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Adfreezing and freeze-thaw effects on the shear strength of the Güngören 
clay-concrete interface

The interaction between soil and structures is significantly affected by freeze-thaw (F-T) cycles, 
which alter soil strength and deformation behaviour. This study investigates the effects of F-T 
cycles on the shear strength, adhesion, and interface friction angle of the Güngören clay-concrete 
interface under varying water content. Samples were prepared at 5 % below and 5 % above the 
optimum water content and subjected to 0, 3, 7, and 10 F-T cycles between -20 °C and +20 
°C. Direct shear tests were conducted under both freezing and thawing conditions. The results 
indicate that adfreezing, ice bonding at the interface, significantly enhanced the strength of 
frozen samples with shear strength increasing by 1.6-2.7 times in frozen wet-side samples and 
1.05-1.19 times in dry-side samples. After thawing, dry-side samples exhibited strain-softening 
and reduction in strength 0.80-0.95 times the initial value, whereas wet-side samples largely 
preserved their strength. Adhesion increased slightly in dry-side frozen samples, whereas in 
wet-side samples, it increased nearly threefold after the third cycle and then stabilised. The 
interface friction angle exhibits different trends depending on the moisture content and thermal 
state. These variations are attributed to the combined effects of ice cementation, unfrozen 
water, particle interactions, and moisture redistribution at the interface.
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Izvorni znanstveni rad

Aysenur Aslan Fidan, Murat Gulen, Suat Akbulut

Učinci adhezijskog smrzavanja i F-T ciklusa na posmičnu čvrstoću sučelja 
između Güngören gline i betona

Ciklusi smrzavanja i odmrzavanja (F-T ciklusi) znatno utječu na interakciju tla i konstrukcije 
jer mogu promijeniti čvrstoću tla i njegovo deformacijsko ponašanje. U ovom se istraživanju 
analiziraju učinci F-T ciklusa na posmičnu čvrstoću, adheziju i kut trenja na sučelju između 
Güngören gline i betona pri različitim udjelima vode. Uzorci su pripremljeni s udjelima vode 5 % 
nižim i 5 % višim od optimalnog udjela te su podvrgnuti 0, 3, 7 i 10 F-T ciklusa u temperaturnome 
rasponu od -20 °C do +20 °C. Pokusi izravnog smicanja provedeni su u smrznutome stanju i 
nakon odmrzavanja. Rezultati pokazuju da je adhezijsko smrzavanje, odnosno vezivanje ledom 
na sučelju, znatno povećalo čvrstoću smrznutih uzoraka. Posmična čvrstoća povećala se od 
1,6 do 2,7 puta kod smrznutih uzoraka s većim udjelom vode te od 1,05 do 1,19 puta kod 
uzoraka s manjim udjelom vode. Nakon odmrzavanja uzorci s manjim udjelom vode pokazali 
su deformacijsko omekšavanje i smanjenje čvrstoće na 0,80 do 0,95 početne vrijednosti, dok 
su uzorci s većim udjelom vode uglavnom zadržali svoju čvrstoću. Adhezija se blago povećala 
kod smrznutih uzoraka s manjim udjelom vode, dok se kod uzoraka s većim udjelom vode 
nakon trećeg ciklusa povećala gotovo trostruko, a zatim stabilizirala. Kut trenja na sučelju 
pokazao je različite trendove ovisno o udjelu vode i toplinskome stanju uzorka. Navedene 
se promjene mogu pripisati zajedničkome djelovanju cementacije ledom, nesmrznute vode, 
međudjelovanja čestica i preraspodjele vlage na sučelju.

Ključne riječi:
adhezijsko smrzavanje, sučelje glina-beton, ciklusi smrzavanja i odmrzavanja, Güngören glina, posmična čvrstoća
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1. Introduction

In cold regions, the interaction between the soil and structures 
is highly influenced by the F-T cycles. The freezing of water 
within soil pores leads to significant changes in the soil strength 
and deformation characteristics [1, 2]. In addition, the shear 
resistance developed at the interface between frozen soil and 
structural surfaces, known as adfreezing, plays a critical role in 
the stability of the infrastructure embedded in or supported by 
soil [3, 4]. 
Repeated F-T cycles can change the mechanical properties 
of both the soil and the soil-structure interface, resulting 
in variations in the shear strength [5, 6]. These variations 
create challenges in maintaining the long-term performance 
and stability of structures subjected to such environmental 
conditions. Therefore, understanding soil-structure interactions 
under freezing and thawing conditions is essential for the safe 
and cost-effective design of geotechnical systems such as 
friction piles, retaining walls, anchors, highways, embankments, 
shallow foundations, and compacted layers [7, 8]. Most 
engineering problems in frozen soil mechanics are related to 
predicting the behaviour of soil under coupled mechanical and 
thermal effects [9, 10]. 
The F-T cycle has four stages: prefreezing, freezing, thawing, and 
consolidation. In the pre-freezing stage, the soil was compact 
and exhibited high shear strength. During freezing, ice formation 
causes separation of soil particles, leading to a more dispersed 
structure. During the thawing stage, the soil exhibited a higher 
void ratio and lower shear strength. Finally, after consolidation, 
the soil gradually regains strength as it settles under load, with a 
reduced void ratio compared to the thawed condition, although it 
remains higher than that in the prefreezing state [11, 12]. 
The shear behaviour of the interface between the frozen soil and 
structural materials is critical for evaluating the performance of 
geotechnical systems in cold regions. The effect of adfreezing on 
the interface shear strength has been extensively investigated 
using different soil types, including silt [4], clay [13, 14], sand [15], 
and sandstone [16], in combination with structural materials 
such as steel [4, 17, 18], concrete [19-21] or ice [13]. These 
studies were conducted using temperature-controlled standard 
tests [13, 21], large shear tests [14, 19, 22] and low-temperature 
chambers [4] at different temperatures. 
At a constant temperature, an increase in the initial water content 
resulted in a higher interface shear strength. Conversely, at a 
constant water content, decreasing the temperature results in an 
increase in shear strength, which has a more pronounced effect 
on adhesion [13, 19]. As the temperature decreased, the failure 
mode transitioned from strain hardening to strain softening, 
primarily because of the increase in ice content. As ice behaves as 
a brittle material, it significantly influences the observed failure 
behaviour [14, 23]. 
Furthermore, the higher thermal conductivity of concrete 
compared to that of soil promotes the migration of unfrozen 
water toward the interface. This process leads to the formation 
of an ice film at the contact surface between the frozen soil 

