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The wooden arch corridor bridge is a typical representative of Chinese wooden bridges, holding significant historical research value. Currently, these bridges face issues of severe component deformation and insufficient load-bearing capacity. To address these problems, this study employs CFRP reinforcement on the components of wooden arch corridor bridges to reduce deformation and enhance load-bearing capacity. Experimental research on CFRP reinforcement has yielded the elastic modulus of the bonding interface. Given the lack of an accurate numerical model for wooden arch corridor bridges, this study establishes a precise numerical model by setting parameters based on load test data from wooden arch corridor bridges. The elastic modulus obtained from the experiments is input into the numerical model for analysis. The results indicate that CFRP exhibits excellent reinforcement performance, with the load-bearing capacity of the reinforced damaged components still reaching 75%–85% of their original capacity, while the load-bearing capacity of the reinforced undamaged components increases to 130%–140% of their original capacity. The failure modes of the CFRP-reinforced wooden components suggest that allowing for some gaps in the bonding of CFRP can enhance overall ductility. The application of CFRP to wooden arch corridor bridges also demonstrates favorable reinforcement effects, increasing the load-bearing capacity of the arch surface by approximately 20%, thereby providing a theoretical basis for the reinforcement of wooden arch bridge frameworks.
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1 INTRODUCTION
The wooden arch bridge is a quintessential example of timber bridges, characterized by its interlocking mortise and tenon woven arch structure. This structure primarily consists of the “Sanjiao Miao” (three-section sprout), “Wujiao Miao” (five-section sprout), and “Niu Tou” (ox head). The main load-bearing capacity is found in the “Sanjiao Miao,” which combines the side sprouts of the three or five-section sprouts with the central flat sprout. Currently, wooden arch bridges can be classified into two styles: “Sanjiao Miao” and “Sanjiao” or “Wujiao Miao.” For instance, the “Sanjiao Miao” style is exemplified by Puji Bridge, located in Fucun Natural Village, Hejin Prefecture, Xiandu Township, Liandu District. This bridge was constructed in the 17th year of the Republic of China (1928 AD) and has a total length of 22.1 m, a width of 3.2 m, a clear span of 13.7 m, and a height of 5.00 m. In contrast, the “Wujiao Miao” style is represented by Long Bridge, situated in Yueshan Village, Jushui Township, Qingyuan County, Zhejiang Province. Constructed in the fifth year of Ming Rixing (1625 AD), it features a total length of 28.2 m, an arch span of 14.1 m, a clear span of 19.5 m, and a width of 6 m. Both Puji Bridge and Long Bridge fully preserve the architectural styles of “Sanjiao Miao” and “Sanjiao” or “Wujiao Miao” wooden arch bridges. They serve as important references for the study of ancient bridge history in China and possess significant historical, artistic, and scientific value.
The existing wooden arch bridges have a long history and are often classified as national treasures due to their cultural significance. Overall, these bridges are well-preserved; however, some local components have experienced a noticeable reduction in load-bearing capacity, attributed to various material choices made during construction or surface corrosion caused by moisture. Furthermore, increased bridge loads during the flood season, aimed at preventing scouring and accommodating the high volume of tourists during peak seasons, can lead to significant deformation of components or insufficient load-bearing capacity, resulting in the bridge tilting to one side. Therefore, reinforcing the original components of the wooden arch bridge in situ to maintain its original appearance is of great importance.
From Figures 1, 2, it is evident that the main load-bearing points of the components of the wooden arch bridge are in the middle section of the central components. The existing wooden arch bridge components, mostly the central components, suffer from insufficient load-bearing capacity. Currently, there is no satisfactory solution for reinforcing the central components of the wooden arch bridge. Typically, the central components are either completely replaced after being dismantled from the frame or partially removed and connected to the pier platform, followed by reinforcement using nails, steel plates, and rivets. This approach is costly and demands high construction technology requirements. Additionally, nails and steel plates are used to strengthen the mortise and tenon connections. Many studies have shown that this method can enhance their load-bearing capacity to some extent (Jin et al., 2022; Wang et al., 2021; Guo et al., 2020; Zhou et al., 2016; Xue et al., 2015). However, it has a short aging time, is prone to corrosion and detachment, leading to a significant decline in reinforcement effectiveness.
