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Abstract 

Experimental results of low-energy drop-weight impact tests on woven-roving E-
glass/polyester composites are presented. The effects of specimen thickness, impactor 
kinetic energy, velocity of impact and laminator are investigated. Damage was observed for 
all impact energies. The assumption that shear deformation dominates the response gives 
good agreement with the results. A model assuming a circular delamination area predicts 
very well the interlaminar shear strength for the 5-ply specimens, but not for the 10 ply 
specimens. 
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1. Introduction 

The numerous advantages of fibre-reinforced composites, including their high specific 
mechanical properties, has led to their increasing use in many fields of engineering. 
However, it has long been recognised that these materials are sensitive to impact damage, 
especially out-of-plane impact, which can induce damage even at very low impact energies. 

This sensitivity to impact damage is due in part to the brittle behaviour of the fibres used to 
reinforce such composites, and even of the resins used for the matrix phase. The lack of 
through-thickness reinforcement and the relatively low interlaminar shear strength of most 
composite laminates also reduces the resistance to impact damage. Furthermore, the high 
strain rates associated with such events are often not easily resisted by such materials. 

Impact damage, which sometimes may not be visible, decreases the load-bearing capacity of 
the material and may lead to an unexpected, and possibly catastrophic, failure at some later 
date if the effects of impact damage are not included in the design calculations. This may be 
because the strength of the structure does not exceed an operational load that may be 
encountered in the future, or that the impact damage will grow due to repeated loading or 
impact until failure occurs. 

The testing of composites is a complex and often contentious subject, and perhaps of all the 
areas impact testing is the most difficult to categorise and standardise, both concerning the 
test methods and the interpretation of the results. There are many test variables such as 
velocity and energy of impact, specimen geometry, impactor geometry, and boundary 
conditions as well as the usual material variables associated with composite materials. The 
response and damage progression will also be complex, and can also be rate dependent. 

Hence, there has been much work carried out in the field of composites impact, mostly for 
expensive, high-Vf carbon/epoxy laminates used mainly in the aerospace industry. 
McQuillen and Gause[1]used ball and bar impactors to study the static and low-velocity 
impact response of graphite/epoxy simply supported beams, finding that the impact 
damage varied not only with incident energy, but also with incident velocity. Sjoblom et 



al.[2]also thought that incident energy alone was not an adequate parameter for the 
prediction of impact damage of graphite/epoxy and graphite/PEEK clamped circular 
specimens, impact force history and energy loss during impact being preferred. Shear 
delamination was found to be the prevailing damage mechanism for simply supported 
three-point impact tests of CFRP laminated beams of various lay-ups by Ishai and Shagri[3], 
leading to a loss of compressive strength of the impacted material. The initiation of low-
velocity impact damage of circular clamped specimens prepared from prepeg CFRP with an 
epoxy matrix was seen to be more dependent on maximum impact force than incident 
energy as by Found and Howard[4]. Qian et al.[5]studied the effects of scale on the impact 
response of carbon/epoxy plates. A fracture mechanics model was used but the prediction 
of impact damage was found to be complicated. A comprehensive study of the impact 
behaviour of quasi-isotropic carbon/epoxy laminates was carried out by Davies and 
Zhang[6]. By considering the maximum impact force, the results of various specimen sizes, 
geometries and boundary conditions were normalised. 

The analysis of composite-material impact has been performed by analytical methods and 
finite-element approaches. Jaeger[7]described some of the various analytical solutions of 
contact impact problems. Examples of analytical models specifically for composite laminates 
may be found in Christoforou and Yigit[8, 9], Shi and Hull[10]and Chen and Lee[11]. The 
specific finite-element analyses used are manifold. Zhong and Mackerie[12]included about 
500 references to finite-element analyses of impact, listed by year starting in 1980, 
concerning a number of materials including composites. 

Far fewer studies have been completed for glass-reinforced-plastic composites especially 
those laminated by hand as is common in the marine industry. Both high Vf woven roving E-
glass/polyester and S-glass/phenolic laminates were studied by Zhou[13]. A further paper 
concerning the E-glass/polyester laminates was produced by Zhou and Davies[14], in which 
delamination occurred at a threshold value dependent on the thickness and size of the 
specimen, and impact force and absorbed energy histories were used to deduce the onset 
of damage. Morri et al.[15]investigated the use of flexible modified epoxy resins with 
chopped strand E-glass fibre mat to increase resistance to impact damage. The combined 
effects of immersion in sea water and impact are especially important for composite marine 
structures, and the effect of this was found to be a marked reduction in resistance to impact 
by Strait et al.[16]. 

In the marine industry there are problems associated with impacts sustained during 
fabrication, for example the dropping of tools inside the hull or collisions whilst moving or 
turning modules during assembly. Also in-service collisions may lead to impact damage, 
from regular minor impacts whilst docking, through the striking of floating objects in the 
water, to collisions with other vessels and grounding. 

A series of tests has been conducted to investigate the impact behaviour of one type of such 
‘marine’ composite materials; namely E-glass woven roving reinforced polyester resins. The 
specimens were laminated and cut in-house at the composites laboratory. 

2. Experimental details 

An instrumented falling-weight impact-test machine was used for the tests in this work. A 
controlled, repeatable impact is achieved by dropping a striker attached to a variable weight 
onto a sample in a defined manner and at a prescribed impact velocity. During the impact, 



the resistive force exerted by the specimen on the striker is measured by a load cell as a 
function of time, and stored for subsequent display and analysis. The software calculates, 
from the basic force-time information, velocity, distance and energy absorbed by the 
specimen. 

There are three main parts to the falling weight apparatus, a tower where the weight falls 
onto the sample held below, a control unit, and the computer software system. The tower 
consists of a sample area, where a pneumatic clamp holds the sample, and a column down 
which an impactor head attached to a weight falls onto the sample. The specimens were 
clamped using a ‘picture frame’ clamp of dimensions 120 mm×75 mm with the flat, mould 
side of the specimen facing down. The tower and control unit are shown in Fig. 1. 

