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The paper shows a very interesting study about the evolution of the internal 
damage originated in fiber-reinforced concrete subjected to cyclic flexural 
loadings. The article is very well organized and the work is novel, current and of 
great interest, so it is worthy to be published in IJF journal.

The weakest point of the research is the lack of information about the relationship 
between the internal structure of the material observed by CT and the mechanical 
behavior of the concrete. Authors have provided a very detailed information of 
the results obtained from CT scanning for different loading states, but they do not 
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the internal structure of the matrix and an analysis of how this phenomena affects 
the fatigue life of FRC with a comparison of similar investigations performed by 
other authors is missed.

ANSWER: The paper analyzes the effect of both fiber orientation and fiber 
content on the fatigue behaviour. First of all, there is not a significant difference 
between the fiber orientation in R-Series and in M-Series, so this parameter 
cannot be analyzed. Second, Table 3 shows that parameter β is the same in both 
cases, which denotes that fiber content has no influence on the S-N curve. This 
result agrees with the one obtained by Bankara and Ramanjaneyulu (2018), Goel 
and Singh (2014) and Johnson and Zemp (1991), among others.

In other words, two different concrete mixtures, with different fiber content, 
subjected, for example, to Smax=0.7, show approximately the same fatigue life, 
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Fibers alter the internal microstructure, by changing the porosity. However, this 
fact has no relevant influence on the fatigue life of the concrete specimens.



1

1 COMPUTED TOMOGRAPHY SCANNING OF THE INTERNAL MICROSTRUCTURE, CRACK 

2 MECHANISMS, AND STRUCTURAL BEHAVIOR OF FIBER-REINFORCED CONCRETE UNDER STATIC 

3 AND CYCLIC BENDING TESTS

4

5 Miguel A. Vicente1,2,*, Jesús Mínguez1, Dorys C. González1,2.

6

7 1 Department of Civil Engineering, University of Burgos, c/ Villadiego, s/n, 09001, Burgos (Spain).

8 2 Department of Civil Engineering, Parks College of Engineering, Aviation and Technology, Saint Louis University, 3540 

9 Lindell Blvd, Saint Louis, MO (USA).

10

11 * Corresponding Author: mvicente@ubu.es

12

13 Number of words: 5193

14 Number of tables and figures: 23

15

16 Keywords: fatigue, high strength concrete, fibre-reinforced concrete, residual tensile strength, CT-Scan technology.

17



2

19 ABSTRACT

20 Fiber-reinforced concrete (FRC), its behavior, and the effects of cyclic loading on its internal microstructure are studied 

21 in this paper. Particular attention is given to the evolution of the residual tensile strength of the fiber-reinforced concretes and 

22 damage following cyclic flexural loading. A numerical equation is also proposed to estimate the residual tensile strength, 

23 depending on crack width, damage, fiber content, and fiber orientation. A total of 65 prismatic specimens, in two different 

24 series, were tested: one designed with 1% of fibers by volume and the other with 2% of fibers. The specimens were not 

25 notched, but had previously been subjected to pre-cracking, which has a similar effect to notching, although the specimens 

26 become more vulnerable to fatigue. Both fiber content and fiber orientation were measured using computed tomography (CT) 

27 scans. The results showed that the damage provoked a progressive reduction in the residual tensile strength. The differences 

28 in the behavior of both series were mainly related to their fiber content and, to a lesser extent, to their fiber orientation.

29

30 1. INTRODUCTION

31 Fiber-Reinforced Concrete (FRC) is an increasingly widespread technical solution in civil engineering. It is a very 

32 suggestive solution because of the reduction of the labor cost, especially if it is combined with self-compacting concrete. In 

33 most cases, the addition of fibers improves the mechanical behavior of concrete: less cracking [1-3], improved fatigue life [4-

34 7], increased maximum tensile strength [8, 9], improved freeze-thaw behaviour [10, 11], and extended fatigue life [12, 13].

35 Fatigue in concrete may be understood as a process of mechanical weakening until failure. Cyclic loading causes the 

36 emergence of microcracks and their enlargement inside the concrete mass, around internal defects, such as voids, etc. The 

37 macroscopic consequences of fatigue are progressive changes in the mechanical parameters of the concrete.

38 Most research over recent years has focused on fatigue life, i.e., the number of loading cycles that the concrete element 

39 can withstand, and the S-N curves, which correlate with the stress level and the fatigue life [14-25]. However, only very few 

40 research works have focused on the mechanical parameters of concrete and their modification under cyclic loading [4, 6, 26-

41 35].

42 The weakening of FRC can be defined by changes in the residual tensile strength, fR,i, following a number of cycles, 

43 which is taken into account in the design of FRC structures. According to the Model Code 2010 [36], the structural design of 

44 the FRC is based on the residual stress provided by the reinforcing fibres. In particular, the values of fR,1 and fR,3 are used in 

45 the formulation, defined as the residual strength values associated with crack openings from 0.5 to 2.5 mm, respectively. In 

46 the case of structural elements subjected to cyclic loading over time, a progressive decrease in the residual tensile strength is 

47 expected [4, 6, 26], the minimum values of which are parameters to prevent unsafe designs.
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48 Both the fatigue life and the loss of residual tensile strength strongly depend on the geometrical and mechanical 

49 characteristics of the fibers (shape, length, slenderness, etc.), the number of fibers and fiber distribution and orientation within 

50 the concrete matrix.

51 Regarding fiber distribution and orientation, Computed Tomography (CT) Scan technology is a powerful tool to study 

52 the internal microstructure of the matter, and particularly, to study fiber distribution and orientation in the case of FRC. CT is 

53 a non-destructive technique used to visualize the internal microstructure of materials based on the properties of X-rays. A CT-

54 Scan facility contains an intensity-controlled X-ray source and a detector, which measures the loss of X-ray intensity. During 

55 the scanning process, the X-rays are emitted and the detector measures and records the final X-ray intensity for all the X-rays. 

56 By rotating the specimens, a lot of different relative directions across the specimen are applied and, finally, every point of the 

57 sample is traversed by different X-rays, from different directions.

58 During the post-scan data processing, the density at each point of the sample is obtained in accordance with the 

59 measured loss of X-ray intensity for all the X-rays, since there is a relation between the loss of X-ray intensity and the density 

60 of the matter that it passes through. The result is a 3D grey-scale image composed of voxels (ranging from 0 to 255), where 

61 the grey value corresponds to the density of the voxel. Clear grey tones correspond to high densities while dark grey tones 

62 correspond to low densities.

63 Beyond its traditional use in medicine, this technology is currently widely used in concrete research, especially in 

64 fiber-reinforced concrete [37-43]. The enormous advantage of CT-Scan technology is that it permits the exact position, and 

65 orientation of each individual fiber to be measured, which is otherwise impossible with other techniques. Moreover, the 

66 combined use of CT-Scan technology with a macroscopic test is currently providing interesting results, since it is possible to 

67 correlate the internal microstructure with the macroscopic response. A detailed explanation of CT-Scan technology and its 

68 use in several engineering fields can be obtained in [44].

69 The aim of this research is to analyze how fiber content and fiber orientation influence fatigue life and residual tensile 

70 strength in fiber-reinforced concrete specimens that have undergone static and cyclic three-point bending tests. Having ended 

71 the cyclic loading test, the specimens were subjected to static testing until failure, and then their post-cracking residual 

72 strengths were measured. The procedure developed by Gonzalez and co-workers [4, 6] was used.

73 The structure of this paper will be as follows: The experimental program will be presented in Section 2, the 

74 experimental results will be described and discussed in Section 3, the failure mechanisms will be described in Section 4, and 

75 finally, the conclusions will be presented in Section 5.

76

77 2. EXPERIMENTAL PROGRAM
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78 In this section, the materials, the testing procedure and the scanning procedure will be described.

79 2.1 Materials

80 The whole test campaign had 65 prismatic specimens, belonging to two series: labelled R-Series and M-Series. In both 

81 cases, the cement paste was the same and the only difference was the fiber content, which was 1% by volume in the R-Series 

82 and 2% by volume in the M-Series (Table 1).

