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The low water/binder ratio of ultra-high performance concrete (UHPC) often results in its high autogenous shrinkage. Our study explored the effect of the single or binary addition of a CaO-based expansive agent (CEA) and steel fibers on flowability, compressive strength, flexural strength, microstructure, and autogenous shrinkage of UHPC. X-ray diffraction (XRD), thermogravimetric (TG) analysis, scanning electron microscopy (SEM), and mercury intrusion porosimetry (MIP) were applied to reveal the effects of CEA and steel fibers on hydration products and microstructure characteristics of UHPC. Experimental results show that the autogenous shrinkage of UHPC decreased markedly with the single or binary addition of CEA and steel fibers. Relative to the control group, autogenous shrinkage of UHPC with 2.5% dosage of single steel fibers, 6% dosage of single CEA, and binary addition of 2.5% steel fibers and 6% CEA decreased 17.8%, 10.9%, and 30.8% at 180 days, respectively. Steel fibers could enhance the mechanical performance of UHPC; nevertheless, they would decrease the flowability of UHPC. Meanwhile, the addition of CEA in the UHPC mixture not only maintained the mechanical properties and flowability but also decreased the autogenous shrinkage. Diffraction peak intensity and endothermic peak of Ca(OH)2 and the pore volume of 10–50 nm diminished with the content of CEA; however, that of C-S-H gel and ettringite increased. The prediction accuracy of nine shrinkage models (FHWA model, Lee model, Yoo model, JSCE model, B4 model, JonassonH model, Eurocode 2 model, CEB model, and DilgerW model) is analyzed with RE, [image: image], and autogenous shrinkage of UHPC in this paper.
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1 INTRODUCTION
UHPC is an innovative and promising construction material, which exhibits characteristics of ultra-high mechanical performance, high ductility, and excellent durability (Yang et al., 2019; Zhu et al., 2020; Yoo et al., 2018a). Consequently, UHPC could meet the development of civil engineering, such as complex architecture, bridge decks, and long-span curved roofs (Deng et al., 2023). The constituent materials of UHPC contain cement, silica fume, fly ash, superplasticizer, steel fiber, quartz sand, etc. (Zhu et al., 2020; Wu et al., 2022; Du et al., 2021). Owing to a very low water/binder ratio, a substantial amount of binder (800–1,200 kg/m3), high content of active mineral admixtures, and few or no coarse aggregates (Yang et al., 2019; Wu et al., 2022), autogenous shrinkage of UHPC is significantly greater relative to ordinary concrete or high-performance concrete, especially in the early age. Autogenous shrinkage could reach 500–1,500με (Liu et al., 2019), which is one order of magnitude greater than its dry shrinkage. Furthermore, the high autogenous shrinkage means high-risk early cracking. It could tremendously deteriorate the mechanical performance and durability of UHPC. UHPC autogenous shrinkage research has not yet been fully resolved. Hence, it has become a critical factor limiting engineering applications, which is an urgent topic to be solved further.
The variety and dosage of steel fibers have remarkable effects on mechanical performance and UHPC autogenous shrinkage. There were differences among elastic modulus, tensile strength, ultimate elongation, and specific gravity among different types of fibers, while hybrid fibers composed of steel fibers, polyvinyl alcohol fibers, polyoxymethylene fibers, sisal fibers, and other fibers have combined the advantages of diverse fibers to increase the mechanical properties of UHPC (Ren et al., 2022; Moon et al., 2022; Akca and Ipek, 2022; Yu et al., 2022). However, some research studies had the opposite conclusion that steel fibers remain the major reinforcement for UHPC since it has enhanced the mechanical performance of UHPC (Wu et al., 2023). The dosage of steel fibers in UHPC remains generally below 3% because when the steel fiber content exceeds 3%, the increase in mechanical strength and toughness caused by the addition of steel fibers is very slight. However, its economy and flowability will be poor. The content of steel fibers from 2% short straight fibers to 3% hybrid fibers increased the mechanical performance of UHPC by as much as 16% and 48%, respectively (Akca and Ipek, 2022). Steel fibers (Vf = 0.5%) have displayed rational advances of ductility performance and ensured cost performance of UHPC (Nguyen et al., 2023). The size effect of UHPC compressive strength was augmented with the content of short straight fibers, while it was diminished with the augment of the water/binder ratio (Zhang et al., 2022). Steel fibers were dispersed at random in UHPC; furthermore, the distribution and bridging effect of steel fiber has affected the flexural strength and brittleness of UHPC (Lu et al., 2020; Mu et al., 2023).
