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Abstract 6 

The shear behavior of the frozen soil−structure interface is important for accurately 7 

predicting the interface responses of structures adopted in the cold regions. The 8 

purpose of this study is to experimentally and theoretically investigate the shear 9 

behavior of frozen clay−concrete interface under engineering conditions. A large-scale 10 

direct shear apparatus with a temperature-controlled shear box is used to test the 11 

interface behavior. Test specimens consisting of a cement concrete block and frozen 12 

soil with initial water content ranging between 14.6% and 24.6% were prepared at 13 

different conditions of temperatures (15.4 to –9.8 °C), shear rates (0.03‒0.9 mm 14 

min−1), and normal stresses (50‒200 kPa). It is found that the peak shear strength is 15 

linear developing with increasing of normal stress, initial water content, and 16 

temperature. It increased from 67.7 to 133.3 kPa as the initial water content increased 17 

from 14.9% to 24.6% at temperature of −6.8 to −6.6 °C, and it increased from 51.2 to 18 

80.6 kPa with temperature decreasing from 15.4 to −9.8 °C at initial water content of 19 

14.6% to 14.9%, furthermore it has a power law relationship with shear rate. The final 20 

vertical displacement increases with the decreasing temperature, and increasing initial 21 

water content. While, it is slight or could be ignored at lower shear rates (e.g. 0.03 22 

mm min−1 and 0.15 mm min−1) and it is –0.25 mm and –0.28 mm at shear rate of 0.3 23 

mm min−1 and 0.9 mm min−1, respectively. In addition, the evolution of vertical 24 

displacement also varies with test condition, the growth rate at beginning increases 25 

with increasing initial water content and decreasing temperature or ice content, which 26 

is because of the ice film effects the particle size. Moreover, a disturbed state concept 27 
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model combined with linear and nonlinear characteristics is developed to describe the 28 

interface shear behavior. The disturbance D reflects the interface mechanical response 29 

and responds differently trend for different test conditions, increasing faster with 30 

increasing temperature and decreasing initial water content or shear rate. The testing 31 

results, including the test and model results, can be used to simulate the performance 32 

of engineered geotechnical assets such as earth dams or irrigation channels with 33 

concrete linings in cold regions. 34 

 35 

Keywords: Shear strength; Frozen clay-concrete interface; Disturbed state concept; 36 

Constitutive model 37 
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1 Introduction 39 

Cold regions in which permafrost and seasonal frozen ground extensively exist 40 

have experienced remarkable increases in population and expansion of infrastructure 41 

such as civil facilities, industrial projects, roads, and hydraulic and energy engineering 42 

projects. The heat balance of the ground will be changed not only by the surface 43 

pavement (including changes in water content and soil properties) but also by global 44 

warming (Jin et al., 2000, 2008; Wu et al., 2002). Especially in the permafrost regions, 45 

the increasing temperature due to human activity leads to a serious permafrost 46 

degradation and thermal hazard, which manifests as ice melting, water migration, and 47 

soil structure reconstruction (Wu and Zhang, 2008; Mu et al., 2014). Moreover, it has 48 

significantly adverse impact on the stability of engineering infrastructure, which is 49 

primarily built in or on the frozen ground, because the mechanical properties of frozen 50 

soil are significantly affected by temperature and moisture content which will be 51 

changed during permafrost degradation (Lai et al., 2012; Zhou et al., 2016, 2018, 52 

2020). For example, the increase in temperature reduces the carrying capacity and 53 

induces the embankment settlement. The contact force between irrigation canal 54 

linings, road or building piles with frozen soil is inevitably affected by the soil 55 

temperature and moisture content. 56 

The shear resistance between structures and soils is one of the most important 57 

factors to affect engineering stability. In cold regions, the adhesion of ice at the 58 

structure interface changes the shear resistance once the weather is below freezing, 59 

and the maximum shear resistance is called the adfreeze strength (Parameswaran, 60 
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1978). The cementing strength directly affects the tangential frost heave force at the 61 

soil−structure interface that may cause to some unexpected damage to the structure, 62 

especially lining structures that, have damageable sheets. For example, the lining of 63 

an irrigation canal may experience frost heaving and freezing forces acting on the 64 

lining, potentially leading to lining instability, which subsequently cracks or breaks. 65 

Thereafter, a large amount of water can leak through the canal−lining gap leading to 66 

low conveyance efficiency and more serious damage. In actuality, grievous and 67 

widespread damage was reported to occur in concrete linings in Heilongjiang 68 

province (Sun et al., 1998; Li et al., 2014), the Qinghai−Tibet Plateau (Tian et al., 69 

