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Abstract


This study investigates the shear performance of reinforced concrete (RC) beams strengthened with near-surface-mounted (NSM) carbon fiber-reinforced polymer (CFRP) ropes under ambient and elevated temperature conditions. An experimental program comprising twelve RC beams was conducted, including both normal- and high-strength concrete specimens. The beams were strengthened using CFRP ropes installed at two orientations (45° and 90°) and two spacing configurations (150 mm and 200 mm). Ten specimens were exposed to a temperature of 600 °C prior to shear testing. The experimental results were evaluated against finite element (FE) simulations and shear strength predictions obtained from ACI 440.2R provisions. The FE models demonstrated close agreement with the observed experimental response, whereas ACI 440.2R consistently yielded conservative shear strength estimates, particularly for high-strength concrete beams. The results confirm that inclined CFRP configurations and reduced rope spacing significantly enhance shear capacity, even after severe thermal exposure, with measured strength gains reaching approximately 75% relative to unheated control beams and up to 135% compared to heated control specimen. The findings emphasize the sensitivity of NSM CFRP in terms of strengthening effectiveness to elevated temperature and highlight the limitations of existing design provisions when applied to fire-damaged RC members.
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1. Introduction


Reinforced concrete (RC) structural members are typically designed to resist the loads expected during their service life, accounting for both serviceability and extreme loading conditions. However, when a fire occurs in or around an RC component, exposure to elevated temperatures induces significant physical, thermal, and mechanical changes within the concrete. These changes arise from the combined effects of increased vapor pressure within the pore structure, non-uniform thermal expansion, and the degradation of both the aggregate and the hydrated cement paste. As a result, considerable internal thermal and mechanical stresses develop, leading to the formation of microcracks within the concrete matrix and a progressive deterioration of its mechanical properties [1,2]. Fire exposure further causes reductions in concrete strength and stiffness, degradation of the bond between concrete and reinforcing steel, and an increased risk of concrete spalling. Collectively, these effects compromise the load-bearing capacity and overall structural integrity of reinforced concrete members [3,4,5]. Research has shown [6,7,8] that under conditions of elevated temperature, concrete can be categorized into three stages based on its residual compressive strength. At temperatures up to approximately 300 °C, concrete retains most of its compressive strength unaffected by thermal exposure. In the range of 300 °C to 800 °C, there is a steady, continuous decrease in the amount of residual compressive strength due to the severity and extent of microstructural damage. At temperatures greater than 800 °C, concrete loses most of its residual compressive strength and experiences major failure in terms of load-bearing function.



Fiber-Reinforced Polymer (FRP) systems are commonly used for the strengthening and rehabilitation of existing reinforced concrete (RC) structures due to their high strength-to-weight ratio, corrosion resistance, and ease of installation [9,10,11,12,13,14,15,16,17,18,19]. Abdel-Jaber et al. [20] investigated the use of near-surface-mounted carbon fiber-reinforced polymer (NSM-CFRP) strips for shear strengthening of RC beams with varying concrete strengths and internal stirrup configurations. The results showed that NSM-CFRP increased the shear capacity by up to 66% without debonding or rupture, with higher gains observed in beams with stronger concrete and multiple CFRP layers. The study also indicated that ACI 440.2R-17 provides conservative predictions of shear strength. Islam [21] experimentally evaluated the shear strengthening performance of NSM-CFRP bars in RC beams and reported shear capacity increases ranging from 17% to 25%, with an average gain exceeding 20%, without signs of delamination or CFRP rupture. The effective CFRP strain at failure was approximately one-third of the ultimate tensile strain, leading to the development of a formulation to estimate the nominal shear contribution of NSM-CFRP bars. Wiwatrojanagul et al. [22] examined NSM-FRP rods and found that shear strengthening efficiency depends on FRP type, rod spacing, and installation angle; however, peel-off failure was observed in several specimens, highlighting the sensitivity of NSM-FRP systems to detailing and analytical prediction accuracy. Mostofinejad et al. [23] used both numerical and experimental investigations to explore the strengthening of RC beams through the NSM-CFRP technique. The experimental results showed that the application of Near-Surface-Mounted (NSM) increased the shear capacity by 69% and 41% for RC beams with stirrups and without stirrups, respectively.



In recent years, significant advances have been achieved in the development of 3D-printed fiber-reinforced polymer (FRP) composites through additive manufacturing technologies. These techniques allow the integration of continuous fibers within polymer matrices, leading to improved mechanical properties such as strength, stiffness, and structural efficiency compared with conventional composite manufacturing methods. The ability to precisely control fiber orientation and material distribution during the printing process also enables the production of optimized structural components with enhanced performance and reduced material waste [24,25].



In recent years, increasing research attention has been directed toward rope-based NSM CFRP strengthening systems, which offer practical advantages compared with conventional FRP strips or laminates. CFRP ropes may provide improved constructability and adaptability to different structural configurations; however, their effectiveness is influenced by several parameters including groove layout, rope orientation, spacing, anchorage conditions, and installation constraints. Recent experimental investigations have examined the influence of such parameters on the shear performance of RC members strengthened with NSM CFRP ropes [26]. In addition, innovative configurations such as closed-stirrup rope systems have been proposed to address slab-access limitations and premature debonding problems associated with traditional U-wrap strengthening techniques [27]. Despite these advances, the behavior of thermally damaged RC beams repaired using NSM CFRP ropes remains insufficiently investigated, particularly with respect to shear performance and numerical modeling. More recently, research has also expanded the application of FRP rope systems toward closed-loop retrofit configurations, particularly for torsional strengthening, where anchorage continuity and stress concentrations at fiber direction changes become critical design considerations [28,29].



