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Abstract 6 

This study reports on the effects of water absorption on the anisotropic mechanical response of 7 

an epoxy resin reinforced with E-glass fibres. Composite specimens were conditioned by 8 

immersion in pure water at 50ºC for different time durations, up to full saturation. Water-9 

saturation resulted in reduction of stiffness and strength, in the range of strain rate 10 

0.001−700s − 1. Experiments on re-dried specimens after water saturation showed only a small 11 

recoverability of the original mechanical properties. Water absorption increased the sensitivity 12 

of the mechanical response of the GFRPs to the applied strain rate. Finite element simulations 13 

of the response of a unit cell of the unidirectional composite were performed to understand the 14 

role of the hygroscopic stresses induced by water absorption, and it was found that this is 15 

negligible due to the active mechanisms of viscoelastic relaxation.  16 
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1. Introduction 22 

Water exposure represents a very important challenge for marine composites. Previous 23 

research found that water absorption can affect the mechanical performance of laminated 24 

composites. For instance, it can decrease their strength [1], their interlaminar shear strength 25 

[2], [3], their flexural strength [4], their modulus [5], and affect their impact response [6]. 26 

Because of practical reasons, realistic immersion times of several years cannot be replicated in 27 

the laboratory; therefore, acceleration of water absorption is commonly forced by immersing 28 

composites in a water bath at elevated temperature [7]. However, care must be taken when 29 

selecting this temperature because too high temperatures may trigger mechanisms that would 30 

not appear under in-service conditions. 31 
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Experimental data in the literature shows that water diffusion in composites depends on 32 

the material, on the shape of the specimens and on the details of water immersion. For instance, 33 

water diffusion in composites has been reported to be Fickian [1], [3], [8] or non Fickian [9], 34 

[10]. Moreover, while some studies found that composites can be saturated with water [3], 35 

others show continuous weight increase [10] or even weight loss due to leaching of low weight 36 

molecules [7], [8], [11]. In composites with inorganic fibres, such as carbon and glass, water 37 

molecules can occupy voids, matrix-fibre interfaces [3], free volumes in the matrix [12] or 38 

chemically bond to the matrix [13]. 39 

The changes caused by water in the composite comes mainly from changes in the epoxy 40 

matrix [14]–[16] and damage of the fibre-matrix interface  [17]–[20]. Some of these changes 41 

can be reversible (occupation of free volume) while others are non-reversible (chemical 42 

modification of the matrix or interface, micro-cracking, leaching). This means that some, but 43 

not all properties could be partially recovered after re-drying [2]. Micro-cracks can appear due 44 

to swelling or different thermal expansion coefficients between the matrix and fibre [7], [21]. 45 

Polymer-based composites are rate dependent, mainly due to the rate-dependent nature 46 

of the polymeric matrix. However, to the best of our knowledge, there is very little research 47 

into the influence of the water absorption upon the strain rate sensitivity of composites and it 48 

has been limited to compression specimens, with no study on the recoverability of mechanical 49 

properties after re-drying [6]. This study aims to fill this gap by exploring the material response 50 

in tension and in the three-point bending of short composite beams. 51 

  52 

Figure 1. Optical micrographs of the microstructures of the GFRP plates tested, sectioned 53 

perpendicularly to the fibre direction. a) Unidirectional laminate, b) Bidirectional laminate.  54 

 55 

 56 



3 

 

 57 
Figure 2. Geometry of the test specimens used in this study. a) quasi-static specimens QS90 58 

and QS45; b) short beam specimens for 3-point bending (SBB); c) Hopkinson bar specimens 59 

(HR45). 60 

 61 

It is accepted that water absorption induces swelling of the polymeric matrix [5], [7], 62 

[11], [22], [23], creating hygroscopic stresses within the composite matrix [24]. Derrien and 63 

Gilormini [24] developed analytical solutions for stresses induced by matrix swelling in the 64 

long term, neglecting viscous effects. Since during water absorption swelling and viscous 65 

relaxation occur simultaneously, we propose a method to evaluate the water-induced stresses 66 

that considers the competition between swelling and viscous relaxation of the matrix. 67 

In the following Section we describe the experimental methods. Section 3 presents the 68 

modelling framework for the homogenisation and the swelling-viscoelastic relaxation analysis. 69 

Results are presented and discussed in Section 4. 70 

 71 

2. Experimental methods 72 

2.1. Materials and specimens 73 

Specimens were machined from 600 × 600 × 2.6 mm3 composites panels. The resin matrix in 74 

the composite was the Gurit Prime 20 ULV epoxy system. The reinforcement was the E-glass 75 

