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HIGHLIGHTS

» Thermal microcracking initiates in HSC at 180 °C.

» Strength, ultrasonic velocities, Young’s modulus, and Poisson’s ratio decrease with increasing temperature.

» Porosity and permeability increase with increasing temperature.

» These changes are primarily the result of the thermally-induced degradation of the cement matrix.

» We provide implications for thermally-damaged HSC structures.
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ABSTRACT

High-strength concrete (HSC) will experience thermal microcracking, explosive spalling, and undesirable
chemical changes when exposed to high temperatures, such as during fire, engulfment by lava flow, or
nuclear meltdown. Knowledge of the resultant changes in mechanical, physical, and chemical properties
is paramount for hazard mitigation. We present a multidisciplinary study on the influence of thermal-
stressing on HSC. Our study shows that thermal microcracking in HSC initiates at 180 °C, is more preva-
lent during cooling, and exhibits the Kaiser “temperature-memory” effect. We show that residual com-
pressive strength, indirect tensile strength, ultrasonic wave velocities, and Young’s modulus and
Poisson’s ratio decrease, whilst porosity and permeability increase with increasing temperature. We dis-
cuss these data in terms of the chemical changes during thermal-stressing, provided by thermo-gravi-
metric analysis, differential scanning calorimetry, and X-ray diffraction, and from optical microscopic
analysis of thermally-stressed samples. We provide implications for thermally-damaged HSC structures
and a new method for non-destructive monitoring.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

are weakened by a combination of three main mechanisms. First,
by chemical changes to the cement matrix, such as the dehydra-

The use of high-strength concrete (HSC) is widespread in the
construction industry. Such material can be subjected to high tem-
peratures in the event of fire, engulfment by lava flow, or nuclear
meltdown. When concretes are exposed to high temperatures they
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tion/dehydroxylation of calcium silicate hydrate (C-S-H! gel) and
calcium hydroxide (CH) at about 150 and 450 °C, respectively, and
the decarbonation of calcium carbonate (at about 700 °C; decarbon-
ation reactions will also affect any carbonate aggregates) [1-4]. Sec-
ond, by thermal microcracking (see [5]). Thermal microcracks form
as a result of the build-up of internal stresses due to (a) the thermal
expansion mismatch between the different minerals present in the

1 Cement chemist notation: C = CaO; S = SiO,; H = H,0.
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concrete aggregate, (b) thermal expansion anisotropy within indi-
vidual minerals and, (c) thermal gradients (e.g., see [6]). Third, by
“explosive spalling”. Spalling is the product of two concomitant pro-
cesses: (a) thermal dilation/shrinkage gradients and, (b) the build-up
of pore pressure (see [7] and references therein).

Thermal-stressing (exposure to high temperatures) has been
shown to greatly reduce the strength of concrete (reviewed by
[8]). Specifically, work on HSC has shown that compressive
strength [5,8-28] and tensile strength [10,18,19,25] both decrease
with either increasing thermal-stressing temperature (hereafter
abbreviated to TST) in residual strength testing (i.e., samples
heated, cooled, and then deformed at ambient temperature) or
with increasing temperature in “hot-test” strength testing (i.e.,
samples deformed at elevated in situ temperatures). Studies com-
paring the performance of HSC and normal-strength concretes
(NSCs) have generally found that strength is reduced by a similar
proportion [8-10]. The nature of the response (physical, mechani-
cal, or chemical) of a concrete to thermal-stressing depends on its
constituents and mix proportions (e.g., see [29]). Although HSC
containing carbonate aggregates should intuitively suffer more at
elevated temperatures [14,17,19,21-23,25,26] than those mixed
with basalt, granite, or siliceous aggregates, since decarbonation
will leave the aggregates intensely altered and fractured (e.g., see
[30-32]), the strength of HSC containing basalt aggregates (e.g.,
[18]), granite aggregates (e.g., [9-12,15,16,27]), and siliceous
aggregates [5,22] are still significantly reduced on exposure to high
temperatures. The addition of polypropylene (PP) fibres in HSC has
been shown to reduce the spalling of concrete at high tempera-
tures (see [7] and references therein). The PP fibres melt at about
200 °C leaving the concrete more permeable and therefore less sus-
ceptible pore pressure build-up [7].

However, only one of the aforementioned studies, Huismann
et al. [5], used the output of acoustic emissions (AEs) to further
our understanding of the behaviour of HSC during, or after, expo-
sure to elevated temperatures. AEs are transient elastic waves gen-
erated by the rapid release of energy within a material, such as the
strain energy released during crack propagation. Hence, AE moni-
toring is an important diagnostic tool in material science; espe-
cially as a proxy measure for microcrack nucleation and growth
during material deformation. For example, the use of AE analysis
has been extensively used in other aspects of concrete research
[33]. AE analysis has been used to investigate location, size orien-
tation, and fracture mode of cracks during four-point loading of
notched concrete beams [34], shear failure in large reinforced con-
crete beams [35], the location of tensile cracking in concrete blocks
[36], the propagation of the process zone in notched concrete
blocks [37], moment tensor analysis to quantitatively evaluate
the fracture process in notched beams, L-shaped models and col-
umns [38,39], salt corrosion in reinforced concrete [40], 3D loca-
tion analysis [41], cyclic stressing damage both in the laboratory
and by using a truck, containing different loads, to drive over
beams of reinforced concrete ([42] and references therein, [43]),
amongst many more. However, the use of AE output to monitor
the onset temperature and extent of thermal microcracking in
HSC, during both residual and “hot-test” strength testing remains,
for the most part, unreported. One study, Huismann et al. [5],
showed that, (1) during the heating stage of their “hot-test” exper-
iments, the output of AE in HSC commenced at about 120 °C and
continued up to 750 °C (the maximum temperature used in their
study), and (2) during the loading stage, the output of AE increased
as the sample approached failure. The output of AE during thermal
microcracking experiments (i.e., experiments where samples are
heated at a constant rate and the output of AE measured and used
as a proxy for thermal microcracking, e.g., [6,44-46]) on rock sam-
ples have been previously used to track the onset temperature, the
nature and extent of thermal microcracking, and the AE signature

associated with phase transitions (e.g., [45]); although similar
studies are rare for concrete. Interestingly, a handful of studies
have demonstrated that materials can also exhibits a Kaiser “tem-
perature-memory” effect, whereby the previous maximum tem-
perature must be exceeded during cyclic thermal-stressing in
order to generate new thermal microcracks [6,47,48]. Knowledge
of the Kaiser “temperature memory” in HSC, important for con-
crete structures that are persistently challenged by elevated tem-
peratures, remains unreported.

Thermal-stressing has been shown to greatly alter a wide range
of material physical properties, such as permeability, Young’s mod-
ulus, porosity, Poisson’s ratio, and ultrasonic wave velocities (e.g.,
[49,50]). For HSC, research has shown that an increase in temper-
ature leads to an increase in permeability [7,15,51-54], and a de-
crease in Young's modulus [5,14,17]. However, in many of these
studies, the maximum temperature does not exceed 600 °C
[7,14,17,52,53], permeabilities are measured indirectly using chlo-
ride-ion penetration [15,51], or empirical formula, based on the
volume of micropores, are used to estimate permeability [54]. An
increase of about a factor of four has been observed in the porosity
of high-performance concrete (HPC) at 800 °C [11]; however, Chan
et al. [11] only reported the porosity at 25 and 800 °C (and there-
fore do not show a complete evolution of porosity with increasing
temperature). The knowledge of how physical properties change
with increasing temperature in HSC is important for hazard mitiga-
tion in construction. Since, relationships derived from experimen-
tal data, such as the compressive strength of HSC for a given
ultrasonic wave velocity for example, allow us to set up a system
by which we can non-destructively monitor the impact of thermal
damage on concrete structures.