83

84 Table 1: Mix proportions

Materials R-Series M-Series
Cement (kg/m3) 400

Water (kg/m3) 125

Superplasticizer (kg/m3) 14

Silica fume (kg/m3) 6

Fine aggregate (kg/m3) 800

Coarse aggregate (kg/m3) 1,080
Fiber (% by volume) 1% 2%

85

86 Ordinary Portland cement, crushed limestone coarse and fine aggregates (maximum size 15 mm) were used. Hook-

87 end steel fibres of 50 mm in length and 1.0 mm in diameter were incorporated in the concrete, together with superplasticizer 

88 Glenium 52 BASF and nanosilica MEYCO MS685 BASF additives. The concrete quality as per Eurocode 2 was C70/85 [45]. 

89 The specimens were cured for 180 days in a curing room at both a constant relative humidity of 100% and an ambient 

90 temperature of 20ºC. The specimens were then removed from the curing room and held under laboratory conditions until 

91 testing. All the specimens were, at least, 300 days-old when the testing campaign began. So, the possible strength increase 

92 during the fatigue test was minimized. The 28-day average compressive strength of the mixture was 81.5 MPa for the R-

93 Series and 78.1 MPa for the M-Series, with a standard deviation of 3.8 MPa and 4.3 MPa respectively.

94 A total of 40 R-Series prisms and 25 M-Series prisms were prepared. In all cases, the prism dimensions were 600 mm 

95 in length, 150 mm in width and 150 mm in height. In addition, two sets of cylinders with a diameter of 150 mm and a height 

96 of 300 mm were cast for further characterization of the concrete (mainly to obtain the compressive strength).

97

98 2.2 Testing procedure

99 The testing procedure for both series is well described in [4, 6]. In summary, the test program included the 4 phases 

100 described as follows (Figure 1):
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101 1. Phase 1: Initial crack. During the first phase, all the prismatic specimens were subjected to a three-point static 

102 bending test until small cracks appeared. In this first phase, forty R-Series specimens and twenty-five M-Series 

103 specimens were tested. The midspan cross-section of the specimens was not notched.

104 2. Phase 2: Fatigue tests. In the second phase, some specimens were subjected to a three-point cyclic bending test 

105 to failure, in order to obtain the characteristic fatigue life of the material. In this second phase, twelve specimens 

106 of the R-Series were tested, and nine specimens of the M-Series.

107 3. Phase 3: Cyclic tests. In the third phase, other specimens underwent a three-point cyclic bending test up to a 

108 preset number of load cycles, with the aim of inducing controlled fatigue damage in the specimens. In this third 

109 phase, twenty-one R-Series specimens and twelve M-Series specimens were tested

110 4. Phase 4: Static tests. In the last phase, all the specimens tested in the third phase plus the pre-cracked ones not 

111 subjected to the cyclic tests underwent to a three-point static bending test. In this way, variations in the residual 

112 tensile strength in relation to fatigue damage could be detected. In this fourth phase, twenty-eight specimens of 

113 the R-Series were tested, and sixteen specimens of the M-Series.

114
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115

116 Figure 1: Explanation of the four test phases [4].

117 2.3 CT-Scan test

118 Additionally, computed tomography (CT) scans were performed to visualize the internal microstructure of concrete 

119 for further study. This technology permits a close examination of the fiber locations and orientations of each specimen. The 

120 fiber content has been directly taken from the mix dosage.

121 In this study, concrete specimens were CT-scanned by a GE Phoenix v|tome|x device equipped with a tube of 300 

122 kV/500W. The entire specimen was not scanned, but only a part of it, extracted from the central region, surrounding the crack 

123 (Figure 2). The scanning sample was 150 mm in height, 100 mm in width, and 50 mm in thickness.
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125 Figure 2: Location of the scanned piece from the whole prism. 

126

127 This portion of the prism provides the most valuable information, since the fibers bridging the crack are the ones which 

128 control the cracking process.

129 Using a post-processing software, a total of 2,500 2D slices of 2048x2048 pixels (Figure 3) were obtained throughout 

130 the height of the specimen from the CT-scan machine. In this case, the horizontal resolution was 60x60 μm2 and the vertical 

131 distance between the slices was 60 μm for a section with a diagonal length of 111.8 mm. After that a 3D image of the whole 

132 specimen was generated using all the above-mentioned 2D images. The post-processing software assigns a grey value to each 

133 voxel (volumetric pixel), coded as integer numbers between 0 and 255, where 0 equals black and 255 equals white. A value 

134 of 255 is assigned to the densest voxel and a value of 0 is assigned to the least dense voxel. For the rest of the voxels a linear 

135 relation is considered. The conclusion of the scanning process is a file including X, Y, and Z Cartesian coordinates of the 

136 voxel center of gravity and an integer number, from 0 to 255, regarding the density. The total number of voxels in a specimen 

137 was around 3.5·109.
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138

139 Figure 3: Slices belonging to different mixtures. From left to right: R-Series and M-Series.

140

141 The next step in this process is to identify and isolate each individual fiber inside the specimen with image analysis 

142 software. First of all, the software identifies the voxels belonging to voids, which show a range of grey values. In this case, 

143 once the histogram of grey scale is studied, the considered range for fibers was between 200 and 255 (Figure 4).

144

145 Figure 4: Histograms of grey scale.

146

147 Then, all the voxels in contact are merged, which come from the same fibers. The software identifies and isolates the 

148 different fibers. (Figure 5).
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149

150 Figure 5: 3D views of the specimen belonging to different series. From left to right: R-Series and M-Series.

151

152 The final result of this image analysis is a dot matrix containing the Cartesian coordinates X, Y, and Z of the center of 

153 gravity of each fiber, the fiber length, and the orientation according to the Cartesian axis. In this case, the x-axis is transversal, 

154 the y-axis is longitudinal, and the z-axis is the vertical. The fiber orientation along the longitudinal axis is of interest, since it 

155 is related to the bridging of the crack. Figure 6 shows an isometric view of the fibers in a specimen from each series.

156
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157

158 Figure 6: 3D views of the fibers belonging to different series. From left to right: R-Series and M-Series.

159

160 The CT-Scan device provides an enormous amount of useful information. However, it is not possible to obtain 

161 conclusions through direct observation of the 3D images alone. The data has to be post-processed using Digital Image 

162 Processing (DIP) software and/or post-processing sub-routines.

163

164 3. EXPERIMENTAL RESULTS

165 In this section, both the results of the CT-Scan and the results of the fatigue tests and the static post-cyclic tests will be 

166 presented. Finally, both the results from the CT-Scan and from the mechanical test will be correlated with each other. 

167 3.1 CT-Scan analysis

168 Direct observation of the 3D images to distinguish the differences between both series is insufficient, and all the more 

169 so, for their quantification. In this case, the visualization and analysis software, AVIZO (FEI Visualization Sciences Group, 

170 Hillsboro, Oregon, USA), in combination with some sub-routines devised for the test were used to analyse the large data sets 

171 from the CT-Scan. The values shown in the different tables and figures refer to the average values of the specimens belonging 

172 to the same series.

173
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174 3.1.1 Fiber content

175 Using the CT-scan data on the full length of each individual fiber, the exact length of the fiber inside the scanned 

176 sample can be computed. The total fiber volume may be obtained by multiplying this value by the section of the fiber. The 

177 fiber content is defined as the quotient between the total fiber volume and the total volume of the sample.

178 In this case, the average fiber volumes were 0.98% for the R-Series and 1.97% for the M-Series. These values coincide 

179 with the theoretical ones.

180

181 3.1.2 Fiber orientation

182 Fiber orientation is the most important result regarding the CT-Scan analysis. The primary angular information 

183 provided by AVIZO are the values of both θ (theta) and ϕ (phi) (Figure 7). Theta is a polar angle, i.e., the angle between the 

184 main axis of the fiber (the one containing its length) and the Z axis. Phi is the azimuthal angle, i.e., the angle between the 

185 projection of the main axis on the XY plane and the X axis. Theta varies from 0º to 90º while phi varies from -90º to 90º.

186

187 Figure 7: Identification of θ (theta) and ϕ (phi) angles

188 The angles according the Cartesian axis αx, αy and αz can be obtained by the following expression (eq. 1):

𝛼𝑥 = 𝑎𝑐𝑜𝑠[𝑠𝑖𝑛(𝜃)·𝑐𝑜𝑠(𝜑)]

𝛼𝑦 = 𝑎𝑐𝑜𝑠[𝑠𝑖𝑛(𝜃)·𝑠𝑖𝑛(𝜑)]

𝛼𝑧 = 𝜃

(1)

189 Next, the average histograms of angle distribution are shown, for both series (Figure 8).
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190

191

192 Figure 8: Histograms of fiber orientation by Cartesian axis

193

194 In both cases, it is clearly observed that fibers are horizontally oriented, i.e., perpendicular to the z-axis, as the 

195 histogram of αz shows that most of the fibers have an angle close to 90º. Regarding the x- and the y-axis of the M-Series, it 

196 appears that the fibers are randomly distributed along both axes. On the contrary, in the case of the R-Series, the fibers appear 

197 to show a slight tendency to remain parallel to the y-axis, since the histogram of αx reveals that most of the fibers show an 

198 obtuse angle greater than 45º and the histogram of αy reveals that most of the fibers show an acute angle under 45º.