The calcium sulfoaluminate expansive agent (CSEA), magnesium oxide expansive agent (MEA), and CEA are the most used expansive agents to reduce the shrinkage of UHPC because of their cost-effectiveness (Cui et al., 2023). The content of 6% and 8% of CSEA significantly reduced the shrinkage of UHPC in the first 2 weeks; meanwhile, the additional expansive agents enhanced the bond strength of UHPC (Yoo et al., 2019). Autogenous shrinkage of UHPC diminished with CEA content; however, when the CEA content in UHPC exceeded 60 kg/m3, a crack caused by the increase in the expansion pressures appeared in the late age (Liu et al., 2022); accordingly, the dosage of 40 kg/m3 may be suitable to prevent the delayed expansion of UHPC. CEA could significantly accelerate the hydration process of cement; however, MEA delayed the hydration process of cement (Jia et al., 2023). With the increase of MEA, UHPC had smaller autogenous shrinkage and higher compressive strength (Li et al., 2021). Limited studies have researched the effect of expansive agents on UHPC mechanical strength to date. However, the effect of the microstructure and hydration properties on UHPC mechanical strength and autogenous shrinkage has not been fully studied yet.
This study aims to assess the effect of different additions of steel fibers and expansive agents on the macroscopic properties of UHPC. In this study, X-ray diffraction (XRD), mercury intrusion porosimetry (MIP), thermal gravimetric (TG) analysis, and scanning electron microscopy (SEM) were utilized to explore the characteristics of microstructure and hydration products. Moreover, two round bars under each UHPC shrinkage specimen were used to reduce the influence of bottom constraints on the horizontal measurement of autogenous shrinkage. Several shrinkage models were used to evaluate the difference between predicted shrinkage and experimental shrinkage with statistical parameters RE and [image: image]. UHPC with single or binary addition of steel fibers and CEA was studied comprehensively and systematically in this study.
2 EXPERIMENTAL PROGRAMS
2.1 Materials
The chemical composition and physical performance of silica fume, cement, and CEA are detailed in Table 1. Type II 52.5R Portland cement for experiments met the Chinese Standard GB 175-2007. Polycarboxylic superplasticizer having a water reduction of more than 30% was used to keep UHPC workability with a low water/binder ratio. The type of fly ash used in the experiment was class F, which met the Chinese Standard GB/T1596-2005. Two kinds of copper-coated steel fibers were used to reinforce the UHPC mixture, which were straight steel fibers and hooked-end steel fibers of 16-mm length. The geometrical and mechanical performance of steel fibers is detailed in Table 2. Volumetric fractions (Vf, 0%–1.5%) of the steel fibers are detailed in Table 3. Two kinds of quartz sand with diverse particle size distributions were utilized in UHPC. The diameter of coarse quartz sand was 26–40 mesh (0.43–0.70 mm) and that of the other one was 40–70 mesh (0.21–0.43 mm). The CEA dosages of the groups by mass of binders are detailed in Table 3. The particle size distribution (PSD) of the major ingredients utilized in UHPC is detailed in Figure 1.
TABLE 1 | Chemical composition and fineness of silica fume, cement, and CEA (%).
[image: Table 1]TABLE 2 | Geometrical and mechanical properties of steel fibers.
[image: Table 2]TABLE 3 | Mixture proportions of UHPC (kg/m3).
[image: Table 3][image: Figure 1]FIGURE 1 | PSD of the raw materials in the UHPC mixture.
2.2 Mixture proportions and specimen preparation
The mixture proportion of 11 groups of UHPC is detailed in Table 3. It was obtained with diverse dosages of CEA or steel fibers. The manufacturing procedure of the UHPC specimens is detailed in Figure 2. First, quartz sand, silica fume, cement, and quartz powder were poured into the shaft horizontal forced concrete mixer for 4 min mixing slowly. Later, water, polycarboxylic superplasticizer, and CEA were added to the mixer with 3 min of slow mixing and 3 min of fast mixing. Thereafter, steel fibers were evenly scattered into the mixer while it was mixing slowly for 10 min. The fresh UHPC mixtures were poured into prismatic and cubic (100 mm × 100 mm × 100 mm) molds after their flowability test. After curing with a plastic film for 24 h, specimens were placed in the standardized curing room (20°C ± 2°C, >95% RH) after demolding and until the relevant performance tests at the specified age.
[image: Figure 2]FIGURE 2 | Production processes of UHPC specimens.
2.3 Experiment procedures
2.3.1 Flowability, compressive strength, and flexural strength
Slump-flow and T500 (spread time of mixtures at the d = 500 mm) of fresh UHPC mixtures were measured via one slump cone; refer to Chinese Standard GB/T 50,080-2016 and Ref (Yoo et al., 2018a). Six cubic specimens were generated for testing the compressive strength of every group in Table 3, tested with the Chinese Standard GB/T50081-2019, at 3 days, 7 days, and 28 days. Cubic specimens were tested at the loading rate range of 1.2–1.4 MPa/s for compressive strength. Three prismatic specimens (100 mm × 100 mm × 515 mm) were generated for testing the flexural strength of every group in Table 3, tested with the Chinese Standard GB/T50081-2019, at 3 days, 7 days, and 28 days. Prismatic specimens were tested at the loading rate range of 0.12–0.14 MPa/s for the flexural strength.