and concrete. Such moisture migration and ice film formation 
significantly affect the mechanical behaviour of the soil-concrete 
interface [20, 24-26].
According to meteorological data from the Turkish State 
Meteorological Service (MGM) for the period 2000-2022, 
although Istanbul generally exhibits a mild climate, minimum air 
temperatures during winter months-particularly in December, 
January, and February-frequently fall below 0 °C and can 
occasionally reach as low as −8 °C. These conditions led to 
repeated F-T cycles in the near-surface layers. Therefore, 
understanding the effects of such thermal conditions on the 
mechanical behaviour of Güngören clay is critical for ensuring the 
long-term stability of structures found on or interacting with this 
soil. A significant portion of Istanbul’s infrastructure, including 
major roads, Atatürk Airport, railway lines, and shallow building 
foundations, has been constructed using Güngören clay [27, 28].
This study investigates the shear behaviour of the Güngören 
clay-concrete interface under frozen and thawed conditions, 
considering the effects of F-T cycles, normal stresses, and water 
content. The objective of this study is to evaluate the effects of 
freezing and thawing processes on the interface shear strength 
and to provide insights for improving the safety and resilience of 
urban infrastructure.

2. Materials and methods

2.1. Geotechnical properties of Güngören clay

In this study, the soil samples were collected from a site near 
the Yildiz Technical University campus and belonging to a locally 
known unit referred to as “Güngören clay”. This high-plasticity 
green clay is a constituent of the widely distributed Güngören 
Formation. Along with the Gürpınar Formation, it is considered 
one of the most problematic soil units in Istanbul because of 
its high plasticity and pronounced sensitivity to environmental 
conditions [29]. The Güngören Formation is extensively 
distributed across Istanbul and is particularly prominent in areas 
such as Yedikule, Kazlıçeşme, Osmaniye, Şirinevler, Yenibosna, 
and Halkalı, with thicknesses ranging from approximately 9 to 
22 meters [28]. Figure 1 illustrates the spatial distribution of 
this formation on the European side of Istanbul and highlights 
its geological prevalence across the urban districts. 
These clays underlie critical infrastructure, including major 
transportation corridors, airports, and densely populated 
residential zones [27, 28], making their behaviour under thermal 
conditions particularly important to consider.
X-ray diffraction (XRD) analysis was conducted in the 
laboratory of the Yildiz Technical University to determine the 
mineralogical composition of the sample. The results indicate 
that montmorillonite was the dominant mineral, exhibiting 
the highest peak intensity. Other identified minerals included 
illite-muscovite, kaolinite, and quartz, which were observed 
at varying intensities. In addition, the coexistence of illite and 
montmorillonite was confirmed by the multiple characteristic 
peaks in the XRD pattern (Figure 2).
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Figure 2. XRD result of Güngören clay

Laboratory tests were conducted on samples obtained from 
the site to determine the engineering properties of the 
Güngören clay. These tests include sieve analysis [31, 32], 
consistency limits [33], specific gravity [34] and compaction 
tests [35]. Figure 3 shows the location of the Güngören clay on 
the Casagrande plasticity chart, and Table 1 presents its index 
properties.

Table 1. Properties of Güngören clay

The soil consisted of approximately 95 % fine-grained material 
with a clay fraction of 65 % based on sieve and hydrometer 
analyses. Sieve analysis was applied only to the coarse fraction 
retained on sieve no. 200, whereas the fine particle fraction was 
characterised using hydrometer analysis. The liquid limit (LL), 
plastic limit (PL) and plasticity index (PI) were 81.5 %, 35.3 %, and 

46.2 %, respectively. According to ASTM 
D2487-17 [36], the soil was classified as 
high-plasticity clay (CH).
According to ASTM D4546 [37], 
clays with a PI > 40 % exhibit a very 
high swelling potential. Accordingly, 
Güngören clay is characterised by a high 
swelling potential, swelling pressure, 
and water retention capacity. These 
properties are largely governed by the 
mineral composition, specific surface 
area, and cation exchange capacity [38]. 
Montmorillonite-rich clays exhibit the 
highest swelling and water-retention 
capacities [39]. 
Mineral composition also influences the 
response of clay to freeze-thaw cycles. 

