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Abstract 

The focus of the present research is on the damage modelling of composite laminates subjected 

to Low Velocity Impact (LVI). This research also shows how this model can be employed to 

assess the effect of pre-load. The composite damage model, integrating a VUMAT subroutine 

and a cohesive zone model, is first validated against the results obtained from conventional 

impacts on laminates without pre-load. The validated model is then employed to predict the 

impact response of pre-loaded composite laminates. It was found that the pre-load influences 

the load response, damage behaviour and energy absorption mechanisms of composite 

laminates. This is with pre-tension increases the maximum load during the impact event, 

whereas pre-compression has the opposite effect. Matrix cracking and delamination are found 

to be reduced slightly due to pre-tension, whilst matrix cracking and delamination are 

considerably increased by pre-compression. The developed model can provide guidance to the 

design and maintenance of composite components subjected to pre-load and impact. 
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1 Introduction 

Composites are attractive for commercial aircraft structures due to their high specific strength 

and stiffness, as well as excellent fatigue and corrosion resistance [1-4]. However, when 

employed in fuselage and wing structures, composite materials may encounter a variety of 

impact threats during their service [5-8]. In particular, impact damage can reduce structural 

integrity significantly. To better understand and predict the impact performance of composite 

materials, researchers have performed experimental studies and numerical simulation on well-

defined impact geometries [9-13]. Xu et al. [10] emphasised the importance of indentation 

mechanics in the impact event. This is important in determining the upper limit of interlaminar 

damage in composite laminates and providing a way of predicting the damage tolerance of 

composite materials under low velocity impact (LVI). It was found that that predicted results 

tend to be very conservative, especially for thick composite laminates. Liu et al. [12] predicted 

the overall impact behaviour of composite materials accurately through a three-dimensional 

finite element analysis (FEA) model by considering the elastic-plastic behaviour of composites. 

The load-deflection response, initiation and propagation of intralaminar damage (matrix 

cracking) and interlaminar damage (delamination) processes were analysed in detail. 

For aircraft structures which see aerodynamic loading, pre-stress before impact is an important 

consideration [14, 15]. When aircraft is on the ground, upper wing skin is subjected to tension 

and lower skin is subjected to compression load. When the aircraft is in maneuvre, fuselage 

skin may be subjected to tensile load due to pressurisation, upper wing skin is subjected to 

compression and lower wing skin is subjected to tension. These loads will be unavoidably 

applied to the structures as pre-loads before any damage loads come into effects. For this reason, 

where possible, the effect of pre-load should be assessed when doing impact testing of an 

aircraft structural components [16, 17]. As early as 1991, the importance of the effects of pre-

stress were highlighted in a NASA symposium [18, 19]. Several leading European researchers 

have noted that pre-load can affect matrix cracking and delamination damage and this has been 

noted in the Federal Aviation Administration (FAA) Advisory Circular [20, 21]. These and other 

researchers have noted, through experimental and numerical studies, that pre-load in a fibre 

direction of a particular lamina can lead to matrix tensile cracking, due to Poisson’s effect, so 
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increasing delamination [22-24]. 

Guillaud et al. [25] focussed on the impact response of carbon/epoxy composites laminates 

subjected to uniaxial pre-tension. When pre-tension was applied, the cumulative area of 

delamination increased. The maximum displacement decreases and the maximum load of the 

sample increases as the pre-load increases. Also, the energy absorption rate is greater for high 

pre-load and a low impact energy. Hu et al. [26-28] designed and developed a new pre-loading 

device (uniaxial tension and uniaxial compression) for the LVI test of composite laminates. The 

results showed that the application of pre-load during LVI of composite laminates, not only 

changes the impact response, but also changes the energy absorption mode. The impact damage 

in hybrid woven laminates under tensile or compressive pre-load was mainly manifested as 

delamination and fibre tensile failure. Khalili and Choi et al. [29, 30] used Sveklo’s contact 

theory and a modified displacement field to study LVI response on pre-loaded orthotropic 

laminates. 

Kursun et al. [31] investigated the influence of biaxial pre-load on the LVI performance of E-

glass/epoxy-laminated composite by experiments and simulations. The deflection of the 

laminates increased with the effect of pre-load, and energy absorption exhibited a similar trend. 

Therefore, composite material damage with a pre-compression load was higher than that when 

the laminate was not pre-loaded. Ruivo Fuga et al. [32] studied the LVI response of woven 

carbon fibre composite laminates and developed a continuum damage mechanics (CDM) 

constitutive model to verify its correlation from low strain level to the post-buckling condition. 

Results from both the experiments and the simulations showed that the in-plane damage is the 

main type of damage. The higher pre-load levels tended to cause more serious damage. In 

addition, analytical and numerical modelling predictions for delamination damage were 

compared to the experimental contact load histories. The results showed that the threshold load 

for delamination was related to the intralaminar damage. Rathnasabapathy et al. [33-35] 

experimentally investigated the effect of in-plane load on the LVI damage tolerance of Fibre 

Metal Laminate (FML). When the FMLs were subjected to LVI, the plastic deformation and 

delamination damage increase with the increase of the pre-strain. Moreover, the finite element 

model predicted the effects of pre-loads on the plastic damage of bulk deformed metal plates 
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and the delamination of composite laminates. 