2.3.2 X-ray diffraction
XRD (MiniFlex300) was utilized for mineral phase analysis on CEA in UHPC with Cu–Ka radiation. XRD was conducted on the mineral phase variation in samples with the scanning rate of 10°/min, which was scanned with the range (2θ) from 5° to 80°. Samples of a specified age were immersed within anhydrous ethanol, and later, dried samples were pulverized, followed by an XRD test (Weng and Liao, 2021).
2.3.3 TG analysis
Thermogravimetric (TG, STA 449 F3) analysis was performed to analyze the chemical compositions of samples with CEA (He et al., 2024c). Samples were crushed into particles at the age of 28 days. Before the TG test of the samples, termination of hydration, vacuum, grinding into powder, sieving, and other treatment measures were carried out (He et al., 2024c; He and Lu, 2023a; He et al., 2023b). The tested samples measured 10–15 mg, which were heated at the rate of 10°C/min (the heating temperature ranged from 30°C to 1,000°C) in a nitrogen atmosphere and constant flowing rate of 25 mL/min (Liu et al., 2018). The content of Ca(OH)2 could be calculated according to thermal mass loss (Kim and olek, 2012; He and Lu, 2023a; He et al., 2023b; He et al., 2024c).
2.3.4 Scanning electron microscopy analysis
SEM (JSM-IT100) was conducted for UHPC microstructure observation. First, some typical samples were immersed in the acetone solution for 24 h for terminating further hydration at 28 days. Then, the vacuum drying chamber was used to dry the UHPC samples to constant weight. Polishing, gold coating, and other steps were carried out sequentially before scanning the samples (Liu et al., 2018). The accelerating voltage of the JSM-IT100 was set at 20 kV (Zhu et al., 2017). The microstructure images of these samples were taken at the magnification of 200–10,000 times.
2.3.5 Mercury intrusion porosimetry
MIP (AutoPore V 9600) has been one of the advanced techniques for the analysis of microstructure of cementitious materials (Yoo et al., 2018b; Wu et al., 2021). MIP was carried out to measure porosity and pore size distribution of the samples. Several pieces of approximately 4–6 g samples were obtained from the center of the UHPC specimen. Then, they were soaked within anhydrous ethanol for 48 h for stopping further hydration reactions before experiments (Zhou et al., 2021). The applied pressure from low to high for MIP was approximately 3.45–410 MPa. For our research, pore size distribution was grouped into 0–10 nm, 10–50 nm, 50–10,000 nm, and >10,000 nm (Zhu et al., 2017). For an idealized cylindrical pore, the Washburn equation (Washburn, 1921; He and Lu, 2024a; He and Lu, 2023a) could be used to calculate the applied pressure (P, MPa) and the related pore diameter (d, nm) as follows:
[image: image]
where γ represents the surface tension of mercury (0.485 N/m) and θ is the contact angle between mercury and the pore wall (140°) (He et al., 2023b; He et al., 2024c).
2.3.6 Autogenous shrinkage
As shown in Figure 3, prismatic specimens (100 mm × 100 mm × 515 mm) were used to determine autogenous shrinkage of UHPC with dial gauges at the ends. For every group in Table 3, three UHPC prismatic specimens were generated in an autogenous shrinkage experiment, and the average data were taken. Steel molds would be removed, following the initial setting of the mixture. Later, prismatic specimens of UHPC were sealed with tinfoil after processing the steel fibers on the surface. Two small round rods were placed below each specimen to reduce the impact of bottom constraints on the autogenous shrinkage experimental device. Every specimen was cured in a shrinkage experimental room set at 20°C ± 2°C and 60% ± 5% RH. Autogenous shrinkage was measured until 180 days.
[image: Figure 3]FIGURE 3 | Autogenous shrinkage experimental device of UHPC.
3 RESULTS AND DISCUSSION
3.1 Flowability
The influence of the CEA content on the T500 and slump-flow of the fresh mixture is shown in Figures 4, 5 and Table 4. Slump-flow of all groups exceeded 650 mm, which indicates that these fresh UHPC mixtures were flowable for concrete construction. The results show that both slump-flow and T500 of the groups were slightly affected by the content of CEA in UHPC. There are two reasons for the decrease of the UHPC flowability. First, with the increased content of CEA, the amount of SO42- ions in the fresh UHPC mixture increased, which worked against the positive influence of the superplasticizer on the flowability of a fresh concrete mixture. Second, CEA also participated in hydration reactions in mixing, leading to a decrease of water for cement hydration, poor flowability, and loss of rheological properties with the age of the fresh UHPC mixture (Ma et al., 2019).
