
such barely visible impact damage can create invisible damage in the form of 
delamination [5]. Gonzalez, et al. [6] studied the effects of ply clustering on 
polymer-based laminated composite plates subjected to drop-weight impact 
loading. They observed the impact behavior and aimed to find the impact damage 
threshold for significantly reducing the structural stiffness and compression 
strength due to delamination. They conducted an experimental test on Hexply 
AS4/8552 carbon epoxy unidirectional prepreg with different stacking sequences, 
i.e., [(45°/0°/-45°/90°)4]s, [(45°2/0°2/-45°2/90°2)2]s, and [(45°4/0°4/ 
-45°4/90°4)]s. They found that the most critical damage of drop weight impact was 
delamination, where each lay-up had a different dynamic response and form of 
delamination.  

The typical damage modes after low-velocity impact are illustrated in Figure 1 
[6]: 

 

Figure 1 Types of composite plate damage [6]. 

The present paper delivers the results of experimental and numerical approaches 
to the low-velocity impact analysis of a 16-layer uni-directional (UD) 
carbon/epoxy composite plate with fiber orientation [+45°90°/-45°/+45°/90°/ 
-45°/0°]s. The numerical-approach utilized a cohesive zone element and the 
Benzeggagh-Kenane fracture criterion to predict the initiation and propagation of 
delamination, a Kirchhoff based formulation of a continuum shell element to 
model the stiffness of each lamina, and the Hashim-Rotem damage mechanism 
to predict damage to every lamina. The ABAQUS finite element software was 
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used for the whole explicit numerical analysis. The finite element result was then 
verified with the experimental results. The verification was executed by 
comparing the size of the total projected delamination, visual damage on the top 
and bottom surface in the form of matrix and fiber failure, absorbed energy, force-
displacement history, dynamics response in the form of the impact force history, 
and the impact force threshold. The accuracy of predicting permanent damage 
after impact in the form of delamination and visible surface damage was the main 
interest of the present work. 

2 Testing Method 

The test specimen was made of Hexply AS4/8552 16-layer UD carbon/epoxy 
composite plate with fiber orientation [+45°/90°/-45°/+45°/90°/-45°/0°]s. The 
specimen size and testing methods followed ASTM D7136 [7]. Five specimens 
were made and tested under a single value of 2.75 J/mm energy impact. The 
impact energy was dictated such that the damage created was within the 
classification of BVID as defined in Ref. [8]. The thickness of the specimen was 
between 3.8 and 3.9 mm, with an average value of 3.84 mm. Low-velocity impact 
testing was carried out using an INSTRON 9350 impact drop weight impact 
testing machine, in compliance with ASTM D7136. 

3 Finite Element Model and Material Properties 

Mesh sensitivity analysis in the case of low-velocity impact determines the effect 
of element size on the results of low-velocity impact simulations, i.e., threshold 
force, peak force, and computational efficiency in terms of time needed for 
numerical simulation. The authors in [9] conducted a finite element analysis using 
the configuration and element size suggested in Ref. [10]. Figure 2 shows the 
mesh used in this analysis. Each lamina was modeled as a single-layer continuum 
shell meshed with SC8R reduced integration elements and a cohesive zone 
interface model was placed in between the lamina and meshed with a single layer 
COH3D8 cohesive element.  

The SC8R continuum shell element was based on the Kirchhoff plate bending 
theory. This theory neglects any shear deformation. ABAQUS provides only 
Kirchhoff based shell elements [11]. The element’s size was chosen following 
Song [10]. Song suggested that the size of the cohesive element should be fine 
enough to capture the high gradient stress fields near the tip of delamination. 
Song states that the maximum element length (Le) to achieve this is given by Le 
= Ei Gci/(Ne Si

2), Ne ≧ 3, i = t,n,s. The value of Si can be adjusted such that coarser 
meshes will start to fail simultaneously at more refined meshes. By keeping Gc 
constant, the energy dissipation of the elements is preserved. This is achieved by 
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rearranging the previous equation into Si = (Ei Gci/[Ne Le])0.5. The 
recommendations from [9] and [12] and careful calculations led to a size of 1.25 
mm (length) x 1.25 mm (wide) x 0.23 mm (thick) for the SC8R elements and 1.25 
mm (length) x 1.25 mm (wide) x 0.006 mm (thick) for the COH3D3 elements. 
The smallest element was suggested to be placed in the possible delaminated area. 
A coarser mesh was placed outside the damage zone to minimize the number of 
elements. In the present study, the total number of elements reached up to 180,000 
elements. 