The expansion of montmorillonite during water absorption 
can induce structural degradation during freeze-thaw cycles 
and lead to softening of the soil upon thawing [40]. The results 
presented in Figure 2 and 3 further confirm the freeze-thaw 
cycles of Güngören clay.

Figure 3. Location of Güngören clay on the Casagrande plasticity chart 

All direct shear tests were conducted on soil samples 
compacted on both the dry and wet-sides of the optimum 
water content (wopt). The soil compaction curve is shown in 
Figure 4. The maximum dry density was 1.378 g/cm3 and the 
optimum water content (wopt) was 28.3 %. The degree of soil 
saturation was approximately 60 % on the dry-side and 85 % 
on the wet-side.
A freezing-point depression test was conducted on compacted 
samples representing both the dry-side (w = 23.3 %) and wet-
side (w = 33.3 %) of the compaction curve. The temperature-
characteristic curves of the samples, shown in Figure 5, indicate 
that the freezing point (FP) is −1.1°C for the dry-side sample 
and −0.4°C for the wet-side sample. 

Figure 1. Geology map of the European part of Istanbul [30]

Property Value

Specific gravity (Gs) 2.63

Liquid limit, LL [%] 81.50

Plastic limit, PL [%] 35.30

Plasticity index, PI [%] 46.20

Activity, A 0.71
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Figure 4. Standard compaction curve of Güngören clay

Previous studies have shown that the FP of soils is influenced by 
factors such as soil type, consistency limits, water content, salt 
composition and concentration, loading conditions, confining 
pressure, and vibrations [5, 41–44]. A lower initial water content 
leads to faster freezing and greater freezing-point depression 
due to changes in pore water pressure, whereas a higher water 
content delays freezing and slightly increases FP, particularly 
near saturation [16, 45, 46]. 
In addition, a higher water content resulted in a more pronounced 
delay in the advancement of the freezing front, whereas 
a lower moisture content led to a faster freezing rate and 
shorter stabilization time [45]. The FP of soil samples increased 
nonlinearly with increasing water content, approaching that of 
pure water (0°C) at high saturation levels [16]. These effects 
are attributed to the presence of loosely bound water, which 
freezes at a much lower temperature, and to the increased 
water potential in soils with a higher moisture content [46].

2.2. �Concrete blocks preparation and surface 
roughness characterization

The surface texture and hardness of construction materials at 
the contact interface play critical roles in governing the interface 

behaviour, with increased surface roughness generally leading 
to enhanced shear strength [48-50]. Although some studies 
have investigated smooth soil - concrete interfaces using 
plywood or steel moulds [51, 52], others have examined a 
range of surface roughness conditions to better represent field 
applications [53-55].
The concrete samples used to investigate the clay-concrete 
interfacial interactions were cast in specially designed plywood 
moulds. A water-cement-sand mixture (2:5:15 by mass) 
consisting of sand with particle sizes smaller than 4 mm was 
poured into the moulds, compacted, and cured by immersion 
in water (Figure 6a). During casting, vibration was applied to 
ensure adequate compaction and eliminate air voids, which 
could affect strength and uniformity.
After casting, the moulds were covered with plastic sheets 
to prevent the loss of moisture. Once the concrete had set 
(approximately 18-24 hours), the samples were demolded and 
subsequently cured in water under a moist cloth for 28 days to 
achieve full strength. The 28-day compressive strength of the 
cubic specimens (15 × 15 × 15 cm) prepared and cured under 
the same conditions was determined to be 51 MPa.
To evaluate surface roughness, the samples were analysed 
using an AEP Nanomap 1000WLI optical profilometer, which 
generates three-dimensional surface profiles by capturing 
variations in reflected light. Measurements were performed at 
multiple locations using both optical and stylus profilometry to 
ensure accuracy and repeatability (Figure 6.b). 

Figure 6. �Details of concrete blocks: a) concrete samples and plywood 
molds b) surface roughness measurement sample

Various methodological approaches for quantifying surface 
roughness have been reported [56-58]. Among these, height-
based parameters such as the normalised roughness index 
() are commonly used. The normalised roughness index (Rn) is 

Figure 5. Temperature-time curves of: a) Güngören clay (experimental); b) typical freezing behaviour, according to [47]
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commonly defined as the ratio of the 
maximum asperity height (Rmax) to the 
mean particle size (D50), as expressed 
in Equation (1): The corresponding Rn 
value for the clay used in this study 
was approximately 10.3, based on D50 = 
0.0028 mm and Rmax = 0.026 mm. 

