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Abstract. This paper presents the first experimental results relative to the study
of the hygrothermal effect on the mode II fracture toughness of two commercial
epoxy resins suitable for civil engineering applications. To this scope, adhesive
joints (with adherents in Glass Fiber Reinforced Polymer – GFRP) for End Notch
Flexure (ENF) test were produced. In particular, three different kinds of sample
were considered: aging samples immersed in sea-water and tap-water at a constant
temperature of about 30 °C and unaging specimens.

The results here presented and discussed are the first ones (relative to an
immersion time of six months) of a huge experimental program still ongoing
consisting of 200 samples in total for an immersion time of fifteen months.

The temperature of the water (about 30 °C) was selected to be lower than the
resins glass transition temperature evaluated through the variation of the specific
heat capacity of the samples measured with Differential Scanning Calorimetry
(DSC) analysis followingASTME1356Standard. Experimentally, itwas observed
an increase of the fracture energy in the first months followed by a decrement.

Parallel to the evaluation of the fracture energy inmode II, thewater absorption
of each kind of resin and GFRP adhesive sample was also investigated according
to EN ISO 62:2008. The experimental results show that the equilibrium value
of water absorption of both resins is reached in about one month, while that of
GFRP samples depends on the type of liquid: three months for tap water and about
5 months for sea water.

Keywords: End Notch Flexure (ENF) test ·Water absorption · Epoxy resin ·
Glass Fiber Reinforced Polymer (GFRP)

1 Introduction

The demand for fibre reinforced polymer (FRP) composites, either for new construction
or for rehabilitation of existing structures, has been steadily increasing, especially for
applications in aggressive environmental conditions (Keller 2001, Bakis et al. 2002
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and Wang et al. 2016). Pultruded Glass Fibre Reinforced Polymer (GFRP) profiles, in
particular, are being used in a growing number of applications, including structural parts
or components of bridges and buildings (Schaumann et al. 2008, Mara et al. 2014, Keller
et al. 2015, Manalo et al. 2017, Daniel 2010).

In outdoor applications, compared to conventional materials, pultruded GFRP pro-
files offer low self-weight, high specific strength, ease of handling, durability and low
maintenance requirements. This makes them particularly well suited for harsh environ-
ments, such as waste water facilities, coastal areas and bridges in cold regions (Keller
2001, Bakis et al. 2002); despite their higher initial costs, it has been shown that compa-
rable life cycle costs and less ecological impact can be reached compared to conventional
solutions (Daniel 2010).

Although bolted connections are still the most frequent joining tecnique, bonded
connections offer significant advantages, namely the reduction of stress concentrations
in the vicinity of bolts and the inexistence of holes (Zhou and Keller 2005, Ascione
et al. 2017, Ascione et al. 2018, Razaqpur et al. 2019). For FRP adherends, further
advantages stem from the compatibility between the polymer matrix and the adhesive.
However, among other concerns (e.g., the behaviour at elevated temperature), a wider
use of bonded joints is pending on obtaining a better understanding of their long-term
behaviour. This paper presents the first experimental results obtained about the effect of
hygrothermal ageing on the fracture energy inmode II of two epoxy resins very often used
in construction applications: SikaDur 30 and Araldite. In particular, the results presented
are relative to the first six months for SikaDur 30 and four months for Araldite respect
to the overall time of fifteen months. The hygrothermal ageing was conducted for two
different environments, sea water and tap water, at about 30 °C. The temperature of the
water was selected to be lower than the resins glass transition temperature (about 55 °C
for SikaDur 30 and 70 °C for Araldite) evaluated through the variation of the specific
heat capacity of the samples measured with Differential Scanning Calorimetry (DSC)
analysis following ASTM E1356 Standard. Parallel to the evaluation of the fracture
energy in mode II, the water absorption was also investigated according to EN ISO
62:2008. The experimental results show that the equilibrium value of water absorption
of both resins is reached in about one month, while that of GFRP samples depends on
the type of liquid: three months for tap water and about 5 months for sea water.

2 Experimental Details

2.1 Materials

The adhesives investigated in this study were two bi-component paste epoxy adhesives
commercially named SikaDur 30 and Araldite produced by Sika and Huntsman, respec-
tively. As recommended by supplier’s documentation the following mixing weight ratio
were adopted: 1:3 for SikaDur30 and 1:1 for Araldite. Both components were hand-
mixed with a spatula until a homogeneous aspect was obtained. The mixing and the
curing were performed for both resins at room temperature (RT, about 21 °C) for seven
days (SikaDur30) and 1 day (Araldite) as recommended by the supplier.

