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A B S T R A C T

Conventionally, during single-side freezing and thawing (SSFT) tests, concrete is permitted to 
deform freely. However, in practical scenarios, concrete is frequently surrounded by other ma
terials or structures, which typically restricts its deformation when subjected to SSFT cycles. To 
simulate such service conditions during SSFT tests, a restraint ring and anchors are designed to 
confine the deformation of concrete. This study investigates the impact of restraint on the pore 
deterioration within concrete with a water - cement ratio of 0.60 under SSFT cycles. The internal 
relative humidity (IRH) and strain of both restrained and unrestrained concrete were monitored 
throughout the SSFT cycles. A comparison was made between the increment of IRH and residual 
strain of the restrained and unrestrained concrete. The results indicated that the increment of IRH 
and residual strain of the restrained concrete were 30 % lower than those of the unrestrained 
concrete. A simplified pore structure model was developed to calculate the strain resulting from 
pore deterioration. The rate of ice-crystal formation in restrained concrete was slower than that in 
unrestrained concrete. Additionally, the deformation strain and peak strain of pore deterioration 
caused by water freezing in concrete were respectively 55 % and 18 % lower than those in un
restrained concrete. Therefore, applying restraint effectively mitigates the internal damage of 
concrete subjected to SSFT cycles.

1. Introduction

Deicing salt is commonly used to melt snow on concrete structures, such as roads and bridges [1]. It has been found that deicing salt 
and snow-melt water often cause severe surface scaling and internal damage to concrete after cyclic freezing and thawing (F-T) [2–5]. 
The maintenance and repair costs of concrete member are usually high.

Surface scaling of concrete caused by the F-T cycles indicates that cement pastes and even fine aggregates are removed from the 
concrete surface, exposing coarse aggregates [5]. Harmful substances, such as chloride ions, can more easily migrate into the concrete, 
further increasing the risk of steel corrosion [6]. Previous studies clarified that the surface scaling of concrete under F-T cycles is 
related to the deformation of the matrix [7]. In contrast, the internal damage is associated with microcracks induced by the F-T cycle 
within the concrete. In moderate to severe cases of internal damage, the strength and stiffness of the concrete can decreased, causing 
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deterioration of concrete structures [8]. Additional concrete reinforcement technology must be considered to ensure the safety of 
concrete structures [9–11]. Therefore, improving the durability of concrete subjected to cyclic F-T with deicing salt is of great social 
and economic significance.

In the most widely used standards for assessing frost resistance of concrete, such as ASTM C666 [12], ASTM C672 [13], CEN/TS 
12390-9 [14], and RILEM CIF [15], concrete specimens are tested under unrestrained conditions, wherein they remain isolated and 
can deform freely throughout the entire test process. In contrast, in engineering practices, concrete members are often surrounded by 
other materials or structures, which restrict the deformation of concrete during cyclic freezing and thawing. Consequently, there is a 
disparity between current laboratory investigations and the actual service conditions of concrete.

In order to investigate this difference, in 2014, M. Setzer [16] developed a patented concrete restraint device based on the CIF [15] 
test. Several restraint anchors were used to limit the deformation of concrete during single-side salt freezing and thawing (SSFT) tests. 
However, Setzer did not conducted further research on the frost damage of concrete in the restrained state.

Since 2016, similar studies have been carried out by Xu [17] and Gao [18]. In their studies, a restraint device using a restraint ring 
and restraint anchors to restrict expansion and shrinkage deformation was designed [17,18]. SSFT tests on restrained concrete were 
performed based on the designed restraint device. According to the studies [17,19,20], the restrained concrete exhibited more sever 
surface scaling but less internal damage than unrestrained concrete. The more severe surface scaling of restrained concrete induced by 
SSFT has been confirmed to be related to the significant deformation differences between ice and concrete [18]. However, the 
mechanism for the less internal damage of restrained concrete induced by SSFT remains unclear. Similarly, Hasholt [21] also 
confirmed that using two hose clamps to restrict the expansion deformation of concrete can reduce the frost microcracks in concrete. 
These results indicate that the current standard SSFT method may overestimate the internal damage of concrete in engineering 
practice. It is necessary to clarify the mechanism for internal damage of concrete subjected to SSFT to extend the service life of concrete 
in cold regions.

The classical theory holds that the frost damage of concrete with pure water is related to water migration and phase transformation 
inside the concrete. Powers [22]confirmed that the frozen water in the capillary pores of concrete would drive the migration of un
frozen water. As a result, the hydrostatic pressure could damage the concrete matrix. However, the hydrostatic pressure theory is only 
valid when the concrete is highly saturated [23]. Further research [24] found that the concentration difference and vapor pressure 
difference of concrete pore solution control the freezing sequence inside the concrete, driving the migration of water from small pores 
to large pores. Thus, water migration results in osmotic pressure induced frost damage to concrete. The critical saturation theory [25] 
suggested that saturation of concrete can characterize the water migration and phase transition inside concrete subjected to freezing 
and thawing. The actual saturation of concrete is related to frost damage, which can be used to predict the frost resistance of concrete. 
Meanwhile, pore damage in concrete under freeze-thaw action cannot be ignored [26]. The crystallization of water in pores not only 
attracts the surrounding unfrozen water to migrate towards the ice crystals, but also causes the growing ice crystals to compress the 
pore walls. Therefore, the growing ice crystals induce pore size expansion and initiate microcracks that propagate from the pore walls 
to the concrete matrix. Similar experimental results have been reported in previous studies [27]. It can be seen that concrete frost 
damage is related to water migration and phase transformation inside the concrete, which are affected by temperature and pores.

