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Abstract

:

This paper aims to investigate the interface efficiency of Carbon Fiber Reinforced Polymers (CFRP) adhesively bonded on concrete, a commonly used retrofitting measure applied for enhancing the deformability and strength of decaying structures or existing ones with low capacity. The efficiency quantification is expressed with the Interface Capacity Index (IC). The index correlates the thickness and strength of each layer of the strengthening system and accounts for the transferred loads (ICL) and the strain distribution that causes the failure propagation on the concrete substrate (ICfp). The investigation focuses on different CFRP strengthening schemes (laminated fabrics, prefabricated plates, Near Surface Mounted bars-NSM) applied to concrete substrates using different adhesive layers. Two cases were studied for different levels of concrete’s integrity: (a) healthy and (b) containing corrosion products. The experimental results were used to calibrate the numerical models and to evaluate the effects of different strengthening strategies. The results show the tendency of the strengthening systems to shift the interface performance from fully elastic to non-linear. Further, the quantification of the efficiency of retrofitting can be addressed by accounting for the mechanical and geometrical properties at the interface level, representing different failure modes and integration levels.
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1. Introduction


Over the last 40 years, the existing building stock and structures designed with older codes, decaying or with low-capacity levels need strengthening. Various strengthening schemes for reinforced concrete (RC) members have been developed, among which externally bonded composites, i.e., Fiber Reinforced Polymers (FRPs) made of glass, carbon, or other kinds of fibers, have received the most attention. Extensive research has been conducted regarding the shear stresses between composites and concrete [1,2,3,4], as the key element for successful and efficient retrofitting.



A retrofitted cross-section is expected to function monolithically, with no significant failures and slips, especially in the compression zone. The use of FRPs orientates towards enhancing the deformability of the strengthened structural members since the FRP retrofitting measures are not used to increase the stiffness of the element. These measures are applied with the use of adhesive layers of various classes fulfilling the requirements of international standards, e.g., EN 1504-4 [5]. Standard epoxy adhesives normally show high tensile modulus and lead to brittle fracture of the adhesive. It is commonly accepted that the concrete (substrate) is considered the weakest link of a strengthening system. Especially, if the substrate is initially damaged (extensive cracking) or is exposed to extreme conditions and therefore needs repair, e.g., corrosion cracks, it is the area where it is expected to initiate the failure mechanism of the strengthening scheme. The example of corrosion is a common real problem in both buildings and infrastructure assets. The crack initiation of corrosion creates a crack pattern opened in parallel to the reinforcement rebars that reduces the tensile strength of concrete [6,7,8,9]. Hence, it influences the bond of the substrate and the strengthening system [10,11], which is crucial to fulfilling the threshold of EN 1504 Standard of tensile concrete strength equal to 1.5 MPa [5,12]. Since it is the path expected to function properly to transfer loads to the FRP material, the interaction of the substrate and the adhesive layer is critical for the quality of strengthening.



The force transfer ratio and the failure propagation of the substrates are two key elements for defining and quantifying the efficiency of the interface. Towards the direction of monitoring the substrate’s failure propagation, especially with different kinds of adhesives, it is common to use toughened epoxy adhesive layers as part of the strengthening schemes for RC members. The toughened adhesives are expected to absorb more energy before debonding, especially under dynamic loads [13]. Toughening is accomplished by incorporating Polyurethane (PU) rubber-like particles into the two-component (2C) epoxies [14]. To increase the level of toughness, different solutions are possible, all aiming at high amounts of elastic particles, as small as possible in size and well-connected but also distributed properly in the primarily stiff epoxy matrix. Sikadur® 370 is a newly developed toughened epoxy adhesive combining high toughness with higher stiffness and strength, also showing a high fatigue capacity [15,16]. This makes it ideal for strengthening steel substrates in retrofitting applications [17]. Its good adhesion and anti-corrosion performance makes it an optimal solution to be applied in extreme corroded environments even onto concrete substrates [18].



Many researchers studied the application of FRP to concrete members and proposed different performance, damage, or capacity indices [19,20] to assess the efficiency of the FRP reinforcement. The conceptualization of these indices is mainly based on stiffness, fundamental period, displacements and ductility, total or hysteresis dissipated energy, or a combination of the above [20]. Although these indices give an indication of the performance of the structural element, they do not consider the interface behavior of the concrete substrate and the bonded FRP. Codes have proposed an efficiency index [21] for taking into consideration a smaller strain value for the fibers of the FRPs for confinement design [22,23]. Despite the usefulness of those indices that correspond to a specific damage/performance level of the structural element, there is a gap in an expression that gives indications regarding the interface behavior and integration level of the FRP to the concrete substrate with a greater goal to define the monolithicity level achieved. There are many studies regarding the bond-slip law of FRP to concrete interfaces [24,25,26,27,28,29,30], yet there is a lack of a simplified expression to give indications for the interface and be taken into account during the design of the retrofitting measure. In a similar case, the concrete-steel interface efficiency was studied in [31], where an interface efficiency index was proposed to quantify the shear transfer between concrete and steel rebar. The success of this simple expression provides a possible resolution for the quantification of the interface behavior of the concrete substrate and the bonded FRP.



