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Material Characterization Approach for
Modeling High-Strength Concrete after
Cooling from Elevated Temperatures

Assis Arano1; Matteo Colombo2; Paolo Martinelli3; Jan Arve Øverli4;
Max A. N. Hendriks5; Terje Kanstad6; and Marco di Prisco7

Abstract:Advanced numerical modeling of high-strength concrete (fc>60 MPa) structures designed to withstand severe thermal conditions
requires detailed and reliable information on the mechanical properties of the material exposed to elevated temperatures. The only uniaxial
compressive strength variation with temperature is not enough to satisfy the large number of parameters often required by advanced nonlinear
constitutive models. For this reason, a complete experimental investigation is required. The paper takes a commonly used high-strength
concrete (fc ¼ 73 MPa) as an example to describe a comprehensive experimental approach instrumental to the parameter definition
and calibration of common constitutive models for concrete. The present study not only studied the overall compressive and tensile behavior
of the case study material, but also investigated the effect of elevated temperatures on the specific fracture energy and the evolution of internal
damage, in residual conditions after a single thermal cycle at 200°C, 400°C, and 600°C. DOI: 10.1061/(ASCE)MT.1943-5533.0003694.
© 2021 American Society of Civil Engineers.

Author keywords: Concrete mechanical properties; Thermal exposure; Residual conditions; Internal damage evolution; Fracture energy;
Uniaxial tensile tests.

Introduction

Fires in European tunnels [e.g., Mont Blanc (France/Italy) 1999 or
Tauern (Austria) 1999] have clearly shown the risks and conse-
quences of high thermal loads on reinforced concrete structures.
Although concrete is generally believed to be an excellent fire-
proofing material, many studies have shown extensive damage or
even catastrophic failure at high temperatures (Phan and Carino
2001). All these catastrophic events highlight the need of reliable
modeling and design approaches able not only to predict service

condition but also to provide accurate prediction of tunnel struc-
tural behavior when exceptional conditions are taken into account.

Basic precondition of a reliable model is, of course, a proper
definition of the material properties. As concrete is exposed to
elevated temperatures, its mechanical properties, such as strength
in both compression and tension and its stiffness, are adversely af-
fected, to the detriment of both structural safety and durability.
Comprehensive research has been carried out in recent decades
to test normal-strength concrete (NSC) subjected to elevated temper-
atures (Abrams 1971; Anderberg and Thelandersson 1976; Felicetti
and Gambarova 1998; Hager and Pimienta 2004; Janotka and Bágel
2002; Khaliq and Kodur 2012; Khoury 1992; Khoury et al. 1999;
Naus 2006; Phan and Carino 2001; Sancak et al. 2008; Schneider
1985). Some of these studies are also referred to in the codes [Euro-
code 2 (CEN 2004b, 2019); Eurocode 4 (CEN 2005)]. In addition,
more advanced techniques based on numerical and artificial intelli-
gence (AI) approaches have been used in the recent years to further
explore the material behavior at elevated temperatures (Bingöl et al.
2013; Lam and Fang 2014; Nechnech et al. 2002; Neuenschwander
et al. 2016; Tanyildizi 2009).

High-strength concrete (HSC) offers various benefits derived
from its greater stiffness and strength (60–120 MPa), and its use
has become increasingly popular. However, HSCs are more sensi-
tive than NSCs to high temperatures because of their reduced
porosity, which favors steam pressure build-up and increases their
susceptibility to explosive spalling. To avoid this effect, one com-
monly adopted solution is to add polypropylene (PP) microfibers
(Hager and Mróz 2019; Kalifa et al. 2001). The research studies
available on HSC subjected to elevated temperatures indicate that
results strongly depend on the type of aggregate, heating rate, and
content of PP fibers [fib 38 (fib 2007); Siddique and Noumowe
2010]. The large variation in the findings, therefore, makes it chal-
lenging to obtain accurate material behavior curves. This motivates
further investigation.
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The use of HSC (fc ¼ 73 MPa) with PP fibers is also of great
interest for the Norwegian Public Roads Administration’s (NPRA)
ferry-free coastal route E39 project. This project is aimed at estab-
lishing a coastal highway route without ferry connections. Due to
durability problems of the Norwegian infrastructure mainly related
to reinforcement corrosion, the NPRA decided in the 1990s to re-
quire water/binder ratio ¼ 0.4 in all Norwegian bridge structures.
From both a durability perspective, and for contractual issues, the
requirement has been successful, and such concrete is commonly
denoted as Norwegian Bridge Concrete (Osmolska et al. 2019).
New large concrete structures, such as submerged floating tunnel
(SFT), need to be built to cross the wide and deep fjords along the
coast, and it is of interest to evaluate the combined action of fire and
blast loads inside tunnels. The design and prediction of the behav-
ior of large RC structures typically involve the use of advanced
nonlinear numerical approaches. The knowledge of strength evo-
lution is not enough for these kinds of models, which require a
more complete knowledge of the material constitutive behavior
and, in particular, the definition of the whole uniaxial compressive
and tensile behaviors also with the corresponding fracture energy.

When complex situations, like fire conditions, need to be inves-
tigated, the load path can also play a significant role; as an example,
traditional ultimate limit state (ULS) loading condition can induce
irreversible strain into the structure that can be later exposed to fire
or vice versa. Under this point of view, damage evolution laws and
their variation after high temperature exposure also become funda-
mental for an accurate prediction of the overall structural behavior.
Nevertheless, there is no extended literature investigating these
properties at high temperatures. Therefore, additional material tests
studying the behavior of this type of HSC are vital for the design of
the investigated structures for fire resistance.

Compressive strength, tensile strength, elastic modulus, and
stress-strain response in compression are mechanical properties that
are of primary interest in fire resistance design (e.g., Kodur 2014;
Shah et al. 2019; Siddique and Noumowe 2010). If the compressive
strength has been extensively investigated in the literature, con-
versely, splitting tensile strength, elastic modulus, and compressive
stress-strain response have been less studied in the literature. More-
over, significantly less data or no data are available in the literature
on direct tensile strength, tensile stress-strain response, tensile and
compressive specific fracture energies, and internal damage at
elevated temperatures.

The effect of the high temperature on the material properties can
be evaluated in hot conditions, i.e., tested at maximum temperature,
or in residual conditions, i.e., with a cooling phase after the heating
cycle. In the literature, residual conditions are more commonly
used due to additional challenges arising when performing experi-
ments in hot conditions. Results from earlier studies (Felicetti et al.
2000; Felicetti and Gambarova 1999) show that tests in residual
conditions are representative of the effect of high temperature on
the material. It is also of great interest to model the postfire resis-
tance and reliability of the structure, and therefore a residual mate-
rial characterization is required. This further motivates the testing
of specimens after cooling.

This study provides an example of a comprehensive approach for
the mechanical material characterization aimed at an advanced
numerical modeling. The experimental campaign investigates the
effect of elevated temperatures in residual conditions on some nec-
essary and less investigated mechanical properties of concrete, such
as the uniaxial tensile strength and the specific compressive and ten-
sile fracture energy. In addition, it presents the evolution of internal
damage for both compressive and tensile behavior, which is obtained
from the unloading-reloading cycles along the complete stress-strain
curves. Moreover, this study provides an extended comparison with

previous research studies for well-investigated properties, such as
compressive strength and the modulus of elasticity of concrete. Also,
the reliability of existing damage evolution law at high temperature
available in the literature is discussed.

