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To improve the economic benefits of engineered cementitious composites and control the repair cycle, repair materials were designed, with the key components of the mixture being low-cost polypropylene (PP) fibers and fast-setting sulfoaluminate cement. The effects of water/binder ratio, fiber content, and aggregate particle size on the flowability, mechanical properties, and toughness of the polypropylene fiber-reinforced sulfoaluminate cementitious composite (PP-SACC) were explored. Based on experimentally measured axial tensile stress–strain curves, a constitutive model of PP-SACC was derived in terms of fiber content and water/binder ratio. Additionally, the correlation coefficients representing the relationships of the mixture indices with the tensile properties were explored based on revised gray relational analysis. Test results indicated that fiber content and water/binder ratio were the most important factors affecting the mechanical properties, toughness, and fluidity of the material; in contrast, the influence of aggregate size was slight. The PP-SACC mixture with an aggregate size of 75 µm, a water/binder ratio of 0.30, and a fiber content of 3.0% demonstrated an excellent degree of toughness and exhibited a flexural hardening phenomenon under bending load.
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1 INTRODUCTION
Since the 1990s, cement mortar and cement concrete have been widely used in construction, including in highways, bridges, ports, and other domains, where they have played a critical role because of advantages such as easy access to raw materials, low price, high strength, durability, and convenience (Yesudhas Jayakumari and Nattanmai Swaminathan, 2023). Cement-based materials are still the world’s most widely used building materials. However, due to the inherent shortcomings of cement-based materials, inadequate design, and a lack of maintenance of the structure, most of the early concrete structures built in China have faced problems with strengthening and repair. The maintenance cost of infrastructure has become a major problem, which has led to a sharp increase in the total cost over the entire life cycle of the structure. The restoration and reinforcement of existing cement concrete structures has attracted extensive attention in the engineering field.
Repair materials can be divided into organic and inorganic composites based on their components. Organic repair materials (Wang et al., 2020; Lee, 2021) are often used in pavement repair due to their high impermeability, corrosion resistance, early high strength, fast curing characteristics, and other advantages. However, there are also problems with these materials, such as a significant difference between the elastic modulus of the repair materials and the old concrete, and the ease with which they can separate from the surface of the old concrete and fall off (Elsanadedy et al., 2019). Modified organic repair materials mainly involve the incorporation of polymers into cement-based materials to cement hydration products and aggregate them together by attaching to hydration products, thereby improving bonding performance, material toughness, and interface microstructure (Sadrmomtazi and Khoshkbijari, 2017; Chen et al., 2021). However, due to the limited number of polymer varieties available, the high price of raw materials, and the limitations of preparation technology, most ordinary repair projects cannot afford to use this type of material and its application is limited (Siddika et al., 2021). Inorganic repair materials are modified by adjusting the water–binder ratio of ordinary Portland cement or mixing in inorganic fibers (Afroughsabet et al., 2016; Cao et al., 2020; Sakr et al., 2021). Cement-based repair materials have good deformation compatibility and volume stability due to their similar properties and structure compared to old concrete materials, and so they are used as the primary repair materials in repair engineering. However, these materials also have problems, such as low bond strength, high shrinkage rate, and high brittleness (Belaidi et al., 2015). As a reinforced composite material, fiber is widely used in cement mortar systems, and it can make up for these defects. Not only can the use of fiber-reinforced inorganic repair materials improve the brittleness of repair materials through the addition of fiber, but this can also improve bond strength (Soupionis et al., 2020). Since its introduction, one of the main applications of strain-hardened cement-based composite (SHCCs), also known as engineered cementitious composite (ECC), has been in the repair of existing concrete structures. Xu and Zhang (2012) found that, as a repair material, ECC can effectively prevent interface cracks and avoid standard failure modes in repair systems such as spalling and cracking. An ECC repair system has more substantial ductility and a greater energy absorption capacity, and provides good control over crack width (Shilang et al., 2011). ECC can effectively reduce crack width and redistribute the internal forces of the repaired structural system (Xu and Wang, 2011). Wu and Li (2017) conducted an experimental study on a repair system constituted by pouring UHTCC on the bending side of an ordinary concrete beam body and found that adding UHTCC on the surface improved the strength of the repair system and inhibited the development of cracks.
