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Abstract

Recent studies primarily focus on how the fiber content and curing age influence the
pore structure and strength of concrete. However, The interfacial bonding mechanism
in basalt-fiber-reinforced concrete hydration remains unclear. The lack of a long-term
performance-prediction model and insufficient research on multi-field coupling effects
form key knowledge gaps, hindering the systematic optimal design and wider engineering
applications of such materials. By integrating X-ray computed tomography (CT) with
the watershed algorithm, this study proposes an innovative gray scale threshold method
for pore quantification, enabling a quantitative analysis of pore structure evolution and
its correlation with mechanical properties in basalt-fiber-reinforced concrete (BFRC) and
normal concrete (NC). The results show the following: (1) Mechanical Enhancement: the
incorporation of 0.2% basalt fiber by volume demonstrates significant enhancement in the
mechanical performance index. At 28 days, BFRC exhibits compressive and splitting tensile
strengths of 50.78 MPa and 4.07 MPa, surpassing NC by 19.88% and 43.3%, respectively. The
early strength reduction in BFRC (13.13 MPa vs. 22.81 MPa for NC at 3 days) is attributed
to fiber-induced interference through physical obstruction of cement particle hydration path-
ways, which diminishes as hydration progresses. (2) Porosity Reduction: BFERC demonstrates a
64.83% lower porosity (5.13%) than NC (11.66%) at 28 days, with microscopic analysis revealing
a 77.5% proportion of harmless pores (<1.104 x 107 pm?) in BFRC versus 67.6% in NC, driven
by densified interfacial transition zones (ITZs). (3) Predictive Modeling: a two dimensional
strength-porosity model and a three-dimensional age-dependent model are developed. The
proposed multi-factor model demonstrates exceptional predictive capability (R? = 0.9994),
establishing a quantitative relationship between pore micro structure and mechanical perfor-
mance. The innovative pore extraction method and mathematical modeling approach offer
valuable insights into the micro-structural evolution mechanism of fiber concrete.

Keywords: basalt-fiber-reinforced concrete; watershed algorithm; mechanical behavior;
pore variation; CT scan; multi-factor intensity mathematical model

1. Introduction

With the continuous progress of modern construction technology, the demands for
the performance of building materials have become increasingly demanding. Although
traditional concrete continues to be widely used, its inherent brittleness and susceptibility to
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cracking limit its applicability under complex stress conditions. To overcome this technical
limitation, fiber reinforcement technology has been developed and applied. Among a
wide variety of reinforcing materials, basalt fiber stands out due to its remarkable strength,
corrosion resistance, and environmental friendliness, making it increasingly recognized
as an ideal alternative to traditional synthetic fibers. As an emerging green inorganic
fiber material, basalt fiber has seen widespread applications in concrete reinforcement in
recent years, owing to its exceptional tensile strength, outstanding corrosion resistance, and
eco-friendly properties [1,2]. However, the interfacial bonding mechanism governing the
hydration reaction in basalt-fiber-reinforced concrete remains elusive, and the absence of an
established long-term performance prediction model, coupled with insufficient research on
multi-field coupling effects, constitute significant scientific knowledge gaps that hinder the
systematic optimal design and broader engineering applications of basalt-fiber-reinforced
concrete materials [3,4].

The incorporation of an appropriate amount of basalt fiber into concrete enables
the preparation of basalt-fiber-reinforced concrete. Research has demonstrated that the
addition of basalt fiber can significantly enhance the splitting tensile and flexural strengths
of concrete [5-8]. Qin et al. [9] reported in their study that the workability of concrete
decreases with the increasing mass and length of basalt fibers. Specifically, when the mass
exceeds 3 kg/m3 and the length exceeds 24 mm, the rate of decline gradually slows down
and eventually reaches a stable state. Y.G. Deng and Dias et al. [10,11] found that basalt
fibers did not have a significant effect on the compressive strength of concrete when used
alone and even reduced the mechanical properties with an increasing volume fraction. For
example, when the volume fraction of basalt fibers was 1.0%, the compressive and splitting
tensile strengths of concrete were 26.4% and 12% lower than those of ordinary concrete,
respectively. Kizilkanat et al. [12] and Shen et al. [13] demonstrated that the incorporation of
basalt fibers into concrete significantly enhances its tensile strength and improves toughness,
deformation resistance, and the fracture modulus, thereby contributing to the overall
durability and performance of the material. The hydration reaction, which acts as the
primary internal influencing mechanism in concrete, plays a crucial role in determining its
pore structure and mechanical properties. Specifically, this reaction directly controls the
material’s pore distribution, the features of the interface transition zone, and its overall
mechanical performance. After the incorporation of basalt fibers, their physical confinement
effects and chemical interactions can significantly influence the hydration process of the
cement matrix, thereby altering the development of the pore structure. Deng et al. [14]
conducted a micro-structural analysis that demonstrated that the incorporation of basalt
fibers promoted the formation of various fibrous and needle-like hydrated products within
the composite material, effectively contributing to the filling or sealing of internal pores.
Huang Daguan, C. Lian, et al. [15,16] established that the porosity of concrete was negatively
correlated with both its compressive and flexural strengths. Basalt fiber can effectively
reduce the total porosity of concrete, and an appropriate fiber volume fraction can further
optimize the pore structure. As the basalt fiber content increases, the proportion of harmful
pores decreases while the proportion of harmless pores increases. Specifically, when the
fiber content is in the range of 0.2% to 0.25%, the proportion of harmful pores in the concrete
reaches its minimum, and the proportion of harmless pores achieves its maximum.

Pores are a critical component of the micro-structure and meso-structure of concrete,
directly influencing both the mechanical properties and durability of concrete. Chen
et al. [17] showed that the ratio of compressive strength to indirect tensile strength (includ-
ing splitting tensile and flexural strength) in cement mortar is not constant but instead
correlates with its porosity. Specifically, this ratio decreases as the porosity of the cement
mortar increases. Therefore, exploring the relationship between the porosity and strength of
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basalt-fiber-reinforced concrete during the hydration process is of significant importance for
optimizing the material design and enhancing engineering applications [18-21]. Currently,
CT scanning technology is widely employed as a critical tool for investigating concrete
porosity. Numerous studies have utilized CT scanning technology to obtain images of
various cross-sections through X-ray tomography, which are subsequently used to generate
three-dimensional models via computer reconstruction for the analysis of the porosity and
pore structure. This method is advantageous due to its non-destructive nature and its
ability to provide detailed three-dimensional pore structure information, allowing for an
accurate characterization of the pore size, shape, distribution, and connectivity [22-27].
Tian et al. [28] utilized X-ray computed tomography to systematically investigate the evolu-
tion of internal damage in concrete specimens subjected to repeated freeze—thaw cycles.
Li et al. [29] explored the feasibility of using X-ray computed tomography for scanning
intact concrete samples. By incorporating an in situ CT loading system, they successfully
captured the internal structural changes caused by stress application. Uniaxial compression
in situ X-ray computed tomography was performed on concrete specimens, allowing for the
collection of real-time CT images that clearly illustrated the meso-scopic damage evolution
within the material. Furthermore, regarding the relationship between the concrete strength
and void ratio, a substantial number of formulas and models have been established in
the existing literature [30-36]. However, the existing models primarily focus on static
porosity—strength relationships but fail to account for time-dependent effects, limiting their
applicability in predicting long-term performance.

Cui et al. [37] developed a multi-factor strength mathematical model to simulate
the influence of the fractal dimension and composite porosity on concrete in hot-dry
environments. This model accurately quantifies the relationship between the concrete
strength and pore structure parameters. Song et al. [38] developed an empirical equation
for predicting the reduction in pore tensile strength. However, most of these models are
developed using non-standardized concrete test specimens and inadequately address the
influence of fiber-matrix synergy and time on the porosity—strength relationship. As a
key indicator of concrete material performance, the compressive strength significantly
impacts the design of engineering structures. Therefore, while effectively managing test
costs, achieving precise and rapid prediction of the compressive strength of basalt-fiber-
reinforced concrete through data-driven approaches holds substantial research value.

