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Abstract 14 

The mechanical behavior and failure mechanisms of Antarctic ice play a key role on borehole 15 

stability and structural integrity during polar drilling. Understanding these properties is essential for 16 

the design and operation in polar and offshore engineering. Due to long-term natural compaction 17 

and formation processes, Antarctic ice exhibits mechanical characteristics that differ from 18 

freshwater and sea ice. Existing constitutive models are inadequate for predicting mechanical 19 

response of Antarctic ice. This paper focuses on compressive behavior and constitutive relation of 20 

real Antarctic ice from polar scientific expedition. Uniaxial and triaxial tests are performed to 21 

analyze the effects of loading rate, temperature, and confining pressure. The results show that under 22 
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uniaxial compression, increasing loading rates change the failure mode from shear to splitting, 23 

reflecting a rate-dependent ductile-brittle behavior. In the triaxial tests, confining pressure 24 

suppresses crack propagation, resulting in radial expansion without cracking. Based on experimental 25 

results, a constitutive model is developed for Antarctic ice, integrating both the nonlinear elastic and 26 

rate-dependent viscoelastic behavior. The proposed model shows excellent predictive accuracy, with 27 

peak stress errors below 3.52% and overall trends that matched experimental results (R² > 0.977). 28 

The model is implemented within peridynamics to analyze ice borehole fracturing, highlighting the 29 

influence of loading rate on failure evolution. These findings enhance the understanding of Antarctic 30 

ice mechanics, providing experimental and theoretical insights for borehole fracturing in polar and 31 

offshore drilling. 32 

Keywords: Polar drilling, Antarctic ice, Constitutive model, Peridynamics, Borehole fracturing 33 

1 Introduction 34 

Ice sheets and glaciers cover 11% of the Earth's land surface, with more than 98% of Antarctica 35 

and most of Greenland covered by ice. As offshore and polar exploration advances, understanding 36 

ice mechanics has become increasingly important for the development of polar infrastructure (Hjort 37 

et al., 2022; Bailey et al., 2015), offshore ice-based platforms (Mohapatra et al., 2025; Xu et al., 38 

2020; Zhang et al., 2023), and deep ice drilling (Goodge et al., 2021; Kuhl et al., 2021; Lv et al., 39 

2024). In particular, during polar and oceanic ice drilling operations, ice deformation and fracturing 40 

by drilling disturbances directly affect borehole stability. A thorough understanding of the 41 

mechanical properties of ice is an important foundation for ensuring the engineering reliability in 42 

polar and offshore environments. 43 

Unlike seasonal ice forms such as river and sea ice, polar ice develops over geological 44 
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timescales. Antarctic ice is formed through a long-term continuous compaction and recrystallization 45 

process of snow. As surface snow builds up over time, the snow layers get pressed down by gravity, 46 

slowly turn into glacial ice (Fourteau et al., 2020). This is different from water freezing in normal 47 

temperatures, polar ice forms under above and horizontal pressure. This process makes the ice layers 48 

have uneven density and pore shapes. Surface ice has larger and irregularly distributed pores, while 49 

deeper ice has smaller and more compact pores (Freitag et al., 2004). The mechanical behavior of 50 

polar ice is governed by its unique geological processes, influenced by factors such as temperature, 51 

pore structure, and stress state. So, the ice has clear differences in space and time at many scales, 52 

and this brings challenges for understanding ice strength, fracture, and constitutive modeling. 53 

The mechanical behavior of ice is influenced by its formation history, resulting in distinct 54 

strength and deformation characteristics. Marchenko et al. (2013) found that the elastic modulus of 55 

ice ranges from 1.7 to 9.1 GPa, showing the high heterogeneity among different ice types. Fracture 56 

toughness is a key parameter for crack propagation, and it is dependent on loading rate. Timco & 57 

Weeks, (2010) reported that fracture toughness of ice ranges from 115 to 250 kPa·m0.5. Snyder et al. 58 

(2016) proposed a critical strain rate of ice (10-3 s-1) that shows the shift from brittle to ductile 59 

deformation. Under slow strain rates, ice shows ductile, while high strain rates lead to brittle fracture. 60 

Similar to rock, tensile failure is the dominant pattern for ice (Litwin et al., 2012).  Zhang et al. 61 

(2020) studied the dynamic splitting tensile of ice using a modified SHPB. They found that tensile 62 

strength increases with faster strain rates and colder temperatures, and strain rate shows the greater 63 

influence. 64 

In deep geological environments, ice is usually subjected to triaxial stress, exhibiting complex 65 

failure behavior. Rist & Murrell, (1994) pointed out that shear forces are the main reason for ice 66 
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fracture under triaxial pressure, with shear failure happens on a flat surface cut at 45° to the 67 

maximum principal stress. Wang et al. (2018, 2020) studied the axial compression behavior of ice-68 

filled circular steel tubes, providing important insights into ice-structure interaction under lateral 69 

confinement. Recently, Xu et al. (2023, 2024) studied borehole failure in complex subglacial 70 

environments, revealing the coupled effects on ice failure under different geological conditions. 71 

Most research focus on observing and describing macroscopic phenomena, a systematic constitutive 72 

framework is still lacking for polar ice to characterize the complex response. 73 

Current constitutive models for ice are not enough to accurately describe mechanical behavior 74 

under different stress states. Ince et al. (2017) used empirical constitutive equations to describe the 75 

stress-strain relationship of ice, which is difficult to reflect the post-peak softening behavior. Shan 76 

et al. (2018) improved the Duncan-Chang model. They enhanced the hyperbolic function with a 77 

strain-squared term, allowing it to represent initial compaction and nonlinear stages. However, these 78 

models remain empirical fits to experimental data and lack mechanistic insight. Elastic-brittle 79 

constitutive model is instantaneous and rate-independent (Girard et al., 2011). In the rheological 80 

characterization of ice, there remains debate regarding the validity of plasticity and viscoelastic 81 

theory (Mokhtari and Leira, 2024). The plasticity model uses different flow rules, while the 82 

viscoelastic model combines elastic and viscous elements. Regarding plasticity models, the 83 

crushable foam (CF) model, grounded in the elliptical yield criterion, is extensively applied in 84 

icebreaking simulations (Gagnon, 2011; Gagnon and Wang, 2012; Kim and Kim, 2019; Obisesan 85 

and Sriramula, 2018). Han et al. (2017) argued that the CF plasticity model improves Drucker-86 

Prager and Mohr-Coulomb models in icebreaking simulations. However, the CF model has a zero 87 

plastic Poisson’s ratio, limiting its ability to simulate confining pressure effects (Mokhtari and Leira, 88 
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2024). By contrast, viscoelastic models offer a clearer representation of physical mechanisms. 89 

Dansereau et al. (2016) introduced a viscous damping component into an elastic constitutive to 90 

characterize the response of sea ice and rocks. The model captured key features, such as strain 91 

localization and anisotropy. However, its reliance on a linear elasticity assumption limits its 92 

applicability. 93 

To address these limitations, this paper proposes a novel nonlinear Maxwell constitutive model. 94 