2019), and the Xinjiang Uygur Autonomous Region (Qin et al., 2019), in China and in 70 

other structures in cold regions (Sadzevicius et al., 2013). Therefore, various studies 71 

on the freeze strength have been performed. 72 

Peener and Irwin (1969) performed a field test for the freeze strength between 73 

Leda clay and a steel pipe interface, and the results showed that the freeze strength 74 

rapidly declined during warming periods, although the temperature of soil remained 75 

below freezing point. Bondarenko and Sadovskii (1975) argued that temperature 76 

primarily affected interface cohesion rather than interface friction angle. 77 

Parameswaran (1979, 1981, 1987) conducted a series of pull-out tests to investigate 78 

the freeze strength between structural piles and sand or ice interfaces. The results 79 

showed that the freeze strength increased with increasing of loading rate and the 80 

development features of freeze strength followed a power law. Moreover, the freeze 81 

bond strength at the interface had two components, adhesion of the ice to the pile and 82 
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soil grain friction at the pile−soil interface. Weaver and Morgenstern (1981) 83 

highlighted that the freeze strength of the pile interface was linearly correlated to the 84 

strength of the surrounding soil. According to Biggar and Sego (1993a, 1993b), soil 85 

salinity dramatically reduced the adfreeze bond strength even at low salinity values. 86 

Ladanyi (1995) and Kim et al. (2015) summarized that freeze bonds essentially 87 

depended on the physical properties of the soil, the characteristics of the interface, the 88 

temperature, and the type and rate of loading. Wang et al. (2019) evaluated the shear 89 

strength of a soil−steel plate under an improved roughness algorithm and found that 90 

the cohesive force and friction angle demonstrated a linear improvement with 91 

increasing surface roughness. 92 

Two methods have been commonly used to investigate the interface shear 93 

strength between geomaterials: pull-out test and direct shear tests. The former usually 94 

determines the adfreeze bond strength at a pile and frozen soil interface (Terashima, 95 

1997; Iospa et al., 2015). The latter is easier and more cost-effective to test the 96 

adfreeze strength between a plane structure and frozen soil interface (Lee et al., 2013; 97 

Wen et al., 2016; Aldaeef and Rayhani, 2017, 2018). To investigate the interface shear 98 

behavior more accurately, Zhao et al. (2013) designed a multi-functional direct shear 99 

system, which has a large-scale shear box with a contact area of 100 × 200 mm2. 100 

Subsequently, several investigations performed tests to discuss the effects of 101 

temperature, surface roughness and boundary conditions on the adfreeze strength 102 

between a steel plate and frozen soil interface (Zhao et al., 2014, 2017; Shi et al., 103 

2018). Liu et al. (2014) also developed a large-scale temperature-controlled direct 104 
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shear apparatus with cuboid sample size 300 × 300 × 200 mm3.  105 

An credible constitutive model for shear behavior is required for a numerical 106 

prediction of geotechnical engineering responses. The disturbed state concept (DSC) 107 

was initially introduced by Desai (1974) to study the behavior of over-consolidated 108 

soils. It is a simple, flexible, and general approach that like the damage model (Desai, 109 

2016). The DSC has a mathematical framework not only for solids, but also for 110 

interfaces and joints between two materials. It has been successfully employed in 111 

numerical analysis of interfacial response. Desai et al. (1984) proposed a thin-layer 112 

element to simulate the shear behavior of the soil−structure interface, the thickness of 113 

which can be determined from laboratory tests. Seo et al. (2004) employed a 114 

combined model and DSC model to imitate the shear behavior between a 115 

geomembrane and geotextile, and the back-prediction results show good agreement 116 

with test results, especially for strain-softening behavior. Tougigh et al. (2014, 2016) 117 

utilized the DSC model, combining the hierarchical single surface to characterize the 118 

behavior of the interface between the fiber-reinforced polymer and soil, and the model 119 

was verified by laboratory testing results. Baghini et al. (2018) evaluated the softening 120 

behavior response of piles under axial uplift loading by the DSC model, and the 121 

results revealed a strong correlation between the model and field tests. Alyounis et al. 122 

(2019) studied the microstructural variation in the material, and combined the DSC 123 

model and critical disturbance to identify the initiation of liquefaction in saturated 124 

