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Abstract  This study investigated the interactive 
effects of pre-damage, water boundary conditions, 
and internal frost damage on concrete at dual-scale. 
The pre-damage included pre-cracking, which has 
not been studied experimentally before, and pre-
compressive damage. Concrete specimens under-
went pre-damage and had varied water boundary 
conditions during Freeze-Thaw Cycles (FTC). At the 
macro-scale, wedge-splitting tests combined with 
Digital Image Correlation (DIC) were conducted to 
assess post-FTC strength and fracture behaviour. At 
the meso-scale, X-ray CT scanning was employed to 
identify internal crack patterns. Results reveal that at 
the macro-scale, significant interaction between pre-
damage and frost damage reduced splitting tensile 
strength compared to the internal frost damage alone. 
Besides, increased water exposure during FTCs 
reduced both splitting tensile strength and compres-
sive strength, with a less pronounced reduction in 

splitting tensile strength. It also led to a diffuse crack 
pattern and increased tensile ductility. At the meso-
scale, specimens subjected to the interactive effects 
of pre-damage and internal frost damage exhibited 
cracks along aggregate-cement interfaces and within 
the cement paste. Reference specimens displayed 
no internal cracks, while specimens exposed to only 
FTCs showed only cracks along aggregate-cement 
interfaces. Full submersion of specimens during 
FTCs induced more internal cracks than solely water 
on top. These findings on the interactions between 
pre-damage, water boundary conditions, and inter-
nal frost damage offer insight into the causes of frost 
damage, vital for the design and assessment of con-
crete structures in frost-prone environments. Fur-
thermore, the results of these dual-scale tests can be 
used as a test case for the development of upscaling 
numerical models describing heat transfer and frost 
degradation in concrete.

Keywords  Internal frost damage · Concrete · Pre-
damage · Water boundary condition · Freeze-thaw 
cycle

1  Introduction

Recent climate change has increased the frequency 
of Freeze-Thaw Cycles (FTCs) in cold regions, esca-
lating the risk for existing concrete structures [1, 2]. 
One of the major types of damage caused by FTCs 
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in concrete is internal frost damage [3]. In the freez-
ing phase of one FTC, ice confined within the pore 
system of concrete undergoes expansion, inducing 
tensile stresses and thereby forming micro-cracks 
that interconnect pores. Subsequent thawing prompts 
the ingress of water into these newly formed micro-
cracks and pores, with the water freezing and expand-
ing in the next freezing phase. This cyclic process 
gradually undermines the durability and even struc-
tural safety of concrete [4, 5]. In real-world scenar-
ios, the durability of concrete structures is influenced 
by the interplay of a range of factors. The combined 
impact of FTCs, pre-existing damage (pre-damage) 
and the  presence of water in the surrounding envi-
ronment can lead to severe deterioration of concrete 
structures beyond the effect of individual sources of 
damage [6–8].

In practical engineering, the combined effects of 
pre-damage and internal frost damage on concrete 
are commonly observed [9]. For example, concrete 
beams and slabs often crack as a result of bending and 
drying. This process may lead to pre-existing surface 
cracking, also known as pre-cracking. Such cracking 
is typically characterised by a few large cracks. These 
cracks may occur concurrently with internal frost 
damage or develop beforehand. For concrete compo-
nents under significant compression, prior compres-
sive stresses can induce internal micro-damage (pre-
compressive damage), characterised by numerous 
small cracks, which may interact with future FTCs. 
Lu et al. [10] found that subjecting concrete to fatigue 
compression loading before FTCs resulted in greater 
internal damage compared to the reverse sequence, 
indicating that pre-damage potentially exacerbates 
internal frost damage in concrete. Numerous studies 
have investigated the isolated effects of FTCs on con-
crete, revealing reductions in tensile strength, com-
pressive strength, initial stiffness, and alterations in 
fracture behaviour [4, 11–14], research on the com-
bined impact of pre-damage and internal frost dam-
age has been relatively limited. Sun et  al. [15, 16] 
conducted experiments involving simultaneous bend-
ing load and FTCs on fibre-reinforced small concrete 
beams, observing accelerated damage progression 
and increased internal frost damage. Additionally, 
Bao et al. [17] applied compressive loads to concrete 
cubes before subjecting them to FTCs, noting exac-
erbated concrete deterioration compared to specimens 
without pre-compressive damage. Although previous 

studies highlight the potential negative effects of 
pre-damage on internal frost damage, there is a lack 
of studies examining these interactive effects in con-
crete, both on the surface and internally. Moreover, 
the combined impact of pre-existing cracks induced 
by splitting forces and internal frost damage, common 
in cold regions, has not been experimentally studied. 
This gap hinders a comprehensive understanding of 
concrete durability under the complex combination of 
external loading and FTCs in real-world scenarios.

