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Prefabricated bridges have emerged as a significant trend in modern bridge construction. To study the in-plane and out-of-plane flexural performance of ultra-high-performance concrete (UHPC) beams with wet joints, in-plane and out-of-plane specimens with different curing methods for UHPC wet joints were designed and fabricated. The cracking loads, peak loads, and crack development of the specimens were recorded and analyzed. The test results revealed that all specimens experienced flexural failure with damage to the normal section. Moreover, the flexural capacity of the jointed specimens reached a minimum of 91% of the complete specimen’s flexural capacity. The joints influenced the cracking behavior of in-plane specimens but had minimal impact on out-of-plane specimens. Chiseling, increasing steel fiber contents and welding longitudinal steel bars with short steel bars reduced structural damage and decrease in stiffness. The different curing methods for UHPC at the joints have little impact on stiffness and flexural capacity of the joint specimens but played a positive role in improving ductility. Finally, a calculation method for flexural capacity considering the contribution of web steel bars is provided.
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1 INTRODUCTION
Ultra-high performance concrete (UHPC), a novel type of cementitious material with precise performance specifications, exhibits exceptional characteristics such as high compressive strength (>150 MPa), significant tensile strength (>5 MPa), exceptional toughness, durability, and strain-hardening behavior (Wille et al., 2014; Haber et al., 2018). UHPC bridges are frequently prefabricated and assembled to ensure construction quality and expedite project timelines. However, prefabricated assembled UHPC bridge structures lack continuity in steel fiber distribution and longitudinal steel bars due to the different casting times (Li et al., 2018). Meanwhile, the mechanical and durability properties of these structures are crucial factors that influence their overall stress distribution and performance (Russell and Graybeal, 2013). Consequently, conducting comprehensive research on the joints of prefabricated assembled UHPC bridges holds significant importance.
In prefabricated UHPC bridges, the common joint type employed is typically a wet joint. Numerous studies have been conducted on the mechanical performance of wet joint. However, these studies have primarily focused on normal concrete (NC) joints and NC-UHPC joints and studies available on the mechanical performance of full-size UHPC wet joint structures is limited. Chapman (2010) conducted flexural experiments on plain concrete wet joint specimens with U-shaped steel bars. The results indicated that U-shaped steel bars can help reduce crack width at wet joints, and joint slabs reinforced with U-shaped steel bars outperformed those with straight steel bars. Arafa et al. (2016) carried out flexural experiments on plain concrete slab and beam specimens using different materials for joints. The experimental results showed that the NC-UHPC joint specimens performed better than the complete plain concrete specimens. The cracking performance of the UHPC wet joint specimens surpassed that of the complete plain concrete specimens. After observing good mechanical performance of NC-UHPC joint specimens, scholars began to pay attention to the effects of different joint designs and other experimental variables on the mechanical properties of NC-UHPC joint specimens. Peng and Yan (2020) conducted flexural experiments on one complete beam and five jointed beams with various joint types, including vertical joint, rhombus joint, vertical joint with top and bottom strips, tied rhombus joint with top and bottom strips, and welded rhombus joint with top and bottom strips. The results indicated that the welded rhombic joint with top and bottom strips exhibited the highest stiffness, strongest cracking resistance, and best flexural capacity. Feng et al. (2022) fabricated different types and shapes of UHPC wet jointed beams and conducted flexural experiments. The results revealed that the maximum crack width of UHPC wet jointed beams appeared at the interface between the joint and the prefabricated part. UHPC wet jointed beams with inverted trapezoidal joints exhibited better performance, and the flexural performance of UHPC jointed beams with top and bottom strip joints or rhombus joints was superior to that of rectangular ones. Zhang et al. (2020a), Zhu et al. (2021) proposed a prestressed bolt hybrid connection and studied its flexural capacity, characteristic load values, deformation characteristics, and damage modes. The effects of bolts and epoxy adhesive on the flexural capacity of the node are also discussed.
Steel fibers were noted to play a crucial role in the mechanical properties of UHPC. Jung et al. (2014) used retarder to slow down the strength development of UHPC at the joints and exposed steel fibers by breaking part of the concrete at the interface. The exposure of steel fibers ensured the ductility of the prefabricated UHPC bridge deck at the joints and reduced crack width. Qiu et al. (Zhao et al., 2022) proposed an innovative UHPC joint and conducted tensile tests to address the discontinuity of steel fibers at the joints. The fiber-fine parameters with similar tensile properties to monolithically cast specimens were obtained.Qiu et al. (2025) proposed a T-shaped steel plate-UHPC composite wet joint for prefabricated UHPC bridge decks. The experimental results indicate that composite joints are comparable to cast-in-place UHPC joints in terms of mechanical properties and have better ductility. Lu et al. (2025) proposed a novel steel plate-coarse aggregate UHPC composite joint to enhance the crack resistance of precast steel-UHPC composite beams under negative bending moment. The composite joints reached or even exceeded the level of cast-in-place joints in terms of load-bearing capacity, stiffness, and crack resistance. A prediction method for flexural bearing capacity considering the actual contribution of fibers was proposed.
The treatment of steel bars and the parameter details at the joint were also one of the key factors affecting the mechanical properties of wet joints. Yin et al. (2022) used ABAQUS to analyze the impact of reinforcement ratio on the mechanical properties of UHPC wet joints, discovering a “bimodal effect” of reinforcement ratio on tangential shear stress at the interface. A reinforcement ratio of 4.8% for wet joints was recommended. Qiu et al. (2022) conducted flexural experiments on 12 UHPC joint slabs and found that increasing the steel bar diameter not only enhanced the flexural capacity of UHPC joints but also improved crack resistance. The weak section of the wet joint specimen is typically found at the interface between the precast and the cast-in-place part. Jang and Lee (2017) set a 7-level treatment method for joint interfaces from the material’s point of view, which led to the derivation of a reasonable surface treatment method for joints. Qi et al. (2019), Lu et al. (2021) utilized steel wire mesh (SWM) to treat dovetail groove wet joints and conducted fatigue and flexural experiments. The findings indicated that SWM interface treatment effectively ensured fiber bridging at interfaces, significantly enhancing the mechanical properties of jointed UHPC panels and dispersing fatigue cracks.