The paper is aimed at presenting an experimental approach that
is instrumental to assess all the main mechanical parameters that
can be used for the modeling of concrete structures in case of fire.
The approach aims at the identification not only of the most com-
mon parameters (e.g., compressive strength and elastic modulus)
but also to all those parameters that are crucial when nonlinear
analyses are adopted (e.g., fracture energy and damage evolution
law). This study considers three high temperatures (200°C, 400°C,
and 600°C), in addition to the reference room temperature (20°C).
Additional partial results for 800°C are also presented. The paper
mainly refers to residual condition (after cooling) because from an
engineering point of view, the residual capacity of a structure after
the fire exposure is the most interesting issue in order to assess the
safety level of the structure after a critical event.

Mechanical Properties of Concrete at
High Temperatures: Background

As already discussed, the aim of the present paper is to describe a
complete mechanical characterization procedure for modeling con-
crete structures exposed to fire conditions. For this reason, the ex-
perimental tests should endeavor as much as possible to represent
the constitutive behavior of the material, without introducing into
the specimen any structural effect that, if not properly detected,
could be confused with material properties (because the prediction
of the structural effects is a task of the numerical models and not of
the constitutive laws).

When testing materials at high temperature, a high temperature
gradient can lead to additional thermal stresses and explosive spall-
ing, which is not the aim of this study. The use of controlled heating
and cooling rates can prevent these undesired events from occur-
ring. Many research studies have examined the influence of differ-
ent heating and cooling rates on concrete specimens. Thelandersson
(1974) observed no effects using a heating rate of 2°C=min, while
some specimens exploded when heating at 4°C–8°C=min. This
agrees with data published by Khoury (1992), and Campbell-Allen
and Desai (1967), who concluded that cooling rates lower than
2°C=min should be used to avoid undesired stresses. Research con-
ducted by Felicetti and Gambarova (1998) showed that self-stresses
are negligible using a heating and cooling rate of 0.2°C=min.

Residual mechanical properties of concrete are very dependent
on the nature and mineralogical composition of the aggregate used
(Xing et al. 2014). Eurocode 2 [EN 1992-1-2 (CEN 2004b)] shows
that a siliceous aggregate concrete is more sensitive to high tem-
peratures than a calcareous aggregate concrete, which is generally
attributed to the higher thermal expansion of the former. Never-
theless, later studies by Xing et al. (2011) and Robert and Colina
(2009) showed that concretes prepared with some siliceous aggre-
gates can have better mechanical performance. Niry Razafinjato
et al. (2016) recently concluded that the categorization of aggre-
gates in the Eurocode is not accurate enough to precisely predict
the high temperature behavior of concrete, suggesting that further
studies should be carried out. However, this is not part of the aim of
the present study.

In recent years, many authors have extensively investigated
the influence of elevated temperatures on the compressive
strength and modulus of elasticity. The most relevant studies for
the present work are a selection of 14 publications (Bastami
et al. 2011; Diederichs et al. 2009; Felicetti and Gambarova 1998;
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Hager and Pimienta 2004; Janotka and Bágel 2002; Khoury et al.
1999; Morita et al. 1992; Noumowe 2003, 2005; Noumowe et al.
1996; Phan and Carino 2001; Poon et al. 2001; Sancak et al. 2008;
Sullivan and Sharshar 1992), which investigate the strength after
cooling of concretes with similar strength to the one used in this
study. Eight of these publications also examine the effect of temper-
ature on the modulus of elasticity (Diederichs et al. 2009; Felicetti
and Gambarova 1998; Hager and Pimienta 2004; Janotka and
Bágel 2002; Khoury et al. 1999; Noumowe 2003, 2005; Phan and
Carino 2001).

Most of these studies report a decreasing tendency in stiffness
with increasing temperatures. Only a few studies reported an in-
crease in strength for temperatures below 200°C (Janotka and Bágel
2002; Khoury et al. 1999; Morita et al. 1992). Results reported by
Felicetti and Gambarova (1998) show the most pronounced reduc-
tion in compressive strength, with only a 10% remaining strength at
500°C. No other author reported this rapid decrease. Instead, an
average of 20% of the total strength remained in most of the studies
at 800°C. Phan and Carino (2001) were alone in reporting a plateau
effect between 100°C and 300°C. There is considerable scatter in
compressive strength results for elevated temperatures from the dif-
ferent studies, even between comparable initial strength concretes.
Nevertheless, a similar coefficient of variation (COV) equal to 38%,
33%, and 31% at 400°C, 600°C, and 800°C, respectively, can be
observed. A state-of-the-art study presented by RILEM (Pimienta
et al. 2019) confirmed that this scatter is due to different concrete
mixtures and testing conditions.

Naus (2006) conducted a literature review on the effect of
elevated temperature on concrete materials and structures. He ob-
served that the decrease of modulus of elasticity was more pro-
nounced that the decrease in compressive strength. Moreover, he
concluded that the strength of concrete before testing had little effect
on percentage of strength retained at elevated temperature. Later,
Kodur (2014) studied the effect of high temperature on compressive
strength, modulus of elasticity, and stress-strain response, among
other properties of HSC. A large variation of results was found
between 200°C and 500°C. In addition, a few data points were re-
ported for HSC for temperatures higher than 500°C. A more recent
review by Shah et al. (2019) reported that stress-strain relation of
HSC exposed to fire was not comprehensively reported in literature,
remarking its value to properly model the fire behavior of HSC.
They concluded that data available is insufficient considering the
number of parameters that should be investigated.

The use of nondestructive techniques was shown to have great
potential to quantify the deterioration of concrete after fire exposure.
Recent studies by Matysík et al. (2018) and Varona et al. (2018)
found that the evolution of the (dynamic) elastic modulus was con-
sistent with the background and concluded that ultrasonic pulse
velocity (UPV) is appropriate for studying its degradation at elevated
temperatures. The test consists of sending a pulse of ultrasonic waves
through the material and determining the traveling velocity. Higher
velocities indicate better material quality. The expected velocity in a
not damaged concrete is 4.5–5 km=s (Jain et al. 2013).

The published data available on uniaxial tensile tests of concrete
are limited, probably because of the complexity of the test pro-
cedure. Furthermore, findings are often conflicting due to the differ-
ent specimen shapes or boundary conditions. Table 1 lists previous
research on uniaxial tensile tests, detailing the specimens, the con-
crete, and the boundary conditions (fixed or rotating end) used. In
addition, it specifies whether the concrete was subjected to high
temperature (residual or hot conditions) or ambient temperature.

Zheng et al. (2001) investigated the effect of the bonding be-
tween the specimen and the steel loading plates. They concluded
that the most reliable method of applying uniaxial tension (without
inducing secondary stresses) is to glue the plates to the ends of the
specimen.

