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Abstract 12 

Subgrade frost heave is a persistent threat to railway operations in cold regions because 13 

it causes track misalignments and uneven support, potentially leading to safety risks. 14 

Thus, to actively mitigate frost heave, this paper proposes a novel ground-source heat 15 

pump (GSHP) system that uses shallow geothermal energy to heat frost-susceptible 16 

railway subgrade zones. The system comprises of vertical heat-collector pipes 17 

(evaporators), horizontally buried heat-supply pipes (condensers) and surface heat-18 

pump units. To demonstrate the system, a 20 meter test section was constructed on a 19 

high-speed railway and monitored over a winter period. Prior to installation, dynamic 20 

heat-load analysis showed that the expected maximum subgrade heat load was 1,183 21 

W/m with an average of 596 W/m. Therefore ten GSHP units rated at 1,200 W were 22 

installed at 2.0-m longitudinal spacing at a depth of 0.95 m.  An intermittent heating 23 

schedule of, 2.5 h ON / 0.5 h OFF was used, resulting in the heat-supply pipes 24 

maintaining a mean outlet temperature of 18.7 °C throughout the heating period. This 25 



resulted in frost depths being confined to 70–83 cm at the track center and 34–44 cm at 26 

the track shoulder.  No frost-heave displacement exceeding tolerance thresholds was 27 

detected. In contrast, for the subgrade section that remained untreated, the maximum 28 

frost depths reached 195 cm (track center) and 224 cm (shoulder center), and the 29 

maximum upward displacement of the track due to frost heave was 6.2 mm.  These field 30 

results demonstrate that GSHP-based active heating has the potential to substantially 31 

reduce frost depth, elevate minimum soil temperatures in the freezing zone, and reduce 32 

frost-heave-induced track irregularities. The approach offers a practical mitigation 33 

strategy for high-speed railways operating in severe cold regions. 34 

Keywords: subgrade frost heave; active heating; ground-source heat pump; frost depth; 35 

soil temperature; high-speed railway 36 

  37 



1. Introduction 38 

Seasonally frozen soils can undergo frost-heave displacement in winter, leading to 39 

differential settlement and cracking. On transport infrastructure, for example a railway, 40 

this deformation leads to track misalignments and may induce safety hazards such as 41 

fastener failure, thereby affecting rolling stock operation [1, 2]. Because track geometry 42 

for high-speed lines must be controlled to the millimeter scale, frost heave poses a 43 

persistent concern. 44 

Although frost-resistant measures such as graded gravel, full-section 45 

waterproofing layers, and cement-stabilization are widely applied, frost heave 46 

continues to be a principal cause of track irregularities in cold-region subgrades [3–5]. 47 

In northern China, high-speed railways managed by the Harbin, Shenyang, Beijing, 48 

Taiyuan, Hohhot, and Lanzhou Railway Bureaus collectively experience approximately 49 

5,000 frost-damaged sites each year. At these sites, frost heave as measured at the rail 50 

surface may reach nearly 20 mm, which is a significant threat to operations. The climate 51 

of Northeast China, strongly influenced by Mongolian–Siberian high pressure, features 52 

winters lasting 5–6 months with air temperatures reaching below –30 °C. Summers, 53 

under the influence of the southeast monsoon, are marked by heavy rainfall, while 54 

winters experience frequent snowfall and long accumulation periods [6]. As of February 55 

2025, the region has 23 high-speed railway lines either operating or under construction, 56 

totaling approximately 5,100 km. Frost-induced subgrade defects are widespread, and 57 

on some lines, such as the Harbin–Dalian high-speed railway, winter speed restrictions 58 

are common [7,8]. Thus, preventing frost-heave damage during the service phase 59 



remains a pressing challenge. 60 

Current maintenance relies mainly on indirect measures such as fastener 61 

adjustment or rail pad insertion/removal to restore track smoothness. Once frost damage 62 

exceeds allowable limits, however, direct remediation becomes necessary. Soil 63 

stabilization using cement, lime, or other additives can reduce the frost susceptibility of 64 

fills [9-11], but such measures are impractical after misalignments have arisen during 65 

operation. In terms of water control, capillary drainage structures have been developed 66 

[12], yet subgrades remain exposed to precipitation and surface infiltration. Because 67 

water and fine soil fractions are invariably present, frost heave remains an inherent risk 68 

in coarse-grained fills [13,14]. 69 

Temperature-based countermeasures include thermal insulation layers, slope 70 

protection, and insulation berms [15–17]. However, installing insulation layers in the 71 

upper subgrade requires ballast removal and subgrade cutting, leading to high costs 72 

[18,19]. Further, in the event of heavy precipitation, the presence of shallow 73 

groundwater, strong cold waves, and rapid temperature drops make frost damage  74 

difficult to eliminate. Therefore it often reoccurs. 75 

In recent years, transportation infrastructure agencies have developed a range of 76 

electrified, active temperature-control technologies [20–22]. These approaches embed 77 

heating elements into structures to increase temperature through active heat input. 78 

Applications now include energy pavements, energy tunnels, energy piles, and energy 79 

diaphragm walls. For pavements, active snow-melting systems employing electric 80 

heating materials (graphene, carbon fibers, stainless-steel wires) have been 81 



implemented on bridge decks, roadways, and airport runways [23–25]. Renewable-82 

energy-driven systems based on solar or geothermal sources have also been tested, 83 

raising pavement temperatures by 15–20 °C [26-28]. Similar heating methods have 84 

been deployed in underground structures, tunnel linings, and retaining walls, supported 85 

by standards such as ASHRAE guidelines, DB42T 1503-2019, and JGJ/T 438-2018 86 

[29–33]. 87 

The railway sector has likewise promoted active temperature-control technologies. 88 

For example, turnout snow-melting systems have been standardized (TB/T 3539-2018), 89 

and solar-driven refrigeration devices have been trialed for permafrost stabilization [34]. 90 

For subgrades, proposed strategies include electric heating rods [35], solar vacuum heat 91 

collectors [36,37], and ground-source heat pump systems with distributed exchangers 92 

[38,39]. These solutions have shown promise in general-speed railways with ballasted 93 

track, but their application to high-speed railways with ballastless track remains 94 

untested. 95 

To address this gap, we constructed a test section (DK413+80–DK413+100) on 96 

the Shenyang–Baishan high-speed railway incorporating a ground-source heat pump 97 