[image: Figure 1]FIGURE 1 | Puji bridge.
[image: Figure 2]FIGURE 2 | Rulong bridge.
Currently, there is an urgent need for a new reinforcement scheme for the central components of wooden arch bridges. Li et al. (2019) analyzed and prospected the restoration and reinforcement techniques of Chinese ancient wooden structures. They suggested that, based on inheriting and exploring traditional techniques, there should be active introduction of new materials and technologies to compensate for traditional deficiencies. There have been some studies on the application of CFRP in glued laminated timber beams. Klaudia et al. (2021) found that the failure mode of CFRP-reinforced glued laminated timber beams has changed. İşleyen et al. (2021) and Vahedian et al. (2019) demonstrated that CFRP applied to composite timber beams can improve their ultimate load-carrying capacity. Siha et al. (Zhou et al., 2020; A et al., 2021) investigated CFRP and near-surface reinforcement of circular wooden columns, showing improved axial load-carrying capacity and good deformation coordination for all three materials. Ghanbari Ghazijahani et al. (Tohid et al., 2020) enhanced the load-carrying capacity and ductility of CFRP-reinforced I-beams. Brol and Agnieszka (2019) and Bashandy et al. (2018) used various composite materials to reinforce aged wood, with CFRP showing the best reinforcement effect. CFRP reinforcement also has a good effect on defective or extended wooden beams (Rescalvo et al., 2018a; Rescalvo et al., 2018b; Zhang et al., 2018; Yuan et al., 2014; Zhu et al., 2005; Lin et al., 2016). Buell and Saadatmanesh (2005) applied composite materials in the form of fabric wrapping or laminates to enhance the load-bearing capacity of wooden bridges, and the results indicated that the carbon fiber fabric significantly improved the bending and shear strength of the wooden beams. Gentile et al. (2000) utilized CFRP for the reinforcement of wooden bridges, studying its bending capacity, and found that the bending strength increased by 18%–46%. Dagher and Lindyberg (2004) bonded FRP to the tension side of wooden bridges, repairing and upgrading existing wooden structures, and their results demonstrated good reinforcement performance. Qiu et al. (2021) applied three different CFRP reinforcement methods to laminated bamboo arches, and the experimental results indicated that the peak load can be increased by 26.54%.
CFRP demonstrates excellent reinforcement effectiveness in wooden structures, including both building structures and bridges. Currently, most research on CFRP reinforcement has focused on beam-column structures, with relatively little attention given to arched wooden bridges, particularly woven arch bridges like the wooden arch corridor bridge. The wooden components of the wooden arch corridor bridge not only resist bending and shear forces, but some of these components also bear compressive loads while simultaneously resisting bending. The main objectives of this study can be summarized as follows: Section 2 introduces the components of the wooden arch bridge and the preparation for the experiments, and provides theoretical derivation of the elastic modulus of the bonding interface between CFRP and the components. Section 3 presents the load tests on the main components of the wooden arch bridge, and obtains the elastic modulus of the bonding interface between CFRP and the components through experimental and theoretical analysis. Section 4 investigates the arches of the wooden arch bridge through experimental studies, conducts numerical modeling using SAP2000 for comparative analysis, and performs numerical simulations of CFRP-reinforced wooden arch bridge arches. Section 5 presents the conclusions drawn from the study.
2 EXPERIMENTAL STUDY
2.1 Component selection and fabrication
The wood selected for this experiment is Shandong cedar from Lishui City, chosen to closely match practical conditions, as this type of wood is commonly used in the construction of wooden arch corridor bridges. The physical and mechanical properties determined by wood testing methods are shown in Table 1. Six middle-section seedlings were fabricated for the three-segment arch bridge, consisting of three unreinforced components and three reinforced components, each illustrated in Figure 3. Figure 4 presents the moisture content of the wooden components reinforced with CFRP and those that are unreinforced. The selected moisture content reflects the levels typically encountered in the environmental conditions to which the wood is exposed, simulating the performance of CFRP reinforcement under normal drying conditions.