Here therefore we present a study on the influence of high tem-
perature (up to 1000 °C) on the physical and mechanical properties
of HSC. In order to fully comprehend any observed change, we also
provide analysis of the change in the chemical properties of HSC
with increasing temperature. First, we describe the material and
the experimental methods. We then show the output of AE (i.e.,
the generation of thermal microcracks) during a complete heating
and cooling cycle (up to 1000 °C), including one experiment inves-
tigating the Kaiser “temperature-memory” effect in HSC. To com-
pliment the study of Huismann et al. [5], we then present the
residual strength (both compressive and indirect tensile strength)
of thermally-stressed samples of the same HSC (up to 1000 °C),
whilst monitoring microcracking using our fast-acquisition AE
monitoring system. We then report the influence of thermal-
stressing on the porosity, permeability, static and dynamic elastic
moduli, and ultrasonic wave velocities of HSC. To investigate
changes in HSC chemistry during heating, and to help explain
any observed change in the physical and mechanical properties,
we also provide thermo-gravimetric (TG) analysis, differential
scanning calorimetry (DSC), and X-ray diffraction analyses (XRD).
These data are also flanked by microstructural observations on
thermally-stressed samples. We discuss our results in terms of
hazard mitigation for concrete buildings and structures and pro-
vide a new method for the non-destructive monitoring of thermal
damage.

2. Experimental material and methods
2.1. Experimental material

Our HSC was prepared using Portland cement (PC) (CEM I 42.5 R, according to
EN 197-1 standards), siliceous aggregates (with a maximum diameter of 8 mm), sil-
ica fume, superplasticizer (Grace Adva Flow 391, 70% water content), PP fibres (to
prevent explosive spalling of the concrete, see [7]), and a water/cement ratio of
0.32 (the same ingredients and mix proportions used by [5]). The mix proportions
are given in Table 1. The connected porosity of our HSC (dried for 24 h at 100 °C) is
6.8 £ 0.15% (measured using an AccuPyc II 1340 helium pycnometer). Samples were
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Table 1
Mix proportions for the high-strength concrete used in this study.
Material (kg/m?)
Cement CEM I 42.5 R 580
Water 173
Aggregates (siliceous)
0-2 mm 769
2-4 mm 231
4-8 mm 538
Silica fume 63.8
Superplasticizer (Grace Adva Flow 391 (70% water content)) 17.4
Polypropylene (PP) fibres 2
Total 2372.2

S

- silica aggregate parti

i

Fig. 1. Photomicrograph of the initial HSC, taken under reflected light.

all cored in the same orientation from a single set of concrete blocks, all aged for at
least 285 days. A photomicrograph showing the initial HSC microstructure is shown
in Fig. 1.

2.2. Monitoring the onset and extent of thermal microcracking using AE analysis

Our thermal microcracking experiments were performed in a servo-controlled,
high-temperature uniaxial press at the Section for Mineralogy, Petrology and Geo-
chemistry (LMU, Munich) (see Fig. 2 and [55] for details). The apparatus was cou-
pled to a fast-acquisition PCI-2 based MISTRAS AE recording system, sampling at
arate of 10 MHz. AEs were recorded by two broadband PZT piezoelectric transducer
crystals with a high response band over the range from 100 kHz to 1 MHz, which
were mounted on the top and bottom pistons, used as waveguides (Fig. 2). Samples
were cored to a diameter of 25 mm and cut parallel to a nominal length of 60 mm. A
constant axial stress of about 2.2 MPa was exerted on the samples during heating to
ensure a good contact between the HSC sample and the pistons. The sample tem-
perature was monitored using a K-type thermocouple inserted into a 2 mm deep
hole in the centre of the sample (Fig. 2). During experimentation, an AE hit was re-
corded if a signal exceeded the set threshold of 50 dB. The amplitude and absolute
energy (the sum of the area under the received AE waveform envelope) of each AE
signal were provided by the AEwin software.

In the first experiment, a sample of HSC was heated at a constant rate of 1 °C/
min up to 1000 °C and cooled back to room temperature at the same rate. Our
methodology is outlined in Fig. 3 and shows that the temperature at the centre of
the sample (1) lagged slightly behind that of the furnace, and (2) reached a slightly
lower peak temperature (the sample temperature peaked at 914 °C). However,
Fig. 3 shows that the heating rate imposed by the furnace was accurately matched
by the sample heating rate. The next experiment, to investigate the Kaiser “temper-
ature-memory” effect, a sample of HSC was subjected to three thermal cycles under
constant heating and cooling rates of 1 °C/min. The sample was first heated to a fur-
nace temperature of 500 °C and then cooled to room temperature. It was then
heated up to 700 °C and cooled again to room temperature before being subjected
to a third cycle to 600 °C.

After each experiment, we calculated the cumulative output of AE energy as a
function of temperature, and the evolution of the analogue seismic b-value. The
seismic b-value is the negative slope of the log-linear AE amplitude-frequency
distribution [56,57] here calculated using Aki’s maximum likelihood method [58]
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Fig. 2. Schematic diagram of the experimental arrangement used for our thermal-
stressing experiments.
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Fig. 3. A time-temperature plot outlining the methodology for our thermal-
stressing experiments.

for every 200 AE hits at 100 hit intervals. Since the b-value describes the amplitude-
frequency distribution of AE hits during a deformation process, it has also been
interpreted as describing the size-frequency distribution of microcracking events
in material deformation [59,60]. In particular, a decrease in the b-value as the level
of stress is increased has been interpreted as a change from distributed, small-scale
microcracking at low stress to more localised, larger-scale macrocracking in the ap-
proach to failure at high stress [60-62].

2.3. Methods to track the change in physical and mechanical properties with increasing
thermal-stressing

Strength tests were performed on thermally-stressed samples using special
testing jigs mounted in a servo-controlled uniaxial load-frame in the Rock and
Ice Physics Laboratory (RIPL) at University College London (UCL) (Fig. 4). Exper-
imental samples comprised cores 25 mm in diameter by 75 mm long (resulting
in a length-diameter ratio of 3:1) for uniaxial compressive strength tests (UCS),
and discs 40 mm in diameter by 20 mm thick for indirect tensile strength (ITS)
tests (within the thickness-diameter ratio suggested by the International Society
for Rock Mechanics [63]). Prior to strength testing, samples were either main-
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Fig. 4. Schematic diagrams of the experimental arrangement for (A) the compressive uniaxial tests, modified from [79] (top diagram: elevation showing the loading
components and the positions of the axial displacement and AE transducers; bottom diagram: plan view showing the arrangement for measurement of radial displacement)

and, (B) the indirect tensile strength tests.

tained at ambient temperature or thermally-stressed to a pre-determined tem-
perature of 100, 200, 300, 500, 750, or 1000 °C. Thermal-stressing was achieved
by heating the sample to the target temperature at a constant rate of 1°C/min
without load (i.e., there was no “preload”), holding the temperature constant
for 60 min, and then cooling at the same rate. Thermal-stressing was conducted
in an “open” system where any gaseous reaction products were free to escape.
Thermally-stressed samples were left under ambient laboratory conditions for
one month prior to testing. In our UCS tests, core samples were loaded at a con-
stant strain rate of 1.0 x 107> s™! until failure, with axial and radial strains con-
tinuously monitored using LVDT (linear variable differential transformer)
displacement transducers (Fig. 4A). ITS tests were conducted using the Brazil-
disc technique [63], in which discs are loaded diametrically in compression (at
1.0 x 1075 s ") to produce a maximum tensile stress at their centre (Fig. 4B). Ap-
plied load and axial displacement were measured continuously throughout each
test. Indirect tensile strengths (o,) were then calculated from the following rela-
tion [63]:

2P
Oi=—rp 1)
where P is the applied force (N) at the propagation of the first macrofracture, and D
and L are the diameter (mm) and thickness (mm) of the disc, respectively.

