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Abstract

The porosity of concrete affects the durability of reinforced concrete structures, wherein high levels of porosity are linked to a shorter
service life. Recent works have noted that high porosity levels naturally exist in the aftermath of a fire exposure - especially when
concrete is classified as high strength concrete (HSC). To shed more light into this phenomenon, this paper showcases a method
for measuring the porosity of HSC under elevated temperatures through scanning electron microscopy (SEM). In this method, SEM-
based images were examined to quantify the surface porosity of fire-affected HSC. Detailed image analysis was performed for HSC
exposed to various heating durations. The study concludes that the surface porosity obtained via the SEM processing method is in
good agreement with that from the SEM-based method (with a minor average difference of 3.8%). As such, the proposed method is

expected to be reliable for the porosity analysis of fire-damaged concrete.
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1 Introduction

High strength concrete (HSC) is a dense and an impervi-
ous construction material with higher strength and long
serviceability and hence is widely preferred for the con-
struction of infrastructures. In the event of a fire, the
material properties of HSC degrade, and temperature-in-
duced changes adversely affect the microstructure of HSC,
which also negatively affect the porosity of concrete by
inducing micro- and macro-sized cracks and pores. Since
the load carrying capacity of reinforced concrete (RC) ele-
ments are closely linked with the mechanical properties of
concrete (including porosity), then examining the porosity
of fire-affected HSC is of importance.

Various methods are available in design standards to
measure the porosity of construction materials [1]. Water
permeability, sorptivity, and water absorption are some of
the conventional experimental methods used to determine
the porosity of concrete [2]. These methods provide infor-
mation about the porosity of concrete, and they depend on
many parameters such as strength grade, type of cement/

admixtures, type of concrete, etc. [3]. However, such
methods require specialized equipment and hence are
costly and may not be readily available [4]. On the other
hand, image-based analysis of porosity requires reduced
amount of time and effort [5]. This, it is a preferable ana-
lytical method to study in-depth the behavior and nature
of pores. The effect of porosity and the related strength of
concrete depends on the geometry, structure, density, and
connectivity in the micro-structure [6].

Fire-affected concrete exhibits higher compressive
strength loss and higher porosity than concrete under
ambient conditions. Former studies indicated that the dam-
age level in terms of porosity is higher for concrete with
higher strength [7]. The porous morphology is extremely
complex in the fire-affected concrete. Recently, digital
image processing-based methods have been leveraged to
study porosity distribution and total porosity of concrete.
Few researchers have used porosity analysis using the
SEM images technique to study the porosity of different
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concrete types [8, 9]. SEM images are used to segment the
porosity of powder concrete. The threshold-based method
is adopted to classify the SEM images [8].

Image analysis provides representative and reproduc-
ible data which can be used to study the behavioral char-
acteristics of fire-affected concrete. For instance, [9] used
a combination of imaging techniques such as binary oper-
ations, filtering, grey-level thresholding to separate aggre-
gate particles from cement paste in backscattered elec-
tron (BSE) images of concrete. Image analysis was used
to segment the aggregate from BSE images, and thereby
porosity was measured. The image-based method was
adopted to find the porosity. The average porosity calcu-
lated through image analysis was compared with differ-
ent volumetric methods. The image recognition technique
was used to significantly analyze the micromorphology
of concert samples. The correlation between compressive
strength and textural features are higher than 90% [10].

The pore network of high-performance concrete (HPC)
was analyzed through 3D SEM [11]. Four HPC samples
are imaged in order to find pore structure. The imaging
techniques of skeletonization and thresholding were used
to find the pore size distribution Imagel] software with
default algorithms and parameters was used to segment
the pores from SEM images. The Otsu threshold algorithm
produced good visualization results in comparison with
other algorithms. Quantification of porosity in carbonates
and aragonite sandstone was studied by [12]. The batch-
based image processing techniques were successfully
adopted to identify and quantify the porosity in SEM
images. Low and high grey values of SEM images were
taken as thresholds in order to find pores. The pore vol-
umes were quantified through a mercury intrusion poro-
simeter. Table 1, describes the recent trends in concrete
subjecting to temperature exposure. SEM was also used to
measure the porosity of materials such as aluminum [13],
cement mix [14], titanium alloy [15], and coal [16].