No-clustering mesh modeling was used in the present model, as suggested by Ref. 
[13]. The base plate was modeled as a discrete rigid surface meshed with R3D4 
elements and the pins were modeled as analytical rigid body cylinders. Further 
reading about the elements can be found in Ref. [14]. The fixture was placed in 
contact with the laminates with no compressive force applied to the laminate and 
both translation and rotation were constrained in all directions for the fixture. The 
impactor was modeled as an analytical rigid body sphere with 0.01 mm distance 
from the top of the laminate surface with an initial velocity of 2.05 m/s and placed 
in the middle of the sphere so the impact energy reached 10.5 Joule. 

Translation was only permitted in the transverse axis to the laminate surface. All 
other translations were constrained. The effect of gravitational acceleration was 
neglected to make the energy analysis easier. The contact between fixtures–
laminate, impactor–laminate, and cluster–cluster was defined by the general 
contact option. 

 

Figure 2 Finite element model of the 16-layer [+45°/90°/-45°/0°/+45°/90° 
45°/0°]s  carbon composite plate subjected to low-velocity impact. 
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The value of transverse shear stiffness (G23) was obtained assuming that the 
transverse shear fiber cross-section isotropic and μ23 = μ12 such that 
G23 = E22/2(1+μ12). The fracture energies (Gc) were taken from Gonzales [4]. The 
friction coefficient µ was taken as 0.6, as suggested in [15]. The properties of 
Hexply AS4/8552 and the cohesive zone interface as taken from [5] are as 
follows: 

Table 1 Material properties of Hexply AS4/8552. 

Properties Values 
Fiber direction stiffness, E11 (MPa) 131610 

Transverse fiber direction stiffness, E22 (MPa) 9238. 
In-plane shear stiffness, G12 (MPa) 4826. 

Transverse shear stiffness, G13 (MPa) 3548 
Longitudinal shear stiffness, G13 (MPa) 4826. 

In-plane Poisson’s ratio, μ12 0.302 
Density (ton/mm3) 1.59 x 10-9 

Fiber direction tension strength, XT (MPa) 2063. 
Fiber direction compression strength, XC (MPa) 1484. 

Transverse fiber direction tension strength, YT (MPa) 63. 
Transverse fiber compression tension strength, YC(MPa) 267. 

In-plane shear strength, S12 (MPa) 91. 
Transverse shear strength, S23 (MPa) 133. 

Gft Fracture energy fiber direction in tension (N/mm) 81.5 
Gfc fiber direction in compression (N/mm) 106.3 

Gmt transverse fiber direction in tension (N/mm) 0.28 
Gmc transverse fiber direction in compression (N/mm) 0.79 

Table 2 Cohesive zone interface properties. 

Properties Values 
Normal stiffness, kn (MPa/mm) 36955. 

Shear stiffness, kt, and ks (MPa/mm) 19305. 
Maximum normal stress, Nmax (MPa) 26.26 

Maximum shear stress, Smax = Tmax (MPa) 31.89 
Normal fracture energy (N/mm) 0.28 
Shear fracture energy (N/mm) 0.79 

Density, ρ(ton/mm3) 1.59 x 10-9 
BK mix mode parameter, η 1.45 

4 Damage Evolution Model 

The damage evolution mechanism was divided into two folds. The first one was 
for intra-laminar damage and the other one was for inter-laminar damage. In the 
intra-laminar model, the damage evolution deals with predicting damage 
initiation and evolution in the lamina in the form of matrix tension/compression 
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failure, fiber direction tension, and compression failure. The Hashin-Roten 
damage model mechanism [16] was used in the present numerical analysis. The 
inter-laminar damage model mechanism deals with the prediction and 
propagation of delamination in the layer model. A brief description of the damage 
evolution model is described below. 

