
Enhancement and underlying mechanisms of stainless
steel wires to fatigue properties of concrete under flexure

Item Type Article

Authors Dong, S.; Wang, X.; Ashour, Ashraf F.; Han, B.; Ou, J.

Citation Dong S, Wang X, Ashour AF et al (2022) Enhancement and
underlying mechanisms of stainless steel wires to fatigue
properties of concrete under flexure. Cement and Concrete
Composites. 126: 104372.

Rights © 2021 Elsevier. Reproduced in accordance with the
publisher's self-archiving policy. This manuscript version is
made available under the CC-BY-NC-ND 4.0 license (http://
creativecommons.org/licenses/by-nc-nd/4.0/)

Download date 19/05/2023 19:05:19

Link to Item http://hdl.handle.net/10454/18699

http://hdl.handle.net/10454/18699


  

1 
 

Enhancement and underlying mechanisms of stainless steel wires to 1 

fatigue properties of concrete under flexure 2 

Sufen Dong1, Xinyue Wang2, Ashraf Ashour3, Baoguo Han2, *, Jinping Ou2 3 

1 School of Transportation and Logistics, Dalian University of Technology, Dalian, 116024 China 4 
2 School of Civil Engineering, Dalian University of Technology, Dalian, 116024 China  5 

3 Faculty of Engineering & Informatics, University of Bradford, Bradford, BD7 1DP, UK 6 
* Corresponding author: hanbaoguo@dlut.edu.cn 7 

 8 

Abstract: In this study, the enhancement of stainless steel wires (SSWs) to the flexural 9 

fatigue performance of reactive powder concrete (RPC) including fatigue life and 10 

fatigue stress-strain hysteresis relationship as well as fatigue damage were investigated, 11 

and the underlying mechanisms were explored through microstructure observation and 12 

characteristic analyses of hydration products. The average flexural fatigue life of RPC 13 

is increased by 636.6%, 558.3% and 1010.7% at the maximum stress levels of 0.7, 0.8 14 

and 0.9 when 1.5 vol.% SSWs are incorporated. The method of moments and method 15 

of maximum likelihood are employed to calculate the scale and shape parameters for 16 

fatigue life subscribed to Weibull distribution. The calculated ratio of flexural fatigue 17 

endurance limit to static flexural strength for SSWs reinforced RPC reaches up to 0.64. 18 

The incorporation of SSWs decreases the flexural failure damage of RPC by 41.5% and 19 

converts the long and link-up micro cracks into emission cracks centered on SSWs. 20 

Benefited from the large specific surface area of SSWs, abound of silica fume with 21 

pozzolanic activity absorbs on the surface of SSWs and continues to hydrate, reducing 22 

the surrounding water-binder ratio to form a microstructure enhancement zone with 23 

SSWs as the core and improve the homogeneity of RPC. This can be confirmed by the 24 

decrease of porosity, Ca(OH)2 crystal orientation index and molar ratio of CaO to SiO2 25 

for calcium silicate hydrate gels. SSWs can also enhance the fatigue performance of 26 

RPC by transmitting hydration heat, inhibiting the initiation and propagation of micro 27 

cracks especially at the initial stage of fatigue load, bridging cracks and being pulled-28 
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off. The excellent flexural fatigue properties and homogeneous microstructures of 29 

SSWs reinforced RPC make it particularly suitable for large-span and ultra-thin 30 

elements in extreme service environments. 31 

Key Words: Flexural fatigue property, Stainless steel wire, Reactive powder concrete, 32 

Damage, Microstructures 33 

 34 

1 Introduction 35 

Concrete structures subjected to cyclic loads, such as bridge decks, tunnel linings, 36 

pavements and offshore elements, show a sharp deterioration tendency after exposure 37 

to rapidly fluctuating and cyclic stresses due to the heterogeneous and brittle 38 

characteristics of concrete, eventually leading to the fatigue failure of structural 39 

elements even under service loads [1]. The flexural fatigue failure of structure elements 40 

severely limits the service life and increase the maintenance cost of structures.  41 

Therefore, the fatigue life and fatigue limit state of concrete structures must be 42 

considered during their design [2-5].  43 

Adding fibers including steel fibers and polymer fibers to concrete has been proved 44 

to be an effective measure to prolong the fatigue life of concrete [6-13]. The 45 

investigation of Banjara and Ramanjaneyulu [14] showed that the fatigue life of 46 

hooked-steel fibers reinforced concrete increases from 5272 to 9276 as the volume 47 

fraction of steel fiber ranges from 0.5% to 1.5% at the flexural fatigue load range of 48 

20%-85%. Al-Azzawi and Karihaloo [15] displayed that the flexural fatigue endurance 49 

limit of self-compacting ultra-high performance fiber reinforced concrete (adding steel 50 

fibers with length, diameter and volume fraction of 30 mm, 0.55 mm and 2.5%, 51 

respectively) is more than 80% of static flexural strength and reaches 24.36 MPa when 52 

the maximum stress level is 0.445. Ríos et al. [16] introduced 1.25 vol.% short fibers 53 
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(straight shape with length of 13 mm and diameter of 0.2 mm) and 1.25 vol.% long 54 

fibers (hooked shape with length of 30 mm and diameter of 0.38 mm) to improve the 55 

flexural fatigue behavior of concrete. When the maximum stress levels are 0.7 and 0.8, 56 

the fatigue life of the above steel fiber reinforced concrete are 5070 and 631, 57 

respectively. Saoudi and Bezzazi [17] observed that the flexural fatigue life of concrete 58 

reinforced with 2.0 vol.% smooth steel fibers (with length of 15 mm and diameter of 59 

012 mm) is 9377, 3280 and 3099 corresponding to maximum stress levels of 0.7, 0.8 60 

and 0.9, respectively. Goel et al. [18] showed that the self-compacting steel fiber 61 

reinforced concrete possess better flexural fatigue performance compared to natural 62 

vibrated steel fiber reinforced concrete, and the flexural fatigue endurance limit is 71%, 63 

76% and 71% of the static flexural strength as the volume fraction of steel fibers is 64 

0.5%, 1.0% and 1.5%. In the study of Tan et al. [19], adding 1.0 vol.% steel fibers 65 

increases the fatigue life of recycled aggregate concrete by 10.9% and 53.4% at the 66 

maximum stress levels of 0.9 and 0.7. In previous studies, it can also be found that the 67 

usage of engineered cementitious composites (ECC) endows beams with multi-68 

cracking characteristics and long flexural fatigue life at large deflection because the 69 

ultimate tensile stain of ECC is increased by 200-600 times compared to that of normal 70 

concrete [20-21]. Li [22] used ECC as overlaid material over substrate concrete to 71 

improve the fatigue life of overlaid beams, and proved that the layer/base interfacial 72 

characteristics have no influence on the fatigue life of ECC overlaid beams. Sui et al. 73 

[23] found that the flexural fatigue life of ultra-high performance engineered 74 

cementitious composites (UHP-ECC) reinforced by polymer fibers ranges from 155075 75 

to 308691 at the maximum stress level of 0.65. When the maximum stress level is 0.8 76 

and the number of load cycles reaches 200, number of cracks in UHP-ECC increases to 77 

9. However, it is worthwhile to mention that the low strength of ECC limits its structural 78 
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application and the fatigue life of ECC elements is still mainly controlled by the 79 

dominant single crack [24]. Furthermore, micro cracks over a certain size can result in 80 

the entry of aggressive mediums to cause the corrosion of steel reinforcement [25]. 81 

Since then, corrosion increases the growth rate of fatigue cracks and leads to fatigue 82 

failure [26].  83 

Kasu et al. [27] pointed out that reducing aggregate size is helpful to improve the 84 

flexural fatigue performance of concrete, especially at a low maximum stress level. 85 

Meanwhile, steel fiber and silica fume can perform synergistic effect on reducing 86 

damage under flexural fatigue stress by enhancing interface transition zone in concrete 87 

[28-30]. Ultra-high performance concrete (UHPC), including reactive powder concrete 88 

(RPC), has the potential to become the preferred material for structures endured 89 

repeated loading due to its special mix proportion, compact microstructure, excellent 90 

strength and toughness, recently attracting wide attention from researchers and 91 

engineers. In the study of Shao [31], RPC has been used for bridge deck paving system 92 

to reduce the peak stress of steel deck by 60%-70% compared with the case without 93 

pavement and improve the flexural fatigue properties of steel bridge. Meanwhile, the 94 

thickness of RPC deck can be reduced to 140-170 mm, 40-50% lower than that of 280 95 

mm-thick ordinary concrete decks. Yuan et al. [32] further verified the effectiveness of 96 

UHPC overlay on enhancing the flexural fatigue properties of steel deck. Chen and El-97 

Hacha [33] used fiber reinforced plastic (FRP) bars and UHPC simultaneously to 98 

improve the flexural fatigue performance of beam elements. Wang et al. [5] proved that 99 

the fatigue life of a 170 mm-thick UHPC deck specimen can reach 9 million cycles 100 

determined by the allowable crack width of 0.05 mm. Hooked steel fibers with 13 mm-101 

length, 0.2 mm-diameter and 2.5 %-volume fraction were used in their investigation. 102 

However, what is remarkable is that the incorporation of steel fibers with diameter 103 
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larger than 0.16 mm may introduce weak interface transition zone and macro defects 104 

into concrete matrix, especially if the distribution of steel fibers is not uniform [34, 35]. 105 

Meanwhile, the increased heterogeneity of concrete caused by adding steel fiber also 106 

leads to the accelerated deterioration of strength and toughness after subjected to 107 

flexural cyclic loading, eventually resulting in flexural fatigue failure. Although the 108 

application of UHPC is conducive to decrease the weight of structures and develop 109 

slender elements when the acting load is the same, slender elements of UHPC are more 110 

susceptible to fatigue failure compared to that made with conventional concrete due to 111 

the percentage decrease of permanent load and the percentage increase of live load in 112 

the total load [16]. Therefore, further enhancing the flexural fatigue performance of 113 

