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ARTICLE INFO ABSTRACT
Keywords: The long-term performance of Carbon Fibre Reinforced Polymer (CFRP) strengthened steel joint
CFRP/steel joints under prolonged exposure to moisture conditions is imperative in the applications of structures

Moisture effect

exposed to groundwater or seawater. Analytical models to determine the bond characteristics of
Analytical model

Adhesive degradation CFRP/steel c.omposites subjected to pl.rolongeq exposgre i.n aqueous solutions are yet to be

Interface degradation explored. This paper explores the cohesive and interfacial failure parameters of such CFRP/Steel

Bond composites theoretically. Thirty double-strap joints and twenty adhesive coupons were tested to
determine the residual strength after exposure to seawater and distilled water for 6 and 12
months. An analytical model was developed to determine the degradation of adhesive material,
bond and the interfaces of composite exposed to seawater and distilled water. The developed
model is in good agreement with test results and capable of predicting initial bond degradation
rate and stabilized degradation under-considered exposure conditions. Furthermore, the model
could predict the contribution from the interfaces, bond line, and adhesive component on the
degradation of composite in service.

1. Introduction

With a majority of the existing steel structures in the world reaching their serviceability life spans, retrofitting steel structures have
become a popular focus in the construction sector [1-3]. In that case, Carbon Fiber Reinforced Polymers (CFRP) pioneer the trends in
retrofitting materials when it comes to steel structural elements [1,4,5]. Their lightweight, high strength: weight ratio and corrosion
resistance make them an excellent candidate for retrofitting deteriorated steel structures [6].

Nevertheless, structural steel elements are often exposed to harsh environmental conditions which hinders the performance of the
retrofitting material as well [1,7]. Even though CFRP itself could exhibit excellent materials properties, when met with harsh con-
ditions, the adhesive used in bonding the CFRP to the steel surface exhibits adverse reactions. The chemical performance of the ad-
hesive was found to be severely reduced when exposed to aqueous solutions [8]. Moisture intrusion into the FRP/steel bonded joints
occurs as a result of diffusion through the adhesive or adherend, wicking along with the interface or by capillary action [9]. Zhou et al.
[10] pointed out that the water molecule entering an epoxy resin could be either (a) joining with the hydrophilic molecules in the resin,
(b) occupying free spaces in the resin or (c) bulk dissolution into the polymer would occur according to several studies. The water
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ingress into the bond line will result in the weaker secondary Van der Waals forces at the steel/epoxy interface and hence result in
debonding failure of the composite [11]. In a recent review by Li et al. [12], chlorine ingression into the adhesive when exposed to
seawater conditions was found to be damaging the interface molecular structure of the adhesive and hence degrading the tensile
performance of the adhesive. Furthermore, the experimental results of Nguyen [13] revealed that the strength and stiffness of a CFRP
bonded steel joint are mostly dependent on the change of adhesive properties when continuously exposed to seawater. They further
noted that the degradation is at its peak at the early age of the exposure condition at 20 °C. In the experiments of Heshmati et al. [14]
almost 50% reduction of the strength was noted in the specimens exposed to seawater conditions which they claim to be correlated
with the loss of adhesive ductility when subjected to wet and dry conditioning. Thereby, the degradation of adhesive properties when
subjected to sea water conditions should be expected and hence the failure modes of the composites should change accordingly.

According to Pang et al. [15] and Borrie et al. [16], there are six modes of failure when it comes to CFRP/Steel composites. (a) Steel
yielding (b) adhesion failure at the steel/adhesive interface, (c) cohesive failure in adhesive, (d) adhesion failure at the adhesive/CFRP
interface, () CFRP delamination failure, and (f) CFRP rupture. Heshmati et al. [8] noted the failure mode of the CFRP/Steel interface
to be shifting from cohesive failure to interlaminar failure when exposed to seawater wet and dry conditions. This hypothesis was
supported by the review conducted by Li et al. [12] which also suggests that the failure mode would shift from cohesive failure to
interlaminar failure when exposed to NaCl solutions.