In the experimental study mentioned above, the dimensions discussed mainly revolve around the material composition of UHPC, the joint form of the specimen, and the interface treatment. There is limited consideration given to whether UHPC wet joints require steam curing like prefabricated segments. Moreover, in actual use, for arch bridges (especially prefabricated ones), lightweight bridges such as pedestrian bridges, and some beam bridges with larger spans and smaller widths, earthquake and wind loads may cause out of plane deformation of the wet joints. However, the research mentioned above on the bending performance of UHPC wet joints has only focused on in-plane bending, neglecting the investigation of joint specimens under out-of-plane bending performance. Therefore, three in-plane specimens and three out-of-plane specimens were designed and fabricated. Subsequently, a flexural load experiment is conducted on these specimens. Through analysis of their cracking loads, ultimate loads, and crack development, a corresponding method for calculating flexural bearing capacity is proposed.
2 EXPERIMENTAL PROGRAM
2.1 Design of specimens
To investigate the in-plane and out-of-plane flexural performance of UHPC rhombus wet joint specimens, a total of three UHPC test beams and three UHPC test plates are designed and fabricated as in-plane and out-of-plane flexural specimens. These will subsequently be referred to as in-plane and out-of-plane specimens. As depicted in Table 1, the in-plane specimens comprise one complete UHPC beam (I-1), one joint beam with UHPC steam-cured at the joint (I-2), and one joint beam with UHPC naturally cured at the joint (I-3). The out-of-plane specimens include one complete slab (O-1), one joint slab with UHPC steam-cured at the joint (O-2), and one joint slab with UHPC naturally cured at the joint (O-3). Specific details regarding the dimensions, reinforcement, and wet joints of the experimental specimens are shown in Figures 1, 2. It is worth noting that in order to enhance the load-bearing capacity of the interface and reduce the possibility of relative sliding of the interface, shear keys are set on both sides of the interface when designing the specimen to improve the shear resistance of the interface.
TABLE 1 | Main parameters of experimental specimens.	Name of specimens	Shape of joint connection	Ratio of longitudinal steel reinforcement/%	Ratio of stirrups reinforcement/%	UHPC wet joint maintenance method
	I-1	Complete beam	0.45	0.71	—
	I-2	Rhombus wet joint	0.45	0.71	Steam curing
	I-3	Rhombus wet joint	0.45	0.71	Natural curing
	O-1	Complete slab	1.46	0.35	—
	O-2	Rhombus wet joint	1.46	0.35	Steam curing
	O-3	Rhombus wet joint	1.46	0.35	Natural curing


[image: Diagram of a reinforced concrete beam with detailed dimensions and reinforcement specifications. The main beam measures 3500 millimeters in length, with stirrups of diameter 8 millimeters placed at 95 millimeter intervals. Web bars have a diameter of 12 millimeters at 70 millimeter spacing. It also shows cross-sectional views, labeled (a) and (b), each 150 millimeters wide and 540 millimeters high, with specific reinforcement layouts. Panels (c) and (d) display different reinforcement arrangements and panel (e) outlines a notched profile section of 300 millimeters width.]FIGURE 1 | Schematic diagrams of in-plane specimens (unit: mm): (a) complete beam cross-section; (b) UHPC wet joint cross-section; (c) details of the complete beam specimen at the position corresponding to the rhombus wet joint; (d) details of rhombus wet joints; (e) rhombus wet joints.[image: Diagram of a reinforced concrete beam showing red reinforcing bars and stirrups. Main view illustrates web bars, stirrups, and joint details, with dimensions labeled. Cross-sectional views (a-e) highlight bar placement and dimensions, specifying bar sizes as phi twelve and stirrups phi eight. Dimensions in millimeters include various structural details like width, height, and spacing.]FIGURE 2 | Schematic diagrams of out-of-plane specimens (unit: mm): (a) complete slab cross-section; (b) UHPC wet joint cross-section; (c) details of the complete slab specimen at the position corresponding to the rhombus wet joint; (d) details of rhombus wet joints; (e) rhombus wet joints.It can be seen from Figure 1 that the in-plane specimen measures 3.8 m in length with a calculated length of 3.65 m, a width of 0.15 m, and a depth of 0.54 m. Due to the narrow width of the experimental beams, the aspect ratio of the beams is 25.3, similar to that of long columns. To prevent tilting during loading, the width of the specimen at both ends is extended to 0.3 m. Three HRB400 ribbed steel bars, each 12 mm in diameter with a spacing of 40 mm, are arranged at the top and bottom of the specimen. Additionally, two HRB400 ribbed steel bars (web steel bars) of 12 mm diameter are longitudinally arranged between the top and bottom of the specimen with a spacing of 70 mm. To prevent shear damage, stirrups with a diameter of 8 mm is placed at a spacing of 95 mm along the longitudinal direction of the beam. The longitudinal steel bar reinforcement ratio, stirrup reinforcement ratio, and the maintenance method of UHPC at the joints for the in-plane specimens are detailed in Table 1. As shown in Figure 1, the joint width of specimens I-2 to I-3 measures 0.3 m, and the steel bars arrangement at the UHPC wet joint matches that of the corresponding section of the complete in-plane specimen. However, it is important to note that the longitudinal steel reinforcement at the joint is in a disconnected state. To improve the continuity of the steel bars, steel bars of the same diameter are used to weld the steel bars of the two prefabricated portions, ensuring that the welding length of steel bars exceeds 10 times the diameter of the welding steel bars (where d represents the diameter of the welding steel bars).
As shown in Figure 2, the out-of-plane specimen has dimensions of 2.2 m in length, 0.15 m in width, and 0.54 m in height. The cross-sectional dimensions for the flexural static load experiments remain consistent with those of the in-plane specimens. However, there is an interchange of height and width, resulting in a distinct flexural form for the UHPC wet joint. To prevent shear failure, stirrups with a diameter of 8 mm are evenly spaced at intervals of 190 mm along the length of the slab. The arrangement of longitudinal steel bars and the construction details at the joints match those of the in-plane specimens. The longitudinal steel bar reinforcement ratio, stirrup reinforcement ratio, and the maintenance method of UHPC at the joints for the out-of-plane specimens are shown in Table 1.
