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A B S T R A C T   

More sustainable and environmentally friendly concretes are essential to reduce the climatic and environmental 
impact of the growing demand for concrete to fuel urban sprawl. This manuscript reports on an experimental 
study designed to test the fire resistance of one such concrete, prepared to contain natural zeolite-bearing tuff. 
The fire resistance of concretes containing natural zeolites has received little attention and is therefore poorly 
understood. Relative reductions in residual uniaxial compressive strength as a function of increasing temperature 
(up to 1000 ◦C) were very similar for the reference concrete (containing no tuff) and the tuff-bearing concrete. 
These data can be explained by the similar influence of high-temperature on the chemical (dehydroxylation 
reactions) and physical (microcracking and porosity) properties of both concretes. The satisfactory performance 
of the concrete containing natural zeolites following fire is welcome owing to the economic, climatic, and 
environmental benefits of using natural pozzolan and aggregate substitutes.   

1. Introduction 

In the last decades, the consumption of cement concretes has grown 
enormously and the cement and concrete industry are significant con
tributors to the increase in atmospheric CO2 fuelling the current climate 
crisis (e.g. Ref. [1]). Indeed, the cement and concrete industry are 
responsible for about 5–7% of global anthropogenic CO2 emissions (e.g. 
Ref. [1,2]). The majority of these emissions are a result of CO2 liberation 
as limestone is converted to lime in the manufacture of cement (e.g. 
Ref. [1]). The extraction of sand to meet the demand for concrete puts 
further strain on the environment [3]. As a result, replacing or partially 
replacing traditional ingredients, such as Portland cement and quartz 
sand aggregates, with alternative materials is viewed as a viable method 
to reduce the environmental impact of cement and concrete production 
(e.g. Ref. [2]). 

Natural pozzolanic materials such as natural zeolites, which can be 
sourced from quarrying and industrial waste, are considered as a suit
able replacement material for Portland cement and/or aggregates in the 
production of concrete (e.g. Ref. [4]). The use of zeolitic tuff, a volcanic 

rock rich in natural zeolites, in concrete manufacture can be traced back 
thousands of years (e.g. Ref. [5]). Indeed, Roman architect Vitruvius 
commented on the durability of concretes prepared using zeolitic tuff in 
his famous De Architectura works in the late first century BCE. Two 
thousand years later, structures built by the Romans using tuff-bearing 
concrete can still be found largely intact, a testament to their high 
strength, durability, and resistance to weathering (e.g. Ref. [6–9]). More 
recently, considerable effort has been spent investigating the effective
ness of using natural zeolite as a supplementary cementitious material 
and/or aggregate, most of which show that the addition of natural ze
olites leads to an improvement of the mechanical strength, durability 
properties, and/or weather resistance of cement and concrete (e.g. 
Ref. [2,10–26]). In cases in which improvements to concrete perfor
mance were not observed, or performance was diminished, it was 
concluded that natural zeolites still offer an economically and environ
mentally friendly pozzolan substitute (e.g. Ref. [27]). 

Exposure to high temperature as a result of the exposure to, for 
example, fire, lava, or nuclear meltdown, is well known to negatively 
impact the physical and mechanical properties of concrete (e.g. Ref. [28, 
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29], and references therein). For example, uniaxial compressive strength 
of high-strength concrete decreases as a function of increasing thermal 
stressing temperature (e.g. Refs. [29–49]). In their review of the avail
able data, Heap et al. [29] found that the relative residual uniaxial 
compressive strength of concrete is reduced to < 0.4 following exposure 
to 1000 ◦C, and that the aggregate type plays a secondary role to the 
cement in determining the fire resistance of high-strength concretes. 

Despite the wealth of studies focussed on assessing the influence of 
temperature on the physical and mechanical properties of high-strength 
concretes, few assess the fire resistance of concretes containing natural 
zeolites. Karakurt and Topçu [50], for example, found that the 
compressive strength of zeolite-bearing concrete was reduced at tem
peratures above 100 ◦C, whereas the strength reduction in the other 
concretes tested, using a range of blended cements, occurred at tem
peratures > 450 ◦C. Akçaözoğlu et al. [51] found that replacing Portland 
cement with increasing amounts of clinoptilolite did not influence the 
strength reduction following exposure to high temperature (up to 
750 ◦C). Alternatively, Beycioglu et al. [52] found that strength re
ductions in cements containing 15–20% clinoptilolite were higher than 
those for cements containing 0–10% clinoptilolite following exposure to 
temperatures up to 500 ◦C. Motivated by the paucity of studies on the 
high-temperature resistance of natural zeolite-bearing concretes, this 
manuscript presents a laboratory study that provides residual uniaxial 
compressive strength data for concrete prepared with and without nat
ural zeolites following exposure to high temperature (up to 1000 ◦C). 
Ancillary experiments (porosity measurements, acoustic emission 
monitoring during heating and cooling, and thermo-gravimetric 