Water boundary conditions significantly influence 
internal frost damage in concrete by affecting the 
degree of saturation through variations in surround-
ing water levels. According to theories proposed by 
Fagerlund [18], internal frost damage occurs only 
when the saturation of concrete exceeds a critical 
threshold. Further, experimental tests with differ-
ent water boundary conditions have yielded con-
flicting findings, complicating the understanding of 
their interaction with FTCs. For instance, a labora-
tory study by Hassanzadeh and Fagerlund [19] found 
no internal frost damage in large concrete beams 
(4.4 × 0.5 × 0.2 m3) after being submerged in water 
tanks for two years and exposed to two FTCs, while 
Rong et al. observed a significant reduction in load-
bearing capacity when water was sprayed on beam 
(1.2 × 0.25 × 0.15 m3) surfaces during FTCs [20]. 
Other experiments involved smaller specimens (sec-
tional size of 100 mm) entirely submerged in water 
[4, 21–24], with few studies directly comparing dif-
ferent water boundary conditions and their interac-
tions with FTCs. Thus, there remains a notable gap in 
knowledge regarding the influence of water boundary 
conditions.

To better understand internal frost damage 
in concrete, dual-scale experimental studies are 
essential. Here, "dual-scale" refers to investiga-
tions encompassing both macro-scale and meso-
scale. At the macro-scale (structural or compo-
nent level, above 10  mm), concrete is considered 
a homogenised material, whereas at the meso-scale 
(material level, 1–5 mm), it is necessary to distin-
guish the individual constituents of concrete, such 
as aggregates and the cementitious matrix [25]. At 
the macro-scale, mechanical tests, such as wedge-
splitting and compression tests, assess the impact 
of frost damage on tensile strength/fracture behav-
iour and compressive strength, respectively [4, 11, 
12, 26–31]. Digital Image Correlation (DIC) can 
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supplement these tests, providing an estimate of the 
displacement fields and making crack propagation 
on concrete surfaces visible [4, 24]. Regarding the 
meso-scale, observing internal crack propagation is 
crucial in understanding the nature of frost damage 
inside the concrete. With this aim, X-ray Computed 
Tomography Scanning (X-ray CT scanning) is a 
non-destructive technique capable of distinguish-
ing aggregates from cement paste [32–34] and 
highlighting internal cracks [29, 35–38]. However, 
studies combining DIC for macro-scale fracture 
behaviour and X-ray CT imaging for meso-scale 
crack propagation are lacking. This is particularly 
true for research on the interaction between pre-
damage, water boundary conditions, and internal 
frost damage in concrete.

This experimental study aims to investigate the 
interaction between pre-damage, water boundary 
conditions and internal frost damage at dual-scale. 
Concrete specimens were pre-damaged under ten-
sion or compression and thereafter subjected to 
various water boundary conditions during FTCs. 
Electronic probes embedded in the concrete moni-
tored temperature changes throughout the FTC 
procedure. After FTCs, wedge-splitting and com-
pression tests were performed, accompanied by 
DIC, to investigate the interactive effects of pre-
damage, water boundary conditions and internal 
frost damage on tensile strength, fracture behav-
iour and compressive strength of concrete at the 
macro-scale. Subsequently, X-ray CT scanning 
was applied on drilled cores to observe the crack-
ing propagation inside the concrete at the meso-
scale. The findings of this study contribute to the 
field of structural and construction engineering by 
offering insights that can inform the design of more 
resilient concrete structures in cold regions and the 
development of maintenance strategies for concrete 
components.

2 � Experimental program

The experimental program consisted of four parts: 
preparation, Freeze-Thaw Cycles (FTC), mechanical 
testing (macro-scale) and X-ray CT imaging (meso-
scale). During the preparation stage of the specimens 
(from casting till the start of FTCs), pre-damage in 
the form of pre-cracking or pre-compressive damage 
was applied to some of the specimens. Pre-cracking 
mimics existing surface cracks in structures, corre-
sponding to scenarios such as beams or slabs cracked 
due to bending and drying. Pre-compression aims 
at inducing internal micro-damage, corresponding 
to scenarios where structural components are sub-
jected to significant compressive stresses. During 
the FTC stage, various water boundary conditions 
were applied to the specimens. For some specimens, 
water was maintained on their top surfaces, to mimic 
structures such as top surfaces of roads and bridges 
in direct contact with surrounding water. Other 
specimens were fully submerged in water, to mimic 
hydraulic structures such as docks and dams. After 
the FTC stage, mechanical tests, namely, wedge-split-
ting and compression tests, were performed to assess 
the tensile strength/fracture behaviour and compres-
sive strength of the concrete, respectively. Finally, 
cores were drilled out of the specimens and subjected 
to X-ray CT scanning to examine cracks inside the 
concrete.

A schematic diagram of the experimental process 
is presented in Fig. 1.