In both UCS and ITS tests, the output of AE energy was monitored throughout
via a piezoelectric transducer located in the bottom anvils of the testing jigs
(Fig. 4). AE was recorded using the same system and settings as described above
(apart from the signal threshold, which was set at 40 dB). After each experiment,
we calculated the cumulative output of AE energy as a function of displacement
or strain, and the evolution of the analogue seismic b-value (for every 200 AE hits
at 100 hit intervals in our UCS tests and for every 100 hits at 50 hit intervals in
our ITS tests). Static elastic moduli were also calculated for each TST, following
the method of Heap and Faulkner [64]. First, each stress-strain curve was fitted
with a third-order polynomial. The resultant equations were then differentiated
and the slopes of the stress-strain curves (i.e., the Young’s modulus) determined

over their entire lengths. Both the Young’s modulus and the Poisson’s ratio were ta-
ken from the pseudo-linear elastic regions of such curves (i.e., those regions where
the moduli did not change). We note that these values only represent one of the
many elastic moduli in the deforming sample, since the elastic moduli will be
developing in an anisotropic manner.

We also provide the connected porosity, ultrasonic wave velocities, dynamic
elastic moduli, and permeability changes for each TST. Connected porosities were
measured using an AccuPyc II 1340 helium pycnometer. Benchtop (room pressure
and temperature) ultrasonic wave velocities were measured on core samples
(25 mm in diameter and 75 mm in length) using a Agilent Technologies 1.5 GHz
“Infiniium” digital storage oscilloscope, a JSR DPR300 35 MHz ultrasonic pulser/re-
ceiver and two custom-built sample assembly jigs that contain P- and S-wave trans-
ducers (Panametrics V103 P-wave and V153 S-wave transducers with 1 MHz
resonance frequency and 0.5 in. diameter piezoelectric elements), respectively. Dy-
namic elastic moduli were calculated from the resultant ultrasonic wave velocities
using the following formula:

V2(3V2 - 4v?)
E= pis P s (2)
Vi V?

Va-2v?
V=3 2 3

2(V, - V5)
where p is the bulk sample density and V,, and V; are the P- and S-wave velocities,
respectively. In this case, and unlike the microcrack damage as a result of uniaxial
stressing, thermal microcracking, and therefore changes in elastic moduli, is gener-
ally expected to be relatively isotropic [49].

Water permeability measurements were made in a 300 MPa hydrostatic pres-
sure vessel (located in the Rock and Ice Physics Laboratory (RIPL) at University Col-
lege London, UCL) equipped with two 70 MPa servo-controlled pore fluid (distilled
water) intensifiers or volumometers (Fig. 5) on cylindrical samples 25 mm in diam-
eter by 30 mm long (for further information on the testing equipment see [65]). All



252

M.,J. Heap et al./Construction and Building Materials 42 (2013) 248-265

"downstream" pore fluid intensifier — T
300 MPa
: ” I @ pressure
@ / vessel
Pdown
pore fluid
distribution
"upstream" pore fluid intensifier L~ plates
[
—— 7o -
) | rubber
Pup tie bars — jacket
oil reservoir
confining
— fluid
air driven pump (oil)

%

Pc

Fig. 5. Schematic diagram of the experimental arrangement for our permeability measurements. “P.” = confining pressure; “P,,” =upstream pore fluid pressure;

“Pgown”” = downstream pore fluid pressure”.

samples were vacuum saturated in distilled water prior to experimentation. Once
inside the setup, the confining pressure (P.) and the pore fluid pressure (P,) were
increased to 10 and 5 MPa, respectively. The samples were left for 30 min at an
effective pressure (for the purpose of this study we apply the simple effective pres-
sure (Pegr) 1aw of Pegs = Pc — 0Py, assuming that o = 1 [66]) of 5 MPa to ensure micro-
structural equilibration and complete saturation. The two volumometers were then
used in an “upstream” (Pp) and “downstream” (Pgown) configuration, with a 1 MPa
pressure difference across the sample to provide the flow required to calculate
water permeability (Kwater) using Darcy’s law:

o Kwater

nL

>

(Pup - Pdown) (4)

where Q is the volume of fluid measured per unit time, A is the cross-sectional area
of the sample, # is the viscosity of the pore fluid, and L is the length of the sample. P,
and Pgown Were set at 4.5 and 5.5 MPa, respectively. The volumometers were allowed
to move full stroke (10 cm?) and steady-state flow was only assumed when the flow
rate was constant over a protracted period.

furnace temperature
sample temperature

2.4. Methods to track the change in chemical properties with increasing thermal-
stressing

Thermo-gravimetric (TG) analysis and differential scanning calorimetry (DSC)
were used to track the chemical changes in HSC during thermal-stressing. TG anal-
ysis tracks the mass loss during heating, while DSC monitors the amount of heat re-
quired to increase the temperature of the sample (and therefore indicates when the
sample undergoes a physical transformation, such as a phase transition). Both anal-
yses were carried out simultaneously using the Netzsch STA 449 C thermobalance
apparatus at the Section for Mineralogy, Petrology and Geochemistry (LMU, Mu-
nich). Powdered samples (of approximately 40 mg, taken from a larger batch of
well-mixed powder [approximately 500 g] so as to not introduce a bias into our
measurements), of the initial material and samples thermally-stressed to each
TST, were heated in an air atmosphere in a platinum crucible (with lid) at a heating
rate of 10 °C/min up to a temperature of 100 °C. The samples were then left at
100 °C for 60 min, to ensure they were completely free of non-chemically bound
water. Samples were then heated to a target temperature of 1000 °C, again at
10 °C/min, and then cooled at the same rate.
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Fig. 6. The output of AE energy during a thermal-stressing experiment conducted at a thermal-stressing rate of 1 °C/min on a sample of HSC. The sample was heated to
1000 °C and then cooled back to ambient temperatures at the same rate. Seismic b-values are calculated using Aki’s maximum likelihood method [58] for 200 hits at 100 hit

intervals.
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Fig. 7. The output of AE energy during a thermal-stressing experiment on a sample of HSC that contained three successive heating and cooling cycles. All three cycles were
conducted using a heating/cooling rate of 1°C/min. The sample was heated to (A) 500 °C, (B) 700 °C, and finally (C) 600 °C. Seismic b-values are calculated using Aki's

maximum likelihood method [58] for 200 hits at 100 hit intervals.

