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Abstract

:

In this investigation, the effects of different fabrics with 0.20% carbon fiber textile (CFT), 0.21% glass fiber textile (GFT), and 0.25% basalt fiber textile (BFT) on the properties of TR-UHPC were investigated by axial tensile tests. A bending test of the BFT-UHPC pavement slab was carried out. In terms of axial tensile performance, the fiber textiles ranked in the following sequence: CFT, BFT, and GFT. Additionally, the corresponding increases in the initial cracking strength and ultimate tensile strength were 18.0% and 21.9% for the CFT, 12.0% and 16.0% for the BFT, and only 9.1% and 8.0% for the GFT, respectively. Increasing the textile reinforcement ratio of the BFT from 0.25% to 0.50% improved the cracking stress and peak stress of the specimen by 12.0% and 15.9%, respectively. Moreover, the ultimate strain of the 0.50%-BFT reinforcing case was 1.4 times that of the 0.25%-BFT reinforcing case and 2.6 times that of the unreinforced specimen in terms of ductility. The results of the stacking test on the BFT reinforced UHPC pedestrian slab indicate that the mid-span deflection of the test slab under normal use load is 0.775 mm, which is only 19.8% of the deflection limit. Additionally, the test slab remained in the elastic stage without any cracking. The BFT effectively enhanced the toughness of the UHPC thin slab after cracking. It is expected to be applied as a novel structure to bridge pedestrian slabs, bridge decks, and other thin UHPC members, thereby improving the durability and mechanical properties of bridge structures.
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1. Introduction


China has the largest number and scale of bridges in the world [1]. However, many of these bridges were constructed in the 1980s and 1990s, and as a result, they have been in service for too long to the end of their service life as well as outdated design specifications. Pedestrian walkway slabs, as subsidiary components of bridge decks, are often constructed using reinforced concrete (RC). However, issues such as spalling, the delamination of protective layers, and corrosion of reinforcement commonly occur in RC slabs. These degradation problems are particularly pronounced in marine environments [2,3]. Severe deterioration can significantly impact the overall structural integrity of bridges, while other structures such as galvanized steel pedestrian walkway slabs have a longer lifespan. However, when the steel plates are thin, the structure exhibits low stiffness, resulting in significant deflection and reducing the comfort and safety of pedestrians. On the other hand, increasing the thickness of the steel plates incurs higher economic costs, and the added self-weight significantly reduces the structural safety.



Ultra-high-performance concrete (UHPC), as a new generation of building material emerging in the late 20th century, possesses outstanding properties such as ultra-high strength [4,5] and high toughness [6]. Its exceptional durability is particularly noteworthy, enabling it to effectively adapt to corrosive environments [7]. In recent years, UHPC has gradually been adopted in China as a primary construction material for main bridge structures [8,9], pedestrian walkway covers [10,11], bridge decks [12,13], and other applications, showcasing broad prospects for its usage. By leveraging existing research, applying UHPC with its high strength, toughness, and durability to pedestrian walkway slabs can address the issues of corrosion and insufficient durability commonly associated with conventional RC slabs. Research indicates that the self-weight of pedestrian walkway slabs accounts for approximately 7% in the long-term loads of railway bridges and about 15% for highway bridges [14]. Using UHPC to make ribbed pedestrian walkway slabs is capable of reducing the thickness and self-weight of slabs [15]. According to JTG D62-2018 [16], the prefabricated concrete pedestrian walkway slab should possess a thickness no less than 60 mm. In this thickness, UHPC ribbed slabs can reduce the self-weight by more than 50%, which can improve the long-term performance of main girders by reducing the long-term stress and thus the creep effect. Simultaneously, the high durability of UHPC can reduce the maintenance cost of the bridge and facilitate transportation, emphasizing an economic advantage.



However, unreinforced UHPC slabs are susceptible to cracking, low-load bearing capacity, and brittle failure when subjected to external loads [17,18]. If two or more layers of rebars are arranged in the slab and subjected to both positive and negative bending moments, the slab thickness must be increased to satisfy the requirement on durability, thus increasing the slab’s cost and the self-weight of the whole bridge.



