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ABSTRACT

Due to the low water-cement ratio of ultra-high-performance concrete (UHPC), fluidity and shrinkage cracking
are key aspects determining the performance and durability of this type of concrete. In this study, the effects of
different types of cementitious materials, chemical shrinkage-reducing agents (SRA) and steel fiber (SF) were
assessed. Compared with M2-UHPC and M3-UHPC, M1-UHPC was found to have better fluidity and shrinkage
cracking performance. Moreover, different SRA incorporation methods, dosage and different SF types and aspect
ratios were implemented. The incorporation of SRA and SF led to a decrease in the fluidity of UHPC. SRA inter-
nal content of 1% (NSRA-1%), SRA external content of 1% (WSRA-1%), STS-0.22 and STE-0.7 decreased the
fluidity of UHPC by 3.3%, 8.3%, 9.2% and 25%, respectively. However, SRA and SF improved the UHPC shrink-
age cracking performance. NSRA-1% and STE-0.7 reduced the shrinkage value of UHPC by 40% and 60%, respec-
tively, and increased the crack resistance by 338% and 175%, respectively. In addition, the addition of SF was
observed to make the microstructure of UHPC more compact, and the compressive strength and flexural strength
of 28 d were increased by 26.9% and 19.9%, respectively.
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1 Introduction

Ultra-high performance concrete (UHPC) is a novel type of cement-based composite material that has
vast application prospects in the construction of basic infrastructure such as highways, bridges, and subway
tunnels [1–3]. Compared with traditional concrete, it has outstanding compressive strength, toughness, and
durability [4–6]. These performances are obtained by improving particle gradation [7,8], reducing or
eliminating coarse aggregate [9], or adding steel fiber [10,11]. Due to the large amount of cementitious
materials (more than 800 kg/m3) and low water-binder ratio (W/B, less than 0.20), the fluidity and
autogenous shrinkage of UHPC are significantly higher than those of conventional concrete, which leads
to cracking of UHPC during difficult pumping and operation service period [12–14]. In particular, when
UHPC is used under strong constraints, such as connections in concrete structures or steel joints in
composite structures, the shrinkage of UHPC will lead to structural cracking and interface debonding,
which endangers the mechanical qualities and endurance of the structure [15,16]. Therefore, it is of great
significance to study the fluidity performance, shrinkage reduction and crack resistance of UHPC.

Cementitious material is the key factor determining the fluidity performance of UHPC [17–19]. The
composition and type of cementitious materials are important parameters to adjust the fluidity of UHPC
[20]. Jing et al. [21] used fly ash layer ball (FAC) as supplementary cementitious material (SCM) to
prepare ultra-high performance concrete (UHPC). It was found that the ‘ball bearing’ and water-reducing
effect of FAC particles significantly reduced the viscosity of UHPC slurry. Yan et al. [22] used waste
glass powder to replace some cementitious materials, and the incorporation of glass powder (WGP)
improved the fluidity of UHPC. Wu et al. [23] studied the effects of curing methods (standard curing, hot
water curing and steam curing) on the mechanical performance of ultra-high performance concrete
(UHPC) containing different supplementary cementitious materials (SCM) were investigated. The results
show that the increase of GGBS or fly ash content has a limited or negative effect on the compressive
strength of UHPC in terms of the type of curing system. According to the above research, it is found that
the composition of the cementitious content has a great influence on the fluidity performance of UHPC.

In recent years, shrinkage-reducing admixtures (SRA) are commonly used to reduce the shrinkage of
concrete [24]. SRA mainly alleviates the shrinkage stress by reducing the liquid-gas interfacial tension of
the pore solution [25,26]. Bentz et al. [27] studied the early drying shrinkage of concrete with SRA, and
found that SRA can effectively reduce the drying shrinkage of concrete, especially for cement-based
materials with low water-cement ratio. Tang et al. [28] explored the effect of SRA on the shrinkage and
creep of high-performance concrete. Studies have shown that SRA has a positive effect on reducing the
shrinkage and creep deformation of concrete. Kong et al. [29] studied the effect of SRA on the shrinkage
and mechanical performance of alkali-activated slag/fly ash-based mortars incorporating recycled
fine aggregate. The results show that the addition of SRA can extend the crack initiation time by
14.6 times. After adding 3.0% SRA, the stress rate and crack width of mortar decreased by 74%
and 91%, respectively. Masanaga et al. [30] developed a new type of shrinkage-reducing agent
(N-SRA). The results show that N-SRA prolongs the time of shrinkage cracking of concrete under
restricted conditions.