TABLE 1 | Physical and mechanical properties of timber-arched lounge bridge members.
[image: Table 1][image: Figure 3]FIGURE 3 | Timber-arched lounge bridge members.
[image: Figure 4]FIGURE 4 | Moisture content of components of timber-arched lounge bridge. (A) moisture content of reinforced members. (B) moisture content of unreinforced members.
The moisture content of the wooden arch bridge components was measured using the ZTW1601a wood moisture tester produced by Zhengtai Network Technology Co., Ltd. The CFRP used in the experiment was carbon fiber cloth produced by Shanghai Zhinuo Decoration Materials Co., Ltd., with a model specification of Grade I 58,788 (200 g); the adhesive was epoxy resin impregnated adhesive produced by Shanghai Zhino Decoration Materials Co., Ltd., with a model of ZN-700. It consists of two components, A and B, mixed in a ratio of A:B = 2:1. The mechanical properties of CFRP and adhesive were tested by the National Building Materials Testing Center on behalf of the company. The test results are shown in Table 2.
TABLE 2 | Performance indexes of CFRP and binder.
[image: Table 2]2.2 Loading scheme and measurement scheme
The experiments were performed using a 5000 kN hydraulic testing machine at the Structural Laboratory of Lishui University. The loading process entailed concentrated loading at two points on the beam, with preliminary loading of the specimen to mitigate local voids and minimize their impact on the test results. Subsequently, graded loading was applied until failure ensued.
During the experiment, measurements primarily encompassed the mid-span displacement of the wooden arch bridge components, strain at mid-span cross-sections, and strain at adjacent points of CFRP bonding termination. Observations and records of damage to the wooden arch bridge components during loading were also conducted. The arrangement of the loading device and measurement points is depicted in Figure 5.
[image: Figure 5]FIGURE 5 | Loading scheme and layout of measuring points.
2.3 Theoretical analysis of elastic modulus of bonding interface
The components of the wooden arch bridge were reinforced using carbon fiber cloth. This paper conducted theoretical analysis on the small range of the two end points, as shown in Figure 6 (unit: mm).
[image: Figure 6]FIGURE 6 | Mechanical analysis of CFRP wood bonding interface.
For the small cross-sectional analysis around adjacent measurement points, it is assumed that after CFRP reinforcement of the wooden arch bridge components, the strain between the adjacent measurement points exhibits linear variation, meaning that the shear stress at the bonding interface between adjacent measurement points remains constant. The shear stress within this range can be obtained through the equilibrium relationship between adjacent CFRP points, namely, the average bonding interface shear stress τ. Assuming the distance between the two points is [image: image], and the strains at the two measurement points are ε1 and ε2, respectively, the equilibrium relationship can be expressed as follows (Dai et al., 2015):
[image: image]
[image: image]
Where FN1 and FN2 are the axial forces of adjacent measuring points respectively; FNb is the axial force of the bonding interface layer.
According to Equations 1, 2, order [image: image], the average shear stress τ between the two measuring points of CFRP and wooden arch corridor bridge members in [image: image] section is:
[image: image]
Where EC is the elastic modulus of CFRP; [image: image] is the strain difference of CFRP between two measuring points in [image: image] section, that is, the relative strain between the two measuring points.
According to Equation 3, the shear stress of the bonding interface of the member under different loads can be calculated.
The components of wooden arch corridor bridge are strengthened with CFRP, and the micro elements of two adjacent measuring points dx are taken, then the shear strain γ of the bonding layer is:
[image: image]
where i(x,y) and j(x,y) are the horizontal and vertical displacement of the bonding layer respectively. According to Equation 3, the shear stress τ(x) at the bonding interface is:
[image: image]
where GA is the shear modulus of the bonding layer. It is assumed that the horizontal displacement of the bonding layer is linearly distributed along the vertical, that is:
[image: image]
where iC(x) and JW(x) are the horizontal displacement of the outer surface and inner surface of the bonding layer respectively, that is, the horizontal displacement of the inner surface of CFRP and the outer surface of wood beam respectively; δA is the thickness of the tack coat. Substituting Equation 6 into Equation 5 and deriving, it obtains:
[image: image]
Since the influence of shear deformation is very small, the shear deformation of single member of wooden arch corridor bridge and CFRP is ignored, then:
[image: image]
[image: image]
where FNC(x) and FNW(x) are the axial forces of CFRP and wooden arch corridor bridge components respectively; MC(x) and MW(x) are the bending moments of CFRP and wooden arch corridor bridge members respectively; EC and EW are the elastic modulus of CFRP and timber-arched lounge bridge members respectively; AC and AW are the sectional areas of CFRP and wooden arch corridor bridge components respectively; IC and IW are the section moment of inertia of CFRP and timber-arched lounge bridge components respectively; δC and δA are the thickness of CFRP and bonding layer respectively, and δ is the diameter of the member.