It should be further elaborated that the surface wettability of steel would directly affect the moisture intrusion into the composite.
The surface roughness of the steel substrate would directly influence the wettability of steel as well as the bond performance of CFRP
[17,18]. In that case, Sajid et al. [17] stipulate that the smoother the surface of the steel is, the more hydrophobic it becomes. The
experimental results of both Silva et al. [19] and Russian et al. [20] suggest that when the surface roughness of the comprising material
interface is decreased, the strength parameters of the composite increase due to enhanced interface properties. Thereby, the surface
preparation conditions of the steel substrate can be established as a vital parameter in the study. Teng et al. [21] suggest that three
surface parameters; surface energy, chemical composition and surface roughness would affect the quality of adhesion between the steel
and the CFRP substrate. In this case, the surface energy of the composite refers to the “excess energy” stored at the surface of the
substrate due to the creation of the surface itself. Chemical composition refers to the chemical activeness of the surface which is free of
contaminants for better bond performance [16].

Since conducting experimental studies to evaluate the long-term performance is time-consuming and resource-intensive, the
development of analytical models may help designers to identify the bond strength performance and detail the composite to maximize
the service performance of structural thin-walled composite members. Such available theoretical models are summarized in a recent
study by da Silva et al. [22]. These analyses are developed for single and double lap joints and are capable of considering the linear and
non-linear behaviour of adhesives and adherents in two-dimensional (2D) and Three-dimensional (3D) scenarios [22]. Among these,
the Hart-smith model is often used and known to predict accurate results in the CFRP/steel joints made of ductile adhesives and elastic
adherents [23].

Although several studies have investigated an experimental approach towards prolonged exposure of CFRP/Steel composites in
aqueous solutions like seawater and cohesive failure behaviour, a limited number of studies have been focused on a theoretical
approach to predict the bond properties when the composite stimulates both adhesive degradation (cohesive failure) and steel-
adhesive interface degradation (interfacial failure) conditions combinedly as per authors’ knowledge. A majority of the previous
studies had been focused on the cohesive failure mode, whereas the theoretical approach explored in this research aims to expand the
knowledge on CFRP/Steel bond performance at prolonged environmental conditions by including the interfacial parameters to the
equation.

2. Test program

Thirty double strap joints were prepared. The summary of the specimen details is listed in Table 1. In addition, twenty adhesive
coupon tests were also carried out to determine the adhesive degradation behaviour with long term conditioning.

2.1. Material properties
5 mm thick steel plates were used to prepare the double strap joints. The normal modulus, unidirectional CFRP sheets [24] and a

two-part epoxy adhesive [25] were used for strengthening. The mechanical properties of both adhesive and adherents were tested in
accordance with the ASTM standards [26-28]. The test configuration and measured properties are shown in Table 2 and Fig. 1.

Table 1
The summary of the specimen details.
Environmental exposure condition Exposure duration (Months) No. of specimens tested
Unconditioned (Control) 0 6
Prolonged exposure to 5% NaCl solution (SW) 6 4
12 4
Prolonged exposure to distilled water (DW) 6 4
12 4
5% NaCl solution and Wet/Dry Cyclic condition (AC) 6 4
12 4
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The fabrication of adhesive coupons was carried out as per ASTM D 638 test standards. Type II [26] coupons with a thickness of
7 mm were used and moulds cut into a thin aluminium sheet was used to obtain the sample as per the standard specifications. In order
to take the time-dependent adhesive properties, material testing was done at 6 months and 12 months of exposure durations for SW and
DW conditions. This was done with a total of 20 adhesive coupon specimens and the test results are discussed in Section 3.1.

2.2. CFRP/Steel double strap joint preparation and conditioning

A schematic diagram of a double strap joint specimen is shown in Fig. 2. The lengths L, and L, were chosen by a test series carried
out to determine the effective bond length of CFRP/steel joints by Chandrathilaka et al. [1]. According to the test results, the minimum
required bond length was identified to be 110 mm [1]. Furthermore, it was decided to use unequal lengths for L; and Ly to eliminate
the uncertainty of the debonding location which is a popular trend in literature [7,29]. This way, instead of monitoring the whole
sample, the shorter length side will be focused and observed [7]. Hence, L; and Ly were chosen as 115 mm and 120 mm, respectively,
where both are higher than 110 mm and one side shorter.

