
Citation: Chen, W.; Liu, Y.; Sheng, M.;

Zhang, H.; Liang, Y.; Skoczylas, F.

Heating Rate Effect on Gas

Permeability and Pore Structure of

Mortar under High Temperature.

Materials 2022, 15, 6505. https://

doi.org/10.3390/ma15196505

Academic Editor: F. Pacheco Torgal

Received: 26 July 2022

Accepted: 19 August 2022

Published: 20 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

Heating Rate Effect on Gas Permeability and Pore Structure of
Mortar under High Temperature
Wei Chen 1,* , Yuehan Liu 1, Mingquan Sheng 1, Hejun Zhang 1, Yue Liang 1 and Frederic Skoczylas 2

1 School of Civil Engineering, Architecture and Environment, Hubei University of Technology,
Wuhan 430068, China

2 CNRS (Centre National de la Recherche Scientifique), Centrale Lille, UMR9013—LaMcube—Laboratoire de
Mécanique Multiphysique et Multiéchelle, Université de Lille, F-59000 Lille, France

* Correspondence: chenwei@hbut.edu.cn

Abstract: This experimental study investigated the effect of heating rate on mortar gas permeability
and microstructure. The mortar was heated to three target temperatures (400 ◦C, 500 ◦C, and 600 ◦C)
at three heating rates (5 ◦C/min,10 ◦C/min, and 15 ◦C/min). The variations of gas permeability and
porosity were measured simultaneously at different confining pressures, and the changes in mortar
microstructure were analyzed by NMR and SEM techniques. The results show that the porosity and
gas permeability increase with an increase in temperature and heating rate. The gas permeability
and porosity continue to decrease as confinement is increased due to a reduction in the pore volume.
The microstructure observed by SEM indicates that the high heating rate induces some microcracks
at 500 ◦C and 600 ◦C. The fractal dimension based on NMR can quantitatively characterize the
complexity of the mortar pore structure and shows a quadratic decreasing relationship with gas
permeability and porosity.
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1. Introduction

The effect of high temperature (e.g., fire) not only reduces the mechanical properties of
cement-based materials but also has a significant impact on durability [1–4]. The durability
largely depends on the ease with which water and gas can enter into and move through
cement-based materials; this is referred to as permeability. The aspect of the microstructure
of hardened cement pastes relevant to permeability is the quality of the pore structure
and the interface between the cement paste and the aggregate. Determining the water
permeability of low porosity and high compactness materials is very difficult, and water
saturation has a greater impact on the results. Therefore, the gas permeability is easier to
measure and requires less time [5–9].

Transport properties, microstructure, and degradation related to cement-based materi-
als under high temperatures have been largely investigated [10–13]. Xue et al. found that
the maximum water permeability of thermally damaged basalt fiber concrete gradually in-
creased with the increasing temperature, and the permeability gradually decreased during
confining pressure unloading [14]. Pei et al. investigated the effect of high temperature at a
heating rate of 20 ◦C/h on the gas permeability of a mortar [15]. Two effects are very clear,
an increase in permeability reaching almost two orders of magnitude from 105 ◦C to 600 ◦C,
and irreversibility in gas permeability caused by the closure of cracks and the crushing
(collapse) of the pore. Zhao et al. studied the variation of the microstructure of pre-cracked
concrete under different cold methods, the results showed that the surface of specimens
cooled in the air after the high temperature at 300 ◦C became rough. After high-temperature
treatment, the crack between the interface of aggregate and cement paste is damaged from
the scanning electron microscope image, and the cement compound becomes loose [16]. At
500 ◦C, after water cooling, the surface of the specimens was severely damaged, and the
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excessive temperature difference led to cracks in the specimens. Kim investigated the pore
structure and development of cracks in cement paste under the effect of high temperature
by X-CT, and the results showed that cracks appeared at the edges of the cement paste
specimens at 600 ◦C, and when the temperature continued to increase beyond 900 ◦C, a
crack network started to form [17]. Ye et al. investigated the effects of heating-cooling
cycles (heating and cooling rate: 0.5 ◦C/min) on gas permeability and porosity. It is found
that gas permeability decreases during the heating process and increases during the cooling
process. The pore volume and gas permeability indicates that microcracks are generated
when the temperature exceeds 60 ◦C [18]. However, most of these studies related to the
effects of high temperature, which does not correspond to the different heating rates.

The macroscopic properties of cement-based materials are related to pore struc-
ture [19–21]. Therefore, the analysis of pore structure plays a crucial role in evaluating the
quality of the materials. The pore structure includes porosity, pore size, pore size distribu-
tion, and pore morphology. Various techniques and methods have been used to characterize
the pore structure, including nitrogen adsorption, scanning electron microscopy (SEM),
X-ray computed tomography (X-CT), mercury intrusion porosimetry (MIP), and nuclear
magnetic resonance (NMR) [22–25]. Compared with other methods, NMR non-destructive
method can quantify the spatial distribution of pore. Many researchers have studied the
pore structure and pore size distribution with exposure time by NMR technology [26–29].
However, the study of the relationship between permeability and porosity by NMR is
still rare.

Fractal geometry is a new branch of mathematics, proposed by the famous French
mathematician B.B. Mandelbrot in 1977, mainly for the study of irregularities in nature. In
1985, by using X-ray techniques, Winslow [30] first proposed that cement paste is essentially
fractal and proved that fractal theory can quantitatively describe the pore structure of
cement paste in terms of complexity and irregularity. In recent years, fractal theory has
been increasingly used to study the structure of porous materials, including cementitious
materials [31]. The pore structure of cement-based materials, which usually presents
extremely complex and self-similar characteristics, is difficult to describe geometrically but
can be studied by fractal theory [32]. Therefore, applying fractal theory and calculating
the fractal dimension to quantitatively characterize the complexity and irregularity of the
pore structure, so as to analyze the relationship between microstructure and macroscopic
properties, has gradually become a new research idea for many researchers, which is of
great significance for the study of cementitious materials [33–37].