Although extensive research has been conducted on the shear strengthening of reinforced concrete beams using FRP systems, most previous studies have primarily focused on conventional CFRP materials such as sheets, plates, and laminates under ambient temperature conditions. In practical situations, however, reinforced concrete members may be subjected to fire events that significantly deteriorate their mechanical properties and structural performance before any rehabilitation measures are applied. Consequently, the strengthening of heat-damaged RC members represents an important practical challenge in structural engineering. Furthermore, the majority of existing studies have investigated traditional FRP strengthening systems, while the use of NSM CFRP ropes has received comparatively limited attention, particularly for shear rehabilitation applications. The structural behavior of reinforced concrete beams exposed to elevated temperatures and subsequently strengthened using NSM CFRP ropes therefore remains insufficiently understood. In addition, the influence of rope orientation on the shear response and failure mechanisms of such members has not been comprehensively investigated.



Therefore, this study experimentally and numerically investigates the shear performance of reinforced concrete beams initially exposed to elevated temperature (600 °C) and subsequently strengthened using NSM CFRP ropes. Two rope orientations (45° and 90°) are considered in order to evaluate their influence on load–displacement response, cracking behavior, and failure mechanisms. In addition, a finite element model is developed to numerically reproduce the behavior of the tested specimens, and the results are compared with the predictions of ACI 440.2R provisions to assess the applicability of current design approaches for heat-damaged RC members.




2. Experimental Program


In this research, an experimental study was conducted on the shear behavior and failure mode of heat-damaged RC beams, reinforced with near-surface-mounted carbon fiber-reinforced polymer (NSM-CFRP) ropes. The experimental program included two main groups of beams. Each group had two control specimens and four strengthened RC beams, which resulted in twelve total tested beams. All specimens were designed to fail in shear rather than flexure; therefore, no internal shear reinforcement was provided.



2.1. Specimens Details


Twelve reinforced concrete (RC) beams were tested. Each beam was cast using a concrete mix of different compressive strengths: normal and high. The beams were designed to be 200 mm wide × 250 mm deep × 1600 mm long, as shown in Figure 1. The beams were divided into two groups of six. All beams were shear strengthened using different configurations of carbon fiber-reinforced polymer (CFRP) ropes, as shown in Table 1. The CFRP rope orientations of 45° and 90° were selected to represent two distinct and practically relevant shear strengthening configurations. The 45° orientation was chosen because it is approximately aligned with the direction of diagonal shear cracks and principal tensile stresses typically formed in reinforced concrete beams subjected to shear. The 90° orientation, on the other hand, represents a conventional vertical strengthening layout similar to the action of vertical stirrups and commonly adopted in practical shear strengthening applications. This selection allowed the direct comparison between inclined and vertical NSM CFRP strengthening schemes.



The beams were specifically intended to fail in shear before yielding the tensile reinforcement or crushing the concrete in compression. This allowed for concentration specifically on the shear behavior under controlled conditions and ensured that shear failure was the primary failure mode. Three stirrups were used to keep the longitudinal reinforcement aligned and to prevent localized failure at the supports. The stirrups were installed at specific locations in the beams: one was placed at mid-span, and two were placed at the support locations, as shown in Figure 1.



 





Table 1. Details of Test Specimens.






Table 1. Details of Test Specimens.





	
Group ID

	
Compressive Strength

	
Specimens

Designation

	
Strengthening Schemes

	
Fiber Orientation

	
Strengthening Layout Based on Figure 2






	
Group

One

	
Normal Compressive Strength

(25 MPa)

	
NS-CU

	
Control beam without exposure to heat

	
N/A

	
N/A




	
NS-CH

	
Control beam exposed to heat

	
N/A

	
N/A




	
NS-150 mm-45°

	
CFRP ropes spaced at 150 mm over the span length

	
45°

	
(A)




	
NS-200 mm-45°

	
CFRP ropes spaced at 200 mm over the span length

	
45°

	
(B)




	
NS-150 mm-90°

	
CFRP ropes spaced at 150 mm over the span length

	
90°

	
(C)




	
NS-200 mm-90°

	
CFRP ropes spaced at 200 mm over the span length

	
90°

	
(D)




	
Group

Two

	
High Compressive Strength

(60 MPa)

	
HS-CU

	
Control beam without exposure to heat

	
N/A

	
N/A




	
HS-CH

	
Control beam exposed to heat

	
N/A

	
N/A




	
HS-150 mm-45°

	
CFRP ropes spaced at 150 mm over the span length

	
45°

	
(A)




	
HS-200 mm-45°

	
CFRP ropes spaced at 200 mm over the span length

	
45°

	
(B)




	
HS-150 mm-90°

	
CFRP ropes spaced at 150 mm over the span length

	
90°

	
(C)




	
HS-200 mm-90°

	
CFRP ropes spaced at 200 mm over the span length

	
90°

	
(D)












2.2. Materials


2.2.1. Concrete


The beam specimens were cast using ready-mixed concrete with two target compressive strength classes of 25 MPa and 60 MPa in order to investigate the influence of concrete strength (normal-strength and high-strength concrete) on the shear behavior of the beams and on the effectiveness of the NSM CFRP rope strengthening system. The mixes were supplied as ready-mixed concrete, and the actual compressive strengths were determined experimentally using companion cylinder specimens tested at 7 and 28 days. The average 28-day compressive strengths were 25.1 MPa and 60.4 MPa for the mixes targeted at 25 MPa and 60 MPa, respectively. A summary of the concrete mix proportions provided by the supplier is presented in Table 2.




2.2.2. Steel Reinforcement


The longitudinal reinforcement consisted of high-yield-strength deformed (HYSD) bars, sized 18 mm, 20 mm, and 25 mm, that met the specification of Grade 60 (fy = 420 MPa or 60 ksi). The transverse reinforcement (stirrups) consisted of 8.0 mm diameter steel bars meeting the specification of Grade 40 (fy = 280 MPa or 40 ksi).