analysis) and microstructural and mineral content analyses (back
scattered scanning electron microscopy and QEMSCAN™ analysis) were 
used to assist in the interpretation of the mechanical data. Assessing the 
performance of economically and environmentally friendly concretes, 
such as their fire resistance, is important to the promotion of their use in 
light of the climatic and environmental impact of the rapidly growing 
cement and concrete industry. 

2. Materials and methods 

To investigate the influence of tuff powder on the thermal resistance 
of concrete, two concretes were prepared. These concretes were pre
pared such that their ingredients were identical with the exception that 
one concrete contains tuff powder while the other contains an aggregate 
of similar grain size. Table 1 shows the ingredients, and their pro
portions, for both concretes. If the tuff powder is considered as a binder, 
the water/binder ratio of the reference and tuff-bearing concretes are 
0.69 and 0.53, respectively. Although these mixes yield concretes with 
different strengths (see the Results section), and comparable strengths 
could have been achieved by, for example, changing the aggregate type 
[53], it was considered important to only vary one ingredient in the 
present study, which aims to assess the fire resistance of concrete con
taining natural tuff powder. The concrete containing the tuff powder 
will hereafter be referred to as “tuff-bearing concrete”, and the concrete 
without the tuff powder as “reference concrete”. The tuff used was a 
powder of a yellow-coloured zeolitised tuff from the Campanian 
Ignimbrite, collected from a quarry in Comiziano in Italy (the same tuff 
used in de Gennaro et al. [54]). The mineral composition of the tuff is 
given in Table 2 [54]. The gravel and sand used for both concretes 

Table 1 
Ingredients, and their proportions, used in the preparation of the two types of 
concrete prepared for this study: a reference concrete (without zeolite-bearing 
tuff) and a tuff-bearing concrete. See Table 2 for the mineral composition of 
the zeolite-bearing tuff. If the tuff powder is considered as a binder, the water/ 
binder ratio of the reference and tuff-bearing concretes are 0.69 and 0.53, 
respectively.  

Ingredient Reference concrete (kg. 
m− 3) 

Tuff-bearing concrete (kg. 
m− 3) 

Cement Cem I 52.5 R 320 320 
Sand (φ 0.5; 1.4 mm) 1045 1045 
Gravel (φ 4.10; 17 mm) 900 900 
Fine aggregate 100 0 
Tuff powder (see  

Table 2) 
0 100 

Additive Viscocrete 
3075 

3.2 3.2 

Water 220 220  

Table 2 
Quantitative mineral composition, by X-ray 
diffraction (CuKα radiation, 40 kV, 30 mA) 
using an X’Pert instrument (PANalytical), of 
the zeolite-bearing tuff (from the Campanian 
Ignimbrite, Italy) used in the preparation of 
the tuff-bearing concrete (see Table 1). Data 
taken from de Gennaro et al. [53]. Our 
QEMSCAN™ analysis also indicates the pres
ence of hornblende and illite (Table 4).  

Mineral Wt.% 

Phillipsite 40 ± 1 
Chabazite 5 ± 1 
Feldspar 24 ± 3 
Smectite 4 ± 1 
Quartz 5 ± 1 
Calcite 4 ± 1 
Analcime 6 ± 1 
Biotite Trace 
TOTAL 88  

Fig. 1. Backscattered scanning electron microscope images of (a) the as- 
prepared reference concrete and (b) the tuff-bearing concrete (b). See Table 1 
for mix ingredients and proportions. 
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(Table 1) was predominately dolomite. Backscattered scanning electron 
microscope images of both concretes are shown in Fig. 1. These images 
show that there is porosity at the aggregate boundaries in the 
tuff-bearing concrete that is not present in the reference concrete 
(Fig. 1). The cement matrix of the tuff-bearing concrete also appears 
more porous than that of the reference concrete (Fig. 1). 

