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This study evaluates the effect of fiber content on the thermo-mechanical properties of steel fiber reinforced
concretes (SFRC) and contributes to the definition of design-oriented parameters for SFRC after temperature
exposure, which are limited in literature and current guidelines. The mechanical behavior of samples subjected
to high temperatures (25 °C < T < 750 °C) and produced varying the fiber contents were analyzed. The tensile
properties were determined using the Double Edge Wedge Splitting (DEWS) test, which proved to be a viable
methodology to evaluate the post-crack behavior of SFRC exposed to high temperatures. The rate of degradation
in compressive and tensile strength was reduced for higher contents of steel fibers after exposure to elevated
temperatures. The reductions in compressive strength and the elastic modulus were more severe than those
prescribed by European guidelines. Additionally, the tensile properties reduced significantly for T > 450 °C. Also,
a temperature-related reduction rate in the post-crack tensile properties was parameterized for all the fiber
content samples, in which only 20% of fgs and 30% of fgy, room temperature values were retained after exposure

to 600 °C, which are higher values comparing the European guidelines.

1. Introduction

Steel fiber reinforced concrete (SFRC) have been increasingly
employed in civil engineering applications, especially due to its tech-
nical and economic benefits. The publication of the fib Model Code-10
[1] was an important milestone to promote the use of FRC for struc-
tural purposes [2,3]. However, the standards do not present an adequate
approach for the design of SFRC structures under fire [4,5]. Although
recent studies analyze the influence of the temperature on composites
[6-15], the aforementioned lack of parameters reveals the need for in-
vestigations regarding the mechanical behavior of the SFRC when
exposed to high temperatures, in order to characterize the tensile
strength of the matrix (fg), the post-crack tensile strength related to
serviceability (fgs), and the the post-crack tensile strength at ultimate
limit state (fgq) [1]. It is possible to estimate the gradient degradation
provided by the fire inside the SFRC by determining the temperature-
related mechanical properties and obtaining the internal temperature
distribution in the composite [16-18]. Accordingly, the temperature-
related mechanical properties can serve as a basis for numerical
models aimed at defining safety parameters applied to SFRC structures
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exposed to fire [19].

Several methodologies have been proposed to determine the post-
crack tensile properties of SFRC at room temperature, however these
methodologies have limitations when applied to specimens exposed to
elevated temperature [17,20-24]. Bending tests are commonly
employed to determine the tensile properties of SFRC after exposure to
elevated temperatures [20,21] and even after exposure to fire [17].
However, the considerable size of the specimen, the fragility of the
samples after heating and the increase in plastic deformations located in
the contact region between the roller and the specimen may lead to
distortions of the bending test results. Moreover, the compressive region
generated in bending test have a significant contribution to the
maximum flexural moment, which induces an increase in post-crack
tensile strength [1]. The different compressive and tensile degradation
coefficients may induce an even more considerable difference between
fr3 and fgy, after exposure to elevated temperature, which may make the
conversion of the Rigid-Plastic model (i.e. frs/3) to be inadequate. The
aforementioned discussion are still open topics that still require further
investigation in order to define an adequate approach to determining the
post-crack tensile parameters of SFRC after temperature exposure.
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Fig. 1. Scheme adopted for the experimental program of this study.

Table 1
Dosage of materials to produce 1 m? of each SRFC composition.
SFRC-0.26 SFRC-0.45 SFRC-0.90
Materials Dosage (kg/ Dosage (kg/ Dosage (kg/
m®) m®) m®)
Portland cement 400 400 400
Silica fume 22 22 22
Siliceous river sand 403 403 403
Artificial granite sand 269 269 269
Coarse granite aggregate dmax: 330 330 330
9.5 mm 770 770 770
Coarse granite aggregate dmax: 165 165 165
19 mm 2.6 3 4.1
Water 0.8 0.8 0.8
Superplasticizer 20 35 70

Synthetic micro-fiber
Hooked-end steel fiber

Table 2

Results of djo, dso, doo and fineness modulus for the aggregates.
Materials dyo (um) dso (um) dgo (um) FM
River sand 177.79 341.13 705.66 1.15
Artificial sand 69.03 2580 4230 3.55
Aggregate dmsx:9.5 mm 2390 5540 8720 5.45
Aggregate dpmsx:19 mm 9210 14,390 18,280 6.80

Some indirect tests for determining post-crack properties have been
investigated [22-24]. Rambo et al. [24] investigated the applicability of
the Double Punch test (DPT) to determine the post-crack tensile prop-
erties of macro-synthetic fiber reinforced concrete (MSFRC) exposed up
to 600 °C. The results in terms of fry, were inconclusive for specimens
exposed to high temperatures, which was attributed to the additional
frictional interaction between the deteriorated matrix and the piston.
Serafini et al. [25] demonstrated that the Double Edge Wedge Splitting
(DEWS) test [26] can be a suitable alternative for the determination of
freu after exposure to elevated temperatures. The aforementioned study
[25] had limited the experimental program to a single fiber content and
the applicability of the test remains uncertain for higher fiber contents.
Thus, the evaluation of the post-crack tensile strength of SFRC using the
DEWS test [26] is not sufficiently explored in the literature, especially
for concretes with strain-hardening behavior in post-temperature con-
ditions. In this context, the present study aims to evaluate the effect of
the temperature on the mechanical properties of SFRC with steel fiber
contents of 0.26%, 0.45%, and 0.90% in volume.