Table 1 shows that the influence of high temperatures on the
uniaxial tensile strength of concrete was only examined by Felicetti
and Gambarova (1999, 2000) and Lam and Fang (2014). Results
reported by Lam and Fang (2014) are significantly lower than the
other test results considered. This may be due to the very slender
shape of the specimens tested. Moreover, their results show little
influence of elevated temperatures on tensile strength for tem-
peratures up to 500°C. These results disagree with Felicetti and
Gambarova (1999), where three different HSCs were tested, and
observed a large strength decrease to 0.30fct;20 at 400°C. A RILEM
state-of-the-art report (Pimienta et al. 2019) remarked on the need
for a research program to investigate the effect of high temperatures
on the tensile strength of HSC.

Testing materials using a displacement-controlled procedure
makes it possible to obtain a complete stress-strain curve and
thereby evaluate the specific fracture energy. This property is a fun-
damental material parameter required by most mathematical mod-
els based on concrete fracture mechanics, because it denotes the
energy needed to propagate a crack. Felicetti and Gambarova
(1999) studied the effect of high temperatures on specific tensile

Table 1. Previous research studies on uniaxial tensile tests

References

Specimens

Boundary
conditions

Compressive
strength
(MPa)

Temperature
(°C)Shape Size (mm)

Notched/
unnotched

Zhen-Hai and Xiu-Qin (1987) Dog-bone 70 × 70 × 148=40 × 40 Unnotched Fixed 17–34 Ambient
100 × 100 × 210=70 × 70 Unnotched Fixed

Phillips and Binsheng (1993) Dog-bone 100 × 150 × 700=100 × 100 Both Fixed 27–64 Ambient
Rossi et al. (1994) Cylinder 74 × 100 Unnotched Fixed — Ambient
Mechtcherine et al. (1995) Dog-bone, prism a1 × b1 ×H=60 × 100 Unnotched Fixed 43, 53 Ambient

60 × 100 ×H Notched Fixed
van Vliet and van Mier (1999) Dog-bone a1=H ¼ 1.5 Unnotched Rotating 42 Ambient
Felicetti and Gambarova (1999) Cylinder 100 × 150 Notched Fixed 72, 95 105–500 (R)
Felicetti et al. (2000) Cylinder, dumbbell 64 ×H Notched Fixed 90 20–600 (H, R)

D1 ×H=D2 Notched Rotating
Zheng et al. (2001) Prism 100 × 100 × 500 Unnotched Rotating 24–58 Ambient
Kim and Reda Taha (2014) Cylinder 100 × 200 Unnotched Fixed 25, 40, 55 Ambient
Lam and Fang (2014) Dumbbell 80 × 665=60 Unnotched Rotating C40, C50, C60 20–800 (H)

Note: Sizes are as follows: dog-bone = a1 × b1 ×H=a2 × b2; cylinder = D ×H; prism = a × b ×H; and dumbbell = D1 ×H=D2. Temperature is as follows:
ambient ¼ 20°C; R = residual conditions; and H = hot conditions.

© ASCE 04021086-3 J. Mater. Civ. Eng.
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fracture energy (Gf) in residual conditions. Different temperatures
up to 400°C were investigated, showing a changing behavior of
Gf with temperature. A decreasing trend was obtained for tem-
peratures below 250°C, while an increasing trend was found from
250°C to 400°C.

The effect of elevated temperatures on specific compressive
fracture energy (Gfc) was investigated in Felicetti and Gambarova
(1998). They reported a decreasing behavior of Gfc with temper-
ature. The published data was expressed in terms of dissipated en-
ergy per unit of volume. This disagrees with Nakamura and Higai
(2001), who performed a series of compressive strength tests at
room temperature comparing differentH=D ratios. They found that
the fracture zone length is almost constant for H=D>3, concluding
that the fracture zone is localized over a certain length.

Neuenschwander et al. (2016) performed controlled cyclic com-
pression tests at elevated temperatures (in hot conditions) in order
to study the evolution of unloading stiffness with increasing plastic
straining. However, results were not obtained for temperatures be-
tween 20°C and 500°C, where the decrease in strength and modulus
of elasticity is more produced. Moreover, experimental damage
evolution laws were not found for tensile behavior in the literature.
Nechnech et al. (2002) developed an elastoplastic damage model
for plain concrete subjected to high temperatures. This model was
implemented in the present study using the material parameters
obtained from the experiments performed. The predicted damage
evolution in tension using the model is compared to the measured
values in the “Discussion of Results” section.

Experimental Procedure Description

A total of 20 concrete cylinders were tested in residual conditions
after a thermal cycle (in unrestrained conditions) at four different

temperatures (20°C, 200°C, 400°C, and 600°C); a total of 12 stan-
dard (D ¼ 100 mm, H ¼ 200 mm) cylinders were used to test
modulus of elasticity and uniaxial compressive strength, while eight
cylinders (D ¼ 100 mm, H ¼ 100 mm) were used for measuring
direct uniaxial tensile strength. In addition, four standard (D ¼
100 mm, H ¼ 200 mm) cylinders were tested for their uniaxial
compressive strength at 800°C. Table 2 presents an overview of
the experimental campaign.

Materials

The concrete used has a cylindrical compressive strength (fc)
of 73 MPa, a water-cement ratio (w=c) of 0.42, and a maximum
aggregate size (dmax) of 16 mm. Table 3 details the concrete
mix design. The aggregates (siliceous) are composed of granite,
gneiss, sandstone, and siltstone. Polypropylene microfibers were
also added into the mix (1 kg=m3). The concrete cylinders were
demolded 24 h after casting, cured in water for 28 days, and rested
for five to six months at 20°C in a lab environment. The density (ρ)
at 28 days was equal to 2,370 kg=m3.

Table 2. Summary of the experimental campaign

Specimen ID UPV test

Estatic test Thermal treatment

UCT UTT(ISO 1920-10) 200°C 400°C 600°C 800°C

C20-1 ⋎ ⋎ — — — — ⋎ —
C20-2 ⋎ ⋎ — — — — ⋎ —
C20-3 ⋎ ⋎ — — — — ⋎ —
C200-1 ⋎ ⋎ ⋎ — — — ⋎ —
C200-2 ⋎ ⋎ ⋎ — — — ⋎ —
C200-3 ⋎ ⋎ ⋎ — — — ⋎ —
C400-1 ⋎ ⋎ — ⋎ — — ⋎ —
C400-2 ⋎ ⋎ — ⋎ — — ⋎ —
C400-3 ⋎ ⋎ — ⋎ — — ⋎ —
C600-1 ⋎ ⋎ — — ⋎ — ⋎ —
C600-2 ⋎ ⋎ — — ⋎ — ⋎ —
C600-3 ⋎ ⋎ — — ⋎ — ⋎ —
C800-1 ⋎ ⋎ — — — ⋎ ⋎a —
C800-2 ⋎ — — — — ⋎ ⋎a —
C800-3 — — — — — ⋎b ⋎a —
C800-4 — — — — — ⋎b ⋎a —
T20-1 — — — — — — — ⋎
T20-2 — — — — — — — ⋎
T200-1 — — ⋎ — — — — ⋎
T200-2 — — ⋎ — — — — ⋎
T400-1 — — — ⋎ — — — ⋎
T400-2 — — — ⋎ — — — ⋎
T600-1 — — — — ⋎ — — ⋎
T600-2 — — — — ⋎ — — ⋎
Note: UPV = ultrasonic pulse velocity; Estatic = static modulus of elasticity; UCT = uniaxial compressive test; and UTT = uniaxial tensile test.
aOnly peak strength data available.
bTested in hot conditions.

