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Abstract: To explore how the water—cement ratio affects the mechanical behavior of con-
crete subjected to freeze-thaw cycles, four sets of concrete samples with water—cement
ratios of 0.41, 0.44, 0.47, and 0.50 were prepared for laboratory analysis. These samples
underwent varying numbers of freeze—thaw cycles (0, 10, 20, and 30) before being tested
using the split Hopkinson pressure bar (SHPB) system for dynamic compression. The
experimental data show that the mass of the concrete specimens follows a non-monotonic
trend during freeze-thaw cycling, initially rising and then gradually declining. Simul-
taneously, key dynamic mechanical properties, such as compressive strength and elastic
modulus, markedly deteriorate, as evidenced by rightward shifts in the stress—strain curves.
Importantly, the extent of degradation differs notably depending on the water—cement
ratio. Additional analysis highlights a strong association between the fractal nature of
the fracture patterns and the effects of freeze—thaw cycles: under consistent freeze-thaw
conditions not only does the fractal dimension consistently increase with the number of
cycles, but it also positively correlates with the water-cement ratio.

Keywords: freeze—thaw cycles; SHPB; water—cement ratio; mechanical properties; fractal
dimension

1. Introduction

In recent years, benefiting from the government’s emphasis on infrastructure, the
construction of fundamental transportation facilities such as highways, railways, tunnels,
and bridges in China has developed rapidly. These projects require extensive use of concrete
structures, including beams and columns. Under normal conditions, these structures
exhibit excellent mechanical properties [1-4]. However, in northern China’s cold regions,
concrete structures face prolonged exposure to freeze-thaw cycling environments. The
repeated temperature fluctuations between positive and negative ranges significantly
degrade the material’s performance and service life. Research indicates that freeze-thaw
damage has emerged as a principal cause of premature aging and structural issues in
concrete constructions within these cold regions [5,6]. This highlights the significance of
investigating the effects of freeze-thaw cycling on the mechanical performance of concrete,
as such studies provide critical insights for optimizing the design of durable concrete
structures in cold regions.
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A substantial body of research has examined the degradation of concrete’s mechanical
performance under freeze-thaw cycling [7-10]. Han et al. [11] systematically evaluated
the dynamic mechanical response, observing a strain-rate-dependent reduction in strength
with an increasing number of freeze-thaw cycles; Li et al. [12] employed split Hopkinson
pressure bar (SHPB) testing to elucidate the damage evolution process in concrete affected
by freeze-thaw conditions. Additionally, Shang et al. [13] developed a biaxial compression
failure criterion through comprehensive triaxial testing; Zhang et al. [14] quantified the
strain-rate sensitivity of freeze-thaw concrete, documenting progressive decreases in the
dynamic modulus, compressive strength, and tensile properties with repeated cycling.

Conventional mechanical parameters (e.g., strength, elastic modulus) capture the
macroscopic degradation of concrete subjected to freeze—thaw cycles but do not quantify
the geometric evolution of its internal damage [15-17]. In contrast, the fractal dimension, a
robust descriptor of microstructural complexity, offers novel insights into the multiscale
damage evolution of concrete under combined freeze-thaw cycles and impact loading.
Originally proposed by Mandelbrot [18] in the 1970s, fractal theory addresses disordered,
self-similar structures commonly observed in natural systems. Since its inception, the
theory has been extensively applied to characterize irregular structures across various
disciplines, particularly within materials science, where significant advancements have
been made [19-21]. Gan et al. [22] investigated the effects of freeze-thaw cycling and
cyclic loading on the pore structure of concrete, revealing relationships among the fractal
dimension of concrete pores, compressive strength, and elastic modulus; Jin et al. [23]
developed a mathematical model linking the fractal dimension to concrete properties.
These studies collectively indicate that the fractal dimension is a promising metric for
evaluating freeze-thaw damage in concrete.