The determination of porosity of fire-affected concrete
using SEM images is less studied in the literature. Hence,
analysis of porosity of HSC under elevated temperature
based on SEM images is gaining more attention in study-
ing the changes in the behavior of microstructure of con-
crete paste. The main objective of this investigation is to

Table 1 Details of Mix Proportion of Ingredients (kg/m?)

Binder (Cement Fine Coarse w/c

+ fly ash) Aggregate Aggregate ratio Superplasticizer

565 782 1256 0.34 5.52

develop an image processing-based method to quantify
the surface porosity of fire-affected HSC. A secondary
objective is to ensure that the developed method provides
better pore detection and quantification than the conven-
tional experimental methods. This investigation empha-
sizes the determination of porosity in terms of the per-
centage of fire-affected concrete specimens with different
heating durations. SEM analysis results considered in this
study are based on real experimental testing programs.

2 Experimental program and methodology

2.1 Preparation of HSC specimens

Concrete samples with a strength grade of M60 were pre-
pared with ordinary Portland cement (53 grade), manu-
factured sand, granite stones, and Class F fly ash as per
IS 10262:2016 [17]. The specific gravity of cement, fine
and coarse aggregates were 3.15, 2.62, and 2.68, respec-
tively. Superplasticizer was used to achieve a target slump
of 100-125 mm. A series of trials were conducted to arrive
at a design mix that satisfies the workability and hardened
properties of concrete. Table 1 shows the mix proportion
used for HSC.

A number of cube specimens of size 150 x 150 x 150 mm
was used to assess the compressive strength of HSC.
Concrete samples were kept for curing for about 28 days,
and these were kept at £30 °C for 48 hours before the ele-
vated temperature test. The compressive strength of con-
trol specimens was examined and reported as 62.25 MPa.
Other samples were kept in a specialized furnace and
heated up to 60 °C for 1 hour to release the absorbed water,
prior to the elevated temperature testing.

Then these specimens were heated in a computer-con-
trolled electrical furnace following the ISO834 standard
fire temperature curve for two hours (Fig. 1(a)). The HSC
specimens were heated for 60 min (maximum temperature
of 925 °C), 120 min (maximum temperature of 1029 °C),
180 min (maximum temperature of 1090 °C), and 240 min
(maximum temperature of 1133 °C).
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Fig. 1 (a) Time-Temperature curve, (b) locations of thermocouples in
cube specimens



2.2 Heating regime of HSC specimens

The heating regime in the furnace follows the European
standard temperature-time curve (ISO 834, [18]). To heat
the HSC samples to the desired temperatures and duration,
a digitally-controlled computerized furnace with inner
dimensions of 900 mm X 500 mm X 500 mm and a power
capacity of 110 kW was used. The maximum heating capac-
ity temperature of the furnace is 1250 °C. The furnace is
equipped with a microcontroller that can be programmed
to control the temperature as per the standard temperature
curve (Eq. (1)), as shown in Fig. 1(a).

The furnace consists of coils on four sides that heat the
specimens through radiation when the target temperature
is set. The furnace has two displays: a) set value display
which records the specimen's temperature at different time
intervals, and b) program value display which shows the
coils' temperature at a given time. Thermocouples were
connected to a control panel to record the temperature
inside the furnace and on the test specimens (Fig. 1(b)).

After the temperature is set, the coil heats the speci-
mens till the target time is reached, and then the furnace
stops automatically (see Fig. 2). Then, the specimens are
taken out from the furnace and placed in a closed area for
air cooling.