Ottawa sand−steel interfaces. 125 

In summary, most existing investigations shown that the initial water content, 126 
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temperature and surface stiffness had notable influences on interface strength, and 127 

most models are focused on the soil−structure interface in the unfrozen condition. The 128 

evolution of vertical displacement at different conditions is rare and unclear, but it is a 129 

very important parameter in the theoretical and numerical analysis. Accordingly, a 130 

series of large-scale direct shear tests were conducted in this study to investigate the 131 

shear behavior of the frozen clay−concrete interface. And, the influence of initial 132 

water content and temperature on the interface stress, deformation, strength and 133 

strength parameters were presented and analyzed. Then, a simple model was 134 

suggested to characterize the linear and nonlinear responses of frozen clay–concrete 135 

interface behavior based on the DSC model. The results of this research can be used 136 

to designing and simulating the behavior of engineered geotechnical structures such as 137 

pile foundation, retaining walls, and irrigation channels with concrete linings in the 138 

broad cold regions. 139 

2 Experimental process 140 

A large-scale temperature-controlled direct shear test system was used to collect 141 

data on the shear behavior of the frozen soil−concrete interface. This section describes 142 

the test soil and concrete block, interface preparation procedure, testing apparatus, and 143 

testing procedure. 144 

2.1 Sample preparation 145 

Soil used in this study was taken from a canal foundation of the Urumqi Water 146 

Supply Project, Xinjiang Uighur Autonomous Region, China. The grain size 147 

distribution obtained by the laser diffraction method (SAPRC, 2008) is shown in Fig. 1. 148 
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In the soil test procedure, all soils were naturally dried, fully stirred, crushed by roller, 149 

and then sifted through a sieve with 2 mm openings (No. 10). The basic physical 150 

properties of the soil were obtained according to the Chinese standard of soil test 151 

methods (SAMR, 2007, 2019) and included the specific gravity Gs = 2.66, liquid limit 152 

LL = 51.0%, plastic limit PL = 19.2%, plasticity index PI = 31.8%, maximum dry 153 

density ρd-max = 1.73 g cm−3, optimum moisture content ωopt=16.1%, and freezing point 154 

and super-cooling temperature of the saturated soil, which are −0.27 and −1.79 °C, 155 

respectively. This soil was classified as CH according to the unified soil classification 156 

system. After sieving, the soil was filled with distilled water to achieve a target initial 157 

water content (mass moisture content). Finally, it was fully mixed, sealed, and stored 158 

for 12 h at 20 °C to ensure uniform moisture distribution.  159 

 160 
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Fig. 1 Grain size distribution of test soil 163 

The size of the concrete block was 300 mm × 300 mm × 100 mm (Fig. 2) and 164 

made from mortar consisting of ordinary Portland cement (Grade 32.5), natural river 165 
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sand, and water by a mixing ratio of 1.8:3:1. The mortar was poured in a purpose-built 166 

box after mixed, and cured for 28 days (SAMR, 2010). The surface of the concrete 167 

block was smoothed during the preparation, and without any processing or damage 168 

after curing. So, the surface roughness detectable by the naked eye was smooth. It 169 

should be noted that the same concrete block was used in all tests and there was not 170 

obvious surface-damage after shearing, hence it is assumed that the surface roughness 171 

is constant throughout the tests.  172 

300 mm

30
0 

m
m

100 mm

 173 

Fig. 2 The concrete block in the test. 174 

2.2 Apparatus and testing procedure 175 

A large-scale temperature-controlled direct shear apparatus (TZJ-150) in the 176 

Frozen Soil Laboratory at Beijing Jiaotong University was used to investigate the 177 

shear behavior of the frozen soil−concrete interface (Liu et al., 2014). A general view 178 

of the apparatus is shown Fig. 3. The normal force and horizontal force were imposed 179 

by two motors with maximum outputs of 100 kN and 150 kN, respectively. The 180 

normal and horizontal displacements were collected by two precise transducers, which 181 

were connected with a feedback control module to obtain precise control. The shear 182 
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box was designed in two parts, the upper and lower shear boxes, with the same size of 183 

300 mm × 300 mm × 100 mm. Two cooling path circulators were accommodated 184 

around the shear box and connected to two heating-cooling circulators, which could 185 

impose a temperature in the range of –20 °C to 60 °C. Additionally, the shear boxes 186 

were wrapped in a thermal insulating layer consisting of expanded polystyrene sheets 187 

to maintain temperature equilibrium. This system with good precision was introduced 188 

and used by Liu et al. (2014). 189 

 190 

Normal force
Horizontal force and
displacement transducers

Thermal insulation

Cooling bath

Temperature 
transducer

Frozen soil

Concrete

Steel plate

Shear interface
 191 

Fig. 3 Diagram of large-scale direct shear apparatus  192 

To test the interface behavior between the frozen soil and concrete, the concrete 193 

block was fixed in the lower shear box first. Then, the wet soil with target initial water 194 

content was remolded on the concrete by compacting the soil in four layers using the 195 

vertical loading module. The dry density of compacted soil is 1.6 g cm−3. After 196 

compacting soil in the first layer, two temperature transducers were installed near the 197 

shear interface (but not contacted with the concrete surface) to monitor the interface 198 

temperature. One transducer was installed in the middle and the other was near the 199 

edge. After compaction, a layer of plastic film was used to cover the soil to reduce 200 
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moisture loss. The temperature of the sample was decreasing by using cooling bath 201 