199 The efficiency index (ei) defines the numerical orientation along the x-, y- and z-axes by the following equation [43] 

200 (eq. 2):

𝑒𝑖𝑥 =
𝑛

∑
𝑖 = 1

𝑓𝑥,𝑖·𝑐𝑜𝑠(𝛼𝑥,𝑖)

𝑒𝑖𝑦 =
𝑛

∑
𝑖 = 1

𝑓𝑦,𝑖·𝑐𝑜𝑠(𝛼𝑦,𝑖)

(2)
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𝑒𝑖𝑧 =
𝑛

∑
𝑖 = 1

𝑓𝑧,𝑖·𝑐𝑜𝑠(𝛼𝑧,𝑖)

201

202 where, ,  and  are the relative frequencies of each histogram bar, and ,  and  are the average values of the 𝑓𝑥,𝑖 𝑓𝑦,𝑖 𝑓𝑧,𝑖 𝛼𝑥,𝑖 𝛼𝑦,𝑖 𝛼𝑧,𝑖

203 angles of each histogram bar. The efficiency index can show values from 0 to 1, where 0 means that all the fibers are oriented 

204 perpendicularly to the Z axis and 1 means that all the fibers are oriented parallel to the Z axis.

205 Table 2 shows the average values of the efficiency index of fibers for all series. In addition, the values in brackets 

206 represent the standard deviation.

207

208 Table 2: Efficiency index.

Series 𝑒𝑖𝑥 𝑒𝑖𝑦 𝑒𝑖𝑧

R-Series 0.44 [0.07] 0.70 [0.12] 0.35 [0.05]
M-Series 0.62 [0.11] 0.58 [0.10] 0.30 [0.05]

209

210 Observing the histograms in Figure 7, the R-Series shows a higher efficiency index along the y-axis, which means that 

211 the fibers tend to be oriented along the longitudinal axis. On the contrary, the M-Series shows that both  and  are quite 𝑒𝑖𝑥 𝑒𝑖𝑦

212 similar, which means that the fibers are uniformly distributed along the XY plane. Regarding the z-axis, in both cases the 

213 value of  is quite small, which means that the fibers tend to be oriented perpendicular to the z-axis, i.e., on the horizontal 𝑒𝑖𝑧

214 plane. Both series show a similar value of , so no relevant differences between them can be observed regarding this 𝑒𝑖𝑧

215 parameter.

216 As explained before, the most interesting efficiency index is  , which represents the orientation of the fibers along 𝑒𝑖𝑦

217 the longitudinal axis, i.e., along the orthogonal direction to the crack surface.

218

219 3.1 Fatigue testings

220 Twelve prismatic specimens of the R-Series and nine prismatic specimens of the M-Series were tested under three-

221 point cyclic bending tests up until fatigue failure. In all cases, no specimen had been pre-notched, but the specimens had been 

222 pre-cracked in a static three-point bending test until the first crack appeared. The previous damage significantly reduced the 

223 fatigue life [6].
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224 In the case of the R-Series, the cyclic load applied to each specimen ranged from 65% to 5% of its residual (or final) 

225 bending strength (obtained during the initial precracking test). In the case of the M-Series, the cyclic load ranged from 60% 

226 to 15% of its residual bending strength. The fatigue life of each series can be found in [4, 6]. 

227 By fitting the values to the Weibull distribution, the fatigue life of the different failure probabilities can be found for 

228 both series (Figure 9). In both cases, the representative fatigue life, , is defined as the number of cycles, , corresponding 𝑁𝑐𝑟 𝑁

229 to a failure probability of 20% ( ) (Table 5).𝑃𝑓 = 0.20

230

231 Figure 9: Statistical distribution of fatigue life “N” and Weibull fitting for both series

232 In both cases the Weibull curves show a good fitting, with R2 values of 0.960 and 0.944 respectively.

233 On the basis of these data, it is possible to define an S-N-Pf curve, in which the correlation between stress level, number 

234 of cycles, and failure probability is established. In this case, the Aas-Jakobsen’s S-N Expression is proposed [46-49] (eq. 3):

𝑆 = 1 ‒ 𝛽·(1 ‒ 𝑅)·log10 𝑁 (3)

235 where  is the relative stress level, R is the ratio between the maximum and the minimum stress values and β is a coefficient 𝑆

236 which represents the slope of the S-log(N) straight line [6]. Table 3 shows the values of β for both series.

237

238 Table 3: Representative fatigue life for both series and  coefficient.𝛽

 𝑁𝑐𝑟 𝛽
R-Series 2260 0.113
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M-Series 71094 0.110
239

240 Table 5 shows that  is almost identical in both cases. This means that neither the fiber content nor the fiber orientation 𝛽

241 have influence on the parameter . In consequence,  will only depend on the concrete matrix. This result agrees with the 𝛽 𝛽

242 findings obtained by several research works [14, 26 and 27]. In these works, different concrete mixtures were performed 

243 considering different percentage of fibers, ranging from 0% (plain concrete) to 2%. The results of these research works also 

244 show almost identical S-N curves in all cases. Fibers alter the internal microstructure. However, this fact has no relevant 

245 influence on the fatigue life of the concrete specimen under tensile stress.

246 The above observation is not synonymous with the fiber content and/or the fiber orientation having no influence on 

247 the fatigue life. It is noteworthy that  is the relative stress value, i.e. the quotient between the maximum stress value  𝑆 𝜎𝑚𝑎𝑥

248 and the flexural tensile strength of the concrete , obtained from the precracking test. The fiber content and orientation 𝑓𝑐𝑡,𝑓𝑙,𝑝𝑟𝑒

249 influence the value of . The higher the fiber content, the higher the value of  , and the higher the efficiency 𝑓𝑐𝑡,𝑓𝑙,𝑝𝑟𝑒 𝑓𝑐𝑡,𝑓𝑙,𝑝𝑟𝑒

250 index, the higher the value of . However, when the same relative maximum tensile strength Smax is applied to different 𝑓𝑐𝑡,𝑓𝑙,𝑝𝑟𝑒

251 concrete mixtures, showing different fiber content and/or fiber orientation, the fatigue life is the same.

252 3.2 Static testings of the specimens previously subjected to cyclic load

253 As explained before, some of the prisms were subjected to cyclic loads up to predefined level of damage. According 

254 to the Palgrem-Miner criterion, damage is defined as the quotient between the number of cycles and the fatigue life. In this 

255 case, fatigue life has been defined as the number of cycles showing a failure probability of 0.2 (Table 5).

256 For the R-Series, four groups of 7 prisms each were tested until reaching damage levels of 0.00, 0.20, 0.80 and 0.90, 

257 respectively. During the cyclic test, one specimen in the third group and one specimen in the fourth group collapsed before 

258 reaching the preset number of cycles.

259 Moreover, four groups of 4 prisms each were tested for the M-Series, up until damage levels of 0.00, 0.03, 0.28, and 

260 2.81, respectively. In this case, during the cyclic test, one specimen belonging the fourth group collapsed, before reaching the 

261 preset number of cycles.

262 Figure 10 shows the values of the relative residual tensile strength ( ) for the both series and for the different 𝑓𝑅,𝑖,𝑟𝑒𝑙

263 values of damage [4, 6]. In addition, trend lines are drawn, for easy visualization of the variation in the relative residual tensile 

264 strength of the damage.

265
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266

267

268 Figure 10: Variation of the relative residual tensile strength to the damage, for both series.

269

270 As can be observed in Figure 10, in all the cases, the relative residual tensile strength decreased with the damage. This 

271 decrease can be observed in both the R-Series and the M-Series. In the case of the R-Series, the trend lines are always placed 

272 below those of the M-Series. Furthermore, these lines show a decreasing slope greater than those of the M-Series. This is 

273 directly related to the fiber content. It is clearly observed that the higher the fiber content, the higher the relative residual 

274 tensile strength.

275 Figure 11 shows these same data in a different way, i.e. it shows the correlation between the relative residual tensile 

276 strength with the crack width ( ), for the different damage and for the different series [4, 6]. Additionally, trend lines have 𝑤

277 been drawn, in order to easily visualize the variation of the relative residual tensile strength to the crack width.
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278

279 Figure 11: Variation of the relative residual tensile strength to the crack width, for both series.

280

281 Again, it can be observed that the trend lines show a progressive decrease with the damage, i.e., the higher the damage, 

282 the higher the negative slop of the line is. This behavior is observed in both series.

283 It can again be seen that the trend lines show a progressive decrease with the damage, i.e., the higher the damage, the 

284 higher the negative slope of the line; a behavior observed in both series.

285 When both series were compared, it was noted that the trend lines of the M-Series showed a smaller slope than those 

286 of the R-Series, which demonstrate again that the relative residual tensile strength is inversely proportional to the fiber content.

287 In the work carried out by Gonzalez and co-workers in 2018 [4], an exponential fitting is proposed for the average 

288 values of relative residual tensile strength, which is as follows (eq. 4).

