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ABSTRACT 

On three configurations of laminates for nautical use, impact and indentation properties have been compared, in the 
understanding that these represent two different and significant cases in the laminate service, namely contact with fal- 
ling body and ramming. All the laminate configurations were fabricated using the same stacking sequence of E-glass 
mats (of weight 225 and 600 g/m2) as skins, while the core was obtained with different types of rigid PVC foams in the 
case of A laminate (HEREX C-75) and in that of B and C laminates (COLTH C-55). The latter laminates are also pro-
tected with Gelcoat on the outer side. The resin used for A and B laminates was a conventional vynilester (DISTITRON 
VE 100 SC), while for C laminate a polyester-based including some non-oil derived components was used (ENVIREZ 
1807). Laminates of each of the three configurations have been impacted from 1, 1.5 and 2 meters with a 1.25 kg mass 
using a 12.7 mm hemispherical nose, therefore yielding impact energies of 12.25, 18.37 and 24.5 Joules respectively. 
Subsequently, other laminates have been quasi-statically indented at with 0.05 mm/s cross-head speed, using the same 
indentor, until the maximum average displacement obtained during low velocity impact for each configuration and each 
energy was obtained. The results obtained show that strain rate has an effect on the performance of these laminates. In 
particular, the improved resistance to penetration appears to occur at the expense of damage dissipation due to vibra-
tions. Quasi-static indentation does not appear to fully reproduce the effect of low velocity impact loading for these 
sandwich structures, showing significant differences in the hysteresis cycles, both during loading and during the damp-
ing phase, which need to be combined with the variable effect of damage on the laminates. 
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1. Introduction 

In a number of real service situations for engineering com- 
ponents, contact with foreign bodies is a common occur- 
rence. In the particular case of marine composites, these 
are very susceptible to low energy impact, which may oc- 
cur during construction (e.g., by accidental drops of work- 
ing tools or during displacement of the different compo- 
nents) or during operation (e.g., due to grounding or to 
collisions with other crafts, docks or floating debris) [1]. 
Low velocity impact i.e., resulting neither in penetration 
nor in significant excitation of plate vibration modes, has 
a particular importance, in that it can entail quite substan- 
tial amounts of damage, which may be around the limit 
of bare visibility and therefore require decisions about the 
need for hull repairs. 

This decision can be assisted by a number of tests aimed 
at material characterization when subjected to impact. An 
impact event is characterised by a quasi-elastic phase of  

deflection, following by the onset of unrecoverable dam-
age in the form of indentation [2]. The study of impact 
hysteresis cycles from the force vs. displacement curves 
allows a partition of absorbed energy in different com-
ponents (elastic, plastic and damping fractions): also a 
quasi-linear value can be obtained during loading to the 
maximum load, often referred to as linear stiffness [3,4]. 

In particular, hysteresis cycles reflect the fact that in com- 
posites the relation of the contact force with indentation 
responds to different laws during loading and during un- 
loading. At impact energies causing unrecoverable deforma- 
tion to occur, the difference between energy absorption dur- 
ing loading and energy release during unloading can be 
exploited to maximise the area of the hysteresis cycle, to 
work towards the achievement of a higher material damping. 

In theory, according to the modified Hertzian law for 
composites, the contact force F is related during loading 
to the indentation, or vertical unrecoverable displacement 
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α, produced on the laminate by the law F = kα1.5 [5]. In 
this law, the parameter k is given by: 
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where R is the radius of the contact surface of impactor, 
νi is the Poisson’s ratio of the impactor material, while Ei 
and Ec are the Young’s modulus in the thickness direc- 
tion of the impactor material and of the composite lami- 
nate, respectively. The variables which change during load- 
ing are R and α, which are both growing with increasing 
contact force, but which are difficult to be measured in 
real time during loading. 