circulation until reaching thermal equilibrium, usually more than 24 h. Once the 202 

temperature reached a target value and stabilized, the vertical force was set followed 203 

by a horizontal force, which pushed the upper shear box causing it to move at a 204 

certain shear rate. All of the testing data, including normal stress, vertical 205 

displacement, interface shear stress, and horizontal displacement, were automatically 206 

recorded by a computer. The recorded interface temperature was the average value of 207 

two temperature transducers. After shearing and thawing of the soil, three points near 208 

the interface were selected to obtain the average initial water content. Before the next 209 

test, the soil in the upper box was removed and the concrete interface was cleaned 210 

carefully. A total of thirteen effective tests were performed for different normal 211 

stresses, interface temperatures, initial water contents, and shear rates as shown in 212 

Table 1. The temperatures with differences of less than 1 °C and the initial water 213 

contents with differences of less than 1% were considered to be the same value for the 214 

analysis. 215 

Table 1 Sample with different factors 216 

Sample number 

(No.) 

Normal stress 

(kPa) 

Interface 

temperature (°C) 

Initial water 

content (%) 

Shear rate (mm 

min–1) 

1 50 −6.6 14.9 0.30 

2 100 −6.6 14.9 0.30 

3 200 −6.3 14.8 0.30 

4 100 −3.3 14.6 0.30 

5 100 −9.8 14.9 0.30 

6 100 −6.7 18.3 0.30 

7 100 −6.8 24.6 0.30 

8 100 −6.9 14.6 0.90 

9 100 −6.3 15.1 0.15 

10 100 −6.1 14.7 0.03 

11 50 15.2 14.9 0.30 
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12 100 15.4 14.9 0.30 

13 200 15.2 14.9 0.30 

 217 

3 Experimental results and discussion 218 

The results of the tests at different normal stress states are shown in Fig. 4. As 219 

can be seen in Fig. 4a, the interface experienced a strain-hardening behavior with 220 

ductile failure both in frozen and unfrozen interfaces such that shear stress initially 221 

increased quickly with increasing horizontal displacement and then grew slowly until 222 

reaching a steady value. At a given normal stress, the shear stress at the frozen 223 

interface was larger than that at the unfrozen interface due to ice strength at increasing 224 

of the interface adhesion force between frozen soil and concrete (Aldaeef and Rayhani, 225 

2014; Liu et al., 2014; Wen et al., 2016). Fig. 4b shows the vertical displacement vs. 226 

horizontal displacement, where negative displacements indicate dilation of the shear 227 

band. For the frozen interface, an obvious dilation from beginning to the end of 228 

shearing process was seen at 50 and 100 kPa, while a plain followed by a dilating 229 

phase was revealed at 200 kPa owing to the higher normal stress restrained soil 230 

particles rolling (Alias, 2014). For the test of the unfrozen interface, under 50 and 100 231 

kPa of normal stress, the soil volume tended to dilate while it contracted slightly at 232 

200 kPa. It also can be seen that the vertical displacement under freezing condition 233 

was greater than that under melting condition because the frozen moisture films 234 

around soil particles, which increased in size, resulting in the change of effective 235 

particle contact area and load distribution mechanism of contact (Islam et al., 2011). 236 

The shear strength envelope in normal stress-shear stress plane is shown in Fig. 4c. It 237 
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is noted that the shear strength is selected corresponding to 3 mm of horizontal 238 

displacement for the strain-hardening behavior or the peak stress for the 239 

strain-softening behavior (Andersland and Anderson, 1978). It can be seen in Fig. 4c 240 

that the shear strength and the normal stress are well correlated with a linear fitting 241 

function. As in the case of frozen interface, the interface friction angle was 27.8° and 242 

the interface cohesion was 15.1 kPa. At the unfrozen interface, the interface friction 243 

angle was 19.8° and the interface cohesion was 13.3 kPa. This is likely due to the ice 244 

crystals enhancing the interlocking force with soil particles resulting in a higher 245 

internal friction angle of soil and interface friction resistance between frozen soil and 246 

structures (Aldaeef and Rayhani, 2018). 247 
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Fig. 4 Experimental results at frozen (–6.6 to –6.3 °C) and unfrozen (15.2‒15.4 °C) 251 

conditions under different normal stresses, (a) shear stress versus horizontal 252 

displacement, (b) vertical displacement versus horizontal displacement, and (c) shear 253 

strength envelope. 254 

The effect of temperature on the interface behavior is exhibited in Fig. 5. The 255 

evolution of the mobilized shear stress with horizontal displacement imposed shows 256 

that (Fig. 5a), the shear stress behavior at −3.3 °C was similar to that at 15.4 °C, and 257 

the initial stiffness increased with decreasing of temperature. The failure modes 258 

changed from strain-hardening to strain-softening as the temperature decreased from 259 