Surface preparation was carried out by grinding the surface using a grinder and adopting a primer coating to obtain an even surface.
The wet-lay-up method [30] was followed to attach the CFRP sheet to the steel joint [31]. For the wet-lay-up method, first, a primer
was applied to the sample surface. Then the two-part epoxy resin was mixed and the CFRP sheet was impregnated with the resin before
applying to the surface. Next, the CFRP sheet was carefully placed on the prepared sample and evened out using a spatula. The samples
were cured for 7 days at room temperature (28 °C) before environmental conditioning. Strain gauges were also attached to the CFRP
layer surface at 35 mm and 90 mm from the loaded edge to monitor the strain variation of each joint (Fig. 2(b)). It is worth noting that
the gauges were placed on the shorter bond length (L;) side which will be closely monitored.

Three different exposure conditions; (a) prolonged exposure to seawater (SW), (b) dry/wet exposure to seawater (AC) and (c)
prolonged exposure to distilled water (DW) were considered. The seawater condition was simulated by adding 5% NaCl to the distilled
water by weight. The dry/wet exposure was achieved by immersing test samples in the 5% NacCl solution for 2 months and keeping
them in a dry-indoor environment for the next 2 months. The exposure periods of 6 and 12 months were considered for all the above
conditions. At the end of the exposure period, the bond strength was determined at ambient conditions (Fig. 3). The load and strain
measurements were monitored during testing.

3. Test results

The performance of a composite joint depends on the behaviour of individual materials and interfaces between the substrates.
Hence, the results presented here are in terms of both material and interfacial degradation caused due to moisture ingression.

3.1. Material degradation

The moisture intrusion affects the strength depletion of bonded joints as well as the individual joint components. The adhesive
material and the CFRP resin tend to degrade at a higher rate, compared to the Carbon fibres or the steel substrates. Since no signs of
fibre rupturing were seen in the failed specimens, a lower rate of CFRP material degradation can be assumed at all exposure conditions
in the current study. This assumption had been validated by previous studies for the exposure duration of 360 days [13,14]. Hence, the
adhesive strength degradation was considered as the key issue.

3.1.1. Adhesive strength degradation

Fig. 4(a) & (b) show the degradation of tensile strength and E-modulus of the adhesive material subjected to prolonged exposure to
seawater and distilled water for 12 months. Experimental adhesive strength results under seawater immersion were compared with the
results obtained by Nguyen et al. [13]. Since the results by Nguyen et al. [13] were obtained for a different temperature level (i.e.
20 °C), a theoretical model was used to calculate the adhesive strength degradation rate (k) at the temperature level considered in the
present study (i.e. 28 °C — room temperature). The Arrhenius equation is used as a formula for the temperature dependence of reaction
rates. The modified version of the equation was considered and adjusted accordingly. This was assuming that the two adhesive strength
degradation rates at 28 °C and 20 °C are k; and k; respectively.

kl =k2 * exp (Ed/ R) * (T2-1 - T1-1)= - 0.0035126

Where,

Table 2

Measured mechanical properties of the materials at ambient conditions.
Mechanical property Adhesive CFRP Steel
Average Ultimate Strain 0.012 0.009 0.007
Average Ultimate Tensile Strength (MPa) 24.10 1575.00 583.00
Average Yield Tensile Strength (MPa) - - 512.00
Average Modulus of Elasticity (Along fiber direction) (GPa) 1.900 175.60 206.30
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(b)

Fig. 1. Test coupons: (a) Steel (b) Adhesive (c) CFRP sheet.

Joint location (2 mm)

P |y ’ / , f t 5 mm
Steel plate CFRP  sheet Adhesive layer
0.18mm tk) (<1 mm tk)

(a) Side View

90 mm
Y* X* 38 mm
X A 35mm

Strain\gauges on CFRP ~ 326 mm

surface
(b) Plane View

Fig. 2. (a) A schematic diagram of double strap joint (b) Sample specimen.

— ko is —0.0021 per day [13],

— Eq is the activation energy or the minimum energy required for moisture diffusion (47.15 kJ/mol K),
— R is the universal gas constant (8.3143 J/mol K),

— Ty is the exposure temperature of the study by Nguyen et al. in Kelvin (293 K)

— T is the exposure temperature of the present study in Kelvin (301 K)

A similar Eq value had obtained from a past study [32] and it can be experimentally determined using the Arrhenius type equation
and moisture diffusion data [32].