Other researchers have employed complex biaxial loading rigs, different frontal geometries for 

LVI and even high velocity ballistic impacts and they have observed similar effects on damage 

due to preload [36-42]. 

In summary, several researchers have studied the effect of LVI of composite laminates under 

pre-load and observed experimentally that matrix cracking and delamination increase with pre-

load and this effect is more marked under compressive pre-loading. With these experimental 

findings in mind, it is thought there is scope to understand better, through modelling, the 

influence of pre-load on impact failure mechanisms and associated energy dissipation in 

composites. In this paper, a three-dimensional progressive damage model, consisting of a 

VUMAT subroutine and a cohesive zone model, was developed to predict the LVI damage and 

energy absorption behaviour of carbon fibre/epoxy composite laminates subjected to different 

type of pre-load conditions. The effects of pre-load on LVI performance of the composite 

laminates are discussed in detail, concentrating on load response and impact-induced damage. 

More importantly, from a new perspective, the effect of pre-load on energy absorption 

mechanisms of composite laminates during the LVI event has been investigated. 

2 Composite damage model 

Failure mechanisms of composite laminates under LVI are usually divided into two main types: 

intralaminar damage and interlaminar damage, i.e. delamination. Intralaminar damage, which 

occurs within composite plies, includes fibre tension and compression failure as well as matrix 

tension and compression cracking. Interlaminar damage reflects delamination between 

composite plies. In this work, a three-dimensional progressive damage model has been 

implemented with Fortran-coded ‘VUMAT’ subroutine to capture the intralaminar damage. 

Correspondingly, a cohesive zone model has been employed to predict the interlaminar damage, 

i.e. delamination. 

2.1 Intralaminar damage model 

Generally, composites can be considered as homogeneous and transversely isotropic materials, 

for which a transversely isotropic constitutive equation with five independent constants can be 
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employed for the pristine lamina. The modified 3D Hashin failure criteria [43, 44] are used to 

capture the intralaminar damage initiation in composite laminates, given as follows: 

(1) Fibre failure in tension（ 11 0  ）： 

22 2
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(2) Fibre failure in compression（
11 < 0 ）： 
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(4) Matrix failure in compression（ 22 33+ < 0  ）： 
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where, ( ) , 1,2,3ij i j


=   represents effective stress tensor, XT、XC、YT、YC are the tensile and 

compressive strengths of composites along to and perpendicular to the longitudinal direction, 

respectively. S12、S13、S23 are shear strengths in the three directions, respectively. 

After the intralaminar damage initiation, cracks propagate within the composite materials, 

which lead to the degradation of material property. Therefore, damage variables are introduced 

to account for the materials degeneration during subsequent progressive stage. The modified 

constitutive equations have been used to describe the stress-strain relationship for the damaged 

composite lamina. Through the degraded stiffness matrix, Cd, the stress-strain relationship after 

the onset of intralaminar damage is given as: 

 dC=  （5） 

Fig. 1 shows the bilinear traction-separation law for the intralaminar damage evolution in 

unidirectional composites. The general form of the damage variable, d, is expressed as: 
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where ε is the current strain of composite materials. Terms ε0 and εf are the initial damage strain 

and the final failure strain, respectively. The strain expression of final failure is given by: 

0
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 （7） 

where, c ijG  refers to c ftG 、 c fcG 、 c mtG 、 c mcG , representing the intralaminar fracture 

energies of tension and compression in the longitudinal direction and the transverse direction. 

The term 
0

ij  stands for the stress corresponding to the onset of damage. 

Satisfying the above equation means the damage initiation and further increase in load and 

damage propagation. Introducing a characteristic length (Lc) defines how damage propagates 

based on the displacement instead of strain to reduce the dependency of mesh [45]. Therefore, 

Equation (6) could be also represented as: 
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where, δ, δ0, δf represent equivalent displacement in fracture according to the associated fracture 

mode, equivalent displacement of damage initiation, and equivalent displacement of failure. 

 

Fig. 1 Bilinear traction-separation law for the intralaminar damage evolution. 

Through the VUMAT subroutine, the equivalent stress and displacement of intralaminar 

damage are presented, including the tensile and compressive damage of fibre and matrix, which 

are given below. In this study,   indicates the Macaulay operator, which is expressed as 



7 

2

x x
x

+
= . In this model, cL =0.25mm, which is the thickness of each ply of composites. 

Fibre tension： 
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During the evolution of intralaminar damage, the degraded stress values can be calculated 

through the degradation stiffness matrix and materials strain. Damage variables, dmc, dmt, dfc and 

dft, which vary from ‘0’ to ‘1’, reflect matrix compression damage, matrix tension damage, fibre 

compression damage and fibre tension damage, respectively, are given by, 
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When the value of damage variables dm and df are 0, it means the damage initiates. While when 

the values of these damage variables equal to 1, it indicates that the material unit has failed 

completely. The degraded stiffness matrix Cd, which is updated using the damage variable d, is 

given by: 
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where 

12 21 23 32 31 13 21 32 131 2f m m f f mD d d d d d d        = − − − −  （20） 

( )( )1 1f ft fcd d d= − −  （21） 

( )( )1 1m mt mt mc mcd S d S d= − −  （22） 

In the above expressions, Smc and Smt are the shear stiffness degradation variables of the matrix 

under tension and compression, controlling shear stiffness degradation due to matrix damage. 

