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Abstract: The main purpose of the present work is to study the mechanical behavior and durability 12 
performance of Recycled Steel Fiber Reinforced Concrete (RSFRC) under chloride environment. To 13 
this end, the effect of chloride attack on the load carrying capacity of pre-cracked RSFRC round 14 
panels is investigated by performing round panel tests (RPT-3ps), considering the influence of the 15 
crack width and the fiber distribution/orientation profile. In addition, the influence of the adopted 16 
chloride exposure conditions on the post-cracking constitutive laws of the developed RSFRC is also 17 
assessed by performing numerical simulations for the prediction of the long-term performance of 18 
RSFRC under these aggressive conditions. The tensile stress-crack width relationship of RSFRC is 19 
derived by performing an inverse analysis with the RPT-3ps results. The obtained experimental and 20 
numerical results show a negligible effect of the chloride attack on the post-cracking behavior of 21 
RSFRC for the chloride exposure conditions and pre-crack width levels adopted in this study. 22 

Keywords: RSFRC; recycled steel fibers; chloride-induced corrosion; post-cracking behavior;    23 
constitutive laws. 24 
 25 

1. Introduction 26 
In the recent years, several investigations have explored the potential of end-of-life 27 

tires by-products in the construction industry, such as the use of Recycled Steel Fibers 28 
(RSF) in the reinforcement of cement-based materials [1-7], namely in Fiber Reinforced 29 
Concrete (FRC). FRC is being used in slabs and shells, such is the case of flooring and 30 
tunneling, since the support redundancy of this type of structures favor the occurrence of 31 
high level of stress redistribution during crack propagation, which increases their ultimate 32 
load regarding their cracking load [8, 9]. These potentialities are being considered for us- 33 
ing FRC in offshore applications [10, 11]. 34 

According to the literature, RSF show high potential to be an effective concrete rein- 35 
forcement for application in structural elements, namely those that are exposed to 36 
coastal/marine environments [1-7]. However, research on the corrosion resistance of Re- 37 
cycled Steel Fiber Reinforced Concrete (RSFRC) is almost non-existent, namely concerning 38 
the effects of chloride attack on the fiber reinforcement mechanisms developed during the 39 
fiber pull-out from the matrix in cracked RSFRC. 40 

Chloride attack is one of the main deterioration mechanisms of reinforced concrete, 41 
especially in countries with a large coastline (involving offshore and onshore construc- 42 
tions in marine environment). Under this harsh environment, the service life of reinforced 43 
concrete is essentially governed by the depassivation and subsequent corrosion of steel 44 
reinforcement. In this context, steel fiber reinforced concrete under this action must be 45 
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assessed, namely considering the low fiber concrete cover and cracking effects, which may 46 
expose and impair the fiber properties. 47 

For conventional Steel Fiber Reinforced Concrete (SFRC), literature in chloride-in- 48 
duced corrosion resistance is mainly focused on corrosion arising from cracking process 49 
[12-15]. According to Marcos-Meson et al. [15], four stages may be identified on the impact 50 
of load-induced cracks on the damage of the fiber-matrix interfacial transition zone (ITZ) 51 
promoting fiber corrosion: 1) In uncracked SFRC, the steel-matrix ITZ acts as a protective 52 
coating of steel fibers surface, preventing the access of aggressive agents; 2) The matrix 53 
cracks when its tensile capacity is attained, which activates the fiber-matrix bond with 54 
detrimental consequences on the fiber-matrix ITZ performance, providing a preferential 55 
path for transport of chlorides, metal ions and oxygen that promotes corrosion mainly at 56 
the fiber’s area crossing the crack; 3) If up to a critical crack width the fiber does not reach 57 
a critical slipping, the damage at the fiber-matrix interface would eventually heal [16], and 58 
the expansion of the corrosion products increases the fiber roughness, which may improve 59 
the fiber-matrix frictional bond [17] and hence, the residual tensile capacity of the corre- 60 
sponding SFRC [12]; 4) Larger fiber slipping leads to defective healing and excessive dam- 61 
age at the ITZ, conducting to a progressive and localized reduction of the fiber cross-sec- 62 
tion due to corrosion. When the tensile capacity of the fiber cross section is lower than the 63 
fiber pullout strength, the fiber tensile rupture becomes the governing failure mode in the 64 
crack propagation of a SFRC element, with a decrease of its post-cracking load carrying 65 
capacity and deformation performance [13]. This tensile rupture can be even anticipated 66 
in case the fiber at its exit point is subjected locally to axial, shear and bending, which is a 67 
common situation of fibers inclined towards the crack that is crossing [18]. If the fiber is 68 
corroded, this premature rupture can be even anticipated. 69 

In general, the addition of RSF has a negligible effect in the diffusion of chloride ions 70 
into uncracked concrete, and the critical chloride content corresponding to the beginning 71 
of fiber corrosion tends to be higher than that found in conventional reinforced concrete 72 
structures [3]. According to Marcos-Meson et al. [15], the durability of cracked SFRC is 73 
controversially discussed in the literature, however, there is general consensus regarding 74 
the high probability of corrosion on carbon-steel fibers bridging cracks wider than 0.5 mm, 75 
which leads to a significant reduction of the fiber cross-section and causes notable reduc- 76 
tion of the residual tensile strength due to a subsequent change in the failure mode from 77 
fiber pull-out to fiber failure, under moderate exposure to chlorides. 78 

The RSF reinforcement efficiency and the post-cracking behavior of RSFRC can be 79 
assessed by performing conventional material tests, including the double edge wedge 80 
splitting test [3, 4, 7] or the three-point notched beam bending test (3PNBBT) [5-7]. How- 81 
ever, the stress-crack width ( -  ) relationship, obtained from these tests is noticeably 82 
influenced by the number and orientation of fibers crossing the crack that propagates 83 
along the pre-notched plane [3]. Fiber orientation and distribution in FRC elements are 84 
significantly affected by the geometry of the element [19]. In prismatic elements, a larger 85 
number of fibers may be preferably oriented orthogonally to the fracture plane due to the 86 
wall effects caused by the geometry of the mold [8]. In this case the fiber reinforcement is 87 
very effective, but it is only representative of a real FRC structure if the fiber distribution 88 
in the governing failure section of the structure can be represented by the one observed in 89 
three-point notched beam bending test. FRC beams of relatively small cross section’s 90 
width pertain to this class of structures [20]. In case of slabs or shells, the fiber distribution 91 
is almost orthotropic, with the tendency of the fibers to be parallel to the middle plane of 92 
this type of structures, but in the plane, the fiber orientation is randomly [21]. For captur- 93 
ing the influence of the fiber orientation in this type of structures, round panel test sup- 94 
ported in three points (RPT-3ps) is the most recommended, since three main cracks of 95 
different orientation are formed, being crossed by fibers of representative orientation in 96 
real failure scenario of a slab or shell. Therefore, the design methodology of a RSFRC slab 97 
based on constitutive models derived from results obtained in RSFRC round panel tests 98 
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(RPT-3ps) can ensure reliable simulations regarding the fracture properties of the RSFRC 99 
of the slab. 100 

In this work, an experimental program was carried out to evaluate the effects of chlo- 101 
ride attack on the load carrying capacity of RSFRC round panels by performing RPT-3ps. 102 
The influences of the crack width and the fiber distribution/orientation profile on the 103 
force-deflection and energy dissipation responses obtained in RPT-3ps were investigated. 104 
Additionally, compressive tests and 3PNBBT were carried out to characterize the mechan- 105 
ical properties of RSFRC, namely the compressive strength, the elasticity modulus, and 106 
the flexural behavior. Furthermore, by using the results determined in the RPT-3ps, the 107 

-   relationship of the RSFRC was derived by inverse analysis. For this purpose, nu- 108 
merical simulations of RPT-3ps were executed combining a moment-rotation approach 109 
with a numerical model that considers the kinematics conditions of RPT-3ps at failure 110 
stage and the equilibrium equations [22]. 111 

2. Experimental program 112 

2.1. Materials and mix composition 113 
The recycled steel fibers (RSF) used in this research were recovered by a shredding 114 

process of post-consumed truck tires. These RSF generally have irregular shapes with var- 115 
ious lengths and diameters (Figures 1a,b). The steel was separated from the rubber by an 116 
electromagnetic separator, and most of the RSF still contain some rubber particles at- 117 
tached on their surface due to the shredding process (Figure 1c). According to a detailed 118 
characterization performed on a sample of 2000 fibers, on average, the RSF have 20 mm 119 
in length ( fl ), defined as the distance between the outer ends of the fiber, 0.25 mm in di- 120 
ameter ( fd ), and an aspect ratio ( /f fl d ) of 110. The average tensile strength of RSF, ob- 121 
tained from five fibers by means of direct tensile tests, was around 2648 MPa (coefficient 122 
of variation=16%). A carbon concentration of 0.77% in the chemical composition of RSF 123 
was determined by X-ray Fluorescence spectrometry (XRF) analysis. 124 