Given the above background, most current research on concrete’s mechanical perfor-
mance under freeze—-thaw cycles has predominantly focused on a single water—-cement ratio.
Therefore, this study designed four different concrete mix ratios, taking the freeze—thaw
cycle count and water—cement ratio as test parameters. Through dynamic uniaxial com-
pression testing, this study quantitatively evaluated the coupled influence of these factors
on concrete’s mechanical performance. The resulting data and analysis provide valuable
engineering references for optimizing concrete structure design in cold regions, particularly
regarding material selection and durability considerations under freeze-thaw conditions.

2. Materials and Methods
2.1. Materials

The experimental materials consisted of Grade 42.5 ordinary Portland cement, river
sand with a maximum silt content of 2%, and crushed stone with particles up to 15 mm.
Pure water was utilized in the mixture. Four distinct concrete specimens were prepared,

with their mix proportions presented in Table 1, and the relevant test parameters are shown
in Table 2.

Table 1. Ratio of concrete material usage for different mix ratios.

Groups Cement Sand Crushed Rock Water
A 1 1.62 3.34 0.50
B 1 1.51 2.92 0.47
C 1 1.225 2.485 0.44
D 1 1.18 2.63 0.41
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Table 2. Relevant experimental parameters.
The Number of The Size of The The Air Pressure The Freeze-Thaw
Test Blocks Specimens Cycles
48 @50 mm X 25 mm 0.3 MPa 0, 10, 20, 30

The cylindrical concrete specimens with a dimension of @50 mm x 25 mm (length-
to-diameter ratio of 0.5) were prepared for SHPB testing. The specimens were initially
cast in cylindrical molds (250 mm x 100 mm). To ensure optimal compaction, a layered
casting and vibration method was employed, followed by a 24 h curing period at ambient
temperature before demolding. Subsequently, the demolded specimens were transferred to
a standard curing chamber (20 °C, relative humidity > 95%) for 28 days of moisture curing.
Following the curing process, the specimens were precision-cut to the required height of
25 mm using a diamond cutting machine. To meet the stringent flatness specifications,
both end surfaces were carefully ground using a precision grinding machine. The surface
quality was verified through vernier caliper measurements, confirming that the parallelism
and perpendicularity errors were maintained within the acceptable tolerance of 0.05 mm,
as illustrated in Figure 1.

e S P
pre-cutting after cutting

Figure 1. Sample preparation.

The sample numbers was designated in the format of A-a, where A denotes the
water-cement ratio parameter, and a indicates the number of freeze-thaw cycles.

2.2. Procedures and Methodologies for Experimental Research

Prior to the freeze—thaw cycling tests, all specimens were immersed in a water tank for
48 h to achieve complete saturation. Following saturation treatment, the specimens were
transferred to the freeze-thaw testing apparatus for cyclic experimentation (as illustrated
in Figure 2). The testing procedure employed a thermal cycling range between —20 °C and
20 °C, with four predefined freeze-thaw cycle gradients: zero, ten, twenty, and thirty times.
Each complete freeze—thaw cycle consisted of a 12 h freezing phase, followed by a 12 h
thawing phase, totaling 24 h per cycle. Dynamic impact testing was conducted immediately
after specimens reached their designated cycle counts. For specimens subjected to 30 freeze—
thaw cycles, mass measurements were systematically recorded at four critical intervals:
zero, ten, twenty, and thirty cycles to quantify moisture variation patterns.

The specimens subjected to 0, 10, 20, and 30 freeze-thaw cycles were dynamically
compressed using a @50 mm split Hopkinson pressure bar (SHPB) apparatus. The experi-
mental setup comprised three main components: a loading transmission unit, an elastic bar
assembly, and a strain signal recording system, as illustrated in Figure 3.
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Figure 2. Partial specimen after melting.

 Light ppulse Specimen
Striker shaper Input bar Transmission bar Damper
E l N, B  S——
Strain gauge Strain gauge
Air gun ﬁ Camera
= i ~ |
L ]

Velocity-measuring I "’ Y~

system m - 7 /\

Dynamic Oscilloscope Computer
strain meter P

Figure 3. SHPB system.

