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1 | INTRODUCTION

While fiber reinforced concrete (FRC) has been studied for
over 50 years," its introduction into mainstream construc-
tion has accelerated over the last 15 years. This adoption
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Abstract

The current infrastructure boom combined with the latest outcomes from 26th
UN Climate Change Conference of the Parties (COP 26) seeking a carbon neu-
tral society by 2050 have driven the increasing need for sustainable alternatives
to be considered in construction. One such alternative is macro synthetic
fibers, which have been gaining acceptance on major infrastructure projects.
However, only limited uptake has occurred in permanent structures, due to a
lack of knowledge around the behavior of macro synthetic fiber reinforced
concrete (MSFRC) when exposed to elevated temperatures. Existing Australian
and international design standards do not take into account the loss of
strength for MSFRC after exposure to elevated temperatures. Hence, this sys-
tematic review sets out to combine all the existing knowledge on the mechani-
cal properties of MSFRC and lay the groundwork for determining acceptable
relationships between relative strengths and elevated temperatures. This study
proposes relationships between temperature and compressive strength, split-
ting tensile strength, elastic modulus, flexural strength and residual flexural,
and tensile strengths of MSFRC. These are compared to existing relationships
determined for plain concrete and steel fiber reinforced concrete to position
MSFRC within the context of existing and accepted knowledge.
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has been driven by tangible technical, economic, and sus-
tainability benefits, when compared to conventional rein-
forced concrete solutions.*® Over half the concrete
produced in developed countries is utilized in structural
applications,* thus research into FRC has increasingly
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been focused on replacing reinforcement in these applica-
tions. Research into these areas has been extensive and
has led to the incorporation of structural FRC into several
design codes such as the fib Model Code 2010, ACI
318, Italian and Australian (AS5100 and AS3600) Codes.>
9 Most of this research however has focused on structural
behaviors in static conditions,*®*? with a few recent efforts
devoted to long-term behavior® and durability.** The
more recent introduction of macro synthetic fibers (MSFs)
into FRC has meant that some aspects of their properties
are still in the early stages of research, such as the behav-
ior of these fibers at elevated temperatures.

One of the main applications of macro synthetic fiber
reinforced concrete (MSFRC) is in the concrete lining of
tunnels, hence their behavior when subject to fire is
extremely important to understand, as this type of event
can have catastrophic consequences if not adequately
considered. Notable examples of this were observed in
accidents such as the Mont Blanc tunnel fire, where
39 people lost their lives due to collapse of the tunnel
lining,*> or the Channel tunnel fire, where significant
portions of the concrete tunnel lining were lost due to
spalling.*® Spalling occurs when concrete is exposed to a
rapid heat increase, such as a tunnel fire, where it is
believed that the dense concrete matrix does not provide
sufficient channels for moisture to escape. As it transi-
tions from liquid to gas, the pressure build-up causes
pieces of concrete to explode from the surface allowing
the pressure to escape, which is commonly referred to
the moisture clog spalling theory.!” Significant thermal
stresses also build up in the exposed faces of the concrete
during this heat transfer, which also impacts its spalling
behavior.*® It has been discovered that the inclusion of
micro polypropylene (micro-PP) fibers in the concrete
matrix reduces the propensity for concrete spalling, as
the fibers melt at a relatively low temperature (approxi-
mately 160 C) leaving channels through which the
expanding water vapor can escape.®

60 90 120 150 180
Time [min]

MSFs, while made of the same base material as the
micro-PP fibers, perform a different function in the
concrete matrix, and do not impart the same reduction
in the propensity for concrete spalling. MSFs are used
to add residual strength to the concrete matrix and
often replace conventional steel reinforcement or steel
fibers. However, as they melt at the same temperature
as the micro-PP fibers (160 C), the study of their
behavior at elevated temperatures is crucial to under-
standing the residual strength that remains after a fire.
Also, due to this low melting point, the residual behav-
ior is likely to be very sensitive to the temperature gra-
dient within the concrete section, which in turn is
dependent on the fire exposure. Numerous “design
fires” have been developed over the years to replicate
the time-temperature curve developed depending on
the fuel source,? as illustrated in Figure 1.

The temperature gradient within the concrete
section is heavily dependent on the amount of spalling
suffered during the fire event. Very harsh time-
temperature curves, such as the RWS (fire curve devel-
oped by the Rijkswaterstaat) or modified hydrocarbon,
instigate the most significant spalling within concrete ele-
ments, due to their rapid temperature increase.

To explore the impact of elevated temperature, such
as that caused by a fire, on the behavior of MSFRC, a sys-
tematic review of the literature was undertaken. The pur-
pose of this systematic review is to synthesize findings
around the residual strength of MSFRC after exposure to
elevated temperatures. It will also review the applicability
and relevance of the chosen test methods and their appli-
cation to full-scale tunnel linings.