3 Mechanical properties of HSC

The fresh and hardened properties of reference and heated
samples are shown in Table 3. It can be seen from this
table that the developed HSC satisfies the target slump
and is in the range of 112—-132 mm. Tests are conducted
to assess the compressive and tensile strength of control
specimens and concrete exposed to the standard fire. After
the specified curing period, the specimens are removed
from the curing environment and tested for compres-
sive strength. The specimens are aligned properly on the
testing machine's platen, ensuring even loading. A com-
pressive force is applied gradually and uniformly to the
specimen using a Compression Testing Machine (CTM).
The load is applied at a constant rate until the specimen
fails, typically at a loading rate of 0.2 to 0.4 MPa/second
in accordance with IS 516:2004 [19].

A drop in both residual compressive and residual tensile
strength was observed as the heating duration increased.
The loss in the compressive strength was between 26.8%
and 84.5% for the samples heated to 60 and 240 min,
respectively. Also, a drastic loss in tensile strength was
noted, and the loss ranged between 32.4% and 88% for the
samples subjected to 60 min to 180 min heating exposure.

Andrushia et al. | 56/'
Period. Polytech. Civ. Eng., 68(2), pp. 559-570, 2024

However, HSC 240 specimens did not sustain any loads
and failed under self-weight. The disruption of CSH gel,
thermal incompatibility between cement paste and aggre-
gate and development of macrocracks are some of the
reasons for the reduction in compressive strength of con-
crete [20]. Also, the concrete is more sensitive to tensile
loading after the higher temperature exposure. As the con-
crete porous and damaged with microcracks under the ele-
vated temperature, further with the application of tensile
stresses the rate of reduction in tension capacity of con-
crete is higher as compared to compression capacity.

4 Acquisition of SEM images
A scanning electron microscope (SEM) scans a focused
electron beam over a surface to create an image. The elec-
trons in the beam interact with the sample, producing vari-
ous signals that can be used to obtain information about the
surface topography and composition. SEM is an ideal meth-
odology suitable for the investigation of surface morphol-
ogy and microstructure characterization. The SEM images
provide data regarding the size of the grain, shape of the
grain, and porosity of the sample with high resolution [21].
The SEM analysis was carried out on HSC samples
to study morphology using JEOL JSM-6390 model. It is
a high-performance electron microscope with a higher res-
olution ranging from less than 1 nm. It has a customized
GUI interface in the instrument for operation. The speci-
fications are: voltage: 0.5 to 32 kV, Magnification: X5 to
300000, Filament type: Pre-cantered W hairpin filament,
Lens: Super conical type

Fig. 2 View of HSC cube under temperature exposure

Table 3 Workability and Mechanical properties of HSC

Sample ID Slump (mm) Sg;rlxglrle(sl\s/i[\;; Tensi(l;z/ls;;;zngth
HSC-Ref 112-132 62.25 7.22

HSC 60* - 45.56 4.90

HSC 120 - 22.23 1.76

HSC 180 - 14.82 0.86

HSC 240 - 9.65 -

* HSC 60- High strength concrete exposed to 60 min duration
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The materials were prepared on a carbon-coated cop-
per grid by just dropping a small amount of sample (5 mg)
on the grid. The excess sample was then removed, and the
films on the SEM grid were allowed to dry by putting it
under a mercury lamp for 5 min. The working chamber can
house the specimen with a maximum diameter of 6-inches.

The procedure which is usually used to capture the
image is as follows; the HSC samples are mounted on
a substrate with a gold-plated arrangement in a vacuum.
After the coating, the samples are kept on the microscope
for initial processing. It is mounted on the grid, and the
position of samples can be adjusted in all three direc-
tions by tilting or rotation. Further, the signal is released
between electrons and atoms on the HSC specimens. SEM
micrographs can be captured in two methods i.e., back-
scattered and secondary emission. In the present study,
a secondary emission model was adopted.