The theory of the split Hopkinson pressure bar (SHPB) test is founded on two essential
assumptions: (1) the one-dimensional stress wave assumption, which posits that the stress
wave propagates through the pressure bar as an ideal one-dimensional elastic wave; (2) the
stress uniformity assumption, requiring homogeneous stress—strain distribution across
the specimen during loading. Based on the incident strain ¢;(f) and transmission strain
¢,(t) measured by the strain gauge on the incident rod, as well as the transmission strain
€:(t) measured by the strain gauge on the projection rod, the stress o (t), strain ¢(t) and
strain rate £(t) of the concrete specimen during the impact process can be determined. The
corresponding calculation formulas are presented as follows [24]:

EA
o(t) = A—St(t)
3c

e(t) = = Joer(D)t (1)

. 2C

£(t) = — — et

0

where A is the cross-sectional area of the elastic compression bar (mm?); E is the modulus

of elasticity (GPa); C is the lunar wave velocity (m/s); Ay is the cross-sectional area of the
concrete specimen (mm?); I is the original length of the concrete specimen (mm).
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To satisfy these assumptions, this study implemented several technical measures: a
rubber wave shaper was affixed to the end of the incident bar to ensure dynamic stress
equilibrium, and Vaseline was uniformly applied to both ends of the concrete specimen
to minimize friction effects at its surfaces. As demonstrated in Figure 4, the dynamic
stress equilibrium condition was quantitatively verified through waveform analysis. The
close agreement between the combined incident-reflected wave profile and the transmitted
wave curve provided compelling evidence for the achievement of stress equilibrium across
the specimen, thereby confirming the validity of the experimental data. To enhance data
reliability and mitigate variability, three parallel impact tests were conducted on specimens
under each specified working condition.

—#— Jncident stress
100 —o— Reflection stress

—A— Transmission stress
—v— Incident stress+
Reflection stress
50
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>
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Figure 4. Dynamic stress balance curve of concrete.

3. Experimental Results and Discussion
3.1. Mass Change in Freeze-Thaw Concrete

The mass loss rate is a key indicator for evaluating the freeze—thaw resistance of
concrete. A lower mass loss rate signifies superior frost resistance of the material. The
formula for calculating the rate of loss of concrete mass is given in Equation (2):

WO - Wy

AW, =
n Wo

x 100% &)
where AW, is the mass loss rate of the specimen following n freeze-thaw cycles; W,
represents the mass of the specimen after n freeze—thaw cycles; Wy indicates the mass of
the specimen prior to any freeze—thaw cycles.

Table 3 systematically presents the mass loss ratios of the specimens subjected to
varying freeze-thaw cycles (0, 10, 20 and 30 cycles). Based on the experimental data,
Figure 5 reveals the variation in the mass loss rate with the increase in the number of
freeze—thaw cycles, and visually presents the cumulative effect of freeze-thaw damage
through quantitative curves.
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Table 3. Concrete mass loss under varying freeze-thaw cycles: %.

Groups 0 10 20 30
A 0 —0.36 0.15 1.2
B 0 —0.33 0.1 1.06
C 0 —0.31 0 0.96
D 0 —-0.3 0 0.9
14 r —a— (Class A specimens
—o— (lass B specimens
1.2 F Class C specimens
1.0 -4+ (Class D specimens /0

Mass lose ratio/%

0 10 20 30
Number of freeze-thaw cycles/times

Figure 5. Relationship between mass loss ratio and freeze-thaw cycles.

As illustrated in Figure 5, the change in the mass of the concrete specimens exhibits
a clear nonlinear relationship with the number of freeze-thaw cycles. In the initial phase
(fewer than 10 cycles), Type A specimens experienced an unusual mass gain, resulting
in a negative mass loss rate of —0.36%. This effect was primarily attributed to the phase
transition of pore water during freezing, which generated expansive stresses that both
extended existing microcracks and created new fractures. Upon thawing, external water
infiltrated these newly formed cracks, thereby increasing the specimen’s mass. However, af-
ter 10 cycles, the detachment of material from the surface outweighed the water absorption
effect, leading to an overall mass loss and an accelerated increase in the mass loss rate [25].