[image: Figure 4]FIGURE 4 | Effects of (A) expansion agent and (B) steel fibers on slump-flow.
[image: Figure 5]FIGURE 5 | Effects of (A) expansion agent and (B) steel fibers on the T500.
TABLE 4 | Flowability and mechanical performance of UHPC (MPa).
[image: Table 4]Slump-flow and T500 of fresh UHPC mixtures with different additions of steel fibers are detailed in Figures 4, 5 and Table 4. Flowability experiment results show both slump-flow and T500 of the groups were significantly influenced by the content of steel fibers in UHPC. Relative to group G6, the slump-flow of groups G7, G8, G9, G10, and G11 diminished by 10 mm, 26 mm, 30 mm, 32 mm, and 37 mm, respectively. Similarly, relative to group G6, T500 of groups G7, G8, G9, G10, and G11 increased by 18.0%, 24.5%, 28.5%, 29.6%, and 33.6%, respectively. Furthermore, the slump-flow of UHPC with the incorporation of 3% steel fibers by volume was 653 mm, which approached the lower limit of the technical requirements (650 mm, T/CECS 10107-2020). With the same dosage of steel fibers in UHPC, hooked-end steel fibers caused more reduction in flowability than straight steel fibers. With the same increased content of steel fibers, the decreasing rate of flowability gradually slowed down. The reason for the decrease in flowability could result from the bridging effect, the shape of steel fibers’ ends, the agglomeration phenomenon, and the inter-filament friction of steel fibers in the fresh UHPC mixture (Fang et al., 2020; Yan et al., 2021).
3.2 Compressive strength and flexural strength
The influence of single or binary addition of CEA and steel fibers on the mechanical performance of UHPC is detailed in Figures 6, 7 and Table 4. All the groups with diverse dosages of CEA or steel fibers demonstrated good mechanical performance. From Figures 6A, 7A and Table 4, the mechanical performance of UHPC slightly diminished with the CEA content at 3 days and 28 days. The study found that 3% and 6% of CEA resulted in a 3.5% (2.1 MPa) and 7.8% (3.9 MPa) compressive strength (fc) reduction of UHPC (Vf = 0.5%) at 3 days. Similarly, the compressive strength of UHPC (Vf = 2.5%) with 3% and 6% of CEA decreased by 1.3% (2.1 MPa) and 2.7% (4.2 MPa) relative to UHPC without CEA. Due to the high compressive strength of UHPC (Vf = 0.5%, fc >130 MPa; Vf = 2.5%, fc >150 MPa), it has little impact on the engineering application of UHPC that 3% and 6% of CEA caused the reduction of compressive strength by 2.1–4.2 MPa. As shown in Figure 7A, 3% and 6% of CEA slightly decreased (1.4 MPa–2.9 MPa) the flexural strength of UHPC. The difference in the mechanical performance of UHPC with different CEA dosages decreased slightly with age. Some possible reasons for the decrease of mechanical properties were the loose microstructure, micro-cracks, and not enough water for cement hydration, which were caused by CEA in UHPC (Jia et al., 2023; Ma et al., 2019; Shen et al., 2020).
[image: Figure 6]FIGURE 6 | Effects of (A) expansion agent and (B) steel fibers on the compressive strength (28 days).
[image: Figure 7]FIGURE 7 | Effects of (A) expansion agent and (B) steel fibers on the flexural strength (28 days).
As presented in Figures 6, 7B and Table 4, UHPC compressive strength was augmented significantly with steel fiber content at 3 days, 7 days, and 28 days. Relative to group G6, compressive strength of groups G7, G8, G9, G10, and G11 increased by 3.3%, 17.3%, 19.9%, 20.5%, and 24.7% at 28 days, respectively. Furthermore, relative to the flexural strength of group G6, that of groups G7, G8, G9, G10, and G11 increased by 5.0%, 32.6%, 38.4%, 44.6%, and 57.8% at the age of 28 days, respectively. Moreover, values of (compressive strength)/(flexural strength) of groups G6, G7, G8, G9, G10, and G11 were 4.97, 4.88, 4.39, 4.30, 4.14, and 3.92, respectively. The ratio of (compressive strength)/(flexural strength) gradually decreased with the increase in the steel fiber content. Mechanical experiments indicated that steel fibers were more beneficial for flexural strength than compressive strength. When steel fiber ratio Vf ≥2%, the compressive strength of the UHPC groups was all beyond 150 MPa. For UHPC with the same Vf = 2.5% of steel fibers, the compressive strength of hooked-end fibers was slightly greater than that of straight fibers. The bond strength of hooked-end fibers contains adhesion and friction along the fiber surface and additional mechanical bonds caused by its deformed ends (Ma et al., 2019).