𝑓𝑅,𝑖,𝑟𝑒𝑙 = 𝑒𝑥𝑝{ ‒ 𝑎𝐷·𝑤}           𝑖≔1 𝑡𝑜 4 (4)

289 where,  is the relative residual tensile strength, ( ) and  is the crack width. The fitting coefficient, , depends 𝑓𝑅,𝑖,𝑟𝑒𝑙 𝑖≔1 𝑡𝑜 4 𝑤 𝑎𝐷

290 on the damage. Table 4 shows the values of  for the different damage values in both series. Additionally, Figure 12 shows 𝑎𝐷

291 these values in a graphic way with their fitted curves.

292

293 Table 4: Values of  for both series, depending on the damage levels.𝑎𝑖

R-Series M-Series
D 𝑎𝑖 R2 D 𝑎𝑖 R2

0.00 0.241 0.940 0.00 0.171 0.990
0.20 0.274 0.945 0.03 0.207 0.994
0.80 0.307 0.954 0.28 0.219 0.971
0.90 0.354 0.965 2.81 0.242 0.997

294
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295

296 Figure 12: Values of  for both series, depending on the damage levels𝑎𝐷

297

298 In Table 6 and Figure 12, the M-Series show smaller values of  for all damage levels. Furthermore, the increase of 𝑎𝐷

299  is greater in the case of the R-Series than in the case of M-Series, which once again shows that  depends on the fiber 𝑎𝐷 𝑎𝐷

300 content, in such a way that the higher the fiber content, the smaller the slope of the curve . Moreover, the fiber 𝑎𝐷 𝑣𝑠 𝐷

301 orientation influences the behavior, especially of the crack-bridging fibers.

302 Two extreme cases may be studied, in order to develop a proper physically compatible equation for .𝑎𝐷

303 The first extreme case is, on the one hand, when the fiber content is zero, that is, plain concrete. In this case,  𝑎𝑖 = ∞

304 because, plain concrete shows null values of relative residual tensile strength.

305 On the other hand, when the fiber content increases,  decreases, which also implies loss of relative residual tensile 𝑎𝐷

306 strength (see eq. 4). In an extreme case, when the fiber content is 100%, the hypothesis of  is considered.𝑎𝑖 = 0

307 Regarding fiber orientation, when the efficiency index is zero, fibers are placed parallel to the crack surface, , 𝑎𝑖 = ∞

308 and the behavior is not dissimilar to plain concrete. In addition, when the efficiency index increases,  decreases.𝑎𝐷

309 According to these criteria, the following fitting formula is proposed (eq. 5):

𝑎𝑖 =
𝛼

𝑒𝑖𝑦
·(100 ‒ 𝑓

𝑓 )
0.7

𝑒𝑥𝑝{𝛽·(100 ‒ 𝑓
𝑓 )

2.1

·𝐷} (5)

310 where,  is the fiber content (in percent), and  and  are two fitting coefficients. This equation is compatible with the above-𝑓 𝛼 𝛽

311 mentioned criteria. In this case, the best fitting is obtained for  and .𝛼 = 6.90·10 ‒ 3 𝛽 = 2.27·10 ‒ 5

312

313 4. FAILURE MECHANISMS

314 Using the CT-Scan, it is possible to visualize the failure mechanisms that occur inside the prism, in areas surrounding 

315 the crack. In general, two mechanisms can be observed: fiber breakage and failure of the fiber anchorage. The first one depends 
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316 only on the mechanical properties of the fiber and in the second one, fiber, concrete matrix and the interface fiber-matrix 

317 influence the behavior. Figures 13 to 18 show some slices, obtained through the CT-Scan, where these different failure 

318 mechanisms can be observed for both series.

319

320 Figure 13: Two examples of cracked fibers from the R-Series (XY Section). On the left, the fiber crack occurs in the 

321 middle of the fiber. On the right, the fiber crack occurs close to the end of the fiber.

322

323 Figure 14: Two examples of fiber debonding from the R-Series (XY Section). On the left, fiber debonding in the 

324 main crack. On the right, fiber debonding in a secondary crack.

325

326
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327

328 Figure 15: Two examples of crack failure from the R-Series (YZ Section). On the left, a cracked fiber. On the right, 

329 fiber debonding.

330

331 Figure 16: Two examples of cracked fibers from the M-Series (XY Section). On the left, a crack in the middle of the 

332 fiber. On the right, a crack close to the end of the fiber.
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333

334 Figure 17: Two examples of fiber debonding from the M-Series (XY Section). On the left, fiber debonding in the 

335 main crack. On the right, fiber debonding in a secondary crack.

336

337

338 Figure 18: Two examples of crack failure from the M-Series (YZ Section). On the left, fiber cracking. On the right, 

339 fiber debonding.

340

341 The hooked-end fibers used in this work showed good anchoring. Cracks that cross the middle of the fiber tend to 

342 break the fiber. When the fiber orientation is perpendicular to the crack surface, the collapse is solely due to tensile forces. 

343 However, when the fiber is oblique to the crack surface, which occurs in most cases, the collapse is due to a combination of 
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344 axial, bending and shear. In this case, the failure directly depends on the tensile strength of the fiber material. Fiber cracking 

345 can occur even when the crack crosses the fiber quite close to the fiber anchorage point, (Figures 13b and 14b).

346 On the contrary, when the crack crosses the fiber close to its end, the fiber tends to slip. Because of the shape of the 

347 fiber anchorage, a complex stress field forms around the anchorage, which results in tensile stress and concrete cracking. In 

348 this case, the failure mechanisms are more complex, as they depend on the fiber, the concrete matrix and the fiber-matrix 

349 interface. Fiber debonding results in a hole in the back of the fiber. In this case, it can be observed that the distance between 

350 the end of the fiber and the end of the hole provoked by fiber debonding coincides with the crack width.

351 Debonding is more common, i.e., most of the fibers fail because of slippage. The images provided by the CT-Scan 

352 show that over 80% of the failures are due to debonding, while less than 20% are due to fiber breakage. This failure mechanism 

353 shows a more plastic (post-peak) behavior. The conventional load vs debonding graph shows a linear increase up to a 

354 maximum and then a progressive softening. [50-53]. On the contrary, fiber cracking occurs with far less displacement, i.e., 

355 with a much smaller crack opening. In consequence, it seems that the debonding mechanism is the one which provides the 

356 post-peak softening behavior to the fiber-reinforced concrete specimens.

357 In addition, fibers were observed at some distance from the cracked concrete crack and, in consequence, undamaged. 

358 This fact allows the “intact” fibers to be studied (Figure 19).

359

360 (a) (b)

361 Figure 19: Voids at the end of the fibers (a) and crack initiation (b).
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362 Small voids placed at the fiber end (Figure 19a) can be observed, which also facilitated the start of the cracks (Figure 

363 19b). This fact indicates that the crack path tends to surround the fiber, resulting in debonding failure instead of breakage 

364 failure.

365

366 5. CONCLUSIONS

367 In this work, the behavior under cyclic loading of two mixtures of steel-fiber-reinforced concrete has been studied. 

368 Both mixtures had the same dosages and only differed in their fiber percentages. The R-Series contained 1% of fibers (by 

369 volume), while the M-Series contained 2% of fibers. Prismatic specimens 150x150x600 mm were cast. The specimens were 

370 subjected to a 3-point bending testing.

371 Based on the individual fatigue life of the specimens, the characteristic fatigue life has been estimated and compared 

372 for both series. The specimens were subjected to a pre-defined damage level and then to a static test, after which their residual 

373 tensile strength was measured.

374 In addition, once the specimen was tested and broken, a small sample was extracted from the surrounding of the crack 

375 and scanned using a CT-Scan, in order to measure the fiber orientation.

376 The CT-Scan results showed very similar fiber orientations in both cases. The fibers were mainly oriented along the 

377 horizontal plane. In the case of the R-Series, the fibers tended to be oriented along the longitudinal axis of the specimen, while 

378 in the M-Series, the fibers showed no preferential orientation along the horizontal plane. However, the difference was not 

379 very relevant between both series. In addition, the average fiber content that was measured was, in both cases, very close to 

380 the expected content.

381 Regarding fatigue behavior, the results have shown that the S-N curves were substantially parallel in both cases. The 

382 coefficient , which represents the slope of the S-N curve, was almost identical in both mixtures. Hence, the fiber density had 𝛽

383 no influence on the S-N curve. The fiber content modified the concrete tensile strength, but under the same maximum fatigue 

384 stress level, the expected fatigue life was the same regardless of fiber content.