2.2.3. CFRP Ropes


SikaWrap FX-50 C is a unidirectional carbon fiber rope within a plastic sheath. It was developed for fiber anchorage systems for SikaWrap textile reinforcement and applications with NSM strengthening techniques. SikaWrap FX-50 C is also suitable for use in warm or tropical weather conditions. A complete summary of the technical properties of the CFRP rope provided by the manufacturer is presented in Table 3. The reported properties correspond to the dry carbon fibers as specified in the manufacturer’s technical data sheet.



In this study, two epoxy adhesives, Sikadur®-330 and Sikadur®-52 LP, are provided by Sika Company, Amman, Jordan. Table 4 presents the mechanical and physical characteristics of these two materials. Sikadur®-330 is a two-component structural adhesive, with Part A and Part B (hardener). The adhesive consists of component A (white resin) and component B (gray hardener). Sikadur®-330 is mixed in accordance with a weight-to-volume ratio of 4:1.





2.3. Heating Process


Before the strengthening process, ten beams were exposed to elevated temperature to simulate fire-induced damage. The specimens were placed inside a high-temperature furnace with internal dimensions of 2 m × 2.5 m × 0.8 m and covered with a steel slab measuring 2.2 m × 2.7 m. The furnace temperature was gradually increased following a controlled heating regime until reaching a peak temperature of 600 °C, as illustrated in Figure 3. After reaching this temperature, the specimens were maintained at 600 °C for a period of 3 h to ensure sufficient thermal exposure. The temperature inside the furnace was monitored using a digital thermometer installed within the furnace chamber, and the readings were continuously recorded using a digital temperature reader as described in Figure 4.




2.4. Installation of NSM-CFRP Ropes


The strengthening of the RC beams was performed using the NSM technique with CFRP ropes installed along the shear span on the two vertical sides of the beams. The strengthening locations were first marked on the concrete surface, after which rectangular grooves with dimensions of approximately 15 mm × 15 mm were cut using a diamond-tipped saw. Since the CFRP ropes were installed inside the grooves using the NSM technique, rounding of the beam edges was not required. The grooves were then thoroughly cleaned using compressed air to remove dust and loose particles to ensure adequate bonding between the CFRP reinforcement and the concrete substrate. The epoxy adhesive Sikadur®-330 was prepared according to the manufacturer’s recommended mixing ratio until a homogeneous mixture was obtained. A layer of epoxy was applied to the bottom and sides of the grooves before inserting the CFRP ropes. Prior to installation, the ropes were cut to the required length and saturated using Sikadur®-52 LP to ensure proper impregnation of the fibers. The saturated ropes were then carefully pressed into the grooves to ensure full embedment and continuous contact with the adhesive layer. After positioning the ropes, additional epoxy was applied to completely fill the grooves and encapsulate the CFRP reinforcement. The surface was then leveled flush with the surrounding concrete using a steel trowel. In this study, the CFRP ropes were applied on two sides of the beam, and no mechanical anchorage or overlap length was used, as the ropes were fully bonded along the groove length according to the NSM strengthening technique. The main stages of the NSM CFRP rope installation process are illustrated in Figure 5.Grooving layout for NSM CFRP strengthening are presented in Figure 6.




2.5. Test Setup


Twelve RC beam specimens were tested under four-point loading at the Structural Laboratory of the University of Jordan. Each beam was simply supported at one end with a steel roller and a steel pin at the other end. The loading system accommodated two concentrated loads, spaced 400 mm apart. The concentrated loads were positioned such that a constant shear span-to-depth ratio of 2.22 was maintained, with the applied loads located 500 mm from the center of the nearest support. A hydraulic jack, rated for a maximum capacity of 750 kN, was utilized for load application. The beams were tested under monotonic four-point loading using load control at a constant loading rate of 10 kN/min until failure. The mid-span deflection was measured through the installation of a Linear Variable Displacement Transducer (LVDT) located at the bottom of each beam, with load and displacement monitored through an electronic data acquisition system. The overall test setup, as well as the LVDT location, is shown in Figure 7.




2.6. Test Results


2.6.1. Group One Results


Table 5 summarizes the key performance metrics and improvement ratios for the repaired beams.



The results of Group One show the effects of thermal exposure on the reinforced concrete (RC) beams and their recovery through CFRP rope strengthening. The control beam that was not thermally exposed (NS-CU) exhibited flexural and shear cracks at 20 kN and 55 kN, respectively, and reached an ultimate load of 106 kN with a displacement of 3.9 mm. The failure mode for this beam was governed by a shear failure (SF) mechanism. The control beam that was thermally exposed (NS-CH) experienced a significant reduction in capacity, with ultimate strength reduced to 79 kN (i.e., a 25% reduction compared to NS-CU). The first flexural crack developed much earlier, at 30 kN compared to 20 kN for the NS-CU beam, while the first shear crack occurred at 23 kN compared to 55 kN for the NS-CU beam. The ultimate displacement of this beam increased to 6.5 mm, indicating improved ductility; however, the stiffness and load-carrying capacity of the beam were clearly diminished, and failure occurred in a shear mode.



The implementation of CFRP ropes was extremely effective in reducing the negative influence of thermal exposure. The specimen with ropes spaced 150 mm apart and installed at 45° (NS-150 mm-45°) exhibited the greatest enhancement, with flexural and shear cracks sustained until 140 kN and 110 kN, respectively. It also achieved an ultimate load of 186 kN, which corresponds to a 135% increase compared to NS-CH and a 75% increase relative to NS-CU, along with exhibiting the greatest ductility (12 mm). All specimen failures occurred in a combined shear–flexural (S–F) mode. These observations demonstrate that closely spaced inclined reinforcement is more efficient in restoring and improving the overall structural performance of heat-damaged beams.