The main goals of this study are to investigate the influence of heating rate on the gas
permeability, effective porosity, and microstructure of mortar subjected to high temperature.
The mortar specimens were heated from room temperature to the three target temperatures,
then naturally cooled to room temperature. The variations of gas permeability and porosity
were firstly investigated with a self-designed test device based on the steady-state flow
method and gas injection method under varying confining pressure. Secondly, microstruc-
ture assessment is performed by scanning electron microscopy (SEM) and nuclear magnetic
resonance (NMR), before and after heat treatment, to investigate the main features of
microstructure changes. At last, the correlation of fractal dimension based on NMR and
gas permeability/porosity of mortar were discussed.

2. Experimental Procedure
2.1. Materials and Specimens

Mortar with a water-to-cement ratio (W/C) of 0.5 was made with ordinary silicate
cement P.O. 42.5 and natural river sand with a fineness modulus of 2.65. The cylindrical
mortar specimens of 50 mm × 100 mm were prepared according to the composition shown
in Table 1. The specimens were demolded 24 h after casting and maintained in water
at 20 ◦C for 60 d.
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Table 1. Mortar composition.

W/C Cement (kg/m3) Sand (kg/m3) Water (kg/m3)

0.5 450 1350 225

2.2. Testing Program
2.2.1. Mass Loss Rate

The specimens were raised to target temperatures of 400 ◦C, 500 ◦C, and 600 ◦C
in a furnace. Each of these temperatures was achieved by heating rates at 5 ◦C/min,
10 ◦C /min, and 15 ◦C /min. The target temperatures were maintained for 1 h, and then
naturally cooled to room temperature. In the previous studies, the saturated specimen was
chosen. The highest target temperature of 600 ◦C led to explosive spalling and consequent
damage to the furnace. Therefore, the dry state was considered to be the reference state
before the heating. It is obtained after oven-drying at 60 ◦C until mass stabilization. This
temperature was chosen to minimize thermal damage. The mass of mortar, before and after
high-temperature damage was weighed with a precision balance to calculate the mass loss
of mortar.

2.2.2. Measurements of the Gas Permeability and Porosity

The gas permeability and porosity measurement technique developed in our labo-
ratory for very low permeability (10−22 m2) have been extensively described [13]. The
experimental device mainly consists of a confining cell, a high-precision servo oil pump,
and a gas injection panel. The simplified schematic diagram is shown in Figure 1. The
mortar specimens were placed in the confining cell at a given hydrostatic pressure Pc, and
it is subjected to an inlet gas pressure Pi on one side, and allowed on the other side to freely
drain at an atmosphere pressure Patm. The gas volume flow was obtained using a small
pressure decrease ∆P during the measuring time ∆t on the specimen upstream side. By
assuming of perfect gas state, Pm is the average upstream gas pressure: Pm = Pi − (∆P/2).
Vr is the sum of buffer reservoir volume and pipes volume V1. Qv writes:

Qv =
Vr∆P
Pm∆t

(1)
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Figure 1. Schematic diagram of the gas permeability and porosity measurement device.

Gas permeability K is given by Darcy’s law, mass conservation, and perfect gas state
equation as:

K =
2µhQvPatm

A(P2
m − P2

atm)
(2)

where h is the sample length, A its cross-section, and µ the gas viscosity (2.2 × 10−5 Pa.s for
argon at 20 ◦C).
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The porosity of the mortar was measured by the gas injection method. The specimen
was sealed by confining pressure in the cell. At first, the values B and C were turned off,
and value A was open for filling the gas in the tube, the gas pressure was recorded as P1. In
this test, the inlet gas pressure is approximately 2 MPa. When the gas pressure was stable,
turning on the values B and C. The gas was injected into the specimen. After the gas was
stable again, the gas pressure was recorded as P2. Before the test, the volume of tubes V1
and V2 were measured accurately. According to Boyle’s law, the volume of connected pores
Va and porosity φ can be calculated:

P1V1 = P2(V1 + V2 + Va) (3)

Φ = Va

V
× 100% (4)

The confining pressure is provided by an oil pump and loaded from 3 MPa, 5 MPa,
10 MPa, 15 MPa to 20 MPa, and finally unloaded to 3 MPa. and the gas permeability and
connected porosity under different confining pressures are measured.

2.2.3. Microstructural Analysis

The LF-NMR is used to evaluate the variation of the pore structure of the heat-damaged
mortar specimen. Before the test, all specimens were re-saturated so that the internal pores
were filled with water. The mass of water in the specimen can be measured by NMR
technique and then combined with the density of water, the internal pore volume can
be calculated to obtain the internal pore volume so that parameters such as porosity and
pore size distribution of porous media materials can be further obtained. Under a static
magnetic field, NMR relaxation method can obtain information about the relaxation time.
The relaxation time is further divided into two categories, i.e., the longitudinal relaxation
time T1 and the transverse relaxation time T2, where the transverse relaxation time T2 is
highly sensitive to the pore size, and both satisfy the following equation:

1
T2

= ρ
S
V

(5)

where ρ is the relaxivity strength, S/V is the surface area to volume ratio of pores.
In scanning electron microscopy (SEM), a small slice (5 mm × 5 mm) was taken from

the inside of the temperature-damaged specimen, and the microstructure of the damaged
mortar was obtained by SEM after gold spray drying and other treatments.