The model employs a parallel structure of a nonlinear spring and generalized Maxwell body, 95 

combined with a strain-rate power-law relationship. Results show that the proposed model exhibits 96 

excellent predictive accuracy on peak stress and overall behavior by uniaxial tests with real 97 

Antarctic ice samples. 98 

Owing to Antarctica’s unique geographic and climatic conditions, experimental and theoretical 99 

research on the mechanical properties of Antarctic ice remain limited. In this paper, Antarctic ice 100 

samples were collected during polar scientific expeditions, and the deformation behavior and failure 101 

characteristics were analyzed by mechanical testing. Uniaxial and triaxial experiments were 102 

conducted in a low-temperature laboratory to study the effects of temperature, confining pressure, 103 

and loading rate. Based on generalized Maxwell theory, a constitutive model for real Antarctic ice 104 

was proposed and validated. The constitutive model was integrated into peridynamics to simulate 105 

ice borehole fracturing, providing theoretical insights for the development of polar drilling 106 

engineering. 107 

2 Materials and Methods 108 

2.1 Antarctic ice 109 

The ice crystals are classified into single-crystal and polycrystalline. Single-crystal ice is a type 110 
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of ice crystal that forms from a single nucleation site during the freezing or sublimation process, 111 

with its molecules arranged in a regular, periodic pattern in three-dimensional space. Single-crystal 112 

ice requires high water purity and precise control of heat flow, so most ice in nature is polycrystalline. 113 

Polycrystalline ice is a collection of single-crystal ice grains with different orientations of their 114 

principal axes, where each ice crystal has a distinct shape and size. Two ice cores, each with a 115 

diameter of 9 cm and lengths of 60 cm and 54 cm, as shown in Fig. 1, were drilled and extracted at 116 

an elevation of 497 m near the Zhongshan Station in Antarctica (at latitude 69°30′48.87″ S, 117 

longitude 76°17′56.63″ E) during China's Antarctic research expedition. Observation of Antarctic 118 

ice samples and their cross-sectional slices reveal the presence of numerous bubbles, pores, and 119 

impurities. 120 

 121 

Fig. 1. Antarctic ice sample. 122 

Glacier ice exhibits variations in polar regions due to different snow accumulation rates, stress 123 

distribution, temperature, and recrystallization. The ice's composition is relatively complex, 124 

comprising air, salts, and impurities, resulting in diverse and highly complex physical and 125 

mechanical properties. Fig. 2 shows the crystal structure of Antarctic ice and plain ice in both 126 
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horizontal and vertical cross-sections. Plain ice exhibits anisotropy, with mechanical properties 127 

varying depending on the orientation of the crystals. However, Antarctic ice exhibits consistent 128 

behavior in both horizontal and vertical directions, making it an isotropic polycrystal. 129 

 130 

Fig. 2. Ice crystal. (a) and (b): Antarctic ice; (c) and (d): Plain ice (Lou and Wu, 2021). 131 

2.2 Low-temperature experiment 132 

To investigate the mechanical properties of Antarctic ice, axial compression tests were 133 

conducted on ice samples obtained from Antarctica. There is currently no unified international 134 

standard for mechanical testing of natural polar ice cores. This paper referenced the sample 135 

processing procedures adopted in the Antarctic ice uniaxial and triaxial compression studies by 136 

Skatulla et al. (2022) and Liang et al. (2025). Based on common laboratory practices and the special 137 

physical properties of Antarctic ice cores, we have developed a systematic sample preparation 138 

procedure. The sample processing, preservation, and experimental process are shown in Fig. 3. 139 

(1) Storage and transportation of ice cores. After drilling at Zhongshan Station, Antarctica, the 140 
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ice cores were sealed in thermally insulated containers maintained at -20 °C. The cold chain was 141 

maintained throughout transportation to prevent recrystallization and microcrack. 142 

(2) Specimen cutting and geometric shaping. Ice cores were cut using a low-speed saw in a -143 

20 °C cold room to avoid local melting caused by frictional heat. Sections with uniformly distributed 144 

bubbles and no macroscopic cracks were preferentially selected for specimen preparation. 145 

Specimens were machined into cylinders with a diameter of 40 mm and a height of 80 mm (aspect 146 

ratio 2:1) to minimize the influence of end friction constraints on stress distribution. Both end faces 147 

were precision-ground flat to ensure uniform load application. 148 

 149 

Fig. 3. Ice sample processing, preservation, and experimental process. (a): Sample cutting, (b): 150 

Preservation, (c): Wrap latex film, (d): Put ice into the pressure chamber. 151 

(3) Specimen conditioning and temperature equilibration. After cutting, specimens were placed 152 

in a low-temperature chamber set to the target experimental temperature (-10 °C or -15 °C) for no 153 

less than 24 hours to ensure a fully uniform internal temperature distribution prior to testing. 154 
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(4) Encapsulation prior to loading. For triaxial tests, the outer surface of each ice specimen was 155 

wrapped with a latex membrane (thickness 0.5 mm) to prevent confining pressure fluid from 156 

penetrating the specimen. 157 

 A low-temperature environment of -10°C and -15°C was maintained inside the low-158 

temperature test chamber with a well-controlled temperature system. High-precision temperature 159 

sensors monitored the temperature variations of the ice samples and the test chamber, and the 160 

environmental temperature was adjusted to stay within the range required by the experimental 161 

design. At the same time, uniform temperature distribution within the ice samples is essential, as 162 

well as avoiding temperature differences between the surface and interior, which could affect the 163 

measurement of mechanical properties. 164 

An axial compression testing machine was used to apply pressure to the ice samples. The liquid 165 

was injected around the ice sample to apply confining pressure, with the liquid pressure adjusted to 166 

control both axial and radial loading pressures, simulating the multi-axial stress state of the ice 167 

sample in polar conditions. The stress-strain relationship and failure patterns of the ice samples were 168 

studied under different confining pressures. The experimental parameters are shown in Table 1. The 169 

conversion between loading rate v  and strain rate  is given by 
0 60

v

L
 =


 , 0L  is the specimen 170 

gauge length. This converts the loading rate from mm/min to strain rate in s⁻¹. 171 

Table 1. Experimental condition settings. 172 

Number Size (mm) Loading rate 

(mm·min-1) 

Strain rate  

(s-1) 

Temperature 

(℃) 

Confining 

pressure (MPa) 

1 Ø39.9×79.8 1.44 3.00×10-4 -10 0 

2 Ø41.0×84.5 2.54 5.00×10-4 -10 0 
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3 Ø39.7×78.7 3.31 7.00×10-4 -10 0 