2.5. Microstructural analyses

Samples of thermally-stressed HSC were also prepared for microstructural anal-
ysis. Samples were first heated to TSTs of 100, 200, 300, 500, 750, and 1000 °C at a
rate of 1 °C/min, left at the target temperature for 60 min, and cooled to ambient
temperatures at the same rate. Upon returning to ambient temperature, they were
then set in epoxy resin. Once cured, thin sections were then prepared for optical
microscopy analysis using a Leica DM2500 (equipped for both transmitted and re-
flected light) microscope with a mounted 5 megapixel Leica DFC425 digital camera.
The samples were set in first set in resin to avoid any secondary mineral growth
during thin section preparation. For comparison, a sample of the initial material
was also prepared for microscopic analysis.

3. Results
3.1. Thermal microcracking in HSC

The output of AE, i.e. the generation of thermally-induced
microcracks, during the thermal-stressing of HSC is shown in
Fig. 6. Our results demonstrate that thermal microcracking was
prevalent above sample temperatures of about 180 °C (denoted
by the grey arrow) and continued until the sample reached ambi-
ent temperature. We also observe a greater proportion of thermal
microcracking during the cooling phase of the experiment. Further,
b-values (the negative slope of the log-linear AE frequency-magni-
tude) remain consistently high (in general, between 1.8 and 2.0)
and are independent of sample temperature.

3.2. Observation of the Kaiser “temperature-memory” effect in HSC

The Kaiser “temperature-memory” effect was investigated in
HSC during a thermal cycling experiment, with successive ther-
mal-stressing peak temperatures of 500, 700, and 600 °C (Fig. 7).
The AE data show that HSC displays the Kaiser “temperature-mem-
ory” effect. During heating in the second cycle, the output of AE
recommenced only when the sample temperature exceeded the
peak previously reached in the first cycle (denoted by the grey ar-
row). During the third cycle, where the sample temperature did
not exceed that of any previous cycle, very few AEs were recorded
(Fig. 7C).

3.3. Compressive and tensile strength in HSC with increasing thermal-
stressing

Plots of stress, cumulative AE energy (XAE), and b-value against
strain for each of our UCS tests are presented in Fig. 8 (and synopsis
plots are available in Fig. 9). Similarly, plots of force, ZAE, and b-va-
lue against loading ram displacement for our Brazil-disc tensile
tests are presented in Fig. 10 (and synopsis plots are available in
Fig. 11). The changes in residual UCS and ITS as a function of TST
are then summarised in Fig. 12, and images of deformed samples,
showing characteristic failure modes for low TST tests (300 °C

and below) and high TST tests (above 300 °C), are presented in
Fig. 13.

The data of Figs. 8-11 demonstrate that both strength and mode
of failure change as the TST is increased. At lower TSTs (300 °C and
below), failure is rapid and catastrophic and the failure mode is ax-
ial splitting (Fig. 11). We observe very little deviation from pseudo-
linear elastic deformation prior to peak stress/force and failure in
the mechanical data, and very little AE output until just prior to
failure, where the rate accelerates dramatically (Figs. 8-11). This
behaviour can be described as macroscopically brittle (i.e., the abil-
ity of the rock to resist load decreases with permanent strain, see
[67]). Furthermore, we note that the axial (compressive) and diam-
etral (tensile) macrocracks formed at failure propagate through
both the PC matrix and the siliceous aggregates with little devia-
tion (Fig. 13), a feature diagnostic of very rapid fracture propaga-
tion (see also [68]). By contrast, the deformation of samples
heated to higher TSTs (above 300 °C) becomes progressively less
macroscopically brittle (although, by definition, the samples are
still brittle, see [67]). For the compressive tests, we observe consid-
erable deviation from linearity prior to peak stress in the mechan-
ical data, and a significant degree of stain softening after peak
stress before failure occurs (Fig. 9A). We note that the onset of sig-
nificant AE output generally commences at the same time as the
deviation from pseudo-linear behaviour, and increases at a more
gradual rate (Fig. 9C). This general pattern is summarised in the
synoptic stress—strain plots (Fig. 9A and B), which show that not
only does the failure stress decrease dramatically with increasing
TST above 300 °C, but that the strain at failure increases markedly.
Results for the tensile tests at higher TST show essentially similar
behaviour (Figs. 10 and 11), with distinct breaks of slope in the
force-displacement curves that correspond to the onset of signifi-
cant AE output. These inflections correspond to the points of first
fracture (i.e., the point where the first tensile macrofracture tra-
verses the sample, and are marked on the figure with red arrows).
The resulting macrocracks in the high TST (above 300 °C) samples
(Fig. 13) are seen to be more convoluted; they propagate only
through the PC matrix, passing around the siliceous aggregates.
These observed differences in failure mechanism between low
and high TST samples are also reflected in the contrasting behav-
iour of the seismic b-values. For low TST tests (below 300 °C), b-
values decrease rapidly from relatively high values around 1.5 to
low values around 0.5 for both compressive and tensile failure. This
is symptomatic of a change from distributed microcracking to
localised macrocracking as failure is approached [59,60,69]. By
contrast, for high TST tests (above 300 °C), b-values remain essen-
tially constant with high values in the range 1.5-2.0, indicative of
distributed microcracking throughout. The b-values for the tests at
the intermediate TST of 300°C appear to exhibit transitional
behaviour, with a decrease from around 1.5 to 1.0 as failure is
approached. Volumetric strains, computed from the axial and ra-
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Fig. 8. Stress-strain curves (axial, radial and volumetric) for each of the constant strain rate (1.0 x 107> s~') compressive residual strength tests on a sample of the initial HSC
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comparisons can be made in the synopsis plots of Fig. 9.
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dial strains, are also provided for our UCS tests (Fig. 9B). They also
demonstrate that, as the TST increases, the deformation style is
progressively less macroscopically brittle. Also included in Fig. 9B
are the positions of C', the onset of dilatancy (i.e., the onset of a rel-
ative increase in sample volume, see [70]), for TSTs of 500, 750, and
1000 °C. The stress at which C' occurs decreases with increasing
TST.

Residual UCS and ITS with increasing TST are summarised in
Fig. 12A and B, respectively, together with UCS data from the
“hot-tests” of Huismann et al. [5] on the same material. We ob-

served only small (<10%) reductions in both residual UCS and ITS
for TSTs up to 200 °C, but significant decreases for TSTs of 300 °C
and above. Over the entire range of TSTs, the UCS was reduced
by about 96% (from about 109 MPa to about 4.5 MPa) and the ITS
by about 90% (from about 11.5 MPa to about 1 MPa). The ratio of
uniaxial compressive to tensile strength in our experiments is close
to that predicted by the extended Griffith criterion, i.e. close to 12
[71]. We also note that the residual values of UCS are consistently
lower than the “hot-test” strengths of Huismann et al. [5].

3.4. Porosity, permeability, ultrasonic wave velocities, and dynamic
and static elastic moduli in HSC with increasing thermal-stressing

The connected porosity of HSC increases substantially with
increasing TST (Fig. 14A). Over the entire temperature range, from
RT (room temperature) to 1000 °C, the connected porosity in-
creased from 6.8% to 22.7% (an increase by about a factor of three).
Water permeability was seen to increase by five orders of
magnitude (Fig. 14B), from 7.2 x 1072°m? to 1.9 x 10~ ¥ m?, and
ultrasonic wave velocities both decreased by roughly a factor of
two, from 4.7 to 2.8 km s~! and from 3.2 to 1.8 kms~' for P- and
S-wave velocity, respectively (Fig. 14C). Dynamic Young’s modulus
decreased from 50.2 to 15.6 GPa (a total decrease of 60%) and static
Young’s modulus decreased from 27.6 to 0.8 GPa (to total decrease
of 85%) (Fig. 14D). Dynamic Poisson’s ratio decreased from 0.15 to
0.04 (a total decrease of 74%) and static Poisson’s ratio decreased
from 0.11 to 0.04 (to total decrease of 68%) (Fig. 14D). As a general
trend, changes in the physical properties of HSC with increasing
TST are modest until 200 °C, after which the rate of change in-
creases significantly.