385 On the contrary, when the specimens were subjected to a cyclic test up to a pre-defined damage level (defined as the 

386 quotient between the number of applied cycles and the fatigue life), and then subjected to a static test up to failure, the results 

387 showed that the residual tensile strength strongly depended on fiber content. The M-Series (which showed the highest fiber 

388 content) showed higher residual tensile strength values at every crack opening, and a lower loss of residual tensile strength 

389 with the damage.

390 The CT-Scan has also provided information on the failure mechanisms. The results show that the debonding failure 

391 mechanism was the most frequent, reaching more than 80% of total fiber failure. Only less than 20% of the failures were due 
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392 to fiber breakage. The failure due to the debonding of the fibers showed a more ductile behavior, while the failure due to 

393 breakage of the fibers showed a less ductile behavior. In consequence, it appears that the debonding mechanism provided the 

394 post-peak softening behavior in the fiber-reinforced concrete specimens.

395 The scans of the undamaged fibers revealed small voids at the end of the fibers, which also facilitated the initial crack 

396 openings. This observation indicates that the crack path tended to surround the fiber, resulting in debonding failure instead of 

397 breakage failure.

398
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Main highlights.

1. This work show the influence of the fiber content and fiber orientation on the 
fatigue behavior of concrete specimens.

2. The computed tomography (CT) scan technology becomes a powerful 
technology to study the internal microstructure.

3. The fiber content modified the concrete tensile strength, but under the same 
maximum fatigue stress level, the expected fatigue life was the same 
regardless of fiber content.

4. The CT-Scan has also provided information on the failure mechanisms. The 
results show that the debonding failure mechanism was the most frequent.
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19 ABSTRACT

20 Fiber-reinforced concrete (FRC), its behavior, and the effects of cyclic loading on its internal microstructure are studied 

21 in this paper. Particular attention is given to the evolution of the residual tensile strength of the fiber-reinforced concretes and 

22 damage following cyclic flexural loading. A numerical equation is also proposed to estimate the residual tensile strength, 

23 depending on crack width, damage, fiber content, and fiber orientation. A total of 65 prismatic specimens, in two different 

24 series, were tested: one designed with 1% of fibers by volume and the other with 2% of fibers. The specimens were not 

25 notched, but had previously been subjected to pre-cracking, which has a similar effect to notching, although the specimens 

26 become more vulnerable to fatigue. Both fiber content and fiber orientation were measured using computed tomography (CT) 

27 scans. The results showed that the damage provoked a progressive reduction in the residual tensile strength. The differences 

28 in the behavior of both series were mainly related to their fiber content and, to a lesser extent, to their fiber orientation.

29

30 1. INTRODUCTION

31 Fiber-Reinforced Concrete (FRC) is an increasingly widespread technical solution in civil engineering. It is a very 

32 suggestive solution because of the reduction of the labor cost, especially if it is combined with self-compacting concrete. In 

33 most cases, the addition of fibers improves the mechanical behavior of concrete: less cracking [1-3], improved fatigue life [4-

34 7], increased maximum tensile strength [8, 9], improved freeze-thaw behaviour [10, 11], and extended fatigue life [12, 13].

35 Fatigue in concrete may be understood as a process of mechanical weakening until failure. Cyclic loading causes the 

36 emergence of microcracks and their enlargement inside the concrete mass, around internal defects, such as voids, etc. The 

37 macroscopic consequences of fatigue are progressive changes in the mechanical parameters of the concrete.

38 Most research over recent years has focused on fatigue life, i.e., the number of loading cycles that the concrete element 

39 can withstand, and the S-N curves, which correlate with the stress level and the fatigue life [14-25]. However, only very few 

40 research works have focused on the mechanical parameters of concrete and their modification under cyclic loading [4, 6, 26-

41 35].

42 The weakening of FRC can be defined by changes in the residual tensile strength, fR,i, following a number of cycles, 

43 which is taken into account in the design of FRC structures. According to the Model Code 2010 [36], the structural design of 

44 the FRC is based on the residual stress provided by the reinforcing fibres. In particular, the values of fR,1 and fR,3 are used in 

45 the formulation, defined as the residual strength values associated with crack openings from 0.5 to 2.5 mm, respectively. In 

46 the case of structural elements subjected to cyclic loading over time, a progressive decrease in the residual tensile strength is 

47 expected [4, 6, 26], the minimum values of which are parameters to prevent unsafe designs.
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48 Both the fatigue life and the loss of residual tensile strength strongly depend on the geometrical and mechanical 

49 characteristics of the fibers (shape, length, slenderness, etc.), the number of fibers and fiber distribution and orientation within 

50 the concrete matrix.

51 Regarding fiber distribution and orientation, Computed Tomography (CT) Scan technology is a powerful tool to study 

52 the internal microstructure of the matter, and particularly, to study fiber distribution and orientation in the case of FRC. CT is 

53 a non-destructive technique used to visualize the internal microstructure of materials based on the properties of X-rays. A CT-

54 Scan facility contains an intensity-controlled X-ray source and a detector, which measures the loss of X-ray intensity. During 

55 the scanning process, the X-rays are emitted and the detector measures and records the final X-ray intensity for all the X-rays. 

56 By rotating the specimens, a lot of different relative directions across the specimen are applied and, finally, every point of the 

57 sample is traversed by different X-rays, from different directions.

58 During the post-scan data processing, the density at each point of the sample is obtained in accordance with the 

59 measured loss of X-ray intensity for all the X-rays, since there is a relation between the loss of X-ray intensity and the density 

60 of the matter that it passes through. The result is a 3D grey-scale image composed of voxels (ranging from 0 to 255), where 

61 the grey value corresponds to the density of the voxel. Clear grey tones correspond to high densities while dark grey tones 

62 correspond to low densities.

63 Beyond its traditional use in medicine, this technology is currently widely used in concrete research, especially in 

64 fiber-reinforced concrete [37-43]. The enormous advantage of CT-Scan technology is that it permits the exact position, and 

65 orientation of each individual fiber to be measured, which is otherwise impossible with other techniques. Moreover, the 

66 combined use of CT-Scan technology with a macroscopic test is currently providing interesting results, since it is possible to 

67 correlate the internal microstructure with the macroscopic response. A detailed explanation of CT-Scan technology and its 

68 use in several engineering fields can be obtained in [44].

69 The aim of this research is to analyze how fiber content and fiber orientation influence fatigue life and residual tensile 

70 strength in fiber-reinforced concrete specimens that have undergone static and cyclic three-point bending tests. Having ended 

71 the cyclic loading test, the specimens were subjected to static testing until failure, and then their post-cracking residual 

72 strengths were measured. The procedure developed by Gonzalez and co-workers [4, 6] was used.

73 The structure of this paper will be as follows: The experimental program will be presented in Section 2, the 

74 experimental results will be described and discussed in Section 3, the failure mechanisms will be described in Section 4, and 

75 finally, the conclusions will be presented in Section 5.

76

77 2. EXPERIMENTAL PROGRAM
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78 In this section, the materials, the testing procedure and the scanning procedure will be described.

79 2.1 Materials

80 The whole test campaign had 65 prismatic specimens, belonging to two series: labelled R-Series and M-Series. In both 

81 cases, the cement paste was the same and the only difference was the fiber content, which was 1% by volume in the R-Series 

82 and 2% by volume in the M-Series (Table 1).

83

84 Table 1: Mix proportions

Materials R-Series M-Series
Cement (kg/m3) 400

Water (kg/m3) 125

Superplasticizer (kg/m3) 14

Silica fume (kg/m3) 6

Fine aggregate (kg/m3) 800

Coarse aggregate (kg/m3) 1,080
Fiber (% by volume) 1% 2%

85

86 Ordinary Portland cement, crushed limestone coarse and fine aggregates (maximum size 15 mm) were used. Hook-

87 end steel fibres of 50 mm in length and 1.0 mm in diameter were incorporated in the concrete, together with superplasticizer 

88 Glenium 52 BASF and nanosilica MEYCO MS685 BASF additives. The concrete quality as per Eurocode 2 was C70/85 [45]. 

89 The specimens were cured for 180 days in a curing room at both a constant relative humidity of 100% and an ambient 

90 temperature of 20ºC. The specimens were then removed from the curing room and held under laboratory conditions until 

91 testing. All the specimens were, at least, 300 days-old when the testing campaign began. So, the possible strength increase 

92 during the fatigue test was minimized. The 28-day average compressive strength of the mixture was 81.5 MPa for the R-

93 Series and 78.1 MPa for the M-Series, with a standard deviation of 4.3 MPa.

94 A total of 40 R-Series prisms and 25 M-Series prisms were prepared. In all cases, the prism dimensions were 600 mm 

95 in length, 150 mm in width and 150 mm in height. In addition, two sets of cylinders with a diameter of 150 mm and a height 

96 of 300 mm were cast for further characterization of the concrete (mainly to obtain the compressive strength).