(GSHP) active heating system. A field experiment was conducted during the 2024–2025 98 

winter to evaluate its effectiveness in mitigating frost heave. 99 

2. General Design Considerations for a Geothermal Heat Pump 100 

System for Frost Heave Prevention 101 

A heat pump is a high-efficiency energy device that extracts low-grade thermal 102 

energy from the environment and upgrades it for heating. Its core components include 103 



a compressor, two heat exchangers (evaporator and condenser), and a throttle valve. 104 

Following the reverse Carnot cycle, the refrigerant undergoes evaporation at low 105 

temperature and pressure, absorbs ambient heat, and transforms into a low-pressure gas. 106 

This gas is compressed to raise its pressure and temperature, then condensed to release 107 

latent heat, returning it to the liquid state. After throttling, the refrigerant reverts to a 108 

low-pressure liquid, completing the closed cycle of heat collection, conversion, and 109 

release. 110 

Heat pumps offer two main advantages. First, they have a broad operating 111 

temperature range: evaporator cooling can reach as low as –40 °C, while condenser 112 

heating can exceed 90 °C, enabling operation in both extreme cold and hot conditions. 113 

Second, their coefficient of performance (COP) typically ranges from 3 to 5, meaning 114 

that 1 unit of input energy can deliver 3–5 units of heat. As a result, heat pumps are 115 

widely applied in residential and industrial heating and cooling, including air-source, 116 

water-source, ground-source, and multisource composite systems. Their efficiency and 117 

adaptability make them suitable for frost-heave prevention in traffic subgrades exposed 118 

to cold climates. 119 

However, transportation subgrades are typically long and exposed, with frost-120 

heave zones distributed over large distances. Large centralized heat pump units, while 121 

powerful, are poorly matched to subgrade heat demand: long-distance refrigerant 122 

piping incurs conductive and convective heat losses and results in pressure drop losses, 123 

reducing system efficiency. To overcome this mismatch, a dedicated subgrade-oriented 124 

GSHP system was designed (Fig. 1). Unlike conventional refrigerant–water secondary 125 



systems, this scheme adopts direct-expansion heat exchange, in which refrigerant 126 

pipelines are buried directly in soil. This eliminates intermediate heat-transfer losses 127 

and pump energy consumption, shortening the heat transfer chain. Each surface unit 128 

integrates a compressor, throttle, and monitoring/control components within a compact 129 

enclosure. 130 

 131 

Fig. 1. Ground-source heat pump system for railway subgrades: (a) schematic of the 132 

direct-expansion refrigeration cycle; (b) surface unit connected to vertical ground heat 133 

collectors (supply/red, return/blue); (c) opened surface unit showing compressor and 134 

control components. 135 

When selecting heat sources, geothermal, solar, and air energy are viable options. 136 

In this study, shallow geothermal energy was chosen for its stability, abundance, and 137 

ease of use. Near-surface geothermal resources are stratified: the top 10 m is usually 138 
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considered the temperature-varying layer which is affected by seasonal climate, while 139 

the layer at 10–20 m depth is the constant-temperature zone at the regional mean air 140 

temperature. Below this lies the warming zone controlled by the Earth’s geothermal 141 

gradient. The shallow layers are characterized by rapid energy recovery, reliable 142 

reserves, and no depletion risks, making them suitable for long-term operation. 143 

The GSHP application scheme for subgrades is shown in Fig. 2. Vertically buried 144 

heat collector pipes (evaporators) are placed in the foundation adjacent to the 145 

embankment, while heat-supply pipes (condensers) are horizontally embedded in frost-146 

susceptible subgrade zones. Surface-mounted heat pump units provide compression and 147 

circulation. In the longitudinal direction, a distributed layout is adopted, with systems 148 

evenly arranged along frost-prone sections. This distributed design ensures localized 149 

heat supply aligned with the thermal demand of subgrades common in cold regions. 150 

 151 
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 152 

Fig. 2. Distributed arrangement of the ground-source heat pumps: (a) 3D schematic 153 

diagram illustrating vertical collectors and horizontal supply pipes; (b) cross-sectional 154 

arrangement within the subgrade. 155 

3. Field deployment on a High-Speed Railway  156 

To validate the effectiveness of the proposed GSHP system under realistic 157 

conditions, a full-scale test was conducted on the Shenyang–Baishan high-speed 158 

railway in Northeast China. This section introduces the site conditions, climatic features, 159 

thermal demand analysis, and the design and construction of the experimental test 160 

section. The detailed instrumentation and monitoring program are also described. 161 

3.1 Environmental conditions and design scheme 162 

The Shenyang–Baishan high-speed railway, a section of the Shenyang–Jiamusi 163 

corridor, was designed for a maximum linespeed of 350 km/h. The total project length 164 

is 430.1 km, oriented east–west across the northeastern part of Liaoning Province and 165 

the southeastern part of Jilin Province (Fig. 3a). 166 

The test site is located in the Changbai Mountain region, which experiences a 167 

temperate continental monsoon climate with large seasonal variability. The mean 168 

annual temperature is approximately 1.7 °C, while the historical extreme minimum can 169 

fall to –40 °C. The maximum recorded temperature range reaches 70.4 °C. The 170 
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maximum frost depth is 1.98 m, while the design frost depth is 2.4 m. The average 171 

temperature in January can drop to –10 °C, and more than eight cold-wave events occur 172 

annually. Annual precipitation is approximately 1,000 mm, with snowfall contributing 173 

about 500 mm. It is common for snow accumulation on the ground to reach ≈2.0 m 174 

depth. The area belongs to the Songhua River catchment with dense surface drainage 175 

and abundant groundwater, thus providing highly frost-susceptible subgrade conditions. 176 

The DK413+50–DK413+100 section (128°E, 42.5°N) was selected as the field 177 

test site (Fig. 3b). The railway alignment passes through mountainous valleys and 178 

forested areas, where groundwater convergence and water exposure conditions are 179 

significant. The test section is composed of a dual-line embankment structure with a 5 180 

m track spacing, 13.6 m top width, and 4.3 m slope height. The trackbed consists of a 181 

composite, layered structure (Figure 3c):  182 

1. Surface layer: 0.4 m thick graded gravel with 3% cement to improving freeze–183 

thaw resistance;  184 

2. Frost-heave-resistant layer: a 1.8 m thick layer (Group A/B soil) and a transition 185 

layer 0.5 m thick (Group A/B soil);  186 

3. Main body layer: a 1.1 m thick layer (Group A/B/C soil with ≥30% sand for 187 

drainage);  188 

4. Gravel cushion: a 0.5 m thick layer with 20–40 mm particles, to block the 189 

capillary rise of water. 190 

Earthwork construction began in July 2023 and was completed in May 2024. 191 

Compaction was controlled between 93% and 97%. 192 



 193 

Fig. 3. Location and design of the field test section on the Shenyang–Baishan HSR: (a) 194 

geographical context; (b) full view of the test site; (c) cross-sectional structure of the 195 

layered subgrade. 196 

3.2 Meteorological conditions and frost-heave potential 197 

The winter season in the Changbai Mountains typically extends from early 198 

October to the end of March. The air temperature records from 2023 to 2024 exhibited 199 

three stages: a decreasing stage, a sustained low-temperature stage, and a rising stage 200 