Under similar freeze-thaw conditions, the rate of mass loss progressively increased
with higher water—cement ratios. After 10 cycles, specimens A, B, C, and D recorded mass
loss rates of —0.36%, —0.33%, —0.31%, and —0.30%, respectively. This trend continued
through 30 cycles, with the rates climbing to 1.2%, 1.06%, 0.96%, and 0.90%, respectively.
This behavior can be attributed to the direct correlation between the water—cement ratio and
the initial saturation level; a higher moisture content intensifies crystallization pressures
during freezing, thereby amplifying internal damage and resulting in a more significant
overall mass reduction over consecutive freeze-thaw cycles.

3.2. Dynamic Stress—Strain Behavior of Concrete After Freeze—Thaw Cycles

Figure 6 illustrates the dynamic uniaxial compressive stress—strain behavior of the
concrete specimens subjected to freeze-thaw cycles, as determined through impact testing.
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The results of this analysis indicate that the stress—strain curves across all freeze—thaw
cycles exhibit a characteristic three-stage evolution pattern, which is detailed as follows:
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Figure 6. Stress—strain curves of concrete under varying freeze-thaw cycles.

Elastic stage: In this stage, the concrete demonstrates linear elastic behavior charac-
terized by a proportional correlation between stress and strain. In the early stages of the
freeze—thaw cycle, the material’s internal architecture remains relatively intact, with the
cementitious matrix, aggregate particles, and their interfacial transition zones maintaining
effective load-bearing capacity and synergistic interaction.

Elastoplastic stage: As the stress continues to escalate, the concrete begins to enter
the elastoplastic stage, during which the stress—strain behavior demonstrates significant
nonlinearity. This phenomenon occurs due to the formation of internal micro-fractures and
the structural deterioration caused by repeated freeze-thaw cycles. Under applied stress,
these microscopic defects progressively propagate, inducing irreversible deformations
that combine both elastic and plastic components. Consequently, the material experiences
a gradual deterioration in its mechanical properties, particularly manifested through a

reduction in structural rigidity.
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Failure stage: When the stress approaches the material’s ultimate strength, the con-
crete undergoes structural failure characterized by a dramatic strain increase accompanied
by rapid stress deterioration. This critical behavior results from the synergistic action
of cyclic freeze-thaw damage and mechanical loading, which lead to the continuous
propagation and coalescence of microcracks within the concrete, ultimately resulting in
the formation of macrocracks. Ultimately, the concrete fails and can no longer withstand
external forces.

3.3. Degradation Law of Dynamic Compressive Performance of Concrete Under
Freeze~Thaw Cycles

The experimental results presented in Figure 6 and Table 4 demonstrate significant
freeze-thaw-induced deterioration in the concrete’s dynamic compressive performance. As
the number of cycles increases, the material’s dynamic strength steadily declines while its
peak strain rises. This trend is evident from the stress—strain curves, which progressively
shift downward and to the right, indicating a transition toward a more brittle behavior
under cyclic freezing and thawing. The quantitative analysis showed that after 30 freeze—
thaw cycles, Type A specimens experienced a 23% drop in dynamic compressive strength,
decreasing from 34.75 MPa to 26.74 MPa. This deterioration is mainly attributed to the
cyclic phase transitions of the pore water, which impose repeated expansion and contraction
stresses on the cementitious matrix. These stresses not only worsen existing microcracks but
also trigger the formation of new fracture networks, ultimately undermining the structural
integrity and load-bearing capacity of the concrete.

Table 4. Strength values of specimens under various freeze—-thaw cycle conditions (unit: MPa).