Fiber textiles have the advantages of high strength, light weight, and excellent durability [19,20]. Fiber textile reinforced cementitious materials such as textile reinforced UHPC (TR-UHPC) can improve the ductility and enhance the toughness of UHPC. The multi-layer fiber fabric is arranged in the UHPC matrix, which is conducive to the directional distribution of short fibers, and the two cooperate to exert better mechanical properties. [21]. Contamine et al. [22] investigated the vertical tensile mechanical properties of a layer-casted textile reinforced concrete (TRC) composite. The results indicated that defects during casting have little impact on the tensile mechanical properties of the TRC composite when the textile reinforcement ratio is high. Additionally, the test results showed low dispersion. Gong et al. [23] investigated the tensile properties of strain hardening cement-based materials reinforced by carbon fiber textiles (CFTs) where the results indicated that the composite reinforced with continuous fiber textiles and short fiber hybrids exhibited the best mechanical properties. Dong Z et al. [24] investigated the tensile behaviors of textile reinforced mortar (TRM) with different shapes of carbon multifilament yarns and types of matrices. The results showed that the flatter shape of the yarn could significantly improve the utilization of the textiles in the matrix. Wei M [25] conducted experimental and mechanical studies on the flexural behaviors of FRP fabric reinforced ultra-high-performance concrete (UHPC) panels, where the results showed that such formwork could be potentially used in the accelerated construction of critical infrastructure with enhanced crack resistance and an extended service life.



Currently, research on fiber textile reinforced concrete is well-developed. However, the application of fiber textile reinforced UHPC (TR-UHPC) to engineering structures has received little attention. This study aimed to test the tensile properties of UHPC reinforced with various types of fiber textiles (basalt, carbon, and glass fiber textiles—BFT, CFT, and GFT, respectively) to determine the most cost-effective and reinforcing-efficient case. Subsequently, a novel structural type of basalt fiber textile reinforced UHPC (BFT-UHPC) pedestrian walkway thin slab was proposed in this study. The flexural behavior of the BFT-UHPC slab was explored through the stacking test and bending test. The results of the tests can provide a good basis for the application of fiber textiles in the engineering of BFT-UHPC thin slabs.




2. Axial Tensile Performance of TR-UHPC


2.1. Materials


2.1.1. UHPC Matrix


The UHPC used in the test was provided by Hunan Zhonglu Huacheng Bridge Technology Corporation. The main components of the UHPC included silicate cement, quartz sand, quartz powder, silica fume, fly ash, high-efficiency water reducer, and mixed steel fibers. Table 1 shows the UHPC mix proportion. The volume fraction of steel fibers was 2%, comprising end-hooked steel fibers with a diameter of 0.2 mm and a length of 13 mm. These steel fibers had a tensile strength of 2000 MPa and a modulus of elasticity of 200 GPa.



The mechanical properties of the UHPC were tested according to the standard test methods given by ‘Standard Test Methods for Physical and Mechanical Properties of Concrete’ (GB/T 50081-2019) [26] and ‘Reactive Powder Concrete’ (GB/T 31387-2015) [27]. The test for cubic compressive strength involved the use of cubic specimens measuring 100 × 100 × 100 mm for the modulus of elasticity test, prismatic specimens measuring 100 × 100 × 300 mm were used, and for the prismatic compressive strength test, prismatic specimens measuring 100 × 100 × 300 mm were used, with three specimens in each experimental set. The axial tensile strength of the UHPC matrix was obtained by the axial tension test conducted on dog-bone shaped specimens, which is introduced in Section 2.2. Table 2 shows the mechanical properties of the UHPC matrix.




2.1.2. Fiber Textiles


Three kinds of commonly used FRP materials were selected in this test: carbon fiber textile (CFT), basalt fiber textile (BFT), and glass fiber textile (GFT), as shown in Figure 1. The mechanical properties of these fiber textiles and sectional area of a single fiber bundle are shown in Table 3.





2.2. Specimen Manufacture Process and Experiment Program


Through the axial tension test, the impact of the type and amount of fiber textiles on the tensile properties of the textile-reinforced UHPC (TR-UHPC) was investigated. The tensile specimen was named “T”. The capitals “C”, “G”, and “B” refer to the fiber type, which are the CFT, GFT, and BFT, respectively. The numbers “2” and “4” refer to the number of fiber textile layers. For instance, in “T-B2”, “T” refers to tensile test, “B” indicates BFT, and “2” means two layers of textile. The series of tensile specimens are shown in Table 4, with three specimens for each series.