The internal damage of concrete under SSFT cycles is different from that under pure water F-T cycles. On the one hand, the 
deformation of concrete subjected to SSFT is manifested as matrix shrinkage during the cooling process and matrix expansion during 
the heating process [19,20]. The significant breakthrough in calculating the stress of solution migration and phase change explains the 
above behavior. Setzer clarified the stress caused by solution migration in concrete [28], and the matrix shrinkage was caused by the 
migration of the solution in the pore. The thermodynamic equilibrium state of moisture changes the water migration of gel pores, 
capillary pores and the external environment [29], leading to the “pumping absorption” of concrete. The macroscopic manifestation of 
the concrete matrix is shrinkage during the cooling process and the expansion during the heating process. As a result, the saturation of 
concrete is increased. Even concrete specimens with a saturation less than 91 % will still experience frost damage [30]. Penttala [31] 
proposed three macroscopic models of freezing stress for pore solution, which can easily calculate the crystallization stress of the pore 
solution. Meanwhile, the relative humidity and temperature inside the concrete were taken into consideration as easily obtainable 
parameters.

On the other hand, the influence of salt solution on water migration and phase transition inside concrete is complex. Previous 
studies have shown [32–34] that salt solutions can increase the saturation degree and speed of concrete, and a 2 wt% to 6 wt% NaCl 
solution can exert greater freezing pressure to concrete. Based on the above-mentioned classic theories, a substantial amount of 
research on the internal damage of unrestrained concrete focused on pore structure [35–38], microcracks [39,40], relative humidity 
[41], saturation degree [34], and air content [36,42].

However, the only difference between restrained and unrestrained concrete during SSFT cycles is the presence of restraint. The 
significant difference in the internal damage of restrained and unrestrained concrete subjected to SSFT cycles cannot be explained by 
the classical theory. Gao [43] compared the evolution of relative humidity inside restrained and unrestrained concrete subjected to 
SSFT cycles. The results showed that the restraint weakened the internal water migration of the restrained concrete during the test. 
Furthermore, the impact of restraint on the deterioration of pores inside frozen concrete with deicing salt also deserves investigation.

This study aims to clarify the influence of restraint on the deterioration of pores inside concrete subjected to SSFT cycles. The water- 
to-cement ratios (W/C) of concrete specimens were 0.60. The internal relative humidity (IRH) and the strain of concrete were 
continuously monitored during the SSFT cycles. The IRH increment and residual strain of the restrained and unrestrained concrete 
were compared. A simplified pore structure model was established to calculate the strain due to pore deterioration. The influence 
mechanism of restraint on internal damage of concrete subjected to SSFT cycles was clarified. The results can provide theoretical 
guidance for the mix design of high frost resistant concrete in cold regions.
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2. Experiment

2.1. Materials and mix ratio

The chemical composition of P. I 42.5 cement used was tested in accordance with GB/T 176–2017 [44], as shown in Table 1. The 
physical properties of the P. I 42.5 cement used was tested in accordance with GB/T 8074-2008 [45], GB/T 1346–2024 [46], and GB/T 
17671-2021 [47], as shown in Table 2. The fine aggregate was natural river sand with a fineness modulus of 2.68, tested in accordance 
with GB/T 14684-2022 [48]. The coarse aggregate was graded stone, prepared by uniformly mixing crushed stone of 5 mm–10 mm 
and 10 mm–20 mm in a mass ratio of 4: 6. The mix, 28 days compressive strength and elastic modulus of concrete with a water to 
cement ratio (W/C) of 0.60 is listed in Table 3. In Table 3, N60R and N60 represent restrained and unrestrained concrete, respectively. 
The 28 d compressive strength and elastic modulus of concrete were tested in accordance with GB/T 50081-2019 [49].

2.2. Mould and specimens preparation

2.2.1. Concrete mould
The restrained concrete specimens were formed using the restraint device described in reference [18]. The unrestrained concrete 

specimens were formed using plastic moulds conforming to the provisions of JG 237–2008 [50]. Two groups of specimens were 
prepared: restrained concrete specimens (N60R) and unrestrained concrete specimens (N60), with five specimens in each group. These 
specimens were used for IRH monitoring and concrete strain monitoring, respectively. 

(1) Moulds for restrained concrete specimens

The mould and restraint device for forming the restrained concrete specimens are shown in Fig. 1.
The device in Fig. 1a served both as the mould for casting a restrained concrete specimen and as the restraining device to limit 

concrete deformation during SSFT cycles. The device consisted of a restraint ring, 24 restraint anchors, a counter-force ring, and a 
flange. All parts of the device were made of 304 stainless steel. The design parameters of the restraint device are shown in Fig. 1b.

The restraint ring had a thickness of 8 mm, an inner diameter of 100 mm, and a height of 70 mm. The restraint ring and the flange 
formed the mould for casting the restrained concrete specimen. The restraint ring provided expansion restraint stress for the hardened 
concrete to limit its expansion deformation during the SSFT test. When the thickness of the restraint ring increased from 1 mm to 4 mm 
and 8 mm, the expansion restraint stress increased by 280 % and 410 %, respectively [51].

