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Abstract 
The impact behaviour of pultruded glass fibre reinforced polymer (GFRP) multicellular 
footbridge deck panels was investigated via instrumented drop weight testing. Force-
displacement history, maximum force, and displacement and absorbed energy at 
perforation were recorded. The effects of two damage protections (a resin-sand surface 
coating, and polyurethane foam-filled sections) and of alternative target specimen 
geometries (3-cells, 1-cell and single laminated flange) were investigated. Previous quasi-
static test results were successfully used to estimate the impact incident energies required 
for perforation, thus saving material resources. The impact force-displacement behaviour 
was of a similar form to that of the quasi-static tests. Before damage, coated deck sections 
alone exhibited a strain rate effect, with the impact response stiffer than the quasi-static 
response. However, a similar stiffening strain rate effect was seen for all specimens after the 
onset of damage, which is believed to be due to rate sensitive damage propagation. The 
surface coating increased the perforation energy by 25%, but foam-filled sections gave no 
significant impact resistance improvement. Alternative geometries could be used in specific 
cases, but a 3-cell wide target was found to be preferable. It was shown that even relatively 
mild impact events such as tool drops could result in damage, or even perforation. 
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1. Introduction 
In recent decades fibre reinforced polymer (FRP) materials have been increasingly used in 
civil engineering structural applications. In particular, pultruded glass fibre reinforced 
polymer (GFRP) deck panels have proved to offer innovative and competitive solutions for 
the construction of road and pedestrian bridges [1], due to their low self-weight, high 
strength, low maintenance costs and good durability even under aggressive 
environments [2]. In general, these panel systems are composed of thin multicellular cross-
sections and they may be assembled using adhesive bonding and/or mechanical 
interlocking, making the construction process easy and reducing installation times 
compared to conventional steel/concrete hybrid solutions [3]. The recently opened S. 
Mateus Footbridge in Viseu, Portugal, with an arched span of 13.6 m, has a hybrid GFRP-
steel girder structure whose composite deck consists of 75 mm thick multicellular deck 
panels (Figs. 1 and 2) [1]. 



 
Fig. 1. GFRP-steel hybrid footbridge of S. Mateus Park, Viseu, Portugal. 

The relatively thin walls of pultruded multicellular panels developed for pedestrian bridge 
decks (in general, less than 5 mm thick) make them prone to local concentrated out-of-
plane loads [4]. Pedestrian induced ‘impact’ events (e.g., high heels) are actually quasi-
static events, see Section 3. However, other typical concentrated load events (e.g., umbrella 
ferrules, dropped objects) would be considered as ‘low-velocity’ impact events where “the 
contact duration is long enough for the entire structure to respond to the impact” [5]. These 
concerns are compounded by the facts that FRP materials are known to be susceptible to 
impact loading, and that the fibre architecture of pultruded sections includes a high 
proportion of unidirectional reinforcement in the pultruded/longitudinal direction, which is 
known to be especially susceptible to this kind of damage [6]. 

There is a huge number of studies in the literature investigating the impact response of 
composite materials; the reviews of Cantwell and Morton [7], Richardson and Wiseheart [5], 
Bibo and Hogg [8], Abrate [6], Reid and Zhou [9], Elder et al. [10], Resnyansky [11] and 
Bartus and Vaidya [12] between them discuss well over 1500 references concerning the 
impact behaviour, resistance, damage and tolerance of composite materials. However, 
despite this there is a distinct lack of literature concerning impact on both pultrusions, and 
composite structures used in civil engineering applications. This is important since impact 
response and damage is highly sensitive to both the materials and structures used, and the 
characteristics of the specific impact event (Sutherland and Guedes Soares [13]), both of 
which are highly dependent upon the application considered. 

Chotard and Benzeggah [14] investigated the mechanical behaviour under low-velocity 
impact loads of glass-polyester pultruded beams (average volume fraction of 46%) with 
channel cross-sections (90 × 35 × 8 × 8 mm), fabricated using two different filler volume 
fractions. This investigation focused on the sequence of damage mechanisms, which were 
identified through several methods: C-scanning, X-ray tomography and magnetic resonance 
imaging. The effects of the impactor velocity, mass and nose radius were also investigated, 
with the severity of the delamination decreasing with the size of the impactor. Profiles with 
different filler fractions suffered different failure modes. In a further study Chotard et 
al. [15] investigated the influence of the cross-section type (opened or closed) by 



performing similar tests on pultrusions with either channel (50 × 55 × 5 × 5 mm) or box 
(50 × 50 × 5 mm) sections. In this study the residual performance after impact was also 
assessed by means of bending static and fatigue tests. The authors reported a considerable 
influence of the geometry of the cross-section on both impact and residual performance, 
with the best performance being achieved by the box section. 