3.3 X-ray diffraction
XRD patterns of UHPC pastes having diverse dosages of CEA at 28 days are detailed in Figure 8. Diffraction peaks of C3S, C2S, quartz, C-S-H gel, and Ca(OH)2 could be observed clearly by XRD (Weng and Liao, 2021; Shen et al., 2020; Zhu et al., 2018; Lee et al., 2014); however, the diffraction peak of gypsum was unclear, as shown in Figure 8 (Zhu et al., 2018; Xiong et al., 2022). The variation in the intensity peak of C-S-H gel, CaCO3, ettringite, and Ca(OH)2 could indicate the hydration reaction of UHPC with CEA (Weng and Liao, 2021; Zhu et al., 2018; Puertas and Torres-Carrasco, 2014). The diffraction peak of Ca(OH)2 at approximately 2θ = 18°, 34°, and 55° diminished significantly with the content of CEA at 28 days (Xu et al., 2022). Meanwhile, the intensity of the ettringite peak at approximately 2θ = 9°, the C-S-H gel peak at approximately 2θ = 30°, and the CaCO3 peak at approximately 2θ = 29° increased slightly with the content of CEA at 28 days. Within a range of 2θ = 30°–63°, some diffraction peaks about the unhydrated C3S, C2S, and C4AF could be observed in XRD patterns because of the low water/binder ratio of UHPC pastes. C-S-H gel is beneficial for enhancing the mechanical properties of UHPC (Geng et al., 2024; Tang et al., 2021; Wang et al., 2020; Wang et al., 2021). A decrease of calcium hydroxide and an augment of ettringite were helpful in compensating autogenous shrinkage of UHPC (Shen et al., 2020).
[image: Figure 8]FIGURE 8 | XRD of UHPC pastes with CEA at 28 days.
3.4 Thermogravimetric analysis
TG analysis and DTG analysis of the UHPC pastes with 0%, 3%, and 6% content of CEA at 28 days are detailed in Figure 9. The three major endothermic peaks in the DTG figure correspond to the thermal mass loss process of ettringite, Ca(OH)2, and CaCO3 separately (Wu et al., 2021; Wang et al., 2021). The temperature range of the first peak was below 200°C; meanwhile, this was the sharpest and broadest endothermic peak, as shown in Figure 9B. The first endothermic peak might result from the dehydration of several hydrates like ettringite, C-S-H gel, and AFM (Wu et al., 2021; Wang et al., 2021). It follows that more ettringite was generated in the UHPC mixture with an increased content of CEA. Furthermore, increasing CEA content could promote the hydration degree of UHPC (Jia et al., 2023).
[image: Figure 9]FIGURE 9 | Effect of CEA on TG curves and DTG curves of UHPC pastes at 28 days.
The second endothermic peak in Figure 9B, approximately 370°C–470°C, might be because of Ca(OH)2 decomposition. The endothermic peak of calcium hydroxide without the CEA group remained the highest (Wang et al., 2023); furthermore, the peak corresponding to calcium hydroxide consistently decreased with CEA contents. As shown in Figure 9B, the generated calcium hydroxide of the UHPC sample diminished with CEA content. The possible reason was that the secondary hydration reaction of CEA and calcium hydroxide consumed a part of calcium hydroxide and generated more C-S-H gel. In Figure 9, mass loss of approximately 500°C–700°C might refer to the decomposition of CaCO3 in the UHPC samples. As illustrated in Figure 9B, the endothermic peak of CaCO3 in UHPC with 0% and 3% CEA was roughly equivalent, while the endothermic peak of CaCO3 in UHPC with 6% CEA slightly decreased. The analysis of TG and DTG images shows that the increase in the CEA content would increase ettringite and C-S-H gel quantity and decrease the calcium hydroxide quantity. Alterations in these hydration products would be beneficial for improving the mechanical performance and reducing autogenous shrinkage of UHPC.
3.5 Scanning electron microscopy
As shown in Figure 10, steel fibers, C-S-H gel, pores, and fiber–matrix interface of the UHPC samples were observed in the SEM images of the UHPC samples at 28 days. C-S-H gel was found on the steel fibers’ surface and the steel fibers’ hole, which could make the steel fibers’ surface rougher. Furthermore, it could enhance the bonded adhesion between steel fibers and matrix. Because of the finer particle size of the mixture proportions, UHPC had a denser matrix and higher interfacial stiffness than ordinary concrete. Both Ca(OH)2 crystals and the transition interface were not obvious in Figure 10. With the increased content of CEA, the UHPC matrix had been looser and more porous due to the expansion effect. There was no obvious interfacial transition zone between the matrix and aggregate and between the matrix and steel fiber. It was mainly due to the low water/binder ratio, small-sized aggregate, and high binder content of UHPC (Wu et al., 2023). There was no needle-like ettringite crystal to find because the microstructure of the matrix could wrap and cover ettringite. It was observed that matrix particles (C-S-H gel) were adhered on the steel fibers’ surface in Figure 10C. The reason for improving the UHPC mechanical strength by steel fibers is as follows: 1) the bridging effect and high elastic modulus of steel fibers; 2) the combined effect is beneficial for steel fiber–matrix bond (Wu et al., 2021). The effect of CEA and steel fibers on the mechanical performance of UHPC was compatible with its SEM images.