The 24 steel anchors, each with a diameter of 6 mm, were mounted on the restraint ring in three vertical direction. That is, 8 
anchors were evenly distributed in each layer along the restraint ring. One end of the anchors was embedded 28 mm into the concrete 
during casting, and the other end was fixed by hexagonal nuts on the outermost counter-force ring during the SSFT tests. All the steel 
anchors point to warded the axis of the restraint ring. The anchors provided shrinkage restraint stress for the hardened concrete to limit 
its shrinkage deformation during the SSFT test. When the embedded length of the anchors increased from 28 mm to 33 mm, the 
shrinkage restraint stress increased by 26 % [51].

The counterforce ring had a thickness of 4 mm and a height of 70 mm. It was a steel ring composed of 8 steel arc plates connected by 
bolts and was located on the outermost side of the restraint device. Before the concrete casting, the counterforce ring was used to fix the 
steel anchors. During the SSFT test, it provided the counter force for the steel anchors.

The flange was a circular flat steel plate connected to the restraint ring by removable bolts. After the concrete hardens, the flange 
was removed, and the bottom surface of the hardened concrete, which is in contact with the flange, will be used as the test surface for 
the SSFT test.

As shown in Fig. 1b, in this study, a restraint combination consisting of a restraint ring with a thickness of 8 mm and 24 steel 
anchors with an embedded length of 28 mm in concrete was used. The restraint ring and steel anchors were not fixed. 

(2) Moulds for unrestrained concrete specimens

The unrestrained concrete specimens were formed using plastic cylindrical moulds, as shown in Fig. 2. The inner diameter of the 
mould was 100 mm, and the height was 70 mm. The size of the unrestrained concrete specimens was consistent with that of the 
restrained concrete specimens.

2.2.2. Specimens preparation
The specimens were prepared according to the CIF test [15] and GB/T 50082-2024 [52], as shown in Fig. 3.
The fresh concrete was cast into the restraint ring and plastic cylindrical moulds (no release agent was applied to the moulds), 

Table 1 
Chemical composition of cement (wt./%).

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2Oeq. Loss f-CaO

25.1 6.38 4.19 54.87 2.61 2.66 0.56 2.18 0.79
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respectively. After vibration, the upper surface of the specimen was troweled. All the specimens were cured in air at (50 ± 5)% relative 
humidity (RH), and (20 ± 2)◦C for 1 d (Fig. 3a).

The restrained concrete was obtained by removing the flange of the restraint device (Fig. 4a). The unrestrained concrete was 
obtained by removing the plastic cylindrical mould with compressed air (Fig. 4b). The test surfaces of the two types of concrete used in 
the SSFT test were the surfaces opposite to the troweled surface.

The specimens were placed in water at (20 ± 2)◦C for curing for 6 days (Fig. 3b). Then, the they were moved to air at (65 ± 5)% RH, 
and (20 ± 2)◦C for curing until the age of 25 days (Fig. 3c). All sides of the specimen except the test surface were sealed with aluminum 
foil (Fig. 3d). Subsequently, the specimens were cured in air at (65 ± 5)% RH, and (20 ± 2)◦C until the age to 28 days.

Table 2 
Physical properties of cement.

Specific surface/m2⋅kg− 1 Water demand/% Setting time/min Flexural strength/MPa Compressive strength/MPa

initial final 3d 28d 3d 28d

346 24 169 253 4.0 7.3 25.1 54.0

Table 3 
Concrete mix and properties.

No. Cement/kg⋅m− 3 Water/kg⋅m− 3 W/C Gravel/kg⋅m− 3 Sand/kg⋅m− 3 28 d compressive strength/MPa 28 d elastic modulus/GPa

N60R, N60 360 216 0.60 1045 810 33.2 23.84

Fig. 1. Sketch of mould and restraint device for restraint concrete [43].

Fig. 2. Sketch of the plastic forming mould (mm).

Fig. 3. Curing and pre-saturation process of concrete specimen.
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The specimens were pre-saturated in 3 wt% NaCl solution at (20 ± 2)◦C for 7 days. During pre-saturation, the test surface of the 
specimen was facing downward, and the liquid level was (10 ± 1) mm higher than the test surface of the specimen. The SSFT cycles 
began after the specimens were pre-saturated.

2.3. Test method

In order to investigate the effect of restraint on salt frost damage of concrete, the internal relative humidity, temperature, and strain 
of both restrained and unrestrained concrete were monitored through the SSFT test. The evolution of residual strain in the two types of 

Fig. 4. Specimens of restrained concrete and unrestrained concrete.

Fig. 5. Preparation before monitoring the internal relative humidity of concrete [43].
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concrete was calculated to clarify the effect of restraint on salt frost damage of concrete. 

(1) The SSFT test

The CDF/CIF TESTER, produced by Schleibinger Geräte, was used to provide the SSFT cycles. The temperature regime and the test 
parameters were set according to the CIF test [15] and GB/T 50082-2024 [52]. The number of SSFT cycles were 28. During the test, it 
was ensured that the test surface of the specimen was facing downward. The liquid level of the 3 wt% NaCl solution was (10 ± 1) mm 
higher than the test surface of the specimen. 

(2) Internal relative humidity and temperature monitoring

A temperature and relative humidity (T-RH) sensor (Fig. 5a) was used to monitor the evolution of internal relative humidity (IRH) 
and temperature inside the concrete subjected to the SSFT cycles. The accuracy of temperature and relative humidity measured by the 
T-RH sensor was 0.01 ◦C and 0.1 %, respectively. The embedding of the T-RH sensor in the concrete is shown in Fig. 5b–d.