During unloading, a different law has been proposed in 
[6], which depends on the level of load applied and of the 
consequent indentation produced at the moment when un- 
loading starts. In particular, in this case the contact force 
F is obtained as: 
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where Fm and αm are maximum contact force and maxi- 
mum indentation, both measured when unloading is started, 
the exponent q has a value between 1.5 and 2.5, depend- 
ing on the laminate properties, while αo is the permanent 
indentation, which may be suggested to be approximately 
equal to the residual deformation at the end of unloading, 
when the contact force has come back to zero. As a con-
sequence, during indentation, the exponent q obtained while 
unloading may be considered an indication of damping 
properties of the material (the lower q, the more dampened 
the laminate). In this case, it is questionable whether the 
values obtained at the end of test can be assumed to be 
representative of the global damping behaviour i.e., it is 
unlikely that the values of q will remain about constant 
during unloading, given the non linearity of this phase. 

In some cases, static indentation has been used, as a 
simulation on a larger timescale of falling weight impact 
tests of composite materials, offering information on dama- 
ge characterisation and absorbed energy [7,8]. In particu- 
lar, in the case of carbon fibre reinforced laminates, pene- 
tration energy is substantially unaffected by the loading 
speed, so that in this specific case impact tests can be sub- 
stituted by static tests, as far as the measurement of the 
dent depth is concerned [9]. In contrast, in the case of ma- 
rine sandwich laminates, however, the response in terms 
of damping may be complex, depending on boundary con- 
ditions [10]. The experimental consequence of this fact is 
that the hysteresis cycles which are generated during low 
velocity impact tests and static indentation tests can be 
substantially different. Each of them will offer informa- 
tion on different aspects of energy absorption during da- 
maging events occurring in service. 

The objective of this experimentation is comparing the 
effect of application of impact loading with that of quasi- 
static indentation loading, keeping constant the average 
value of final displacement. This would allow understand- 
ing which is the significance of strain rate on the modes 
of energy absorption produced on the three different sand- 
wich laminates considered, as reflected by impact and in- 
dentation hysteresis cycles. The analysis was performed 
introducing global variables for comparison between the 
results from the two tests through the study of the respec- 
tive loading hysteresis cycles. 

2. Materials and Methods 

2.1. Laminate Configurations Tested 

Three different marine laminates, produced by resin infu- 
sion in a one-sided close mould, were tested. 

These were based on the same stacking sequence, but 
differing in other aspects. The first one (A laminate) was 
intended for interior applications and therefore not pre-
viously prepared with Gelcoat, the second one (B lami-
nate) was similar to A, but for exposed applications and 
therefore complete with Gelcoat. The third one (C lami-
nate) was characterised, with respect to the previous two, 
by the use of an other unsaturated polyester resin, defined 
hereinafter “bio-resin”, in that it included some non-oil 
derived materials, namely 17% of soya bean oil and 8% 
ethanol, in substitution of the vinylester resin used for the 
previous two laminates, hereinafter defined as “conven- 
tional resin”. The materials used for producing the lami- 
nates and the respective codes are listed in Table 1, while 
the different configurations are described in Table 2. 
 
Table 1. Materials used in this study and respective codes. 

Materials Code

E-glass mat 225 g/m2 M 

E-glass mat 600 g/m2 m 

Rigid PVC foam (thickness 12 mm) (HEREX C-75) 
(density 75 kg/m3) 

H 

Rigid PVC foam (thickness 10 mm) (COLTH C-55) 
(density 55 kg/m3) 

C 

Gelcoat (approximately 0.7 mm thick wet film) G 

Conventional resin (DISTITRON VE 100 SC) CR 

Bio-resin (ENVIREZ 1807) BR 

 
Table 2. Materials used in this study and respective codes. 