2 | RESEARCH SIGNIFICANCE

Methods for assessing the behavior of concrete at elevated
temperature are included in various national and
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international standards®™<" as well as by numerical analy-
sis.?? The input values required for these methods are well
known for plain concrete, as they are also defined in Euro-
code 2 (EC2)* for various aggregate types. Steel FRC is
detailed by Colombo® and implemented in national stan-
dards such as CNR DT 206° and AS3600:2018,° while high
strength concrete is described by Aslani and Bastami.?*
The increasing requirement for durable, sustainable infra-
structure has led to the implementation of MSFRC for var-
ious elements. The inputs for the properties of MSFRC at
elevated temperatures are yet to be defined, limiting the
current applications for its adoption. This study aims to
propose mechanical property relationships for MSFRC as
a function of temperature for compressive strength, tensile
strength, elastic modulus, flexural strength, residual flex-
ural, and residual tensile strengths, for adoption as mate-
rial input parameters for the behavior of MSFRC
structures at elevated temperatures.

8,21

3 | MATERIALS AND METHODS

A systematic literature search was undertaken using elec-
tronic databases (American Society of Civil Engineers
Library, ProQuest, ScienceDirect, Scopus, SpringerLink,
Web of Science, and Wiley Online Library) from January
1, 2000 to February 16, 2021. The starting date was cho-
sen as MSFs were only in the early stages of development
prior to this and limited research on them was under-
taken prior to the year 2000. The search strategy included
the use of terms in three broad categories: (i) the combi-
nation of concrete type with particular fiber of interest,
(i) the intervention type, and (iii) the property of interest
after the intervention. Title and abstract fields were
searched using the following terms:

1. “Fiber reinforced concrete” or “polymer fiber” or
“plastic fiber” or “macro synthetic fiber” and,;

2. “Fire” or “elevated temperature” and;

3. “Residual strength” or “residual behavior” or “resid-
ual properties.”

The reference lists of included studies were manually
searched for additional relevant articles.

3.1 | Inclusion and exclusion criteria
Studies were included if they met all the following
criteria:

1. Tested mechanical properties (e.g., residual flexural
tensile strength or compressive strength) of FRCs after
exposure to elevated temperatures.

2. Included macro synthetic fibers in the study, except
where they were only assessed in a hybrid mix with
steel fibers.

3. Only used normal or high strength concrete
(i.e., <100 MPa).

Studies were excluded if they included any of the fol-
lowing criteria:

1. Included MSFs but did not test mechanical properties
after exposure to elevated temperatures.

2. Used high performance or ultra-high performance
concretes (i.e., >100 MPa).

3. Were a review paper or in a language other than
English.

3.2 | Study selection, data extraction,
and analysis

All abstracts from the literature search were uploaded
into Covidence systematic review software (www.
covidence.org) to facilitate the various steps of the review.
After removal of duplicates, two authors (Authors 1 and
2) screened the initial studies based on title and abstract
for inclusion in the full-text review (Stage 1). The same
two authors then screened the full texts against the inclu-
sion and exclusion criteria to determine the final studies
to be included. Where disagreements arose regarding
inclusion or exclusion of a study, consensus was agreed
by discussion (Stage 2). One author (Author 1) scanned
the reference lists of the included studies for additional
studies that should be included.

Studies were only included if they investigated a control
set of specimens that was tested without exposure to ele-
vated temperatures, enabling comparisons to be made to
demonstrate the impact of the intervention (i.e., elevated
temperature).

3.3 |
items

Data collection process and data

Characteristics of studies were extracted by one author
(Author 1), while the results of the studies were extracted
by two authors (Authors 1 and 2). Studies were grouped
according to the mechanical tests performed. For each
test type (e.g., compressive strength, residual flexural ten-
sile strength, etc.) the effect of elevated temperature was
recorded as the proportion of the mechanical property at
the certain temperature level relative to the ambient con-
trol. The data were then analyzed to determine whether a
statistically significant correlation exists between the var-
ious studies, and an equation could be proposed for the
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reduction of that property of MSFRC based on the tem-
perature of exposure.

3.4 | Quality assessment

Due to the limited number of studies included in this
review, along with the varied nature of experiments con-
ducted within them, it was determined that an assess-
ment of the quality of each article could not be
adequately conducted for this review.

3.5 | Statistical methodology for outliers
and defining the proposed relationship

For each mechanical property, the extracted data set was
compiled, and a linear regression analysis was conducted
to find an initial relationship. A widely accepted criterion
for detecting outliers in linear regression is the maximum
studentized residual, according to Paul and Fung.?® From
this initial regression analysis, the absolute value of the
studentized residuals were studied and outliers deter-
mined through statistical inference. A result, or cluster of
results, was deemed to be an outlier if it met the follow-
ing criteria:

1. The absolute value of the studentized residual was
greater than 2, and

2. The studentized residual (or cluster of residuals) was
0.5 greater than the nearest point.

The studentized residuals from the initial relationship
for splitting tensile strength are depicted in Figure 2, with
the outliers highlighted in red. These outliers were then
removed, and another regression analysis conducted.
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FIGURE 2 Studentized residuals from regression analysis of

splitting tensile strength data
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From the second regression analysis, the 80% confi-
dence interval was calculated and the lower bound
extracted. A line was plotted which best fit these lower
bound values but was adjusted so that at ambient temper-
ature (e.g., 23 C) it passed through 1. The equation of this
line is then used as the proposed equation to define the
mechanical property as a function of temperature so that
90% of results will fall above the proposed relationship.