2.3. Determining Fractal Dimension from NMR

In NMR measurements, a T2 spectrum or T2 relaxation time distribution are pore
volumes corresponding to T2 value. The calculation model of fractal dimensions by NMR
experiment test can be expressed as Equation (6). Taking the logarithm of Equation (6), the
calculation of fractal dimension from NMR can be expressed as Equation (7). The relation
between both sides of Equation (7) should have a linear correlation. If the correlation is
linear, the fractal dimension and maximum pore radius can be calculated by coefficients of
the regression equation. The NMR fractal dimension can explain pore distribution.

Vp =

(
T2

T2max

)3−D
(6)

log(u) = (3 − D)·
(

log
r

rmax

)
(7)

where u is the accumulative volume fraction. rmax is maximum pore radius. D is fractal dimension.
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3. Results and Discussion
3.1. Effect of Heating Rate on Mass Loss

As shown in Figure 2, the variation of mass loss of mortar was similar at the different
high temperatures. The mass loss increased from 5 ◦C/min to 15 ◦C/min. The different
phases in a mortar decompose during different temperature ranges when it is subjected to
heating. Around 100 ◦C, free water was released; above 200 ◦C, the bound water began
to lose; C-S-H decomposed from 105 ◦C and up to 400 ◦C; portlandite Ca(OH)2 released
its water molecule from 400 Ca(OH)2 to 600 ◦C. At elevated temperatures, the increase
in mass loss can be caused by the decomposition of different phases. The evaporated
water transforms into steam and causes pore pressure. When the pressure overcomes the
tensile strength of mortar, microcracks begin to develop in the weakened zone such as the
interfacial transition zone (ITZ). This is more significant at higher temperatures. The mass
loss at a given heating rate was higher above 400 ◦C. This was similar to the variation of
mass loss of mortar and concrete at high temperatures studied by Li [4] and Chen [12].
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Figure 2. Effect of heating rate on the mass loss of mortar.

3.2. Effect of Heating Rate on Gas Permeability and Porosity
3.2.1. Initial Gas Permeability and Initial Porosity

In order to better analyze the effect of the heating rate, the initial gas permeability and
initial porosity of the mortar under 3 MPa confining pressure are studied firstly.

As shown in Figure 3, the mortar gas permeability due to various high temperatures
increased by a maximum of two orders of magnitude compared to the reference group
(60 ◦C). The initial gas permeability of the mortar gradually increased with increasing
temperature regardless of the heating rate. The effect of the heating rate on the initial gas
permeability was more significant at 500 ◦C and 600 ◦C. Compared with the reference
group, it increased by 13.62, 22.29, and 25.71 times when the mortar was heated to 600 ◦C
at three heating rates. At 400 ◦C, the gas permeability is similar, but the effect of heating
rates is not evident. It can be further concluded that the higher temperature and the faster
the heating rate, the greater the effect on the mortar gas permeability.
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with respect to reference temperature 60 ◦C).

The mortar changes its own pore structure characteristics after different high-temperature,
and its permeability changes similarly. At high temperatures, the dissipation of free and
bound water and the decomposition of hydration products inside the mortar lead to an
increase in pore size and microcracking [15]. The different thermal expansion coefficients
between cementitious materials and aggregates, and the material anisotropy cause cracks
at the ITZ. Because of the high-temperature gradient of mortar at a higher heating rate, the
expansion rate is different, resulting in cracks in the mortar. Therefore, the gas permeability
increased significantly with the higher heating rate when compared to a low heating rate
for an identical target temperature.

Porosity is a crucial factor that causes the change in gas permeability. The porosity
increases and the mortar gas permeability increases consequently. Figure 4 shows that
the changes in mortar porosity with an increase in the temperature and heating rate are
similar to the changes in gas permeability. At the same heating rate, the higher the target
temperature, the greater the porosity of the mortar. When the mortar was heated at
5 ◦C/min to target temperatures, the initial porosity of the mortar increased by 1.37, 1.51,
and 1.63 times, respectively, when compared with the reference group. At 500 ◦C versus
600 ◦C, the faster the heating rate, the greater the porosity. When the mortar was heated to
600 ◦C at three heating rates, the initial porosity of the mortar increased by 1.63, 1.71, and
1.77 times, respectively, compared with the reference group. At the same target temperature,
the difference in porosity was not significant with three heating rates.
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3.2.2. Effect of Confinement on Gas Permeability and Porosity

As for the mechanical behavior, there is the microcrack closure phase under confining
pressure. In Figure 5, the effect of confining pressure on gas permeability is very significant,
and the gas permeability gradually decreases with the increase in confining pressure
whatever the heating rate. The damage of hydrates causes the matrix to become less
resistant, and it can be assumed that the effect of confining pressure is more important.
The change in gas permeability under low confining pressure is more significant compared
with that under high confining pressure, and the change in gas permeability under high
confining pressure is slower, which indicates that there is a threshold value between
15MPa–20MPa in the confining pressure on gas permeability.
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When the confining pressure was increased from 3 MPa to 5 MPa, the gas permeability
of all heated mortars was mainly reduced by about 10%. When the confining pressure
was increased to 10 MPa, the mortar gas permeability after 600 ◦C treatment was reduced
by about 40% compared with that at 5 MPa, and by about 20–30% at 400 ◦C and 500 ◦C.
When the confining pressure continues to increase to 20 MPa, the mortar gas permeability
after 600 ◦C treatment is reduced by about 20% compared with that at 10 MPa, and by
about 10–20% at 400 ◦C and 500 ◦C. It can be found that the mortar gas permeability after
high-temperature exposure has a high sensitivity to the confining pressure. Therefore, it can
conclude that there is a sensitive zone of 3–10 MPa and an insensitive zone of 10–20 MPa.
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At 500 ◦C and 600 ◦C, the effect of heating rate is more significant, i.e., the faster the heating
rate, the greater the effect of confining pressure on mortar gas permeability.