2.2 Specimen preparation
In-plane and out-of-plane specimens made of UHPC with wet joints comprise two precast UHPC parts and one cast-in-place UHPC joint. Given the similarity in the fabrication process of in-plane and out-of-plane specimens, this paper will provide a detailed display and description of the fabrication process for in-plane specimens without delving into the fabrication of out-of-plane specimens.
It can be seen in Figure 3 that the process began with the assembly and welding of the steel mold plate, followed by placing the pre-tied reinforcing steel skeleton into the mold. To ensure a uniform distribution of the UHPC raw material within the steel mold plate and maintain the material’s mechanical properties, two high-frequency vibrators were used to apply appropriate vibrations during the UHPC injection process. After pouring the precast parts, the UHPC surface was covered with a membrane for natural maintenance lasting 48 h. As mentioned in reference Aaleti and Sritharan (2019), there may be a lack of appropriate mechanical connections between the unroughened interface of new and old UHPC, which could lead to weakened interface strength. The bonding between new and old UHPC needs to be established through sufficient surface roughness to provide resistance through shear friction mechanisms. Interface bonding can enhance the strength of the interface to resist stress caused by mechanical loads, differential shrinkage, and/or thermal effects, while maintaining extended service life performance. Therefore, once the UHPC had solidified, the mold was removed and the joint bonding surface of the prefabricated segments was chiseled, and the macroscopic weave depth measured by the sand-filling method was about 1.0∼5.0 mm (Aaleti and Sritharan, 2019). The prefabricated parts underwent steam curing at a temperature of 90°C for 48 h. The longitudinal steel bars protruding from the two precast parts were then welded together by means of short steel bars of the same diameter, followed immediately by the casting of the UHPC at the joints. Following the UHPC casting, each specimen was steam-conditioned or naturally cured according to the requirements. At this stage, the specimen was completed and prepared for experimentation. It is important to note that the production process of the complete specimen was relatively straightforward, involving only the cast-in-place production of components and steam curing.
[image: 1. Reinforcement bars placed in formwork. 2. Concrete is poured into prefabricated beams. 3. Chiseling of the beam interface. 4. Prefabricated beams covered for steam curing. 5. Welding of joint reinforcement bars. 6. Pouring concrete joints. 7. Completed specimen preparation with finished concrete block.]FIGURE 3 | The fabrication process of experimental specimens.2.3 Material properties
UHPC material employed in this study is UHPC150 provided by Hunan Xingguli Company. The steel fibers used are 13 mm in length, 0.2 mm in diameter, with an aspect ratio of 65 for the cylindrical straight steel fibers. The steel fiber content in the prefabricated parts is 2.0%. As mentioned in the introduction, the crack resistance performance at the interface is lower than that of the intact specimen, and the widest crack of the specimen appears at the interface. The discontinuity of the steel fibers at the interface weakens the bearing capacity and crack resistance of the specimen, while the continuity of the steel fibers can play a bridging role at the interface, improve the crack resistance performance of the interface, reduce the crack width, and enhance the stiffness and bearing capacity of the specimen (Jung et al., 2014; Zhao et al., 2022; Qiu et al., 2025; Lu et al., 2025). Therefore, considering the discontinuity of fibers at the joints, the UHPC mix at the joints consists of UHPC150 with a steel fiber content of 2.5% to enhance joint mechanical performance. During the casting process of the specimens, cubic or prismatic samples were prepared for testing. Compression tests, modulus of elasticity tests, and flexural tests were carried out to determine the mechanical properties of UHPC according to the Chinese code GB/T 31387 (AQSIQ SAC General Administration of Quality Supervision, 2015). The mechanical properties of UHPC are shown in Table 2. According to the French code NF P 18–470 (AFNOR, 2016), the tensile strength of UHPC can be obtained by converting the flexural test data, the equation is shown in Table 2. Furthermore, steel bars used in the experiments underwent material properties testing, and the results are summarized in Table 3.
TABLE 2 | Mechanical properties of UHPC.	Type of material	fcu (MPa)	Ec (GPa)	fMOR (MPa)	ft (MPa)
	UHPC150-20-1	151.36	46.43	24.56	7.51
	UHPC150-20-2	150.55	44.07	24.04	7.23
	UHPC150-25-Z	159.07	45.45	25.13	8.35
	UHPC150-25-B	139.06	41.68	24.33	6.93


Note: (1) ft=fMOR0.08h0.71+0.08h0.7 ; (2) fcu is cubic compressive strength; fMOR is flexural strength; ft is direct tensile strength; UHPC150-20-i, denotes the ith batch of UHPC cast with 2.0% steel fiber dosing,i takes the values of 1,2; UHPC150-25-X denotes UHPC with 2.5% steel fibers, where Z denotes steam curing and B denotes natural curing.
TABLE 3 | Mechanical properties of steel rebar.	Ds (mm)	fy (MPa)	Es (GPa)	Φ
	8	441.2	200	24.3%
	12	462.3	200	25.4%


Note: Ds is diameter of steel bars; fy is yield strength; Es is elastic modulus of steel bars; and φ is elongation of steel bars.
2.4 Experimental setup and loading process
The loading diagram of in-plane and out-of-plane specimens are shown in Figures 4, 5, respectively. It can be seen from Figures 4, 5 that both ends of the specimen used a fixed hinge bearing and a movable hinge bearing to establish a simple support system. This loading system involved a 100-ton hydraulic actuator along with a 100-ton sinusoidal load cell to enable the application and control of the load. To implement the 4-point loading, a distribution beam was used to evenly distribute the load to the loading action points, maintaining a spacing of 0.7 m between the two loading points.