Table 3. Concrete mix design

Material Content (kg=m3)

CEM II/B-M 42.5R 223.40
CEM II/A-V 42.5N 193.33
Silica fume 12.89
Water 174.13
Aggregate 8–16 754.95
Aggregate 0–8 1,026.48
Acrylic superplasticizer 3.06
Set-retarding admixture 0.64
Polypropylene fibers 1.00

© ASCE 04021086-4 J. Mater. Civ. Eng.
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Heating of Specimens

The concrete cylinders were tested after exposure to four different
temperatures: 20°C (room temperature), 200°C, 400°C, and 600°C.
Mechanical properties were tested in residual conditions, i.e., with
a cooling phase after the heating phase. Specimens were not dried
before the thermal treatment. To avoid excessive thermal gradients,
the heating and cooling rates were chosen as 0.5 and 0.25°C=min,
respectively. Specimens were heated in unrestrained conditions
until the maximum temperature was reached, with a stabilization
phase of 2 h to ensure a uniform temperature distribution. After-
ward, the cooling rate was applied until the specimen reached
100°C, when the furnace was switched off and the specimen nat-
urally cooled in a closed furnace environment (Fig. 1). Other stud-
ies by Felicetti and Gambarova (1998), and Colombo et al. (2010)
adopted a similar procedure. Specimens for the preliminary tests at
800°C were subjected to the same heating rate. After, they naturally
cooled in a closed furnace environment. Spalling was not observed
for any specimen during the thermal cycles.

Ultrasonic Pulse Velocity Measurements

Direct ultrasonic pulse velocity (UPV) measurements were taken
using an UPV measuring equipment (E49, CONTROLS Group,
Liscate, Italy), with two piezoelectric transducers (emitter and
receiver) placed on opposite faces of the cylinder, as shown in
Fig. 2. Gel was added between the transducer and the concrete face
to ensure full acoustic contact. Measurements were taken before
and after the thermal cycles for each of the 12 cylinders tested
in compression.

The propagation of ultrasonic waves through material is com-
monly used as a dynamic method to determine the level of internal
damage, which can be expressed as Eq. (1) (Lemaitre and Chaboche
1990)

D ¼ 1 − ~E=E ð1Þ
where E and ~E = modulus of elasticity before and after the thermal
cycle, respectively. The pulse velocity (vL) can be expressed as in-
dicated in Eq. (2)

v2L ¼ E
ρ

1 − ν
ð1þ νÞð1 − 2νÞ ð2Þ

Assuming the isotropic damage hypothesis, constant Poisson’s
ratio (ν) of 0.2, and neglecting the change in density (ρ), which was
found to be less than 10% at 800°C, the level of damage can be then
expressed in terms of longitudinal waves velocity as Eq. (3)

D ¼ 1 − ~v2L=v
2
L ð3Þ

where vL and ~vL = pulse velocities before and after the thermal
cycle, respectively.

Uniaxial Compressive Strength and Modulus of
Elasticity Tests

This section describes two different sets of experiments with temper-
atures up to 600°C and 800°C, respectively. The former involves
12 specimens to test the modulus of elasticity and uniaxial compres-
sive strength. Three nominal identical specimens were tested for each
temperature level (20°C, 200°C, 400°C, and 600°C). In the latter, four
specimens were used to get a preliminary comparison between the
uniaxial compressive strength in hot and residual conditions (Table 2).
Specimens were tested using a servohydraulic press (Advantest 9,
CONTROLS Group, Liscate, Italy), with a maximum capacity of
3,000 kN. The end-sections of the cylinders were ground to guaran-
tee face parallelism and planarity at the specimen-machine interface.

The static modulus of elasticity of the concrete was evaluated
from the displacements measured by means of three linear variable
displacement transducers (LVDTs) assembled at 120° astride the
central part of the specimen, with a gauge length of 35 mm (Fig. 3).
Tests were load controlled, with a loading/unloading rate of
2 kN=s, in accordance with ISO 1920-10 (ISO 2010).

The uniaxial compressive tests were performed under displace-
ment control using the signal of a displacement transducer that could
measure the relative displacement between machine platens. The
displacement-controlled procedure made it possible to measure the
complete stress-strain curves, even in the softening phase. A con-
stant displacement rate of 50 μm=s was used in the elastic region.

0 20 40 60

time, t [h]

0

200

400

600

800
]

C°[ 
T ,erutarep

me
T

Limit of controlled cooling

(2h)

Controlled cooling
rate (0.25 °C/min)

Controlled heating
rate (0.50 °C/min)

Fig. 1. Temperature cycles at 200°C, 400°C, 600°C, and 800°C.

Fig. 2. Direct UPV measurements.

© ASCE 04021086-5 J. Mater. Civ. Eng.

 J. Mater. Civ. Eng., 2021, 33(5): 04021086 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

T
ec

hn
is

ch
e 

U
ni

ve
rs

ite
it 

D
el

ft
 o

n 
06

/1
7/

22
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



A rate of 30 μm=s was used during the prepeak and postpeak states,
and of 70 μm=s during the last part of the softening branch. The
relative displacement of the platens, corresponding to the shorten-
ing of the specimens, was measured by means of three LVDTs.
Unloading-reloading cycles were performed during the tests, meas-
uring the evolution of the stiffness for each temperature. The spe-
cific compressive fracture energy was calculated as the area under
the stress-strain curve per unit of cross-section area, without the
contribution of the elastic unloading part (Felicetti and Gambarova
1999).

Additional uniaxial compression tests were performed at 800°C.
Two standard cylinders were tested at high temperature (hot con-
ditions, fast extraction), and two cylinders were tested after cooling
(residual conditions). The modulus of elasticity was measured in
one of the cylinders in residual conditions.

Uniaxial Tensile Tests

Eight cylinders were tested in uniaxial tension by controlling the
crack opening displacement (COD), using an electromechanical press
(8562, INSTRON, High Wycombe, UK) with 100 kN capacity. Two
nominal identical specimens were tested for each temperature load.
The end-sections of the concrete cylinders were ground to guarantee
parallelism and planarity in the specimen-machine interaction.
A circumferential notch (depth 10.8 mm, width 3.7 mm) was cut in
the central part of the specimen after the thermal cycle to guarantee a
localized crack. Five LVDTs were mounted at 120° in the central
region astride the notch with a gauge length of 40 mm to measure

the COD. Fig. 4 shows the geometry of the specimen and the instru-
mentation used during the tests.

Steel plates were attached to the end-sections of the cylinders
by means of a thin layer of epoxy glue with a 24-h hardening period
and connected with free-rotational heads to the machine. The tests
were carried out at a constant COD rate of 0.1 μm=s during the
loading branch, and 0.2 μm=s during the afterpeak softening
branch. The displacement rate was progressively increased to
0.5, 1.0, and, 5.0 μm=s during the last part of the softening branch,
until complete separation of the specimen into two parts. Control of
the COD made it possible to measure the complete stress-crack
opening (ωc) curves. Unloading-reloading cycles were performed
during the postpeak part of the tests. The specific tensile fracture
energy was calculated as previously described in the section “Uni-
axial Compressive Strength and Modulus of Elasticity Tests.”