Series Stacking sequence Resin 
Total weight 

(g/m2) 
Thickness

(mm) 

A 2m/1M/H/1M/1m CR 7910 ± 230 15 ± 0.1 

B G/2m/1M/C/1M/1m CR 8450 ± 400 17.6 ± 0.3

C G/2m/1M/C/1M/1m BR 7870 ± 160 17.3 ± 0.3
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2.2. Impact System 

Impact and indentation tests were carried out using an in- 
house built drop-weight impact tower. The impactor dia- 
meter was 12.7 mm and its mass was 1.25 kg, which was 
set to be dropped from a maximum height of 3.3 meters 
(which is equivalent, given the applied mass, to a theore- 
tical energy of approximately 40 Joules). 

Sampling frequency of the signals was 100 kHz with 
no external filtering. 

The variables measured on the drop-weight tower were: 
 Contact force, measured using a piezoelectric load- 

cell for dynamical loading; 
 Velocity, measured through elaboration of the signal 

supplied by a Laser sensor, placed about 5 cm above 
the quote of the sample; 

 Impactor speed and position as a function of time ob- 
tained by double numerical integration of force signal 
(as suggested by ASTM D-7136 standard).  

Samples are supported between two steel plates with a 
central circular opening (diameter 76 mm), realised in ac- 
cordance with ASTM D-3763 standard, at the centre of 
which the impact event takes place. In the specific case 
of these tests, in order not to crush the sandwich lamina- 
tes, the bolts which constrain the two plates, which are 
normally serrated with maximum force for composite sam- 
ples, had been serrated by hand till they allowed no move- 
ment of the laminates. 

2.3. Testing Procedure 

2.3.1. Falling Weight Impact 
Five samples each of the three laminates have been first 
impacted to the maximum possible energy (around 40 
Joules), which allowed in all cases penetration. This al- 
lowed measuring their impact resistance by the amount 
of energy which is absorbed, equal to the area of the im- 
pact hysteresis cycle (force vs. deflection). This energy is 
then normalised dividing it by the section of the sample 
which is left free to deform, equal to d*t, where d is the 
diameter of the central circular opening in the fixture and 
t is the laminate thickness. This is a common procedure 
adopted in IFW testing of composite materials [11,12]. 

Following this, further five samples for each of the three 
laminates have been impacted with energies of 12, 18 and 
24 Joules. These energies were obtained keeping constant 
the mass (1.25 kg) and carrying out impact from different 
heights, namely 1, 1.5 and 2 metres. The respective nomi- 
nal impact velocities were 4.43, 5.42 and 6.26 m/s. In the 
case of B and C laminates, impact loading has always 
been applied on the Gelcoat side of the laminate. 

2.3.2. Equivalent Indentation 

Indentation tests have been carried out using a servo-hy- 
draulic Instron 8032 testing machine equipped with a 100 

kN load cell, in displacement control with 0.05 mm/s cross- 
head speed. Loading was stopped at the maximum aver- 
age displacement measured for the relevant impact test 
(from 1, 1.5 or 2 metres). The diameter of the indenter used 
was 14.5 mm. In the case of B and C laminates, also equi- 
valent indentation loading has always been applied on the 
Gelcoat side of the laminate. 

3. Results and Discussion 

As observed for example in [13], static indentation of com- 
posite laminates may be useful, because of the longer ti- 
meframe (a few minutes compared to a few milliseconds), 
to clarify the evolution of impact damage in the material 
during loading. To simulate service conditions, both testing 
procedures are useful. Impact puts more emphasis on plas- 
tic deformation processes leading to damage, while static 
indentation is more sensitive to the deviation from linear- 
ity during the first phase of loading (before the first load 
drop takes place), which indicates the proneness of the ma- 
terial to delamination [14]. 

Initial indications can be supplied by establishing a hi- 
erarchy of static mechanical properties of the three lami- 
nates. In particular, flexural properties of the laminates 
show that consistently, both in terms of strength (Figure 
1) and in terms of stiffness (Figure 2), the best perform- 
ance is by far offered by A-laminates, followed by C-lami- 
nates, slightly superior to B-laminates. 