(Fig. 4a). 201 
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 202 

Fig. 4. Meteorological conditions at the test site: (a) seasonal air temperature evolution; 203 

(b) frequency and intensity of cold-wave events.  204 

Cold-wave events were frequent and intense. The maximum daily air temperature 205 

drop was 15.2 °C, and the absolute minimum reached –34 °C. The monthly mean 206 

temperature in January was –14.3 °C. Cold waves were classified into three categories: 207 

Mild: –4 to –6 °C daily decrease; Moderate: –6 to –8 °C daily decrease; Severe: < –208 

8 °C daily decrease. 209 

As shown in Fig. 4b, severe cooling occurred 8 times during the decreasing stage 210 

(mid-November to early December 2023), 5 times during the sustained stage (late 211 

December to mid-January), and 7 times during the warming stage (early February to 212 

early March 2024). Thus, compared to other cold regions of Northeast China, the 213 

Changbai Mountain area experiences high-frequency, high-intensity severe cooling. 214 

Precipitation further aggravates frost risk. During autumn-to-early-winter 215 
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transitions and post-snowmelt, the subgrade moisture content is high. Severe cold-wave 216 

events interacting with water-saturated soil layers cause rapid frost propagation and 217 

frost heave under steep temperature gradients, differing from the slower freezing 218 

processes of milder regions. 219 

3.3 Heat load analysis 220 

To quantify thermal demand, the DeST building thermal environment toolkit [40] 221 

was employed. The subgrade was analogized to a building, discretized into 222 

microelements, and modeled dynamically. The DK413+100 cross-section was selected 223 

for calculation. 224 

Fig. 5 shows that heat load demand began in early November and lasted until mid-225 

April. The daily mean heat load peaked on January 12, about 7 days later than the 226 

coldest day (January 5), reflecting the soil’s thermal inertia. Over the freezing period, 227 

the maximum heat load reached 1,183 W/linear meter, while the mean load was 596 228 

W/linear meter. 229 

 230 

Fig. 5. Time series of daily heat load demand for the test subgrade, showing the 231 

relationship with air temperature. 232 
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The depth distribution is shown in Fig. 6. Heat demand decreases with depth, 233 

consistent with the geothermal gradient. More than 65% of the total heat load is 234 

concentrated within the near-surface frozen zone. At 1 January, the surface-layer 235 

demand reached 1,022 W/m, or ≈78% of the total. The heat demand below 1.5 m was 236 

minimal (≈13 W/m). These results confirm that shallow frost control is critical, and 237 

design should focus on mitigating heat loss in the upper subgrade. 238 

 239 

Fig. 6. Depth distribution of calculated heat load, highlighting concentration of demand 240 

within the frost-susceptible upper layers. 241 

3.4 Heat pump design and monitoring scheme 242 

A GSHP test section was constructed on the up-track between DK413+80 and 243 

DK413+100 (Fig. 7). Ten heat pump units were evenly distributed across 20 m, with a 244 

longitudinal spacing of 2.0 m. Each heat-supply pipe (HS1–HS10) was 6.0 m long and 245 

114 mm in diameter, and was buried horizontally at a depth of 95 cm below the subgrade 246 

surface, corresponding to 55 cm beneath the bottom of the surface layer. Each heat-247 

collector pipe (HC1–HC10) was 6.0 m long and 114 mm in diameter, and was vertically 248 
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installed 5 m outside the slope toe. 249 

The GSHP units were integrated within protective boxes measuring 0.5 × 0.5 × 250 

0.5 m. Each box housed two compressors, throttles, and monitoring/control units, and 251 

was mounted on a concrete platform 0.5 m from the slope toe. Considering that the 252 

mean subgrade heat load during the freezing period was 596 W/linear meter, the rated 253 

output of each pump was designed to be 1200 W, thereby meeting the expected heating 254 

demand. 255 

 256 



 257 

Fig. 7. Test section equipped with ground-source heat pumps: (a) field installation; (b) 258 

schematic of longitudinal and transverse layout. 259 

Monitoring covered both the operating performance of the heat pump system and 260 

the thermal response of the subgrade (Fig. 8). For the pumps, three thermistors were 261 

installed at the inlet, midpoint, and outlet of both the heat-supply and heat-collector 262 

pipes, labeled TS1-1 to TS1-3 and TC1-1 to TC1-3, respectively. For the subgrade, three 263 

instrumented cross-sections and one longitudinal section were arranged. Cross-section 264 

TE1 was located at HS4 (DK413+87), TE2 was placed midway between HS3 and HS4 265 

(DK413+86), and TE3 represented the untreated control subgrade 20 m away at 266 

DK413+60. At each cross-section, four temperature sensor chains were embedded: 267 

chains I and II were 6.0 m long and buried at depths of 50 cm and 75 cm, with five 268 

evenly spaced sensors at 1.5 m intervals; chains III and IV were 8.0 m long and buried 269 

at depths of 145 cm and 245 cm, with five sensors spaced at 2.0 m intervals. The sensors 270 

were numbered: A1–A4 for TE1, B1–B4 for TE2, and C1–C4 for TE3. 271 



In addition, a longitudinal section (TE4) was arranged between HS3 and HS4 at a 272 

lateral distance of 3.0 m from the slope toe. Ten thermistors (D1–D10) were buried at 273 

a vertical depth of 95 cm, corresponding to the burial depth of the heat-supply pipes, 274 

and were evenly spaced at 20 cm intervals. All sensors were high-precision thermistors 275 

with an accuracy of ±0.05 °C. Data were recorded automatically at 15 min intervals and 276 

transmitted wirelessly for storage and analysis. 277 

 278 

 279 

Fig. 8. Monitoring instrumentation plan: (a) cross-section at DK413+87 (TE1); (b) 280 

horizontal section at burial depth of 0.95 m. 281 

3.5 Subgrade construction and monitoring in the test section 282 

Subgrade construction began in September 2023. When the fill reached the target 283 

depth (55 cm below the surface layer), horizontal trenches (6 m × 20 cm × 20 cm) were 284 
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excavated to install conduits for the heat-supply pipes. Stainless steel conduits were 285 

laid, aligned, and backfilled with fine sand to protect against collapse (Fig. 9a–c). 286 