 
Fig. 1. Falling weight impact machine. 

Two thicknesses of laminate, 5 and 10 plies, were considered. The most important variable 
used to define the magnitude of the impact event is the impact energy. The impact velocity 
is also of interest, since this governs the strain rates to which the specimen is subjected. 
Hence these two variables were considered, and an experimental structure of eight 
different energy levels at two different velocities was selected. The maximum energy level 
was set through a series of preliminary tests on each thickness of laminate to ascertain the 
perforation energy. 

The process of laying-up a laminate by hand is very difficult to control, and hence the 
variability of the quality of such composites can be high. In order to investigate this 
variability, different laminators were used, and a replication of each test was made. The 
whole test series was repeated using nominally identical panels fabricated by another 
laminator, and then a third laminator made two more repetitions of the 5-ply tests. Hence a 
total of 192 specimens were tested. 

The materials used were 500 g/m−2 balanced woven roving E-glass and isopthalic polyester 
resin cured using 1%, 2% and 3% by weight of accelerator, catalyst and paraffin, 
respectively. The laminates were of 50% fibre weight fraction. 

Two panels of 1 m×1 m were laminated, one each of 5 and 10 plies. Rectangular specimens 
of dimension 150 mm×100 mm were cut from the panels using the diamond-surrounded 
circular saw. The warp was aligned with the longer dimension, and identification numbers 
were assigned to each specimen indicating their position in the panel, as shown in Fig. 2 (for 



the second 5-ply panel fabricated by the third laminator, the specimen letters continue from 
‘G’ to ‘L’). 

 
Fig. 2. Specimen cutting plan. 

First, six tests for the 5-ply laminate were carried out to estimate the perforation energy. 
The same mass was used for all the tests, 5.853 kg, and the perforation energy was found to 
be approximately 80J. For the 10-ply specimens, the maximum energy available with this 
drop weight head of approximately 200J was required to nearly achieve perforation with 
shear failure. 

Hence tests were performed with nominal impact energies of 10, 20, 30, 40, 50, 60, 70 and 
80J for the 5-ply specimens, and of 22.5, 45, 67.5, 90, 112.5, 135, 157.5 and 180J for the 10-
ply specimens. The highest and lowest velocities attainable at the respective energies were 
used as the ‘High’ and ‘Low’ velocities, respectively. 

Most of the literature inspects the damage sustained by the specimens after impact using 
ultrasonic C-scan methods. However the laminates considered here were translucent and it 
was possible to view the damage simply by back-lighting the specimens. This gave the 
approximate damaged area, and also a qualitative description of the damage. 

3. Results 

The full results are given in Appendix A. In Figures 3 to 6 trends are shown of the maximum 
deflection, the maximum force, the energy absorbed by the specimen and the damage area 
with increasing incident impact energy. ‘A’ signifies the first laminator, ‘BA’ the second and 
‘JA’ the third. Results are shown for 5- and 10-ply specimens subjected to low and high 
velocity impacts (LV and HV, respectively). 
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Fig. 3. Maximum deflection vs. incident energy. 

 

 
Fig. 4. Force vs. incident energy. 
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Fig. 5. Absorbed energy vs. incident energy. 

 
Fig. 6. Damage area vs. incident energy. 

3.1. 5-ply specimens 

The progression of failure seen with increasing impact energy is described qualitatively 
below. Examples of the damages sustained by specimens subjected to low, medium and 
high impact energies are then shown in Figures 7, 8 and 9, respectively. 
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Fig. 7. Specimen A5/A1 damage (front and back), IKE 10 J. 

 

 
Fig. 8. Specimen A5/A9 damage (front and back), IKE 49 J. 

 

 
Fig. 9. Specimen A5/B6 damage (front and back), IKE 78 J. 

There was a fair degree of damage even in the specimens subjected to the lowest energy 
impacts. The same trends were seen for the low and high velocity tests, but equivalent 
degrees of damage were seen at slightly lower energies for the higher velocity impact tests. 



3.1.1. Front face 

Initially there was slight delamination of fibres at the warp/weft crossovers under the 
impact head. This damage spread in the warp direction, and then in the weft direction, 
giving a rectangular area of delamination. Then fibre damage occurred at the centre, 
worsened and then became indented. Finally shear failure of the fibres occurred as the 
impact head ‘punched through’ the specimen. 

3.1.2. Mid-plane 

A circular area of delamination centred under the impact head grew with increasing impact 
energy. 

3.1.3. Back face 

At the centre of the specimen was a roughly diamond shaped area of matrix cracking, within 
the fibre bundles. This damage spread and matrix destruction started, followed by fibre 
damage under the impactor head. The fibre damage became worse and the matrix cracking 
area became more rectangular. Then fibres at the edges of the impact head appeared to 
have been pulled, in the specimen plane, out of the resin. ‘Spears’ of fibres appeared at the 
centre of the specimen as damage became more severe, followed by punch-through by the 
impact head. Examples of energy absorbed by the specimen (mainly as damage) and force 
plots against time are given for the same three specimens of low, medium and high impact 
energy in Fig. 10. 

 
Fig. 10. 5-ply absorbed energy and force vs. time plots. 

The percentage of the impact damage absorbed by the specimen increases with impact 
energy, until with perforation, all the available energy is absorbed. It can be seen for the 
lower energy impact (A5/A1) that the force varies fairly sinusoidaly with time, but that at 
higher energies (A5/A9) the peak becomes sharper as damage occurs under the impactor. 
For the highest energies (A5/B6) perforation causes a very sharp drop in force, followed by a 
prolonged period at a low force as fibre shear-out damage occurs. Since the incident 
velocities of the three tests are not equal it is not possible to compare directly the force rise 
and recovery times. However, it is helpful to consider the ratios of rise to recovery times. 
The increase in internal damage sustained with higher impact energy is reflected in these 



ratios, the recovery times are 1.06, 1.84 and 3.10 times longer than the rise times for 
specimens A5/A1, A5/A9 and A5/B6, respectively. 