4 | RESULTS

The combined search retrieved 1338 peer-reviewed arti-
cles published in English between January 1, 2000 and
February 16, 2021. After removing duplicates, 1271 stud-
ies were selected, and the review conducted in two stages.
In the first stage, two authors (Authors 1 and 2) screened
the studies by title and abstract for relevance against the
inclusion and exclusion criteria (i.e., did they study the
impact of elevated temperatures on the mechanical prop-
erties of MSFRC). From this, 107 articles were subjected
to a full text review by the same two authors, which
yielded a cohort of 21 studies. The reference lists of these
studies were searched by one author (Author 1) for fur-
ther studies that should be included in the review. This
search produced two further studies that met all the cri-
teria and hence were also included. This process deliv-
ered a final collection of 23 studies for inclusion in this
systematic review and meta-analysis.

Of these studies, 18 reviewed compressive strength,
7 studied indirect tensile strength, 6 analyzed elastic
modulus, 4 studied ultrasonic pulse velocity, 7 reviewed
residual flexural tensile strength via bending tests, and
2 studied residual tensile strength by means of the double
punch (Barcelona) test. Figure 3 depicts an overview of
this process, while the characteristics of the included
studies are reported in Table 1. Outcomes from each
study were extracted as the ratio of the property at the
defined elevated temperature for each dose rate of MSF
compared to the property of the control specimen at
ambient temperature for that dosage. The results are
illustrated and described in the following sections.

While some studies adopted unusual constituents or
methods in their investigation, such as crumbed rubber
aggregates,® prepacking of aggregates,”’ lightweight
aggregates,®* and styrene butadiene rubber latex,* the
majority used fairly standard concrete materials. In the
assessment of the results, where studies with these unusual
constituents contained a control or alternative specimen
that adopted MSFRC in typical concrete, then these results
were included in the analysis, whereas if the only data avail-
able were for the MSFRC with said constituent, then it was
included in the analysis but critically assessed as to whether
the unusual constituent had an impact on the result.
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Studies identified through database search: n = 1338
ASCE Library = 32
Proquest = 629
ScienceDirect = 353
Scopus =61

Springerlink = 103

Web of Science = 129

Wiley Online Library = 31
Date: January 1, 2000 to February 16, 2021

1271 studies screened

Stage 1

107 full-texts assessed for
eligibility and reference lists

FIGURE 3 Flow chart of the
various stages of the systematic review

67 duplicates removed

1164 studies not
relevant

86 full-text excluded

manually searched for
additional articles

Stage 2

2 additional studies

found

v

23 individual studies included in
review

4.1 | Effect of elevated temperature on
compressive strength

Compressive strength is one of the most important
mechanical properties of concrete. Hence, understanding
any changes that may occur due to exposure to elevated
temperatures is of critical importance. Many studies have
been conducted to understand this change on plain
concrete®*~*® and steel FRC.3**® Micro-PP fibers are well
known for their ability to reduce concrete spalling and
therefore help to maintain concrete's compressive
strength.®° However, as can be seen in Table 2, only
18 studies have considered the impact of elevated temper-
ature on the compressive strength of MSFRC.

For measurement of compressive strength, all studies
adopted either compressive cubes or cylinders that were
cast, or cores extracted from fire exposed specimens. Most
specimens were kept in an oven at the target temperature
for a prolonged period of time, to homogenize the

temperature within the sample, however others, such as
Maluk et al.,™ exposed larger specimens to a time-
temperature curve replicating a tunnel fire and then
extracted cores afterwards, leading to a temperature gra-
dient within the tested samples. In this case, all studies
included the temperature distribution through the
section of the large specimen, so the average temperature
in the tested sample was estimated from this data. This is
valid for all the other mechanical properties discussed in
this review.

Figure 4 illustrates the results extracted from each
study which have been normalized by representing the
relationship between the compressive strength of each
parameter at elevated temperature with its compressive
strength at ambient temperature.

It can be clearly seen that as the temperature
increases, the compressive strength of the concretes
decrease, a trend that is common across most of the stud-
ies. Overlain on the data is the EC2 relationship for
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FIGURE 4 Comparison of experimental results for relative
compressive strength at elevated temperatures with Eurocode 2 and
Aslani and Bastami®* relationships, as well as the proposed
relationship for compressive strength of macro synthetic fiber
reinforced concrete as a function of temperature

compressive strength versus temperature,®* which is a
good fit for this data. Also included is the relationship for
normal strength concrete as proposed by Aslani and
Bastami,?* which is very close to the EC2 curve. Finally,
the best fit curve for all data from the included studies
(minus outliers, adjusted R? = 0.799) as well as the pro-
posed relationship representing the lower bound (or 10th
percentile), can also be observed in Figure 4. The pro-
posed relationship of compressive strength as a function
of temperature is depicted in Equation (1).

f1.0% f) 1:02 0:00131 0p4:14078 10 7 82 41b
2:04766 10 0 g3

when (0 C <8 <1200 C).