Cylindrical samples were cored from the blocks of concrete, all of the 
same age and aged to ≫ 28 days, to a diameter of 25 mm. The ends of the 
samples were ground flat and parallel to a nominal sample length of 50 
mm. This diameter was chosen so that the physical and mechanical 
properties, such as porosity and uniaxial compressive strength, could be 
measured on the same cylindrical samples. Prior to all measurements, all 
samples were cleaned with water and dried in a vacuum oven at 40 ◦C 
for a minimum of 48 h (to remove any water from inside the void space 
within the samples). The cylindrical samples of both concretes were 
either kept intact (hereafter referred to as “as-prepared”), or thermally 
stressed in a box furnace to temperatures of 100, 200, 300, 500, 750, or 
1000 ◦C. The thermally stressed samples were heated to and cooled from 
their target temperature at a rate of 1 ◦C/min. The samples were left at 
their target temperature for 2 h before cooling to ensure thermal equi
librium at the target temperature. The time constant for temperature 
equilibrium can be estimated using r2/d, where r is the sample radius 
and d is the thermal diffusivity of the sample. Taking r = 1.25 × 10− 2 m2 

and d = 9.0 × 10− 7 m2/s (see the Results section), the time constant for 
temperature equilibrium is estimated to be 174 s, ensuring that our 
samples are at or close to thermal equilibrium during heating/cooling. 

2.1. Thermal conductivity 

The thermal conductivity and thermal diffusivity of as-prepared 
samples of both concretes were measured using the transient plane 
heat source method using a Hot Disk TPS 500 Thermal Constants Ana
lyser [55,56]. A 6.4 mm-radius Kapton-insulated sensor was placed 
between a 25 mm-diameter cylindrical sample of each concrete type and 
a piece of polyurethane foam of known thermal properties. The output 
power used was 200 mW and the measurement duration was 20 s. Four 
consecutive measurements were performed on each sample and an 
average of these four measurements is reported herein. Prior to each 

measurement, the thermal equilibrium of each sample was ensured. 
More details on this method of thermal property determination can be 
found in Harlé et al. [57] and Heap et al. [58]. 

2.2. Gas permeability 

Permeability was measured on a cylindrical sample of each of the as- 
prepared concretes in a benchtop nitrogen-gas permeameter (detailed 
schematics of the device are provided in Ref. [59,60]). The confining 
pressure used for both experiments was 1 MPa. Both samples were left to 
equilibrate at the confining pressure for 1 h, after which the perme
ability was measured using the pulse-decay technique [61]. To do so, the 
pore pressure differential was set at 0.2 MPa, the valve between the 
nitrogen gas bottle and sample was closed, and the decay in pressure as a 
function of time was monitored. The data were also checked for the 
Forchheimer [62] and Klinkenburg [63] corrections. The data collected 
for this study required a Klinkenberg correction. More details on this 
method of permeability determination can be found in Heap et al. [64]. 
Permeability measurements were conducted at ambient laboratory 
temperature. 

Fig. 2. Relative mass of the reference concrete (grey curve) and the tuff- 
bearing concrete (yellow curve) as a function of temperature (up to 1050 ◦C). 
Sample (powders) masses were 69.2 and 74.4 mg for the reference and tuff- 
bearing concrete, respectively. Samples were heated at a rate of 25 ◦C/min 
(see methods section for details). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. The number of detected acoustic emission hits during the heating and 
cooling (at 1 ◦C/min) of (a) the reference concrete and (b) the tuff- 
bearing concrete. 
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2.3. Thermo-gravimetric analysis 