In restoration engineering, rapid hardening, high early strength, and high toughness are very high priorities for the preparation of restoration materials. Due to the long curing period of ordinary Portland cement-based repair materials, these are unsuitable for urgent repair works. However, the repair period can be significantly shortened through the use of a sulfoaluminate cement-based composite (SACC) (Hu et al., 2019). In addition, polyethylene (PE) fiber and polyvinyl alcohol (PVA) fiber, which are commonly used in ECC materials, are often limited in their use in civil engineering due to their high prices (Kang et al., 2018). Polypropylene (PP) fiber, which provides good performance at a reasonable price, has great potential for applications in repair materials.
Among the various cements available for concrete, sulfoaluminate cement (SAC)-based binders have attracted a great deal of attention. SAC meets many essential requirements for these applications, namely, it is quick setting and develops high early strength (Kong et al., 2022). As a rapid-hardening cement, SAC has been increasingly used for building in cold regions and in repair structures due to its notable properties such as high early strength, freezing resistance, and low permeability and alkalinity (Cai and Zhao, 2016). Additionally, SAC production is associated with lower carbon dioxide emissions than PC production (Zhen et al., 2021). Tayeh et al. investigated the effects of three types of steel fibers (straight, hooked, and corrugated), with varying volume fractions of steel fibers (0.75%, 1.5%, and 2.5%), on the fresh and mechanical properties of ultra-high-performance concrete (Tayeh et al., 2022a; Tayeh et al., 2022b). The results indicated that the use of deformed fibers and an increased fiber volume gradually reduced the flowability of UHPC. Fiber use also had a significant impact on the compressive strength and fracture modulus of UHPC. Furthermore, the authors studied the effect of microsilica and polypropylene fibers (PFs) on the mechanical properties of ultra-high-performance geopolymer concrete (UHP- GPC). A total of 20 concrete mixtures were evaluated experimentally for workability, compressive strength, elastic modulus, and splitting tensile strength. The results showed that the mechanical properties were significantly degraded when 15% microsilica was added to UHP-GPC, but improved when microsilica was added at proportions greater than 15% (Abu Aisheh et al., 2021; Abu Aisheh et al., 2022).
However, there is relatively little research on PP fiber-reinforced sulfoaluminate cement as a repair material, and the factors influencing the properties of repair materials still need to be clarified and a more complete understanding developed. Zhang et al. (2021) studied the mixing of PP and PVA fibers to explore the mechanisms underlying the influence of fiber content on various performance indices of repair materials. Li (2018) studied the effects of mineral admixture type, PP fiber content, and water-reducing agents on Portland cement-based repair materials. He et al. (2019) prepared an ECC material by adding PVA fiber-reinforced sulfoaluminate cement and explored the optimal dosage of PVA and its strengthening mechanism. On the basis of this previous work, this paper comprehensively considers the combined demands of low cost, early strength, and toughness in an examination of the advantages of sulfoaluminate cement and polypropylene fiber. A four-point sheet metal test was conducted to study the mechanical properties and flexural toughness of PP-SACC. The multi-factor influence of critical indicators of materials was evaluated using gray correlation analysis, providing guidance for further promotion of the applications of high-performance restorative materials.
2 SIGNIFICANCE OF THE RESEARCH
ECC, which is characterized by high ductility and high performance, has been investigated extensively in recent years. However, the application of ECC in practical engineering is still constrained. On the one hand, the high cost of ECC is a key problem that has constrained its application, as PVA fiber is generally costly and difficult to obtain. On the other hand, the use of environmentally friendly products has become an important principle in local construction. Currently, cement-based repair materials are generally made with ordinary Portland cement, which not only leads to a long repair cycle and means that maintenance takes a long time, but also produces high CO2 emissions. Sulfoaluminate cement has major advantages in construction repair due to its early strength and rapid hardening. To reduce the shrinkage of sulfoaluminate cement, the incorporation of PP fiber is generally considered an effective method. Furthermore, as a relatively cheap and practical modification component, PP fiber has significant advantages in inhibiting shrinkage and improving toughness. Therefore, the investigation of PP fiber-reinforced sulfoaluminate cementitious composites is of great importance in maintenance engineering. Not only can the successful application of PP-SACC improve repair speed, but it also greatly reduces economic costs.