Groups 0 10 20 30
A-1 35.33 32.86 30.28 27.73
A-2 34.75 32.15 29.56 26.74
A-3 34.15 31.54 28.78 25.78
B-1 34.03 31.82 29.53 27.31
B-2 33.55 31.26 28.92 26.43
B-3 33.10 30.65 28.27 25.51
C-1 33.83 31.71 29.54 27.44
C-2 33.35 31.15 28.92 26.56
C-3 32.84 30.61 28.41 25.68
D-1 34.35 32.25 30.05 28.36
D-2 33.71 31.51 29.25 27.34
D-3 33.35 31.14 28.74 26.53

Moreover, Table 4 provides additional details: After 30 cycles, Type A specimens lost
23% of their strength, while Type B specimens decreased from 33.55 MPa to 26.43 MPa
(a 21.2% reduction). Similarly, Type C specimens dropped from 33.34 MPa to 26.57 MPa
(a 20.3% loss), and Type D specimens fell from 33.87 MPa to 27.23 MPa (a 19.6% loss).
These variations were linked to the water—-cement ratio; samples with higher ratios expe-
rienced greater crystallization pressure and deeper penetration of freezing water, which
in turn inflicted more extensive damage during the freeze—thaw process. In summary,
the increased water—cement ratio exacerbates strength loss in concrete under repeated
freeze—thaw cycles.
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3.4. Effect of Freeze—Thaw Cycles on Dynamic Elastic Modulus of Concrete

The experimental results demonstrate considerable freeze—thaw-induced deterioration
in the concrete’s dynamic elastic modulus. As documented in Table 5, the measured
dynamic elastic modulus values exhibit progressive degradation with increasing freeze—
thaw cycles, while Table 6 quantifies the corresponding modulus reduction rates. Based on
the data in Table 6, the relationship between the relative dynamic elastic modulus and the
number of freeze—thaw cycles is illustrated in Figure 7. Both the experimental data points
and regression curve distinctly reveal an exponential decay trend in the dynamic elastic
modulus as freeze-thaw cycling accumulates.

Table 5. Variation in concrete’s relative dynamic modulus of elasticity with freeze—thaw cycle count
(unit: GPa).

Groups 0 10 20 30
A 31.32 28.21 26.62 23.8
B 31.34 29.93 26.83 24.19
C 31.36 29.04 27 24.46
D 31.35 29.06 27.09 24.67

Table 6. Rate of relative dynamic elastic modulus loss in specimens subjected to varying numbers of
freeze—thaw cycles, %.

Groups 0 10 20 30
A 0 8 15 24
B 0 7.7 14.4 22.8
C 0 7.4 13.9 22
D 0 7.3 13.6 21.3

m  (Class A specimens
Class A specimens fitting curve
® (lass B specimens
Class B specimens fitting curve
A (lass C specimens

Class C specimens fitting curve
¢ Class D specimens
Class D specimens fitting curve

N
(9,
T

[\
(=]
T

y=5.4Xe"(-x/19.6)-1

R*=0.99 y=5.32Xe"(-x/19.99)-1.08

Relative dynamic elastic modulus loss rate/%

15 L y=5.3%e"(-x/20)-1.1 \ R?=0.989
R=0.992
y=5.07Xe"(-x/19.8)-1
R?=0.986
10
5 1 M 1 " 1
10 20 30

Number of freeze-thaw/times

Figure 7. Loss rate of elastic modulus of concrete under varying freeze-thaw cycles.

Figure 7 clearly illustrates that increasing the freeze-thaw cycles corresponds with a
gradual decline in mechanical properties, as shown by the steady decrease in the relative dy-
namic elastic modulus. For example, Type A specimens experienced an 8% reduction in the
elastic modulus—from 31.32 GPa to 28.81 GPa—after just 10 cycles, which further dropped
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(a) zero freeze—thaw cycles

by 24% to 26.62 GPa after 30 cycles. This decline was mainly driven by crystallization
pressures from water transitioning to ice, which triggered the formation of microcracks and
extended existing fractures. Over successive cycles, these micro-defects merged, leading to
discontinuities in the structure and a reduced capacity to bear loads.