15.4 °C to −9.8 °C due to the increasing ice content with decreasing temperature, and 260 

ice is a brittle failure material. These results agreed with previous studies of Wen et al. 261 

(2014), Zhao et al. (2014), and Liu et al (2014). Fig. 5b shows the interface vertical 262 

displacement with respect to the horizontal displacement, and testing result indicates 263 

that the interface tended to dilate from the beginning to the end during the test and the 264 

value increased slightly with decreasing of temperature because of increasing particle 265 

size with decreasing of temperature, as mentioned earlier. The interface shear strength 266 
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vs. test temperature is shown in Fig. 5c, where the interface shear strength increased 267 

from 51.2 to 80.6 kPa with test temperature decreasing from 15.4 °C to −9.8 °C. In 268 

contrast, the interface shear strength does not change significantly when the 269 

temperature is above 0 °C (Andersland and Anderson, 1978). Therefore, the interface 270 

shear strength at 15.4 °C was taken as the shear strength at 0 °C, and had a linear fit 271 

for shear strength and temperature: 272 

f 3.1 48.1Tτ = − +                                  (1) 273 

where τf is the shear strength (kPa) and T is the temperature (°C); R2 was found to be 274 

0.93845. This result was agreed well with the studies reported by Crory (1966) for the 275 

temperature in the range of −4 to 0 °C, Liu et al. (2014) for the temperature in the 276 

range of −16 to 0°C, and Aldaeef and Rayhani (2017) for temperature between −10 to 277 

−1°C . 278 
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Fig. 5 Experimental results at different test temperatures under shear rate of 0.3 mm 282 

min−1, normal stress of 100 kPa and initial water content of 14.6%‒14.9%, (a) shear 283 

stress versus horizontal displacement, (b) vertical displacement versus horizontal 284 

displacement, and (c) shear strength versus test temperature 285 

Experimental results of different initial water contents are displayed in Fig. 6. 286 

Similar results with strain-hardening behavior of the interface were obtained at initial 287 

water contents of 14.9% and 18.3% in Fig. 6a, while a pronounced strain-softening 288 

behavior was seen at the initial water content of 24.6% due to the elevated ice content 289 

at the interface with increasing initial water content and decreasing temperature 290 
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(Parameswaran, 1981, 1987; Liu et al., 2014; Wang et al., 2019). Additionally, the 291 

frozen soil is a fragile material in a state of lower temperature and higher initial water 292 

content (Cory, 1966). The variation in vertical displacement with the horizontal 293 

displacement is plotted in Fig. 6b. The interface dilated slowly during the test at the 294 

initial water contents of 14.9% and 18.3%. As in the case of 24.6%, the interface 295 

initially dilated significantly followed by moderate growth in which the shear stress 296 

exceeded the maximum. This might contribute to the increased adhesion force and the 297 

particle size including soils, ice crystals, and combinations of them due to the increase 298 

in initial water content. The interface shear strength increased from 67.7 to 133.3 kPa 299 

as the initial water content increased from 14.9% to 24.6% (Fig. 6c). 300 
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Fig. 6 Experimental results at different initial water contents under shear rate of 0.3 304 

mm min−1, normal stress of 100 kPa, and −6.8 °C to −6.6 °C, (a) shear stress versus 305 

horizontal displacement, (b) vertical displacement versus horizontal displacement, and 306 

(c) shear strength versus initial water content. 307 

Results for four shear rates are presented in Fig. 7, indicating that similar 308 

strain-hardening behavior of the interface was obtained in all cases (Fig. 7a). The 309 

change of the volume could be neglectable at the shear rate of 0.03 and 0.15 mm 310 

min−1 (Fig. 7b), which was probably due to soil particles sliding or dragging along the 311 

interface, as well as inhibited particle-rolling at a lower rate (Xiu et al., 2019). The 312 

volumetric dilation of the interface was slightly during the test (Fig. 7b) at shear rate 313 

of 0.3 and 0.9 mm min−1. Interface shear strength vs. shear rate is shown in Fig. 8c. 314 

Results show that the interface shear strength increased obviously as shear rate 315 

increased from 0.03 to 0.3 mm min−1, and it increased slowly when the shear rate 316 

exceeded 0.3 mm min−1. This behavior can be explained because at higher shearing 317 

rates, less time is allowed for rearrangement of particles at the interface (Einav and 318 