A key parameter in the testing of adhesive joints is the evaluation of the Glass Transi-
tion Temperature (Tg).When adhesively bonded joints are tested below this temperature,
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the adhesive behaves like a low-strain rigid material while above this temperature it has
a more rubber-like behavior.

The glass transition temperature (Tg) of two epoxy adhesives has been evaluated by
thermal analysis performed with a Mettler DSC 822 differential scanning calorimeter
in a flowing nitrogen atmosphere. The samples were analyzed by a three-step dynamic
heating program in the temperature range 0–350 °C considering a first step from 0 up
to 280 °C with a scan rate of 10 °C min−1, a second cooling step from 280 to −50 °C
with a scan rate of 50 °C min−1 and a third step from −50 up to 350 °C with a scan
rate of 10 °C min−1. The use of such a dynamic heating program allows detecting both
the characteristic thermal transitions and the Curing Degree (CD) of the two different
epoxy adhesives.

Figure 1 shows the results of the calorimetric experiments related to the thermal tran-
sitions manifested by the adhesives. The two thermal traces show a second-order phase
transition which identifies the glass transition temperature (Tg) value of the analyzed
epoxy adhesives. The Tg values of the two analyzed systems, Araldite and SikaDur 30,
are about 70 °C and 45 °C, respectively.

Generally, the range of temperature corresponding to glass transition is strongly
dependent on the nature of the components, level of chemical crosslinks, physical chain
entanglements in the system, as well as the degree of flexibility of the polymer chains
themselves. Additionally, Tg can be significantly reduced by moisture absorption, a
factor that should be considered from a practical point of view.

The different Tg values found for the two analyzed formulations are most likely
due to different density of the crosslinking network. The DSC thermograms of the two
formulations highlight a higher crosslinking density of the Araldite-based resin with
respect to the SikaDur 30 system. Therefore a higher value of thermal energy (high Tg)
is required for the Araldite system to activate mobility of the chain segments; this makes
this system suitable for applications where a higher value of Tg is required.

Fig. 1. Glass transition temperature (Tg) of different epoxy adhesives
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2.2 Specimen Fabrication

In order to evaluate the fracture energy in Mode II, the End Notch Failure Test (ENF),
considered in the literature the most suitable characterization test (de Moura 2009), was
adopted.

The ENF test pieces consist of two GFRP plates bonded with the two structural
epoxy adhesives above mentioned. GFRP plates were 10 mm thick (t), 25 mm wide (b)
and 340 mm long (Ls) as depicted in Fig. 2. The Young Moduli of plates along the fiber
direction and that one in transversal direction were 24 GPa and 7 GPa, respectively,
while the shear modulus was 3 GPa.

Fig. 2. ENF specimen geometry, a) schematic of the sample, b) photo.

Before bonding, surfaces were grit blasted and degreased with acetone prior to the
application of the adhesive. Being the joint symmetric a pure mode II characterization
is expected (de Moura and de Morais 2008). The bondline thickness was nominally
1.0 mm. Spacers (calibrated steel bars of 1.0 mm) were inserted between the adherends
before the application of the adhesive in order to control the bondline thickness. A pre-
crack 80 mm long (ao), as depicted in Fig. 2, in the adhesive layer was assured in order
to have a stable crack growth as reported by Carlsson et al. 1986. In fact, the authors
suggested to this scope to adopt an initial crack larger than a critical value equal to 0.35 L
(2 L is the span of Fig. 3).

Fig. 3. ENF test geometry, a) schematic representation, b) photo.
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2.3 Test Procedure

A schematic representation of the ENF test is shown in Fig. 3. The evaluation of fracture
data is based on global force-displacement measurements. The sample was loaded with
a force, P, normal to the bondline, applied at the mid-span position, in displacement
control at a rate of 0.25 mm/min.

Vertical displacement was measured by a LVDT sensor placed under the specimen
at the same cross section where the load was applied (Fig. 3). The distance between
the supports (span 2L) was 300 mm. The joint was loaded continuously until fracture
initiated followed by a stable propagation. Three joints (at least) were tested up to failure
per each month and resin.