FGE238 non-woven unidirectional fabric, manufactured by Formax. This fabric contains 95% 76 
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of its areal weight of untwisted tex 1200 fibre bundles oriented in the 0○ direction, and 5% of 77 

its aerial weight consists of untwisted tex 300 bundles on the 90○ orientation. The bundles are 78 

stitched as a fabric with texturized polyester. Panels were prepared by resin transfer moulding 79 

(RTM), cured for 24 hours at room temperature and post-cured for 16 hours at 50○C. Panels 80 

with two stacking sequences were manufactured, [0°]8 and [90°, 0°]2s, with identical thickness 81 

and areal mass. 82 

The volume fractions vf of the unidirectional and bidirectional composites were 83 

calculated from their densities according to Equation (1). 84 

  𝑣𝑓 =
𝜌𝑐−𝜌𝑟

𝜌𝑔−𝜌𝑟
,   (1) 

where 𝜌𝑐,  𝜌𝑟,  𝜌𝑔,  are the densities of the composite, resin, and E-glass fibre, respectively. 85 

The densities of the resin and the composite were obtained from weight measurements (with 86 

0.001 g precision) and knowledge of the volume of the specimens. The density of E-glass fibre 87 

ρg = 2.62 g ⁄ cm3 was taken from literature [25].  88 

The resulting values of vf obtained by this method varied between 0.53 and 0.6 for both 89 

unidirectional and bidirectional specimens. This scatter is due to the uneven microscopic 90 

distribution of fibres and resin, especially in between the fibre fabrics and in between the 91 

bundles of the same fabric (see Figure 1). In the rest of the paper, an average volume fraction 92 

of 0.56 will be assumed. 93 

For quasi-static (QS) characterisation, the following types of coupons were fabricated: 94 

[90°]8 tensile specimens (labelled as QS90), [45°]8 tensile specimens (labelled as QS45), and 95 

[90°/0°]2s short three point bending specimens (labelled as SBB). The tensile specimen 96 

orientations were chosen because they are expected to be particularly affected by changes in 97 

the mechanical properties of the epoxy matrix and of the fibre-matrix interface. In particular 98 

the 90° orientation maximises the tensile loading on this interface while the 45° orientation 99 

maximises shear loading. The choice of laminate layup was dictated by material availability, 100 

while SBB tests were selected to probe the interlaminar strength of the material. The QS90, 101 

QS45 and SBB specimens were manufactured by diamond saw cutting, with dimensions 102 

according to ASTM D3039 [26] and ASTM D2344 [27] (see Figures 2a and b). The axial 103 

response of the composites was not investigated as this is dominated by the response of the 104 

fibres, and preliminary experiments showed that the performance of the dry fibres is unaffected 105 

by water absorption. 106 
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For high strain-rate experiments, [45○]8 grinded dogbone tensile specimens were 107 

manufactured as illustrated in Figure 2c. Dogbone specimens were preferred because at high 108 

strain rates they exhibit consistent failure within the gauge section. The proposed geometry 109 

was found to be a good balance between having a specimen long enough to be representative 110 

of the material and short enough to provide with consistent force equilibrium and high strain 111 

rates. The two steel threaded shoulders glued to their ends allowed easy mounting to the split 112 

Hopkinson bar (Figure 2c). 113 

 114 

115 

 116 
Figure 3. Time histories of the water content of the composite specimens during conditioning: 117 

a) drying cycle; b) water saturation cycle; c) re-drying cycle.  118 

 119 

 120 

 121 
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2.2. Water absorption  122 

Specimens were conditioned by immersion in distilled water at 50⁰C, well below the glass 123 

transition temperature of the epoxy matrix. This was measured from DMTA experiments as 124 

Tg = 79°C and was in line with that reported by the manufacturer (Tg = 81°C).  The sides of the 125 

coupons were protected with adhesive aluminium tape to prevent diffusion in the direction 126 

normal to the sides [8], ensuring unidirectional through-thickness diffusion. Diffusion in the 127 

direction of the fibres may lead to capillarity effects [7] which here we want to eliminate. The 128 

gravimetric analysis was performed after removing the aluminium tape. 129 

Samples were dried in a Binder FED series oven at 50○C prior to immersion in the water 130 

bath. The weight was periodically monitored with an OHAUS DV215 balance (0.01 mg 131 

precision), to determine the water intake history.  132 

The measured weight was used to determine the percent water content %Δwt:  133 

%Δ𝑤𝑡 =
(𝑤𝑡 − 𝑤𝐹𝐷)