The work performed by Liu et al. [46] and Zhou et al. [47] indicated that these shear stiffness 

degradation variables need to be calibrated for different types of materials. In this research, the 

value of 0.96 was finally determined for Smc and Smt based on the coefficient calibration. 

Material parameters requested for the presented composite damage model, which obtained from 

the basic mechanics test (tensile, compressive, and shear tests), are shown in Table 1. 

Fig. 2 shows the flowchart of developed VUMAT subroutine for the 3D progressive damage 

simulation of composite materials. The FE simulation would be typically run from 0 to 6 ms, 

with 100 time-steps. Each computational time-step is performed for every appropriate single 
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integration point. The numerical model continues to run till the defined total computation time 

had expired. 

Table 1 Mechanical properties of composite laminates. 

Properties Values 

Density（g/cm3） ρ = 1.6 

Elastic properties（GPa） E1 = 129, E2 =E3 =9.83, G12 = G13 = 5.38, G23 = 3.42 

Poisson’s ratio 
12 =

13 =0.31, 
23 =0.4 

Material strengths（MPa） XT = 1733, XC = 1264, YT = 68, YC = 225, S12=132, S13 = S23 = 112 

Critical fracture energy（mJ/mm2） 
c

ftG  = 80, c

c

fG  = 40, 
c

mtG  = 0.339, c

mcG  = 0.966 

 

 

Fig. 2. The VUMAT subroutine flow chart of 3D progressive damage model for composites. 

2.2 Interlaminar damage model 

Delamination occurs in composite structures under impact loads due to local contact forces in 
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critical regions. They are caused by the through-thickness shear and tensile properties, which 

are matrix-dominated and generally inferior compared to the in-plane properties. 

In this paper, the employed interlaminar damage model is presented as an elastic constitutive 

relationship, which captures the response before the onset of delamination. The built-in 

cohesive elements in ABAQUS based on a bilinear traction-separation relationship are used to 

simulate the delamination failure at the interface between composite plies as shown in Fig. 3, 

in which the vertical axis refers to the traction and the two horizontal axes refer to the normal 

separation and the shear separation respectively. The intermediate vertical planes between two 

horizontal axes represents the damage responses under the mixed modes. The quadratic stress 

criterion is used to capture the initiation of delamination, given by: 

2 2 2

1n s tt t t
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     
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 （23） 

where, tn、ts and tt represent the normal and shear tractions; N, S and T denote the normal and 

shear interfacial strengths. When the expression of the quadratic stress criterion is satisfied, the 

interfacial damage initiates.  

The Benzeggagh and Kenane (B-K) criterion [48], which is governed by mixed-mode fracture 

energy laws, is employed to govern the delamination propagation, given below: 

( )
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  

 

 
= + −  

 
 （24） 

where GC, GIC and GIIC are the total, normal (Mode І) and shear (Mode Ⅱ) fracture energy, 

respectively. GI and GII are the Mode І and Mode Ⅱ fracture energy release rate. η is the B-K 

exponent obtained by fitting the data obtianed from the mixed-mode bending tests. The 

interfaces between composite plies were modelled using the cohesive elements with the 

thickness defined as 0.01 mm. There are 19 interfaces between 20 composite plies, as shown in 

Fig. 4. The input parameters required for this element-based cohesive zone model have been 

given in Table 2. 
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Fig. 3 Mixed-mode response for cohesive elements. 

 

 

Fig. 4. The diagram of the cohesive element layers. 

 

Table 2 Input parameters required for the cohesive zone model. 

Properties Values 

Cohesive Strengths（MPa） tn = 30, ts = tt = 30 

Initial cohesive stiffness（MPa/mm） Knn = Kss = Ktt = 1×105 

Fracture Energy（J/mm2） GIC = 0.339, GIIC = GІІІC = 0.966 

Density（g/cm3） ρ=1.2 

Benzeggagh-Kenane exponent η=1.45 

 

3 Finite element models 
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3.1 Low velocity impact modelling 

The FE model is developed following the experimental set-up described in the ASTM D7136 

standard. The mesh, geometry and boundary conditions of the simulation model are shown in 

Fig. 5. Four main features i.e. base fixture, composite laminates, clamps and impactor, are 

included to build up the assembly. Composite specimens have a layup of [45/-45/90/0/0/45/0/0/-

45/0]s and a dimension of 150 mm×100 mm×5 mm. Each composite ply is meshed using eight-

node linear hexahedral elements with reduced integration and hourglass control (C3D8R). In 

the composite specimens, a refined zone of 70×40 mm is created with an element size of 1 

mm×1 mm and the remaining part is meshed using an element size of 2 mm×1 mm and 2 mm×2 

mm to reduce the analysis time. As a result, the composite model proceeds an element number 

of 146,300 in total. The interfaces between the composite layers are modelled using eight-node 

