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Abstract  

To reveal the heave deformation characteristics and influencing factors of high-speed rail-

way subgrade–culvert transition section (SCTS) on expansive soil foundations under wa-

ter immersion, this study takes the Xi’an–Ankang High-Speed Railway as the engineering 

background. An in situ vertical swelling pressure test was conducted, and the equivalent 

thermal expansion coefficient was back-calculated based on the temperature–moisture 

equivalence theory. A three-dimensional numerical model was then established. The ef-

fects of immersion zone width, swelling potential, and immersion location were analyzed. 

The results show that, as the immersion center gradually deviates from the culvert center, 

the maximum subgrade heave deformation exhibits a non-monotonic trend of first de-

creasing and then increasing. When the immersion zone is locally distributed beneath the 

culvert, differential heave deformation of the SCTS is likely to occur. Gray relational anal-

ysis indicates that the maximum heave deformation is highly associated with both immer-

sion zone width and swelling potential, while the width of heave area is more closely 

associated with immersion zone width. In engineering practice, the immersion range of 

the foundation near the SCTS should be carefully controlled, and drainage, anti-seepage, 

waterproofing, and soil improvement measures should be adopted to reduce the risk of 

differential heave deformation. 

Keywords: expansive soil foundation; transition section; heave deformation; swelling  

potential 

 

1. Introduction 

Expansive soils are typical problematic engineering soils that exhibit significant 

swelling and shrinkage characteristics in environments with varying moisture [1,2]. With 

the continuous development of high-speed railway (HSR) construction in China, an in-

creasing number of railway lines inevitably pass through expansive soil [3]. Although en-

gineering measures such as excavation and replacement [4], physical improvement [5], or 

chemical stabilization [6] are frequently employed to treat expansive soil foundations, 
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deep-seated expansive soils or soft rocks may still undergo continuous deformation due 

to water migration during the service period, constrained by engineering investment, con-

struction conditions, and treatment depth [7–10]. Engineering cases have shown that even 

expansive soil foundations or weakly expansive mudstone can swell after immersion [11–

13], leading to railway subgrade heave and changes in track geometry. 

To investigate the subgrade heave deformation characteristics of expansive soil foun-

dations under water immersion conditions, existing studies have mostly relied on in situ 

tests to explore deformation evolution laws. For instance, scholars [14–18] conducted full-

scale in situ water immersion tests to systematically grasp the swelling characteristics and 

subgrade heave laws of expansive soil foundations. Furthermore, Duan et al. [19–21] car-

ried out scaled model tests on expansive soil foundations, revealing the transverse non-

uniformity of subgrade heave induced by foundation swelling and its bottom-up transfer 

and attenuation mechanisms. These works have provided valuable data to support the 

understanding of expansive deformation laws. However, limited by high costs, physical 

tests struggle to simulate multiple conditions, necessitating further analysis combined 

with numerical simulations. 

In terms of numerical simulation, Wang et al. [22,23] established a coupled FLAC3D-

PFC3D model to analyze the effect of foundation swelling on subgrade heave defor-

mation. However, the coupled finite element-discrete element method faces limitations in 

macro-scale engineering applications, such as difficulties in mesoscopic parameter cali-

bration and high computational costs [24]. In contrast, the finite element analysis method 

based on the temperature–humidity equivalence principle [25,26] offers the advantages of 

computational convenience and clear engineering objectives. Based on this method, Duan 

et al. [27] investigated the influence of foundation water immersion on the mechanical and 

deformation characteristics of ballastless track subgrades. The equivalent thermal expan-

sion coefficient is often calibrated using laboratory swelling pressure tests; incorporating 

in situ test results can provide better engineering representativeness. 

The subgrade–culvert transition section (SCTS) is prone to differential deformation 

during its service period due to significant stiffness discontinuities. Existing studies have 

investigated the effects of construction methods [28] and structural degradation mecha-

nisms [29] on the structural deformation of the SCTS, as well as the mitigating effects of 

auxiliary rails [30] and transition fills [31] on dynamic impact. Overall, current research 

primarily focuses on stiffness smoothing and dynamic response control under train loads 

[32]. However, studies on the heave deformation characteristics and primary controlling 

mechanisms of the SCTS structure under the direct water immersion of expansive soil 

foundations remain scarce. 

In summary, existing studies have revealed the heave deformation characteristics of 

expansive soil foundations under water immersion through in situ immersion tests, 

model tests, and numerical simulations. These studies provide an important basis for un-

derstanding the heave deformation of expansive soil foundations and its influence on rail-

way subgrade structures. However, most previous studies have focused on the defor-

mation response of expansive soil foundation under global or localized water immersion, 

while less attention has been paid to the heave deformation characteristics of the stiffness-

discontinuous SCTS under adverse water immersion conditions. In addition, the calibra-

tion of the equivalent thermal expansion coefficient in existing numerical simulations is 

mostly based on laboratory tests or empirical values, and field-based evidence from engi-

neering cases remains limited. The influence mechanisms of immersion zone width, swell-

ing potential, and immersion location on the heave deformation characteristics of sub-

grade–culvert transition sections still require further investigation. 