The casting process is shown in Figure 2. Axial tensile specimens (dog-bone shaped) made of TR-UHPC were manufactured with a tensile section size of 80 × 50 × 150 mm. The spacing between the two-layer and four-layer textile specimens was 10 mm, as shown in Figure 3a. The specimens were cast layer by layer, with the first layer of UHPC cast into the mold up to the marked height. When laying the first layer of the fiber textile, the textile was slightly pressed to make the UHPC surround the textiles. Then, the next layer of UHPC was cast and repeated until the casting was complete. After 48 h from casting, the specimen was demolded and cured in steam at a temperature of 90 °C for 48 h.



Carbon fiber reinforced plastic (CFRP) cloths were attached to the sectional area changing part of the dog-bone shaped specimen to make sure the specimen failed at the middle section. A universal testing machine (SHT4605-G, stroke and force limits of 710 mm and 600 kN, respectively) was used to apply tension to the specimen, as shown in Figure 3b.



The two ends of the dog-bone specimen were connected to the testing machine through jigs, and the loading method used was displacement-controlled loading with a loading rate of 0.05 mm/min. The strain before cracking was measured by strain gauges, and the tensile displacement of the specimen after cracking was measured by an electronic extensometer with a measurement scale of 150 mm. The axial tension test was terminated when the specimen completely fractured.




2.3. Results and Analyses of Axial Tension Tests


Table 5 shows the results of the TR-UHPC tension tests including the relative standard deviation (RSD) of each series of specimens in brackets. The RSDs of the peak strain were generally higher because the stress fluctuated within a certain range of values after cracking, however, the RSDs of peak strain were still within the acceptable range overall. Regarding RSD, the T-B2 and TB-4 specimens demonstrated a more stable performance compared to the other specimens. The T-C2 specimens had the most fluctuating test results because the textile treatment had a significant impact on the stress distribution within the single bundle and the interface between the fiber bundle and the UHPC matrix [28]. The CFT in the test was not impregnated by the epoxy resin adhesive. As a result, the carbon fiber monofilaments within the single-bundle multifilament yarns could not coordinate well. Additionally, the UHPC matrix could not completely penetrate all of the slots among the monofilaments to establish a good connection with all the monofilaments [29,30]. Consequently, there was no effective bonding between the CFT and UHPC matrix. On the other hand, the untreated CFT has a smooth surface and transfers force to the UHPC mainly through chemical bonding, which will fail once the CFT is stripped.



2.3.1. Failure Mode


Figure 4 illustrates the failure modes of all tensile specimens. Compared with the plain UHPC axial tensile specimen, the tensile strength of the TR-UHPC composites were substantially increased. As shown in Figure 4, the plain UHPC specimen failed with UHPC matrix fracture and steel fiber pull-out, while the TR-UHPC specimen failed with fiber textile rupture after matrix cracking.



The failure process of the TR-UHPC tensile specimens can mainly divided into three stages: the elastic stage, post-cracking stage, and rupture failure stage. In the elastic stage, the UHPC matrix and the textile are deformed consonantly and subjected to tension. Meanwhile, the modulus of elasticity of the TR-UHPC composite is related to the properties and proportions of the UHPC matrix and the fiber textile. After the UHPC matrix cracked, the TR-UHPC composites entered the post-cracking stage with an increase in the tension value. Note that only the T-B4 specimens experienced a multi-cracking progress because its textile reinforcement ratio exceeded the critical textile reinforcement ratio reported in reference [31], and the bonding performance between the BFT and UHPC matrix was excellent, which is like suitably reinforced concrete beams. In contrast, the T-B2 specimens with a lower textile reinforcement ratio only had one principal crack during tensioning. T-C2 and T-G2 specimens experienced the same failure mode, that is, fiber textile rupture. Due to the weak bonding performance between the CFT/GFT and UHPC matrix, their crack pattern was single cracking.




2.3.2. Impact of Fiber Type on Tensile Properties of TR-UHPC Composites


Figure 5 shows a comparison of the stress–strain curves between various TR-UHPC tensile specimens.