The changes in the internal pore structure characteristics of mortar by confining
pressure lead to a variation in the gas permeability of mortar. After the heated at different
heating rates, a large number of pores and cracks are generated inside the mortar, and the
increase in the confining pressure leads to the closure of the cracks and the crushing of
the pores progressively, while the solid matrix may also fail due to C-S-H decomposition.
The gas permeability decreases more obviously at lower confining pressure because some
larger pores and cracks inside the mortar are easily affected by the confining pressure and
change, so the change is higher at low confining pressure. When the confining pressure
continues to increase, the change in gas permeability is relatively small because the pore
structures such as large pores and cracks inside the mortar have been closed and only some
very small pore structures have been changed, so the change in gas permeability of the
mortar is slow at high confining pressure.

In the confining pressure unloading phase, the gas permeability becomes almost
irreversible. It gradually increases, but cannot recover the value in the loading phase.
The higher the target temperature and the faster the heating rate, the more significant
the irreversibility. This is because the high-temperature damage has an impact on the
elastic-plastic deformation of mortar, the higher the heating temperature and the faster the
heating rate, the less the elastic deformation of mortar occurs, and the plastic deformation
is more obvious. It is important that the gas permeability at 3 MPa in the unloading phase
is very close to that at 10 MPa in the loading phase.

In Figure 6, it can be seen that the variation of mortar porosity with confining pressure
is basically similar to that of gas permeability. The mortar porosity after different high-
temperature heats gradually decreases with the increase in the confining pressure, which is
because the increase in the confining pressure induces a contraction of the mortar specimen,
and the internal pore structure becomes smaller. Additionally, it can be found that there is
a threshold value of confining pressure on mortar porosity at a lower temperature (60 ◦C)
and high temperatures. The change in mortar porosity is also more significant at low
confining pressure and insignificant at high confining pressure. As in the case of the gas
permeability, the porosity of all heated mortar becomes very sensitive to confining pressure
and is irreversible during the unloading phase. The change in mortar permeability is closely
related to the change in the internal pore structure. Although the difference in mortar
porosity during the confining pressure loading and unloading phase is not large, the gas
permeability differs greatly, which also implies that the gas permeability is more sensitive
to the opening and closing of cracks inside the mortar and the crushing of pores. The
sensitivity of porosity to the confining pressure is small compared to gas permeability, but
the irreversibility of porosity confirms the irreversible closure of some cracks and crushing
of pores. It also indicates that the variation in permeability is closely related to porosity
regardless of the type of material used (i.e., treated or untreated) and the level of confining
pressure (loaded or unloaded). Figure 7, from which a good exponential fit R2 = 0.9289 is
determined, describes the gas permeability as a function of porosity.
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3.3. Pore Structure of Mortar
3.3.1. Image Analysis

Figures 8–11 show the SEM images of the mortar microstructure after different high-
temperature damage at a magnification of 5000 times. It can be seen that at 60 ◦C, the
microstructure of the mortar is relatively dense, mainly consisting of hexagonal or lay-
ered Ca(OH)2 and flocculated C-S-H, with a small amount of initial tiny pores as well
as microcracks inside. With the increase in heating temperature, the microstructure of
mortar changed significantly regardless of the heating rate. At 5 ◦C/min, for example,
at 400 ◦C, a small amount of Ca(OH)2 decomposes, and the C-S-H tarts dehydrate, with
little change in microstructure, but cracks start to appear inside. When the temperature
was heated to 500 ◦C, the dense structure of the mortar began to become loose, and the
shape changed from hexagonal and flocculent to porous flakes, and a large number of
holes and independent cracks were produced inside the mortar, which was mainly due to
the dehydration and thermal decomposition of Ca(OH)2 and C-S-H at high temperature
and the high heating temperature, due to the different expansion coefficients. When the
temperature continues to be heated to 600 ◦C, it can be seen that the mortar becomes looser
inside, Ca(OH)2 has been dehydrated and decomposed to produce CaO in large amounts,
and no longer presents a complete hexagonal or laminar shape, but presents a sponge shape,
etc., and a large number of cracks are produced inside and the cracks begin to interconnect.
At 500 ◦C and 600 ◦C, with the increase in the heating rate, the internal hydration products
of mortar became fragile and rough. The number of microcracks propagated and expanded,
and the cracks began to connect to each other.
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From the above analysis, it can be concluded that the effect of heating temperature on
the microstructure of mortar is more significant than that of heating rate. In the case of low
temperature (400 ◦C), the effect of heating rate on mortar microstructure is not obvious,
and with the increase in temperature, the effect of heating rate starts to take effect, i.e., the
higher the heating temperature and the faster the heating rate (15 ◦C/min at 600 ◦C) the
greater the effect on mortar microstructure. Under the effect of different high temperatures,
the mortar microstructure mainly showed that the hydration products of mortar started to
be decomposed by heat, and the internal structure became porous and loose and produced
a large number of cracks, but on the macroscopic level, it mainly showed that the mortar
gas permeability increased.

