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The study of freeze-thaw (F-T) damage of steam cured concrete (SCC) plays a positive role in 
promoting the development of prefabricated technology in water conservancy project construction 
and construction industrialization in cold areas. This study aims to investigate and provide a better 
understanding of the surface damage pattern and pore structure of SCC. In this paper, a 3D scanner 
was used to scan the surface topography of SCC under five conditions of F-T (the number of F-T was 
0, 50, 100, 150, and 200 respectively), and the spatial distribution of point cloud data generated by 
scanning results was analyzed, and surface roughness was introduced to quantify the damage effect 
of F-T cycle on the surface of SCC. The results show that the fluctuation range of point cloud data 
increases from 0–0.15 mm to 0–0.93 mm with the increase of F-T cycles. The F-T cycles result in the 
continuous deterioration of the surface of SCC, and surface roughness increases from 0.097 mm to 
0.899 mm, and the development law basically conforms to the exponential growth law. In addition, the 
pore structure parameters of SCC under different F-T cycles were obtained based on X-ray computed 
tomography technology (XCT). It was found that the pore size and porosity increased with the increase 
of F-T cycles, and the growth rates ranged from 3.41% to 19.69% and 29.29% to 41.85%, respectively. 
The pore numbers showed a decreasing trend, with the decreasing rate ranging from 2.56% to 11.56%. 
It is also found that the inhomogeneity of pore space distribution caused by F-T cycles may be one 
of the main reasons affecting the mechanical properties of SCC. On this basis, the surface fractal 
dimension and volume fractal dimension of SCC pores were calculated respectively, and they were used 
to evaluate the F-T damage degree of SCC under different F-T cycles. The results revealed that there is 
a linear relationship between fractal dimension and F-T cycles. When the fractal dimension is used to 
characterize the F-T damage degree of SCC, the result of the volume fractal dimension is better than 
the surface fractal dimension.
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In recent years, precast concrete elements have begun to be promoted and applied in the field of water conservancy 
and water transportation with the rapid development of green buildings and prefabricated buildings. For example, 
precast aqueduct1, prefabricated precast revetment and prefabricated slope retaining pile2, etc. The quality of 
concrete, demolding speed and mold turnover are all related to the benefit and safety of elements3. Steam curing 
is one of the main methods for elements4, and it mainly changes the curing environment of concrete by means of 
high temperature humidification, so that the hydration reaction of cement is advanced and accelerated, thereby 
improving the early strength of concrete and achieving the purpose of improving production efficiency5.

Due to the difference in geographical location and climatic environment, F-T cycles are a phenomenon 
that frequently occurs in some regions. Throughout their service life, F-T cycles may harm SCC to differing 
degrees6. On the one hand, SCC will be subjected to the action of the thermal and moisture coupling effect in 
the curing process7, resulting in certain initial damage to its surface8. The F-T cycle makes the surface of SCC 
more susceptible to F-T damage compared to ordinary concrete. On the other hand, the thermal and moisture 
coupling effect will degrade and coarsen the pore structure of SCC9, while the volume difference of F-T media 
caused by F-T cycles will further damage the pore structure of SCC10. This combined external and internal 
damage mechanism is particularly prominent in water conservancy projects in cold regions. The sustained 
F-T conditions created by low-temperature water-exposed environments not only cause surface spalling, mass 
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loss, and performance degradation of SCC, but also accelerate the overall deterioration process of the material 
through the destruction of the pore structure. This ultimately leads to shortened service life and even instability 
or failure of engineering structures, posing serious threats to their safety11,12. Therefore, it is very important to 
accurately quantify and reveal the changes and regularities of the surface and pore structure of SCC in the F-T 
environment.