As far as impact resistance is concerned, this hierarchy 
appears to be confirmed by the fact that the normalised 
penetration energy reaches values much higher for the A 
laminates, approaching as an average 140 kJ/m2 (Figure 3). 
This value can be considered acceptable and in the order 
of what has been achieved on laminates of interest for sec- 
tors which are very considerate about impact resistance, 
such as the automotive industry [15,16]. 

The improved resistance to penetration in A-laminates 
is visible by comparing Figures 4(a)-(c), the difference 
being particularly evident when observing the specimens 
impacted at 24 Joules. When comparing impact hystere- 
sis cycles, the larger vibration of A-laminates is visible 
from wider load oscillations during the impact event 
 

 

Figure 1. Flexural strength of the laminate configurations. 
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Figure 2. Flexural modulus of the laminate configurations. 
 

 

Figure 3. Impact resistance of the laminate configurations. 
 

 
(a) 

 
(b) 

 
(c) 

Figure 4. (a) Surfaces of A-configuration laminates (impac- 
ted at 12, 18 and 24 J); (b) Surfaces of B-configuration lami- 
nates (impacted at 12, 18 and 24 J); (c) Surfaces of C-config-
uration laminates (impacted at 12, 18 and 24 J). 

(Figure 5): this can be related to the fact that the coupling 
between expanded PVC foam and Gelcoat (present in the 
laminates B and C) may provide a higher protection to 
the laminate, but at the same time may reduce damage 
dissipation by vibration. It is also notable that the larger 
vibrations of A laminates during the elastic part of load- 
ing result in a more pronounced load drop at the 24.5 J 
energy, which is somehow present at the same energy for 
laminate C, but not visible on laminate B, suggesting pos- 
sibly some slight degradation in the laminate impacted at 
high energy to be ascribed to the use of the “bio” resin in 
the former. With increasing impact or indentation energy, 
normally plastic energy, connected with damage, increases, 
hence the surface area of S2 is proportionally growing with 
respect to S1 and in most cases also with respect to S3, 
due to the fact that damping effect of the laminate is nor- 
mally reduced by the presence of damage. This will be 
discussed also below. 
 

 

 

 

Figure 5. Impact hysteresis cycles. 
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In Figure 6, how the different variables for analysis of 
impact hysteresis cycles are measured is clarified. The 
specific values of the variables are reported in Table 3. The 
three laminate configurations appear substantially equiva- 
lent as regards their linear stiffness and (maximum force/- 
maximum displacement) ratio (Table 3(a)), which indicates 
the significance of the plastically absorbed energy S2 with 
respect to the elastically absorbed energy S1. It can be 
easily deduced that their mode of impact absorption does 
not differ much. 

Damping ratio (Table 3(b)) decreases with impact se- 
verity, because of the presence of damage, which does not 
allow any more to the whole structure to participate in the 
rebound process. This decrease is more pronounced for im- 
pact at 24.5 J and is very large for A laminates, due to the 
lower properties of damage dissipation in the absence of 
Gelcoat coupling, even by a higher thickness of rigid PVC 
foam, as discussed above. 

In the case of indentation tests, the slower rate of load- 
ing with respect to impact tests permits to the laminate to 
more gradually accommodate plastic strain during defor- 
mation, resulting in a delayed rebound, as shown in Fig- 
ure 7. Variables calculated for analysis of indentation tests 
are described in Figure 8: it needs to be noted in particular 
that relaxation of the material allowed by longer defor- 
mation times does result in a behaviour before reaching the 
 

 

Figure 6. Measurement of the different variables on impact 
hysteresis cycles. 
 
Table 3 (a). Linear stiffness and (maximum force/maximum 
displacement) ratio for impacted samples; (b) Damping 
ratio for laminates subjected to impact. 

(a) 

Laminates 
Linear stiffness 

(N/mm) 
Fmax/dmax 

(N/mm) 

A 530 ± 17 479 ± 85 

B 534 ± 29 449 ± 59 

C 570 ± 11 520 ± 80 

(b) 

Impact energy (J) A-laminates B-laminates C-laminates

12.25 0.445 0.578 0.52 

18.37 0.412 0.476 0.511 

24.5 0.120 0.363 0.376 

 

 

 

Figure 7. Quasi-static indentation cycles. 
 