[image: Diagram of a beam testing setup with dimensions. A load actuator applies force to the distribute beam. Strain and displacement gauges marked as A1, A2, A3, A4, and A5 are positioned on the beam. Includes a photo of a real-world setup showing equipment in use.]FIGURE 4 | Schematic diagram of loading of in-plane specimens (Unit: mm).[image: Diagram of a test setup for a distributed beam with strain and displacement gauges. The beam is shown from side, top, and bottom views with labeled gauges (A1 to A5). Dimensions are provided, and a load actuator is depicted. An inset photograph shows the physical setup of the load testing apparatus in a lab environment.]FIGURE 5 | Schematic diagram of loading of out-of-plane specimens (Unit: mm).To ensure the loading system and measuring instruments reach a normal working condition and eliminate initial inelastic deformation of the specimens, two preloading tests were conducted before the formal loading process. Each preload consisted of five stages, incrementally reaching up to 30% of the predicted cracking load. Following the preloading, formal loading began with each level’s load not exceeding 5% of the predicted peak load. The load increment for each level of the in-plane specimens was 4 kN, while for the out-of-plane specimens, it was 2 kN. Adjustments were made when the maximum crack width reached 0.3 mm. When the load could not be further increased,the load was adjusted based on a 1 mm displacement increase for each level until the completion of the load test. Displacement and strain, crack development, crack morphology, and crack width at the monitoring locations, i.e., the UHPC wet joint interface and the pure bending region, were observed and recorded during each loading stage.
As shown in Figures 4, 5, five vertical displacement gauges were positioned along the longitudinal direction of each specimen, both for in-plane and out-of-plane specimens. Two of these displacement gauges (A1 and A2) were installed at the support locations to eliminate the influence of support vertical deflection on the measurement outcomes. The remaining three displacements (A3, A4, and A5) were placed at three designated cross-sections within the pure bending section. Specifically, displacement gauge A2 was situated at the mid-span section of the specimen, while A1 and A3 were positioned on the left and right sides of the specimen, 0.25 m away from A2. To accurately measure strain in the pure bending section and monitor crack development in real-time, multiple strain gauges were placed laterally across three distinct sections. To measure the strain of UHPC, 12 strain gauges were arranged to each lateral surface of the in-plane specimen, with 6 strain gauges on both the upper and lower surfaces. Similarly, 6 strain gauges were attached to each lateral surface of the out-of-plane specimen, with additional 12 strain gauges on both upper and lower surfaces. Furthermore, strain gauges for measuring strain in the longitudinal steel bars were positioned at three specific cross-sections. In each cross-section, one strain gauge was allocated to the bottom tensile steel bars and one to the top compressive steel bars.
3 EXPERIMENTAL RESULTS AND DISCUSSIONS
3.1 Failure mode and crack distribution
All the specimens experienced typical cross-section bending damage, with the damage morphology of the in-plane and out-of-plane specimens shown in Figure 6a as follows: the primary crack was situated in the pure bending region at the midpoint of the span, with all steel fibers at the main crack being pulled out or detached, resulting in cracks wider than 2 cm, as shown in Figure 6b. The number of cracks in the bending and shear segments was relatively small, and there were no conspicuous shear diagonal cracks. The UHPC in the compression zone within the pure bending section at the middle of the span of the test specimen collapsed. The damage process of the complete specimen unfolded as follows: prior to the emergence of the initial crack, the deflection of the specimen exhibited a linear increase with the rising load. The first crack appeared within the pure bending region of the span, and as loading continued, the length and width of the crack gradually expanded. Furthermore, the crack’s width experienced a rapid surge as the ultimate load approached. Upon reaching the peak load, the load sensor’s reading could no longer increase, prompting the load to be controlled based on displacement. After several load increments, the UHPC in the compression zone collapsed, resulting in specimen damage. The damage process of the joint specimen closely mirrored that of the complete specimen, except that the initial crack appears at the joint interface, and the early-stage cracks mainly develop at the joint interface.
[image: (a) Six panels show concrete beams with grid markings illustrating localized cracks and crushing. Panels I-1 to I-3 and O-1 to O-3 highlight different crack patterns and interfaces, including joint interfaces. (b) Three close-up images display severe cracks and concrete damage with visible fibers and a ruler for scale.]FIGURE 6 | Failure modes: (a) Overall failure mode; (b) main crack and crushing.It can be seen from Figure 7 that the distribution of cracks at maximum widths of 0.05 mm, 0.10 mm, 0.20 mm, 0.30 mm, and at failure for both in-plane and out-of-plane specimens, showing the cracking behavior of the specimens. Typically, a crack width of 0.05 mm is crucial for the durability design of UHPC (Qiu et al., 2020a; Rafiee, 2012; Qiu et al., 2020b). It is can also be seen from Figure 7 that there is a relatively uniform progression of crack numbers on the complete specimen surface. As the maximum crack width reaches 0.3 mm, the crack count stabilizes, with most crack formation occurring in the initial loading stages. In comparison to the complete specimen, the jointed specimen exhibits fewer cracks, primarily due to its lower structural integrity and the weak joint surface. Once a crack initiates on the joint surface, it tends to concentrate and expand predominantly in the section, while crack growth in other areas of the specimen proceeds at a slower pace. The quantity of cracks is mainly influenced by the maximum crack width, which can extend up to 0.2 mm. The cracking pattern and development trend in the two jointed specimens are similar. The presence of the joint significantly impacts the crack development trend on the specimen’s surface. However, the maintenance approach of UHPC at the joint has a relatively minor effect on the crack development trend on the specimen’s surface.
[image: Two diagrams labeled (a) and (b) show grid patterns with red and black lines indicating structural changes at different intervals—0.05 mm, 0.10 mm, 0.20 mm, 0.30 mm, and failure points. Diagram (a) is labeled I-1, I-2, and I-3, while diagram (b) features O-1, O-2, and O-3.]FIGURE 7 | Distribution of cracks: (a) In-plane specimens; (b) Out-of-plane specimens.Similar to the in-plane specimens, the number of cracks in the out-of-plane jointed specimens was less compared to the out-of-plane complete specimen. Crack propagation in both the complete and jointed specimens mainly occurred during the initial loading phase, from the onset of loading until reaching a maximum crack width of 0.2 mm. During the later loading stages, the development of crack width was more gradual compared to the in-plane specimen. The pattern of crack evolution in both the complete and jointed specimens remained largely consistent, with the joint having a relatively minor influence on the crack propagation trend in the out-of-plane specimen.
