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� MSFRC loses residual tensile strength and energy density with rising temperature.
� Temperatures of 400 �C and 570 �C are critical to the MSFRC mechanical performance.
� Up to 100 �C the residual mechanical behavior of the macro fibers is not affected.
� The specimen surface degradation caused by temperature affect BCN test result.
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This paper presents an experimental investigation on the applicability of the Barcelona (BCN) test to eval-
uate the mechanical properties of a macro-synthetic fiber reinforced concrete (MSFRC) submitted to high
temperature environments (up to 600 �C). BCN tests demonstrated that the MSFRC gradually loses tensile
strength an energy consumption density with increasing temperature. Temperatures of 400 �C and 570 �C
shown to be critical to the MSFRC mechanical performance. The residual mechanical behavior of the
macro-synthetic fibers was not affected by the temperature up to 100 �C. For higher temperatures, the
reinforcement showed that may lose part of its crystallinity compromising the MSFRC post-cracking per-
formance. The constitutive model used to determine the stress-strain curves of the MSFRC was capable to
reproduce the composite behavior after the event of a fire.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

It is well known that a properly dosed concrete composite rein-
forced with macro-synthetic fibers (i.e.: MSFRC) may be suitable
for structural applications, presenting ductility under compression
and great energy absorption capacity under tension [1–4]. Differ-
ent from other fiber reinforced composites (e.g.: steel fiber rein-
forced concretes), the mechanical behavior of a MSFRC is majorly
dependent on the frictional bond stablished between the fiber
and matrix at the interfacial transition zone [5]. Such characteristic
led the macro-synthetic fibers to evolve in terms geometry,
anchorage and surface treatment.

In high temperature environments, however, the behavior of a
MSFRC is dependent on the thermal gradient established in the ele-
ment, as well as on the mechanical and physical changes occurred
on both: fibers and matrix. This topic represent one of the main
unresolved and challenging issues regarding the performance of
this composite that still concern the scientific community and
the construction sector. The effect of fire exposure and elevated
temperatures on the mechanical behavior of a MSFRC is particu-
larly interesting to the case of underground tunnel structures,
which frequently employ this type of material.
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Once heated, a Portland cement concrete will experience sev-
eral chemo-physical transformations: release of free and chemi-
cally combined water, decomposition of the calcium silicate
hydrates (CSH), dehydration of portlandite and decomposition of
carbonated phases. As a result, the concrete exhibits reduction of
the tensile and compressive strength, cracking, loss of the bond
between the aggregates and the cement paste, deterioration of
the hardened cement paste and, in some cases, spalling [6]. The
addition of micro synthetic fibers (in particular the polypropylene
fibers) may reduce the chance of concrete spalling [7] while macro
fibers (e.g. steel, polypropylene), may guarantee residual load-
bearing capacity of the structure [8–10].

Such load-bearing capacity will depend on the type of fibers
used, but certainly it will contribute to reducing the risk of a tunnel
collapse. This aspect is particularly relevant considering the high
costs associated to the reconstruction or repairing of a collapsed
tunnel [11–12] and the historic sequence of catastrophic events
occurred in such structures submitted to fire loading [10].

Table 1 presents relevant data of previous studies on the effects
of high temperature on FRC, including the used type of fiber, the
temperatures reached and the tests performed. The notation used
to distinguish the material of the fiber is: C for carbon, S for steel,
PP for polypropylene and PE for polyethylene. The symbol + is
applied for hybrid reinforcement (when more than one type of
fiber is used in one mix).

The data presented in Table 1 reveals that previous studies
focus on the evaluation of the mechanical properties such as resid-
ual strengths or toughness indexes. However, the microstructure of
matrix and the damage suffered by the fiber, which are relevant
parameters to understand the composite mechanical behavior at
high temperatures, are not evaluated.

This paper presents a comprehensive study of the effects of high
temperature on MSFRC: from the mechanical performance to the
microstructure point of view. The goal was to establish the pattern
of the degradation of the specimen along its central axis and, then,
correlate it with the loss of mechanical strength.

The integrated analysis of the mechanical behavior with the
characterization of the damage that occurred in the microstructure
provide a unique and novel insight into the effects of high temper-
atures on the performance of MSFRC. Furthermore, the study also
sheds light into the applicability of the Barcelona test to evaluate
the post-heating residual strength of the material. In fact, this test
is one of the few in the literature that can be performed on FRC
specimens drilled from real structures that have been exposed to
a fire.
2. Experimental campaign

The experimental campaign begins with the manufacturing and
curing process employed to the studied MSFRC. Mechanical tests
were performed to assess the composite behavior before and after
heating. The MSFRC was evaluated with respect to the residual ten-
sile strength through the Barcelona test [17]. Pre and post heating
compressive strength and elastic modulus, were also determined.
Table 1
Summary of previous studies on the effect of temperature on FRC.

Reference Fiber Temperatu

Chen and Liu [13] C, S, PP, C + S, C + PP, S + PP 200, 400,
Peng et al. [14] S + PP 400, 600,

Sukontasukkul et al. [8] S, PP, PE 400, 600,
Colombo et al. [15] S 200, 400,
Choumanidis et al. [16] S, PP, S + PP 280

*C = Carbon; PP = Polypropylene; S = Steel; PE = Polyethylene.
These evaluations provide conditions to assess the influence of
temperature on the behavior of the composite.