To sum up, at present, most studies have concentrated on the static effects of the fiber
content and curing age on the pore structure and strength of concrete. However, there is a
lack of systematic analysis on the coupling mechanism of the dynamic pore evolution and
the strength development during the concrete curing process. Concerning the influence of
basalt fibers on the porosity evolution and the development of mechanical properties in the
early stage of the hydration reaction, no consensus has been reached in the academic circle.
In response to the above problems, this research combines the CT scanning technology and
the pore extraction theoretical method based on the watershed algorithm to systematically
study the pore evolution laws of basalt-fiber-reinforced concrete and normal concrete
during the curing process and analyze their influences on the concrete strength. The core
value of this study is to provide a scientific basis for the precise design and application of
BFRC in specific real construction projects by establishing a clear, quantitative relationship
between the microscopic pore structure and the macroscopic mechanical properties of
basalt-fiber-reinforced concrete during the evolution of the dynamic hydration process,
for example, predicting the behavior of structures at different ages to guide construction
decisions, promoting the safe and reliable application of BFRC in specific construction
environments and critical structures.
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2. Material and Experimental Method
2.1. Materials

The raw materials used in the experiment are illustrated in Figure 1, comprising water
(density of 1000 kg/m?), cement (P-O-42.5, with a density ranging from 3100 to 3200 kg/m?,
as depicted in Figure 1a), river sand (fineness modulus of 2.5, grading category II, as shown
in Figure 1b), crushed stone (continuous grading of 5-10 mm, as presented in Figure 1c),
and basalt fiber (density of 2650 kg/m3, single fiber diameter of 15 um, length of 20 mm, as
demonstrated in Figure 1d). This study involves normal concrete (named NC) and basalt-
fiber-reinforced concrete (named BFRC). To minimize experimental error, three replicate
samples were prepared for both NC and BFRC groups, with each test group containing
three samples. For instance, the samples of ordinary concrete simultaneously included
three different parallel test groups of NC1, NC2, and NC3, and the basalt fiber-reinforced
concrete included three different parallel test groups of BERC1, BFRC2, and BFRC3. The
mechanical property test results were the average values obtained from the tests of the
samples in the three parallel test groups. The raw material mix ratios of the NC and BFRC
specimens are shown in Table 1.

Figure 1. Raw Materials: (a) cement; (b) sand; (c) gravel; (d) basalt fiber.

Table 1. Mix proportion of concrete (kg/ m?).

Expenmentgl Water Cement Sand Stone Basalt Fiber
Group (1 m?>)
NC 197.8 394.4 632.73 1175.07 0
BFRC 197.8 394.4 632.73 1175.07 0.2%/5.3 kg

2.2. Specimen Preparation

In this research, basalt-fiber-reinforced concrete with a fiber volume fraction of 0.2% was
designated as the experimental group, while ordinary concrete served as the control group.
For the pore structure evolution test conducted over the 28-day curing period, three cubic
specimens (100 mm x 100 mm x 100 mm) were prepared for both the basalt-fiber-reinforced
concrete and the normal concrete, resulting in a total of six specimens. Additionally, to evaluate
the compressive strength and splitting tensile strength of the concrete at various ages (3, 5,7, 9,
11, 14, 21, and 28 days), 48 cubic specimens (100 mm x 100 mm x 100 mm) were prepared for
each type of concrete, yielding a total of 96 specimens. The specimen quantities are summarized
in Table 2.
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Table 2. Sample quantity table.
Experimental Compressive Splitting Tensile
Group Strength Test Test CT Scan
NC 24 24 3
BFRC 24 24 3

The preparation and curing process of concrete in this study referred to the JC/T 60018-
2023 [39] officially released by China. The procedures for preparing the test specimens are
described as follows: (1) accurately weigh the quantities of raw materials, including cement,
sand, and crushed stones. Apply oil to the molds to facilitate easy release during demolding.
(2) Moisten the mixer to verify its cleanliness and hydration status. Add cement and sand into
the mixer and stir for 120 s until uniformly blended. Then, add crushed stones and continue
stirring for an additional 120 s to produce dry-mixed materials. Subsequently, introduce
water and a water-reducing agent solution in two stages. First, add part of the solution and
stir for 60 s, followed by the remaining liquid while continuously stirring until complete
homogeneity is achieved. (3) Once mixing is complete, fill the mold with concrete in layers,
compacting it through vibration to eliminate air voids. (4) After leveling the surface, cover
it with a protective film. (5) Let the molds and the specimens stand for 24 h until the initial
setting, and then, carefully separate the specimens from the mold. (6) Finally, transfer the
specimen to a constant-temperature water curing environment at 20 °C to ensure optimal
strength development.

During the fabrication of basalt-fiber-reinforced concrete specimens, the “agglomera-
tion” phenomenon of basalt fibers in water presents a significant challenge for achieving
uniform dispersion. To avoid non-uniform fiber distribution during mixing, which may
impair the mechanical properties and durability of the concrete, the fibers are added in
three separate batches after the introduction of crushed stones and are thoroughly mixed to
ensure homogeneity. The experimental procedure is depicted in Figure 2.

7 W
UL

Sand Cement Gravel

iy —\
% Concrete mixing

P

Pour the slurry into the
mold

Sealing film seal Specimens demold Specimens soaking and
curing

Figure 2. Flow chart of the specimen preparation.
2.3. Experimental Scheme
2.3.1. Mechanical Strength Test

In accordance with the GB-50010-2010 [40] requirements, the specimens were subjected
to compressive testing under specified loading conditions to determine the maximum load
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that they could withstand. Subsequently, compressive strength values were determined
using Equation (1).

F
fc = ,BCA_CC 1)
where

fc is the compressive strength (Mpa);

F. is maximum load at destruction of the test piece (kN);
A is pressurized area of the specimen in mm?;

B is the compression reduction factor, 0.95 for a specimen with a side length of 100 mm.

According to the GB/T-50081-2019 [41] requirements, the splitting tensile test loading
was conducted. This method entails applying a compressive force perpendicular to the
specimen’s axis, causing splitting failure and allowing for the indirect determination of
its tensile strength. By recording the maximum load at the point of rupture, the tensile
strength of the specimen can be calculated. The splitting tensile strength is represented by
Equation (2).

2F, F,
fot = Bty = 0637Bsi)" @)
S

st

where

fst is the splitting tensile of concrete (MPa);

Agy is the splitting-surface area of specimens (mm?);

Bst is the splitting tensile strength reduction factor, which is 0.85 for a specimen with the
side length of a 100 mm reduction factor, which is 0.85 for a specimen with the side length
of 100 mm.

The experimental setup and testing principles employed in this study are illustrated
in Figure 3. The experimental setup and testing principles includes a compression test
machine (Figure 3a), a splitting tensile test machine (Figure 3b), and a schematic of the
splitting test (Figure 3c).

Figure 3. Cont.
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Figure 3. Mechanical testing machines for testing: (a) pressure resistance test machine; (b) split-
resistant tensile test machine; (c) detailed schematic diagram of splitting tensile strength.

2.3.2. CT Scan

CT scans of basalt-fiber-reinforced concrete were conducted daily over a 28-day period
to collect data on the internal porosity, pore quantity, maximum pore diameter, and mini-
mum pore diameter. It established a data basis for the quantitative analysis CT scanning
technology, which can non-destructively obtain the internal pore and fiber distribution
of concrete through X-ray tomography [22,23]. In this study, the nanoVoxel-1900 desktop
micro-structure three-dimensional scanning imaging system (a CT scanning device) was
employed to examine the pore evolution during the hydration process of basalt-fiber-
reinforced concrete. Thereafter, the correlation between pore changes and mechanical
strength was analyzed for the pore structure and mechanical properties. In this research,
the NanoVoxel-1900 compact desktop CT system manufactured by Sanying Precision In-
struments Co., Ltd., Tianjin Province, China. was employed for scanning experiments. Prior
to scanning, 30 mm x 30 mm X 100 mm prismatic specimens were drilled from standard
cubic specimens to serve as CT scanning samples to ensure the acquisition of representative
internal structure information. Through several pre-tests, it was determined that the CT
detection system voltage would be set at 100 kV, the current at 72 pA, the source to object
distance (SOD) at 207 mm, and the source to detector distance (SDD) at 300 mm for the
formal tests. During the scanning process, the platform was rotated 360 degrees with a final
resolution of 1280 x 1280 pixels and a voxel size of 69.1 um. Each scan took approximately
50 min to complete. The principle and equipment of the CT scanning experiment are
presented in Figure 4.