Randolph, 2006; Lefebvre and Leboeuf, 1987). These results agreed with a simplified 319 
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method proposed by Parameswaran (1978) for the determination of long-term strength, 320 

where the interface shear strength and shear rate have a power law relationship as 321 

follows: 322 

0.44
f 69.88vτ =                                  (2) 323 

where τf is the interface shear strength, and v is the shear rate. The correlation 324 

coefficient R2 was found to be 0.91439 (Fig. 7c).  325 

 326 

0 1 2 3 4 5 6 7
0

20

40

60

80

100

S
h

ea
r 

st
re

ss
 (

kP
a)

Horizontal displacement (mm)

 0.03 mm min−1

 0.15 mm min−1

 0.3 mm min−1

 0.9 mm min−1

(a)

 327 

0 1 2 3 4 5 6 7
0.2

0.0

−0.2

−0.4

−0.6

V
e
rt

ic
al

 d
is

pl
ac

em
e
nt

 (
m

m
)

Horizontal displacement (mm)

(b)

 328 

Jo
urn

al 
Pre-

pro
of



0.2 0.4 0.6 0.8 1.00.0
50

55

60

65

70

75

80

S
h

e
ar

 s
tr

en
g

th
 (

kP
a)

Shear rate (mm min−1)

 Peak stress
 Fitting line

(c)

 329 

Fig. 7 Experimental results at different shear rates under normal stress of 100 kPa, 330 

initial water content of 14.6%‒14.9%, and temperature of −6.9 to −6.1 °C, (a) shear 331 

stress versus horizontal displacement, (b) vertical displacement versus horizontal 332 

displacement, and (c) shear strength versus shear rate. 333 

4 Constitutive modeling 334 

The disturbed state concept (DSC) is established on a transparent theory that any 335 

and all stages during the deformation of a material are the mixture of materials in two 336 

stages called relative intact (RI) and fully adjusted (FA) (Desai, 2016). The former is 337 

defined the response of continuum materials and the latter is defined as the 338 

approximation of the ultimate asymptotic response of the materials. Disturbances that 339 

are caused by micro-cracking and softening (or stiffening due to external loads) can 340 

continually transform the initial RI state of materials to the FA state until all of the 341 

materials are in the critical state (Seo et al., 2004). The disturbance, as denoted by 342 

parameter D, represents the differences between the RI and the observed behavior or 343 

differences between the FA and the observed behavior (Desai, 2016). Fig. 8 shows a 344 
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typical relationship between RI (r), observed behavior (a), and FA (c). It appears that 345 

the observed behavior of materials is represented by D, which is coupled with the RI 346 

state and FA state. Therefore, the crucial factor of DCS is the disturbance function D, 347 

which models the holistic behavior of the interaction mechanism in clusters of RI and 348 

FA states, rather than on the particle level processes (Al-Mhaidib, 2005; Kwak et al., 349 

2013). The RI state can be defined using continuum models such as elastic or plastic 350 

models, and the FA state also can be defined using elastic, plastic, or pore models 351 

(Desai, 2016). 352 

τ

δ
0

r

a

c

D

1-D

 353 

Fig. 8 Schematic of shear stress-horizontal displacement behavior in DSC theory. 354 

Based on the DCS theory, the equilibrium of forces in the observed, RI and FA 355 

states, for a material element is derived as (Kwak et al., 2013) 356 

(1 )a r c
ij ij ijD Dσ σ σ= − +                            (3) 357 

where σij is the stress tensor; the superscripts a, r, and c denote observed, RI, and FA 358 

states of the material, respectively; and D is the disturbance function. The behavior of 359 

materials is in a perfect RI state when D = 0, and it is in a perfect FA state when D = 1 360 

(Desai, 2000). This formula appears to be similar to damage theory, but the element is 361 

Jo
urn

al 
Pre-

pro
of



different (Desai, 2016). Eq. (3) can be expressed as an incremental equation: 362 

( ) ( )d 1 d d da r c c r
ij ij ij ij ijD D Dσ σ σ σ σ= − + + −                      (4a) 363 

or           ( ) ( )d 1 d d da r r c c c r
ij ijkl kl ijkl kl ij ijD C DC Dσ ε ε σ σ= − + + −                   (4b) 364 

where d denoted the increment and, Cijkl is the constitutive tensor. 365 

For interface shear behavior, only the shear stress at the shear direction is 366 

considered and the other stress components are ignored; therefore, Eq. (3) can be 367 

simplified as 368 

(1 )a r cD Dτ τ τ= − +                           (5) 369 

where τ is the shear stress. 370 

4.1 Relative intact (RI) state 371 

As mentioned previously, the response of the interface in the RI state can be 372 

represented by an elastic or elastic-plastic model. The interface shear behavior 373 

between frozen soil and concrete features elasticity at the initial deformation or 374 

uninjured status (Park and Desai, 2000; Lee et al., 2013; Liu et al., 2014). Hence, a 375 

reasonable assumption is that the interface has linear elastic behavior in the RI state 376 

and ignores the effect of volume change on horizontal deformation. The interface 377 

obeys Hooke’s law, which can be represented as (Kwak et al., 2013)  378 

o
r Kτ δ=                               (6) 379 

where Ko is the original stiffness of interface shear behavior, and δ is the horizontal 380 

displacement. 381 

4.2 Fully adjusted (FA) state 382 

As a simple approach, it is assumed that the interface with the FA state still has 383 
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some strength from friction resistance with an impairing cohesion (Bondarenko and 384 