𝑤𝐹𝐷
×100% 

(2) 

where wt is the weight at the monitoring time t, and wFD is the weight of the fully dry specimen 134 

(%Δ𝑤𝑡 = 0). Complete drying was identified by the stabilisation of the water content, achieved 135 

after approximately 600 hours (Figure 3a). Fully dry specimens (FD) were tested to have a 136 

baseline value of the composite properties.  137 

The dry specimens were later immersed in the water bath at 50⁰C. Water absorption was 138 

again measured by Equation (2), reaching saturation after approximately 1200 hours, with a 139 

maximum percent water content of Δ𝑤𝑠
𝑐𝑜𝑚𝑝 = 0.71% (Figure 3b). Saturated specimens (WS) 140 

were tested after a total of approximately 2500 hours of immersion, to observe the effects of 141 

water saturation.  142 

To verify if the effects caused by water absorption were recoverable, fully saturated 143 

specimens were re-dried in the oven at 50○C until no significant change in weight was 144 

measured. Specimens reached this condition in approximately 300 hours (Figure 3c) and were 145 

identified with the label RD (water – re-dried). 146 

In a similar study [28] on the same epoxy resin, absent the fibres, we measured the 147 

percent water content at resin saturation, %Δws
r = 2.81%. Upon assuming that the glass fibres 148 

do not absorb any water, it is possible to estimate the percent water content in the composite 149 

%Δ𝑤𝑠
𝑐𝑜𝑚𝑝

, using simple rule-of-mixtures. For the range of fibre volume fractions in our 150 

composite specimens (vf = ⟦0.53; 0.60⟧) we predict a percent water content in the composite 151 
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in the range ⟦0.63; 0.78⟧%. This is consistent with the values which we directly measured, 152 

confirming that the hypothesis of glass fibres absorbing negligible water may be acceptable. 153 

This hypothesis was further substantiated by preliminary measurements of water absorption on 154 

the dry glass fabric, which showed negligible water intake over the same time period 155 

(2500 hours) of exposure of the composites. 156 

2.3. Mechanical characterisation 157 

All tests were performed in the lab conditions with 40±8% relative humidity and at 20±2°C. 158 

Specimens were removed from their conditioning bath and prepared for testing in under 25 159 

minutes. This time was sufficiently long to reach thermal equilibrium and sufficiently short to 160 

prevent significant loss or gain of moisture.  161 

In the quasi-static regime, all tests were performed in a Zwick Z250 screw-driven 162 

universal testing machine. QS90 and QS45 specimens were tested following the 163 

recommendations of ASTM D3039  [26]. The specimens were clamped from their aluminium 164 

end tabs with wedge grips moving at a prescribed relative displacement rate of 0.0125 mm/s. 165 

The force was measured with a load cell of capacity 250 kN, while the strains were obtained 166 

from DIC analysis of footage, recorded by a JAI camera at 1 fps.  167 

The bending tests on SBB specimens followed the recommendations in ASTM D2344  168 

[27]. The specimens were supported by two rollers of 1.5 mm radius, with a span length of 12.5 169 

mm. The load was applied at mid-span by a roller of 3 mm radius moving at a speed of 170 

0.0166 mm/s. The applied force was measured by a load cell of capacity 20 kN. The 171 

displacements of the midpoint were computed from the DIC as described above. The strength 172 

𝜏𝑢 of the SBB specimens was calculated from the measured peak force 𝑃𝑚  173 

𝜏𝑢 = 0.75 ⋅
𝑃𝑚

𝑏 ⋅ ℎ
 (3) 

where b and h are the width and thickness of the specimen respectively. Note that the above 174 

equation is consistent with the assumption of interlaminar shear failure at mid-thickness 175 

during the test, which was the observed mechanism in all tests.   176 

At high strain rates, dogbone specimens were tested in the split Hopkinson pressure bar, 177 

with a configuration as described in [29]–[31]. The stress versus time history was calculated 178 

with one-dimensional wave theory, using the measurements from three sets of strain gauges. 179 

Appendix A describes in more detail the Hopkinson bar and the procedure to find the history 180 
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of loads. The history of axial strain was measured via DIC analysis using the commercial 181 

software GOM Aramis (GOM UK Ltd). Pictures were taken at 200000 fps by a Kirana camera 182 

(Specialised Imaging Ltd, UK) with a resolution of 924x768 pixels. Force equilibrium of the 183 

specimen was obtained after approximately 700 μs, after which the strain rate was 184 

approximately constant. 185 

At least three repetitions were conducted for all types of tests. Table 1 presents the test 186 

matrix, summarising the types of tests, conditioning environments, and the labels that will be 187 

used to identify each test.  188 

 189 

Table 1: Labelling of different specimens and conditioning for the composite materials tested in this study. 190 