2.1 � Preparation of the specimens

Concrete with a water-cement ratio of 0.5 was cast 
in one batch, see Table  1 for the mix composition. 
This mix was intended to mimic concrete in old exist-
ing concrete structures. Therefore, no air-entrainer 
or superplasticizer was added. In the laboratory, 
concrete was prepared following a standardised 

Fig. 1   Timeline of the 
experiments (in days)
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mixing procedure. Cement, fine aggregates, and 
coarse aggregates were first dry-mixed in a concrete 
mixer for 2 min to ensure uniform distribution. Sub-
sequently, water was gradually added, and the mix-
ture was wet-mixed for 3 min to achieve homogene-
ity. The fresh concrete was then transferred to moulds 
immediately after mixing to prevent segregation or 
loss of workability. During casting, the concrete was 

poured into the mould in two layers, with each layer 
compacted using an electronic concrete vibrator for 
20 s. 24 h after casting, all specimens were removed 
from the mould and submerged in tap water at 20 °C 
for 7 days. Then they were dried in two identical cli-
mate chambers at 20 °C and a relative humidity of 
30% for 17 days followed by 10 days of submerging 
in tap water at 20 °C. Similar sequence can be found 
in [4]. After these preparations, the specimens were 
pre-damaged and put in climate chambers to undergo 
FTCs.

The geometries of the specimens are presented 
in Fig.  2a and b. For some specimens, grooves and 
notches were cast and cut for wedge-splitting tests. 
The geometry follows the one introduced in [39, 40]. 
For the other specimens, 100 mm3 concrete cubes 
were cast. Before the FTC procedure, pre-cracking or 

Table 1   Concrete mix composition

Constituents Mix (kg/m3)

Cement (CEM I 42.5 N) 480
Tap water 240
Fine aggregate (0–4 mm) 600
Coarse aggregate (4–10 mm) 900

Fig. 2   Geometry of 
specimens for wedge-
splitting tests (a) and cubic 
specimens (b) (unit in 
mm). Criteria for applying 
pre-cracking (c) and pre-
compressive damage (d)



Materials and Structures           (2025) 58:74 	 Page 5 of 18     74 

Vol.: (0123456789)

pre-compressive damage was applied to some speci-
mens intended for the wedge-splitting tests. To gen-
erate a pre-crack, specimens were split to an extent 
when the splitting force surpassed its peak (Fsp, max) 
and dropped to 20% of the peak load (Fig. 2c). This 
threshold was selected to avoid the sharp drop of the 
splitting force right after the peak load and to result 
in a constant crack width among different specimens. 
To apply pre-compressive damage, a stress of 70% 
of the compressive strength (fc), as determined using 
specimens not subjected to FTC, was applied to the 
specimens on their top surfaces (Fig. 2d). This value 
reaches the limit set by Eurocode 2, where the com-
pressive strength of concrete needs to be divided by 
a factor of 1.5 considering persistent loading for ulti-
mate limit states [41]. Besides, with such a stress/
compressive strength ratio, internal cracks may form, 
known to influence internal frost damage in concrete 
[17].

The testing scheme and notation of the specimens 
are shown in Table  2. The notation of the speci-
mens consisted of four characters. The first charac-
ter denotes the geometries of specimens: cubic (C) 
or with grooves and notches for wedge-splitting tests 
(W). The second character denotes types of pre-dam-
age, namely, no pre-damage (N), pre-cracking (P) 
or pre-compressive damage (C). The third character 
indicates the number of surfaces exposed to water, in 
this study, no water (0), with water maintained on top 
(1) or fully submerged in water (6). The last charac-
ter refers to the serial number of a specimen in one 
group. In this scheme, W–N-0-X and C-N-0-X were 
reference specimens without pre-damage or exposure 
to FTCs. For cubic specimens, three samples in each 

group underwent compression testing without X-ray 
CT scanning. The fourth sample in each group was 
excluded from compression testing and designed 
only to X-ray CT scanning. This approach ensured 
that samples unaffected by compressive damage were 
available for X-ray CT scanning, to detect damage 
resulting solely from FTCs.

2.2 � Freezing–thawing cycles

During the FTC stage, specimens were placed in two 
identical climate chambers and exposed to repeated 
FTCs. Additional reference specimens were fully 
submerged in water at 20 °C (no frost damage). Each 
FTC lasted 24  h and followed the air temperature 
regime recommended by RILEM TC 176-IDC [42] 
(see Fig. 3). The entire test consisted of 12 FTCs.

The water boundary conditions of the specimens 
are presented in Fig.  4. For specimens with water 
maintained on top, rubber tape surrounded the top 
edges. Silicone was filled between the rubber tapes 
and concrete to prevent water leakage. As can be 
seen, the wedge and notch of these specimens were 
filled with water during freezing. The whole speci-
men was covered with a thin layer of plastic foil to 
prevent the water from evaporating (Fig.  4a). For 
specimens fully submerged in water, each specimen 
was placed in an individual plastic container with a 
size of 110 × 110 × 110 mm3 (Fig. 4b). In both cases, 
tap water was used. The water layer over the concrete 
surfaces was controlled to be 5 mm. In this way, the 
water boundary conditions were well-defined, and are 
thus ideal for calibrating numerical models of heat 

Table 2   Testing scheme: overview of samples and test conditions in the FTC tests

Additional samples were used to determine the properties of the undamaged material

Geometry of specimens Notation Quantity Pre-damage Water boundary condition during FTCs Tests after FTCs

Cubic C-N-0-X 4 None In water, room temperature Compression tests / 
X-ray CT scanningC-N-6-X 4 None fully submerged in water

C-N-1-X 4 None water maintained on top
With grooves and notches 

for wedge-splitting tests
W-N-0-X 4 None In water, room temperature Wedge-splitting tests
W-N-6-X 4 None fully submerged in water
W-P-6-X 4 Pre-cracked fully submerged in water
W-C-6-X 4 Compressed fully submerged in water
W-N-1-X 4 None water maintained on top
W-P-1-X 4 Pre-cracked water maintained on top
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transfer and mechanical degradation in concrete sub-
jected to internal frost damage.