	 (1)

It is important to note that Equation (1) 
was primarily developed for granular 
soils, where the mechanical response 
is governed by the interaction between 
particle size and surface roughness. 
For fine-grained soils, such as clay-silt 
mixtures, where the representative 
particle size is significantly smaller, this 
parameter becomes less applicable and 
cannot be used to make a meaningful 
physical interpretation. In this study, 
instead of using approaches based on a single characteristic 
roughness height, an area-based formulation is adopted to 
account for the contribution of the entire surface texture along 
the interface. This formulation provides a more representative 
characterisation of surfaces with irregular roughness that do 
not exhibit consistent depth, spacing, or distribution.
 In this formulation, the roughness parameter represents the 
ratio of the actual surface area to the projected planar area 
and provides a quantitative measure of the surface irregularity. 
Higher values indicate a rougher surface with more pronounced 
asperities, which may enhance mechanical interlocking at 
the interface. Based on this calculation method, the average 
roughness parameter (Rav) of the concrete blocks used in this 
study was determined to be 1.27.

	 (2)

2.3. Test procedure

For the freeze-thaw tests, the samples were compacted in 
a shear box ring, considering the density and water content 
for both the dry and wet-sides of the wopt determined from 
the compaction curve. The soil-water mixture was initially 
prepared and allowed to rest in a plastic mould for 24 h to 
ensure uniformity. The mixture was compacted into shear boxes 
directly onto the concrete surface, securely wrapped with a 
stretch film, and placed in a desiccator to ensure homogeneous 
moisture distribution after compaction. After compaction, 
the samples were arranged in boxes, placed in a cabinet in an 
orderly manner, and subjected to F-T cycles (Figure 7).

The compacted samples were then subjected to 0, 3, 7, and 
10 F-T cycles. During the freezing stage, the samples were 
frozen at -20 °C and subsequently thawed at 20 °C. To prevent 
moisture loss, ambient humidity was maintained at 80 % 
throughout the thawing stage. The selected temperature range 
ensures complete freezing and thawing of the pore water, 
thereby eliminating partial phase change effects and reducing 
experimental variability.
The direct shear test, which is a well-established method 
for evaluating the shear behaviour of soils and soil-structure 
interfaces [13, 51, 59, 60], was employed in this study. The 
clay-concrete interface samples were tested using a shear box 
apparatus with dimensions of 6 cm × 6 cm under both freezing 
and thawing conditions. The tests were performed in accordance 
with ASTM D3080 [61] by applying normal stresses of 50, 100, 
and 200 kPa at a constant shear rate of 1.0 mm/min (Figure 8). 
This methodology is consistent with numerous studies on soil-
structure interfaces under frozen and freeze-thaw conditions, 
including silt-concrete [4], clay-concrete [14, 62, 63], silty soil-
steel [17], sand-steel [18], ice-frozen clay [13], clay-geotextile 
[64], and soil-geogrid interfaces [65]. Most studies used shear 
rates between 0.8 to 1.2 mm/min, consistent with the 1.0 mm/
min applied in this study [4, 17, 20, 63, 64, 66]. Therefore, the 
experimental parameters, including the test method [13, 51, 
59, 60], temperature [20, 63], shear rate [4, 17, 20, 63, 64, 66], 
and applied normal stress [4,13, 14,17] were consistent with 
those reported in the cited studies, supporting the validity and 
comparability of the results.
The samples were labelled according to the number of F-T cycles 
and thermal conditions applied during shearing. For instance, a 
“3-cycles (frozen)” sample refers to a specimen tested in a frozen 

Figure 7. �Stages in sample preparation shown in photos: a) prepared samples b) placing 
samples in a desiccator c) arranging sample in boxes d) placing samples in the freeze-
thaw cabinet

Figure 8. Schematic representation of the direct shear test apparatus
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state after three F-T cycles, whereas a “3-cycles (thawed)” sample 
denotes one tested in the thawed state after the same number of 
cycles (Table 2).
Control tests were conducted prior to the experimental program 
to assess repeatability. Under identical conditions, the variation 
in the measured shear stress was found to be limited, reaching 
approximately 3-4 % at 50 kPa, 2-3 % at 100 and 200 kPa for frozen 
tests, whereas for thawed tests, it remained at approximately 2 
% for all normal stress levels. Following the verification, a planned 
test program was conducted. In addition, at least one test was 
repeated for each experimental condition under normal stresses 
of 50, 100, and 200 kPa. 
Prior to the shear test, the metal ring of the shear box was 
cooled to prevent melting, and insulation was maintained during 
the experiment using ice packs and plastic covers (Figure 8). The 
temperatures of the soil samples measured before and after the 
test indicated an increase in temperature during shear testing 
(Figure 9). However, comparison with the freezing point indicated 
that the soil temperature remained close to it after testing.
In fine-grained soils, a portion of pore water remains unfrozen even 
at 0°C [67-70]. Even at very low temperatures, such as -20°C, 
considerable amounts of unfrozen water can persist, forming thin 
films around soil particles [70, 71]. According to Konrad [69], the 
amount of unfrozen water is strongly influenced by soil structure; 
open soil structures contain less capillary unfrozen water below 
-2°C, whereas soils subjected to higher loading retain larger 
amounts under the same temperature conditions.
The presence of this unfrozen water film affects the soil behaviour, 
as ice forms adjacent to the adsorbed layer rather than in direct 
contact with the soil particles [12, 72]. Therefore, the results of 
the tests on frozen on clay and clay-concrete samples should 
be interpreted by considering the combined presence of ice and 
unfrozen water. The tested samples represent compacted soil 
conditions rather than natural soil structures. Therefore, the 
distribution of unfrozen water and its influence on the mechanical 

behaviour may differ from in situ 
conditions, where the soil structure plays a 
more significant role.