 
(a) 

 
(b) 

 
(c) 

Figure 1. Recycled steel fibers: (a) general view of multi RSF; (b) general view of the geometry of a 125 
single RSF; (c) SEM micrograph of the surface of a single reference RSF (Magnification: 1000x) [3] 126 

One RSFRC mixture was produced with CEM I 42.5R (C) according to EN 197-1:2011 127 
[23], fly ash (FA), fine river sand (FS) (maximum aggregate size of 1.19 mm and fineness 128 
modulus of 1.91), coarse river sand (CS) (maximum aggregate size of 4.76 mm and fine- 129 
ness modulus of 3.84), crushed granite (CG) (maximum aggregate size of 19.1 mm and 130 
fineness modulus of 7.01), water (W), a polycarboxylate based superplasticizer (SP) with 131 
the commercial designation MasterGlenium SKY 617, and a RSF content of 1% in volume 132 
of concrete. 133 

The mix design of RSFRC with the intended fresh and hardened properties was based 134 
on the packing density optimization method suggested in Barros et al. [24]. The composi- 135 
tion of RSFRC is indicated in Table 1, for an RSF content (Cf) of 75.8 kg/m3. To improve 136 
the sustainable character of the RSFRC, 40% of the volume of binder was replaced by fly 137 
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ash. The fly ash also improves the fresh stability and flowability of concrete, due to the 138 
spherical shape of their constituent particles that act as micro-rollers, decreasing friction 139 
and flow resistance [25]. This mineral addition is also recognized to improve the long- 140 
term chloride penetration resistance of concrete [26]. 141 

2.2. Specimens manufacture 142 
According to ASTM C1550-08 [27], the nominal dimensions of the round panels are 143 

800 mm in diameter and 75 mm in thickness. However, in order to facilitate handling and 144 
placing of the specimens, smaller RSFRC panels were produced with 600 mm in diameter 145 
and 60 mm in thickness. According to Minelli and Plizzari [28], such reduction of the 146 
panel’s diameter and thickness does not affect the scatter and repeatability of the test re- 147 
sults. The round panels were casted with the RSFRC mixture detailed in Table 1. Two 148 
batches with the same composition (Table 1) were produced to cast 12 panels, 6 panels per 149 
casting. For each batch, four 150300 mm cylindrical RSFRC specimens and three RSFRC 150 
beams with 600150150 mm3 were also casted for testing the relevant mechanical prop- 151 
erties of the RSFRC. These specimens were water-cured until testing. 152 

Table 1. Mix proportions for 1 m3 of RSFRC 153 

C 
(kg) 

FA 
(kg) 

FS 
(kg) 

CS 
(kg) 

CG 
(kg) 

W 
(L) 

SP 
(L) 

Cf 
(kg) 

W/C* 

400 200 148 735 597 173 7.2 75.8 0.43 
*Water-cement ratio. 154 

2.3. Test procedures 155 
2.3.1. Mechanical characterization of RSFRC 156 

The compressive strength of the two batches of RSFRC, herein designated by 157 
“RSFRC_1 and RSFRC_2”, was assessed by testing the RSFRC cylindrical specimens un- 158 
der uniaxial compressive tests according to EN 12390-3:2011 [29]. Four specimens per each 159 
batch were tested up to an axial strain level higher than the strain at peak stress in order 160 
to determine part of the strain softening of the stress-strain ( -c c  ) response of RSFRC. 161 
The modulus of elasticity was determined according to EN 12390-13:2014 [30] over three 162 
loading cycles, where the applied stress varied between 0.6 MPa and 1/3 of the estimated 163 
compressive strength. Axial deformations were measured by three linear variable dis- 164 
placement transducers (LVDT), operating over an initial gauge length of 100 mm. The 165 
elasticity modulus and the stress-strain relationship were obtained in sets of four speci- 166 
mens tested at the same age of the round panel tests (120 days). The flexural behavior of 167 
RSFRC was assessed by testing three notched RSFRC beams with 600150150 mm3 168 
(notch depth of 25 mm, span of 500 mm) per each batch, under three-point loading condi- 169 
tions (3PNBBT) at the same age of the round panel tests (120 days). The method of casting 170 
the specimens and curing procedure, the position and dimensions of the notch, the load 171 
and specimen support conditions, the characteristics for both the equipment and measur- 172 
ing devices, and test procedure were those recommended by EN 14651+A1 [31] and 173 
MC2010 [32]. These tests were carried out under closed-loop displacement control at a 174 
constant rate of 3 µm/s, using the deflection measured at midspan as control variable (Fig. 175 
2a). One additional LVDT was used to measure the crack mouth opening displacement 176 
(CMOD), which was placed on the bottom face of the beam at the mid-span (Figures 2b,c). 177 
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(a) 

 
 

 
(b) 

 

(c) 

Figure 2. Test setup for 3PNBBT: (a) Specimen front view; (b) Specimen bottom view; (c) Measure- 178 
ment of non-linear tensile deformations: Initial position of the measurement device and rotation of 179 
measurement points caused by rotation of the beam [33] 180 

 181 

2.3.2. Round panel tests 182 
2.3.2.1. Test setup 183 

Round panel tests supported on three symmetrically arranged pivots (RPT-3ps) were 184 
conducted, as presented in Figure 3a. The connection between the panel and each pivot 185 
was provided by two round steel pieces of 50 mm diameter and 25 mm thickness, with a 186 
spherical seat of around 6 mm depth machined into the two surfaces to achieve the ball 187 
connection recommended by ASTM C1550-08 [27], as represented in Figure 3b. Two Tef- 188 
lon sheets were used between the concrete panel and each round steel plate to reduce 189 
friction (Fig. 3b). The load was applied to the panel’s center through a hemispherical- 190 
ended steel piston at a constant displacement rate. The central deflection of the panel was 191 
measured by an LVDT installed at the bottom surface of the panel (Figure 3a). Three 192 
LVDTs were also used in the bottom face of the panel to measure the width of the three 193 
developed cracks (Figures 3c,d). 194 

In the performed RPT-3ps, the influence of the crack width and the fiber distribu- 195 
tion/orientation profile on the post-cracking behavior of RSFRC under chloride attack was 196 
investigated. 197 
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(a) 

 

(b) 

 
(c) 

 
(d) 

Figure 3. RPT-3ps test setup: (a) The three pivots support system [3]; (b) Connection between the 198 
panel and each pivot; (c) Positions of the LVDT for central deflection measurement and of LVDTs 199 
for crack width measurement; (d) Position of the crack width measurement with a USB Microscope 200 

2.3.2.2. Pre-cracking process 201 
In order to investigate the influence of the crack width, the RPT-3ps were executed 202 

with pre-cracked RSFRC panels, for a target pre-crack width, cr , of about 0.5 mm and 203 
1.0 mm. To this end, the following procedure was adopted: 1) Impose a deflection rate of 204 
1.0 mm/min up to reach a central displacement of 2.5 mm and unload the panel; 2) Check 205 
if the cr , corresponding to the average value measured by the three LVDTs shown in 206 
Figure 3c, is close to the intended one; 3) If not, impose successive increments of 0.25 mm 207 
to the installed central displacement, at the same deflection rate, until the intended pre- 208 
crack width is achieved. At the end, and before submitting the panels to the environmen- 209 
tal exposure, the cr  was measured with a USB microscope in the nine points indicated 210 
in Figure 3d (three points at each crack). 211 

2.3.2.3. Environmental exposure 212 
In order to study the influence of chloride attack in the post-cracking behavior of 213 

RSFRC, the pre-cracked panels were immersed in a 3.5 wt% NaCl solution at a constant 214 
temperature of 20ºC. The period adopted for the chloride exposure was 90 days of dry- 215 
wet cycles, consisting on 3 days wetting and 4 days drying. For comparison purposes, pre- 216 
cracked reference panels were also immersed in tap water at a constant temperature of 217 
20ºC for the same exposure period defined for chloride attack. According to Marcos-Me- 218 
son et al. [15] the use of dry-wet cycles proved to be an effective method to accelerate 219 
corrosion-induced damage of SFRC. 220 

The period of 90 days for chloride exposure was adopted based on a preliminary 221 
study carried out to characterize the corrosion resistance of RSF caused by chloride attack. 222 
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In this preliminary study, the mass loss of single RSF by corrosion was evaluated after 223 
dry-wet cycles of 3 days wetting and 4 days drying in a 3.5 wt% NaCl solution for 90 days. 224 
To simulate the exposure of RSF bridging a crack of 0.5 and 1.0 mm width, fibers were 225 
painted with lacomit varnish except for a length of 0.5 and 1.0 mm, located at half-length 226 
of RSF, in an attempt of restricting the corrosion to this unpainted zone. For comparison 227 
purposes, RSF were also completely exposed to this chloride medium. 228 