3 MATERIALS AND EXPERIMENTAL DESIGN
3.1 Materials
The materials employed in the experimental tests were as follows: cement (42.5 sulfoaluminate cement; chemical composition and physical indices are presented in Table 1); cenospheres (chemical composition is shown in Table 1); quartz sand, adopted as a fine aggregate at two different particle sizes (75 µm and 109–212 µm); and polypropylene (PP) fiber, employed as an additive at 2.5% and 3.0% content by total volume. A high-range water-reducing admixture (HRWRA) with a water-reducing rate of 40% was also used.
TABLE 1 | Properties of the cement and cenospheres.
[image: Table 1]3.2 Design of the mix proportion
An experimental program was designed to investigate the influence of the water/binder ratio (W/B), aggregate size, and fiber content on the mechanical properties, toughness, and fluidity of PP-SACC. Cenospheres, as the highest value-added fractions of coal fly ash, were added to PP-SACC for workability reasons. The incorporation of cenospheres can significantly increase the mix viscosity of the paste due to their hollow spherical structure. Furthermore, cenospheres can also improve the compactness of hardened composites, especially in the transition zone between aggregate and cement paste. Therefore, cenospheres were added to PP-SACC at a content ratio of 20% of the binder. The sand/binder ratio was fixed at 0.36. The bulk density was 2072 kg/m3. The overall mix proportions are presented in Table 2. Existing research results have indicated that even when the fiber content reaches 2.5%, PP composites do not present the expected behavior of an ECC. In fact, the rheology of the paste is important for uniform fiber distribution to obtain the desired mechanical properties. In this study, the addition of superfine quartz sand and the adoption of HRWRA made it possible to test higher levels of fiber content, i.e., 2.5% and 3.0%, in ECC (Ehrenbring et al., 2022; Hou et al., 2022; Tan et al., 2023).
TABLE 2 | Mix proportions of PP-SACC materials.
[image: Table 2]3.3 Experimental methods
3.3.1 Casting and molding
First, binder (sulfatealuminate cement and cenospheres) and aggregates were poured into a mixer for homogenization. Subsequently, water premixed with HRWRA was added. Finally, PP fibers were sprinkled in and mixed until the fibers were uniformly dispersed in fresh paste. The fresh cement-based paste was then rapidly cast into molds. After 14 days of curing, an assessment of the mechanical properties was conducted.
3.3.2 Fluidity test
A fluidity test was conducted according to the relevant regulations of the “method for determination of fluidity of cement binder sand” (GB/T 2419-2005). As shown in Figure 1A, the point of contact between the instrument and the mortar was wiped with a wet cotton cloth. The mortar was then divided, mixed into two layers, immediately placed into a flow test die, and tamped 15 times. Then, the second mortar was filled and tamped 10 times. After the tamping was completed, the die sleeve was removed. Next, the Cutting cone circular die was slightly lifted in the vertical direction and the jumping table was immediately started. After the vibration process was complete, a caliper was used to measure the maximum diffusion diameter of the bottom surface of the mortar and its vertical diameter; the mean value was calculated, and this was taken to represent the fluidity of the cement mortar.
[image: Figure 1]FIGURE 1 | Schematic diagram of experimental equipment. (A) Cement mortar fluidity test. (B) Axial tensile test. (C) Four-point bending test.
3.3.3 Axial tensile test
A tensile test is the most direct method of verifying the strain-hardening behavior of PP-SACC. However, there are several problems in the process of conducting the test. At present, the fixing of a direct tensile specimen can be generally divided into methods of the clamping type and methods of the bonding type. Clamping methods are carried out using a specially designed fixture or a chuck clamp. To avoid slipping of the specimen during the test, a strong clamping force is generally applied to specimens. Therefore, reinforcement in the form of an aluminum paste plate or fiber cloth is frequently employed to protect the end of the specimen from breaking. However, in the clamping method, the end of the specimen is often the weak part in the tensile test and therefore results in a test failure. This is attributed to the nature of the multi-directional force applied to the end of the specimen. In bonding methods, both ends of the specimen are bonded with epoxy resin or another adhesive. The tensile stress of the fixture is transferred to the specimen through the adhesive. However, in order to ensure adhesive strength, the surface of the specimen usually needs to be ground, which may introduce initial cracks in the specimen before testing if this is done using improper methods. Furthermore, bonding methods are demanding in terms of the high requirement for alignment of the axis of the specimen in the installation process. Unsatisfactory alignment of the specimen will cause local stress concentration and eccentric tension of the specimen and thereby exert a negative impact on the test result.