Among the TR-UHPC tensile specimens, the CFT had the greatest improvement on the axial tensile properties of UHPC due to the excellent mechanical properties of the carbon fiber, which significantly increased the initial cracking strength and tensile strength by about 18.0% and 21.7%, respectively, compared to the plain UHPC specimens. The BFT-UHPC tensile specimens showed a second-grade increase in the initial cracking strength and tensile strength by about 12.0% and 15.9%, respectively. The surface impregnation treatment enhanced the firmness of the braided junction in the BFT compared to the other fiber textiles. At the microscopic level, the difference in thickness between the braided junction and other positions was more significant, resulting in the best bond with the matrix. Compared with the plain UHPC tensile specimen, the initial cracking strength and tensile strength of the T-G2 specimens were improved by 9.1% and 8.0%, respectively. Though the improvement in the tensile performance of the T-G2 specimens was not obvious, there was a great improvement in ductility. It is possible that the surface treatment of CFT and GFT could enhance their interface bonding properties, resulting in more stable outcomes.




2.3.3. Impact of Textile Reinforcement Ratio on Tensile Properties of TR-UHPC Composites


For the sake of discussion, the critical textile reinforcement ratio of BFT should first be confirmed. It was assumed that there was no relative sliding between the fiber textile and the matrix before cracking of the UHPC matrix, namely, the fiber textile and UHPC matrix coordinated well in deformation. If the tensile strength of the TR-UHPC composite is expected to increase, the ultimate load of the inside fiber textile should be greater than the cracking load of the TR-UHPC composite. Considering the critical state, the formula for calculating the critical textile reinforcement ratio can be obtained:


   σ  c r a   =  E f   ε  c t    V f  +  E c   ε  c t     1 −  V f     



(1)






   σ  f u    V  f m i n   =  σ f   V  f m i n   +  σ  c t     1 −  V  f m i n      



(2)






   V  f m i n   =    σ  c t      σ  f u   +  σ  c t   −  σ f     



(3)




where σcra denotes the initial cracking stress of the TR-UHPC composite; Ef and Ec represent the modulus of elasticity of the fiber textile and UHPC matrix, respectively; εct represents the matrix cracking strain; Vf represents the textile reinforcement ratio; σfu represents the ultimate strength of the fiber textile; Vfmin represents the critical minimum textile reinforcement ratio; σf denotes the stresses applied to the textile of the composite in the critical cracking state, and based on the assumption that the textile and matrix deform together before cracking, σf = Efεct; σct represents the matrix cracking stress.



Figure 6 depicts the stress–strain curves of the tensile specimens with various BFT textile reinforcement ratios.



The critical textile reinforcement ratio of BFT is 0.36%. The T-B2 textile reinforcement ratio in this paper was 0.25%, which is close to the calculated critical textile reinforcement ratio and did not clearly show strain hardening characteristics after cracking. Compared with the T-U specimens, the T-B2 specimens had increases in their initial cracking strength and tensile strength of 12.0% and 16.0%, respectively. Furthermore, the descending stage of the stress–strain curve of T-B2 was stable at a higher stress level, even though there was only one principal crack. The textile reinforcement ratio of T-B4 was 0.50%, which is greater than the critical textile reinforcement ratio. After cracking, T-B4 showed an obvious strain hardening stage. Additionally, the T-B4 specimens had a multi-cracking pattern compared to T-B2. The ultimate strain of T-B4 was 1.42%, which is about 1.4 times that of the T-B2 specimens, and 2.6 times that of the T-U specimens. The plummet in stress in the T-B series curves resulted from the rupture of the fiber bundles. After the fiber rupture, the T-B series specimens could also resist a high level of stress until failure.






3. Stacking and Bending Tests on BFT-UHPC Pedestrian Walkway Thin Slabs


3.1. Design and Manufacture of Test Slab


The BFT could perform as well as the CFT while costing only a twentieth of the price, making it a more economical option. Therefore, in this study, the BFT was selected to create the TR-UHPC composite slab specimen (BFT-UHPC slab) based on the results of the mechanical property tests and economic considerations. Figure 7 displays the dimensions and reinforcement layout of the test slab.



A full-scale two-span continuous BFT-UHPC slab specimen was produced, measuring 2500 × 1000 × 50 mm overall. Each single span was 1175 mm long, with the upper flange part having a thickness of 20 mm. One layer of BFT was spread over the entire flange part with a 10 mm concrete cover. There were four longitudinal trapezoidal ribs with a rib height of 50 mm and a rib spacing of 250 mm, each reinforced with two Φ8 mm HRB400 rebars. Three transverse rectangular ribs were made to support the slab. The transverse ribs at the end sections measured 50 × 30 mm and were reinforced by one Φ8 mm HRB400 rebar. The transverse rib at the mid-support section measured 100 × 30 mm and was reinforced by 2Φ8 mm HRB400 rebars.