Steel fiber (SF) mainly forms a three-dimensional overlapping network inside the concrete to suppress
shrinkage cracks [31,32]. Al-Kamyani et al. [33] studied the free shrinkage strain, constrained shrinkage
strain and mechanical performance of seven (steel fiber reinforced concrete) SFRC mixtures. The results
show that the free and constrained average shrinkage strains are very similar in all fiber blends, and they
exhibit uneven shrinkage at the cross-sectional height. Feng et al. [34] studied the crack propagation
behavior of hybrid steel fiber reinforced UHPC under bending load. When the substitution rate of longer
fibers is higher, the crack initiation strain rate of the sample containing hybrid fibers decreases faster.
Shen et al. [35] found that with the increase in the amount of SF at the double hook end, the cracking
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risk of high-strength concrete decreased. When the amount of SF at the double hook end increased from 0%
to 0.36%, the cracking parameters decreased by 62.4%, respectively.

Based on the above research, this paper explores the influence of different types of cementitious
materials on the fluidity performance of UHPC, and deeply studies the influence of different mixing
methods and contents of SRA and different types of SF on the shrinkage and cracking performance of
UHPC. The effects of different types of cementitious materials, internal SRA, external SRA, 1% SRA
content, 2% SRA content, straight steel fiber, end hook steel fiber and steel fiber aspect ratio on UHPC
were systematically studied. The fluidity and mechanical performance of UHPC were characterized by
fluidity, compressive strength, flexural strength and hydration heat tests. The shrinkage cracking behavior
of UPHC was investigated by self-shrinkage and ring cracking tests. Finally, the microstructure of UHPC
was characterized by scanning electron microscopy.

2 Raw Materials and Test Methods

2.1 Raw Materials
The M1, M2 and M3 cementitious materials used in this study were from Wuhan Huaxin Cement Co.,

Ltd. (Wuhan, China), Wuhan Sanyuan Special Building Materials Co., Ltd. (Wuhan, China) and China
Communications Second Shipping Bureau Harbor New Materials Co., Ltd. Three different cementitious
materials were shown in Fig. 1. The aggregate was quartz sand purchased from Wuhan, Hubei Province.
The chemical shrinkage-reducing agent (SRA) was purchased from Wuhan. It was a light yellow liquid
with a shrinkage reduction rate of about 40%. Steel fiber (SF) were straight type SF and end hook type
SF, respectively. Two types of straight SF with aspect ratio (L/D) of 12.5/0.2 and 20/0.22 were selected,
as shown in Table 1.

2.2 Mix Design
1) The mix proportion design of UHPC with different cementitious material systems

The ratio of cementitious material to sand in UHPC was 1.1. The stirring time was 8 min. The dosage of
water reducing agent was 8‰. Three different cementitious materials based UHPC mixes are shown in
Table 2.

Figure 1: Three different types of cementitious materials. (a) M1 type cementitious material (b) M2 type
cementitious material (c) M3 type cementitious material

Table 1: Basic parameters of steel fiber

Steel fiber type Steel fiber size (L/D)

Short straight steel fiber S-12.5/0.2

Long straight steel fiber L-20/0.22

Short and hook steel fiber S-22.4/0.29

Long and hook steel fiber L-30/0.7
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2) Mix proportion design of chemical shrinkage reducing agent (SRA) system UPHC

The chemical shrinkage-reducing agent (SRA) system UHPC mix is shown in Table 3. The
incorporation of SRA was divided into two ways: SRA internal doping (NSRA) and SRA external doping
(WSRA). The content of SRA was 1% and 2%.

3) Mix proportion design of steel fiber (SF) system UPHC

The UHPC mixes of different types and aspect ratio SF is shown in Table 4. The replacement rate of SF
content was 5% of the mass of the cementitious material.

2.3 Specimen Preparation Methods
The forming method of the concrete block was carried out according to the Chinese standard

GB/T 50080-2016. The paste test block was prepared according to the requirements of GB/T 8007-
2000. All the test blocks were put into the standard curing room (temperature was 20°C, humidity
was 95%) for 24 h, then the molds were removed and continued to be cured to the corresponding age
for testing.