Specimen\Conditioning FD 

(fully dried) 

WS 

(water-saturated) 

RD 

(re-dried) 

QS45 

(off-axis 45°) 

QS45-FD QS45-WS QS45-RD 

QS90 

(transverse 90°) 

QS90-FD QS90-WS QS90-RD 

HR45 

(off-axis 45°) 

HR45-FD HR45-WS HR45-RD 

SBB 

(short beam – 3-point bending) 

SBB-FD SBB-WS SBB-RD 

 191 

Measurements of matrix swelling were also conducted using a neat resin specimen of 192 

dimensions 30 × 50 × 2.4 mm3. Measurements with a micrometre (0.01 mm resolution) prior 193 

and after immersion showed an approximately linear, isotropic hygroscopic expansion, with 194 

hygroscopic strains proportional to the percent water content; the constant of proportionality 195 

was measured as 0.0023. At the maximum water content (recall that, at resin saturation, it was 196 

%Δws
r = 2.81%) this corresponded to a strain of 0.0066.   197 

The viscoelastic properties of the matrix were characterised by DMTA on a 198 

35 × 10 × 2.65 mm3 neat resin specimen, tested in tension mode as described in [32]. The 199 

coupon was subjected to a frequency and temperature sweep from 0.001 to 30 Hz, and from 200 

10-110○C in steps of 5○C.  201 

 202 
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3. Modelling framework  203 

We performed a finite element (FE) analysis of a composite unit cell to study the homogenised 204 

material properties and the build-up of thermal and hygroscopic stresses in the composite 205 

specimens, and the effects of water absorption on the macroscopic stiffness of the composites. 206 

A cubic unit cell Ω of side length 1 and fibre volume fraction vf = 0.56 was modelled as in 207 

Figure 4, consistent with cubic packing of the fibres in the matrix. The properties of resin and 208 

E-glass fibres, obtained from reference [28] and preliminary experiments, were used to 209 

calibrate the constitutive models for fibres and matrix. For the resin, the elastic moduli used 210 

were 𝐸𝑟
𝐹𝐷 = 2.6 GPa, 𝐸𝑟

𝑊𝑆 = 2.0 GPa, 𝐸𝑟
𝑅𝐷 = 2.4 GPa; and the corresponding Poisson’s ratios 211 

were 𝜈𝑟
𝐹𝐷 = 𝜈𝑟

𝑊𝑆 = 𝜈𝑟
𝑅𝐷 = 0.4. The properties of the E-glass fibres were taken to be 212 

independent from water content: Eg = 60 GPa (directly measured) and Poisson’s ratio νg = 0.18 213 

taken from literature [33]. 3D solid elements with linear shape functions were used for all 214 

simulations. 215 

 216 
Figure 4. Geometry of the cubic unit cell used in the FE simulations and corresponding 217 

reference system.  218 

 219 

 220 

 221 

 222 

 223 

 224 
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3.1. Homogenised elastic properties 225 

The elastic properties of the lamina were calculated running a series of simulations in 226 

COMSOL Multiphysics v4.4 [34] using the implicit solver, using tetrahedral elements with 227 

average element size of 0.03. Periodic boundary conditions were prescribed on opposite faces 228 

of the cubic unit cell; homogenised strains and stresses were obtained from the degrees of 229 

freedom of appropriate auxiliary nodes. When analysing the elastic properties, the unit 230 

displacement method was used to populate the homogenised stiffness matrix of the composite 231 

[32], [35], [36], obtaining the lamina constants E3, E2, G12, v12, v23. The material was taken as 232 

initially stress-free, based on the results of simulations described below.  233 

3.2. Matrix swelling 234 

We assume that as water diffuses into the composite it induces swelling of the matrix but not 235 

of the glass. Hygroscopic expansion induces only direct strains, but no shear strains, on 236 

unconstrained components made from the epoxy resin; this phenomenon is analogous to 237 

thermal expansion and it was modelled in Abaqus v6.14 [37] as a thermal expansion, following 238 

appropriate redefinition of the physical variables. The mismatch in hygroscopic strains leads 239 

to the build-up of tri-axial stresses in the composite, which can be evaluated by FE analysis.  240 