A lack of studies focused on evaluating the applicability of the DEWS
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test for concretes exposed to elevated temperatures is verified, especially
considering SFRC with a strain-hardening behavior. Therefore, the
current dosages have focused on evaluating fiber reinforced concretes
with fiber content lower than the critical fiber volume (e.g. 0.26% and
0.45%) and at the theoretical critical fiber volume (0.90%) [27]. The
investigation of SFRC with fiber content lower than the critical volume is
relevant since it is commonly employed for economic and technical
purposes in infrastructure systems, such as tunnels [28].

The results obtained seek to establish behavior parameters of the
SFRC exposed to elevated temperatures and contribute to minimize the
lack of reliable technical data related to the theme. The evaluation of the
post-crack tensile strength of SFRC was performed using the DEWS test
[26]. Although this test method is relatively new, its use in this study
presents promising results in determining the tensile properties of SFRC,
either with softening or hardening behavior. Therefore, the DEWS test is
a possible alternative for establishing constitutive equations and for
evaluating structural safety, in accordance with fib MC-10 [1], especially
because it induces a mode I fracture in the SFRC. Furthermore, the
DEWS test may be a suitable test method to be implemented in future
studies and guidelines worldwide.

2. Experimental program

Fig. 1 presents the scheme adopted for the experimental program of
this study. Mechanical tests were performed to assess the composite
behavior before and after temperature exposure. The SFRC was evalu-
ated with respect to the post-crack tensile strength through the DEWS
test, while the compressive strength and elastic modulus were also
determined by means of compressive strength tests. These evaluations
provide conditions to assess the influence of temperature on the
behavior of the composite. This paper is part of a larger research project
that aims to evaluate the effect of elevated temperatures on SFRC
structures. Therefore, a detailed description of the materials can be
found in Serafini et al. [17]. For the convenience of the reader, a brief
description of the materials used in this research is provided.

2.1. Materials

A type I Portland cement (CEM I 52.5R) and silica fume type Elkem
920-U with 98% SiO, were employed as cementitious materials in this
study. The particle packing was promoted using artificial (dpax: 4.8 mm)
and river sand (dpax: 2 mm) as fine aggregates and two coarse granite
aggregates (dmax:19 mm and dpax:9.5 mm). A polycarboxylate-based
superplasticizer, GCP ADVA Cast 525, was used to provide consistency
to the mix. The concrete matrix was reinforced with cold-drawn,
hooked-end steel fibers, Dramix 3D 80/60-BG. Polypropylene micro-
fibers, from the Brazilian company Neomatex, were also employed in
the mixture. The use of micro-fibers (length = 12 mm and diameter =
0.03 mm) has a negligible influence in the post-crack tensile strength,
once these fibers do not have the role of improving the post-crack tensile
parameters of concrete. Polypropylene micro-fibers were used only to
reduce the risk of explosive spalling during heating procedure.

2.2. Composition and preparation of SFRC samples

The compositions employed in this study were developed taking as
basis the concrete mix design focusing the requirements for the precast
segments designed for the Subway Line 6, at Sao Paulo (Brazil). Table 1
shows the dosage of materials to produce 1 m® of each SFRC composi-
tion. In this work, the SFRC mix containing 20, 35 and 70 kg/m? that is
equivalent to 0.26%, 0.45%, and 0.90% of steel fibers (by volume) were
identified as SFRC-0.26, SFRC-0.45, and SFRC-0.90, respectively. Syn-
thetic micro-fibers were added in a content of 0.09% of the total volume,
or 0.8 kg/m®, according to project specifications in order to avoid
explosive spalling during heating process. Silica fume was used as sup-
plementary cementitious material at a content of 5.5% of the cement
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Table 3
Distribution of SRFC specimens according to mechanical tests.
Specimen type Test Property Fiber Quantity
content
Cylindrical Compressive Compressive 0.26% 24
(#100x200 mm) test strength
0.45% 24~
0.90% 24*
Elastic modulus 0.26% 24~
0.45% 24~
0.90% 24~
Cubic DEWS test Tensile 0.26% 60
(100x100x100 properties
mm)
0.45% 60
0.90% 60

"4 specimens for each target temperature: 25, 150, 300, 450, 600 and 750 °C.
" 10 specimens for each target temperature: 25, 150, 300, 450, 600 and
750 °C.

mass, and the w/c ratio was kept constant at 0.41. All the aggregates
were employed in dried condition for the production of concrete and for
that were oven-dried at 100 °C for 14 h before concrete production. The
composite was prepared in a conventional concrete mixer (300 L ca-
pacity) at a room temperature of (24 + 1) °C. The information regarding
the granulation of the aggregates employed in this study are presented in
Table 2. For further information and details regarding the properties of
the materials employed and the mixing procedure, refer to Serafini et al.
[17].

