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To improve the flexural performance of damaged reinforced concrete T-beams, a method of filling ultra-high performance concrete (UHPC) in the damaged area was adopted. Experimental studies were conducted on two UHPC-reinforced concrete T-beams with different lengths of damaged areas and one undamaged concrete T-beam as a reference. Crack distribution, failure modes, cracking loads, flexural capacities, and strain variation of the specimens were analyzed. Subsequently, a nonlinear finite element (FE) model of the UHPC-reinforced T-beam was developed using ABAQUS, and the FE model results were compared with the experimental results to validate the accuracy of the FE simulation method. The results indicated that the two UHPC-reinforced T-beams exhibited a similar flexural failure process to the undamaged T-beam. The longitudinal tensile strain distribution at the mid-span section showed that the composite section formed by the filling of UHPC in the damaged region still adhered the assumption of the planar section. Owing to the excellent bond performance between UHPC and the existing concrete, the main cracks of the UHPC-reinforced T-beams appeared in the chiseled area, and the crack widths of the UHPC-reinforced T-beams under the same load were smaller than those of the reference T-beam. Overall, the reinforcing method of filling UHPC in the damaged region can restore or even enhance the flexural performance of the damaged reinforced concrete T-beams.
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1 INTRODUCTION
It is widely recognized that bridge safety is influenced by two major factors: natural factors and human factors. Among the human factors, vehicle collisions pose a significant threat to bridge structures and should not be ignored. However, it is important to note that not all bridges collapse when struck by vehicles, particularly in cases where high vehicles collide with overpass bridges. In most instances, these collisions result in localized damage to the upper structure of bridges. Figure 1 depicts a typical bridge collision accident that took place in China, where it is evident that collisions with high vehicles primarily caused localized concrete failure, fractures in ordinary rebars, and breakage of limited prestressed tendons. Typically, such damage does not result in a loss of bearing capacity or collapse of the bridge. However, before the damaged beams are repaired or replaced, the traffic of the damaged bridge needs to be closed for an extended period.
[image: Figure 1]FIGURE 1 | Typical accidents caused by vehicle impact on bridges. (A) Concrete T-beam bridge (B) Small box girder bridge.
Regarding the issue of vehicle collisions with bridges, current research primarily focuses on the damage mechanisms of bridge structures after impact and numerical simulations of the collision process (Xu et al., 2012; Xu et al., 2013). It is difficult to find research literature specifically addressing reinforcement techniques for damaged bridges caused by collisions. However, extensive studies (Ngidi and Dundu, 2018; Di et al., 2020; Qin et al., 2020) have been conducted on concrete bridges that do not meet the normal serviceability requirements in terms of load capacity, which can provide references for the reinforcement research of collision-damaged bridges. In recent years, new types of cementitious materials, such as engineered cementitious composites (ECC) (Zhang et al., 2023a; 2023b; Liu et al., 2023; Men et al., 2024) Ultra-high performance concrete (UHPC) (Leng et al., 2024) concrete have been studied and used in civil engineering. UHPC exhibits high tensile strength, good flowability, and high bond strength with existing concrete (Zou et al., 2023a; Zou et al., 2023b). The application of UHPC for retrofitting existing bridges has become a significant reinforcement method (Zhu et al., 2020).