The manufacturing process of the BFT-UHPC slab specimen is as follows. (1) Fix the reinforcement cage, then cast the UHPC into the designated position for the BFTs. (2) Place the prepared BFT onto the fresh UHPC and gently press to ensure the UHPC surrounds the BFT. (3) Complete the casting of all the UHPC, then after 48 h of curing at room temperature, demold it and place it in steam at 90 °C for 48 h. The casting process of the BFT-UHPC slab specimen is shown in Figure 8.




3.2. Material


The UHPC used in the stacking test was the same as that used in the axial tension tests but with some difference in their steel fiber components, that is, mixed steel fibers were used here, and the volume fraction of steel fibers was 3% [32,33], which consisted of 2% end-hooked steel fibers with a diameter of 0.2 mm and a length of 13 mm, and 1% short straight steel fibers with a diameter of 0.12 mm and a length of 8 mm.



In this section, the mechanical properties of the UHPC were assessed using the same test methods as in the previous section, as detailed in Table 6. The HRB400 rebar utilized for the mechanical properties test was sourced from the same batch as the test specimen. Its axial tensile mechanical properties were tested following the specifications outlined in GB/T228.1-2010 [34]. The material properties of the rebar are presented in Table 7.




3.3. Stacking Test


3.3.1. Experiment Program


The stacking test aimed to assess the workability of the BFT-UHPC slab under normal pedestrian usage conditions. The ‘General Specification for Highway Bridge and Culvert Design’ (JTG D60-2015) [35] recommends a uniform load of 4.0 kN/m2 for the calculation of crowd load for pedestrian walkway slabs. To reproduce real-world conditions, the test slabs were loaded using a graded stacking of weights, categorized into two types: 10 kg and 5 kg. The constraint was provided by steel supports. Strain measurement points were positioned on the top and bottom surfaces of the positively and negatively bending sections. Throughout the loading process, vertical dial gauges were employed to measure the deflections at two mid-spans and three supports. The loading setup and arrangement of measuring points are shown in Figure 9. The A-F in the figure refers to different areas of the test plate, A and B are the top of two mid-spans, C and D are the bottoms of two mid-spans (according to A and B), and J, Y and Z are the left, middle and right positions of the rebar respectively.



Following the stipulations in the ‘General Specification for Highway Bridge Design’ (JTG D60-2015) [35], the load was systematically applied in multiple levels, with each level consisting of a 250 kg load held for 10 min. A total of five loading levels were adopted.




3.3.2. Test Results


The test loading results are presented in Table 8. The single span of the test slab was 1175 mm, and the deflection limit for bridge deck members under the normal use limit state was l/300 [35], equivalent to 3.92 mm. According to the specification [34], the mid-span deflection of the test slab under the standard 4 kN/m2 load is 0.775 mm, which is merely 19.8% of the deflection limit, satisfying the requirements for the walking comfort of pedestrians. Additionally, based on the strain gauge data and visual observations, there was no occurrence of cracking damage on the BFT-UHPC slab, and the stiffness remained relatively unchanged, indicating that it still worked within the elastic stage. The mid-span bending moment M of continuous plate under uniform load was calculated as Equation (4).


  M =   q  l 2    64    



(4)




where   q   is the uniform load and  l  is the span.





3.4. Bending Test


3.4.1. Experiment Program


The bending test aimed to assess the ultimate bearing capacity of the BFT-UHPC slab under a five-point bending load. The test slab underwent point loading at the two mid-spans, and the measurement point arrangement was consistent with that of the stacking test. The pre-cracking strain of UHPC was recorded using the corresponding surface-applied strain gauges. The loading setup and measurement point arrangement are illustrated in Figure 10.



The test slab was loaded at a rate of 0.1 kN/s before cracking, with a load increase of 2 ± 0.3 kN per step. After cracking, the loading rate was maintained at 0.1 kN/s with a load increase of 5 ± 0.5 kN per step. The test slab was force-control loaded until reaching its ultimate bearing capacity. Subsequently, the deflection values in the two mid-spans of the test slab were used for displacement-control loading with a 0.15 mm increase per step. Once the load value dropped below 75% of the peak load, the test was considered complete and terminated.