3.3. Matrix viscoelasticity  241 

The DMTA measurements of storage and loss Young’s moduli (E ′ and E ′′ respectively) were 242 

post-processed using the time-temperature equivalence method described in [38], allowing the 243 

construction of a master curve. We assumed that the resin’s Poisson’s ratio was real and 244 

independent of frequency, following [35], leading to:  245 

𝐺∗ =
𝐸∗

2(1 + 𝜈)
 (4) 

𝐾∗ =
𝐸∗

3(1 − 2𝜈)
 (5) 

where * indicates a complex number, e.g. E*=E ′+i E ′′ (where i is the imaginary unit). The 246 

viscoelastic material behaviour was modelled in Abaqus/Standard providing Prony series of 247 

the real and imaginary parts of the shear and bulk moduli. Prony coefficients and long-term 248 

bulk and shear moduli were determined from experiments as in [35]. The geometry was 249 

identical to that described in Section 3.1 and was meshed using element type C3D8R and 250 
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average element size of 0.02. Four simulation cases were considered to explore the effects of 251 

the viscoelastic relaxation: 252 

a) instantaneous matrix swelling (corresponding to full saturation) followed by viscous 253 

relaxation for 2800 hours;  254 

b) simultaneous matrix swelling and viscous relaxation for 500 hours, followed by viscous 255 

relaxation 2300 hours; 256 

c) simultaneous matrix swelling and viscous relaxation for 1000 hours, followed by 257 

viscous relaxation 1800 hours; 258 

d) simultaneous matrix swelling and viscous relaxation for 2800 hours. 259 

 260 

Figure 5. Representative stress versus strain histories for the QS90 tests. The crosses indicate 261 

the point of ultimate failure. 262 

 263 

4. Results and discussion 264 

We proceed to present and discuss the results from the present study. Results are displayed 265 

according the label scheme introduced in Table 1. In some cases, the number at the end of the 266 

label indicates the strain rate of the test in s -1. 267 

 268 

 269 
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4.1. Effects of conditioning on the mechanical response 270 

Figure 5 shows typical strain versus stress curves observed in QS90 tests, for all three 271 

conditioning cases. Figure 6 displays representative strain versus stress curves of experiments 272 

on QS45 and HR45 specimens at all conditioning environments. In both QS45 and QS90 tests, 273 

there is a linear region at the beginning of the curve, where the Young’s modulus E is measured. 274 

Note that the modulus was not extracted from high strain rate tests, as in the initial part of the 275 

strain-stress curve the specimen is not in force equilibrium; however, equilibrium is reached 276 

before the peak stress, which allows extracting the dynamic strength of the specimens. 277 

 278 

Figure 6. Representative stress versus strain histories for the off-axis uni-directional 279 

specimens, for quasi-static (QS45) and dynamic (HR45) loading conditions. The crosses 280 

indicate the point of ultimate failure.  281 

 282 

Figure 7 displays representative force versus displacement curves measured in the short-283 

beam bending tests. After an initial elastic response, a maximum load Pm is attained, followed 284 

by softening induced by the observed shear-driven damage and inelastic deformation of the 285 

matrix.  286 

Figure 8a and Figure 8c show the effects of the conditioning procedures upon the 287 

Young’s modulus E of QS90 and QS45 specimens. The homogenised elastic modulus obtained 288 

by the FE simulations described in Section 3.1 are included for comparison. Figure 8b and 289 

Figure 8d display the strengths σu of QS90 and QS45 specimens, respectively. The graphs 290 



13 

 

include the measured strengths of the neat resin for comparison. Figure 9 presents the fracture 291 

surfaces of the specimens tested at high strain rate, while Figure 10 summarises the effects of 292 

water saturation and re-drying upon the short beam strength 𝜏𝑢 obtained in the SBB tests. 293 

 294 

 295 

Figure 7. Representative force versus mid-span deflection histories measured in the 3-point 296 

bending tests on SBB composite specimens.  297 

 298 

Figure 11 shows the influence of the imposed strain rate and of the conditioning 299 

procedures upon the tensile strengths of QS45 and HR45 coupons. The figure includes best fits 300 

of the measured data by power-law expressions, and the corresponding exponents and 301 

multipliers of these power-law fits are presented in Table 2. 302 

 303 

Table 2: Resulting parameters of fitting the QS45 and HR45 strengths to the power law 𝜎𝑢 = 𝐴𝜀̇𝑛.  304 