The aim of the present study is to investigate the response of pultruded GFRP multicellular 
panels used in pedestrian bridge decks subjected to low-velocity impact out-of-
plane concentrated loads, which should simulate those expected to be experienced during 
the in-service life of the bridge. Previous experience [16] has shown that quasi-static results 
can be used to give conservative estimates of the impact energies required for damage and 
perforation, and hence the previously published [4] equivalent quasi-static results, briefly 
summarised in Section 3, were used as a first estimate of the required incident impact 
energies. 

2. Experimental programme 
2.1. Materials 
The GFRP material used in the experimental programme is identical to that used to 
construct the actual footbridge; a pultruded multicellular deck panel manufactured 
by Kookmin Composite Infrastructure Inc., South Korea [3]. The deck panels, with a length of 
2.5 m (in the pultrusion direction), have a cross-section composed of two panel faces (upper 
and lower flanges) joined by vertical laminate walls (webs). The cross-section comprises 
seven square hollow sections with the following nominal dimensions: height – 75 mm, width 
– 90 mm, and wall thickness – 4 mm. At the web-flange junctions the flange thickness is 
slightly higher at around 5 mm. A vertical asymmetric snap-fit interlock along each edge 
allows the successive mechanical assembly of adjacent parallel deck panels, which can be 
complemented by adhesive bonding (Fig. 2). 

 

 
Fig. 2. Cross-section of the multicellular GFRP deck panel: (a) dimensions (in mm) and (b) 
detail of the top view. 

The pultruded material is fabricated using E-glass rovings and multi-axial stitched fabrics, 
embedded in an isophthalic polyester matrix. Chopped strand mats are also used at the 
outermost layers of the deck and at the snap-fit edges. Burn-off tests performed on small-



scale coupons from both the webs and flanges of the deck panel sections gave the inorganic 
content of the GFRP material as 67% (by weight) [17]. The material density is 18.6 kN/m3. 

Two methods of damage protection were considered to try to improve the impact 
resistance: 

(i) The filling of the GFRP section cells with rigid polyurethane foam (foam, ‘PU’): for 
this purpose, equal amounts of isocyanate and polyol fluid components were 
injected into the cells of selected specimens (see Section 2.2), combining to give a 
foam which expanded to fill the cells. From the manufacturer’s data sheet [18], this 
PU foam was of density 45 kg/m3 and compressive strength 200 kPa, and its 
compressive modulus was measured as 5.6 MPa. 

(ii) The application of a protective layer to the upper deck surface (coating, ‘CO’): a 
three-layer non-slip resin coating; ‘Sikafloor 156’ epoxy resin [19] followed by 
inorganic silica sand (0.1–0.3 mm particle size) and finally a surface coat of ‘Sikafloor 
400 N elastic’ polyurethane resin paint [20], was applied to the upper face of 
selected specimens (see Section 2.2), as shown in Fig. 3. The total coating thickness 
was between 1.5 and 2.0 mm. ‘Sikafloor 156’ is a 2-component resin of density 
1.1 kg/l and compressive strength 60 MPa, whilst ‘Sikafloor 400 N elastic’ is a one-
component paint of density 1.6 kg/l and both coatings cured at 23°C and 50% HR. 

 

 
Fig. 3. Non-slip resin coating surface (zoom detail). 

2.2. Experimental design 
The experience gained during the quasi-static indentation study [4] was used throughout 
the present study to facilitate the design of the experimental programme and test set up 
discussed in this section. Because the number of deck panels available for this experimental 
study was limited various test specimen geometries were considered in order to try to 
economise on the amount of material required. However, it was imperative that the 
geometries considered simulated sufficiently accurately the behaviour of the seven-celled 
cross-sections of the actual footbridge panels (Fig. 1). Again, a three-cell configuration was 



considered here as a reasonable “base-line” representation of the full-scale bridge panels 
(Fig. 4b, ‘3C’). 

 
Fig. 4. Specimen geometries: (a) 1-cell (1C), (b) 3-cell (3C) and (c) clamped laminate (LA) 
(dimensions in mm). 

The previous work on quasi-static indentation had shown that in certain cases smaller 
specimen geometries could be used to further save material resources. To investigate if this 
was also true for dynamic impact testing two further specimen geometries were also 
considered: a one cell width (Fig. 4a, ‘1C’) and a fully clamped section of the cell flange 
(upper) laminate (Fig. 4c, ‘LA’) configuration. Both the 1C and LA specimens were fabricated 
with the same length dimension (200 mm in the pultrusion or longitudinal direction) as for 
the 3C geometry. The dimensions of the clamped laminate test set-up (usually referred to as 
a shear punch test) are given in Fig. 4c and included securing bolts duly tightened to ensure 
a consistently well-clamped specimen in each case. 