3.5. Chemical changes in HSC with increasing thermal-stressing

To identify any chemical changes and phase transitions during
thermal-stressing, TG (Fig. 15A), and DSC (Fig. 15B) analyses were
performed on a powdered sample of HSC kept at ambient temper-
ature (RT) and powdered samples thermally-stressed to TSTs up to
1000 °C. Our DSC analysis identified four main endothermic peaks
during heating, between 140-160 °C, between 440-480 °C, at ex-
actly 573.5, and between 650-740 °C (labelled (1), (2), (3), and
(4) in Fig. 15B). The peak between 140 and 160 °C became less
and less pronounced as the TST increased up to 300 °C; after
300 °C there was little change in the magnitude of the peak. The
peaks between 440-480 °C and between 650-740 °C disappeared
in samples thermally-stressed to 500 °C and above, and 750 °C
and above, respectively (implying that both reactions are non-
reversible). However, the peak at 573.5 °C is present, and of the
same amplitude, regardless of the TST. There were also endother-
mic peaks at about 240 and 410 °C. The peak at 240 °C was pro-
nounced in the RT sample and the sample thermally-stressed to
100 °C, became a shoulder at 200 °C and was not present at TSTs
of 300 °C and above. The peak at 410 °C, albeit small, remained
regardless of the TST.

Our TG analysis shows that, for the RT sample, there was total
reduction of about 7% mass upon heating to 1000 °C (and this
reduction was reduced as TST is increased). The mass lost prior
to 100 °C, where the measurements started, was also reduced as
TST increased. At 750 and 1000 °C, very little change in mass
was observed over the entire heating range. The four main endo-
thermic reactions (as evidenced by our DSC) are also labelled (1),
(2), (3), and (4) on Fig. 15A. Since there is a continuous decrease
(with the exception of the samples thermally-stressed to 750 and
1000 °C) in sample mass with increasing temperature, it is diffi-
cult to determine whether the four main endothermic reactions
had a direct impact on mass loss. Circumstantial evidence sug-
gests that reaction (1) resulted in a large decrease in mass (there
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Fig. 10. Force-displacement curves for each of the tensile “Brazil disc” tests on a sample of the initial HSC (A) RT, and samples thermal-stressed to temperatures of (B) 100 °C,
(€) 200 °C, (D) 300 °C, (E) 500 °C, (F) 750 °C and, (G) 1000 °C. Cumulative AE energy output and b-values (calculated using Aki's maximum likelihood method [58] for 100 hits
at 50 hit intervals) are also plotted for each test. Photographs of the post-failure samples, showing their macroscopic failure mode are also provided on each of the graphs
(macrocracks are highlighted in red). Note that the scales on some of the axes differ; this is to better demonstrate the form of the curves. Direct comparisons can be made in
the synopsis plots of Fig. 11. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

is a large decrease in mass before any other reactions are indi- peratures of 500 °C and above. Immediately after reaction (3) the
cated via DSC). Reaction (2) appears to increase the rate of mass rate of mass loss increases before reaching reaction (4), where the
loss for a short period; however, this influence disappears at tem- rate of mass loss is reduced. The mass loss commensurate with
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force-displacement curves; (B) a synoptic plot of all of the cumulative AE curves.

reactions (3) and (4) disappears at temperatures of 750 °C and
above.

3.6. Microstructural analysis of thermally-stressed HSC

Microstructural observations on thermally-stressed samples
(to TSTs of 100, 200, 300, 500, 750, and 1000 °C) of HSC are
shown in Fig. 16. The initial material (TST =RT, Fig. 16A) has
also been included for comparison. Optical microscopic analysis
has demonstrated that there were no major changes in HSC
microstructure until 300 °C, where small microcracks were ob-
served, usually found in the PC matrix close to silica aggregate
particles (Fig. 16E). The microstructure at 500 °C was found to
contain more microcracks than seen at 300 °C. Larger micro-
cracks within the PC matrix were seen at 750°C (Fig. 16H)
and, at 1000 °C, extensive microcracking (Fig. 16H) and an
eroded “sponge-like” texture (Fig. 16]) were observed, again
within the PC matrix. In general, the microcracking seen within
the silica aggregate particles did not increase significantly with
increasing TST.

4. Discussion
4.1. Temperature-induced chemical changes/phase transitions in HSC

For the purpose of the rest of the discussion, the results of the
chemical analyses (i.e., the TG and DSC analysis) will be discussed
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compressive strength of HSC, and (B) the residual indirect tensile strength of HSC.
“Hot-test” data from Huismann et al. [5], using the same HSC, are also plotted in (A).

first. The four main endothermic peaks (at 140-160, 440-480, ex-
actly 573.5, and 650-740 °C) have been labelled on Fig. 15. The first
of the four (labelled (1) in Fig. 15), between 140 and 160 °C, is
likely to be due primarily to the loss of water from C-S-H gel in
the PC matrix. As TST is increased, less and less bonded water ex-
ists, explaining why the peak becomes progressively smaller up to
300 °C. However, above 300 °C, the amplitude of the peak is unaf-
fected, highlighting that the reaction is partially reversible (i.e.,
some of the water lost from C-S-H gel is reclaimed post-heating).
The loss of bonded water results in a large decrease in the mass of
the sample (Fig. 15A). At 200 °C (before the onset of any other reac-
tion, as indicated by our DSC) the loss in sample mass of about 3%
represents a large proportion of the total mass loss of 7%. We must
note that, although the most likely explanation of the endothermic
peak between 140 and 160 °C is the dehydration of C-S-H gel, a
temperature between 140 and 160 °C is actually rather high when
compared to previously published values [2,4]. For instance, Sha
et al. [2], who used the same heating rate as this study, found a va-
lue closer to 110 °C. We suggest that this discrepancy may be due
to (1) subtle differences in cement mixture, (2) our concrete blocks
are aged to at least 285 days (those of Sha et al. [2] ranged between
15 and 45 days) and, (3) differences in experimental program (in
our experiments we stalled at 100 °C for 60 min prior to heating
to ensure they were completely free of non-chemically bound
water).

The peak between 440 and 480 °C (labelled (2) in Fig. 15) is due
to the dehydroxylation of CH, a hydration product, in the PC ma-
trix. At this temperature, CH decomposes to calcium oxide or
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Fig. 13. Photographs of the typical failure modes at low (300 °C and below) and
high (above 300 °C) thermal-stressing temperatures (TSTs) in (A) compression and
(B) tension.

“lime” (C) and water. The fact that the reaction disappears at TSTs
above 500 °C (Fig. 15B) indicates that the reaction is non-revers-
ible. This reaction is associated with a short increase in the rate
of mass loss (Fig. 15A).