3D cohesive elements (COH3D8) with zero thickness. The zero thickness of cohesive elements 

here means the invisible thickness of the cohesive elements in visualisation. Theoretically, these 

zero thickness cohesive elements have a thickness of 0.01 for the numerical computation. The 

impactor is modelled as an analytical rigid body which is the spherical shape with a diameter 

of 16 mm. The reference lumped mass of the impactor is set as 7.05 kg. The 35 J impact energy 

is achieved by defining the initial velocity of the impactor as 3.14 m/s. The impact point is 

located in the centre of the composite laminates. In addition, both the base fixture with a centre 

cut-out of 125 mm × 75 mm and four clamps are modelled with discrete rigid bodies using hard 

contact interaction with the specimens. 

The general contact is attributed to deal with the impactor/composite, the composite/base 

fixture and the clamps/composite contacts. The ‘hard’ contact relationship is adopted in the 

normal direction and the tangential behaviour use the friction formulation with a friction 

coefficient of 0.25. The total simulation period lasts 7 ms, and the stable incremental time is set 

to below 10-8 ms to achieve numerical convergence. Computations are completed using 16 

CPUs on a Windows cluster with a running time of 30-60 h, depending on the number of the 

elements. 
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Fig. 5. The geometry and mesh of the FE model for the composite laminates on LVI. 

3.2 Model of low velocity impact with pre-load 

Based on the above FE model, a pre-load simulation is performed which follows two steps. 

Step-1 is defined first to introduce a pre-load into the model by applying pre-defined 

displacements or strains along the length of the specimen. The longitudinal micro-strains are 

applied to the two sides of the composite laminates in the 1 axis direction, as shown in Fig. 6. 

This is with an effective pre-tension or pre-compression load applied to generate a pre-strain 

with three magnitudes of 1000, 2000 and 3000 με. That is to say, before contact with the 

impactor, the samples have extensions of 0.15 mm, 0.3 mm and 0.45 mm respectively, along 

the lengthwise direction of the specimen. For the pre-tension and pre-compression, these are 

referred to as T1000/T2000/T3000 and C10000/C2000/C3000 respectively. During Step-1, an 

initial velocity of 3.14 m/s was pre-defined for the impactor but the impact process does not 

take place. Following the completion of Step-1, then, Step-2 begins and the impactor makes 

contact with the composite laminate with the pre-defined initial velocity of 3.14 m/s. The 

durations of Step-1 and Step-2 are set to 0.001 ms and 0.01 ms, respectively. 
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(a) (b) 

Fig. 6. The boundary conditions for LVI on the composite laminates with the (a) Pre-tension 

(T1000/T2000/T3000) and (b) Pre-compression (C1000/C2000/C3000) loading conditions. 

4 Model validation 

For the validation of the model, low velocity impact experimental results for a 

CCF300/BA9916II carbon/epoxy composite were taken from the work performed by Zhang et 

al. [49]. There experimental tests reported in [ref] include three impact energy levels: 25 J, 35 

J and 45 J. Ultrasonic C-scan inspections were performed to identify the delamination in the 

post-impacted specimens. Duplicate tests were performed to show a good consistency of 

measured experimental results. There is no obvious damage on the rear surface (non-impacted 

surface) of the samples tested at 25 J impact and the samples were seriously damaged subjected 

to 45 J impact. By contrast, the 35 J impact case has presented damage like fibre breakage and 

matrix cracking as well as delamination in an identifiable but not catastrophic extent. Therefore, 

in this research, the 35 J impact case has been selected to compare the results obtained from the 

experiment and simulation prediction. 

As shown in Fig. 7, the load-time, load-displacement and energy-time curves obtained from the 

numerical prediction correlated with the corresponding experimental results reasonably well. A 

range of experimental data is shown with a grey shaded zone to demonstrate the variation. This 

is with specific experimental cases of blue, green and magenta solid lines. The dashed red line 

is the FE prediction and this lies well within the experimental tests. In particular, the FE 

prediction shows a drop in load followed by oscillations indicative of damage initiation at 8.6 

kN and this is consistent with the experimental tests. 
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Fig. 7. Comparison of mechanical responses between LVI tests and simulation without pre-load for an 

impact velocity of 3.14 m/s (impact energy of 35 J): (a) load-time curve, (b) load-displacement curve and 

(c) energy-time curve (The grey shaded zone demonstrates variation in the experimental data. This is with 

specific experimental cases of blue, green and magenta solid lines. The dashed red line is the FE 

prediction.) 