Given these challenges, the axial tensile test employed in this study was conducted following the procedures specified in the JSCE (Japan) “Recommendations for Design and Construction of High-Performance Fiber Reinforced Cement Composites with Multiple Fine Cracks (HPDFRCCC)” (Yokota et al., 2008).
To determine the tensile strength and failure characteristics of the PP-SACC, dog-bone specimens of the material were prepared. The specimens were demolded after 24 h and placed in a standard curing room for 14 days. As shown in Figure 1B, an axial tensile test was performed using a closed-loop controlled material testing system at a loading rate of 0.1 mm/s. During the axial tensile test, the load and deformation values were recorded on a computerized data recording system. An extensometer was employed to measure the deformation of the specimen during the tensile test. On the stress–strain curve, the maximum stress was taken to represent the peak tensile stress, and the corresponding strain was taken to represent the peak strain.
3.3.4 Four-point bending test
A four-point bending test was applied following the CECS13:2009 procedures of the “Standard test method for flexural toughness and first-crack strength of fiber-reinforced concrete” (CECS13:2009).
The bending properties of PP-SACC were studied using sheet specimens. As shown in Figure 1C, the dimensions of each specimen were 400 mm × 100 mm × 10 mm. Four-point bending tests were performed at a loading rate of 0.5 mm/s. The span length of the flexural loading was 300 mm with a 100 mm center span length. During the flexural tests, the load and mid-span deflection were recorded on a computerized data recording system, and an LVDT was fixed on the test set-up to measure the flexural deflection of the specimen.
4 EXPERIMENTAL RESULTS AND ANALYSIS
4.1 Analysis of fluidity
The fluidity of each mixture is summarized in Figure 2.
[image: Figure 2]FIGURE 2 | Summary of the fluidity of all mixtures.
As indicated in Figure 2, the fluidity of PP-SACC decreased with increasing fiber content and aggregate size; however, the fluidity increased with an increase in water/binder ratio. Water/binder ratio was the most influential factor, followed by fiber content; aggregate size was the least influential. It can be noted in Figure 2 that the fluidity of mix A-2.5 (with 109–212 µm aggregate) was reduced by 2.5% in comparison with mix A′-2.5 (with 75 µm aggregate). The fluidity of mix A′-3.0 (with 3.0% fiber content) was reduced by 6.5% in comparison with mix A′-2.5 (with 2.5% fiber content). Finally, the fluidity of mix B′-2.5 (with a water/binder ratio of 0.30) was increased by 16.4% in comparison with mix A′-2.5 (with a water/binder ratio of 0.25).
The effect of fiber content on fluidity was significant, as indicated in Figure 3. Mix A′-2.5 (flow diameter of 216 mm) exhibited a good fiber array in the paste. Furthermore, mix C-2.5 (with a flowability of 170.5 mm) generated no fiber alignment. However, when flowability was lower than 170 mm, such as in mix C-3.0 (flow diameter of 154.5 mm), it was difficult for the fibers in the paste to disperse and thereby trigger a decrease in fluidity. The fibers were distributed randomly in the paste and agglomerated in the network structure. This network structure may hinder the free flow of the paste, thereby affecting fluidity. Generally, fluidity decreases with increasing fiber content (Boulekbache et al., 2010). In addition, PP fibers can be wetted by the matrix and this can bond well with the fibers. However, when fiber content exceeds a critical point, fiber adhesion decreases. This may be attributed to an insufficient quantity of matrix to fully wet and bond to the fibers (Lu et al., 2018).