In order to obtain a better understanding of the effect of the
temperature variation in the materials structure, tests were per-
formed to characterize their structures. The integrity of the fibers
before and after heat treatment was evaluated through direct ten-
sile tests and Differential Scanning Calorimetry (DSC). The fiber-
matrix interfaces were assessed in all target temperatures by
means of a Scanning Electron Microscope (SEM). Such isolated
investigations (pre and post heating), represent key points while
studying the residual performance of a real structure. Finally, a
well detailed explanation is given about the materials characteri-
zation, which involves SEM, thermogravimetry (TG), differential
scanning calorimetry (DSC) and XRD analysis applied for both:
MSRFC, paste and macro-synthetic fibers.
2.1. MSFRC manufacturing and curing

The concrete used in this research was developed using the
same materials and mix-design specified to the concrete matrix
used to produce the tunnel segments of the ‘‘Metro Line 600 under
construction in the city of São Paulo, Brazil. The matrix was designed
with a High Early Strength Portland Cement (CP V - ARI RS), silica
fume, two coarse aggregates (dmax:19 mm and dmax:9.5 mm), arti-
ficial (dmax:4.8 mm) and river sand (dmax:2 mm) and a
polycarboxylate-based superplasticizer (ADVA 525, Grace Com-
pany). The matrix composition is summarized in Table 2.

The concrete matrix was reinforced with macro-synthetic fibers
(BarChip48) commercialized in Brazil by the EPC Group (Elasto
Plastic Concrete). The real tunnel has adopted steel fibers com-
bined with conventional reinforcement to produce the pre-cast
segments. Polypropylene micro-fibers, from the Brazilian company
Neomatex, were also employed in the mixture in order to inhibit
explosive spalling at elevated temperatures respecting the seg-
ments specification. The dosage and properties (supplied by the
manufacturers) of both synthetic fibers can be found, respectively,
in Tables 2 and 3.

Preliminary tests were carried out in order to define the refer-
ence matrix with the desired macro fiber content (8 kg/m3) and
slump value (�8 cm). The composite was prepared in a conven-
tional concrete mixer (300 l capacity) at a room temperature of
24 �C ± 1 �C.

First, all aggregates were homogenized by dry mixing for 60 s
prior to the addition of cementitious materials (+60 s of dry mix-
ing). Water and superplasticizer were then slowly added to the
mixture, which was subsequently blended for 8 min. Both fibers
were manually incorporated into the mixture (+5 min of blending).
The concrete mixture was cast in the steel molds 150 � 300 mm
(diameter x height) in two equal layers. The concrete consolidation
was carried out through a vibratory table (60 Hz) during 30 s.

The MSFRC was cured in a wide electric oven at 40 �C during
24 h before demolding. Before heating process, the specimens were
sealed using a PVC film. After thermal cure, cylinders were cut into
two equal pieces (half of the height) in order to generated
re (�C) Specimen (mm) Tests

600, 800 100 � 100 � 100 Compression and splitting
800 100 � 100 � 100

300 � 100 � 100
Compression
Bending and explosive spalling

800 350 � 100 � 100 Bending
600, 800 500 � 75 � 60 Bending

150 � Ø150 Barcelona test



Table 2
Summary of the MSFRC composition.

Constituent MSFRC

Portland cement (kg/m3) 400
Granite coarse aggregate dmax:19 mm (kg/m3) 770
Granite coarse aggregate dmax:9.5 mm (kg/m3) 330
River sand (kg/m3) 403
Artificial sand (kg/m3) 269
Silica fume (kg/m3) 22
Water (kg/m3) 165
Water/cementitious material ratio 0.39
Superplasticizer (l/m3) 2.75
Micro-synthetic fiber (kg/m3) 0.8
Macro-synthetic fiber (kg/m3) 8

Table 3
Properties of the used synthetic fibers.

Macro-synthetic fiber (reinforcement)*

Specific gravity 0.90–0.92
Tensile strength (MPa) 640
Fibers/kg 59,500
Youngs Modulus (GPa) 10
Melting point (�C) 159–179
Ignition Point (�C) >450
Fiber length (mm) 48

Polypropylene micro-fiber (anti-spalling)*

Density (g/cm3) 0.91
Fibers/kg 130 millions
Melting point (�C) 165
Fiber diameter (mm) 30 mm
Fiber length (mm) 12

* Data provided by the manufacturers

Fig. 1. Set-up of the BCN test and reference zones along the specimen central axis,
used for chemical and microstructural analysis.
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specimens of 150 � 150 mm (diameter � height) for the BCN test
as well as prescribed by the standard UNE 83504:2004 [18]. The
specimens were then regularized and keep in dry condition (sealed
in plastic bags) for 28 days. Those conditions were the closest pos-
sible to the segments production. In addition, 75 � 150 mm (diam-
eter � height) cylinders were extracted from the aforementioned
specimens in order to determine the composite compressive
strength and elastic modulus.

2.2. Mechanical tests

2.2.1. Barcelona tests
The BCN specimens were submitted to indirect tension follow-

ing the specification prescribed on UNE 83515:2010 [16]. During
the tests, the composites were subjected to a double punch test
by means of two cylindrical steel punches centered on both upper
and bottom surfaces of the specimens (see Fig. 1).

The ratio between the specimen diameter and the punch diam-
eter was kept in 1:4, while the ratio between their respective
heights was 1:5. The total circumferential opening displacement
(TCOD) values, were measured at the middle height of the BCN
specimens using a chain apparatus, connected to a clip-gauge (Shi-
madzu Company) with a maximum range of 5 mm, instead of the
10 mm required by UNE 83515 [16]. Thus, the residual strength
and toughness values remained restricted to a maximum TCOD
of 4 mm.