%7

manoVoxel

resolution

Figure 4. Cont.
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Figure 4. CT scanning equipment and procedure: (a) CT scanning equipment; (b) detailed CT scan
image; (c) schematic diagram of CT scan.
2.3.3. General Experimental Scheme

Summarizing the experimental process discussed above, the general idea of the study
in this paper is shown in Figure 5

Research on the Relationship between Pore Distribution and
Mechanical Properties of basalt fiber reinforced concrete

Concrete mix

X ] proportion design
| Experimental scheme design [ for different
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: Mixing and stirring of raw :
Sample shaping and 3 A Selection of
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1
1

1
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1
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1

i

1 Concrete sample
] preparation

1

1

1
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strength test of strength test of Performance Te
the sample specimens

.

(Failure mechanism analysis)

i | |

CT scan test
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watershed algorithm
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Microscale CT scan test
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Figure 5. Research structure of the article.
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3. Mechanical Properties
3.1. Failure Mechanism

The failure mode of concrete under compressive loading is illustrated in Figure 6. As
shown in Figure 6a, basalt-fiber-reinforced concrete exhibits significant ductility at the point
of failure. Conversely, Figure 6b reveals that ordinary concrete fails in a distinctly brittle
manner. This difference in failure modes can primarily be attributed to the “bridging”
effect of basalt fibers during crack propagation. By delaying the rapid penetration of cracks
and altering the brittle failure mode of concrete through an energy dissipation mechanism,
basalt fibers enhance the material’s performance. Moreover, the addition of basalt fibers
facilitates a more uniform distribution of cement paste, thereby improving the bonding
properties between cement particles to some extent and reducing shrinkage-induced cracks
and pores. The specific effect is illustrated in Figure 7a, which displays the results of the
SEM (scanning electron microscope) analysis. Figure 7b illustrates the SEM analysis results
for normal concrete. The figures clearly reveal the surface morphology and structural

characteristics of the sample under high magnification.

Aggregate

(b)

P

Hardened cement

7 Pores

Pores

\Aggregate

Figure 7. Cont.



Materials 2025, 18, 3212 10 of 29
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Figure 7. The SEM images of the sample: (a) BFRC; (b) NC.

3.2. Mechanical Strength

The compressive strength and splitting tensile strength tests for basalt-fiber-reinforced
concrete and ordinary concrete were conducted at multiple time points, specifically at 3,
5,7,9,11, 14, 21, and 28 days. Each group consisted of three cubic concrete specimens.
According to the specification requirements, the strength of the cubic concrete specimens
in each group was calculated as the average value of the experimental results from the
three specimens. The compressive and splitting tensile strengths are summarized in
Tables 3 and 4, respectively. The mechanical strength test results of each group of samples
are shown in Figure 8.
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Figure 8. Cont.
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Figure 8. Variation in mechanical strength of concrete over a 28-day period: (a) compressive strength;
(b) splitting tensile strength.

Table 3. Compressive strength of specimen.

Compressive Strength (MPa)

Type
P 3 Days 5 Days 7 Days 9 Days 11 Days 14 Days 21 Days 28 Days
BFRC 13.13 29.75 35.45 40.35 42.83 46.2 48.1 50.78
NC 22.81 27.53 31.23 35.68 37.84 39.51 41.53 42.36
Table 4. Splitting tensile strength of specimen.
T Splitting Tensile Strength (MPa)
e
P 3 Days 5 Days 7 Days 9 Days 11 Days 14 Days 21 Days 28 Days
BERC 1.87 2.89 3.47 3.63 3.69 3.80 3.88 4.07
NC 1.53 1.75 1.93 221 242 2.61 2.72 2.84

As illustrated in Figure 8a, the compressive strength of the BFRC group at 3 days
was 13.13 MPa, which is significantly lower than that of the NC group at 22.81 MPa. This
reduction can be attributed to the interference of fibers during the early stages of the
cement hydration process. However, by day 5, the compressive strength of the BFRC group
increased to 29.75 MPa, surpassing the NC group’s strength of 27.53 MPa and continuing
to rise steadily thereafter. By day 28, the compressive strength of the BFRC group reached
50.78 MPa, indicating a 13.55% improvement over the NC group’s compressive strength of
42.36 MPa. The growth rate of the compressive strength of the BFRC group significantly
accelerated after reaching 7 days of curing. This phenomenon can be attributed to the
progressive densification of the interface between fibers and the matrix, thereby forming a
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three-dimensional reinforcing network structure. Such a structure not only enhances the
load-transfer efficiency but also effectively restrains the propagation of internal defects.

As shown in Figure 8b, the splitting tensile strength of the BFRC group was consistently
higher than that of the NC group across all ages. Specifically, at the age of 3 days, the
splitting tensile strengths of the BFRC and NC groups were 1.87 MPa and 1.53 MPa,
respectively, indicating a 22.2% increase in strength for the BFRC group compared to the
NC group. At 28 days, the splitting tensile strength of the BFRC group reached 4.07 MPa,
representing a 43.3% improvement over the NC group’s strength of 2.84 MPa. The growth
rate of the splitting tensile strength in the BFRC group increases with age, exhibiting
significant nonlinear growth after 7 days. This can be attributed to basalt fibers enhancing
the interfacial bonding performance of cement-based composite materials and effectively
improving the tensile properties of concrete [41].

4. Pore Analysis
4.1. Gray-Scale Value

The physical characterization of gray values in CT scan images and its application
to identifying concrete components form a critical foundation for mesoscopic structure
analysis in material science. Hong et al. [42] demonstrated that variations in the densities
of different substances result in differences in X-ray attenuation coefficients, leading to
distinct gray-scale representations of materials on scanned sections. Utilizing the prin-
ciple of X-ray attenuation, CT technology generates grayscale images by recording the
absorption differences of X-rays by various materials. In these images, the gray-scale
value is positively correlated with the material density. For example, high-density coarse
aggregates exhibit higher X-ray absorption and appear as high-gray-value regions (bright
areas) in the image; low-density media such as air or water within pores correspond to
low-gray-value regions (dark areas). Materials with intermediate densities, such as the
cement slurry and fine aggregates, exhibit gray-scale characteristics that lie between those
of high-density and low-density materials. Theoretically, threshold segmentation methods
can be applied to distinguish internal pores, fine aggregates, and coarse aggregates within
concrete. Cui et al. [43] conducted a study using CT scan images for segmentation and 3D
reconstruction. In gray-scale imaging, an ellipsoid approximation method was applied to
accurately characterize the morphology of individual pores, providing critical insights into
the simulation of concrete pore structures.

The gray value directly quantifies the material density. Its quantification can be expressed
in terms of intensity, and the intensity range maps the gray value to the distinguishable
grayscale range of the human eye through the window width and window level. These
parameters work together to improve the image contrast and diagnostic information. In this
study, the gray value range was adjusted by modifying the intensity range, and three-phase
segmentation of the concrete gray model was conducted using Avizo3D software 2022.2. The
resulting three-phase gray thresholds for the concrete are presented in Figure 9.

Material porosity analysis based on CT imaging is a critical methodology for evaluat-
ing the characteristics of porous media in geotechnical materials. Currently, the calculation
of porosity predominantly relies on the threshold segmentation method applied to CT
images. However, this approach introduces uncertainties in defining the gray-level thresh-
old that distinguishes pores from the solid matrix. Even when analyzing the same CT
image, the use of different segmentation techniques can lead to significant variations in
the calculated results. Feng et al. [44] utilized a CT image-processing algorithm to perform
image segmentation and established a numerical model that accurately represents the
micro-structure of EPS concrete specimens. Furthermore, Patra et al. [45] highlights that the
traditional threshold segmentation method, which relies on engineers’ subjective judgment
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of gray values, faces significant challenges in accurately determining the threshold nec-
essary for precisely segmenting the cement matrix from pores in in situ scanning images,
especially when these images display subtle variations in gray values.