The NS-200 mm-45° specimen, with 200 mm rope spacing and a 45° angle of inclination, recorded significant improvements, with an ultimate load of 143 kN, corresponding to an 81% increase over NS-CH. The ropes configuration in this beam was less efficient than the beam NS-150 mm-45°, as indicated by lower cracking loads and a displacement of 8.2 mm. As the shear resistance improved, flexural demands became governing, resulting in a flexural failure (FF) mode. Vertically anchored ropes provided some improvements, but not to the same extent as inclined configurations. The NS-150 mm-90° specimen achieved an ultimate load of 160 kN, equivalent to a 102% improvement over NS-CH, with a displacement of 10.9 mm, and failed in shear, while the NS-200 mm-90° specimen reached an ultimate load of 124 kN, representing a 57% improvement over NS-CH, with a displacement of 8.1 mm, and also failed in shear.



The higher load corresponding to the first flexural crack observed in the strengthened specimens can be attributed to the increase in the overall stiffness of the beam section due to the presence of the NSM CFRP ropes. The embedded CFRP reinforcement contributes to reducing tensile stresses in the concrete, which delays the initiation of flexural cracking compared to the control specimens.



Although the inclined (45°) configuration is mechanically more aligned with diagonal shear cracking, the experimental results show that the load–displacement responses of the 45° and 90° strengthened beams remain relatively similar. This behavior can be attributed to the prior thermal exposure of the specimens to 600 °C, which caused significant deterioration in the concrete matrix. Under these conditions, the structural response becomes strongly influenced by the residual properties of the thermally damaged concrete, reducing the extent to which CFRP orientation alone can influence the overall shear behavior.



In summary, the findings show that thermal exposure results in significant decreases in the strength and stiffness of unstrengthened reinforced concrete beams. The use of CFRP rope strengthening was highly effective in mitigating most of the negative effects of thermal exposure and, in several instances, restoring a greater capacity than the unheated control beam. These results indicate the important influence of reinforcement configuration, with ropes spaced at 150 mm and oriented at a 45° angle representing the most effective strengthening solution, providing the greatest gains in load-carrying capacity and ductility. Increasing the spacing to 200 mm diminished the overall strengthening efficiency. Vertical orientation, although beneficial, resulted in consistently lower load-carrying capacity and ductility compared to inclined configurations. Failure modes and crack patterns are shown in Figure 8, while load–deflection curves for Group One results are presented in Figure 9.




2.6.2. Group Two Results


Table 6 summarizes the key performance metrics and improvement ratios for the repaired beams.



For Group Two, high-strength concrete, the ultimate loads for the unstrengthened reference beams HS-CU and HS-CH were 206 kN and 160 kN, respectively. Significant strength gains were achieved with 45° and 90° rope strengthening. The HS-150 mm-45° specimen reached 339 kN, which represents a 64.5% and 111.8% gain over HS-CU and HS-CH, respectively. The HS-200 mm-45° specimen reached a load of 337 kN, providing a gain of 63.6% and 110.6% over HS-CU and HS-CH, respectively. The beams strengthened with ropes at 90° also gained c apacity; however, to a lesser extent. The HS-150 mm-90° specimen attained a load of 296 kN (43.7% and 85.0% gains), and the HS-200 mm-90° specimen attained 263 kN (27.7% and 64.4% gains over HS-CU and HS-CH, respectively).



The specimens that were repaired with ropes also exhibited increased deformation capacity. The beam HS-150 mm-45° showed the highest ultimate displacement of 11.8 mm. The results indicate that the load capacity and ductility were influenced by the spacing and orientation of the ropes for the tests completed in this phase. The change in failure modes (the control beams failed in shear, while the strengthened beams exhibited shear or shear–flexural failure modes) indicates that the CFRP ropes contributed significantly to the shear capacity of the beams. Overall, the 45° rope configuration was more effective than the vertical rope configuration in mobilizing composite action and provided improved post-cracking performance. Failure modes and crack patterns are shown in Figure 10, while load–deflection relationships for Group Two results are presented in Figure 11.




2.6.3. Effect of Experimental Parameters


Concrete Compressive Strength


Under all variable configurations, high-strength concrete beams showed greater ultimate loads than normal-strength concrete beams, regardless of capacity restrictions put in place for beam construction (controlled by variables). For unstrengthened beams, HSC control beams (HS-CU and HS-CH) had ultimate loads that exceeded the capacities of NSC control beams (NS-CU and NS-CH) by roughly 35–40%. This difference in performance validated the notion that higher compressive strength concrete naturally provides greater capacity with respect to flexural and shear failure. The capacity performance difference consistently remained sustained in the strengthened beams, indicating that while CFRP rope confinement improved shear capacity for both categories, the base concrete strength proved to be a controlling factor contributing to the overall capacity of the beams.




CFRP Rope Spacing


Changing the rope spacing from 200 mm to 150 mm improved the ductility and load capacity of both concrete mix grades. In the case of the 45° orientation, for instance, the reduction in spacing led to additional strength increase of 5–10%. Reduced spacing led to improved crack control and enhanced stress transfer between the concrete and the rope, which postponed diagonal cracking and reduced stiffness degradation. This effect was especially noticeable in the NSC beams, where rope confinement increased the compressive strength of a weaker matrix by more than 25 MPa. However, rope spacing had no discernible effect on the strengthening when the compressive strength of the HSC mix reached approximately 60 MPa. When compared to NSC beams, the spacing effect was almost insignificant for both ductility and load capacity.




CFRP Rope Orientation


The orientation of the rope was identified as an important factor in shear contribution. The 45° inclination consistently outperformed the 90° vertical arrangement in terms of ultimate load and deformation capacity. In the NSC beams, the 45° orientation provided capacity increases of up to 96% over control beams, compared to increases of 54–65% for the 90° orientation. In the HSC beams, the 45° orientation improved the load capacity of beam specimens by 64–112% relative to the control beams, compared to 28–85% for vertically oriented ropes. The increased performance of the inclined orientations can largely be attributed to their alignment with the principal tensile stress trajectories in the shear span, allowing for more effective crack bridging and shear transfer.