Table 4: Mix proportion design of steel fiber (SF) system UPHC

No. CM/kg S/kg W/kg Steel fiber type Steel fiber/kg PCE/‰

Re 18.9 17.1 3.31 – – 8

STS-0.2 18.9 17.1 3.31 S-12.5/0.2 0.945 9

STS-0.22 18.9 17.1 3.31 L-20/0.22 0.945 9

STE-0.29 18.9 17.1 3.31 S-22.4/0.29 0.945 8

STE-0.7 18.9 17.1 3.31 L-30/0.7 0.945 8
Note: CM: Cementitious material S: Quartz sand, W: Water, PCE: Polycarboxylate Superplasticizers.

Table 3: UHPC mix ratio of different blending methods and dosage SRA

No. CM/g S/g W/g PCE/g SRA/%

Re 1000 909.1 175 9.5 0

NSRA-1% 1000 909.1 165 9.5 1

NSRA-2% 1000 909.1 155 9.5 2

WSRA-1% 1000 909.1 175 9.5 1

WSRA-2% 1000 909.1 175 9.5 2
Note: NSRA: SRA internal doping, WSRA: SRA external doping. CM: Cementitious material S: Quartz sand, W: Water, PCE: Polycarboxylate
Superplasticizers, SRA: Shrinkage reducing agent.

Table 2: The mix proportion of three different cementitious materials UHPC

No. CM/S W/CM PCE/‰

M1-UHPC 1.1 0.17 8

M2-UHPC 1.1 0.17 8

M3-UHPC 1.1 0.17 8
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2.4 Test Methods

2.4.1 Compressive and Flexural Strength
The mechanical performance of the test blocks is in accordance with GB/T 17671-1999 [36]. In the

flexural strength test, the size of the specimen was 40 mm × 40 mm × 160 mm, and the loading rate was
set to 50 N/s. The block after the bending test should be immediately subjected to compression test. The
broken half-cut test block was placed in the compression fixture, the direct compression surface was
the side, and then placed on the press, the press was uniformly loaded at a rate of 2400N/s ± 200N/s until
the specimen was destroyed.

2.4.2 Fluidity
The test method of fluidity followed the Chinese standard GB/T 2419-2005 [37].

2.4.3 Rheological
The RST-SST touch screen rheometer was used to test the rheological performance. Torque 100 mN·m.

Torque resolution 0.15 μN·m. Speed range 0.01–1300 RPM.

2.4.4 Hydration Heat
Hydration heat was measured by TAM AIR thermal activity calorimeter. The experimental temperature

was 20°C. Data were recorded every 10 s.

2.4.5 Ring Cracking
The ring cracking adopted YC-JY1581 ring type limiting shrinkage cracking strain acquisition

instrument according to GB/T 50082-2009 [38]. The strain range of the instrument was 0 ± 30000 με.
The data was collected by test instrument every 10 min. The temperature was maintained at 23°C ± 2°C
and the humidity was 50% ± 5% RH.

2.4.6 Autogenous Shrinkage
Autogenous shrinkage performance test using contact shrinkage tester according to GB/T 50082-

2009 [38]. Data were collected automatically every 10 min for 7 days.

2.4.7 Scanning Electron Microscope Test
The microstructure of the hardened paste was tested by FEI-Quanta FEG 450 electron microscope. The

electron microscope works in high vacuum mode, with a working distance of about 10 mm, an acceleration
voltage of 15 kV, and a magnification of 5–300000.

3 Results and Discussion

3.1 The Effect of Binders on the Performance of UHPC

3.1.1 Fluidity and Rheology Performance
Fig. 2 shows the effect of different types of cementitious materials on the fluidity performance of UHPC.

From Fig. 2a, with the increase of slurry fluidity time, the fluidity performance of fresh slurry decreased
gradually. The fluidity performance of M1-UHPC were 836, 812 and 794 mm at 30 s, 150 s and 30 min,
respectively. When the time was the same, the fluidity performance of M1-UHPC was the largest. The
possible reason was that the fly ash contained in the M1 cementitious material has a ball effect [39]. As
shown in Fig. 2b, compared with M2-UPHC and M3-UPHC, the shear stress of M1-UPHC was the
smallest. With the increase in shear rate, the shear stress of the slurry increased gradually. At the same
shear rate, the shear stress of M3-UHPC was the largest. In general, the increase in shear stress meant the
increase in slurry viscosity. As shown in Fig. 2c, the viscosities of M1-UPHC, M2-UPHC and M3-UHPC
were 9637, 11273 and 12564 Pa·s, respectively. Compared with M1-UHPC, the viscosity of M2-UHPC
and M3-UHPC were increased by 16.9% and 30.4%, respectively.
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3.1.2 Mechanical Performance
Fig. 3 shows the influence of different cementitious materials on the compressive strength and flexural