4 Ø42.1×79.8 4.79 1.00×10-3 -10 0 

5 Ø39.6×80.7 0.80 1.65×10-4 -10 1.0 

6 Ø39.0×83.2 0.80 1.60×10-4 -10 1.5 

7 Ø38.5×76.5 0.80 1.74×10-4 -10 2.0 

8 Ø39.0×75.0 0.80 1.78×10-4 -10 2.5 

9 Ø38.9×79.5 0.80 1.68×10-4 -15 1.0 

10 Ø38.8×79.6 0.80 1.68×10-4 -15 1.5 

11 Ø38.8×77.8 0.80 1.71×10-4 -15 2.0 

12 Ø38.9×72.7 0.80 1.83×10-4 -15 2.5 

3 Results 173 

3.1 Deformation behavior 174 

Fig. 4 presents the results of the uniaxial compression experiment on Antarctic ice. Due to 175 

numerous pores within the ice sample, a distinct compaction state occurred at medium loading rates 176 

of 2.54 and 3.31 mm/min, as shown in Fig. 4 (b) (c). A linear relationship is observed in the elastic 177 

stage following the compaction stage, indicating that the ice deforms within the elastic region, as 178 

per Hooke's Law, where stress is proportional to strain. When the stress reaches the linear elastic 179 

limit, the ice sample begins to gradually transition into the nonlinear deformation. The softening 180 

stage is characterized by a decrease in stress, which is related to changes in the ice's microstructure 181 

and the generation and propagation of cracks. At a loading rate of 4.79 mm/min, the ice ultimately 182 

undergoes brittle fracture, accompanied by significant strain localization, resulting in the 183 

fragmentation of the ice block. 184 
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 185 

Fig. 4. Axial stress-strain curves under different strain rates 186 

Fig. 5 shows the variation in peak and residual strength at different loading rates. The peak 187 

strength changes with the loading rate, with a linear correlation coefficient of 0.93. From 1.44 to 188 

4.79 mm/min, the peak compressive strength increased by 108.77%. Following a quadratic pattern, 189 

the residual strength rises first and then decreases with loading rate. The residual strength of ice is 190 

maximized at moderate loading rate. At lower loading rates, the peak strength is reduced, which 191 

leads to a lower residual strength. High loading rates crush the ice sample, causing complete failure. 192 
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 193 

Fig. 5. Peak and residual strength at different loading rates. 194 

Although the limited sample size precludes quantitative error estimation, the experimental 195 

results are in good agreement with existing literature data in terms of magnitude and trend. At -10 ℃ 196 

and a strain rate of 3.0 × 10-4 s-1, the compressive strength measured in this study is 1.71 MPa, which 197 

is close to the value of 1.886 MPa reported by Liang et al. (2025) for Antarctic ice. At a strain rate 198 

of 1 × 10−3 s−1, the measured strength of 3.57 MPa falls within the range of 1.2 - 4.5 MPa reported 199 

by Skatulla et al. (2022), providing external validation of the experimental data. The ice cores are 200 

precious and irreplaceable natural samples. Only a single specimen was tested for each condition, 201 

which is a widely recognized objective limitation in polar ice mechanical research. Single-specimen 202 

data may affect the statistical representativeness of the identified model parameters. However, this 203 

limitation does not affect the applicability of the proposed constitutive model and peridynamic 204 

framework. 205 

Compared to uniaxial experiments, triaxial experiments can more comprehensively simulate 206 

the stress conditions that ice experiences in real environments, particularly its behavior under 207 

underground multiaxial stress fields, which reflect the rheological properties, yielding behavior, and 208 
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fracture patterns of ice. Fig. 6 shows the triaxial stress-strain curves of the ice sample under different 209 

confining pressures and temperatures. In the initial phase of the stress-strain curve, the ice sample 210 

exhibits linear elastic deformation. The stress is proportional to the strain, indicating that the 211 

deformation of the ice is recoverable. As strain increases, the stress-strain relationship of the ice 212 

exhibits nonlinearity. The microstructure of the ice undergoes localized changes, with crack 213 

initiation or increased internal friction. After entering the softening stage, the curve shows a decrease 214 

in stress, which is less pronounced than in the uniaxial test due to the additional confining pressure. 215 

 216 

Fig. 6. Axial stress-strain curves of ice samples under different confining pressures and temperatures. (a) 217 

-10 ℃, (b) -15 ℃. 218 

 Fig. 7 presents the test results under various temperature and confining conditions. The 219 

enhancing effect of temperature reduction (from -10 °C to -15 °C) on peak strength is not uniform 220 

across all confining pressures, but increases significantly with increasing confining pressure. The 221 

specific increments at each confining pressure are as follows: at 1.0, 1.5, 2.0, and 2.5 MPa, the peak 222 

strength increments are -4.93%, 0.97%, 16.94%, and 27.41%, respectively, as shown in Fig. 7. This 223 

reveals a pattern in which the temperature effect is weak at low confining pressures and becomes 224 

pronounced at high confining pressures. 225 
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 226 

Fig. 7. Peak strength of ice samples affected by confining pressure and temperature. 227 

At low confining pressures (1.0 and 1.5 MPa), failure is dominated by tensile crack propagation. 228 

The 5 °C temperature difference produces limited changes in grain boundary strength and crack 229 

propagation resistance, resulting in a small temperature effect on peak strength, with differences 230 

between the two temperatures remaining within 5%. At high confining pressures (2.0 and 2.5 MPa), 231 

tensile crack propagation is suppressed and the deformation mechanism gradually transitions to 232 

shear sliding and viscous flow. Viscous deformation is more sensitive to temperature. Lower 233 

temperatures increase resistance to dislocation motion in ice crystals and significantly raise grain 234 

boundary viscosity, thereby substantially enhancing the overall load-bearing capacity. The 235 

strengthening effect induced by the temperature drop from -10 °C to -15 °C is more pronounced at 236 

high confining pressures, reaching a maximum increment of 27.41%. 237 

3.2 Failure pattern 238 

The ice samples exhibit a shear-tensile combined failure pattern under lower loading rates of 239 

1.44 and 2.54 mm/min, as shown in Fig. 8. The ice samples exhibit pure tensile longitudinal cracking 240 
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failure at higher loading rates of 3.31 and 4.79 mm/min. As the loading rate increases, the ice sample 241 

gradually transitions from shear failure to tensile failure. 242 

 243 

Fig. 8. Uniaxial compression failure pattern of Antarctic ice samples. 244 

Under low loading rates, the deformation process of Antarctic ice is slower, and time effects 245 

influence the crack propagation. Crack propagation is accompanied by shear deformation, where 246 

the internal structure of the ice gradually undergoes localized slipping and extension, resulting in a 247 

dominant role for shear failure. Under high loading rates, the deformation of the ice sample is 248 

primarily characterized by brittle failure, where the stress state of the ice rapidly accumulates, 249 

resulting in a dominant longitudinal splitting pattern as shown in Fig. 8 (c) (d). At this point, the 250 

strain energy of the ice sample is primarily released through longitudinal cracking. 251 

Fig. 9 shows the triaxial compression failure pattern of the Antarctic ice sample. The ice sample 252 

does not exhibit macroscopic through-cracks, except for some radial expansion observed on the 253 

outer surface. Under the effect of confining pressure, the external stress on the ice sample is evenly 254 
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distributed, reducing crack propagation along the main axis direction. As the confining pressure 255 

increases, localized compressive deformation occurs within the ice. These deformations gradually 256 

expand, causing dislocation or damage between the microstructure and the grains within the ice 257 

sample. The confining pressure suppresses crack propagation, making it more difficult for cracks to 258 

propagate along the central compression axis, which leads to a transition in the failure pattern of the 259 

ice sample from tensile failure to radial expansion. 260 

 261 

Fig. 9. Triaxial compression failure pattern of Antarctic ice samples. 262 

4 Discussion 263 

4.1 Rate-dependent constitutive model of Antarctic ice 264 

A constitutive model was developed to describe the deformation behavior of Antarctic ice. The 265 

model combines nonlinear elasticity with a generalized Maxwell element of linear springs and 266 

dashpots. The total stress is expressed as the sum of elastic and viscoelastic components. This allows 267 

the model to capture nonlinear elastic evolution and multi power-law viscoelastic mechanism. 268 