Then, the adhesive strength degradation behaviour over time was obtained using the following Phani and Bose model equation
[33]:

Ga(t) = (6(0) — G (o) €XP (K¥t) + G (o)

Where,

o, a(t) is the adhesive tensile strength after the exposure duration “t”,
O(o) is the adhesive strength at ambient conditions (100%)

0 () is the ultimate asymptotic adhesive strength in moisture (62%) [13]
k is the adhesive strength degradation rate

t is the exposure duration considered
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Fig. 3. a) Sample specimen b) Test set up and instrumentation.
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Fig. 4. Normalized degradation behaviour of mechanical properties of adhesive in sea water and distilled water at ambient temperature (a) Tensile
Strength (ft,a) (b) Elastic modulus (Ea).

The model predicted adhesive strength degradation plot is well-compared with the experimental results in Fig. 4(a). It is noted that
the rate of degradation of the adhesive mechanical properties is higher in the DW condition compared to the SW condition [14]. Even
though the adhesive tensile strength degradation is somewhat similar, Elastic moduli have a comparative difference between both
conditions. This may be due to the different moisture absorption rates in seawater and distilled water exposures.

3.2. CFRP/steel bond degradation

3.2.1. Failure mechanism

The failure mode of the unconditioned (control) samples showed a combined behaviour of cohesive failure and interfacial failure
modes (Fig. 5). Long-term exposure to the simulated seawater tended to change the failure mode completely towards an interfacial
failure mode. This implies that the rate of degradation of the interfacial bond performance in the surface between steel and the ad-
hesive is higher when compared to the individual degradation rate of the adhesive or the CFRP material. Several research studies have
witnessed a similar change in the failure mode of the long-term exposed specimens, i.e. a shift from cohesive failure (adhesive failure)
to interface failure, due to moisture ingression into the interface [11]. However, some studies also observed no change in the mode of
failure which remained to be a cohesive type in both control and conditioned samples [13]. Studying the effects of the exposure
condition on the adhesive degradation solely revealed the joint strength degradation behaviour of such situations.
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Discolouration of the Slightly corroded edges
sample

Slightly corroded edges

a)

iscolouration of the sample

Slightly corroded edges

Heavily discoloured sample Heavily corroded edges

Corroded edges

e) f)

Fig. 5. Failure modes of the specimens: a) Distilled water at ambient temperature (Ave. 28 °C)/Conditioning period - 6 months b) Distilled water at
ambient temperature (Ave. 28 °C)/Conditioning period - 12 months c) Simulated seawater (5% NaCl) at ambient temperature/Conditioning period —
6 months d) Simulated seawater (5% NaCl) at ambient temperature/ Conditioning period - 12 months e) Dry /wet cyclic condition in simulated
seawater — 5% NaCl at ambient temperature/ Conditioning period - 6 months f) Dry /wet cyclic condition in simulated seawater — 5% NacCl at
ambient temperature/ Conditioning period - 12 months.

All the specimens showed a discolouration when the samples were removed from the immersion basin, which occurred due to the
accumulation of corrosion products. This was noticeable even after 6 months of the exposure period and the extent of the dis-
colouration had increased in the following 6 months. Except for the specimens submerged in a simulated seawater bath, all other
specimens showed corroded edges on the bonded region. This was significantly observed in dry/wet cyclic conditions and almost 50%
of the surface was covered with rust after 12 months of the exposure period (Fig. 5). Remarkably, the continuous exposure to seawater
showed a clearer surface in the bonded area compared to other samples (Fig. 5). This can be attributed to the fact that the larger
molecular size of saltwater decelerates the moisture diffusion to the bond through the outside adherend or wicking. When the joints
were exposed to a dry condition after saltwater immersion, condensed salt particles get accumulated on the joint and accelerated the
corrosion process in the following wet period. Thus, the wet/dry cycles caused an adverse condition for the durability of the bonded
joint and precautions should be taken like applying silane coupling agents [11] to prevent the interfaces from damage. However, since
the corrosion was seen on the edges of steel plates, moisture ingression to the joint in the current study was mostly due to the wicking
along the interface.