Impact tests on the specimens were carried out following the analysis of the static test 
results discussed in [4]. The 3-cell ‘baseline’ specimens were assumed to best replicate the 
behaviour of the bridge panels, and the static tests indicated that the ‘alternative’ 
specimens could give a reasonable estimate of certain behavioural aspects whilst requiring 
less of the limited material resources. Not all possible combinations of the three specimen 
geometries with the three protection treatments (i.e., ‘NP’ – no protection, ‘PU’ – foam fill 
and ‘CO’ – coating, see Section 2.1) were investigated here; some were not physically 
possible (e.g., ‘LA’ with ‘PU’), and others had already been shown to give inaccurate results 
in the quasi-static study (e.g., ‘1C’ with ‘NP’). 

This led to the testing of the six specimen geometry – protection combinations shown 
in Table 1, consisting of three ‘baseline’ 3C geometries and three corresponding ‘alternative’ 
geometries. All dynamic impact test set-ups were kept equivalent to the relevant quasi-
static tests of the previous study to ensure valid comparisons could be made between the 
two results sets. 

 
Specimen geometry 

‘NP’(no protection) ‘PU’(foam) ‘CO’(coating) 

‘Baseline’  specimen 
[3C]    

‘Alternative’ 
specimen    

Table 1. Impact test specimen geometries. 



 

2.3. Experimental details 
Impact tests were made using a Rosand IFW5 instrumented falling weight machine (Fig. 5), 
which was calibrated before testing commenced. 

 
Fig. 5. Rosand IFW5 impact machine. 

A small, light cylindrical impactor (often referred to as an impact ‘tup’) was dropped from a 
known, variable height between guide rails onto a clamped horizontally supported plate 
target. All impact tests used a 10 mm diameter hemi-spherically ended stainless steel 
impactor, both as a reasonable simulation of a suitably severe impact event and also to 
facilitate comparisons with other studies since this is an often used geometry. 3C and 1C 
specimens were simply supported on a very stiff solid 20 mm thick steel base, and LA 
specimens used the supporting shown in Fig. 6 with the securing bolts tightened to 15 Nm 
(as measured using a torque wrench) to ensure a consistent level of clamping. Both of these 
supports were exactly the same ones as used in the previous quasi-static study [4]. 

 
Fig. 6. Clamped laminate (‘LA’) support. 

A much larger, variable mass was attached to the impactor, and a load cell between the two 
gave the variation of impact force with time. A metal flag of accurately known height 
attached to the falling weight gave the incident velocity as it passed through an optical gate, 



and hence the impactor displacement could be calculated from the force-time data by 
successive numerical integrations. Since the impactor was assumed to remain in contact 
with the specimen throughout the impact event, the impactor displacement was used to 
give the displacement of the top face of the specimen, directly under the impactor. The 
variation of absorbed energy with time was then calculated via a further integration of the 
force-displacement data. 

The impact data, which had a sample period of 0.03 ms, was filtered to remove vibrational 
components not due to the response of the specimens. The best filtering method, which 
removed unwanted vibrations without obscuring real features of the data, was found to be 
that of a simple moving average of 5 samples either side of the data point (i.e., a ‘window’ 
of 0.3 ms). 

In terms of defining the impact event itself, the most important parameter is the incident 
energy (IE), which itself is defined by the specific combination of drop height and mass used. 
If sufficient target specimens are available then a common approach is to start with an 
impact at a very low IE and then continue testing replicate specimens at increasing IE until 
complete perforation occurs. However, in this case the number of specimens was not large 
and this approach would not have been sufficiently efficient to yield enough useful data. To 
try to theoretically predict the perforation of an impacted specimen, usually using finite 
element analysis (FEA), is very complex and labour intensive undertaking due to the 
complex interacting multiple failure modes occurring, which are themselves highly sensitive 
to many test and material parameters. Even if this very considerable effort is undertaken, 
there are no guarantees that the results obtained are accurate without the very 
experimental testing that theoretical studies are aiming to replace (FEA studies often have 
experimental results at hand to calibrate the model in order to fit the data). 

A different approach is to use simpler quasi-static tests to give estimates of the energies 
absorbed by a single tested specimen up to various levels of damage. This approach was 
investigated by Sutherland [16] for single-skin marine (E-glass/polyester) hand laid up 
laminates with some success; the onset of initial delamination impact damage was well 
predicted by the static tests. However, the impact energies required to give perforation 
failure were significantly higher than those seen for the quasi-static tests, probably since the 
failure modes were at least to some extent rate-dependant processes. 

Hence, this approach was taken here since the appropriate quasi-static results were readily 
available; the quasi-static energy to failure was multiplied by an ‘adjustment factor’ to 
estimate the incident energy required for impact perforation. The exact values of these 
factors for the materials and the test setups considered here are not known, but Sutherland 
and Guedes Soares [21] found this factor to be between 1.5 and 2.0 for single-skin marine 
(E-glass/polyester) laminates. Hence, initial, exploratory impact tests were carried out on 
clamped laminate specimens (since these were available in the highest numbers here), and 
the impact energies to perforation were found to be approximately 1.5 times those of the 
equivalent quasi-static tests. 