The tensile strength of the produced MSFRCs was determined
through the formulation proposed by Blanco [19], which is analyt-
ically derived from the results of the test and provides a r-e rela-
tion that is valid for the linear-elastic and post-cracking stages.
The formulation to estimate the tensile stresses (r), shown in Eq.
(1), is based on the balance of forces interacting in the specimen.
The strain (e) in the linear-elastic stage is obtained as the tensile
stress to the modulus of elasticity (E) ratio. After the cracking,
Eq. (2) is used to estimate the strain. This expression was derived
using the principle of the virtual works.

r ¼ FP

2 � p � A � cosb� lk � senb
senbþ lk � cosb

with A ¼ d � h
4

� d02

4 � tanb ð1Þ
e ¼ ndP
pR

� tanb � sin p
n

� �
ð2Þ

In Eqs. (1) and (2), several variables are involved: the load
applied during the test (FP), the failure angle of the material (b),
the kinetic friction coefficient (mk), the diameter and height of the
specimen (d and h), the diameter of the steel punch where the load
is applied (d’), the number of cracks (n), the radius of the specimen
(R) and the displacement registered during the test (dP). Most of
these parameters are directly obtained from the results of the test
(FP and dP), the geometrical characteristics of the specimen
(d = 150 mm, h = 150 mm and R = 75 mm) or the test setup
(d’ = 37.5 mm). The failure angle b is determined from the conical
wedge formed during the test under the steel punches according
to Eq. (3), where u is the internal friction angle of the material (this
angle determines the cracking surface of the conical wedge as
shown in Fig. 2). The actual length of the conical wedge (l), and
the consequent angle b, was measured for several specimens tested
after the thermal treatment up to 25 �C, 200 �C, 400 �C and 600 �C
(see Section 3.2).

l ¼ d0

2
� tanu ð3Þ

The kinetic friction coefficient (mk) of the concrete is a parame-
ter that has not been studied in detail in the literature. In fact, the
information available refers to the static friction coefficient of con-
crete (ms), however it is known that mk should be smaller than ms for
the same surface. This is particularly true for the case of the Barce-
lona test since two concrete surfaces are subjected to a significant
relative displacement. In the absence of reliable values of mk, a rea-
sonable approximation is 0.7, which corresponds to the limit value
between smooth and rough surfaces defined in the Model Code
2010 [20].
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Fig. 2. (a) Cross-section of half specimen after cracking and formation of the cone and (b) conical wedge from specimen with thermal treatment up to 200 �C.
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In order to assess the post-heating tensile behavior of the stud-
ied MSFRC, BCN specimens were heated in an electric oven (Infor-
gel Company) up to the following temperatures: 200 �C, 400 �C,
and 600 �C. Experiments on control specimens (unheated MSFRCs,
just cured at 40 �C) were also carried out. The BCN specimens were
covered by steel mesh in order to avoid damage to the furnace in
case of explosive spalling. The heating rate was maintained in
16 �C/min (largest value allowed by the used furnace). Differently
from a real tunnel fire (single-face heating), inside the oven, heat-
ing occurs in the entire outer surface of the specimens. Seeking to
stabilize the specimens at the studied target temperatures, a sus-
tained thermal load of 60 min was employed. The choice for this
exposure time is based on data about duration of fires (along the
last 5 decades) reported by the International Tunneling Association
(ITA) [21]. After the heating process, the cylindrical specimens des-
tined to the residual BCN tests were cooled down naturally within
the furnace until reach the room temperature. Such process was
carried out to prevent large thermal gradients capable of cracking
the concrete composite. At the end of the test, the following
parameters were determined: First crack tensile strength (rcr),
residual tensile strengths for strains of 0.2% (r0,2%) and 0.4%
(r0,4%), and energy density for strains of 0.2% (A0,2%) and 0.4%
(A0,4%).

2.2.2. Compressive strength and elastic modulus
The compressive strength (fc) and elastic modulus (Ec) of the

produced MSFRC were carried out in 75 � 150 mm (diame-
ter � height) cylinders using three specimens for each target tem-
perature (see Section 2.1). As well as in the BCN test, compressive
strength assessment was performed not only at room temperature
(25 �C) but also in specimens heated up to 200 �C, 400 �C and
600 �C.

The compressive load was applied at a rate of 0.1 mm/min by
using a Shimadzu universal testing machine (model UH-
F1000kN) with a computer-controlled hydraulic servo system.
The composite axial strain was determined by the average of two
displacement transducers attached around the specimen. The elas-
tic modulus was obtained on the elastic range of the stress-strain
curves located between 0.5 MPa and 0.3fc.

2.2.3. Direct tensile tests of macro-synthetic fibers
Monotonic tension tests were performed in single macro-

synthetic fibers in order to evaluate their mechanical properties
at room temperature, as well as, to assess the effect of temperature
on the fibers residual tensile properties. In that sense, fibers with
10 mm of gage length were tensioned in a horizontal electrome-
chanical testing machine (MTS, model Tytron 250) coupled to a
50 N load cell and a 5 mm precision extensometer. Load and dis-
placement measurements were recorder at a rate of 4 Hz.