Because the stiffness and shear capacity of CFRP are very small, the bending moment and shear force borne by CFRP are ignored, that is:
[image: image]
[image: image]
According to the relationship between curvature and bending moment in material mechanics:
[image: image]
[image: image]
The equation for EI represents the total section bending stiffness, where EC, EA and EW denote the elastic modulus of CFRP, the elastic modulus of the bonding layer, and the elastic modulus of the wooden arch corridor bridge components, respectively; IA signifies the cross-sectional moment of inertia of the bonding layer. By substituting Equation 8–13 into Equation 7, we can obtain:
[image: image]
By deriving from both sides of Equation 14:
[image: image]
Considering the balance of micro elements, it can be obtained that:
[image: image]
[image: image]
Order:
[image: image]
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According to Equations 15–19, can be obtained:
[image: image]
Equation 20 is the governing differential equation of shear stress at the bonding interface, and its solution is:
[image: image]
where C1 and C2 are coefficients, which can be obtained according to the two-point centralized loading, and the two-point centralized loading of wooden arch corridor bridge components as shown in Figure 6. In the shear span, q(x) = 0, FS(x) = F/2; In the pure bending section, q(x) = 0, FS(x) = 0. Substituting it into Equation 21, the interfacial shear stress is:
[image: image]
The boundary conditions are:x = LC/2; τ(LC/2) = 0; x = LW-a;
[image: image]
Order: [image: image],
Obtain: [image: image]
According to the boundary conditions:
[image: image]
[image: image]
[image: image]
[image: image]
Where a is the distance from the end of CFRP to the support; LW is the distance from the action point of concentrated load to the support; LC is the length of the CFRP.
3 TEST RESULTS AND ANALYSIS
When selecting components for the wooden arch corridor bridge, those without decay, nodes, or surface damage exhibit consistent test results. Hence, this paper analyzes the test outcomes of unreinforced component 1 and reinforced component 1. Figure 7A illustrates the failure mode of the member not strengthened with CFRP under load, while Figure 7B depicts the failure mode of the member reinforced with CFRP under load.
[image: Figure 7]FIGURE 7 | Failure mode of member. (A) loading failure form of unreinforced members. (B) loading failure form of members after reinforcement failure.
From Figure 7, it is evident that the failure mode of the wooden arch corridor bridge members under load is characteristic shear bending failure, with the members exhibiting longitudinal fiber fracture. The failure mode of the members after CFRP reinforcement is similar to that before reinforcement, as they are destroyed along the original section. During the test process, the members exhibit significant deflection under load before failure. However, after failure, the deflection produced by CFRP reinforcement under load is smaller than that of the former.
The failure form of undamaged members strengthened with CFRP under load is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Failure mode of CFRP strengthened members. (A) failure forms of reinforced undamaged members. (B) detailed failure forms of reinforced undamaged members.
As observed in Figure 8, undamaged members of the wooden arch bridge, reinforced with CFRP, exhibit fracture in the middle under load. The upper part experiences shear failure, while the lower part undergoes tensile failure. Upon loading to a certain extent, a brittle crack sound of CFRP extrusion failure is audible, followed by the sound of wood cracking after continuous loading.