To address these issues, this study takes the subgrade–culvert transition section on 

the expansive soil foundation of the Xi’an–Ankang High-Speed Railway as the engineer-
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ing background. An in situ vertical swelling pressure test was conducted to obtain the 

engineering-scale swelling pressure response of the expansive soil foundation under field 

constraint conditions after water immersion. The measured response provided a data ba-

sis for calibrating the equivalent thermal expansion coefficient in the temperature–mois-

ture equivalence method. On this basis, the equivalent thermal expansion coefficient was 

back-calculated, and a three-dimensional finite element model of the high-speed railway 

SCTS on an expansive soil foundation was established. The effects of the equivalent ther-

mal expansion coefficient, immersion zone width, and immersion location on subgrade 

heave deformation were systematically analyzed. The results are expected to provide a 

reference for drainage, anti-seepage design, and foundation heave control of high-speed 

railway SCTS in expansive soil regions. 

2. Engineering Background and Design of the In Situ Test 

2.1. Engineering Background 

As shown in Figure 1, this study is based on the Xi’an–Ankang High-Speed Railway 

(HSR), which has a design speed of 350 km/h. The test site is located in the Ankang Basin, 

where expansive soils are widely distributed. The region has an average annual rainfall 

of 878 mm. Alternating high temperature and heavy rainfall induce intense wetting–dry-

ing cycles, resulting in frequent expansive-soil-related engineering problems. During con-

struction, obvious surface cracks (Figure 1c) and several shallow slope failures (Figure 1d) 

were observed. According to the geotechnical investigation report, thick expansive soil 

deposits are widely distributed along the railway alignment, as shown in Figure 1e. The 

measured free swelling ratio ranges from 19% to 58%, the montmorillonite content ranges 

from 11.6% to 23.5%, and the cation exchange capacity ranges from 172 to 273 mmol/kg. 

According to the classification criteria in the Chinese railway design code TB 10025-2019 

[33], the investigated soil can be classified as weakly to moderately expansive soil. 

Affected by the swelling–shrinkage characteristics of the expansive soil, local water 

infiltration can readily induce pronounced differential heave deformation in the SCTS be-

cause of its discontinuous stiffness, thereby seriously threatening the track smoothness 

and operational safety of the HSR. To investigate the swelling response of the expansive 

soil foundation under localized fully immersed conditions and to provide reliable physi-

cal calibration parameters for subsequent structural deformation analysis, an in situ ver-

tical swelling pressure test was designed and conducted in this study. 
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Figure 1. Engineering background of the test site: (a) geographical location of the test area; (b) topo-

graphic map of the Ankang Basin and the test site; (c) fissured expansive soil; (d) shallow landslide 

in expansive soil observed during construction; (e) soil layer distribution at the test site. 

2.2. Design of the In Situ Vertical Swelling Pressure Test of Expansive Soil Foundation 

The vertical swelling pressure induced by water immersion in the expansive soil 

foundation of the test area provides an important parameter for the numerical simulation 

of water-immersion-induced foundation heave. Compared with free swelling ratio tests 

or laboratory swelling pressure tests, the in situ test better represents the actual boundary 

conditions of the foundation and can simultaneously reflect the effects of the water con-

tent of undisturbed soil and the immersion process on heave deformation characteristics. 

As shown in Figure 2a, the in situ vertical swelling pressure test site had a planar 

dimension of approximately 6 m × 5 m and was formed by excavating the expansive soil 

foundation to a depth of 0.3 m. The water immersion zone was located at the center of the 

site, where a 0.707 m × 0.707 m steel plate was placed as the loading plate, and the de-

signed immersion depth was 3 m. Controlled loading was achieved using a reaction sys-

tem assembled with a hydraulic jack. As shown in Figure 2b, undisturbed expansive soil 

samples at different depths were collected by drilling before and after the test, and their 

water contents were determined using the oven-drying method. The specific testing pro-

cedures were as follows: 

1. Site leveling and immersion pipe installation. As shown in Figure 2c, five 3 m-deep 

holes, as illustrated in Figure 2b, were drilled in the excavated and leveled site. Inter-

connected water pipes were then inserted, and the gaps between the pipes and the 

boreholes were filled with gravel. The water pipes were perforated in advance to 

allow water discharge from the pipes and infiltration into the surrounding soil. 

2. As shown in Figure 2d, four earth pressure cells were installed, followed by backfill-

ing with fine sand. 
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3. According to Figure 2a,e, the loading plate was first placed over the test area, fol-

lowed by the installation of the hydraulic jack and the arrangement of the main and 

secondary steel beams. Concrete blocks were then stacked to provide the counter-

weight reaction force. 