3.2. 10-ply specimens 

As for the 5-ply specimens, the progression of failure seen with increasing impact energy is 
described qualitatively below for the 10-ply specimens. Examples of the damages sustained 
by specimens subjected to low, medium and high impact energies are then shown in Figures 
11, 12 and 13, respectively. 

 
Fig. 11. Specimen A10/A1 damage (front and back), IKE 23 J. 

 

 
Fig. 12. Specimen A10/A9 damage (front and back), IKE 110 J. 



 
Fig. 13. Specimen A10/B6 damage (front and back), IKE 175 J. 

Again, there was a fair degree of damage even in the specimens subjected to the lowest 
energy impacts, and the same trends were seen for the low and high velocity tests. 
Equivalent degrees of damage were seen at slightly lower energies for the higher velocity 
impact tests, but not as discernibly as for the 5-ply tests. 

3.2.1. Front face 

The same trends as for the 5-ply specimens were seen, but generally more severe and with 
buckling of the surface fibres. Also, the fibre damage formed a more pronounced cross, and 
became asymmetric at higher energies with one of the weft arms of this cross reaching the 
clamp. Total perforation of the specimens subjected to the highest energies did not occur, 
although these specimens suffered a high degree of fibre failure and indentation. 

3.2.2. Mid-plane 

Again the same trends were seen as for the 5-ply specimens, but more severe damage 
occurred. The larger delamination area reached the clamp along one of the edges aligned 
with the warp, and spread along this edge, giving an asymmetric pattern. The delamination 
of the specimens subjected to the highest energies was extensive, and shear failure 
occurred, forming a ‘hinge’ between the impact point and the edge of the clamp to which 
the delamination had spread. 

3.2.3. Back face 

Again similar trends, but with severe damage, were seen as for the 5-ply specimens. The 
clamp edge left a mark on the specimens subjected to higher energies. The fibres at the 
edges of the impact head again appeared to have been pulled, in the specimen plane, out of 
the resin, but more noticeably in this case. 

Examples of energy absorbed by the specimen (mainly as damage) and force plots against 
time are given for the same three specimens of low, medium and high impact energy in Fig. 
14. 



 
Fig. 14. 10-ply absorbed energy and force vs. time plots. 

Similar trends are seen as for the 5-ply specimens, but a roughly sinusoidal variation of force 
with time is seen for the medium impact energy as well as for the lower energy. Again the 
ratios of force rise to recovery times reflect the greater degree of internal damage with 
increasing incident energy. These ratios are 1.63, 1.37 and 1.79 for specimens A10/A1, 
A10/A9 and A10/B6, respectively. 

4. Discussion 

Fig. 3 shows that, as expected, the 10-ply specimens are stiffer than the 5-ply. For the 5-ply 
specimens at higher impact energies, a sharp increase of maximum deflection is seen as 
perforation of some of the specimens occurs. 

Again the higher stiffness of the 10-ply specimens can be seen in Fig. 4 through the higher 
forces encountered. Both curves level off to a maximum value as failure occurs, but this is 
more pronounced for the perforation of the 5-ply specimens. 

At lower impact energies there is a fairly linear increase in absorbed energy with incident 
energy for both thicknesses, as shown in Fig. 5. As final failure of the 5-ply plates starts, at 
around 50 J, the slope of this line for these specimens increases as more damage is 
sustained. A similar trend is shown by the 10-ply specimens at around 140 J, but in this case 
the line retains approximately the same slope but is translated upwards. 

Fig. 6 shows the damaged areas obtained by visual inspection. The mid-plane delamination 
was generally seen to have the largest area of the damage mechanisms, and where possible 
it was this area that was measured. However, in some cases it was impossible to distinguish 
if the area seen was due solely to this damage, especially for the higher impact energies. It is 
thought that the measured values were sufficiently accurate to allow comparisons to be 
made, and it is certain that this simple visual method is much less expensive than the use of 
C-scan methods. 

There does not appear to be any damage threshold below which no damage is seen, as 
reported for higher fibre volume fraction glass polyester laminates by Zhou[13]and Zhou 
and Davies[14]. Even for the lowest incident energies used here, an area of internal 
delamination larger than that of the impactor was measured. However, experiments at 
lower energies would confirm that there is no lower limit. Maybe the use of a hemispherical 
impactor here, as opposed to the flat impactor of Zhou and Davies, means that even for 



small energies and forces a smaller contact area occurs, leading to higher shear and normal 
stresses. 

There is some scatter in the data, mainly at higher energies when the damage is more 
severe, but it is possible to see that the data in the main follow two lines, one for each 
thickness. More damage for a given impact energy is sustained by the thicker laminates 
which is the opposite of that reported by Zhou and Davies[14]. The greater scatter at higher 
energies is more pronounced for the 5-ply specimens, with more points approaching the 
same degree of damage as for the 10-ply plates. These specimens are those showing a more 
pronounced shear failure mode similar to that shown by the 10-ply specimens. For the 10-
ply tests the increase in scatter is due to the lower damage area shown by some specimens, 
these specimens having a greater degree of perforation. 

For the maximum deflection, maximum force and absorbed energy plots, no discernible 
difference was seen between the low and high velocity results. This could be because the 
ratio of velocities attainable was too low for any major strain rate effects to be seen. For the 
damage area of the 10-ply specimens no effect of velocity was seen, but for the 5-ply results 
more occurrences of the plate shear type failure with higher damage areas were seen at the 
higher velocities. 