From the comparison of Figures 7, 8, it can be observed that the CFRP-reinforced damaged wooden components exhibit different failure modes compared to the unreinforced wooden components. For the CFRP-reinforced damaged wooden components, the failure mode resembles that of the original wooden components, characterized by a distinct ductile failure, with minimal differences in ductility under loading when compared to the unreinforced wooden components. In contrast, the CFRP-reinforced undamaged wooden components display a failure mode similar to brittle fracture, indicating that the incorporation of CFRP reduces the ductility of the wooden components. The difference between these two failure modes lies in the presence of gaps in the CFRP-reinforced damaged components, which results in less secure wrapping of the CFRP and allows for some degree of deformation. For the undamaged wooden components reinforced with CFRP, there are essentially no gaps, and since the ductility of CFRP is lower than that of wood, the deformation range after reinforcement is smaller, exhibiting a brittle failure pattern. When applying CFRP reinforcement to the components of wooden arch corridor bridges, it is not necessary to achieve a tight wrap, allowing for the retention of certain gaps.
The comparison of Figures 7–9 reveals significant reinforcement of the timber-arched lounge bridge members with CFRP. After being strengthened with CFRP, the bearing capacity of completely damaged members can reach 75%–85%, while that of undamaged members can reach 130%–140%.
[image: Figure 9]FIGURE 9 | Ultimate load value of member.
The load displacement curve of undamaged members of CFRP strengthened wooden arch bridge is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Load displacement curve.
From Figure 10, it is evident that the wood arch bridge, reinforced with CFRP, exhibits no damaged members. In the initial loading phase, displacement changes linearly, indicating strong adhesion between CFRP and the members. As loading progresses, the rate of displacement increase slows down until the undamaged member reinforced with CFRP fails upon reaching the ultimate load.
The strain load curves of two adjacent measuring points at the end of undamaged members of CFRP strengthened wood arch bridge are shown in Figure 11.
[image: Figure 11]FIGURE 11 | Strain-load curve of two adjacent measuring points at the end.
Figure 11 illustrates that the change trends of the two measurement points remain largely consistent throughout the entire loading process. Initially, the load strain of both measuring points changes linearly, indicating effective bonding performance between CFRP and the undamaged member. However, as the load continues to increase, the rate of CFRP strain growth slows down, lagging behind the load increase rate. This suggests shear deformation occurring in the bonding layer, leading to slip between CFRP and the undamaged members. The shear stress at the bonding interface between CFRP and undamaged members can be computed based on the strain of adjacent measuring points of undamaged members reinforced with CFRP under the same load.
The shear stress of bond interface of undamaged members of wood arch bridge strengthened with CFRP under different loads is shown in Figure 12.
[image: Figure 12]FIGURE 12 | Shear stress at bonding interface.
The shear stress values in Figure 12 are computed based on Formula 3 in the text. The shear stress at the bonding interface of three undamaged members reinforced with CFRP under identical loads remains consistent. However, the bonding interface shear stress of these members varies under different loads, increasing with higher loads. The test results indicate minimal discrepancies among the bonding interface shear stresses of the three undamaged members reinforced with CFRP, suggesting the measured values in this test are reasonably feasible.
The interface bonding layer is applied twice. By measuring the thickness of the bonding layer δA = 2mm, the average elastic modulus of the bonding interface of timber-arched lounge bridge members strengthened with CFRP EA = 1852.5 MPa is calculated according to Equation 22 and experimental results.
4 THE APPLICATION OF CFRP IN REINFORCING WOODEN ARCH BRIDGE
4.1 Experimental testing of wooden arch bridge arches
The 1:5 scale model of the wooden arch bridge was placed under the MTS hydraulic testing machine for load testing, as shown in Figure 13. The displacement measurement points for the load test of the wooden arch bridge arches are illustrated in Figure 14.
[image: Figure 13]FIGURE 13 | Load test of the wooden arch bridge arches. (A) test diagram. (B) specimen size drawing.
[image: Figure 14]FIGURE 14 | Load test measurement points of the wooden arch bridge arches.
Static load test was conducted on the wooden arch bridge arches, and the displacements at each measurement point are shown in Figure 15.
[image: Figure 15]FIGURE 15 | Displacement of measurement points in the load test of the wooden arch bridge arches.