Outlier results were primarily from Thirumurugan,*
whose study included styrene butadiene rubber latex at
7% by volume in all mixes that included MSFs. These
results were all outliers on the high side, where increases
in temperature did not seem to impact on the residual
compressive strength, maintaining similar strengths at
800 C as they had in ambient conditions. The inclusion
of the rubber latex appears to have significantly changed
the compressive strength behavior at elevated tempera-
tures. Other results excluded from the fitting for
Equation (1) were the lowest result from Aslani, Sun, and
Huang,?® which were not aligned with other results from
the same study.

The effect of dose rate on the compressive strength of
concrete was also assessed, as it was thought that as the

ﬁb | 1255
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FIGURE 5 Comparison of temperature and dose rate on the
relative residual compressive strengths of macro synthetic fiber
reinforced concrete

fiber dose rate increased, the compressive strength at ele-
vated temperatures may have been reduced, due to more
voids being left behind by melted fibers at the higher
temperatures. Figure 5 shows that increasing dose rates
had very little impact on the residual compressive
strength at higher temperatures, as the relative residual
strengths remain quite constant with increasing fiber
dose rate for similar temperature levels.

4.2 | Effect of elevated temperature on
indirect tensile strength

While concrete is not relied upon for its tensile strength, it
remains an important property to understand. As with com-
pressive strength, the same standards and studies provide
guidance on the reduction of concrete's tensile strength at
elevated temperatures. These defined properties for plain
concrete will be compared with the outcomes from the data
extracted from the studies in this systematic review.

Seven studies investigated the tensile strength of
MSFRC, as shown in Table 3. From these studies all but
two adopted the Brazilian splitting test to measure indi-
rect tensile strength, while the other studies used the Bar-
celona double punch test from which the peak load was
taken as the indirect tensile strength. Figure 6 illustrates
the different setup of these two test methods.

Maluk et al.*® studied the splitting tensile strength of
cores taken from their fired concrete specimens, however
no control specimens were tested so this data could not
be used in this analysis as there was no means of normal-
izing the data to compare with the other studies. Data
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(a) BF

Tr T

FIGURE 6
test setup,®! and (d) Barcelona test failure mechanism®:

Abaeian 2018
Choumanidis 2017
Alsani 2019
Mohammad-hosseini
2020

Rambo 2018
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FIGURE 7 Comparison of experimental results for relative
tensile strength at elevated temperatures with the Eurocode 2 and
Aslani and Bastami®* relationships, along with the proposed

relationship for tensile strength of macro synthetic fiber reinforced
concrete as a function of temperature

from the six remaining studies were extracted, normal-
ized, and presented in Figure 7.

As expected, the tensile strength of the MSFRC
reduces as the temperature increases, as occurred for
compressive strength. A more severe reduction of tensile
strength is observed than occurred for the compressive
strength relationship, though this is in line with the EC2
equations wherein the tensile strength deteriorates much
quicker than the compressive strength at elevated tem-
peratures. The EC2 relationship provides a conservative
estimate which, for the most part, encapsulated the lower
bound of results, extracted from the systematic review.
The best fit curve for the data (once outliers were
removed, adj. R? = 0.89) as well as the proposed relation-
ship are illustrated in Figure 7, while the equation for the

R 7

2b

(a) Brazilian splitting test—ISMR Brazilian method,*® (b) Brazilian splitting test—ASTM and AS method,®° (c) Barcelona

proposed relationship for tensile strength as a function of
temperature can be seen in Equation (2).

7.0 'y 1:02 0:00171 0 1:80468 10 © @2 42p
1:77752 10 ° ¢@°

when (0 C <6 <800 C).

It is clear from Figure 7 that the best fit is very close
to that of Aslami and Bastami.>* This suggests that the
tensile strength results for MSFRC are a close fit to those
of plain concrete, hence no significant difference can be
observed between the two and the values proposed by
either EC2 for plain concrete, the proposed relationship,
or a combination of both, can be safely adopted for the
design of MSFRC.

4.3 | Effect of elevated temperature on
elastic modulus

The change in elastic modulus due to increasing temper-
ature is one that is less frequently covered by interna-
tional standards, though EC2 provides guidance on the
change to strain capacities in compression, hence elastic
modulus can be derived from the reduced compressive
strength and strain at various temperatures. The details
for the six studies that investigated the change in elastic
modulus for MSFRC exposed to elevated temperature are
displayed in Table 4.