In the load-time and load-displacement curves, the initial increase in load is due to the elastic 

response of the specimens under impact loading. When the load increases monotonically up to 

a value of about 8.6 kN, a sharp drop of the load value is detected, indicating the onset of impact 

damage, which is mainly associated with matrix failure. Further load oscillations are 

successively observed due to damage propagation which may involve matrix cracking and 

delamination. Followed by an increase in load, the impactor reaches the maximum 

displacement and then is rebounded at this point, which is consistent with testing observations 

(Fig. 7b). Subsequently, the out-of-plane displacement of the laminate recovers gradually. The 

numerical load-time curve finds a good agreement with the experiment ones. The initial damage 

load, the maximum impact load and the impact duration are reproduced accurately (Fig. 7a). 

Regarding the energy-time curve (Fig. 7c), when the impactor contacts with the composite 

laminates, the kinetic energy of impactor starts to be transformed to the energy of the composite 

laminates, which includes the stored elastic energy and the damage dissipated energy. When the 

impact velocity is zero, the loss of kinetic energy of the impactor reaches the maximum value, 

then the elastic energy stored in the composite panel drives the recovery of panel to rebound 

the impactor, which results in the decrease in the energy-time curves. The finally achieved 

stable value indicates the energy dissipated during the impact event. The overall energy-time 

history predicted by the numerical model presents a generally good agreement with the 

experimental ones. 
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Fig. 8 exhibits the comparison between the experimental and numerical results. The matrix 

damage can be observed on the rear surface of composite laminates after LVI experiments, as 

shown in Fig. 8a. The matrix cracking tends to distribute along the 45 degree in the bottom 

lamina. Fig. 8b shows the FE numerically predicted matrix damage (red zone) on the back 

surface of the laminates. Due to the smeared-crack and homogenised natures of the employed 

model, the 45 degree long cracks between the fibre bundles were not completely captured, while 

the overall matrix damage on the rear surface of the post-impacted samples have been 

reasonably captured. This demonstrates that the employed meso-scale smeared-crack model is 

able to capture the location and propagation of damage in the composite samples due to impact. 

  

Fig. 8. Damage on the back surface of composite laminates of LVI test and simulation for an impact 

velocity of 3.14 m/s (impact energy of 35 J): (a) experimental damage and (b) FE predicted damage. 

A comparison between the experimentally measured and the numerically predicted 

delamination damage footprint obtained from the composite specimens under LVI has been 

made as shown in Fig. 9. The dark blue represents the C-scan reflection from the bottom (non-

impacted) surface of the composite laminates and the dark red refers to the C-scan reflection 

from the top (impacted) surface. For the convenience of comparison, the footprint of the 

numerically predicted delamination area has been presented as the white dash line. The 0° arrow 

indicates the longitudinal direction. The area of each delamination map was calculated by 

counting the total numbers of pixels and dark-blue pixels, which represent the total area of the 

sample and the non-damaged area after impact respectively, using an in-house MATLAB script. 

According to the calculated total pixels and dark-blue pixels, the number of the remaining pixels, 

which refers to the damage area, can be subsequently determined. The experimentally obtained 

delamination area is 964 mm2, and the simulated delamination area is 740 mm2, which is ca. 

23% deviation from the experimental delamination area which is reasonable. 
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Fig. 9 Comparison of damage footprints obtained from the LVI test (cloud maps) and simulation (white 

dash line) for an 35 J impact case. 

To summarise, Table 3 has been presented to show the comparison between the numerical and 

experimental results, regarding the maximum load, the impact duration time, the maximum 

displacement, the absorbed energy and delamination area. Deviations between experimental 

and numerical values are in a reasonable range, from ca. 5% to ca. 28%, showing a generally 

good agreement between the experimental and numerical results. 

Mesh size is considerably important for the computational convergence and simulation 

efficiency. In this paper, the selection of the mesh size was made based on the results obtained 

from the simulations with three different mesh sizes (Size - 0.5, equivalent to 0.5 × 0.5 mm; 

Size – 1, equivalent to 1 × 1 mm and Size – 2, equivalent to 2 × 2 mm mesh size). Fig. 10 

presents the load-time and load-displacement curves obtained from the simulations with these 

three different mesh sizes. The results show that when the mesh size is 0.5 × 0.5 mm (Size - 

0.5) and 1 × 1 mm (Size – 1), the predicted load response best is similar and correlates 

reasonably well with the experimental (Test) results. 

Table 3 Comparison of main data between LVI tests and simulation without pre-load. 

 Maximum load

（kN） 

Impact duration

（ms） 

Maximum displacement 

（mm） 

Absorbed energy 

（J） 

Delaminated area 

（mm2） 

Test 9.0 5.9 5.4 22.4 964 

FE 9.6 6.6 5.7 16.2 740 

Deviation 6.7% 11.8% 5.6% 27.6% 23.2% 

The maximum load, the maximum displacement and the computational time are compared in 

Fig. 11. The simulation with 1 × 1 mm mesh size (Size 1) delivers the best agreement on the 
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overall response of all three simulation cases. As a result, the mesh size of the central region 1 

mm × 1 mm (Size – 1) for the composite laminates was selected for all future simulations. This 

is deemed to be able to achieve a good balance between the computational accuracy and 

efficiency. 