4. As shown in Figure 2f, four dial gauges were installed at the four corners of the loading 

plate. At this stage, the test setup was completed. 

5. During the test, water was continuously supplied to the immersion system through 

a water tank. Meanwhile, the readings of the earth pressure cells were recorded, and 

the stroke of the hydraulic jack was adjusted in time according to the dial gauge read-

ings, ensuring that the vertical swelling pressure of the foundation and the reaction 

force of the jack remained coordinated. 

 

Figure 2. In situ vertical swelling pressure test: (a) test design; (b) water content test before and after 

the test; (c) installation of the water immersion pipe; (d) layout of earth pressure cells; (e) installation 

of the reaction frame; (f) installation of the hydraulic jack.  

2.3. Results of the In Situ Vertical Swelling Pressure Test 

The variation in the water content of the foundation soil with depth, measured from 

borehole samples before and after the test, is shown in Figure 3a. Before water immersion, 

the natural water content of the site soil mainly ranged from 15% to 20%. After continuous 

water injection, the water content of the shallow soil layer at depths of 0–1.5 m increased 

significantly, reaching a maximum of approximately 25–27%. This indicates that the de-

signed sand-filled water-injection holes effectively promoted the downward infiltration 

of water. However, below a depth of 1.5 m, the increase in water content gradually de-

creased, and the curve nearly coincided with the initial water content curve below 2.0 m. 
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This depth-dependent decrease in water content increment after the immersion test re-

flects the low permeability of overconsolidated expansive soil and further indicates that 

moisture diffusion had reached a dynamic equilibrium in the later stage of the test. 

The results of the in situ vertical swelling pressure test are shown in Figure 3b. The 

monitoring results of SP1–SP4 indicate that the readings of all earth pressure cells gener-

ally exhibited an “S-shaped” increasing trend with immersion time, which can be divided 

into three stages: initial response, rapid growth, and final stabilization. At the early stage 

of immersion, the water content of the soil gradually increased, and the swelling pressure 

increased slowly. As water further infiltrated into the soil, the water-absorption swelling 

of the expansive soil intensified, leading to a rapid increase in earth pressure. When the 

water-content state and boundary constraints of the soil gradually became stable, the earth 

pressure readings entered the stabilization stage. 

The in situ vertical swelling pressure test was affected by the heterogeneity of the 

field strata and the loading boundary conditions; therefore, the readings of the earth pres-

sure cells at different locations showed certain differences. The possible reasons are as 

follows: (1) the water content, pore structure, crack development, and distribution of ex-

pansive clay minerals in the test area were spatially heterogeneous, resulting in asynchro-

nous water-absorption swelling processes and swelling pressure development at different 

locations after immersion; (2) the lateral constraint conditions of the soil around the load-

ing plate varied. When the lateral constraint was relatively strong, the lateral deformation 

of the soil beneath the loading plate was restricted, resulting in a relatively large vertical 

swelling pressure. In contrast, when the lateral constraint was relatively weak, the soil 

was able to deform laterally more sufficiently, resulting in a relatively small vertical swell-

ing pressure; and (3) it was difficult to ensure complete coincidence between the center of 

the jack and the center of the loading plate. Eccentric loading may have caused a slight 

inclination of the loading plate, leading to differences in the stress states of the earth pres-

sure cells at different locations. 

 

Figure 3. Results of the in situ test: (a) variation in water content before and after the test; (b) varia-

tion in vertical swelling pressure. 

Under the combined influence of the above factors, the final stable reading of SP2 

was significantly lower than those of SP1, SP3, and SP4, and deviated from the stable read-

ing group formed by the other three earth pressure cells. Considering that the subsequent 

calibration of the equivalent thermal expansion coefficient requires a representative verti-
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cal swelling pressure of the expansive soil foundation beneath the loading plate, SP2 was 

treated as a local anomalous reading and was not included in the calculation of the repre-

sentative value. Finally, the average value of the stable-stage readings of SP1, SP3, and 

SP4 was taken as the in situ vertical swelling pressure. The vertical swelling pressure of 

the expansive soil foundation in the test area was determined to be approximately 61.5 

kPa, which was used as the calibration value for the subsequent numerical analysis. 

3. Numerical Simulation of Subgrade Heave Deformation in the  

Subgrade–Culvert Transition Section 

3.1. Simulation Theory of Expansive Soil Swelling Characteristics Based on Thermo-Mechanical 

Coupling Analysis 

The moisture-induced swelling of expansive soil is essentially governed by varia-

tions in water content and matric suction. In this study, all numerical simulations were 

performed using ABAQUS 2020. To simulate volumetric swelling induced by moisture 

variation in general-purpose finite element software, this study adopts a temperature–

moisture equivalence approach. This approach is based on the mathematical similarity 

between the governing equation of unsaturated seepage and the heat conduction equa-

tion. Accordingly, the moisture field can be equivalently represented by a temperature 

field. In this way, the moisture-induced swelling strain can be simulated by thermal ex-

pansion strain. The transient seepage continuity equation for unsaturated soil based on 

Darcy’s law is given in Equation (1), and Fourier’s heat conduction equation is given in 

Equation (2): 

w w w w

x y z w

h h h h
k k k C

x x y y z z t

          
+ + =    

          
 (1) 

x y z V

T T T T
C

x x y y z z t
   

          
+ + =    

          
 (2) 

where hw is the matric suction head; ki (i = x,y,z) is the permeability coefficient in each 

direction; Cw is the specific water capacity; t is time; T is temperature; λi (i = x,y,z) is the 

thermal conductivity in each direction; ρ is density; and CV is the specific heat capacity. 