strength of UHPC. From Fig. 3a, the 3 d, 7 d and 28 d compressive strengths of M1-UHPC were 89.1,
107.8 and 118.8 MPa, respectively. Compared with M2-UHPC and M3-UHPC, the compressive strength
of M1-UHPC was the largest at each age. The possible reason was that the particle size distribution of
M1 cementitious materials was more uniform. Similar to the law of compressive strength, the flexural
strength of UHPC with different cementitious materials also showed the same trend. As shown in Fig. 3b,
when the age was 3 d, the flexural strength of UPHC of three different cementitious materials was almost
the same. With the increase of curing time to 28 d, the flexural strength of M1-UHPC, M2-UHPC and
M3-UHPC increased to 27.1, 25.9 and 25.3 MPa, respectively. It can be found that the flexural strength
of M1-UPHC was the largest.

3.1.3 Autogenous Shrinkage and Cracking Performance
Autogenous shrinkage cracking performance is a key factor affecting the service performance of UPHC

[40]. Fig. 4 shows the effects of different cementitious materials on the autogenous shrinkage and cracking

Figure 2: The effect of different cementitious materials on the fluidity performance of UHPC: (a) Fluidity;
(b) Shear stress; (c) Brookfield viscosity
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performance of UHPC. As shown in Fig. 4a, the contraction values of M1-UHPC, M2-UHPC andM3-UHPC
were 161, 200 and 225 με, respectively. This indicated that the M1-UHPC was more conducive to reducing
the shrinkage of UPHC. In general, the reduction of UHPC shrinkage will greatly prolong its cracking time.
As shown in Fig. 4b, the cracking times of M1-UHPC, M2-UHPC and M3-UHPC were 13, 12 and 12 h,
respectively. Compared with M2-UHPC and M3-UHPC, the cracking time of M1-UHPC was increased
by 8%. Through the above research, it can be found that M1-UHPC was more conducive to the
improvement of UPHC performance. The following research will be further studied on UPHC prepared
by M1-UHPC.

3.2 The Effects of Chemical Shrinkage Reducing Agent and Steel Fiber on the Performance of UHPC

3.2.1 Fluidity Performance
The effects of SRA and SF on the working performance of UHPC are shown in Fig. 5. From Fig. 5a,b, it

can be found that the fluidity performance of UHPC slurry decreased with the increase of SRA content. The
fluidity performance of NSRA-1%, NSRA-2%, and NSRA-1% and WSRA-1%, decreased the fluidity
performance of UHPC by 3.3% and 8.3%. The incorporation of SRA will reduce the fluidity performance
of UHPC, which was mainly related to the chemical performance of SRA [41]. The addition of SRA

Figure 3: The influence of different cementitious materials on the compressive strength and flexural strength
of UHPC: (a) Compressive strength (b) Flexural strength

Figure 4: The effects of different cementitious materials on the autogenous shrinkage and cracking
performance of UHPC: (a) Autogenous shrinkage (b) Cracking performance
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forms water content effect with other materials in UHPC, which will reduce the water content in the slurry
and affect the fluidity performance of the slurry. Compared with NSRA, WSRA had little effect on the
fluidity performance of UHPC. Compared with NSRA-1%, the fluidity performance of WSRA-1% was
increased by 5.5%.

Fig. 5c shows the effect of SF on the working performance of UHPC. From Fig. 5c, it can be found
that the addition of SF significantly reduced the fluidity performance of UHPC slurry. Compared with
straight SF, end-hook SF made the fluidity performance of slurry decrease more obviously. The reason
was that the straight SF has a smooth surface, adding to the slurry will reduce the friction between the
slurry. In addition, the aspect ratio of SF will also affect the fluidity of the slurry. The fluidity
performance of STS-0.22 was 12 mm higher than that of STS-0.2. The fluidity of STE-0.7 was 15 mm

Figure 5: The effect of SRA and SF on UHPCworking performance: (a) Fluidity performance of NSRA; (b)
Fluidity performance of WSRA; (c) Fluidity performance of SF
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higher than that of STE-0.29. STS-0.22 and STE-0.7 decreased the fluidity performance of UHPC by 9.2%
and 25%. This is because the higher the content of fine SF is, the easier it is for fibers to contact each other,
and the easier it is to form fiber agglomeration, which will greatly reduce the fluidity performance of the
slurry [42,43].