3.2 Load-deflection curves
The load deflection curves of the in-plane and out-of-plane specimens are shown in Figure 8. These curves exhibit typical bending characteristics and can be broadly categorized into three stages: (1) During the elastic stage, the deflection prior to initial cracking increased linearly with the applied load, and the curve displayed a larger but consistent slope, which indicated that the specimen only produced elastic deformation under the action of load and the flexural rigidity of the specimen basically remained constant; (2) During the crack development stage, As cracks emerged and the load intensified, the slope of the curve decreased, indicating that the specimen experienced some degree of plastic deformation leading to a reduction in stiffness. (3) During the yield stage, there was a noticeable change in the curve’s direction, followed by a phase where the load remained relatively unchanged while the deflection continued to increase. This behavior demonstrated the specimen’s capacity for plastic deformation (Yang et al., 2010; Qi et al., 2020).
[image: Eight load-deflection graphs (a-h) display relationships between load (kN) and midspan deflection (mm), showing elastic, crack, yield, and decline stages. Points for initial cracks and yield are marked. Graphs (d) and (h) compare multiple datasets: (d) uses lines for I-1, I-2, I-3; (h) uses lines for O-1, O-2, O-3.]FIGURE 8 | Load-Deflection Curves: (a) specimen I-1; (b) specimen I-2; (c) specimen I-3; (d) Comparison curves for in-plane test specimens; (e) specimen O-1; (f) specimen O-2; (g) specimen O-3; (h) Comparison curves for out-of-plane test specimens.When comparing the load-deflection curves of the jointed specimen and the complete specimen, it is can be seen from Figure 8 that the overall slope of the load-deflection curve for the jointed specimen is smaller than that of the complete specimen. With the same maximum crack width, the complete specimen can withstand a much higher load than the jointed specimen. The difference in load between the two jointed specimens is minimal, indicating that the stiffness of the jointed specimen is inferior to that of the complete specimen. The joints reduces the stiffness of the specimen, and the curing method of UHPC at the joint does not have a significant impact on the stiffness of the jointed specimen.
The corresponding loads and mid-span displacements of the specimens in both the in-plane and out-of-plane specimens at various states were shown in Table 4. The cracking loads of in-plane jointed specimens I-2 and I-3 are 45.9 kN and 52.5 kN, respectively. The cracking loads of out-of-plane jointed specimens O-2 and O-3 are 22.0 kN and 25.0 kN, respectively. These findings suggest that the steam curing of UHPC at the joints had a adverse effect on the initial cracking behavior of the jointed specimens. Compared to the complete specimens, the wet joints expedited the initial cracking behavior of the members. This suggests that the chiseling at the interface of the experimental specimens, along with the augmentation of steel fiber contents in the joints, did not notably enhance the initial cracking resistance of the jointed specimens. It is noteworthy that the joints have no significant impact on the structural integrity or the stiffness of the specimens. As shown in Table 4, the flexural capacity of the in-plane jointed specimens I-2 and I-3 only decreased by 1.4% and 4.7%, respectively, compared to the complete specimen I-1. The flexural capacity of the out-of-plane jointed specimens O-2 and O-3 decreased by only 6.5% and 9.0%, respectively, compared to the complete O-1. This can be attributed to hand-chiseling treatment and the enhancement of longitudinal steel bats continuity achieved through the utilization of short welding steel bars at the joints. Furthermore, the curing methods of UHPC at the joints did not significantly enhance the flexural capacity of the jointed specimens. In addition, it can be seen from Figure 8 and Table 4 that the in-plane specimens have higher flexural capacity compared to the out-of-plane specimens. And due to the larger thickness of the in-plane specimens, they can have smaller deflection during the test process, which reflects that the stiffness of the in-plane specimens is better than that of the out of plane specimens.
TABLE 4 | Summary of the flexural test results of the specimens.	Specimen	Cracking state	Yielding state	Peak state	Limit state
	Pcr (kN)	Δcr (mm)	Py(kN)	Δy (mm)	Pp (kN)	Δp (mm)	Pu (kN)	Δu (mm)
	I-1	100.3	1.42	491.2	16.03	523.1	22.08	480.7	51.55
	I-2	45.9	0.76	473.0	22.6	515.9	40.6	493.6	50.88
	I-3	52.5	0.89	430.7	17.69	498.5	38.86	477.7	48.95
	O-1	36.0	1.32	199.9	17.37	244.6	61.12	190.1	120.15
	O-2	22.0	0.74	195.1	19.1	228.7	49.42	205.3	100.47
	O-3	25.0	1.14	192.3	19.26	222.7	39.4	216.4	71.56


Note: Pcr is the initial cracking load; Δcr is the mid-span deflection at the initial cracking load; Py is the load when the longitudinal steel bar yields; Δy is the mid-span deflection when the longitudinal steel bar yields;Pp is the peak load; Δp is the mid-span deflection corresponding to the peak load; Pu is the ultimate load; Δu is the mid-span deflection corresponding to the ultimate load, respectively.
3.3 Load-longitudinal steel bar strain curve
The strain variation of the tensile steel bars at the mid-span section of the out-of-plane specimens was shown in Figure 9. It can be observed from Figure 9 that the strains of the tensile steel bars at mid-span in both the jointed and complete specimens are essentially consistent before reaching the yield point. And the loads when the steel bars yielded are generally similar. This can be attributed to the utilization of short welding steel bars at the joint of the specimen, which effectively incorporated the short welding steel bars into the load-bearing mechanism. The welding operation greatly enhanced the continuity and load-carrying capacity of the steel bars at the joint. However, the strain curves of mid-span tensile steel bars in in-plane specimens exhibites a different phenomenon as load changes. As shown in Figure 10, there is a notable disparity in the strains of mid-span cross-section tensile steel bars between the jointed specimen and the complete specimen after cracking occured in the jointed specimen (around a load of 50 kN). Furthermore, as the width of cracks at the joint interface of the jointed specimen expanded, the growth rate of strains of the mid-span cross-section tensile steel bars increased significantly, surpassing that of the complete specimen. The main reason can be attributed to the presence of a weaker section at the joint interface in the jointed specimen.