[image: Figure 3]FIGURE 3 | Fluidity test of Four Different Mix Proportions of PP-SACC. (A) A′-2.5 (W/B = 0.4, with 2.5% fiber content and 75 μm aggregate), (B) A′-2.5 (W/B = 0.4, with 2.5% fiber content and 109-212 µm aggregate), (C) C-2.5 (W/B = 0.25, with 2.5% fiber content and 109-212 µm aggregate), (D) C-3.0 (W/B = 0.25, with 2.5% fiber content and 109-212 µm aggregate).
4.2 Analysis of axial tension
Stress–strain curves for composites with three different water/binder ratios are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Tensile stress–strain curves of PP-SACC. (A–C) represent the working conditions of water cement ratio of 0.4, 0.3, and 0.25, respectively.
As illustrated in Figure 4, a steady rise in tensile stress value occurred with the increase in strain until the first crack appeared. At peak stress, the microcrack opening displacement increased. Further loading beyond peak strain caused the cracks to widen. Mixes with a water/binder ratio of 0.30 had a higher fracture energy than those with a water/binder ratio of 0.40 or 0.25. The peak tensile stress of mix B′-3.0 reached 4.89 MPa, and the peak strain of mixes B′-3.0 and B-2.5 reached 3.6% and 3.8%, respectively, which indicates that significant toughness was attained. However, for mix B′-3.0, the strain-hardening and multiple crack phenomena were not elicited. Therefore, a four-point bending test was conducted to further investigate the toughness of this composite.
4.3 Mechanical properties of PP-SACC materials
The effect of water/binder ratio, aggregate size, and fiber content on axial tensile stress are presented in Figure 5.
[image: Figure 5]FIGURE 5 | Effects of each factor on tensile strength. (A) Effect of water-binder ratio on peak tensile stress, (B) Effect of aggregate size on peak tensile stress, (C) Effect of fiber content on peak tensile stress.
As explained in the previous section, among these three factors, water/binder ratio exerted the greatest influence on fluidity, followed by fiber content, whereas the influence of aggregate particle size was the weakest. As seen in Figure 5, axial tensile stress first increased and then decreased as water/binder ratio was increased over the three different values of this variable, reaching a peak at the water/binder ratio of 0.30.
When the water/binder ratio was decreased from 0.40 to 0.30, a more stable three-dimensional spatial support system, established by fibers, was formed, and more energy was consumed when fracture occurred. When this happens, the PP fiber overcomes the strong friction force and is finally pulled out, which increases the fracture energy accordingly. When the water/binder ratio was decreased from 0.30 to 0.25, the PP fibers in the matrix had relatively low fluidity were difficult to disperse; this produced the resulting innate weak spots in the specimen, leading to a decrease in fracture energy and peak stress.
As Figure 5 clearly shows, peak tensile stress across all PP-SACC mixes decreased to varying degrees with an increase in aggregate size. The influence of aggregate size on mixes A′-3.0, A′-2.5, B′-2.5, and C′-3.0 was negligible; however, when aggregate size was increased, peak tensile stress for mixes B-3.0 and C-2.5 decreased by 44.4% and 37.6%, respectively, in comparison with mixes B′-3.0 and C′-2.5.
The effects of aggregate size and fiber content on peak strain were similar. The difference was that the effect of fiber content on peak tensile stress was more obvious than that of aggregate size. Peak tensile stress for mix B′-2.5 decreased by 13.0% with an increase in aggregate size. However, peak tensile stress for group B′-2.5 increased by 32.5% with an increase in fiber content.
Under a given water/binder ratio (0.40, 0.30, or 0.25), increasing the aggregate size may induce additional defects in on the cement matrix, which may contribute to insufficient compactness. In addition, increasing the fiber content may have a positive effect on the mechanical properties of the composite. However, not all fibers are fully aligned in the direction of stress, and the effectiveness of this measure is debatable (Sarmiento et al., 2016).
4.4 Revised gray relational analysis
In order to better understand the toughness of PP-SACC in this study, the area enclosed by the strain corresponding to 50% of the peak strength was calculated; this area was defined as the fracture energy per unit volume. The fracture energy of each mix is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Fracture energy under different conditions.