To determine the dominant temperature-induced mineralogical 
changes in both concretes with increasing temperature, thermo- 
gravimetric analysis (TGA) were performed on powdered samples 
(55–60 mg) of each concrete using a Netzsch Pegasus 404 simultaneous 
thermal analysis device. Powders were heated in an argon-flushed at
mosphere inside a platinum crucible (with lid). All powders were 
initially heated to 100 ◦C for 20 min to ensure that any free water (i.e. 
non-structurally bound) was first removed. Powders were then subjected 
to two heating-cooling cycles during which they were heated to 1050 ◦C 
at a rate of 25 ◦C/min and cooled to room temperature at the same rate. 
It is noted here that the heating/cooling rates used in the TGA experi
ments, 25 ◦C/min, are higher than those used when thermally-stressing 
the samples, see above, and those used in the acoustic emission moni
toring experiments described in the next subsection. However, the 
thermal-stressing and acoustic emission monitoring experiments were 
performed on 25 mm-diameter samples, whereas the TGA experiments 
were performed on powdered samples. Importantly, the powdered 
samples used in the TGA experiments were in thermal equilibrium at the 
imposed heating/cooling rate. This analysis was used to track the mass 
loss in each sample as a result of temperature-induced mineral reactions 
(e.g., dehydroxylation reactions). 

2.4. Acoustic emission monitoring during heating 

To determine the onset of thermally induced microcracking in both 
samples, acoustic emissions (AE), a proxy for the initiation and growth 
of microcracks (e.g. Ref. [65]), were monitored during heating and 
cooling for both concretes. A 25 mm-diameter sample was placed be
tween two steel pistons, one of which contained a wideband (100–1000 
Hz) AE sensor (from Physical Acoustics) that was connected to a USB AE 
Node (from MISTRAS Group: a single channel AE digital signal processor 

with a built-in 26 dB pre-amplifier). The pistons and sample were 
mounted into a LoadTrac II uniaxial press. A low axial force of 491 N 
(equating to an axial stress of 1 MPa on a 25 mm-diameter sample) was 
applied to the sample to ensure sufficient coupling between the sample 
and the pistons. The applied force was kept constant during heating and 
cooling using the servo-controlled stepper motor of the LoadTrac II. A 
tube-furnace, positioned such that the sample was at its centre, heated 
the sample to 700 ◦C at a rate of 1 ◦C/min. The furnace temperature was 
held at 700 ◦C for 2 h before cooling back to room temperature at a 
maximum rate of 1 ◦C/min. A maximum temperature of 700 ◦C was 
chosen to avoid damaging the AE sensor. A detailed description of this 
apparatus can be found in Griffiths et al. [66]. 

2.5. Porosity and density measurements 

Prior to any thermal stressing, the initial connected porosity of all the 

Table 3 
Bulk sample density, connected porosity, and residual uniaxial compressive 
strength of the reference and tuff-bearing concretes exposed to different tem
peratures (see Table 1 for mix ingredients and proportions). “R” – Reference; “T” 
– tuff-bearing.  

Concrete Temperature 
(◦C) 

Bulk sample 
density (kg/ 
m3) 

Connected 
porosity 

Uniaxial 
compressive 
strength (MPa) 

R 20 2540 0.087 89.5 
R 20 2506 0.094 93.4 
R 100 2495 0.094 67.6 
R 100 2489 0.094 84.7 
R 200 2481 0.110 77.0 
R 200 2540 0.094 77.9 
R 300 2461 0.119 68.8 
R 300 2518 0.098 75.2 
R 500 2486 0.110 43.6 
R 500 2479 0.116 45.6 
R 750 1843 0.375 17.4 
R 750 1855 0.371 16.7 
R 1000 1450 0.568 1.6 
R 1000 1424 0.575 1.5 
T 20 2449 0.117 54.7 
T 20 2516 0.097 60.8 
T 100 2406 0.101 61.8 
T 100 2401 0.106 61.2 
T 200 2518 0.104 52.6 
T 200 2473 0.119 45.9 
T 300 2476 0.119 29.9 
T 300 2441 0.129 38.9 
T 500 2397 0.142 31.9 
T 500 2354 0.141 21.4 
T 750 1736 0.414 11.8 
T 750 1748 0.411 8.3 
T 1000 1402 0.580 1.6 
T 1000 1422 0.574 1.6  

Fig. 4. (a) Connected porosity as a function of thermal stressing temperature 
for the reference concrete (grey circles) and the tuff-bearing concrete (yellow 
circles). (b) Relative porosity change (as a fraction) as a function of thermal 
stressing temperature for the reference concrete (grey circles) and the tuff- 
bearing concrete (yellow circles). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 

A.R.L. Kushnir et al.                                                                                                                                                                                                                           



Cement and Concrete Composites 116 (2021) 103897

5

prepared 25 mm-diameter samples was calculated using the skeletal 
volume provided by a Micrometritics AccuPycII 1340 helium pycnom
eter and the bulk sample volume determined using the sample di
mensions. The connected porosity of the samples was remeasured 
following thermal stressing. Measurements of porosity were conducted 
at ambient laboratory temperature. The dry bulk sample density of each 
sample was calculated before and after heating using the sample mass, 
measured using a precision (three decimal places) balance, and the bulk 
sample volume. 