3.2.2 Mechanical Property
Fig. 6 shows the effects of SRA on the mechanical performance of UHPC. Compared with the control

group, the addition of SRA decreased the compressive strength of UHPC, especially the early strength.
NSRA-1% reduced the 3 d compressive strength by 2.5 MPa. Compared with NSRA, WSRA made the
compressive strength and flexural strength of UHPC decrease more obviously. Compared with the control
group, the compressive strength of NSRA-1%, NSRA-2%, WSRA-1% and WSRA-2% were decreased by
7.3%, 17.7%, 18.7% and 26.3%, respectively. This may be because the active substances in the chemical
shrinkage-reducing agent will react with the cement in the concrete, resulting in the interference of the
cement hydration process and reducing the strength of the concrete.

Fig. 7 shows the effect of SF on the mechanical performance of UHPC. From Fig. 7, SF can effectively
improve the compressive strength and flexural strength of UHPC. The end hook SF had the most obvious
improvement on the compressive strength and flexural strength of UHPC. The 28 d compressive strength
and flexural strength of STE-0.7 were 148.7 and 35.5 MPa, respectively, which were 26.9% and 19.9%
higher than those of the blank group. With the decrease in SF aspect ratio, the compressive strength of
UHPC decreased. The compressive strength of STE-0.29 was 136.5 MPa, which was 8.2% lower than
that of STE-0.7. The 28 d compressive strength and flexural strength of STS-0.22 were 131.2 and
33.5 MPa, respectively, which were 11.9% and 13.1% higher than those of the blank group. With the
decrease in the aspect ratio of straight SF, the compressive strength of UHPC also shows a decreasing
trend. From Fig. 8, the addition of SF makes the UHPC structure denser, so that the compressive strength
and flexural strength are enhanced. It can be found that steel fiber penetrates the internal structure of
UHPC, which increases the flexural strength of UHPC. In addition, steel fiber can play a bridging role in
UPHC, which can effectively reduce the defects and microcracks in the interfacial transition zone,
thereby enhancing the overall performance of the material.

Figure 6: The effect of SRA on the mechanical performance of UHPC: (a) Compressive strength; (b)
Flexural strength
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3.2.3 Hydration Heat
As a kind of polymer material, SRAwill affect the hydration heat release of cement and materials when it

is added to cement base [44]. In order to better evaluate the effect of SRA on the performance of UHPC, we
tested the effect of SRA on the heat release performance of UHPC. Fig. 9 shows the effect of SRA on the
hydration heat release of UHPC. From Fig. 9, it can be found that the hydration exothermic peak of
UHPC shifts to the right and the peak decreases after the addition of SRA. This was because SRA
affected the hydration process of cement, delayed the production of hydration product Ca(OH)2, reduced
the hydration of cement, and delayed the peak heat release. Compared with the control group, the
hydration acceleration period of NSRA-1% and WSRA-1% was delayed 6.6 and 13.3 h, respectively. The
use of SRA in UHPC effectively controls the temperature rise caused by hydration heat release, slows
down the rate of cement hydration reaction, and reduces the temperature change and shrinkage stress of
concrete. Comparing the two incorporation methods, it can be found that the NSRA-1% hydration
exothermic peak is higher. From Fig. 9, the cumulative heat release of NSRA-1% was the highest, higher
than that of WSRA-1%. which showed that NSRA-1% had little effect on the strength and hydration heat
released performance of UHPC.

3.2.4 Autogenous Shrinkage
Fig. 10 shows the effect of SRA and SF on the shrinkage performance of UHPC. From Fig. 10a, the

autogenous shrinkage of the control group was the largest, reaching nearly 500 με at 7d. SRA had a
significant effect on the autogenous shrinkage of UHPC. Compared with WSRA, NSRA was more
conducive to the shrinkage reduction of UHPC. NSRA-1% had the best shrinkage reduction effect, and
the shrinkage value was 300 με, which was reduced by 40%. With the increase of SRA content, the
shrinkage reduction effect decreases. The possible reason was that the excessive use of chemical
shrinkage-reducing agents may lead to excessive reaction and cannot completely reduce the material, thus
failing to achieve the desired shrinkage-reduction effect. Fig. 10b shows the effect of SF on the shrinkage
performance of UHPC. It can be found that the addition of steel fiber significantly reduces the
autogenous shrinkage of UHPC, and the shrinkage values of all test groups were smaller than that of the
blank group. The shrinkage value of STE-0.7 was reduced by 60%, and the shrinkage value of STE-
0.2 was reduced by 40%. It can be found that the end hook SF has a better shrinkage reduction effect
than the straight SF, which was because the end hook steel fiber can increase the tensile strength and
toughness of the concrete, thereby reducing the cracks caused by the shrinkage of the concrete.