To monitor the temperature change within the 
concrete, temperature probes (Fig. 5a) were cast in 
two specimens, C-N-1–4 and C-N-6–4 (Fig.  5b). 
For C-N-1–4, a specimen with water maintained on 
its top surface, three probes were placed at 25 mm, 
50 mm, and 75 mm beneath the centre of its top sur-
face (Fig. 5c). For C-N-6–4, a specimen fully sub-
merged in water, two probes were placed at 25 mm 
and 50  mm beneath the centre of its top surface 
(Fig.  5d). For both specimens, an additional probe 
was placed at the centre of one of its side surfaces. 

A temperature logger (HIOKI LR8431-20) was con-
nected to the temperature probes to record the tem-
perature change in concrete. The precision was 1 
°C.

2.3 � Mechanical tests

The wedge-splitting tests were carried out on speci-
mens with grooves and notches [39], see Fig. 2a. Two 
steel roller bearings were placed on either side of the 
groove at the top of the specimen. A wedge with an 
angle of 30° was inserted into the roller bearings. 
During the tests, the vertical load, Fv, applied on the 
top of the wedge, caused horizontal splitting force, 
Fsp. A clip gauge was placed in the groove to monitor 
the Crack Mouth Opening Displacement (CMOD). 
The wedge-splitting tests were conducted in vertical 
displacement control at a rate of 0.25 mm/min. Read-
ers are referred to [39] for details about the testing 
configurations of the wedge-splitting test. To facili-
tate monitoring the crack pattern during the wedge-
splitting tests, Digital Image Correlation (DIC) was 
applied. The DIC photos were captured at a rate of 
100 photos per minute, and the subsequent results 
were processed by GOM Correlate 2018. For the 
compression test, the loading rate was 0.6 MPa/s, fol-
lowing the procedure recommended in Eurocode EN 
12390-3:2019 [43].

Fig. 3   One FTC, as recommended by RILEM Standard [42]

Fig. 4   Water boundary 
conditions of a specimens 
with water maintained on 
top; and b specimens fully 
submerged in water (unit 
in mm)
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2.4 � X‑ray CT scanning

Following mechanical testing, cylindrical cores were 
water-drilled out of the specimens for X-ray CT 
scanning to assess potential internal cracks resulting 
from frost damage. The concrete cores had a diam-
eter of 12 mm, with drilling performed at the location 
depicted in Fig. 6a. Cubic specimens C-N-0-4, C-N-
6-4, and C-N-1-4 were excluded from compression 
tests but were prepared for X-ray CT scanning after 
exposure to FTCs. X-ray CT scanning was conducted 
at 150  kV and 66 μA beam current, with 1.2  mm 
aluminium pre-filter, at 4 fps with 4 averages and a 
voxel size of 9.7 μm. Subsequent analysis of the 3D 
image reconstructed by manufacturer-supplied soft-
ware used open-source software ImageJ [44]. Ini-
tially, adjustments were made to the brightness and 

contrast of the scanned images, followed by unsharp 
masking to enhance contrast between cracks and con-
crete. Finally, a uniform threshold using the IsoData 
method [45] was applied to highlight the cracks. The 
entire image processing procedure is illustrated in 
Fig. 6b-d.

3 � Experimental results and discussion

In this section, experimental results are presented 
and discussed concerning the interaction between 
pre-damage, water boundary conditions, and internal 
frost damage. First, temperature changes within the 
concrete are discussed. Then, the discussion focuses 
on macro-scale observations derived from mechanical 
tests and DIC analysis, as well as observations on the 

Fig. 5   a Temperature 
probe; b temperature probes 
cast in concrete; c positions 
of temperature probes in 
C-N-1-4; d positions of 
temperature probes in C-N-
6-4. (Unit in mm.)
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meso-scale: internal cracks made visible by X-ray CT 
imaging.

3.1 � Temperature change in concrete

Figure  7 illustrates the temperature change in con-
crete, with the placement of temperature probes 
detailed in Fig. 5. Note as shown Fig. 5d, two probes 
were embedded in C-N-6. However, probe C-N-6–4-
50 lost its signal during FTCs. Therefore, no data 
from probe C-N-6–4 is presented in this section. 
Due to the uniformity of temperature changes across 
all FTCs, Fig.  7 showcases the temperature change 
in two representative FTCs. The solid grey curve in 
Fig.  12 depicts the air temperature within the cli-
mate chamber, affirming the successful implementa-
tion of programmed FTCs (refer to Fig.  3). During 
FTCs for the specimen with water maintained on top 

(C-N-1–4), the temperature followed a distinct pat-
tern: as environmental temperatures rose, surface 
temperature (probe C-N-1–4-SURF) increased first, 
followed by increasing internal temperature from the 
bottom (probe C-N-1–4-75, away from water) to top 
(probe C-N-1-4-25, close to top water) of the con-
crete. During the freezing phase, surface temperature 
decreased initially, followed by internal temperature 
reduction from the bottom to the top of the concrete.