This was a simplified test, since RSF corrosion did not occur in a concrete environ- 229 
ment. In this case, it was assumed that the concrete crack is sufficiently wide to neglect 230 
the effect of concrete on the fiber corrosion process. During the exposure of RSF to dry- 231 
wet cycles, most fibers ruptured, before the 90 days of chloride exposure has ended. For 232 
the RSF fully exposed, an irregular reduction of cross section was observed along their 233 
length due to a localized corrosion and accretion of corrosion products at RSF surface 234 
(rough fiber surface) during the drying phase (mass loss of 0.31 mg/mm). For RSF with an 235 
exposed length of 0.5 and 1.0 mm, the locally corrosion was accelerated, since the mass 236 
loss was higher (2.94 and 4.65 mg/mm, respectively) and caused the rupture of all fibers 237 
for a shorter exposure time (47 and 52 days, respectively). A significant dispersion of the 238 
results was also observed, which indicates an irregular character of RSF to corrosion sus- 239 
ceptibility when the fibers are partially exposed to aggressive environment conditions. 240 
The chloride exposure conditions adopted are also supported by the study of Mangat and 241 
Gurusamy [34], who found that most of the ingress of chlorides took place during the first 242 
3 months, and at crack width above 0.5 mm the effect is significant. 243 

The RPT-3ps were divided in two series considering the distinct target pre-crack 244 
width, as summarized in Table 2. For each test series, three RSFRC panels submitted to 245 
chloride attack (Cl-) and three reference RSFRC panels (REF) were tested. The reference 246 
panels and those submitted to chloride attack were produced from different batches. 247 

Table 2. Experimental program of RPT-3ps 248 

Test Series RSFRC batch cr (mm) 
Exposure conditions of panels 

before RPT-3ps 

Cl-_w0.5 
RSFRC_1 

0.5 90 days of dry-wet cycles 
in 3.5 wt% NaCl solution Cl-_w1.0 1.0 

REF_w0.5 
RSFRC_2 

0.5 
90 days of tap water immersion 

REF_w1.0 1.0 
 249 

The chloride or water immersion was carried out in 1000 liters tanks, where the pan- 250 
els were positioned horizontally according to the RPT-3ps test configuration, i.e. sup- 251 
ported at the same three points used for the pre-cracking process. After completing the 252 
adopted exposure period, the panels were submitted to the final RPT-3ps to assess the 253 
influence of chloride attack in the post-cracking behavior of RSFRC. The panels were sup- 254 
ported on the same three-point supports, and a central point load was applied at a con- 255 
stant displacement rate of 4 mm/min up to a central displacement of 40 mm. 256 

2.3.2.4. Fiber distribution/orientation 257 
For a better understanding of the residual stresses and energy absorption obtained 258 

in the post-exposure RPT-3ps, fiber distribution and orientation parameters were deter- 259 
mined by image analysis on plane surfaces of the tested specimens, according to the pro- 260 
cedure adopted by Frazão et al. [3], Abrishambaf [35] and Cunha [36]. After performing 261 
the post-exposure RPT-3ps, one of the three distinct parts delimitated by the crack sur- 262 
faces was cut parallel and as close as possible to the crack surface. The applied method 263 
consists of recognizing the cross section of each RSF, from the surrounding matrix, by 264 
image processing of high-resolution pictures taken from the cut surface of the specimens. 265 
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After computation of the image analysis results, the following parameters that character- 266 
ize the fiber distribution and orientation were derived out, namely: 1) The number of fi- 267 
bers per unit area, fN , which corresponded to the ratio between the number of counted 268 
fibers and the area of the cut surface; 2) Fiber orientation factor,  , which intends to sim- 269 
ulate the influence of fiber orientation on the response of FRC structural elements and was 270 
calculated with two different approaches, as presented in Frazão et al. [3]. The first 271 
method was calculated based on the image analysis procedure of the cut surface. In this 272 
case, the orientation factor for the fibers intersecting the cut surface, img , was deter- 273 

mined by using the following equation (1), where i  is the angle between the fiber’s lon- 274 
gitudinal axis and the orthogonal to the cut section. 275 

img f
1

1
cos

N

fN

i
i

 


   (1) 

In the second method, the fiber orientation factor within a cross section, exp , was 276 

obtained from Equation (2) proposed by Soroushian and Lee [37], where fA  and fV  are 277 
the cross-sectional area of a single RSF and the volumetric percentage of fibers added to 278 
concrete, respectively. 279 

exp
ff

f

A
N

V
   (2) 

3. Results and discussion 280 

3.1. Compressive behavior of RSFRC 281 

The average -c c   curves determined at the same age of round panel tests (120 282 
days) from a set of four concrete specimens of each RSFRC batch (RSFRC_1 and 2) are 283 
depicted in Figure 4. Table 3 includes the average values and the corresponding coeffi- 284 
cients of variation (CoV) of the hardened density, the elasticity modulus, cmE , the com- 285 
pressive strength, cmf , the strain at peak load, 1c , and the energy dissipated under com- 286 
pression, cG , calculated as the area under the stress-strain curve, -c c  , until an ulti- 287 
mate deformation, u , of 0.005, where the residual strength was less than 50% of the cor- 288 
responding cmf . The maximum compressive strength was slightly higher in RSFRC_1 289 
than in RSFRC_2, although this last batch showed lower residual strength drop after the 290 
peak load. 291 

Immediately after the peak load, a high gradient of stress decay was observed in the 292 
RSFRC since fibers were not able to sustain the relatively high release of energy in the 293 
RSFRC at this stage. The average values of cmE  and cmf  were also slightly lower for 294 
batch RSFRC_2 (Table 3). In general, low CoV values were obtained for all the evaluated 295 
parameters in the compression tests, which attests the adequate homogeneity of produced 296 
concrete. 297 
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 298 
Figure 4. Average compressive stress-longitudinal strain curves obtained in compression tests of 299 
RSFRC_1&2 batches (120 days) 300 

Table 3. Average results (and CoV) of compression tests 301 

RSFRC 
batch 

Density 
(kg/m3) cmE (GPa) cmf (MPa) 1c  cG (MPa) 

RSFRC_1 
2335.68 
(1.04) 

34.68 
(8.22) 

72.90 
(2.41) 

0.0025 
(2.89) 

0.19 
(10.53) 

RSFRC_2 
2330.69 
(0.61) 

32.74 
(4.98) 

68.96 
(3.37) 

0.0025 
(4.65) 

0.20 
(5.83) 

3.2. Flexural behavior of RSFRC 302 
Figure 5 presents the average 120 days force/flexural stress-deflection ( ,/ -ct flF f  ) 303 

relationship, obtained for the notched beams RSFRC_1 and 2. Regarding the pre-peak be- 304 
havior, after the cracking load has been attained, the RSFRC beams presented a small de- 305 
crease of flexural capacity until a deflection at which the fiber reinforcement mechanisms 306 
started being mobilized and controlling the crack opening process (Fig. 5). 307 

From the 3PNBBT, the residual flexural tensile strength parameters ( R, jf ) were com- 308 
puted according to fib Model Code 2010 recommendations [32]. Based on the load values, 309 

jF , corresponding to the jCMOD  ( j= 1 to 4 equal to 0.5, 1.5, 2.5 and 3.5 mm, respec- 310 

tively), the parameters R, jf  were determined from the following equation: 311 

j
R, j 2

sp

3 F  L
f =

2 b h
 (3) 

 312 

Table 4 shows the average values and the corresponding coefficients of variation 313 
(CoV) of the flexural tensile strength parameters, 1R,f , 2R,f , 3R,f  and 4R,f , considering 314 
the two concrete batches. From the data presented in Table 4, in general, no significant 315 
differences were observed between the residual strengths of RSFRC_1 and 2. On average, 316 
the peak load was about 5% higher in RSFRC_2 than in RSFRC_1, corroborating the 317 
slightly higher mechanical strength of this batch. 318 
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(a) 

 
(b) 

Figure 5. Average force/flexural stress-deflection curves obtained in bending tests of RSFRC_1&2 319 
batches (120 days) 320 

 321 

Table 4. Average results (and CoV) of 3PNBBT 322 

RSFRC batch ,1Rf (MPa) ,2Rf (MPa) ,3Rf (MPa) ,4Rf (MPa) 

RSFRC_1 
8.86 

(10.89) 
7.57 

(13.62) 
5.71 

(16.58) 
4.60 

(14.83) 

RSFRC_2 
8.43 

(19.89) 
7.14 

(25.73) 
6.18 

(18.54) 
4.66 

(23.93) 