To investigate the trend of the interface efficiency index for different strengthening strategies, numerical and experimental works are essential. The interaction with the concrete substrate to the dislocations imposed is usually examined with double-lap shear tests with the FRPs applied to concrete prisms. The bond behavior between the concrete surface and the composites has been investigated widely with single or double lap shear tests of various setups. These configurations permit the direct examination of the shear stresses of the interface. The differences in the methods rely on the premature failures that may occur or even relative slips [32,33,34,35,36]. A modification of the classic double-lap shear setup was made and a direct measurement of the shear resistance and slip was achieved.



Laboratory investigation also included the simulation of extreme corrosion exposure conditions [11,37,38,39,40]. For these reasons, the concrete blocks were exposed to wet and dry cycles to accelerate the corrosion effect.



Based on the above review, there is a clear need to quantify the efficiency of the different strengthening systems using toughened adhesives. This study proposes a new Interface Capacity Index (IC) to describe the efficiency of the interface by using a simple expression. The IC is used to explain and quantify the interfacial efficiency of FRP applied on concrete substrate, by examining the load transfer capacity, as well as the failure propagation and the kind of failure using an Interface Capacity Index (IC). Numerical and experimental studies are carried out, as part of a wider and expanded experimental campaign, to examine different FRP strengthening types, different kinds of the epoxy adhesive layer, and the effect of corrosion products laying on the interface. Improving the strengthening measures is investigated using toughened adhesive layers, having a lower stiffness matrix and permitting higher fracture energy.




2. Efficiency of Interfaces-Methodology


2.1. Capacity in Transferring Loads


The capacity of the strengthening system to transfer loads depends heavily on the type of FRP applied, the area in contact, and the connection layer (epoxy adhesive) as well as the initial structural integrity of the concrete substrate in which it will be embedded. Theoretically, the integration of the FRP system creates a monolithical cross-section in which the composite plays the role of the externally bonded reinforcement. However, due to the relative slip between the connected materials and the potential or progressive crack opening at the concrete substrate, this is not fully feasible [41]. Full integration would mean that the force is gradually transferred to the FRP on the whole with no abrupt failures or debonding of the elements of the system, e.g., concrete and adhesive layer, meaning that the cross-section would continue to bear stress and strains. A low integration level would denote that once the strengthening system starts bearing loads, debonding occurs. The integration level can also be reduced due to the existence of undesirable particles on the surface of the application of the retrofitting, even if properly cleaned according to technical specifications. This can be the result of pitting corrosion, for instance, in the case of accelerated corrosion or uniform distributed corrosion evident, especially if the retrofitting has been applied at the very early stages and products continue to leach [42].




2.2. Capacity of Limiting Failure Propagation


The failure propagation at the substrate level is crucial. The strain distribution and the crack opening create discontinuities and disruptions in the load path. As such, the crack propagation decreases the integration level and the monolithicity of the interface of the retrofitted cross-section. The type of FRP strengthening measure chosen indicates the development of different crack patterns under overloading conditions. For example, stiffer FRPs such as prefabricated plates, present a brittle debonding failure mode, whereas in FRP laminated sheets strengthening solutions, there are less abrupt force disruptions due to the crack propagation. This kind of crack and stress distribution along the interface vary also when different kinds of adhesives are used. Toughened adhesives that connect the composites and concrete absorb more energy since the cracks are re-directed when they encounter a rubber-like particle and propagate longer at the adhesive, enhancing the efficiency of the intervention.




2.3. Proposed Efficiency Indices


The privilege of the proposed index is mainly in involving the mechanical and geometric properties of the layers of the interface area created by the concrete substrate, the adhesive layer, and the FRP. It does not depend on the performance of the element at the ultimate stage and depicts the integration level even for service loads. The integration is indirectly understood by the quantification of the efficiency level and the corresponding failure mode as well as the type of FRP used.



For the proposed index, the quantification of the interface efficiency derives from (a) the capacity to transfer loads to the composite material and (b) the damage dislocation from the substrate (concrete) to the connection layer (epoxy adhesive). The expression of this quantification is the proposed Interface Capacity Index given by Equation (1):


  I C =   a ·   I C   L   + β ·   I C   f p      



(1)







The coefficients a and β represent the substrate’s initial condition: coefficient α equals 1 in cases where the integrity is not affected and corresponds to a fully healthy concrete element. The value can fall up to 0.8 when for e.g., corrosion has initiated and the products are obvious at the surface of the element. Coefficient β expresses the existence of initial cracks. The values of β range from 0.7–1. It is equivalent to 1 when the initial cracking is of limited width (w = 0–0.35 mm) whereas β can fall up to 0.7 in cases where the cracks’ width is larger than 1 mm.