As indicated by the analysis presented above, the tensile performance of PP-SACC materials is controlled by a combination of multiple factors rather than a single factor. This is because tensile performance is influenced by complex material characteristics, particularly in strain-hardening cement-based materials (Lu et al., 2018). Therefore, the gray correlation analysis was employed to further analyze the influence of various factors on tensile performance. Gray correlation analysis is generally used to qualitatively address the issue of whether different factors impact a particular variable and which factor has the greater impact. Deng Julong et al. proposed the gray correlation model, which stipulates that the gray correlation degree is a real number between 0 and 1. However, this model cannot account for positive or negative correlations between factors. The advantages and disadvantages of gray correlation are discussed in Qi et al. (2022), and a revised method for calculation of gray correlation degree is proposed in Li et al. (2022); this involves considering the ratio of slopes corresponding to the time period, which can be used to reflect the degree of correlation between sequences.
The operational method employed in this study was as follows. First, the comparison sequence and the reference sequence were designated as in Yin (2016):
[image: image]
[image: image]
Let α [image: image], k = 2,3, … ,n, which represents the slope of X on the interval [k-1,k]. The sequence of slopes of X0 and Xi on the interval [k-1,k] were denoted as:
[image: image]
[image: image]
The sequence composed of the ratio of the slopes at the corresponding time periods of X0 and Xi was denoted as:
[image: image]
The coefficient of variation K0 and the generalized coefficient of variation [image: image] were defined as follows:
[image: image]
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where
[image: image]
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The gray correlation degree between X0 and Xi was defined as follows:
[image: image]
The values of fluidity, initial cracking strength, and ultimate strength were set as the parent sequence, and water/cement ratio, aggregate particle size, and fiber content were considered as the subsequence. The correlations between each influencing factor and bending performance index are presented in Table 3.
TABLE 3 | Correlation coefficients of mechanical performance indexes.
[image: Table 3]In Table 3, it can be seen that water/cement ratio and fiber content had the greatest impact on peak tensile strength, with both showing a negative correlation. Fiber content had the greatest impact on fracture energy, with an influence factor of 0.8174, followed by water/cement ratio, with an influence factor of −0.5507. Fiber content and water/cement ratio had the greatest impact on flowability. In contrast, the impact of aggregate particle size on peak tensile strength, fracture energy, and flowability was the smallest.
In fact, with an increase in water/cement ratio, the amount of water used in the PP-SACC matrix increases and workability is improved. At the same time, the fibers can be fully wrapped by the matrix, but frictional bonding between the PP fibers and the matrix is reduced, which in turn reduces the bridging effect of the fibers and thus affects the tensile properties of the PP-SACC. The influence of PP fiber content on material strength is dialectical. With a decrease in water/cement ratio, more energy is consumed in fiber extraction. PP fibers need to overcome greater frictional force and are eventually pulled out, thus increasing the fracture energy. However, when the water/cement ratio is further reduced, PP fibers are not easily dispersed in a matrix with relatively low flowability, which is the reason for the initial defects occurring in the specimens.
4.5 Axial tensile constitutive model for PP-SACC materials
Guo Zhen Hai (1997) proposed a piecewise function for the complete stress–strain curve of detailed reads, as follows:
[image: image]
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where [image: image] and [image: image] are tensile strain and tensile stress, respectively; [image: image] is the peak tensile stress; and the corresponding strain is [image: image].
Here, the axial tensile constitutive model is obtained with reference to Guo Zhen Hai’s equation. The equation should meet the boundary conditions of the ascending and descending portions. The conditions to be fulfilled by the stress–strain equation are:
at x = 0, y = 0,
at x = 1, y = 1.
At 0 ≤ x < 1, [image: image], the ascending portion is convex, and the slope is 0 at the peak. At x ≥ 1, [image: image], the descending portion has an inflection point. At x ≥ 1, [image: image], the descending portion has a maximum curvature point.