The constitutive model for Antarctic ice consists of a nonlinear spring in parallel with a 269 

generalized Maxwell body, as shown in Fig. 10. This coupling originates from the iso-strain 270 
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condition of the parallel rheological structure. The nonlinear spring and the Maxwell body share the 271 

same strain field: 272 

 ( ) ( ) ( )spring maxwellt t t  = =  (1) 273 

The parallel model follows the stress superposition principle. The total stress is given by: 274 

 ( ) ( ( )) ( ( ), ( ))     = + 
total spring maxwellt t t t  (2) 275 

 276 

Fig. 10. Parallel connection of nonlinear elasticity and generalized Maxwell elements. 277 

The iso-strain condition ensures kinematic compatibility between the two branches, which is 278 

the prerequisite for the coupling. The nonlinear spring describes the instantaneous recoverable 279 

elastic energy storage of ice, while the Maxwell element characterizes the rate-dependent viscous 280 

dissipation. The two branches are naturally coupled through the shared strain field, and the total 281 

stress is their sum. This is the standard mechanical assumption for parallel rheological models. The 282 

stress superposition is kinematically self-consistent and requires no additional constraint equations. 283 

The nonlinear elastic element uses improved Duncan-Chang model (Qiu & Peng, 2021; Shan 284 

et al., 2018; Zhang et al., 2022). The nonlinear stress-strain relation and its Taylor expansion are 285 

given as: 286 

 
2

0 1

2

2

 
  

 

+
=

+
= +

+
spr sin sg E E

d

a b c
 (3) 287 
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where 0sE   is initial elastic modulus, and 1

1  
= − 

 
s

b
d

a a
E   is nonlinear modulus, a   is 288 

instantaneous stiffness of ice at small strains, b   controls the weight of the linear term in the 289 

denominator. It reflects the activity of ice microdefects during initial loading, such as cracks and 290 

grain boundary sliding. Parameter c  governs strain softening at larger deformations. It corresponds 291 

to progressive softening caused by damage accumulation, including dynamic recrystallization and 292 

microcrack propagation. Parameter d   controls nonlinear elastic hardening. It reflects stiffness 293 

recovery due to lattice hardening or microcrack closure. 294 

Differentiating the nonlinear stress Eq. (3): 295 

 

( )

2 2

2
2

d 2

d

   

  

+ + −
=

+ +

a ad bd c

a b c

 (4)  296 

At the initial stage, as the strain approaches zero, the initial elastic modulus is given by:297 

 0
0

d 1
lim

d



→
= =sE

a
 (5) 298 

The nonlinear spring represents the instantaneous elastic deformation of ice. It serves as an 299 

instantaneous response unit, corresponding to the sharp stress rise at the early stage of loading. The 300 

Maxwell element acts as a delayed response unit. It describes the stress-strain evolution of rate-301 

dependent ice. 302 

The single Maxwell element consists of a linear spring and a dashpot connected in series. The 303 

constitutive relation for the linear spring and dashpot of the thk  Maxwell element is given by: 304 

  =ks k ksE  (6) 305 

   = 
kv k kv  (7) 306 

where kE  is the elastic modulus of the thk  Maxwell element, reflecting the energy storage capacity 307 

of the ice lattice. k   is the viscosity coefficient. ks   denotes the strain in the spring, and kv  308 
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denotes the strain in the dashpot. 309 

The stress equilibrium and strain decomposition of the Maxwell element are as follows: 310 

   = =k ks kv  (8) 311 

   = +ks kv  (9) 312 

By combining Eqs. (6), (7), (8), and (9) and differentiating with respect to time, the strain 313 

differential form of the thk  Maxwell element can be obtained: 314 

 
  

 
 

= + = +


kv ks kv
ks

k k kE
 (10) 315 

By defining the relaxation time / =k k kE  and rewriting the expression into a standard first-316 

order linear differential equation, the stress of the thk  Maxwell element can be obtained: 317 

 
1

( ) ( ) ( )  


+ = 
k k k

k

t t E t  (11) 318 

Both sides of Eq. (11) are multiplied by the integrating factor /
( )

 = kt
t e : 319 

 
/ / /1

( ) ( ) ( )
    


+ = k k kt t t

k k k

k

e t e t E e t  (12) 320 

 / /
)

d
( ) (

d

    =
 

k kt t
k ke t E e t

t
 (13) 321 

After integrating Eq. (13): 322 

 
/ /

0
( ) ( )  + Cd

     =  k k

t
t

k ke t E e  (14) 323 

With an initial stress of zero, the integration constant C=0 . 324 

 
/ / -( )/

0 0
d( ) ( ) = ( )d  

          − −
=  k k k

t t
t t

k k kt E e e E e  (15) 325 

Eq. (15) is the stress integral of relaxation kernel function for a single Maxwell element. 326 

To characterize the strain rate-dependent behavior of Antarctic ice, this model introduces 327 

nonlinear corrections to the dashpot component of the Maxwell element. These modifications 328 
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capture the dynamic effects associated with strain rate. 329 

 ( ) ( )/

0
( ) ( ) d

    − −
=   k

t m t
k kt E e  (16) 330 

where m  is the strain rate sensitivity exponent, which dynamically adjusts the dashpot resistance. 331 

The generalized Maxwell stress for multiple elements in parallel is given by: 332 

 ( )
1 0

( )/

1

( ) ( ) ( ) d
     − −

= =

 
=  =  

 
  k

m t
maxwell k k

k

n n

k

t

t t E e  (17) 333 

This model captures the strain-softening behavior of Antarctic ice by incorporating nonlinear 334 

elasticity and rate-dependent effects. The final constitutive equation is expressed as: 335 

 ( ) ( )/2

1
0 1

0
( ) ( ) d

      − −

=

 
= + +  

 
  k

m t
t

s k
k

n

st EE eE  (18)  336 

The constitutive Eq. (18) is discretized. In the temporal domain, it is expressed as: 337 

 
0

( 1)Δ , Δ
( 1)

 



−
= − =

− 
max min

it i t t
n

 (19) 338 

The strain rate is calculated using the central difference scheme: 339 
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 (20) 340 

The relaxation modulus kernel function of the generalized Maxwell body is discretized as: 341 
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The Maxwell integral is finally discretized as follows: 343 
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max el j
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w l
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i K i j t  (22) 344 

Parameters are identified by solving a regularized nonlinear least-squares problem using the 345 

Trust-Region-Reflective algorithm implemented via the lsqnonlin function in MATLAB: 346 
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2 2model exp

1

min ( ) ( )
N

i i

i

  
=

= − +p p p pF  (23) 347 

where 
model
i   is the model-predicted stress, 

exp
i   is the experimentally measured stress, N is the 348 

number of data points, and 610 −=   is the regularization coefficient. The regularization term is 349 

introduced to prevent overfitting and ensure numerical stability. The convergence tolerance is set to 350 