Figure 7: The effect of SF on the mechanical performance of UHPC: (a) Compressive strength; (b) Flexural
strength
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3.2.5 Cracking Performance
The effect of SRA and SF on the cracking performance of UHPC is shown in Fig. 11. From Fig. 11a, it

can be found that the shrinkage-reducing agent has a significant effect on the cracking performance of UHPC.
The control group was cracked at about 8 h. When SRAwas incorporated, the cracking time of UHPC was
significantly delayed. This was because SRA can slow down the evaporation of water, reduce the internal
stress of concrete during hardening, and reduce the risk of ring cracking. The cracking time of NSRA-1%
and WSRA-1% was 35 and 12 h, respectively, and the cracking resistance was improved by 338% and
50%, respectively, which indicated that the incorporation of SRA was more conducive to the
improvement of UHPC cracking performance.

Figure 8: The effect of SF on the microstructure of UHPC
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Figure 9: The effect of SRA on hydration heat release of UHPC: (a) Heat fluidity; (b) Cumulative heat

Figure 10: The effect of SRA and SF on the shrinkage performance of UHPC

Figure 11: The effect of SRA and SF on the cracking performance of UHPC: (a) SRA; (b) SF
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As a kind of material with high elastic modulus, steel fiber can significantly improve the crack resistance
of concrete. From Fig. 11b compared with the control group, the incorporation of steel fiber improves the
crack resistance of UHPC by nearly 175%. On the one hand, it was because steel fiber can cross the
crack and form a bridge effect around it. On the other hand, steel fibers were dispersed in concrete and
formed a network around the cracks, which limited the propagation of cracks and reduced the length and
width of cracks. Compared with STS-0.22, STE-0.7 was more conducive to the improvement of the
cracking performance of UPHC. This was mainly because the end hook steel fiber can effectively resist
the external tension, and reduce the tension of the concrete itself, thus delaying the cracking time of UPHC.

4 Conclusions

In this paper, the effects of different types of cementitious materials, different mixing methods and
dosages of SRA, different types and dosages of SF on the shrinkage and cracking performance of UHPC
were systematically explored. The following conclusions are drawn:

(1) Compared with M1-UHPC, the viscosity of M2-UHPC andM3-UHPC were increased by 16.9% and
30.4%, respectively. The M1-UHPC showed good fluidity performance.

(2) The shrinkage and cracking performance of M1-UHPC were more excellent. the shrinkage values of
M1-UHPC, M2-UHPC and M3-UHPC were 161, 200 and 225 με, respectively. Compared with M2-UHPC
and M3-UHPC, the cracking time of M1-UHPC was increased by 8%.

(3) The incorporation of SRA and SF will reduce the fluidity of UHPC. The effect of SRA and SF on the
fluidity of UHPC was more obvious.

(4) The incorporation of SRA had a negative impact on the working performance of UHPC. The
compressive strength of SRA internal content of 1% (NSRA-1%) and SRA external content of 1%
(WSRA-1%) were decreased by 7.3% and 18.7%, respectively. The addition of SF was beneficial to the
densification of UHPC structure. The 28 d compressive strength and flexural strength of STE-0.7 were
increased by 26.9% and 19.9%, respectively.

(5) SRA slowed down the early hydration rate of UHPC. The hydration acceleration period of NSRA-
1% and WSRA-1% were delayed by 6.6 and 13.3 h. Compared with WSRA-1%, NSRA-1% had more
cumulative heat release.

(6) The incorporation of SRA and SF improved the shrinkage cracking performance of UHPC. NSRA-
1% and STE-0.7 had the best shrinkage reduction effect, which reduced the shrinkage value by 40% and
60%, respectively. NSRA-1% and STE-0.7 improved the crack resistance of UHPC by 338% and 175%,
respectively.
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