[image: Figure 10]FIGURE 10 | SEM micrographs of the UHPC samples with CEA at 28 days.
3.6 Pore size distribution
As shown in Figures 11, 12, the pore structure of samples could be investigated with MIP. The pore diameters of the highest peak in Figure 11B were approximately 10 nm. As shown in Figure 11, the incremental pore volume of UHPC decreased tremendously in 3–50 nm with the CEA content. However, with the increase of CEA, the cumulative pore volume increased markedly in Figure 11A of pore diameter ≥30 nm. As shown in Figure 12, the porosity of 10–50 nm accounts for the largest proportion. Furthermore, with the increase of CEA, the pore volume of 10–50 nm in UHPC decreased dramatically. The above variations in the pore structure were helpful for the reduction of UHPC autogenous shrinkage with CEA because autogenous shrinkage was primarily related to the pore size of 5–50 nm (Shen et al., 2020). However, because the expansion effect of the CEA could increase the volume of micropores, the total porosity and the pore volume of 50–10,000 nm and >10,000 nm in UHPC increased significantly with the increase of CEA. The total porosity of UHPC with CEA 0%, 3%, and 6% were 10.38%, 10.54%, and 11.01% at 28 days, respectively. With the increase of CEA, the pore structure of the UHPC samples would be looser, and the compressive strength of UHPC samples also decreased accordingly. It follows that CEA could increase the average pore size, which would decrease the mechanical properties of UHPC (Nagataki and Gomi, 1998; Zhou et al., 2023; Liao et al., 2023).
[image: Figure 11]FIGURE 11 | Effect of CEA on pore volume distribution of samples at 28 days.
[image: Figure 12]FIGURE 12 | Porosity of UHPC samples with CEA at 28 days.
3.7 Autogenous shrinkage
UHPC autogenous shrinkage having a diverse content of steel fibers or CEA is detailed in Figures 13, 14. Curves of autogenous shrinkage show a steep increase at an early age (Li et al., 2021; Wu et al., 2019), and then, those autogenous shrinkage curves became flat after approximately 1 week. Due to the rapid development of autogenous shrinkage in an early age, the difference in autogenous shrinkage between different groups of UHPC mainly occurs in an early age. The free water affecting autogenous shrinkage in the cement paste gradually decreased with age, and the expansion effect of MEA also decreased (Zhou et al., 2023). From Figure 13, UHPC autogenous shrinkage diminished significantly with the content of steel fibers. Autogenous shrinkage of G2 (707 × 10−6) and G3 (624 × 10−6) decreased by approximately 6.9% and 17.8% relative to that of G1 (759 × 10−6) at 180 days. Similarly, autogenous shrinkage of G4 (657 × 10−6) and G5 (570 × 10−6) diminished by approximately 13.4% and 24.9% relative to that of G1 at 180 days. Steel fibers in UHPC are vital for promoting mechanical performance and toughness and limiting shrinkage (Wu et al., 2019). Due to the high stiffness of steel fibers and bonded adhesion of steel fibers and matrix, UHPC autogenous shrinkage decreased. The steel fibers could balance the inner relative humidity with absorbed water, which helped diminish autogenous shrinkage (Ma et al., 2019). Because of the low elastic modulus of the paste at an early age, steel fibers could partially restrict UHPC autogenous shrinkage (Yang et al., 2019).
[image: Figure 13]FIGURE 13 | Effects of steel fibers on autogenous shrinkage of UHPC.
[image: Figure 14]FIGURE 14 | Effects of CEA on autogenous shrinkage of UHPC.
UHPC autogenous shrinkage with binary steel fibers and CEA was less than that with single steel fibers or CEA. The autogenous shrinkage of G7 (606 × 10−6), G8 (557 × 10−6), G9 (542 × 10−6), G10 (525 × 10−6), and G11 (499 × 10−6) decreased by approximately 10.4%, 17.6%, 19.8%, 22.3%, and 26.2% compared with that of G6 (676 × 10−6) at the age of 180 days, respectively. Consistent with UHPC with single steel fibers or CEA, the autogenous shrinkage diminished tremendously with CEA content. Due to the crystallization pressure and expansion effect of CEA, autogenous shrinkage of UHPC could be partially compensated (Yang et al., 2019). The randomly distributed steel fibers helped reduce pore pressure in UHPC, which was able to decrease autogenous shrinkage (Afroughsabet et al., 2018). For UHPC groups with a 2.5% dosage of binary steel fibers, the mixture containing 1.5% hooked-end fibers (G10) could reduce the autogenous shrinkage by 3% more than that with 1.5% straight fibers (G9). Because the bonded adhesion between hooked-end fibers and the matrix was more enhanced, hooked-end steel fibers could more efficiently limit autogenous shrinkage of UHPC relative to straight steel fibers (Fang et al., 2020; Wu et al., 2019).