2.6. Uniaxial compressive strength (UCS) 

Finally, the as-prepared and thermally stressed samples were 
deformed uniaxially in a servo-controlled uniaxial press under ambient 
laboratory conditions at a constant strain rate of 10− 5 s− 1 until macro
scopic failure. Axial load and displacement were continuously recorded 
during deformation by a load cell and a linear variable differential 
transducer, respectively. The deformation of the loading chain was 
subtracted from the displacement. These values were converted to axial 

Fig. 5. Representative uniaxial stress-strain curves for as-prepared and ther
mally stressed samples of (a) the reference concrete and (b) the tuff-bearing 
concrete. The temperature next to each curve indicates the thermal stressing 
temperature. 

Fig. 6. (a) Residual uniaxial compressive strength as a function of thermal 
stressing temperature for the reference concrete (grey circles) and the tuff- 
bearing concrete (yellow circles). (b) Relative residual uniaxial compressive 
strength (as a fraction) as a function of thermal stressing temperature for the 
reference concrete (grey circles) and the tuff-bearing concrete (yellow circles). 
(c) Residual uniaxial compressive strength as a function of connected porosity 
for the reference concrete (grey circles) and the tuff-bearing concrete (yellow 
circles). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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stress and axial strain using the sample dimensions. A lubricating wax 
was applied to both ends of each sample before deformation to minimise 
end effects associated with friction and shear stress build-up at the 
sample-piston interface. 

2.7. Microstructural analysis 

To understand the microstructural changes as a consequence of 
thermal stressing, thin sections were prepared of samples of each con
crete that had been thermally stressed to a temperature of 750 ◦C. Their 
microstructure was examined using a Tescan Vega 2 XMU system 
backscattered SEM. 

2.8. Quantitative element mapping 

The prepared thin sections (as-prepared and thermal stressed sam
ples of both concretes) were also analysed using QEMSCAN™ (Quanti
tative Evaluation of Minerals by SCANing electron microscopy), an 
automated SEM-EDS system for mapping mineral distribution and 
quantitative mineral modality. The QEMSCAN™ WellSite at the Uni
versity of Liverpool uses a 15 kV accelerating voltage and ~5 nA beam 
current. Secondary X-rays emitted by the sample are recorded by two 
Bruker energy dispersive X-ray spectrometers and processed to identify 
and quantify the elements present and output a chemical composition. 
The chemical composition is compared to an extensive mineral database 
(e.g. Ref. [67,68]). Based on prior knowledge of the componentry of the 
concrete samples (Tables 1 and 2), a user modified version of the 
database was used. The system does not measure crystallographic fea
tures, thus cannot differentiate between chemically identical poly
morphs or amorphous or crystalline phases. Data was collected in 
field-scan mode collecting X-rays (here, 1500 X-rays per point) in an 
automated raster pattern (e.g. Ref. [67]), with X-rays collected at 20 μm 
intervals over the whole thin section for bulk mineralogy, and at 2 μm 
step size over six 1.5 mm square areas (each area separated by 5 mm, to 
give a representative collage) to examine the cement matrix textures. 
There is no influence of step size on the measured mineralogy as there is 
no change in the beam operating conditions, only the spacing between 
analyses. Data processing was performed using the iDiscover software, 
which stitches the acquired data into coloured maps where each colour 
represents a different phase. The grouping of minerals/phases, and the 
colours used to represent them, is user controlled. The sum of pixels of 
each phase are normalised to provide quantitative modal mineralogy on 
a pore-free basis (e.g. Ref. [69–71]). Wallace et al. [71] give maximum 
standard deviations of <0.39% for all phases based on repeat scans after 
removing and reinserting the same thin section. Phases (minerals, 
glasses, and amorphous phases) defined in the SIP list include sub
categories for pure and impure varieties, and mixtures of the phase with 
some other common phases. These subcategories successfully deal with 
most occasions the beam interacts with multiple phases at one point. 
Single pixels that have not been successfully classified by the afore
mentioned procedures but are surrounded entirely by pixels of one 
phase have been added to the tally of the surrounding phase at the users 
discretion. 