The third main peak (labelled (3) in Fig. 15), at exactly 573.5 °C,
is due to the o/B transition in the siliceous aggregates and the silica
fume. This agrees with previous studies on the o/ transition in
quartz [45]. The reaction does not disappear, even at the highest
TST of 1000 °C. Since the o/f transition in quartz does not involve
a loss of mass, it cannot explain the increase in the rate of mass loss
seen at a temperature of about 570 °C (Fig. 15A). The o/B transition
in quartz involves a sudden volumetric expansion that is normally
commensurate with an increase in microcracking in quartz-rich
rocks, as measured by the output of AE [45]. However, for our
HSC samples, we do not see a large spike in the output of AE at
573.5°C (Fig. 6). Further, microstructural analysis showed that
the microcracking seen within the siliceous aggregates did not in-
crease significantly with increasing TST (Fig. 16), an observation
also observed in SEM studies of thermal damage in concretes [72].

The forth main peak (labelled (4) in Fig. 15), between 650 and
740 °C, is associated with the decarbonation of calcium carbonate
of the PC matrix, together with possible solid-solid phase transfor-
mations [1]. Calcium carbonate decomposes to calcium oxide or
“lime” (C) and carbon dioxide at temperatures above 700 °C
[3,73]. The fact that the reaction disappears at TSTs above 750 °C
(Fig. 15B) indicates that the reaction is non-reversible. Although
the decarbonation of calcium carbonate has been observed previ-
ously for PC [2], it may be considered surprising, since (1) the main
ingredient of PC is calcium oxide (C, the product of the decarbon-
ation of calcium carbonate) and, (2) our HSC contains siliceous

aggregates. In an attempt to resolve this discrepancy, X-ray diffrac-
tion (XRD) analysis was performed on powdered samples of HSC
[on an initial sample (i.e., RT) and samples that had been ther-
mally-stressed to each TST] (Fig. 17A). The analysis was performed
in transmission geometry on a Stoe Kristalloflex diffractometer (Cu
Ko1-radiation / = 1.544056 A, curved Ge (11 1) monochromator) at
the Section for Mineralogy, Petrology and Geochemistry (LMU, Mu-
nich). The step size for the measurements was 0.01° 20, the mea-
surement range was between 20 angles of 27° and 32° (in order
to accurately capture the peak of calcite and to avoid the signal
becoming oversaturated by that of quartz), the step time was
30s, and the scan rate 0.02°/min. The XRD spectra of Fig 17A
clearly show that the peak for calcite (at a 20 angle of about
29.5) is present for the sample at RT, and those up to a TST of
500 °C. However, the calcite peak disappears in the samples
thermally-stressed to 750 and 1000 °C. These data confirm that
decarbonation of calcium carbonate does occur in our siliceous-
aggregate HSC and must be due to the presence of calcium
carbonate within the PC matrix. To confirm that the dehydration/
dehydroxylation of C-S-H gel and CH had progressed, we ran an
additional XRD analysis on a powdered sample of PC (i.e., not pow-
ders made from the entire sample, as for the TG/DSC analysis, and
the above XRD analysis) that had been thermally-stressed to
1000 °C (Fig. 17B). For this run, the measurement range was be-
tween 20 angles of 5° and 60° (the step size was the same as de-
scribed above, but the step time was reduced to 10 s, resulting in
a scan rate of 0.06°/min). The XRD spectra of Fig. 17B show peaks
for both bi- and tri-calcium silicates (C2S and C3S, products of the
dehydration of C-S-H) and calcium oxide (C, a product of the dehy-
droxylation of CH). Further, the eroded “sponge-like” texture seen
at 1000 °C (Fig. 16) has been previously attributed to the decarbon-
ation of calcium carbonate [73-75].

The peak seen at 240 °C is likely to be due to the formation of
calcium aluminate hydrate (a hexagonal hydrate) from tricalcium
aluminate, which is then likely to form ettringite (another
hexagonal hydrate) in a reaction between the newly formed cal-
cium aluminate and the calcium sulphate in the PC matrix. The for-
mation of hexagonal hydrates is affected by thermal-stressing and,
even at TSTs as low as 300 °C, we do not see the peaks associated
with the formation of hexagonal hydrates. The peak at about
400 °C, unaffected by TST, is likely to be due to the formation of
Fe,05 solid solution from tetracalcium aluminoferrite. Previous
studies have shown further endothermic peaks, associated with
the formation of other hexagonal hydrates at about 170 °C [1]
and iron-substituted ettringite at about 150 °C [1,2]. However, in
our data, we do not observe these peaks. It is likely that they are
masked by the large peak associated with the loss of water from
C-S-H gel.

4.2. Temperature-induced physical and mechanical properties changes
in HSC

The results from both our compressional and tensile experi-
ments demonstrate that the variation in strength of HSC samples
thermally-stressed to temperatures up to 200 °C is extremely
small. However, above 200 °C, both strengths deteriorate mark-
edly. Changes in the other measured physical properties (con-
nected porosity, permeability, ultrasonic wave velocities, and
static and dynamic elastic moduli), in general, also mirror this
trend. These results can be explained by (1) AE analysis has shown
that 180 °C represents the lower limit for the initiation of thermal
microcracking (Fig. 6), corroborated by our microstructural obser-
vations (we observe thermal microcracks within the PC matrix of
our HSC samples thermally-stressed to 300 °C and above, see
Fig. 17) and, (2) chemical changes to the PC matrix, such as dehy-
droxylation of calcium hydroxide (between 440 and 480 °C) and
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decarbonation of calcium carbonate (between 650 and 740 °C) do
not commence until temperatures much beyond 200 °C (Figs. 15
and 17). Since our TG analysis suggests that the most important
reaction, in terms of mass loss, is the dehydration of C-S-H gel, a

reaction that reduces sample mass by 3% before 200 °C (the total
mass loss over the entire heating range was about 7%), it could
be concluded that the residual properties of HSC is influenced more
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by dehydroxylation of calcium hydroxide and the decarbonation of
calcium carbonate than by the dehydration of C-S-H gel. Further-
more, 200 °C is above the melting temperature of the PP fibres,
added to reduce the impact of explosive spalling. The void space
left by the departed PP fibres could act as “stress concentrators”
facilitating the nucleation of microcracks and thus lowering the
bulk strength of the sample. A reduction in UCS and tensile
strength with increasing temperature (in residual and “hot-test”
experiments) has been previously observed for HSC (Fig. 18).
Results from our mechanical tests show that the failure mode
changed from macroscopically brittle to increasingly macroscopi-
cally ductile (the samples were however, by definition, still brit-
tle, see [67]) for samples subjected to TSTs exceeding 300 °C.
Previous studies on HSC in “hot-tests” showed that increased