A plastic rod with a diameter of 15 mm and a length of 70 mm was embedded during the casting of fresh concrete (Fig. 5b). The 
plastic rod was pulled out before the final setting of the concrete. A silicone stopper was used to seal the exposed hole (Fig. 5c). The 
silicone stopper was emptied before the SSFT cycles. The T-RH sensor was inserted into the exposed hole, and a sealant was used to seal 
the gaps between the T-RH sensor and the hole (Fig. 5d). The above method of embedding the T-RH sensor can ensure that the T-RH 
sensor probe was located in the center of the concrete specimen. Therefore, the evolution of IRH and temperature of concrete during 
the SSFT cycle can be obtained.

The NP130T recorder was used to collect data on the evolution of internal relative humidity (IRH) and temperature inside the 
concrete subjected to the SSFT cycles. The data recording frequency was once per minute. 

(3) Strain and residual strain monitoring

The resistance strain gauge and polyvinyl chloride (PVC) flexible glass were used to make a strain sensor (see Fig. 6). The resistance 
strain gauge used was of type BFH120-50AA, featuring a sensitive grid of 50 mm × 3 mm, a standard resistance value of (120 ± 1) Ω, 
and a sensitivity of (2.0 ± 1.0)%. The overall dimensions of the resistance strain gauge were 55 mm × 6 mm × 0.1 mm. The accuracy of 
strain measured by the resistance strain gauge was 0.01 με. The size of the PVC flexible glass was 75 mm × 12 mm × 1.5 mm. Silicone 
sealant was used as a waterproof coating.

The strain sensor was embedded during the casting of fresh concrete. The position of the strain sensor in the concrete specimen is 
shown in Fig. 7. Thus, the sensor was located at the center of the vertical height of the concrete specimen. The concrete matrix strain 
can be monitored by the strain sensor during the SSFT cycles. The TST 3822 EN recorder was used to collect data on the evolution of 
strain of the concrete subjected to the F-T cycles. The data recording frequency was once per minute. The TST 3822 EN recorder was 
equipped with temperature compensation to eliminate the influence of thermal deformation on concrete strain.

The residual strain of concrete after the nth cycle was calculated as follows: 

Sn =
∑n

k=1
(Sk − Sk− 1) (1) 

Fig. 6. Preparation of strain sensor.
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where,
Sn is the residual strain of concrete after the nth cycle;
Sk is the strain of the concrete at the beginning of the kth cycle;
Sk− 1 is the strain of the concrete at the beginning of the (k-1)th cycle.

3. Results

3.1. Influence of the restraint on the IRH of the concrete

The evolution of the internal relative humidity (IRH) with temperature of concrete specimens (N60R-restained, N60-unrestrained) 
during the 1st, 16th, and 28th cycles is shown in Fig. 8a and (b).

As shown in Fig. 8, the variation of IRH in each cycle of concrete can be clearly observed. As the temperature starts to drop from 
20 ◦C, the IRH in both restrained and unrestrained concrete decreased rapidly. However, the IRH of restrained and unrestrained 
concrete increased at − 8.7 ◦C and − 9.5 ◦C, respectively. According to Wang [41], the inflection point of the IRH curve indicates the 
freezing point of water in concrete. When the temperature is near the freezing point of water, the saturated vapor pressure of water 
decreases. Water exhibits a"super-cooling” behavior. At this time, there is no ice crystal nucleation in the water, and the water in 
concrete can still exist in the liquid phase. The saturated vapor pressure of water is higher than that of ice [41]. Unfrozen water is more 
likely to change from the liquid phase to the gas phase as the temperature drops, which causes the IRH of concrete to increase [43]. The 
“super-cooling” behavior of water inside concrete is common during the IRH monitoring of concrete subjected to F-T cycles. Similar 
phenomena have been reported in the studies of Wang [41] and Hou [53].

Furthermore, as the temperature continued to decrease, ice crystals nucleated and grew rapidly in the liquid phase for the first time. 
The saturated vapor pressure of water decreases significantly, causing water to transform from the gas phase to the liquid phase and 
then freeze. As a result, the IRH of concrete decreased significantly. The entire process shows that − 8.7 ◦C and − 9.5 ◦C are the freezing 
points of restrained and unrestrained concrete, respectively.

Moreover, the IRH of concrete further decreased during the isothermal process at − 20 ◦C. During the heating process, the IRH of 

Fig. 7. Position of the strain sensor in concrete specimen (mm).

Fig. 8. Curve of IRH–temperature of restrained and unrestrained concrete.
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concrete increased. It was worth noting that the IRH of concrete increased after each F-T cycle, resulting in obvious hysteresis in the 
IRH–temperature curves of both restrained and unrestrained concrete. Fig. 9 shows the IRH increment of restrained and unrestrained 
concrete after every 4 F-T cycles.

The IRH increment of concrete increased with the number of F-T cycles. After the 28th F-T cycles, the IRH increment of restrained 
concrete was 30 % less than that of unrestrained concrete. Thus, the hysteresis in the IRH–temperature curves of unrestrained concrete 
was more significant than that of restrained concrete, which may be related to the difference in internal damage between restrained 
and unrestrained concrete induced by F-T cycles.