3. Numerical Analysis


3.1. Finite Element Method (FEM)


FEM is a general numerical approach that can solve an extremely broad range of engineering problems, from relatively simple linear calculation to extremely complex nonlinear simulation. The finite element model of the RC beams was created using the ABAQUS/CAE 2020 package. The overall length of the beams was 1600 mm and their cross-section measured 200 × 250 mm. The concrete was modeled as a three-dimensional solid while both the steel reinforcement and CFRP ropes were modeled as one-dimensional elements. The experimental boundary conditions were replicated by explicitly modeling the loading and support plates in the software. Once the material properties of each of the components were defined, the model was assembled. Each of the simulations was run under one static analysis (the time step was fixed at 1 s) for all models in order to reduce excess computational requirements. Tie constraints were used to ensure complete interaction between all components, except at the interface between the steel and concrete components which were modeled as an embedded region, with perfect bond behavior assumed to apply. This modeling assumption simplifies the interaction between the strengthening system and the concrete substrate and does not explicitly account for bond–slip effects. However, no CFRP rope debonding, pull-out, or concrete cover splitting was observed during the experimental tests, which supports the validity of the adopted assumption for reproducing the global structural response of the beams.



In the finite element model, the effect of elevated temperature was represented by considering the post-heating condition of the beams after exposure to 600 °C. The influence of temperature was introduced by modifying the material properties of concrete and reinforcing steel according to EN 1994-1-2 [30], including the reduction in modulus of elasticity and strength parameters to represent the thermally damaged condition of the specimens.



To simulate the loading applied to the concrete beam during the experimental tests, a displacement-controlled loading was selected to gradually increase the deflection until the peak load was achieved and to prevent numerical instability once the peak load was exceeded. A mesh sensitivity analysis was conducted to evaluate the influence of element size on the numerical results. Mesh sizes of 20 mm, 30 mm, and 40 mm were examined, and the comparison of the load–displacement responses showed only minor differences. The variation in the predicted ultimate load was less than 3%, indicating that the numerical results are not significantly affected by further mesh refinement. Therefore, a uniform mesh size of 30 mm was adopted in the final model as a balance between numerical accuracy and computational efficiency. The concrete beams were meshed with uniform 30 mm mesh sizes; hexahedral elements were assigned to beams with vertical CFRP strengthening, while tetrahedral elements were used to model those beams with inclined strengthening to better accommodate the inclined geometry. For the inclined strengthening configuration, the geometry of the grooves makes it difficult to maintain a structured hexahedral mesh; therefore, tetrahedral elements were adopted in these regions to preserve mesh quality. This mesh sensitivity assessment also indicates that the potential mesh dependency associated with the CDP softening formulation does not significantly influence the global structural response predicted by the model. Monitoring of load and mid-span deflection through the use of defined field outputs and historical results were created.



3.1.1. Beam Modeling


In this module, geometric modeling for each individual component was carried out by defining dimensions and their shapes directly. For realistically simulating experimental tests performed in the laboratory, five components were assigned in the model: load plate, steel reinforcement bars, concrete, support plates, and CFRP rope. Geometric characteristics and material characteristics assigned to each component are shown in detail in Table 7.




3.1.2. Materials


The nonlinear behavior of concrete was simulated using the Concrete Damaged Plasticity (CDP) model available in ABAQUS [31]. The CDP model is a continuum-based plasticity formulation capable of representing the inelastic behavior of quasi-brittle materials such as concrete under both tension and compression. The model accounts for stiffness degradation due to damage and allows the representation of plastic strains in compression and cracking behavior in tension.



The compressive stress–strain relationship of concrete was defined using the normalized stress–strain equation proposed by Tsai [32]. This formulation provides a smooth representation of the nonlinear compressive behavior of concrete and is commonly used to generate input curves for numerical modeling.



The normalized stress–strain relationship is expressed as


  y =    n x   1 +   n −  r  r − 1     x +    x r    r − 1       



(1)




where   x =     ε c     ε c     , y =     f c     f c ′      . The strain at the compressive strength    f c ′    (in MPa) is taken as    ε c ′  =     f c ′    4690 + 260  f c ′         [33].  n  and  r  are parameters to control the shape of the stress–strain curve and are taken as       E c   ε c ′     f c ′       and       f c ′    5.2    − 1.9  , respectively [34].



The plasticity of concrete under tension is modeled based on Tsai’s equation as


  y =    n x   1 +    n t  −  r  r − 1     x +    x r    r − 1             



(2)




where   x =     ε t     ε  t 0      , y =     f t     f  t 0      .  n t    and  r  are parameters to control the shape of the curve. The strain at peak tensile strength      f t      is    ε  t 0    .



	
Concrete






Tsai’s constitutive equations were employed to generate the stress–strain relationships used to represent the compressive behavior of both normal-strength (25 MPa) and high-strength (60 MPa) concrete used in the beams. The corresponding compression and tension stress–strain curves for both normal- and high-strength concrete are presented in Figure 12. The material properties adopted for the numerical model are summarized in Table 8.



The curves shown in Figure 12 were used to generate the input data required for the ABAQUS Concrete Damaged Plasticity (CDP) model, namely the stress–inelastic strain relationship for compression and the stress–cracking strain relationship for tension.



	
Concrete damage plasticity parameters






In this study, Concrete Damage Plasticity (CDP) model was used in the simulation of nonlinear concrete behavior under various conditions of loading. Model parameters were selected on the basis of commonly accepted values in the literature to ensure realistic material modeling. The parameters used are listed in Table 9.