 323 

3.3. Round panel tests under chloride attack 324 
3.3.1. Chloride penetration into RSFRC panels 325 

After 90 days of dry-wet cycles in chloride solution, a significant increase of corrosion 326 
spots occurred on the surface of pre-cracked RSFRC panels. At the end of RPT-3ps, the 327 
cracked surfaces of the RSFRC panels submitted to chloride exposure were visually ob- 328 
served. To assess the chloride penetration depth, the crack surfaces of these panels were 329 
sprayed with silver nitrate solution. The cracked surfaces were almost completely pene- 330 
trated by chlorides during the immersion period, only a few irregular areas inside the 331 
panels showed no signs of chloride penetration (Fig. 6a). 332 

As shown in Figures 6b, some RSF at cracked surfaces presented corrosion products, 333 
mainly near the bottom of the exposed face of the panels, where the crack width was 334 
higher and closer to the chloride solution. It seems that the RSF corrosion occurred mainly 335 
at the fiber length crossing the crack width (in direct contact with the chloride solution) 336 
(Fig. 6b). However, few corrosion spots were detected by microscopic inspection on RSF 337 
up to 1-3 mm deep, located on a cut surface orthogonal to a crack, as observed in Figures 338 
6c. 339 
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(c) 

Figure 6. (a) Inspection of RSF corrosion at crack surface; (b) Chloride penetration depth at cracked 341 
surface; (c) Corrosion signs on RSF located on an orthogonal cut plane to a crack surface (uncracked 342 
region), after the exposure period of 90 days of dry-wet cycles 343 

3.3.2. Evaluation of crack width measurements 344 
As mentioned in Section 2.3.2.1, the crack widths were also measured with a USB 345 

microscope before and after submitting the panels to immersion. The measurements were 346 
performed at three points of each crack in the bottom surface of the panel, as schematically 347 
represented in Figure 3d (points A, B and C). In some of these positions, it was not possible 348 
to measure the crack width due to the difficulty in capturing a sharp image with well- 349 
defined crack boundaries. For this reason, only reliable results of crack width measured 350 
with the microscope are presented. Since the observations in terms of crack width meas- 351 
urement were similar between the series subjected to different environmental exposure 352 
conditions (Cl-&REF), only the results obtained in panels of Series Cl-_w0.5&1.0 are graph- 353 
ically presented. Figure 7a shows the comparison between the crack width measurements 354 
performed with the LVDTs and with the microscope at position B (Figure 3d) after pre- 355 
cracking and before immersion. The results represent the average of the three radial cracks 356 
of the panels. According to the results obtained in all test series, the crack widths meas- 357 
ured with the microscope were slightly lower than that measured with the LVDTs, with 358 
an average difference of 0.14 mm for the panels with the higher pre-crack width level 359 
(panels P1, P2 and P3) and 0.11 mm for the panels with the smaller pre-crack width level 360 
(panels P4, P5 and P6). The larger crack width values measured by the LVDTs is caused 361 
by the elastic deformation included in the registered measures, as well as due to the kin- 362 
ematic mechanism mentioned by Spasojević [33] owed to the geometry of the measure- 363 
ment device, lm, which rotation of the measurement base, , caused higher experimental 364 
captured deformations, lm+∆lm,device, than the real element tensile deformations, lm+∆lm (Fig- 365 
ure 2c). 366 

Figure 7b represents the comparison between the crack width measurements per- 367 
formed with the microscope for each crack, C1, C2 and C3 (average of the 3 measurements 368 
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at positions A, B and C – Figure 3d), before and after continuous immersion/dry-wet cy- 369 
cles, i.e. before introducing the panels into the tanks and after removing them from the 370 
tanks and placing in the test setup for the final RPT-3ps. According to the results of Figure 371 
7b, a slight reduction of the crack width occurred in the three cracks of the panels after the 372 
chloride exposure (on average, 0.10 mm for the panels with the higher pre-crack width 373 
level and 0.07 mm for the panels with the smaller pre-crack width level). A high dispersion 374 
of the results was observed between the measurements at the three different cracks (CoV 375 
ranging from 3% to 60%), probably due to the irregular character of RSF geometry cross- 376 
ing the cracks. 377 

Figure 7c shows the comparison between the crack width measurements performed 378 
with the microscope at each position, A, B and C (average of the 3 measurements at cracks 379 
C1, C2 and C3 – Figure 3b), before and after continuous immersion/dry-wet cycles. A 380 
slight reduction of the crack width was observed at the three crack positions A, B and C 381 
of the panels after performing the environmental exposure (on average, 0.10 mm for the 382 
panels with the higher pre-crack width level, and 0.06 mm for the panels with the smaller 383 
pre-crack width level). A high dispersion of the results was also observed between the 384 
crack measurements at the three different positions (CoV ranging from 2% to 42%). Since 385 
the difference between the average crack width measured at the center of the panel (posi- 386 
tion A) and at the edge of the panel (position C) was within the test variability and did 387 
not follow a clear trend, the crack width along the crack development length was assumed 388 
constant in the theoretical approach for deriving the stress vs. crack width by inverse anal- 389 
ysis RPT-3ps (Section 4). 390 

 
(a) 

 
(b) 

 
(c) 

Figure 7. Crack width measurements performed with: (a) The LVDTs and the microscope; (b) The 391 
microscope at each crack C1, C2 and C3 (Fig. 3d); (c) The microscope at each position A, B and C 392 
(Fig. 3d) 393 
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3.3.3. Force-Central deflection relationship 394 
Figures 8 presents the average force-central deflection responses, -F  , registered 395 

in the RSFRC panels, during the pre-cracking process (initial load/unload cycle) and after 396 
the environmental exposure period of 90 days of dry-wet cycles/immersion. The average 397 
pre-crack widths, cr  (after unloading), based on microscope measurements, are indi- 398 
cated in Table 5, and were close to the target crack widths of 0.5 and 1.0 mm. 399 

The pre- and post-cracking load carrying capacity observed for the panels submitted 400 
to chloride attack for 90 days of dry-wet cycles (RSFRC_1 batch) was higher than that of 401 
the corresponding pre-cracked reference panels (Fig. 8). This corroborates the 3PNBBT 402 
results (3.2) and contributes to the higher post-cracking load carrying capacity of pre- 403 
cracked panels subjected to chloride attack. 404 

 405 
Figure 8. Average -F   relationship for panels from RPT-3ps during the pre-cracking process 406 
and after the environmental exposure period of 90 days 407 

For the -F   relationship obtained in each pre-cracked panel, the parameters of 408 
stiffness represented in Figure 9 were determined, namely, the initial stiffness, ciK , ini- 409 
tial unloading tangent stiffness, 0uK , final unloading tangent stiffness, fuK , initial re- 410 
loading tangent stiffness, 0rK , unloading secant stiffness, csecuK , and reloading secant 411 
stiffness, csecrK . The results obtained of the normalized stiffness parameters are pre- 412 
sented in Table 5. 413 

 414 
Figure 9. Stiffness parameters determined for each pre-cracked panel using the obtained experi- 415 
mental data 416 
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Table 5. Average results (and CoV) of normalized stiffness parameters 418 

Test Series cr  
(mm) 

ciK  

(kN/mm) 0u ciK /K  fu ciK /K  
0r ciK /K  csecu ciK /K csecr ciK /K

Cl-_w0.5 
0.59 

(13.83) 
65.67 
(7.98) 

0.46 
(11.25) 

0.09 
(0.86) 

0.44 
(17.79) 

0.23 
(7.66) 

0.17 
(12.67) 

REF_w0.5 
0.58 

(5.85) 
71.60 

(15.65) 
0.46 

(6.37) 
0.10 

(23.65) 
0.53 

(19.96) 
0.23 

(9.43) 
0.22 

(8.93) 

Cl-_w1.0 
0.85 

(6.94) 
62.27 
(6.24) 

0.42 
(13.55) 

0.08 
(12.95) 

0.49 
(24.78) 

0.19 
(16.82) 

0.17 
(10.80) 

REF_w1.0 
0.89 

(4.39) 
68.77 

(18.52) 
0.39 

(12.95) 
0.07 

(7.93) 
0.38 

(8.46) 
0.19 

(14.10) 
0.15 

(19.64) 

Comparing the pre-cracked chloride-immersed (Cl-) panels with the corresponding 419 
reference (REF) pre-cracked panels, no significant differences were observed between the 420 
stiffness parameters, which suggests that the corrosion of RSF had a negligible effect on 421 
the post-cracking behavior of cracked RSFRC up to a crack width of 1 mm, under the 422 
adopted exposure periods. The small differences observed between the stiffness parame- 423 
ters obtained in the pre-cracked panels may be justified by the differences between the 424 
pre-crack width levels, fiber distribution and test variability. Besides this and the RSFRC 425 
characteristics, the -F   relationship is also affected by the panel thickness. This is fur- 426 
ther analyzed in next Sections. 427 