A field emission scanning electron microscope (FESEM)
was used to envisage a small topographic detail on the sur-
face of HSC samples (Fig. 3). This technique can be used
to detect the samples even in the range of less than 1 nano-
meter. Microscopic examinations were made on the HSC
samples with a ZEISS microscope.

The investigation was conducted on HSC samples that
were exposed to elevated temperatures. After the heat-
ing and subsequent natural air-cooling process, the sam-
ples were tested to find the loss in compressive strength
and further damage assessment. After the strength test,
HSC samples were collected into plastic bags to conduct
the SEM test. Samples of size between 3 and 4 cm were
extracted from the damaged specimens without coarse
aggregate. The concrete pieces were imaged by an electron
microscope at 1000 magnifications. The damage levels in

Fig. 3 View of FESEM used for this investigation

the sample are quantified in terms of area, porosity per-
centage, and microcrack width of the specific samples.
The measured mean porosity from the identified samples
is used for comparing the image-based porosity.

Fig. 4 shows the high-strength fire-damaged concrete
samples heated for different durations (i.e., 60/120/180 and
240 min). It is visible from the images that the pores are
displayed very prominently. SEM images indicate the sig-
nificant changes in the surface morphology of HSC speci-
mens in terms of microcracks, pores, and voids, as a result
of heating exposure. The SEM micrographs disclosed the
characteristics and features of damaged constituent mate-
rials after thermal exposure.

Fig. 5 shows the SEM images of high-strength fire-dam-
aged concrete samples heated for different durations (i.e.,
60/120/180 and 240 min.). The SEM images are much
helpful in identifying the changes due to the degradation
of concrete at elevated temperatures [22]. It demonstrates
the decomposition of calcium hydroxide and calcium sili-
cate hydrate gel, with the development of cracks under the
effect of temperature. Changes were noted in the struc-
ture of affected samples of HSC, the interface between
the aggregate phase, and the cement paste of the exposed

Fig. 5 SEM images of HSC exposed to Elevated temperature:
(a) 60 min, (b) 120 min (c) 180 min (d) 240 min



samples. The increase in temperature increases the quan-
tity of microcracks in terms of length and width. Fig. 6
shows the flow diagram for pores detection.

4.1 Image processing technique
Let I(x, y) be the continuous input image. The grayscale
of the input image concerning the coordinates is continu-
ous. The sampling and quantization processes are used to
obtain the digital images. In the digital images, the gray
colour values vary from 0 to 255. The digital SEM images
are two-dimensional signals which are represented by
A x B matrix. The digital images J,, can be stored and
analyzed in the matrix form, which is given below:
J(0,0) J(0,B-1)
J(x,y)= : : ) (1)
J(A4-1,0) J(A-1,B-1)
The prime processing blocks of digital images are pre-
processing, enhancement, binarization, and thresholding.
The pre-processing step is used to remove noises that are
caused by acquisition sensors, capturing the environment
and humans. The SEM images are usually affected by salt
and pepper noise. The median filter is used to remove the
noise [23]. Due to insufficient exposure, the SEM image
gray levels may be limited, which may adversely affect
the determination of pores. To enhance the image quality,
the enhancement step is undertaken. The main purpose is
that the enhanced SEM image provides acceptable con-
trast and brightness. With the image enhancement step,
the major and minor pores are identified well. Initially, the
deficient SEM image intensities are regularized by apply-
ing Egs. (2) and (3).