4.1 Intra-laminar Damage Evolution Model  

The failure criteria used for fiber-reinforced composites state four different 
failure initiations: fiber tension, fiber compression, matrix tension, and matrix 
compression. 
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Subscripts c and t denote compressive and tensile strain failures and subscript f 
indicates strain failure. Failure strains are derived from material properties. 
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Xt and XC are the longitudinal tensile and compressive stresses, while Yt and YC 
are the transverse tensile and compressive stresses, Sij is shear strength in the i-j 
plane. After the material reaches the failure criteria, i.e., when the F index reaches 
a value of 1, the material properties will experience linear degradation. 
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Furthermore, the material will experience evolutionary damage with variable 
damage dM = f (FM). The damage evolution for each failure criterion is:  

Fiber tension  (𝜀ଵ > 0) 
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Fiber compression (𝜀ଵ < 0) 
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Matrix tension (𝜀ଶ + 𝜀ଷ > 0) 
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Matrix compression (𝜀ଶ + 𝜀ଷ < 0) 
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where LC is the characteristic length of the cohesive elements, Gft, Gfc, Gmt, Gmc 
are fracture energies in the direction of the longitudinal tensile, longitudinal 
compressive, transverse tensile, and transverse compression. The failure behavior 
of the lamina material in the elastic phase from 0 to A and in the post-elastic 
phase from A to C is shown in Figure 3. 

 

Figure 3 Progressive damage model [16]. 
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The stress-strain vector relationship and the constitutive model with linear 
degradation are formulated as follows: 

 𝜎 =  𝐶ௗ 𝜀 (14) 
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with 

 df = dft , ε1 > 0  

 df = dfc , ε1 < 0  

 dm = dmt , ε2 + ε3 > 0 

 dm = dmc , ε2 + ε3 < 0 

4.2 Inter-laminar Damage Evolution Model  

Inter-laminar damage evolution modeling was conducted using a cohesive zone 
element. The cohesive zone element controls the traction-reaction on two 
surfaces that are attached and detaches and is expressed by the displacement of 
the two surfaces. This concept applies if the stress is dominated by normal stress 
and plane stress only and stress in the axial direction of the field does not exist. 
Possible relative displacement is in the normal/peeling and sliding directions. 
This displacement also includes traction (tn,ts,tt), which shows the bond resistance 
between the two surfaces. tn is normal traction and ts and tt are two perpendicular 
shear tractions. The traction separation behavior is stated in: 

 {𝑡} = [𝐾]{𝜀} (17) 

where {ε} is the relative displacement separation vector (δn,δs,δt in normal and 
two perpendicular shear directions) and [K] is the cohesive material stiffness 
matrix. Vector t is the nominal value of traction. The damage initiation in the 
cohesive zone is assumed to initiate when quadratic interaction involving the 
nominal stress ratio reaches a value of 1.  
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After the initiation traction failure criteria have been achieved, the component’s 
stiffness experiences softening with a scalar breakdown variable d so that variable 
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d varies from 0 to 1, with 1 representing material failure, i.e., material stiffness k 
reaches 0. This is illustrated in Figure 4. The total triangle area in Figure 4 is 
proportional to the critical fracture energy. Therefore, once the fracture condition 
reaches its critical value, delamination increases. 

 

Figure 4 Traction-separation response [17]. 

For mixed-mode cases, the adopted formulation to control the progress of 
delamination is the Benzeggagh-Kenane fracture criterion [17]. The proposed 
formula is GS = Gs + Gt, and GT = Gn + GS, and η are the material parameters.  

 𝐺௡
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5 Results and Discussion 

5.1 Energy Variation During Numerical-Analysis 

Observation of the energy distribution during the numerical analysis is essential 
to see if the artificial energy is relatively high compared to the total energy. 
Artificial energy is related to hourglass deformation. The accepted artificial 
energy must be below 5% of the total energy during the numerical iteration, as 
suggested by Ref. [14]. In the present work, the maximum artificial energy was 
0.48 J, compared to the calculated total energy of 10.5 J, which is the only 
infraction of less than 5%. Therefore the complete numerical analysis result was 
classified as acceptable without excessive artificial energy disruption. The total 
energy was 10.5 joule, equal to the impact energy loaded to the plate. As shown 
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in Figure 5, the internal energy is the absorbed energy, which had a value of 3.7 
Joule. 

 

Figure 5 Energy variation during the numerical analysis. 