97

98 2.2 Testing procedure

99 The testing procedure for both series is well described in [4, 6]. In summary, the test program included the 4 phases 

100 described as follows (Figure 1):



5

101 1. Phase 1: Initial crack. During the first phase, all the prismatic specimens were subjected to a three-point static 

102 bending test until small cracks appeared. In this first phase, forty R-Series specimens and twenty-five M-Series 

103 specimens were tested. The midspan cross-section of the specimens was not notched.

104 2. Phase 2: Fatigue tests. In the second phase, some specimens were subjected to a three-point cyclic bending test 

105 to failure, in order to obtain the characteristic fatigue life of the material. In this second phase, twelve specimens 

106 of the R-Series were tested, and nine specimens of the M-Series.

107 3. Phase 3: Cyclic tests. In the third phase, other specimens underwent a three-point cyclic bending test up to a 

108 preset number of load cycles, with the aim of inducing controlled fatigue damage in the specimens. In this third 

109 phase, twenty-one R-Series specimens and twelve M-Series specimens were tested

110 4. Phase 4: Static tests. In the last phase, all the specimens tested in the third phase plus the pre-cracked ones not 

111 subjected to the cyclic tests underwent to a three-point static bending test. In this way, variations in the residual 

112 tensile strength in relation to fatigue damage could be detected. In this fourth phase, twenty-eight specimens of 

113 the R-Series were tested, and sixteen specimens of the M-Series.

114
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115

116 Figure 1: Explanation of the four test phases [4].

117 2.3 CT-Scan test

118 Additionally, computed tomography (CT) scans were performed to visualize the internal microstructure of concrete 

119 for further study. This technology permits a close examination of the fiber locations and orientations of each specimen. The 

120 fiber content has been directly taken from the mix dosage.

121 In this study, concrete specimens were CT-scanned by a GE Phoenix v|tome|x device equipped with a tube of 300 

122 kV/500W. The entire specimen was not scanned, but only a part of it, extracted from the central region, surrounding the crack 

123 (Figure 2). The scanning sample was 150 mm in height, 100 mm in width, and 50 mm in thickness.
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125 Figure 2: Location of the scanned piece from the whole prism. 

126

127 This portion of the prism provides the most valuable information, since the fibers bridging the crack are the ones which 

128 control the cracking process.

129 Using a post-processing software, a total of 2,500 2D slices of 2048x2048 pixels (Figure 3) were obtained throughout 

130 the height of the specimen from the CT-scan machine. In this case, the horizontal resolution was 60x60 μm2 and the vertical 

131 distance between the slices was 60 μm for a section with a diagonal length of 111.8 mm. After that a 3D image of the whole 

132 specimen was generated using all the above-mentioned 2D images. The post-processing software assigns a grey value to each 

133 voxel (volumetric pixel), coded as integer numbers between 0 and 255, where 0 equals black and 255 equals white. A value 

134 of 255 is assigned to the densest voxel and a value of 0 is assigned to the least dense voxel. For the rest of the voxels a linear 

135 relation is considered. The conclusion of the scanning process is a file including X, Y, and Z Cartesian coordinates of the 

136 voxel center of gravity and an integer number, from 0 to 255, regarding the density. The total number of voxels in a specimen 

137 was around 3.5·109.
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138

139 Figure 3: Slices belonging to different mixtures. From left to right: R-Series and M-Series.

140

141 The next step in this process is to identify and isolate each individual fiber inside the specimen with image analysis 

142 software. First of all, the software identifies the voxels belonging to voids, which show a range of grey values. In this case, 

143 once the histogram of grey scale is studied, the considered range for fibers was between 200 and 255 (Figure 4).

144

145 Figure 4: Histograms of grey scale.

146

147 Then, all the voxels in contact are merged, which come from the same fibers. The software identifies and isolates the 

148 different fibers. (Figure 5).
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149

150 Figure 5: 3D views of the specimen belonging to different series. From left to right: R-Series and M-Series.

151

152 The final result of this image analysis is a dot matrix containing the Cartesian coordinates X, Y, and Z of the center of 

153 gravity of each fiber, the fiber length, and the orientation according to the Cartesian axis. In this case, the x-axis is transversal, 

154 the y-axis is longitudinal, and the z-axis is the vertical. The fiber orientation along the longitudinal axis is of interest, since it 

155 is related to the bridging of the crack. Figure 6 shows an isometric view of the fibers in a specimen from each series.

156
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157

158 Figure 6: 3D views of the fibers belonging to different series. From left to right: R-Series and M-Series.

159

160 The CT-Scan device provides an enormous amount of useful information. However, it is not possible to obtain 

161 conclusions through direct observation of the 3D images alone. The data has to be post-processed using Digital Image 

162 Processing (DIP) software and/or post-processing sub-routines.

163

164 3. EXPERIMENTAL RESULTS

165 In this section, both the results of the CT-Scan and the results of the fatigue tests and the static post-cyclic tests will be 

166 presented. Finally, both the results from the CT-Scan and from the mechanical test will be correlated with each other. 

167 3.1 CT-Scan analysis

168 Direct observation of the 3D images to distinguish the differences between both series is insufficient, and all the more 

169 so, for their quantification. In this case, the visualization and analysis software, AVIZO (FEI Visualization Sciences Group, 

170 Hillsboro, Oregon, USA), in combination with some sub-routines devised for the test were used to analyse the large data sets 

171 from the CT-Scan. The values shown in the different tables and figures refer to the average values of the specimens belonging 

172 to the same series.

173
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174 3.1.1 Fiber content

175 Using the CT-scan data on the full length of each individual fiber, the exact length of the fiber inside the scanned 

176 sample can be computed. The total fiber volume may be obtained by multiplying this value by the section of the fiber. The 

177 fiber content is defined as the quotient between the total fiber volume and the total volume of the sample.

178 In this case, the average fiber volumes were 0.98% for the R-Series and 1.97% for the M-Series. These values coincide 

179 with the theoretical ones.

180

181 3.1.2 Fiber orientation

182 Fiber orientation is the most important result regarding the CT-Scan analysis. The primary angular information 

183 provided by AVIZO are the values of both θ (theta) and ϕ (phi) (Figure 7). Theta is a polar angle, i.e., the angle between the 

184 main axis of the fiber (the one containing its length) and the Z axis. Phi is the azimuthal angle, i.e., the angle between the 

185 projection of the main axis on the XY plane and the X axis. Theta varies from 0º to 90º while phi varies from -90º to 90º.

186

187 Figure 7: Identification of θ (theta) and ϕ (phi) angles

188 The angles according the Cartesian axis αx, αy and αz can be obtained by the following expression (eq. 1):

𝛼𝑥 = 𝑎𝑐𝑜𝑠[𝑠𝑖𝑛(𝜃)·𝑐𝑜𝑠(𝜑)]

𝛼𝑦 = 𝑎𝑐𝑜𝑠[𝑠𝑖𝑛(𝜃)·𝑠𝑖𝑛(𝜑)]

𝛼𝑧 = 𝜃

(1)

189 Next, the average histograms of angle distribution are shown, for both series (Figure 8).
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190

191

192 Figure 8: Histograms of fiber orientation by Cartesian axis

193

194 In both cases, it is clearly observed that fibers are horizontally oriented, i.e., perpendicular to the z-axis, as the 

195 histogram of αz shows that most of the fibers have an angle close to 90º. Regarding the x- and the y-axis of the M-Series, it 

196 appears that the fibers are randomly distributed along both axes. On the contrary, in the case of the R-Series, the fibers appear 

197 to show a slight tendency to remain parallel to the y-axis, since the histogram of αx reveals that most of the fibers show an 

198 obtuse angle greater than 45º and the histogram of αy reveals that most of the fibers show an acute angle under 45º.

199 The efficiency index (ei) defines the numerical orientation along the x-, y- and z-axes by the following equation [43] 

200 (eq. 2):

𝑒𝑖𝑥 =
𝑛

∑
𝑖 = 1

𝑓𝑥,𝑖·𝑐𝑜𝑠(𝛼𝑥,𝑖)

𝑒𝑖𝑦 =
𝑛

∑
𝑖 = 1

𝑓𝑦,𝑖·𝑐𝑜𝑠(𝛼𝑦,𝑖)

(2)
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𝑒𝑖𝑧 =
𝑛

∑
𝑖 = 1

𝑓𝑧,𝑖·𝑐𝑜𝑠(𝛼𝑧,𝑖)

201

202 where, ,  and  are the relative frequencies of each histogram bar, and ,  and  are the average values of the 𝑓𝑥,𝑖 𝑓𝑦,𝑖 𝑓𝑧,𝑖 𝛼𝑥,𝑖 𝛼𝑦,𝑖 𝛼𝑧,𝑖

203 angles of each histogram bar. The efficiency index can show values from 0 to 1, where 0 means that all the fibers are oriented 

204 perpendicularly to the Z axis and 1 means that all the fibers are oriented parallel to the Z axis.