The consistency of the SFRC was determined by the Brazilian stan-
dard method ABNT NBR NM 67 which use the regular Abrams cone
device [29] and the slump value was fixed at (40 4= 10) mm for the three
concrete compositions, intended to be a C80 concrete. These measured
results were obtained from the average calculated based in three de-
terminations. The slump value was obtained for the three compositions
by adjusting the superplasticizer content in the mixture (see Table 1).

The concrete produced was cast inside prismatic polypropylene
molds with internal dimensions of 100 x 100 x 350 mm (width x
height x length) and cylindrical steel molds with dimensions of @100 x
200 mm (diameter x height). The concrete consolidation was carried
out through a vibratory table during 30 s with a frequency of 60 Hz. All
specimens were cured in a saturated room for 72 h, and then stored at
room temperature until the age of 150 days. Table 3 summarizes the
distribution of the specimens produced in this study according to the
mechanical tests and the different dosages. A total of 72 cylindrical
specimens and 60 prismatic specimens were produced, distributed
among the three contents of steel fibers used.

In sequence, all prismatic specimens were cut into cubic specimens
with 1 = 100 mm to perform the DEWS test. The removal of cubic
specimens from the prismatic ones and execution of the grooves/notches
were conducted before the heating procedure. Fig. 2 illustrates the

(a) molding surface
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preparation of cubic specimens for the DEWS test [26]. The production
of cubic specimens followed the procedure recommended by Borges
et al. [30] and is summarized here for the convenience of the reader.
Two triangular grooves with an inclination of 45° were cut along two
opposite sides of the cubes in the face positioned 90° from the molding
face and respecting the casting orientation, as shown in Fig. 2b. Then,
two notches with a 5-mm depth and a 2-mm width were sawn, starting in
the groove vertices towards the center of the cubes. The function of the
notches is to induce the occurrence of the crack in the central portion of
the cubic specimen.

2.3. Heating procedure

An industrial electric oven with maximum temperature of 1000 °C
(INFORGEL GENGA model GCR.SP) was used to heat the cubic and
cylindrical specimens. Fig. 3 shows the heating procedure adopted for
cylindrical and cubic specimens. The variable heating rate capacity is a
characteristic of electric ovens with a fix power capacity, since heating
rate decreases as temperature increases [17]. The specimens were
heated for target temperatures of 150, 300, 450, 600, and 750 °C and
kept at each temperature during 10, 8, 6, 4, and 4 h, respectively. These
target temperatures were chosen based on the analytical curves pro-
vided by the Eurocode [31] and CNR-DT 204 [32] guidelines, which
show that the mechanical contribution for T > 750 °C is considerably
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Fig. 3. Heating procedure adopted for cylindrical and cubic specimens.
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Fig. 4. The DEWS test setup adopted in this study.

low. In addition, the stabilization period was determined by numerical
simulation to ensure the thermal stability of the specimens based on the
work of Carpio et al. [33]. After the heat exposure was over, the chamber
was kept closed and cooling until the room temperature was achieved
for 24 h to avoid thermal shock. Then, the specimens were sealed in
plastic bags in order to mitigate the chances of rehydration and were
kept at this condition until the mechanical tests were to be conducted in
according to the procedure adopted in previous study [34]. No explosive
spalling was observed for all specimens.

2.4. Mechanical characterization

This section presents the mechanical tests adopted in this study.
Results obtained in the mechanical characterization of SFRC were sta-
tistically evaluated through analysis of variance (ANOVA) and Tukey
tests.

2.4.1. Determination of ultrasonic (US) pulse velocity

The determination of US pulse velocity was used to evaluate changes
in terms of pore distribution and cracking caused by heat exposure. A
Portable Ultrasonic Non-destructive Digital Indicating Tester (PUNDIT)
equipment was employed for this evaluation and used 200 kHz trans-
ducers with a circular cross-section of 20 mm in diameter. The tests were
conducted in one setting and the equipment was calibrated once before
all tests were conducted, according to the specifications of the manu-
facturer. The US pulse velocity was determined in the same specimens
before and after temperature exposure and used to determine the dy-
namic elastic modulus (Eq) of the concrete, calculated as:

_p VA4 p)(1—2u)

E
d —u

(€8]

where p is the density of the SFRC (in kg/m®); V is the propagation pulse
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velocity (in km/s); u is the Poisson’s ratio. The density of the material
was recalculated for each target temperature based on the mass and
volume of the specimens. These values were updated to calculate the
dynamic elastic modulus for each target temperature. The Poisson’s
ratio was assumed to be constant at 0.2 for all target temperatures, since
it is a property that does not change significantly for small stress values
[35].

2.4.2. Compressive strength and elastic modulus

The compressive strength (fc) and elastic modulus (Ec) of the SFRC
were determined following the procedure presented by Brazilian stan-
dards [36,37]. The fc and Ec were determined employing four cylin-
drical specimens for each target temperature and steel fiber content (see
Table 3). In addition, the coefficients of mechanical degradation for the
compressive strength (K.) and elastic modulus (Kg.) were determined
based on experimental results.