	
Concrete Damage Parameter






Mechanical load-induced deterioration of concrete stiffness and strength is usually characterized by the compression and tension damage parameters, dc and dt, respectively. The two parameters, ranging from 0 to 1, quantify the extent of deterioration of the material: the value of 0 characterizes the undamaged state of the material, and the value of 1 represents loss of load-carrying capacity. According to the ABAQUS User’s Manual [31], these scalar damage variables enable accurate depiction of concrete failure mechanisms like tensile cracking and compressive crushing. Several formulations have been proposed in the literature for modeling the evolution of these damage parameters for uniaxial stress states. In the present work, the following equations were employed to simulate the evolution of tensile and compressive damage in concrete. The damage variables were calculated directly from the stress values obtained from the compressive and tensile stress–strain curves used in the CDP model. These relationships correspond to the descending branches of the stress–strain curves and were used to define the damage evolution associated with stiffness degradation in compression and tension.


      dc     = 1 −    σ c       f ′  co           dt     = 1 −    σ t       f ′  ct          



(3)




where



	
   σ c   : Concrete compressive stress along the descending stress–strain curve.



	
  f ′  co: Concrete compressive stress at the peak point.



	
 σ  t: Concrete tensile stress along the descending stress–strain curve.



	
     f ′   ct: Concrete tensile stress at the peak point.








3.2. Validation Results


Comparison of results from the finite element model with the experimental results indicated a good correlation, hence establishing the accuracy and reliability of the numerical model in simulating the structural behavior of RC beams under various loading conditions. Detailed comparison between numerical and experimental results is shown in Table 10. Crack patterns and failure modes of FE models are shown in Figure 13. The ultimate load and the corresponding displacement showed good agreement between the experimental and numerical results. Figure 14 shows the load versus deflection comparison between experimental and finite element results.





4. Comparative Evaluation of Experimental Results with ACI 440.2R and Finite Element


Shear capacities of all tested beams with NSM CFRP-rope strengthening were experimentally verified against ACI 440.2R [35] provisions, as well as FE analysis. The verification of these separate predictive methods offers insight into how conservative or reliable each method may be, as well as how certain design parameters, specifically concrete strength, fiber placement orientation, and spacing of NSM CFRP, affect the predicted shear capacity. Interactions among these design parameters might affect the actual shear capacity of these beams and can have important design implications.



For the unstrengthened NSC beams (NS-CU and NS-CH), the range of relative differences between experimental and theoretical values was −1.1% to 14.4%, indicating that the ACI 440.2R recommendations are reasonably aligned, typically underestimating in some cases and overestimating in others. The range of relative differences for the HSC beams (HS-CU and HS-CH) was significantly larger, ranging from 34.3% to 50.4%, implying that the ACI 440 guidelines tend to underestimate the contribution of shear strength for high-strength concrete without FRP reinforcement. The theoretical predictions generally exhibited smaller relative differences for NSC than for HSC. In NSC beams, the smallest relative differences (2.0% to 5.0%) were observed with 150 mm FRP spacing, while these differences increased for spacing of 200 mm (−7.6% to −8.8%). FRP spacing was an important parameter and improved the accuracy of both absolute capacity and theoretical predictions; thus, reduced spacing or increased amounts of FRP provided higher diagonal shear resistance. For HSC beams, the percentage differences were smallest and closest to theoretical predictions with 150 mm FRP spacing, whereas the percentage differences for 200 mm spacing were significantly larger (11.9% to 31.1%). These results indicate that reduced spacing improves the contribution of the reinforcement to diagonal shear resistance and increases the predictability of the ACI 440.2R equations.



The effect of FRP orientation was also observed. Beams strengthened with FRP at 45° generally demonstrated better agreement between theoretical and experimental shear capacities than beams strengthened at a 90° orientation, demonstrating the more effective contribution of inclined fibers in resisting diagonal shear stresses. All tested beams exhibited increased shear capacity through the use of FRP strengthening, with the increases being more predictable in NSC beams than in HSC beams. Overall, ACI 440.2R recommendations for NSC beams were generally reliable, whereas predictions for HSC beams may require some adjustment, particularly as FRP spacing increases.



The FE analysis slightly overestimated the experimental results but showed consistent trends across all test specimens, with the estimated shear capacity ΔFE values averaging between 1.2% and 5.4% higher than the experimentally measured shear capacities. A summary of the comparison results is shown in Table 11.




5. Conclusions


This research evaluated the shear performance of twelve RC beams, six normal-strength and six high-strength, strengthened with NSM CFRP rope through various fiber orientations and CFRP spacing, with ten beams subjected to a temperature of 600 °C. All beams were subjected to shear loading and tested to determine the effects of the strengthening technique. The accuracy of Finite Element analysis was evaluated through comparison with ACI 440.2R predictions.



Key findings:




	
The experimental results demonstrate conclusively that the use of NSM CFRP significantly increases the shear capacities of all tested beams. Beams oriented with the fibers at 45° achieved higher shear capacities than those oriented at 90°. In addition, the absolute increase in shear capacity for HS beams was greater than that for NS beams, indicating that concrete strength has a significant impact on shear capacity. The effects of high temperature exposure were also evident, as exposure to 600 °C led to lower shear capacities compared to beams tested at room temperature.



	
Finite Element Analysis (FEA) predicted shear capacities that were slightly overestimated compared to the experimental results (by approximately 1% to 5%); however, the results were highly repeatable, exhibiting low scatter. The FEA showed reasonable agreement with observed trends related to fiber orientation, CFRP spacing, and temperature exposure.



	
The ACI 440.2R provisions generally underestimated the shear capacity of high-strength beams by 10.7–23.7%, while slightly overestimating the shear capacities of some NS beams by approximately 8–9%. Although these provisions are conservative and therefore provide a safe design approach, they do not fully account for the benefits of NSM CFRP strengthening or the negative effects of elevated temperatures when NSM CFRP strengthening is used.