ductility was observed above 600 °C [76]. In our tests, failure
was rapid and catastrophic below 300 °C, and accompanied by a
dramatic acceleration in AE output and drop in b-value. The
resulting macrocracks propagated through both the PC matrix
and the silicate aggregates (Fig. 13). Above 300 °C, failure was
significantly slower and accompanied by a more gradual increase
in AE output and an essentially constant b-value. Resulting mac-
rocracks were restricted to the PC matrix, and did not fracture the
siliceous aggregates (Fig. 13). We also see that the strain at failure
increases significantly for TSTs above 300 °C, even though the fail-
ure stresses (i.e., strengths) are dramatically lower. This can be
explained by the nature of the thermal microcrack population.
With each increase in TST, a larger population of thermally-
induced microcracks is generated, and these microcracks are
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likely to be isotropically distributed (e.g., see [77]). These cracks
are still present after the samples are cooled to room tempera-
ture, thus making the samples heated to the highest temperatures
more compliant than those heated to more modest temperatures.
This is confirmed by the reduction in Young’s modulus with
increasing TST (Fig. 14D). When the samples are subsequently
mechanically stressed during the UCS tests, thermal microcracks
that are oriented parallel to the axial stressing direction open
preferentially. So samples with more thermal microcrack damage
(higher TST) accommodate more axial strain and develop more
radial strain than samples with less thermal crack damage (lower
TST). Since it is the axial microcracks that open preferentially, the
radial strain increases more rapidly than the axial strain; hence
there is a commensurate increase in volumetric strain. In con-
trast, we see that the displacement at which the first fracture oc-
curs in our tensile experiments remains essentially constant
(between 0.15 and 0.20 mm) regardless of TST. This difference
simply reflects the different manner in which compressive and
tensile failure occurs. Compressive failure occurs by the propaga-
tion, linkage and coalescence of many microcracks to produce a
complex fracture damage zone. By contrast, tensile failure is a
simpler process involving growth and linkage of the few largest
and most favourably oriented cracks. This difference in failure
complexity also explains why the compressive strength of brittle

materials is some 8-12 times higher the tensile strength (see
[71]).

Volumetric strain data from our UCS tests also show the stress
at which C’' (the onset of dilatancy, see [70]) occurred decreased
with increasing TST (Fig. 9B). However, it has been observed previ-
ously that the position of C' did not change during increasing-
amplitude, stress cycling experiments designed to impart incre-
mental microcrack damage on a sample (see [64,78,79]). Again,
this can be explained by the nature of the microcrack populations.
In the stress-cycling tests, an anisotropic microcrack network
develops, sub-parallel to the greatest principal stress. The formed
stress-induced microcracks, which close during unloading on the
previous cycle, re-open elastically to produce a dilatant volume in-
crease during increased loading on the current cycle. This re-open-
ing occurs at the same level of stress on every cycle irrespective of
the level of damage. However, with each thermal-stressing incre-
ment, a larger and larger population of thermally-induced isotropic
microcracks form. Therefore, the number of microcracks that are
favourably orientated to open during uniaxial loading increases
with TST. Consequently, as stress is increased upon loading, more
thermal microcracks are available to open, resulting in a lower
stress for the onset of dilatant behaviour. This interpretation could
also explain why we observed a decrease in Poisson’s ratio with
increasing thermal-stressing (see also [73]), while uniaxial cyclic-
stressing experiments have previously reported an increase with
increasing damage [64,78,79].

Based on the evidence presented in this paper, we suggest that
the change in mode of failure and fracture geometries, and the ob-
served deterioration in physical properties, is largely due to the
thermally-induced degradation of the PC matrix rather than ther-
mal microcracking in the siliceous aggregates. Firstly, the macro-
cracks were restricted to the PC matrix at high TSTs (Fig. 13), and
secondly, our microstructural analysis has shown that the siliceous
aggregates are somewhat unaffected by thermal-stressing
(Fig. 16); an observation also observed in SEM studies of thermal
damage in concretes [72]. It is likely that the thermal expansion
of quartz during the o/f transition was accommodated by the
already-weakened PC matrix, imparting additional damage onto
the matrix (thus explaining the lack of an extensive microcrack
network in the siliceous aggregates). In dense rock such as granite,
where there is no heating-induced chemical weakening, the stres-
ses can build sufficiently to fracture the quartz grains [45]. How-
ever, in our HSC, where there is significant PC matrix weakening,
the thermal stresses are simply transmitted to the PC matrix and
never escalate sufficiently to fracture the quartz grains. The notion
that the deterioration of HSC physical and mechanical properties is
largely due to the thermally-induced degradation of the PC matrix
is supported by Fig. 19. Fig. 19 shows the same data as in Fig. 18B,
but, this time, the data are classified by the type of aggregate used
to prepare the HSC (siliceous, granite, carbonate, or basalt). It can
be seen from Fig. 19 that there is no obvious relationship between
the type of aggregate and the reduction in strength. Cheng et al.
[76] also found that the strength reduction with temperature
was similar in siliceous-aggregate and carbonate-aggregate HSC;
although, the carbonate-aggregate obtained larger strains before
failure. Further, studies have shown that the performance of HSC
at elevated temperatures is enhanced by using pozzolanic cements
rather than PC, particularly at temperatures below 600 °C [15].
Although, caution to proceed is required, since pozzolanic cements
prepared with certain zeolitic tuffs (namely those that contain
chabazite and analcime) could reduce their performance at ele-
vated temperatures (see [80]).

Our data also show that thermal microcracking in HSC is more
prevalent during the cooling stage of our thermal-stressing exper-
iment (Fig. 6). Previous studies have largely attributed changes in
residual material properties during thermal-stressing on thermal
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expansion mismatches; however, our study suggests that micro-
cracking caused by the thermal contraction of minerals is as, if
not more, important. This observation has been previously ob-
served in porcelain [81], but has not been reported in previous
studies on thermal microcracking in materials such as rock or con-
crete. This can perhaps explain the discrepancy between the resid-
ual (this study) and “hot-test” UCS [5] in HSC at temperatures of
300 °C and above (Fig. 12). Since the residual samples have been al-

lowed to cool, and as such contain many more microcracks, they
should be weaker than samples deformed at in situ temperatures
above the temperature required to initiate thermal microcracking
(i.e., 180 °C). The “hot-test” data from Huismann et al. [5] on the
same HSC show that there is a large decrease in strength at
120 °C, followed by an increase in strength at 200 °C, after which
the strength decreases with each temperature increment up to
750 °C (Fig. 12). The large reduction in strength at 100 °C has been
previously explained by [82] as due to the reduction of surface en-
ergy due to the wetting of the inner concrete surfaces. However, as
this moisture is removed at 200 °C, there is a relative increase in
surface energy and therefore strength increases from 100 to
200 °C. This is consistent with other studies on HSC during residual
tests [13,25]. For studies that measured both residual and “hot-
test” UCS, the drop in strength at 100 °C is generally seen to be less
in residual experiments than for “hot-test” experiments [17]. How-
ever, the residual measurements of this study only show a strength
decrease with temperature. This is likely to be due to the fact that
the samples used in this study had sufficient chance to dry, due to a
combination of (1) leaving the samples for one month prior to test-
ing and, (2) the sample size used in this study were smaller than
those used for the above-mentioned studies.

Our results indicate that thermal microcracking (during both
heating and cooling) in HSC is dominated by a high proportion of
small microcracking events, as evidenced by high b-values (be-
tween 1.8 and 2, see Fig. 6). Much higher than those reported for
HSC immediately prior to macroscopic sample failure in our con-
stant strain rate experiments (as low of 0.7, see Fig. 8). Our study
has also illustrated that the Kaiser “temperature-memory” effect
holds for HSC (Fig. 7). An observation previously only seen in
experiments on rocks and material composites (e.g., [6,47,48,83]).
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The fact that the Kaiser “temperature-memory” effect holds for
HSC suggests that once a HSC building or structure has experienced
a heating event, although the concrete will be considerably weak-
ened, subsequent heating events (assuming they are of a similar
temperature) are unlikely to induce further thermal microcrack
damage. We propose that this observation is used in the damage
characterisation of HSC structures that have experienced multiple
heating episodes.