 428 

3.3.4. Energy absorption-Central deflection relationships 429 
The average values of energy absorbed by the RSFRC panels, W , up to a central 430 

deflection,  , of 5, 10 and 20 mm are presented in Figure 10. These W  values were cor- 431 
rected considering the panel thickness by using the equation (4) recommended by ASTM 432 
C1550-08 [27], where W  is the corrected energy absorption (J), W'  is the measured en- 433 
ergy absorption (J), 0t  is the nominal thickness of 75 mm, t  is the measured panel thick- 434 
ness (mm), 0d  is the nominal diameter of 800 mm, d  is the measured panel diameter 435 
(mm) and   is the specified central deflection at which the energy absorption is evalu- 436 
ated (mm). 437 

0 0W W'
t d

t d


       
   

 with   = 2.0 -  - 0.5 80   (4) 

According to Figure 10, the panels submitted to 90 days of dry-wet cycles in chloride 438 
solution showed higher absorbed energy than the corresponding reference ones, and this 439 
difference has increased with the pre-crack width. The obtained results may be affected 440 
by the fiber distribution and orientation at crack surfaces. This is further discussed in Sec- 441 
tion 3.3.6. 442 
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 443 
Figure 10. Average W -   relationships for pre-cracked panels from RPT-3ps after the exposure 444 
period of 90 days 445 

3.3.5. Force-Crack width relationships 446 
Figure 11 represents the average force-crack width responses, -F  , registered on 447 

the RSFRC panels. The crack width,  , corresponds to the mean value measured by the 448 
three LVDTs used for measuring the width of the three developed cracks (Figure 3c). Up 449 
to occurrence of the first crack in the measuring stroke of the LVDT, the displacement 450 
recorded was an elastic deformation of the RSFRC panels, but this is a very smaller parcel, 451 
even when compared to the smallest pre-crack width values adopted. 452 

No significant differences were observed between the average -F   relationships 453 
of pre-cracked panels with different cr  submitted to 90 days of environmental expo- 454 
sure. This is indicative of a negligible effect of the chloride attack, and, consequently, of 455 
the RSF corrosion products on the average progression of crack widths during the RPT- 456 
3ps for the predefined conditions of chloride exposure and pre-crack width level. 457 

 458 
Figure 11. Average -F   relationships for panels from RPT-3ps after the exposure period of 90 459 
days 460 

3.3.6. Fiber distribution/orientation profile 461 
Table 6 includes the fiber distribution and orientation parameters obtained from pre- 462 

cracked round panels. For a better analysis of the values of fN , the corresponding en- 463 
ergy absorption registered in the analyzed panels, as well as, an estimative of the percent- 464 
age of fibers failed by rupture (assuming that the fibers with visible length counted at 465 
crack surface had failed by pull-out), are also depicted in Table 6. 466 
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Table 6. Fiber distribution and orientation parameters for the analyzed crack surface after RPT-3ps 467 

Test series 
Panel 

thickness 
(mm) 

5W  
(J) 

10W  
(J) 

20W  
(J) 

40W  
(J) 

fN  
(fibers/cm2) 

img  exp  

Cl-_w0.5 63.17 204.23 368.23 533.69 627.50 7.35 (88%*) 0.628 0.361 

REF_w0.5 64.92 187.52 306.35 427.24 509.51 7.68 (80%*) 0.617 0.377 

Cl-_w1.0 64.13 200.94 359.01 507.61 598.53 8.42 (73%*) 0.614 0.413 

REF_w1.0 65.45 171.95 291.42 407.27 472.62 8.65 (78%*) 0.595 0.424 

Average 
CoV (%) 

64.42 
1.54 

191.16 
7.69 

331.25 
11.49 

468.95 
13.05 

552.04 
13.22 

8.03 (80%*) 
7.62 

0.614 
2.24 

0.394 
7.53 

*Percentage of fibers failed by tensile rupture. 468 

The obtained values of img  and exp  did not significantly vary between panels, 469 
which means that no significant differences in fiber orientation occurred. The obtained 470 
values of img  were higher than the correspondent exp , which may be justified by the 471 

higher difficulty in detecting the fN  according to this approach. No significant differ- 472 
ences were observed between the orientation factors of the different test series, which 473 
means that the fiber orientation at crack surfaces had a negligible effect on the results of 474 
RPT-3ps, excluding the hypothesis advanced in Section 3.3.3 that said that the differences 475 
between the stiffness parameters obtained in the pre-cracked panels were due to the dif- 476 
ferences of fiber distribution in the panels. 477 

In addition, after 90 days of environmental exposure, similar values of fN  and per- 478 
centage of fibers failed by rupture were obtained for chloride-attacked and reference pan- 479 
els. This would suggest that the differences between the corresponding energy absorption 480 
(Table 6) can be also attributed to the differences between the fN  and percentage of 481 
failed fibers by rupture at the three cracks in the analyzed panels, since only one crack 482 
surface of each analyzed panel was considered to study the fiber density. 483 

Due to the strong bond between recycled fibers and matrix, a high percentage of RSF 484 
failed by rupture, as indicated in Table 6 which is indicative of a high bond stiffness be- 485 
tween the fibers and the concrete matrix. The percentage of fibers failed by rupture was 486 
similar for Cl- and REF specimens, which is also indicative of a negligible effect of chloride 487 
attack in this respect. 488 

In conclusion, despite the high crack widths and the severe exposure conditions con- 489 
sidered in this study, after 3 months of chloride attack, the corrosion was limited to the 490 
crack region and without significantly reducing the fiber section. Therefore, RSFRC 491 
showed to be able to effectively retain the crack propagation and to delay the subsequent 492 
fiber chloride corrosion during a reasonable period after first cracking. This is especially 493 
attractive in controlling the surface cracking of structural elements under chloride attack, 494 
conserving the RSFRC properties during current long-term deferred actions. 495 

4. Numerical simulations 496 
Numerical simulations were performed to obtain the post-cracking constitutive laws 497 

of the developed RSFRC, derived from the inverse analysis by fitting the experimental 498 
results obtained in 3PNBBT and RPT-3ps, which knowledge may contribute for future 499 
design guidelines and design tools for RSFRC structures under aggressive chloride expo- 500 
sure conditions. The fracture parameters define the -   constitutive law that governs 501 
the fracture propagation of the RSFRC when using a FEM-based model [38], a cross sec- 502 
tional approach [39] or any formulation capable to simulate the contribution of the post- 503 
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cracking tensile capacity of a cement-based material for the verifications at serviceability 504 
and at ultimate limit state conditions [40]. 505 

4.1. Evaluation of the mode I fracture parameters from inverse analysis of the 3PNBBT 506 
The experimental -F CMOD curves obtained with RSFRC_1 and 2 notched beams at 507 

120 days were simulated using a numerical model developed in previous research [36, 508 
41], implemented in the FEMIX, a software based on the finite element method [42]. Due 509 
to the geometry, support and loading conditions used in the 3PNBBT, a plane stress state 510 
was assumed in the beam. For the numerical simulation of the crack initiation and prop- 511 
agation, 2D line interface elements of 6 nodes located on the symmetry axis of the speci- 512 
men were used. The remaining part of the specimen was modelled with a mesh of 8-node 513 
Serendipity plane stress finite elements, assuming a linear elastic behavior for the mate- 514 
rial. 515 

The Gauss-Legendre integration scheme with 22 integration points (IP) was used in 516 
all elements, with exception of the interface finite elements at the symmetry axis of the 517 
specimen, where a 12 Gauss-Lobato IP were used in order to assure the crack progress 518 
along the symmetry axis. Figure 12 depicts the mesh used in the numerical simulations. 519 
The values of the material properties used in the inverse analysis are indicated in Table 7. 520 

 521 
Figure 12. Finite element mesh used in the simulation of the 3PNBBT [36] 522 

Table 7. RSFRC properties used in the numerical simulation of the 3PNBBT 523 

Density -5 3 = 2.34×10  N/mm  
Poisson’s ratio  = 0.20 c  

Young’s modulus  = 28510 MPacE  

Tensile strength Inverse analysis 

Fracture mode I parameters Inverse analysis 

The fracture mode I propagation of RSFRC was simulated by a trilinear tensile-sof- 524 
tening -   diagram, whose parameters that define the shape of the diagram, namely, 525 
the mode I fracture energy, fG , and the values of crack opening, i , and corresponding 526 

tensile stress,  i , were obtained by performing inverse analysis by fitting the average 527 
-F CMOD  relationship obtained experimentally in the performed 3PNBBT with a target 528 

tolerance. The objective of the inverse analysis is to evaluate the fracture mode I parame- 529 
ters, by attending two convergence criteria based on the approximation of the -F CMOD  530 
registered experimentally and determined numerically by the FEM simulations. For this 531 
purpose, FEM analyses are automatically executed for assumed interval of values (mini- 532 
mum and maximum) of the parameters that define the -  , namely, 533 

,min ,maxct ct ctf f f    , ,min ,max1 1 1      , ,min ,max1 1 1      , ,min ,max2 2 2      , 534 