A comparison between Equations (1) and (2) shows that the two equations have 

highly similar mathematical forms. Therefore, the equivalence between the moisture field 

and the temperature field can be established through parameter mapping. The swelling–

shrinkage deformation of expansive soil induced by moisture variation can be expressed 

by Equation (3), while the deformation induced by temperature variation can be calcu-

lated using Equation (4): 

w

ij ij w ijC h w   =  =   (3) 

T

ij ij T  =   (4) 

where 
w

ij  is the swelling strain caused by the change in water content; β is the mois-

ture-induced swelling coefficient; δij is the Kronecker delta; Δh is the change in matric suc-

tion head; Δw is the change in water content; 
T

ij  is the strain induced by temperature 

change; α is the thermal expansion coefficient; and ΔT is the temperature change. 

In the numerical simulation, the thermal expansion strain is assumed to be equivalent 

to the moisture-induced swelling strain. By equating Equations (3) and (4), the following 

relationship can be obtained: 
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w

T





=


 (5) 

In this study, the expansive soil was assumed to have the same swelling potential in 

the three principal directions. The equivalent thermal expansion coefficient α obtained 

from Equation (5) was then introduced into the thermo-mechanical coupling module of 

ABAQUS. By prescribing a temperature change, the moisture-induced swelling defor-

mation of expansive soil was equivalently represented by thermal expansion strain, so as 

to simulate the heave deformation of expansive soil foundations induced by wetting [34]. 

3.2. Calculation of Equivalent Thermal Expansion Coefficient 

To back-calculate the equivalent thermal expansion coefficient, a three-dimensional 

calibration model corresponding to the in situ vertical swelling pressure test was first es-

tablished. As shown in Figure 4a, the model dimensions were 16 m × 15 m × 5 m. A 0.3 m 

excavation was introduced in the central area to reproduce the field test condition. The 

immersion-swelling zone was located at the center of the model, with a planar size of 0.707 

m × 0.707 m and an immersion depth of 3 m. Concrete support areas for the reaction sys-

tem were arranged on both sides of the central test area. 

 

Figure 4. Calibration procedure for the equivalent thermal expansion coefficient: (a) schematic 

model; (b) mesh of the model. 

The finite element modeling and calculation were conducted using the general-pur-

pose finite element software ABAQUS (version 2020). The mesh configuration of the 

model is shown in Figure 4b. The expansive soil was described using the Mohr–Coulomb 

model, and its parameters were determined based on laboratory tests conducted accord-

ing to the relevant Chinese national standards. The elastic modulus, Poisson’s ratio, den-

sity, cohesion, and internal friction angle of the expansive soil foundation were set as 12 

MPa, 0.30, 1900 kg/m3, 27 kPa, and 15°, respectively. 

Normal displacement constraints were applied to the lateral and bottom boundaries 

of the model. A load of approximately 6 kPa, corresponding to the self-weight of the load-

ing plate and jack, was applied to the surface of the immersion-swelling zone. A load of 

approximately 67.5 kPa, corresponding to the self-weight of the reaction system, was ap-

plied to the concrete support areas. After the geostatic stress equilibrium was established, 

the water-content fields before and after immersion were equivalently converted into the 

initial temperature field and the elevated temperature field, respectively. A uniformly dis-

tributed constraining load of 61.5 kPa was then applied to the surface of the immersion 

zone. 
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The equivalent thermal expansion coefficient was determined through an iterative 

calibration procedure. Specifically, the thermal expansion coefficient was gradually ad-

justed until the vertical displacement of the immersion-swelling zone approached zero 

under the applied constraining load. The corresponding thermal expansion coefficient 

was then taken as the equivalent thermal expansion coefficient. The calibrated reference 

equivalent thermal expansion coefficient was determined to be 7.228 × 10−4 °C−1. 