The IC index is the sum of the two different factors, ICL for the interface capacity in transferring loads and ICfp for the interface capacity of damage dislocation. Both factors correlate the mechanical properties and thickness of the layers of the strengthening system, by considering the ratios of a macroscopic property over the mechanical one (      t   r       f   r     ,       t   f       f   f      ). This aspect ratio represents the abrupt changes due to cracking over the yield tensile strength of each layer along the bonded length Le transforming their relationship with the classification of the efficiency into a linear form. Whereas the aspect ratio of the moduli of elasticity of the adhesive layer and the FRP system (      E   r       E   f      ) shows the ability of the intermediate layer of the composite material and the substrate to deform. The higher this ratio is, the higher the cracking propagates to the adhesive, absorbing more energy. Equations (2) and (3) below summarize the above:


     I C   L   =      L   e     L   ·       t   r       f   r           t   f       f   f          →   I C   L   =      L   e     L   ·     t   r       t   f     ·     f   f       f   r        



(2)






    I C   f p   =     E   r       E   f     ·     L   e   ×   W   e     d × L    



(3)







The factor Le corresponds to the effective bond length of the composite material and is adopted according to the Eurocode 8 regulation [43] and is given by Equation (4):


    L   e   =      E   f     · t   f     4 ·   f   c t m       



(4)




and We correspond to the active width of the composite and it is assumed to be decreased per 20% of the initial width. This decreased width represents the different manufacturing processes of the various FRP types and the corresponding response in energy release when the FRP itself starts developing fracture or when delamination begins [43,44]. In the above equations, tr and tf are the epoxy and composite’s thickness, fr and ff are the tensile strength, Er and Ef are the moduli of elasticity for the epoxy adhesive layer and the FRP, respectively, and lastly, fctm is the tensile strength of concrete. Finally, d corresponds to the height of the cross-section where the FRP is applied and L is the axial length of the element.





3. Experimental Campaign


3.1. Double-Lap Shear Test Description


This study employs a modified double lap shear test configuration, as depicted in Figure 1. Unlike the conventional setup with two concrete blocks, our approach utilizes only one concrete block to which the FRPs are applied and securely fastened to the protruding end. The concrete block rests on a hollow support (Figure 1a), allowing for slip, and is suspended from the gripped ends of the FRPs attached to a sturdy steel frame (Figure 1b). The gripping steel plates were adapted with a wedge shape, as shown in Figure 1c, particularly for NSM bars. This modification minimizes relative slips, eliminates slips at the gripped ends, and facilitates direct shear stress measurement. The tests were conducted on a compression machine at a speed of 1 mm/min under room temperature conditions (20 °C). Deformation measurements of the central part of the CFRP at the central path (Figure 1a) were recorded using a high-precision laser sensor. Additionally, two Linear Displacement Transducers (LDVT) with a maximum capacity of 100 mm were employed to measure the displacement at the loading end of the concrete block and the grips.




3.2. Preparation of Specimens


3.2.1. Materials


This study comprises twenty-one concrete blocks, each measuring 150 × 150 × 250 mm, prepared in accordance with [44,45,46,47,48,49]. The concrete mix employed had a 28-day compressive strength of 37.5 MPa (CEMI, 42.5R, ω/c = 0.60), corresponding to a tensile strength of 3 MPa (Table 1). The choice of concrete mix aimed to ensure workability for prism casting and susceptibility to corrosion [50]. All blocks incorporated an 18 mm diameter steel rebar (500 MPa) placed longitudinally in the middle of the cross-section. Three distinct commercial CFRP strengthening schemes were selected (laminated sheets, prefabricated plates, and NSM). Laminated sheets and Near Surface Mounted bars exhibited higher tensile strength and modulus of elasticity compared to prefabricated plates, along with similar tensile strain (Table 2). All CFRPs were symmetrically bonded to opposite sides of the concrete blocks at a bond length of 200 mm using a dry lay-up process. Various bi-component epoxies curing at ambient temperature were employed for bonding, with Sikadur®-30 utilized for prefabricated plates and NSM bars (E = 9500 GPa, ε = 0.3%, Table 3) and Sikadur®-330 for laminated sheets, featuring the lowest modulus of elasticity and medium tensile strain. Additionally, all strengthening schemes were replicated using a newly available toughened epoxy adhesive (Sikadur®-370) with a modulus of elasticity equal to 5000 GPa and the highest tensile strain ε = 2.5%, specifically designed for the fatigue-resistant, long-lasting reinforcement of steel bridges [51].




3.2.2. Accelerated Corrosion


Corrosion conditions are typically replicated in the laboratory using a NaCl solution and a controlled current flow in a tank. Nine concrete prisms underwent exposure to moist conditions in a specialized tank, immersed in a 3.5–5% weight NaCl-water solution (Figure 2a), covering one-third of the cross-sectional size of the concrete blocks [37,38,39]. To induce a corrosion ratio of approximately 6%, a continuous power supply (≈1 mA) was applied through wired steel rebars for about three weeks (Figure 2b). This led to crack openings in the concrete blocks (w = 0.1–0.35 mm) and a loss of rebar cross-section (approximately 0.4mm reduction in diameter), simulating conditions exceeding service limit states but not causing severe deterioration in ultimate limit states (Figure 3). Apart from the wet conditions, the samples were also exposed on-site in dry conditions before the application of the FRPs [39]. Subsequently, the tensile strength of concrete was evaluated through additional experiments drawn from international literature to avoid the need for patch repairs in the case of experimental measurements using pull-off tests [7,52,53].




3.2.3. FRP Application


The composite strengthening systems were symmetrically bonded on opposite sides of the blocks with a bonding length of 200 mm on each side. For fabrics, the fiber orientation was set at 0° along the longitudinal direction of the concrete blocks. Pre-fabricated plates underwent cleaning with the specialized solvent-based cleaner Sika® Colma Cleaner, removing oil, grease, and dust at least 15 min before application. The systems were applied using a dry lay-up process, adhering to the technical specifications provided by the manufacturer. Proper treatment of the interfaces ensured a laitance contaminant-free, open-textured surface, cleaned with air pressure to eliminate loose material, dust, and rust (Figure 4). The two-component epoxy adhesives (Table 3) were mixed in accordance with the manufacturer’s recommended weight ratio and time (3:1 for Sikadur®-30, 4:1 for Sikadur®-330, and 100:74 for Sikadur®-370). The composites were left to cure under ambient conditions (20 °C, 50% relative humidity-RH) for at least a week before testing (Figure 5).