The test methodology adopted here follows the study proposed
by Estrada et al. [22] for the evaluation of fibers already cut in the
length of use. The results obtained in such condition may differ in
terms of strength and, in particular, modulus of elasticity, with
relation to the tensile test performed on original yarns usually
employed by the producers of fibers. However, it allows to evaluate
the fiber performance as a function of temperature, which is one of
the key objectives in the present study. A displacement rate of
0.4 mm was adopted to all direct tensile test.

For each studied temperatures, 6 macro-synthetic fibers were
tested. Each single fiber was glued to a paper template in order
to allow a perfect alignment with the machine grips. The ultimate
tensile strength (rUTS) of fibers was calculated dividing the maxi-
mum load value by the fiber cross-sectional area obtained in the
fracture site. The fracture planes of the fibers were analyzed
through a Scanning Electron Microscope (SEM) Hitachi TM3000
and subsequently treated using the software ImageJ. The elastic
modulus was calculated in the ascending branch of the stress-
strain curves located between 10% and 40% of rUTS. The obtained
data were also analyzed through analysis of variances (ANOVA).

2.2.4. Materials characterization
2.2.4.1. Matrix and fiber-matrix interfaces (SEM, TG, DSC). The fiber-
matrix interfaces of the thermal treated MSFRC (25 �C, 200 �C,
400 �C and 600 �C) were investigated in three different zones along
the central axis of the BCN specimens: 0 (Zone 1), 3.75 (Zone 2) and
7.5 cm (Zone 3) (see Fig. 1). The Scanning Electron Microscope
(SEM) was operated using 25 kV of acceleration tension and
30 mm of working distance. The samples (extracted from the frac-
tured BCN specimens) were attached to a circular plate-shaped
stage (diam: 20 mm) and analyzed without any coating.

Thermo Gravimetric (TG) analyses were carried out at the Zone
3, using pulverized sample material (�40 mg) obtained from the
already tested BCN specimens. To extract the powder a rotary
impact drill was employed. The samples were heated in platinum
sample holders from 35 �C to 1000 �C in a TA Instruments, SDT
Q600 model TGA/DTA/DSC simultaneous apparatus at a heating
rate of 10 �C min�1 and using 100 mL/min of nitrogen flow. An
isothermal step of 60 min at 35 �C was carried out before perform-
ing TG analysis. Such process was conducted in order to eliminate
the residual non-bonded free water present in the powder
material.

X-ray diffraction (XRD) analyses were also carried out in the
Zone 3 of the thermal treated BCN specimens. The samples used
in the XRD analyses were also obtained from the powder extracted
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by the impact drill. Operating conditions for qualitative analysis of
the Bruker D8 advance instrument were set to 40 kV and 40 mA
using CuKa1,2 radiation.

XRD profiles were recorded in an angular range 2h of 13� to 60�
with increments of 0.02�. The choice of qualitative analyzes was
based on the intense quartz peaks (aggregate phase) present in
the MSFRC diffractograms, as well as the difficulty of maintaining
the material proportions (i.e.: aggregates and paste) in the col-
lected samples. Since the intense quartz peaks present on the
diffractograms of the MSFRC, can hinder the identification of com-
pounds with minor peaks, TG and XRD analysis were also carried
out in samples prepared from the cement and from the paste.

2.2.4.2. Macro-synthetic fiber (crystallinity degree). In general, poly-
mers are composed by amorphous phases. However, as the fibers
are produced by extrusion and stretching, they could present a
higher level of crystallinity. Their mechanical properties, directly
depends on the crystalline phase which, in turn, is related with
the packaging of the chains in an organized manner [23–24].

Once the crystalline phase is affected by thermal loads, an
investigation on the degree of crystallinity of the employed
macro-synthetic fibers (polypropylene) was developed. The goal,
therefore, was to correlate the losses of the crystallinity of fibers
with the decrease of the MSFRCs tensile performance when
exposed to heat. The crystallinity percentage was determined by
using the area under the peak relative to the melting of the crys-
talline phase obtained by DSC, as well as shown in the Equation (4).

%Xc ¼
DH0

sample

DH0
standart

x100 ð4Þ

where:

%Xc = crystallinity percentage
DH0

sample = sample melting enthalpy

DH0
standart = enthalpy of the reference sample (209 J/g) [25].

TG/DSC analyses were carried using fragments of fibers (10 mg)
extracted manually from the tested BCN specimens. The fiber sam-
ples were heated in platinum sample holders from 25 �C to 700 �C
in a TA Instruments (STA6000) model Perkin Elmer TGA/DSC
simultaneous apparatus at a heating rate of 20 �C min�1 and using
20 mL/min of nitrogen flow. An isothermal step of 1 min at 25 �C
was carried out before performing DSC analysis. To ensure no
cement and aggregate contamination, the samples were soaked
in 1 mol.L�1 hydrochloric acid solution (at 40 �C) and stirred for
about 30 min.
3. Results and discussion

In this item, the mechanical performance and microstructural
features of the MSFRC, before and after exposure to the target tem-
peratures, (200 �C, 400 �C and 600 �C), were carefully examined.
The obtained data (e.g.: tensile and compression strength, elastic
modulus, etc) were treated through analysis of variances (ANOVA).
As shown in Fig. 3, no explosive spalling was observed in the com-
posites after the heating program. From 200 �C and above, how-
ever, all specimens presented thermal cracking and fiber
detachment.