3D scanner technology records the geometric structure and appearance of scanned objects with lasers 
and high-speed cameras13, constructs 3D images of scanned objects through mathematical modeling with 
computer technology, and then analyzes and measures 3D digital models in a computer environment14. And this 
technology has been widely used in the field of concrete. For example, several studies15–17 studied the influences 
of different aggregate types, nozzle size, printing path, and other printing parameters on the performance of 3D 
printed concrete based on 3D scanner technology. The literature18 studied the application of concrete based on 
3D scanning technology for F-T tests under different aggregate substitution rates. The literature19 studied the 
3D surface roughness parameters of concrete based on 3D scanner technology, and established the correlation 
between the parameter and the tensile adhesion of concrete. The literature20 tested the surface roughness of 
concrete based on the 3D scanner technology of single camera, and believed that the cost of this technology was 
low, but the accuracy was not affected. For example, the overall mean error of surface roughness is less than 3%, 
and the local mean error is less than 5%. The above research shows that using 3D scanner technology to measure 
and analyze the surface of concrete has high precision and operability.

XCT is a powerful tool to investigate the concrete pore structure21–23. It has the characteristics of non-
destructive and repeatable operation compared with mercury intrusion porosimetry, scanning electron 
microscope, optical microscope, and other equipment24–26. Moreover, it is especially suitable for the testing 
the same sample under different working conditions. The literature27 studied the pore structure changes of 
mortar before and after F-T based on XCT. Cracks and filling of pores caused by the F-T cycle can be obtained 
by comparing the pore structure of the same test specimen before and after F-T. The literature28 continuously 
observed the pore structure of concrete with F-T cycles of 25, 50, 75, and 100 based on XCT, and found that 
the pore area distribution of concrete gradually increased with the increase of F-T cycles, and accompanied by 
cracks. The literature29 obtained the evolution process of glass concrete pore structure under the two mixing 
processes of dry mixing and wet mixing via XCT. It is believed that XCT is better than mercury intrusion 
porosimetry in studying concrete pore structure under the dry mixing process. The literature30 used XCT to test 
the pore structure parameters of foam concrete and the correlation between pore structure and early mechanical 
properties was clarified. The above literature proves the feasibility of using XCT to study the pore structure 
evolution of SCC under F-T cycles. However, although the pore structure of SCC can be characterized by XCT, 
there are many parameters of the pore structure31. It is bound to complicate and difficult to quantify the F-T 
damage of SCC if the pore structure parameters are directly used to judge the F-T damage32. The introduction of 
fractal theory provides a powerful mathematical tool for solving this challenging problem. Its core advantage lies 
in utilizing the fractal dimension—a non-integer dimension—to quantitatively characterize the self-similarity 
or statistical similarity of pore structures under scale transformations. This effectively captures the complexity of 
pore structures. Therefore, it is necessary to describe the pore structure of SCC with the help of fractal theory33, 
so as to quantify the F-T damage of SCC.

At present, the evaluation of F-T damage in SCC mainly refers to ordinary concrete, using indicators 
such as visual observation of surface spalling degree, core sampling for mass loss measurement, and relative 
dynamic elastic modulus. This approach has limitations such as large result dispersion due to strong subjectivity, 
destruction of samples, inability to conduct repeated observation, and lack of capability to track local damage 
evolution. Based on this, this paper will introduce 3D scanner and XCT technologies to conduct a quantitative 
study on the F-T damage of SCC through non-destructive means. First, the surface of SCC samples under 
different numbers of F-T cycles will be scanned using a 3D scanner, and surface roughness will be adopted to 
quantify the surface damage caused by F-T cycles to SCC. Second, XCT will be used to test the pore structure 
of SCC under different F-T cycles, aiming to study the evolution laws of pore parameters such as pore size 
distribution, pore number, and porosity. Finally, on the basis of studying the pore structure of SCC, the surface 
fractal dimension and volume fractal dimension of the pore structure will be calculated respectively, and fractal 
dimensions will be utilized to characterize the F-T damage of SCC.

Materials and methods
Material properties
The cement was P·O 42.5 ordinary Portland cement with specific surface area of 348.70 m2/kg, and the 
specific parameters were shown in Table 1. The coarse aggregate was natural crushed stone with a continuous 
grading of 5–25 mm; The fine aggregate was a natural medium river sand with a fineness modulus of 2.5. The 
mineral admixture was fly ash (FA) and ground granulated blast furnace slag (GGBS), whose specific chemical 
compositions were shown in Table 2; The water reducing agent was a high-efficiency polycarboxylic acid water 
reducing agent with a water reduction rate of 28% and an air content of 2.5%.