Zhang et al. (2020a; 2020b) conducted a series of push-out tests to investigate the effects of various parameters, including the of normal concrete strength, interface treatment methods, the age of UHPC, and the moisture level on the surface of normal concrete, on the shear performance of the interface between UHPC and normal concrete. M.A. Al-Osta et al. (2017) conducted experimental investigations on the flexural performance of reinforced concrete beams strengthened with ultra-high performance fiber-reinforced concrete (UHPFRC) using two interface treatment methods: sandblasting treatment on the surface of the reinforced concrete beams and applying epoxy adhesive at the interface. The results indicated that the flexural performance of the beams under both strengthening methods was similar, with the three-sided U-shaped UHPFRC reinforcement method showing the highest increase in the bearing capacity. Paschalis et al. (2018) conducted a comparative study to evaluate the effectiveness of non-reinforced UHPFRC strengthening layers and reinforced UHPFRC strengthening layers on the flexural behaviour of reinforced concrete beams. They found that the non-reinforced UHPFRC layer had a minimal impact on the flexural capacity of the beams but delayed crack formation and enhanced beam stiffness, while the reinforced UHPFRC layer significantly increased the flexural capacity of the test beams. Zhang et al. (2020c; 2023) investigated the flexural performance of damaged reinforced concrete beams strengthened with reinforced UHPC layers, and they found that the reinforced UHPC layers increased the flexural capacity of the beams by 71.4%–126.3% and effectively delayed the development of cracks. P. Ganesh and Murthy. (2021) used precast UHPC strips to strengthen the tension region of reinforced concrete beams and studied the reinforcement effects of different thicknesses of UHPC strips through static load tests. The results demonstrated that the interface between the UHPC strip and concrete beam remained intact throughout the entire loading process. Although the precast UHPC strips increased the flexural stiffness of the beams, the improvement in flexural capacity was not significant. Safdar et al. (2016) replaced the concrete at the top and bottom of reinforced concrete beams with UHPFRC layers of varying thicknesses to investigate their influence on flexural performance, and the study indicated that the UHPFRC s reinforcement layer enhanced the stiffness, ultimate flexural capacity, and delayed crack initiation, thereby improving the durability of the concrete beams. Yin et al. (2017) conducted flexural performance tests on reinforced concrete slabs using UHPC. The results showed that the UHPC reinforcement layer improved the failure mode of the reinforced concrete slabs and increased their flexural capacities.
According to the available literature, numerous studies have been conducted on the flexural performance of existing bridges reinforced with UHPC. However, there is a lack of research specifically addressing the reinforcement of damaged bridges using UHPC. To bridge this gap, this study conducted experimental investigations and nonlinear finite element (FE) model to study the flexural behaviour of damaged concrete T-beams reinforced with UHPC filling, and the findings in this paper can provide guidance for reinforcing this type of damaged bridge.
2 EXPERIMENTAL PROGRAMME
2.1 Specimen design
A total of three T-beam specimens were designed, including one undamaged specimen as a reference and two damaged specimens reinforced with UHPC. For each T-beam, the width and thickness of the top flange were 450 mm and 100 mm, respectively, while the height and width of the web were 300 mm and 150 mm, respectively. The damage areas of the two reinforced specimens were arranged on the web, both located near the mid-span section, with dimensions of 150 mm × 500 mm and 200 mm × 1,000 mm, respectively, in the elevation view. For the actual impact-damaged bridge depicted in Figure 1, prior to reinforcement implementation, it was necessary to remove the damaged rebars and weld new rebars. As the overlapping welding of reinforcing bars is a well-established technique ensuring the strength of the welded joints, this study omitted the step of welding new rebars and used intact rebars in the fabrication process of the specimen. The details of the specimens are illustrated in Figure 2. The dimensions of the damaged and reinforced areas of the specimens are presented in Table 1. In Table 1, the label of the specimen consists of two parts: the first part denotes the reinforcement form of the specimens, where “NC” represents unreinforced T-beam and “NU” represents reinforced beam, and the second part of “NU” represents the length of the reinforced area were 0.5 m or 1.0 m.
[image: Figure 2]FIGURE 2 | Dimensional parameters of the specimens (unit: mm). (A) NC (B) NU-0.5 (C) NU-1.0.
TABLE 1 | Primary test parameters of specimens.
[image: Table 1]During the specimen fabrication, to ensure the enough bond between the UHPC in the damaged region and the normal concrete of the existing beam, the concrete at the damage area was completely removed, and simultaneously, a certain area around the damaged region of the beam was chiseled to create a rough surface. As shown in Figures 2, 3, the height of the chipped area of the beam was 50 mm higher than that of the damaged region, and each end of the chiseled area was extended 200 mm beyond the damaged region. The chiseling depth on the side and bottom surfaces of the web was controlled at 15 mm and 20 mm, respectively. Through this chiseling process, the normal tensile interface between the UHPC at the damaged region and the existing concrete of the T-beam was transformed into two types of interfaces: the normal tensile interface between the UHPC filling and the existing concrete and the tangential shear interface between the chipped U-shaped UHPC and the existing concrete. This approach helped to weaken or even eliminate the vulnerability of the UHPC-concrete interface to normal tensile strength, which was susceptible to construction quality and material shrinkage deformation. And consequently, the strength of the strengthening interface was improved.