Parameter\Conditioning FD WS RD 

A 89.1 51.9 59.8 

n 0.049 0.108 0.095 

 305 

 306 
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 307 

 308 
 309 

Figure 8. Sensitivity of the measured quasi-static stiffness and strength of the composite 310 

specimens to the three types of conditioning (FD ○, WS □, RD △). a), b): QS90 specimens; c), 311 

d): QS45 specimens. a) and c) include FE predictions (∗); b) includes the measured strengths 312 

of the neat resin measured in [28] (∇).  313 

 314 

We found that water absorption caused detrimental effects on the mechanical response 315 

of the composites, for all tests and at all strain rates explored (Figures 5-8,10). The tensile 316 

strength, elastic modulus, and interlaminar shear strength decreased when composites were 317 

fully saturated with water, in contrast with what reported in [6], in which composites were 318 

tested in compression.  319 

 320 



15 

 

 321 

 322 
 323 

Figure 9. Effect of the three different types of conditioning on the fracture surfaces of the HR45 324 

specimens. Details of the fibre-matrix interfaces are shown via high-magnification SEM 325 

images. a) FD, b) WS, c) RD. 326 

 327 

 328 
Figure 10. Sensitivity of the measured quasi-static interlaminar shear strength of the 329 

multidirectional composite specimens to the three types of conditioning (FD ○, WS □, RD △). 330 
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 331 

Figure 11. Measured strain rate sensitivity of the off-axis specimens QS45 and HR45. The 332 

figure includes power-law best fits through the measured data. 333 

 334 

Water exposure reduced the Young’s modulus by 80%, and the strength by 50% on QS90 335 

specimens, while reductions were of 80% and 58% (on E and σu, respectively) for QS45 336 

specimens. QS90-WS and QS45-WS specimens (Figures 6,7) showed a higher strain to failure 337 

than fully dry specimens, in line with the slight increase in ductility of the matrix which we 338 

measured in [28].  339 

The tests conducted on re-dried specimens show that in all cases re-drying allows only 340 

partial recovery of the stiffness and strength of the material and of the interlaminar interface. 341 

With focus on Figure 8a and Figure 8c we note that our FE simulations, which assume 342 

no deterioration of the fibre-matrix interface, are in agreement with measurements for the case 343 

of fully dried specimens. However, the simulations over predict the modulus of water-saturated 344 

and re-dried specimens. These results further support the idea of water weakening the fibre-345 

matrix interface [39], and that such weakening is more pronounced for shear loading of such 346 

interfaces. 347 
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 348 
 349 

Figure 12. Simulated contours of von Mises stresses consequent to hygroscopic matrix 350 

swelling, absent viscoelastic relaxation. Maximum Von Mises stress: 𝜎𝑚𝑎𝑥
𝑉𝑀 = 52.9 MPa. 351 

 352 

Figure 13. Time history of the predicted maximum von Misses stress in the unit cell, for the 353 

four load cases a, b, c, d described in Section 3.3.  354 

 355 

Now focus on Figure 8b and Figure 8d: the strength of the QS90 specimens is, as 356 

expected, lower than the strength of the neat resin, due to the stress concentration induced by 357 
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the presence of the fibres. While the measurements in [28] suggested that the strength of the 358 

matrix could be highly recoverable upon re-drying, for the composite this is not the case. This 359 

reinforces the notion that the fibre-matrix interface strength is permanently weakened by water 360 

absorption. The effects of water absorption on the strength of the QS90 specimens (matrix-361 

dominated) would be expected to be similar to the reduction in strength of the neat resin (12% 362 

drop); however, such drop in strength is more pronounced in the composite specimens (50%), 363 

again in line with weakening of the interfaces. The analysis of fracture surfaces provides some 364 

insight on the different failure mechanisms induced by water absorption. Fracture surfaces of 365 

HR45 specimens, obtained by SEM imaging for all three conditioning procedures explored in 366 

this paper, are shown in Figure 9. Smoother resin areas are seen for water-saturated and re-367 

dried specimens, while rougher fracture surfaces are observed for the fully dry material. This 368 

might suggest a more ductile behaviour in this case, however this should be substantiated by 369 

further fractographic analysis. 370 

 Figures 7 and 10 show that water absorption also weakens substantially the interlaminar 371 

shear strength of the composites, and that this weakening cannot be fully removed upon re-372 

drying of the specimens. Figure 11 shows that the composite is rate sensitive regardless of the 373 

conditioning of the specimens. The drop in strength FD to WS however is not the same at 374 

different strain rates (58% for 0.001 s − 1, and 30% for 100 s − 1). This suggests that the material 375 

seems to be less affected by water degradation at higher strain rates; this is the same trend that 376 

was observed by the authors for the neat resin [28] and results in higher strain rate sensitivity 377 

on conditioned specimens with respect to dry specimens, as confirmed by the higher exponents 378 

n in the power laws (Table 2). Therefore, the changes in strain rate sensitivity of the composite 379 

are mainly driven by the changes in the strain rate sensitivity of the epoxy matrix.  380 