3. Results and discussion

3.1. �Visual observation of ice film 
formation at the interface

Frozen samples prepared on the wet-
side with the optimum water content 
were subjected to direct shear testing 

and visually examined (Figure 10). A smooth and glossy interface 
was observed, indicating the formation of an ice layer with ice 
crystals present within the soil voids and along the contact 
surface. This behaviour is attributed to the thermal gradient 
across the interface during freeze-thaw cycling. As reported 
by He et al. [20], this thermal gradient drives the migration of 
unfrozen water from the surrounding soil toward the interface, 
leading to the formation of ice films at the contact surface. This 
mechanism is supported by previous studies [24-26, 73].

Figure 10. �Ice layer and ice crystals observed on the soil and concrete 
surfaces after the 7th freezing cycle

3.2. �Adfreezing and F-T cycles effect on stress-strain 
curve

In this study, the stress-strain curve of frozen clay-concrete 
samples compacted on the dry-side of the optimum water 
content closely aligns with the multi-stage deformation process 
described by Liu et al. [19] for frozen soil-concrete interfaces 
(Figure 11). Using large-scale direct shear tests, Liu et al. [19] 
identified the curve stages as elastic deformation (a-b), plastic 
deformation onset (b-c), sliding failure with shear stress reduction 
(c-d), strain hardening owing to progressive deformation (d-
e), and residual shear strength (e-f). In our study, which was 

Test material Water ratio [%] Freezing [°C] Thawing [°C] Cycles σ [kPa] Condition

Clay-concrete 23.3 −20 +20 0, 3, 7, 10 50, 100, 200 Frozen / Thawed

Clay-concrete 33.3 −20 +20 0, 3, 7, 10 50, 100, 200 Frozen / Thawed

Table 2. Testing programme

Figure 9. Temperature measurements of soil samples: a) before and b) after the direct shear test
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conducted using direct shear tests, the samples exhibited similar 
stages up to strain hardening (d-e), but did not reach the residual 
shear strength stage (e-f), likely because of the limitations of the 
smaller shear apparatus. As noted by Goughnour and Andersland 
[74], the ice matrix under typical pressure and temperature 
conditions is significantly more rigid than the soil skeleton, 
reaching its peak strength at lower strains. They often exhibit two 
distinct yield points: one at approximately 1 % axial strain, and the 
other at approximately 10 % or higher. This dual-peak behaviour 
was also observed at the clay-concrete interface in our tests, 
indicating that such a response is not limited to frozen soils alone. 
No residual behaviour was observed after the second peak, and 
the peak strength showed a slight increase compared with the 
initial value. Moreover, this increase became more pronounced 
with the number of freeze-thaw cycles.

Figure 11. �Stress-strain behaviour of frozen clay-concrete interface 
on the dry-side

Figure 12. �Stress-strain curves from direct shear tests for frozen clay-concrete samples with varying numbers of cycles: a) Frozen - Dry-side;  
b) Frozen - Wet-side 
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The shear stress-strain curves of the frozen clay-concrete 
interface for the samples prepared on the dry and wet-sides 
of the optimum water content are presented in Figure 12. 
For the wet-side samples, the failure mode shifted from 
strain hardening to strain softening. After reaching the peak 
shear stress, rapid stress reduction occurred owing to the 
breakdown of the cementing ice at the interface, followed 
by stabilisation at a residual level. This behaviour reflects 

a brittle response characterised by the disruption of the 
cementing ice at the interface.
The peak stress increased with the normal stress and 
number of F-T cycles, whereas the peak strain ranged 
between 3 to 4 %. Residual stress increased with normal 
stress but showed no clear dependence on freeze-thaw 
cycles, and residual strain remained within the range of 5 
to 6 %.