4. Results and Discussion


The experimental data of all tested specimens are summarized in Table 4. The same table also includes the data of the mean curve which represents the tendency of the specimens of each group during the shear test. The mean curve is presented in terms of shear stress τ (MPa) versus shear strain γ (%). The shear stresses are extracted by dividing the load by the interface area, whereas the shear strain is calculated by dividing the slip (s mm) by the adhesive layer thickness (tr in mm).



4.1. Experimental Results


4.1.1. Failure Modes


The response as well as the failure mode of each group of specimens is mainly cohesive-adhesive and is shown in Figure 6. For the groups with laminated sheets, that is LSHl330x3, LSHl370x3, and LSCr330x3, the failure mechanism was progressive and resulted from the development of cracks on the concrete mass, followed by detachment of the applied composite sheet after it was tensed [54], regardless of the existence of corrosion products. Due to the consistency of the laminated sheets (carbon), the elongation is not measurable, and as such it is not considered in the following analysis. FRP rupture is met in only one case, where the epoxy’s ultimate strain is considerably larger than that of the FRP (LSHl370_3, Figure 7c) but generally, the dominant failure is mainly adhesive-cohesive. This case only accounted for when a toughened adhesive was used to bond the laminated sheets (εs = 2.5%). Based on that fact, as well as on the adhesion failure mode depicted in Figure 6, a clear impact of the toughness of the adhesive is recognized. Due to the induced toughness, the stress on the bonded material is divided on larger surfaces. The rubber particles cavitate and trigger shear deformation in the matrix or the epoxy [55,56,57], resulting in substrate failure as shown in Figure 6f,g. Whereas, the use of usual high mechanical brittle adhesive layers, leads to a more adhesive failure, induced by high peek stresses at the boarders of the composites (see Figure 6a,b,d,e). This progressive failure mode is also noted in the response curve. The substrate crack propagation to the adhesive layer is indicated by the transition points [58] after which detachment occurs gradually (Figure 7). The transition points practically correspond to the strengthening system’s propagating failure and progressive delamination up to debonding. The failure mode of the prefabricated plates, that is PPHl30x3, PPCr30x3, PPHl370x3, and PPCr370x3, was also of adhesion-cohesion type. All the specimens exhibited brittle failure with the plate being debonded from the concrete. (Figure 6d–g). For the NSM groups adhesively bonded with Sikadur®-370, the failure differs. At the end of the tests, the failure observed was associated with the concrete local plastification. An adhesive to concrete interface failure was noted, and practically the NSM bar pulled out of the concrete mass followed by a breakout cone (Figure 6h,i). This variation is related to the actual embedment of the NSM bars to the concrete substrate and the smaller the area of the interface. The results are presented in shear stress, shear deformation diagrams of the mean curves for the different categories of specimens (Figure 8). Also, the mean error is noted (Table 4).




4.1.2. FRP Laminated Sheets


Samples with incorporated laminated sheets (LSHl330x3, LSCr330x3), consisting of unidirectional carbon fibers bonded with the epoxy adhesive layer Sikadur®-330, demonstrate a response having three discernible stages, illustrated in Figure 7. The adhesive layer plays an important role in constraining the spread of substrate failure, facilitating fracture progression in incremental stages, and absorbing greater energy before debonding. The epoxy layer’s reduced elasticity, combined with an elevated strain limit, enhances its capacity to absorb more energy before reaching the point of debonding.



In the first stage (Stage I: linear elastic), the sheets experience linear tension, with fibers parallel to the loading direction preventing bridging at the crack initiation. The second stage involves progressive crack opening of the epoxy layer, leading to a non-linear elastic yielding branch up to the transition point (Stage II: non-linear elastic yielding). The transition point (τtrans, γtrans) corresponds to further crack propagation at the adhesive and substrate, disturbing the bonding of the two materials. The third stage is marked by significant cracking in both the adhesive layer and the substrate, creating local failure of concrete, particularly at the initial debonding area which is considered 5 cm from the loading end. At the ultimate point of this stage (Stage III: major cracking), specimens exhibit FRP debonding (τu, γu), primarily caused by adhesion loss in the delamination area, with no FRP rupture (Figure 8a).



The mean curve of specimens with corroded steel rebar (green dashed line) and laminated sheets applied to the concrete substrate with epoxy adhesive layer Sikadur®-330, and the average curve of healthy specimens with the same epoxy (red solid line) is plotted in Figure 8. There is a significant differentiation between the two cases, with the interface of the substrate with corrosion products (LS_330_corroded) exhibiting a 20% decrease in shear strength (τu) and a 24% lower shear deformation (γu) at the ultimate point (Table 4). The transition point is noticed to lower values of deformations (52%) and strength (18%). The leached corrosion products on the sides of the concrete prisms, coupled with minor strains due to corrosion initiation create inconsistency, reducing resistance. Even in these early stages of corrosion, corresponding to corrosion initiation and allowable bond values of the substrate for immediate interventions, concrete crack and rust, weaken the bond strength, resulting in a lower slip and shear strength regime.