4.2. Combined effects of hygrothermal stresses and viscous relaxation 381 

Figure 12 shows the resulting Von Misses stress field obtained from FE simulations, following 382 

loading by hygroscopic straining, corresponding to the water content at full saturation, absent 383 

any relaxation mechanisms. The maximum Von Mises 𝜎𝑚𝑎𝑥
𝑉𝑀  stress is experienced in the matrix 384 

and reaches a value of 52.9 MPa. This value has to be considered as an upper bound, as 385 

simulations were conducted with a constant value of the modulus of the matrix (equal to the 386 

modulus of the fully dried resin – the highest possible), while we have shown in [29] that the 387 
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modulus can decrease by a factor of approximately 25%, which would lead to a corresponding 388 

decrease in the maximum hygroscopic stresses of order 25%. 389 

Figure 13 shows how such maximum stress 𝜎𝑚𝑎𝑥
𝑉𝑀  is attenuated when viscoelastic 390 

relaxation is considered, together with a finite time for water absorption and the associated 391 

hygroscopic straining. In the case where hygroscopic straining and viscoelastic relaxation 392 

occur simultaneously over time (loading case d), the resulting maximum stress is of less than 393 

5 MPa. Considering that simulations do not account for the decrease in the modulus of the 394 

matrix, and that in realistic scenarios the time scales for water saturation are much longer than 395 

the 2800 hours considered in our simulations, we conclude that the role of residual hygroscopic 396 

stresses is negligible in determining the macroscopic strength of composites subject to water 397 

absorption. 398 

We noted above that at saturation the matrix displays a free hygroscopic strain of 0.0066. 399 

Considering that the coefficient of thermal expansion of epoxies is of order 10-4 K-1, a 400 

temperature difference of order 66 K would be needed to induce a similar strain in the matrix. 401 

We also note that the coefficient of thermal expansion of glass fibres is or order 10-6 K-1, much 402 

lower than that of the matrix. We deduce that similar results as those in Figures 12 and 13, 403 

obtained with hygroscopic expansion in mind, would be obtained modelling the build–up of 404 

thermal stresses upon cooling from the curing or post-curing temperature, as well as those 405 

arising from heating during the conditioning process. This justifies the assumption, made in 406 

Section 3.1, of an initially stress-free composite microstructure. 407 

5. Conclusions  408 

An experimental testing campaign and accompanying FE simulations were conducted to unveil 409 

and understand the effects of water absorption upon the mechanical response of GFRPs for 410 

marine applications and their sensitivity to strain rate. The main conclusions of this paper are 411 

as follows:  412 

• Water absorption reduced the stiffness and tensile strength of uni-directional 413 

composites as well as the interlaminar shear strength of multi-directional composites, 414 

at all strain rates investigated. This is consequent to a decrease in modulus and strength 415 

of the matrix, as well as the weakening of the fibre-matrix and interlaminar interfaces. 416 

• Water absorption slightly increases the ductility of the composites in matrix-governed 417 

loading cases, consequent to the increase in ductility of the matrix. 418 
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• Re-drying of GFRPs after full water saturation cannot eliminate all the water absorbed 419 

and allows only a partial recovery of the original properties of the composites. 420 

• Water-saturated composites have higher strain rate sensitivity than fully dried 421 

composites. 422 

• The role of hygrothermal stresses is negligible in determining the deterioration of the 423 

mechanical properties due to the presence of viscoelastic relaxation mechanisms.  424 
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 428 

Appendix A  429 

In this Appendix we describe the Hopkinson bar system and the calculation of the history of 430 

forces F(t) acting upon the specimen during the experiment. In the Hopkinson bar system, a 431 

stress wave is generated by the impact of a projectile. The wave travels through the input bar, 432 

specimen and output bar. The waves is transmitted and partially reflected at each interface. 433 

Figure A1 shows the schematic of the system and the associated forward and backwards, 434 

respectively 𝛼 and 𝛽, waves in the input (superscript I) and output (superscript O) bars. 435 

One-dimensional wave analysis gives the stresses, at the location 𝑥𝐺𝑖
 of the strain gauges can 436 

be calculated from their measured strains as: 437 

 438 

𝜎(𝑥𝐺𝑖
, 𝑡) = 𝜀(𝑥𝐺𝑖

, 𝑡)𝐸𝑏, 

 