Evolution of Internal Damage

The unloading-reloading cycles performed during the uniaxial
compressive and tensile tests allowed us to study the evolution of
unloading stiffness. This material property can be correlated to
internal damage using Eq. (1). The evolution of mechanical
(Dc;i) and total (Dc;T ) compressive internal damage is obtained
as indicated in Eqs. (4) and (5), respectively

Dc;i ¼ 1 − Kunl
c;i;T=K

unl
c;max;T ð4Þ

Dc;T ¼ 1 − Kunl
c;i;T=K

unl
c;max;20 ð5Þ

where Kunl
c;i;T = compressive unloading stiffness for an exposure

temperature (T) for each unloading-reloading cycle (i); Kunl
c;max;T =

maximum compressive unloading stiffness for the temperature (T);
and Kunl

c;max;20 = maximum compressive unloading stiffness of the
reference case (20°C). The evolution of mechanical (Dct;i) and total
(Dct;T) tensile internal damage is obtained as indicated in Eqs. (6)
and (7), respectively

Dct;i ¼ 1 − Kunl
ct;i;T=K

unl
ct;o;T ð6Þ

Dct;T ¼ 1 − Kunl
ct;i;T=K

unl
ct;o;20 ð7Þ

where Kunl
ct;i;T = tensile unloading stiffness for an exposure temper-

ature (T) for each unloading-reloading cycle (i); Kunl
ct;o;T = initial

tensile unloading stiffness for the temperature (T); and Kunl
ct;o;20 =

initial tensile unloading stiffness of the reference case (20°C).

Fig. 3. Instrumentation for modulus of elasticity tests.

Fig. 4. Instrumentation for uniaxial tensile tests.
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Results

Modulus of Elasticity of Concrete

Fig. 5 compares the evolution of the static and the dynamic (UPV)
modulus of elasticity. The dashed line denotes the evolution of in-
ternal damage caused by the thermal treatment. As shown, both
methods confirm the significant decrease in the modulus of elas-
ticity in concrete subjected to high temperature. On average, from

20°C to 200°C, the modulus is slightly reduced until 0.90Ec;20.
Between 200°C–400°C and 400°C–600°C, the material suffers a
faster reduction, reaching 0.50Ec;20 and 0.20Ec;20, respectively.
Above 600°C, the reduction of the modulus is less pronounced,
reaching 0.15Ec;20 at 800°C. Comparing the two methods, the
modulus of elasticity obtained using the dynamic method is higher
at 20°C and 200°C than the static method. Nevertheless, Fig. 5 re-
veals how the dynamic method has a more pronounced decrease.

Compressive Behavior of Concrete

Fig. 6 shows the complete nominal stress-strain curves obtained
during the compressive strength tests carried out after cooling. Each
plot shows three different curves, corresponding to the three nomi-
nally identical tests, and an additional average curve. The slope of
stress-strain curve decreases with increasing temperature because
of a decrease in the maximum nominal stress and an increase of
the strain at peak stress (εc1). This effect is linked to the reduction
of stiffness observed in Fig. 5.

As seen in Fig. 6, only a few points of the afterpeak part of
the curve were recorded for the temperatures of 20°C and 200°C.
The stress-strain curves for those temperatures were therefore
extended using the CEB-FIP predicting model [fib 1 (fib 1990)],
which is a modified form of the model proposed by Sargin and
Handa (1969). The extensions are shown as dashed lines in Fig. 6.
Furthermore, measurements from the relative displacement of the
platens include undesired additional stresses due to the end-effects,
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Fig. 5. Relative modulus of elasticity and damage for different
temperatures after cooling.
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Fig. 6. Compressive nominal stress-strain curves for different temperatures after cooling.
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and eccentricity. To compensate for this effect, the stress-strain
curves were shifted by using the first unloading cycle performed.
Note that these results cannot directly be compared to the material
model proposed in the new version of the Eurocode 2 Part 1–2
(CEN 2019). The reason is that the model, unlike the shown ex-
perimental curves, incorporates the effects of transient creep occur-
ring during heating of a structure under a certain load.

Fig. 7(a) compares the average nominal stress-strain curve from
all four temperatures after cooling. Fig. 7(b) shows the evolution of
the nominal compressive strength, specific compressive fracture
energy, and strains at peak stress for the different temperatures. In
Figs. 7(a and b), the values are normalized with the corresponding
values evaluated in room-temperature conditions. Fig. 7(b) also in-
cludes the result of compressive strength for the specimens heated
to 800°C. Fig. 7(b) shows that exposure to elevated temperatures
significantly reduces the compressive strength of concrete, with a
trend similar to that observed for the modulus of elasticity (Fig. 5).
The average compressive peak strength from the three tests at 20°C
is 73.0 MPa. After exposure to elevated temperatures, the residual
peak strength decreases to approximately 0.90fc;20 after 200°C,
0.50fc;20 after 400°C, and 0.30fc;20 after 600°C. The residual com-
pressive peak strength after 800°C decreases to 0.15fc;20.

As shown in Fig. 7(b), Gfc after 200°C is 0.90Gfc;20. The reduc-
tion after higher temperatures reaches 0.75Gfc;20 and 0.65Gfc;20

at 400°C and 600°C, respectively. However, εc1 shows a significant
increase with temperature. While the strain after 200°C is 10% less
than at 20°C, it increases by approximately 7% and 50% at
400°C and 600°C, respectively. This effect is related to the reduc-
tion in stiffness, as previously mentioned. The average compressive
strength obtained for exposure to 800°C was 13.0 MPa in hot con-
ditions and 10.8 MPa in residual conditions. This represents a de-
crease of approximately 20% during the cooling phase.

Tensile Behavior of Concrete

Fig. 8 shows the nominal stress-crack opening curves for the tensile
tests at different temperatures after cooling. Results of the two
nominally identical tests are shown for each case, together with
the average curve. As seen, the stress-crack opening curve becomes
flatter when increasing in temperature. Microcracking in the speci-
men due to the thermal treatment causes a reduction of the initial
stiffness. This effect is well illustrated in Fig. 9(a), especially for
temperatures of 400°C and 600°C, where the average curve for all
four different temperatures are compared. Moreover, cycles of

unloading-reloading in the softening part show a stiffness reduction
as ωc increases.

Fig. 9(b) shows the evolution of the normalized tensile strength,
the specific tensile fracture energy, and the crack opening at peak
stress after cooling from the different temperature levels. The maxi-
mum stress reached at 200°C is about 20% higher than the maxi-
mum stress at 20°C. This phenomenon is studied in the “Discussion
of Results” section, which compares these results with those of
other research studies. Above 200°C, the residual peak tensile
strength significantly decreases to approximately 0.70fct;20 for
400°C and 0.30fct;20 for 600°C.

Fig. 9(a) shows how the peak stress tends to decrease with higher
temperatures, while the curve becomes flatter, therefore reaching
higher ωc during the postpeak part. In contrast, the complete split
of the specimen occurs at a lower ωc at room temperature. This
effect is reflected in Fig. 9(b), which shows how the specific frac-
ture energy increases with temperature and reaches approximately
1.40Gf;20 at 600°C. As shown, ωc1 significantly increases with tem-
perature, reaching 2.25ωc1;20 at 600°C.