3. Results 

The average thermal conductivity and thermal diffusivity of both 
concretes was found to be similar. The average thermal conductivity of 
the as-prepared reference and tuff-bearing concretes was measured to be 
2.338 ± 0.100 and 2.126 ± 0.0083 W/mK, respectively. Their average 
thermal diffusivities are 0.902 ± 0.084 and 0.918 ± 0.087 mm2/s, 
respectively. The gas permeabilities of as-prepared reference and tuff- 
bearing concretes were measured to be 2.17 × 10− 17 and 1.63 ×
10− 16 m2, respectively. 

The relative mass loss as a function of temperature is similar for both 
concretes (Fig. 2). Large decreases in sample mass are observed at 
temperatures ≥750 ◦C (Fig. 2). The mass of the samples did not decrease 
further as temperature was increased above 920 ◦C (Fig. 2). At the end of 
the experiments, the relative masses of the reference and tuff-bearing 
concretes were 0.57 and 0.54, respectively (Fig. 2). 

The cumulative number of AE hits during heating and cooling as a 

Fig. 7. Backscattered scanning electron microscope images showing micro
cracks within the (a) reference concrete and (b) the tuff-bearing concrete 
following exposure to 750 ◦C. 

Fig. 8. Backscattered scanning electron microscope images showing micro
cracks and sub-circular pores within the aggregates of (a) the reference concrete 
and (b) the tuff-bearing concrete following exposure to 750 ◦C. 
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function of temperature for the two concretes are shown in Fig. 3. For 
both concretes, the first AE hits were recorded at a temperature of 
~100–200 ◦C and, at a temperature of about 400–450 ◦C, the rate of AE 
activity increased substantially (Fig. 3). The cumulative number of AE 
hits increased as temperature increased from 400 to 450 ◦C to the 
maximum temperature of 700 ◦C (Fig. 3). More AE hits were recorded 
during the cooling of both concretes than during the heating (Fig. 3). 

The average initial connected porosity and bulk sample density of the 
reference and tuff-bearing concretes was measured to be 0.085 and 
0.108 and 2529 and 2475 kg/m3, respectively (data are given in 
Table 3). Connected porosity and relative change in connected porosity 
as a function of thermal stressing temperature are shown in Fig. 4a and 
b, respectively. For both concretes, increases to connected porosity are 
small up to 500 ◦C, and large at 750 and 1000 ◦C (Fig. 4). For example, 
connected porosity increased to ~0.57 for both concretes following 
exposure to a temperature of 1000 ◦C (Fig. 4a). The relative change in 
connected porosity at 750 and 1000 ◦C is slightly higher for the 

reference concrete than for the tuff-bearing concrete (Fig. 4b). 
Representative uniaxial stress-strain curves for the reference and 

tuff-bearing concretes exposed to different thermal stressing tempera
tures are shown in Fig. 5a and b, respectively. All the samples failed by 
axial splitting. The UCS and relative uniaxial compressive strength (as a 
fraction) are shown as a function of thermal stressing temperature in 
Fig. 6a and b, respectively, and UCS is shown as a function of connected 
porosity in Fig. 6c (strength data are given in Table 3). The UCS of the as- 
prepared reference concrete is higher (~91 MPa) than the as-prepared 
tuff-bearing concrete (~58 MPa) (Figs. 5 and 6). The UCS of both con
cretes is reduced as thermal stressing temperature increases (Figs. 5 and 
6). The UCS of the reference concrete remains higher than that of the 
tuff-bearing concrete at all thermal stressing temperatures except 
1000 ◦C (values of UCS at 1000 ◦C are essentially equal). The relative 
decrease in UCS as a function of temperature is approximately constant 
for the two concretes (Fig. 6b). Fig. 6c shows that the UCS of the two 
concretes decreases as a function of increasing connected porosity. 