The tests were conducted in a Shimadzu Universal Testing Machine,
model UH-2000kNXR, with a computer-controlled servo-hydraulic sys-
tem, operating frequency of 60 Hz, and maximum load capacity of 2000
kN. The test was load-controlled at a rate of 0.5 MPa/s and the SFRC
axial strain was determined by the average readings of two displacement
transducers attached around the specimen. The elastic modulus was
determined using the secant line between 0.5 MPa and 0.3 f; and the
respective deformation in the stress-strain curves. Only one loading
cycle was performed in order to determine the elastic modulus, since the
specimens were severely affected by temperature.

2.4.3. Double edge wedge splitting (DEWS) test

The DEWS test was employed to assess the tensile strength and post-
crack tensile strength of oven-heated cubic specimens. On the test date,
steel plates with thickness of 0.9 mm were glued to the surface of the
specimens’ grooves using body filler as glue, which has the function of
reducing the friction interaction between the steel roller and the surface
of the specimen during the test. In addition, graphite powder was
applied to lubricate the contact between the roller and the steel plates as
recommended by di Prisco et al. [26].

The DEWS test was conducted in an open-loop electromechanical
universal test machine, EMIC DL 10000, with a load cell with maximum
load capacity of 10 kN, and frame stiffness of 42 kN/mm. Two 50 mm
length transducers were fixed with elastomeric straps in opposite faces
of the cubic specimen, at half height and perpendicular to the fracture
plane. The recorded crack opening displacement (COD) values are given
by the arithmetic mean of the measurements obtained by the trans-
ducers. Tests were conducted using a COD opening displacement rate of
0.12 mm/min. This rate was adopted based on the study by Borges et al.
[30], which concluded that it is possible to use a higher rate than that
adopted by di Prisco et al. [26] without compromising the stress values
obtained. Fig. 4 shows the DEWS test setup adopted in this study.

The load provided by the testing machine cannot be considered as
the load in the specimen fracture surface due to the geometry of the
specimens. Therefore, it is necessary to convert the load values obtained
from the equipment (P) into the “splitting load” that effectively acts on
the fracture surface (Pg). Considering the equilibrium equations, di
Prisco et al. [26] proposed the following equation to determine the
actual “splitting load™:

(cos® — psind)

Py =P P
d (sinf + pcost)

(2)

where 0 is the angle between the groove surface and the center line of
the notch (6 = 45°), and u is the coefficient of friction between two steel
surfaces lubricated with graphite (u = 0.06). The tensile stress (c) was
determined based on Equation (3), proposed by di Prisco et al. [26],
where b is the depth of the specimen and hy is the height of the ligament
(fracture surface).
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Fig. 5. (a) Cracked concrete after exposure to T = 750 °C, (b) oxidation of steel fibers in the cubic specimen.
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The post-crack tensile strength values associated to the service limit
state (ffs) and to the ultimate limit state (fg,,) condition were adopted as
the values associated to the crack opening displacement (COD) values of
0.25 mm and 1.25 mm, respectively. These values of COD were used
based on the intrinsic geometrical differences in terms of test configu-
ration and crack opening pattern between three-point flexural test and
the DEWS test. Therefore, changes in the COD values for the DEWS test
aim to obtain equivalence in terms of crack opening between the tests,
according to the discussions proposed by Borges et al. [30] and Serafini
et al. [25].

The coefficients of mechanical degradation for the tensile strength
(Kgy) and post-crack tensile strength associated to the ULS (Kgy,) were
determined based on experimental results obtained with the application
of the DEWS test. These coefficients have a particular use for the
assessment of fiber reinforced concrete structures by means of cross-
sectional analysis [32].

2.5. Sample size and admissible error

As an additional investigation, the relationship between the sample
size and the admissible error for the DEWS test was determined based on

inferential statistics [38] and is presented in detail in Appendix A.
3. Results and discussion
3.1. Physical evaluation

Fig. 5 shows the crack pattern of SFRC after 750 °C and the oxidation
of fibers. The SFRC was severely degraded by the exposure to elevated
temperature, which may be attributed to the dehydration of hydrated
products and the thermal stresses induced during the heat exposure
[17]. Additionally, none of the specimens had cross-sectional losses due
to the occurrence of explosive spalling, which may be attributed to the
presence of micro-synthetic fibers in the mix design.

A dark layered formation was observed on the surface of the steel
fibers after temperature exposure (see Fig. 5b). This dark layer resulted
from an oxidation process that produces a three-layered scale structure
made of wustite (FeO), hematite (Fe;O3), and magnetite (Fe3O4) [39].
This oxide layer formation results in an increase in mass and total
diameter of the steel fibers (oxide + steel), however the steel portion of
the cross-sectional area tends to reduce [40]. Moreover, the recrystal-
lization of steel occurs at ~ 450 °C, which increases the grain sizes and
reduce the grain boundary density of steel [41]. These physical and
microstructural effects result in considerable tensile strength reductions
of ~ 50% and ~ 90% for the respective temperatures of 400 and 650 °C
[40].