For the specimen fully submerged in water (C-N-
6), as the environmental temperature rose during each 
FTC, the surface temperature (probe C-N-6-4-SURF) 
stabilised at 0 °C before sharply rising to its peak. In 
contrast, the increase of temperature within the con-
crete (probe C-N-6-4-25) was more gradual. This is 
because the melting of the ice consumed the energy 
from the surrounding environment, leading to no 
temperature increase. When the melting finished, the 

Fig. 6   a Drilling position of concrete cores of specimens for 
wedge-splitting tests and cubic specimens; b original X-ray 
CT scanning image of a core section; c image after adjusting 

brightness/contrast and unsharp masking; d crack pattern high-
lighted with the set threshold

Fig. 7   Temperature change 
in the climate chamber, on 
the surface of and inside 
the specimens C-N-6-4 
(blue curves) and C-N-1-4 
(red curves). The last digit 
in the specimen nota-
tion corresponds to the 
location of temperature 
probes: "SURF" denotes the 
surface, while numerical 
values indicate the distance 
from the top surface
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energy was used to increase the temperature. Upon 
the surface, the ice had the same conditions to melt. 
Inside the concrete, ice accommodated in pores and 
cracks of different sizes melted at different tempera-
tures. Therefore, the melting processes on the surface 
and inside the concrete were different. Upon reach-
ing − 3.3 °C both on the surface and within the con-
crete during the freezing period of each FTC, temper-
atures sharply rose back to 0 °C, remained stable for 
approximately 2 h, and then began to decrease once 
more. This is due to phase transition being exother-
mic. The produced heat from ice formation increased 
the temperature since the surrounding air environ-
ment could not extract the energy fast enough. There-
fore, the temperature stayed at 0 °C (otherwise the ice 
would melt again) until the energy was released and 
the temperature restarted to decrease in the concrete. 
This phenomenon is attributed to the interaction of 
water with complex solutes dissolved from concrete, 
pore sizes of concrete and the stochastic process of 
freezing, altering the crystallisation and freezing pro-
cess of water. Additionally, similar observations were 
reported in a study by Pålbrink and Rydman [46] 
regarding temperature measurements of concrete sub-
merged in water subjected to freeze–thaw cycles.

The presence of internal frost damage in concrete 
depends on the formation of ice within the concrete. 
Analysis of temperature change confirms the presence 
of ice within the concrete. Moreover, extended expo-
sure to 0  °C temperatures during freezing leads to 
increased ice formation. Consequently, it is inferred 
that fully submerged samples exhibit greater ice for-
mation compared to those with water only on the top 
surfaces. This observation aligns with mechanical test 
findings indicating intensified frost damage in fully 
submerged samples.

3.2 � Macro‑scale: splitting tensile strength and 
fracture behaviour

This section focuses on the combined effects at the 
macro-scale. Figure  8 presents the Crack Mouth 
Opening Displacement (CMOD) versus splitting 
force curves alongside the crack path observed in 
representative specimens from each testing group, as 
monitored by DIC during the wedge-splitting tests. In 
each subplot of the CMOD-splitting force relations, 
the curves for individual specimens are depicted in 
grey, while the averaged curves are shown in black. 

For pre-cracked specimens within groups W-P-6 and 
W-P-1, the graphics before and after frost damage are 
combined into a single plot, with a plus sign denot-
ing the graph from pre-cracking. Results show that 
the CMOD-splitting force curves exhibit small varia-
tions among individual specimens within each group. 
Crack patterns are shown at the onset of cracking, at 
peak splitting force, and at the end of wedge-splitting 
tests. Additionally, crack patterns during wedge-
splitting tests following FTCs were recorded for 
pre-cracked specimens W-P-6 and W-P-1. For these 
specimens, since no pronounced peak splitting forces 
were observed in the wedge-splitting tests after FTCs 
(Fig. 8c and f), crack patterns at an intermediate time 
point are presented. Frost-damaged specimens exhib-
ited a distinct feature compared to the reference speci-
men (W-N-0), with crack patterns diffusing in mul-
tiple directions, whereas the crack of the reference 
specimen predominantly propagated unilaterally from 
the notch tip to the specimen base. Pre-cracked speci-
mens (W-P-6 and W-P-1) initially followed pre-crack 
paths before diffusing in multiple directions, while 
cracks in other frost-damaged specimens originated 
from the notch tip and diffused immediately. This 
observation supports the hypothesis that pre-cracking 
leads to a higher saturation rate in surrounding con-
crete, resulting in more severe internal frost damage 
and more diffused cracking.