Trenches were then layered with frost-resistant soil for compaction. 287 

At the slope toe, a geological drilling rig excavated ten vertical holes (6 m depth, 288 

150 mm diameter, at 2 m spacing). Stainless steel conduits were inserted and backfilled 289 

with fine sand to improve heat exchange. After the base layers were complete in 290 

October 2023, surcharge preloading was performed. The surface layer was deferred 291 

until April 2024 (Fig. 9d), after which the prefabricated heat-supply and collector pipes 292 

were inserted into the conduits and filled with diathermic fluid to enhance thermal 293 

transfer (Fig. 9e–f). Five protective cabinets housing dual-pump systems were installed 294 

at 4 m spacing along the line, connecting heat pumps to the supply and collector pipes 295 

(Figure 9g–h). Subgrade filling and system installation was finished in May 2024 296 

(Figure 9i). 297 



 298 

Fig. 9. Construction of the test section: (a–c) trench excavation and pipe installation; 299 

(d) surface layer placement; (e–f) pipe insertion; (g–h) installation of protective 300 

cabinets with pump units; (i) completed system. 301 

Monitoring ran from May 2024 to May 2025. Based on optimization of the start–302 

stop ratio and heat load calculations, the pumps were operated intermittently at ‘2.5 h 303 

on : 0.5 h off’. The heating period spanned January 7 to March 3, 2025, corresponding 304 

to the coldest phase of winter in the lunar calendar. 305 

4. Thermal Regime and Frost Heave of the Common Subgrade 306 

Before evaluating the impact of active heating, it is necessary to establish a 307 

baseline of frost action in an untreated subgrade under the same environmental 308 

conditions. Thus, this section presents the observed soil temperature evolution, frost 309 

depth development and track deformation in the control section, thereby providing a 310 



benchmark for comparison with the heated test section. 311 

4.1 Soil temperature variation 312 

Fig. 10 shows the evolution of soil temperature in the untreated subgrade (cross-313 

section TE3) at depths of 50, 75, 145, and 245 cm between November 1, 2024, and 314 

April 1, 2025. The overall process can be divided into three distinct stages: rapid 315 

decrease, gradual decrease, and recovery. 316 

During the rapid decrease stage (early November to mid-December), cooling 317 

proceeded quickly as air temperature dropped. At 50 cm depth, sensors C1-1 to C1-5 318 

recorded cooling rates of ≈0.43–1.68 °C/d. At 75 cm depth (C2-1 to C2-5), the rates 319 

were lower, ≈0.19–0.22 °C/d. By December 15, the soil in the shoulder had cooled by 320 

10.68 °C, compared with 8.66 °C at the track center, indicating that the shoulder 321 

experienced more rapid thermal exchange due to its greater exposure. 322 

During the gradually decreasing stage (mid-December to early March), cooling 323 

slowed across all depths. However, temperatures near the slope surface still fluctuated 324 

synchronously with the air temperature, reflecting continued atmospheric influence. 325 

The minimum soil temperatures occurred between late February and early March. At 326 

50 cm depth, minima of –8.84 °C at the shoulder center and –3.77 °C at the track center 327 

were recorded. At 75 cm, the minimum values were –7.95 °C (shoulder center) and –328 

3.25 °C (track center). At greater depths, the minimums were –5.60 °C and –1.48 °C at 329 

145 cm, and –3.13 °C and +2.31 °C at 245 cm, respectively. These data confirmed that 330 

the shoulder zone cooled more rapidly and reached lower temperatures than the track 331 

center. 332 



During the recovery stage (late March to April), soil temperatures at all depths 333 

began to rise with increasing air temperature. Warming progressed from the surface 334 

downward, with upper layers responding first and deeper layers lagging behind. 335 

Horizontally, warming was faster near the shoulder, where external heating and lateral 336 

thawing accelerated the process. Once the thaw fronts moving downward from the 337 

surface and upward from the depth intersected, the seasonal freeze–thaw cycle ended. 338 

  339 

  340 

Fig. 10. Soil temperature evolution in the untreated subgrade (TE3) at depths of (a) 50, 341 

(b) 75, (c) 145, and (d) 245 cm. 342 

Fig. 11 provides spatial snapshots of the temperature field. At the beginning of 343 

freezing (January 5), the soil temperature at 10 cm depth was ≈ –4 °C, with frost depths 344 

of 103 cm at the track center and 126 cm at the shoulder center. By February 10, the 345 
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temperature at 10 cm depth had dropped to ≈ –8 °C, while frost penetration deepened 346 

further. By March 3, frost depths reached 174 cm (track center) and 199 cm (shoulder 347 

center), highlighting the greater vulnerability of the shoulder to cold penetration. 348 

 349 
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 355 

Fig. 11. Snapshots of soil temperature fields in the untreated subgrade (TE3) at different 356 
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winter stages: (a) January 5, 2025; (b) January 10, 2025; (c) January 20, 2025; (d) 357 

January 30, 2025; (f) February 20, 2025; (g) March 3, 2025. 358 

4.2 Frost depth development 359 

The temporal progression of frost depth in the untreated subgrade is shown in Fig. 360 

12. At the onset of freezing, the frost front propagated steadily downward in both the 361 

track center and shoulder. The average advancement rates were ≈1.4–1.7 cm/d, with 362 

daily maxima of 3.9 cm/d at the track center and 4.2 cm/d at the shoulder. The faster 363 

shoulder progression reflects its higher exposure to cold air on multiple sides. 364 

By late March, maximum frost depths had been reached: ≈195 cm at the track 365 

center and ≈224 cm at the shoulder center. Thus, these values exceeded the design frost 366 

depth of 2.0 m, confirming the severe freezing environment of the Changbai Mountain 367 

area. After early April, upward thawing began. The turning point occurred on April 3 at 368 

the track center and on April 6 at the shoulder, when frost fronts reversed direction. By 369 