3.2. US pulse velocity

Fig. 6 illustrates the dynamic elastic modulus and US pulse velocity
changes as a function of temperature. The results show that the re-
ductions in terms of pulse velocity are similar among samples with
different fiber content, which indicates that there is no relation between
fiber content and pulse velocity. In other words, it is possible to observe
that the increase in fiber content did not increase the pulse velocity. This
fact occurs because the relative volume of steel fibers used is very small
(less than 1%) which is not significant to change the pulse velocity. This
similarity in terms of pulse velocity values can be verified even for
samples exposed to elevated temperatures. The pulse velocity reduced
around 10%, 40%, 60%, and 80% after exposure to the respective
temperatures of 150, 300, 450 e 600 °C, while the dynamic elastic
modulus reduced around 20%, 65%, 85%, and 95%, respectively.

Moreover, the time required for pulse to propagate through the SFRC
increases with temperature, which may be related to the increase in
porosity and consequent delay of the ultrasonic pulse wave. In this
sense, the US pulse velocity test may be employed as a tool to verify the
damage in SFRC, since the test has a direct relationship with the density
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Fig. 7. Stress-strain curves as a function of temperature and fiber content of (a)
0.26%, (b) 0.45% and (c) 0.90%.

and elastic properties of the material. The determination of ultrasonic
pulse velocity in specimens subjected to T > 450 °C was difficulted due
to the severe cracking that disturbs the US pulse transmission, which is
also verified in literature [42]. The US pulse velocity for specimens
exposed to temperatures of 750 °C was not determined due to
compromised repeatability of the results.
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Table 4
Average compressive strength and elastic modulus as a function of temperature.
Target temperature (°C) SFRC identification fc (MPa) Ec (GPa)
25 SFRC-0.26 84.8 (+2.1) 34.8 (£0.7)
SFRC-0.45 91.8 (+£2.1) 35.7 (+£0.8)
SFRC-0.90 90.8 (+£1.1) 36.9 (+£0.6)
150 SFRC-0.26 72.9 (£2.1) 25.7 (+£0.5)
SFRC-0.45 78.2 (£2.1) 27.1 (£0.3)
SFRC-0.90 84.7 (£1.9) 28.9 (+£0.4)
300 SFRC-0.26 44.2 (+£1.3) 9.6 (+0.4)
SFRC-0.45 62.5 (£1.7) 10.9 (+0.3)
SFRC-0.90 66.9 (£1.7) 11.8 (+£0.4)
450 SFRC-0.26 34.9 (+£0.8) 3.6 (+0.2)
SFRC-0.45 37.5 (£1.1) 4.3 (£0.2)
SFRC-0.90 46.8 (£1.3) 4.4 (£0.2)
600 SFRC-0.26 13.1 (+0.3) 1.1 (£0.1)
SFRC-0.45 19.8 (+0.7) 1.2 (£0.1)
SFRC-0.90 16.9 (+0.4) 1.4 (£0.1)
750 SFRC-0.26 1.6 (£0.1) 0.1 (£0.1)
SFRC-0.45 2.2 (+0.1) 0.3 (£0.1)
SFRC-0.90 1.9 (£0.1) 0.4 (£0.1)

Additionally, the reduction in terms of mass values was similar be-
tween samples with different fiber content. After exposure to 750 °C, the
mass values reduced around 10% when compared with room tempera-
ture results. The reduction in density with the increase in temperature is
related mainly to the increase in porosity of the cement paste, the for-
mation of an extensive crack network related with the thermal induced
stresses, as well as the dehydration of hydrated products [43,44].
Moreover, the water located in the pore structure of concrete evaporates
as the heating occurs, which also affects the density values.

3.3. Compressive strength and elastic modulus

Fig. 7 shows the compressive stress-strain curves as a function of
temperature and fiber content. Table 4 shows the average compressive
strength (f.) values and elastic modulus (E.) as a function of tempera-
ture. A significant reduction in compressive strength is verified for T >
300 °C, which is related with the dehydration of hydrated products and
the incompatibility in terms of thermal strain between the aggregates
and the cement paste. This thermal incompatibility is also responsible
for cracks in the interfacial transition zone between aggregates and the
cement paste [25,43].

Fig. 8 shows the coefficients of reduction for f, and E. as a function of
temperature. The coefficients of reduction for the compressive strength
(K.) and the elastic modulus (Kg.) obtained in this study are lower than
those prescribed by the Eurocode [31]. This means that the reduction of
fe and E. obtained in this study was higher than those prescribed in
European guidelines, which may suggest that the curves provided in
Eurocode may be out of the safe condition for this particular case. The
results obtained in this study also differ from some studies found in
literature for similar class of concrete with similar fiber content [45-52].
However, the results presented in this paper agree well with some
recently published studies that employed longer heat regimes to ensure
the thermal stability of the SFRC [17,25]. In this sense, the differences
when compared to Eurocode and some studies in literature may be a
result from the heat regime adopted, which ensured temperature uni-
formity within the entire volume of the specimens, as well as the in-
crease in porosity caused by the ignition of the micro synthetic fibers.