 

Figure 8. Measurement of the different variables on quasi- 
static indentation curves. 
 
maximum stress which cannot be defined as fully linear. 
A second order function, defined as quadratic stiffness, does 
better describe it, as reported in Table 4, with a consi- 
derable goodness of fit, yielding R-squared values supe- 
rior to 0.99. Quadratic stiffness does appear slightly infe- 
rior for C laminates. Once again, from Table 4, the lami- 
nates do appear substantially equivalent as regards the par- 
tition of absorbed energy in the different terms (elastic, plas- 
tic and rebound), as shown by the (Fmax/dmax) ratio. 
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Table 4. Quadratic stiffness, R-square values and (maximum force/maximum displacement) ratio for lami-
nates subjected to quasi-static indentation. 

Laminates Quadratic stiffness (Y = a + bX + cX2) coefficients (N/mm) R-square Fmax/dmax (N/mm)

 a b c   

A –33.6 ± 4.1 543.9 ±54.6 59.7 ± 28.4 0.9963 ± 0.0012 265 ± 47 

B –44.3 ± 16.3 530.1 ± 184.2 73.6 ± 34.2 0.9953 ± 0.0015 244 ± 106 

C –33.5 ± 2.1 459.6 ± 10.7 89.9 ± 47 0.9972 ± 0.0012 237 ± 40 

 
Table 5 Damping ratio for laminates subjected to quasista- 
tic indentation. 

Equivalent height (m) A-laminates B-laminates C-laminates

1 0.636 0.631 0.474 

1.5 0.631 0.739 0.644 

2 0.510 0.532 0.459 

 
Table 5 indicates that damping ratio has not a clear 

trend with applied energy: this may be referred to the fact 
that the mode in which evolution from plastic deforma- 
tion to rebound takes place is specific to the conditions of 
each laminate during indentation, due to the time allotted 
while loading the laminate for the internal stresses to dis- 
tribute and should be investigated further in the future. 

The above tests, focused on the production of impact 
and “equivalent” indentation, demonstrate that the same 
variables may basically be used in both cases. This con- 
firms the common observation that low velocity impact can 
be studied using quasi-static indentation, provided the in- 
dentor nose, which has been shown to have an influence 
on the results, is the same for the two types of loading [17].  

However, in this case, tests were performed on lami- 
nates which are quite similar structurally: here, the com- 
parison between the selected configurations shows signi- 
ficant differences, whether a quasi-static indentation or low 
velocity impact load is applied, therefore depending on the 
strain rate. This has been attributed to the fact that vibra- 
tion is not negligible, especially at the relevant thickness 
of nautical laminates, and the laws describing them in- 
volve possibly complex relationships with the velocity of 
load application, especially as far as damping (or rebound) 
is concerned. 

4. Conclusions 

The results obtained by the comparison of falling weight 
impact with an equivalent (in terms of measured maximum 
displacement) quasi-static indentation showed that strain 
rate has an effect on the performance of these laminates, 
which appear structurally very similar. In particular, the 
improved resistance to penetration appears to occur at the 
expense of damage dissipation due to vibrations. In other 
words, a compromise between rigidity and capability to 

effectively withstand contact vibrations is required. 
It is also suggested that quasi-static indentation is not 

always able to reproduce the effect of low velocity im- 
pact loading for sandwich structures of thickness in the 
order of 10 mm or above, including a foam core. This for 
a twofold reason: first, the lower strain rate of load appli- 
cation brings to non-linear behaviour also during the load- 
ing phase of indentation; second, the modes in which 
damping takes place with the possible impactor rebound 
have very variable characteristics and are significantly 
affected by the specific conditions of the laminate, in 
particular by the presence and severity of damage. 
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