3.3. Three-Dimensional Finite Element Model of the Subgrade–Culvert Transition Section on an 

Expansive Soil Foundation 

The numerical model was established based on the typical double-track railway sub-

grade structure specified in the design code in China [35]. The subgrade was 3.0 m high 

and 13.8 m wide at the surface, with a side slope gradient of 1:1.5 and a center-to-center 

track spacing of 5.0 m. The surface layer of the subgrade bed was 0.7 m thick, and the 

bottom layer was 2.3 m thick. To minimize the influence of lateral boundary constraints 

on the calculation results, the total length and width of the model were set to 100 m and 

42.8 m, respectively. The culvert was located at the middle of the model, with its centerline 

50 m from either longitudinal end of the model, and was arranged orthogonally to the 

subgrade. The culvert was 2.3 m high and 3.0 m wide, with a uniform thickness of 0.2 m 

for the roof slab, floor slab, and sidewalls. The SCTS was arranged in an inverted trape-

zoidal form, with a bottom width of 2.0 m, and the connection slope between the SCTS 

and the ordinary subgrade was 1:2. Based on the geological survey data, the foundation 

was modeled as a 10 m-deep expansive soil layer. The established numerical model is 

shown in Figure 5. 

 

Figure 5. Three-dimensional finite element model of a high-speed railway subgrade–culvert transi-

tion section on an expansive soil foundation. 

The model was discretized using C3D8 elements. To improve computational accu-

racy while maintaining computational efficiency, the mesh was refined near the culvert 

and appropriately coarsened in areas far from the culvert. The mesh distribution was op-

timized through several trial calculations, and the final model contained 32,330 elements 

and 39,624 nodes. Surface-to-surface contact was adopted between the culvert and the 

surrounding fill. The normal behavior was defined as hard contact, and the tangential 

behavior was simulated using the penalty formulation with a friction coefficient of 0.3. 
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Normal displacement constraints were applied to the bottom and lateral boundaries of 

the model. 

In terms of material assignment, the bottom layer of the subgrade bed was filled with 

Group A fill material, while the transition section was filled with graded crushed stone 

mixed with 3% cement. The surface layer above the bottom layer was filled with graded 

crushed stone, whereas the surface layer above the transition section was filled with 

graded crushed stone mixed with 5% cement. The culvert was constructed with C35 con-

crete. Because this study focuses on the heave deformation characteristics of an expansive 

soil foundation after water immersion, the time-dependent constitutive evolution gov-

erned by water-content variation during the wetting process was not considered. There-

fore, the subgrade fill and expansive soil foundation were both defined using the Mohr–

Coulomb model. The constitutive models proposed by Zhao et al. [36–38] may provide 

useful references for future investigations of the deformation and stress state of railway 

subgrades under long-term service conditions. The culvert was simulated using a linear 

elastic model. 

The parameters of the fill materials listed in Table 1 were determined by comprehen-

sively referring to the studies of Deng [39] and Cai [40], whereas the parameters of the 

expansive soil were obtained from laboratory tests conducted according to the Code for 

Soil Test of Railway Engineering (TB 10102-2010) in China [41]. 

Uniformly distributed loads were applied to the subgrade surface to represent the 

self-weight of the track structure and the fill between the two tracks. The load induced by 

the self-weight of the track structure was 17.3 kN/m2, with a distribution width of 3.4 m, 

while the load induced by the fill between the two tracks was 10.7 kN/m2, with a distribu-

tion width of 1.6 m. 

Table 1. Main material parameters of the numerical model. 

Material E/MPa ν ρ/(kg·m−3) c/kPa φ/(°) 

Graded  150 0.30 2200 75 25 

Graded crushed stone and 3% cement 180 0.30 2200 75 27 

Graded crushed stone and 5% cement 580 0.24 2200 75 35 

Well-graded granular fill 100 0.30 2000 55 20 

Expansive soil 12 0.30 1900 27 15 

C35 concrete 31,500 0.20 2500 - - 

3.4. Setup of Water Immersion Conditions and Simulation Cases 

As shown in Figure 6, the water immersion conditions of the expansive soil founda-

tion were divided into two types: complete immersion and localized immersion. Because 

localized immersion is more representative of actual engineering conditions, this study 

focused on the effects of three variables under localized immersion, namely the immersion 

zone width, swelling potential, and immersion zone location. The simulation cases are 

listed in Table 2. Different immersion conditions were simulated by changing the immer-

sion zone width (L), thermal expansion coefficient (α), and central position of the immer-

sion zone in the numerical model. 
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Figure 6. Setup of water immersion conditions: (a) global water immersion; (b) local water immer-

sion. 

Table 2. Numerical modeling cases. 