10,000 — .
. Original slice
. Processed slice
8,000 - Pore Hardened cemen

Count

0 10,000 20,000 30,000 40,000 50,000 60,000
Gray-scale value

Figure 9. Gray-scale value image and classification.

4.2. Watershed Algorithm

To address the aforementioned issues, this study proposes a porosity calculation
method that integrates the gray-scale information of CT images with the watershed al-
gorithm, thereby improving accuracy and reliability. This method integrates the concept
of a digital ground elevation model and combines machine learning, gray recognition,
and shape effects to determine a more accurate segmentation threshold. As a result, it
facilitates the precise segmentation of pores and matrix in scanned specimens at various
aging stages, thus providing a solid foundation for an additional investigation into pore
evolution during the concrete hydration process.

The watershed algorithm is a segmentation technique that utilizes the topological
structure of an image. By exploiting the gray-level information within the image, this
method enables precise partitioning of the image into multiple distinct regions [46]. The
watershed algorithm can be intuitively understood as modeling the image as a topographic
surface, with high and low gray values corresponding to varying altitudes. By simulating
the natural flow of water on this topographic surface, the algorithm performs efficient im-
age segmentation. The fundamental principle and detailed procedural steps are depicted in
Figure 10. Zhong et al. [47] employed a watershed algorithm (based on the multi-threshold
H-maximum transform) combined with region merging correction, bilateral filtering, and
Otsu-based coarse image segmentation techniques. This approach achieved particle size
measurements with a standard deviation of less than 3% and demonstrated strong seg-
mentation accuracy. These findings robustly confirm the feasibility and effectiveness of the
watershed algorithm for micro-structure characterization.
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Figure 10. Watershed algorithm: (a) principle schematic representation; (b) operation flowchart.

4.3. Macroscopic Pore Analysis
4.3.1. Pore Data Extraction Methodology

To enhance the accuracy of porosity extraction for basalt-fiber-reinforced concrete
specimens, an interactive threshold segmentation method was employed. This approach
integrates Avizo3D software with the watershed algorithm to achieve more precise results.
Firstly, the images of the specimens were scanned and subsequently processed in grayscale
using Avizo3D software to generate the initial two-dimensional grayscale model (CT Slice)
of the basalt-fiber-reinforced concrete specimens; secondly, interactive threshold processing
is applied to the model. By employing a gray-level threshold, the two-dimensional gray-
level model (CT Slice) is segmented into three distinct phases: interspace (including pore
space and air), hardened cement paste, and aggregates; finally, a deliberate gap is retained
at the gray value boundaries between each pair of adjacent phases. Subsequently, the
watershed algorithm, which is based on the random forest model, is utilized for pore filling
(simulating water flow expansion). This process facilitates the interconnection of connected
domains within each pore, thereby ensuring the accurate segmentation of all three phases
and ultimately generating a complete 3D model. The procedure for implementing grayscale
modeling and pore data extraction is presented in Figure 11.

Grey image Interactive thresholding

- -

<— Simulate water flow expansion <— Gradient boundary of aggregate and air
<— Gradient boundary of hardened cement and

<— Gradient boundary of hardened cement and

Figure 11. Flowchart for pore extraction using Avizo software.
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4.3.2. Porosity Analysis

To investigate the development and evolution of pores during the hydration process of
concrete, as well as the enhancement effect of basalt fibers on the pore structure, the porosity
change rate, an index reflecting pore changes, was introduced, as shown in Equation (3),
which enables a macroscopic analysis of pore evolution during the hydration process.

(PL— D)

AP =
Py

x 100% 3)

where

AP is rate of change in porosity;
P is porosity of concrete at period t;;
P, is porosity of concrete at period ;.

The variation in concrete porosity demonstrates significant nonlinear characteristics.
Therefore, a logistic function fitting was conducted for the porosity of both basalt-fiber-
reinforced concrete and ordinary concrete, with the resulting fitting equation presented in
Equation (4).

(A1 — A2)

PTGy

(4)

where

y is porosity (%);

x is time (days);

A1 is the initial porosity (the y-value as x approaches 0);

A is the final stable porosity (the y-value as x approaches infinity);

Xp is a time-scale parameter that denotes the midpoint of the porosity change rate;
p is a shape parameter that quantifies the degree of steepness of the curve.

The parameters A, Ay, xo, and p in Equation (4) were estimated using the non-linear least
squares method through the application of the Levenberg-Marquardt algorithm. The specific
method is described as follows: firstly, the residual is defined, and its equation is provided in
Equation (5). Secondly, the objective function is constructed by minimizing the sum of squared
residuals, S, with its Equation presented in Equation (6). Finally, the fitting parameters for
Equation (4) are determined, and the goodness of fit is quantified in Equation (7).

R (A1 — Az)
N=Yi—Yi=Yi— A2+W (5)
where
r; is the residual associated with the i-th observed value;
y; is the i-th observed value, and #j; represents the i-th predicted value
2
n n A _ A
SZZY?ZZ Yi— A2+11(x)27" (6)
i=1 i=1 + (3
where
S is the sum of the squared residuals.
2
Rioq- KM @)

(v — )
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where

R? is the coefficient of determination, indicating the goodness of fit.

The logistic function was utilized to model the shift in concrete porosity during the
28-day curing period. The regression curve results are displayed in Figure 12, and the
residual distribution of the regression curve is shown in Figure 13.

10 4 24—
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94 224
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Figure 12. Regression analysis of concrete porosity variation: (a) BFRC; (b) NC.
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Figure 13. Variation of porosity difference in concrete: (a) BFRC; (b) NC.

It can be observed from Figure 12 and Equation (4) that @ the weights assigned to A;
and A, play a crucial role in determining the porosity range and constitute the core of the
model’s output. For example, the significantly lower A, value of BFRC indicates that the
inhibitory effect of fibers on long-term porosity is predominant. 2) The weights assigned
to xp and p play a critical role in governing the evolutionary process. For example, it can be
observed from Figure 12a that the porosity of BFRC initially increases and subsequently
decreases after 7 days. The inflection point time xy and the steepness p together reflect the
fiber’s contribution to the later-stage strengthening effect.

It can also be observed from Figure 12 and Equation (4) that the porosity of basalt-fiber-
reinforced concrete exhibits a decreasing trend over time. The rate of change gradually
diminishes with time, eventually approaching stability. The porosity change rate of ordinary
concrete is 39.3%, while that of basalt-fiber-reinforced concrete is 44.32%. When the water-
to-binder ratio is fixed at 0.5 and the fiber volume fraction is uniformly distributed at 0.2%,
the porosity of basalt-fiber-reinforced concrete decreases by 64.83% compared to that of
ordinary concrete.

As shown in Figure 12, the fitting formulas for the porosity changes in basalt-fiber-
reinforced concrete and ordinary concrete over time were established separately. The high
R? values of 0.972 and 0.981, respectively, indicate excellent fitting performance. Moreover,
as depicted in Figure 13, the regression line of the standardized residual plot closely follows
the y = x line, confirming that the residual distribution conforms to a normal distribution.
This result also validates the reliability and robustness of the fitting results.
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According to the pore theory, the porosity of concrete, as a porous material, plays a
critical role in determining its compressive strength [37]. Tong et al. [48] demonstrated
that a robust inter-facial bonding effect can be achieved between fibers and cement-based
composite materials, thereby facilitating the formation of a spatial network structure
within the specimens. This not only enhances the structural integrity but also effectively
suppresses the initiation and propagation of pores. The inverse proportionality between
porosity reduction and effective load-bearing area augmentation results in an improvement
in compressive capacity per unit area. Consequently, it is anticipated that the compressive
strength will increase as the porosity decreases.

4.4. Microscale Analysis of Pore Structure Evolution
4.4.1. The Variation Pattern of Pore Size Distribution

To investigate the variation law of pore size and the evolution process of pore structure
during the hydration of concrete, this study systematically extracted and analyzed the pore
parameters in concrete within the 28 days of curing. Figure 14 shows the relationship curve
between pore size and its relative content in ordinary concrete from three groups of parallel
tests, while Figure 15 depicts the corresponding curve for basalt-fiber-reinforced concrete
from three groups of parallel tests.
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Figure 14. Cont.
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Figure 14. Microscopic pore size distribution in normal concrete: (a) NC1; (b) NC2; (c) NC3.