Damage Evolution

Figs. 10(a and b) show the evolution of mechanical (Kunl
c;i;T=K

unl
c;max;T )

and total (Kunl
c;i;T=K

unl
c;max;20) unloading stiffness in compression for

each exposure temperature, with the irreversible strain (εirr). Note
that only a few unloading cycles were performed for 20°C and
200°C (Fig. 6) because the afterpeak behavior could not be re-
corded. The experimental results are shown as markers, while con-
tinuous lines represent the fitting curves. Dashed lines highlight the
maximum value for each fitting curve.

Fig. 10(b) presents the combined effect of thermal and mechani-
cal loading on the evolution of unloading stiffness, by comparing it
to the maximum unloading stiffness at 20°C (Kunl

c;max;20). The ther-
mal loading results in a reduction of unloading stiffness equal to
59% of the maximum stiffness for the specimen at 600°C. Both
thermal and mechanical loading have a significant influence at
400°C, where the maximum stiffness reduction represents 28% of
the total reduction. Less significant maximum stiffness reduction is
observed at 200°C, just 9% of the total reduction.

Figs. 11(a and b) show the evolution of mechanical (Dct;i) and
total (Dct;T) internal damage in tension for each exposure temper-
ature, together with ωc;irr. The obtained results are shown as mark-
ers, while continuous lines represent the fitting curves.
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Fig. 7. (a) Average compressive stress-strain curves; and (b) evolution of nominal compressive peak strength, specific compressive fracture energy,
and strain at peak stress, after cooling.
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As seen in Fig. 11(a), the mechanical damage significantly in-
creases up to ωc;irr ¼ 0.020 mm, reaching 80%, 86%, 74%, and
70% at 20°C, 200°C, 400°C, and 600°C, respectively. As with the
evolution of mechanical damage in compression, the degree of dam-
age for a given ωc;irr decreases as the maximum exposure temper-
ature increases. However, the opposite effect is observed between
exposure temperatures of 20°C and 200°C, up to ωc;irr ¼ 0.035 mm.

Fig. 11(b) presents the combined effect of thermal and mechani-
cal loading on the evolution of damage. The irreversible thermal
loading has a greater effect in tension than in compression for
temperatures of 400°C and 600°C, while it is similar at 200°C.
The initial thermal damage represents 76% of the total damage
at 600°C, which clearly shows the small contribution of mechanical
loading during the test. At 400°C, the thermal loading has a
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Fig. 9. (a) Average tensile stress-crack opening curves; and (b) evolution of tensile nominal peak strength, specific tensile fracture energy, and crack
opening at peak stress after cooling.
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Fig. 8. Tensile nominal stress-crack opening curves for different temperatures after cooling.
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significant effect on the initial thermal damage, equal to 50% of the
total damage. A relatively low initial thermal damage of 9% was
induced by a thermal loading of 200°C.

Discussion of Results

This section discusses the results we obtained for the influence of
temperature on the residual compressive and tensile strengths,
modulus of elasticity, and specific compressive and tensile fracture
energies of concrete, comparing them with previous research. Con-
crete strengths from studies compared in this section are for cylin-
drical specimens. Where compressive strength was not given, the
class of concrete is shown. In the following subsections, relative
quantities report the ratio between the value at a certain temperature
and the value at room temperature.

In recent years, RILEM has released standard procedures on
how to determine properly the influence of high temperature on
mechanical properties of concrete such as modulus of elasticity
(Schneider et al. 2004), tensile strength (Schneider et al. 2000),
and stress-strain curves (Schneider et al. 2007). These procedures
mention the case of accident conditions, which normally involve
temperatures between 20°C and 750°C, without specifying which
temperatures should be used. Testing at elevated temperatures

requires special equipment and the number of samples is normally
limited. Such research is therefore commonly narrowed to three or
four temperature cases. Studies in the literature use different tem-
perature values and numbers of thermal cycles, which complicates
the comparison of results.

Modulus of Elasticity

Fig. 5 displays the relative modulus of elasticity and damage for the
different temperatures after cooling. As shown, internal damage in-
creases with temperature, reaching a value close to 0.90 at 800°C.
Because of the heterogeneity of concrete, different components ex-
perience different thermal strains, which leads to internal thermal
stresses causing microcracking that can be considered as a material
damage on the scale of the volume of material investigated.

Figs. 12(a and b) show the obtained results for the total and the
relative modulus of elasticity, respectively, together with some of the
experimental results found in the literature (Felicetti and Gambarova
1998; Khoury et al. 1999; Phan and Carino 2001). A dashed line
denotes the results obtained using the dynamic (UPV) method, while
the other lines represent results obtained with the static method.

Model Code 2010 (fib 2013) presents a relationship to calculate
the modulus of elasticity at room temperature, based on the com-
pressive strength of concrete, Ecm ¼ 21.5ðfcm=10Þ1=3, which is
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Fig. 10. Evolution of (a) mechanical; and (b) total unloading stiffness in compression.
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Fig. 11. Evolution of (a) mechanical (Dct;i); and (b) total (Dct;T ) internal damage in tension.
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very similar to the one proposed in the Eurocode 2 Part 1–1 (CEN
2004a). Because the code does not provide any additional relation-
ship for high temperatures (up to 600°C), this equation was used to
calculate the modulus at different elevated temperatures, taking the
corresponding reduced strength obtained experimentally. The calcu-
lated values are also illustrated in Fig. 12.

The obtained decrease of the modulus confirms the results from
other studies. This behavior is mainly related to thermal stresses
and physical and chemical changes in the material. The loss of
moisture due to heating and the degradation of microstructure and
chemical bonds results in the development of microcracks, which
causes this pronounced decrease (Khaliq and Kodur 2012). As ob-
served, the values obtained with the relationship from the Model
Code 2010 (fib 2013) underestimate the damage on the modulus
caused by high temperatures.

The static and dynamic methods present very different proce-
dures. The static calculation of the modulus is based on the incre-
ment of the strain within the elastic regime of the stress-strain curve;
therefore, it requires the use of a very accurate transducer to achieve
representative results. Conversely, the dynamic method is a rela-
tively simple procedure with UPV measurements. The obtained re-
sults with the latter are in agreement with Phan and Carino (2001),
and Felicetti and Gambarova (1998), who also reported a significant
reduction between 200°C and 400°C. Moreover, the results obtained
at 300°C and 500°C agreewith the findings reported by Khoury et al.
(1999).

The load applied using the static method induces immediate
creep in the specimen. Therefore, a higher displacement is mea-
sured, resulting in a lower modulus of elasticity. This effect is well
illustrated in Fig. 12(a) comparing the results from the two methods
reported by Phan and Carino (2001). For this reason, the dynamic
method sometimes gives a more meaningful measure of the temper-
ature effect on the elastic response of concrete (Bazant 1976). How-
ever, Phan and Carino (2001) reported a decrease in stiffness at
100°C, which is higher using the dynamic method compared with
the static method [Fig. 12(b)]. It was shown that voids formed
by the loss of absorbed, capillary, and interlayer water can cause
a higher decrease of UPV measurements, which was not obtained
using static tests (Ghandehari et al. 2010). Therefore, in the present
study an additional cylinder was heated to 110°C, taking UPV mea-
surements before and after the thermal treatment. The contribution
of the water, quantified as 7.2% of the total, was then subtracted
from all the UPV measurements on nonheated specimens, in order
to have a more realistic comparison between the two methods.