3.2.2. Bond strength and strain variation of double strap joints

Fig. 6 shows the residual bond strength capacities of the conditioned specimens in 6 months and 12 months of exposure durations.
In 6 months, the bond strength degradation of both DW and SW samples was about 28%. This implies a similar rate of interfacial
degradation in both conditions irrespective of the alkalinity percentage in the water. Further, if the outliers were disregarded, the
variation in the joint failure load followed the adhesive degradation rate in DW condition as shown in Fig. 4. This implies that at the
early age of exposure duration, the degradation rates of adhesive and the interfacial fracture energy due to moisture is similar. Within
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Fig. 6. Bond strength degradation of CFRP/steel joints with exposure period.

the following 6 months, DW samples had lost a further 16% of their joint strength and SW samples showed a negligible variation. In the
DW condition, moisture ingression continued, and it further degraded the interfacial properties. However, a decreased rate of
reduction was observed. That must be due to the positive reinforcement of adhesive plasticization which allowed the adhesive to
spread through the bond surface. The results of the SW condition confirmed that bond strength degradation is severe in the early ages
as the first 6 months as observed by Nguyen et al. [13]. A negligible bond strength degradation was then followed may be due to the
larger molecular size of saline water particles which hindered further ingression of moisture which clearly showed in the failed
specimens.

The strain readings of the control specimens at 35 mm and 90 mm away from the joint showed decreased stress distribution further
away from the joint (Fig. 7). A greater slope in the strain readings at location Y was observed with respect to the strain readings at X.
After 12 months of exposure duration, DW samples showed a significantly lower yield point with strains less than 500 micro strains.
Interestingly, strain readings of SW samples showed strain variation similar to each other at both X and Y locations.

AC samples had lost nearly 50% of their initial bond strength in 6 months. After 12 months of exposure duration, the bond strength
had further reduced up to 63%. Since the interface degradation is more critical in the cyclic exposure to seawater, the lowest ultimate
bond strength was achieved in AC specimens, as expected.

4. Theoretical modelling of long-term performance of CFRP/steel joints
The experimental results showed the adhesion failure modes as the dominant failure mode which implied the impact of both

interface and adhesive degradation. The residual joint strengths in the adhesive failure mode (cohesive)were theoretically estimated
using the available variation of material properties of the adhesive throughout the exposure period. The Hart-Smith (1973) model [34]
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9
<
<15
.g —»Control - Y
3 10 ——SW-X
% o-SW-Y
6 5 Distance from the joint *—DW - X
X=35mm, Y =90 mm —=DW -Y
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0 1000 2000 3000 4000

Micro-strain (me)

Fig. 7. Strain variation of CFRP/steel joints at 12 months of conditioning.



U.N.D. Perera et al. Case Studies in Construction Materials 16 (2022) e00949

was used for this purpose. This model had been successfully used in the previous studies to predict the residual CFRP/steel joint
capacities in both moisture environments and elevated temperatures [13,35]. Since it was developed considering the non-linearity of
the adhesive, the model predicts the ultimate load of the joints which failed due to the depletion of the adhesive rather than the
interfacial properties.

4.1. The time-dependent effective bond length

The maximum joint strength could be achieved only if the minimum bond length is provided in the double lap joint. Hart-Smith
[34] suggested the following equation (Eq. 1) to predict the minimum lap length which can develop the maximum joint strength.

Linin = P/ (2% (1) @

Where P is the ultimate failure load per unit width of the joint and t4t) is the adhesive shear strength. However, on account of long-
term exposure conditions and possible imperfections in fabrication Hart-Smith introduced Eq. (2) to calculate the practical design lap
length (Legr) of a double lap joint.

Oulr . ti 2 Ga ([) 1 2
Leff = ——— Zwhereh = = 9
¢ 7 (1) + 7 ere \/ t, \Eot, + Eit @

Where, 6, is the ultimate tensile strength of steel, G4(t)is the shear modulus of the adhesive, E and t denote the elastic modulus and
the thickness of the respective inside (j)and outside (,) adherents and ¢, is the adhesive thickness. The adhesive shear strength pa-
rameters involved in this equation are time-dependent variables. The following Eqs. (3) and (4) [31]were used to determine these
parameters with the available results of 0,4(t) and E,(t) in Section 3.1.