205 Table 2 shows the average values of the efficiency index of fibers for all series. In addition, the values in brackets 

206 represent the standard deviation.

207

208 Table 2: Efficiency index.

Series 𝑒𝑖𝑥 𝑒𝑖𝑦 𝑒𝑖𝑧

R-Series 0.44 [0.07] 0.70 [0.12] 0.35 [0.05]
M-Series 0.62 [0.11] 0.58 [0.10] 0.30 [0.05]

209

210 Observing the histograms in Figure 7, the R-Series shows a higher efficiency index along the y-axis, which means that 

211 the fibers tend to be oriented along the longitudinal axis. On the contrary, the M-Series shows that both  and  are quite 𝑒𝑖𝑥 𝑒𝑖𝑦

212 similar, which means that the fibers are uniformly distributed along the XY plane. Regarding the z-axis, in both cases the 

213 value of  is quite small, which means that the fibers tend to be oriented perpendicular to the z-axis, i.e., on the horizontal 𝑒𝑖𝑧

214 plane. Both series show a similar value of , so no relevant differences between them can be observed regarding this 𝑒𝑖𝑧

215 parameter.

216 As explained before, the most interesting efficiency index is  , which represents the orientation of the fibers along 𝑒𝑖𝑦

217 the longitudinal axis, i.e., along the orthogonal direction to the crack surface.

218

219 3.1 Fatigue testings

220 Twelve prismatic specimens of the R-Series and nine prismatic specimens of the M-Series were tested under three-

221 point cyclic bending tests up until fatigue failure. In all cases, no specimen had been pre-notched, but the specimens had been 

222 pre-cracked in a static three-point bending test until the first crack appeared. The previous damage significantly reduced the 

223 fatigue life [6].
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224 In the case of the R-Series, the cyclic load applied to each specimen ranged from 65% to 5% of its residual (or final) 

225 bending strength (obtained during the initial precracking test). In the case of the M-Series, the cyclic load ranged from 60% 

226 to 15% of its residual bending strength. The fatigue life of each series can be found in [4, 6]. 

227 By fitting the values to the Weibull distribution, the fatigue life of the different failure probabilities can be found for 

228 both series (Figure 9). In both cases, the representative fatigue life, , is defined as the number of cycles, , corresponding 𝑁𝑐𝑟 𝑁

229 to a failure probability of 20% ( ) (Table 5).𝑃𝑓 = 0.20

230

231 Figure 9: Statistical distribution of fatigue life “N” and Weibull fitting for both series

232 In both cases the Weibull curves show a good fitting, with R2 values of 0.960 and 0.944 respectively.

233 On the basis of these data, it is possible to define an S-N-Pf curve, in which the correlation between stress level, number 

234 of cycles, and failure probability is established. In this case, the Aas-Jakobsen’s S-N Expression is proposed [46-49] (eq. 3):

𝑆 = 1 ‒ 𝛽·(1 ‒ 𝑅)·log10 𝑁 (3)

235 where  is the relative stress level, R is the ratio between the maximum and the minimum stress values and β is a coefficient 𝑆

236 which represents the slope of the S-log(N) straight line [6]. Table 3 shows the values of β for both series.

237

238 Table 3: Representative fatigue life for both series and  coefficient.𝛽

 𝑁𝑐𝑟 𝛽
R-Series 2260 0.113
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M-Series 71094 0.110
239

240 Table 5 shows that  is almost identical in both cases. This means that neither the fiber content nor the fiber orientation 𝛽

241 have influence on the parameter . In consequence,  will only depend on the concrete matrix. This result agrees with the 𝛽 𝛽

242 findings obtained by several research works [14, 26 and 27]. In these works, different concrete mixtures were performed 

243 considering different percentage of fibers, ranging from 0% (plain concrete) to 2%. The results of these research works also 

244 show almost identical S-N curves in all cases. Fibers alter the internal microstructure. However, this fact has no relevant 

245 influence on the fatigue life of the concrete specimen under tensile stress.

246 The above observation is not synonymous with the fiber content and/or the fiber orientation having no influence on 

247 the fatigue life. It is noteworthy that  is the relative stress value, i.e. the quotient between the maximum stress value  𝑆 𝜎𝑚𝑎𝑥

248 and the flexural tensile strength of the concrete , obtained from the precracking test. The fiber content and orientation 𝑓𝑐𝑡,𝑓𝑙,𝑝𝑟𝑒

249 influence the value of . The higher the fiber content, the higher the value of  , and the higher the efficiency 𝑓𝑐𝑡,𝑓𝑙,𝑝𝑟𝑒 𝑓𝑐𝑡,𝑓𝑙,𝑝𝑟𝑒

250 index, the higher the value of . However, when the same relative maximum tensile strength Smax is applied to different 𝑓𝑐𝑡,𝑓𝑙,𝑝𝑟𝑒

251 concrete mixtures, showing different fiber content and/or fiber orientation, the fatigue life is the same.

252 3.2 Static testings of the specimens previously subjected to cyclic load

253 As explained before, some of the prisms were subjected to cyclic loads up to predefined level of damage. According 

254 to the Palgrem-Miner criterion, damage is defined as the quotient between the number of cycles and the fatigue life. In this 

255 case, fatigue life has been defined as the number of cycles showing a failure probability of 0.2 (Table 5).

256 For the R-Series, four groups of 7 prisms each were tested until reaching damage levels of 0.00, 0.20, 0.80 and 0.90, 

257 respectively. During the cyclic test, one specimen in the third group and one specimen in the fourth group collapsed before 

258 reaching the preset number of cycles.

259 Moreover, four groups of 4 prisms each were tested for the M-Series, up until damage levels of 0.00, 0.03, 0.28, and 

260 2.81, respectively. In this case, during the cyclic test, one specimen belonging the fourth group collapsed, before reaching the 

261 preset number of cycles.

262 Figure 10 shows the values of the relative residual tensile strength ( ) for the both series and for the different 𝑓𝑅,𝑖,𝑟𝑒𝑙

263 values of damage [4, 6]. In addition, trend lines are drawn, for easy visualization of the variation in the relative residual tensile 

264 strength of the damage.

265
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266

267

268 Figure 10: Variation of the relative residual tensile strength to the damage, for both series.

269

270 As can be observed in Figure 10, in all the cases, the relative residual tensile strength decreased with the damage. This 

271 decrease can be observed in both the R-Series and the M-Series. In the case of the R-Series, the trend lines are always placed 

272 below those of the M-Series. Furthermore, these lines show a decreasing slope greater than those of the M-Series. This is 

273 directly related to the fiber content. It is clearly observed that the higher the fiber content, the higher the relative residual 

274 tensile strength.

275 Figure 11 shows these same data in a different way, i.e. it shows the correlation between the relative residual tensile 

276 strength with the crack width ( ), for the different damage and for the different series [4, 6]. Additionally, trend lines have 𝑤

277 been drawn, in order to easily visualize the variation of the relative residual tensile strength to the crack width.
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278

279 Figure 11: Variation of the relative residual tensile strength to the crack width, for both series.

280

281 Again, it can be observed that the trend lines show a progressive decrease with the damage, i.e., the higher the damage, 

282 the higher the negative slop of the line is. This behavior is observed in both series.

283 It can again be seen that the trend lines show a progressive decrease with the damage, i.e., the higher the damage, the 

284 higher the negative slope of the line; a behavior observed in both series.

285 When both series were compared, it was noted that the trend lines of the M-Series showed a smaller slope than those 

286 of the R-Series, which demonstrate again that the relative residual tensile strength is inversely proportional to the fiber content.

287 In the work carried out by Gonzalez and co-workers in 2018 [4], an exponential fitting is proposed for the average 

288 values of relative residual tensile strength, which is as follows (eq. 4).

𝑓𝑅,𝑖,𝑟𝑒𝑙 = 𝑒𝑥𝑝{ ‒ 𝑎𝐷·𝑤}           𝑖≔1 𝑡𝑜 4 (4)

289 where,  is the relative residual tensile strength, ( ) and  is the crack width. The fitting coefficient, , depends 𝑓𝑅,𝑖,𝑟𝑒𝑙 𝑖≔1 𝑡𝑜 4 𝑤 𝑎𝐷

290 on the damage. Table 4 shows the values of  for the different damage values in both series. Additionally, Figure 12 shows 𝑎𝐷

291 these values in a graphic way with their fitted curves.