3.3.2. NMR T2 Spectra and Fractal Analysis

The T2 relaxation time distributions for mortar are shown in Figure 12. The T2
spectrum is positively correlated with the amount of pore water content of concrete, i.e., the
change in T2 spectrum distribution can reflect the variation of the pore volume of concrete
material. In the T2 spectrum distribution, the horizontal x-axis represents the relaxation
time, which is proportional to the pore size, the longer the relaxation time, the larger the
pore size, and vice versa, the smaller the pore size. The variation of the area of the T2
spectrum reflects the variation of the pore volume; the larger the area, the larger the pore
volume in the area corresponding to the pore diameter, and vice versa [17].
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From Figure 12, it can be seen that the internal pore structure of the mortar after high-
temperature treatment is changed compared to the reference group. Firstly, there are two
peaks in the T2 spectra of all mortars, and the primary peak is larger than the secondary
peak, and the distribution of the primary peak occupies three orders of magnitude in
all cases. The range relaxation time corresponding to the primary peak is shorter, then
the primary peak represents the change in micro and small pores, while the second peak
represents the change in medium and large pores. As the temperature increases and the
heating rate increases the main peak shifts to the right and the relaxation time becomes
longer, indicating that many micropores are transformed into medium pores during the
heating process, etc. The secondary peak also gradually shifts to the right, indicating that
some medium pores evolve into large pores. It can also be seen that the secondary peak
amplitude gradually increases with the increase in the heating rate at 500 ◦C and 600 ◦C,
which indicates that the change in the heating rate at these two temperatures has a more
significant effect on the medium and large pores inside the mortar.

Figure 13 describes the changes in the pore size distribution of mortar after different
high-temperature treatments. It can be seen that the pore size distribution plots are basically
similar to the T2 spectra, and there are two peaks in the pore size distribution plots of
mortar after different temperature damage, and the primary peaks are larger than the
secondary peaks. The pore size distribution of all the mortars after heating is mainly in
the range of 0.001~100 µm, and all of them have the largest amplitude of the main peak,
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indicating that the pore size distribution is the largest in the range of 0.001~0.1 µm. It can
be found that the pore size distribution gradually moves to the right with the increase
in temperature at the same heating rate, indicating that the pore size inside the mortar
gradually increases during the heating process. At the same temperature, with the increase
in heating rate, the pore size distribution of mortar gradually increases. At 500 ◦C, the
change in both primary and secondary peaks with heating rate is more obvious, and at
600 ◦C, the change in secondary peaks with heating rate is more obvious. This further
indicates that the higher the heating temperature and the faster the heating rate, the more
significant the effect on the pore structure of the mortar.
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Based on the mortar pore size distribution in Figure 13, the linear regression equation
of pore size and pore volume is established based on Equation (7), and the fractal dimension
D of the mortar can be obtained by recalculating the coefficients of the obtained linear
regression equation are roughly the same.

Figure 14 shows the fractal dimension fit for medium and large pores (pore size >0.05 µm)
of mortar, and the correlation coefficient is 0.9839, which is a good fit and shows a strong
correlation, indicating that the fractal characteristics of medium and large pores are more
obvious after high-temperature damage after reducing the pore size range, and these pores
play a major role in the macroscopic properties of mortar.
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From Figures 15 and 16, it can be seen that the fractal dimension of mortar decreases
gradually with the increase in heating temperature at the same heating rate. The fractal
dimension of mortar decreases gradually with the increase in the heating rate at 500 ◦C
and 600 ◦C. The fractal dimension of mortar is maximum at 60 ◦C and minimum at 600 ◦C
(15 ◦C/min). This is because, at 60 ◦C, the pores inside the mortar consisted of many
micropores with a complex pore distribution and large fractal dimension, and after the
high-temperature treatment, many micropores inside the mortar evolved into medium and
large pores, and the pore structure became single, and the fractal dimension was small.
This indicates that the fractal dimension of mortar is related to the size of pores, when the
number of micropores is relatively large, the distribution density of internal pores is tighter
and the pores are intricate and complex, so the fractal dimension is larger, when some pores
gradually evolve into medium and large pores, the distribution density of pores is sparse
leading to the decrease in fractal dimension. At the same time, the fractal dimension shows
a good quadratic function with temperature and a primary function with temperature
rise rate.

Materials 2022, 15, x FOR PEER REVIEW 15 of 18 
 

 

 
Figure 15. Relationship between fractal dimension and temperature. 

 
Figure 16. Relationship between fractal dimension and heating rate. 

In Figure 17, the initial gas permeability of all mortars was fitted with the fractal di-
mension, and it was found that the polynomial fit was the best among all the fitted rela-
tionships, and the fractal dimension showed a negative correlation with the gas permea-
bility, and the best mathematical relationship model was a quadratic function. After high-
temperature damage, many small pores in the mortar evolve into large pores, the gas per-
meability increases, and the fractal dimension of the corresponding pores decreases. It can 
be said that the percolation path extended leading to a decrease in gas permeability. From 
Figure 18, the initial porosity of all mortars was fitted with a fractal dimension, and it was 
found that the polynomial fit was the best among all fitted relationships, the fractal di-
mension showed a negative correlation with the initial porosity, and the best mathemati-
cal relationship model was a quadratic function. This indicates that the larger the fractal 
dimension is, the more complex the pore distribution is and the smaller the porosity is. 
The main reason is when the fractal dimension is larger, the pores inside the mortar are 
mainly small and medium pores, the distribution of different types of pores in the limited 
space is intricate and complex, the internal pore structure is denser, and the porosity 
measured by the gas method is smaller. When the mortar is damaged by high tempera-
ture, many pores evolve into large pores and the pores pass through each other, the dis-
tribution of pore structure inside the mortar is simple, and the porosity increases. 

Figure 15. Relationship between fractal dimension and temperature.



Materials 2022, 15, 6505 15 of 18

Materials 2022, 15, x FOR PEER REVIEW 15 of 18 
 

 

 
Figure 15. Relationship between fractal dimension and temperature. 

 
Figure 16. Relationship between fractal dimension and heating rate. 