Additionally, the water—cement ratio played a significant role in the degree of damage
under the same cyclic conditions. After 30 freeze—thaw cycles, the loss in elastic modulus
was 24% for Class A samples, 22.8% for Class B, 22% for Class C, and 21.3% for Class D. A
higher water—cement ratio results in more moisture during mixing, which in turn develops
a more extensive pore structure after the concrete cures. This increased porosity not only
facilitates the growth of ice crystals but also amplifies the transmission of freeze—thaw
stresses, thereby accelerating microstructural damage. Ultimately, these combined effects
lead to a marked deterioration in mechanical properties, such as the elastic modulus.

4. Fractal Characteristics of Concrete Fracture
4.1. Analysis of Specimen Fracture Morphology

The fracture morphology of the concrete samples exhibited variation under different
freeze-thaw cycle durations. In Figure 8, the failure morphology diagrams of the concrete
under varying freeze-thaw cycles are presented. It can be observed that after 0 freeze-thaw
cycles, the crushed fragments predominantly consisted of large-sized pieces, indicating
incomplete destruction. Following the 30th freeze-thaw cycle, there was a significant
increase in the number of fragments, with a corresponding decrease in particle size and
a more pronounced degree of damage. This phenomenon arose due to the progressive
intensification of damage to the test specimens as the number of freeze-thaw cycles in-
creased, leading to a weakened resistance to external forces and an increased susceptibility

to damage.

(b) ten freeze-thaw cycles  (c) twenty freeze-thaw cycles (d) thirty freeze-thaw cycles

Figure 8. Concrete fracture patterns under different numbers of freeze—thaw cycles.

4.2. Analysis of Concrete Fragmentation Size

We collected the broken concrete fragments and used standard sieves with aperture
diameters of 1 mm, 2.5 mm, 5 mm, 10 mm, and 15 mm to sieve the broken samples. The
broken concrete fragments were classified into 0-1 mm, 1-2.5 mm, 2.5-5 mm, 5-10 mm,
10-15 mm, and greater than 15 mm. Due to the limitation of space, the results of some
sieved concrete fragments are illustrated in Figure 9.
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- -
(c) 20-D (d) 30-D

Figure 9. Test block sieving results.

4.3. Calculation and Analysis of Fractal Dimension

The macroscopic failure of concrete arises from the accumulation of numerous small
fractures, which in turn develop from even smaller cracks. This self-similar behavior
inevitably results in a self-similar distribution of the fractured fragments. Consequently,
it was essential to investigate the fractal properties of concrete specimens subjected to
freeze—thaw cycles to analyze the inter-relationship among the water—cement ratio, the
number of freeze—thaw cycles, and the extent of damage.

The size equation for concrete fragments is

_ Yxd;
= Yd;

where x; denotes the mean particle size of the debris on each screen layer, while d; represents
the percentage of fragment mass corresponding to x;.

The fractal dimension is utilized to provide a more detailed description of the fragment
distribution. The equation for the fragment distribution of the concrete sample is as follows:

®)

lg[M(x)/M] = (3 — E)lg(x/xm) (4)

where E is the fractal dimension of the block size; M(x) and M represent the cumulative
mass under each sieve and the total mass of the crushed particles, respectively; x and x,,
denote the particle size and the maximum particle size of the fragments, respectively.

In the double-logarithmic coordinate system defined by log[M(x)/M]/log(x/xm),
the logarithmic data points are fitted, and the slope of the resulting fitted line is determined
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to be K = 3 — E, Subsequently, the fractal dimension calculation formula for the block size
after fragmentation can be expressed as follows:

E=3-K (5)

The calculated curve illustrating the fractal dimensions of the concrete specimen
block distribution is presented in Figure 10. From the characteristics of this fitted straight
line, it can be concluded that the distribution of broken blocks resulting from concrete
impact adheres to fractal law. The fractal dimensions corresponding to each specimen’s
fragmentation, derived using Equations (3) to (5), are summarized in Table 7.