610−  and the maximum number of iterations is 100. 351 

The strain rate at each time step is approximated using a central difference scheme. The 352 

relaxation kernel ( , )K i j  is precomputed to improve computational efficiency. The initial values of 353 

the relaxation times are set at logarithmically equal intervals spanning four decades, so as to capture 354 

the viscoelastic response of Antarctic ice across different timescales. 355 

The identified parameter values are listed in Table 2 under four different strain rates. 356 

Table 2. Model parameter identification. 357 

Model 

parameters 

Strain rate of 

3×10-4 s-1 

Strain rate of 

5×10-4 s-1 

Strain rate of 

7×10-4 s-1 

Strain rate of 

1×10-3 s-1 

a 0.0037 0.0182 0.0135 0.0074 

b -0.5900 -2.6248 -2.0650 -1.1434 

c 120.39 168.24 151.58 40.55 

d 49.41 146.03 137.14 -99.11 

Es0 270.27 54.95 74.07 135.14 

Es1 56451.21 15947.79 21489.11 7487.37 

E1 10.061 10 10 100.39 

E2 10.058 10 10 100.02 

E3 10.054 10 10 100.28 

E4 10.049 10 10 100.35 

E5 28.872 10 10 100.35 

θ1 0.0003 0.0986 0.0873 1.183 
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θ2 0.0001 0.01 0.01 1.6063 

θ3 0.0001 0.001 0.001 0.9958 

θ4 0.0001 0.0001 0.0001 0.9786 

θ5 11.318 0.00001 0.00001 0.9502 

m 1.0 0.8 0.8 1.5 

4.2 Constitutive model validation 358 

To evaluate the proposed nonlinear generalized Maxwell constitutive model, axial compression 359 

test results of Antarctic ice under four different strain rates (3×10-4 s⁻¹, 5×10-4 s⁻¹, 7×10-4 s⁻¹ and 360 

1×10-3 s⁻¹) were analyzed. To highlight the advantages of the proposed model, the improved 361 

Duncan-Chang model (Qiu & Peng, 2021; Shan et al., 2018; Zhang et al., 2022) was used as a 362 

comparison. The proposed model demonstrated excellent fitting performance across all strain rate 363 

conditions, with coefficients of determination of 0.985, 0.983, 0.984, and 0.977, respectively, as 364 

shown in Fig. 11. 365 

Three error metrics are used to evaluate model prediction accuracy: 366 

(1) Coefficient of Determination 
2R : evaluates the goodness of fit of the model to the overall 367 

stress-strain curve: 368 
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 (24) 369 

A value closer to 1 indicates better agreement with the experimental curve. 370 

(2) Relative Error of Peak Stress peakRE : evaluates the prediction accuracy of peak stress: 371 

 100%

model exp
peak peak

peak exp
peak

RE
 



−
=   (25) 372 

(3) Maximum Relative Error at the steady-state stage ssMRE : evaluates prediction accuracy at 373 

the steady-state stage: 374 
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 376 

Fig. 11. Comparison of the stress-strain curves by the proposed model with uniaxial experimental results 377 

and the improved Duncan-Chang model. An enlarged local view is included, with the coordinate axes 378 

aligned with those of the main figure. (a) - (d): strain rates of 3×10-4 s⁻¹, 5×10-4 s⁻¹, 7×10-4 s⁻¹ and 1×10-379 

3 s⁻¹. 380 

The proposed model accurately captures the key features of the experimental results, including 381 

the initial elastic response phase, the gradual softening following peak stress, and the final steady-382 

state flow stage. At a strain rate of 5 × 10-4 s⁻¹, the proposed model reduces the maximum relative 383 

error (MRE) in the steady-state stage by 5.36 percentage points compared to the improved Duncan-384 

Chang model. Under high strain rates (1 × 10⁻³ s⁻¹), experimental observations reveal a brittle failure 385 
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mode characterized by an abrupt stress drop after peak stress, without a clear softening transition. 386 

The model accurately predicts the peak stress ( 3.52%peakRE  ) and reproduces the sudden stress 387 

drop associated with high strain rate fracture. 388 

4.3 Model characteristic analysis 389 

(1) Strain rate sensitivity 390 

To evaluate strain rate sensitivity of the proposed constitutive model, stress-strain curves are 391 

analyzed under eight strain rates, as shown in Fig. 12. As the strain rate increases from 2.5×10-5 s⁻¹ 392 

to 1×10-3 s⁻¹, the peak and residual stress increasing by 31.99% and 188.14%. 393 

At initial loading, the Maxwell stress is zero, and ice shows a purely elastic response: 394 
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2

0 1   = = +total spring s sE E  (28) 396 

As time progresses, the effect of Maxwell elements increases, resulting in a stronger strain-rate 397 

sensitivity. Ice shows different softening behaviors under different strain-rate ranges. At low strain 398 

rates (< 2 × 10-4 s⁻¹), ice softens quickly. At higher strain rates (> 6 × 10-4 s⁻¹), ice exhibits 399 

progressive softening. In the transitional strain-rate range, ice shows a mixed softening mode. With 400 

increasing strain rate, peak and residual strength of ice increase significantly, reflecting the strain-401 

rate strengthening effect of ice crystals. 402 
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 403 

Fig. 12. Axial stress-strain curves at different strain rates. 404 

The model accurately reproduces the mechanical response of ice during the strain-softening 405 

stage, and captures the deformation behavior of polar ice over different timescales. 406 

(2) Power law index of Maxwell element 407 

The strain rate exponent m  introduced in the power-law dashpot is physically rooted in the 408 

dislocation creep theory of ice crystals. The plastic flow of ice generally follows Glen's flow law 409 

(Glen, 1955): 410 

 nA =  (29) 411 

where n  is the stress exponent and A  is a temperature-dependent flow parameter (Goldsby and 412 

Kohlstedt, 2001). Rewriting this as a stress-strain rate relationship gives: 413 

 1/ 1
,n m m

n
   = =  (30) 414 

Therefore, m  is essentially the inverse of the stress exponent in Glen's flow law, reflecting the 415 

sensitivity of ice crystals to strain rate. 416 

To deeply clear the effects of power-law index m   in Maxwell element, we analyzed ice 417 
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mechanical behavior with m  ranging from 0.6 to 1.2 under a strain rate of 1 × 10-4 s⁻¹. Fig. 13 418 

shows theoretical stress-strain curves for different m  values. The peak stress exhibits a pronounced 419 

dependence on the power-law index, as m  increases from 0.6 to 1.2, the peak stress decreases by 420 

approximately 37.20%. When m  exceeds 0.8, the decline rate in peak stress slows markedly. The 421 

residual strength at 0.6=m  is 2.62 times higher than that at 1.2=m . Both the peak and residual 422 

strengths exhibit attenuation that follows a power-law relationship, as illustrated in Fig. 14. 423 

 424 

Fig. 13. Theoretical axial stress-strain curves corresponding to different power-law indices (m values). 425 

 426 

Fig. 14. Decay trends of peak and residual strengths. 427 
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The physical essence of the power-law index lies in its role in controlling the nonlinear 428 

coupling between stress and viscous strain, which directly influences the rate sensitivity of the 429 