April 9–10, both locations showed bidirectional thawing, with melting progressing 370 

from both the surface and depth toward the mid-layer. 371 

Because of snow cover, surface thawing lagged behind the upward migration of 372 

the frost front. Once surface thaw initiated, the thaw duration was short compared with 373 

freezing. The total frost duration was ≈153 days at the track center and ≈158 days at the 374 

shoulder. In contrast, thawing lasted only ≈9 days at the track center and ≈13 days at 375 

the shoulder. This asymmetry demonstrates the difficulty of frost control in this climate, 376 

where prolonged freezing dominates over a much shorter thawing phase. 377 



 378 

(a) 379 

 380 

(b) 381 

Fig. 12. Temporal development of frost depth in the untreated subgrade: (a) track center; 382 

(b) shoulder center. 383 

4.3 Track surface deformation 384 

Fig. 13 illustrates the frost-heave displacement of the untreated subgrade between 385 

November 2024 and April 2025. Prior to December, deformation remained within ±1 386 

mm, reflecting negligible frost activity while air temperatures were still moderate. 387 

However, after December, the combined effects of sharp air temperature drops and 388 

snowmelt infiltration initiated significant frost heave. 389 

As freezing progressed, track surface deformation increased continuously. By 390 
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mid-March, maximum frost heave reached ≈6.6 mm at the up-track center (DK413+160) 391 

and ≈5.2 mm at the down-track center. Both exceeded the frost-heave safety limit of 5 392 

mm specified in the Code for Design of Railway Subgrades. These exceedances 393 

highlight the severity of frost-heave risk under natural conditions in this region. 394 

The deformation pattern also displayed spatial variability. Shoulders generally 395 

experienced greater heave than the track center, consistent with their deeper frost 396 

penetration. Longitudinally, the amplitude varied between different monitoring points, 397 

reflecting heterogeneity in soil properties and water distribution. 398 

With the onset of spring, rising air temperatures initiated thawing. The heaved 399 

track surface gradually subsided, though the deformation release lagged behind the 400 

temperature rise due to the persistence of residual frozen layers at depth. The cycle 401 

confirmed that untreated subgrades in this environment cannot reliably maintain track 402 

geometry within safe limits throughout winter operation. 403 
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   405 

Fig. 13. Frost-heave displacement of the untreated track surface at selected monitoring 406 

points: (a) DK413+25; (b) DK413+60; (b) DK413+110; (d) DK413+160. 407 

4.4 Heat pump operation performance 408 

Fig. 14 presents the output temperature of the heat-supply pipes on February 1, 409 

2025, during intermittent operational heating. At start-up, the inlet temperature (T1-1) 410 

increased at ≈2.02 °C/min, while the outlet (T1-3) rose at ≈1.12 °C/min, demonstrating 411 

rapid thermal responsiveness. Along the pipe, the outlet temperatures were consistently 412 

lower than the inlet values, confirming efficient heat delivery to the surrounding soil. 413 

The mid-pipe fluid temperature (TS1-2) remained stable within 16.0–21.0 °C, 414 

smoothing fluctuations and serving as a reliable heat source. 415 

Daily output exhibited a minor diurnal pattern, with slightly higher efficiency 416 

between 11:00 and 16:00 due to solar radiation effects. However, the amplitude between 417 

the peak and trough was only ≈1.8 °C, indicating relatively stable performance. 418 
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 419 

Fig. 14. Real-time outlet and inlet temperatures of heat-supply pipes during intermittent 420 

operation (2.5 h on : 0.5 h off). 421 

Fig. 15 shows the long-term averages. After activation on January 8, the supply 422 

fluid temperature rose from ≈0 °C to 17.8 °C within four days (≈3.56 °C/d). Throughout 423 

the heating season, the fluid maintained an average of 18.7 °C, with a minima of 15.7 °C 424 

and a maxima of 22.2 °C. On January 18, the maximum outlet temperature reached 425 

37.6 °C, while the return was 24.8 °C, giving a gradient of 12.8 °C. Over the entire 426 

period, the inlet–outlet difference remained ≈7.8–14.3 °C, confirming consistent heat 427 

transfer to the subgrade. 428 
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 429 

Fig. 15. Daily average outlet temperatures of heat-supply pipes during the heating 430 

season.  431 

5. Thermal Regime and Frost Heave of the Heated Test Section 432 

The thermal and deformation responses of the GSHP-equipped subgrade were 433 

analyzed to assess the mitigation performance of active heating. Results from the 434 

directly heated zones, intermediate areas between pipes, and longitudinal profiles are 435 

presented, thus offering a comprehensive evaluation of the spatial and temporal effects 436 

of geothermal heating on frost penetration and track stability. 437 

5.1 Cross-section TE1 (with heat-supply pipe HS4) 438 

Fig. 16 presents the soil temperature variation at TE1, where heat-supply pipe HS4 439 

was embedded. Once the heat pumps began operation on January 7, 2025, the thermal 440 

regime at TE1 diverged significantly from that of the untreated subgrade. The strongest 441 

warming occurred in the upper layers closest to the pipe, while deeper layers 442 

experienced smaller and delayed temperature increases. For example, by January 30, 443 

the 50 cm depth sensors (A1-1 to A1-5) recorded temperatures of –1.22 to +0.17 °C, 444 
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whereas the corresponding untreated subgrade values at TE3 (C1-1 to C1-5) remained 445 

between –6.95 and –2.73 °C. Thus, active heating raised the soil temperature by ≈1.5–446 

6.1 °C, in some cases shifting the soil from frozen to unfrozen conditions. 447 

The spatial distribution of heating showed clear temperature gradients. At the same 448 

depth, positions near the pipe inlet warmed more strongly than those closer to the outlet, 449 

reflecting gradual attenuation along the flow path. On the slope surface, where 450 

preheating minimums had been between –5.6 and –1.4 °C, soil temperatures by March 451 

2 had risen to +0.9 to +4.8 °C, with only one position slightly below 0 °C (–0.7 °C). 452 

These results indicate that the system reduced low-temperature extremes and, in many 453 

locations, significantly mitigated frost-heave damage. 454 

  455 

  456 

Fig. 16. Soil temperature variation at TE1 (with supply pipe HS4) at depths of (a) 50, 457 
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(b) 75, (c) 145, and (d) 245 cm. 458 

Fig. 17 illustrates the resulting temperature field. Before heating, the subgrade 459 

exhibited a typical vertical thermal gradient with U-shaped isotherms and frost depths 460 

of 103 cm (track center) and 126 cm (shoulder center). Three days after heating 461 

commenced, an oval-shaped warm zone formed around the pipe, flattening isotherms 462 

and reducing frost depth to ≈90 cm. As heating continued, the minimum temperature at 463 

the bottom of the surface layer increased from –3.9 °C in the untreated subgrade to –464 