An increase in the connected porosity (Fig. 14A) and permeabil-
ity (Fig. 14B) of HSC could also have further detrimental repercus-
sions, by increasing the ease at which water can infiltrate. Firstly,
the presence of water within material is known to reduce its
strength (e.g., [84]) by (1) the reduction of surface free energy as
the result of the absorption of pore fluid onto the internal pore
surfaces [85] and, (2) subcritical crack growth processes [86].
Stress corrosion (one of the dominant mechanisms of subcritical
crack growth) has already been earmarked, albeit theoretically,
as an important consideration in the slow deterioration of rock
panels in buildings and structures [87] and has even been observed
in a high-strength and ultra low permeability concrete used for
underground radioactive waste storage [88] and in high perfor-
mance [89] and regular concrete [90]. We suggest that future stud-
ies focus on the time-dependent deformation behaviour of HSC, a
phenomenon known as brittle creep [91].

4.3. Implications for buildings and structures made from HSC

Buildings and structures made from, or containing, HSC can be
exposed to very high temperatures (in excess of 1000 °C) in the
event fire, engulfment by lava flow, and nuclear meltdown. Our
study demonstrates that HSC buildings and structures will be jeop-
ardized after a high-temperature event, albeit only if temperatures
exceed 200 °C. At 200 °C and below, HSC will retain its compe-
tence. Our data also suggests that once a HSC building or structure
has experienced a heating event, although the concrete will be con-
siderably weakened, subsequent heating events (assuming they
are of a similar temperature) are unlikely to induce further thermal
microcrack damage (see discussion above). Our study has high-
lighted that the thermal liability of the PC matrix is the main
reason for the reduction in residual strength and the degradation
of HSC physical properties. We suggest that alternative cements
should be used to enhance the performance of HSC with increasing
temperature; for example, Poon et al. [15] have shown that HSC
with pozzolanic cements may perform better than those with PC.
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Fig. 20. Monitoring thermal damage in HSC using the relationship between
uniaxial compressive strength (UCS) and P-wave velocity.

It has been suggested that the monitoring of b-values could be
used as a method for tracking progressive damage in concrete
bridges [92]. The suggestion is that b-values could be used to diag-
nose the degree and type of degradation in concrete beams; with
high b-values implying only distributed microcracking, and low
b-values implying a change to macrocracking and increased risk
of failure. However, our results suggest that, where any HSC struc-
ture has been subjected to a heating event then the deformation
departs from macroscopically brittle behaviour and b-values re-
main high and do not decrease as failure is approached. Under such
circumstances, monitoring b-values would therefore not be
effective.

Ultrasonic waves have long been used to monitor concrete
structures [93,94]. They have been used to investigate damage
caused by freeze-thaw cycling and salt-scaling [95], chemical
damage [96] and damage caused by compressive loads [97,98].
However, since thermal damage is generally considered to be iso-
tropic (e.g., [77]), a function that defines the relationship between
strength and ultrasonic wave velocities during compression exper-
iments, as per Qasrawi [98], will not be applicable for thermal
damage. Here therefore we suggest a non-destructive means to
monitor thermal damage in HSC buildings and structures, using
the relationships between the UCS and P-wave velocity, and
increasing TST. The relationship between USC and TST was ade-
quately fitted (R? value of 0.97) to an exponential function (exclud-
ing the data up to 200 °C where only a very modest change in UCS
was observed), whilst the relationship between P-wave velocity
and TST was fitted to a linear function (R? value of 0.97), again
excluding data up to 200°C. Simple substitution yields the
relationship:

)

0. =219.31¢00%4 (M)

—-0.0019

where o, is the UCS and V,, is the measured P-wave velocity. This
relationship is plotted in Fig. 20. Therefore, after a thermal damage
event, the strength of a HSC structure can easily be assessed by
using two piezoelectric transducers, an oscilloscope, and a pul-
ser/receiver. This is a simple, inexpensive, and portable method
for monitoring the thermal damage of HSC buildings and
structures.

5. Conclusions

1. Thermal microcracking, dominated by small microcracking
events, initiates in HSC at about 180 °C and continues until
the HSC returns to room temperature. Further, there is more
thermal microcracking during cooling, potentially explaining
the discrepancy between residual and “hot-test” measure-
ments. HSC also exhibits the Kaiser “temperature-memory”
effect (i.e., the previous maximum temperature must be
exceeded in order to generate new thermal microcracks).

2. An increase in temperature results in chemical changes/phase
transitions within the PC matrix and siliceous aggregates com-
prising the HSC. The PC matrix undergoes C-S-H gel dehydra-
tion between 140 and 160 °C, dehydroxylation of calcium
hydroxide between 440 and 480 °C, and decarbonation of cal-
cium carbonate between 650 and 740 °C. All three are commen-
surate with a loss in sample mass. Confirmation that these
reactions progressed was provided by XRD analysis. The sili-
ceous aggregates experience the off transition at 573.5°C
which further weakens the PC matrix. Thermally-stressing
HSC to 1000 °C results in a total mass loss of about 7%.

3. Thermal-stressing results in a reduction in the strength of HSC.
Over the entire range of TSTs (from ambient temperature to
1000 °C), the residual UCS was reduced by 96% and residual ITS
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by 94%. However, changes are only very modest until after 200 °C.
Changes in the other measured physical properties (connected
porosity, permeability, ultrasonic wave velocities, and static and
dynamic elastic moduli), in general, also mirror this trend. These
results can be explained by (1) AE analysis has shown that
180 °C represents the lower limit for the initiation of thermal
microcracking, corroborated by our microstructural observations
and, (2) chemical changes to the PC matrix, such as dehydroxyla-
tion of calcium hydroxide (between 440 and 480 °C) and decar-
bonation of calcium carbonate (between 650 and 740 °C), do not
commence until temperatures much beyond 200 °C.

4. The mechanical behaviour of the deforming HSC also changes
with increasing TST, changing from macroscopically brittle
behaviour to increasingly macroscopically ductile behaviour.
Below 300 °C, failure is rapid and violent, and accompanied by
a dramatic acceleration in AE output and drop in b-value. The
resulting macrocracks propagate through both the PC matrix
and the silicate aggregates. Above 300 °C, failure is significantly
slower and accompanied by a more gradual increase in AE out-
put and an essentially constant b-value.

5. Based on our data, we suggest that the change in mode of fail-
ure and fracture geometries, and the observed deterioration in
physical properties, is largely due to the thermally-induced
degradation of the PC matrix, rather than thermal microcrack-
ing in the siliceous aggregates. Firstly, the macrocracks were
restricted to the PC matrix at high TSTs and, secondly, our
microstructural analysis has shown that the siliceous aggre-
gates are somewhat unaffected by thermal-stressing. A compi-
lation of previous work, including the data of this study, also
suggests that the strength reduction upon heating is unrelated
to aggregate-type.

6. Using the relationships between UCS and P-wave velocity and
increasing TST we present a non-destructive means to monitor
thermal damage in HSC buildings and structures. Upon measur-
ing the P-wave velocity after a heating event, the strength can
be deduced using the relationship:

V, —4.5341
_ -0.004 ( Vp
gc=219.31e ( —0.0019 )

where o, is the peak compressive strength and V, is the mea-
sured P-wave velocity.
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