class A specimen

= Wi e class B specimen
LY : ég ?i:ii?ﬁ:ﬁ 0-0r & classC specimen
® 30 freeze-thaw ¢ class D specimen
-0.3 y=0.931x-0.31 aalt y=0.775x-0.217
R?=0.992 o R2=0.99
0.6 '
=0.852x-0.485 0.6 _
= 09 yR2:0,986 s 0.6 y=0.812x-0.276
z = y=0.792x-0.235 R2=0.08
4 y=1.006x-0.437 =4
%b-12 R2=0.989 =091
y=0.838x-0.299
S y=1.075x-0.455 e R2=0.99
R>=0.99 ' ’
-1.8
2.1 1 I I 1 I I 1 -L5F
Tods a2 09 06 03 00 03 15 12 09 06 03 00 03
lgx/xm 1gx/Xm
(a) (b)
Figure 10. Fractal dimension calculation curve of concrete fragments. (a) The fractal dimensions of
Class D specimens following various numbers of freeze-thaw cycles. (b) The fractal dimensions of
specimens exhibiting different water—cement ratios after 30 freeze-thaw cycles.
Table 7. Sieving results of specimens.
Arithmetic Mean of Mass Distribution/g
Groups Fractal Dimension E
<1 1~2.5 2.5~5 5~10 10~15 >15
0-D 1.52 3.41 5.03 18.51 21.36 78.42 1.925
10-D 3.36 4.06 7.39 20.12 23.23 70.37 1.994
20-D 5.22 6.96 10.13 22.86 25.27 57.33 2.069
30-D 6.38 9.12 14.37 32.57 21.32 44.26 2.148
30-A 7.51 12.26 16.38 28.86 23.24 39.36 2.225
30-B 6.88 11.23 16.08 30.52 21.82 40.91 2.208
30-C 6.33 10.24 14.68 30.23 22.86 43.56 2.188
30-D 6.08 9.35 13.45 33.16 20.84 44.24 2.162

The analysis of Table 7 reveals two distinct trends in the fractal characteristics of
the fractured concrete specimens. First, a positive correlation exists between freeze—thaw
cycling and fractal dimension values, with increasing cycles producing more complex
fracture patterns. For Type D specimens, the fractal dimension rose from 1.925 to 2.148
following freeze-thaw exposure, quantitatively demonstrating enhanced fragmentation.

Second, under equivalent cycling conditions, specimens with higher water-cement
ratios consistently exhibited greater fractal dimensions. After 30 freeze—thaw cycles, the
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fractal dimensions were measured as follows: sample A at 2.225, sample B at 2.208, sample
C at 2.188, and sample D at 2.162.

5. Conclusions

1. Water-saturated concrete specimens demonstrated a nonlinear mass change: an
initial increase during the first 0-10 freeze—thaw cycles, followed by a decrease from 10 to
30 cycles. This behavior suggested a shift in the damage mechanism from the development
of internal microcracks to the onset of macroscopic spalling.

2. Repeated freeze—thaw cycles progressively degraded the concrete’s mechanical
properties, as evidenced by reductions in both the compressive strength and elastic mod-
ulus, while the peak strain increased, and the stress—strain curve shifted downward and
to the right. Notably, when the number of freeze-thaw cycles was held constant, a higher
water—-cement ratio correlated with a more rapid decrease in strength, highlighting the
crucial role of the water—-cement ratio in determining frost resistance.

3. Both the freeze—-thaw cycles and water—cement ratio were observed to affect the
fractal dimension of the fractured specimens, with the fractal dimension rising consistently
as the number of cycles increased—indicating a positive relationship with damage severity.
Under identical freeze-thaw conditions, specimens with higher water—cement ratios con-
sistently exhibited larger fractal dimensions. These findings offer quantitative support for
employing fractal theory in assessing freeze—thaw damage in concrete.

4. This experiment focused exclusively on investigating the influence of the water—
cement ratio on the mechanical properties of concrete. However, numerous other factors
also play significant roles in determining the mechanical performance of concrete, such as
the type and dosage of admixtures. Future research will be conducted by the authors to
further explore these aspects.
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