In Figure 17, the initial gas permeability of all mortars was fitted with the fractal di-
mension, and it was found that the polynomial fit was the best among all the fitted rela-
tionships, and the fractal dimension showed a negative correlation with the gas permea-
bility, and the best mathematical relationship model was a quadratic function. After high-
temperature damage, many small pores in the mortar evolve into large pores, the gas per-
meability increases, and the fractal dimension of the corresponding pores decreases. It can 
be said that the percolation path extended leading to a decrease in gas permeability. From 
Figure 18, the initial porosity of all mortars was fitted with a fractal dimension, and it was 
found that the polynomial fit was the best among all fitted relationships, the fractal di-
mension showed a negative correlation with the initial porosity, and the best mathemati-
cal relationship model was a quadratic function. This indicates that the larger the fractal 
dimension is, the more complex the pore distribution is and the smaller the porosity is. 
The main reason is when the fractal dimension is larger, the pores inside the mortar are 
mainly small and medium pores, the distribution of different types of pores in the limited 
space is intricate and complex, the internal pore structure is denser, and the porosity 
measured by the gas method is smaller. When the mortar is damaged by high tempera-
ture, many pores evolve into large pores and the pores pass through each other, the dis-
tribution of pore structure inside the mortar is simple, and the porosity increases. 

Figure 16. Relationship between fractal dimension and heating rate.

In Figure 17, the initial gas permeability of all mortars was fitted with the fractal
dimension, and it was found that the polynomial fit was the best among all the fitted
relationships, and the fractal dimension showed a negative correlation with the gas per-
meability, and the best mathematical relationship model was a quadratic function. After
high-temperature damage, many small pores in the mortar evolve into large pores, the gas
permeability increases, and the fractal dimension of the corresponding pores decreases. It
can be said that the percolation path extended leading to a decrease in gas permeability.
From Figure 18, the initial porosity of all mortars was fitted with a fractal dimension, and it
was found that the polynomial fit was the best among all fitted relationships, the fractal
dimension showed a negative correlation with the initial porosity, and the best mathemati-
cal relationship model was a quadratic function. This indicates that the larger the fractal
dimension is, the more complex the pore distribution is and the smaller the porosity is. The
main reason is when the fractal dimension is larger, the pores inside the mortar are mainly
small and medium pores, the distribution of different types of pores in the limited space
is intricate and complex, the internal pore structure is denser, and the porosity measured
by the gas method is smaller. When the mortar is damaged by high temperature, many
pores evolve into large pores and the pores pass through each other, the distribution of
pore structure inside the mortar is simple, and the porosity increases.
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4. Conclusions

This experimental study investigates the effect of heating rate on the variations in
the gas permeability and microstructure. Three heating rates 5 ◦C/min, 10 ◦C/min, and
15 ◦C/min were selected. The gas permeability and porosity were measured by using the
gas injection method, and the microstructure was analyzed with an SEM and NMR. Fractal
characteristics of mortar were studied by using NMR analyses. The specific conclusions are
as follows:

(1) The initial gas permeability increased by two orders of magnitude and the initial
porosity increased by 1.77 times in the mortar after it heated compared with the
reference group (60 ◦C). The higher the target temperature the faster the heating rate
has a greater effect on the gas permeability and porosity (i.e., heating at 15 ◦C/min
to 600 ◦C). The microstructure analysis showed that the variations contribute to an
increase in pore size and microcrack generation.

(2) The gas permeability measurement under varying confining pressure displays a
different behavior during the loading and unloading phase. All heated mortar showed
significant pore volume reduction, which is not recovered after unloading due to
the creation of microcracks at the sand/cement paste interface by heat treatment.
These microcracks had varying width and tortuosity; therefore, they provide more
gas passage at low confinement, and partially closed irreversibly at higher confining
pressure. Compared with porosity, gas permeability is more sensitive to confining
pressure, and the irreversibility of porosity confirms the irreversible closure of cracks
and irreversible collapse of pores during the loading and unloading phase.

(3) Thermal treatment at elevated temperatures may change the microstructure of mortar.
The results obtained from SEM showed more micro gaps and microcracks in the
mortar with the increased temperatures and heating rates. It confirmed the increase
in connectivity of pore and microcrack with increasing temperature.

(4) NMR relaxation is an efficient tool for non-destructively and quantitatively evaluat-
ing the pore structure of cement-based materials. Based on NMR experiment data,
there is a slight decrease in the fractal dimension of pore volume with the increased
temperatures and heating rates. Fractal dimensions calculated from the T2 spectrum
show negative correlation relationships with the gas permeability and porosity.

Author Contributions: Conceptualization, W.C. and F.S.; investigation, M.S. and W.C.; methodology,
Y.L. (Yuehan Liu), H.Z. and M.S.; validation, W.C.; writing—original draft, Y.L. (Yue Liang) and W.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (grant: 51709097).



Materials 2022, 15, 6505 17 of 18

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank the National Natural Science Foundation of
China (grant: 51709097).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Struble, L.; Garboczi, E.; Clifton, J. Durability of High-Performance Cement-Based Materials. MRS Online Proc. Libr. 1991, 245,

329–340. [CrossRef]
2. Carriço, A.; Real, S.; Bogas, J.A. Durability performance of thermoactivated recycled cement concrete. Cem. Concr. Compos. 2021,

124, 104270. [CrossRef]
3. Carriço, A.; Real, S.; Bogas, J.A.; Pereira, M.F.C. Mortars with thermo activated recycled cement: Fresh and mechanical

characterisation. Constr. Build. Mater. 2020, 256, 119502. [CrossRef]
4. Li, Q.; Wang, M.; Sun, H.; Yu, G. Effect of heating rate on the free expansion deformation of concrete during the heating process.