As shown in Figure 14, UHPC autogenous shrinkage diminished tremendously with CEA content. The autogenous shrinkage of G2 at 180 days was approximately 707 × 10−6, and the autogenous shrinkage of G4 and G7 with the same 0.5% steel fiber content was 657 × 10−6 and 606 × 10−6 (decreased by 7.1% and 14.3%, respectively). Similarly, autogenous shrinkage of G5 and G9 with 2.5% steel fiber content was 570 × 10−6 and 542 × 10−6, which was 8.7% and 13.1% lower than that of G3 (624 × 10−6), respectively. The content of 3% and 6% CEA in UHPC resulted in a decrease of compressive strength (28 days) by 0.8% and 1.4% (Vf = 0.5%); and 1.3% and 2.7%. Meanwhile, the autogenous shrinkage (180 days) of UHPC decreased by 7.1% and 14.3% (Vf = 0.5%); and 8.7% and 13.1% (Vf = 2.5%). It was indicated that the addition of CEA could effectively decrease the autogenous shrinkage of UHPC (7.1%–14.3%) with a slight reduction of its compressive strength (<2.7%).
A higher steel fiber content could benefit the internal curing effect (Shen et al., 2020). Furthermore, the higher the internal humidity is in UHPC, the more significant the reduction of autogenous shrinkage would be. Moreover, UHPC autogenous shrinkage was efficiently mitigated because of the expansion effect of CEA (Wei et al., 2023). As shown in Table 1, the main ingredient of the expansion agent was CaO, which could generate Ca(OH)2 and ettringite crystals in the hydration reaction. The micro-expansion effect of ettringite crystals benefits filling the pores of the cement paste. These favorable factors could decrease UHPC autogenous shrinkage.
4 PREDICTION MODELS OF THE AUTOGENOUS SHRINKAGE OF UHPC
As shown in Table 5, there are nine prediction models that could be used to predict the autogenous shrinkage of UHPC.
TABLE 5 | Shrinkage models for the autogenous shrinkage of UHPC.
[image: Table 5]As shown in Figure 15, the predicted autogenous shrinkage of all the 11 groups of UHPC with the B4 model was the same. Furthermore, the JSCE model, Yoo model, Lee model, JonassonH model, and DilgerW model prediction models also had no discrimination for predicting the autogenous shrinkage of these groups of UHPC. The reason was that w/c (water/cement), w/b (water/binder), a/c (aggregate/cement), and [image: image] of these groups of UHPC were the same, and correspondingly, the prediction autogenous shrinkage curves with these prediction models were also the same, as shown in Figure 15. The variation in the autogenous shrinkage experimental curves of these groups of UHPC could be clearly demonstrated in exponential coordinates, especially in the early age.
[image: Figure 15]FIGURE 15 | Predicted shrinkage of models and experimental shrinkage of UHPC with CEA and steel fibers.
This study measured the prediction deviation of 9 shrinkage models to 11 groups of UHPC with RE (relative error) or [image: image] (fitting degree) (Wu et al., 2019; Yoo et al., 2018b; Weng et al., 2021). The RE and [image: image] of these prediction models of the 11 groups of UHPC are shown in Table 6, 7.
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TABLE 6 | RE between the predicted value and experimental autogenous shrinkage of UHPC (%).
[image: Table 6]TABLE 7 | [image: image] between the predicted value and experimental autogenous shrinkage of UHPC.
[image: Table 7]As shown in Figure 15 and Table 6, 7, the prediction accuracy of the autogenous shrinkage of 11 groups of UHPC with the FHWA model, Lee model, Yoo model, and JSCE model was better than that of the other prediction models overall. For the G5, G8–G11 groups of UHPC, the prediction accuracy of the FHWA model in autogenous shrinkage was better than that of other shrinkage prediction models. According to the FHWA model (Graybeal, 2006), the ultimate shrinkage in the untreated curing regime [image: image] = 550 με, and according to reference (Wu et al., 2019), linear interpolation was performed on parameter A (5.75–7.88) based on the steel fiber content (0%–3%). Compared to other prediction models, the FHWA prediction model contains a coefficient of influence of steel fiber content on the autogenous shrinkage of UHPC. Both the Lee model and Yoo model have a minimum prediction error of three groups for UHPC autogenous shrinkage. However, there was a certain deviation of the Lee model in the prediction of autogenous shrinkage of G10 and G11 UHPC with high-content steel fibers and CEA.