UHPC is important for the development of concrete structures.  114 

It is observed from the evolution process of flexural fatigue damage that matrix is 115 

crucial to the fatigue behavior of concrete under flexural cyclic loading [15]. Delaying 116 

the initiation and propagation of micro cracks at the initial stage of bearing load is 117 

especially helpful in prolonging the fatigue life of concrete [20]. Hence, it is an effective 118 

approach to develop concrete with excellent flexural fatigue performance from the 119 

aspect of further optimizing concrete matrix microstructure and performing the 120 

cracking resistance and toughening effect of fibers simultaneously. Reducing the 121 

diameter of steel fibers to micro scale in the form of stainless steel wires has the 122 

potential to develop RPC with excellent flexural fatigue properties. Stainless steel wires 123 

has unique characteristics, including high tensile strength, high flexibility, large specific 124 

surface area, high elastic modulus, excellent corrosion resistance, good 125 

thermal/electrical conductive properties, and uniform linear expansion coefficient with 126 

concrete matrix. Therefore, incorporating stainless steel fibers into RPC can eliminate 127 

the weak interface, reduce the negative influence on structure inhomogeneity caused by 128 
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the large diameter of commonly used steel fibers, and avoid the adverse effect of steel 129 

fiber corrosion on the long-term properties of concrete, thus enhancing the 130 

microstructure compactness and strength as well as long-term stability of RPC [36]. 131 

Meanwhile, unlike steel fibers that is difficult to evenly distribute in concrete matrix, 132 

stainless steel wires has the ability to form widely distributed overlapped network at 133 

low dosage, thus effectively hindering the initiation and propagation of micro cracks, 134 

enhancing toughness of RPC [37-39]. Furthermore, the overlapped network of stainless 135 

steel wires constitute thermal and electrical conductive pathways in RPC, reducing 136 

shrinkage cracks caused by uneven distribution of hydration heat [40] and endowing 137 

RPC with additional functional and smart properties such as self-sensing and 138 

electrically conductive as well as electromagnetic properties [41]. This indicates that 139 

stainless steel wires (SSWs) reinforced RPC is expected to endow structures with 140 

excellent flexural fatigue behavior during the entire service life without adversely 141 

affecting other properties. Moreover, the application of SSWs reinforced RPC helps to 142 

remove the limitation of fiber geometry on the design of slender and ultra-thin elements. 143 

Therefore, the flexural fatigue life and fatigue strain/damage of SSWs reinforced RPC 144 

were investigated in this paper. The maximum stress level-number of cylces (S-N) 145 

equations were established and the underlying mechanisms of SSWs on flexural fatigue 146 

performance of RPC were explored by analyzing microstructures and pore structures 147 

of SSWs reinforced RPC as well as characteristics of hydration products.  148 

2 Experimental schemes 149 

2.1 Raw materials and mix proportions 150 

Cement marked P·O 42.5R, class F fly ash and silica fume were used as composite 151 

binder materials in this study. The chemical composition, physical and mechanical 152 

properties of cement satisfied the requirements of China specification GB175-2007 153 
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<Common Portland Cement>. The average diameter and specific surface area of silica 154 

fume were 150 nm and (15-27) m2/g, respectively. Quartz sand with diameter of (0.12-155 

0.85) mm was used as fine aggregate. The water used was city tap water, and the water 156 

reducer was polycarboxylate superplasticizer purchased from Sika China Co. LTD. The 157 

base material of SSWs was type of 316L stainless steel. The length and diameter of 158 

SSWs was 10 mm and 20 µm, the ductility and tensile strength was 1% and 780 MPa, 159 

respectively. 160 

The mix proportion of cement: silica fume: quartz sand: water was equaled to 161 

1:0.25:1.1:0.3 on the basis of mixing ratio proposed by Richard and Cheyrezy [42] for 162 

RPC. In this investigation, 20 wt.% of cement was replaced by class F fly ash to reduce 163 

viscosity and fabrication cost. The dosage of water reducer was determined as 1.5 wt.% 164 

of cement. SSWs were added in volume fraction of 0.0%, 0.5%, 1.0% and 1.5%, and 165 

the corresponding specimens were labelled as SW0, SW0.5, SW1.0, SW1.5, 166 

respectively. Although the workability of SSWs reinforced RPC decreased with the 167 

increase of SSWs content, it could still meet the casting requirements of specimens. 168 

Therefore, the volume fraction of SSWs was the only variable in this study.   169 

2.2 Specimens preparation 170 

The fabrication process of SSWs reinforced RPC includes the following steps. Firstly, 171 

SSWs, silica fume, water and water reducer were put into cement mortar mixing pot 172 

and stirred for 60 second (s) at low speed of 140±5 r/min. Secondly, cement and fly ash 173 

were added and the paste mixture was stirred for 60 s and 120 s at low and high speed 174 

(285±10 r/min), respectively. Thirdly, adding silica sand and stirring for 60 s and 180 s 175 

at low and high speed, respectively, to obtain SSWs reinforced RPC mixture. And then, 176 

the prepared mixture was poured into oiled molds with sizes of 40 mm×40 mm×160 177 

mm in one-go. Finally, the molds filled with prepared mixture were placed on shaking 178 
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table and vibrated for 120 s (with frequency of 47.67 Hz). Next, the molds filled with 179 

prepared mixture were kept into standard curing chamber (with temperature of 202 ℃ 180 

and humanity of ≥95%) for 24 hours. Later, the molds were removed and the RPC 181 

specimens were placed in water (at temperature of 201 ℃) for 27 days for curing. 182 

After reaching the specified age, the specimens were taken out and placed in air to dry 183 

for later use. It is worthwhile to note that SSWs have been added from the beginning of 184 

the mixing process, different from the fabrication process of steel fibers reinforced 185 

concrete in previous investigations [15, 16, 43, 44], where steel fibers are thoroughly 186 

mixed at the final stage until the dispersion state of steel fibers is uniform. In this study, 187 

mixing SSWs with silica fume in advance can not only improve the dispersibility of 188 

SSWs but also can exert the pozzolanic effect of silica fume on the surface of SSWs to 189 

modify the microstructure homogeneity of RPC. 190 

2.3 Measurement of fatigue properties and microstructures  191 

The static flexural properties of SSWs reinforced RPC were tested by using 192 

Mechanical Testing and Simulation (MTS) machine (series 370.25 with load capacity 193 

of 250 kN). In addition to flexural strength, the flexural tensile stress-strain curves, 194 

flexural-tensile modulus (the slope of straight section of flexural tensile stress-strain 195 

curves) and toughness (integral area of flexural tensile stress-strain curves) were 196 

obtained by pasting strain gauge on the tensile zone at the bottom of specimens, as 197 

shown in Fig. 1(a). The distance between supporting points was 100 mm. The flexural 198 

load was applied at a rate of 0.05 mm/min and each mix proportion had three specimens. 199 

The average value of the three specimens was taken as the final flexural strength, 200 

flexural-tensile modulus and toughness. The flexural tensile stress-strain curves which 201 

was the closest to the average value was selected for analysis. 202 

The flexural fatigue load was also applied by MTS machine (series 370.25 with load 203 
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capacity of 250 kN), as shown in Fig. 1(b). The minimum flexural fatigue stress was 204 

set at 0.7 MPa to ensure that the specimens would not be unloaded during the cyclic 205 

flexural test. The maximum flexural fatigue stress equaled to 0.7, 0.80, and 0.90 times 206 

of the static flexural strength for each mix proportion. The loading rate of the minimum 207 

flexural fatigue stress was 0.05 mm/min, and then the maximum fatigue stress was 208 

applied in the form of a sine wave by using MTS machine. The loading frequency of 209 

sinusoidal stress was set at 5 Hz according to the previous research [13]. Strain gauges 210 

were also pasted on the tensile zone at the bottom of specimens. DC-204R, a dynamic 211 

data acquisition system, was used to record the strains and fatigue loads continuously 212 

and simultaneously with frequency of 50 Hz.  213 

The microstructure of SSWs reinforced RPC fatigue failure specimens was observed 214 

by using scanning electron microscope (SEM), meanwhile, the molar ratio of CaO to 215 

SiO2 (Ca/Si ratio) for calcium silicate hydrate (C-S-H) gels on the surface of SSWs and 216 

between adjacent SSWs was analyzed by energy disperse spectroscopy (EDS). The 217 

porosity and pore structure of SSWs reinforced RPC were obtained by 218 

mercury intrusion porosimetry (MIP, Micromeritics AutoPore IV 9500). The specimen 219 

size for the above SEM, EDS and MIP test was 5 mm×5 mm×5 mm, and it was 220 

necessary to stop hydration of the specimens before testing and dry them at temperature 221 

of 50 ℃ for 24 hours. XRD (Bruker D8 Advance) pattern analysis was conducted on 222 

powder specimens without silica sand (at the curing ages of 3 days) to obtain the 223 

orientation index of Ca(OH)2 (CH) crystal to illustrate the effect of SSWs on 224 

characteristics of hydration products. It is to be noted that SEM, EDS, MIP and XRD 225 

tests were all performed on at least three groups of samples to ensure the accuracy of 226 

test data and the representative one was studied.  227 
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(a) Specimens (b) Test setup 

Fig. 1 Flexural fatigue test setup of SSWs reinforced RPC (Unit: mm) 

 228 

3 Results and discussion  s 229 

3.1 Static flexural properties of SSWs reinforced RPC 230 

The flexural tensile stress-strain curves of SSWs reinforced RPC under static flexure 231 

are displayed in Fig. 2. It can be seen that the stress-strain curves of SW0 and SW0.5 232 

only contain two stages: linear ascending stage and descending stage, while the curves 233 

of SW1.0 and SW1.5 are divided into three stages, i.e. linear ascending stage, non-234 

linear ascending stage and descending stage. This result indicates that adding 0.5 vol.% 235 

SSWs cannot effectively inhibit the generation and propagation of micro cracks under 236 

flexure, resulting in that the specimens of SW0.5 show brittle failure characteristics. 237 

Meanwhile, it can be observed from experiments that the specimens of SW0 and SW0.5 238 

break instantaneously after the load reaching peak value and the fracture occurs along 239 

a straight line. From the perspective of crack development, the three stages of stress-240 

strain curves of SW1.0 and SW1.5 can be described as crack initiation stage, crack 241 

stable propagation stage and crack unstable convergence stage. SSWs with content 242 

larger than 1.0 vol.% can effectively prevent the initiation and propagation of micro 243 

cracks by transferring crack tip stress and bridging effect. Meanwhile, the bridging 244 