  

Fig. 10. Comparison of mechanical response between LVI test and simulations with different mesh sizes 

(Size - 0.5, equivalent to 0.5 × 0.5 mm; Size-1, equivalent to 1 x 1 mm and Size-2, equivalent to 2 × 2 mm 

mesh size) for an impact velocity of 3.14 m/s (impact energy of 35 J): (a) load-time curve and (b) load-

displacement curve. 

 

Fig. 11. Mesh-sensitivity on LVI composite tests and simulation results for an impact velocity of 3.14 m/s 

(impact energy of 35 J). 

5 Effects of pre-load on impact response 

5.1 Model set-up 

For the simulations to be performed, an effective pre-tension or pre-compression load was 

applied to generate a pre-strain with three magnitudes of 1000, 2000 and 3000 με along the 

length of the specimen. It was found better to define the initial pre-strain along the length of the 

specimen and these are given in Table 4. 
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Table 4 Types and magnitudes of pre-loads applied to the composite laminates. 

Degree of pre-loads Codes Pre-strain magnitudes（με） 

No pre-load Non-preloaded 0 

Pre-tension 
T1000 

T2000 

T3000 

1000 

2000 

3000 

Pre-compression 
C1000 

C2000 

C3000 

1000 

2000 

3000 

   

Fig. 12. Mechanical response of LVI, under different pre-tension loads, to give initial 1000, 2000 and 

3000 με (along length of specimen) for an impact velocity of 3.14 m/s (impact energy of 35 J): (a) load-

time curve, (b) load-displacement curve and (c) energy-time curve. 

   

Fig. 13. Mechanical response of LVI, under different pre-compression loads, to give initial 1000, 2000 

and 3000 με (along length of specimen) for an impact velocity of 3.14 m/s (impact energy of 35 J): (a) 

load-time curve, (b) load-displacement curve and (c) energy-time curve. 

   

Fig. 14. Mechanical response of LVI, under pre-tension and pre-compression, to give tensile and 

compressive micro-strain of 2000 με (along length of specimen) compared with no pre-load, for an 

impact velocity of 3.14 m/s (impact energy of 35 J): (a) load-time curve, (b) load-displacement curve and 

(c) energy-time curve. 
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Fig. 15. Matrix damage obtained from simulations with different pre-loads (to give tensile and 

compressive pre-strains 1000, 2000 and 3000 με) for an impact velocity of 3.14 m/s (impact energy of 35 

J): (a) tensile matrix damage and (b) compressive matrix damage. 

5.2 Pre-load effects on overall response 

Load-time, load-displacement and energy-time relations of impacts, for an impact velocity of 

3.14 m/s (impact energy of 35 J), were simulated for different compressive and tensile pre-loads 

and these results are shown in Fig. 12 and 13. It is found that the pre-loads, and associated pre-

strains, have a significant influence on the impact behaviour of composite laminates. 
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Compared to non-preloaded condition, pre-tension load gives rise to a ‘stiffening’ effect on the 

laminates, which can be seen from the slope of the load-displacement curve as shown in Fig. 

12b. The higher the pre-tension load, the higher the slope, that is the stiffer response of the 

composite laminates. Load-time curves show a time scaling effect with the pre-tension loads, 

where the impact event becomes shorter for pre-tension load increasing. Moreover, peak load 

increases and maximum displacement decreases with increase in tensile pre-load (Figs.12a and 

12b), in agreement with [50]. On the other hand, these trends are opposite in effect under the 

pre-compression load, which softens the load response of the composite laminates as shown in 

Figs.13a and 13b. 

The energy-time curves are plotted in Figs. 12c and13c. An initial rise occurs as kinetic energy 

is converted into strain energy with some losses due to damage, damping and other processes. 

The stored strain energy then rebounds the impactor. It is to be noted that the presence of pre-

compression loads leads to slightly more energy being absorbed by the laminates, indicative of 

more damage under pre-compression loads. 

The possible reason is that the pre-tension load stiffens the response of the composite laminates, 

which can lead to a smaller displacement and higher impact load. On the other hand, the pre-

compression load softens the response of composite laminates with the laminates exhibiting 

more out-of-plane deformation. Moreover, these influences are enhanced by increasing the 

magnitude of pre-loads. 

For comparison, Fig. 14 plots the impact response curves of pre-tension and pre-compression 

loads with the same pre-applied micro-strain of 2000 με. This shows clearly the pre-tension and 

pre-compression loads have converse effects on the loading responses of composite laminates. 

5.3 Pre-load effects on matrix damage 

Fig. 15 presents a comparison of the predicted intralaminar (matrix cracking) damage for pre-

tension and pre-compression, with different pre-loads, subjected to LVI. These data are 

compared with the non-pre-loaded case. Both tensile matrix damage and compressive matrix 

damage are presented. It can be seen that pre-loads are applied giving pre-strains of 1000, 2000 

and 3000 με. These cases are labelled T1000, T2000 and T3000 for tensile pre-load and C1000, 
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C2000 and C3000 for the compressive pre-load. There are distinct differences in damage 

behaviour for the pre-tension and pre-compression cases. Pre-tension load has very little effect 

on the extent of matrix damage, albeit tensile matrix damage slightly more than the compressive 

matrix damage in all cases. However, the pre-compression affects appreciably the matrix 

damage. Overall, the longitudinal extent, or dimension, of the matrix damage area (shown as 

the red zone in Fig. 15) are similar for T1000, T2000 and T3000 cases. However, for the 

compressive pre-loads, the longitudinal extent, or dimension, of the matrix damage area 

increases by ca. 20%, 30% and 45% respectively for C1000, C2000 and C3000 cases. There is 

less influence of pre-compression on the width of the matrix damage, except for the special 

case C3000, in which the pre-compression has extensively increased the width-wise dimension 

of the impact matrix damage. This full width-wise damage occurs during the simulation of the 

impact event and is not due to the initial compressive pre-loading of the laminate. 