	
The change in failure modes (the control beams failed in shear, while the strengthened beams exhibited shear or shear–flexural failure modes) indicates that the CFRP ropes contributed significantly to the shear capacity of the elements. Overall, the 45° rope configuration was more effective than the vertical rope configuration in mobilizing composite action and provided improved post-cracking performance.
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	fc′
	Compressive strength of concrete (MPa).



	Ec
	Modulus of elasticity of concrete (GPa).



	d
	Effective depth of the beam (mm).



	h
	Total depth of the beam (mm).



	a/d
	Shear span-to-depth ratio.



	As
	Area of steel reinforcement (mm2).



	P
	Applied load (kN).



	NSM-CFRP
	Near-Surface-Mounted Carbon Fiber-Reinforced Polymer rope.
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Figure 1. Reinforcement Details of Test Specimens. 
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Figure 2. Strengthening Layout. 
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Figure 3. Temperature–time history of the furnace heating regime applied to the specimens. 
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Figure 4. Laboratory Furnace. 
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Figure 5. Illustration of the NSM Groove Layout used in the tested RC beams. 
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Figure 6. Grooving Layout for NSM CFRP Strengthening. 
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Figure 7. Test setup and LVDTs device. 
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Figure 8. Failure modes and crack patterns for group one. 
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Figure 9. Load–Deflection behavior for group one. 






Figure 9. Load–Deflection behavior for group one.



[image: Infrastructures 11 00115 g009]







[image: Infrastructures 11 00115 g010a][image: Infrastructures 11 00115 g010b] 





Figure 10. Failure modes and crack patterns for group two. 
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Figure 11. Load–Deflection curve for group two. 
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Figure 12. Stress–strain diagrams: (a) compressive curve for normal-strength concrete; (b) compressive curve for high-strength concrete; (c) tensile curve for normal-strength concrete; (d) tensile curve for high-strength concrete. 
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Figure 13. Failure Mode and Crack Patterns for Validated FEM. 
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Figure 14. Load–Deflection Curves for Experimental vs. Numerical Results. 
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Table 2. Concrete Mix Design.
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	Description
	25 MPa Concrete
	60 MPa Concrete





	Cement type
	Ordinary Portland Cement
	Ordinary Portland Cement



	Cement content (kg/m3)
	360
	540



	Fine-grade fly ash (kg/m3)
	–
	40



	Densified silica fume (kg/m3)
	–
	40



	Coarse aggregate (kg/m3)
	406
	1040 (10 mm)



	Medium aggregate (kg/m3)
	609
	–



	Semsemeyah aggregate (kg/m3)
	185
	–



	Coarse sand (kg/m3)
	–
	420



	Fine sand (kg/m3)
	–
	100



	Silica sand (kg/m3)
	646
	–



	Free water (L/m3)
	185
	–



	Total water (L/m3)
	212
	160



	Water–cement ratio (w/c)
	≈0.59
	≈0.30



	Chemical admixture
	Flocrete SP340
	Sika Viscocrete PC HRF2



	Admixture dosage (L/m3)
	6.12
	4.0



	Slump—initial (mm)
	230
	220



	Slump—after 45 min (mm)
	165
	160










 





Table 3. The Mechanical and Physical Features of the CFRP Ropes.
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	Properties
	SikaWrap FX-50 C





	Material Type
	Carbon



	Fiber Density (g/cm3)
	1.82



	Tensile Strength (MPa)
	4000



	Cross-Sectional Area (mm2)
	≥28



	Modulus of Elasticity (GPa)
	240



	Mass per Unit Length (g/m)
	≥50



	Elongation at Break
	≥1.6%










 





Table 4. Epoxy Adhesive Properties.
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	Resin Type/Property
	Sikadur®-330
	Sikadur®-52 LP





	Density
	1.3 ± 0.1 kg/L
	1.06 kg/L



	Tensile Strength
	30 N/mm2
	~27 N/mm2



	Elongation at break
	0.9%
	1.9%










 





Table 5. Summary of Group one Results.






Table 5. Summary of Group one Results.





	Specimen ID
	Initial Flexural Crack Load (kN)
	First Shear Crack Load (kN)
	Ultimate Load (kN)
	Ultimate Displacement (mm)
	CU %
	CH %
	Failure Mode





	NS-CU
	55
	20
	106
	3.9
	-
	-
	SF*



	NS-CH
	30
	23
	79
	6.5
	−25%
	-
	SF*



	NS-150 mm-45°
	140
	110
	186
	12
	75%
	135%
	S-F. F*



	NS-200 mm-45°
	90
	83
	143
	8.2
	35%
	81%
	FF*



	NS-150 mm-90°
	115
	100
	160
	10.9
	51%
	102%
	SF*



	NS-200 mm-90°
	80
	70
	124
	8.1
	17%
	57%
	SF*







CU %: Enhancement in Load vs. NS-CU. CH %: Enhancement in Load vs. NS-CH. SF*: Shear Failure, FF*: Flexural Failure, S-F. F*: Shear–Flexural Failure.













 





Table 6. Summary of Group Two Results.
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	Specimen ID
	Initial Flexural Crack Load (kN)
	First Shear Crack Load (kN)
	Ultimate Load (kN)
	Ultimate Displacement (mm)
	CU %
	CH %
	Failure Mode





	HS-CU
	100
	60
	206
	6.1
	-
	-
	SF*



	HS-CH
	100
	50
	160
	8.2
	−22.3%
	-
	SF*



	HS-150 mm-45°
	195
	160
	339
	11.8
	64.5%
	111.8%
	S-F. F*



	HS-200 mm-45°
	200
	160
	337
	11.4
	63.5%
	110.6%
	S-F. F*



	HS-150 mm-90°
	175
	155
	296
	11
	43.7%
	85%
	SF*



	HS-200 mm-90°
	190
	130
	263
	8.5
	27.7%
	64.4%
	SF*







CU %: Enhancement in Load vs. HS-CU. CH %: Enhancement in Load vs. HS-CH. SF*: Shear Failure, S-F. F*: Shear–Flexural Failure.