J. Build. Eng. 2021, 34, 101896. [CrossRef]
5. Jiang, Z.-L.; Pan, Y.-J.; Lu, J.-F.; Wang, Y.-C. Pore structure characterization of cement paste by different experimental methods

and its influence on permeability evaluation. Cem. Concr. Res. 2022, 159, 106892. [CrossRef]
6. Shi, J.; Qian, R.; Wang, D.; Liu, Z.; Chun, Q.; Zhang, Y. Experimental study on gas petrmeability of cement-based materials. Cem.

Concr. Compos. 2022, 129, 104491. [CrossRef]
7. Li, K.; Xu, L.; Stroeven, P.; Shi, C. Water permeability of unsaturated cementitious materials: A review. Constr. Build. Mater. 2021,

302, 124168. [CrossRef]
8. Chen, W.; Liu, J.; Brue, F.; Skoczylas, F.; Davy, C.A.; Bourbon, X.; Talandier, J. Water retention and gas relative permeability of two

industrial concretes. Cem. Concr. Res. 2012, 42, 1001–1013. [CrossRef]
9. Chen, W.; Han, Y.; Agostini, F.; Skoczylas, F.; Corbeel, D. Permeability of a Macro-Cracked Concrete Effect of Confining Pressure

and Modelling. Materials 2021, 14, 862. [CrossRef]
10. Gupta, S.; Kua, H.W.; Pang, S.D. Effect of biochar on mechanical and permeability properties of concrete exposed to elevated

temperature. Constr. Build. Mater. 2020, 234, 117338. [CrossRef]
11. Shen, J.; Xu, Q. Effect of elevated temperatures on compressive strength of concrete. Constr. Build. Mater. 2019, 229, 116846.

[CrossRef]
12. Chen, X.-t.; Caratini, G.; Davy, C.A.; Troadec, D.; Skoczylas, F. Coupled transport and poro-mechanical properties of a heat-treated

mortar under confinement. Cem. Concr. Res. 2013, 49, 10–20. [CrossRef]
13. Chadli, M.; Tebbal, N.; Mellas, M. Impact of elevated temperatures on the behavior and microstructure of reactive powder

concrete. Constr. Build. Mater. 2021, 300, 124031. [CrossRef]
14. Xue, W.; Shen, L.; Jing, W.; Li, H. Permeability evolution and mechanism of thermally damaged basalt fiber-reinforced concrete

under effective stress. Constr. Build. Mater. 2020, 251, 119077. [CrossRef]
15. Pei, Y.; Agostini, F.; Skoczylas, F. The effects of high temperature heating on the gas permeability and porosity of a cementitious

material. Cem. Concr. Res. 2017, 95, 141–151. [CrossRef]
16. Zhao, Y.; Ding, D.; Bi, J.; Wang, C.; Liu, P. Experimental study on mechanical properties of precast cracked concrete under different

cooling methods. Constr. Build. Mater. 2021, 301, 124141. [CrossRef]
17. Kim, K.Y.; Yun, T.S.; Park, K.P. Evaluation of pore structures and cracking in cement paste exposed to elevated temperatures by

X-ray computed tomography. Cem. Concr. Res. 2013, 50, 34–40. [CrossRef]
18. Ye, B.; Cheng, Z.; Ni, X. Effects of multiple heating-cooling cycles on the permeability and microstructure of a mortar. Constr.

Build. Mater. 2018, 176, 156–164. [CrossRef]
19. Ge, X.; Fang, K.; Zeng, L.; Chen, X. Properties of leakage corrosion of concrete and its durability. J. Wuhan Univ. Technol.-Mater Sci.

Ed. 2008, 23, 946–949. [CrossRef]
20. Jiang, L.; Guan, Y. Pore structure and its effect on strength of high-volume fly ash paste. Cem. Concr. Res. 1999, 29, 631–633.

[CrossRef]
21. Kumar, R.; Bhattacharjee, B. Porosity, pore size distribution and in situ strength of concrete. Cem. Concr. Res. 2003, 33, 155–164.

[CrossRef]
22. Zeng, Q.; Li, K.; Fen-Chong, T.; Dangla, P. Pore structure of cement pastes through NAD and MIP analysis. Adv. Cem. Res. 2016,

28, 23–32. [CrossRef]
23. Yang, J.; Zeng, J.; He, X.; Zhang, Y.; Su, Y.; Tan, H. Sustainable clinker-free solid waste binder produced from wet-ground

granulated blast-furnace slag, phosphogypsum and carbide slag. Constr. Build. Mater. 2022, 330, 127218. [CrossRef]
24. Wang, Y.; Diamond, S. A fractal study of the fracture surfaces of cement pastes and mortars using a stereoscopic SEM method.

Cem. Concr. Res. 2001, 31, 1385–1392. [CrossRef]
25. Wang, L.; Xiao, L.; Yue, W. NMR Characterization of Pore Structure and Connectivity for Nano-self-assembly γ-Al2O3 and