3.4.2. Failure Mode and Stiffness Analysis


Figure 11 depicts the load–displacement curve of the BFT-UHPC slab, from which the damage process of the test slab can be divided into five stages.



Stage 1: Linear elasticity stage. Prior to UHPC cracking, the mid-span deflection varies linearly with increasing load.



Stage 2: Crack development stage (14.8 kN). Initially, numerous microcracks appeared at the bottom of the BFT-UHPC slab, causing no significant decrease in structural stiffness due to the strain-hardening properties of UHPC. The steel fibers in the matrix bridged the cracks and continued to provide tensile resistance. As loading continued, cracks developed at the top of the slab near the support (Zone-E in Figure 10), resulting in a decrease in specimen stiffness. After the top UHPC cracked, the BFT started to perform, limiting the further development of UHPC cracks at the top while slowing the development of the bottom UHPC cracks.



Stage 3: Rebar yielding stage (84.2 kN). After the reinforcement yielded, UHPC entered the softening stage, gradually diminishing its contribution, which was accompanied by a decline in the specimen’s stiffness. In this stage, the primary stressed section was the negatively bending section. The UHPC at the top of the slab entered the multi-cracking stage, and the textile and short steel fibers bore more external forces. With an increasing load, basalt fiber bundles and the matrix bridge anchorage between the fibers in the cracks played a dual role in transferring bridging forces, leading to the phenomenon of multi-crack development. When the UHPC crack spacing was insufficient, the basalt fiber bundles entered the tensile stage, gradually reaching the ultimate bearing capacity.



Stage 4: Peak load stage (94.7 kN). Due to the brittleness of the fibers, the test slab failed with the fiber rupture at the top of the support section. Prior to the rupture of fibers at the support section, the steel bars at the mid-span bottom yielded, causing a faster development in the crack width of the mid-span bottom than that of the support section. The negative bending zone could not bear more load after the fiber ruptured, leading to a decrease in the bearing capacity, and ultimately causing the test slab to fail. As the loading continued, the basalt fiber bundles sequentially reached their ultimate strength and ruptured, causing a reduction in the bearing capacity of the test slab. The UHPC crack at the top of the slab rapidly propagated to form a main crack, and the bearing section failed gradually. After the bottom of the slab took over as the main stress section, maintaining a certain level of bearing capacity, the UHPC crack development at the slab bottom accelerates. UHPC cracks gradually penetrated along the transverse direction at the mid-span (Zone-C), while on the other mid-span (Zone-D), UHPC cracks appeared to be partially closed.



Stage 5: Load declining stage. With consecutive loading, the top of the mid-span exhibited clear UHPC crushing, accompanied by the sound of steel fibers pulling out and UHPC matrix powder falling. The deflection at the crack location increased rapidly, leading to a significant decrease in the bearing capacity. The final failure mode of the BFT-UHPC slab is presented in Figure 12.



The test results indicate that upon reaching the failure state, the UHPC at the slab top was crushed, resulting in a substantial deflection without actual fracture. It was observed that the test slab not only exhibited a main crack in the negatively bending section, but also developed a main crack in the mid-span of the positively bending section on one side (Zone-C) during the load declining stage. The location of the lateral cracks generally corresponded to the main cracks on the slab soffits, and a multitude of small, dense UHPC cracks appeared in the soffit near the main crack. These cracks were mainly concentrated in the vicinity of the mid-span and mid-support sections.



Table 9 lists the characteristic loads of the BFT-UHPC slab. When the main crack width was equal to 0.2 mm (the limit for normal concrete), the rebars had already yielded, indicating that the BFT-UHPC is free of durability menace under normal usage. The    P  b c r 0.2     was about 5.7 times that of    P  c r    . If prestressing tendons can be used to replace the normal steel bar, the gap between the    P  c r     and    P  b c r 0.2     can be shortened significantly, which can be investigated in the future.




3.4.3. Crack Width Development


The maximum crack width of a conventional rectangular RC slab with the same reinforcement ratio can be calculated using the crack width prediction formula for concrete bending structures specified in GB50010-2010 [36]. The crack width of the test slab is then compared to this value.