The prediction accuracy (RE > 50% and [image: image] < 0.5) of autogenous shrinkage of 11 groups of UHPC with the CEB MC10 model and DilgerW model were more imprecise than that of other prediction models. The CEB MC10 model generally underestimates the autogenous shrinkage of the 11 groups of UHPC. The prediction accuracies (36% <RE < 67%, 0.643> [image: image] >0.342) of the Eurocode 2 model and JonassonH model in autogenous shrinkage were slightly better than that of the CEB MC10 model and DilgerW model. The B4 model had good accuracy in predicting the autogenous shrinkage of G10 and G11 UHPC, but it also significantly underestimated (20%<RE, 0.8> [image: image]) the autogenous shrinkage of G1-G9 UHPC. However, the prediction deviation of the B4 model was slightly better than that of the JonassonH model and Eurocode 2 model. The prediction accuracy of the JSCE model and Yoo model for the three groups of UHPC autogenous shrinkage in G9–G11 is relatively ordinary, but the prediction accuracy (20%>RE, [image: image] >0.8) of G1–G8 UHPC in autogenous shrinkage and the prediction accuracy were only inferior to those of the FHWA model, Lee model, and B4 model.
The JonassonH model, Eurocode 2 model, CEB MC10 model, and DilgerW model had significantly underestimated the autogenous shrinkage of all 11 groups of UHPC at all ages; the JSCE, model, Yoo model, and Lee model had overestimated more or less the autogenous shrinkage of UHPC with high-content steel fibers and CEA (G5, G8–G11), but there was a little deviation in the prediction of the autogenous shrinkage of other groups of UHPC.
The prediction accuracy of shrinkage models varied from early age to late age. The shape of the prediction autogenous shrinkage curves of the Lee model was similar to the corresponding UHPC autogenous shrinkage experimental curves. The prediction deviation of the Lee model and experimental autogenous shrinkage in G2–G7 UHPC is relatively small in all ages. The deviation between the prediction autogenous shrinkage curves of the Lee model, JSCE model, and Yoo model and the autogenous shrinkage experimental curves of G2–G7 UHPC was relatively small from mid-age to late-age (after 20–30 days). The prediction deviation between the Lee model, JSCE model, and Yoo model and the autogenous shrinkage experimental curves of G1, G8–G11 UHPC were significant.
There are significant differences in the time function and the ultimate shrinkage among the nine shrinkage prediction models, which also determines that each shrinkage prediction model has different prediction errors for concrete shrinkage. There were some limitations to these shrinkage models in the prediction of UHPC autogenous shrinkage. First, these models did not consider the influence of UHPC compressive strength. Second, these models did not consider the difference in the water/cement ratio or water/binder ratio between UHPC and ordinary concrete. Third, the difference in material composition between UHPC and ordinary concrete was not reflected in these shrinkage models.
5 CONCLUSION
The study researched the microstructure, autogenous shrinkage, and mechanical performance of UHPC with CEA and steel fibers. Advanced materials characterization technology like XRD, TG, SEM, and MIP were carried out to explore the autogenous shrinkage characteristics, microstructure, and mechanical performance of UHPC. With experiments presented in our research, the results are summarized below:
1. Slump-flow and T500 of fresh UHPC mixture diminished significantly with steel fiber content, which could result from the bridging effect and agglomeration phenomenon of steel fibers. Meanwhile, slump-flow and T500 of fresh UHPC mixture decreased slightly with the CEA content.
2. UHPC mechanical performance increased dramatically with steel fiber content; however, it slightly diminished with CEA content. Losses of compressive strength and flexural strength relate to differences in microstructures, hydration products, and bonded adhesion of UHPC, as confirmed by SEM observations.
3. Diffraction peak intensity, the endothermic peak of Ca(OH)2, and pore volume of 10–50 nm diminished with the CEA content in UHPC. However, diffraction peak intensity, the endothermic peak of ettringite and C-S-H gel, and pore volume of above 50 nm augmented with the CEA content in UHPC. The results of XRD, TG, and MIP matched the results of the macroscopic experiment.
4. Autogenous shrinkage decreased markedly with single or binary addition of CEA and steel fibers. Relative to control group G2, group G11 binary addition of 3% steel fibers and 6% CEA could diminish autogenous shrinkage of UHPC at 180 days by 29.4%. It was due to the expansion effect of CEA and the relatively large stiffness and bridging effect of steel fibers. Constriction of hooked-end steel fibers on UHPC autogenous shrinkage was better than that of straight steel fibers.
5. Predicted autogenous shrinkage of nine prediction models and experimental autogenous shrinkage of 11 groups of UHPC were evaluated with RE, [image: image], and figures of autogenous shrinkage.
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