3.1. Effect of temperature on the MSFRC compressive strength and
elastic modulus

Fig. 4 presents the variation of compressive strength and elastic
modulus evolution of the MSFRC (at an age of 28 days) for each
tested specific target temperature (25 �C, 200 �C, 400 �C and
600 �C). The average results can be found on Table 4. The speci-
mens tested at room temperature presented an average compres-
sive strength of 58.2 MPa as well as an elastic modulus of 28.1 GPa.

The residual compressive strength values obtained at 200 �C,
400 �C and 600 �C, shown to be, respectively, 9.2%, 34.6%, 64.9%
lower than the value reached at room temperature (58,2MPa).
Such values are in line with the classical literature [6] and also with
recent data [26] obtained for high strength concretes (�70 MPa)
tested in similar conditions.

The losses in the elastic modulus were still greater for the same
target temperatures, 31.0%, 87.6% and 96.6%, respectively. As can
be seen in Fig. 4b, the most pronounced decrease in the modulus
of elasticity occurs between 200 �C and 400 �C and represents a
reduction of 82.1%. This is in line with other studies that also iden-
tify the range of 200 �C–400 �C as the one presenting the main dif-
ference between the material responses in most cases [12–14].

This continuous loss of strength is given by different processes,
among which can be highlighted, the dehydration of hydrated
products present in the concrete matrix, the mismatch between
the aggregate and the cement paste thermal expansion, the
increases in the matrix and aggregate porosity and the degradation
of synthetic fibers. These processes will be further addressed in the
Section 3.4 and correlated with microstructural analyses.

3.2. Effect of temperature on the MSFRC post-heating tensile strength

As reported in the Section 2.2.1 the length of the conical wedge
(l) was measured for all target temperatures in order to obtain the
angle b, necessary to tensile strength determination. The b values
obtained for 25 �C, 200 �C, 400 �C and 600� were, respectively,
21�, 22�, 18� and 18�. Given the difficulty associated with the
extraction of a representative number of cones from the BCN spec-
imens, especially in the case of well degraded concretes (heated up
to 400 �C and above), the authors chose to employ an average angle
b of 21� for the calculation (common to all temperatures).

In all studied temperatures, the tensile behavior of the MSFRCs
was expressed in the form of stress versus strain curves (see Fig. 5).
All composites presented strain softening behavior when submit-
ted to the BCN test, even those tested at room temperature.

Through Fig. 5 is possible to percept that the MSFRC crack
strength (rcr) decreases gradually with increasing temperature,
being the referred decrease more pronounced between 400 and
600 �C. Fig. 6a presents the average values rcr for all MSFRCs.
The average first crack strength values obtained for 200 �C,
400 �C and 600 �C were, respectively, 13.2%, 20% and 62.5% lower
than that obtained for 25 �C. The reduction of the MSFRC crack
strength (rcr), in relative terms, up to 400 �C, showed to be lower
than that presented for other FRC tested with BCN tests in similar
conditions [16–27]. It is difficult to specify, however, the origin of
this phenomenon, since the related works make use of different
materials (e.g.: type of fiber, matrix composition), heating pro-
cesses and fiber contents.

The post-cracking response of the MSFRCs varies significantly
depending on the temperature. According to the curves in Fig. 5,
the MSFRC exposed up to 200 �C maintain similar values of the
residual strength and overall ductility when compared to the
MSFRC at room temperature. However, from 400 �C upwards, the
bearing capacity of the material is significantly reduced (see Sec-
tion 3.4). Fig. 6a shows the residual strengths of all MSFRCs, asso-
ciated to strain levels of 0.2% and 0.4%.

The average r0.2% obtained for 200 �C, 400 �C and 600 �C were,
respectively, 0.9%, 54.2% and 45.7% lower than that obtained for
25 �C. Such outcome may be explained by the decomposition pro-
cess suffered by the fibers when subjected to high temperatures,
which already starts at about �300 �C (Fig. 7).



(b) 400°C (c) 600°C(a) 200°C

Fig. 3. Surface degradation observed on the BCN specimens after thermal treatment up to (a) 200 �C, (b) 400 �C and (c) 600 �C.

Fig. 4. (a) Typical stress-strain curves obtained for the MSFRC under compression before and after heat treatment; (b) Average loss in compressive strength and elastic
modulus obtained for each studied temperature.

Table 4
Post-heating mechanical strength obtained for the MSFRC. Standard deviation values are presented in parentheses.

Target temperature Compressive strength Tensile strength (BCN)

fc (MPa) Ec (GPa) rcr (MPa) r0.2% (MPa) r0.4% (MPa)

25 �C* 58.20 (1.03) 28.17 (1.35) 4.10 (0.16) 2.42 (0.15) 1.90 (0.13)
200 �C 52.82 (1.30) 19.43 (3.73) 3.56 (0.15) 2.40 (0.15) 1.87 (0.11)
400 �C 38.02 (1.31) 3.48 (0.21) 3.28 (0.17) 1.11 (0.17) –
600 �C 20.42 (2.86) 0.95 (0.09) 1.53 (0.10) 1.31 (0.11) –

* Room temperature.
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The average r0.4% obtained for 200 �C was only 1.6% lower than
that measured for 25 �C, thus indicating that the fibers exposed to
such temperature are still capable of providing ductility to the
composite. The MSFRCs specimens exposed to 400 �C and 600 �C
did not reach that level of strain during the test (see Fig. 5).