There was no visible change in the maximum deflection, maximum force or absorbed energy 
between different laminators. However, differences were seen for the higher energy failure 
modes and damage areas, especially where the 5-ply laminates were concerned. Here one 
set of the specimens produced by laminator ‘J’ gave predominately plate shear failure, but 
only for the higher velocities. It was noted when this panel was made that the last square 
meter at the end of the roll of the reinforcement had to be used. This reinforcement 
showed distortion between the warp and weft, and sticking tape attached was removed. 
This last 1 m2 was used as the second ply from the top surface of this laminate. 

The asymmetric nature of the damage seen for the 10-ply specimens lead to the hypothesis 
that some slippage was occurring at the higher impact energies where the specimens were 
clamped. This was reinforced by the fact that dowels in the clamp base meant that a larger 
area of the specimen was clamped along two adjacent edges than was along the other two. 
Also the raised ‘bumps’ on the non-mould side of the specimens, together with the low 
friction between the steel clamp and polyester resin would make slippage feasible at the 
highest incident energies. 

5. Analysis 

The approach taken in the analysis of the results is similar to that taken by Davies and 
Zhang[6], Zhou and Davies[14]and Zhou[13]. 

A distinction may be made between high and low velocity impacts. For high velocity impacts 
the local behaviour of the material is important since the incident kinetic energy is 
dissipated over a small area. The failure mode is usually perforation. For low velocity 
impacts however the whole target structure responds and there is more elastic absorption. 
Here both the target geometry and the material properties are important. Typical failure 
modes include matrix cracking, surface microbuckling, delamination, fibre shear-out and 
fibre fracture. In this case delamination is especially important due to the low inter-laminar 
shear strength (ILSS) of composite materials, especially for glass polyester laminates. 



Davies and Zhang[6]show that for GRP a sensible limit between the two velocities is 20 ms−1. 
Since the highest velocity encountered here is only 5.5 ms−1 it can be assumed that the 
impact events are of low velocity and that effects such as through thickness shock waves 
can be ignored. It is assumed that the simple engineering theory for plates and shells applies 
here, and that the response is quasi-static. 

Damage can be due to one or other of two effects. Flexible plates give high bending strains 
that lead to compressive and/or tensile failure on the faces of the plate. Stiffer plates lead 
to higher contact forces and internal shear and normal stresses give complex interlaminar 
and matrix damage modes. If it is assumed that the laminates are quasiisotropic then, in the 
far field, bending strains vary approximately linearly through the thickness and like ln(r) 
away from the impact centre. Shear stresses vary approximately parabolically through the 
thickness and like 1/r away from the impact. 

Near to the impactor a first approximation leads to an annular region of high shear stress 
around the circumference of the area of contact. This leads to delamination that spreads 
inwards more rapidly than outwards[6]. At the centre of the contact area there is a state of 
no shear. This was seen in the specimens as a central point with no delamination. In reality 
the stress state under the impactor is complex, and the lower ILSS along or close to the 
fibres leads to asymmetry, again seen in the results here. In-plane stresses cause transverse 
matrix tensile cracks which can trigger delamination. These cracks are important in a marine 
setting due to the problems of material property degradation through water ingress, and 
were also seen, mostly over the fibre bundles, as shown in Fig. 15. 

 
Fig. 15. Damage showing matrix cracking. 

Although the 5-ply plates were fairly flexible and the width-to-thickness ratios of the 5 and 
10-ply plates were 25 and 12, respectively, the ILSS of this material is low (35 MPa 
Sutherland[17]) and hence it was thought reasonable to assume that shear deformation 
dominates. In this case[14]: 
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where Pm is the maximum force, CO is a material constant, t is the laminate thickness 
and w is the maximum central displacement. i.e. 
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The plot of w against Pm/t in Fig. 16 shows this relationship to hold, except for those results 
for perforation of the 5-ply specimens, the outliers above the line. In fact linear regressions 
of the 10-ply results give R2 values of 98%, reinforcing the supposition that the displacement 
is mainly due to shear. It is also evident from this figure that there is slightly more deflection 
shown for the 5-ply specimens due to the greater bending of these more flexible laminates. 

 
Fig. 16. Maximum deflection vs. maximum force thickness. 

The R2 values, slopes and CO values from linear regressions on these lines, excluding outliers 
(judged to be results with a maximum deflection of greater than 14 mm) are given in Table 
1. 

As can be seen from the high R2 values, the fit of a linear regression is very good in every 
case, reinforcing the supposition that the displacement is mainly due to shear. The CO values 
are also very consistent with an average value of 0.24 kN mm−2. It is also evident from this 
figure that there is slightly more deflection shown for the 5-ply specimens due to the 
greater bending of these more flexible laminates. The force displacement plots in Fig. 17 
show that the shape of the graphs are approximately the same for all energies up to the 
initiation of plate failure. 

Hence, the incident kinetic energy can be equated to the work done by the following 
equation. 
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where α is a ‘shape factor’ for the force deflection curves. 
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 R2 (%) Slope CO (kN mm−2) 
A5 Low velocity 99.6 4.12 0.24 
A5 High velocity 98.1 4.04 0.25 
BA5 Low velocity 98.5 4.76 0.21 
BA5 High velocity 99.0 5.02 0.20 
JA5-1 Low velocity 97.9 4.27 0.23 
JA5-1 High velocity 96.6 4.04 0.25 
JA5-2 Low velocity 98.8 3.86 0.26 
JA5-2 High velocity 98.0 4.05 0.25 
A10 Low velocity 98.1 3.73 0.27 
A10 High velocity 97.6 3.90 0.26 
BA10 Low velocity 98.3 4.21 0.24 
BA10 High velocity 98.1 3.92 0.25 

Table 1. CO Values 

 
Fig. 17. Force vs. deflection plots. 

Eq. (1) and Eq. (3)give: 
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where C is the constant α/CO. 

Fig. 18 shows that this equation also holds very well, except where there is considerable 
fibre damage or perforation of the 5-ply specimens (the outliers below the line), and linear 
regression of the 10-ply results gives R2 values of 99%. 