   ω  m a x   = 1.9 ψ    σ s     E s      1.9  c s  + 0.08    d  e q      ρ  t e        



(5)






  ψ = 1.1 − 0.65    f  t k      ρ  t e    σ s     



(6)




where  ψ  is the strain inhomogeneity coefficient of longitudinal tensile reinforcement between cracks;    f  t k     is the tensile strength of UHPC, which is 8.5 MPa;    σ s    is the stress of steel bar in the support section under the corresponding load bending moment;    E s    is the elastic modulus of reinforcement, which is 200 GPa;    c s    is the thickness of the protective layer of the outermost steel bar, which is 35 mm;    d  e q     is the equivalent diameter of longitudinal reinforcement in the tension zone, which is 8 mm;    ρ  t e     is the longitudinal tensile steel reinforcement ratio calculated from the section area of effective tensioned concrete, which is 1.4%.



Table 10 shows the calculation results for crack width. It is evident that the maximum crack width of the BFT-UHPC slab was lower than that of the RC slab at each loading stage. At the yield load (84.2 kN), the maximum crack width of the BFT-UHPC slab was only 35% of that of the conventional rectangular RC slab. This indicates that the BFT-UHPC slab has a superior crack resistance.






4. Conclusions


In this study, basalt fiber textile (BFT) was identified as the most economical and effective reinforcement material for UHPC via axial tension experiments on textile-reinforced UHPC (TR-UHPC). Through stacking and bending tests, the workability and superior flexural behavior of the BFT-UHPC thin slab were examined. Based on the experimental study, some principal conclusions can be drawn.



	(1)

	
In terms of the axial tensile performance, the fiber textiles ranked in the following order: CFT, BFT, and GFT. Furthermore, the corresponding increases in initial cracking strength and ultimate tensile strength were 18.0% and 21.9% for CFT, 12.0% and 16.0% for BFT, and only 9.1% and 8.0% for GFT, respectively.




	(2)

	
When the textile reinforcement ratio was higher than the critical one, the specimen exhibited a clear strain hardening phenomenon after cracking. The T-B4 specimen showed a 12.0% increase in initial cracking strength and a 15.9% increase in tensile strength compared to the T-B2 specimen. The ultimate strain of T-B4 was 1.4 times that of T-B2 and 2.6 times that of the plain UHPC tensile specimen.




	(3)

	
In the stacking test, the mid-span deflection of the BFT-UHPC slab was 0.775 mm under the crowd load (4 kN/m2), which was only 19.8% of the deflection limit, satisfying the walking comfort requirements of pedestrians. Therefore, the BFT-UHPC slab can remain uncracked during service.




	(4)

	
The crack resistance and superior toughness of the BFT-UHPC composite have been well-verified. Fiber textiles play an important role in limiting the development of crack width, maintaining stiffness, and improving the ductility of the slab.
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Figure 1. Fiber textiles. 
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Figure 2. Manufacturing process of axial tensile specimens. 
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Figure 3. Experiment program and setup of the axial tension test. 
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Figure 4. Failure modes of the axial tension tests. 
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Figure 5. Comparison of the stress–strain curves of the tensile specimens. 
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Figure 6. Comparison of the test results of different textile reinforcement ratios. 
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Figure 7. Dimension and reinforcement layout of the BFT-UHPC slab (mm). 
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Figure 8. Specimen manufacturing process. 






Figure 8. Specimen manufacturing process.
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Figure 9. Loading setup and arrangement of the measuring points. 
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Figure 10. Flexural loading of the specimens and arrangement of the measuring points. 
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Figure 11. Load–displacement curve of the test slab. 
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Figure 12. Specimen failure mode. 
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Table 1. UHPC mix proportion.






Table 1. UHPC mix proportion.





	Constituent
	Cement
	Silica Fume
	Water Reducer
	Fly Ash
	Quartz Sand
	Quartz Powder
	Water
	Water–Binder Ratio





	Mass ratio
	1
	0.25
	0.2
	0.1
	1.1
	0.25
	0.243
	0.18










 





Table 2. Mechanical properties of the UHPC.






Table 2. Mechanical properties of the UHPC.