Fig. 6b presents the values of energy consumption density (in
kJ/m3) associated to the aforementioned strain levels. This param-
eter is calculated as the average area below the stress-strain curves
of all specimens. It has been used in previous studies [28,29] to
assess the overall post-cracking response of fiber reinforced con-
crete instead of only using specific values of residual strength.
The results also confirm that the critical temperature which alters
the response of the MSFRC is 400 �C.

The average energy consumption densities at a value of strain of
0.2% for 200 �C, 400 �C and 600 �C were, respectively, 5.4%, 73.4%
and 89.9% lower than that obtained for 25 �C. The same analysis
for a strain of 0.4% is only possible for the MSFRC exposed to
200 �C and its value is only 2.9% lower than that corresponding
to the reference temperature (25 �C). As well as the compression
results, the effect of temperature on the MSFRCs will be further
addressed in the Section 3.4, in which the mechanical results are
linked to the microstructural analyses.

3.3. Effect of temperature on the tensile strength and elastic modulus
of the macro-synthetic fibers

Based on the procedure described in the Section 2.2.3, the resid-
ual tensile strength and elastic modulus of the studied macro-
synthetic fibers, were determined for 25 �C, 75 �C and 100 �C.
Regarding tensile strength, the average values obtained for the
aforementioned temperatures were respectively 275 MPa,
289 MPa and 325 MPa. With relation to the elastic modulus, the
obtained average values were 2.6 GPa, 2.6 GPa and 2.9 GPa for
the same temperatures.



Fig. 5. Stress-strain curves obtained from the results of the Barcelona test for the MSFRC specimens submitted to different temperatures.

Fig. 6. (a) Average first crack tensile strength and residual strengths for strains of 0.2% and 0.4%, and (b) energy consumption density for strains of 0.2% and 0.4%.
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For temperatures above 100 �C, longitudinal shrinkage was
observed along the fiber length, impairing the test from the execu-
tion point of view. As reported before, six fibers were tested for
each studied temperature. The obtained results showed that the
low temperatures employed for the residual tensile tests (below
the melting point) were not capable to alter the fiber mechanical



Fig. 7. DSC, TG, and DTG of the macro-synthetic fibers.
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properties (see Fig. 8). Such uniformity was clearly noticed com-
paring the strength and elastic modulus of all fibers in statistical
tests, in which the p-values were higher than 0.05 (ANOVA).

3.4. Micro-structural characterization and mechanical properties

Fig. 9 presents the TG and DTG curves obtained for the MSFRC,
in all studied target temperatures. These curves refer to the central
portion of concrete located at Zone 3 (7.5 cm from the top). The TG
and DTG curves are plotted starting from the end of the aforemen-
tioned isothermal stage at 35 �C (see Section 2.2.4.1). Initially, in
the reference sample (25�C_Zone 3) the imposed heating regime
tends to drive out the free water (present in the matrix) and accel-
erate its diffusion through the hardened paste. In parallel, calcium
silicate hydrate (CSH) and ettringite (AFt) starts to dehydrate
increasing the porosity of cement paste while reducing the
strength of the whole composite. Given the overlapping of the
DTG peaks, the decomposition process of such compounds cannot
be clearly distinguished.

The presence of the CSH and AFt was detected by XRD in the
diffractograms performed on the MSFRC (25 �C_Zone 3) and in
the hydrated cement paste (Fig. 10). CSH is formed during the
Fig. 8. Effect of temperature on the tensile strength (a) and elastic modulus (b) of
the studied macro-synthetic fibers.
hydration of alite (C3S) and belite (C2S) phases. Ettringite, however,
is formed from the phases commonly called as aluminate (C3A) and
gypsum (CŠH2), consuming high amount of water [26]. All of these
phases (alite, belite, aluminate and gypsum) were detected in the
cement powder through the XRD, together with the ferrite phase
(C4AF) (see Fig. 10).

The first step of dehydration, corresponding to CSH and AFt pre-
sent a long descending branch which extends to about 500 �C
(Fig. 9). Other degradation steps are still observable on the TG
curve of the reference sample (25�C_Zone 3). The second major
step, between 400 and 500 �C, refers to the dehydration of the cal-
cium hydroxide (Ca(OH)2) [30]. For temperatures above 500 �C, it is
possible to observe the decomposition of the carbonated phases
identified by XRD as calcite (CaCO3).

In the Zone 3 of the MSFRC heated up to 200 �C, it is possible to
percept that only the CSH and AFt were partially decomposed (see
first DTG peak on Fig. 9). Greater dehydration does not occur
because the imposed heating regime is not capable, or long
enough, to take the core (Zone 3) up to 200 �C. Thus, great part
of the microstructure is preserved and so the matrix compressive
and tensile strength (see Table 4).

As the internal temperature increase, thermal expansion of the
aggregates give rise to internal stresses within the composite. Such
stress, resulted in micro-cracks, which shown to be visible to naked
eye in the studied composites (Fig. 3).

In the MSFRC heated up to 200 �C, no fiber degradation was
observed. However, the fibers located close to the specimen sur-
face (Zone 1), presented longitudinal shrinkage. According to Diaz
and Youngblood [31], thermal shrinkage is a particular characteris-
tic of highly aligned polypropylene reinforcements, in which val-
ues of shrinkage of up to 6% may be expected, depending on the
applied restriction and temperature conditions. However, as
reported by the same authors, what actually occurs with rising
temperature is a joint effect of thermal shrinkage, thermal expan-
sion and creep occurring at the same time in the polymer.