Based on the compared results, we conclude that the dynamic
method with UPV readings is a better way to measure the modulus
of elasticity, being a noninvasive simple procedure and providing
values more similar to other studies. However, measurements at
lower temperatures may give an overestimation of the modulus due
to the contribution of water. Stress analysis in numerical simula-
tions could be influenced by the modulus used. Therefore, it is best
to input the entire stress-strain curve, in both compression and
tension for the whole temperature range, as provided in this study.
Furthermore, the relationship proposed by the Model Code 2010
(fib 2013) at room temperature should not be used to predict the
modulus of elasticity at high temperatures, because it is shown
to underestimate the damage on the stiffness, contrary to the sig-
nificant decreasing tendency found in the present study and previ-
ously reported in the literature.

Compressive Behavior

Fig. 13 displays our results for the relative compressive strength
with the experimental results for residual conditions found in the
literature. The measured values show a similar trend as those from
the literature, confirming the significant decrease in the residual
peak compressive strength of concrete at elevated temperatures.
This decrease is less pronounced than for the modulus of elas-
ticity. As shown, the range between 200°C and 400°C is the interval
where the reduction is most pronounced, which is mainly linked to
the increased porosity and microcracking in the material (Khoury
1992).

Fig. 13 shows that the results obtained in the present work for
temperatures up to 200°C are similar to those shown in the new
draft of Eurocode 2 Part 1–2 (CEN 2019). Nevertheless, the code
tends to overestimate the residual peak compressive strength for the
temperatures up to 800°C. The review presented in Shah et al.
(2019) remarked that most studies report unsatisfactory agreement
between their test results and the standards. There is a need to quan-
tify the applicability of the Eurocode recommendations for HSC
exposed to fire, which should consider the influence of the param-
eters reported by RILEM (Pimienta et al. 2019), such as the initial
compressive strength, the concrete mixture, or the content of PP
microfibers.

Tensile Behavior

Tests on nonheated specimens presented in the “Results” section,
resulted in a lower tensile strength than specimens that had been
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Fig. 12. Experimental results of (a) total; and (b) relative modulus of elasticity after cooling.
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heated to 200°C. A possible explanation for this is the considerable
scatter in the uniaxial tensile test results. For this reason, the results
from the tests performed at room temperature are first discussed.
Fig. 14 shows tensile strength test results at 20°C for specimens
differing in compressive strength, corresponding to the various ex-
perimental results from the literature. The results are shown sepa-
rately depending whether the test was performed on notched or
unnotched specimens [Figs. 14(a and b), respectively].

There is considerable scatter in the results for both types of
specimen, but with a common trend. The scatter may be due to dif-
ferent boundary conditions, i.e., the attachment between steel plates
and specimen, and different specimen shapes. Note that notched
specimens generally display less strength than unnotched speci-
mens. Fig. 14(a) shows that the results we obtained, though in line
with the overall results, are statistically lower than those from other
studies.

Figs. 15(a and b) show our results for the total and the relative
uniaxial tensile strength, respectively, together with those from
other studies in the literature. As seen, the results found in the
present work partially agree with the study performed by Felicetti
and Gambarova (1999). Our result for tensile strength at room tem-
perature differs from their results. Note that the tests were not per-
formed in the same way. Felicetti and Gambarova (1999) used
100 × 300 mm notched specimens with fixed ends, while our tests

were on 100 × 100 mm specimens with free-rotational ends. The
difference in the values obtained may be due to the different end re-
straints of specimens, and the scatter previously shown in Fig. 14(a).
Moreover, the residual peak strengths obtained at high temperatures
are significantly higher (30%–40%), than those reported by Felicetti
and Gambarova. This may be due to the different specimen’s aspect
ratio, equal to 1∶1 in our study and 1∶3 in Felicetti and Gambarova
(1999).

Based on the comparison of results, we conclude that the new
draft of Eurocode 2 Part 1–2 is in accordance with the behavior
of this type of HSC in tension at high temperatures, after cooling.
The results confirmed the significant decrease in uniaxial tensile
strength of specimens subjected to high temperatures, nearing
0.30fct;20 after exposure to 600°C. Moreover, uniaxial tensile tests
lead to greater scatter in results compared to other tensile strength
tests, mainly due to the boundary conditions and the interaction
between the steel and the specimen, which can induce secondary
stresses.

Fracture Energy

Evolution of Specific Tensile Fracture Energy
Figs. 16(a and b) compare the evolution of the specific tensile frac-
ture energy with temperature as found in the present work with that
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Fig. 14. Scatter of uniaxial tensile tests at 20°C on (a) notched; and (b) unnotched specimens characterized by different concrete strength.
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Fig. 13. Experimental results of relative compressive strength at different temperatures after cooling.
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reported by Felicetti and Gambarova (1999). Fig. 16(a) shows that
the results obtained in the present study are generally lower than the
results presented by Felicetti and Gambarova. The most obvious
reason for this is the different boundary conditions used during the
tests, which were fixed ends for Felicetti and Gambarova and rotat-
ing ends in the present study. A fixed end tensile test results in
higher specific fracture energy because the supports absorb some
of this energy to compensate the moment caused by any eccentric-
ity. This was previously observed in van Vliet and van Mier (1999),
who remarked that when the specimen ends can rotate freely, the
boundary influences are minimized, yielding a lower bound for the
fracture energy.

Model Code 2010 (fib 2013) proposes a relationship to calculate
the specific fracture energy in tension at room temperature, based
on the compressive strength of concrete (Gf ¼ 73f0.18cm ). If this ex-
pression is used and fcm ¼ 73 MPa, a value of Gf ¼ 158 N=m is
obtained. This is in line with the averaged results obtained in the
present work (Gf ¼ 166 N=m). Nevertheless, this relationship
should not be used to calculate the specific tensile fracture energy
at elevated temperatures, as it leads to inaccurate results (see Fig. 16).

For higher temperatures, the results we obtained partially agree
with those presented by Felicetti and Gambarova (1999). Both
curves show a similar value for 200°C, and afterward tend to in-
crease for 400°C and 600°C. Fig. 16(a) shows how the difference
between each pair of identical tests increases with temperature.

Evolution of Specific Compressive Fracture Energy
Figs. 17(a and b) compare the evolution of specific compressive
fracture energy with temperature obtained with the work done by
Felicetti and Gambarova (1998). The obtained results agree well
with those presented by Felicetti and Gambarova (1998), with sim-
ilar values for Gfc and the similar decreasing tendency for temper-
atures of 20°C, 200°C, and 400°C. However, the result we obtained
for 600°C is higher than the result presented by Felicetti and
Gambarova for 500°C. Fig. 17(a) shows how the scatter of the ob-
tained results decreases from 200°C to 600°C, unlike the observa-
tions for the Gf [Fig. 16(a)].