 
Fig. 18. Results plotted according to Eq. (4). 

Making the assumptions that the balanced woven roving composite material is isotropic and 
that the central delamination is perfectly circular gives the maximum shear at the mid-plane 
as: 

 
rt
P

zr 


4
3

  ( 5 ) 

where r is the delamination radius and t is the laminate thickness. The damage area in the 
form of the delamination would extend to the radius where σzr exceeds the ILSS, τ. 
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In Fig. 19 this equation has been plotted for the 5- and 10-ply results. For the 5-ply 
specimens, large damage areas (greater than 1600 mm2) have been removed from the data 
set to only include results with circular delaminations. There is an obvious linear trend and 
linear regression of the data gives a slope of approximately 145 kN−2, and hence a value for 
the ILSS of 35 MPa using Eq. (6). This is the value quoted for the same material by 
Sutherland[17]. 
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Fig. 19. Results plotted according to Eq. (6). 

The 10-ply results also show linear trend, but linear regression in this case gives a slope that 
is about fourfold that for the 5-ply specimens at 600 kN−2. Eq. (6)then gives a value of ILSS of 
17 MPa, half that obtained using the 5-ply data. However, the delamination in this case is 
only very approximately circular for the lowest energy, and is in general not at all circular. 
Due to this, this estimate of ILSS is not thought to be accurate. 

The reasons for the difference in failure modes between the 5- and 10-ply tests could be 
many, and the interactions between them complex. For example there are different 
deflections and hence membrane forces for the two thicknesses.There are also higher 
normal forces at the impactor for the 10-ply tests, which would lead to deeper Hertzian 
indentation and possible interaction with delamination. Different strain rates are seen by 
the two thicknesses of plate. The duration of impact for the 5-ply tests were, on average, 14 
ms and 7 ms for the low and high velocity tests respectively. For the 10-ply tests these 
values were 8 ms and 5 ms. The mid-plane of the 5 ply laminate should be a reinforcement 
layer, whilst that of the 10-ply composite should be a resin layer. To exacerbate the 
problem, the specimens are not geometrically scaled. 

Using a purely empirical approach the data may be collapsed onto a single fairly linear trend 
by plotting damage area against the maximum force squared, as shown in Fig. 20. 
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Fig. 20. Empirical plot of damage area vs. maximum force squared. 

6. Conclusions 

Deflection, force, damage area and energy absorbed data has been presented for low 
energy impact of woven roving E-glass polyester hand laid-up composites of two 
thicknesses. The effects of incident kinetic energy, velocity of impact and laminator were 
investigated. Examples of failure modes have been shown and the trends of damage growth 
described. For this material it was possible to estimate the extent and form of the damage 
sustained visually, without the need for more expensive techniques such as C-scan. 

Even at the very lowest impact energies a considerable amount of damage was seen, as a 
mid-plane delamination. Also matrix cracks on the tensile, back face and matrix damage 
under the impactor occurred. The damage of the resin phase is detrimental in a marine 
environment in terms of water ingress and the corresponding reduction of material 
properties. This highlights the susceptibility of marine composite materials to impact events. 

No discernible effect of incident velocity on the impact response was seen, except for some 
possible differences in the failure mode at the highest incident energies. However, the lack 
of effect of this variable could be because it was not possible to use a large range of 
velocities. Although a thorough statistical analysis is yet to be made, the effect of laminator 
on the impact response of this material does not appear to be large. 

Low velocity impact was assumed, hence the effects of shock waves were ignored and 
simple engineering theory for plates and shells were used. The assumption that shear 
deformation dominated gave very good agreement with the data up to the impact energies 
when perforation mechanisms started. Observing that all the force vs. deflection plots were 
of the same form and equating incident energy to the work done also gave very good 
correlation with the experimental results up to perforation. 

Through the simple assumption of a circular delamination area where the interlaminar shear 
strength of the material is just exceeded at the circumference, a very accurate estimate of 
the ILSS was made for the 5-ply tests. However, for the 10-ply specimens the same method 
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gave a value half this value. This was thought to be because the assumption of a circular 
delamination did not hold for these tests. 

A plot of damage area vs. force squared collapsed all ‘pre-perforation’ data onto a fairly 
linear trend. However this is a purely empirical approach, and tests for other specimen 
thicknesses may not follow this trend. 
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Appendix: Test Results 

5-Ply Specimens: 
Code Thickness 

(mm) 
Mass 
(Kg) 

Impact 
Veloc. 
(m/s) 

Impact 
Energy 

(J) 

Max. 
Force 
(kN) 

Max. 
Defln 
(mm) 

Absorbed 
Energy 

(J) 