MgO/% SO3/% Ignition loss /% Cl-1/% fu/MPa(3d/28d) fcf./MPa(3d/28d) Initial setting time /min Final setting time /min

5.0 3.5 5.0 0.06 16/42.5 3.5/6.5 45 600

Table 1.  Main indexes of cement.
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Experiment mix proportion
The experimental mix proportion design was shown in Table 3.

Steaming system and preparation process
The experiment used an SJD60 single-horizontal-shaft forced concrete mixer. First, half of the water and 
aggregates were placed in the mixer and stirred for 3 min. Next, the remaining water, cement, and water-reducing 
agent were added and stirred for 2 min. Then, river sand was added and stirred for 2 min. Finally, GGBS and 
FA were added and stirred for 2 min. The mixture was compacted by vibration on an HZD1000 concrete testing 
vibration table for 20 s, then cured under natural conditions for 3 h before transfer to a steam curing chamber. 
Steam curing lasted 12 h at 40 °C with a heating rate of 15–20 °C/h. After steam curing, the concrete samples 
were placed in a standard curing room for 28d. The specific process is shown in Fig. 1.

Test methodology
The F-T cycle test
The F-T cycle test of SCC refers to GB / T 50,082 − 202434 and ASTM C66635, and was completed by a CABR-
HDK rapid F-T cycles testing machine produced by China Jianyanhuace Measuring Instrument Co., Ltd. The F-T 
cycle test was carried out according to the following principles: the specimens were frozen in a F-T equipment 
with an air temperature of -18 ℃ for 2 h, and the specimen were thawed by injecting water at 20 ℃ for 2 h. A F-T 
cycle was 4 h, and the test period had a total of 200 F-T cycles. The F-T cycles medium is − 45 ℃ antifreeze, the 
refrigeration compressor is 5 HP, the F-T cycles mechanical voltage is AC 380 V, the current change is 50 cycles/s, 
the heating power is 9 KW, and the maximum operating power is 9.85 KW. The total number of F-T cycles is 
200, and the duration of each F-T cycles is 4 h. In order to accurately characterize the destructive effects of the 
F-T environment on SCC, F-T cycling, 3D scanning, and XCT were performed on the same cube specimen with 
a size of 50 × 50 × 50 mm.

3D scanner

	(1)	 Device parameters.

The scanner is a four-eye 3D scanner produced by China Nanyang Mengyang Machinery Co., Ltd. The scanning 
mode is blue light plus white light dual mode. The scanning accuracy is 0.001 to 0.05 mm. The number of points 
in a single amplitude scan is 2,600,000 pixels. The single face scan speed is 1 to 3 s. The average point spacing 
is 0.005 to 0.1 mm. The working voltage is 220 V. The operating temperature is from − 20 ℃ to 40 ℃. Test 
frequency is 100 F-T cycles / time.

	(2)	 Point cloud data processing.

Point cloud data processing generally includes point cloud data denoising, point cloud data simplification, 
point cloud data stitching and defect repair, etc36–38. Specimen surface roughness and surface splicing errors 
probably occur in the process of 3D digital model reconstruction, because there are many interferences and 
uncontrollable information in the scanning process, such as scanning environment and neighboring objects39. 
Therefore, denoising should be carried out by eliminating interference information and applying filtering in the 
process of point cloud data, and bilateral filtering denoising method is adopted in this case40.

The 3D scanner needs to obtain a large number of point cloud data to ensure the ac-curacy of the surface 
information of SCC. However, in order to improve the convenience of large point cloud data storage and 
computing, point cloud data needs to be streamlined. Its principle is generally as follows: some representative 
point cloud data are selected to reconstruct the 3D digital model of the surface topography of SCC under the 
condition that various 3D characteristic information of the surface of SCC is not missing41.