The use of higher fiber content mitigated the reductions in f. for T <
450 °C. In this sense, the SFRC-0.90 showed a reduction rate of ~ 0.10
MPa/°C, while the samples SFRC-0.26 and SFRC-0.45 have shown re-
ductions ranging between 0.15 and 0.20 MPa/°C in the range of 25 °C <
T < 450 °C. Therefore, the reductions in terms of f. for SFRC-0.90 were
about 10% lower than those obtained for SFRC-0.26 and SFRC-0.45.
This favorable effect of fibers was also verified in the work of Chan
et al. [45] and Felicetti et al. [46].

The slightly increased compressive capacity for SFRC-0.90 in
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Fig. 8. Coefficients of reduction for the (a) compressive strength and (b) elastic modulus as a function of temperature.

Fig. 9. The DEWS test and the integrity condition of the SFRC samples exposed to (a) room temperature, (b) 150 °C, (c) 300 °C, (d) 450 °C, (e) 600 °C, and (f) 750 °C.

elevated temperatures up to 450 °C may occur due to the increase in the
amount of energy required for the unstable rupture of concrete, which is
related to the fundamental bridging mechanism of steel fibers [53].
Notice that the peak load was obtained for greater displacement values
for SFRC-0.90 than for the SFRC-0.26 and SFRC-0.45. In this sense, the
increase in fiber content increases the deformation capacity of the ma-
terial, since the maximum stress level would be associated with a greater
strain value (see Fig. 7). Therefore, the increase in fiber content may
mitigate the reductions in f, after temperature exposure fundamentally
by improving the bridging mechanism through the cracks. This tendency
may be justified by the negligible effect of temperature on the bond-slip
behavior of steel fibers up to T < 450 °C [34]. For T = 600 °C all the
samples retained ~ 20% of their initial f., independently of the fiber

content employed, while at T = 750 °C the f. may be considered prac-
tically zero.

The reductions in the values of E. were more severe than those ob-
tained for f,, independently of the fiber content. After exposure to T =
450 °C, the SFRC retained only ~ 15% of the result obtained at room
temperature. This suggests that the elastic properties are not influenced
by fiber content, which was also pointed out by Yermak et al. [48]. In
this sense, the major factors influencing the reduction in the elastic
properties of the SFRC may be related to the reduction in the volume of
solids in the cement paste, the increase in the porosity of aggregates
[43], and the dehydration of hydrated products [54,55]. Some addi-
tional factors can be mentioned, such as the thermal related cracking
and the deterioration of the micro-synthetic fibers [17,25].
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Table 5
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= B -4 25°C (+£0.7) (£0.9) (£0.4)
a 150°C SFRC-0.45 3.8 2.0 1.0
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Fig. 10. Average stress-COD curves for the (a) SFRC-0.26, (b) SFRC-0.45, and
(c) SFRC-0.90 samples.

3.4. Tensile properties of the SFRC

Fig. 9 illustrates the DEWS test and the integrity condition of the
SFRC samples. No grinding or damage was verified in the contact

0 10 20 30 40 50 60 70 80 90 100
Compressive strength - f, (MPa)

Fig. 11. Correlation between fr and f, for all the temperatures evaluated in
this study.

between the roller and the specimen, while the crack opening was
similar in both faces of the sample. In all cases the failure mode consisted
of a single vertical crack between the notches (mode I fracture).
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Fig. 13. Coefficients of mechanical degradation for (a) fr; and (b) fr, compared
to European standards.

Moreover, the crack opening in both sides of the specimens was similar,
which is a first indicative that the methodology may be applied to SFRC
after temperature exposure.

Fig. 10 shows the average stress-COD curves for the SFRC-0.26,
SFRC-0.45, and SFRC-0.90 samples. The average values of fg, frs and
frwu are presented in Table 5, with the standard deviation values in the
parenthesis. A significant reduction in fg is verified for T > 300 °C,
which is related to the dehydration of hydrated products and the
changes in the pore distribution of the cement paste and aggregates
[17,25,44]. The deterioration process is further aggravated by the
micro-cracking process that affects the cementitious matrix and aggre-
gates due to the expansive transition from a-quartz (trigonal) to f-quartz
(hexagonal) for T > 573 °C [56].

The fr; values were not significantly affected for T < 150 °C, inde-
pendently of the fiber content. The SFRC-0.90 maintained ~ 45% and ~
25% of their initial fp; value after exposure to the respective tempera-
tures of 450 and 600 °C, while the SFRC-0.26 and SFRC-0.45 maintained
only ~ 30% and ~ 15%, respectively. This indicates that the steel fibers
may have acted in controlling the thermal cracking process, which
mitigates the reductions in fg; related to room temperature. However,
the results obtained for T = 750 °C corresponded to ~ 5% of the fg
obtained at room temperature for all samples evaluated in this study,
which may be attributed to the extensive degradation of the cementi-
tious matrix and the fiber-paste interfacial transition zone [34].
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Fig. 14. Relationship in terms of fg, fris € frru between the results obtained in
this study and the results obtained by Serafini et al. [25].

Fig. 11 shows the correlation between fg and f, for all the temper-
atures evaluated in this study. In average, the tensile strength repre-
sented ~ 4% of the compressive strength value, independently of the
fiber content (R2 = 0.98), while results found in classical literature for
bending tests points out that the relation between fz / fc is ~ 10%
[48,57-59]. This occurs because the tensile response of the material
varies according to the test method employed. For example, the bending
test induces a compressive region in the cross-section, which is known to
increase the flexural tensile strength values [60]. Thus, the fg / f. ob-
tained in this study seem to be reasonable considering that the DEWS
test induces a mode I fracture with negligible compressive stresses in the
fracture surface.