For the ascending portion (0 ≤ x < 1), the polynomial function is as follows:
[image: image]
Using the aforementioned conditions, the equation can be expressed as:
[image: image]
For the descending portion (x ≥ 1), the rational function is:
[image: image]
According to the measured stress–strain curves, the formulae for the parameters [image: image], where parameter [image: image] corresponds to the ratio of the elasticity modulus at the origin of [image: image] to the tangent elasticity modulus at the peak point of [image: image]are determined by fitting the test data; these are presented in Table 4.
TABLE 4 | Parameters [image: image] for each mix.
[image: Table 4]Based on the significance of the aforementioned parameters, the influence of fiber content ([image: image]) and water/binder ratio ([image: image]) on [image: image] is explored by proposing the model shown in Eqs 7b, 8b, as follows:
[image: image]
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Aggregate size is not considered because its influence on parameters P1 and P2 is negligible. A regression analysis was performed to tease out the relationship between [image: image] and [image: image], [image: image]; this is shown in Figures 7A, B and Table 5.
[image: Figure 7]FIGURE 7 | Regression analysis of parameters [image: image] (A,B) and comparison between the theoretical curve and the measured curve (C,D).
TABLE 5 | Regression analysis of [image: image].
[image: Table 5]The parameters can be expressed as follows:
The ascending portion parameter [image: image].
The descending portion parameter [image: image].
A comparison between the theoretical and the experimentally measured curve is depicted in Figures 7C, D. The axial tensile constitutive model coincides well with the experimental results.
4.6 Four-point bending test
In Section 4.3, the influence of water/binder ratio, aggregate size, and fiber content on tensile mechanical properties was discussed. The results obtained for axial tension showed that the B′-3.0 mix demonstrated the best mechanical properties. Therefore, a four-point bending test of composite B′-3.0 was conducted to confirm its toughness. Load value–deflection curves for B′-3.0 are presented in Figure 8.
[image: Figure 8]FIGURE 8 | Load–deflection curve of B′-3.0.
During the four-point bending test, the first crack was observed on the tensile face in the mid-span of the specimens. As flexural stress increased, multiple cracks with small spacing and tight widths developed and propagated from the first cracking point. When the fiber bridging strength had reached its ultimate strength, bending failure occurred at the corresponding part of the ECC specimen. The deflection curves for mix B′-3.0 are characterized by an initial linear curve up to the cracking strength, followed by a bend and subsequent plateau, with a relatively small hardening modulus until final fracture. The non-linear portion of the deflection curve corresponds to the continuous microcracking process of the specimens. These curves indicate that the flexural strength of fiber-reinforced sheets is much greater than that of an ordinary cementitious sheet, and there is a longer ductile region.
After reaching ultimate deformation, the specimens were unloaded and removed from the test machine. Upon unloading, the crack characteristics were analyzed using an optical microscope with a maximum magnification of ×100. Only cracks with a width greater than 0.02 mm were recorded due to the limitations of accuracy. After ultimate deformation, all crack widths were less than 1 mm. Due to the high bending ductility of PP-SACC, the specimen was still in the deformation strengthening stage when it was loaded, and displacement reached 30 mm, showing microcrack damage. As shown in Figure 9, composite B′-3.0 demonstrated steady-state multiple cracking and tight cracks with control performance under the bending load. The average number of cracks was up to 11.7, while the average crack width was only 0.2 mm.
[image: Figure 9]FIGURE 9 | The cracks after unloaded.
Bend ductility is one of most the important indexes used to evaluate the bending properties of materials. CECS13:2009 defines it as follows: first crack = the point on the load–deflection curve at which the form of the curve first becomes non-linear (approximates the onset of cracking in the concrete matrix); toughness index (In) = the number obtained by dividing the area up to a deflection of (n+1)/2 times the first-crack deflection (δc) by the area up to the first crack. These indices reflect the ratio of the energy dissipation of PP-SACC at a specified deflection to the energy dissipation at cracking, and are summarized in Table 6.
TABLE 6 | Toughness index of B′-3.0.
[image: Table 6]The experimental results for the flexural toughness index of each of the specimens are presented in Table 5. The flexural toughness index I5 of the specimens of PP fiber-reinforced sulfoaluminate cementitious composite was considerably larger than that of the ordinary cementitious specimens. The results of the four-point bending test and axial tension test show that PP-SACC has high toughness, high strength, and excellent crack width control in the case of the B′-3.0 composite.