[image: Figure 3]FIGURE 3 | Chiseling rough scheme for reinforcing area (unit: mm). (A) Cross section of chiseling rough area (B) Layout of the web plate in the reinforcement area.
2.2 Material properties
In this experiment, commercial concrete with a concrete grade of C50 was used. The average cubic compressive strength fcu, obtained from six 150 mm × 150 mm × 150 mm cubic specimens, was 51.0 MPa. The average axial compressive strength fc, measured from three 150 mm × 150 mm × 300 mm prismatic specimens, was 43.0 MPa. The elastic modulus Ec, determined from six prismatic specimens of the same dimensions, was 36.3 GPa. Rebars with diameters of 14 mm and 8 mm, both of grade HRB400, were used in the experiment. Material properties of the rebars, including elastic modulus E, average yield strength fy, average ultimate tensile strength fu, yield strain εy, and peak strain εu, were determined through tensile tests on three rebar coupons. Material properties of rebar are summarized in Table 2.
TABLE 2 | Material properties of rebar.
[image: Table 2]Furthermore, UDC(II)-150 type UHPC pre-mixed material was adopted. Prior to conducting the experiment, the material properties of UHPC were evaluated in accordance with T/CCPA 7-2018 (T/CBMF 37, 2018). The tensile properties of UHPC, including cracking strain εt, peak strain εtu, and tensile strength ft, were determined through uniaxial tensile tests on six dog-bone coupons. Moreover, the elastic modulus and axial compressive strength of UHPC were measured using six cylindrical specimens with diameters of 100 mm and heights of 200 mm. The compressive strength of UHPC was evaluated through testing six 100 mm × 100 mm × 100 mm cubes. The material test results of UHPC are presented in Table 3.
TABLE 3 | Material Properties of UHPC.
[image: Table 3]2.3 Loading and testing programme
As depicted in Figure 4, four-point bending tests were conducted for all specimens. The distance between the loading points was 550 mm, and the distance between the support points was 3,400 mm. Consequently, the shear span ratio was 3.56. A hydraulic jack was used for loading, and the single-point concentrated load was transformed into two equal point loads using a distribution beam. The applied load was obtained through a load sensor under the jack. The loading process included two steps: pre-loading and formal loading. During the pre-loading, the load was applied to 0.6 times of the estimated cracking load and then unloaded. For the formal loading, at the early loading stages, load control was adopted. Before reaching the cracking load, the load was increased in an increment of 2.5 kN. After the cracking load reached, the increment was adjusted to 5.0 kN. Once the load-displacement curve exhibited a yield turning point, the loading control switched to displacement control. Until the load-displacement curve exhibited a significant yield segment or started to decline, the experiment was stopped. During each loading increment, the load was held for 5 min before colleting the test data. Meanwhile, the development of cracks was recorded and the width of these crack was also measured.
[image: Figure 4]FIGURE 4 | Loading scheme of T-beam specimen (unit: mm). (A) Arrangement of loading and displacement points (B) Experimental loading photographs.
As shown in Figure 5, three linear variable differential transformers (LVDTs) were arranged at the mid-span and two loading points to measure the vertical displacement of the specimen, while one dial gauge was set at each support to measure the settlement of the respective supports. Strain gauges were used to measure the strain of the rebar and concrete. The strain gauge arrangement for the tensile main steel bars is illustrated in Figure 5A, while the strain gauge arrangement for the mid-span section of the specimen is illustrated in Figure 5B.
[image: Figure 5]FIGURE 5 | Arrangement of strain gauges of T-beam specimen (unit: mm). (A) Measurement points on the surface (B) Measurement points for rebars.
3 EXPERIMENTAL RESULTS
3.1 Cracking and failure modes
Figure 6 illustrates the failure modes of the reference specimen NC and the reinforced specimens NU-0.5 and NU-1.0. Apparently, none of the top flanges of the specimens experienced concrete crushing failure when the specimens reached their flexural capacity. This was attributed to the large compressive area of the top flange in the T-beam. When the load-displacement curves of the specimens exhibited a significant yield segment or started to decline, it was considered that the specimens reached their flexural capacities.
[image: Figure 6]FIGURE 6 | Failure modes of T-beam specimens.