On analysing the data from these preliminary tests, it became apparent that a rigorous 
definition of ‘perforation’ was needed to ensure that the ‘perforation energy’ of impact 
and quasi-static tests were equivalent. The quasi-static testing showed that the maximum 
load indicated onset of the perforation process, but this process itself occurred during vastly 



different timescales in the impact tests, with probable differences due to rate-dependencies 
of at least some of the many failure modes and processes involved. 

According to the linguistic definition, ‘perforation’ is when a hole punctures completely 
through the specimen, but the end of this progressive process is very difficult to identify and 
measure, or even define. Alternatively, after perforation the load drops significantly, but 
this generally occurs at lower displacements for the quasi-static tests than for the impact 
tests, and impact tests tend to give a more prolonged, sustained load as the impactor passes 
through the specimen completing perforation. Importantly this behaviour exhibits a very 
high degree of variability even between replicates of the same test. 

As a pragmatic and repeatable definition, ‘perforation’ is taken here as the point where the 
load drops to 50% of its maximum value. This corresponds rather well to the point where 
the sudden drop in force starts to ‘level out’ and where there is a marked decrease in the 
rate of energy absorbed; which is what would be expected as perforation reaches 
completion. 

Hence, the approach taken here was to predict the IE required for dynamic impact 
perforation as 1.5 times the relevant quasi-static energy to perforation, using the definition 
of perforation of the previous paragraph in both cases. However, this was only an estimate 
and in some cases additional impact tests were required to fully achieve perforation, but the 
approach resulted in a vastly reduced number of specimens when compared to the 
alternative of blind experimentation at incremental levels of incident energy. 

3. Summary of results of quasi-static indentation tests 
The typical load–displacement response observed in the quasi-static indentation tests is 
shown in Fig. 7. In general, the specimens exhibited an initial ‘linear elastic’ behaviour with 
constant stiffness, followed by a 1st non-linear stage with decreasing stiffness until a small 
but distinct reduction in force occurred. At this load level (‘1st force reduction’) the first 
damage on the front face of the laminates, accompanied by audible cracking was observed 
and denoted ‘damage initiation’. With further increasing load the specimen stiffness was 
again non-linear, and this ‘2nd non-linear stage’ was characterized by the progressive 
penetration of the laminates and ended at a ‘maximum load’ corresponding to the start of 
‘total penetration’ by (i.e., ‘perforation’ of) the indenter. During this ‘total penetration 
stage’ the load carrying capacity of the laminate collapsed as the indenter exited the back 
face of the laminates, breaking the final intact fibres. 

 
Fig. 7. Typical static load-displacement behaviour curve with notable stages assigned. 



Fig. 8 presents the main experimental results in terms of average values of 1st force 
reduction and maximum loads, whilst Fig. 9 summarises the total energy absorbed by the 
specimens up to these two load levels. Only those quasi-static test results using the 10 mm 
hemispherical indenter used as the impactor or ‘tup’ in the impact tests of the present study 
are presented. The absorbed energy values were calculated via integration of the elastic and 
non-elastic parts of the load–displacement curves, and hence represent the total energy 
absorbed (or ‘work done’) up to that point in the test, not just the energy irreversibly 
absorbed by the specimens. 

 
Fig. 8. Geometry-protection interactions of the quasi-static results for (a) load at 1st force 

reduction and (b) maximum load. 

 
Fig. 9. Geometry-protection interactions of the quasi-static results for the absorbed energy 

up to (a) 1st force reduction and (b) maximum load. 

The form of these plots facilitates interpretation of the interaction between the influences 
on the various measured responses of the two main test parameters considered in the 
present paper, namely specimen geometry and damage protection. 

Considering only the unprotected specimen geometries, the results obtained for the 
simplest configuration (LA) were relatively consistent with those of the cellular sections (1C 
and 3C), which indicates a potential for material savings in future testing. The main 
exception concerns the 1C specimens, which behaved differently, especially after the 1st 



force reduction. In fact excessive rotations at the web-top/flange junctions were responsible 
for a distinct, and invalid, final failure mode when compared with the typical failure pattern 
due to indentation observed for all other specimens. However, for the protected specimens 
the alternative, potentially material saving, specimen geometries were generally less 
successful in estimating the indentation behaviour of the full 3C specimens. 

The 3C specimens with damage protection exhibited improvements in their indentation 
behaviour, and for coated specimens the energy absorbed up to the initial damage was 
much higher compared to that absorbed by the equivalent unprotected specimens. This 
suggests that such protection strategies may be useful to enhance the resistance to first 
damage, although both were shown to have little effect on the perforation performance 
(total penetration). 

4. Results of impact tests 
4.1. Load-displacement behaviour 
Both the impact and corresponding quasi-static results are presented in the load (F) and 
absorbed energy (AE) vs. displacement (δ) plots depicted in Figs. 10–12 for unprotected 
(NP), foam-filled (PU) and surface coated (CO) specimens, respectively. Note that the thin 
vertical lines correspond to perforation of the specimen as defined in Section 2.3. 