Figure 13. �Stress-strain curves from direct shear tests for thawed clay-concrete samples with varying numbers of cycles: a) Thawed - Dry-side 
b) Thawed - Wet-side 
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The shear stress-strain curves obtained from the direct 
shear test results for the thawed clay-concrete interface 
with the initial water content on the dry and wet-sides of the 
optimum are presented in Figure 13.
For thawed samples on the dry-side, the stress-strain curve 
showed a strain-softening behaviour. Compared to the 
frozen condition, the curve shifted from a dual-peak shape 
to a single-peak shape. The peak strain ranges between 1.5-
2.5 %, and the peak stress increased with the normal stress. 
However, the peak stress is lower than the initial state and 
decreases with an increasing number of freeze-thaw cycles, 
indicating progressive strength loss, in contrast to the trend 
observed in the frozen samples. The residual strain varies 
between 4-6 %, increasing with normal stress but showing 
no clear dependence on the number of cycles.
For samples thawed on the wet-side, strain-softening 
behaviour was also observed. The peak strain, which ranged 
from 2.5 % to 3.5 %, was higher than that on the dry-side. 
Peak stress slightly increased with normal stress and 
showed limited recovery with increasing cycles compared 
to the initial stage, but it remained significantly lower at 
approximately half of that of the frozen samples. Residual 
strain remained within 4-6 %, while residual stress increases 
with both normal stress and the number of freeze-thaw 
cycles.
The effects of freeze-thaw cycling on the interface behaviour 
are mainly related to moisture migration, ice formation, and 
the accumulation of ice films at the interface [20]. Ice layers 
play a key role in adfreezing strength because the shear 
resistance at low temperatures is largely controlled by ice 
cementation at the interface [75]. Higher initial moisture 
content increases the amount of water available for freezing, 
resulting in stronger ice bonding [4]. This enhances the shear 
strength under frozen conditions, but also promotes brittle 
failure owing to interfacial ice bonding. Previous studies [14, 
19, 66, 76] have shown that increasing the water content 
shifts the behaviour from plastic to brittle. Similarly, the 
water content (or ice content under frozen conditions) 
significantly affects the stiffness and failure modes of frozen 
soils [13, 77, 78].
During thawing, the degradation of ice bonds reduces 
interface shear strength, particularly peak strength [20, 21]. 
In contrast, the residual strength remains relatively stable 
and is largely independent of the moisture content [17] and 
freeze-thaw cycles [20]. The influence of temperature on the 
residual strength was also limited, as shown by Zhang et al. 
[41]. 
Peak displacement increases with initial moisture content but 
is not strongly affected by freeze-thaw cycles, temperature, 
or normal stress. Similarly, the residual displacement showed 
little dependence on these factors [20].
In agreement with these findings, the results indicate 
that the residual shear strength varies only slightly under 
different moisture and freeze-thaw conditions. It increases 

with the normal stress but shows no systematic trend with 
the number of cycles. Studies have shown that the residual 
shear stress is less sensitive to changes in water content 
than the peak shear strength [14, 19].
Unlike the peak strength, which is highly sensitive to 
thermal conditions and moisture content, the residual 
behaviour remains relatively stable. It is also less affected 
by F-T cycles [20]. This suggests that the residual shear 
strength is mainly governed by frictional mechanisms at the 
interface, with limited influence from ice bonding or freeze-
thaw cycling.

3.3. �Adfreezing and F-T cycles effect on peak 
strength

The peak shear stress, defined as shear strength, demonstrated 
a strong correlation with the normal stress (Figure 14). This 
relationship followed a linear fitting function for both frozen 
and thawed samples prepared on the wet and dry-sides of the 
optimum water content (Table 3).
In the frozen dry-side samples, the interface strength exhibited 
an adfreezing effect. However, the increase was limited 
compared with the initial unfrozen strength. The peak strength 
increased with the normal stress. 
The effect of the F-T cycles became more noticeable as 
the number of cycles increased. This is particularly evident 
after 10 cycles. The highest value was obtained at 200 kPa 
during the 10th cycle. The strength increases from 114.15 
kPa (unfrozen) to 131.85 kPa, which is 1.16 times the initial 
value. Overall, the peak strength ranges between 1.05 to 
1.19 times the initial strength. This indicates that repeated 
F-T cycles gradually increase the adfreezing strength owing 
to ice cementation at the interface.
The opposite trend was observed for the thawed dry-side 
samples. After 10 cycles, the peak strength decreases to 
73.95 kPa at 200 kPa normal stress. This is 0.65 times the 
initial strength and 0.56 times the frozen strength. The lowest 
value occurred after 10 cycles, and the strength gradually 
decreased as the number of cycles increased. After thawing, it 
dropped to 0.80-0.95 times the initial strength, depending on 
the normal stress level. This result highlights the detrimental 
impact of repeated F-T cycles on the structural integrity of the 
thawed dry-side samples.
In frozen wet-side samples, shear strength increases 1.6 to 
2.7 times depending on normal stress and the cycle number, 
primarily due to ice cementation at the interface driven by 
water migration caused by thermal gradients between clay and 
concrete. The peak strength increased with the normal stress, 
and the effect of the cycles was again most visible at 10 cycles. 
At 200 kPa, strength increases from 89.82 kPa to 174.79 kPa, 
corresponding to 1.95 times the initial value. 
After three cycles, the peak shear strength reaching 1.61 times 
the initial value (144.67 kPa), 1.78 times after seven cycles 
(160.01 kPa), and 1.95 times after 10 cycles (174.79 kPa). 
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This shows that repeated freezing enhances ice-bonding and 
increases strength. This effect was stronger in wet samples, 
highlighting the role of the initial water content.
After thawing, the wet samples exhibited a sharp decrease 
in strength. At 200 kPa and 10 cycles, strength drops from 
174.79 kPa to 93.89 kPa. This is 0.54 times the frozen strength. 
However, compared with the initial unfrozen state, there was 
no significant decrease. However, only a slight increase was 
observed. Strength, increases from 89.82 kPa to 93.89 kPa 
which is 1.05 times the initial value. 
The increase in the frozen strength was due to ice cementation 
at the interface. Water migrates toward the interface owing to 

the thermal gradient and freezes. After 
thawing, this led to a higher moisture 
content near the interface. The applied 
normal stress enhanced the contact 
surface between the soil and concrete. 
This reduced the weakening effects of 
the F-T cycles. Instead, the strength 
remained stable, or in some cases, 
increased slightly with repeated cycles. 
When the temperature falls below 
freezing, ice adhesion at the interface 
increases the shear resistance. This 
was defined as the freezing strength 
[79]. This effect is related to the 
strength of ice and the increased 
adhesion between the frozen soil 
and concrete [14, 18, 19, 76]. Wang et 
al. [80] showed that the peak stress 
increases with moisture content under 
frozen conditions. This is due to water 
migration and ice layer formation [17]. 
Increased ice bonding may also change 
the behaviour from plastic to brittle 
as the moisture content increases 
[66]. The peak strength increased 
with normal stress, water content, 
and temperature [14]. After thawing, 
the softened soil can fill surface 
irregularities and increase contact [24].