M(x,y :& Q)
VE( (')
M(x.y)
N(x,y)=
(x y) ;\J/E(min(yJM(x',y'Vl )) 3

Where I(x, y) is the input image with the coordinates
(x, ). M(x, y) and N(x, y) is the outcome images of Egs. (2)
and (3). is the compressive exponent used to reduce the
effect of high values. y is the adaptive threshold that is used
to regulate very high intensities. The values of y are 15 to
20, and the value of i is 0.22. Even after the regularization
process, extreme values of intensities exist. To avoid this
and to provide suitable contrast enhancement, the follow-
ing trigonometric function is applied.
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Fig. 6 Flow diagram for pore detection
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Where, O(x, y) is the final resulting image. The major
challenge lies in the setting of threshold values. The SEM
images vary to the different heating specimens. In some
images, the regularization step increases the brightness of
the entire SEM images causing the essential information
of the images to vanish. To customize this regularization
step, the adaptive threshold values are tuned into a sin-
gle threshold value as y (y > 0). The logistic function and
modified logistic function are used to control the overall
brightness and contrast of the inputs (Eq. (5)).

eN”(x’y) V4
L= LoV () ®)

Where L/. is the resultant image that is applied with
logistic function. The resultant image has a modified con-
trast, and it is normalized by its maximum intensities.

After the image enhancement, the binarization step
is applied to the input. It is used to identify the damage
regions and their occurrence percentage. To maintain the
relative consistency, the grayscale images are turned into
binary images with two gray levels. The black color indi-
cates pore damage, while the white color indicates damage-
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free regions. Histogram-based thresholding is adopted
to separate the grayscale images. If the gray color levels
of input images are below the predefined threshold, then
these are considered as the target damages, and the gray
levels which are above the threshold are discarded.

4.2 Distribution of pores

After the detection of pores, the percentage of pore distri-
bution is determined using the image volume method [24].
The total sum of porosity pixels of the input images is
divided by the sum of areas of the image, and it is multi-
plied by 100 to determine the porosity percentage. Each
fire-affected HSC specimen is imaged under various heat-
ing durations i.e., 60/120/180 and 240 min. Fifty sub-im-
ages are taken from each SEM image which produces fifty
porosities using the aforesaid method. The average poros-
ity is taken as the porosity of each specimen. The same
method is also adopted for other specimens to determine
the average porosity.

5 Analysis of results and discussions

5.1 Detection of pores

The SEM images were taken in the size of 128 x 128. In total,
500 images were considered in the present investigation.
The image processing steps were applied to the input SEM
image, and the porous regions of the images were detected.
Fig. 7 shows the SEM images of the HSC specimens
with various heating durations, quantified porosity, and
the corresponding porous damages. The final processed
images after enhancement, binarization, and thresholding
are presented in the Fig. 7 where the black regions identify
the pores. The porosity is the ratio of pores' pixels to the
total number of pixels in the given image.

5.2 Distribution of porosity

The histogram of pore size distribution is given in Fig. 8.
The SEM images were taken at a magnification of 5x and
20x. The pore size was measured in a micrometer. It can be
seen from Fig. 8 that the pore size varies with the magnifi-
cation scale, and the smaller pores can be detected at higher
magnifications i.e., 20x. Under the two magnifications of
5% and 20x%, the characteristics of pore sizes are varied.

5.3 Comparison between SEM analysis and the
experimental results

The porosity of each specimen is obtained for two mag-
nifications: 5x and 20x%. Fifty sub-images are taken from
each SEM image which produces fifty porosities using

Fig. 7 Detected pores from SEM images using image processing methods
(a) 60 minutes, (b) 120 minutes, (c) 180 minutes, and (d) 240 minutes

the aforesaid method. The average porosity is taken as the
porosity of each specimen. The results are evaluated and
compared with the mean porosity obtained from SEM anal-
ysis (FESEM results for samples of 20x magnification).

It can be seen from Fig. 7 that the image-based poros-
ity values were lesser than the porosity obtained from the
SEM results. These deviations are significant when the
magnification level is high. The deviation in the digitally
calculated porosities ranges between 2.55% and 5.04%,
with a deviation of 3.98%. The image processing-based
porosities calculation depends on the volume occupied by
pores, and very few micro-pores may likely be missed out.
Hence minimum deviations can occur in the image pro-
cessing-based calculation.