Due to the 3D nature of SCC samples, single scans inevitably produce blind spots. Therefore, during scanning, 
the spatial invariance of marker points must be utilized with a high-precision electric rotating stage. By fixing the 
scanner position and scanning angle, overlap of marker points between adjacent viewpoints is ensured, enabling 
3D reconstruction of the SCC surface from multiple perspectives. 3D point cloud automatic splicing algorithm is 
adopted to splice the extracted obvious feature points on the surface of SCC in this paper42. Data loss will occur 
during surface point cloud data acquisition of SCC, because the data quality will be limited by measurement 

Cement FA GGBS Water reducing agent Coarse aggregate Sand Water W/B

241.5 144.9 96.6 3.42 957 815 145 0.3

Table 3.  Experiment mixes proportion (kg/m3).

 

Materials Class SiO2/% Al2O3/% Fe2O3/% CaO/% MgO/% SO3/%

FA II 56.63 24.82 6.85 3.36 / /

GGBS S95 34.01 9.85 1.02 41.87 8.11 2.67

Table 2.  Chemical composition of FA and GGFS.
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equipment and methods, as well as the paste of marker points and defects on the surface of solid model. On the 
other hand, the effect of the geometric processing algorithm is also affected by model quality. Therefore, it is 
necessary to repair the missing data in order to apply it robustly to the subsequent digital geometry processing. 
This paper adopts a content-based point cloud model repair method43.

	(3)	 Reconstruction of 3D digital model.

The surface of SCC was extracted by a 3D scanner, and the point cloud data was processed respectively according 
to the above steps. In addition, we also scanned the corners of the SCC in order to make the splicing of the 
surface of the SCC stronger. The 3D reconstruction of point cloud data is realized by splicing surfaces, edges, 
and corners based on the automatic splicing algorithm. The result of the 3D reconstruction is shown in Fig. 2.

XCT

	(1)	 Device parameters.

The pore structure characteristics of SCC were analyzed by the German Y. CT Precision microfocus X-ray and 
industrial CT system, which is mainly composed of X-ray source, rotating console, and monitor. The spatial 
resolution of the scanned image is 78.4 μm / voxel, and the pixel number is 1024 × 1024; the length resolution is 
37.4 μm. Test frequency is 50 F-T cycles / time.

Fig. 1.  Flow chart of SCC preparation.
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	(2)	 Denoise processing.

Denoising processing solves the beam hardening problem by cutting the SCC 2D slices44,45. As digital images 
will be interfered by imaging equipment and external environmental noise during digitization and transmission, 
it is necessary to de-noise the image46. Some studies have shown that the non-local mean method has the best 
noise reduction effect6, so the non-local mean noise reduction method is selected in this paper.

	(3)	 Grayscale division.

There are significant differences in X-ray penetration due to the differences in aggregates, cement mortar 
thickness, and pores of SCC. On the basis of eliminating beam hardening and reducing image noise, ImageJ 
software (v1.8.0) is used to determine the grayscale range of 2D slices of SCC, in order to accurately segment 
the grayscale of aggregates, cement mortar, and pores of SCC. Among them, the gray value range of pores is 
0–13,597, the gray value range of cement mortar is 13,597–16,804, and the gray value range of aggregates is 
16,804–23,056.

	(4)	 3D reconstruction of SCC.

A total of 1000 2D slices were processed by Avizo software (2019 version). Aggregates, cement mortar, and pores 
were extracted according to the results of grayscale division, and 3D reconstruction of SCC was carried out. The 
3D reconstruction results are shown in Fig. 3.

Results and discussion
Analysis of the influence of F-T environment on the surface of SCC
Surface topography of SCC under F-T environment
There may be placement problems with the F-T test machine for SCC. In other words, SCC specimens may come 
into contact with F-T containers or other specimens in the same group during the test. Therefore, we selected 
a group of SCC surfaces that are only in contact with F-T liquid. The purpose of doing this is to obtain a more 
realistic F-T effect and reduce measurement errors.