SSWs are pulled-off continuously with the formation of macro cracks, and the 245 

corresponding stress-strain curves present descending tendency. Furthermore, the 246 

30 100 30 

Strain gauge 
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descending of stress-strain curves moderates with the number increase of being pulled-247 

off SSWs, which can be clearly seen in Fig. 2. It means that the incorporation of SSWs 248 

with high content remarkably improves the deformation ability and then enhancing the 249 

toughness of RPC.  250 
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Fig. 2 Flexural tensile stress-strain curves of SSWs reinforced RPC under static flexure 

 251 
Table 1 Static flexural properties of SSWs reinforced RPC 252 

Specimens Peak stress /MPa 
Peak strain (×10-

6) 

Flexural 

toughness 

/(J/m3) 

Flexural 

modulus /GPa 

SW0 7.690.24 30712 2440.454.6 40.52.4 

SW0.5 9.640.75 32126 5148.344.8 43.93.1 

SW1.0 11.580.33 58648 10431.490.5 45.65.4 

SW1.5 13.110.45 75324 14930.8104.5 49.41.8 

 253 

As demonstrated in Table 1, the static flexural strength of RPC is increased by 25.4%，254 

50.6% and 70.5% due to adding 0.5%, 1.0% and 1.5% SSWs, respectively. Meanwhile, 255 

the increments for peak strain are 4.6%, 90.9% and 145.3%, respectively. The flexural 256 

toughness of SW0.5, SW1.0 and SW1.5 is 110.9%, 327.4%, 511.8% higher than that of 257 

SW0. It should be noted that the increase of peak strain for RPC caused by the 258 

incorporation of 0.5 vol.% SSWs is significantly lower than that of flexural strength 259 

and toughness, indicating the crack resistance effect of 0.5 vol.% SSWs is limited while 260 

the toughening effect cannot be ignored. Incorporating 0.5 vol.%, 1.0 vol.% and 1.5 261 

vol.% SSWs increases the flexural toughness of RPC by 8.4%, 12.6% and 22.0%, 262 

respectively. When the dosage of SSWs is higher than 1.0 vol.%, the strengthening, 263 
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crack resistance and toughening effect, all, increase with the content of SSWs 264 

increasing. The enhancement effect of SSWs on the flexural strength, deformability and 265 

toughness of RPC mainly are attributed to the modification effect of wires on 266 

microstructure of concrete and the micro-fiber effect of wires on crack development, 267 

which will be discussed in more details in section of 3.4.2. 268 

3.2 Flexural fatigue life and S-N curves  269 

3.2.1 Flexural fatigue life  270 

The flexural fatigue life of SSWs reinforced RPC at different maximum stress levels 271 

is demonstrated in Table 2. As shown in Table 2, the test data corresponding to fatigue 272 

life has shown high scatter even under carefully controlled conditions but is within 273 

acceptable limits compared to previous studies [13, 16, 17, 21, 27, 45, 46]. It can be 274 

found that the average fatigue life of composites decreases with the increase of 275 

maximum stress level. At the maximum stress level of 0.7, adding 0.5 vol.%, 1.0 vol.%, 276 

1.5 vol.% SSWs increases the average fatigue life of composites by 309.3%, 355.0% 277 

and 636.6%, respectively. When the maximum stress level is 0.8, the average fatigue 278 

life of SW0.5, SW1.0 and SW1.5 is 501.5%, 169.6% and 558.3% higher than that of 279 

SW0. The average flexural fatigue life of RPC without SSWs is only 140 at the 280 

maximum stress level of 0.9, and it is improved by 323.6%, 882.1% and 1010.7% when 281 

0.5 vol.%, 1.0 vol.% and 1.5 vol.% SSWs are added. It can be seen that the at the 282 

maximum stress level of 0.8, the average flexural fatigue life of RPC first increases and 283 

then decreases with the increase of SSWs content, different from the change of trend 284 

for static flexural strength and toughness.  285 

Table 2 Flexural fatigue life of SSWs reinforced RPC 286 

Specimens 
Stress 

level 

Maximum 

stress, MPa 

Stress 

amplitude, 

MPa 

Fatigue life 
Average fatigue 

life 

SW0-1 0.7 5.40 2.31 1,399 

61,599 SW0-2 0.7 5.40 2.31 48,099 

SW0-3 0.7 5.40 2.31 135,300 
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SW0-4 0.8 6.17 2.70 264 

1,368 SW0-5 0.8 6.17 2.70 673 

SW0-6 0.8 6.17 2.70 3,169 

SW0-7 0.9 6.94 3.09 32 

140 SW0-8 0.9 6.94 3.09 65 

SW0-9 0.9 6.94 3.09 325 

SW0.5-1 0.7 6.76 2.90 12,426 

252,105 SW0.5-2 0.7 6.76 2.90 225,926 

SW0.5-3 0.7 6.76 2.90 517,965 

SW0.5-4 0.8 7.72 3.38 940 

8,229 

SW0.5-5 0.8 7.72 3.38 2,379 

SW0.5-6 0.8 7.72 3.38 14,138 

SW0.5-7 0.8 7.72 3.38 15,459 

SW0.5-8 0.9 8.69 3.86 70 

SW0.5-9 0.9 8.69 3.86 85 

593 SW0.5-10 0.9 8.69 3.86 629 

SW0.5-11 0.9 8.69 3.86 1,591 

SW1.0-1 0.7 8.12 3.48 28,334 

280,299 SW1.0-2 0.7 8.12 3.48 123,201 

SW1.0-3 0.7 8.12 3.48 689,363 

SW1.0-4 0.8 9.28 4.06 207 

3,688 

SW1.0-5 0.8 9.28 4.06 241 

SW1.0-6 0.8 9.28 4.06 967 

SW1.0-7 0.8 9.28 4.06 5485 

SW1.0-8 0.8 9.28 4.06 11782 

SW1.0-9 0.9 10.44 4.64 320 

1375 SW1.0-10 0.9 10.44 4.64 857 

SW1.0-11 0.9 10.44 4.64 2949 

SW1.5-1 0.7 9.19 3.94 167,998 

453,711 SW1.5-2 0.7 9.19 3.94 191,526 

SW1.5-3 0.7 9.19 3.94 1,001,611 

SW1.5-4 0.8 10.50 4.60 1,002 

9,006 SW1.5-5 0.8 10.50 4.60 7,871 

SW1.5-6 0.8 10.50 4.60 18,147 

SW1.5-7 0.9 11.82 5.25 986 

1,555 SW1.5-8 0.9 11.82 5.25 1054 

SW1.5-9 0.9 11.82 5.25 2625 

 287 

Due to the micron diameter and large specific surface area, low content of SSWs can 288 

improve the microstructure compactness of RPC. Meanwhile, SSWs with low content 289 

still has a certain inhibitory effect on the development of microcracks although the 290 

complete toughening network has not been formed, making 0.05 vol.% SSWs can 291 

effectively improve the flexural strength, toughness and flexural fatigue life. With the 292 

increase of SSWs content, the workability of concrete becomes worse and the original 293 

macroscopic defects increase. The loading rate was slow (0.05 mm/min) for static 294 

flexural strength/toughness test, leading to that the generation and propagation of 295 
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microcracks caused by original defects can be timely suppressed by SSWs network. 296 

That is to say, the static flexural strength/toughness of RPC increases with the 297 

improvement of overlapped networks and content increasing of SSWs. However, the 298 

loading speed of flexural fatigue load is high (5 Hz), resulting in that the generation and 299 

propagation of micro cracks accelerate with the increase of original defects caused by 300 

high content of SSWs. Meanwhile, incomplete overlapped network of SSWs is not 301 

enough to make up for the adverse effects of macroscopic defects. Therefore, the 302 

flexural fatigue life of RPC with 1.0 vol.% SSWs at the stress level of 0.8 is shorter 303 

than that of RPC with 1.0 vol.% SSWs at the same stress level. When the content of 304 

SSWs increases to 1.5 vol.%, the SSWs network is completed to effectively inhibit the 305 

initiation and propagation of microcracks under fatigue load and then improve the static 306 

flexural strength, toughness, and flexural fatigue life. 307 

In order to reveal the enhancing mechanisms of SSWs on flexural fatigue life of RPC, 308 

the relationships between increment ratio of flexural fatigue life and that of flexural 309 

strength/toughness are established, as displayed in Table 3. The increase of flexural 310 

strength/toughness can prolong the flexural fatigue life of composites. When the linear 311 

superposition coefficient of toughness increment ratio is greater than 1, the 312 

improvement of toughness caused by adding SSWs makes a great contribution to the 313 

prolongation of fatigue life. As shown in Table 3, the enhancement effect of 0.5 vol.% 314 

SSWs on flexural toughness has a great influence on the increase of fatigue life of RPC 315 

at maximum stress levels from 0.7 to 0.9, in consistent with the static flexural behavior 316 

of 0.5 vol.% SSWs reinforced RPC. For SW1.0 and SW1.5, the increase of flexural 317 

strength plays a leading role on the improvement of fatigue life at the maximum stress 318 

levels of 0.7 and 0.8, resulting from the compaction effect of SSWs on RPC 319 

microstructure. When the maximum stress level is 0.9, there is already a lot of damage 320 
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inside composites at the initial stage of fatigue load, leading to that the number of SSWs 321 

bridging cracks and being pulled-off is essential to the fatigue life of composites. These 322 

phenomena can be verified by the micro structure analysis in the following section of 323 

3.4.2. 324 

Table 3 Relationships between increment ratio of flexural fatigue life and flexural 325 
strength/toughness 326 