	Materials
	fcu/MPa
	fc/MPa
	ft/MPa
	Ec/GPa





	UHPC (Steam curing 48 h)
	143.4
	128.94
	7.96
	42.50







Note: For the UHPC matrix, fcu is the cube compressive strength, fc is the prismatic compressive strength, ft is the initial cracking strength, and Ec is the Young’s modulus.













 





Table 3. Basic mechanical properties of different fiber textiles.
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	Textile Type
	Grid Size

(mm × mm)
	Young’s Modulus

(GPa)
	Tensile Strength

(MPa)
	Ultimate Tensile Strain

(%)
	Single Bundle Sectional Area

(mm2)





	CFT
	20 × 20
	230
	3300
	2.80
	0.88



	GFT
	3 × 3
	71
	2204
	1.98
	0.16



	BFT
	25 × 25
	80
	2362
	2.77
	1.45










 





Table 4. Parameters of the TR-UHPC axial tensile test.






Table 4. Parameters of the TR-UHPC axial tensile test.





	Specimen
	Fiber Type
	Textile Layer Number
	Textile Reinforcement Ratio





	T-C2
	Carbon fiber
	2
	0.20%



	T-G2
	Glass fiber
	2
	0.21%



	T-B2/4
	Basalt fiber
	2/4
	0.25%/0.50%



	T-U
	--
	--
	--










 





Table 5. Test results of the axial tension tests.
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	Specimen Group
	Initial Cracking Stress

(MPa)
	Initial Cracking Strain

(με)
	Peak Stress (MPa)
	Peak Strain

(με)





	T-U
	7.48 (1.4%)
	144.5 (7.3%)
	7.96 (5.6%)
	164.3 (17.7%)



	T-G2
	8.16 (3.3%)
	182.4 (11.0%)
	8.60 (3.9%)
	222.3 (24.5%)



	T-C2
	8.83 (12.8%)
	213.3 (10.0%)
	9.69 (13.2%)
	254.3 (20.3%)



	T-B2
	8.38 (2.5%)
	190.5 (2.2%)
	9.23 (4.7%)
	233.8 (3.4%)



	T-B4
	8.57 (4.5%)
	181.7 (3.2%)
	9.80 (2.6%)
	8805.5 (15.8%)










 





Table 6. Mechanical properties of the UHPC of the BFT-UHPC slab.
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	Materials
	fcu/MPa
	fc/MPa
	ft/MPa
	Ec/GPa





	UHPC (Steam curing)
	157.52
	143.92
	9.53
	40.23










 





Table 7. Material performance data of the rebar.






Table 7. Material performance data of the rebar.





	Reinforcement Type
	Diameter

(mm)
	Yield Strength (MPa)
	Ultimate Strength (MPa)
	Elasticity Modulus (GPa)





	HRB400
	8
	429.3
	590.3
	200










 





Table 8. Results of the stacking test.






Table 8. Results of the stacking test.





	Loading Level
	Loaded Weight

(kg)
	Uniform Load

(kN/m2)
	Mean Deflection at Mid-Span

(mm)
	The Mid-Span Bending Moment M (kN·m)





	0
	0
	0
	0
	0



	1
	250
	1
	0.156
	0.219



	2
	500
	2
	0.321
	0.441



	3
	750
	3
	0.459
	0.658



	4
	1000
	4
	0.612
	0.876



	5
	1250
	5
	0.775
	1.096










 





Table 9. Characteristic loads.
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	Eigenvalue
	    P  c r     (kN)
	    P  b c r 0.2     (kN)
	    P  t c r 0.2     (kN)
	    P y    (kN)
	    P u    (kN)





	Load
	14.8
	84.2
	92.4
	84.2
	94.7







Note: In the table,    P  c r     is the cracking load of the test slab,    P  b c r 0.2     is the load when the crack width of the slab bottom is 0.2 mm,    P  t c r 0.2     is the load when the crack width of the slab top is 0.2 mm,    P y    is the yield load of the test slab, and    P u    is the ultimate bearing capacity of the slab.













 





Table 10. Crack width correlation.






Table 10. Crack width correlation.





	Load
	39.9 kN
	44.8 kN
	54.7 kN
	74.6 kN
	84.2 kN





	Specimen crack width

(mm)
	0.03
	0.04
	0.05
	0.08
	0.08



	Crack width of concrete slab

(mm)
	0.05
	0.06
	0.11
	0.15
	0.23
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