,min ,max2 2 2       and ,min ,maxu u u      , at selected increments, ctf , 1 , 535 

F

15
0

500



Materials 2021, 14, x FOR PEER REVIEW 18 of 25 
 

 

1 , 2 , 2 , u , respectively. For each set of combination of these parameters, the 536 
deviation between the -F CMOD  registered experimentally and determined numeri- 537 
cally is calculated (Figure 13) in terms of force values and area behind the -F CMOD : 538 

k k
Exp Num

F k
Exp

F F
err

F


  (5) 
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where
 kF CMOD

ExpA


and 
 kF CMOD

NumA


 are the area beneath, respectively, the experi- 539 

mental and numerical -F CMOD  curves up to kCMOD  that can be obtained from the 540 
following equations: 541 
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The set of parameters values that conducted to the smallest Ferr  and Terr  are 542 

those considered defining the -   of the RSFRC. 543 

 544 

Figure 13. Schematic representation of the -F CMOD  registered experimentally and obtained nu- 545 
merically by the inverse analysis 546 

The obtained parameters defining the -   relationship, and the equivalent fitting 547 
error, e , are indicated in Table 8, where ctf  is the tensile strength,  1  and 2  are, re- 548 
spectively, the stress at the first and second post-peak point of the crack opening, 1  and 549 

CMOD 

CMOD CMOD
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2 , and  u  is the ultimate post-peak point of the crack opening. The graphical repre- 550 
sentation of these -   laws is presented in Figure 14. For the same crack width level, 551 
no significant differences of the parameters were observed (Figure 14). 552 

Table 8. Parameters of the -   relationship obtained by inverse analysis of the 3PNBBT 553 

Concrete 
mixtures 

ctf  
(MPa) 

1  
(MPa) 

2  
(MPa) 

1  
(mm) 

2  
(mm) 

u  
(mm) 

fG  
(N/mm) 

e  
(%) 

RSFRC_1 3.60 3.31 1.62 0.36 1.22 5.00 6.43 1.15 

RSFRC_2 3.55 3.37 1.49 0.04 1.50 5.00 6.30 0.71 

 554 
Figure 14. -   relationships obtained by inverse analysis from 3PNBBT 555 

4.2. Evaluation of the mode I fracture parameters from inverse analysis of the RPT-3ps 556 

From inverse analysis, the post-cracking constitutive laws of the RSFRC representa- 557 
tive of the RPT-3ps were determined by fitting the experimental curves of the average 558 

- F  relationships obtained in each test series of RPT-3ps. This strategy allowed to eval- 559 
uate the influence on the -   relationship of the chloride exposure conditions adopted 560 
for the pre-cracked RSFRC round panels. This numerical simulation considers the consti- 561 
tutive laws of RSFRC in tension and in compression to determine the moment-rotation 562 
relationship, the loading and support conditions of RPT-3ps (Figure 15), kinematic as- 563 
sumptions, and the principle of virtual work in order to derive the -   law of RSFRC 564 
by fitting as much as possible the force-deflection registered in the round panel tests [8, 565 
22]. 566 

 567 

Figure 15. RPT-3ps setup with three-point support and normal failure mode [43] 568 
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By using a cross-section layer model available in DOCROS computer program, the 569 
moment-rotation relationship for the round panel cross section was evaluated, as pre- 570 
sented in Figure 16. This layered model in DOCROS allows to consider sections of irreg- 571 
ular shape and size, composed of different types of materials subjected to an axial force 572 
and variable curvature or crack width [44]. The compression and tensile behavior of each 573 
material can be simulated by several types of constitutive laws. To obtain the moment- 574 
rotation of the RPT-3ps, a round panel’s cross section of 1000 mm wide and a height cor- 575 
responding to the average thickness of the tested panels was considered, having this 576 
height been discretized in 60 layers of equal thickness. 577 
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(c) 

 
(d) 

Figure 16. M -  relationships obtained by inverse analysis from RPT-3ps of RSFRC panels with: 578 
The target cr  of 0.5 mm: (a) During the pre-cracking stage and (b) After environmental exposure 579 
The target cr  of 1.0 mm: (c) During the pre-cracking stage and (d) After environmental exposure 580 

In the numerical model used, proposed by Salehian et al. [8, 22], it is assumed that in 581 
RPT-3ps, just after the peak load, three dominant cracks propagate in the panel, subdivid- 582 
ing it in three rigid plates (Figure 15 [43]), whose elastic deformation is recovered in the 583 
structural softening stage when cracks are opening gradually. The elastic deformation oc- 584 
curred in the pre-cracking stage of RSFRC panels (the deformation registered up to the 585 
central deflection of 0.17 mm, on average) was neglected, because it was much lower than 586 
the deflection imposed to implement the target crack width (3.15 mm on average). There- 587 
fore, the vertical deformation of the panel’s center,  , was attributed to the rigid rotation 588 
of the plates in turn of their connecting dominant cracks. For the sake of simplicity, it is 589 
assumed that the cracks are straight and radiate from panel’s center (Fig. 15) [8, 22]. The 590 
model considers work equilibrium conditions, the tensile properties of RSFRC, and uses 591 
the moment-rotation approach above mentioned. Further details on this numerical model 592 
can be found in Salehian et al. [8, 22]. 593 
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A quadrilinear tensile-softening -   diagram was used to simulate the fracture 594 
mode I propagation of pre-cracked RSFRC, whose parameters were obtained by perform- 595 
ing inverse analysis with the average - F  relationships obtained for the pre-cracking 596 
stage and after the environmental exposure of the pre-cracked panels. The obtained pa- 597 
rameters that define the shape of the diagram and the equivalent fitting error, e , are in- 598 
dicated in Table 9. The graphical representation of these -   diagrams is presented in 599 
Figures 17a-d. 600 

Table 9. Parameters of the -   relationship obtained by inverse analysis of the RPT-3ps 601 

 Series ctf  

(MPa) 
1  

(MPa) 
2  

(MPa) 
3  

(MPa) 
1  

(mm) 
2  

(mm) 
3  

(mm) 
u  

(mm) 
fG  

(N/mm) 

e  

(%) 

Pre-cracking stage 
0.5 mm cr  

Cl- 3.40 2.36 1.97 0.34 0.06 0.12 0.50 5.00 1.50 3.88 

REF 3.80 2.22 1.56 0.29 0.03 0.25 0.60 5.00 1.46 3.41 

After environmental 
exposure 

Cl- 5.00 2.33 1.00 0.55 0.04 0.25 0.50 5.00 1.91 0.23 

REF 4.30 1.91 0.56 0.52 0.05 0.26 0.60 5.00 1.73 0.07 

Pre-cracking stage 
1.0 mm cr  

Cl- 3.90 2.40 2.46 0.55 0.03 0.09 0.50 5.00 2.08 2.78 

REF 3.40 1.87 1.29 0.26 0.04 0.25 0.60 5.00 1.27 3.58 

After environmental 
exposure 

Cl- 5.30 2.60 0.98 0.58 0.03 0.26 0.50 5.00 2.02 0.38 

eREF 3.80 1.98 0.67 0.57 0.05 0.30 0.60 5.00 1.91 0.33 
 602 
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Figure 17. -   relationships obtained by inverse analysis from RPT-3ps of RSFRC panels with: 603 
The target cr  of 0.5 mm: (a) During the pre-cracking stage and (b) After environmental exposure 604 
The target cr  of 1.0 mm: (c) During the pre-cracking stage and (d) After environmental exposure 605 
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During the pre-cracking stage of the panels (Fig. 17a,c), the determined parameters 606 
corroborate with the flexural tensile strength parameters obtained in the 3PNBBT of the 607 
corresponding RSFRC beams (Table 4 and Fig. 5). 608 

After the exposure period of 90 days, the differences in the fracture energy obtained 609 
during the pre-cracking stage (Figs. 17a,c) and after the environmental exposure of pre- 610 
cracked panels (Figs. 17b,d) were mainly explained by the difference of concrete age. This 611 
suggests that the action of RSF corrosion was negligible in the post-cracking behavior of 612 
cracked RSFRC submitted to these chloride exposure conditions. According to the present 613 
study, a longer exposure period for chloride environment (> 3 months) should be adopted 614 
for a more comprehensive assessment of the long-term effects of chloride attack in cracked 615 
RSFRC. 616 

According to the results presented in Frazão et al. [4], concerning the RSF mass loss 617 
by non-induced corrosion after 7 days of immersion (3.54%) and the values of corrosion 618 
potential (E(i=0) = -631.1±2.2 mV vs SCE) and corrosion rate (3.715±0.909 mpy) obtained 619 
from the linear polarization curves performed on RSF after 7 days of immersion, a high 620 
risk of RSF corrosion was evidenced comparing to industrial steel fibers. In this sense, a 621 
significant reduction in the cross section of the fibers crossing the cracks would be ex- 622 
pected, as well as a consequent reduction of the post-cracking behavior of RSFRC. How- 623 
ever, in the pre-cracked RSFRC panels, the concrete pore solution environment, and the 624 
variability of the crack width along its V-shape probably justified the lower effect of cor- 625 
rosive action in the post-cracking behavior of RSFRC found in this research work. 626 