Precursor. Appl. Magn. Reson. 2018, 49, 1099–1118. [CrossRef]

http://doi.org/10.1557/PROC-245-329
http://doi.org/10.1016/j.cemconcomp.2021.104270
http://doi.org/10.1016/j.conbuildmat.2020.119502
http://doi.org/10.1016/j.jobe.2020.101896
http://doi.org/10.1016/j.cemconres.2022.106892
http://doi.org/10.1016/j.cemconcomp.2022.104491
http://doi.org/10.1016/j.conbuildmat.2021.124168
http://doi.org/10.1016/j.cemconres.2012.04.003
http://doi.org/10.3390/ma14040862
http://doi.org/10.1016/j.conbuildmat.2019.117338
http://doi.org/10.1016/j.conbuildmat.2019.116846
http://doi.org/10.1016/j.cemconres.2013.03.006
http://doi.org/10.1016/j.conbuildmat.2021.124031
http://doi.org/10.1016/j.conbuildmat.2020.119077
http://doi.org/10.1016/j.cemconres.2017.01.003
http://doi.org/10.1016/j.conbuildmat.2021.124141
http://doi.org/10.1016/j.cemconres.2013.03.020
http://doi.org/10.1016/j.conbuildmat.2018.05.009
http://doi.org/10.1007/s11595-007-6946-5
http://doi.org/10.1016/S0008-8846(99)00034-4
http://doi.org/10.1016/S0008-8846(02)00942-0
http://doi.org/10.1680/adcr.14.00109
http://doi.org/10.1016/j.conbuildmat.2022.127218
http://doi.org/10.1016/S0008-8846(01)00591-9
http://doi.org/10.1007/s00723-018-1029-7


Materials 2022, 15, 6505 18 of 18

26. Ji, Y.; Sun, Z.; Yang, X.; Li, C.; Tang, X. Assessment and mechanism study of bleeding process in cement paste by 1H low-field
NMR. Constr. Build. Mater. 2015, 100, 255–261. [CrossRef]

27. Zhang, J.; Guo, J.; Li, D.; Zhang, Y.; Bian, F.; Fang, Z. The influence of admixture on chloride time-varying diffusivity and
microstructure of concrete by low-field NMR. Ocean Eng. 2017, 142, 94–101. [CrossRef]

28. Tziotziou, M.; Karakosta, E.; Karatasios, I.; Diamantopoulos, G.; Sapalidis, A.; Fardis, M.; Maravelaki-Kalaitzaki, P.; Papavassiliou,
G.; Kilikoglou, V. Application of 1H NMR to hydration and porosity studies of lime–pozzolan mixtures. Microporous Mesoporous
Mater. 2011, 139, 16–24. [CrossRef]

29. Zhou, C.; Ren, F.; Zeng, Q.; Xiao, L.; Wang, W. Pore-size resolved water vapor adsorption kinetics of white cement mortars as
viewed from proton NMR relaxation. Cem. Concr. Res. 2018, 105, 31–43. [CrossRef]

30. Winslow, D.N. The fractal nature of the surface of cement paste. Cem. Concr. Res. 1985, 15, 817–824. [CrossRef]
31. Gao, Y.; Gu, Y.; Mu, S.; Jiang, J.; Liu, J. The multifractal property of heterogeneous microstructure in cement paste. Fractals 2021,

29, 2140006. [CrossRef]
32. Tang, S.W.; He, Z.; Cai, X.H.; Cai, R.J.; Zhou, W.; Li, Z.J.; Shao, H.Y.; Wu, T.; Chen, E. Volume and surface fractal dimensions of

pore structure by NAD and LT-DSC in calcium sulfoaluminate cement pastes. Constr. Build. Mater. 2017, 143, 395–418. [CrossRef]
33. Zhang, L.; Zhou, J. Fractal characteristics of pore structure of hardened cement paste prepared by pressurized compact molding.

Constr. Build. Mater. 2020, 259, 119856. [CrossRef]
34. Zeng, Q.; Luo, M.; Pang, X.; Li, L.; Li, K. Surface fractal dimension: An indicator to characterize the microstructure of cement-based

porous materials. Appl. Surf. Sci. 2013, 282, 302–307. [CrossRef]
35. Yu, P.; Duan, Y.H.; Chen, E.; Tang, S.W.; Wang, X.R. Microstructure-based fractal models for heat and mass transport properties of

cement paste. Int. J. Heat Mass Transf. 2018, 126, 432–447. [CrossRef]
36. Tang, S.; Wang, Y.; Geng, Z.; Xu, X.; Yu, W.; A, H.; Chen, J. Structure, Fractality, Mechanics and Durability of Calcium Silicate

Hydrates. Fractal Fract. 2021, 5, 47. [CrossRef]
37. Jin, S.; Zhang, J.; Han, S. Fractal analysis of relation between strength and pore structure of hardened mortar. Constr. Build. Mater.

2017, 135, 1–7. [CrossRef]

http://doi.org/10.1016/j.conbuildmat.2015.09.062
http://doi.org/10.1016/j.oceaneng.2017.06.065
http://doi.org/10.1016/j.micromeso.2010.10.010
http://doi.org/10.1016/j.cemconres.2017.12.002
http://doi.org/10.1016/0008-8846(85)90148-6
http://doi.org/10.1142/S0218348X21400065
http://doi.org/10.1016/j.conbuildmat.2017.03.140
http://doi.org/10.1016/j.conbuildmat.2020.119856
http://doi.org/10.1016/j.apsusc.2013.05.123
http://doi.org/10.1016/j.ijheatmasstransfer.2018.05.150
http://doi.org/10.3390/fractalfract5020047
http://doi.org/10.1016/j.conbuildmat.2016.12.152

	Introduction 
	Experimental Procedure 
	Materials and Specimens 
	Testing Program 
	Mass Loss Rate 
	Measurements of the Gas Permeability and Porosity 
	Microstructural Analysis 

	Determining Fractal Dimension from NMR 

	Results and Discussion 
	Effect of Heating Rate on Mass Loss 
	Effect of Heating Rate on Gas Permeability and Porosity 
	Initial Gas Permeability and Initial Porosity 
	Effect of Confinement on Gas Permeability and Porosity 

	Pore Structure of Mortar 
	Image Analysis 
	NMR T2 Spectra and Fractal Analysis 


	Conclusions 
	References