Analysis Factor Variable Value Fixed Condition 

Width of the water immersion zone (L)/m 2, 4, 6, 8, 10 Xd = 0 m, α = 7.228 × 10−4 °C−1 

Swelling potential (α)/(1 × 10−4 °C−1) 5, 6, 7.228, 8, 9 L = 6 m, Xd = 0 m 

Location of the water immersion zone (Xd)/m 0, 3, 6, 9, 12, 18, 24, 30  L = 6 m, α = 7.228 × 10−4 °C−1 

According to the expansive soil region design standard in China [42], the depth of 

atmospheric influence for the expansive soil at the test site is 3.5 m; therefore, the ground-

water table depth was assumed to be 3.5 m. Because the water content of the soil below 

the groundwater table remains relatively stable, the main swelling zone in the model was 

set within the expansive soil layer at a depth of 0–3.5 m. The initial water content of the 

swelling zone before immersion was taken as 20.9%, and the water content after immer-

sion was set to 26.4%. Correspondingly, in the equivalent temperature field, the initial 

temperature was set to 20.9 °C, and the target temperature after heating was set to 26.4 

°C. By increasing the temperature of the swelling zone to induce thermal expansion, the 

swelling deformation caused by moisture variation was equivalently simulated. As 

shown in Figure 7, after heating, the main swelling zone reached 26.4 °C. Owing to heat 

conduction, a noticeable temperature rise was also observed within 0.8 m below the swell-

ing zone. 

 

Figure 7. Temperature field in subgrade when warming to 26.4 °C was applied to swelling area: (a) 

cross view; (b) oblique view. 

In this study, the maximum heave deformation (H) and width of heave area (W) were 

selected as the main response indicators. The maximum heave deformation H reflects the 
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overall deformation amplitude of the subgrade surface, whereas the width of heave area 

W reflects the longitudinal influence length of the deformation along the railway line. In 

addition, the heave gradient and differential deformation near the culvert induced by lo-

calized water immersion were also examined. 

4. Results and Discussion 

4.1. Subgrade Heave Characteristics Under Global and Local Water Immersion Conditions 

It can be seen from Figure 8, compared with localized immersion-induced swelling 

of the foundation, large-area immersion-induced swelling causes an overall uplift of the 

railway subgrade. Under this condition, although the magnitude of surface heave is 

larger, the non-uniformity of the heave deformation along the longitudinal direction of 

the subgrade is reduced. Considering the high operating speed of HSR trains, even small 

non-uniform heave deformation may significantly affect train operation and threaten the 

safety of train operation and passengers. In addition, railway subgrades are often sub-

jected to various unfavorable conditions during long-term service. Therefore, to account 

for relatively unfavorable conditions, localized immersion-induced swelling of the foun-

dation was assumed in all subsequent simulations. The effects of the location, size, and 

swelling potential of the localized immersion zone on the deformation characteristics of 

the railway subgrade were then analyzed. 

 

Figure 8. Heave deformation of the railway subgrade under global and local water immersion con-

ditions: (a) subgrade heave deformation; (b) differential subgrade heave deformation. 

4.2. Evolution of Subgrade Heave Deformation Under Varying Water Immersion Widths 

Figures 9 and 10 show the influence of the immersion zone width of the expansive 

soil foundation on the heave deformation characteristics of the subgrade. As the immer-

sion zone width increased from 2 m to 10 m, the maximum heave of the subgrade surface 

increased from 8.746 mm to 22.495 mm, corresponding to an increase of approximately 

157.2%. Meanwhile, the width of heave area increased from 22.648 m to 32.656 m, corre-

sponding to an increase of approximately 44.2%. This indicates that the immersion zone 

width not only directly controls the volume of expansive soil involved in deformation, 

but also expands the transfer range of heave deformation along the railway alignment. 

From the perspective of incremental variation, when L increased from 2 m to 6 m, the 

maximum heave deformation increased by 8.192 mm and the width of heave area in-

creased by 5.604 m. When L increased from 6 m to 10 m, the maximum heave increased 

by only 5.557 mm and the width of heave area increased by 4.404 m. This suggests that 

the influence of increasing immersion width on the heave response gradually weakens. 
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Figure 9. Effect of water immersion zone width on the heave deformation of the railway subgrade. 

 

Figure 10. Effect of water immersion zone width on heave characteristics: (a) subgrade heave defor-

mation; (b) width of heave area. 

Taking the case with an immersion zone width of L = 6 m as an example, as shown 

in Figure 11, compared with the subgrade without a culvert, the subgrade with a culvert 

exhibited a larger maximum surface heave but a smaller width of heave area, which 

would aggravate track irregularity. For the subgrade with a culvert, the relatively small 

self-weight load of the culvert resulted in a significant increase in surface heave at the 

culvert location. In contrast, the transition section fills on both sides of the culvert had a 

larger unit weight, which reduced the width of heave area on the subgrade surface. 
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Figure 11. Comparison of subgrade heave deformation with and without a subgrade–culvert tran-

sition section. 

Figure 12 shows the variation rate of subgrade surface heave deformation, namely 

the heave gradient. When the SCTS was arranged in the subgrade, the heave gradient of 

the subgrade surface changed abruptly at the culvert location. Specifically, when no cul-

vert was arranged in the subgrade, the maximum heave gradient of the subgrade surface 

was 1.309 mm/m. When an SCTS was arranged in the subgrade, the maximum heave gra-

dient increased to 4.886 mm/m. Therefore, to ensure track regularity, drainage and water-

proofing measures should be strengthened for the foundation near the culvert. In addi-

tion, reasonable SCTS fills should be selected, the layout of the SCTS should be optimized, 

and reinforcement measures such as geogrids or steel meshes should be adopted to reduce 

the heave gradient of the subgrade surface near the culvert, thereby ensuring smooth train 

operation at the design speed. From an engineering perspective, it is recommended to 

minimize the width of the immersion zone in expansive soil foundations and control it 

within 4 m where possible. 