A comparative analysis of the crack distributions of the specimens after failure revealed that the specimen NC exhibited extensive crack development. When it reached its flexural capacity, four wide primary cracks appeared in the section outside the two loading points of the specimen. Furthermore, some cracks extended upwards to the top flange, with the majority of these cracks being primarily distributed between the two loading points. In contrast, the specimens NU-0.5 and NU-1.0 exhibited only one wide primary crack when reaching their flexural capacities. These cracks occurred within the tangential shear interface between the UHPC filling and the existing concrete. Notably, the UHPC-reinforced region did not show significant wide cracks. Specifically, specimen NU-0.5 had fewer cracks in the reinforced region, while the NU-1.0 specimen showed well-developed cracks with larger widths in that area. The observed variation in crack width was related to the length of the damaged zone.
During the loading process, the development of crack width under various levels of applied load was measured using a crack observation instrument. The crack width development curves of the specimens were shown in Figure 7. According to the design code GB 50010-2010 (Code for Design of Concrete Structures, 2010), the maximum allowable crack width for reinforced concrete structures under various quasi-permanent load combinations in the serviceability limit state is 0.3 mm. From Figure 7, it can be observed that specimen NU-1.0, which had a longer UHPC filling region to bear the bending load, fully utilized the excellent tensile properties of the UHPC in the filling region. As a result, the load at which the crack width reached the 0.3 mm limit was higher for specimen NU-1.0 compared to specimen NC. Conversely, for specimen NU-0.5, the length of the UHPC filling region was smaller than the distance between the two loading points. Consequently, at lower load levels, the corresponding crack width of NU-0.5 exceeded that of specimen NC. However, at higher load levels or when the crack width reached the 0.3 mm limit, the applied load for specimens NU-0.5 and NC were similar. Therefore, for T-beams reinforced with UHPC filling, the chiseling method adopted in this study ensured that the interface strength between the UHPC and the existing concrete reached or even exceeded the strength of the concrete, thereby ensuring reliable force transfer at the interface.
[image: Figure 7]FIGURE 7 | Crack width development law of T-beam specimens.
3.2 Load-displacement curves
Figure 8 shows the load-displacement curves of the specimens. The flexural failure process of the specimens reinforced with UHPC filling was similar to that of the reference specimen NC. Both can be divided into three stages: elastic stage, cracking stage, and yielding failure stage, which was typical characteristics of flexural failure in reinforced concrete beams.
[image: Figure 8]FIGURE 8 | Load-displacement curves of specimens.
Table 4 summarizes bending test results of T beam specimens, including the loads and mid-span vertical displacements. The symbols used in the table are defined as follows: Fc denotes the cracking load, Fu denotes the ultimate load, and Δu denotes the mid-span vertical displacement corresponding to the ultimate load. ΔFc and ΔFu represent the increases in cracking load and ultimate load, respectively, for the reinforced specimens compared to the reference specimens. As shown in Table 4, the cracking loads of specimens NU-0.5 and NU-1.0 increased by 19.52% and 39.84%, respectively, compared to specimen NC. The ultimate loads of specimens NU-0.5 and NU-1.0 increased by 5.73% and 34.11%, respectively. The cracking load and ultimate load of specimen NU-1.0 were higher than those of specimen NU-0.5, with increases of 17.00% and 26.85%, respectively. The flexural stiffness of specimen NU-1.0 was significantly higher than that of specimen NC, while the flexural stiffness of specimen NU-0.5 was only slightly higher than that of specimen NC. This indicated that increasing the UHPC filling area enhanced the flexural capacity and stiffness of the T-beam specimens. In summary, increasing the filling area can significantly improve the flexural stiffness and capacity of damaged T-beams, while also enhancing the ductility of the damaged beams to some extent.
TABLE 4 | Bending test results of T beam specimens.
[image: Table 4]3.3 Load-strain relationship
Figure 9 shows the variation in midspan section strains along the height direction of reinforced specimens under different loading stages, where Fu represents the ultimate load of the reinforced specimens. During the loading process, the strain distribution along the height of the midspan section of the specimen approximately exhibited a linear pattern, indicating that the composite section formed by the filling of UHPC in the damaged region still adhered the assumption of the planar section composed of two different materials.
[image: Figure 9]FIGURE 9 | Strain distribution along the height of T-beam specimens at the midspan section. (A) NU-0.5 (B) NU-1.0.