2.4 °C at TE1. By March 3, frost penetration was restricted to 70 cm at the track center 465 

and 34 cm at the shoulder center, representing reductions of ≈104 cm and ≈165 cm 466 

relative to the control. 467 

 468 

 469 

1.0

0.0

-1.0

-2.0

2.0

-3.0

3.0

-4.0

4.0

-5.0

-6.0

2 3 4 5 6 7 8 9 10

2.1

2.4

2.7

3.0

3.3

3.6

3.9

1.8

4.2

D
ep

th
(m

)

Horizontal distance(m)

(a)

1.0

0.0
-1.0

2.0

-3.0

0.0

3.0

2.0

-4.0

-1.0

-5.0

3.0

4.0

-6.0

-3.0

-7.0

-4.0

2 3 4 5 6 7 8 9 10

2.1

2.4

2.7

3.0

3.3

3.6

3.9

1.8

4.2

D
ep

th
(m

)

Horizontal distance(m)

(b)



 470 

 471 

 472 

 473 

3.0

3.0
0.0

-1.0

5.0

7.0

3.0

9.0

-3.0

11

13

0.0

-5.0

-1.0

15

2 3 4 5 6 7 8 9 10

2.1

2.4

2.7

3.0

3.3

3.6

3.9

1.8

4.2

D
ep

th
(m

)

Horizontal distance(m)

(c)

1.0

3.0

3.0
1.0

0.0

5.0

3.0

7.0

-1.0

9.0

11

-3.0

1.0

13

-5.0

0.0

15

-1.0

2 3 4 5 6 7 8 9 10

2.1

2.4

2.7

3.0

3.3

3.6

3.9

1.8

4.2

D
ep

th
(m

)

Horizontal distance(m)

(d)

1.0 3.0

3.01.0
5.0

0.0

7.0

3.0

-1.0

9.0

11

-3.0
-5.0

13

1.0 0.0

15

-1.0

2 3 4 5 6 7 8 9 10

2.1

2.4

2.7

3.0

3.3

3.6

3.9

1.8

4.2

D
ep

th
(m

)

Horizontal distance(m)

(e)

1.0

3.0

3.0

5.0

1.0

3.0

7.0

0.0

9.0

-1.0

11

-3.0

13

-5.0

1.0

15

0.0

0.0

2 3 4 5 6 7 8 9 10

2.1

2.4

2.7

3.0

3.3

3.6

3.9

1.8

4.2

D
ep

th
(m

)

Horizontal distance(m)

(f)



 474 

(g) March 3, 2025 475 

Fig. 17. Thermal regime at TE1 before and after heating, showing development of the 476 

warm plume. (a) January 5, 2025; (b) January 10, 2025; (c) January 20, 2025; (d) 477 

January 30, 2025; (e) February 10, 2025; (f) February 20, 2025. 478 

The frost depth time series (Fig. 18) confirms this process. Initially, frost depths at 479 

TE1 matched those at TE3, but following the heat pump activation they steadily 480 

decreased. Between January 7 and January 25, frost depth reduced at ≈1.6 cm/d at the 481 

track center and ≈2.7 cm/d at the shoulder, stabilizing thereafter at ≈78 and ≈66 cm, 482 

respectively. When spring arrived, the heated section thawed earlier than the untreated 483 

subgrade, completely melting ≈12 days sooner. Overall, heating not only restricted frost 484 

penetration but also accelerated the recovery of unfrozen conditions, with particularly 485 

strong benefits at the shoulder where natural frost penetration was deepest. 486 
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 487 

 488 

Fig. 18. Frost depth progression at TE1: (a) track center; (b) shoulder center. 489 

5.2 Cross-section TE2 (midpoint between adjacent pipes HS3 and HS4) 490 

Although TE2 was located midway between two adjacent pipes, where no direct 491 

heating element was installed, field data showed clear evidence of thermal influence 492 

due to lateral diffusion. For example, Fig. 19 shows that at 50 cm depth, soil 493 

temperatures increased by ≈0.2–4.4 °C across different lateral positions, following a 494 

temperature gradient away from the nearest pipe. At the track center, where the 495 

untreated soil remained at –2.7 °C, TE2 recorded values of –1.38 °C at 50 cm, –1.26 °C 496 

at 75 cm, +0.03 °C at 145 cm, and +3.7 °C at 245 cm, confirming that overlapping 497 

thermal fields extended protection to the inter-pipe zone. 498 
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  499 

  500 

Fig. 19. Soil temperature variation at TE2 (midpoint between HS3 and HS4) at depths 501 

of (a) 50, (b) 75, (c) 145, and (d) 245 cm. 502 

The thermal field in Fig. 20 reveals that while the strong elliptical heating plume 503 

observed at TE1 was absent, the isotherms at TE2 were nonetheless flattened, indicating 504 

a thermal-barrier effect. For example, on January 20, frost depths had stabilized at ≈87 505 

cm (track center) and ≈80 cm (shoulder center), far shallower than in the untreated 506 

section. Similarly, on March 3, frost depths remained limited to ≈83 cm and ≈44 cm at 507 

the track center and shoulder center, respectively, only slightly deeper than those at TE1. 508 

Thus, the design spacing of 2.0 m between pipes ensured sufficient overlap to prevent 509 

deep frost penetration. 510 
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 516 

 517 

Fig. 20. Temperature field at TE2, highlighting the overlapping protection zone 518 

between adjacent supply pipes. (a) January 5, 2025; (b) January 10, 2025; (c) January 519 

20, 2025; (d) January 30, 2025; (e) February 10, 2025; (f) February 20, 2025; (g) March 520 

3, 2025. 521 

Frost depth evolution (Fig. 21) also reflects the delayed but effective response. For 522 

example, because TE2 was located 1.0 m from the nearest pipe, frost depths continued 523 

1.0

1.0

3.0

0.0

-1.0-3.0

1.0

-5.0

0.0 -1.0

2 3 4 5 6 7 8 9 10

2.1

2.4

2.7

3.0

3.3

3.6

3.9

1.8

4.2

D
ep

th
(m

)

Horizontal distance(m)

(e)

1.0

2.0

3.0

1.0

0.0

-1.0

3.0

-2.0

2.0 1.0

-5.0

0.0

2 3 4 5 6 7 8 9 10

2.1

2.4

2.7

3.0

3.3

3.6

3.9

1.8

4.2

D
ep

th
(m

)

Horizontal distance(m)

(f)