5.2 Force-time History 

The Figure 6 shows the average value of the experimental results and the 
numerical analysis results in the form of a force-time history. From Figure 6, we 
can see that the peak force difference between the experimental and the numerical 
analysis results was significantly large. Meanwhile, the threshold force value was 
closely similar.  

 

Figure 6 Impact force-time histories during impact. Experiment results (E1-E5) 
and numerical result (FEM). 
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The experimental and numerical curves were almost the same, even though the 
numerical result lagged in time response in the order of 1 millisecond. This 
indicates that the experimental and the numerical analysis were almost the same 
dynamically during the impact process. Table 3 below shows both the 
experimental and the numerical analysis results for the peak and threshold impact 
force. 

Table 3 Peak and threshold impact force. 

 Average Experimental (N) Numerical-FEM (N) Deviation 
(%) 

Peak Force 6016 5224 -13.1 
Threshold Force 4887 4893 0.12 

The threshold impact force, according to Ref. [5], is considered the point where 
delamination starts propagating rapidly and is identified as the first sharp drop of 
impact force when there is a sudden loss of stiffness. 

5.3 Force-displacement History 

The following figure shows the average values of the experimental and the 
numerical analysis results in the form of a force-displacement history: 

 

Figure 7 Force-displacement histories during impact for the experimental results 
(E1-E5) and the numerical result (FEM). 

Figure 7 shows the discrepancies between the bending stiffness specimen and the 
absorbed energy, and the numerical result showed less bending stiffness in 
significant numbers. It is suspected that the Kirchhoff based continuum shell 
SCR8 element chosen to model composite ply is not good enough to capture 
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actual bending stiffness because the Kirchhoff theory neglects any shear 
deformation, leading to a low bending stiffness prediction. A higher-order shear 
deformation shell element is recommended for future work to achieve a better 
numerical result, i.e., a better bending stiffness prediction is expected. The 
success of implementing a higher-order shear deformation plate bending element 
to handle non-linear composite plate problems has been shown in Refs. [18] and 
[19].  

The area covered by the lines (dash line for the experimental results and solid line 
for the numerical result) reflects the energy absorbed and converted into 
permanent intra-laminar and inter-laminar damage. The experimental results 
showed more absorbed energy than the numerical result. The average 
experimental absorbed energy was 5.6 Joule; meanwhile, the numerical analysis 
gave an absorbed energy of 3.7 Joule. The insufficiently capable Kirchhoff based 
continuum shell element also influences the outcome of the predicted absorbed 
energy. The predicted absorbed energy reached only 67% of the test result. 

5.4 Delamination Profiles 

From Figures 8 and 9 below, we can see that the projected delamination profiles 
from the two results closely resembled each other in shape and size. The 
difference in area was 6.88%. The experimental result gave an average area of 
896 mm2, while the numerical result gave an area of 834 mm2. Both shapes were 
close to circular, which is in agreement with the present lay-up design making the 
behavior of the whole plate orthotropic. Despite the problem that arises from 
using Kirchhoff based shell elements in predicting bending stiffness and absorbed 
energy, the projected delamination was in excellent agreement with the 
experimental result.  

 

        E1                E2                  E3                    E4                 E5                         FEM                             

Figure 8 Projected profile of delamination for the experimental results (E1-E5) 
and the numerical result (FEM). 
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Figure 9 Comparison of projected delamination profiles: experimental (E1-E5) 
and numerical (FEM). 

The experimental result did not reveal the depth distribution in the delamination 
profiles since the TTU-machine can only measure through-thickness damage. On 
the other hand, the numerical result provided a delamination profile for each 
interface layer. Figure 10 below shows the delamination profile from the 
numerical result for the inter-laminar’s first, middle, and last cohesive layer. The 
largest delamination area occurred in the middle layer, i.e., the eighth cohesive 
layer from the top. This cohesive layer position is the closest to the neutral axis, 
where maximum shear stress occurs. The red color in Figure 10 indicates that the 
interface experienced delamination; there was no indication of delamination in 
the last layer.  

First inter-laminar layer (+450/900) Middle inter-laminar layer (00/00) Last inter-laminar layer (900/+450) 

   

Figure 10     Delamination in first, middle, and last layer of the inter-laminar-
numerical result. 
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5.5 Visible Surface Damage 

Visible damage in the present specimen test appeared only in the form of an 
indention at the top surface, i.e., the impact point surface. The bottom surface 
showed no indication of any form of damage. The average indention size was 3.2 
mm and the average depth of indention was 0.08 mm. According to Fawcett [20], 
an indention depth less than 0.508 mm is within the classification of BVID 
(barely visible impact damage). An example close-up picture of an indention is 
shown in Figure 11(a) below.  