Figure 4 shows the surface topography of SCC after 0, 50, 100, 150, and 200 F-T cycles. It can be seen from 
the figure that the surface of SCC has different degrees of damage even without F-T cycles. This is mainly due to 
the action of the thermal and moisture coupling effect on SCC during steam curing7. The surface damage of SCC 
tends to deteriorate with the increase in F-T cycles, which is basically consistent with the phenomena observed 
in ordinary concrete.

Spatial distribution of point cloud data
The steps and methods in Section  “3D scanner” were used to scan the surface of SCC under different F-T 
cycles. Point cloud data after scanning are spatial coordinate points with 3D characteristics. Since only the F-T 
characteristic surface of SCC is discussed in this paper, it is assumed that the length and width of the SCC 
specimen do not change during F-T cycles, i.e., the F-T environment only affects the depth (height) of the SCC 
surface.

Fig. 2.  3D reconstruction of point cloud data.
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Figure 5 shows the point cloud distribution of the surface F-T depth of SCC after 0, 50, 100, 150, and 200 F-T 
cycles. It can be seen that the fluctuation range of point cloud data gradually increases with the increase in 
F-T cycles. The point cloud data fluctuate between 0 and 0.15  mm, and most point clouds are located at 0 
when no F-T cycles are applied. This indicates that the surface of SCC remains flat, even though affected by the 
steam curing system. The fluctuation ranges of point cloud data are 0–0.36 mm, 0–0.54 mm, 0–0.77 mm, and 
0–0.93 mm when the number of F-T cycles increases to 50, 100, 150, and 200. It can be seen that the maximum 
value of the point cloud data range exhibits a growing trend, with growth rates of 0.16%−0.23% under different 
F-T cycles.

Calculation of surface roughness
In this paper, a physical evaluation index for concrete joint surface, namely surface roughness, is introduced to 
quantify the influence of F-T cycles on the surface of SCC. Methods for calculating surface roughness include the 
standard plate comparison method, the sand-patch method, and the probe method, etc47. Based on the principle 
of the sand-patch method48, coordinated adjustment and filling were carried out on the spatial distribution of 

Fig. 4.  Surface topography of SCC under different F-T cycles.

 

Fig. 3.  3D reconstruction of SCC.
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extracted point cloud. Mass and density were given to the filled body, and the volume and area covered by the 
filled body were calculated respectively, so as to obtain the surface roughness of SCC after different F-T cycles.

Figure 6 shows the surface roughness of SCC after 0, 50, 100, 150, and 200 F-T cycles. It can be seen that 
the surface roughness of SCC increases continuously with the increase in F-T cycles. For example, the surface 
roughness of SCC is 0.097 mm when there are 0 F-T cycles. The surface roughness of SCC is 0.137, 0.226, and 
0.383 mm when the number of F-T cycles increases to 50, 100, and 150. These values increase by 1.41, 2.33, and 
3.95 times compared with 0 F-T cycles, respectively. It can be seen that the surface roughness of SCC increases 
about 4 times when 150 F-T cycles are applied. This is due to water going through the freezing-thawing cycle 
during F-T exposure, resulting in a volume difference of about 9 times between liquid and solid water. SCC 
specimens begin to shed large areas of mortar debris when the phase change tension generated by F-T cycles 
exceeds that of the SCC pore structure49, resulting in a sudden increase in surface roughness. In addition, it is 
worth noting that the surface roughness changes dramatically, with its value reaching as high as 0.899 mm when 
the number of F-T cycles is 200. The surface roughness increases by 9.27 times compared to 0 F-T cycles. At 
this stage, the surface of SCC begins to shed large particles such as river sand with large particle size or coarse 
aggregate with small particle size, and the surface is almost completely destroyed, accompanied by cracks.

The model Exp3P2 was used to fit the surface roughness of SCC according to the calculation results. It is 
found that R2 reaches 0.998 when a = − 2.27, b = 3.31 × 10− 3, and c = 3.74 × 10− 5. Therefore, we believe that the 
surface roughness of SCC under 0, 50, 100, 150, and 200  F-T cycles follows the exponential growth law. In 
addition, the mass loss rate and the relative dynamic elastic modulus of SCC were tested when the number of F-T 
cycles is 200. It is found that the mass loss rate of SCC is less than 5%, and the relative dynamic elastic modulus 
is more than 60%50. This indicates that F-T damage had not completely occurred at this stage. Therefore, the 
Exp3P2 model can be used to predict the surface roughness of SCC under subsequent F-T cycles.