The experimental apparatus shown in Fig. 4 was used for conditioning. It consists of
a two separate plastic boxes containing sea water (sw) and tap water (tp), respectively,
both at a constant temperature of about 30 °C. The salinity, the temperature and the
pH of the sea water were continuously recorded by a redoximeter HI9829 and their
distributions over the time are depicted in Fig. 5. For the sake of clarity, oscillations
of temperature and salinity are justified by the need for adding cold water in order to
maintain the salinity in the range 36–39 PSU (typical values for the Mediterranean sea)
due to evaporation phenomenon.

Fig. 4. Immersion apparatus, a) sea water box, b) tap water box.

Forwhat concerns the tapwater, the authorsmonitoring continuously the temperature
(average value of 27.95 °C) and the pH (average value of 7.72).

2.4 ENF and Absorption Data Analysis

For the evaluation of fracture energy in mode II (GII) the Compliance-Based Beam
Method (CBBM) developed by de Moura et al. 2009 was adopted. This method is based
on the crack equivalent concept, depending only on the specimen’s compliance during
the test. Thus, it does not require crack length monitoring during crack growth which
was observed to be very difficult to perform with accuracy in the ENF test. In addition,
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Fig. 5. Graphs for sea water of salinity, temperature and pH vs time.

the equivalent crack length, aeq, accounts for the Fracture Process Zone (FPZ) effects at
the crack tip, which is not taken into account when the real crack length is considered.
GII can be obtained by the following expression:

GII =
9P2a2eq

16b2Eeqt3
(1)

where P is the load applied, Eeq is an equivalent flexural modulus calculated from the
initial compliance and initial crack length, b is the specimen width and t is the thickness
of the adherent.

The moisture uptake content (Mt) absorbed by each resin and/or specimen was
calculated according to its weight before exposure (w0) and after exposure (wt) as
follows:

Mt = 100×
(
wt − w0

w0

)
(2)

3 Experimental Results and Discussion

3.1 Water Absorption

Water absorption in the resins is shown in Fig. 6 for both type of conditioning consid-
ered. The curves reported are the average one (three samples per each adhesive were
monitored). As expected, the rate of water absorption increases with immersion time
showing a high incorporation rate at early stages and then continued to incorporate water
at a smaller rate. In particular, tw final intakes were higher than that of sw for both resins.
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More in details, SikaDur 30 final intakes were 0.71% and 0.78% for sw and tw, respec-
tively (with a difference equal to 9%). While, for Araltite the final inatkes were 3.54%
and 4.06% for sw and tp, respectively (with a difference equal to 15%). In general, it is
possible to conclude that water intake for Araldite is 5 times bigger than that of SikDur
30 irrespective of the type of liquid.

Fig. 6. Water uptake curves for epoxy resins, a) seawater, b) tap water.

As for the resins, in Fig. 7 the water absorption of ENF adhesive joints is reported.
Also in this case the curves reported are the average one (three joints per each adhesive
were monitored). As mentioned before, immersion time for joints with SikaDur 30 was
six months while that one for joints with Araldite was four months. ENF joints present
the same final water intake irrespective of adhesive used: about 3.0% for SikaDur 30
and 3.5% for Araldite. A further important result is that seawater reduces drastically the
intakes at early stages making longer the period of immersion to reach the final intake
respect to the tap water. Considering the results for joints with SikaDur 30 only, the final
intake for sw needs for five months instead of three months for tw.

Some authors attributed this phenomenon to the presence of salt in aqueous solutions
results in a lower equilibrium content, by virtue of its lower chemical activity. Another

Fig. 7. Water uptake curves for GFRP samples, a) seawater, b) tap water.
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possibility is that salts that cover the surfaces of GFRP adherends obstruct the water
permeation through the material.

The moisture diffusion here presented (both for resins and joints) could be modelled
by the one dimensional Fick model obtaining a perfect agreement between numerical
and experimental results. For the sake of brevity, this comparison was not reported in
this paper.

3.2 Determination of GII as Function of Immersion Time

Representative experimental P–δ curves of the ENF specimens for epoxy resins used
are reported in Fig. 8. The load increases until the crack initiation process is completed.
After that, the crack tip starts propagating. A continuous drop in the force is seen as
the crack continuously propagates until the crack reaches the ENF specimen’s middle
(at the time the crack approaches the loading cylinder, the load starts to increase due
to the compression near the crack tip, which obstruct propagation because of friction
effects). From Fig. 8 it can be seen that the behavior between SikaDur 30 and Araldite
is different. In the first case, the adhesive shows a linear elastic behavior up to failure
followed by a vertical drop (brittle behavior) while in the second case the presence of a
plastic zone leads to a ductile behavior.