As shown in Figures 14 and 15, both basalt-fiber-reinforced concrete and ordinary
concrete are predominantly composed of harmless pores with a volume of less than
1 x 10”7 um3. The proportion of these small voids increases gradually over time. At the age
of 3 days, the relative content of small voids in basalt-fiber-reinforced concrete is higher
than that in ordinary concrete. Furthermore, as the curing age increases, the growth rate
of the relative content of small voids in fiber-reinforced concrete exceeds that observed in
ordinary concrete. The subsequent text will conduct a detailed quantitative analysis of pore
characteristics, providing insights into their specific properties and distributions.
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Figure 15. Cont.
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Figure 15. Microscopic pore size distribution in basalt-fiber-reinforced concrete: (a) BFRC1; (b) BFRC2;
(c) BFRC3.

4.4.2. Analysis of the Evolutionary of Pore Structure

This research presents a threshold optimization method based on a statistical analysis.
The proposed method aims to identify characteristic thresholds within the pore size distri-
bution data of porous media, enabling a more systematic and in-depth exploration of the
relative proportions of different pore sizes across the entire distribution. By analyzing the
size distribution of all pores in the concrete during the 28-day curing period, a reasonable
threshold was determined using a Python3.7.4-based algorithm for data segmentation.
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Subsequently, the pores were classified into two distinct categories: harmful pores and
harmless pores, based on their specific sizes. The detailed procedure is presented as follows:
The initial step involves data preprocessing and import. Specifically, aggregate all
pore data within the concrete into an Excel table and construct a two-dimensional data
matrix. This matrix should consist of n observed samples and m pore types, as defined in

Equation (8).
D = [dij]nxm(i: 1, ...... ,Tl,‘j: 1, ...... ,m) (8)

where

D is the data matrix of aperture distribution, with dimensions n x m, where n is to the
number of rows and m corresponds to the number of columns.

d;; is the matrix element corresponding to the measurement value of the aperture unknown
in the j-th spatial dimension for the i-th sample.

n is the total number of independently observed samples.

m is the total number of unique pore types.

The second step involves constructing a relative content calculation model. The
relative content index RC; (T) under the threshold 7 is defined as the proportion of samples
in the j-th column that meet the condition dl-j < 7, as shown in Equation (9).

)= 2y 14y <) ©)
n1:1

where

I(+) is an indicator function, characterizing the cumulative probability distribution of
aperture values that are less than or equal to the threshold 7.

RCj(7) is the cumulative frequency of the aperture at the J-column position where the
aperture is less than or equal to 7.

7T is the aperture screening threshold.

The third step involves the application of a threshold optimization algorithm. The
candidate threshold set {7;} is constructed based on the unique value set of the first column
of data, and the optimal threshold is determined via an iterative search process.

a. For each 1y, calculate the m-dimensional relative content vector RC (7), represented
as Tx = RC (1y) = [RCq (), ..., RCpy (T)].
b.  Assess the monotonicity conditions between adjacent positions as defined in Equation
(10).
Z (RCjy1(m)RCj(1¢)) > (10)
where

The Heaviside step function, denoted as H(x), is formally defined as follows: H(x) =1
forx>0,and H(x) =0 forx <0.

c.  Select the first 74 that fulfills the specified conditions as the optimal threshold ¥,
ensuring that it aligns with the predefined criteria for selection.

The fourth step involves conducting visual verification. The value of T obtained from
the aforementioned algorithm is 1.104 x 107 um?®. The histogram visualization of the relative
content distribution corresponding to the optimal threshold 7 is presented, with the horizontal
axis denoting the spatial position index and the vertical axis indicating RC; (7). The gradient
characteristic of the pore size distribution is validated based on the columnar features.



Materials 2025, 18, 3212

21 of 29

This algorithm conducted separate statistical analyses of the daily changes in the relative
micro-pore content for both ordinary concrete and basalt-fiber-reinforced concrete over a 28-day
curing period. Additionally, it investigated the hydration process of concrete at the microscopic
level, providing a quantitative analysis of the complex chemical reactions between the major
mineral components in Portland cement and water, as well as the enhancing effect of basalt
fibers on this reaction. The data results are represented in Figure 16.
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Figure 16. The relative proportion of harmless pores in concrete.

The relative proportion of harmless pores in ordinary concrete increased from 33.1%
£1.2% to 67.6% +£3.2%. With the incorporation of 0.2% basalt fiber, the relative proportion
of tiny-pore structures in basalt-fiber-reinforced concrete rose from 42.8% to 77.5 % 0.4%.
Figure 15 demonstrates the daily variations in the relative proportions of micro-pores in
both ordinary concrete and basalt-fiber-reinforced concrete over a 28-day period.

Consistent with previous reports [14], basalt fibers form a spatial network structure
via a three-dimensional random distribution, effectively inhibiting the propagation of
macroscopic defects. The chemically reactive surface of the fibers promotes the oriented
growth of hydration products within the fiber—slurry inter-facial region, thereby enhancing
the densification of nanoscale C-S-H gels. Li et al. [21] proposed that the gradient regulation
mechanism of this pore structure can be attributed to the fiber-matrix interface effect,
which critically enhances stress transfer and mechanical compatibility, thereby effectively
regulating the structural performance.

Huang et al. [15] conducted a study on the non-destructive evaluation of the pore
structure in basalt-polyvinyl alcohol hybrid fiber-reinforced concrete (BPHFRC) using
nuclear magnetic resonance (NMR). Their findings revealed that during the hydration
process of concrete containing 0.2% basalt fiber (BF), an optimal effect was observed:
the incorporation of an appropriate amount of fibers promoted a more uniform three-
dimensional distribution within the concrete matrix. This significantly improved the pore
structure of the concrete and substantially reduced the proportion of multi-dimensional
pores. Nevertheless, an excessive fiber content may result in fiber agglomeration, increased
porosity, and compromised mechanical performance.
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4.4.3. Visualization Analysis of Pore Structure

To enhance the intuitive understanding of pore structure distribution, grayscale images
of concrete pores are presented in Figures 17 and 18. Figure 17 shows panels (a) to (d),
which sequentially depict the pore conditions of ordinary concrete at the ages of 2 days,
8 days, 14 days, and 28 days. Similarly, Figure 18 illustrates panels (a) to (d), representing
the pore characteristics of basalt-fiber-reinforced concrete at the corresponding ages.

100 m

(d)

Figure 17. Schematic diagram of micro-structure: (a) NC-2 d; (b) NC-8 d; (c) NC-14 d; (d) NC-21 d.

By analyzing and comparing the variations in the relative micro-pore contents of ordi-
nary concrete and basalt-fiber-reinforced concrete specimens within the same curing period,
the optimization effect of basalt fiber on pore structure formation during the hydration
process of concrete can be more clearly illustrated. In the cement paste, fibers are effectively
integrated into the matrix, thereby limiting the expansion of capillary pores and improving
the material’s overall performance. It can be observed that the incorporation of basalt
fibers commonly reduces the porosity of concrete, thereby compacting its micro-structure
and simultaneously decreasing the pore size. From the perspective of enhancing cement
hydration, basalt fiber, as an inorganic material, may exhibit limited yet significant chemi-
cal interactions with specific cementitious components when incorporated into concrete.
These interactions can facilitate the cement hydration process by reducing the number of
unhydrated cement particles and minimizing the potential for pore formation. Moreover,
the fibers can alter existing pore structures, enabling the cement mortar to infiltrate and fill
these pores more effectively, thus optimizing the overall pore structure and improving the
material’s mechanical properties.
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Figure 18. Schematic diagram of basalt fiber improved micro-structure: (a) BFRC-2 d; (b) BFRC-8 d;
(c) BFRC-14 d; (d) BFRC-28 d.

Yang et al. [49] revealed from a microscopic perspective that the incorporation of fibers
strengthens the effective inter-facial bonding between recycled aggregates and cement
mortar, thereby promoting the formation of cohesive composites. This enhancement
not only boosts the overall density of the sample but also refines the pore structure and
suppresses the propagation of internal micro-cracks. As a result, the compressive strength
and impermeability of recycled concrete are substantially enhanced.