   

(a) (b) (c) 

Figure 11   Barely visible-impact damage in the form of an indention in the top 
surface from the first lamina: experimental result (a), matrix compression failure, 
numerical result, and (b) fiber compression failure, numerical result (c).  

It is noted here that the size of delamination as invisible/hidden damage was ten 
times larger than the size of the indention at the surface as BVID. As many 
references have shown, e.g., [1],[2],[3], and [4], the presence of delamination 
significantly reduces the compression strength of a composite plate. The 
numerical analysis gave only in-plane results for matrix and fiber compression 
failure. When the lamina are modeled by a continuum shell element there is no 
through-thickness failure mode, so such indentions can not be predicted. Figures 
11(b) and 11(c) depict the first lamina, which failed (red aeras) under matrix and 
fiber compression. The last lamina showed no failure, as shown in the 
experimental result. 

6 Conclusions 

The purpose of the present work was to find the performance of the combination 
of a cohesive zone element and the Benzeggagh-Kenane fracture criterion in 
predicting the initiation and propagation of delamination. A Kirchhoff based 
formulation of a continuum shell element was used to model the stiffness of each 
lamina, and the Hashim-Rotem damage mechanism was used to predict damage 
in every lamina to simulate the low-velocity impact on an orthotropic uni-
directional (UD) carbon/epoxy composite plate. The accuracy of predicting 
permanent damage after impact in the form of delamination was the main interest 
of the present work. Furthermore, it is noted that delamination plays a dominant 
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role in the compression-strength reduction of composite plates. Other minor 
investigation parameters considered were dynamic response, plate stiffness, 
visible surface damage, and absorbed energy. 

The dynamic response in the form of impact force vs impact time, threshold, and 
peak impact force was predicted reasonably well. The minor time response delay 
of the numerical result compared to the experimental one is suspected due to less 
appropriate mass-modeling because of a lumped mass-model was used. It is more 
plausible to perform numerical analysis using a distributed-mass model in the 
future instead of a lumped-mass model. Threshold and peak force were well 
predicted. 

The Kirchhoff based continuum shell element chosen to model the composite ply 
was not capable of capturing the actual bending stiffness since the Kirchhoff 
theory neglects any shear deformation leading to a low bending stiffness 
prediction. It is suspected that such incapability leads to less accurate prediction 
of the absorbed energy. The numerical result gave a marginal value of absorbed 
energy (less than 20% of the experimental value). The use of higher-order or plate 
elements is required in future works. 

The combination of cohesive elements and the Benzeggagh-Kenane fracture 
criterion worked well in predicting the initiation and propagation of delamination. 
The resulting shape and size of the projected delamination after impact was 
closely similar between the experiment and the numerical results. The numerical 
analysis provided delamination for each interface layer. The largest delamination 
predicted by the numerical analysis occurred in the layer close to the neutral axis 
of the lamina, where maximum shear stress occurs. It is concluded that the 
Benzeggagh-Kenane fracture criterion also worked well in predicting mixed-
mode and single-mode, i.e., shear dominant, delamination.  

The Hashim-Rotem damage mechanism is adequate to predict the size of visible 
surface damage in the form of matrix and fiber failures by comparing it to the 
size of the indention in the top surface. As the lamina was modeled by a 
continuum shell element, no through-thickness failure mode such as indention 
could be predicted.  

The poor performance of the Kirchhoff shell element in predicting plate stiffness 
and the selection of a lumped mass-model did not affect the state of the damage, 
such as projected delamination and surface damage size and shape predictions. 
Moreover, it is still an open question how such things happen.  
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7 Recommendations for Future Work 

A recommendation for future works is (1) to replace the Kirchhoff based shell 
element with a higher-order shear deformation shell element, (2) to replace the 
lumped-mass model with a distributed-mass model, and (3) to perform more tests 
and numerical analyses for different impact energy values, lay-up configurations, 
i.e., different stacking sequences and fiber orientations. 
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