A matrix with 25% higher stiffness presents a different response (LSHl370x3, Table 4). This group of specimens, with laminated sheets bonded with the epoxy adhesive layer Sikadur®-370, exhibits a clear brittle behavior. As illustrated in Figure 8a, the intrinsic toughness of the matrix enhances the substrate’s capacity to bear shear stresses, presenting an anelastic response. The transition point in this case is decreased by 80% compared to the corresponding case with the Sikadur®-330 layer. This denotes that the failure propagation of the substrate begins at different stress rates. Although there is a similar bond response, the shear stresses are 70% higher at the transition point and 2.5 times higher at the ultimate stage. The crack pattern in the adhesive layer propagates simultaneously up to the debonding point of the strengthening system. The toughened adhesive layer Sikadur®-370 is designed for steel substrates and is focused on fatigue cracking applications. The width of cracks in concrete substrates exceeds that observed in fatigue cracking of steel substrates. In combination with the stiffness of the adhesive and the presence of rubber-like particles, the response, permitting the redirection of cracking and the failure mode, alters from adhesive-cohesive to FRP rupture (Figure 8c). The absorbed energy is 15% higher in such cases.




4.1.3. FRP Prefabricated Plates


For the case of specimens with prefabricated plates bonded with different adhesive layers there is a significant increase in the initial stiffness equal to 10%. The shear deformations range in comparatively lower (50–85%) values with respect to the group bonded with laminated sheets. The failure mode is similar for all groups. The delamination is abrupt at the ultimate point and ends in a brittle debonding mechanism. The fundamental difference between the prefabricated plates and the laminated sheets is the much higher stiffness and mechanical properties. The strengthening in that case is much stronger and the response of the CRP type is dominant and governs the failure mode. The contribution of the different adhesives is minor, mainly noticeable to weaker strengthening schemes, such as laminated sheets.



Specimens with plates bonded externally with the standard adhesive Sikadur®-30 present a bilinear response. In Figure 8b, the two distinct stages are exhibited. There is a clear transition point between the two stages, yet the second branch is quite abrupt. Analogously to the wrapped specimens, the transition point denotes the propagating delamination and crack opening.



The group with the Sikadur®-370 epoxy adhesive layer (Figure 8b, yellow line PP_370_healthy) presents a shifted behavior in cases of the prefabricated plates, especially if compared to the results of the Sikadur®-30 adhesive layer. As noted in specimens with laminated sheets, also in the case of plates, the stages are compressed and the response is mainly elastic. Failure happens in lower stress values (12%) and in remarkably lower values of shear deformations, reaching up to 24% decrease. The CFRP prefabricated plates strengthening measure has no capacity to bridge the crack opening of both the epoxy and the substrate, and therefore the debonding is ‘premature’. Practically, the toughened layer eliminates the crack opening at the substrate level and the integrity of concrete remains unchanged, even after premature debonding, absorbing almost 25% of the energy, achieving the energy rates of delaminated plates from literature regardless of their type of delamination [45]. The structural member remains without further damage and needs minor if any, repair before re-strengthening or other kinds of intervention.



Regarding the effect of the integrity of the substrate on the bond-slip behavior of the strengthening scheme, there is a strong impact due to the existence of the corrosion products at the connected interfaces. Both in terms of strains and stresses, there is a remarkable decrease in shear deformation up to 47% for the ultimate point. In all cases, the stages are compacted and the stress rates are similar. In this group, the early corrosion level effect is minor for both applications of adhesive layers. For the case of Sikadur®-30 epoxy, debonding happens in 10% lower values of shear strains as summarised also in Table 4. Whereas for the toughened layer the response is similar.




4.1.4. FRP near Surface Mounted Bars


Likewise, the NSM groups exhibited a consistent pattern. The pattern is characterized by an initial linear response leading up to the peak point, followed by a non-linear behavior with a sudden decrease and finally a sustained load. The peak point corresponds to the ultimate strain limit of the adhesives and coincides with the transition point. The observed slip of the bar is attributed to the mechanical interlock of materials at the interface.



For the healthy concrete substrate (Figure 6e–g), it was evident that all adhesives exhibited nearly identical stress levels with minor variations ranging up to 15%. The strain levels were similar between the conventional Sikadur®-30 and the toughened Sikadur®370 adhesive in the ultimate level, despite the significant difference in their modulus of elasticity. Compared with Sikadur®-330, having intermediate-level mechanical properties, the performance of the toughened layer was also better, particularly in terms of strain levels before reaching the point of pull-out. Sikadur®-370 exhibited an early transition point, indicating its activation and strain-bearing capacity before complete loss of bond and slip due to material interlocking at the interface. The toughened epoxy absorbed a high percentage of energy before failure as high as the compatible Sikadur®-30 before the concrete cone detached from the prism. In comparison to Sikadur®-330, the toughened epoxy absorbed nearly 70% more energy, while remaining on a similar level to Sikadur®-30 epoxy in terms of the remaining stress level.