Comparing the -   relationship of RSFRC obtained by inverse analysis from 627 
RPT-3ps and 3PNBBT presented in Figure 18 and Tables 8 and 9, it is verified that the 628 
constitutive laws obtained from 3PNBBT (prismatic specimens with a localized crack) 629 
overestimated the post-cracking behavior of RSFRC compared to the constitutive laws 630 
obtained from RPT-3ps, which are more representative of the fiber reinforcement mecha- 631 
nisms developed in thin elements (wall elements, panels, slabs, shotcrete linings). 632 

 
(a) 

 
(b) 

Figure 18. -   relationships obtained by inverse analysis from RPT-3ps and 3PNBBT 633 

5. Conclusions 634 
The present research work involves both experimental and numerical research re- 635 

garding the post-cracking behavior of cracked RSFRC under chloride attack. The main 636 
conclusions based on the experimental and numerical results are: 637 
1. After 90 days of chloride attack, the cracked surfaces of pre-cracked RSFRC panels 638 

with crack widths up to 1 mm were completely penetrated by chlorides during the 639 
immersion period, and corrosion products were visible in the RSF located in the 640 
cracked surfaces. 641 

2. Significant differences may occur in the progress of the three crack widths in round 642 
panels during RPT-3ps due to fiber distribution of RSF at crack surfaces, with an in- 643 
herent influence on the energy absorption of RSFRC panels. 644 
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3. The stiffness parameters obtained in RSFRC panels indicate that the adopted corro- 645 
sion induction conditions for RSF had a negligible effect on the post-cracking behav- 646 
ior of cracked RSFRC up to a crack width of 1 mm. 647 

4. The RPT-3ps revealed small differences between the post-cracking behavior of pre- 648 
cracked panels submitted to 90 days of chloride attack and the corresponding pre- 649 
cracked reference panels. 650 

5. A high percentage of RSF failed by rupture in all test’s series of RPT-3ps, which is 651 
indicative of a negligible effect of chloride attack. 652 

6. No significant differences were detected in terms of the fiber orientation factor, be- 653 
tween reference panels and panels submitted to chloride attack. 654 

7. Comparing the -   relationships of the RSFRC representative of the RPT-3ps, ob- 655 
tained by inverse analysis procedure for pre-cracking stage and after environmental 656 
exposure, the chloride attack for 90 days of dry-wet chloride cycles had a negligible 657 
effect on the post-cracking behavior of pre-cracked RSFRC panels with crack widths 658 
up to 1 mm. 659 

8. The constitutive laws of the RSFRC representative of the 3PNBBT overestimated the 660 
post-cracking behavior of RSFRC comparing with the constitutive laws of the RSFRC 661 
representative of the RPT-3ps. 662 

 663 

Author Contributions: Conceptualization, C.F.; methodology, C.F., J.B. and J.A.B.; formal analysis, 664 
C.F., J.B. and J.A.B.; investigation, C.F., J.B. and J.A.B.; resources, C.F. and J.B.; data curation, C.F.; 665 
writing—original draft preparation, C.F.; writing—review and editing, J.B. and J.A.B.; supervision, 666 
J.B. and J.A.B.; funding acquisition, C.F. and J.B. All authors have read and agreed to the published 667 
version of the manuscript. 668 

Funding: This research was funded by C.F. research grant PD/BD/113638/2015 provided by Funda- 669 
ção para a Ciência e a Tecnologia (FCT) through the Doctoral Program in Eco Construction and 670 
Rehabilitation – EcoCoRe, and J.B. through the project ICoSyTec (POCI-01-0145-FEDER-027990) fi- 671 
nanced by FCT and co-funded by FEDER through Operational Competitiveness and International- 672 
ization Programme (POCI). 673 

Acknowledgments: The authors would like to express their sincere gratitude and appreciation to 674 
Twincon Company for supplying the recycled steel fibers. The authors wish also to acknowledge 675 
the materials supplied by SECIL (cement), SIKA and BASF (superplasticizers), Omya Comital (lime- 676 
stone filler), and PEGOP (Fly ash). Finally, the support provided by CiviTest Company in the pro- 677 
duction of concrete specimens is also acknowledged. 678 

Conflicts of Interest: The authors declare no conflict of interest. 679 

References 680 
1. Barros, J.A.O.; Frazão, C.; Caggiano, A.; Folino, P.; Martinelli, E.; Xargay, H.; Zamanzadeh, Z.; Lourenço, L. Chapter 8 - Recent 681 

Advances on Green Concrete for Structural Purposes – The Contribution of the EU-FP7 Project EnCoRe. In Cementitious Compo- 682 
sites Reinforced with Recycled Fibres, 1st ed.; Barros, J.A.O.; Ferrara, L.; Martinelli, E., Eds.; Springer book, 2017; pp. 141-195. 683 
doi:10.1007/978-3-319-56797-6_8 684 

2. Hu, H.; Papastergiou, P.; Angelakopoulos, H.; Guadagnini, M.; Pilakoutas, K. Mechanical properties of SFRC using blended 685 
manufactured and recycled tyre steel fibres. Constr. Build. Mater. 2018, 163, 376-389. doi:10.1016/j.conbuildmat.2017.12.116 686 

3. Frazão, C.; Barros, J.; Bogas, J. Durability of recycled steel fiber reinforced concrete in chloride environment. fibers 2019, 7, 111, 687 
1-20. doi:10.3390/fib7120111 688 

4. Frazão, C.; Díaz, B.; Barros, J.; Bogas, J.A.; Toptan, F. An experimental study on the corrosion susceptibility of Recycled Steel 689 
Fiber Reinforced Concrete. Cement Concrete Comp. 2019, 96, 138-153. doi:10.1016/j.cemconcomp.2018.11.011 690 

5. Liew, K.W.; Akbar, A. The recent progress of recycled steel fiber reinforced concrete. Constr. Build. Mater. 2020, 232, 117232. 691 
doi:10.1016/j.conbuildmat.2019.117232 692 

6. Zhang, Y.; Gao, L. (2020). Influence of Tire-Recycled Steel Fibers on Strength and Flexural Behavior of Reinforced Concrete. 693 
Hindawi Adv. Mater. Sci. Eng. 2020, Article ID 6363105, 7 pages. doi:10.1155/2020/6363105 694 

7. Carrillo, J.; Lizarazo-Marriaga, J.; Lamus, F. Properties of Steel Fiber Reinforced Concrete Using Either Industrial or Recycled 695 
Fibers from Waste Tires. Fibers Polym. 2020, 21(9), 2055-2067. doi:10.1007/s12221-020-1076-1 696 



Materials 2021, 14, x FOR PEER REVIEW 24 of 25 
 

 

8. Salehian, H.; Barros, J.A.O.; Taheri, M. Evaluation of the influence of post-cracking response of steel fibre reinforced concrete 697 
(SFRC) on load carrying capacity of SFRC panels. Constr. Build. Mater. 2014, 73, 289-304. doi:10.1016/j.conbuildmat.2014.09.043 698 

9. Tiberti, G.; Minelli, F.; Plizzari, G. Reinforcement optimization of fiber reinforced concrete linings for conventional tunnels. 699 
Compos. B. Eng. 2014, 58, 199-207. doi:10.1016/j.compositesb.2013.10.012 700 

10. Figueiredo, F.P.; Barros, J.A.O.; Ventura-Gouveia, A. Nonlinear Analysis of offshore Wind Towers in prefabricated segments of 701 
prestressed Fibre Reinforced Concrete. Proceedings of 3rd RILEM Spring Convention 2020: Ambitioning a sustainable future for 702 
built environment: comprehensive strategies for unprecedented challenges, Guimarães, Portugal, 9-14 March 2020. 703 

11. Gowda, C.C.; Figueiredo, F.P.; Barros, J.A.O.; Ventura-Gouveia, A. Numerical analyses of the connections between representa- 704 
tive SFRC prestressed segments of off-shore wind towers. Proceedings of 3rd RILEM Spring Convention 2020: Ambitioning a 705 
sustainable future for built environment: comprehensive strategies for unprecedented challenges, Guimarães, Portugal, 9-14 706 
March 2020. 707 

12. Granju, J.-L.; Balouch, S.U. Corrosion of steel fibre reinforced concrete from the cracks. Cement Concrete Res. 2005, 35, 572–577. 708 
doi: 10.1016/j.cemconres.2004.06.032 709 