Fig. 9. QEMSCAN™ (Quantitative Evaluation of Minerals by Scanning Electron Microscopy) mineral composition maps for the as-prepared reference concrete at (a) 
a step size of 20 μm and (b) a step size of 2 μm, and the reference concrete following exposure to 750 ◦C at (c) a step size of 20 μm, and (d) a step size of 2 μm. 
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Backscattered SEM images of both concretes following exposure to 
750 ◦C are shown in Figs. 7 and 8. Fig. 7 shows that, at 750 ◦C, both 
concretes contain microcracks that preferentially grow at the boundary 
between the aggregates, but that they also pass through the cement paste 
(matrix). Fig. 8 shows that the aggregates are microcracked and contain 
sub-circular pores (diameter = 5–10 μm) that are not observed in the as- 
prepared concretes (Fig. 1). QEMSCAN™ mineral composition maps for 
the as-prepared reference concrete and tuff-bearing concrete, and sam
ples of both concretes heated to and cooled from 750 ◦C, are shown in 
Figs. 9 and 10, respectively. Fig. 11 provides pie charts showing the 
mineral composition of both concretes before and after exposure to 
750 ◦C (data provided in Table 4). As expected, the as-prepared con
cretes are predominantly dolomite, and the tuff-bearing concrete con
tains a richer assortment of minerals (Fig. 11a and c; Table 4). The most 
obvious change to both samples following exposure to 750 ◦C is the 
decarbonation of dolomite to form magnesium and calcium oxides 
(Fig. 11b and d), which occurs at the outermost edge of the dolomite 

aggregate clasts (Figs. 9c, 10c and 10d). Other notable changes in both 
concretes include the reduction in tetracalcium aluminoferrite and 
gypsum/anhydride (Fig. 11; Table 4). Illite content in the tuff-bearing 
concrete, not present in the reference concrete, was also reduced 
following exposure to 750 ◦C (Fig. 11; Table 4). 

4. Discussion 

The mechanical property data show that the as-prepared reference 
concrete has a higher uniaxial compressive strength than the as- 
prepared tuff-bearing concrete (Figs. 5 and 6; Table 3). Because 
porosity plays a first-order role in governing the compressive strength of 
cements and concretes (e.g. Refs. [72–74]), the higher porosity of the 
tuff-bearing concrete (the average initial connected porosity of the 
reference and tuff-bearing concretes was 0.085 and 0.108, respectively; 
Table 3) can explain its lower strength. Microstructural observations 
show that the tuff-bearing concrete contains porosity at the boundaries 

Fig. 10. QEMSCAN™ (Quantitative Evaluation of Minerals by Scanning Electron Microscopy) mineral composition maps for the as-prepared tuff-bearing concrete at 
(a) a step size of 20 μm and (b) a step size of 2 μm, and the tuff-bearing concrete following exposure to 750 ◦C at (c) a step size of 20 μm, and (d) a step size of 2 μm. 
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of the aggregates (Fig. 1). An increase in porosity as a function of zeolite 
content in cements and concretes has been reported in previous studies, 
and is a consequence of pozzolanic reactions involving high-surface area 
zeolites (e.g. Refs. [17,23,26,27]). The higher porosity of the 
tuff-bearing concrete could also be a result of the lower water/binder 
ratio (Table 1). This increase in porosity, however, also reduces the 
thermal conductivity (the thermal conductivity of the as-prepared 
reference and tuff-bearing concretes was 2.338 ± 0.100 and 2.126 ±
0.0083 W/mK, respectively) of the concrete. The tuff-bearing concrete 
measured herein will therefore serve as a better thermal insulator than 
the reference concrete (see also [17,23]). However, the higher perme
ability (the permeability of the as-prepared reference and tuff-bearing 
concretes was 2.17 × 10− 17 and 1.63 × 10− 16 m2, respectively) and 
porosity of the tuff-bearing concrete could lead to problems related to 
the ingress of liquids (e.g. Ref. [75,76]). 

The observed decrease in residual strength as a function of increasing 
temperature (Fig. 6a) is in general agreement with the wealth of pre
viously published data on high-strength concretes (see Heap et al. [29] 
and references therein). Importantly, the results also show that the 
relative decrease in residual strength is very similar for both concretes 
(Fig. 6b). The similarity in relative strength reduction (Fig. 6b) can be 
explained by the similar relative increase in connected porosity (Fig. 4b) 
because, as discussed above, porosity plays a first-order role in dictating 
the strength of cements and concretes (e.g. Ref. [72–74]). Indeed, Fig. 6c 
shows that UCS decreases as a function of increasing connected porosity. 