       
Fig. 10. Impact and quasi-static behaviours of unprotected specimens (NP): (a) 3C and (b) LA. 

 

   
Fig. 11. Impact and quasi-static behaviours of foam-filled specimens (PU): (a) 3C and (b) 1C. 



   
Fig. 12. Impact and quasi-static behaviours of coated specimens (CO): (a) 3C and (b) LA. 

 

The equivalent impact and quasi-static maximum loads (Fmax), displacements (δp) and 
absorbed energies (AEp) to perforation are summarised in Figs. 13–15 for unprotected (NP), 
foam-filled (PU) and surface coated (CO) specimens, respectively. 

 

 
Fig. 13. Impact and quasi-static results of unprotected specimens (3C.NP and LA.NP): 

(a) Fmax, (b) δp and (c) AEp. 

 



 
Fig. 14. Impact and quasi-static results of foam-filled specimens (3C.PU and 1C.PU): (a) Fmax, 

(b) δp and (c) AEp. 

 
Fig. 15. Impact and quasi-static results of coated specimens (3C.CO and LA.CO): (a) Fmax, 

(b) δp and (c) AEp. 

 

 

4.2. Failure modes 
The failure modes of the unprotected, foam-filled and coated specimens are illustrated 
in Figs. 16–18, respectively (where i indicates the front-face and ii the back-face). Table 
2 summarises the failure modes of the specimens tested, correlating the penetration degree 
with the failure pattern at the back-face. 



 
Fig. 16. Local failure zones of unprotected specimens – NP: (a) 3C and (b) LA. 

 
Fig. 17. Local failure zones of foam-filled specimens – PU: (a) 1C and (b) 3C. 

 
Fig. 18. Local failure zones of coated specimens – CO: (a) 3C and (b) LA. 

 



 

Geometry Protection Specimen IE Penetration degree Cracking pattern 

3C 
 

NP 
#1 40J start of perforation 

cruciform crack 
#2 40J perforation 

PU 
#1 35J start of perforation 

longitudinal split 
#2 40J complete perforation 

CO 
#1 50J start of perforation transverse crack 

#2 70J complete perforation cruciform crack 

LA 

NP 
#1 40J perforation 

longitudinal split 
#2 60J complete perforation 

CO 
#1 47J start of perforation transverse and 

cruciform cracks #2 55J complete perforation 

1C PU 
#1 40J start of perforation longitudinal split with 

transverse cracks #2 50J complete perforation 

Table 2. Impacted specimens, back-face failure modes. 

Fig. 16a.i and b.i illustrate the damage observed at the front face of unprotected specimens 
(NP) with 3C and LA geometries, respectively. It can be seen that the impact load caused 
circular shear punching through the thickness of the pultruded material, with breakage of 
the glass fibre rovings and mats. It is also shown that the damaged area at the top face 
remains roughly similar for the two specimen geometries (i.e., for similar impact energy) 
and that it slightly increases with the impact energy. 

For foam-filled specimens (PU, Fig. 17a.i and b.i), the front face failure is similar to that of 
the unprotected specimens (NP), and the expected trend of increasing damaged area with 
impact energy is also clear. For coated specimens (CO, Fig. 18a.i and b.i) at lower impact 
energies damage was first limited to the polyurethane membrane protection; a circular 
fracture can be clearly observed around the impactor perimeter in Fig. 18b.i. For increasing 
impact energy the damage progressed into the GFRP material in a similar way as reported 
above for the unprotected and foam-filled specimens. 

Correlating the back face damage seen in the ii photographs of Figs. 16–18 with the degree 
of penetration and incident energy results of Table 2 a general progression of back-
face damage becomes apparent for all specimens (unprotected, foam-filled and coated): 

 At the lowest impact energies used here transverse (w.r.t. the pultrusion direction) 
cracks form; 

 As incident energy is increased, splits between the longitudinal rovings also occur; 
 Finally, perforation leads to cruciform/petalled damage. 

 
The impact incident energies used here were all at or just above the penetration energy, 
and hence it was not possible here to identify the damage incurred at earlier points in the 



dynamic load displacement behaviours through inspection of the tested specimens. Further 
testing, for which additional specimens were not available, would be required using lower 
incident energies in order to investigate the progression of damage in this way. 

However, the general shape of the dynamic (impact) load displacement curves of Figs. 10–
12 is seen to be very similar qualitatively to that of the equivalent quasi-static tests. Hence, 
this observation, together with the fact that test set-ups and specimen materials and 
geometries were kept identical between equivalent impact and quasi-static tests, support 
the hypothesis that the same progression of damage occurs in the impacted specimens as 
was observed during the quasi-static tests. There are, however, obvious qualitative 
differences between the dynamic and static load displacement curves, and these are 
discussed in Section 5.3. 