Based on the CMOD-splitting force curves from 
Fig.  8, average splitting tensile strength (Fsp) and 
their variations within each group are summarised 
in Table  3. Following frost damage, specimens sub-
jected to pre-cracking (W-P-6 and W-P-1), or pre-
compressive damage (W-C-6) display large variations 
in splitting tensile strength (coefficient of variation 
(C.o.V.) of 40%, 16.5%, and 36.1%, respectively). 
This variability can be attributed to non-uniform 
damage induced by pre-cracking or pre-compressive 
damage, stemming from the inherent heterogeneity 
of concrete. Pre-cracking, despite being controlled 
to exceed the peak force and decrease to 20% of the 
peak, resulted in divergent cracking paths from the 
notch tip among specimens. Similarly, pre-compres-
sive damage, although controlled at consistent levels, 
potentially led to varying patterns of internal damage 
in concrete. During FTCs, ice expansion within dif-
ferent pre-cracked paths or internally damaged micro-
structures contributed to diverse splitting forces in 
subsequent wedge-splitting tests. In contrast, other 
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Fig. 8   CMOD-splitting force curves and crack propagation of 
representative specimens in each group from wedge-splitting 
tests. Crack patterns at the onset of cracking, at peak force and 
the end of the test, are shown from left to right in each row. 

For pre-cracked specimens, W-P-6-4 and W-P-1-1, crack pat-
tern after frost damage rather than at the pre-cracking stage are 
presented
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groups including the ones without pre-damage but 
only FTCs exhibit minimal variance (C.o.V. ranging 
from 4.4 to 7.0%), indicating uniform casting and 
negligible differences among individual specimens.

Figure 9 illustrates the impact of pre-cracking, pre-
compressive damage, and water boundary conditions 
on CMOD-splitting force curves. In Fig.  9a and b, 
it is observed that pre-cracked concrete (W-P-6 and 
W-P-1) fails to regain its splitting force levels at the 
end of pre-cracking following FTCs. This suggests 
that pre-cracking amplifies internal frost damage by 
facilitating water intrusion into surrounding areas, 
leading to higher saturation levels and subsequent 
expansion-induced cracking, thus reducing macro-
level splitting force. Another potential explanation for 
this phenomenon is that the ice in the existing surface 
cracks expanded during freezing, keeping the cracks 
developing, therefore leading to a reduction of split-
ting tensile strength.

Figure  9c depicts the effect of pre-compressive 
damage, revealing a 63% and 86% reduction in split-
ting tensile strength for specimens fully submerged in 
water (W-N-6) and pre-compressed and submerged in 
water (W-C-6), respectively, compared to the refer-
ence group (W-N-0). This underscores that pre-com-
pressive damage exacerbates internal frost damage by 
inducing internal cracks, which in turn accommodates 
more water content. During FTCs, the freezing and 
expansion of water within these internal cracks inten-
sify frost damage, surpassing the severity observed in 
non-pre-compressed concrete.

Furthermore, Fig.  9d demonstrates the influence 
of water boundary conditions, with specimens sub-
jected to water maintenance on top (W-N-1) and full 
submersion (W-N-6) exhibiting reductions of 57% 
and 63% in splitting tensile strength relative to the 

reference group (W-N-0). This signifies that increased 
exposure of concrete surfaces to surrounding water 
correlates with more severe internal frost damage. 
Elevated saturation rates due to greater surface expo-
sure led to increased cracking induced by ice expan-
sion within the concrete, thereby decreasing splitting 
tensile strengths. Moreover, increased exposure to 
surrounding water enhanced the ductility of concrete, 
as evidenced by the comparison between CMOD-
splitting force curves in Fig. 9d and crack patterns of 
W-N-1 and W-N-6 shown in Fig. 8. A possible expla-
nation is that frost damage creates internal cracks in 
the concrete, as demonstrated in the following sec-
tions. These cracks lead to increased stress redistribu-
tion and energy absorption during fracture, ultimately 
resulting in greater ductility.

3.3 � Macro‑scale: compressive strength

This section focuses on the combined effect of water 
boundary conditions and FTCs on the compressive 
strength of concrete at the macro-scale. Figure  10 
illustrates the compressive strength of cubic speci-
mens, including their respective average values within 
each group. In each group, compression tests were 
applied to the first three specimens. The fourth speci-
men was excluded from compression tests as they 
were designated for X-ray CT scanning. In compari-
son to the reference specimens (C-N-0), the average 
compressive strength decreased by 18% and 31% for 
specimens with water on top (C-N-1) and fully sub-
merged in water (C-N-6), respectively. Figure 10 also 
illustrates the failure patterns of specimens follow-
ing compression tests. In comparison to the reference 
group (C-N-0) where minimal spalling was noted, 
specimens with water maintained on top (C-N-1) 

Table 3   Average splitting tensile strength (Fsp) and variation of each tested group

Group W-N-0 W-N-6 W-P-6 W-P-6+  W-C-6 W-N-1 W-P-1 W-P-1+ 

Conditions Pre-damage No No Pre-cracked (Residual 
stage of 
W–P-6)