Specimens 
Stress 

level 

Increment 

ratio of 

flexural 

fatigue 

life Nf 

/% 

Increment 

ratio of 

static 

flexural 

strength 

f /% 

Increment ratio 

of static 

flexural 

toughnessT 

/% 

Relationships 

SW0.5 

0.7 3.093 0.254 1.110 

Nf=f+(2.5~4.3) T 0.8 5.015 0.254 1.110 

0.9 3.236 0.254 1.110 

SW1.0 
0.7 3.550 0.506 3.274 

Nf=f+(0.3-1.0) T 
0.8 1.696 0.506 3.274 

SW1.5 
0.7 6.366 0.705 5.118 

0.8 5.583 0.705 5.118 

SW1.0 0.9 8.821 0.506 3.274 
Nf=f+(1.9-2.5) T 

SW1.5 0.9 10.107 0.705 5.118 

 327 

3.2.2 S-N curves and P-S-N curves 328 

The relationship between maximum stress level (Smax) and number of cycles i.e. 329 

fatigue life (Nf) (called S-N equation) established in former studies includes the 330 

following three types. Eq. (1) is the typical Wholer equation [1], and Eq. (2) is the 331 

modified form of Wholer’s equation considering the influence of stress ratio [47]. Eq. 332 

(3), a power function of Wholer’s equation, has been usually adopted to describe the 333 

fatigue behavior of pavement concrete with flexural strength as the control performance 334 

[48]. 335 

10
max

log ( ) 
f

S A B N
                          

(1) 336 

10
max

(1 - )log ( )1  -
f

S R N
                       

(2) 337 

2-
1

max
( )

C

f
S C N

                          

(3) 338 
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where A, B, , C1 and C2 are coefficient parameters, R is stress ratio between the 339 

maximum and minimum stress. 340 

By comparing the above formulas, it can be found that as Smax becomes small even 341 

approaches zero the value of Nf tends toward infinity in Eq. (3), and this satisfies the 342 

extreme boundary condition of fatigue performance of concrete. Meanwhile, the 343 

minimum stress was set as a fixed value in this study. Therefore, Eq. (3) is the most 344 

appropriate expression form to describe the relationship between fatigue life of SSWs 345 

reinforced RPC and the maximum stress level. Taking the logarithm of both sides of 346 

Eq. (3) produces the following Eq. (4), highlighting a linear relationship between 347 

10 max
log ( )S  and 

10
log ( )

f
N .  348 

10 max 10 1 2 10
log ( ) log ( ) log ( ) -

f
S C C N

                     

(4) 349 

The above linear S-N fatigue equation (Eq. 4) for SSWs reinforced RPC is 350 

demonstrated in Table 4 and Fig. 3. It is shown that the slope of S-N fatigue equation 351 

decreases with SSWs content increasing, a symbol of improving effect of SSWs on 352 

fatigue performance of RPC. However, what calls special attention is that there are three 353 

areas about concrete fatigue including low-cycle, high-cycle, and subcritical fatigue. Of 354 

which, the fatigue life corresponding to the boundary between low-cycle and high-cycle 355 

fatigue is about 104, and that corresponding to the boundary between high-cycle and 356 

subcritical fatigue is about 2×106. It can be seen from Table 2 that the flexural fatigue 357 

life of SSWs reinforced RPC at the maximum stress level of 0.7 is all larger than 104, 358 

and the flexural fatigue life of part of specimens is also greater than 104 when the stress 359 

level is 0.8. Hence, the bilinear equation is more suitable and accurate to describe the 360 

relationship between 
10 max

log ( )S   and 
10

log ( )
f

N , as shown in Table 5 and Fig. 3. As 361 

shown in Table 5, when the maximum stress level ranges from 0.8 to 0.9, the linear 362 
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fitting slope of S-N equation increases with the increase of SSW dosage. This indicates 363 

the improvement effect of SSWs on fatigue performance of RPC at high maximum 364 

stress level becomes more remarkable with the increasing SSWs content. At the 365 

maximum stress level ranging from 0.7 to 0.8, the linear fitting slope of S-N equation 366 

for SW0.5 is significantly greater than that for SW0, representing that 0.5 vol.% SSWs 367 

has higher enhancement effect on fatigue performance of RPC at the maximum stress 368 

level of 0.8 than that at the maximum stress level of 0.7. This can be ascribed to 0.5 369 

vol.% SSWs owns limited modification results on RPC matrix but possess the function 370 

of bridging cracks during loading. The phenomenon can be explained by the test results 371 

of SEM and pore structure in section of 3.4.2. The linear slope of S-N equation for 372 

SW1.0 is 7.7% lower than that for SW0, deriving from the outstanding controlling 373 

effect of 1.0 vol.% SSWs on crack propagation. However, adding 1.5 vol.% increases 374 

the linear slope of S-N equation by 2.0%, and this is the consequence of both 375 

enhancement effect of 1.5 vol.% SSWs on matrix structure densification and crack 376 

inhibition. What needs to be pointed out is that because the linear fitting correlation 377 

coefficient for maximum stress levels of 0.7-0.9 is larger than 0.90 and there are only 378 

three maximum stress levels in this paper, Eq. (4) can be still used to establish the 379 

relationship between the logarithm of maximum stress level and the logarithm of 380 

fatigue life for composites.  381 
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Fig. 3 Linear and bilinear S-N curves of SSWs reinforced RPC 
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 382 

Table 4 Linear S-N fatigue equations of SSWs reinforced RPC 383 
Materials Fatigue equation R2 

SW0 10 max 10
log ) 0.03998 0.04104log（ （ ） -

f
S N  0.99579 

SW0.5 10 max 10
log 0.06776 0.04142log（ （） ） -

f
S N

 
0.99844 

SW1.0 
10 max 10

log 0.07228 0.04232log（ （） ） -
f

S N

 

0.90554 

SW1.5 
10 max 10

log 0.08258 0.04259log（ （） ） -
f

S N

 

0.96772 

 384 

Table 5 Bilinear S-N fatigue equations of SSWs reinforced RPC  385 

Materials 
Fatigue equation 

Maximum stress levels of 0.8-0.9 Maximum stress levels of 0.7-0.8 

SW0 10 max 10
log 0.05110 0.04697log（ （） ） -

f
S N  

10 max 10
log 0.02392 0.03340log（ （） ） -

f
S N  

SW0.5 
10 max 10

log 0.07861 0.04883log（ （） ） -
f

S N

 
10 max 10

log 0.05589 0.03902log（ （） ） -
f

S N  

SW1.0 
10 max 10

log 0.32937 0.11951log（ （） ） -
f

S N

 
10 max 10

log 0.01308 0.03084log（ （） ） -
f

S N  

SW1.5 10 max 10
log 0.16853 0.06712log（ （） ） -

f
S N

 
10 max 10

log 0.03784 0.03407log（ （） ） -
f

S N  

 386 

Taking into the account of fluctuation characteristics of fatigue life, two-parameter 387 

Weibull distribution with physically valid assumptions and sound experimental 388 

verification has been proposed to depict the fatigue life distribution of SSWs reinforced 389 

RPC [49-52], as shown in the following Eq. (5).  390 

( ) exp -( / )＞P    f p f
N N N

                   

(5) 391 

where P is the survival probability of concrete, Np is the flexural fatigue life of concrete 392 

with survival probability of P;  and  are scale and shape parameters associated with 393 

maximum stress level, respectively. Given that bilinear S-N equations possess higher 394 

accuracy compared to linear S-N equations in this study, graphical method is no longer 395 

suitable to obtain the scale and shape parameters for Weibull distribution. Hence, 396 

method of moments and method of maximum likelihood are used to calculate scale and 397 

shape parameters. 398 

Method of moments uses average fatigue life (µ) and variance of data (COV) to 399 
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determine distribution parameters, as shown in the following Eqs. (6) and (7) [45]. 400 

1
（ +1）








                                

(6) 401 

-1.08COV（ ） 
                                

(7) 402 

Method of maximum likelihood has been used to acquire distribution parameters 403 

based on probabilistic approach. The likelihood function is expressed as Eq. (8) [46]. 404 

-1( ; ; ) = ( )( ) exp ( )L  
 

  

 
- 
 


n

i i

i=1

x x
x

                     

(8) 405 

Eq. (9) can be obtained by reorganizing and simplifying Eq. (8), as follows. 406 

1 1

1 1
ln ln


 -  

n n n
θ θ

i i i i
i= i=1 i=

x x / x x
n                      

(9) 407 

1  
n

θ

i
i=1

x
n                             

(10) 408 

Eq. (9) is solved by an iterative method using the subsequent steps of (1)-(5) [53]: 409 

(1) Calculate the initial value of shape parameter 
0

1.2  x / s , and the value of 410 

precision (ε) equals to 0.01, where x  is the average flexural fatigue life of concrete, s 411 

is the standard deviation of fatigue life.  412 

(2) The following Eq. (11) is used to calculate the iteration value of shape parameter. 413 

2 2

2 +1
1 1 1

1
1 ( ln ) ln

 


 
- 

 
  K K

n n n

K i i i i
i= i= i=

= / x x / x x
n               

(11) 414 

(3) If 
2 +1 2
  - 

K K
 is obtained, the iteration can be terminated to obtain the 415 

value of shape parameter. Otherwise, proceed to the next step (4). 416 

(4) Substitute  2 +2 2 +1 2
2   

K K K
/  into Eq. (11) for the next iteration step 417 

from (2) to (3). 418 

(5) End the iteration and get the results of shape parameter. 419 
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After that, using Eq. (10) to calculate the scale parameter. 420 

The distribution parameters of SSWs reinforced RPC obtained by the method of 421 

moments and method of maximum likelihood are listed in Table 6. The mean values 422 

obtained by these two methods are used as the final value of parameters.  423 

Table 6 Distribution parameters of SSWs reinforced RPC at different stress levels 424 

Materials 
Distribution 

parameters 

0.70 0.80 0.90 

      

SW0 

Method of 

moments 
0.899 58518 0.861 1268 0.867 131 

Maximum 

likelihood 
1.088 64117 1.044 1394 1.052 145 

Average 0.994 61318 0.953 1331 0.959 138 

SW0.5 

Method of 

moments 
0.993 251335 1.085 8490 0.820 533 

Maximum 

likelihood 
1.192 270617 1.295 9071 0.998 791 

Average 1.093 260976 1.190 8781 0.909 662 

SW1.0 

Method of 

moments 
0.769 240221 0.730 3065 0.989 1369 

Maximum 

likelihood 
0.941 271313 0.896 3460 1.188 1461 

Average 0.855 255767 0.813 3263 1.089 1415 

SW1.5 

Method of 

moments 
0.952 443885 1.047 9174 1.748 1746 

Maximum 

likelihood 
1.147 476317 1.253 6668 2.012 1443 

Average 1.050 460101 1.150 7921 3.760 1595 

 425 

On the basis of Eq. (5), the flexural fatigue failure probability P of SSWs reinforced 426 