_ Eq(t)
G, (1) = D)) 3)
7 (t) = 0.8 01, (1) (C)]

Fig. 8 shows the variation in the required bond length with the exposure duration. The curves for Lei(SW) and L.if(DW) denote the
theoretical bond lengths obtained from Eq. (2). As per these plots, the minimum effective bond length required at ambient conditions is
136 mm (Legt (—0)) theoretically whereas in this research it was found as 110 mm experimentally (Lmin, Exp (t=0))- The 23% difference in
the values must be taken into account for the tolerance provided in theory for fabrication considerations in the early age of exposures.
The required time-dependent variation of the required bond length in the present study (Liin,exp) Was then generated observing the
trend of the model predicted curve (Fig. 8).

According to Fig. 8, the bond length requirement increases with the variation of adhesive shear parameters over time as depicted by
Eq. 2. Thus, the lap length of the specimen should be initially designed with the maximum bond length requirement based on the
exposure duration. In fact, the experimental determination of effective bond lengths for different exposure durations requires a higher
resource allocation. Thus, based on the current study, the following relationships were derived for the practical design bond length
required (Legr,q) in double strap joints with CFRP sheets and manually ground steel surfaces when exposed to DW and SW conditions.

L eff,d (SW) — Lmin,Exp+ AL dur (SW) + AL dev (5)

L effa W) = LminExp + A L qur W) + A L gev (6)

Leff (SW) - Eqn 2 Leff (DW) -Eqn 2
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Fig. 8. Variation of effective bond length over time in DW and SW conditions (Points A, B and C refer to Leff(t = 0) = 136 mm, Lmin,Exp (t = 0)=
110 mm and Lprovided = 115 mm).
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Where A L 4 is the additional bond length required due to the long-term exposure and A L 4oy accommodates any deviations that
might occur due to unexpected issues in joint fabrication.

Consider the graphs, Ly exp (sw) and Liin,exp (ow) in Fig. 8. In both cases Liin exp(t=0 is 110 mm. In that case, ALqy, is the difference
between the minimum and maximum points as shown in Fig. 7. (A L gqur (sw) = 30 mm, A L gur (ow) = 40 mm). Since the adhesive
mechanical properties are almost in an asymptotic state after the exposure to 12 months of duration, as shown in Fig. 4, a barrier of
10 mm would be sufficient for the future variation of material properties. A minimum of 10 mm allowance can be accommodated for
ALgey. Thus, the additional bond length required due to the long-term exposure to SW and DW conditions for more than 360 days were
obtained as 40 mm (30 + 10 mm) and 50 mm (40 + 10 mm), respectively.

4.2. The joint strength degradation

The following Hart-Smith model equations (Eqs. 7 and 8) were considered to calculate the joint strength per unit width of the
double-lap joints with a single layer of CFRP adherend.

E;t;
2E,t,

Pi(t) = \/|:2.Tf.ta (057, + yp).Z.E,.t,-(l + )}, where, 2E,t, > Eit; ()

2E,t,
Po(t) = \/{Z.Tf.ta (057, + 71,).4.Eu.t0<1 +

iti

)}; where, 2E,t, < E;t; 8)

Where, y. and y, are the elastic and plastic adhesive strains, respectively and P;(t) /P,(t) refers to the ultimate load per unit width in
the respective condition. E and t denote the elastic modulus and the thickness of the respective inside (;)and outside (,) adherents and ¢,
is the adhesive thickness. The unknown adhesive strain properties over time were calculated using the relationships as in [13,34].

ri= L ©
B0 =3 7.0 10)

In the current study, 2Et,<Eijt; and hence the Eq. (8) was used. The joint failure load Ps,; was then achieved as recommended in the
Hart-Smith model (Eq. 11 and 12). The width of the joint (b) is 38 mm.
If the bond length (Lyrovided) <Leff(t)

Pfa[l = bPa (Z)~(LProvided/Lq[[) (1 1)
Otherwise
Py = b.P,(t) 12)

Theoretically predicted bond strength capacities from the above equations were then compared with the experimental results for
both SW and DW conditions (Fig. 9). These plots prove that a greater strength could be expected when the failure was merely due to the
adhesive degradation being provided with better interfacial properties and adequate lap lengths. According to Fig. 9(b), the theoretical
and experimental curves seem to be similar for the provided lap length, Lp;ovigeq- This implies the bond strength of CFRP/steel joints in
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Fig. 9. Comparison of experimental and model predicted joint strength degradation over time (a) DW condition (b) SW condition.
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a seawater condition was mainly dominated by the degradation properties of the adhesive. Thus, the designers should focus more on
this matter at the preliminary design stage. However, extra precautions against galvanic corrosion might be needed for the durability of
the bond.