3.2. Influence of the restraint on the strain of the concrete

The evolution of strain with temperature for concrete specimens (N60R and N60) during the 1st, 16th, and 28th cycles is shown in 
Fig. 10a and (b).

In Fig. 10, the evolution of concrete strain in each cycle is similar to that of the IRH. As the temperature began to drop from 20 ◦C, 
the strain of both restrained and unrestrained concrete decreased rapidly. The strain of restrained and unrestrained concrete started to 
decrease at − 8.7 ◦C and − 9.5 ◦C, respectively, which is different from the behavior of IRH. Previous studies [26,28] have indicated that 
the shrinkage of pores is related to water migration in pores. The mechanism is similar to the matrix deformation induced by drying 
shrinkage. In Fig. 8, water shows “super-cooling” behavior inside restrained and unrestrained concrete at − 8.7 ◦C and − 9.5 ◦C, 
respectively. Unfrozen water easily migrated as a gas phase from gel pores to macropores and capillary pores. Gel pores shrank due to 
the water loss, leading to significant matrix shrinkage at the freezing point. Similar phenomena have been reported in the studies of 
Zeng [36] and Wang [54].

As the temperature further decreased, the strain change of restrained concrete is more slightly than that of unrestrained concrete. 
The result indicates that the restraint has a significant impact on the deformation of concrete. A previous study [43] confirmed that due 
to the restraint device, water migration in restrained concrete is weakened during the cooling process. Accordingly, it is difficult for 
unfrozen water to migrate towards ice crystals in restrained concrete. On the contrary, the migration of unfrozen water towards ice 
crystals in unrestrained concrete is significant [28]. The difference in pore size between restrained and unrestrained concrete during 
the cooling process also supports this mechanism [43].

During the isothermal process at − 20 ◦C, the strain of both restrained and unrestrained concrete increased rapidly. The result shows 
that the concrete matrix expands, which is related to the formation of ice crystals within the pores. Previous studies [26,28] have 
confirmed that the formation of ice crystals within the pores can push the pore wall. As a result, the tensile stress can be initiated on the 
pore walls, marking the beginning of frost damage to concrete.

When the heating process began, the concrete strain further increased, indicating that ice crystals were still pushing the pore walls. 
Accordingly, the pore walls were still under tensile stress. As the temperature further increased, the melting temperature of frozen 
water inside the pore is related to the pore size [24]. Ice in smaller pores melted first, releasing the stress on the pore walls. Meanwhile, 
ice crystals prevented water from migrating to gel pores. Accordingly, gel pores can only absorb water from the outside, resulting in 
further expansion of the matrix.

During the heating process, it is difficult to determine the exact melting point of water in concrete [41]. However, it can be 
confirmed that the strain of both restrained and unrestrained concrete begins to decrease at around 10 ◦C. The result indicates that the 
ice in macropores melts, leading to a significantly release of stress on the pore walls. Although gel pores still absorb water from the 
outside, the matrix shrinks slightly. The shrinkage of the matrix can continue until the end of the isothermal process at 20 ◦C. It is worth 
noting that the strain of concrete does not return to the initial value, indicating that the deformation of concrete induced by F-T cycles 

Fig. 9. IRH increment of restrained and unrestrained concrete subjected to SSFT cycles.
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cannot be fully restored. The obvious hysteresis of concrete strain is similar to that of the IRH, leading to the residual strain of concrete 
shown in Fig. 11.

As shown in Fig. 11, the concrete strain increases with the number of F-T cycles, which is related to the initiation of microcracks 
inside the concrete induced by F-T cycles [27]. After the 4th F-T cycle, there was no significant difference in residual strain between 
restrained and unrestrained concrete. In the early stage of the test, the damage to the pore walls caused by ice crystals was low, and the 
internal damage of concrete induced by F-T cycles was not significant. A similar phenomenon has also been described in Ref. [20]. 
After 28 F-T cycles, the Sn (residual strain) of restrained concrete was 30 % less than that of unrestrained concrete. The results indicate 
that the restraint significantly reduces the internal damage of concrete subjected to F-T cycles, which is consistent with the results of 
previous studies [17,20,51]. Consequently, the hysteresis in the strain–temperature curves is more pronounced in unrestrained con
crete than in restrained concrete (Fig. 10).

Prior research has associated greater residual strain with more internal concrete damage [54]. However, the mix proportions of 
restrained and unrestrained concrete were exactly the same. The difference in internal damage may be related to the restraint. In 
addition, the pictures of the specimens’ test surface after 28 SSFT cycles are shown in Fig. 12.

As shown in Fig. 12a, coarse aggregates were already exposed on the test surface of the restrained concrete, whereas no obvious 
coarse aggregate exposure was observed on the test surface of the unrestrained concrete (Fig. 12b). The results indicates that surface 
scaling of the restrained concrete is more severe than that of the unrestrained concrete after 28 SSFT cycles. Similar phenomena have 
been reported [17,19,20]. A previous study [18] clarifies that the more severe surface scaling of restrained concrete induced by SSFT 
cycles is related to the deformation mismatch between the concrete and ice layer. However, the mechanism by which restraint reduces 
the internal damage of concrete subjected to SSFT cycles remains unclear. Further discussion of the impact mechanism of restraint on 
internal damage is crucial.

Fig. 10. Curve of strain–temperature of restrained and unrestrained concrete.