RPC is obtained from Eq. (12). 427 

1 ( ) 1 exp -( )＞P P     -  -  f p f
N N N

             

(12) 428 

According to the parameters presented in Table 6, the fatigue life of composites at a 429 

certain stress level with specific failure probability can be obtained using the following 430 

Eq. (13).  431 

1

ln(1 )
/ θ

f
N = α - P

                   

(13) 432 

As the failure probability is between 10% and 90%, the interval of flexural fatigue 433 

life is demonstrated in Fig. 4. The right shift distance of interval represents the 434 
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modification effect of SSWs. When the dosage of SSWs is 1.0 vol.% and 1.5 vol.%, the 435 

right shift distance of fatigue life interval at the maximum stress level of 0.9 is 436 

remarkably longer than that at the maximum stress level of 0.7, representing 1.0 vol.% 437 

SSWs and 1.5 vol.% SSWs possess excellent inhibiting effect on crack development.  438 
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Fig. 4 Fatigue life interval of SSWs reinforced RPC 

 439 

When the failure probability is 50%, the corresponding linear fatigue equations of 440 

composites are displayed in Table 7. The slope and intercept increase of fatigue 441 

equation indicates the crack inhibition ability is enhanced with SSWs content 442 

increasing. The correlation coefficients R2 of linear fitting are larger than 0.95 except 443 

for SW1.0, representing the accuracy of fatigue equation. The calculated ratio of 444 

flexural fatigue endurance limit to static flexural strength can be obtained by 445 

substituting the fatigue life of 2×106 into the fatigue equation. As shown in Table 7, the 446 

calculated ratio of flexural fatigue endurance limit to static flexural strength for SW0.5, 447 

SW1.0 and SW1.5 is 0.6332, 0.6254, and 0.6420, 6.3%, 5.0%, and 7.8% higher than 448 

that of SW0, due to the addition of 0.5 vol.%, 1.0 vol.% and 1.5 vol.% SSWs. The ratio 449 

of fatigue endurance limit to static flexural strength of SW1.5 is higher than that of 450 

normally vibrated 1.5 vol.% steel fibers (with diameter of 1 mm and length of 30 mm) 451 

reinforced concrete (0.62) [18], but lower than that of 1.5 vol.% steel fibers reinforced 452 

self-compacting concrete (0.71) [18] and that of 1.0 vol.% hybrid fiber reinforced self-453 
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compacting concrete (0.69) [12]. However, at the maximum stress levels of 0.7 and 0.8, 454 

the fatigue life of SW0.5 is higher than that of 0.5 vol.% smooth steel fibers (with 455 

diameter of 0.12 mm and length of 15 mm) reinforced concrete [17]. Meanwhile, the 456 

fatigue life of SW1.5 is equivalent to that of self-compacting 1.5 vol.% steel fiber 457 

reinforced concrete at the maximum stress levels of 0.7, 0.8 and 0.9 [18]. It is 458 

worthwhile to mention that the ratio first increases and then decreases with the dosage 459 

of SSWs increasing, and this is consistent with the previous studies on steel fiber or 460 

hybrid fiber reinforced concrete [12, 18].  461 

Table 7 S-N fatigue equations of SSWs reinforced RPC at failure probability of 50% 462 

Materials S-N fatigue equations R2 

Flexural 

fatigue 

endurance 

limit  

SW0 10 max 10
log 0.02970 0.040451log（ （） ） -

f
S N  0.98745 0.5954fb 

SW0.5 10 max 10
log 0.06302 0.041501log（ （） ） -

f
S N

 
0.99915 0.6332 fb 

SW1.0 10 max 10
log 0.06492 0.042651log（ （） ） -

f
S N

 
0.87819 0.6254 fb 

SW1.5 10 max 10
log 0.07828 0.042971log（ （） ） -

f
S N

 
0.95018 0.6420 fb 

Note: fb represents the static flexural strength of composites shown in Table 1.  463 

 464 

3.3 Flexural fatigue strain and damage 465 

3.3.1 Flexural fatigue strain-stress hysteresis curves  466 

The flexural fatigue strain-stress hysteresis curves of SSWs reinforced RPC for the 467 

whole fatigue life are demonstrated in Figs. 5-8. The data for curves is recorded every 468 

5% intervals of fatigue life. It can be found that except for SW0 specimen with fatigue 469 

life of 135300, and SW0.5 specimens with fatigue life of 517965, 225926 and 15459, 470 

there is a change of trend from dense to failure for the fatigue hysteresis curves of SW0 471 

and SW0.5 at the maximum stress levels of 0.7 and 0.8 with the increase of fatigue 472 

cycles. The stress-strain hysteresis curves for specimens before failure are away from 473 

the dense areas, characterizing the strain increases instantaneously, and this is a typical 474 
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manifestation of brittle material failure. This also shows that 0.5 vol.% SSWs has only 475 

a relatively weak function on the inhibition effect on crack initiation. When the 476 

maximum stress level is 0.9, the slope of stress-strain hysteresis curves for SW0 at the 477 

initial loading stage is lower than that when the stress level is 0.7 and 0.8, coming from 478 

the increasing initial damage, and then, strain continues to increase rapidly until the 479 

specimens fail. However, it can be found that the stress-strain hysteresis curves of 480 

SW0.5 uniformly move to the right with the increase of fatigue cycles, showing the 481 

beneficial effect of SSWs on limiting crack development.  482 
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(c) With maximum stress level of 0.9 

Fig. 5 Flexural fatigue stress-strain hysteresis curves of SW0 
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(c) With maximum stress level of 0.9 

Fig. 6 Flexural fatigue stress-strain hysteresis curves of SW0.5 

 484 

Figs. 7 and 8 show that the flexural fatigue stress-strain hysteresis curves of SW1.0 485 

and SW1.5 have the change of trend from sparse to dense to sparse and then to failure 486 

in addition to specimens with fatigue life of 28334, 967 and 167998. It is worthwhile 487 

to mention that specimens of SW0.5 with fatigue life of 517965, 225926, 15459 and 488 

629 also possess stress-strain fatigue curves with the above characteristics. The 489 

emergence of the first sparse stage results from the compactness effect of SSWs on 490 

matrix microstructure and the inhibition effect of SSWs on crack initiation. At the 491 

maximum stress levels of 0.7 and 0.8, the proportions of fatigue life for SW1.5 occupied 492 

by the first sparse and the last sparse stage is larger than that for SW1.0, illustrating that 493 

the microstructure compactness of matrix and the bridging SSWs increases with the 494 

SSWs content increasing. When the maximum stress level is 0.9, the slope of stress-495 

strain hysteresis curves before failure decreases significantly with the increase of SSWs 496 

content, indicating the number of being pulled-off SSWs increases. Meanwhile, 497 

compared to SW0 and SW0.5, the tendency moving to right of stress-strain hysteresis 498 

curves for SW1.0 and SW1.5 slows down at the maximum stress level of 0.9. According 499 
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to the above analysis, the stress-strain hysteresis curves reflect the development of 500 

deformation in real-time and also shows the role of SSWs on improving the flexural 501 

fatigue performance of RPC. 502 
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Fig. 7 Flexural fatigue stress-strain hysteresis curves of SW1.0 
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(a) With maximum stress level of 0.7 (b) With maximum stress level of 0.8 
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(c) With maximum stress level of 0.9 

Fig. 8 Flexural fatigue stress-strain hysteresis curves of SW1.5 

 504 

3.3.2 Maximum flexural fatigue strain 505 

The relationships between maximum flexural fatigue strain and number of cycles to 506 

fatigue life ratio (N/Nf) are demonstrated in Fig. 9. As shown in Fig. 9(a), the maximum 507 

fatigue strain of most SW0 specimens is divided into two stages, representing the 508 

sustained development and rapid aggregation of micro cracks, respectively. The lack of 509 



  

28 
 

micro crack initiation stage is a manifestation of brittleness. In addition, there is less 510 

probability for strain gauge to obtain intact damage development with the increasing 511 

maximum stress level, also coming from the brittleness characteristics of SW0. This 512 

phenomenon is not observed in Figs. 9(b)-(d). Fig. 9(b) displays that the development 513 

of maximum fatigue strain for most SW0.5 specimens goes through three stages, 514 

including micro crack initiation stage, propagation stage and failure stage. It is observed 515 

that the strain growth rate in the second stage tends to increase with the increase of 516 

fatigue cycles and maximum stress level, which is the effect of micro cracks increasing. 517 

In the failure stage, the strain growth rate is still high, indicating that the bridging and 518 

being pulled off effect of SSWs are limited. 519 

 
(a) SW0 

 



  

29 
 

(b) SW0.5 

 
(c) SW1.0 

 
(d) SW1.5 

Fig. 9 Maximum fatigue strain-number of cycles curves of SSWs reinforced RPC 

 520 

Figs. 9(c) and (d) show that the maximum fatigue strain of SW1.0 and SW1.5 521 

possesses four stage development trends with the number of cycles increasing, 522 

corresponding to micro crack initiation stage, crack stable development stage, crack 523 

unstable development stage and failure stage, respectively. It can be clearly seen that 524 

the unstable development stage of maximum strain for SW1.5 is longer than that for 525 

SW1.0 due to the increasing numbers of bridging SSWs. It should be noted that 526 

although the whole monitoring of specimen deformation has not been realized through 527 

strain gauges, the maximum strain can still be used to compare the SSWs content effect 528 
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on the deformation. At the maximum stress levels of 0.7, 0.8 and 0.9, the monitored 529 

maximum strain for SW0 is 6612, 2288 and 3121, respectively. The increase of 530 

maximum stress level leads to the initial damage increasing, thus decreasing the value 531 

of maximum strain. The monitored maximum fatigue strain for SW0.5 is 6270, 4755 532 

and 1001 corresponding to maximum stress levels of 0.7, 0.8 and 0.9. Adding 1.0 vol.% 533 