Figure 10 presents the load-strain curves of the top flange at midspan section of the specimens. It can be observed that the compressive strain values of the concrete in the width direction of the top flange of the specimens were similar. This indicated that the shear-lag effect of the T-beam section was minimal, and thus, the top flange of the specimens can effectively participate in the overall bending resistance of the beam. A comparison of the specific strain values revealed that, except for reference specimen NC, the compressive strain values of the top flange at midspan section of the other two reinforced specimens did not exceed 1,000 με. This aligned with the pattern of no principal crack in the UHPC filling region of the reinforced specimens.
[image: Figure 10]FIGURE 10 | Load-strain curves of top flange of T-beam specimens. (A) NC (B) NU-0.5 (C) NU-1.0.
Figure 11 illustrates the load-strain curves at the bottom surface of UHPC for the reinforced specimens. It was found that both specimens NU-0.5 and NU-1.0 exhibited higher strain values at the interface between UHPC and the existing concrete, in the tensile direction. In contrast, the strain values at the mid-span section of the bottom surface were relatively smaller. This indicated that the primary cracks and the yielding of the tension steel reinforcement of the specimens both occurred near the interface between UHPC and the existing concrete. Compared to specimen NU-0.5, specimen NU-1.0 exhibited higher surface strain on the UHPC at the midspan section of the bottom of the beam. This indicated that a longer UHPC filling region contributed to the full utilization of the tensile performance of the UHPC. Conversely, a shorter UHPC reinforcement region hindered the utilization of tensile performance of the UHPC.
[image: Figure 11]FIGURE 11 | Load-strain curves of UHPC surface of T-beam specimens. (A) NU-0.5 (B) NU-1.0.
4 NUMERICAL SIMULATIONS
4.1 FE model
4.1.1 Element and boundary conditions
A FE model was developed using ABAQUS, as depicted in Figure 12. The model adopted C3D8R elements to simulate the T-beam, including normal concrete, loading and support blocks, and UHPC filling in the damaged region. The rebar skeleton was modelled using T3D2 elements. The loading and support blocks were tied to the T-beam, while rebar skeleton was embedded within the surrounding concrete or UHPC. To simulate the potential interface debonding between the UHPC filling and the existing concrete in the damaged region, a surface-to-surface contact approach was employed, and the contact constraint effectively captured the debonding phenomenon. The FE was established with simply supported boundary conditions, mirroring the experimental setup. During the analysis, vertical displacement loads were applied to the reference points located above the mid-span section of the specimen.
[image: Figure 12]FIGURE 12 | Finite element model.
4.1.2 Constitutive models of materials
The concrete constitutive model was defined using the Concrete Damage Plasticity (CDP) model within ABAQUS, with stress, strain, and damage parameters of concrete referenced from GB50010-2010 (GB 50010, 2010). There are various models, such as the elastoplastic model, bilinear model (Men et al., 2022; Men et al., 2023a), and trilinear model (Men et al., 2023b), used to simulate the stress-strain behaviour of steel. In this study, the rebars and steel blocks were modelled using an ideal elastoplastic constitutive model. The constitutive models for concrete and steel are illustrated in Figure 13.
[image: Figure 13]FIGURE 13 | Constitutive models for concrete and steel. (A) Concrete (B) Steel.
After experiencing tensile cracking, UHPC does not immediately lose its load-bearing capacity. Its uniaxial tensile stress-strain curve exhibits a strain-hardening stage after reaching the peak tensile strength. In this study, the constitutive model for UHPC was defined using the CDP model in ABAQUS. The compressive and tensile constitutive models for UHPC, as shown in Figure 14, were defined based on the references (Hussein et al., 2017; Sargand et al., 2017). The specific constitutive equations were determined by Eqs 1, 2, with all material parameters obtained from the material properties tests.
[image: image]
[image: image]
where, x represents the ratio of compressive strain to peak compressive strain of UHPC; σc denotes the peak compressive strength of UHPC; y represents the compressive stress of UHPC; A denotes the ratio of the tangent modulus at the origin to the secant modulus at the peak point of the compressive constitutive curve, with a value of 1.05 in this paper; σt and εt are the tensile stress and strain of UHPC, respectively; fct denotes the peak tensile strength of UHPC; εca is the initial cracking strain of UHPC; and εcp is the ultimate strain of UHPC.
[image: Figure 14]FIGURE 14 | Constitutive model of UHPC. (A) Compressive stress-strain curve (B) Tensile stress-strain curve.