Fig. 11. Residual strain of restrained and unrestrained concrete subjected to SSFT cycles.
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4. Discussion

4.1. Interrelation between deformation and frost damage in concrete

According to previous research [26,29], water migration and phase transformation inside concrete induced by freeze – thaw (F-T) 
cycles are significant. The results in Figs. 8–11 also provide evidence for water migration and phase transformation. The Crystallization 
Pressure theory [26] posits that the frost damage of porous materials originates from the deterioration of the pore structure, partic
ularly during the cooling process. Ice crystals in pores may grow along both the radial and axial directions of the pore. Simultaneously, 
unfrozen water migrates from gel pores to ice crystals, causing the pore wall to shrink [28]. As a results, tensile stress is generated on 
the pore wall, which may lead to the initiation of microcracks, as shown in Fig. 13.

The Crystallization Pressure theory assumes that the pores in porous materials are all spherical or cylindrical. Two important 
equations are proposed for calculating the stress on the pore wall during the cooling process, as shown in Eq. (1) and Eq. (2). 

pSA = pL + 2γCL

(
1
rE
−

1
rp

)

(1) 

pCA = pL +
γCL

rp
(2) 

where,
pSA is the stress on the spherical pore wall, in MPa;
pL is the stress on the pore wall induced by water migration, in MPa;
γCL is the interface energy of the ice-water interface, in J⋅mm− 2;
rE is the radius of the spherical pore for growing ice crystals;

Fig. 12. Images of the test surface of restrained and unrestrained concrete after 28 SSFT cycles.

Fig. 13. Growth direction of ice crystals in pore.
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rp is the radius of the cylindrical pore for growing ice crystals;
pCA is the stress on the cylindrical pore wall, in MPa.
The calculation of the stress on the pore wall using the Crystallization Pressure theory depends on the pore shape. Meanwhile, the 

calculation of the stress induced by water migration (pL) also requires assumptions about the pore size [55]. Consequently, there is a 
significant difference in the calculation results of the stresses on the walls of spherical and cylindrical pores [56].

However, it is challenging to clarify all the sizes and shapes of pores inside concrete under existing experimental conditions. In 
order to address this issue, Setzer provided a model for calculating the shrinkage stress of water migration on the pore wall based on 
thermodynamic, as shown in Eq. (3). 

Δpt =1.2225(T − T0)
[
1000+3.25(T − T0) − 0.016(T − T0)

2]
× 10− 3 (3) 

where,
Δpt is the shrinkage stress of water migration on the pore wall, in MPa;
T is the current temperature, in K;
T0 is the baseline temperature, in K.
Furthermore, Penttala [31] proposed a theoretical model for the expansion stress on the pore wall induced by phase transformation 

of water. The model calculates the expansion stress based on the temperature of the concrete during the freezing process (the test 
temperature in the literature [31] is 20 ◦C ~ − 70 ◦C) and the internal relative humidity (IRH), as shown in Eq. (4) ~ Eq. (7). 

Δpf =
RT
νi

ln
(

pv

p0

)

+
h◦

wi
νiT0

(T − T0) +
1
νi

∫ T

T0

∫ T

T0

c◦

pi(T) − c◦

pw(T)
T

dTdT (4) 

IRH=
pv

p0
(5) 

c◦

pi(T)= 38.052
[
1+ 373.7×10− 5 ×(T − T0)

]
(6) 

c◦

pw(T)=75.996
[
1 − 54.0×10− 5 ×(T − T0)

]
(7) 

where. 

Δpf is the expansion stress on the pore wall, in MPa;
R is the standard gas constant, 8.314 J mol− 1 K− 1;
νi is the specific volume of ice, 1.998 × 10− 5 m3 mol− 1 [31];
pv is the vapor pressure of pore water, in MPa;
p0 is the saturated vapor pressure of pore water, in MPa;
h◦

wi is the freezing heat of water at 273.15 K, 6 × 103 J mol− 1 [31];
c◦

pi(T) is the specific heat capacity of ice, in J⋅mol− 1;
c◦

pw(T) is the specific heat capacity of water, in J⋅mol− 1.

The pores will deform or even deteriorate under the action of the above mentioned shrinkage and expansion stresses. Consequently, 
the expansion of pore size and the initiation of microcracks are both manifestations of concrete frost damage [20,27,51,57]. Mean
while, the deformation of concrete matrix induced by F-T cycle is a macroscopic manifestation of pore deterioration [26,29]. 
Therefore, an interrelation between deformation and frost damage in concrete can be established based on pore deterioration.

Accordingly, the concrete matrix, including cement mortar and aggregates, without pores can be assumed to be dense. Therefore, 
the dense matrix only undergoes thermal deformation during F-T cycles. Here a simplified equation can be established based on the 
assumption that the deformation of concrete induced by F-T cycles consisted of the following components: thermal deformation 
(including thermal expansion and shrinkage) and pore deformation. The deformation of the pore wall includes pore wall expansion, 
pore wall shrinkage, and pore wall deterioration. Strain can be used to quantitatively characterize the above-mentioned deformations, 
as shown in Eq. (8). 

ε= εT + εf + εt + εp (8) 

where,
ε is the total strain of concrete;
εT is the thermal strain of concrete;
εf is the expansion strain on the pore wall induced by phase transformation of water;
εt is the shrinkage strain on the pore wall induced by water migration;
εp is the strain due to the pore deterioration.
There is no doubt that the models from Setzer and Penttala ignore the pore parameters, which is beneficial for further analysis and 

discussion. However, due to the difference between the deformation and stress, it is difficult to directly apply these models. A more 
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suitable model needs to be established to evaluate the pore deterioration in restrained and unrestrained concrete subjected to SSFT 
cycles.