Pre-com-
pressed

No Pre-cracked (Residual 
stage of 
W–P-1)

Water BCs 
during 
FTCs

Fully in 
water but 
no FTCs

Fully in 
water

Fully in 
water

Fully in 
water

Water on 
top

Water on 
top

Average Fsp (kN) 2.72 1.02 2.78 0.07 0.37 1.18 2.64 0.10
Standard variance (kN) 0.14 0.07 0.12 0.03 0.13 0.07 0.17 0.02
Coefficient of variation 5.1% 7.0% 4.4% 39.6% 36.1% 6.0% 6.5% 16.5%
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Fig. 9   a Comparisons regarding the influence of pre-cracking on frost damage; b a zoom-in view. c and d: comparisons regarding 
the influence of pre-compressive damage and water boundary conditions on frost damage, respectively

Fig. 10   Compressive strength and failure pattern of specimens subjected to freeze-thaw-cycles
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and fully submerged during FTCs (C-N-6) exhibited 
intermediate and severe surface spalling, respec-
tively. These observations underscore the correla-
tion between water boundary conditions and internal 
frost damage, indicating that increased exposure of 
concrete surfaces to surrounding water leads to more 
severe internal frost damage and a significant reduc-
tion in the compressive strength of concrete. When 
exposed to the same freeze–thaw cycles, increased 
water exposure reduced compressive strength more 
significantly than tensile splitting strength.

3.4 � Meso‑scale: internal crack development

This section presents the meso-scale internal crack-
ing of specimens detected through X-ray CT scan-
ning. In Tables  4 and 5 each row depicts three rep-
resentative cross-sections positioned at intervals of 
25  mm, 50  mm, and 75  mm from the front surface 
of the scanned core extracted from a specimen (see 
Fig. 6a). The first and last cross-sections were closer 
to the external environment compared to the second 
(mid) cross-section. Each sub-figure presents a com-
bination of original scanning images post unsharp 
masking (top-left and bottom-right quarters) and pro-
cessed images with threshold adjustment (top-right 
and bottom-left quarters). The former displays the 
distribution of cement and aggregates, while the latter 
highlights the presence of internal cracks.

Table  4 illustrates internal cracking within speci-
mens following wedge-splitting tests. The reference 
specimen, W-N-0-4, exhibited no observable cracks, 
indicating the absence of internal damage. This sug-
gests an effective selection of drilling positions, as 
wedge-splitting tests did not impede the observation 
of internal cracks induced by frost damage. In con-
trast, in specimen W-N-6-1, fully submerged during 
FTCs, clear cracks were predominantly observed 
along aggregate-cement paste interfaces, which is a 
crucial sign of internal frost damage. Compared to 
W-N-6-1, pre-cracked specimen W-P-6-1 displayed 
not only cracks along aggregate-cement paste inter-
faces but also within the cement paste, suggesting a 
notable interaction between pre-cracking and FTCs in 
concrete. This phenomenon can also be observed by 
comparing the crack patterns of W-N-1-1 and W-P-
1-1. These observations align with previous find-
ings attributing pre-cracking to increased exposure 

of concrete to the external environment, accelerating 
saturation and subsequent internal damage.

In specimen W-C-6-2, subjected to pre-compres-
sive damage, severe crack development occurred in 
both the cement paste and aggregate-cement paste 
interfaces. This result agrees with the comparison of 
tensile strength shown in Fig. 9c, indicating that pre-
compressive damage interacts with FTCs, leading to 
more severe internal damage in concrete compared 
to the scenario when there is no pre-damage (W-N-
6-4). This observation verifies the previously stated 
indication that pre-compressive damage induces 
internal cracks in concrete, thereby accommodating 
more water. During FTCs, the extra water freezes and 
expands, in turn causing more internal cracks. The 
above-mentioned phenomena underscore the role of 
pre-damage in inducing internal cracks that amplify 
water ingress during FTCs, leading to exacerbated 
damage.

The influence of water boundary conditions on 
internal frost damage was further studied by compari-
sons of specimens W-N-6-1 and W-N-1-1 (both with-
out pre-damage, fully submerged /with water main-
tained on top), as well as W-P-6-1 and W-P-1-1 (both 
pre-cracked, fully submerged / with water maintained 
on top). In specimens with water maintained on top 
(W-N-1-1 and W-P-1-1), crack propagation predomi-
nantly occurred along the aggregate-cement paste 
interfaces. However, these cracks exhibited slightly 
lower visibility and density compared to specimens 
fully submerged in water (W-N-6-1 and W-P-6-1), 
indicating that more surrounding water results in 
more internal frost damage.