Studying the extracted results, it was observed that
there were no outliers but also a very poor fit due to a
wide dispersion of the results. While the Thirumurugan®
results were not classified as outliers during the linear
regression for elastic modulus, the fact that they were
excluded for compressive strength and their extremely
high results for elastic modulus compared to the rest led
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FIGURE 8 Comparison of experimental elastic modulus

results at elevated temperatures with the Aslani and Bastami®*
relationship and the proposed relationship for elastic modulus of
macro synthetic fiber reinforced concrete as a function of
temperature

to their exclusion when determining the proposed rela-
tionship. With those results included the R* = 0.417,
whereas when they, as well as one low result from
Rambo** (which becomes an outlier once the other
results are removed), are excluded the adjusted R?
increases to 0.888. The extracted results from the six stud-
ies can be found in Figure 8 which also includes the pro-
posed relationship.

The equation of the proposed relationship for the
lower bound of the results for the reduction of elastic
modulus of MSFRC at elevated temperatures can be
found in Equation (3).

E.0%E. 1:02 0:00171 0p1:97352 10 ' @2 4&3p

when (0 C<6<700 C).

4.4 | Effect of elevated temperature on
flexural strength

The flexural strength, or modulus of rupture (MOR), of
concrete, is defined as the stress at which the first crack
occurs when tested under a flexural load. For plain con-
crete, this would also mean failure of the specimen, as
once a crack occurs there is nothing holding the crack
together and hence brittle failure occurs. When fibers are
incorporated into concrete, this flexural crack is held
together and the concrete gains some residual flexural

ﬁb | 1259

strength, which will be discussed in detail in later
sections.

The 10 studies that reviewed the impact of elevated
temperature on the flexural strength of MSFRC are
detailed in Table 5. Some studies purely studied the flex-
ural strength of the MSFRC,?***™*> while from others,
the flexural strength was measured as part of the test
measuring residual flexural tensile strength.***6=*° As an
example, Serafini et al.*® utilized EN 14651 beams in
their research, where the f_ op data were extracted and
utilized for comparison with the other studies' flexural
strengths.

Normalized relative residual flexural strengths were
extracted from each study and can be observed in
Figure 9. It must be noted that two outliers were
detected, being the two highest values from the Francioso
study.”® These were removed prior to determining the
best fit for flexural strength as a function of temperature,
which was a reasonable fit of the data (R* adj. = 0.744).
The proposed relationship, representing the lower bound
of flexural strength as a function of temperature is
depicted in Equation (4).

1@ Y oy 1:02 0:00153 0p6:30913 10 ' 92

5:57095 10 °© @°
§4p

when (0 C <8 <800 C).

45 | Effect of elevated temperature on
residual flexural/tensile strength

Residual flexural strength is taken to be that strength
which can be sustained by FRC after the first cracking
(MOR) of the concrete has occurred. It is measured in
numerous ways by standards proposed in various coun-
tries, however the two most common methods are the
EN 14651%° test method and the ASTM C1609 method.>*
The two test setups can be seen in Figure 10.

These two tests were the only ones adopted by the
seven studies in this review that tested the residual flex-
ural strength of MSFRC exposed to elevated tempera-
tures. Details of these studies can be found in Table 6.
For comparison, the ASTM C1609°" results have been
converted into EN 14651%° format, wherein f_/s00 = fr1
and f_ ;150 = fr4, acknowledging that these are not exactly
the same crack width, but with the published data pro-
vides the best means of comparison. It is also for this rea-
son that only the fr; and fg4 values will be assessed in
this study, with these values illustrated in Figures 11 and
12, respectively.
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It must also be noted that the Mirza et al.*° study also
had specimens with a temperature gradient, however,
unlike the other studies where the temperature gradient
within the specimen was provided, only the temperature
on the specimen's surface was measured. Based on the
temperature gradients noted in both Maluk et al.'® and

. IS W Abaeian 2018
© 1.4 DS @ Alimrani 2020
o A Cavdar 2013
(\f__ Vv Choumanidis 2016
q\f 1.2 * * Francioso 2021
S 4 Mirza
5 ° & > Richardson 2017
o ® * @ Serafini 2019
= 1.0 n . * @ *  Sukontasukkul 2010
o o ® Wu2013
s —— Best Fit
Z 0.8 4 4 Proposed Relationship
k<)
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L
& 0.6 *
@ *
Q *
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i
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7]
i
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Temperature (°C)
FIGURE 9 Comparison of experimental flexural strength

results at elevated temperatures with the proposed relationship for
flexural strength of macro synthetic fiber reinforced concrete as a
function of temperature
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Sukontasukkul et al.,>? it was decided to convert the sur-
face temperatures provided in the Mirza et al. studies into
an average specimen temperature using Equation (5).

Bave ¥40:75  Bsyrface: a5p

In terms of the fgy results, it can clearly be seen that
there are some outlying data points extracted from the
Sukontasukkul et al. study (i.e., the two highest results
at 175-200 C). These are strangely high results and are
a real anomaly compared to the rest of the dataset. It
was proposed by Sukontasukkul et al.®? that this
increase at L/600 at low temperatures was caused by an
increased interfacial bond strength being developed due
to the slight increase in temperature, however this is not
seen in the other studies. Another possible explanation
is that the ambient L/600 results were just unusually
low and possibly should have been repeated to confirm
their suitability or otherwise. Using the statistical
method discussed in Section 3.5, the two highest points
were identified as outliers. A second assessment, with
those removed, highlighted another three results from
the same study. While the fit after the third regression
was fine (0.564), another look at the studentized resid-
uals highlighted the remaining Sukontasukkul et al.>?
results as outliers, hence it was decided to remove this
study altogether from the analysis of the proposed
relationship.