[image: Two line graphs show the relationship between load and strain for steel bars. Chart (a) includes series I-1, I-2, and I-3, with load ranging up to 600 kN. Chart (b) includes series O-1, O-2, and O-3, with load up to 250 kN. Green dashed lines indicate the yield points of the steel bars in both charts.]FIGURE 9 | Load-longitudinal steel bar strain curve: (a) In-plane specimens; (b) Out-of-plane specimens.[image: Two line graphs labeled (a) and (b) show the relationship between load (kN) and strain (microstrain) for UHPC. Graph (a) ranges from 0 to 600 kN, and graph (b) from 0 to 250 kN. Both display data series with markers indicating UHPC crushing in the compressive zone at approximately -3000 microstrain.]FIGURE 10 | Load-UHPC compressive strain curve: (a) In-plane specimens; (b) Out-of-plane specimens.During the crack development stage, the jointed specimen exhibited a higher crack width and number compared to the complete specimen. This directly led to premature debonding of UHPC at the joint interface and a increase in the participation of tensile steel bars in bearing the load. Therefore, the strain growth rate of the tensile steel bars across the jointed specimen was significantly greater than that of the complete specimen. However, the absence of this phenomenon in the out-of-plane specimen can be attributed to the bending form of the specimen (slab), which reduces the degree of mechanical property weakening caused by the interface between the joint and prefabricated part. The inversion of the wet joint in the UHPC allows the tensile capacity to be provided by an entire row of longitudinal steel bars at the bottom of the slab. In contrast, the in-plane specimens only have three longitudinal steel bars at the bottom of the beam. The final strains in both the in- and out-of-plane specimens reached 2,300 microstrain, indicating that the steel bars had yielded.
3.4 UHPC compressive strain
The variation of UHPC compressive strain with load at the mid-span section of each specimen during the loading process is shown in Figure 10. It can be seen in Figure 10 that UHPC compressive strain of the in-plane specimens exhibits a gradual increase with the applied load during the initial loading phase. After the occurrence of cracking, the compressive strain experiences a slower increment with the load, aligning with the development trend observed in the load-deflection curve. For the out-of-plane specimens, the evolution of UHPC compressive strain across the span of the three specimens demonstrates a consistent pattern. The load-deflection curves display a gradual change after the initial crack, tending towards a horizontal direction as approaching the ultimate load. By the late loading stage, the UHPC compressive strain in each specimen had reached approximately 3,500 microstrains, indicating the crushing of UHPC in the compression zone. In summary, the existence of joints and the maintenance method of UHPC at the joints do not notably impact the trend of compressive strain in the UHPC across the span in relation to the applied load magnitude.
In addition, it can be seen from Figure 10 that there are some differences in the compression curves of UHPC in the compression zone between the in-plane and out-of-plane specimens. After reaching a load of 200 kN, the growth rate of compressive strain in the UHPC compression zone of the out-of-plane specimen significantly decreases. This is likely due to the lower flexural stiffness of the specimen, faster crack development, and the early entry of tensile steel bars into the yield stage, resulting in a significant decline in flexural capacity. Due to the stronger stiffness, the in-plane specimen has a smaller degree of deflection in the early stage of loading, and the crack width is smaller than that of the out-of-plane specimen. Therefore, the attenuation rate of bearing capacity is slower than that of the out of plane specimen.
3.5 UHPC strain distribution in mid-span section
Strain gauges were applied in the pure bending section where cracks primarily developed in the specimens. As the specimens cracked, some of the cracks extended through the strain gauges, causing damage to these strain gauges. Therefore, the strain data at the onset of cracking for each member was utilized to plot the curve depicting the variation of UHPC strain with the height of the cross-section. The curves depicting UHPC strain versus beam section height for the mid-span section of the pure bending segment of in-plane and out-of-plane specimens are shown in Figure 11. It can be seen from Figure 11 that the UHPC strain exhibits an approximately linear distribution with respect to the section height at each loading level, with only minor deviations in the data from individual strain gauges. This indicates that the specimen aligns with the cross-sectional assumption in both the positive and negative bending moment regions. In this paper, the bottom surface of the beam is considered as the starting surface of the beam height, with a height of 0 mm. The top heights of the in-plane and out of plane specimens are 540 mm and 150 mm, respectively.
[image: Six graphs show the relationship between strain and height under different loads. Graphs (a), (b), and (c) depict varying loads from approximately 4 to 92 kN, demonstrating strain effects on height. Graphs (d), (e), and (f) display data with a range of 0.2Pu to Pu, showing more pronounced strain effects with distinct separations in the curves. Each graph includes a legend for easy reference to specific load values.]FIGURE 11 | UHPC strain variation curve with height: (a) Specimen I-1; (b) Specimen I-2; (c) Specimen I-3; (d) Specimen O-1; (e) Specimen O-2; (f) Specimen O-3.3.6 Ductility
The ductility of a flexural member can be quantified using the ductility coefficient, typically determined through the energy method and the geometric graphing method. In this paper, the ductility coefficients of the test specimens are calculated using the geometric graphing method as described in Figure 12 (Zhang and Huang, 2005).