3.4. �Adfreezing and F-T cycles 
effect on adhesion and 
interface friction angle

The effects of freeze-thaw cycles and 
adfreezing on the adhesion (ca) and 
interface friction angle (δ) between clay and 
concrete are clearly presented in Figure 15. 
The adhesion values in Figure 15a show 
clear differences between the wet- and 
dry-side samples under F-T cycles. 

By the 3rd freezing cycle, the dry-side samples exhibited only 
a slight increase in adhesion. This increase continues gradually 
with additional cycles and reaches a total increase of 5.00 kPa 
after 10 cycles. 
This limited increase was mainly related to the low availability 
of free water in the dry-side samples. The presence of air in the 
voids restricts water migration, and consequently, the extent of 
ice cementation at the interface.
After the third freezing cycle, the adhesion of the wet samples 
increased to three times its initial value. The subsequent increase 
was minimal, leading to stabilization at approximately 128.11 
kPa by the 10th freeze cycle. However, despite this stabilisation, 

Condition
Wet-side sample Dry-side sample

Equation R² Equation R²

Initial τ = 0.255σ + 40.638 0.944 τ = 0.425σ + 31.176 0.975

3 cycle 
(frozen) τ = 0.136σ + 117.516 0.999 τ = 0.473σ + 31.544 0.989

7 cycle 
(frozen) τ = 0.201σ + 119.601 0.999 τ = 0.487σ + 33.238 0.986

10 cycle 
(frozen) τ =0.247σ + 128.109 0.869 τ = 0.487σ + 36.030 0.986

3 cycle 
(thawed) τ = 0.245σ + 41.715 0.961 τ = 0.433σ + 23.491 0.990

7 cycle 
(thawed) τ = 0.261σ + 41.916 0.968 τ = 0.440σ + 20.957 0.992

10 cycle 
(thawed) τ = 0.258σ + 43.620 0.971 τ = 0.395σ + 22.897 0.972

Figure 14. �Change in shear strength of frozen and thawed clay-concrete samples with respect 
to normal stress and number of cycles for a) Dry-side b) Wet-side 

Table 3. �Shear strength fitting equations for frozen and thawed samples on the wet and dry-
sides 
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each cycle still showed an increasing trend, with the adhesion 
gradually increasing as the number of cycles increased. 
This suggests that although the initial impact of ice cementation 
is significant, its influence continues to contribute to a steady 
increase in adhesion with repeated freeze cycles. This behaviour 
was facilitated by the movement of free water toward the 
interface.
During the thawing cycles, the adfreezing effect on adhesion 
gradually weakened. In dry samples, adhesion shows a 
decreasing trend compared to the initial cycle, dropping 
from 31.18 kPa to 22.90 kPa by the 10th thawing cycle. This 
corresponds to 0.73 times the initial value and indicates that 
repeated thawing reduces the interfacial bond strength. 
In contrast, the wet samples showed a slight recovery 
after thawing compared to the initial value. By the 10th 
thawing cycle, adhesion increases from 40.64 kPa to 43.62 
kPa reaching 1.07 times the initial value. This recovery 
in the wet samples may be attributed to the free water 
migration toward the interface. This effect became more 
pronounced with repeated cycles, and the adhesion was 
slightly enhanced by increasing the moisture content near 
the interface.
When considering the interface friction angle of both the 
frozen and thawed samples, varied trends were observed. F-T 
cycles do not produce a consistent trend in interface friction, 
as both dry and wet samples show fluctuations, which are 
more pronounced in wet samples. 
However, contrasting behaviours were observed between the 
dry- and wet-side samples in the frozen state. In dry samples, 
the interface friction angle in the frozen state shows a gradual 
increase with each freeze-thaw cycle, reaching its highest 
value at 10th cycle. This suggests that repeated freezing 
enhances interlocking or structural rearrangement at the 
interface, thereby improving shear resistance. 
However, during thawing, the interface friction angle decreases 
by approximately 2°, falling below the initial value after 10 
cycles, indicating that the degradation of interfacial bonding 
over successive thawing cycles weakened the shear resistance.  
Among the wet samples, the frozen samples initially experienced 
a sharp drop in the interface friction angle, which reduced it to 
nearly half of the initial value. However, after 3rd cycle, gradual 

recovery was observed. The values nearly 
returned to the initial level after multiple 
freeze-thaw cycles. This trend suggests 
that water migration and unfrozen water 
initially reduced the interfacial resistance 
owing to the lubricating effect. However, 
with an increasing number of cycles, 
higher ice cementation or better particle 
rearrangement may occur, leading to an 
improved shear resistance. 
In the thawed state, the interface friction 
angle significantly decreased in the initial 