—»
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FIGURE 10 Comparison of the
(a) EN 14561 notched beam test>® with
the (b) ASTM C1609 un-notched beam
test®
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FIGURE 12 Comparison of experimental fz4 results at

elevated temperatures with the relationship provided by the Italian
guideline CNR DT 204 for FRC,” the relationship for macro
synthetic fiber reinforced concrete (MSFRC) proposed by Serafini
et al.®* and the proposed relationship for fz4 of MSFRC as a
function of temperature

Figure 11 illustrates the best fit relationship of fr; as a
function of temperature (adj. R?> = 0.884), along with the
CNR DT 204 published relationship for steel FRC as a
function of temperature. Finally, the proposed relation-
ship is also depicted, which provides a lower bound for
this critical design value, alongside the relationship pro-
posed by Serafini et al.>® recently for FRC. The equation
for the proposed relationship can be found in
Equation (6).

h
frO% fg, 1:02 0:00429 0p6:74121 10 © 62 d6p

1
3:85326 10 ° #°

when (0 C <6 <800 C).

Regarding the fg4 results, it was also observed that the
results from the Sukontasukkul et al. study for L/150 at
175 C were clear outliers from the dataset according to
the studentized residuals from the regression analysis. It
is suggested again here that the ambient results for the
0.5% dose rate were far lower than expected and possibly
should have been repeated in the study for validation of
the low results. However, even with those results
removed, the dispersion was quite large, so the studen-
tized residuals were studied again and a further three
results were deemed outliers and removed from the
determination of the proposed relationship. These were
the highest result from Mirza et al.*® and the lowest
results from Alberti et al.>*

Figure 12 depicts the experimental fgs results
extracted from the various studies, compared with a
best fit of fry as a function of temperature (adj.
R? = 0.661), along with the CNR DT 204° relationship
for SFRC. Also highlighted in Figure 12 are the pro-
posed relationship from this study and that proposed
by Serafini et al.>” for FRC. The proposed relationship
encompassing the lower bound of outcomes is illus-
trated in Equation (7). As with Equation (6),
Equation (7) provides a conservative fit for this critical
MSFRC design parameter.
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FIGURE 13 Comparison of experimental residual tensile
toughness at 0.5 mm total circumferential opening displacement
(TCOD) results at elevated temperatures with the proposed
relationship for residual toughness at 0.5 mm TCOD of macro
synthetic fiber reinforced concrete as a function of temperature
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FIGURE 14 Comparison of experimental residual tensile

toughness at 2.5 mm total circumferential opening displacement
(TCOD) results at elevated temperatures with the proposed
relationship for residual toughness at 2.5 mm TCOD of macro
synthetic fiber reinforced concrete as a function of temperature

h
fra® % fr, 1:02 0:00487 0p8:60126 10 © @2 &7p

1
5:66849 10 ° @°

when (0 C <6 <600 C).

Finally, two studies utilized the Barcelona double
punch test as a means of assessing the residual tensile
capacity of MSFRC exposed to elevated temperatures.
The test setup was depicted earlier in Figure 6c¢,d and uti-
lizes punches on the top and bottom of a cylindrical spec-
imen to induce tensile forces in the cylinder and initiate
cracks in such a way to force the cylinder to expand cir-
cumferentially. As results from one of the studies only
considered two strains when recording their results, then
only these two values can be shown. Also, while Rambo
et al.** reported both residual strength and toughness,
Choumanidis et al.*® only reported toughness. Hence,
Figures 13 and 14 depict the normalized toughness
results extracted from these two studies at 0.5 and
25mm total circumferential opening displacement
(TCOD) (Table 7).

It can be seen in Figure 13 that the 600 C result of
0 is the same as the 400 C result meaning that the 600 C
result is practically void. Hence, this 600 C result was
removed from the regression analysis. Equation (8)
depicts the proposed relationship illustrated in Figure 12
(best fit curve adj. R> = 0.86), while Equation (9)
shows the relationship proposed in Figure 13 (best fit cur-
ve adj. R?=0.978).

h
Eos0% Egs 1:02  0:00273 0p2:08156 10 5 62

1
5:25443 10 & @°

a8p

when (0 C <8 < 700 C).

h
Es0% Ezs 1:02 0:00483 0 8:27136 10 ® 62
i
5:53994 10 ° @°

a9p

when (0 C <8 <500 C).