4.1.3 Properties of UHPC-NC interface
When simulating the loading conditions of reinforced specimens, it is important to consider the interface behaviour between new and existing materials. In this study, a surface-based cohesive behaviour model in ABAQUS was employed to simulate the bonding behaviour between UHPC and the existing beam. The surface-to-surface contact was used to constrain the UHPC-NC interface, incorporating the corresponding cohesive behavior and damage criterion. Based on the references (Hussein et al., 2017; Sargand et al., 2017), the maximum contact stress before damage at the interface was determined through calculations, resulting in a maximum value of 4.00 MPa, with a corresponding relative displacement of 0.068 mm.
4.2 Analysis of flexural process of specimens
Figure 15 presents a comparison load-displacement curves between the finite element analysis (FEA) and experiments. It can be observed that the simulated load-displacement curves of the three specimens generally follow the same trend as the experimental results. The simulated flexural stiffness after cracking but before yielding was slightly higher that the measured flexural stiffness, which can be attributed to the simplifications of the UHPC constitutive model in the FE model. It should be noted that the focus of this section was primarily on the ultimate load of the specimens. As indicated in Table 5, the deviations between the simulated and experimental values for the ultimate loads of specimens NC, NU-0.5, and NU-1.0 were −4.52%, 1.75%, and −1.38%, respectively. This demonstrated that the FEA method employed in this study effectively predicted the ultimate load of the tested beams.
[image: Figure 15]FIGURE 15 | Comparison of load-displacement curves between FEA and experiment. (A) NC (B) NU-0.5 (C) NU-1.0.
TABLE 5 | Comparison of ultimate loads between FEA and experiment.
[image: Table 5]Furthermore, the FE model was capable of simulating the crack development of the test beams. Taking the NU-0.5 specimen as an example, Figure 16 compares the crack propagation and failure modes between the FEA and experiment. It can be observed that during the loading process of specimen NU-0.5, there was no occurrence of debonding at the interface between the UHPC and the existing concrete. By considering both the load-displacement curve and the simulated failure process, it can be concluded that the FEA employed in this study accurately simulated the flexural performance of the reinforced concrete T-beams strengthened with UHPC filling.
[image: Figure 16]FIGURE 16 | Comparison of failure modes between FEA and experiment for specimen NU-0.5. (A) 0.3 Pn (B) 0.7 Pn (C) Pn.
To further understand the failure modes of the specimens, Figure 17 provides the distribution of rebar stresses when specimens NC, NU-0.5, and NU-1.0 reached their flexural ultimate loads. It can be observed that all three specimens experienced flexural failure due to yielding of the tension rebars. Due to the higher tensile strength and elastic modulus of UHPC compared to normal concrete, the yielding zones of the tensile rebars varied among the three specimens. As only normal concrete was used for specimen NC, the crack distribution was uniform, and the yielding zones of the tension rebars occurred between the loading points and in localized areas outside the loading points. In contrast, for specimens NU-0.5 and NU-1.0, as UHPC-filled region exhibited higher stiffness and strength than the existing concrete, the yielding zones of the tension rebars were closer to the interface between UHPC and the existing concrete. The stress level of the tension rebars in the UHPC filling region was relatively low. Further comparison of the distribution of stirrup stress revealed that since the flexural cracks in the NC specimen fully developed across the entire span, the stresses of the stirrups were minimal. However, for specimens NU-0.5 and NU-1.0, the limited cracking in the UHPC-filled region caused higher stresses on the stirrups in the shear span. This indicates that when filling damaged concrete beams with UHPC to reinforce them, it is necessary to assess the risk of shear failure in the reinforced beam.
[image: Figure 17]FIGURE 17 | Von Mises stresses distribution of rebars of T-beam specimens.
5 ANALYSIS OF THE FAILURE MECHANISM OF REINFORCED SPECIMENS
Figure 18 illustrates the relative positions of the main cracks, UHPC-filled area, and chiseling rough area in specimens NU-0.5 and NU-1.0. The purple dashed box represents the UHPC-filled area, and the positions of the two short sides of the purple box correspond to the interface between the UHPC and the existing concrete. The region between the red dashed box and the purple dashed box represents the chiseling rough area of the existing beam.