1.0

3.0

1.0

0.0-1.0

3.0

-3.0

1.0

0.0

2 3 4 5 6 7 8 9 10

2.1

2.4

2.7

3.0

3.3

3.6

3.9

1.8

4.2

D
ep

th
(m

)

Horizontal distance(m)

-15 -13 -11 -9.0 -7.0 -5.0 -3.0 -1.0 1.0 3.0 5.0 7.0 9.0 11 13 15 17 19

(g)



to deepen briefly after January 7 before reversing on January 10 at the shoulder and 524 

January 14 at the track center. By early February, frost depths had decreased to ≈92 cm 525 

and ≈77 cm, respectively. Complete thawing occurred on April 10, ≈9 days earlier than 526 

in the untreated subgrade, but ≈3 days later than at TE1. These findings confirm that 527 

the proper design of pipe spacing enables stable thermal coverage without unprotected 528 

cold zones, though the response at intermediate locations lags slightly behind the 529 

directly heated sections. 530 

 531 

 532 

Fig. 21. Frost depth progression at TE2: (a) track center; (b) shoulder center. 533 

5.3 Longitudinal section TE4 (between adjacent pipes HS3–HS4) 534 

The thermal response along the longitudinal section TE4, midway between HS3 535 

and HS4 at 95 cm depth, further demonstrates the spatial interaction of heating fields. 536 
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Fig. 22 shows that prior to heating (November to early January), soil cooled gradually 537 

to ≈0 °C at a rate of ≈0.13 °C/d, with little variation across measurement points. After 538 

activation on January 7, temperatures rose rapidly. Within 10 days, the soil had warmed 539 

to ≈5.0 °C at 20 cm from the pipe, ≈3.0 °C at 40 cm, ≈1.8 °C at 60 cm, and ≈0.8 °C at 540 

80 cm, while the untreated soil at the same depth remained ≈ –1.7 °C. By January 19, 541 

the warming zones of HS3 and HS4 had fully overlapped, eliminating residual frozen 542 

segments between adjacent pipes. 543 

After this initial surge, the heating effects continued to accumulate more slowly. 544 

By March 3, soil temperatures had increased by +7.2 °C at 20 cm, +5.2 °C at 40 cm, 545 

+4.5 °C at 60 cm, +4.4 °C at 80 cm, and +4.0 °C at 100 cm relative to the preheating 546 

conditions. This demonstrates that thermal coverage between adjacent pipes was 547 

complete, with no harmful residual freezing. When the pumps were turned off in early 548 

March, temperatures declined quickly, reflecting both the effectiveness and the 549 

timeliness of the active heating response. 550 

  551 

Fig. 22. Soil temperature evolution along longitudinal section TE4 between (a) HS3 552 

and (b) HS4.  553 

The longitudinal thermal field in Fig. 23 further illustrates this progression. 554 
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Initially, the 0 °C isotherm had an undulating pattern, dipping between the two pipes, 555 

which indicated deeper frost penetration in the inter-pipe zone. As heating continued, 556 

the isotherm rose and gradually flattened, showing the merging of adjacent heating 557 

plumes. By March 3, the depth difference between the two pipe locations had narrowed 558 

from 25 cm to ≈10 cm, effectively eliminating the risk of differential longitudinal frost 559 

heave. Nevertheless, the observed variation between sections TE1 and TE2 suggests 560 

that in full-scale applications, designers should carefully adjust both pipe spacing and 561 

operational parameters to minimize temperature disparities and maintain track 562 

smoothness. 563 

 564 

 565 

2.0

1.0

0.0

-1.0

-2.0

-3.0

-4.0

3.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
1.8

2.1

2.4

2.7

3.0

3.3

3.6

3.9

4.2

深
度

(m
)

水平距离
Longitudinal position(m)

D
ep

th
(m

)

DK413+85DK413+84 DK413+86 DK413+87 DK413+88

(a)

3.0

2.0

1.00.0

-2.0

-4.0

2.0 2.0

1.8

2.1

2.4

2.7

3.0

3.3

3.6

3.9

4.2

D
ep

th
(m

)

 Longitudinal position(m)

DK413+85 DK413+86 DK413+87 DK413+88DK413+84

(b)



 566 

 567 

 568 

 569 

3.0

2.0 1.0
0.0

-2.0

4.0 4.0

-4.0

5.0 5.0

6.0
6.0

7.0

7.0

1.8

2.1

2.4

2.7

3.0

3.3

3.6

3.9

4.2

D
ep

th
(m

)

 Longitudinal position(m)

DK413+84 DK413+85 DK413+86 DK413+87 DK413+88

(c)

4.0

3.0 2.0
1.0

0.0
-2.0

4.0

4.0

-4.0

5.0 5.0

6.0

6.0
7.0

7.0

-6.0

4.0 4.0
1.8

2.1

2.4

2.7

3.0

3.3

3.6

3.9

4.2

D
ep

th
(m

)

 Longitudinal position(m)

DK413+84 DK413+85 DK413+86 DK413+87 DK413+88

(d)

4.0

4.0

3.0
2.0

1.0

0.0
-2.0

5.0 5.0

-4.0

6.0

6.0
7.0

-6.0

7.0

4.0
4.0

1.8

2.1

2.4

2.7

3.0

3.3

3.6

3.9

4.2

D
ep

th
(m

)

 Longitudinal position(m)

DK413+84 DK413+85 DK413+86 DK413+87 DK413+88

(e)

4.0

3.0 2.0
1.0

0.0
-2.0

5.0
5.0

6.0

6.0

-4.0

7.0

7.0

4.0
4.0

4.0

4.0 4.0
1.8

2.1

2.4

2.7

3.0

3.3

3.6

3.9

4.2

D
ep

th
(m

)

 Longitudinal position(m)

DK413+84 DK413+85 DK413+86 DK413+87 DK413+88

(f)



 570 

Fig. 23. Temperature field at longitudinal section TE4, illustrating merging of adjacent 571 

heating plumes and elimination of frozen zones. (a) January 5, 2025; (b) January 10, 572 

2025; (c) January 20, 2025; (d) January 30, 2025; (e) February 10, 2025; (f) February 573 

20, 2025; (g) March 3, 2025. 574 

6. Discussion and Recommendations 575 

The field results confirm that shallow geothermal energy, harnessed through 576 

ground-source heat pumps, can reduce frost heave on high-speed railway subgrades. 577 