Maxwell element. In the sub-linear regime ( 1m ), the viscous stress term m  is large and viscous 430 

dissipation is highly active. From a microscopic perspective, dislocation motion and grain boundary 431 

sliding participate fully in deformation. Strain energy is gradually dissipated through continuous 432 

viscous flow, making it difficult for cracks to accumulate sufficient elastic strain energy to drive 433 

propagation. The material therefore exhibits ductile deformation with gradual post-peak softening. 434 

At 1m =  , the dashpot degenerates into linear viscous flow, corresponding to steady-state creep 435 

governed by grain boundary diffusion. In the super-linear regime ( 1m ), the viscous stress term 436 

m  is small and viscous dissipation channels are suppressed. The contribution of dislocation motion 437 

and grain boundary sliding to strain energy consumption is reduced, and elastic strain energy 438 

accumulates rapidly at grain boundaries and defect sites. Once the local elastic strain energy exceeds 439 

the fracture toughness of ice, microcracks nucleate and propagate rapidly, producing brittle fracture 440 

behavior. 441 

4.4 Numerical implementation of Antarctic ice failure 442 

The constitutive model for Antarctic ice encounters key challenges in simulating drilling-443 

induced fractures with complex crack paths. To address the limitations of classical continuum 444 

mechanics in discontinuity modeling (Silling and Askari, 2005), peridynamics (PD) is adopted for 445 

numerical implementation. 446 

PD theory is a nonlocal approach that utilizes integral equations to describe the behavior of 447 

discontinuous region within a unified framework. This approach effectively avoids the singularities 448 

commonly encountered in differential equations at material discontinuities (Askari et al., 2008; 449 
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Javili et al., 2019; Silling, 2000), demonstrating excellent modeling capabilities and mechanical 450 

adaptability. Therefore, the proposed constitutive model is embedded within the PD framework to 451 

address ice borehole failure problems involving discontinuous damage. 452 

PD is a mechanical framework grounded in nonlocal theory, wherein a continuum is discretized 453 

into points. According to the nonlocal interaction, the PD motion can be written as (Silling, 2000): 454 

 ( ) ( ) ( )', , = +
x

H
x x t dV x tf bu  (31) 455 

where f   denotes the force function between material points, and is governed by the nonlinear 456 

spring and Maxwell element. H  defines the horizon domain. 457 

Since the constitutive model adopts a parallel structure of a nonlinear spring and a generalized 458 

Maxwell body, the total stress satisfies the superposition principle. The corresponding total bond 459 

force in the PD framework satisfies the same superposition: 460 

 nonlinear_spring Maxwellf f f= +  (32) 461 

This is the bond-level equivalent of the stress superposition in classical continuum mechanics, 462 

and its validity is guaranteed by the iso-strain condition of the parallel structure. 463 

The derivation is based on the plane strain assumption, in which the strain along the borehole 464 

axis (z-direction) is zero ( 33 0 =  ). Deformation occurs only within the two-dimensional cross-465 

section perpendicular to the borehole axis. Under the plane strain assumption, the three-dimensional 466 

strain energy density reduces to a two-dimensional form involving only the in-plane strain 467 

components 11 , 22 , and 12 . Since the bond-based PD framework is adopted, bond forces act 468 

only along the bond direction. The contribution of the shear strain component 12  to the bond stretch 469 

vanishes naturally under the bond-based PD assumption and does not appear explicitly in the strain 470 

energy expression. The strain energy density retains only the contributions of 11  and 22 . This is 471 
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a direct result of the bond-based PD framework under the plane strain assumption. 472 

(1) Nonlinear spring 473 

The strain energy density associated with the nonlinear spring constitutive relation Eq. (3) in 474 

classical continuum mechanics is given by: 475 

 2 3
0 1

0

1 1
( ) ( )

2 3



     = = + 
CCMW d E E  (33) 476 

The nonlinear constitutive relation is expanded in two dimensions as follows: 477 
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The nonlinear strain energy density is expanded in two dimensions as follows: 479 
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 (35) 480 

The parameter    governs the nonlinear Poisson effect, while 1E   controls the nonlinear 481 

modulus. If the Poisson effect is neglected ( 0 =  and 0 = ), the strain energy density degenerates 482 

to 2 2 3 30 1
11 22 11 22( ) ( )

2 3
   = + + +

E E
W  . Furthermore, when 1E   equals zero, the solution reverts to 483 

the classical linear elasticity. 484 

The potential energy function for the PD bond is as follows: 485 
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2
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( ) | |

2
=  xW c s s dAξ

H
 (36) 486 

Let ( )c s  in the above formula be a polynomial: 487 

 0 1( ) = +c s c c s  (37) 488 

where 0c  governs the linear elastic response, 1c  introduces nonlinear elastic behavior. In the two-489 

dimensional model, the bond stretch s  can be written in terms of strain components as: 490 
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 2 2
11 22cos sin    = = +rs  (38) 491 

Substituting Eq. (37) and (38) into Eq. (36) as follows: 492 
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 (39) 493 

Combining Eq. (35) and (39), and applying PD=CCMW W  , we obtain: 0

30

48
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E
c

h
  and 494 

1

31
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E
c

h
. 495 

The micro-modulus of the PD bond is obtained as a function of stretch: 496 

 0 1
0 1 3 3

48 32
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= + = +

E E
c s c c s s

h h
 (40) 497 

The nonlinear spring PD force is given as: 498 

 20 1
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48 32
( )
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E E
f c s s s s

h h
 (41) 499 

(2) Maxwell element 500 

The spring and dashpot in the Maxwell element are connected in series. The bond stretch s  is 501 

decomposed into elastic and viscous components: 502 

 e vs s s= +  (42) 503 

The elastic and viscous bond forces in the series Maxwell element are equal, giving the 504 

Maxwell bond force: 505 

 Maxwell e vf=f f=  (43) 506 

The linear spring of a single Maxwell element is embedded in PD, yielding the classical PD 507 

equation as follows: 508 

 
3

48
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= =e e

E
f cs s

h
 (44) 509 

The dashpot component of the Maxwell element, given by Eq. (7) corresponds in classical 510 
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continuum mechanics to the following dissipation power density: 511 

 CCM v

1
:

2
= P    (45) 512 

The viscous stress v  is given by: 513 

 v 2 (tr ) = +v v I    (46) 514 

Substituting Eq. (46) into Eq. (45) as follows: 515 
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where, v  denotes the shear viscosity, reflecting resistance to shear deformation; v  represents the 517 

bulk viscosity, characterizing dissipation associated with compression or expansion. 518 

Viscous effects are incorporated through the damping force vf  of the bond in peridynamics: 519 

 = 
v v vf d s  (48) 520 

where vd  denotes the equivalent viscous stiffness of the bond, s  is the time derivative of the bond 521 

stretch s . 522 

The dissipation power density of a bond as follows: 523 
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Integral of contributions from all bonds within the PD horizon: 525 
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 (50) 526 