The increase in connected porosity in both concretes is principally the 
result of two mechanisms: dehydroxylation reactions and thermal 
microcracking. 

Dehydroxylation reactions are monitored by thermogravimetric 
(Fig. 2) and QEMSCAN™ analyses (Figs. 9–11; Table 4). The thermog
ravimetric analysis (Fig. 2) shows that substantial mass reductions in 
both concretes were observed at temperatures > 750 ◦C (Fig. 2). Mass 
loss at this temperature is the result of the two-stage decarbonation of 
dolomite (e.g. Refs. [77–79]), a process that first affects the outermost 
edge of the dolomite aggregate clasts (Figs. 9c, 10c and 10d). A result of 
decarbonation is that the aggregates, now composed or partially 
composed of magnesium and calcium oxides (Figs. 9–11; Table 4), 
contain many intragranular microcracks and pores (Fig. 8). Importantly, 
the mass loss as a function of temperature is essentially the same for the 
reference and tuff-bearing concrete (Fig. 2). Indeed, previous studies 
have also shown that the relative mass change of concrete as a function 
of temperature did not change as zeolite content increased [80]. 
Although the temperature estimated for decarbonation will depend on 
the heating rate used in the thermogravimetric tests [81], it can be 
confidently stated using these data (obtained a rate of 25 ◦C/min) that 
the large changes in the physical and mechanical properties of the 
concretes heated to 750 and 1000 ◦C are due to the decarbonation of the 
dolomite aggregates. 

Thermal microcracking, monitored by the output of AE activity, was 
observed to start at ~100–200 ◦C and increased significantly at a 

Fig. 11. Pie charts showing the mineral composition (as quantified by the QEMSCAN™) of (a) the as-prepared reference concrete, (b) the reference concrete 
following exposure to 750 ◦C, (c) the as-prepared tuff-bearing concrete, and (d) the tuff-bearing concrete following exposure to 750 ◦C (the data are also available 
in Table 4). 
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temperature of 400–450 ◦C in both concretes (Fig. 3). The measured 
onset temperature for thermal microcracking (~100–200 ◦C) is in 
agreement with that found for siliceous-aggregate, high-strength con
crete (180 ◦C [29]). Ozawa et al. [82] also found that only a very small 
number of AE hits were recorded as high-strength concrete was heated 
from 50 to 100 ◦C, but that substantially more AE hits were recorded 
from 100 to 200 ◦C. Thermal microcracking in these concretes is the 
result of the thermal expansion mismatch of different minerals and the 
dehydroxylation of the cement and aggregates, both of which generate 
stresses that result in microcracking (e.g., Heap et al. [29]). Micro
structural observations corroborate these data, showing that exposure to 
high temperature results in the formation of microcracks in both con
cretes (Fig. 7). 

It follows that, because the mass loss as a function of temperature 
(Fig. 2) and the onset of thermal microcracking (Fig. 3) are very similar 
for both concretes, the relative increase in porosity (Fig. 4b) and 
therefore the relative reduction in residual strength following exposure 
to high temperature are also similar (Fig. 6b). 

5. Conclusions 

Motivated by the need for more sustainable and environmentally 
friendly alternatives for traditional concretes, this manuscript presents 
an experimental study designed to test the fire resistance of a concrete 
prepared to contain natural zeolite-bearing tuff. The data show that 
relative reductions in strength as a function of increasing temperature 
(up to 1000 ◦C) were very similar for the reference concrete (containing 
no tuff) and the tuff-bearing concrete. These data can be explained by (1) 
their similar relative increase in porosity and (2) their similar response 
to high-temperature in terms of their chemical (dehydroxylation re
actions) and physical (microcracking) properties. 

To conclude, although the physical and mechanical properties of 
zeolite-bearing tuffs are negatively influenced by exposure to high- 
temperature (e.g. Refs. [83,84]), the fire resistance of the prepared 
tuff-bearing concrete is similar to that of the reference concrete (that 
contains no tuff). This conclusion is welcome due to the climatic and 
environmental benefit of using natural pozzolan and aggregate sub
stitutes. Based on these data, no special considerations would be 
required regarding the fire resistance of buildings constructed using 
tuff-bearing concrete. However, more research should now be con
ducted to better understand the fire resistance of concretes prepared to 

contain different natural zeolites and different proportions of natural 
zeolite. 
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