cycles and then stabilised. This behaviour was likely due to the 
redistribution of water at the interface.
The freeze bond strength at the interface consists of two 
components: ice adhesion to the concrete surface and friction 
between the soil grains at the interface, as described by He 
et al. [14] in their study. The influence of temperature on 
the interface shear strength is primarily reflected in changes 
in the cohesive forces. As the temperature decreased and 
the moisture content increased, the adhesion increased 
significantly, highlighting its crucial contribution to the shear 
strength under frozen conditions.
In contrast, the friction angle is generally considered insensitive 
to temperature variations. Sadovskiy [81] observed that freezing 
increases the soil cohesion, whereas the angle of shearing 
resistance remains virtually unchanged. Similarly, Wang et 
al. [80] reported that, although the cohesive force increases 
sharply with increasing moisture content, the internal friction 
angle tends to decrease under constant surface roughness [17]. 
However, under frozen conditions, the moisture content 
exerts a dual influence. It enhances the interface cementation 
through the formation of ice crystals, whereas unfrozen water 
acts as a lubricant. This reduces friction and lowers the friction 
angle, particularly at higher moisture levels [17, 75].
Regarding the effects of F-T cycles, He et al. [20] found no 
significant variation in the peak or residual friction angles 
before or after F-T cycling. This observation aligns with the 
findings of Ladanyi and Theriault [82], who also concluded that 
F-T cycling predominantly affects cohesion, whereas frictional 
resistance remains largely stable.
Based on the experimental findings presented above, the 
underlying physical mechanisms governing interface behaviour 
can be interpreted by integrating the observed responses with 
established knowledge of freezing and freeze-thaw processes, 
as illustrated schematically in Figure 16. The results indicate 
that the interface behaviour differs fundamentally between 
wet- and dry-side conditions. For the wet-side samples, a high 
degree of saturation promoted water migration towards the 
concrete surface during freezing owing to thermal gradients. 
This led to the formation of a continuous ice layer at the 
interface. This enhances adfreezing and results in a significant 
increase in the shear strength. Following thawing, the elevated 

Figure 15. �Shear strength parameters of the interface at dry-side and wet-side: a) adhesion; 
b) interface friction angle
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moisture content improves particle contact under normal 
stress, enabling the interface to retain its shear strength. By 
contrast, the dry-side samples exhibited limited water mobility, 
which restricted the development of a continuous ice layer. As a 
result, freezing was primarily confined to the soil pores, leading 
to only a marginal increase in shear strength. During thawing, 
microstructural degradation and an increased void ratio weaken 
the interface, thereby reducing the shear strength.

4. Conclusion

This study examined the shear behaviour of the Güngören clay-
concrete interface through direct shear tests, focusing on the 
effects of F-T cycling and adfreezing. The results obtained for 
the Güngören clay-concrete interface are as follows.
-- During freezing, thermal gradients between clay and concrete 

induced water migration and adfreezing, as evidenced by 
visible ice crystal formation at the interface.

-- Dry-side frozen samples showed double-peak, multi-stage 
deformation, whereas thawed samples exhibited strain 
softening. The frozen wet-side samples failed in a brittle 
manner, whereas the thawed samples exhibited gradual 
post-peak softening.

-- In frozen wet-side samples, the shear strength increased 
by 1.6 to 2.7 times depending on the normal stress and 
the number of freeze-thaw cycles. The samples thawed on 
the wet-side retained their initial strength owing to water 
migration and an increased contact surface.

-- In frozen dry-side samples, the shear strength increased 1.05 
to 1.19 times due to limited water content and restricted ice 
cementation. After thawing, dry-side samples decreased to 
0.80 to 0.95 times their initial values.

-- Adhesion increased to ~5 kPa in the frozen dry-side samples 
after 10 freeze-thaw cycles and tripled in the wet-side 
samples after three cycles. After thawing, the adhesion 
slightly recovered in the wet-side samples, exceeding the 
initial value by approximately 3 kPa.

-- The interface friction angle increased slightly under 
frozen conditions for dry-side samples but declined after 
thawing. In the wet-side samples, it initially decreased 
during freezing and then recovered and stabilised across 
cycles.

Limitations and recommendations

This study evaluated the shear strength under the 
adfreezing effect and F-T cycles, focusing on the 
macroscopic mechanical response. However, this study had 
several limitations.
First, microstructural observations, such as the visualisation 
of ice formation and crack development during thawing 
as well as the measurement and controlled variation of 
unfrozen water content, were not included, although 
these factors play a critical role in governing the interface 
behaviour. In addition, experiments were conducted on 
compacted soil samples, which do not fully represent 
the natural soil structure. Therefore, the distribution of 
unfrozen water and the associated mechanical behaviour 
may differ from in situ conditions, where the soil structure 
plays a more significant role. Second, the effects of 
strain rate and its interaction with temperature were not 
investigated, despite their importance in defining the 
mechanical response under different loading and thermal 
conditions. Third, the behaviour was examined only at fixed 

Figure 16. Mechanisms of clay-concrete interface behaviour under freeze-thaw cycles: a) wet-side mechanism; b) dry-side mechanism
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