 

Figure 12. Comparison of subgrade heave deformation gradients with and without a subgrade–

culvert transition section. 

4.3. Effect of Swelling Potential on Subgrade Heave Deformation 

Keeping the location and size of the foundation immersion-swelling zone un-

changed, the variation in the swelling potential of the immersion zone was simulated by 

changing the equivalent thermal expansion coefficient (α), so as to analyze its influence 

on the railway subgrade. The heave deformation at the track centerline on the subgrade 

surface under different swelling potentials is shown in Figure 13. The relationships be-

tween the maximum surface heave, the width of the heave area, and the swelling potential 

of the foundation immersion zone are shown in Figure 14. It can be seen that, under the 

same swelling potential, compared with the subgrade without a culvert, the subgrade 

with a culvert exhibited a larger maximum surface heave but a smaller width of the heave 

area, which is consistent with the previous simulation results. 
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Figure 13. Effect of swelling potential on the subgrade heave deformation. 

As the swelling potential of the foundation immersion zone increased, the maximum 

surface heave of the subgrade increased significantly, whereas the width of the heave area 

changed only slightly. Taking the subgrade with a culvert as an example, when the equiv-

alent thermal expansion coefficient (α) of the foundation immersion zone was 5.0 × 10−4 

°C−1, the maximum surface heave of the subgrade was 11.585 mm, and the width of heave 

area was 27.5 m. When α increased to 9.0 × 10−4 °C−1, the maximum surface heave increased 

to 21.288 mm, corresponding to an increase of approximately 83.8%, whereas the width 

of heave area increased only to 28.5 m, corresponding to an increase in merely 3.6%. 

 

Figure 14. Effect of swelling potential on heave characteristics: (a) subgrade heave deformation; (b) 

width of heave area. 

The heave gradients of the subgrade surface corresponding to different thermal ex-

pansion coefficients are shown in Figure 15. As the equivalent thermal expansion coeffi-

cient of the foundation immersion zone increased, the heave gradient of the subgrade sur-

face increased significantly. Compared with the subgrade without a culvert, the subgrade 

with a culvert exhibited a greater variation in the surface heave gradient. Specifically, 

when the equivalent thermal expansion coefficient (α) of the foundation immersion zone 

increased from 5.0 × 10−4 °C−1 to 9.0 × 10−4 °C−1, the heave gradient of the subgrade without 

a culvert increased from 0.927 mm/m to 1.615 mm/m, corresponding to an increase of ap-

proximately 74.2%. In contrast, the heave gradient of the subgrade with a culvert in-

creased from 3.484 mm/m to 6.559 mm/m, corresponding to an increase of approximately 

88.3%. 
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Figure 15. Heave deformation gradients of the railway subgrade under different swelling potentials 

of the infiltration zone: (a) α = 5.0 × 10−4 °C−1; (b) α = 6.0 × 10−4 °C−1; (c) α = 8.0 × 10−4 °C−1; (d) α = 9.0 × 

10−4 °C−1. 

The results show that the increase in the swelling potential parameter α increases the 

heave deformation of the expansive soil foundation. In addition, the deformation gradient 

beneath the culvert becomes larger, which may have an adverse effect on the SCTS. Im-

proving expansive soil can reduce the swelling potential of the foundation soil and thus 

mitigate engineering problems induced by swelling–shrinkage deformation. Chemical 

stabilization, such as the addition of cement and lime, has been reported to modify the 

properties of expansive soil and significantly reduce its swelling–shrinkage potential [8]. 

Physical improvement methods, such as the incorporation of fiber materials including ba-

gasse fibers, can improve the engineering strength of expansive soil and limit swelling–

shrinkage deformation [5]. Nevertheless, expansive soil improvement generally involves 

practical difficulties and relatively high costs. In engineering practice, soil replacement is 

therefore commonly adopted to reduce the swelling potential of expansive soil founda-

tions [43]. 

4.4. Response of Water Immersion Zone Location to Subgrade Heave Deformation 

The distance between the centerline of the foundation immersion zone and the cen-

terline of the culvert is defined as Xd. By changing Xd in the numerical model, the influence 

of the immersion zone location on the heave deformation characteristics of the railway 

subgrade was investigated. As shown in Figure 16, with the increase in the distance be-

tween the centerline of the foundation immersion zone and the culvert centerline, the 

maximum heave at the track centerline on the subgrade surface showed a trend of first 

decreasing, then increasing, and finally tending to stabilize. When Xd increased from 0 m 
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to 6 m, the maximum heave at the track centerline decreased from 17.213 mm to 10.464 

mm. When Xd increased from 6 m to 24 m, the maximum heave increased from 10.464 mm 

to 12.584 mm. When Xd further increased from 24 m to 30 m, the maximum heave showed 

no obvious change. 