Damage 
Area 

(mm2) 
A5/A1 3.31 10.85 1.36 10.04 3.14 6.72 5.95 340 
A5/A2 3.08 10.85 1.35 9.89 3.10 6.79 5.83 306 
A5/A3 3.06 10.85 1.94 20.42 4.73 9.32 11.71 553 
A5/A4 3.08 10.85 1.91 19.80 4.68 9.09 11.11 470 
A5/A5 3.03 10.85 2.37 30.48 6.05 10.75 17.85 719 
A5/A6 3.08 10.85 2.34 29.71 5.91 10.72 17.37 674 
A5/A7 3.09 10.85 2.71 39.85 7.09 12.04 24.33 776 
A5/A8 3.05 10.85 2.71 39.85 6.89 12.18 25.79 902 
A5/A9 2.92 10.85 3.01 49.16 6.72 14.21 39.67 1109 
A5/B1 3.14 10.85 3.01 49.16 8.04 13.46 32.70 958 
A5/B2 3.05 10.85 3.30 59.09 8.29 14.27 48.37 1397 
A5/B3 3.15 10.85 3.29 58.74 7.96 14.64 50.34 1489 
A5/B4 3.13 10.85 3.54 68.00 7.80 15.92 62.05 1571 
A5/B5 3.07 10.85 3.54 68.00 8.82 15.80 62.83 1601 
A5/B6 3.05 10.85 3.80 78.36 8.68 19.86 80.16 1577 
A5/B7 3.06 10.85 3.78 77.54 9.27 17.47 76.42 1811 
A5/B8 3.08 2.85 2.07 6.11 2.28 4.95 3.95 350 
A5/B9 2.93 2.85 2.07 6.11 2.23 5.34 3.81 306 
A5/C1 3.35 2.85 2.62 9.79 2.96 6.07 5.97 507 
A5/C2 3.33 2.85 2.61 9.72 3.00 5.90 5.90 509 
A5/C3 3.24 2.85 3.56 18.08 4.47 8.17 12.16 612 
A5/C4 3.12 2.85 3.56 18.08 4.55 8.05 12.31 741 
A5/C5 3.05 2.85 4.42 27.87 5.79 9.40 19.10 736 
A5/C6 3.01 2.85 4.42 27.87 5.85 9.41 19.24 961 
A5/C7 3.07 2.85 5.04 36.24 6.63 10.62 26.64 989 
A5/C8 3.15 2.85 5.01 35.81 6.51 10.86 25.09 1576 
A5/C9 3.11 3.85 4.97 47.59 7.71 12.01 33.58 1016 
A5/D1 3.35 3.85 4.97 47.59 7.92 11.87 32.50 1462 
A5/D2 3.35 3.85 5.32 54.52 8.28 13.01 41.96 2316 
A5/D3 3.35 3.85 5.36 55.35 8.61 12.58 39.75 1719 
A5/D4 3.36 4.85 5.41 71.02 9.04 14.95 62.37 2100 
A5/E4 3.24 4.85 5.41 71.02 8.88 14.88 59.32 1899 
BA5/A1 3.16 10.85 1.34 9.74 3.24 6.73 5.86 410 
BA5/A2 3.09 10.85 1.30 9.17 3.05 6.60 5.24 250 
BA5/A3 3.09 10.85 1.88 19.18 4.47 9.19 11.84 380 
BA5/A4 2.89 10.85 1.87 18.98 4.38 9.16 11.73 400 
BA5/A5 2.93 10.85 2.35 29.97 5.83 11.14 18.34 480 



BA5/A6 2.89 10.85 2.35 29.97 5.83 10.98 19.11 460 
BA5/A7 3.00 10.85 2.78 41.94 6.87 12.69 27.58 820 
BA5/A8 2.91 10.85 2.76 41.34 6.61 12.85 28.66 750 
BA5/A9 2.76 10.85 3.12 52.82 7.22 14.69 39.29 870 
BA5/B1 3.39 10.85 3.11 52.49 7.81 13.39 36.75 1030 
BA5/B2 3.28 10.85 3.39 62.36 7.87 14.73 52.86 1410 
BA5/E1 3.42 10.85 3.39 62.36 8.23 14.99 56.22 1080 
BA5/B4 3.05 10.85 3.67 73.09 9.14 16.54 69.73 1350 
BA5/B5 3.17 10.85 3.69 73.89 7.81 18.39 76.37 1470 
BA5/B6 3.35 10.85 3.93 83.81 8.23 24.27 87.22 1670 
BA5/B7 3.07 10.85 3.95 84.67 8.26 22.63 88.20 1640 
BA5/B8 2.91 2.85 2.67 10.17 3.09 6.89 6.05 470 
BA5/B9 2.84 2.85 2.67 10.17 3.02 6.95 5.97 430 
BA5/C1 3.31 2.85 3.82 20.82 4.61 9.12 13.36 560 
BA5/C2 3.37 2.85 3.79 20.49 4.77 8.80 13.30 460 
BA5/E2 3.32 2.85 4.67 31.11 6.06 10.67 21.01 690 
BA5/C4 3.14 2.85 4.70 31.51 5.74 11.07 22.10 660 
BA5/C5 3.17 2.85 5.34 40.68 6.74 12.30 28.37 890 
BA5/C6 3.23 2.85 5.38 41.29 6.91 12.47 29.93 820 
BA5/C7 3.29 2.85 6.01 51.53 7.79 13.22 36.47 1290 
BA5/C8 3.09 2.85 6.01 51.53 7.29 13.93 40.91 980 
BA5/C9 3.02 3.85 5.70 62.59 7.96 15.53 56.05 1390 
BA5/D1 3.44 3.85 5.70 62.59 8.39 14.63 48.54 1230 
BA5/D2 3.44 3.85 6.12 72.16 8.38 16.72 64.82 1710 
BA5/D3 3.34 3.85 6.12 72.16 8.23 15.69 60.64 1670 
BA5/D4 3.22 4.85 5.85 83.04 8.16 28.20 85.18 1440 
BA5/E4 3.18 4.85 5.90 84.47 8.91 21.41 86.25 1740 
JA5/A1 2.93 10.85 1.35 9.89 3.07 6.99 5.33 280 
JA5/A2 2.95 10.85 1.34 9.74 3.15 6.89 5.48 330 
JA5/A3 3.01 10.85 1.93 20.21 4.74 9.43 11.24 520 
JA5/A4 3.08 10.85 1.89 19.38 4.77 9.09 11.18 430 
JA5/A5 3.14 10.85 2.39 31.00 6.09 10.97 18.32 640 
JA5/A6 3.07 10.85 2.38 30.74 6.28 10.48 17.75 720 
JA5/A7 3.12 10.85 2.79 42.24 7.23 12.22 27.07 960 
JA5/A8 3.02 10.85 2.76 41.34 7.24 12.13 24.81 860 
JA5/A9 3.13 10.85 3.12 52.82 8.14 13.84 42.14 1110 
JA5/B1 3.07 10.85 3.12 52.82 7.84 13.76 37.91 1180 
JA5/B2 3.03 10.85 3.43 63.84 8.68 15.04 53.20 1440 
JA5/B3 3.15 10.85 3.41 63.10 9.09 14.67 50.46 1570 
JA5/B4 3.07 10.85 3.69 73.89 9.34 16.33 69.45 1330 
JA5/B5 3.15 10.85 3.67 73.09 9.02 16.47 69.66 1560 
JA5/B6 3.16 10.85 3.95 84.67 9.30 18.88 87.05 1700 