[image: Graph illustrating a load-deflection curve with marked points: O, A, B, C, M, Y. Key features include tangent lines, perpendiculars, peak load point M, yield point Y, and 85% peak load point. Dy and Du represent the abscissas of the yield and 85% peak load points, respectively. Arrows and lines highlight relationships between these points.]FIGURE 12 | Calculation model of ductility.As shown in Figure 12, draw a horizontal line passing through the peak load point M. Meanwhile, draw a tangent of the load-deflection curve from point O intersecting with the horizontal line at point A. Then, draw a perpendicular from point A intersecting with the load-deflection curve at point B. Draw a line connecting points O and B and extend it to intersect with the horizontal line at point C. Draw a perpendicular from point C intersecting with the curve at point Y, which is the yield point. Dy and Du, which are abscissas of the yield and 85% peak load points, respectively, represent the deflection of the yield and 85% peak load points, respectively. The ductility coefficient μ can be calculated by Equation 1; (Zhang et al., 2020b; Pam et al., 2001; Ke et al., 2023). During this analysis, the applied load for each specimen was gradually reduced to 0 at the end of the test, so that an accurate value of Du could be obtained.
μ=DuDy(1)
The results of the calculations are presented in Table 5. It is observed that the ductility coefficients of the complete specimens exceed those of the jointed specimens. Furthermore, the ductility coefficients of the members with UHPC steam-conditioned at the joints surpass those of the members naturally conditioned with UHPC at the joints. This observation suggests that the presence of joints diminishes the ductility of the members. Moreover, the method of UHPC curing at the joints impacts the ductility of the specimens, with the ductility of members cured by steam curing outperforming that of naturally cured members.
TABLE 5 | Calculation results of ductility.	Speciment	Dy (mm)	Du (mm)	μ
	I-1	11.6	53.1	4.58
	I-2	12.5	53.5	4.28
	I-3	12.1	49.2	4.07
	O-1	10.1	83.1	8.23
	O-2	12.2	88.2	7.23
	O-3	13.6	85.0	6.25


It can also be seen from Table 5 that the ductility of the out-of-plane specimens is better than that of the in plane specimens. As mentioned above, the degree of bending deformation of the out-of-plane specimens is greater than that of the in plane specimens. When the load is greater than 200 kN, the steel bars of the out-of-plane specimens are close to yielding, and the degree of crack development is greater than that of the in plane specimens, which leads to more participation of steel bars in the deformation of the specimens. In addition, due to the lower stiffness and attenuation of the flexural capacity of the out of plane specimens, the deflection of the specimens between the yield point and peak load point increases more than that of the in-plane specimens, resulting in greater ductility of the out-of-plane specimens.
4 FLEXURAL CAPACITY CALULATION
4.1 Existing calculation method
Currently, there is no specific equation for calculating the flexural capacity of UHPC joint slabs and UHPC joint beams in domestic and international codes and regulations. However, researchers have conducted relevant studies and proposed equations based on experimental observations and theoretical research, offering valuable reference and practical significance.
Jia et al. (2021) modeled UHPC beams with rectangular wet joints and assumed the stress distribution as illustrated in Figure 13a, leading to the derivation of the following bearing capacity, as shown in Equation 2.
αfcubxc+fy′As′=fyAs+ftbh−xcMu=αfcubxch0−xc2+fy′As′(h0−)a′−ftbh−xch−xc2−a(2)
where fcu represents the cubic compressive strength of UHPC; b and h denote the width and height of the beam, respectively; xc signifies the height of the compression zone of UHPC; fy and As stand for the yield strength and area of the tensile steel bars, respectively; fy’and As’represent the yield strength and area of the compression steel bars, respectively; ft indicates the tensile strength of UHPC; α is the equivalent rectangular stress coefficient, assumed to be 0.92; h0 is the effective height of the section; a’ denotes the distance from the center of the compression steel bar to the edge of compression zone; a represents the distance from the center of the tensile steel bar to the edge of tension zone; and Mu is the theoretically calculated value of flexural load capacity.
[image: Diagrams illustrating stress distribution in reinforced concrete beams. The diagrams include a rectangular beam cross-section with labeled dimensions and reinforcement positions, as well as stress and strain profiles. Panels (a) to (d) depict various stress-strain relationships in the beam's section. Key elements include neutral axis, compressive and tensile stress zones, denoted by symbols like \( M_u \), \( \alpha f_{cu} \), \( f_y A_s \), and geometry markers like \( a, b, h, h_0 \).]FIGURE 13 | Cross-section strain and stress distribution: (a) Jia et al. (2021); (b) Yuan et al. (2020); (c) Yue et al. (2023); (d) This paper.To explore the performance of UHPC beams with rectangular wet joints, an experimental study was conducted by Yuan et al. (2020). Based on the stress distributions shown in Figure 13b, a calculation equation for determining the bearing capacity of jointed beams was proposed, as shown in Equation 3.
αfcubx=fyAsMu=αfcubxh0−x/2(3)
Yue et al. (2023) conducted foot-scale modeling tests on UHPC panels with dovetail and comb wet joints. The stress distribution was assumed as shown in Figure 13c and derived Equation 4.
12fcbxc=fyAs+kftbh−xcMu=fyAsh0−xc+12kftbh−xc2+13fcbxc2(4)
where fc represents the axial compressive strength of UHPC, which is 0.9 times the cubic compressive strength fcu; k denotes the discount factor for the tensile strength of UHPC.
The flexural capacity of the specimens in this study was calculated using the aforementioned methods, and the results were shown in Table 6. The flexural capacity values listed in the table represent the measured and calculated values for the actual damaged cross-sections of the specimens. It is worth noting that the equations introduced by Jia et al. (2021) and Yuan et al. (2020) are not employed to determine the flexural capacity of the entire cast-in sections, as they are specifically designed for the jointed sections.