[image: Figure 18]FIGURE 18 | Local cracking behaviour of UHPC-reinforced specimens. (A) NU-0.5 (B) NU-1.0.
From Figure 18A, it can be observed that the length of the UHPC-filled area of specimen NU-0.5 was smaller than the distance between the two loading points. The interface between the UHPC and the existing concrete was always located in the region of maximum bending moment. To address this, the interface treatment scheme shown in Figure 19 was adopted, which converted a portion of the normal tension reinforcing interface into the tangential shear reinforcing interface. With an increase in the load, the shear interface between the UHPC and the existing concrete in specimen NU-0.5 did not experience shear failure. However, defects in the tension interface were continuously exposed, and the thin U-shaped UHPC layer in the chiseling rough area gradually fractured. Ultimately, the tension interface between the UHPC and the existing concrete separated, and the main rebars near the tension interface yielded. The failure zone of specimen NU-0.5 was limited to the vicinity of the tension interface between the two loading points. This also explained why the ultimate load of the specimen NU-0.5 was not significantly different from that of the reference specimen NC. The UHPC in the reinforced area continued to work together with the rebars even after cracking, resulting in a stiffness greater than the post-cracking stiffness of the tension interface cross-section. The overall bending deformation of the specimen was equivalent to the bending of the low-stiffness beam segment on the outer side of the tension interface, driving the bending of the high-stiffness beam segment on the inner side of the tension interface. The deformation of the high-stiffness beam segment on the inner sider was relatively small. Based on the assumption of the plane section, it can be inferred that the compressive strain level of the top flange at the mid-span section of the specimen was not high, which was consistent with the strain levels measured in the experiment.
[image: Figure 19]FIGURE 19 | Stress mechanism of reinforced region interface.
As indicated in Figure 18B, the length of the UHPC-filled area of specimen NU-1.0 exceeded the distance between the two loading points. The tension interface between the UHPC and the existing concrete of the NU-1.0 specimen was located in a region with a relatively low bending moment. This allowed the tension interface between the UHPC and the existing concrete to bear higher loads without premature separation. Due to the significantly higher tensile strength of UHPC compared to normal concrete, the failure of specimen NU-1.0 also occurred at the tension interface between the UHPC and the existing concrete. The failure process resembled that of the NU-0.5 specimen, where the U-shaped UHPC layer in the chiseling rough area experienced tension-induced fracture, leading to the separation of the tension interface and yielding of the main rebars near the interface. The extended reinforced area of specimen NU-1.0 enabled the UHPC-filled region to bear a larger bending moment. Compared to specimen NU-0.5, specimen NU-1.0 exhibited a higher number of cracks within the reinforced area, with more extensive vertical propagation of these cracks. As the flexural stiffness of the reinforced area was higher than that of the unreinforced area, the local bending deformation in the reinforced area was not significant. Consequently, the compressive strain in the concrete on the top flange of the mid-span section of the specimen remained relatively small, and the cracks in the top flange primarily distributed in the unreinforced region outside the two loading points region.
6 CONCLUSION
This study investigates the flexural performance of damaged reinforced concrete T-beams reinforced with UHPC filling through experiments and nonlinear FEA. The following key conclusions are drawn:
(1) The method of filling UHPC in the damaged region of the reinforced concrete T-beams effectively restored or enhanced the flexural stiffness, cracking load, and ultimate load of the damaged beams. Compared to the unreinforced specimen NC, the cracking load of the reinforced specimens NU-0.5 and NU-1.0 increased by 19.52% and 39.84%, and the ultimate load increased by 5.73% and 34.11%, respectively.
(2) By implementing chiseling rough area treatment around the UHPC-reinforced region, a portion of the tension interface between UHPC and the existing concrete was transformed into a shear interface between UHPC and the chiseled area. This approach restricted the tendency of separation at the tension interface, thereby increasing the cracking load. The reinforced specimens exhibited smaller surface crack widths compared to the reference specimen before reaching the yield turning point on the load-displacement curve.
(3) A nonlinear FE model of the T-beam was developed using ABAQUS, considering the tensile hardening behaviour of UHPC and employing a cohesive zone model to simulate the bond behaviour between UHPC and the existing concrete. Through comparison with experimental load-displacement curves, ultimate loads, and failure modes, the FE model was validated to accurately simulate the flexural performance of T-beams reinforced with UHPC filling.
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