The porosity of HSC specimens that are exposed to
different durations of heating was determined during
the SEM investigation based on the geometric data.
The experimental SEM-based porosity (%) was obtained
for all the samples during the capturing process. These
results were used to compare with the predicted poros-
ity of the respective samples, as shown in Fig. 9 for 20X
magnification. Fifty positions were randomly chosen
from each specimen and captured via SEM. A total of 500
images were considered for the investigation.
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Table 4 Pearson's correlation coefficient values for SEM image-based
porosity and experimental porosity

Type of Number Experimental SEM Image Pearson
s y:cimen of SEM porosit based correlation
P images p Y porosity coefficient
HSC 60 125 0.979 0.982 0.988
HSC 120 125 0.957 0.948 0.956
HSC 180 110 0.970 0.952 0.966
HSC 240 140 0.968 0.973 0.972

a strong and consistent correlation between the two meth-
ods, and the percentage of surface porosities is strongly cor-
related to the specimens with different heating durations.

SEM-based porosity detection is vital in the field of
structural health monitoring. The digital image processing
methods of K -means and watershed segmentation were
used to determine the number of voids in the SEM images.
The void detection accuracy of 88% was achieved through
the SEM image analysis. The geo-referenced concrete
SEM images are analyzed to find the crack densities [25].
The K-means clustering method and k-centroids were lev-
eraged to find the major elemental distribution (Si, O,,
and C). Additionally, the crack densities were measured
by exaggerating the SEM images. The SEM image-based
porosity detection and classifications were performed
by [26] in cement-based materials. The proposed study
provided reliable image analysis and conventional damage
detection results. Hence, the SEM-based image analysis
methods nullified the difficulty of identifying porosity on
visual perception and promoting the research development
in damaged concrete elements.

5.3.1 Interaction between sorptivity and porosity
The excess water in the concrete evaporates during the
heating process, leaving voids and capillary pores inside
the concrete paste, which are directly related to the poros-
ity of concrete. The selection of quality ingredients and
appropriate mix design are some of the key factors for
producing impervious concrete. Concrete with a higher
percentage of porosity absorbs water through the porous
body. The cement paste contains CSH gel and pores. Effect
of temperature is seen to further increases the porosity in
the microstructure of concrete [27]. Porosity, sorptivity,
and water permeability are some of the quantitative mea-
surements used to estimate the magnitude of porous levels
in concrete. The rate of absorption of water by capillary
suction is called sorptivity of unsaturated concrete [28].
The capillary water absorption of concrete was carried
out following ASTM C 1585 using cylinder samples of

35 mm in diameter and 60 mm in height. After the cur-
ing process, the samples were kept in the oven at 60 °C
for a mass stabilization process. This test was carried out
in such a way that the base of the cylindrical samples was
under contact with water. The mass value of the test spec-
imens was recorded at regular intervals (i.e., 5 min and up
to 48-hrs). Fig. 10 shows the correlation between sorptivity
and porosity from both the experimental and image-based
analysis results. It is seen from Fig. 9 that as the temperature
exposure increases, the sorptivity and porosity increase for
the HSC specimens at different heating durations.

Fig. 10 shows a strong positive correlation between the
experimental porosity, predicted image-based porosity,
and sorptivity of specimens. Even though the sorptivity is
the parameter measured on the surface of the specimen, it
can be correlated with porosity for better understanding.

5.3.2 Factors influencing the porosity of exposed
concrete
Permeability is considered a key influencing factor in
examining the durability of concrete. In the present inves-
tigation, experiments were conducted to evaluate the
coefficient of permeability of reference and temperature
exposed concrete specimens following IS 3085 [29], as
shown in Table 5.

The Co-efficient of Permeability (K) can be estimated

. /4
uSH’lg Cp = W
)

(m/sec), W= Quantity of water percolating during the test

where, Cp = Coeficient of permeability

period (mm), a = Area of the HSC specimen in m?, ¢ = time
(seconds), and hy ; = ratio of the pressure head to the thick-
ness of the HSC specimen.