SSWs increases the maximum fatigue strain by 45.1%, 245.3% and -110.0% at the 534 

above three maximum stress levels, reaching to 9597, 7901 and 1486, respectively. The 535 

maximum strain increasing at the maximum stress level of 0.7 results from the 536 

modification effect of SSWs on RPC matrix compactness, and the increasing at the 537 

maximum stress level of 0.8 is the result of synergy effect of SSWs on matrix 538 

microstructure and inhibition effect on crack development. The maximum strain of 539 

SW1.5 at the maximum stress levels of 0.7, 0.8 and 0.9 is 8863, 7201 and 3265, 34.0%, 540 

214.7%, 4.6% higher than that of SW0. This result indicates that the high content of 541 

SSWs not only can modify the micro structure of RPC to improve deformation ability 542 

at a low maximum stress level but also effectively bridging cracks to achieve large 543 

deformation at a high maximum stress level. The change of trend in maximum strain 544 

increment indicates that SSWs with high content not only have better hinder effect on 545 

crack propagation at a high maximum stress level but also is better on improving the 546 

microstructure compactness of RPC. This conclusion is consistent with that obtained 547 

by Table 2.  548 

3.3.3 Residual flexural fatigue strain 549 

The residual flexural fatigue strain of SSWs reinforced RPC against the increase of 550 

fatigue cycles is presented in Fig. 10. It can be seen from Fig. 10(a) that the residual 551 

fatigue strain of SW0 only contain two stages at the maximum stress level of 0.9, 552 

reflecting that micro cracks are emerging in large numbers and developing rapidly. 553 
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However, the development of residual strain for SW0 can be divided into three stages 554 

at the maximum stress levels of 0.7 and 0.8, and the slope of the three stages gradually 555 

increases with the increase of fatigue cycles, representing the acceleration of damage 556 

development. The three-stage variation characteristics of residual strain for SW0 at low 557 

maximum stress levels are due to the reduction of initial micro cracks. Except for some 558 

special specimens, the residual strain accumulation development of SSWs reinforced 559 

RPC has three stages, deriving from initiation, propagation and convergence of micro 560 

cracks, respectively. Through comparison and analysis, it can be found that the 561 

proportion of the first stage of residual strain in fatigue life for SSWs reinforced RPC 562 

is lower than that for RPC without SSWs, showing the limitation effect of SSWs on 563 

crack initiation. Meanwhile, the development slope of the second stage for residual 564 

strain is smaller than that of the first stage for specimens of SSWs reinforced RPC, and 565 

this is contrary to the development law of RPC without SSWs. This results from the 566 

hinder effect of SSWs on micro crack propagation, which can be confirmed by the SEM 567 

observations in the following modification mechanisms section of 3.4.2. Furthermore, 568 

Fig. 10 also shows that with the increase of SSWs content, the accumulation slope of 569 

the third stage for residual strain show a decreasing trend, benefiting from the number 570 

increases of SSWs being pulled off.  571 
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Fig. 10 Residual flexural fatigue strain of SSWs reinforced RPC 

 572 

3.3.4 Flexural fatigue damage 573 

Since RPC has good uniformity, its damage and residual strain under flexural fatigue 574 

loading also conforms to Weibull distribution, as demonstrated in the following Eq. 575 

(14). 576 

min1 exp
  

  - -  
   

m

D
a

                          (14) 577 

where εmin is the residual strain demonstrated in Fig. 10, a and m are the scale and shape 578 

parameters determined by the constitutive performance of SSWs reinforced RPC. 579 

Hence, as demonstrated in Eq. (15), the constitutive model of concrete under static 580 

flexural loading can be used to calculate the values of a and m [37].  581 

exp


 
  
 -  
   

m

= E
a

                        (15) 582 

where  and ε are stress and strain of SSWs reinforced RPC under static flexure, as 583 

displayed in Fig. 2. Taking the derivative with respect to the strain in Eq. (15), the result 584 

is shown as below. 585 

  
1 exp 1
      
      
         

m m

dσ ε ε
= E - m -

dε a a

               (16) 586 

According to the boundary conditions at the peak strain under static flexure, it can 587 
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be known that when 
max

  , 
max

  and 0dσ / dε =  are established, i.e., the 588 

following Eqs. (17) and (18) are obtained (the values of 
max
  and 

max
 are shown in 589 

Table 1). 590 

max 1 
 
 

m

ε
=

a m
                          (17) 591 

max max

max

exp
  
  
   

m

σ ε
= -

Eε a

                     (18) 592 

Taking the natural logarithm of both sides of Eq. (18) twice, the following Eq. (19) 593 

can be acquired.  594 

max max

max

ln ln ln
    
    
     

Eε ε
= m

σ a

                  (19) 595 

Eq. (20) has been obtained by combining Eq. (17) and Eq. (19). 596 

max

max

1
ln
 

 
 

Eε

σ m
                          (20) 597 

The values of parameter m and a can be calculated from the following Eqs. (21) 598 

and (22). 599 

max

max

1

ln
 
 
 

m =
Eε

σ

                          (21) 600 

max

1

1 
 
 

/ m

ε
a =

m

                           (22) 601 

Substituting the expression of parameter a into Eq. (14), the flexural fatigue damage 602 

of SSWs reinforced RPC is as following. 603 
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min

max

1
1 exp

  
  
   

m

ε
D = - -

m ε

                      (23) 604 

Based on the parameters displayed in Table 1 and Eq. (23), the damage of 605 

representative specimens for SSWs reinforced RPC under flexural fatigue loading is 606 

calculated and demonstrated in Figs. 11-14. Equation (23) shows that the damage is 607 

proportional to residual strain when the static peak strain for a specimen is constant. 608 

With the appearance and increase of micro cracks under flexural fatigue load, the 609 

residual strain and the corresponding damage appear and show a steady increase trend, 610 

which is the crack initiation stage. When microcracks converge to a certain extent, even 611 

a small number of fatigue load cycles leads to the occurrence of large residual strain 612 

and damage, represented by that the residual strain and damage rapidly increases with 613 

the increase of fatigue load cycles, signifying the crack stable development stage. 614 

However, with the further expansion of micro cracks, the aggregation speed is 615 

accelerated, leading to the corresponding residual strain/damage sharply develops and 616 

cracks progress to unstable stage. As macro cracks form and specimens fails, jump of 617 

damage happens. Therefore, the development stage of cracks can be described 618 

qualitatively by increasing trend of damage with the increase of fatigue load cycles. 619 

The damage at different crack development stages has been marked by lines in Figs. 620 

11-14. It can be found that the damage of composites accumulates with the increase of 621 

fatigue loading cycles. What needs illustration is that part of specimens continues to 622 

bear load after the failure of stain gauge. Therefore, the maximum value of damage for 623 

these specimens appears as the maximum fatigue life is not reached. Figs. 11 and 12 624 

displays that the damage development of SW0 andSW0.5 at the maximum stress levels 625 

of 0.7 and 0.8 is divided into three stages, standing for the initiation of cracks, 626 

propagation of cracks, and failure of specimens, respectively. However, the proportion 627 
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of each stage in the whole fatigue life has no obvious characteristics. The fatigue 628 

development of SW0.5 at the maximum stress level of 0.9, SW1.0 and SW1.5 at the 629 

maximum stress levels of 0.7, 0.8 and 0.9 includes the following four stages: the 630 

initiation stage of cracks, the stable development stage of cracks, the unstable 631 

development stage of cracks, and the failure stage of specimens. The unstable 632 

development stage of cracks results from the bridging effect of SSWs. Comparative 633 

analysis shows that the first stage of crack development for SSWs reinforced RPC is 634 

shorter than that for SW0, resulting from the inhibition effect of SSWs on crack 635 

initiation. The slope of the second crack development stage for SW0 and SW0.5 at the 636 

maximum stress levels of 0.7 and 0.8 is larger than that of the first stage, while this 637 

phenomenon has the opposite trend for SW0.5 at the maximum stress level of 0.9 and 638 

SW1.0/SW1.5 at the maximum stress levels of 0.7, 0.8 and 0.9. This illustrates that the 639 

damage of SW0 develops rapidly after the appearance of micro cracks, but the 640 

propagation and aggregation of micro cracks are inhibited by adding SSWs. Meanwhile, 641 

the slope of the second crack development stage decreases with the increase of SSWs 642 

content, representing the enhancing inhibition effect of SSWs. Furthermore, the slope 643 

of the third crack development stage for SW1.5 is lower than that for SW1.0, resulting 644 

from the increase in the numbers of SSWs those act as bridge. Compared to SW0.5 and 645 

SW1.0, the slope of the fourth crack development stage for SW1.5 significantly 646 

decreases, indicating the specimen has a tendency of multiple cracking. In addition, the 647 

damage value of the first crack development for SW1.5 is comparable to that of SW0, 648 

but higher than that of SW0.5 and SW1.0, coming from the increase of macro defects 649 

caused by the decrease of composites workability. The failure damage of representative 650 

specimens at the maximum stress level of 0.9 is 0.96798, 0.5666, 0.61929 and 0.65965 651 

for SW0, SW0.5, SW1.0 and SW1.5, respectively. This means that the addition of 0.5 652 
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vol.%, 1.0 vol.% and 1.5 vol.% SSWs decreases the failure damage of RPC by 41.5%, 653 

36.0% and 31.9%, respectively, a typical expression of the transformation from 654 

microscopic cracks to macroscopic cracks. When the maximum stress level is 0.8, the 655 

failure damage of representative specimens for SW0, SW0.5, SW1.0 and SW1.5 is 656 

0.92076, 0.99993, 0.89545 and 0.70658, which is decreased by -8.6%, 2.7%, and 23.3% 657 

due to the addition of SSWs, respectively. This result again verifies that incorporating 658 

0.5 vol.% SSWs is more conducive to modify the fatigue performance of RPC at a high 659 

maximum stress level compared to that at a low maximum stress level, and is consistent 660 

with the conclusion that the flexural fatigue hysteresis stress-strain curves uniformly 661 

develop to the right. 662 
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(c) With maximum stress level of 0.9 