5. Correlation Analysis Between Porosity and Mechanical Properties

The strength of concrete, which serves as a fundamental indicator of its macroscopic
properties, has been shown to be closely correlated with the pore structure. To quantitatively
explore the relationship between strength and porosity, extensive research has been carried
out in the academic community. For instance, Bian et al. [34] quantitatively evaluated the total
influence coefficient of the pore size by integrating the pore size distribution function with the
influence function. Subsequently, by incorporating this coefficient into the relationship between
the effective strength and porosity, they successfully derived formulas for both the effective
tensile and compressive strengths of porous concrete. Jin et al. [50] conducted a comprehensive
analysis of the strength and pore structure of 13 types of Portland cement mortar mixtures,
establishing a power function relationship between compressive strength and the ratio of the
fractal dimension to capillary pore volume. Furthermore, a significant number of studies
have systematically summarized diverse mechanical formulas and established corresponding
mathematical models [32-36]. Through an analysis, it is evident that as time progresses, both
basalt-fiber-reinforced concrete and ordinary concrete exhibit specific variation patterns in
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terms of the porosity and mechanical strength. Furthermore, their fitted curves reveal similar
nonlinear variation trends. Based on this, a two-dimensional fitting model has been developed
to quantitatively describe the relationship between porosity and strength. The resulting fitting
curves are illustrated in Figures 19 and 20, respectively.
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Figure 19. Regression curve of BFRC strength and composite porosity: (a) BERC compressive strength
and composite porosity; (b) BERC splitting tensile strength and composite porosity.
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Figure 20. Regression curve of NC strength and composite porosity: (a) regression curve of NC com-
pressive strength and composite porosity; (b) regression curve of tensile NC splitting tensile strength and
composite porosity.

As observed in Figures 19 and 20, there is a strong fitting relationship between the
porosity variation of concrete and its mechanical properties. The determination coefficients
(R?) for the curve fitting are 0.9294, 0.9611, 0.9611, and 0.9456, respectively, indicating a
high level of correlation.

To achieve a more precise mathematical model, the effect of curing age is incorporated
into the analysis, and a multi-factor intensity prediction model is proposed, as shown in
Equation (11).

f=ko+ kP> +koT? + kaPT + k4P + ks T (11)

where

f is the strength of the concrete (MPa);
k; (i =1 —5) is the regression coefficient;
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ko is the intercept coefficient;
T is the time (days);
P is the porosity (%).

Based on Equation (11), the interaction terms of time and porosity are integrated
into the model. Thereafter, the relationships among concrete strength, porosity, and other
parameters are established through multiple regression analysis. Specifically, the strength
equations for the multi-factor strength model of basalt-fiber-reinforced concrete are given by
Equations (12) and (13), respectively. In contrast, the strength equations for the multi-factor
strength model of ordinary concrete are presented by Equations (14) and (15), respectively.

fe= 16.7478P% 4 0.0749T? — 251.689P — 31.0429T + 5.4055PT + 928.0349 (12)

fut = 0.3839P2 4 0.0036 T2 — 6.6254P — 1.3508T + 0.2354PT + 28.7824 (13)
fo = 9.8077P2 4 0.0043T2 — 161.2395P — 23.569T + 3.9746PT + 647.8947  (14)
fut = 0.0489P2 4 0.0004T2 — 1.7542P — 0.4017T + 0.0335PT + 16.5944 (15)

where

fc is the compressive strength of concrete, MPa;
fst is the splitting tensile strength of concrete, MPa.

The multi-factor strength models for basalt-fiber-reinforced concrete soil and ordinary
concrete are presented in Figures 21 and 22, respectively. Although some fitting constant
terms P are statistically insignificant, the R? values of the models are exceptionally high,
reaching 0.99, 0.9994, 0.9963, and 0.9994. This suggests that the models demonstrate
excellent overall data fitting performance, and the relationships between variables exhibit
a certain degree of reliability. In the actual project, through the data coupling of concrete
parameters, the construction organization can be better carried out, so that the concrete
structure can be more efficiently applied. For example, when analyzing the lining structure
of a tunnel project or the stress on a concrete bridge deck, the bearing capacity of the
concrete structure can be analyzed according to the coupling mechanism, which provides a

reliable basis for construction and ensures its safety.
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Figure 21. (a) Multiple regression of BFRC compressive strength; (b) multiple regression of BFRC

splitting tensile strength.
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Figure 22. (a) Multiple regression of NC-compressive strength; (b) multiple regression of NC-tensile
splitting strength.

6. Conclusions
This research systematically investigates the coupling mechanism between pore evo-
lution and mechanical strength development in basalt-fiber-reinforced concrete through

a novel integration of X-ray computed tomography and the watershed algorithm. By

establishing a gray-scale threshold-based pore extraction method, the dynamic interactions

between pore structure and strength were quantitatively analyzed across multiple curing
ages. The key findings are summarized as follows:

(1) BEFRC exhibited superior ductility, characterized by a yielding-like phase before frac-
ture, contrasting the brittle failure of NC. The three-dimensional fiber network effec-
tively bridged micro-cracks, redistributed stress, and enhanced energy dissipation,
thereby improving structural resilience.

(2) The incorporation of 0.2% basalt fiber significantly improved the splitting tensile strengths
of concrete. At 28 days, BFRC exhibited a compressive strength of 50.78 MPa and
splitting tensile strength of 4.07 MPa, surpassing ordinary concrete by 19.88% and 43.3%,
respectively. Early strength reduction in BFRC (13.13 MPa vs. 22.81 MPa for NC at 3 days)
was attributed to fiber-induced interference during initial hydration, which diminished
as hydration progressed, leading to accelerated strength gain post 7 days.

(8) The integration of CT scanning with the watershed algorithm enabled the precise seg-
mentation of pores and the concrete matrix, overcoming the subjectivity of traditional
threshold methods. This approach provided critical insights into the development of
the pore structure over the hydration age, validated by high-resolution imaging and
statistical analysis.

(4) BFRC demonstrated a 64.83% lower porosity (5.13%) compared to NC (11.66%) at
28 days. Microscopic analysis revealed that harmless pores (<1.104 x 107 um?) domi-
nated BFRC, increasing from 42.8% to 77.5%, whereas NC showed a rise from 33.1%
to 67.6%. This refinement was driven by the densification of inter-facial transition
zones, where basalt fibers promoted the directional growth of hydration products,
effectively filling capillary pores and suppressing harmful pore formation.

(5) A two-dimensional strength-porosity model and a three-dimensional age-dependent
multi-factor model were developed. The latter achieved exceptional predictive ac-
curacy (R? up to 0.9968) by incorporating the curing time and porosity interactions,
offering a robust tool for optimizing the fiber-reinforced concrete design.

(6) Future research directions: (1) Study the hydration process of concrete mixed with
different fibers and the effect of different fibers on the hydration process of concrete.
(2) Employ experimental methodologies to systematically examine the correlation
between mechanical properties and pore structures in recycled aggregate basalt-fiber-
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reinforced concrete, with the objective of facilitating its industrial implementation in
the context of global energy conservation and carbon emission reduction initiatives.

Author Contributions: X.W.: Supervision, Writing—review and editing. S.C.: Funding acquisition,
Writing—review and editing. P.L.: Methodology, Conceptualization. J.Z.: Writing—original draft,
Methodology. S.X.: Software. EY.: Investigation. X.C.: Data curation. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (under
Grant No. 52278277), Natural Science Foundation of Sichuan Province, and International Innovation
Cooperation Project (under Grant 2023YFHO0061).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: We acknowledge the National Natural Science Foundation of China, Natural
Science Foundation of Sichuan Province, and International Innovation Cooperation Project. We
would also like to thank all the editorial board specialists and reviewers for their energy and effort in

reviewing this manuscript.