(A.1) 

where 𝐸𝑏 is the elastic modulus of the bar. The alpha and beta waves are calculated at the end 439 

of the input bar 𝑥𝑒
𝐼  and the beginning of the output bar 𝑥𝑏

𝑂 over the time domain (refer to Figure 440 

A1 for the meaning of each 𝑡𝑖): 441 

𝑡 < 𝑡4 {
𝛼(𝑥𝑒

𝐼 , 𝑡) = 𝜎[𝑥𝐺1

𝐼 , 𝑡 − (𝑡3 − 𝑡1)]                                                                 

𝛽(𝑥𝑒
𝐼 , 𝑡) = 𝜎[𝑥𝐺2

𝐼 , 𝑡 + (𝑡3 − 𝑡2)] − 𝜎[𝑥𝐺1

𝐼 , 𝑡 + (𝑡3 − 𝑡2) − (𝑡2 − 𝑡1)]
 

(A.2) 

𝑡4 ≤ 𝑡 {
𝛼(𝑥𝑒

𝐼 , 𝑡) = 𝜎[𝑥𝐺1

𝐼 , 𝑡 − (𝑡3 − 𝑡1)] − 𝛽[𝑥𝑒
𝐼 , 𝑡 − (𝑡4 − 𝑡3)]                                                                       

𝛽(𝑥𝑒
𝐼 , 𝑡) = 𝜎[𝑥𝐺2

𝐼 , 𝑡 + (𝑡3 − 𝑡2)] − {𝜎[𝑥𝐺1

𝐼 , 𝑡 + (𝑡3 − 𝑡2) − (𝑡2 − 𝑡1)] − 𝛽[𝑥𝑒
𝐼 , 𝑡 − 2(𝑡2 − 𝑡1)]}

 
(A.3) 
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𝑡 < 𝑡7 {
𝛼(𝑥𝑏

𝑂 , 𝑡) = 𝜎[𝑥𝐺3

𝑂 , 𝑡 + (𝑡6 − 𝑡5)]

𝛽(𝑥𝑏
𝑂 , 𝑡) = 0                                   

 

 

(A.4) 

𝑡7 ≤ 𝑡 < 𝑡8 {
𝛼(𝑥𝑏

𝑂 , 𝑡) = 𝜎[𝑥𝐺3

𝑂 , 𝑡 + (𝑡6 − 𝑡5)] + 𝛼[𝑥𝑏
𝑂 , 𝑡 − (𝑡7 − 𝑡5)] 

𝛽(𝑥𝑏
𝑂 , 𝑡) = 0                                                                              

 

 

(A.5) 

𝑡8 ≤ 𝑡 {
𝛼(𝑥𝑏

𝑂 , 𝑡) = 𝜎[𝑥𝐺3

𝑂 , 𝑡 + (𝑡6 − 𝑡5)] + 𝛼[𝑥𝑏
𝑂 , 𝑡 − (𝑡7 − 𝑡5)]   

𝛽(𝑥𝑏
𝑂 , 𝑡) = −𝛼[𝑥𝑏

𝑂 , 𝑡 − (𝑡8 − 𝑡5)]                                           
 

 

(A.6) 

The force history upon the specimen is then evaluated as  442 

𝐹(𝑡) =
1

2
{𝐴𝐼[𝛼(𝑥𝑒

𝐼 , 𝑡) + 𝛽(𝑥𝑒
𝐼 , 𝑡)] + 𝐴𝑂[𝛼(𝑥𝑏

𝑂 , 𝑡) + 𝛽(𝑥𝑏
𝑂 , 𝑡)]}, 

 

(A.7) 

where 𝐴𝐼 and 𝐴𝑂 are the cross sectional areas of the input and output bar respectively. 443 

 444 

 445 

Figure A1. Schematic of Split Hopkinson bar showing locations of strain gauges and history 446 

of forward (𝛼) and backwards (𝛽) solid waves along input and output bar. 447 

 448 

 449 

 450 
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Appendix B  451 

In this Appendix we provide the raw DMTA measurements of storage and loss moduli, shown 452 

in Figures B1a and B1b, respectively. Figures B1c and B1d display the master curves for the 453 

storage and loss moduli constructed from the raw data, using a reference temperature of 50○C. 454 

 455 

 456 
 457 

 458 
 459 

Figure A2. Raw data from DMTA measurements on the neat resin specimens and the 460 

corresponding processed master curves. a) Storage modulus as a function of temperature and 461 

frequency; b) Loss modulus as a function of temperature and frequency; c) Master curve for 462 

the storage modulus; d) Master curve for the loss modulus. 463 

 464 

 465 

 466 
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