5. Discussion 
As noted in the previous section, the dynamic load-displacement behaviours of Figs. 10–
12 generally show the same four stages exhibited during the static tests and as shown in Fig. 
7: (i) ‘Linear elastic’ behaviour with constant stiffness; (ii) ‘1st non-linear stage’ with 
decreasing stiffness; (iii) ‘2nd non-linear stage’; and (iv) ‘Total penetration’ by (i.e., 
‘perforation’ of) the indenter. However, there were differences between the dynamic and 
static behaviours, and these are again discussed in Section 5.3. 

Remnants of the oscillations seen in the raw data are still apparent in the filtered data plots 
of Figs. 10–12, some of which are due to vibrations in the machine, supports, etc. and some 
of which are due to vibrations set up in the material itself. The latter largely consist of 
vibrations between the impactor and the plate mass around the contact stiffness of the 
composite material [21]. Since contact stiffness is generally much higher than the structural 
stiffness of the target specimen, these superimposed vibrations are usually of low amplitude 
when compared to the overall structural deflections seen. Distinguishing between the 
unwanted machine and material behaviour contact vibrations is both complex and not clear 
cut. Pragmatically, although it is desirable to filter out completely the vibrations from the 
test machinery, a compromise must be made between eliminating these oscillations 
completely and obscuring relevant features of the impact response. A simple moving 
average filtration was found to give a satisfactory solution between these two conflicting 
constraints. 

The lines representing the definition used here for ‘perforation’ (Section 2.3) of the impact 
tests in Figs. 10–12 all correspond very well to the inflection points on the absorbed energy 
(AE) deflection curves heralding the start of a reduction in the rate of energy absorbed, 
which is as would be expected and hence corroborates this definition of ‘perforation’ 

5.1. Effects of specimen geometry 
Fig. 19 presents average values of each of the three responses of maximum load (Fmax), 
perforation displacement (δp) and perforation absorbed energy (AEp) at each of the six 
specimen geometry – protection combinations of Table 1. Impact and quasi-static results 
are presented, of which the impact results are considered here; static – impact comparisons 
are made in Section 5.3. 

 



 

 

 
Fig. 19. Perforation responses of the unprotected (NP), foam-filled (PU) and coated (CO) 

specimens: (a) maximum load – Fmax, (b) perforation displacement – δp and (c) perforation 
absorbed energy – AEp. 

The ability of each ‘alternative’ specimen geometry to estimate each of the three measured 
impact responses in turn are given below. For each of the impact responses, the different 
protection strategies are considered. 

For the maximum load, Fmax (Fig. 19a), with respect to the 3C specimens, the unprotected LA 
specimens underestimated the maximum load of the 3C specimens, whereas the foam filled 



1C specimens gave a much lower maximum load. However, the coated LA specimens gave a 
very good estimate of the maximum load of the 3C specimens. 

Considering perforation displacement, δp (Fig. 19b), the unprotected LA specimens slightly 
overestimated the perforation displacement of the 3C specimens, but this was not an 
unacceptably inaccurate estimate. However, compared to the 3C specimens, the foam filled 
1C and the coated LA specimens suffered perforation at a much higher and at a lower 
displacement, respectively. 

With respect to the absorbed energy to perforation, AEp (Fig. 19c), the unprotected LA 
specimens required a very similar energy to that required by the 3C specimens to perforate, 
and although the foam filled 1C specimens slightly overestimated the energy to perforation 
of the 3C specimens, they provided an acceptable estimate. However, the coated LA 
specimens required much less energy to perforate than did the 3C specimens. 

Hence, as was found for the quasi-static tests, the ability of a given ‘alternative’ specimen 
geometry (1C and LA) to estimate the ‘base-line’ geometry (3C) impact tests results depends 
on both the protection category and the behaviour response being considered. For these 
impact tests the following is a summary of where the “alternative” specimen geometry was 
found to give acceptable or good correlation with the equivalent ‘base-line’ 3C geometry: (i) 
LA.CO for the maximum load; (ii) LA.NP for the perforation displacement, and (iii) LA.NP and 
1C.PU for the absorbed energy to perforation. 

5.2. Effects of damage protection 
Fig. 20 compares the average values of each of the three responses of maximum load (Fmax), 
perforation displacement (δp) and perforation absorbed energy (AEp) across each of the 
three protection strategies for the ‘base-line’ 3C specimen geometry. Again, impact 
and quasi-static results are presented, of which the impact results are considered in this 
section. 

The three protection strategies are now compared in terms of the three impact responses in 
turn. 

Maximum load, Fmax (Fig. 20a): There is very little difference between the maximum loads 
seen for the three protection strategies, although that seen by the coated specimens is very 
slightly higher. 

Perforation displacement, δp (Fig. 20b): The displacement to perforation of the coated 
specimens is approximately 2 mm greater than that for the other specimens. This equates 
very well to the coating thickness (Fig. 3) and is hence thought to be due to the extra 
perforation of the coating seen in these coated specimens (Fig. 18a). Compared to the 
unprotected NP specimens, the foam-filled PU specimens perforated at a slightly lower 
displacement. This is thought to be because of the extra support the foam gives to the 
upper flange laminate, hence stiffening its structural displacement. 