5 | DISCUSSION

5.1 | Heating regimes and temperatures

The primary aim of this systematic review was to assess
the relative strength of MSFRC at elevated temperature
by extracting this data from the included 23 studies. Vari-
ous heating regimes were employed by each author using
different equipment (as seen in Table 1) making the task
of combining these results to make an overall assessment
challenging. Many authors adopted slow heating rates
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using oven equipment to apply heat to all sides of their

[}
g specimens, aiming to achieve a constant temperature
o throughout, while others utilized a furnace and only
g ‘é’ § § exposed one side of the specimen to the elevated temper-
é £ 2 S atures, leading to significant temperature gradients
2] el s . .
within the specimens. Even those who utilized the oven
" 5 L 5 system may still have a slight temperature gradient
. 2 _E within the specimen as discussed by Rambo et al.** who
g g o U’E L"I: & noted that in their specimens that were subjected to
2] v . . . .
Sy —<pva 29 400 C in the oven had only 52% of the cylinder in which
) D 18 a =5 y Yy
T B g1 ,_T_ ° L E the MSFs had melted, meaning that the inner portion of
S0 28T n L Ew . . .
Sg § IE8=E P€ the specimen had remained below 200 C. Some studies
S ~ @ left specimens in the oven for prolonged periods at the
z target temperature which may have led to a uniform tem-
g g p y
== perature in their specimens.
‘I>°, § E § : For the purpose of defining a relative strength at each
° temperature, a uniform heating through the specimen is
2 T 2 ideal, however in reality, fire often only impacts a con-
'% é E e é E c é crete element from one side, such as a tunnel lining, and
g § 5 & E § o g E § o = hence a temperature gradient is a more realistic outcome.
—_— -_ N -_ M - -
o Sae5 Y S The other key point to note here is that where a tempera-
; ture gradient occurs in the cross section, the thickness of
= o § £ % the cross section starts to have a much greater impact on
- 02T v § g’ E the residual behavior of the element, as thicker cross sec-
@ s 5 g . . L . .
& § €8 £ Bo ) tions will lose significantly less capacity than thin sec-
0 4= = < o . . . .
§ tions, due to concrete's excellent insulating properties.
3 S
3 29
[an] = 2
~ © 2 . - .
g 5% § " " 5.2 | Compressive and splitting tensile
() (3
& = 3E > > strength
@
g g L9 Compressive strength was the mechanical property most
(—‘; g g o ?g g g commonly examined in the studies considered in this
3 £ s § >3_ g = review. While the EC2 values®* and the Aslani and Bas-
e o tami?* relationship were a good fit for the data extracted
< - - - .
° o = from this study and matched will with the best fit curve,
% - E § %, g g it is recommended to adopt Equation (1) when assessing
g SEES = = the relative compressive strength of MSFRC at elevated
> = bl <t . . . .
= 25E5 © & temperatures. This provides a conservative estimate for
S @ © © the reduced capacity based on all the studies included in
s s 2 S g g Seg this review. The close fit of the three curves demonstrates
o g % 5 é E 5 e g E = E g that MSFRC can be treated in a similar manner as plain
(2] 5 (2] bl . . . . .
= s % 2= a- °° = °° concrete in terms of fire resistance design for compressive
= strength, with slight modifications as provided in this
(=] — H
c o g P review.
2 0@8 ,% 2 Splitting tensile strength was another mechanical
2 55 o< E . . . . .
© é €8 E» 12 property prominent in this review. While the test
% A ~ @ methods for determining the splitting tensile strength
&5 @ = may have varied somewhat, the results are comparable as
~ '(% - E .8 Q< they are all normalized against the behavior at ambient
w 5_3 o E g 8 8T conditions for the chosen mix. A clear trend is evident in
2 g § 3 g co E @ the results and the EC2 values provide a conservate esti-
~ = ° mate for the splitting tensile strength behavior of MSFRC
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at elevated temperatures, although Equation (2) provides
a better fit for the extracted data and is slightly more con-
servative at lower temperatures, whereas the EC2 values
are more conservative at the higher temperatures.

5.3 | Flexural and residual flexural
strength

Flexural strength of MSFRC was the second most com-
monly studied mechanical property in this review. Some
studies purely studied the MOR while others investigated
a full load deflection curve to determine residual flexural
strengths of the FRC. These tests still provide a MOR, or
in the case of EN 14651 a strength at the limit of propor-
tionality, which for the purpose of the study was consid-
ered equivalent to the MOR when compared in
normalized terms. The relative flexural strength at ele-
vated temperatures shows a very similar trend to the rela-
tive tensile strength, which could be expected as these
properties are related. Hence, even though it is not plot-
ted in Figure 8, the EC2 relationship for tensile strength
at elevated temperatures will also provide a conservative
estimate for the flexural strength of MSFRC at elevated
temperatures, further demonstrating that the addition of
MSFs to concrete has little negative impact on the main
mechanical properties of plain concrete.