Equating the PD dissipation power Eq. (50) with the classical continuum mechanics dissipation 527 

power Eq. (47) yields: 
3

24


= v

vd
h

. 528 

Thus, the Maxwell term in the PD equation as follows: 529 
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The damage is governed by the interactions of material points. If the bond stretch exceeds the 531 

critical scopes, their interaction force vanishes, marking the damage appearance. Then damage 532 

progressively accumulates, microcracks initially nucleate and gradually propagate, eventually 533 

coalescing into macroscopic cracks. 534 

The damage   is written as the ratio of broken bonds to total bonds within its horizon, ranging 535 

from 0 to 1. 536 
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 (52) 537 

The bond status is written by the following function: 538 
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The critical stretch 0s  is expressed in terms of the critical fracture energy 0G : 540 
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0
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2
x x

H H

cs
G w dV dV= = η ξ ξ  (54) 541 

The critical fracture energy of ice can be obtained either from direct experimental measurement 542 

or derived from the fracture toughness IK : 543 

 ( )
2

2
0 1IK

G
E

= −  (55) 544 

The integral expression for the critical fracture energy of a two-dimensional ice borehole is 545 

given by  (Silling and Askari, 2005; Xu et al., 2024): 546 
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The critical stretch for the two-dimensional ice borehole is therefore: 548 
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2
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0 4 4

4 4
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
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Substituting all of the above terms into the PD equation of motion Eq. (31), the complete PD 550 
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equation incorporating damage is obtained: 551 

 ( ) ( ) ( )( ) ( ), , ,nonlinear_spring Maxwell x
H

x x t t f f dV x t  = + +u ξ b  (58) 552 

The numerical solution of PD equations uses a meshfree method. The integration over the PD 553 

horizon is implemented through the following discretized scheme: 554 
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To address quasi-static problems, the adaptive dynamic relaxation (ADR) technique is 556 

implemented. This method introduces damping terms into peridynamic governing equations, as 557 

follows: 558 

 ( , ) ( , ) ( , , , )+ = t z tDU X DU X F U U X X  (60) 559 

where D   is virtual mass, z   denotes damping parameter, X   corresponds to initial positions, U  560 

denotes initial displacements, and F  includes both the PD interaction and the body force density. 561 

The acceleration vector is approximated using a finite difference of displacements through the 562 

explicit central difference scheme, as expressed below: 563 
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The velocity and displacement for the subsequent time step are determined by: 565 
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4.5 Ice borehole fracturing 568 

Ice borehole fracturing observed in polar drilling operations (Kuhl et al., 2021; Goodge et al., 569 

2021; Kudryashov et al., 2002; Vasilev et al., 2016; Talalay and Hong, 2021) are mainly caused by 570 
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overpressure and shock waves in the drilling fluid. Excessive pump pressure or fluid density may 571 

induce hydraulic fracturing at borehole wall due to stress concentration (Chen et al., 2019). When 572 

drill string is lowered quickly into the borehole, it pushes on the drilling fluid, causing the local 573 

pressure to rise fast. This sudden pressure change may exceed the strength of ice wall, leading to 574 

fractures and borehole instability. During the Rapid Access Ice Drill (RAID) test at Minna Bluff, ice 575 

fracturing was observed at drilling fluid pressures as low as 0.52 MPa (Talalay and Hong, 2021), 576 

highlighting the extreme sensitivity of ice to pressure fluctuations. 577 

The Antarctic ice constitutive relation was embedded into the PD equations to analyze borehole 578 

fracturing. The ice borehole is subjected to internal hydraulic and external horizontal loads. The 579 

loading rates and PD parameters are listed in Table 3. 580 

Table 3. PD parameters for ice borehole fracturing. 581 

Model parameters Values Unit 

Model domain  600 mm 

Borehole radius 50 mm 

Loading rate 1: hydraulic inside the hole 18.0 mm/min 

Loading rate 1: horizontal 9.0 mm/min 

Loading rate 2: hydraulic inside the hole 1.8 mm/min 

Loading rate 2: horizontal 0.9 mm/min 

Loading rate 3: hydraulic inside the hole 0.18 mm/min 

Loading rate 3: horizontal 0.09 mm/min 

Particle spacing 1.50 mm 

Horizon 4.52 mm 

Fracture Toughness 175 kPa·m0.5 

Eight particle spacings x  were tested: L/100, L/150, L/200, L/250, L/300, L/350, L/400, and 582 
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L/450, where L = 600 mm is the model size. Fig. 15 shows the displacement distribution under 583 

internal and external boundary loading rates of 18 and 9 mm/min respectively, with a borehole radius 584 

of 50 mm and a horizon of 3.015 x , PD numerical parameters as shown in Table 3. 585 

The results show that when the particle spacing is refined to L/300, the displacement field 586 

distribution stabilizes and further mesh refinement has negligible effect on the results. The particle 587 

spacing adopted in this study is L/400 (1.50 mm), which lies within the convergence range, ensuring 588 

computational accuracy while maintaining efficiency. 589 

 590 

Fig. 15. Displacement curves from the center of the hole under different particle spacings 591 

Fig. 16 illustrates the fracturing processes of ice boreholes under different loading rates, 592 

categorized into four groups: high rate (18.0 and 9.0 mm/min), medium rate (1.8 and 0.9 mm/min), 593 

low rate (0.18 and 0.09 mm/min), and extremely low rate (0.018 and 0.009 mm/min). The results 594 

indicate that higher loading rates lead to greater strain rates in the ice borehole and faster fracturing, 595 

with significant cracks forming in fewer steps (e.g., 80 steps). In contrast, lower rates result in slower 596 

fracturing, requiring more steps (200, 1000, and 10,000, respectively) to observe noticeable changes. 597 

As the number of time steps increases, the fracture patterns progressively develop and stabilize, 598 
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showing that the dynamic fracturing process of ice boreholes is highly dependent on both the loading 599 

rate and timescale. 600 

 601 

Fig. 16. Ice hole fracturing. (a) - (c): 40, 60 and 80 steps at internal and external boundary of 18.0 and 602 

9.0 mm/min, (d) - (f): 100, 200 and 400 steps at internal and external boundary of 1.8 and 0.9 mm/min, 603 

(g) - (i): 200, 1000 and 2400 steps at internal and external boundary of 0.18 and 0.09 mm/min, (j) - (l): 604 

1000, 2000 and 10000 steps at internal and external boundary of 0.018 and 0.009 mm/min. 605 
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The temporal evolution of damage (   ), instability (   ), and fragmentation (   ) 606 

areas under low loading rates, as shown in Fig. 17. The process can be divided into three stages: in 607 

the initial stage, the damage area increases first while instability and fracture areas remain stable; in 608 

the constant speed stage, damage continues to accumulate, instability begins to rise slowly, and 609 

fragmentation remains minimal; in the acceleration stage, the growth rate of instability increases 610 

markedly, accompanied by rapid fragmentation expansion. This three-stage evolution pattern 611 

indicates that the failure of Antarctic ice under low loading rates exhibits a pronounced cumulative-612 

accelerative time effect. Once damage builds up to a critical point, it sets off a series of instability 613 

and fragmentation events, leading to structural failure of the ice borehole. 614 

 615 

Fig. 17. Evolution process of damage, instability, and fragmentation area at internal and external loading 616 

rate of 0.18 and 0.09 mm/min. 617 

Fig. 18 shows the ratio of instability and fragmentation regions within the damaged under 618 

different loading rates. The highest loading rate (Rate 1) exhibits the fastest increase in instability 619 

proportion, which means that higher loading rates accelerate the instability development; the 620 
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instability growth rates for Rates 2 and 3 decrease, showing a clear rate dependence effect. 621 