Moreover, the post-peak instability that is inherent to the evaluation
of SFRC in open-loop control systems reached maximum COD values of
over 0.3 mm during the DEWS test, especially for T < 150 °C and for
SFRC-0.26 (see Table 5). Even with this limitation, the post-peak
instability reduced for samples with higher fiber content (i.e. SFRC-
0.90) and after exposure to temperature, since the reduction in the
gap between fp; and fgis occurred.
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The fgs and fpy, values were not significantly affected for T < 300 °C,
which may be related with the minimal effect of temperature on the
bond-slip behavior of hooked-end steel fibers at this temperature range
[34,61-63]. A recent study published by Serafini et al. [34] showed that
the fiber-matrix bond strength may increase up to ~ 40% for T < 450 °C,
which may be related with the densification of the ITZ and formation of
C-S-H in this region due to an autoclave condition. In this sense, the
reduction in fr; and the increase in fgs and fry, for T < 450 °C obtained in
this study may be justified by the minimal or even beneficial effect of
temperature on the bond-slip behavior of hooked-end steel fibers.

All the samples evaluated retained, respectively, ~20% and ~ 30%
of frs and fryy after exposure to 600 °C. After exposure to 750 °C, only ~
5% of frs and fgy, was retained, independently of the fiber content. The
reductions in post-crack tensile properties of SFRC are related to the loss
of anchorage of the hooks, reduction of the mechanical properties of the
steel fiber, and deterioration of the cementitious matrix and the fiber-
—matrix ITZ [34,61-63].

The increase in fiber content resulted in an increase in the post-crack
tensile strength of the SFRC, independently of the target temperature
evaluated. However, the reductions in terms of fg,, were similar between
all the samples evaluated when compared to room temperature results.
Additionally, the values of fr and fgs tend to reduce linearly with
temperature increase, while the fgy, values show a non-linear trend (see
Fig. 12). Therefore, it is possible to observe that the reduction in terms of
freu is negligible for T < 300 °C and presents a linear reduction trend for
greater temperature values. Also, the correlation between fgy, and
temperature becomes more evident with the increase in fiber content.

Fig. 13 shows the coefficients of mechanical degradation for fz; and
fru compared to European standards [31,32] and others results in the
literature [64-66]. These coefficients may be used as reduction factors
for the assessment of SFRC structures affected by fire. It is possible to
observe that the fg; and fgy, values obtained in this study are in line with
the analytical curves presented in European standards. The coefficient of
mechanical degradation for fry, (Kpty) is considerably greater than those
prescribed by the CNR DT 204 [32]. This is also observed for the co-
efficients of mechanical degradation of literature results employing
bending tests and a CMOD = 2.5 mm [64-66].

A considerable amount of studies may be found in literature
employing bending tests, as well as different classes of concrete, steel
fiber type, and heat regimes [48,51,67]. Since these factors may limit
the comparison with the literature, the results obtained in this study are
compared with the study of Serafini et al. [25]. However, Serafini et al.
[25] conducted the DEWS test using cubic specimens with 1 = 150 mm,
contrary to the current study that employed cubes with 1 = 100 mm. In
this sense, a direct comparison was conducted in terms of stresses.
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1 —e— SFRC-0.90
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Fig. 15. Effect of temperature in the ductility parameters at the (a) SLS and (b) ULS.
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Fig. 14 shows the relationship in terms of fg, fris and fry, between the a well-defined correlation (R? = 0.99) between the results obtained with
results obtained in this study and the results obtained by Serafini et al. cubes of 1 = 150 mm and 1 = 100 mm is verified. In this sense, the
[25]. Despite the significant differences in terms of specimens’ size, the conversion factor between the specimens with different sizes is close to
results seem to be comparable in terms of fg, frts € frry Values. Moreover, 1.0. These results suggest that the DEWS test may be employed in
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reduced specimen size without compromising the reliability of the ten-
sile results obtained.

In this context, the results point out that the use of specimens with 1
= 100 mm may be a feasible alternative to determine the tensile prop-
erties of the SFRC exposed to elevated temperatures. More than that, the
analysis conducted in this study shows that the DEWS test yields
representative results of the tensile properties of the composite, even
after exposure to elevated temperatures. This is a valuable result
considering that other test methods have shown limited applications
when applied to the post-heat assessment of SFRC, such as the DPT test
[24].

The values of fr and the post-crack parameters were negatively
affected by temperature following a linear trend with different rates of
reduction. This resulted in a significant increase in terms of ductility up
to 450 °C with the material behaving more closely as a perfect elasto-
plastic material (see Fig. 15). Even with this post-fire ductility gain, it is
important to highlight that the tensile properties of the composite are
negatively affected by temperature, which affects the safety conditions
of a structure.