Residual flexural strength, while being one of the
most important properties of FRC, was one of the least
studied mechanical properties in the literature. While
some clear outliers were observed, the general trend was
quite similar for both fg; and fgs with the relative
strengths trending to O between 550 and 700 C. Plotted
against the extracted experimental results is the relation-
ship described in the Italian CNR DT 204° that was origi-
nally proposed by Colombo® for SFRC, along with the
relationship determined by Serafini et al.*” for FRC. The
best fit curve and the CNR DT 204 relationship are quite
similar for both fr; and fg4 both in terms of shape and
magnitude. The proposed relationship accounts for the
lower bound so that 90% of results will fall above it, lead-
ing to a slightly more conservative approach in both cases
than the CNR DT 204 relationship. The relationship pro-
posed by Serafini et al.>® based on the work conducted by
Serafini et al.*® that was included in this review is less
conservative, providing the least reduction in strength
with increasing temperature. This was based on a single
experiment and still fits within the envelope of data
extracted in this study, further proving the proposed rela-
tionships to be a good and conservative approach.

The Barcelona test was also adopted by two authors
to assess the residual strength of MSFRC at elevated tem-
peratures. As discussed, both studies included toughness

results, so these were used for comparison in this
research. These results depict a less severe reduction in
residual tensile behavior of MSFRC at lower tempera-
tures than that suggested by the beam tests, while the
reduction as the temperatures increase is significantly
more pronounced. This could have occurred due to the
significantly smaller specimen size leading to a larger
percentage of the specimen being impacted by the ele-
vated temperature and hence a more severe degradation
of the results as temperatures increase. It could also be
due to the difference of measurement used for the com-
parison, one being residual strength while the other was
toughness.

6 | CONCLUSIONS

Starting with 1338 titles and abstracts, this systematic
review found 23 papers that studied the impact of elevated
temperatures on the mechanical properties of MSFRC.
From there, the characteristics of the studies were
obtained and summarized in tables, while the mechanical
properties of MSFRC subject to elevated temperatures
were extracted from each study and normalized against
the control specimen for that mix at ambient tempera-
tures. This enabled comparison of the results between
studies and relationships to be formed based on the com-
bined datasets. The key findings from this review are:

1. The main mechanical properties of concrete, such as
compressive and tensile strength, are unchanged at
elevated temperatures with the addition of MSFs.
Both properties are well characterized by the EC2
relationships for plain concrete, however a more con-
servative approach is provided for compressive
strength based on the extracted data.

2. The elastic modulus of MSFRC at elevated tempera-
tures was also found to match that of plain concrete and
was well characterized by the previously derived rela-
tionship for concrete at elevated temperatures proposed
by Alsani and Bastami.** Again, a more conservative
relationship was proposed based on the extracted data.

3. The residual flexural/tensile strengths were also pre-
sented as normalized results against the control speci-
mens at ambient conditions. Key parameters such as
fra and E, 5 were compared from the respective studies
with the outcomes suggesting that these parameters
could also be well characterized by existing relation-
ships proposed by the Italian CNR DT 204 for steel
FRC at elevated temperatures. Slightly more conserva-
tive relationships for fg; and fg4 were proposed based
on the extracted data to ensure safety when imple-
menting MSFRC in fire critical infrastructure.
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Further research is required in this area with a focus
on the residual flexural strength of MSFRC at elevated
temperatures. It is clear from this study that the tempera-
ture gradient within the specimen has a large impact on
the final outcome and hence the specimen size will also
have a significant role to play. Therefore, experiments
considering the effect of specimen size and temperature
gradient on the impact of elevated temperature of
MSFRC would provide a significant enhancement to data
presented in the current study.

NOMENCLATURE

8 temperature ( C)

E. elastic modulus of concrete

E.0 elastic modulus of concrete at specified temper-
ature (8)

Eos energy absorbed at 0.5mm TCOD (Barce-
lona test)

Eos energy absorbed at 2.5mm TCOD (Barce-
lona test)

E,.50 energy absorbed at 2.5 mm TCOD (Barcelona

test) at specified temperature (0)

compressive strength of concrete (MPa)

%0 compressive strength of concrete (MPa) at speci-
fied temperature (6)

f%t tensile strength of concrete (MPa)

f%te tensile strength of concrete (MPa) at specified
temperature (0)

fl flexural strength of concrete (MPa)

foctfe flexural strength of concrete (MPa) at specified

temperature (0)

fleeo  residual flexural strength of FRC at a displace-
ment equal to the % (according to ASTM
C1609)

fl1s50  residual flexural strength of FRC at a displace-
ment equal to the *¥21 (according to ASTM

150
C1609)
fre residual flexural strength of FRC at a crack
mouth  opening  displacement  (CMOD)
of 0.5 mm

fre0 residual flexural strength of FRC at a CMOD of
0.5 mm at specified temperature (6)

fra residual flexural strength of FRC at a CMOD
of 3.5 mm

fra0 residual flexural strength of FRC at a CMOD of
3.5 mm at specified temperature (0)

UPV ultrasonic pulse velocity of hardened concrete
specimens

UPVy  ultrasonic pulse velocity of hardened concrete
specimens at specified temperature (8)

Bave average temperature within a concrete section
after being subject to elevated temperatures
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surface temperature of a concrete section while
being subject to elevated temperatures
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