25

W Exp.Porosity
Image.Porosity

I Sorptivity

Linear (Exp.Porosity)

Linear (Image.Porosity)

20 Linear (Sorptivity}

R%=0.9568
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R?=0.9885
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60 120 180 240

Duration of Heating (min)

Fig. 10 Correlation between experimental and Image-based porosities
for HSC at the different duration of heating
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Table 5 Different key parameters/results of the experiment and analytical investigation

ID CS (MPa) Temp (°C) K (m/s) S (%) Exp. porosity (%) Image porosity (%)
HSC-Ref 62.2 - 1.25 x 10-12 2.5 - -

HSC 60 45.5 265 1.625 = 10-8 9.2 17.2 16.6

HSC 120 222 670 8.98 x 10-3 16.6 374 36.0

HSC 180 14.8 940 - 28.2 53.6 51.6

HSC 240 9.65 105 - 39.3 75.5 72.5

ID — Specimen id, CS — Compressive strength, K- Water permeability, S - Sorptivity,

The coefficient of permeability increased drastically
with increasing temperatures (60 min and 120 min) com-
pared to the reference specimen (Table 5). As the damage
state of concrete is higher for the HSC 180 and HSC 240
specimens, the percolation rate was also much higher in
which the exact values were not evaluated. This was due
to the increased level of porosity.

Table 5 shows the experimental parameters measured
for the specimens and samples. It is seen from the table that
all the parameters are interrelated, and it can be concluded
that a definite correlation was observed between strength
and durability characteristics. The residual compressive
strength is under limit state of strength criteria, whereas
porosity, sorptivity, and permeability are the durability
criteria for the specimens. The increase in temperature at
the core has a great effect on the residual strength, poros-
ity, and permeability of concrete. Permeability and sorp-
tivity are measured based on the appropriate experiments
for the specimens. But the porosity is measured from the
SEM samples during the experiment (geometry-based)
and image-based analysis. This suggests that image-based
method is applicable to all types of concrete with differ-
ent duration of heating. Also, this may help the engineers
to evaluate the extent of damage by rigorous analysis to
quantify the level of damage in terms of porosity.

5.3.3 Interaction between compressive strength,
porosity, and core temperature

The correlation between strength loss, mean porosity
(SEM-based), and temperature measured at the core of the
specimen are shown in Fig. 11.

Fig. 12 shows the interaction graph denoting the cor-
relation between strength loss, porosity (image-based),
and temperature measured at the core of the specimen.

The porosity increases marginally at a constant rate
up to 600 °C (Figs. 11 and 12). Beyond that, the poros-
ity increases sharply at a higher rate. The initial poros-
ity of HSC can be related to the evaporation of capillary
water, adsorbed, and interlayer water. The rapid increase
in porosity beyond 600 °C may be attributed to the release
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Fig. 11 Interaction graph between strength degradation, mean porosity,
and temperature at the core of the specimen in blue (right axis)
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Fig. 12 Interaction graph between strength degradation, image-based
porosity, and temperature at the core of the specimen in blue (right axis)

of chemically combined water due to the hydration prod-
ucts [30]. The increase in weight loss increases the poros-
ity of HSC due to the effect of temperature. This weak-
ens the microstructure by separating the bonding between
the constituent materials at the interfacial transition zone
(IZT) in the concrete matrix.

It is observed from figures that, from 450 °C to 850 °C,
the porosity increased gradually; this is mainly due to
the evaporation of free water. The loss in strength was
marginal (26.2%—64.4%) during this temperature range
(Figs. 11 and 12). The disintegration of CaCO3 is the major
factor that affects the porosity of HSC between 600 °C and
1050 °C, and the porosity reaches up to about 553.69% in
this range [31]. However, a sharp increase in porosity (52%
to 74%) and a decrease in compressive strength (64.4%—
82.5%) were observed beyond 800 °C, confirming a severe
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deterioration in the mechanical properties of HDC. In par-
ticular, regarding unheated concrete, the porosity values
trebled for the concrete exposed to the temperature of
1000 °C [32]. In the present investigation, concrete with
M60 grade was used with low or marginal porosity, then
concrete with lower grades. However, when exposed to
higher temperature exposure, high-strength concrete is
more prone to weight loss and strength loss; thereby, the
porosity also increases.