For the corroded substrates, the compatible adhesives Sikadur®-330 and Sikadur®-370 displayed a slightly different response when compared to the healthy specimens. For these cases (Figure 6e–g), both adhesives exhibited a reduced (5%) initial stiffness and distinct stress-strain characteristics. Specifically, Sikadur®-330 displayed similar stresses in the presence of substrate corrosion and up to 55% lower strain levels. In contrast, the intermediate adhesive layer Sikadur®-330 maintained stress capacity under both substrate conditions. The response of the toughened adhesive Sikadur®-370 was slightly influenced by the presence of corrosion products, and the curve exhibited less steepness after the peak point (Figure 8g), indicating a different crack propagation scheme on the substrate before pull-out. In terms of energy absorption, NSM bars embedded with the toughened epoxy Sikadur®-370 exhibited higher energy absorption than all adhesives.




4.1.5. Interface Capacity (IC) Indices Estimation


According to the equations of Section 2.3 above, the Interface Capacity (IC) indices for all groups of specimens of the experimental campaign are calculated (Table 5) and are illustrated in the bar chart in Figure 9. The group of specimens with the NSM bars embedded present higher values of the index, both for healthy substrates as well as for the case of corrosion (Figure 9a). The IC index is up to 8% higher for the same epoxy adhesive (Sikadur®-370) with respect to the prisms with prefabricated plates (Figure 9b). Each group presents indices of the same magnitude and corresponds to a different type of performance as well as failure.



The IC index represents the overall capacity of the interface to bear stresses and strains and is the sum of the two individuals, ICL and ICfp, as discussed previously. The higher the Index ICL is the more the FRP measure is activated. The ratio         t   r       f   r           t   f       f   f         shows how the failure is shaped over the bonded length. For higher values, the interface transfers forces in a uniform way. The failure is not abrupt yet the adhesive type and the concrete substrates need further repair. Regarding the values of the index ICfp, they denote the failure type, which is debonding most likely for high values or pull-out in the case of NSM. The premature failure in such a case due to the absorption of energy from the substrate leads to an untouched substrate with no further damages and a fully reversible retrofitting. Yet it is different in the cases of embedded NSM bars since the concrete absorbs energy leading to a conical failure at the loading end. For the case of laminated sheets (LS), for both adhesives, the indices are identical (Figure 9a) and for the case of prefabricated plates (PP), the values are higher (Figure 9b) and slightly higher for the case of NSM (Figure 9c). This is due to the type of application of the different composites. The impregnation of the adhesives to the laminated sheets as well as the deformability of the sheets themselves change completely the response if compared to the prefabricated plates (PP) or the NSM. The interface contribution in those two cases is completely different. The capacity indices illustrated in Figure 9d–f denote the contribution of the adhesive to the overall capacity of the interface (ICfp). For the prefabricated plate type, the ICfp index is four times higher from the laminated sheets, whereas on the whole, the IC is significantly lower οn the laminated sheets. The toughened epoxy capacity (ICfp) in this case (PP) is lower (50%) and the overall capacity is decreased too (IC 8–10% lower). This variation confirms that a strengthening measure can be equally efficient by using adhesive layers of reduced stiffness. The charts of Figure 9h–g also demonstrates the effect of the presence of corrosion products on the substrate. There is a clear reduction in the IC metrics of the same magnitude for the different CFRP cases, with the maximum value equal to 25% for the NSM bars.






5. Conclusions


The work presented in this paper includes a series of experimental results collected by the testing of concrete prisms with externally adhesively bonded FRPs in a double-lap setup. Different types of FRPs were applied with standard and toughened epoxies, and applied in healthy or concrete surfaces with corrosion products. The main conclusions of this research are summarized in the following points:



	
The quantification of the interface capacity is expressed with a semi-empirical expression with the IC index and is based on two criteria: (a) loads transferred to the composite through the interface and (b) strains and crack propagation up to failure. FRP integration is enhanced when the index is larger. A value of IC lower than one means the response is linearly elastic and the failure is brittle. The greater the value is the more distinct the transition points are and the crack propagation is extended.



	
CFRP strengthening schemes for concrete substrates with toughened adhesive layers with lower stiffness matrix exhibit more abrupt failures, achieving higher stresses. The overall interface capacity in distributing cracks and loads is similar in sheets and plates, whereas in the NSMs case is more concentrated. The dispersion of stresses when using toughened adhesives should be further investigated in larger areas of substrates.



	
The type of CFRP plays an important role in the response of the interface. The direction of the fibers of the composite can bridge the gaps from the crack development. The different composite types in combination with the adhesive layer can permit strain distribution in a more extended area. Prefabricated plates have much higher stiffness and mechanical properties with respect to laminated sheets and govern the failure mode.



	
The corrosion effect is more evident in the group with externally bonded laminated sheets, where a reduction of 20% is noted both in shear resistance and deformation. The effective length of the strengthening system should be considered increased in such cases, in order to have the adhesive properties of the matrix fully developed.



	
The failure mode is predominantly cohesive adhesive. The induced toughened epoxies absorb more energy and distribute stresses/strains in the matrix in contrast to the usual high mechanical brittle adhesive layers that lead to adhesive failure with peek stresses concentrated at the borders of the composites.



	
Strengthening adhesives do not necessarily need high values of mechanical prop-erties. Toughened epoxy adhesives introduce moderately reduced stiffness (47–57%) for bonding FRPs still ensuring high strengthening performance for concrete retrofitting cases, and absorb more energy and strains as such the substrate’s fail-ure propagation is less significant.