Fig. 5.  Point cloud distribution of surface F-T depth of SCC.
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Analysis of influence of F-T cycles on pore structure of SCC
The pore structure of SCC generally includes pore size distribution, the number of pores, and porosity, etc51. 
In order to understand the influence of F-T cycles on the pore structure characteristics of SCC, the pore 
structure parameters of SCC after 3D reconstruction were quantitatively characterized according to the steps 
in Section “XCT”.

Pore size distribution and pore numbers
Figure 7; Table 4 show the graph of the pore size distribution and pore structure parameters of SCC after 0, 50, 
100, 150, and 200 F-T cycles, respectively. It can be seen that the pore size of SCC increases with the increase 
in F-T cycles. The maximum pore size range of SCC increases from 1095.68 μm to 1134.31 μm, 1302.25 μm, 
1601.33 μm, and 1993.82 μm when the number of F-T cycles is 0, 50, 100, 150, and 200, respectively, and the 
growth rates are 3.41%, 12.90%, 18.68%, and 19.69%, respectively. The reason for this phenomenon is analyzed, 
and it is believed that the conversion between liquid phase and solid phase in the F-T cycles process will produce 
frost heaving force52, which continuously exerts tension on the pore structure49, leading to the continuous 
increase of pore size. In addition, it is worth noting that the minimum pore size of SCC is 17 μm, which depends 
on the resolution of XCT.

In addition, Fig. 7; Table 4 visually show the influence of F-T cycles on the number of pores of SCC. The 
number of pores is 21,147, 19,908, 19,399, 17,265, and 15,269 when the number of F-T cycles is 0, 50, 100, 150, 
and 200, respectively. It can be seen that the number of pores of SCC decreases with the increase in F-T cycles. 
This is due to the fact that the pores of SCC will fuse with the surrounding pores to form larger pores when the 
pores are damaged by F-T cycles53. This conclusion can also be verified in the pore size distribution mentioned 
above.

Fig. 6.  Surface roughness and fitting curve of SCC under different F-T cycles.
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Porosity and pore Spatial distribution
In order to understand the influence of F-T cycles on the porosity of SCC, the chart of pore spatial distribution 
was drawn, as shown in Fig. 8. It can be seen from the figure that the porosity and its range of SCC show an 
increasing trend with the increase in F-T cycles. For example, the porosity of SCC is 1.25%, 1.89%, 3.25%, 4.66%, 
and 6.59%, respectively, when the number of F-T cycles is 0, 50, 100, 150, and 200, and the growth rates are 
33.86%, 41.85%, 30.26%, and 29.29%. At this time, the porosity ranges of SCC are 0.77%−1.96%, 1.32%−3.5%, 
2.60%−5.30%, 3.18%−9.16%, and 4.18%−15.32%, respectively. It can be seen that the pore spatial distribution 
is relatively stable when the number of F-T cycles is 0. The pore spatial distribution fluctuates greatly when the 
number of F-T cycles increases to 50, 100, 150, and 200, respectively. This is due to the merging and fusion of 
pores in the SCC during F-T cycles53. This may be one of the main reasons affecting the mechanical properties 
of SCC, because the inhomogeneity of pore space distribution will change the stress distribution of SCC during 
loading. In addition, the inhomogeneity of pore space distribution is also helpful to estimate the damage location 
of SCC44.

At the same time, we also found that the porosity of surface layer slices of SCC shows an explosive growth 
trend with the increase in F-T cycles, and the greater the number of F-T cycles, the deeper the surface layer slices 
are affected by F-T cycles. For example, the slice depth affected by F-T cycles is about 15 μm when the number 
of F-T cycles increases from 0 to 50; when the number of F-T cycles continues to increase to 100, 150, and 200, 
the affected slice depth increases to about 25, 45, and 80 μm, respectively. This is mainly caused by the F-T cycles 
developing from the outside to the inside54. The porosity of the surface layer shows a trend of gradual increase 
when the SCC begins to be affected by F-T cycles, and the F-T cycles will further affect the deep surface layer of 
SCC when the pores on the surface layer merge or fuse due to frost heaving damage55.