In order to further evaluate the effects of pre-load on matrix damage, Fig. 16 presents the 

changes in tensile and compressive matrix damage with increasing pre-load. It can be seen that 

tensile and compression matrix damage areas increase with pre-compression load (pre-strain) 

and this is particularly obvious for the 3000 micro-strain case in which the tensile damage area 

increases significantly. The pre-tension load causes very little change in matrix damage area. 

This may be because the matrix damage laminates is dominated by impact load under relatively 

low level pre-tension load, and the effect of pre-tension load is not reflected [50]. In contrast, a 

continuous and obvious positive effect on the matrix damage have been observed for the pre-

compression load, which indicates that damage in the composite laminates is in the pre-load 

dominated mode [50]. 

To figure out the transition from impact-dominated to pre-load dominated mode, five more pre-

load cases, T500, T4000, T5000 and C500, C4000, have been added to the simulation. The 

overall matrix damage, including both the tensile and compressive damage, obtained from these 

five additional pre-load cases are compared with those obtained from other exiting pre-load 

cases, as shown in Fig. 17. It can be seen that when the pre-tension load is between T500 and 

T3000, the overall matrix damage area is almost consistent, while when the pre-load increased 

from T3000 to T5000, the overall matrix damage experienced a significant growth. For the pre-
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compression cases, when the pre-loads are C500 and C1000, no obvious change was observed 

from the overall matrix damage, while when the pre-compression load is between C1000 and 

C4000, abrupt growth was found in the overall matrix damage. Based on these observations, 

we can determine that, for the pre-tension and pre-compression cases, the responses of 

composite laminates transformed from impact-dominated mode to pre-load dominated mode at 

T3000 and C1000, respectively. 

    

Fig. 16. Matrix damage areas obtained from the LVI simulations with no pre-load and different pre-loads 

(to give compressive and tensile pre-strains 1000, 2000 and 3000 με) for an impact velocity of 3.14 m/s 

(impact energy of 35 J):(a) tensile matrix damage areas and (b) compressive matrix damage areas. 

  
Fig. 17 The relationship between the overall matrix damage areas and the magnitudes of pre-loads: (a) 

pre-tension strain and (b) pre-compression strain. 

5.4 Effects of pre-load on delamination  

Fig. 18 shows the predicted delamination footprints, for an impact velocity of 3.14 m/s (impact 

energy of 35 J) on non-preloaded, pre-tension and pre-compression laminates. An 

approximately circular delamination footprint has been observed for the non-preloaded case. 

For the composite laminates with the pre-tension loads, the delamination footprint is circular in 

shape and of slightly reduced size with the length and width of the damaged area decreasing 
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slightly by 5-10%. For composite laminates with pre-compression loads, the shapes of the 

delamination footprint becomes elliptic in shape with the major axis aligned with the 

longitudinal direction of the composite laminate. This is thought to be due to the increasing 

delamination near the back surface of the specimen. By comparing the length and width of the 

damage contours in Fig. 18 (for pre-tension and pre-compression cases), it is found that the pre-

compression load increases the length and width of the delamination footprint by up to ca. 25%. 

Compared to other laminates, much more serious damage has been observed from the 

composite laminates subjected to C3000 pre-load which corresponds to a compressive pre-

strain of 3000 με. To derive insight into this phenomenon, the matrix damage in composite 

laminates under C3000 pre-load after LVI event has been extracted and shown in Fig. 19. It was 

found that no damage occurred in the composite laminates after applying this C3000 pre-

compression load. However, when the panel undergoes deformation during impact, matrix 

damage and delamination propagate extensively along the width or transverse direction of the 

composite laminate. This abrupt increase in measured areas regarding matrix damage might be 

related to the occurrence of buckling during failure process, which can enhance the pre-load 

effects on the matrix damage in composite laminates. 

Non-preloaded 

  

Pre-tension 

   

Pre-

compression 

   

Fig. 18. LVI induced delamination footprints in the composite laminates with different pre-loads (to give 

compressive and tensile pre-strains of 1000, 2000 and 3000 με). 
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Fig. 19. Matrix damage obtained from LVI simulation with C3000 pre-compression load. 