Sadovskii, 1975; Ladanyi, 1995; Zhao et al., 2017; Shi et al., 2018). The hyperbolic 385 

model is a simple, classic, and wide model applied to simulate the response of 386 

geomaterials and interface behavior (Al-Shayea et al., 2003; He et al., 2018). 387 

Accordingly, the response of the interface can be described as (Cao et al., 2013) 388 

c δτ
α βδ

=
+                              (7) 389 

where α and β are the parameters of the model. 390 

4.3 Disturbance function 391 

The disturbance function D is defined based on the experimental and model 392 

results from the direct shear test and the above model, as follows (Desai, 2016; Kwak 393 

et al., 2013): 394 

r a

r c
D

τ τ
τ τ

−=
−                               (8) 395 

where the superscripts r, c, and a denote the RI, FA, and observed states, respectively. 396 

The mathematical expression of D can be expressed using the Weibull function 397 

in terms of accumulated plastic displacements (Desai, 2016; Kwak et al., 2013): 398 

( )u p1 exp zD D Aδ = − −                            (9) 399 

where Du is the disturbed function value when the materials are in a fully disturbed 400 

state, A and Z are the parameters, and δP is a plastic displacement trajectory that refers 401 

to the summation of plastic deformation to the observed responses. Theoretically, D 402 

varies from 0.0 to 1.0, but many materials fail before reaching 1.0 (Desai, 2000). The 403 

plastic displacement trajectory can be calculated by 404 
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p eδ δ δ= −                               (10) 405 

 406 

where δe is elastic deformation of the interface. 407 

4.4 Parameters calculation 408 

As indicated previously, the RI state is simulated using linear elastic behavior. In 409 

this case, the original stiffness (Ko) is calculated from the interface in the linear 410 

elasticity regime of shear deformation. The parameters in the FA state are calculated 411 

based on the test results. It is noted that the parameters from the test of No. 4 are 412 

selected to simulate the FA state under the normal stress of 100 kPa to obtain an 413 

effective comparison of D. The parameters A and Z can be calculated by taking the 414 

logarithm twice for the both sides of Eq. (9). 415 

( ) ( ) u
p

u

ln ln ln ln
D D

Z A
D

δ
  −+ = −  
   

                       (11) 416 

In the plot of δp vs. ln(−ln((Du−D)/D)), the parameters A and Z can be 417 

determined, and are listed in Table 2. The results indicate that Ko increased with the 418 

increasing of normal stress, temperature, and displacement rate, respectively. 419 

Table 2 Model parameters 420 

Sample 

Number 

(No.) 

Relatively intact  Fully adjusted Disturbance 

Ko (kPa mm−1) α (mm (kPa) −1) β (1 (kPa)−1) A Z Du 

1 132.6 0.0046 0.0310 2.29 0.42 1.0 

2 176.5 0.0065 0.0170 3.16 0.20 1.0 

3 317.7 0.0085 0.0094 2.11 0.48 1.0 

4 125.0 0.0065 0.0170 11.69 0.88 1.0 

5 356.7 0.0065 0.0170 2.20 0.48 1.0 

6 156.9 0.0065 0.0170 2.10 0.29 1.0 

7 419.8 0.0065 0.0170 2.80 0.90 1.0 

8 189.7 0.0065 0.0170 2.46 0.50 1.0 
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9 160.2 0.0065 0.0170 4.51 0.64 1.0 

10 134.5 0.0065 0.0170 4.72 0.56 1.0 

The values of disturbance D, related to the plastic displacement trajectory δp 421 

from all direct shear test results are expressed in Fig. 9. The D vs. δp relationship 422 

shows a diverse trend for different test conditions and presents the interface response 423 

under loading. Fig. 9a shows that the increasing rate of D at 100 kPa was faster than 424 

that at 50 and 200 kPa, which indicates that the interface was more vulnerable to 425 

damage at 100 kPa at a certain δp. Fig. 9b shows the D vs. δp relationship at different 426 

temperatures, and it can be seen that the rate increased similar initially, and then the 427 

increasing rate of −9.8 °C was obviously lower than that of −6.6 and −3.3 °C. This 428 

indicates that the interface was less sensitive to damage at −9.8 °C than at −6.6 °C and 429 