13. Nordström, E. Durability of Sprayed Concrete – Steel fibre corrosion in cracks. Doctoral Thesis, Department of Civil and Envi- 710 
ronmental Engineering, Division of Structural Engineering, Luleå University of Technology, Sweden, 2005. 711 

14. Yoon, I. Chloride Penetration through Cracks in High- Performance Concrete and Surface Treatment System for Crack Healing. 712 
Hindawi Adv. Mater. Sci. Eng. 2012, Article ID 294571, 8 pages. doi:10.1155/2012/294571 713 

15. Marcos-Meson, V.; Michel, A.; Solgaard, A.; Fischer, G.; Edvardsen, C.; Skovhus, T.L. Corrosion resistance of steel fibre rein- 714 
forced concrete - A literature review. Cement Concrete Res. 2018, 103, 1-20. doi:10.1016/j.cemconres.2017.05.016 715 

16. Homma, D.; Mihashi, H.; Nishiwaki, T. Self-healing Capability of Fibre Reinforced Cementitious Composites. J. Adv. Concr. 716 
Technol. 2009, 7(2), 217-228. doi:10.3151/jact.7.217 717 

17. Frazão C.; Barros, J.; Camões, A.; Alves, A.C.; Rocha, L. Corrosion effects on pullout behavior of hooked steel fibers in self- 718 
compacting concrete. Cem. Concr. Res. 2016, 79, 112-122. doi:10.1016/j.cemconres.2015.09.005 719 

18. Nonato da Silva, C.A.; Ciambella, J.; Barros, J.A.O.; Costa I.G. Analytical bond model for general type of reinforcements of finite 720 
embedment length in cracked cement based materials. Int J Solids Struct 2019, 167, 36-47. doi:10.1016/j.ijsolstr.2019.02.018 721 

19. Švec, O.; Zirgulis, G.; Bolander, J.E.; Stang, H. Influence of formwork surface on the orientation of steel fibres within self-com- 722 
pacting concrete and on the mechanical properties of cast structural elements. Cement Concrete Comp. 2014, 50, 60-72. 723 
doi:10.1016/j.cemconcomp.2013.12.002 724 

20. Mazaheripour, H.; Barros, J.A.O.; Soltanzadeh, F.; Sena-Cruz, J.M. Deflection and cracking behavior of SFRSCC beams rein- 725 
forced with hybrid prestressed GFRP and steel reinforcements. Eng. Struct. 2016, 125, 546-565. doi:10.1016/j.eng- 726 
struct.2016.07.026 727 

21. Abrishambaf, A.; Barros, J.A.O.; Cunha, V.M.C.F (2013) “Relation between fibre distribution and post-cracking behaviour in 728 
steel fibre reinforced self-compacting concrete panels”, Cem. Concr. Res. 2013, 51, 57-66. doi:10.1016/j.cemconres.2013.04.009 729 

22. Salehian, H. Evaluation of the Performance of Steel Fibre Reinforced Self-Compacting Concrete in Elevated Slab Systems; from 730 
the Material to the Structure. Doctoral Thesis, Department of Civil Engineering, School of Engineering of the University of 731 
Minho, Guimarães, Portugal, 2015. 732 

23. EN 197-1:2011. Cement – Part 1: Composition, Specifications and Conformity Criteria for Common Cements. CEN, Brussels, 733 
Belgium. 734 

24. Barros, J.; Pereira, E.; Santos, S. Lightweight panels of steel fibre reinforced self-compacting concrete. J. Mater. Civ. Eng. 2007, 735 
19(4), 295-304. doi:10.1061/(ASCE)0899-1561(2007)19:4(295) 736 

25. Pereira, E. Steel Fibre Reinforced Self-Compacting Concrete: from material to mechanical behaviour. Dissertation for Pedagog- 737 
ical and Scientific Aptitude Proofs, Department Civil Engineering, University of Minho, 188 pages, 2006. 738 

26. Bogas, J.A., Real, S. A review on the carbonation and chloride penetration resistance of structural lightweight aggregate con- 739 
crete. Materials 2019, 12(20), 3456. doi:10.3390/ma12203456. 740 

27. ASTM C1550-08. Standard Test Method for Flexural Toughness of Fiber Reinforced Concrete (Using Centrally Loaded Round 741 
Panel). ASTM International, USA, 2008. 742 

28. Minelli, F.; Plizzari, G.A. Fiber reinforced concrete characterization through round panel test – part I: Experimental study. Pro- 743 
ceedings of FraMCoS-7 International Conference, Fracture Mechanics of Concrete and Concrete Structures – High Performance, 744 
Fiber Reinforced Concrete, Special Loadings and Structural Applications, B.H. Oh et al., Eds., Korea Concrete Institute, Jeju, 745 
Korea, 23-28 May 2010. 746 

29. EN 12390-3:2011. Testing hardened concrete – Part 3: Compressive strength of test specimens. CEN, Brussels. 747 
30. EN 12390-13:2014. Testing hardened concrete – Part 13: Determination of secant modulus of elasticity in compression. CEN, 748 

Brussels. 749 
31. EN 14651:2005 + A1:2007. Test method for metallic fibre concrete. Measuring the flexural tensile strength (limit of proportion- 750 

ality (LOP), residual). CEN, Brussels. 751 
32. MC2010. CEB fib Model Code 2010 - Final Draft, Switzerland, 2011. 752 
33. Spasojević, A. Structural implications of Ultra-High Performance Fibre-Reinforced Concrete in Bridge Design. Doctoral Thesis, 753 

Faculté de L’Environnement Naturel, Architectural et Construit, École Polytechnique Fédérale de Lausanne, Switzerland, 2008. 754 
34. Mangat, P.S.; Gurusamy, K. Steel fibre reinforced concrete for marine applications. Proceedings of 4th International Conference 755 

on Behaviour of Offshore Structures, Delft, The Netherlands, 1-5 July 1985, 867-879. 756 



Materials 2021, 14, x FOR PEER REVIEW 25 of 25 
 

 

35. Abrishambaf, A. Creep Behaviour of Cracked Steel Fibre Reinforced Self-Compacting Concrete Laminar Structures. Doctoral 757 
Thesis, Department of Civil Engineering, School of Engineering of the University of Minho, Guimarães, Portugal, 2015. 758 

36. Cunha, V.M.C.F. Steel Fibre Reinforced Self-Compacting Concrete (from Micro-Mechanics to Composite Behaviour). Doctoral 759 
Thesis, Department of Civil Engineering, School of Engineering of the University of Minho, Guimarães, Portugal, 2010. 760 

37. Soroushian, P.; Lee, C.D. Distribution and orientation of fibers in steel fiber reinforced concrete. ACI Mater J 1990, 87(5), 433- 761 
439. 762 

38. Barros, J.A.O. Debilities and strengths of FEM-based constitutive models for the material nonlinear analysis of steel fiber rein- 763 
forced concrete structures. Proceedings of 9th International Conference on Fracture Mechanics of Concrete and Concrete Struc- 764 
tures, FraMCoS-9, V. Saouma, J. Bolander and E. Landis (Eds), California, USA, May 29-June 1, 2016. 765 

39. Taheri, M.; Barros, J.A.O.; Salehian, H. Integrated approach for the prediction of crack width and spacing in flexural FRC mem- 766 
bers with hybrid reinforcement. Eng. Struct. 2020, 110208. doi:1016/j.engstruct.2020.110208 767 

40. Mazaheripour, H.; Barros, J.A.O.; Soltanzadeh, F.; Sena-Cruz, J.M. Deflection and cracking behavior of SFRSCC beams rein- 768 
forced with hybrid prestressed GFRP and steel reinforcements. Eng. Struct. 2016, 125, 546-565. doi:10.1016/j.eng- 769 
struct.2016.07.026. 770 

41. Zamanzadeh, Z.; Lourenço, L.; Barros, J. Recycled Steel Fiber Reinforced Concrete failing in bending and in shear. Constr. Build. 771 
Mater. 2015, 85, 195-207. doi:10.1016/j.conbuildmat.2015.03.070 772 

42. Azevedo, A.F.M.; Barros, J.A.O.; Sena-Cruz, J.M.; Gouveia, A.V. Software in structural engineering education and design. Pro- 773 
ceedings of III Portuguese-Mozambican Conference of Engineering, Mozambique, 19-21 August 2003, 81-92. 774 

43. Tran, V.N.G.; Bernard, E.S.; Beasley, A.J. Constitutive Modeling of Fiber Reinforced Shotcrete Panels. J. Eng. Mech. 2005, 131(5), 775 
512-521. doi:10.1061/(ASCE)0733-9399(2005)131:5(512) 776 

44. Basto, C.A.A.; Barros, J.A.O. Numeric Simulation of Sections Submitted to Bending. Technical report 08-DEC/E-46, Dep. of Civil 777 
Engineering, School of Engineering, University of Minho, 2008, 73 pages. doi:10.13140/RG.2.1.2452.2723 778 