SEM images were used to investigate the inner portions of the
composite, looking for alterations on the fiber reinforcement. The
micrographs, however, did not show any difference between the
reinforcement at 25 �C and 200 �C just below the surface.

The thermal field established in a concrete cylinder exposed to
elevated temperatures is time-dependent and, for a short exposure
Fig. 9. TG and DTG curves of powder material extracted from the central axis of the
MSFRC at room temperature and after heating process up to 200 �C, 400 �C and
600 �C.



Fig. 10. XRD patterns obtained for the cement, paste and for the MSFRC
(25 �C_Zone 3).
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time (case of this study), the temperature decreases significantly
along the radial direction. In addition, temperature histories of
points inside the furnace and on the faces of the heated specimen
may present great differences [32].

Studies performed by Shaikh and Vimonsatit [33] where ther-
mocouples were embedded in cylinders exposed to elevated tem-
peratures (heating rate: 8 �C/min) revealed that even after 1 h at
200 �C the central portion of the concrete specimens (distant
5 cm from the surface) does not reach more than 120 �C. Such
results allow us to presume that for larger specimens (case of
BCN specimens) heated up to same temperature (200 �C), the ther-
mal gradient till the center is even greater. This may explain why
the mechanical behavior at 200 �C is so close to that at 25 �C (under
compression and tension) and why the macro reinforcement
remains intact as well as part of the CSH and Aft. Such idea also
agree well with the mechanical results reported in the Section 2.2.3
which prove that there is no residual strength decrease in the
macro reinforcement up to 100 �C.

Observing the thermogravimetric analysis for the Zone 3 of the
MSFRC heated up to 400 �C, it is possible to percept a more intense
decomposition of CSH and AFt up to about 250 �C. The rest of the
curve (above 250 �C), as well as in the MSFRC heated up to 200 �C,
remained practically unchanged. As a result of a more pronounced
decomposition of hydrated phases (especially CSH), a loss of 34.6%
was observed in the compressive strength (see Section 3.1).

Regarding the tensile performance of the MSFRC, especially in
the post cracking region, great decreases were observed for
400 �C and above (Table 4). Such results are directly related to
the matrix thermal degradation, but also to the changes in the rein-
forcement strength (i.e. in the polymer crystallinity).

Fig. 11 shows micrographs of the interfaces between fibers and
matrix at room temperature (Zone 3), and after heating process
up to 400 �C: (Zone 1, Zone 2 and Zone 3). At room temperature
(Fig. 11a), both micro and macro-fibers appear intact in the frac-
tured MSFRC. The circular and elliptical hollows observed for
400 �C (Zone 1) indicate clearly that, the temperature in this site
was capable to fully decompose both polymeric fibers (see Fig. 11b).

The absence of fibers was observed up to around 1.6 cm from
the border of the specimen, which means that the macro reinforce-
ment was fully compromised in approximately 52% of the speci-
men volume, while the rest retain part of its functionality. This
phenomenon was also observed in concrete composites containing
macro-synthetic fibers studied by Choumanidis et al. [15] where
BCN specimens were submitted to a low heating ramp (2�C/min)
up to 280 �C.

The micrographs performed on the MSFRC inner portions (i.e.:
Zones 2 and 3), however, shown that, instead of hollows, ‘‘polymeric
tubes” were formed into the fiber beds at 400 �C (Fig. 11c–d). Such
distinct shape, results from different process associated to the heat-
ing regime. First, the polymer expand [34] inside the porous matrix
when the temperature get closer to the polymer Tm. Once melted,
the portion of polymer which remains in the ‘‘fiber bed” (adhered
to surrounding matrix) experiences a non-isothermal recrystalliza-
tion process using the walls as areas of nucleation and growing of
crystals (during the cooling process). This will only occur, however,
if the temperature is not able to fully decompose the polymer.
Observing the micrographs shown in the Fig. 11c–d, it is well prob-
able that at least partial polymer decomposition occurred in the
Zones 2 and 3 of the MSFRC heated up to 400 �C.

As well as the concrete, the polymer loses its strength with
increasing temperature up to 400 �C. Fig. 12 shows the comparison
of the melting enthalpy generated by unheated fibers (25 �C) and
fibers extracted from Zone 3 of the specimens heated up to
400 �C. Dividing the measured enthalpies by the enthalpy of the
reference sample (209 J/g) [23], crystallinity degrees of 46.7% and
35.1% were observed for the fiber extracted from the reference
MSFRC (25 �C-Zone 3) and that heated up to 400 �C (Zone 3),
respectively. This drop on the crystallinity reduces the reinforce-
ment strength [35], which in turn affect the MSFRC post cracking
performance (Fig. 5). Due to the brittleness presented by the fibers
exposed to 400 �C (vitreous rupture) it was impossible extract
them for tensile strength determination. The absence of fibers in
the Zone 1 (up to 1.6 cm from the border) and the reduced crys-
tallinity measured for the fibers located in the Zone 3, were respon-
sible by the great decrease in the post-cracking behavior of the
MSFRC heated up to 400 �C, previously discussed in the Section 3.2.

Micrographs of the Zones 1, 2 and 3 of the MSFRC heated up to
600 �C, revealed the complete absence of fiber reinforcement along
the depth of specimens. Such fact indicates that the temperature,
even in the Zone 3, exceeded the mark of 300 �C (beginning of
polypropylene degradation).