5 DISCUSSION
Due to the significant influence of water/cement ratio on the flowability of the mortar, flowability increases with an increase in water/cement ratio. When the water/cement ratio is high, the polypropylene (PP) fibers are wetted by the matrix and form good bonds with the fibers. However, a high water/cement ratio also reduces the frictional bond between the PP fibers and the matrix. Moreover, when flowability is low, an insufficient matrix volume can lead to a decrease in fiber bonding performance due to inadequate wetting and bonding of the fibers. As the water/cement ratio increases, the water usage of the PP-sulfate aluminum cement composite (PP-SACC) matrix increases and workability improves, which allows the fibers to be fully wrapped by the matrix. However, this also reduces frictional bonding between the PP fibers and the matrix, resulting in a decrease in the bridging effect of the fibers and affecting the bending performance of the PP-SACC. The effect of PP fiber content on the strength of the material is dialectical. As the water/cement ratio decreases, more energy is consumed when the fiber is pulled out because the fibers need to overcome greater frictional forces. This ultimately increases the fracture energy. However, when the water/cement ratio further decreases, the PP fibers are not easily dispersed in a matrix with relatively low flowability, which is the reason for the initial defects in the sample.
Currently, ordinary Portland cement is the most common form of cement used in cement-based repair materials, which leads to long repair cycles and prolonged maintenance times. Sulfate aluminum cement has significant advantages in repair construction due to its early strength and rapid hardening characteristics. However, due to its rapid development in terms of elastic modulus, cracking often occurs shortly after construction. PP fibers, as a relatively inexpensive and practical modification component, have significant advantages in inhibiting shrinkage and improving toughness. However, there are still relatively few studies on PP fiber-reinforced sulfate aluminum cement, and research on the extent to which performance indicators are affected by multiple factors and the mechanisms underlying these effects is incomplete and not systematic. Therefore, this study combined relatively inexpensive PP fibers with rapid-hardening sulfate aluminum cement to prepare PP-SACC repair materials and optimized the mix ratio for both strength and toughness. The optimized material achieves flexural hardening and a stable tensile strain of more than 3% in performance. The cost of raw materials is significantly reduced, representing an effective promotion for the application of PP-SACC repair materials.
6 CONCLUSION
Based on the axial tensile test of the PP-SACC material and the four-point bending test, the mechanical properties of PP-SACC material under different PP fiber content levels, aggregate particle sizes, and water/binder ratios were explored. The following conclusions can be drawn.
• The most important factors affecting fluidity are water/binder ratio and fiber content. With an increase in water/binder ratio and a decrease in fiber content, the fluidity of PP-SACC can be significantly increased. However, the influence of aggregate size on fluidity is the weakest: fluidity only slightly increases with an increase in aggregate size.
• With a decrease in water/binder ratio, the peak tensile stress of PP-SACC first increases and then decreases, reaching its maximum at a water/binder ratio of 0.30. The influence of aggregate size and fiber content on peak strain is similar. With an increase in aggregate size and fiber content, peak tensile stress decreases. The difference between the two is that the influence of fiber content on peak tensile stress is clearer than that of aggregate size. The peak tensile stress of B′-2.5 decreases by 13.0% with an increase in aggregate size, but increases by 32.5% with an increase in fiber content.
• The influence of water/binder ratio, aggregate size, and fiber content on the mechanical properties of PP-SACC was investigated via revised gray relational analysis. The results indicated that water/binder ratio and fiber content can significantly affect peak tensile stress. The most important factor affecting fracture energy is fiber content. In contrast, the influence of aggregate size on peak tensile stress, fracture energy, and fluidity was slight.
• Based on analysis of the axial tensile stress–strain curve, the equation of the PP-SACC axial tensile stress–strain curve in terms of water/binder ratio and fiber content was established, and the axial tensile constitutive model was found to fit the test curve better.
• Considering the axial tensile properties, four-point bending performance, crack number, and crack width of the PP-SACC material, the optimal design for repair materials was determined to be the B′-3.0 composite. B′-3.0 has high toughness, high strength, and provides excellent crack width control, under which peak strain can reach 3.6%.
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