JA5/B7 3.16 10.85 3.97 85.53 9.22 18.08 86.41 1720 
JA5/B8 3.15 2.85 2.70 10.40 3.07 6.80 6.16 420 
JA5/B9 3.27 2.85 2.68 10.25 3.04 6.89 5.85 480 
JA5/C1 3.08 2.85 3.84 21.03 4.88 9.13 13.13 530 
JA5/C2 3.08 2.85 3.86 21.25 4.82 9.27 13.50 560 
JA5/C3 3.09 2.85 4.70 31.51 6.24 10.90 20.22 640 
JA5/C4 3.02 2.85 4.73 31.91 6.24 11.16 20.29 780 
JA5/C5 2.99 2.85 5.38 41.29 7.33 12.13 27.19 1030 
JA5/C6 3.16 2.85 5.30 40.07 7.37 11.83 26.54 690 
JA5/C7 3.25 2.85 6.01 51.53 8.01 13.52 45.66 2870 
JA5/C8 3.28 2.85 6.01 51.53 8.01 13.52 45.66 2090 
JA5/C9 3.58 3.85 5.70 62.59 7.61 15.29 53.65 1820 
JA5/D1 2.99 3.85 5.70 62.59 9.01 14.64 45.46 1510 
JA5/D2 3.08 3.85 6.12 72.16 8.58 18.20 62.74 3450 
JA5/D3 3.21 3.85 6.18 73.58 9.08 16.98 66.90 2650 
JA5/D4 3.01 4.85 5.90 84.47 9.36 18.96 81.20 2320 
JA5/E4 3.17 4.85 5.85 83.04 8.86 19.24 74.69 3190 
JA5/G1 3.03 10.85 1.35 9.89 3.11 7.11 5.55 380 
JA5/G2 3.10 10.85 1.34 9.74 3.07 7.01 5.66 350 
JA5/G3 3.15 10.85 1.91 19.80 4.80 9.00 10.76 470 
JA5/G4 3.41 10.85 1.91 19.80 4.74 8.94 10.76 480 
JA5/G5 3.15 10.85 2.37 30.48 6.18 10.85 16.87 680 
JA5/G6 3.08 10.85 2.41 31.52 6.30 10.86 17.47 710 
JA5/G7 3.17 10.85 2.78 41.94 7.48 12.24 26.74 770 
JA5/G8 3.10 10.85 2.79 42.24 7.60 12.27 24.99 920 
JA5/G9 3.19 10.85 3.12 52.82 8.18 13.63 37.31 1150 
JA5/H1 3.15 10.85 3.11 52.49 8.48 13.63 34.12 950 
JA5/H2 3.12 10.85 3.41 63.10 8.10 15.38 55.92 1300 
JA5/H3 3.12 10.85 3.43 63.84 9.16 14.36 49.15 2030 
JA5/H4 3.12 10.85 3.69 73.89 9.28 16.48 70.43 1430 
JA5/H5 3.13 10.85 3.69 73.89 8.79 16.60 71.14 1390 
JA5/H6 3.07 10.85 3.95 84.67 9.20 19.06 86.38 1530 
JA5/H7 3.16 10.85 3.95 84.67 9.25 18.48 85.23 1830 
JA5/H8 3.27 2.85 2.69 10.32 3.03 6.91 5.73 330 
JA5/H9 3.32 2.85 2.69 10.32 3.21 6.88 5.76 380 
JA5/I1 3.16 2.85 3.84 21.03 4.93 9.61 12.72 480 
JA5/I2 3.12 2.85 3.82 20.82 4.82 9.13 12.64 600 
JA5/I3 3.14 2.85 4.67 31.11 6.15 10.90 19.69 650 
JA5/I4 3.04 2.85 4.70 31.51 6.10 11.10 20.54 760 
JA5/I5 2.91 2.85 5.34 40.68 7.18 12.28 26.73 930 
JA5/I6 3.04 2.85 5.42 41.91 7.05 12.43 28.22 880 
JA5/I7 3.25 2.85 6.01 51.53 8.03 13.61 44.95 2280 



JA5/I8 3.26 2.85 6.01 51.53 7.99 13.31 34.04 1620 
JA5/I9 3.27 3.85 5.70 62.59 8.64 14.46 48.42 1150 
JA5/J1 3.14 3.85 5.70 62.59 8.89 14.50 51.96 1550 
JA5/J2 3.24 3.85 6.18 73.58 8.77 17.38 63.88 2580 
JA5/J3 3.11 3.85 6.12 72.16 9.32 15.62 62.22 1830 
JA5/J4 3.04 4.85 5.90 84.47 9.34 18.61 79.50 1630 
JA5/K4 3.19 4.85 5.85 83.04 9.44 18.14 78.58 1770 

 
  



10-Ply Specimens: 
Code Thickness 

(mm) 
Mass 
(Kg) 

Impact 
Veloc. 
(m/s) 

Impact 
Energy 

(J) 

Max. 
Force 
(kN) 

Max. 
Defln 
(mm) 

Absorbed 
Energy (J) 

Damage 
Area 

(mm2) 