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

References

1. Xie, L.; Sun, XJ.; Yu, Z.P;; Guan, Z.X,; Long, A.X; Lian, H.H.; Lian, Y.J. Experimental study and theoretical analysis on dynamic
mechanical properties of basalt fiber reinforced concrete. J. Build. Eng. 2022, 62, 105334. [CrossRef]

2. Khan, M,; Cao, M.L,; Xie, C.P,; Ali, M. Effectiveness of hybrid steel-basalt fiber reinforced concrete under compression. Case Stud.
Constr. Mater. 2022, 16, €00941. [CrossRef]

3. Zhang, H.; Wang, B; Xie, A.Y.; Qi, Y.Z. Experimental study on dynamic mechanical properties and constitutive model of basalt
fiber reinforced concrete. Constr. Build. Mater. 2017, 152, 154-167. [CrossRef]

4. Yuan, C.; Chen, W.S.; Pham, T.M.; Hao, H. Effect of aggregate size on bond behaviour between basalt fibre reinforced polymer
sheets and concrete. Compos. Part B Eng. 2019, 158, 459-474. [CrossRef]

5. Zhou, H; Jia, B.; Huang, H.; Mou, Y.L. Experimental study on basic mechanical properties of basalt fiber reinforced concrete.
Materials 2020, 13, 1362. [CrossRef]

6. Sun, Z,; Li, YL,; Yang, Y.X,; Su, L,; Xie, S.J. Splitting tensile strength of basalt fiber reinforced coral aggregate concrete: Optimized
XGBoost models and experimental validation. Constr. Build. Mater. 2024, 416, 135133. [CrossRef]

7. Branston, ].; Das, S.; Kenno, S.Y.; Taylor, C. Mechanical behaviour of basalt fibre reinforced concrete. Constr. Build. Mater. 2016,
124, 878-886. [CrossRef]

8. Wu, H.; Qin, X.; Huang, X.; Kaewunruen, S. Engineering, mechanical and dynamic properties of basalt fiber reinforced concrete.
Materials 2023, 16, 623. [CrossRef]

9. Qin, S.H.; Wu, L. Study on mechanical properties and mechanism of new basalt fiber reinforced concrete. Case Stud. Constr. Mater.
2025, 22, 04290. [CrossRef]

10. Deng, Y.G.; Zhao, B.J.; Dai, T.T,; Li, G.Q. Study on the dispersibility of modified basalt fiber and its influence on the mechanical
properties of concrete. Constr. Build. Mater. 2022, 350, 128839. [CrossRef]

11. Dias, D.P.,; Thaumaturgo, C. Fracture toughness of geopolymeric concretes reinforced with basalt fibers. Cem. Concr. Compos.
2005, 27, 49-54. [CrossRef]

12.  Kizilkanat, A.B.; Kabay, N.; Akytincti, V.; Chowdhury, S.; Akca, A.R. Mechanical properties and fracture behavior of basalt and
glass fiber reinforced concrete: An experimental study. Constr. Build. Mater. 2015, 100, 218-224. [CrossRef]

13.  Shen, YJ.; Lv, Y,; Yang, HW.,; Ma, W.; Zhang, L.; Wei, X. Pore development and mechanical properties of iced concrete during
hydration. Constr. Build. Mater. 2022, 353, 129077. [CrossRef]

14. Deng, G.Y.; Guo, R.Q.; Ma, L.J.; Long, Z.L.; Xu, E; Yin, C.J.; Xu, X. Study on dynamic mechanical properties and microstructure of

basalt fiber reinforced coral sand cement composite. Constr. Build. Mater. 2024, 425, 136024. [CrossRef]


https://doi.org/10.1016/j.jobe.2022.105334
https://doi.org/10.1016/j.cscm.2022.e00941
https://doi.org/10.1016/j.conbuildmat.2017.06.177
https://doi.org/10.1016/j.compositesb.2018.09.089
https://doi.org/10.3390/ma13061362
https://doi.org/10.1016/j.conbuildmat.2024.135133
https://doi.org/10.1016/j.conbuildmat.2016.08.009
https://doi.org/10.3390/ma16020623
https://doi.org/10.1016/j.cscm.2025.e04290
https://doi.org/10.1016/j.conbuildmat.2022.128839
https://doi.org/10.1016/j.cemconcomp.2004.02.044
https://doi.org/10.1016/j.conbuildmat.2015.10.006
https://doi.org/10.1016/j.conbuildmat.2022.129077
https://doi.org/10.1016/j.conbuildmat.2024.136024

Materials 2025, 18, 3212 28 of 29

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Huang, D.G.; Wang, X.Z; Li, X.F; Su, L.; Tian, ].B.; Li, Y.; Liu, Y.H. Research on the mechanical properties and pore structure
deterioration of Basalt-polyvinyl alcohol hybrid fiber concrete under the coupling effects of sulfate attack and freeze-thaw cycles.
Constr. Build. Mater. 2025, 473, 140949. [CrossRef]

Lian, C.; Zhuge, Y.; Beecham, S. The relationship between porosity and strength for porous concrete. Constr. Build. Mater. 2011, 25,
4294-4298. [CrossRef]

Chen, X.D.; Wu, S.; Zhou, ]. Influence of porosity on compressive and tensile strength of cement mortar. Constr. Build. Mater. 2013,
40, 869-874. [CrossRef]

Wang, K.D.; Wang, W.J.; Guo, Y.D,; Liu, Y,; Duan, P; Shi, W.; Liu, Y. Grey modeling study on mechanical properties and pore
structure of concrete with different basalt fiber contents based on NMR. |. Build. Eng. 2024, 89, 109287. [CrossRef]

Xiao, J.Z.; Lv, Z.Y,; Duan, Z.H.; Zhang, C.Z. Pore structure characteristics, modulation and its effect on concrete properties: A
review. Constr. Build. Mater. 2023, 397, 132430. [CrossRef]

Choi, H.B.; Park, J.O.; Lee, H.D.; Lee, K.R. Mechanical and pore properties of concrete using basalt-based recycled aggregates
according to mixture conditions. Materials 2022, 15, 5677. [CrossRef]

Li, D.; Niu, D.T; Fu, Q.; Luo, D.M. Fractal characteristics of pore structure of hybrid Basalt-Polypropylene fibre-reinforced
concrete. Cement Concr. Compos. 2020, 109, 103555. [CrossRef]

Dong, X.X.; Bao, X.H.; Cui, H.Z.; Xu, C.J.; Chen, X.S. Macro-porosity and skeleton of a cement-gravel-treated granite residual soil
for subgrade from CT scanning. Constr. Build. Mater. 2023, 371, 130703. [CrossRef]

Ren, D.Y;; Wu, PE,; Yang, H.B.; Xu, ].R.,; Wang, Z.L.; Huang, Y.Q.; Chen, X.; Kong, L. Mesoscopic evaluation of dynamic water
scour resistance of basalt fiber-reinforced porous asphalt concrete using CT scanning technology. Constr. Build. Mater. 2025, 465,
140186. [CrossRef]

Liang, Z.W.; Rao, C.M.; Zhu, Y.C; Rabczuk, T.; Wang, ] M. Numerical simulation on the three-dimension mesoscopic model of
aerated ceramsite concrete based on CT scan. Case Stud. Constr. Mater. 2024, 21, e04068. [CrossRef]

Trussell, N.; Harr, M.S.; Kjeka, G.; Asadj, I.; Endrerud, P.E.; Jacobsen, S. Anisotropy and macro porosity in wet sprayed concrete:
Laminations, fibre orientation and macro pore properties measured by image analysis, PF test, water penetration and CT scanning.
Constr. Build. Mater. 2023, 389, 131715. [CrossRef]

Vicente, M.A.; Ruiz, G.; Gonzédlez, D.C.; Minguez, J.; Tarifa, M.; Zhang, X.X. CT-Scan study of crack patterns of fiber-reinforced
concrete loaded monotonically and under low-cycle fatigue. Int. J. Fatigue 2018, 114, 138-147. [CrossRef]

Wang, M.Z.; Yang , Y.; Wang, W. Establishing a 3D aggregates database from X-ray CT scans of bulk concrete. Constr. Build. Mater.
2022, 315, 125740. [CrossRef]

Tian, W.; Han, N. Pore characteristics (>0.1 mm) of non—Air entrained concrete destroyed by freeze—Thaw cycles based on CT
scanning and 3D printing. Cold Reg. Sci. Technol. 2018, 151, 314-322. [CrossRef]