The interaction between water boundary condi-
tions and FTCs was elaborated through a comparison 
of cubic specimens (C-N-0-4, C-N-6-4, and C-N-1-
4), as depicted in Table 5. Notably, unlike their coun-
terparts in the same groups, these specimens were 
exclusively employed for X-ray CT scanning and 
were not subjected to compression tests. In the case of 
specimen C-N-6-4, fully submerged in water, cracks 
were observed across the cross-sections, predomi-
nantly along the aggregate-cement paste interfaces. 
Conversely, in specimen C-N-1-4, with water main-
tained on top, cracks were less pronounced, albeit 
still observable along these interfaces. These find-
ings emphasise that more surrounding water content 
allows for more water to be absorbed into concrete 
pore systems, exacerbating internal frost damage 
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Table 4   Internal cracking within drilled cores of specimens after wedge-splitting tests

Specimens Position of the sections at the drilled cores (from the front surface, mm)

25 50 75

W-N-0-4
(reference)

W-N-6-1
(no pre-damage, fully submerged)

W-P-6-1
(pre-cracked, fully submerged)

W-C-6-2
(pre-compressed, fully submerged)

W-N-1-1
(no pre-damage, water on top)
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and leading to a subsequent decrease in compressive 
strength, as presented in Fig. 10.

The results of this study have significant impli-
cations for structural and construction engineer-
ing, particularly in cold regions where FTCs pose 

a severe threat to structural durability. The find-
ings highlight the critical role of pre-damage and 
water boundary conditions in accelerating concrete 
deterioration, providing a foundation for predic-
tive models that assess concrete performance under 

Table 4   (continued)

Specimens Position of the sections at the drilled cores (from the front surface, mm)

25 50 75

W-P-1-1
(pre-cracked, water on top)

Table 5   Internal cracking within drilled cores of cubic specimens

Specimens Position of the sections at the drilled cores (from the front surface, mm)

25 50 75

C-N-0-4
(reference)

C-N-6-4
(no pre-damage, fully submerged in water)

C-N-1-4
(no pre-damage, water on top)
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combined environmental effects and mechanical 
stresses. Additionally, the dual-scale approach can 
be used by practitioners to identify critical damage 
thresholds and optimise maintenance schedules, 
ensuring the durability of existing concrete struc-
tures. The integration of DIC and portable X-ray 
CT imaging also demonstrates a practical diagnostic 
toolset for evaluating both surface-level and internal 
damage in concrete components, which can poten-
tially be adapted for on-site applications.

4 � Conclusions

This study investigates internal frost damage in con-
crete structures under realistic conditions, employ-
ing a dual-scale experimental approach to examine 
the interaction between pre-damage, water bound-
ary conditions, and frost damage. Concrete speci-
mens were pre-damaged and subjected to various 
well-defined water boundary conditions during 
Freeze-Thaw Cycles (FTCs), followed by macro-
scale tests including wedge-splitting and compres-
sion tests to assess the interactive effects on the 
mechanical properties of concrete. Additionally, 
meso-scale X-ray CT scanning monitored internal 
crack development, while embedded temperature 
probes tracked internal temperature changes. The 
main findings of this study are summarised below.

At the macro-scale:

•	 The combined effects of pre-cracking and inter-
nal frost damage led to a greater reduction in the 
splitting tensile strength of concrete compared to 
the impact of internal frost damage alone.

•	 Similarly, the interactive effects of pre-compres-
sive damage and internal frost damage resulted 
in a further reduction in the splitting tensile 
strength of concrete compared to internal frost 
damage alone.

•	 Increased water exposure during FTCs reduced 
both the splitting tensile strength and compres-
sive strength of concrete, with a less significant 
impact on splitting tensile strength. Additionally, 
the increased water exposure resulted in a more 
diffused crack pattern and a slight increase in 
tensile ductility.

At the meso-scale:

•	 Specimens subject to the interactive effects of pre-
damage (pre-cracking or pre-compressive dam-
age) and FTCs showed internal cracks both along 
aggregate-cement paste interfaces and within 
cement paste.

•	 Specimens without pre-damage but subjected to 
FTCs showed internal cracks propagating mostly 
along aggregate-cement interfaces.

•	 Reference specimens without pre-damage or FTCs 
showed no internal cracks.

•	 Specimens fully submerged in water during FTCs 
showed more internal cracks than those with water 
on top.

Temperature change:
Temperature changes within concrete during freeze 

and thaw cycles exhibited distinct patterns depending 
on the water boundary conditions.

As a concluding remark, the results highlight the 
critical interaction between pre-damage, water bound-
ary conditions, and internal frost damage on the dura-
bility performance of concrete. These findings pro-
vide valuable insights for improving the durability 
and design of concrete structures in frost-prone envi-
ronments. Moreover, the well-defined water boundary 
conditions used during FTCs, together with the dual-
scale settings in this experiment are ideal for calibrat-
ing numerical models of heat transfer and mechani-
cal degradation in concrete subjected to internal frost 
damage. These findings can contribute to the devel-
opment of more durable concrete mixes, the refine-
ment of construction practices, and the optimisation 
of maintenance strategies, ultimately strengthening 
the resilience of concrete structures in cold regions.

Further research is needed to enhance the under-
standing of the phenomena involved. Valuable experi-
mental studies could include extensions of this work 
at the micro-scale or investigations into the combined 
effects of other deteriorating factors, such as steel 
corrosion. Numerical studies could focus on multi-
scale simulations of the crack propagation caused by 
the interplay between pre-damage and frost damage.
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