A10/A1 5.53 10.85 2.05 22.80 7.08 5.87 15.37 569 

A10/A2 5.87 10.85 2.03 22.36 7.28 5.83 15.35 963 

A10/A3 5.93 10.85 2.86 44.39 10.47 7.94 28.56 1572 

A10/A4 5.96 10.85 2.87 44.70 10.85 7.84 29.05 1697 

A10/A5 5.92 10.85 3.47 65.34 13.50 9.47 41.43 3186 

A10/A6 6.09 10.85 3.47 65.34 13.43 9.20 42.02 3034 

A10/A7 6.13 10.85 4.04 88.57 15.30 11.08 62.27 4343 

A10/A8 6.14 10.85 4.05 89.01 15.78 11.20 61.32 4050 

A10/A9 6.22 10.85 4.50 109.89 17.81 12.22 74.20 4569 

A10/B1 5.77 10.85 4.47 108.43 17.84 12.08 70.40 4714 

A10/B2 6.12 10.85 4.97 134.04 20.01 12.94 94.60 5233 

A10/B3 6.09 10.85 4.90 130.29 20.12 13.03 85.80 4516 

A10/B4 5.94 10.85 5.32 153.58 21.29 14.15 127.20 6033 

A10/B5 5.98 10.85 5.36 155.90 21.23 14.29 128.80 6974 

A10/B6 6.18 10.85 5.68 175.07 22.42 15.08 159.10 7423 

A10/B7 6.35 10.85 5.68 175.07 22.52 15.28 159.80 7875 

A10/B8 6.38 2.85 3.01 12.92 5.18 4.18 9.06 747 

A10/B9 6.63 2.85 2.96 12.50 5.16 4.23 8.57 723 

A10/C1 6.10 2.85 4.86 33.69 9.03 7.29 22.26 1629 

A10/C2 6.87 2.85 4.83 33.28 9.09 6.80 21.42 1631 

A10/C3 6.28 3.85 5.32 54.52 11.74 8.52 35.56 2827 

A10/C4 5.81 3.85 5.32 54.52 11.49 9.02 34.72 2834 

A10/C5 5.74 4.85 5.59 75.82 14.08 10.39 48.62 3534 

A10/C6 6.24 4.85 5.54 74.47 14.32 9.91 47.66 3767 

A10/C7 6.46 5.85 5.83 99.47 16.30 11.20 67.28 5077 

A10/C8 6.49 5.85 5.78 97.77 16.10 11.10 65.80 5508 



A10/C9 6.53 7.85 5.63 124.46 19.15 12.80 84.10 5731 

A10/D1 6.31 7.85 5.63 124.46 19.06 12.61 80.40 6055 

A10/D2 6.33 8.85 5.78 147.88 20.25 14.99 129.00 7414 

A10/D3 6.53 8.85 5.78 147.88 21.47 13.37 101.60 6815 

A10/D4 6.14 9.85 5.98 176.17 21.00 15.66 155.10 7368 

A10/E4 6.14 9.85 5.98 176.17 22.59 14.77 156.70 5245 

BA10/F2 6.24 10.85 2.02 22.14 7.32 5.55 15.43 780 

BA10/A2 5.91 10.85 2.05 22.80 7.20 5.90 16.53 890 

BA10/F3 6.07 10.85 2.97 47.87 10.33 8.28 36.54 2420 

BA10/A4 5.77 10.85 3.07 51.14 10.49 9.09 40.08 1780 

BA10/A5 5.70 10.85 3.61 70.72 13.40 10.23 48.45 2950 

BA10/A6 5.71 10.85 3.52 67.24 13.03 10.00 45.65 3350 

BA10/A7 5.87 10.85 4.12 92.11 15.80 11.72 64.36 4810 

BA10/A8 5.59 10.85 4.10 91.22 15.83 11.72 64.70 4010 

BA10/A9 5.57 10.85 4.57 113.33 16.54 13.74 99.71 5680 

BA10/B1 6.59 10.85 4.60 114.82 17.97 12.16 83.30 6530 

BA10/B2 6.38 10.85 5.21 147.30 20.15 14.33 120.90 7370 

BA10/B3 6.30 10.85 5.06 138.94 19.34 14.19 125.50 6800 

BA10/B4 6.12 10.85 5.47 162.37 21.80 15.75 150.80 7310 

BA10/B5 6.09 10.85 5.47 162.37 21.82 15.27 151.40 7160 

BA10/B6 6.21 10.85 5.80 182.55 22.42 16.37 165.10 7690 

BA10/B7 6.28 10.85 5.85 185.71 23.03 16.49 172.50 7740 

BA10/E1 6.63 2.85 3.56 18.08 7.03 5.46 13.87 1180 

BA10/E2 6.40 2.85 3.88 21.48 6.91 5.87 14.71 1070 

BA10/E3 6.41 2.85 5.47 42.68 10.41 7.72 27.24 2410 

BA10/C2 6.61 2.85 5.47 42.68 10.51 7.87 27.82 2050 

BA10/F4 5.94 3.85 5.85 65.93 12.40 9.89 42.55 3750 

BA10/C4 6.43 3.85 5.85 65.93 13.31 9.81 42.67 3440 

BA10/C5 6.20 4.85 6.12 90.88 15.52 11.53 60.97 4710 



BA10/C6 6.32 4.85 6.12 90.88 15.47 11.40 61.86 5030 

BA10/C7 6.27 5.85 6.23 113.59 17.60 12.48 77.78 6080 

BA10/C8 5.86 5.85 6.18 111.77 17.94 12.44 70.45 5230 

BA10/C9 5.91 7.85 6.18 149.96 19.83 15.53 139.80 7120 

BA10/D1 6.48 7.85 5.96 139.48 21.25 13.54 97.60 6660 

BA10/D2 6.50 8.85 6.18 169.06 22.51 14.63 126.40 6420 

BA10/D3 6.44 8.85 6.01 159.89 21.56 14.63 143.90 7840 

BA10/D4 6.11 9.85 6.23 191.21 22.75 16.34 161.80 7980 

BA10/E4 6.35 9.85 6.12 184.52 22.75 16.27 165.70 7920 

 
 