Fig. 8. Representative experimental P-δ curves of ENF specimens for both epoxy resins (SikaDur
30 and Araldite).

The critical fracture energy in Mode II, GII, was estimated using the CBBMmethod
presented previously. Representative experimental R-curves for ENF specimens are pre-
sented in Fig. 9. The ductile behavior ofAraldite respect to the brittle behavior of SikaDur
30 is again evident in this Figure considering the increase of the fracture energy when
the crack propagates. In particular, the R-curves for Araldite rise rapidly in the initial
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stages of crack growth and gradually reach the steady state, (a stable plateau region of
approximately constant GII). While, for SikaDur 30, the brittle behavior is represented
by a steady state since the initial stages of crack growth (absence of plastic zone).

Fig. 9. Representative experimental R-curves of ENF specimens for both epoxy resins (SikaDur
30 and Araldite).

Furthermore, three different values of the fracture energy in mode II were evaluated
per each specimen: GII,Pnl, GII,Pmax and GII,Pu. In detail, GII,Pnl is the fracture energy
for the load P corresponding to the loss of linearity (nl stands for non-linear) in the P-δ
curve (in this case no FPZ is taken into account and then the equivalent crack length,
aeq, coincides with the initial crack, a0, equal to 60 mm); GII,Pmax is the fracture energy
for the maximum value of the applied load P (only the initial part of plastic zone is taken
into account and aeq is greater than a0); GII,Pu is the fracture energy for the ultimate
value of the load P corresponding to the stop of the crack evolution (crack moves from
an unstable state to stable one, the load restarts to increase). In this last case, all FPZ
is taken into account and further increments of aeq don’t alter the value of the energy
fracture (plateau of Fig. 9).

From Fig. 9 it is possible to conclude that the value of fracture energy GII,Pnl is the
same for both resins.

The effect of immersion time at about 30 °C on the fracture energy toughness is
reported in Figs. 10 and 11 for Araldite and SikaDur 30, respectively. Experimen-
tally, it was observed an increase of the fracture energy in the first months followed
by a decrement. The results obtained suggest that the temperature of 30 °C play a dual
role: it initially activates a post-curing phase with an increase of performance; it sub-
sequently activates irreversible degradation mechanisms (hydrolysis) that produce the
drastic reduction of fracture energy.
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Per each month, at least three samples were tested in order to evaluate the fracture
energy. The values reported in the graphs are the average ones.

From Figs. 10 and 11 it is possible to conclude that the immersion time has an
opposite effect on the two resins considered. In detail, the fracture process zone (FPZ)
of Araldite vanishes in the first months while, on the contrary, it increases for SikaDur
30. In fact, for Araldite, the initial value of the fracture energy (GII, Pu) degrades to the
value of GII, Pnl passing from a ductile behaviour to a brittle one; while, for SikaDur 30,
the initial value of fracture energy (GII, Pu), close to the values of GII, Pnl andGII, Pmax due
to the absence of the FPZ, increases faster than the other two, representing an increase
of the plastic zone.

Fig. 10. Araldite fracture energy durability: a) seawater, b) tap water.

Fig. 11. SikaDur 30 fracture energy durability: a) seawater, b) tap water.

4 Conclusions

The first experimental results relative to the study of the hygrothermal effect on themode
II fracture toughness of two commercial epoxy resins suitable for civil engineering appli-
cations are presented and discussed. The evaluation of fracture energy was developed
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by the End Notch Flexure (ENF). Two different kinds of conditioning were considered:
sea water and tap water at a constant temperature of about 30 °C.

The results reported are the first ones (relative to an immersion time of six months)
of a huge experimental program still ongoing consisting of 200 samples in total for an
immersion time of fifteen months.

Experimentally, it was observed an increase of the fracture energy in the first months
due to the post-curing phase of resin activated by temperature of 30 °C followed by a
drastic decrement due to hydrolysis phenomenon.

Furthermore, the water absorption of each kind of resin and GFRP adhesive sample
was also investigated. The experimental results show that the equilibrium value of water
absorption of both resins is reached in about one month, while that of GFRP samples
depends on the type of liquid: three months for tap water and about 5 months for sea
water. In general, seawater reduces drastically the intakes at early stages making longer
the period of immersion to reach the final intake respect to the tap water. This finding
could be due to both the presence of salt in aqueous solutions (resulting in a lower
equilibrium content, by virtue of its lower chemical activity) and the possibility that
salts cover the surfaces of GFRP adherends obstruct the water permeation through the
material.
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