Absorbed energy to perforation, AEp (Fig. 20c): The addition of a foam filling makes very 
little difference to the energy absorbed to perforation when compared to the unprotected 
specimens. Conversely, the coated specimens require more than 25% additional energy to 
perforate than do the other specimens. This is thought to be due to two main reasons: 

 



    

 
Fig. 20. Specimen geometry effects; unprotected (NP), foam-filled (PU) and coated (CO). 

i. The coating absorbs extra energy due to fracture between many interfaces between 
resin and sand, or between the two resins, etc. and this is reflected in the higher 
displacement to perforation of these specimens. Since the absorbed energy 
corresponds to the area under the load-displacement curves, this higher perforation 
displacement is reflected in higher absorbed energies. 

ii. The initial dynamic (impact) stiffness of the coated specimens (Fig. 12) is higher than 
that of the equivalent unprotected (Fig. 10) and foam-filled specimens (Fig. 11). 
Since the absorbed energy corresponds to the area under the load-displacement 
curves, and since the general shapes of these curves and maximum loads of all three 
protections are very similar, this also leads to an increase in the energy absorbed. 

5.3. Comparison between quasi-static and impact responses 
The linear elastic stages of the curves plotted in Figs. 10 and 11 exhibit very similar stiffness 
for static and dynamic responses for both the unprotected and the foam filled specimens. 
However, for the coated specimens, Fig. 12 shows that the stiffness of the linear elastic 
stage is significantly higher for the dynamic tests than for the quasi-static ones. This strain 



rate effect is probably due to the response of the mainly resin based coating, since polymer 
resins are known to exhibit such a strain rate dependency [22]. 

Also considering Figs. 10–12, the 1st non-linear stage and load at 1st force reduction are not 
as evident, or even discernible, in the impact response as they are for the static tests. The 
exact reasons for this would require further study, but since these features of the behaviour 
were seen to be due to damage, then it is a sensible conclusion that there are some 
differences between the failure processes of the quasi-static and the impact tested 
specimens. One possible hypothesis is that the failure mechanism(s) do not have as much 
time to propagate in the impacted specimens as they do in the quasi-statically tested ones. 
It is also possible that such features of the behaviour have been masked by oscillations in 
and/or the filtering of the force signal (although every effort was made here to avoid this). 

Figs. 10–12 also show that the 2nd non-linear stage is generally stiffer for impact testing 
than for quasi-static tests. Again, since this is a phase controlled by damage mechanisms it is 
sensible to assume that there is some strain rate dependency in the damage mechanisms of 
this stage as well. However, this is a matter that requires further investigation. 

As a consequence of the behaviour discussed in the previous two paragraphs, Fig. 19 shows 
that all the perforation responses (Fmax, δp and AEp) are significantly higher for impact for all 
specimen geometry – protection combinations. Figs. 19 and 20 also show that the exact 
ratio between impact and static response values depends on the response considered, the 
specimen geometry and the protection method. Using Fig. 20, Table 3 summarises 
the impact/quasi-static ratios of each response for the ‘base-line’ 3C specimens. 

‘Base-line’ 3C 
specimens 

Impact/static ratio responses 

Fmax p AEp 

‘NP’ 
(unprotected) 

1.46 1.20 1.64 

‘PU’ 
(foam-filled) 

1.34 1.25 1.64 

‘CO’ 
(coated) 

1.40 1.62 2.38 

Table 3. Impact to quasi-static response ratios of the ‘base-line’ 3C specimens. 

 

Table 3 shows that for the maximum load, Fmax the ratio is very similar for all protections at 
approximately 1.4 (NP – 1.5, PU – 1.3 and CO – 1.4). Table 3 also shows that the perforation 
displacement, δp ratio is higher for coated specimens at 1.6 than for the unprotected and 
foam-filled specimens (1.2). Finally considering the absorbed energy to perforation, AEp the 
ratio for unprotected and foam filled specimens is approximately 1.6, whereas for coated 
specimens it is higher at 2.4. Hence, dependant on the specimen geometry, damage 
protection and the impact response considered, the impact to quasi-static ratios for the 3C 
specimens have a range of between 1.2 and 2.4. For unprotected 3C specimens this range 
narrows to between 1.2 and 1.6. 

 



5.4. Practical interpretations 
The previous quasi-static study [4] showed that everyday events could inflict damage on the 
bridge deck surface; initial damage could easily be inflicted by an average pedestrian 
(weighing 75 kgf) running in high heels, and that penetration failure may be inflicted by 
heavier pedestrians. Due to their, hopefully, out of the ordinary nature it is difficult to 
define a correspondingly ‘typical’ impact event, but to put the results of the previous 
sections into context, even relatively mild tool drops during construction could result in 
significant damage; (i) impact first damage (corresponding to the 1st slight load drop) 
occurred at approximately 5 J – equivalent to dropping a typical 0.5 kg hammer from a 
height of 1 m, and (ii) impact perforation occurred at approximately 40 J – equivalent to 
dropping a typical 4 kg sledgehammer from 1 m (or a typical 2 kg club hammer from 2 m). It 
is easy to envisage many other everyday accidents that would give similar levels of incident 
energy. 