TABLE 6 | Flexural capacity calculation results.	Specimen	Experimental values
M(kN·m)	calculation values Mu (kN·m)
	Jia et al. (2021)	Yuan et al. (2020)	Yue et al. (2023)	This paper
	Mu	Mu/M	Mu	Mu/M	Mu	Mu/M	Mu	Mu/M
	I-1	385.8	—	—	—	—	220.2	0.571	380.0	0.985
	I-2	380.5	229.3	0.603	78.6	0.207	109.6	0.288	315.3	0.829
	I-3	367.6	217.5	0.592	78.5	0.214	107.0	0.291	307.0	0.835
	O-1	82.6	—	—	—	—	113.9	1.379	83.8	1.014
	O-2	77.2	76.75	0.994	46.9	0.608	54.6	0.707	70.0	0.907
	O-3	75.2	73.40	0.976	46.8	0.622	53.8	0.715	67.8	0.902
	Average value			0.791		0.412		0.659		0.912
	Coefficient of variation			0.491		0.982		1.362		0.186


As shown in Table 6, the computed values from the current equations demonstrate a low level of agreement with the experimental data, indicating unsatisfactory predictions. However, it is noteworthy that the predictions for the out-of-plane specimens are more accurate compared to those for the in-plane specimens. The reason for not achieving satisfactory prediction results is that all equations suggested by the aforementioned scholars overlook the contribution of the web steel bars. In cases of out-of-plane specimens with a lower web steel bar reinforcement ratio, the contribution of web steel bars is less compared to in-plane specimens with a higher web bar reinforcement ratio, resulting in better prediction accuracy. The web steel bars play a beneficial role in enhancing the stiffness of the reinforcement structure and restricting crack propagation in the tension zone, consequently enhancing the flexural capacity of the specimens. In the test conducted by Jia et al. (2021) on UHPC beams with rectangular wet joints, the flexural capacity of UHPC jointed beams with girders was 256.2 kN, while that of UHPC jointed beams without girders was 197.4 kN. The ratio of the flexural capacity for UHPC jointed beams with and without web steel bars was 1.30, indicating the significant contribution of web steel bars to the flexural capacity of UHPC specimens. In order to predict more accurately the flexural capacity of UHPC joint specimens with web steel bars, it is necessary to propose a new calculation method that considers the flexural contribution of web steel bars.
4.2 Calculation method considering the contribution of web steel bars
Drawing from the experimental findings and incorporating existing research outcomes, the stress distribution of the section at the limit state is shown in Figure 13d, with the following assumptions: (1) The UHPC flexural specimens adhere to the cross-sectional assumption for specimen cross-sections both before and after deformation and cracking. (2) Ignoring the shear deformation and axial deformation of the specimens under vertical forces. (3) There is no significant relative slip between the steel bars and UHPC. (4) The steel bar in tensile zone yields, and the tensile stress of UHPC is uniformly considered as kft (Xiao et al., 2021; Hwang and Park, 2014). Previous studies have shown that the reduction factor k ranges from 0.2 to 0.6. When the specimen is a complete specimen without joints, it means that the tensile strength does not need to be reduced, that is, k = 1.0. As k decreases, the interfacial bonding strength also decreases (Hwang and Park, 2014). Therefore, according to the definition in reference (Hwang and Park, 2014), specimens I-2 and I-3 have weaker mechanical interlocking at the rhombus wet joints than slabs O-2 and O-3, k for specimens I-2 and I-3 is taken as 0.4. For specimens O-2 and O-3, k is taken as 0.6. And for specimens I-1 and O-1, k is taken as 1.0.
Based on the section equilibrium condition, the following flexural capacity can be calculated by Equation 5.
12fcubxc+fy′As′=fyAs+kftbh−xc+∑fyiAsiMu=13fcubxc2+fy′As′xc−a′+fyAsh0−xc+12kftbh−xc2+∑fyiAsihsi(5)
where fyi represents the stress of the ith layer of web steel bars, calculated through section strain; Asi denotes the area of the ith layer of web steel bars; hsi is the distance from the ith layer of steel bar to the neutral axis; other symbols carry the same meanings as mentioned earlier.
The results obtained from the proposed calculation method, which takes into account the contribution of web steel bars to flexural capacity, are shown in Table 6. A comparison with other methods reveals that the calculated values using our approach exhibit the closest agreement with experimental values, and also demonstrate lower dispersion.
5 CONCLUSION
This paper presents an experimental study on the flexural performance of UHPC in-plane and out-of-plane specimens with rhombus wet joints. The conclusions drawn are as follows.
	1. The performance of the complete specimens is superior to that of the jointed specimens, primarily in terms of stiffness and ductility. The complete specimens exhibit higher stiffness and better ductility. The joints alters the crack propagation trend in the in-plane specimens but has a minimal impact on the crack propagation trend in the out-of-plane specimens.
	2. Steam curing for the joints of UHPC in jointed specimens is expected to have an adeverse effect on the initial cracking behavior. Furthermore, it does not significantly improve the stiffness and flexural capacity of the jointed specimens. However, in terms of ductility, the ductility of jointed specimens with steam-cured joints is better than that of jointed specimens with naturally cured joints.
	3. Compared to the complete specimens, the flexural capacity of the jointed specimens only decreases by 1.4%–9.0%. This indicates that the chiseling, the increase in steel fiber contents in the joints, and welding longitudinal steel bars with short steel bars reduced structural damage and decrease in stiffness. This approach can provide valuable practical insights for actual engineering applications.
	4. The contribution of web steel bars to the flexural capacity of UHPC beams is significant and should not be overlooked. The calculation method proposed in this paper, which takes into account the flexural contribution of web steel bars, can accurately predict the flexural capacity of UHPC jointed components with web steel bars. It demonstrates higher accuracy when compared to existing methods in the literature.

This study only tested three in-plane and three out-of-plane specimens, all of which had the same geometric shape and similar steel bar configuration. In future research, we will consider a wider range of geometric shapes, reinforcement ratios, fiber content and joint shapes to make the research conclusions more widely acceptable. And statistical parameters will be adopted after expanding the experimental results to support the results.
In addition, the effects of different surface treatments and surface roughness levels on the interfacial performance of the wet joints were not quantified. Note that due to the discontinuity of steel fibers at the joint, the influence of steel fibers is generally not considered. The bending performance of this area is mainly provided by the bonding performance of the new and old cement-based matrix and the tensile performance of the longitudinal steel bars, and obviously the latter is dominant. Nevertheless, we will still consider the bonding performance of cement-based matrix under different surface treatments in subsequent experiments. Moreover, the impact of different range of interface roughness will also be considered and quantified to obtain more valuable research results.
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