−3.3 °C, which is due to the increased adhesive ice formed at the interface with the 430 

decreasing of temperature (Wang et al., 2019). Similar observations to those at 431 

different initial water contents can be seen in Fig. 9c where the increasing rate of D 432 

decreased with the higher initial water content. The effect of shear rates on the D vs. 433 

δp relationship is shown in Fig. 9d. D moved to the right with the increase in shear 434 

rate indicating that the interface is vulnerable at higher strain because that the 435 

instantaneous shear strength is greater than the long-term shear strength 436 

(Parameswaran, 1979; Ladanyi, 1995). 437 
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Fig. 9 Disturbance versus plastic horizontal displacement for different tests 442 

4.5 Modeling results and discussion 443 

The performance of the model was verified through the back-prediction using the 444 

incremental iterative method based on the direct shear test results for the interface. 445 

The incremental iterative equation can be obtained from Eq. (5), and is given by 446 

(Kwak et al., 2013).  447 

( ) ( )1 +1 +1 +1 +1 +1d 1 d d da r c c r
n n n n n n n nD D Dτ τ τ σ σ+ = − + + −         (12a) 448 

+1 +1d r r r
n n nτ τ τ= −                            (12b) 449 

+1 +1d c c c
n n nτ τ τ= −                            (12c) 450 

+1 +1d n n nD D D= +                           (12d) 451 

 452 

where n is the step. 453 

Figure 10 shows the comparison of observed and predicted results of the frozen 454 

soil−concrete interface using the DSC model. It can be seen that the predicted values 455 

were consistent with the test results, especially in the regions where the horizontal 456 

displacement was less than 3 mm for the strain-hardening behavior and the pre-peak 457 

regions for the strain-softening behavior. However, a slight discrepancy was found in 458 
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regions with large horizontal displacement; the predicted values were smaller than the 459 

test values although the difference was minimal. The main reason is that the model 460 

enters a fully disturbed state when the disturbance D is 1, where the stress will change 461 

according to the hyperbolic model. But the testing result is till changing slightly due 462 

to the decreasing of contact are and others. So, there are some diversities between 463 

predicted and test value. 464 
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Fig. 10 Comparison between results of observed and predicted, (a) results of different 468 

normal stress, and (b) results of different initial water content. 469 
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5 Conclusions 470 

 Climate change and engineering activities can lead to permafrost degradation, 471 

especially the latter, which makes the permafrost degrading more pronounced. This 472 

results in an increase in the permafrost temperature, active layer thickness, and upper 473 

limit of permafrost. For the structures buried in the frozen soil, permafrost 474 

degradation changes the water content and temperature of the soil around the structure, 475 

then the physical and mechanical properties of these soil were varied, which in turn 476 

affects the engineering stability of structures including the interface stability between 477 

pile foundations, retaining walls, and irrigation channel lining with the soil. Hence, in 478 

this study, 13 sets of direct shear tests with different temperatures, initial water 479 

contents, shear rates, and normal stresses were performed to investigate the influence 480 

of permafrost degradation on the interface behavior between frozen clay and concrete. 481 

The disturbed state concept model was employed to describe the interface shear 482 

stress−horizontal displacement relationships. The test results and model parameters 483 

were analyzed and discussed, and the following conclusions can be drawn: 484 

(1) The final vertical displacement was dilation for the frozen interface and 485 

lower normal stress of the unfrozen interface. It increases with the decreasing 486 

of temperature, and increasing of initial water content. While, it is slight or 487 

could be ignored at lower shear rates (e.g. 0.03 mm min−1 and 0.15 mm min−1) 488 

and it is –0.25 mm and –0.28 mm at shear rate of 0.3 mm min−1 and 0.9 mm 489 

min−1, respectively. 490 

(2) For the normal stress of 100 kPa, the peak shear strength increased from 67.7 491 
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to 133.3 kPa as the initial water content increased from 14.9% to 24.6% at 492 

temperature of −6.8 to −6.6 °C, and it increased from 51.2 to 80.6 kPa with 493 

temperature decreasing from 15.4 to −9.8 °C at initial water content of 14.6% 494 

to 14.9%. 495 

(3) The DCS model was applied to simulate the interface behavior between the 496 

frozen clay−concrete interface. It is easily applied to geotechnical 497 

engineering due to it combines linear and hyperbolic models. The predicted 498 

results were verified by the corresponding test results, although discrepancies 499 

coursed by tiny experimental control and parameter selection errors exist 500 

regarding the magnitude.  501 

(4) The disturbance D reflects the interface response in loading process and 502 

shows a particular trend for different test conditions. It increased faster as 503 

temperature rose and initial water content, or shear rate decreased. D 504 

increased more rapidly indicating that the interface is more vulnerable to 505 

damage.  506 
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