In DW condition (Fig. 9(a)), the model predicted bond strength curve when provided with Leg predicts no bond degradation
throughout the exposure period. The reason is the decrement in the stress concentrations in the joint induced due to the plasticization
effect of the adhesive with the absorption of water. On the contrary to SW immersion, a gap was observed in the curves related to
Lprovided<Lefr (Fig. 9(b)) which indicates an additional bond strength reduction due to steel-adhesive interface degradation. By ana-
lysing these plots, a primitive theoretical relationship between adhesive failure and interface degradation could be derived as follows.

At a time (t) where 0 < t < 365 days and 2Et,<FE;t;;.

Fur= Fadnt Fint

Where Fy; is the ultimate bond capacity, Faqn is the bond capacity of the degraded adhesive and Fjyis the adhesion bond capacity of the
degraded interface.

If Faqnh was expressed as a percentage of Fyj; Fagh = n * Fye.

The factor “n” depends on the surface energy of the substrates and its value was determined from the trendlines of the bond strength
degradation curves in Fig. 9(a).

IE—06  ##—0.0009.7+ 09165
1IE—06 2 —0.0015.t+0.9296

n= 0.0012.t+  0.9491

Fin= Fui- Fagh = Fu- n * Fuy = (1-n) Fye = (0-0509 - 0.0012-t) Fuy

(0.0509 — 0.0012.0F,;
Thus, F;, F, = =  — 0.009.r 00395 ~ — 0009+t— — 0. .
o / o (000121 + 0.9491)F,, + . 9%«

According to the above-mentioned derivation, the effect of long-term joint strength degradation due to interface degradation is
approximately 1% of the contribution from the adhesive degradation, at a time (t). In the present study, since the surface roughening
was achieved by grinding this relationship may be valid only for such manually ground steel surface conditions. Thus, to minimize the
interface failure in a DW condition, bonded joints should be provided with an adequate bond length as suggested in Section 4.1 along
with a better surface treatment process.

5. Conclusions

Both double strap joint specimens and adhesive coupons were subjected to different exposure conditions for up to a year. Prolonged
immersion in distilled water, seawater and cyclic exposure to seawater conditions were considered. The bond strength degradation,
strain variation and failure modes were experimentally evaluated. The following conclusions were made:

1. The material testing results showed higher degradation rates for adhesive strength and elastic modulus in distilled water immersed
conditions compared to seawater immersion in 360 days.

2. The bond strength degradation results over the exposure time showed the highest degradation rate of about 63% in cyclic exposure
conditions. The residual joint strength capacities were similar for both SW and DW conditions for up to 6 months. After 6 months, a
negligible bond strength degradation in SW condition was observed and the specimens exposed in DW condition degraded further
up to 40%.

3. Special attention should be given to providing adequate bond length in the specimens exposed to long term environmental con-
ditions since the required bond length increases with the exposure duration and environmental condition due to strength degra-
dation. In the current study, required bond lengths at one side of the joint in SW condition and DW condition were found to be
160 mm and 170 mm, respectively. Based on the current study, two equations were developed to calculate the required bond
length in saltwater and distilled water immersion and those are in good agreement with current and previous test results.

4. A theoretical model was developed using the concept in the Hart-Smith model to predict the long-term bond characteristics under
long term exposure to DW and SW conditions. The model results were in good agreement with the tested results. This model can
effectively be used to determine the required CFRP bond length and performance in SW and DW conditions.

5. The theoretical analysis confirmed that the cohesive failure mode could be ensured for both DW and SW moisture conditions if the
above-mentioned effective bond lengths were provided along with a proper surface treatment method. The service performance of
specimens immersed in SW was mostly dependent on the adhesive properties while the DW conditioned specimens were affected by
both adhesive and adhesion degradation.

6. It is identified that the effect of long-term joint strength degradation due to interface degradation is approximately 1% of the
contribution from adhesive degradation, at a time (t).
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