Fragmentation occurring earlier under high loading conditions. The proportion of fragmentation 622 

goes down as the loading rate decreases. These findings show that higher loading rates leads to 623 

faster growth of instability and fragmentation within the damaged area. At the lower loading rate 3, 624 

the fragmentation ratio remains near zero throughout most of the loading process, indicating that 625 

the structural integrity of the borehole is maintained over a much longer period. 626 

 627 

Fig. 18. Ratio of instability and fragmentation regions to the damaged under different loading rates. 628 

The simulation results provide a quantitative basis for engineering recommendations regarding 629 

borehole pressure management. At the higher loading rate of 18.0 mm/min and 1.8 mm/min, 630 

significant macroscopic cracks appear within 60 and 200 steps, indicating rapid and catastrophic 631 

failure. In contrast, at the lower loading rate 0.18 mm/min, the damage evolution follows a 632 

pronounced three-stage pattern (Fig. 17): an initial stage where diffuse damage accumulates, a 633 

constant-speed stage where instability slowly develops, and an acceleration stage (after 2000 steps) 634 

where fragmentation rapidly expands. This three-stage behavior indicates that at the 0.18 mm/min 635 
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loading rate level, the ice borehole possesses a substantial damage buffer period before catastrophic 636 

failure, providing a critical time window for engineering intervention. 637 

Theoretical analysis indicates that ice borehole fracturing is influenced not only by static 638 

pressure differentials but also by dynamic pressure fluctuations. Based on the above analysis, it is 639 

recommended that the ice borehole wall loading rate be controlled at less than 0.18 mm/min during 640 

polar drilling operations. Specific measures include: controlling the drill string descent speed, 641 

optimizing the drilling fluid pump pressure, and implementing pressure buffering devices to 642 

suppress transient pressure fluctuations induced by percussive shocks, as observed in the Agile Sub-643 

Ice Geological (ASIG) drilling project (Kuhl et al., 2021). These measures ensure that the borehole 644 

remains in the damage accumulation stage rather than entering the instability or fragmentation stage, 645 

thereby preventing borehole fracturing and ensuring safe polar drilling operations. 646 

5 Conclusions 647 

This paper investigates the deformation and failure patterns of Antarctic ice through uniaxial 648 

and triaxial experiments conducted in a low-temperature laboratory, exploring the influence of 649 

loading rate, confining pressure, and temperature. We propose a constitutive model and analyze the 650 

failure characteristics of ice holes based on peridynamics. The conclusions are as follows: 651 

The mechanical properties of Antarctic ice exhibit significant environmental sensitivity. The 652 

peak strength changes linearly with the loading rates. From 1.44 mm/min to 4.79 mm/min, the 653 

ultimate compressive strength increases by 108.77%. The Antarctic ice samples' failure exhibits a 654 

shear-tensile composite failure. As the loading rate increases, the Antarctic ice gradually transitions 655 

from shear to tensile failure. 656 

A new constitutive model for Antarctic ice is proposed, effectively capturing strain-rate 657 
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sensitivity and time effects. Experimental results demonstrate that the model performs effectively 658 

over a wide range of strain rates, enhancing prediction accuracy by at least 5.36% compared to the 659 

improved Duncan-Chang model. 660 

The proposed constitutive model is incorporated into peridynamics, revealing the rate-661 

dependent behavior of ice borehole fracturing. High loading rates trigger rapid crack propagation, 662 

while low rates exhibit a typical three-stage damage accumulation. Suppressing pressure 663 

fluctuations and limiting the ice hole wall loading rate to less than 0.18 mm/min can delay damage 664 

and prevent borehole instability, providing guidance for safe drilling and structural design in polar 665 

and offshore engineering. 666 

Due to the scarcity of Antarctic ice core samples, only a single specimen was tested for each 667 

experimental condition. The ranges of strain rate and temperature are limited and do not cover the 668 

long-term creep regime. The constitutive model has not yet been extended to 3D stress states. The 669 

2D plane strain numerical model cannot capture axial damage propagation. Future work will focus 670 

on addressing these limitations, including establishing an Antarctic ice mechanics database through 671 

polar scientific expeditions, developing three-dimensional numerical models, and analyzing multi-672 

physics coupled effects. 673 
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Appendix A. Proof of thermodynamic consistency 686 

The Helmholtz free energy density   is adopted as the thermodynamic potential to verify that 687 

the constitutive model satisfies the Clausius-Duhem inequality. The total free energy density 688 

consists of the elastic stored energy and the stored energy of each Maxwell branch: 689 

 
1

( , ) ( ) ( )
n

ks spring k ks

k

      
=

= +  (A.1) 690 

where ks  is the strain in the spring of the kth Maxwell element. 691 

The free energy of the nonlinear spring is defined as the path integral of stress over strain: 692 
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Eq. (A.2) can be directly verified that: 694 

 
2

0 1 ( )
spring

s s springE E


   



= + =


 (A.3) 695 

The stored energy of the kth Maxwell spring is: 696 
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Taking the material time derivative of the total free energy Eq. (A.1) and applying the chain 699 

rule: 700 
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The first term represents the power input to the nonlinear spring, which is entirely converted 702 

into reversible stored energy. The second term represents the rate of energy storage in each Maxwell 703 

spring. 704 

The Clausius-Duhem inequality requires that the mechanical dissipation satisfies: 705 

 0D  = −   (A.7) 706 

Substituting the expression for  : 707 
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Substituting the stress superposition 
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n
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The spring  terms cancel, reflecting that the power input to the nonlinear spring is entirely 711 

equal to its free energy increment. The spring branch is strictly reversible and dissipation-free. The 712 

expression simplifies to: 713 
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k ks
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= −   (A.10) 714 

From the Maxwell strain decomposition   = +ks kv , taking the time derivative: 715 

 ks kv  − =  (A.11) 716 

Then 717 
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k kv
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This shows that the total dissipation power is strictly equal to the sum of the products of the 719 
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dashpot stress k   and dashpot strain rate kv   in each Maxwell element. The nonlinear spring 720 

contributes no dissipation, nor do the Maxwell springs. All dissipation arises entirely from viscous 721 

flow in the dashpots. 722 

Substituting the dashpot constitutive relation k kv k kv   = =  : 723 

 ( ) ( )
2

1 1

n n

k kv kv k kv

k k

D     
= =

=  =   (A.13) 724 

Since 0k   and 
2 0kv  , the total dissipation 0D   holds strictly for any strain history and 725 

at any time instant. 726 

Equality holds if and only if 0 ( 1, , )kv k n = =  , all dashpots are at rest. In this limit, the 727 

system degenerates into a purely elastic response, with the nonlinear spring and all Maxwell springs 728 

jointly carrying the load and no viscous flow occurring. This limiting case is fully consistent with 729 

physical expectations. 730 
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