4.2. Simplified model of concrete pore and strain on the pore wall

The pores inside concrete are surrounded by hardened cement mortar [58]. The pore size is much smaller than the thickness of 
hardened cement mortar. Thus, a thick-walled cylindrical model with infinite outer diameter and finite inner diameter is established to 
represent the pore inside concrete, as shown in Fig. 14.

According to the Lamè equation [59], the circumferential, radial, and axial stresses at point A (Ri < r < Ro) can be calculated by Eq. 
(9)–(15). 

G=
R0

Ri
(9) 

σθ =
pi

G2 − 1

(

1+
R0

2

r2

)

(10) 

σr =
pi

G2 − 1

(

1 −
R0

2

r2

)

(11) 

σz =
pi

G2 − 1
(12) 

σθ
ʹ=

− pi
ʹK2

G2 − 1

(

1+
Ri

2

r2

)

(13) 

σr
ʹ=

− pi
ʹG2

G2 − 1

(

1 −
Ri

2

r2

)

(14) 

σz
ʹ= −

G2

G2 − 1
pi

ʹ (15) 

where,
G is the cylinder thickness characteristics;
R0 is the outer radius of the model, mm;
Ri is the inner radius of the model, mm;
r is the distance from the axis of the cylinder to point A, in mm, and Ri < r < R0;
σθ is the circumferential tensile stress at point A, in MPa;
σr is the radial tensile stress at point A, in MPa;
σz is the axial tensile stress at point A, in MPa;
σθ

ʹ is the circumferential compressive stress at point A, in MPa;
σr

ʹ is the radial compressive stress at point A, in MPa;

Fig. 14. Sketch of stress at pore wall based on the proposed thick-walled cylinder model.
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σz
ʹ is the axial compressive stress at point A, in MPa;

pi is the stress acting on the inner wall of the model, directed towards the inner wall, in MPa;
pi

ʹ is the stress acting on the inner wall of the model, directed towards the axis, in MPa.
When point A is located on the inner wall of the thick-walled cylinder model, the condition " r = Ri" is obtained. Therefore, Eq. (10), 

Eq. (11), Eq. (13), and Eq. (14) can be simplified to Eq. (16) to Eq. (19). 

σθ =
G2 + 1
G2 − 1

pi (16) 

σr = − pi (17) 

σθ
ʹ= −

2G2

G2 − 1
pi (18) 

σr =0 (19) 

According to the generalized Hooke’s law [60], the circumferential tensile strain and circumferential compressive strain on the 
inner wall of thick-walled cylinder model can be calculated by Eq. (20) and Eq. (21), respectively. 

εθ =
1
E
[σθ − μ(σr + σz)] (20) 

εθ
ʹ=

1
E
[σθ

ʹ − μ(σr
ʹ+ σz

ʹ)] (21) 

where,
εθ is the circumferential tensile strain on the inner wall of thick-walled cylinder model;
εθ

ʹ is the circumferential compressive strain on the inner wall of thick-walled cylinder model;
E is the elastic modulus of the materials, in MPa;
μ is the Poisson’s ratio of the materials.
Substituting Eq. (12), Eq. (15), Eq. (16)– (19) into Eq. (20) and Eq. (21) yields the calculation method of the circumferential strain 

on the inner wall of the cylinder, as shown in Eq. (22) and Eq. (23). 

εθ =
pi

E
⋅
(1 + μ)G2 + 1 − 2μ

G2 − 1
(22) 

εθ
ʹ=

pi

E
⋅
(μ − 2)G2

G2 − 1
(23) 

For concrete, since the pore size is much smaller than the thickness of the hardened cement paste, that is, r ≫ Ri, it is easy to obtain that 
the cylinder thickness characteristics tends to infinity. Thus, Eq. (22) and Eq. (23) can be further simplified to Eq. (24) and Eq. (25). 

εθ =(1+ μ) pi

E
(24) 

εθ
ʹ=(μ − 2)

pi
ʹ

E
(25) 

The circumferential strain on the pore wall in the above equations is independent of the pore size, which is significant for the study 
of pore deterioration in concrete subjected to SSFT cycles. Furthermore, Eq. (3) and Eq. (4) can be introduced into Eq. (25) and Eq. (24)
to obtain the shrinkage and expansion strains of pores induced by water migration and phase transformation, respectively, as shown in 
Eq. (26) and Eq. (27). 

εt =(μ − 2)
Δpt

E
(26) 

εf =(1+ μ)Δpf

E
(27) 

4.3. Influence of the restraint on the deterioration of the pores

Based on the discussion in 4.1 and 4.2, the strain due to the pore deterioration (εp) inside concrete induced by SSFT can be 
calculated according to Eq. (8), Eq. (26), and Eq. (27), as shown in Eq. (28). 

εp =(ε − εT) −

[

(1+ μ)Δpf

E
+(μ − 2)

Δpt

E

]

(28) 
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In this study, the thermal strain of concrete has been eliminated through the temperature compensation function of the TST 3822 EN 
recorder. According to Figs. 8 and 10, the freezing points of water inside restrained and unrestrained concrete are approximate − 8.7 ◦C 
and − 9.5 ◦C, respectively. For analysis, the calculation temperature range of the εp is from − 8.7 ◦C in the cooling stage to − 8.7 ◦C in the 
heating process in one cycle. The values of the parameters required for the calculation are presented in Table 4.