Two main attributes of shallow geothermal energy make it especially suitable for this 578 

application. First, it is efficient, renewable, and environmentally benign, consistent with 579 

global goals of energy conservation and carbon reduction. Second, it is abundant and 580 

regionally adaptable. In mid-latitude areas such as Northeast China, where seasonal 581 

temperature differences are large, geothermal reserves can be readily used, with thermal 582 

energy stored in summer and recovered in winter. This gradient-based usage, when 583 

coupled with heat pump technology, reduces both energy transmission costs and the 584 

difficulty of adapting infrastructure to severe climatic fluctuations. 585 

However, for practical railway deployment, stakeholders are concerned not only 586 
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with effectiveness but also with long-term energy consumption and operational 587 

reliability. Field observations highlight three interrelated issues that must be addressed 588 

in future applications: 589 

Effectiveness. The primary criterion is the degree to which frost penetration and 590 

extreme subgrade temperatures can be controlled. At the tested site, frost depths at the 591 

track center and shoulder center were reduced from ≈195 and ≈224 cm in the untreated 592 

subgrade to ≈70 and ≈34 cm in the heated section (TE1). The low-temperature extremes 593 

were also moderated, with several layers maintained above 0 °C. These results 594 

demonstrate that an active heat supply can establish a “thermal barrier” and protect 595 

against the harmful effects of frost heave. In design practice, the positioning and spatial 596 

uniformity of this thermal barrier require particular attention. More specifically, 597 

optimizing the longitudinal spacing, burial depth, and heating capacity of supply pipes 598 

is critical to ensure uniform protection across both transverse and longitudinal sections. 599 

Energy efficiency. From the perspective of railway operators, energy savings are 600 

closely linked to cost-effectiveness. The tested system operated under an intermittent 601 

schedule (2.5 h on, 0.5 h off), maintaining stable outlet–inlet temperature differences 602 

of ≈7.8–14.3 °C and an average pipe temperature of ≈18.7 °C throughout the winter. 603 

This balance ensured adequate frost control while limiting unnecessary heat loss. In 604 

full-scale operations, it is recommended that the start–stop ratio be optimized 605 

dynamically based on real-time frost depth monitoring and climatic conditions. For 606 

severe frost events requiring rapid remediation, continuous operation may be justified; 607 

however, for long-term preventive operation, smaller start–stop ratios should be applied 608 



to achieve both protection and energy conservation. 609 

Reliability and durability. The long-term performance of the system depends on 610 

the stability of subsurface heat exchange and the robustness of equipment under 611 

extreme cold. Extended operation will inevitably lead to localized thermal saturation 612 

zones or soil heat buildup adjacent to heat-supply pipes, which may reduce efficiency. 613 

To mitigate this, materials with high thermal conductivity should be considered for 614 

backfilling between pipes and conduits, thereby enhancing heat dissipation into the 615 

surrounding soil. In addition, synergetic protection systems should be explored, 616 

combining external thermal insulation with internal heating. Such hybrid schemes 617 

would delay the infiltration of cold energy while reinforcing the protective barrier 618 

within the frost-susceptible zone of the subgrade. 619 

In summary, three key aspects should guide the design and implementation of 620 

subgrade heat pump systems: (1) effectiveness, achieved by controlling frost depth and 621 

extreme low temperatures through optimized system layout; (2) energy efficiency, 622 

ensured by adjusting operation schedules to minimize heat losses while maintaining 623 

adequate protection; and (3) long-term reliability, which depends on durable equipment, 624 

efficient heat diffusion, and integration with complementary thermal insulation 625 

measures. Addressing these aspects through continued research and field trials will be 626 

essential for translating pilot demonstrations into large-scale engineering practice. 627 

7. Conclusions 628 

This study conducted a full-scale field experiment on the Shenyang–Baishan high-629 

speed railway to evaluate the performance of a ground-source heat pump system for 630 



active frost-heave prevention in a seasonally frozen region of Northeast China. A 20 m-631 

long test section was constructed with horizontally embedded heat-supply pipes and 632 

vertically drilled collector pipes.  It’s thermal and deformation responses were 633 

compared against an untreated subgrade during the severe winter of 2024–2025. Based 634 

on the results, the following conclusions were drawn: 635 

1. Severity of natural frost action. The untreated subgrade in the Changbai 636 

Mountain region experienced frost depths of ≈195 cm at the track center and 637 

≈224 cm at the shoulder center, with extreme soil temperatures of –3.8 °C (track 638 

center) and –8.8 °C (shoulder) at 0.5 m depth. The frost duration exceeded 150 639 

days, and the maximum rail heave reached 6.6 mm, surpassing the allowable 640 

limit stipulated in high-speed railway standards. These observations confirm the 641 

inadequacy of conventional passive measures in such an environment. 642 

2. Heat pump effectiveness. The proposed geothermal heat pump system 643 

successfully established a thermal barrier within the subgrade. Under 644 

intermittent operation (2.5 h on : 0.5 h off), outlet–inlet temperature differences 645 

remained stable (≈7.8–14.3 °C), and the supply pipe maintained an average fluid 646 

temperature of ≈18.7 °C throughout winter. As a result, frost depths were limited 647 

to ≈70 cm (track center) and ≈34 cm (shoulder center) at TE1, while no harmful 648 

frost heave was recorded in the heated section. 649 

3. Spatial coverage and diffusion. Both directly heated sections (TE1) and 650 

intermediate zones (TE2 and TE4) exhibited substantial thermal improvement. 651 

Overlapping heat plumes between adjacent pipes prevented the formation of 652 



“thermal cold gaps”. Even at the midpoints between pipes, frost depths were 653 

suppressed to ≈83 cm (center center) and ≈44 cm (shoulder center), 654 

demonstrating that a pipe spacing of 2.0 m provided adequate protection. 655 

4. Implications for design and operation. The system not only reduced frost depth 656 

and moderated extreme temperatures but also advanced thaw onset in the heated 657 

section by ≈12 days relative to the control. To maximize performance while 658 

limiting energy use, operating schedules should ideally be optimized in real-659 

time based on climatic conditions and monitored frost development. Long-term 660 

reliability requires enhanced backfill thermal conductivity, prevention of 661 

localized heat accumulation, and possible integration with external insulation 662 

measures. 663 

5. Engineering significance. This study demonstrates, for the first time, that 664 

ground-source heat pump technology can be applied to ballastless high-speed 665 

railway subgrades to minimize frost-heave related deformation.  The approach 666 

provides a promising alternative to conventional passive measures, aligning 667 

with low-carbon and energy-efficient infrastructure goals. Further refinement of 668 

design parameters and long-term monitoring is necessary to enable broader 669 

implementation on transport systems in cold-regions. 670 
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