Nakamura and Higai (2001) proposed a relationship to calculate
the specific compressive fracture energy at room temperature based
on the specific tensile fracture energy (Gfc ¼ 250 Gf). Using the
obtainedGf (166 N=m), theGfc is calculated as 41,400 N=m. This
value agrees well with the results obtained in the present study
(Gfc ¼ 42,215 N=m) and those of Felicetti and Gambarova (Gfc ¼
42,000 N=m). Nevertheless, the presented relationship should not
be used to calculate the specific compressive fracture energy at
elevated temperatures (see Fig. 17).

Based on the compared results, we conclude that elevated tem-
peratures significantly affect the specific fracture energy. In tension,
specific fracture energy increases by up to 35% for 600°C, with
additional increase of the scatter of the results. In compression,
the behavior is the opposite, where the specific fracture energy
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Fig. 15. Experimental results of (a) total; and (b) relative tensile strength after cooling.
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Fig. 16. Evolution of (a) total; and (b) relative specific tensile fracture energy after cooling.
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decreases by up to 34% for 600°C, with decreasing scatter. Further-
more, the relationships presented by Model Code 2010 (fib 2013)
and Nakamura and Higai (2001) provide accurate values of Gf and
Gfc at room temperature, respectively. However, these relation-
ships are not meant for higher temperatures. Therefore, additional
relations should be proposed.

Damage Evolution

Evolution of Internal Damage in Tension
Figs. 18(a and b) compare the evolution of internal damage be-
tween the values obtained in the present study (continuous line)
with the values obtained using the model proposed by Nechnech
et al. (2002) (dashed line). As shown in Fig. 18(a), the predicted
values of mechanical damage tend to be higher than the measured
values after ωc;irr of 0.025 mm. This is clearly visible for the case at
600°C, which yields the most disagreement between the model and
the experiments. Nevertheless, the influence of the mechanical part
into the total damage is less relevant as the temperature increases.
Therefore, the evolution of the total (thermomechanical) damage is
well predicted by using this analytical model [see Fig. 18(b)].

Based on this comparison, we conclude that the model proposed
by Nechnech et al. (2002) could be used to predict the damage evo-
lution in tension. However, certain parameters need to be known,
such as tensile strength, specific fracture energy, the initial slope in

softening, and the specific tensile damage variable. These param-
eters are derived from the stress-COD curves after uniaxial tensile
tests with unloading-reloading cycles.

Evolution of Internal Damage in Compression
Fig. 10(a) presents the evolution of the mechanical unloading stiff-
ness during the compressive test, without considering the initial
damage produced by the thermal treatment. A similar behavior of
stiffness increase is visible at the beginning of all temperature
curves, followed by a stiffness reduction. This stiffness increase
may be due to the lack of friction reduction lubricant in the com-
pressive strength test, which causes a nonlinear stress state through-
out the specimen, due to a frictional constraint at the interface
between the material and the loading system. In slender specimens
(e.g., H=D ¼ 2) failure occurs in the central unconfined regions
without significantly affecting the compressive strength value
(van Vliet and van Mier 1996). The confinement effect in the end
regions of the specimen, which becomes greater as the compression
force increases, causes a reduction of plate-to-plate deformation.
The action of the confinement is lost when dilatancy becomes
dominant. This causes a decrease in the unloading stiffness [see
Fig. 10(a)]. As seen, this effect is more efficient when the material
is more thermally damaged.

An additional compressive strength test was performed to
corroborate this effect, in which friction reduction lubricant was
applied. The results confirmed the presence of the confinement

0 200 400 600

Temperature, T [°C]

0

1

2

3

4

5

6

G
fc

,T
] 

m/
N [

104

Felicetti and Gambarova
1998 (72 MPa)
Nakamura and Higai 2001
Present study (73 MPa)

0 200 400 600

Temperature, T [°C]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

G
fc

,T
/

G
fc

,2
0

(a) (b)

Fig. 17. Evolution of (a) total; and (b) relative specific compressive fracture energy after cooling.
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effect, which alters the unloading stiffness measurements. There-
fore, the evolution of internal damage on compressive behavior
is presented in terms of stiffness instead of a strictly material prop-
erty as damage. Moreover, Fig. 10(a) shows that the ratio of un-
loading stiffness for a given irreversible strain becomes higher
as the maximum exposure temperature increases. This is particu-
larly evident when the 400°C and 600°C curves are compared. This
effect is due to the reduction in maximum stiffness of the material
when subjected to high temperatures.

Conclusions

This study presents a comprehensive approach for the material
characterization of a specific type of HSC (fc ¼ 73 MPa) exposed
to high temperatures. The effect of elevated temperature on less
investigated properties such as the uniaxial tensile strength and
the specific compressive and tensile fracture energy was studied.
Tests on basic properties such as the modulus of elasticity and the
compressive strength were also performed. The measuring of
the complete constitutive behavior enabled the investigation of the
specific compression and tension fracture energy at elevated tem-
peratures, and the evolution of internal damage. These properties
were investigated at 20°C, 200°C, 400°C, and 600°C in residual
conditions, with some preliminary results at 800°C. The obtained
results were compared with previous research studies and the de-
sign codes. Based on this research, the following conclusions can
be drawn:
• High temperatures have a significant effect on the combined

thermal and mechanical internal damage, for both compression
and tensile behavior. In compression, thermal exposure induces
an initial irreversible damage equal to 9%, 28%, and 59% of the
total unloading stiffness reduction at 200°C, 400°C, and 600°C,
respectively. In tension, the initial irreversible damage is equal
to 8%, 50%, and 76% of the total damage.

• The model presented by Nechnech et al. (2002) can be used
for predicting the evolution of damage of concrete in tension at
elevated temperatures, as it yields similar findings compared
to results obtained in the present study. Nevertheless, accurate
material parameters should be known, being derived from the
complete stress-strain curves with unloading cycles.

• The exposure at high temperatures differently affects the tensile
and compressive behavior of the specific fracture energy. In ten-
sion, it increases up to 35% at 600°C, with additional increase of
the scatter of the results. In compression, it decreases to 34% at
600°C, with decreasing scatter.

• Relationships presented by Model Code 2010 (fib 2013) and
Nakamura and Higai (2001) provide accurate values of specific
tensile and compressive fracture energy respectively, at room
temperature. However, these relationships are not meant for
higher temperatures, and thus additional relations should be
proposed.

• Compared to the static modulus of elasticity, the values of
dynamic modulus were more similar to those reported in the
literature. The absence of creep and the simple nondestructive
procedure make the UPV a more reliable technique to quantify
the degradation of the material, after exposure at elevated tem-
peratures. The relationship for the modulus of elasticity at room
temperature proposed by the Model Code (fib 2013) should not
be used to calculate the stiffness after exposure on this type of
HSC, because it is shown to underestimate the damage caused
by the elevated temperatures.

• The present study confirmed the significant decrease in compres-
sive strength at high temperatures, where the most pronounced

decrease occurs between 200°C and 400°C. The obtained results
of compressive strength are in accordance with the new proposed
version of Eurocode 2 Part 1–2 for temperatures up to 300°C.
Nevertheless, the results for this type of HSC differ from the code
for higher temperatures. Large differences between the published
studies and the code remark the need to provide additional in-
formation in the recommendations for HSC exposed to fire.

• The results confirmed the significant decrease in uniaxial ten-
sile strength of specimens subjected to high temperatures. This
behavior is well described in the new proposed version of
Eurocode 2 Part 1–2.
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