Increase in porosity develops the expansion between
the aggregate phase and cement phase due to the increase
in temperature [33]. It was mainly due to the escape of
bound water and the creation of micro-cracks. Similar
observations were made by [34], who concluded that the
development of porosity in concrete under higher tem-
peratures was due to the evaporation of absorbed water
in capillary pores. The observation of [35] reveals that the
increase in the porosity of concrete was due to the disin-
tegration of C-S-H gel in the temperature ranges between
800—-1000 °C (120 min). A similar behavior was noted in
the present experiments also. In the present investigation,
the SEM images at 240 minutes of fire duration showed
a higher number of pores and cracks than lower durations.

SEM investigation of damaged HSC samples revealed
substantial variations in the morphology of the concrete
exposed to a higher temperature. The presence of micro-
cracks, pores, and voids, the deformation of Calcium
hydroxide crystals, and disordered calcium silicate hydrate
gel are some of the features observed in HSC at elevated
temperatures. Therefore, the significant loss in mechani-
cal properties observed at higher temperatures was mainly
due to the increased porosity [7].

As seen from the SEM images presented in Fig. 5, the
changes that appeared in the calcium silicate hydrate gels,
and their matrix at the interface are due to the effect of
temperature. For the control mixture, the internal micro-
structure is well compacted, and the calcium silicate
hydrate gels are well distributed without any disruption.
As the HSC was exposed to 650 °C (less than 60 min)
temperature, the internal microstructure of HSC was still
compact, but the pores in the calcium hydroxide and cal-
cium silicate hydrate gels started to increase. If the ele-
vated temperature exceeds 800 °C (beyond 60 min), dete-
rioration in the calcium hydroxide and calcium silicate
hydrate gel appears in the internal structure of the con-
crete matrix. The microcracks and pores in the cement
matrix and interfacial transition zone were increased with
increasing temperature (180-240 min). The increase in the

number of cracks and pores caused a decrease in compres-
sive strength [36—38]. Similar conclusions were reported
in the literature [8, 9, 14, 35, 36].

The residual strength properties and damage level of
HSC change with temperature exposure than those of con-
ventional concrete. However, moisture level, the density
of concrete, rate of heating and cooling, powder content,
and porosity are the key influencing factors that affect the
residual strength [7, 39]. Variation in the porosity with
increasing temperature/duration is the key property desir-
able for examining the spalling of HSC [40]. The increase
in temperature results higher damages in concrete such as
cracks, spalling, and pores [41].

6 Conclusions

In the present investigation, following key findings have
been made to analyze the porosity of HSC exposed to dif-
ferent elevated temperature profiles.

» The porosity percentage is calculated through SEM
images. The porosity obtained from SEM image
analysis is compared with experimental porosity.

e It is revealed that for both methods, the values are
found in agreement with each other with the error
of 3.39%, 3.93%, 3.88%, and 3.94% for 60 min,
120 min, 240 min, and 360 min heating duration,
respectively.

» The surface porosity is varied for the different mag-
nifications of SEM images. The average porosity
is calculated through the digital image processing
method missed out some of the micropores in the
sample specimen, which is not included in the aver-
age surface porosity calculation.

* A positive correlation has been obtained among the
sorptivity, experimental porosity, and image-based
porosity values.

* Though this study used only HSC, it is applicable
for other types of concretes, such as high dense and
high-performance concrete.

» The average porosity percentage calculated using
the image processing method is needed to under-
stand better the structural behavior of porous con-
crete materials.

* The major limitation of the work remains that it can
be done only for surface pores.
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