Fig. 11 Flexural fatigue damage of SW0 
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(a) With maximum stress level of 0.7 (b) With maximum stress level of 0.8 
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(c) With maximum stress level of 0.9 

Fig. 12 Flexural fatigue damage of SW0.5 
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(a) With maximum stress level of 0.7 (b) With maximum stress level of 0.8 
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(c) With maximum stress level of 0.9 

Fig. 13 Flexural fatigue damage of SW1.0 
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(a) With maximum stress level of 0.7 (b) With maximum stress level of 0.8 
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  (c) With maximum stress level of 0.9 

Fig. 14 Flexural fatigue damage of SW1.5 

 666 

3.4 Flexural fatigue failure state and enhancement mechanisms 667 

3.4.1 Failure state  668 

Figs. 15-18 shows the failure state of fracture surface for SSWs reinforced RPC after 669 

flexural fatigue loading. Meanwhile, it can be seen from the appearance status of 670 

specimens that the addition of SSWs significantly reduces the number of air pores. It is 671 

observed during the test that there is no warning before the failure of specimens of SW0 672 

and SW0.5, while micro cracks can be seen for specimens of SW1.0 and SW1.5 before 673 

failure. Meanwhile, the bending degree of main cracks increases with the increase of 674 

SSWs content, resulting from the inhibition effect of SSWs on the initiation and 675 

propagation of cracks. These effects also lead to main cracks gradually taper from the 676 

bottom to the top of specimens. Furthermore, the bridging and being pulled-off SSWs 677 

have been clearly observed at the location of main cracks for specimens of SSWs 678 
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reinforced RPC. As displayed in Figs. 17-18, the bridging and being pulled-off of SSWs 679 

is more significant at a high maximum stress level compared to that at a low maximum 680 

stress level. This is consistent with the results that the improvement rate on fatigue life 681 

of composites caused by the incorporation of SSWs is more significant at a high 682 

maximum stress level.  683 

   
(a) Smax=0.7, Nf=125300 (b) Smax=0.8, Nf=3169 (c) Smax=0.9, Nf=325 

Fig. 15 Flexural fatigue failure state of SW0 

 684 

   
(a) Smax=0.7, Nf=12426 (b) Smax=0.8, Nf=940 (c) Smax=0.9, Nf=1591 

Fig. 16 Flexural fatigue failure state of SW0.5 

   685 

 686 

   
(a) Smax=0.7, Nf=123201 (b) Smax=0.8, Nf=967 (c) Smax=0.9, Nf=320 

Fig. 17 Flexural fatigue failure state of SW1.0 
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(a) Smax=0.7, Nf=191526 (b) Smax=0.8, Nf=1002 (c) Smax=0.9, Nf=2625 

Fig. 18 Flexural fatigue failure state of SW1.5 

 688 

3.4.2 Enhancement mechanisms 689 

(1) SEM observation 690 

The microstructure and failure cracks in tension zone of SSWs reinforced RPC 691 

specimens after flexural fatigue load with the maximum stress level of 0.9 are displayed 692 

in Fig. 19. As shown in Fig. 19(a), cracks in specimens of RPC without SSWs are 693 

continuous and cross-cutting, meanwhile, there are obvious original flaws and loose gel 694 

aggregation structure observed in SEM image. Whereas, Fig. 19(b) demonstrates that 695 

the addition of 1.5 vol.% SSWs can remarkably reduce original flaws of RPC and 696 

effectively block the connection of cracks by deflecting, bridging and being pulled off 697 

effect.  698 

  
 (a) SW0-0.9-32  (b) SW1.5-0.9-986 

Fig. 19 Microstructure and failure cracks of SSWs reinforced RPC after flexural fatigue load 

with maximum stress level of 0.9 
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The cracks in tension zone of failure specimens for SSWs reinforced RPC subjected 700 

to flexural fatigue load with the maximum stress level of 0.7 are displayed in Fig. 20. 701 

It can be seen that cracks in RPC without SSWs are long and even penetrate fine 702 

aggregates, while the development of cracks in SSWs reinforced RPC is suppressed by 703 

SSWs. This is consistent with the crack development characteristics of composites 704 

under flexural fatigue load of 0.9 stress level. Furthermore, the long and wide cracks 705 

have been transformed into emission cracks surrounding SSWs. By comparing Figs. 706 

20(b)-(d), it is clearly found that the cracks become narrow as the increase of SSW 707 

content. Fig. 20(d) demonstrates that the macro cracks are significantly reduced by 708 

adjacent SSWs. These above phenomena prove the modification effect of SSWs on 709 

flexural fatigue performance of RPC, mainly attributed to the following three aspects. 710 

Firstly, the addition of SSWs enhances the microstructure compactness of concrete 711 

matrix, leading to the reduction of initial cracks as the fatigue load is just applied. This 712 

effect is particularly significant for composites subjected to fatigue load with a high 713 

maximum stress level, and it is also one of the reasons that makes the flexural fatigue 714 

life enhancement effect of 1.5 vol.% SSWs far superior to that of 0.5 vol.% and 1.0 715 

vol.% SSWs at the maximum stress level of 0.9. Secondly, SSWs can effectively inhibit 716 

the initiation and propagation of micro cracks through transferring crack tip stress to 717 

prolong the flexural fatigue life of RPC, and this effect is dominate when the applying 718 

flexural fatigue load is at a low maximum stress level. Thirdly, SSWs can bridge macro 719 

cracks until to be pulled-off to continuously improve the fatigue life of RPC.  720 
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(a) SW0-0.7-135,300 (b) SW0.5-0.7-517,965 

  
(c) SW1.0-0.7-689,363 (d) SW1.5-0.7-1,001,611 

Fig. 20 Cracks in failure specimens of SSWs reinforced RPC after flexural fatigue load 

with maximum stress level of 0.7 

 721 

(2) Pore structure  722 

The cumulative pore volume curves of SSWs reinforced RPC are displayed in Fig. 723 

21(a), and they can be divided into four regions according to the growth patterns. The 724 

pore with diameter larger than 100 µm in region Ⅰ belongs to large capillary pore. When 725 

the diameter ranges from 1 µm to 100 µm, the pore is medium capillary pore. The pore 726 

diameter corresponding to region Ⅲ and region Ⅳ is 50-1000 nm and 5-50 nm, and 727 

these pores belong to small capillary pore and gel pore, respectively. The inclination of 728 

cumulative pore volume curves toward the x-axis represents a refinement of pore 729 

structure. As shown in Fig. 21(a), adding 0.5 vol.% SSWs has no positive effect on the 730 

pore refinement, and incorporating 1.0 vol.% can only refine pore with diameter 731 

Cracks 

Cracks 

Cracks Cracks 
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ranging from 5-50 nm. When the dosage of SSWs is 1.5 vol.%, pore with diameter of 732 

5-1000 nm has been significantly refined. The pore size distribution curves of SSWs 733 

reinforced RPC contain one remarkable wave crest in region Ⅳ, as demonstrated in Fig. 734 

21(b), and this wave crest represents the most probable pore size of concrete. The values 735 

of the most probable pore size are listed in Table 8. The most probable pore size of 736 

SW1.5 is 72.5% lower than of SW0, characterizing the refinement of pore structure.  737 

Fig. 21(c) shows the pore volume in different regions of SSWs reinforced RPC. It 738 

can be discovered that the volume of pore with diameter larger than 100 µm for SW0.5 739 

and SW1.0 is 57.8% and 17.6% larger than that for SW0. Meanwhile, the addition of 740 

0.5 vol.% and 1.0 vol.% also increases the volume of pore with diameter ranging from 741 

1 µm to 100 µm by 33.8% and 8.1%, respectively, due to the air entraining effect of 742 

SSWs and the workability reduction of RPC. However, the volume of pore with 743 

diameter larger than 100 µm and between (1-100) µm is decreased by 5.9% and 7.7% 744 

due to the addition of 1.5 vol.% SSWs. This can be attributed to the compactness 745 

microstructure inducing by the large specific surface area of SSWs and high pozzolanic 746 

activity of silica fume simultaneously. The inducing compactness microstructure 747 

formation effect of 1.5 vol.% SSWs is dominant and makes up for the negative effect 748 

of air entraining and workability reduction, leading to the improvement of 749 

microstructure homogeneity. It is also what makes the volume of pore with diameter of 750 

(50-1000) nm and (5-50) nm for SW1.5 reduce by 58.9% and 23.5% compared to that 751 

for SW0. Especially noteworthy is that the pore volume responding to diameter of (50-752 

1000) nm and (5-50) nm for SW0.5 and SW1.0 is also 12.4%/3.3% and 17.0%/23.5% 753 

lower than that for SW0, confirming that SSWs have the function to improve the 754 

microstructure compactness of RPC.   755 
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Fig. 21 Pore structure and porosity of SSWs reinforced RPC 

 756 

Fig. 21(d) displays the porosity and total pore volume of SSWs reinforced RPC. The 757 

results show that the porosity and total pore volume of RPC is reduced due to the 758 

addition of SSWs with content larger than 1.0 vol.%. The reduction rate can be achieved 759 

by 24.9% and 27.4% as 1.5 vol.% SSWs is incorporated. As discussed above, adding 760 

SSWs introduces air into concrete and reduce the workability of concrete, leading to 761 

the increase of large and medium capillary pore volume especially. However, SSWs 762 

and silica fume can work together to enhance the microstructure compactness, 763 

meanwhile, this function is gradually strengthened with the increase of SSWs content. 764 

This is why the porosity and total pore volume of RPC first increase and then decrease 765 

with SSWs content increasing. However, it was shown that the flexural fatigue life of 766 

SW0.5 is higher than that of SW0, despite of the above observation. This illustrates that 767 
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in addition to the modification effect of SSWs on microstructure of RPC, the inhibiting 768 

effect of SSWs on crack initiation and propagation also plays great role on modifying 769 

the fatigue performance of concrete. 770 

Table 8 Pore structure characteristic parameters of SSWs reinforced RPC 771 

Specimens 

Average 

pore 

diameter /nm 

Median pore 

diameter 

/nm 

Most probable 

pore diameter 

/nm 

Characteristic 

length /nm 
Tortuosity 

SW0 26.94 46.59 19.94 262067.2 2.7455 

SW0.5 30.53 84.16 18.90 109797.4 4.2265 

SW1.0 30.33 97.18 18.91 35767.3 11.7216 

SW1.5 19.72 31.99 5.48 24230.2 14.2110 

 772 

As listed in Table 8, the average pore diameter and median pore diameter of SSWs 773 

reinforced RPC share the same change of trend and porosity as SSWs content increases. 774 