Incorporating the values of the parameters in Table 4 into Eq. (28), the strain due to pore deterioration can be calculated. The 
results are shown in Fig. 15.

As shown in Fig. 15, the εp curve shows significant stage characteristics. During the cooling process from the freezing point to 
− 20 ◦C, εp of restrained and unrestrained concrete is positive and increases with the temperature decreasing. The results indicate that 
tensile strain occurs on the pore wall. Meanwhile, εp of restrained concrete is always less than that of unrestrained concrete. The least 
square method is used for linear fitting. The slope of the fitting line represents the change rate of εp. The change rate of the tensile strain 
on the pore wall of restrained concrete is 11 % less than that of unrestrained concrete, indicating that the growth of ice crystals in pores 
inside restrained concrete is slower. The weak water migration in restrained concrete before the freezing point results in less frozen 
water in the pores [43]. In contrast, the intense water migration inside unrestrained concrete promotes further growth of ice crystals in 
the pores.

During the isothermal process at − 20 ◦C, εp of restrained and unrestrained concrete continues to increase. However, the difference 
in the change rate of the εp is slight (about 3.5 %), indicating that the water in the pores of restrained and unrestrained concrete 
continues to freeze. The results shows that the effect of water migration on εp is slight, which is related to ice crystal hindering further 
water migration [30]. Subsequently, εp of both restrained and unrestrained concrete increases significantly. The results indicate that 
the tensile stress on the hole wall is significantly increased by ice crystals growing in the pores. However, εp of restrained concrete is 10 
% less than that of unrestrained concrete.

Further, with the increasing of time, the εp of both restrained and unrestrained concrete gradually increases until it reaches the peak 
value. In order to counterbalance the tensile stress imposed by ice crystals on the pore wall, the pore wall deforms. This observation is 
consistent with the expansion of pore size within concrete induced by F-T cycles, as reported in Refs. [20,27,51,57]. The peak value of 
εp in restrained concrete is 18 % less than that in unrestrained concrete. Meanwhile, the deformation of the pore wall in restrained 
concrete is 55 % less than that in unrestrained concrete.

Notably, once εp reaches its peak value, it starts to decrease rapidly, indicating that the pore wall has cracked due to strain. 
Consequently, the microcracks initiate from the pore wall and propagate towards the matrix, as described in Ref. [26]. From this point 
on, εp decreases substantially in both restrained and unrestrained concrete. When the calculation endpoint is reached, the εp of 
restrained concrete is 30 % less than that of unrestrained concrete.

In general, it is concluded that the restraint significantly influences the internal damage of concrete during the SSFT cycles. The 
governing behavior is manifested by the slighter pore deterioration:

The evolution of IRH indicates that the hysteresis in the IRH–temperature curves of unrestrained concrete is more significant than 
that of restrained concrete. The evolution of concrete strain indicates that the restraint reduces deformation of matrix during SSFT 
cycles by weakening water migration. The strain on the pore wall suggests that potential internal damage of restrained concrete is 
significantly lower than that of unrestrained concrete.

These results demonstrate that restrained concrete’s limited water migration capacity below the freezing point reduces pore wall 
strain induced by ice crystal growth. Slower ice crystal formation in restrained concrete further mitigates the tensile strain on the pore 
walls, thereby reducing strain associated with pore deterioration. In conclusion, applying restraint mitigates the internal damage of 
concrete subjected to SSFT cycles.

5. Conclusion

This paper explores the influence of restraint on the pore deterioration within concrete with a water cement ratio of 0.60 under 
single-side salt freezing and thawing (SSFT) cycles. The internal relative humidity (IRH) and strain of both restrained and unrestrained 
concrete were monitored throughout the SSFT cycles. A comparison was made between the increment of IRH and residual strain of the 
restrained and unrestrained concrete. The difference in strain resulting from pore deterioration between restrained and unrestrained 
concrete was calculated using the established pore structure model. The conclusions are as follows: 

Table 4 
Parameters for calculating the strain due to pore deterioration.

Elements Description Values or the source of values Units

ε − εT Concrete strain without thermal strain Measured in the 28th F-T cycles με
IRH Internal relative humidity Measured in the 28th F-T cycles %
μ Poisson’s ratio of concrete [61] 0.2 /
E Elastic modulus of concrete 23.84 GPa
νi Specific volume of ice 1.998 × 10− 5 m3⋅mol− 1

h◦

wi Freezing heat of the water at 273.15 K 6 × 103 J⋅mol− 1

T0 Reference temperature 273.15 K
T Current temperature Measured during the F-T cycles K
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(1) The internal damage of restrained concrete induced by SSFT cycles is less severe than that of unrestrained concrete. The 
increment of IRH and residual strain of the restrained concrete are 30 % lower than those of unrestrained concrete.

(2) One of the reasons for the less severe internal damage of restrained concrete is that the rate of ice crystal formation in restrained 
concrete is slower than that in unrestrained concrete. This is associated with the weakening of water migration within restrained 
concrete before the freezing point.

(3) The restraint inhibits the initiation of microcracks from the pore wall by reducing pore deterioration. The important evidence is 
that the peak strain of pore deterioration in restrained concrete is 18 % lower than that in unrestrained concrete.
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