4. Conclusions

The present study evaluated the effect of steel fiber content on the
mechanical behavior of SFRC exposed to elevated temperatures. The
main conclusions of this study showed that the use of steel fibers reduced
the degradation rate of the SFRC in terms of the basic properties such as
compressive strength and elastic modulus, which demonstrates that the
European guides are in favor of safety in this aspect. The residual
strength reduction rates, which are fundamental parameters for the
structural application of the SFRC, are in an opposite direction since the
values obtained were higher than those considered in the European
guides. Complementarily, the following specific conclusions can be
highlighted:

- The use of higher fiber content mitigated the reductions in f, for T <
450 °C. The SFRC-0.90 showed a reduction rate of ~ 0.10 MPa/°C,
while the SFRC-0.26 and SFRC-0.45 have shown reductions ranging
between 0.15 and 0.20 MPa/°C in the range of 25 °C < T < 450 °C.
However, for T = 600 °C all the samples retained ~ 20% of their
initial f,, independently of the fiber content employed, while at T =
750 °C the f. may be considered practically zero.
As the temperature increased, the reductions in the values of E. were
similar among samples with different contents of steel fiber. After
exposure to T = 450 °C, the SFRC retained only ~ 15% of the E.
obtained at room temperature. The rate of degradation presented for
fc and E. was higher than the values provided by the Eurocode. This
means that the reduction of f. and E. obtained in this study was
higher than those prescribed in European guidelines, which should
be used with caution when using materials in conditions similar to
this experimental study.

- The increase in fiber content resulted in a reduction in the rate of fg;
degradation. SFRC-0.90 samples maintained ~ 45% and ~ 25% of
their initial fg; value after exposure to the respective temperatures of
450 and 600 °C, while SFRC-0.26 and SFRC-0.45 samples maintained
only ~ 30% and ~ 15% for the same respective temperatures.
However, the results obtained for T = 750 °C corresponded to ~ 5%

Appendix A

Sample size and admissible error
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of the fg; obtained at room temperature for all samples, regardless of
the fiber content used.

The reductions in the post-crack strength values did not occur with
the same intensity as the reductions in fg. The reductions in terms of
frtu Were similar between all the samples evaluated when compared
to room temperature results. All the samples evaluated retained ~
30% of fgy, after exposure to 600 °C. After exposure to 750 °C, only ~
5% of fpy, was retained, independently of the fiber content.

The coefficients of mechanical degradation for fg; and fry, were
comparable to the patterns presented by European standards. The
values obtained in this study for fg and fry, were higher than the
values predicted by European guidelines, which suggests that the
analytical curves prescribed by the guidelines are in favor of safety.
There are limited guidelines regarding the effect of temperature on
the post-crack tensile properties [32]. In this sense, this work con-
tributes to the definition of design-oriented parameters for fg, after
temperature exposure.

The DEWS test proved to be effective in evaluating the post-crack
behavior of SFRC exposed to high temperatures, constituting a
technically viable methodology under these conditions. No grinding
or damage was verified in the contact between the roller and the
specimen, while the crack opening pattern was similar at both faces
of the specimens. Therefore, the DEWS test yields representative
results of the tensile properties of the composite, even after exposure
to elevated temperatures and for the fiber content range evaluated in
this study.

The results obtained in this study can be used for the elaboration of
constitutive equations and will serve as input data in numerical models
for predicting the behavior of structural elements performed with SFRC,
analyzing their performance level according to the steel fiber content
adopted. Therefore, these results are a reference for the definition of
safety parameters for the SFRC elements.
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The relationship between the sample size and the admissible error for the DEWS test was determined based on concepts of inferential statistics

according to:
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2,2
n= R ;’ (A1)

where n is the number of specimens required (sample size); s is the standard deviation obtained by the pilot sample (in MPa); z, is the t-Student
distribution value; and ¢ is the admissible error for the test. The average values and the standard deviation were determined based on the experimental
results, while z, = 2,132 was adopted considering a confidence interval of 95% and (n-1) degrees of freedom.

Results obtained

Figs. A1, A2, and A3 present the sample size as a function of admissible error for the tensile properties of SFRC-0.26, SFRC-0.45, and SFRC-0.90,
respectively. The results show that the number of required samples increases with the reduction of the admissible error for the DEWS test. For the fg; of
the SFRC-0.26, using 10 cubes results in a maximum admissible error of ~ 25%, however the variability in the post-crack tensile properties (i.e. frts and
frtw) increases the sample size to over 35 specimens for the same admissible error. Contrarily, the SFRC-0.45 requires 15 cubic specimens to ensure a
maximum admissible error of ~ 25% for all the tensile properties of the composite, which occurred because the increase in fiber content reduced the
variability in the fgs and fgy, values. Lastly, the SFRC-0.90 requires 10 cubic specimens to ensure an admissible error of 25% for all tensile properties of
SFRC.

In this sense, it is possible to observe that the increase in fiber content reduces the variability of fr and fry, which results in the reduction of the
sample size required to ensure the same admissible error. Moreover, the increase in temperature seem to negatively affect the dispersion of results,
with an exception to the SFRC-0.26. Therefore, the data provided in this section may serve as a reference for the definition of sample sizes for future
studies that are going to employ the DEWS test to characterize a SFRC.
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