F-T damage degree analysis based on fractal dimension
Due to the large number of pore structure parameters of SCC, they show different development laws with 
the increase in F-T cycles. For example, the pore size distribution and porosity of SCC increase with the 

F-T cycles Maximum pore size Minimum pore size Average pore size Number of pores

0 1095.68 72.95 17 21,147

50 1134.31 73.03 17 19,908

100 1302.25 73.94 17 19,399

150 1601.33 77.25 17 17,265

200 1993.82 84.54 17 15,269

Table 4.  Pore structure parameters of SCC (µm).

 

Fig. 7.  Pore size distribution of SCC under different F-T cycles.
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increase in F-T cycles, while the number of pores decreases with the increase in F-T cycles in Section “Pore 
size distribution and pore numbers” and “Porosity and pore spatial distribution”. Therefore, it is necessary to 
use fractal dimension to describe the pore structure parameters of SCC before and after F-T cycles56. Existing 
studies show that fractal dimension can effectively characterize the pore structure of porous materials such 
as concrete and rock51,57, and using fractal dimension as the basic parameter for pore structure analysis can 
establish a close correlation with the macroscopic properties of materials58. However, most researchers focus on 
the surface of pores in fractal dimension studies, which seems to pay insufficient attention to pore volume44. The 
concrete surface is easily affected by external environmental factors, which affect the measurement results of the 
surface fractal dimension, resulting in the inability to accurately reflect the degree of frost damage. The volume 
fractal dimension can reflect the structural characteristics of the entire internal space of concrete, including the 
distribution and complexity of pores and cracks in three-dimensional space59,60. Therefore, the surface fractal 
dimension and volume fractal dimension of the pore structure of SCC were calculated in this paper under 
different F-T cycles. The results are shown in Fig. 9.

As can be seen from Fig.  9, both surface fractal dimension and volume fractal dimension of SCC pores 
show a decreasing trend with the increase of F-T cycles, and their ranges were 2.307–2.366 and 3.055–3.187, 
respectively. The surface fractal dimension and volume fractal dimension of SCC pores and the 0, 50, 100, 150, 
and 200 F-T cycles were fitted by the MATLAB fitting toolbox. It was found that there was a linear correlation 
between surface fractal dimension, volume fractal dimension and F-T cycles, and the R2 values were 0.988 and 
0.976.

According to Lemaitre and Kochanov definition of damage variables61,62:

	
D = 1 −

∼
A
A

� (1)

Fig. 8.  Pore space distribution of SCC under different F-T cycles.
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where, D is the damage variable;
∼
A is the effective bearing area; A is the total carrying area.

The boundary conditions are:

	
D =

{
0,

∼
A= A

1,
∼
A= 0

� (2)

According to hydrostatic pressure hypothesis and osmotic pressure hypothesis of Powers, the essence of F-T 
damage is the change of pore structure of materials. In order to describe the F-T damage of SCC more effectively 
and conveniently, the effective bearing area and total bearing area were replaced by the fractal dimension of 
state of no F-T and after F-T damage respectively through the transformation function based on the correlation 
between the fractal dimension and F-T cycles. This method has been proved by Liu, et al. in Reference56. 
Therefore, the F-T damage degree based on the fractal dimension is:

	
D = 1 − Ft − Fmin

F0 − Fmin
� (3)

where Ft is the fractal dimension after F-T times; F0 is the fractal dimension before F-T; Fmin is the theoretical 
minimum value of fractal dimension, which is 2 in this case.

At this point, the boundary condition changes to:

	
D =

{ 0, Ft = F0
1, Ft = Fmin

� (4)

According to the above steps, the F-T damage degree of the surface fractal and the volume fractal of the SCC 
pores were calculated respectively, and the results are shown in Fig. 10.