As shown in Fig. 20, the delamination of composite laminates is significantly affected when 

pre-compressions of 1000, 2000, and 3000 με are applied and increases linearly with pre-

compression strain. For the pre-tension case, the delamination area fluctuates but overall 

decreases slightly with pre-tension strain. For the pre-compression load case, the increase in 

delamination area is related to the increase in intralaminar (matrix) damage observed. For the 

pre-tension load case, Mikkor et al [51] have suggested that there is a stiffening or inhibiting 

effect with the pre-tension load preventing bending deflections of laminates that typically 

facilitate delamination. 

Fig. 21 plots the damage areas of each cohesive interface obtained from the composite laminates 

subjected to T2000 pre-tension, non-preloaded and C2000 pre-compression cases at an impact 

velocity of 3.14 m/s (impact energy of 35 J). The results show that damage areas of the cohesive 

interfaces are suppressed by pre-tension load, especially for interface 10 and interface 19. The 

pre-compression load aggravates the cohesive damage (delamination), especially for the 

interfaces 8, 9, 11 and 12. These phenomena can be explained by pre-tension slightly inhibiting 

delamination. There is a reinforcing effect from pre-compression on the out-of-plane 

deformation of composite plies, which can directly affect the delamination propagation in the 

composite laminates under impact loading. The pre-tension can suppress the out-of-plane 

deformation whilst the pre-compression can exacerbate the out-of-plane deformation. Moreover, 
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it is found that the degree of influence of pre-load on the cohesive damage is related to the lay-

up angle of the adjacent composite plies. 

 

Fig. 20. Delamination damage area under LVI for different pre-strains at an impact velocity of 3.14 m/s 

(impact energy of 35 J). 

The extent of cohesive zone failure, or delamination, at each of the cohesive interfaces 9 (-45/0), 

10 (0/0) and 11 (0/-45) when subjected to the different pre-loads (T1000 to T3000 and C1000 

to C3000) and non-preloaded cases, are presented in Fig. 22. This is for an impact velocity of 

3.14 m/s (impact energy of 35 J). Under pre-tension load, the damage areas, at the cohesive 

interfaces 9, 10 and 11, are similar or decrease slightly with the pre-tension load. However, the 

damage areas, at the cohesive interfaces 9, 10 and 11, increase slightly with the pre-compression 

load. It is thought that pre-compression load makes the composite plies with the lay-up angles 

-45° and 0° more prone to a large bending during the impact process. This is with the 

consequence that interfaces of laminae with the -45° and 0° lay-up angles show greater 

propensity for delamination. When plies are subjected to pre-tension load along the longitudinal 

direction, the cohesive damage at the interface is inhibited slightly due to the reduced bending. 
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Fig. 21. Cohesive damage areas obtained from each composite laminate interface at an impact velocity of 

3.14 m/s (impact energy of 35 J) for: (a) pre-tension (T2000), (b) non-preloaded, (c) pre-compression 

(C2000).  
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Fig. 22. Predicted delamination on the cohesive interfaces 9, 10 and 11 at an impact velocity of 3.14 m/s 

(impact energy of 35 J) for: (a) pre-tension, (b) non-preloaded and (c) pre-compression. 
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6 Conclusions 

The effects of pre-load on the low velocity impact response of composite laminates under 

different conditions of pre-loads have been investigated. A three-dimensional progressive 

damage model has been established, implementing a VUMAT subroutine using the finite 

element package ABAQUS/Explicit. The composite damage model is validated against 

experimental results. This validated model is then employed to predict the impact behaviour of 

composite laminates with different types of pre-load. It has been shown that pre-load has 

appreciable influence on the loading response of composite laminates. This is with pre-tension 

load tending to ‘stiffen’ the response of composite laminates, whilst pre-compression load tends 

to ‘soften’ the response of the composite laminates. It is also observed that the presence of pre-

compression load has caused more damage in composite laminates under impact. When the pre-

compression strain increases to 3000 με, the impact damage extended across the width of the 

composite laminate. 

It has been shown that pre-load influences the area and shape of the delamination footprint 

during low-velocity impact. The delamination area footprint increases noticeably due to pre-

compression load and decreases slightly under the pre-tension load. It has also been shown that 

the degree of influence of pre-load on the cohesive damage is related to the lay-up angle of the 

adjacent composite plies. These effects have been observed by other researchers. For example, 

the impact response of pre-load was in reasonable agree with the earlier experimental tests 

conducted by Heimbs et al. [16] and Zhikharev et al. [50]. Similar effects have also been 

observed by Hu et al. [26] who showed that pre-tension load plays a strengthening role in the 

composite laminates whereas pre-compression load has the opposite effect. 

It is deemed that the developed computational model is able to effectively serve as a numerical 

tool to provide guidance to the design and maintenance of composite structures exposed to pre-

load conditions and impact threats.  
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Highlights 

• An impact damage model, with user-defined material subroutine, has been developed 

and validated for composite materials. 

• The effect of pre-load on the damage mechanisms of composite laminates subjected to 

low velocity impact has been studied. 

• Pre-compression load has an aggravative effect on the impact damage in the composite 

laminates, whereas pre-tension has much less such type of effect. 

• The developed computational model is aimed to provide a guidance to the design and 

maintenance of composite structures subjected to pre-load. 

 