	
The corrosion of the substrates affected mainly the conventional epoxies schemes that is Sikadur®-30 and Sikadur®-330. These adhesives are characterized by lower strain capacity and mainly high elastic modulus, especially Sikadur®-30 having the highest elastic modulus. The influence of the toughened epoxy Sikadur®-370 was not significant. The fact that the substrate’s corrosion does not affect the system which still deforms and continues to absorb energy can be beneficial to structural applications.






Based on the above results and conclusions, more research is needed with intermediate epoxies properties to validate the model (semi-empirical) for the quantification of IC and provide values of indexes with interpolation for any kind of epoxy adhesive layer-composite combination.
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Figure 1. Experimental setup: (a) sketch, (b) steel frame, (c) gripping ends. 
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Figure 2. Accelerated corrosion (a) schematic map and (b) curing specimens in the tank (wet conditions). 
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Figure 3. Corroded substrates: crack pattern and opening range. 
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Figure 4. Interface treatment: (a) smoothing the surface using a grinding wheel with diamond cutters (b) surface and (c) crack cleaning by high-pressured air. 
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Figure 5. Application of FRPs and curing: (a) applying primer and application of the fabric, (b) impregnation of epoxy layer following the fibers’ direction, (c) prefabricated plates, and (d) NSM integration. 






Figure 5. Application of FRPs and curing: (a) applying primer and application of the fabric, (b) impregnation of epoxy layer following the fibers’ direction, (c) prefabricated plates, and (d) NSM integration.



[image: Constrmater 04 00010 g005a][image: Constrmater 04 00010 g005b]







[image: Constrmater 04 00010 g006a][image: Constrmater 04 00010 g006b] 





Figure 6. Failure modes of the groups of specimens: (a–c) laminated sheets, (d–g) prefabricated plates, and (h,i) NSM bars. (a) adhesive applied onto healthy substrate- Sikadur®-330; (b) adhesive applied onto substrate with corrosion products- Sikadur®-330; (c) adhesive applied onto healthy substrate- Sikadur®-370; (d) adhesive applied onto healthy substrate- Sikadur®-30; (e) adhesive applied onto substrate with corrosion products using Sikadur®-30; (f) adhesive applied onto healthy substrate- Sikadur®-370; and (g) adhesive applied onto substrate with corrosion products using Sikadur®-370. 
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Figure 7. Mean shear stress-strain experimental curves for specimens with laminated sheets. 
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Figure 8. Mean curves of shear stress-strain experimental results for prisms of healthy or corroded substrate externally bonded with laminated sheets-LS: (a) standard epoxy and (b) toughened adhesive, with prefabricated plates-PP: (c) standard adhesive and (d) toughened adhesive and containing NSM bars (e,f) standard adhesives and (g) toughened adhesive. 
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Figure 9. Interface Capacity (IC) indices vs adhesive type bar chart: (a,d,g) laminate sheets-LS, (b,e,h) prefabricated plates (PP) and NSM (c,f,i). 
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Table 1. Composition of the concrete mixture.
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Aggregate Coarse

	




	
Material

	
Cement

CEM I (42.5R)

	
Natural Sand

	
Crushed Sand

	
Medium

	
Large

	
Water






	
quantity (kgr/m3)

	
310

	
621

	
351

	
236

	
638

	
191











 





Table 2. Mechanical properties of CFRPs.
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Type

	
Density ρ [kg/L]

	
Tensile

	
E-Modulus

	
Tensile Strain ε (EAB) [%]




	
Strength σu [MPa]

	
(0.05–0.25%) [GPa]






	
Prefabricated plates

	
1.6

	
3100

	
170

	
1.8




	
Carbodur S




	
Fabrics

	
1.8

	
4900

	
230

	
1.7




	
SikaWrap




	
NSM bars

	
1.6

	
3100

	
170

	
1.8




	
Sika® CarboDur® S











 





Table 3. Mechanical properties of epoxy adhesives.
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	Type
	Density ρ [kg/L]
	Tensile Strength σu [MPa]
	E-Modulus

(0.05–0.25%) [MPa]
	Tensile Strain ε (EAB) [%]





	Sikadur®-30
	~2
	26
	9500
	0.3



	Sikadur®-330
	~1.4
	29
	4000
	1



	Sikadur®-370
	~1.7
	30
	5000
	2.5










 





Table 4. Experimental results.
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Healthy Substrate

	

	
With Corroded Products




	

	

	
τtrans

	
τu

	
γtrans

	
γu

	
E

	

	
τtrans

	
τu

	
γtrans

	
γu

	
E




	
(MPa)

	
(MPa)

	
(%)

	
(%)

	
(MJ/m3)

	

	
(MPa)

	
(MPa)

	
(%)

	
(%)

	
(MJ/m3)