 





Table 7. Parts Details.
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	Part
	Modeling Space
	Element Type
	Shape





	Concrete
	3D
	C3D8R: An 8-node linear brick, reduced integration, hourglass control.
	Solid



	Steel Bars
	3D
	T3D2: A 2-node linear 3D truss.
	Wire



	Load Plate
	3D
	C3D8R: An 8-node linear brick, reduced integration, hourglass control.
	Solid



	Support Plate
	3D
	C3D8R: An 8-node linear brick, reduced integration, hourglass control.
	Solid



	CFRP Rope
	3D
	T3D2: A 2-node linear 3D truss.
	Wire










 





Table 8. Material Properties for Model Components.
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Part

	
Properties




	
Density

(ton/mm3)

	
Elasticity

	
Plasticity




	
Elastic Modulus

(MPa)

	
Poisson’s Ratio

	
Tensile Strength (MPa)

	
Plastic Strain






	
Concrete

	
2.4*10−9

	
23,500 (Normal Strength)

36,406 (High Strength)

	
0.2

	
The details are presented in Figure 12.




	
Steel Bars

	
7.8*10−9

	
200,000

	
0.3

	
520

	
0




	
Load Plate

	
7.8*10−9

	
200,000

	
0.3

	
NA




	
Support Plate

	
7.8*10−9

	
200,000

	
0.3

	
NA




	
CFRP Rope

	
1.82*10−9

	
240,000

	
0.2

	
4000











 





Table 9. Concrete damage plasticity parameters.
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	Dilation Angle
	Plastic Potential Eccentricity
	fbo/fc0
	K
	Viscosity Parameter





	35°
	0.1
	1.16
	0.667
	0.001







fbo/fc0: The ratio of the strength in the biaxial state to the strength in the uniaxial state. K: Ratios of the distance between the hydrostatic axis and the compression meridian and the deviatoric cross-section.













 





Table 10. Comparison Between Experimental and Numerical Results.
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Specimen ID

	
Numerical Results

	
Experimental Results

	
Difference Ratio

(Pu Num)/Pu Exp)*

%

	
Failure Mode




	
Initial Flexural Crack Load (kN)

	
First Shear Crack Load (kN)

	
Ultimate Load (kN)

	
Ultimate Displacement (mm)

	
Initial Flexural Crack Load (kN)

	
First Shear Crack Load (kN)

	
Ultimate Load (kN)

	
Ultimate Displacement (mm)






	
NS-CU

	
67

	
28

	
110

	
3.8

	
55

	
20

	
106

	
3.9

	
3.70%

	
SF*




	
NS-CH

	
33

	
25

	
83

	
6.3

	
30

	
23

	
79

	
6.5

	
5.10%

	
SF*




	
NS-150 mm-45°

	
130

	
100

	
196

	
13.4

	
140

	
110

	
186

	
12

	
5.40%

	
S-F. F*




	
NS-200 mm-45°

	
92

	
88

	
150

	
8.8

	
90

	
83

	
143

	
8.2

	
4.80%

	
FF*




	
NS-150 mm-90°

	
120

	
110

	
167

	
10.8

	
115

	
100

	
160

	
10.9

	
4.30%

	
SF*




	
NS-200 mm-90°

	
85

	
70

	
126

	
9.4

	
80

	
70

	
124

	
8.1

	
1.60%

	
SF*




	
HS-CU

	
90

	
65

	
213

	
6.3

	
100

	
60

	
206

	
6.1

	
3.40%

	
SF*




	
HS-CH

	
110

	
45

	
168

	
9

	
100

	
50

	
160

	
8.2

	
5%

	
SF*




	
HS-150 mm-45°

	
220

	
170

	
346

	
12.2

	
195

	
160

	
339

	
11.8

	
2.10%

	
FF*




	
HS-200 mm-45°

	
190

	
150

	
341

	
12.5

	
200

	
160

	
337

	
11.4

	
1.20%

	
SF*




	
HS-150 mm-90°

	
180

	
150

	
304

	
12

	
175

	
155

	
296

	
11

	
2.70%

	
SF*




	
HS-200 mm-90°

	
170

	
145

	
275

	
9.5

	
190

	
130

	
263

	
8.5

	
4.50%

	
SF*








SF*: Shear Failure, FF*: Flexural Failure, S-F. F*: Shear–Flexural Failure. Difference ratio (Pu Num)/Pu Exp)*: Difference ratio represents the ratio between the numerical ultimate load (Pu,Num) and the (Pu,Exp) experimental ultimate load.













 





Table 11. Experimental and Predicted Shear Capacities of NSM CFRP-Strengthened Beams.
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	Beam ID
	VExperimental

(kN)
	VFE

(kN)
	VACI440-2R

(kN)
	ΔFE (%)
	ΔACI440-2R (%)





	NS-150 mm-45°
	93.0
	98.0
	91.2
	5.4
	−1.9



	NS-200 mm-45°
	71.5
	75.0
	78.4
	4.9
	9.7



	NS-150 mm-90°
	80.0
	83.5
	76.2
	4.4
	−4.8



	NS-200 mm-90°
	62.0
	63.0
	67.1
	1.6
	8.2



	HS-150 mm-45°
	169.5
	173.0
	151.4
	2.1
	−10.7



	HS-200 mm-45°
	168.5
	170.5
	128.5
	1.2
	−23.7



	HS-150 mm-90°
	148.0
	152.0
	124.5
	2.7
	−15.9



	HS-200 mm-90°
	131.5
	137.5
	108.3
	4.6
	−17.6







Δ (%) represents the percentage difference between the predicted shear capacity and the experimentally measured shear capacity.
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