292

293 Table 4: Values of  for both series, depending on the damage levels.𝑎𝑖

R-Series M-Series
D 𝑎𝑖 R2 D 𝑎𝑖 R2

0.00 0.241 0.940 0.00 0.171 0.990
0.20 0.274 0.945 0.03 0.207 0.994
0.80 0.307 0.954 0.28 0.219 0.971
0.90 0.354 0.965 2.81 0.242 0.997

294
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295

296 Figure 12: Values of  for both series, depending on the damage levels𝑎𝐷

297

298 In Table 6 and Figure 12, the M-Series show smaller values of  for all damage levels. Furthermore, the increase of 𝑎𝐷

299  is greater in the case of the R-Series than in the case of M-Series, which once again shows that  depends on the fiber 𝑎𝐷 𝑎𝐷

300 content, in such a way that the higher the fiber content, the smaller the slope of the curve . Moreover, the fiber 𝑎𝐷 𝑣𝑠 𝐷

301 orientation influences the behavior, especially of the crack-bridging fibers.

302 Two extreme cases may be studied, in order to develop a proper physically compatible equation for .𝑎𝐷

303 The first extreme case is, on the one hand, when the fiber content is zero, that is, plain concrete. In this case,  𝑎𝑖 = ∞

304 because, plain concrete shows null values of relative residual tensile strength.

305 On the other hand, when the fiber content increases,  decreases, which also implies loss of relative residual tensile 𝑎𝐷

306 strength (see eq. 4). In an extreme case, when the fiber content is 100%, the hypothesis of  is considered.𝑎𝑖 = 0

307 Regarding fiber orientation, when the efficiency index is zero, fibers are placed parallel to the crack surface, , 𝑎𝑖 = ∞

308 and the behavior is not dissimilar to plain concrete. In addition, when the efficiency index increases,  decreases.𝑎𝐷

309 According to these criteria, the following fitting formula is proposed (eq. 5):

𝑎𝑖 =
𝛼

𝑒𝑖𝑦
·(100 ‒ 𝑓

𝑓 )
0.7

𝑒𝑥𝑝{𝛽·(100 ‒ 𝑓
𝑓 )

2.1

·𝐷} (5)

310 where,  is the fiber content (in percent), and  and  are two fitting coefficients. This equation is compatible with the above-𝑓 𝛼 𝛽

311 mentioned criteria. In this case, the best fitting is obtained for  and .𝛼 = 6.90·10 ‒ 3 𝛽 = 2.27·10 ‒ 5

312

313 4. FAILURE MECHANISMS

314 Using the CT-Scan, it is possible to visualize the failure mechanisms that occur inside the prism, in areas surrounding 

315 the crack. In general, two mechanisms can be observed: fiber breakage and failure of the fiber anchorage. The first one depends 
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316 only on the mechanical properties of the fiber and in the second one, fiber, concrete matrix and the interface fiber-matrix 

317 influence the behavior. Figures 13 to 18 show some slices, obtained through the CT-Scan, where these different failure 

318 mechanisms can be observed for both series.

319

320 Figure 13: Two examples of cracked fibers from the R-Series (XY Section). On the left, the fiber crack occurs in the 

321 middle of the fiber. On the right, the fiber crack occurs close to the end of the fiber.

322

323 Figure 14: Two examples of fiber debonding from the R-Series (XY Section). On the left, fiber debonding in the 

324 main crack. On the right, fiber debonding in a secondary crack.

325
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327

328 Figure 15: Two examples of crack failure from the R-Series (YZ Section). On the left, a cracked fiber. On the right, 

329 fiber debonding.

330

331 Figure 16: Two examples of cracked fibers from the M-Series (XY Section). On the left, a crack in the middle of the 

332 fiber. On the right, a crack close to the end of the fiber.
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333

334 Figure 17: Two examples of fiber debonding from the M-Series (XY Section). On the left, fiber debonding in the 

335 main crack. On the right, fiber debonding in a secondary crack.

336

337

338 Figure 18: Two examples of crack failure from the M-Series (YZ Section). On the left, fiber cracking. On the right, 

339 fiber debonding.

340

341 The hooked-end fibers used in this work showed good anchoring. Cracks that cross the middle of the fiber tend to 

342 break the fiber. When the fiber orientation is perpendicular to the crack surface, the collapse is solely due to tensile forces. 

343 However, when the fiber is oblique to the crack surface, which occurs in most cases, the collapse is due to a combination of 
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344 axial, bending and shear. In this case, the failure directly depends on the tensile strength of the fiber material. Fiber cracking 

345 can occur even when the crack crosses the fiber quite close to the fiber anchorage point, (Figures 13b and 14b).

346 On the contrary, when the crack crosses the fiber close to its end, the fiber tends to slip. Because of the shape of the 

347 fiber anchorage, a complex stress field forms around the anchorage, which results in tensile stress and concrete cracking. In 

348 this case, the failure mechanisms are more complex, as they depend on the fiber, the concrete matrix and the fiber-matrix 

349 interface. Fiber debonding results in a hole in the back of the fiber. In this case, it can be observed that the distance between 

350 the end of the fiber and the end of the hole provoked by fiber debonding coincides with the crack width.

351 Debonding is more common, i.e., most of the fibers fail because of slippage. The images provided by the CT-Scan 

352 show that over 80% of the failures are due to debonding, while less than 20% are due to fiber breakage. This failure mechanism 

353 shows a more plastic (post-peak) behavior. The conventional load vs debonding graph shows a linear increase up to a 

354 maximum and then a progressive softening. [50-53]. On the contrary, fiber cracking occurs with far less displacement, i.e., 

355 with a much smaller crack opening. In consequence, it seems that the debonding mechanism is the one which provides the 

356 post-peak softening behavior to the fiber-reinforced concrete specimens.

357 In addition, fibers were observed at some distance from the cracked concrete crack and, in consequence, undamaged. 

358 This fact allows the “intact” fibers to be studied (Figure 19).

359

360 (a) (b)

361 Figure 19: Voids at the end of the fibers (a) and crack initiation (b).
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362 Small voids placed at the fiber end (Figure 19a) can be observed, which also facilitated the start of the cracks (Figure 

363 19b). This fact indicates that the crack path tends to surround the fiber, resulting in debonding failure instead of breakage 

364 failure.

365

366 5. CONCLUSIONS

367 In this work, the behavior under cyclic loading of two mixtures of steel-fiber-reinforced concrete has been studied. 

368 Both mixtures had the same dosages and only differed in their fiber percentages. The R-Series contained 1% of fibers (by 

369 volume), while the M-Series contained 2% of fibers. Prismatic specimens 150x150x600 mm were cast. The specimens were 

370 subjected to a 3-point bending testing.

371 Based on the individual fatigue life of the specimens, the characteristic fatigue life has been estimated and compared 

372 for both series. The specimens were subjected to a pre-defined damage level and then to a static test, after which their residual 

373 tensile strength was measured.

374 In addition, once the specimen was tested and broken, a small sample was extracted from the surrounding of the crack 

375 and scanned using a CT-Scan, in order to measure the fiber orientation.

376 The CT-Scan results showed very similar fiber orientations in both cases. The fibers were mainly oriented along the 

377 horizontal plane. In the case of the R-Series, the fibers tended to be oriented along the longitudinal axis of the specimen, while 

378 in the M-Series, the fibers showed no preferential orientation along the horizontal plane. However, the difference was not 

379 very relevant between both series. In addition, the average fiber content that was measured was, in both cases, very close to 

380 the expected content.

381 Regarding fatigue behavior, the results have shown that the S-N curves were substantially parallel in both cases. The 

382 coefficient , which represents the slope of the S-N curve, was almost identical in both mixtures. Hence, the fiber density had 𝛽

383 no influence on the S-N curve. The fiber content modified the concrete tensile strength, but under the same maximum fatigue 

384 stress level, the expected fatigue life was the same regardless of fiber content.

385 On the contrary, when the specimens were subjected to a cyclic test up to a pre-defined damage level (defined as the 

386 quotient between the number of applied cycles and the fatigue life), and then subjected to a static test up to failure, the results 

387 showed that the residual tensile strength strongly depended on fiber content. The M-Series (which showed the highest fiber 

388 content) showed higher residual tensile strength values at every crack opening, and a lower loss of residual tensile strength 

389 with the damage.

390 The CT-Scan has also provided information on the failure mechanisms. The results show that the debonding failure 

391 mechanism was the most frequent, reaching more than 80% of total fiber failure. Only less than 20% of the failures were due 
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392 to fiber breakage. The failure due to the debonding of the fibers showed a more ductile behavior, while the failure due to 

393 breakage of the fibers showed a less ductile behavior. In consequence, it appears that the debonding mechanism provided the 

394 post-peak softening behavior in the fiber-reinforced concrete specimens.

395 The scans of the undamaged fibers revealed small voids at the end of the fibers, which also facilitated the initial crack 

396 openings. This observation indicates that the crack path tended to surround the fiber, resulting in debonding failure instead of 

397 breakage failure.

398
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