Figure 10 shows the calculation results of the F-T damage degree of SCC based on fractal dimension under 0, 
50, 100, 150, and 200 F-T cycles. It can be seen from the figure that the F-T damage degree calculated from the 
surface fractal dimension and volume fractal dimension presents an upward trend with the increase in F-T cycles. 
This is consistent with our conventional understanding of F-T damage. In addition, it can also be seen from the 

Fig. 9.  Surface fractal dimension and volume fractal dimension of SCC pores under different F-T cycles.
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figure that the F-T damage degree ranges of the surface fractal dimension and volume fractal dimension are from 
0 to 0.16 and 0 to 0.44, respectively. It can be seen that the F-T damage degree obtained by the two calculation 
methods is very different. In order to select a more reasonable calculation method of F-T damage degree, the F-T 
damage model in Bai et al.63 was introduced (Fig. 10). It can be seen that the development trend of the volume 
fractal dimension is basically consistent with that of the F-T damage model, and some feature points overlap. To 
this end, Pearson correlation tests were performed on the volume fractal dimension and the F-T damage model 
using the two-tailed significance test under the significance level of 0.05 and confidence interval of 95%. The test 
results show that the value of the Pearson product moment correlation coefficient is 0.993. This indicates that 
the F-T damage degree of the volume fractal dimension is highly correlated with the F-T damage model in Bai 
et al.63. However, the results of the F-T damage degree calculated based on the surface fractal dimension were 
relatively small, which is in sharp contrast to the results of the volume fractal dimension.

Conclusion
This study focused on the performance changes of SCC in the F-T environment, aiming to accurately quantify 
and reveal the changes of its surface and pore structure during the F-T cycles, so as to achieve an effective 
assessment of the F-T damage of SCC. The main conclusions are as follows:

	(1)	 The surface of SCC tends to gradually deteriorate with the increase in F-T cycles. The point cloud data of 
the SCC surface fluctuated in different amplitudes caused by F-T cycles, and the ranges were 0–0.15 mm, 
0–0.36 mm, 0–0.54 mm, 0–0.77 mm, and 0–0.93 mm, respectively. Surface roughness was used to describe 
the F-T damage to the surface of SCC, and it was found that the surface roughness of SCC was 0.097, 0.137, 
0.226, 0.383, and 0.899 mm under different F-T cycles, respectively, and its development trends accord with 
the Exp3P2 model and basically follow the exponential growth law.

Fig. 10.  F-T damage degree of SCC. NoteN and Nf represent the number of F-T and the critical number of F-T, 
respectively, and k is a material constant with a value of − 0.1427.
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	(2)	 The pore size and porosity of SCC increased with the increase in F-T cycles, and the growth rates of pore 
size and porosity were 3.41%, 12.90%, 18.68%, 19.69% and 33.86%, 41.85%, 30.26%, 29.29%, respectively. 
However, the number of pores decreased by 5.86%, 2.56%, 11.00%, and 11.56%, respectively. The F-T dam-
age of SCC was evaluated based on the surface fractal dimension and volume fractal dimension of the pore 
structure, and the ranges of F-T damage were obtained as approximately 0–0.16 and 0–0.44, respectively. 
The volume fractal dimension is more suitable for characterizing the F-T damage degree of SCC than the 
surface fractal dimension.

	(3)	 This study systematically investigated the changes in the surface and pore structure of SCC during the F-T 
cycle, but there are still some limitations. The conditions set for the F-T cycles in the experiments were rel-
atively idealized; in actual engineering, the environment in which SCC is situated is more complex and may 
be simultaneously affected by various factors beyond F-T cycles (such as salt erosion, load effects, etc.). This 
study did not fully consider the impact of these multi-factor coupling effects on the performance of SCC. In 
the future, we will simulate a complex environment that is closer to the actual working conditions, conduct 
research on the performance of SCC under the combined action of F-T cycles and other factors (such as 
salt solution erosion, mechanical loads, etc.), and deeply reveal the influence mechanism of multi-factor 
coupling on the durability of SCC.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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