Incorporating 1.5 vol.% SSWs decreases the average pore diameter and median pore 775 

diameter by 36.6% and 31.3%, respectively, resulting from the enhancing effect of 776 

SSWs on microstructure compactness. The characteristic length of pore decreases and 777 

the tortuosity of pore increases with the increase of SSWs content, and this represents 778 

the refinement of pore structure. The addition of 0.5 vol.%, 1.0 vol.% and 1.5 vol.% 779 

SSWs reduces the characteristic length of pore by 58.1%, 86.4% and 90.8%. Meanwhile, 780 

the tortuosity of pore is increased by 53.9%, 326.9% and 417.6%, respectively. This 781 

change of trend is consistent with that of flexural fatigue life of SSWs reinforced RPC, 782 

indicating that the refinement of pore structure is beneficial to improve the fatigue 783 

damage resistance of concrete.  784 

(3) Characteristic analysis of hydration products  785 

The orientation index of CH crystals is one of the important indexes to characterize 786 

microstructure compactness of RPC. The increase of orientation index of CH crystals 787 

indicates an increased preferred orientation and a relatively sufficient growth space, i.e. 788 

a loose microstructure. In this study, the orientation index of CH crystals was defined 789 
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by using data from XRD and the value has been calculated from the intensity ratio of 790 

diffraction peak on different crystalline plane (001) and (101) based on previous 791 

researches [54, 55]. The calculated formula is as following and the results are listed in 792 

Table 9.  793 

Intensity(001)
Orientation index

Intensity(101) 0.74


´

               (24) 794 

Fig. 22 and Table 9 show the CH crystal diffraction peak intensity on 001 and 101 795 

planes of RPC. It can be seen that incorporating 1.0 vol.% and 1.5 vol.% SSWs reduces 796 

the CH orientation index of RPC by 21.2% and 19.5%, respectively. The orientation 797 

index decrease of CH crystals is a representative symbol of the enhancement of 798 

microstructure compactness. 799 

0 10 20 30 40 50 60 70 80

Ca(OH)2
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2θ ()
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 SW1.5

Ca(OH)2

001

 
Fig. 22 Ca(OH)2 diffraction of SSWs reinforced RPC 

 800 

Table 9 Ca(OH)2 diffraction peak intensity and orientation index of SSWs reinforced RPC  801 

Specimens (001)CH (101)CH CH orientation index 

SW0 1297 742 2.36 

SW1.0 545 396 1.86 

SW1.5 514 366 1.90 

 802 
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(a) Test locations in SW1.5 specimen (b) Ca/Si ratios 

Fig. 23 Ca/Si ratios at different locations of SSWs reinforced RPC 

 803 

Fig. 23 shows the molar ratio of CaO to SiO2 (Ca/Si) of C-S-H gels at different 804 

locations of composites, which has been obtained by SEM-EDS analysis. It can be 805 

found that the average Ca/Si ratio of C-S-H gels in RPC without SSWs is 1.1461, and 806 

this value decreases to 1.1116 and 1.0338 for the location of wire surface and gap 807 

between wires in the SW1.5 specimen. Although the values of Ca/Si ratio at each test 808 

point in Fig. 23 fluctuate up and down, there is no significant increase compared to that 809 

for RPC matrix. This indicates that no weak interfacial transition zone between SSWs 810 

and cement matrix is found in 1.5 vol.% SSWs reinforced RPC to some extent. 811 

Weakening or eliminating the influence of interface transition zone is also the reason 812 

that the addition of SSWs can improve the flexural fatigue life of RPC. 813 

According to the above analyses, the enhancing mechanisms of SSWs on flexural 814 

fatigue performance of RPC mainly includes the following two aspects.  815 

On the one hand, the incorporation of SSWs can increase the micro structure 816 

compactness of RPC and enhance the interfacial transition zone, which has been proved 817 

by the decrease of original flaws, porosity and total pore volume, CH crystal orientation 818 

index and Ca/Si ratio. Because that the first step of preparation process in this study is 819 
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to stir silica fume, water, water reducer, and SSWs together, silica fume easily 820 

concentrates on the surface of SSWs benefited from the large specific surface area of 821 

SSWs, as shown in Table 10. After cement is added, Ca2+ approaches the surface of 822 

SSWs under the influence of water migration. Then, Ca2+ reacts with silica fume to 823 

generate C-S-H gels on the surface of wires because of the high pozzolanic activity of 824 

silica fume. This is why the Ca/Si ratio on the surface of wires is lower than that of RPC 825 

matrix. Furthermore, it is worth mentioning that the reaction process of Ca2+ with silica 826 

fume consumes water, leading to the decrease of water to binder ratio around SSWs. 827 

This phenomenon is conducive to improve the microstructure compactness and C-S-H 828 

gel polymerization around SSWs, and can be verified by the decrease of Ca/Si ratio at 829 

the gap between SSWs. Therefore, a microstructure enhancement zone is formed with 830 

SSWs as the core, resulting from the large specific surface area of SSWs and the high 831 

pozzolanic activity of silica fume simultaneously, and this is completely different from 832 

the weak interface transition zone between steel fibers and concrete matrix [56, 57]. As 833 

listed in Table 10, the presence of microstructure enhancement zone caused by SSWs 834 

helps to improve the compactness of cement outer hydration products. In particular, 835 

when the content of SSWs is high, the existence of a large number of microstructure 836 

enhancement zones has the potential to reduce the adverse effects of the aggregate 837 

interface transition zone [58]. That is to say, the structure homogeneity of RPC is 838 

improved by the incorporation of SSWs, which plays an important role in improving 839 

fatigue life. 840 

Table 10 The microstructure enhancement zone formed around SSWs 841 
Materials Before hydration After hydration 



  

49 
 

SW0 

  

SW0.5 

  

SW1.0/1.5 

  

Symbols 

 

 842 

 
Fig. 24 The inhibition effect of SSWs on crack initiation and propagation 
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On the other hand, the addition of SSWs prolongs the flexural fatigue life of RPC by 844 

exerting crack resistance and toughening function of fibers, which can be explained by 845 

Fig. 24. At the stage of unloading, the excellent thermal conductivity of SSWs can 846 

effectively transmit hydration heat to reduce original cracks caused by the hydration 847 

heat gradient [40]. Meanwhile, the reduction of original flaws and cracks is represented 848 

by the color change of composites in Fig. 24. At the initial loading stage, SSWs can 849 

effectively inhibit the initiation of micro cracks due to the compactness increase of 850 

micro structure. With the increase of flexural fatigue load cycles, main crack appears in 851 

specimens of RPC and damage propagates quickly along with the main crack, as shown 852 

in the medium stage of SW0. For the specimens of SSWs reinforced RPC, the widely 853 

distributed SSWs can effectively transfer crack tip stress during medium loading stage, 854 

leading to the appearance of multiple cracks and radial cracks centered on SSWs. The 855 

significance and curvature of main cracks decrease and increase, respectively, with the 856 

increase of SSWs dosage. At the stage of final loading, specimens of RPC without 857 

SSWs show a state of instantaneous complete destruction. Owing to the bridging effect 858 

of SSWs, specimens of SSWs reinforced RPC can be continuously loaded under the 859 

condition of multiple microcracks until SSWs are pulled-off.  860 

4 Conclusions 861 

The flexural fatigue performance of stainless steel wires (SSWs) reinforced reactive 862 

powder concrete (RPC) including fatigue life and stress-strain hysteretic relationships 863 

as well as fatigue damage were investigated and the maximum stress level-number of 864 

fatigue cycles (S-N) equations were established in this study. The enhancing 865 

mechanisms of SSWs were explored by micro structure observation and characteristics 866 

analyses of hydration products. The main conclusions are as follows. 867 

(1) Adding only 0.5 vol.% SSWs can effectively increase the average flexural fatigue 868 
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life of RPC at different maximum stress levels, and 1010.7% increments for fatigue life 869 

can be achieved as 1.5 vol.% SSWs are incorporated. The flexural fatigue life of SSWs 870 

reinforced RPC obeys Weibull distribution, and method of moments and method of 871 

maximum likelihood are used to calculate scale and shape parameters. The ratio of 872 

flexural fatigue endurance limit to static flexural strength for RPC can be increased by 873 

7.8% due to the addition of 1.5 vol.% SSWs. 874 

(2) The flexural fatigue stress-strain hysteresis curves of SSWs reinforced RPC have 875 

changed from sparse to dense to sparse and, then, to failure with the increase of fatigue 876 

cycles, and the slope of stress-strain curves before failure significantly decreases with 877 

the increase of SSWs content. The maximum fatigue strain and fatigue damage of 878 

SSWs reinforced RPC are 34.0% higher and 41.5% lower than that of RPC without 879 

SSWs. 880 

(3) Microstructure enhancement zone formed by the synergistic effect of SSWs and 881 

silica fume improves the homogeneity of RPC, represented by the decrease of porosity, 882 

total pore volume, Ca/Si ratio of C-S-H gels, and orientation index of CH crystals. 883 

Meanwhile, SSWs exerts crack resistance and toughening function to reduce original 884 

cracks and inhibit the initiation and propagation of micro cracks, manifesting by that 885 

the bending degree of main failure cracks increases, the cracks gradually taper from 886 

bottom to top, and the long link-up micro cracks in failure specimens have been 887 

transformed into emission cracks centered on SSWs. 888 

By forming microstructure enhancement zone centered on SSWs to modify the 889 

homogeneity of composites, the flexural fatigue performance of RPC is improved on 890 

the premise of reducing crack width as much as possible. Therefore, SSWs reinforced 891 

RPC has the potential to be especially used to enhance the safety, durability and 892 

economy of large-span and ultra-thin structures in extreme service environments. 893 
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