	
Laminated sheets

	
Hl330_1

	
1.25

	
1.48

	
0.72

	
1.33

	
1.56

	
Cr330_1

	
0.94

	
1.11

	
0.47

	
1.73

	
1.59




	
Hl330_2

	
1.28

	
1.38

	
0.57

	
1.46

	
1.76

	
Cr330_2

	
0.99

	
1.2

	
0.32

	
0.6

	
0.51




	
Hl330_3

	
0.82

	
1.37

	
0.6

	
0.91

	
0.84

	
Cr330_3

	
0.83

	
1.09

	
0.12

	
0.47

	
0.39




	
mean 330

	
1.12

	
1.41

	
0.63

	
1.23

	
1.39

	
average 330

	
0.92

	
1.13

	
0.3

	
0.93

	
0.83




	
Hl370_1

	
1.97

	
3.58

	
0.2

	
0.67

	
1.7

	
Cr370_1

	
0.95

	
1.8

	
0.09

	
0.22

	
0.26




	
Hl370_2

	
1.8

	
3.57

	
0.12

	
0.63

	
1.59

	
Cr370_2

	
1.3

	
2.2

	
0.14

	
0.25

	
0.37




	
Hl370_3

	
1.94

	
3.56

	
0.07

	
0.65

	
1.73

	
Cr370_3

	
1.2

	
2.1

	
0.18

	
0.28

	
0.38




	
mean 370

	
1.9

	
3.57

	
0.17

	
0.65

	
1.63

	
average 370

	
1.15

	
2.03

	
0.14

	
0.25

	
0.34




	
abs error 370-330

	
41%

	
61%

	
263%

	
90%

	
15%

	
abs error 370-330

	
20%

	
44%

	
122%

	
273%

	
147%




	
Prefabricated plates

	
Hl30_1

	
1.50

	
2.55

	
0.11

	
0.73

	
1.42

	
Cr30_1

	
-

	
3.00

	
-

	
0.13

	
0.20




	
Hl30_2

	
1.92

	
2.38

	
0.11

	
0.14

	
0.28

	
Cr30_2

	
-

	
2.50

	
-

	
0.19

	
0.24




	
Hl30_3

	
1.80

	
3.52

	
0.11

	
0.60

	
1.50

	
Cr30_3

	
-

	
2.10

	
-

	
0.05

	
0.05




	
mean 30

	
1.74

	
2.82

	
0.11

	
0.49

	
1.06

	
average 30

	
-

	
2.53

	
-

	
0.12

	
0.15




	
Hl370_1

	
-

	
3.50

	
-

	
0.09

	
0.16

	
Cr370_1

	
-

	
3.05

	
-

	
0.12

	
0.18




	
Hl370_2

	
-

	
3.17

	
-

	
0.11

	
0.17

	
Cr370_2

	
-

	
2.90

	
-

	
0.21

	
0.30




	
Hl370_3

	
-

	
2.80

	
-

	
0.12

	
0.17

	
Cr370_3

	
-

	
3.35

	
-

	
0.14

	
0.24




	
mean 370

	
-

	
3.16

	
-

	
0.11

	
0.17

	
average 370

	
-

	
3.10

	
-

	
0.16

	
0.25




	
abs error 370-30

	
-

	
0.10

	
-

	
0.75

	
0.84

	
abs error 370-30

	
-

	
0.02

	
-

	
0.47

	
0.40




	
NSM bars

	
Hl30_1

	
12.10

	
12.05

	
0.06

	
0.21

	
1.85

	
Cr30_1

	
12.32

	
9.25

	
0.06

	
0.25

	
1.96




	
Hl30_2

	
9.23

	
10.91

	
0.05

	
0.27

	
2.64

	
Cr30_2

	
7.99

	
8.47

	
0.04

	
0.15

	
0.94




	
Hl30_3

	
10.07

	
10.02

	
0.08

	
0.26

	
2.04

	
Cr30_3

	

	

	

	

	




	
mean 30

	
7.85

	
9.20

	
0.08

	
0.22

	
2.18

	
mean 30

	
9.85

	
8.0

	
0.05

	
0.20

	
1.45




	
Hl330_1

	
12.36

	
9.29

	
0.04

	
0.08

	
0.70

	
Cr330_1

	
10.38

	
10.10

	
0.05

	
0.16

	
1.36




	
Hl330_2

	
13.10

	
9.80

	
0.05

	
0.09

	
0.62

	
Cr330_2

	
10.15

	
10.25

	
0.04

	
0.17

	
1.38




	
Hl330_3

	
9.28

	
7.76

	
0.05

	
0.11

	
0.57

	
Cr330_3

	
6.85

	
10.10

	
0.06

	
0.21

	
1.61




	
mean 330

	
9.1

	
6.9

	
0.04

	
0.08

	
0.63

	
mean 330

	
10.05

	
10.95

	
0.08

	
0.18

	
1.45




	
Hl370_1

	
12.34

	
9.20

	
0.04

	
0.25

	
1.92

	
Cr370_1

	
13.13

	
9.38

	
0.07

	
0.25

	
1.99




	
Hl370_2

	
8.06

	
9.83

	
0.03

	
0.27

	
2.12

	
Cr370_2

	
11.22

	
8.91

	
0.06

	
0.15

	
1.05




	
Hl370_3

	
6.69

	
9.05

	
0.03

	
0.20

	
1.41

	
Cr370_3

	
7.29

	
9.86

	
0.06

	
0.27

	
1.94




	
mean 370

	
7.95

	
7.85

	
0.05

	
0.25

	
1.81

	
mean 370

	
7.85

	
7.75

	
0.07

	
0.15

	
1.66




	
abs error 370-30

	
0.013

	
0.15

	
0.50

	
0.12

	
0.17

	
abs erro