The same previous quasi-static study also found a large effect of the shape and size of the 
indenter, and for the current impact tests the results may well change quantitatively, or 
even qualitatively, if the geometry and size of the impactor was changed from the 10 mm 
diameter hemispherical one used here (e.g., 6 mm hemispherical and 10 mm flat indenters). 
Further work would be required to investigate this aspect of the behaviour, but the choice 
here of an impactor giving a severe impact event at least gives conservative results. 

Due to the oscillations inherent in the impact force data, since the initial damage point is 
very similar for quasi-static and impact tests, the former type of testing could be used to 
more easily and accurately identify the initial damage point, as has been found in previous 
work on marine composites [16]. However, the pultruded material studied here is 
significantly more resistant to perforation due to dynamic impact than it is to perforation 
under quasi-static loading. Despite this, easier and cheaper to carry out quasi-static testing 
could be used to give a conservative estimate of impact perforation. Additionally, for 
unprotected sections, it seems that a ratio of 1.4 could be used to scale up from quasi-static 
to impact perforation, but for coated or foam filled sections this approach would not seem 
to be advisable. 

As for the quasi-static tests, both protection strategies studied here do not delay the 
initiation of initial damage, and only coating the sections gives any added resistance to 
dynamic perforation; filling them with PU foam has a reduced effect. 

Although for certain protection strategy – impact response combinations the ‘alternative’ 
specimen geometry estimates the 3C response with acceptable accuracy, there is no 
‘alternative’ geometry that estimates well all of the perforation impact responses. Hence it 
is safer to use the ‘base line’ 3C geometry to give the most complete and accurate 
representation of the impact response. 

It is well worth noting that although the initial impact damage sites are likely to be small, 
they are also likely to be; (i) difficult to detect (initial damage) or conversely unsightly 
(perforation), (ii) very numerous and hence with a cumulative degradative effect, and (iii) 
likely nucleates for delamination extension due to repeated cyclic global loadings, which 
may ultimately affect the overall integrity of the footbridge itself. 

 



6. Conclusions 
Impact tests on 3-cell (3C) wide specimens extracted from GFRP pultruded bridge deck 
sections have been used to investigate the impact behaviour, and the effects of adding 
surface coating and foam filled section protection strategies when compared to the 
unprotected deck sections. Two alternative specimen geometries – a 1-cell wide (1C) and a 
clamped laminate plate (LA) – were investigated in order to try to reduce the material 
resources required. The force-displacement history was recorded and the maximum force, 
and displacement and absorbed energy at perforation measured. ‘Perforation’ was defined 
as occurring at the point when the force dropped down to a value of 50% of its maximum 
value. 

Results from previous equivalent quasi-static tests were successfully used to estimate the 
impact incident energies required for perforation by scaling by a factor of approximately 
1.5, hence greatly reducing the number of impact tests required. The force-displacement 
behaviour of the impact tests was of the same form as that of the quasi-static tests. Very 
similar perforation failure modes were seen for all specimen geometry-protection strategy 
combinations. 

The ‘alternative’ specimen geometries were found to give acceptable or good correlation 
with the equivalent ‘base-line’ 3C geometry for the following series: (i) coated LA specimens 
for the maximum load; (ii) unprotected LA specimens for the perforation displacement, and 
(iii) unprotected LA and foam-filled 1C specimens for the absorbed energy to perforation. 
However, it is safer to use the ‘base line’ 3C geometry to give the most complete and 
accurate representation of the impact response. 

Neither of the two damage protections altered the maximum force significantly, and only 
the specimen coating reduced the energy required for perforation, by 25%. Hence, coating 
the deck would be the only successful protection strategy. For the unprotected and foam-
filled specimens, there was no significant difference between the initial linear elastic 
sections of the force-displacement curves of the impact and quasi-static tests. This indicates 
that there were no significant material strain rate effects. However, for the coated 
specimens, the initial impact stiffness was higher for the impact tests, and this is thought to 
be due to a strain rate effect of the resin rich coating. 

However, after the onset of significant damage the impact response was generally stiffer for 
all tests, and this was believed to be due to the rate sensitive propagation of the damage 
mechanisms occurring. This led to all three perforation responses being higher for the 
impact tests as compared with the equivalent quasi-static tests (by a factor of between 1.2 
and 1.6 for unprotected 3C specimens). 

This study shows that even relatively mild impact events, such as tool drops during 
construction, could result in damage. Indeed, a hammer or a sledgehammer dropped from 
1 m would give significant damage and perforation, respectively. 
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