From Figure 15, it can be observed that the displacement curves at each measurement point exhibit a similar trend under static loading. The maximum displacement occurs at the mid-span of the wooden arch bridge arches under static loading, gradually decreasing towards the sides. This trend indicates that during flood periods when additional loads are applied to prevent the bridge from being washed away, reducing the load at the mid-span while distributing it towards the sides may be advisable.
4.2 CFRP reinforcement of the wooden arch bridge arches
A numerical model of the wooden arch bridge was established using SAP 2000, as shown in Figure 16A. The established numerical model was compared with the experimental results to validate its accuracy, and the obtained displacements are illustrated in Figure 16B.
[image: Figure 16]FIGURE 16 | Comparison between Load tests and simulations of wooden arch bridge frameworks. (A) SAP2000 model of wooden arch bridge (B) comparison of displacement graphs
As shown in Figure 16A, during the numerical modeling of the wooden arch corridor bridge using SAP 2000, the deck beams were modeled; however, since there were no deck beams in the experiments, the deck beams were assumed to bear no loads during the numerical calculations. Additionally, each node was subject to a relaxation of constraints, allowing for a limited movement of 5 mm in all six degrees of freedom, changing the constraints from fixed to movable. The current model is suitable for the performance of the specimens tested; however, its generalizability needs to be enhanced through additional experiments with different specimens for parameter calibration. As indicated in Figure 16B, the numerical model of the wooden arch bridge framework established using SAP2000 demonstrates a close agreement in mid-span displacement under static loading, indicating a certain level of accuracy in the model.
Using the data obtained from the CFRP reinforcement of components in Section 2, the spring elements representing CFRP are attached to the mid-span nodes of the wooden arch bridge framework and subjected to load simulation, with results shown in Figure 17.
[image: Figure 17]FIGURE 17 | The mid-span displacement of the wooden arch bridge’s framework reinforced with CFRP.
From Figure 17, it is evident that the application of CFRP reinforcement significantly enhances the load-bearing capacity of the wooden arch bridge, resulting in a substantial reduction in mid-span displacement under the same load conditions. CFRP reinforcement of the wooden arch bridge’s framework can increase its load-bearing capacity by 20%. When subjected to flood periods, CFRP reinforcement of the wooden arch bridge’s framework ensures its structural integrity under applied loads.
5 CONCLUSION
Based on the experimental research and theoretical analysis of timber-arched lounge bridge members reinforced with CFRP, the following conclusions are drawn:
(1) Based on the comparison between the test results and theoretical research, the elastic modulus of the bonding interface is determined, providing an accurate value for subsequent establishment of the finite element model of local damage of timber-arched lounge bridge components and the setting of component interface parameters for CFRP reinforcement EA = 1852.5 MPa.
(2) The failure modes of CFRP-reinforced damaged wooden components and undamaged wooden components exhibit significant differences. Given that CFRP has lower ductility compared to wood, when reinforcing the components of wooden arch corridor bridges with CFRP, it is advisable to leave small gaps. This approach allows the reinforced components to retain a certain degree of ductility, thereby preventing failure modes resembling brittle fracture and providing practical guidance for application.
(3) The local components of the wooden arch corridor bridge are damaged and can be reinforced with CFRP to restore their load-bearing capacity. It exhibits excellent reinforcement performance, allowing the components to retain 75%–85% of their original load-bearing capacity after reinforcement. During flood periods, when the load on the wooden arch corridor bridge increases, local members may experience insufficient load-bearing capacity and excessive deformation. CFRP reinforcement can address this issue, increasing the load-bearing capacity to 130%–140% of the original level.
(4) The application of CFRP to the framework of wooden arch bridges has shown promising reinforcement effects, capable of enhancing the load-bearing capacity of the wooden arch bridge framework by approximately 20%, thus providing a theoretical basis for the reinforcement of wooden arch bridge frameworks.
For ancient wooden bridges, the use of CFRP for reinforcement and the reinstallation of components after replacement hold significant value in preserving their original appearance and maintaining their integrity. Additionally, given that wooden bridges are situated above rivers, the durability of CFRP reinforcement in moist environments also requires urgent investigation.
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