Li, N.; Zhao, Y.R.; Xing, YM.; He, X.Y,; Li, H.X. Meso-damage analysis of concrete based on X-ray CT in-situ compression and
using deep learning method. Case Stud. Constr. Mater. 2023, 18, e02118. [CrossRef]

Ren, Q.F,; Pacheco, J.; de Brito, J. Calibration of wall effects in mesostructure modelling of concrete using marker-controlled
watershed segmentation. Constr. Build. Mater. 2023, 398, 132505. [CrossRef]

Zhang, M.; Yao, X.H.; Guan, J.F; Li, L.L.; Wang, J.; Qing, L.B. Study of Concrete Strength and Pore Structure Model Based on Grey
Relation Entropy. Materials 2021, 14, 432. [CrossRef]

Xu, EW,; Pan, H. K. Research on Quantitative Characterization Model of Compressive Strength or Elastic Modulus of Recycled
Concrete Based on Pore Grading. Materials 2025, 18, 3. [CrossRef]

Li, D.Q.; Li, Z.L.; Lv, C.C.; Zhang, G.H.; Yin, YM. A predictive model of the effective tensile and compressive strengths of concrete
considering porosity and pore size. Constr. Build. Mater. 2018, 170, 520-526. [CrossRef]

Bian, PF,; Zhang, M.; Yu, Q.J.; Zhan, B.G.; Gao, P.; Guo, B.L.; Chen, Y.Y. Prediction model of compressive strength of foamed
concrete considering pore size distribution. Constr. Build. Mater. 2023, 409, 133705. [CrossRef]

Yu, P; Qiu, H.E; He, S.; Qin, Y.; Zhou, Y.T. Pore structure and prediction of mechanical properties by ANN of concrete mixed MK
and SF under hydrochloric acid corrosion. Constr. Build. Mater. 2023, 409, 133665. [CrossRef]

Zhang, Y.; Zhu, P; Liao, Z.Q.; Wang, L.H. Interfacial bond properties between normal strength concrete substrate and ultra-high
performance concrete as a repair material. Constr. Build. Mater. 2020, 235, 117431. [CrossRef]

Cui, S.G;; Liu, P; Cui, E.Q.; Su, J.; Huang, B. Experimental study on mechanical property and pore structure of concrete for
shotcrete use in a hot-dry environment of high geothermal tunnels. Constr. Build. Mater. 2018, 173, 124-135. [CrossRef]

Song, Z.; Xiao, K.; Xiao, S.; Du, K.F; Mao, Z.B.; Li, T.; Wang, B. Effect of porosity on the tensile strength and micromechanisms of
laminated stitched C/C-5iC composites. Mater. Des. 2024, 247, 113429. [CrossRef]

JC/T 60018-2023; Technical Specification for Curing of Cast-in-place Concrete. China Architecture & Building Press: Beijing,
China, 2023.

GB-50010-2010; Code for design of concrete structures. Standardization Administration of China: Beijing, China, 2010.


https://doi.org/10.1016/j.conbuildmat.2025.140949
https://doi.org/10.1016/j.conbuildmat.2011.05.005
https://doi.org/10.1016/j.conbuildmat.2012.11.072
https://doi.org/10.1016/j.jobe.2024.109287
https://doi.org/10.1016/j.conbuildmat.2023.132430
https://doi.org/10.3390/ma15165677
https://doi.org/10.1016/j.cemconcomp.2020.103555
https://doi.org/10.1016/j.conbuildmat.2023.130703
https://doi.org/10.1016/j.conbuildmat.2025.140186
https://doi.org/10.1016/j.cscm.2024.e04068
https://doi.org/10.1016/j.conbuildmat.2023.131715
https://doi.org/10.1016/j.ijfatigue.2018.05.011
https://doi.org/10.1016/j.conbuildmat.2021.125740
https://doi.org/10.1016/j.coldregions.2018.03.027
https://doi.org/10.1016/j.cscm.2023.e02118
https://doi.org/10.1016/j.conbuildmat.2023.132505
https://doi.org/10.3390/ma14020432
https://doi.org/10.3390/ma18010003
https://doi.org/10.1016/j.conbuildmat.2018.03.028
https://doi.org/10.1016/j.conbuildmat.2023.133705
https://doi.org/10.1016/j.conbuildmat.2023.133665
https://doi.org/10.1016/j.conbuildmat.2019.117431
https://doi.org/10.1016/j.conbuildmat.2018.03.191
https://doi.org/10.1016/j.matdes.2024.113429

Materials 2025, 18, 3212 29 of 29

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

GB/T-50081-2019; Standard for test methods of concrete physical and mechanical properties. Standardization Administration of
China: Beijing, China, 2019.

Hong, S.; Jiang, R.G.; Zheng, F.; Fan, S.X.; Dong, B.Q. Quantitative characterization of carbonation of cement-based materials
using X-ray imaging. Cement Concr. Compos. 2022, 134, 104794. [CrossRef]

Cui, H.T,; Ke, D.Y.; Gao, Q.F; Li, S.L. Mesoscopic pore characteristics analysis of aged bridge concrete based on X-ray computed
tomography. J. Build. Eng. 2023, 78, 107739. [CrossRef]

Feng, X.H.; Gong, B.; Tang, C.A.; Zhao, T. Study on the non-linear deformation and failure characteristics of EPS concrete based
on CT-scanned structure modelling and cloud computing. Eng. Fract. Mech. 2022, 261, 108214. [CrossRef]

Patra, S.; Gautam, R.; Singla, A. A novel context sensitive multilevel thresholding for image segmentation. Appl. Soft Comput.
2014, 23, 122-127. [CrossRef]

Kornilov, A.; Safonov, I.; Yakimchuk, I. A review of watershed implementations for segmentation of volumetric images. J. Imaging
2022, 8, 127. [CrossRef]

Zhong, Y.; Liu, Y,; Liu, K.; Zhan, T,; Liu, S.L,; Liang, Y.L.; Hu, Y.L.; Li, M.F; Lei, G.P.; Zhou, S.Y,; et al. WC electron microscopy
image segmentation based on improved watershed and Hu—Moment edge matching algorithms. Comput. Mater. Sci. 2025, 246,
113401. [CrossRef]

Tong, L.; Cai, Y.; Liu, Q. Carbonation modelling of hardened cementitious materials considering pore structure characteristics: A
review. J. Build. Eng. 2024, 96, 110547. [CrossRef]

Yang, W.R,; Tang, Z.Y.; Wu, WW.,; Zhang, K.; Yuan, J.; Li, H.Y.; Feng, Z.M. Effect of different fibers on impermeability of steam
cured recycled concrete. Constr. Build. Mater. 2022, 328, 127063. [CrossRef]

Jin, S.S.; Zhang, J.X.; Han, S. Fractal analysis of relation between strength and pore structure of hardened mortar. Constr. Build.
Mater. 2017, 135, 1-7. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.cemconcomp.2022.104794
https://doi.org/10.1016/j.jobe.2023.107739
https://doi.org/10.1016/j.engfracmech.2021.108214
https://doi.org/10.1016/j.asoc.2014.06.016
https://doi.org/10.3390/jimaging8050127
https://doi.org/10.1016/j.commatsci.2024.113401
https://doi.org/10.1016/j.jobe.2024.110547
https://doi.org/10.1016/j.conbuildmat.2022.127063
https://doi.org/10.1016/j.conbuildmat.2016.12.152

	Introduction 
	Material and Experimental Method 
	Materials 
	Specimen Preparation 
	Experimental Scheme 
	Mechanical Strength Test 
	CT Scan 
	General Experimental Scheme 


	Mechanical Properties 
	Failure Mechanism 
	Mechanical Strength 

	Pore Analysis 
	Gray-Scale Value 
	Watershed Algorithm 
	Macroscopic Pore Analysis 
	Pore Data Extraction Methodology 
	Porosity Analysis 

	Microscale Analysis of Pore Structure Evolution 
	The Variation Pattern of Pore Size Distribution 
	Analysis of the Evolutionary of Pore Structure 
	Visualization Analysis of Pore Structure 


	Correlation Analysis Between Porosity and Mechanical Properties 
	Conclusions 
	References