The heating process up to 600 �C was long enough to cause fully
polymer decomposition. However, it is possible to observe from
the thermogravimetric analysis (600 �C-Zone 3) that the peak of
portlandite, at around 430 �C, is still observable (Fig. 9). Such
observation makes clear that the core reached a temperature very
close to 400 �C while the external faces were submitted to 600 �C.

Given the inferences about the thermal gradient experienced by
the specimen heated about 600 �C, the small peak at around 100 �C,
observed on the DTG analysis, was attributed to a small rehydra-
tion process occurred during the powder sampling.

At high temperatures, also the aggregates lose their mechanical
properties. In this study, granite aggregates were used as the main
component in the concrete composition (see Table 2). As a result,
great XRD peaks of quartz, albite, microcline and biotite were
observed on the MSFRC diffractograms (25 �C-Zone 3).

As reported by Chaki [36], between 400 �C and 600 �C, a great
increase in the volume of connected voids can be expected in gran-
ite aggregates. In addition, the a–b phase transition of quartz
(570 �C), present in granite, can result in an abrupt increase of
more than 1% in the aggregate thermal expansion (between
400 �C and 600 �C) [37]. Such reversible phase change greatly
reduces the compressive strength of concrete after the cooling pro-
cess [6,38,39]. The only studied composites subjected to such a
severe condition were the MSFRCs heated up to 600 �C.

Literature data [28,29] about temperature distribution in cylin-
drical specimens heated up to 600 �C, suggest temperatures of
around 500 �C for the concrete portion distant 50 mm from the
surface (after one hour at the target temperature). In this context



Fig. 13. Correlation between the vertical displacement (dP) and the TCOD for the
BCN tests performed at room temperature and after heating process up to 200 �C,
400 �C and 600 �C.

Fig. 12. Melting enthalpy generated by unheated fibers (25 �C-Zone 3) and by fibers
extracted from Zone 3 of the specimens heated up to 400 �C.

Fig. 11. Interface between the matrix and the macro-synthetic fibers (a) at room temperature and after heating process up to 400 �C: (b) Zone 1, (c) Zone 2 and (d) Zone 3.
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it is acceptable to presume that a–b phase transition of quartz
occurred only between Zone 1 and 2 in the studied specimens.

As reported before, the average tensile strength of the MSFRCs
heated up to 600 �C was 62.6% lower than that obtained for the ref-
erence specimens (25 �C). Regarding compressive strength and
elastic modulus, the losses were of, respectively, 64.9% and 96.6%
(see Table 4).

Fig. 13 presents correlations of the vertical displacement mea-
surements (dP) with the TCOD values obtained in the BCN tests
for all studied temperatures. Given the partial fiber decomposition
occurred in the Zone 1 and the low strength capacity of the
remaining reinforcement at the Zones 2 and 3 of the MSFCR heated
up to 400 �C, great TCOD values are obtained for small displace-
ment increments right after the cracking formation. In addition,
greater penetrations of the steel punch are observed for 400 �C
and 600 �C caused by the crushing of the porous matrix.

The puncture itself is a feature of the BCN test, however, in the
case of residual tests, puncture may result in misleading conclu-
sions, mainly associated with the toughness of the composite.
Greater penetrations result in friction between the steel punch
and the concrete matrix that may be confused with the bridging
effect caused by the fibers.

4. Conclusions

The following conclusions can be drawn from the experimental
results:

- The effect of temperature on the mechanical behavior of the
macro-synthetic fiber reinforced concrete showed to be very
similar to that known for conventional concrete with relation
to the loss of mechanical strength and elastic modulus. This is
a favorable condition in terms of predicting material behavior.

- The stress-strain curves obtained from the BCN tests demon-
strated that the MSFRC gradually loses tensile strength an
energy consumption density with increasing temperature.

- The ability of the material to bear stresses under compression
and tension is significantly reduced from 400 �C and above.
Such decreases come from the intense decomposition of CSH
and AFt along the specimen depth, even in the inner portions
of the specimens (i.e.: Zone 3). The temperature of 570 �C also
represent a critical point since the a–b phase transition of
quartz damages the structural integrity of the specimens.

- The residual tensile strength and elastic modulus of the macro-
synthetic fibers were not affected by the temperature up to
100 �C. For higher temperatures, however, the reinforcement
showed that may lose part of its crystallinity (directly linked
to its tensile strength) or even fully decompose.

- The degree of the specimen surface degradation affects the BCN
test result in the case of high temperature tests. This effect can
be more pronounced for the first crack values given the pene-
tration of the steel punches into the porous matrix. Nevertheless,
the gradient of temperature stablished within the specimens
may preserve part of the material (i.e.: matrix and fibers), and
consequently, the composite post cracking performance.



D.A.S. Rambo et al. / Construction and Building Materials 158 (2018) 443–453 453
- The constitutive model used to determine the stress-strain
curves is sensitive to the damage produced in the different
MSFRC specimens by the exposure to high temperatures. There-
fore, it capable to reproduce the behavior of the composite
material after the event of a fire.

- In general, the most demanding design conditions for precast
tunnel segments occur during transient stages (production,
storage, transport, installation, etc). In this context, an addi-
tional safety margin should exist in the service stage. Although
such safety margin would be reduced in the event of a fire, the
remaining resistant capacity may be enough to ensure safety in
service depending on the temperature reached. The results
herein presented may contribute to the definition of parameters
that help evaluating such scenario, which should be addressed
in future studies.
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