 

Figure 16. Effect of water immersion zone location on subgrade heave deformation. 

This phenomenon can be attributed to the difference in overburden load above the 

foundation. The mass of the culvert is smaller than that of the subgrade soil with the same 

volume; therefore, compared with the foundation beneath the ordinary subgrade, the 

foundation beneath the culvert is subjected to a smaller overburden load. In contrast, be-

cause the SCTS fill has a larger unit weight, the foundation beneath the SCTS is subjected 

to a larger overburden load than that beneath the ordinary subgrade. Under the same 

conditions, a larger overburden load leads to smaller swelling deformation of the soil. 

Therefore, within a certain distance from the culvert, under the combined influence of the 

culvert and the SCTS, the maximum heave at the track centerline on the subgrade surface 

shows a decreasing-then-increasing trend as Xd increases. When the foundation immer-

sion zone is far from the culvert, the influence of the SCTS on the overburden load of the 

foundation becomes limited. Consequently, the maximum heave at the track centerline 

shows no obvious change with a further increase in Xd. 

As shown in Figure 17, the width of heave area also exhibited a non-monotonic var-

iation with the change in immersion location. When Xd was 18 m, the width of heave area 

reached 35.824 m, which was the maximum value among this group of cases. In contrast, 

when Xd was 0 m and Xd was 3 m, the width of heave area was approximately 28.2 m. 

These results indicate that the immersion location mainly controls the deformation distri-

bution pattern and width of heave area, rather than only affecting the peak heave. For the 

SCTS, when the immersion zone is located directly beneath the culvert, it may cause the 

overall uplift of the culvert. When the immersion zone is located near the culvert but not 

directly beneath it, differential deformation on one side of the culvert may be induced, 

which may adversely affect smooth railway operation. From an engineering perspective, 

the distance between the center of the immersion zone and the centerline of the SCTS 

should be increased as much as possible. It is recommended to keep Xd greater than 9 m 

so that the foundation heave deformation after immersion can be controlled within 5 mm. 
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Figure 17. Effect of water immersion zone location on subgrade heave characteristics. 

It should be noted that when no culvert is arranged in the railway subgrade, or when 

the foundation immersion zone is far from the culvert, the immersion zone location has 

no obvious influence on the heave deformation of the railway subgrade. Therefore, to 

more clearly illustrate the influence of the immersion zone location on subgrade heave 

deformation, the subgrade surface heave deformations corresponding to different immer-

sion zone locations were compared with those under the no-culvert condition, as shown 

in Figure 18. The results show that the heave deformation of the railway subgrade surface 

tends to develop toward the side with weaker constraints. When Xd was 3 m or 6 m, the 

subgrade heave deformation developed toward the culvert side. When Xd was 12 m, the 

SCTS had a significant influence on the heave deformation, causing the subgrade heave 

deformation to develop away from the culvert side. When Xd was 24 m, the subgrade 

heave deformation was almost unaffected by the SCTS. 

Based on the above analysis, when the foundation immersion zone is located directly 

beneath the culvert, the maximum heave deformation occurs on the subgrade surface. In 

this case, the culvert undergoes overall uplift. When the foundation immersion zone is 

not directly beneath the culvert but is close to it, the subgrade surface heave deformation 

tends to develop toward the culvert side, leading to a more non-uniform deformation pat-

tern in the SCTS. Therefore, for railway subgrades constructed in expansive soil regions, 

drainage, waterproofing, and swelling-reduction measures should be strengthened near 

the culvert. Localized water immersion and swelling of the foundation beneath or near 

the culvert should be avoided, so as to reduce large subgrade heave and its adverse influ-

ence on the culvert, thereby ensuring the normal service of the culvert within its design 

service life. 
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Figure 18. Comparison of railway subgrade heave deformation for different water immersion zone 

locations: (a) Xd = 3 m; (b) Xd = 6 m; (c) Xd = 12 m; (d) Xd = 24 m. 

4.5. Gray Relational Analysis of Influencing Factors on Subgrade Heave Deformation 

4.5.1. Gray Relational Analysis Method 

To quantitatively compare the relative influences of immersion zone width, swelling 

potential, and immersion location on the maximum heave and width of heave area, Gray 

Relational Analysis (GRA) was adopted. GRA is suitable for engineering problems involv-

ing small sample sizes, multiple influencing factors, and partially incomplete information 

[44]. It evaluates the degree of association by comparing the geometric similarity between 

the sequences of influencing factors and the response indicator sequence. The calculation 

procedure for determining the gray relational grades between the influencing factors and 

response indicators is given in Equations (6)–(9): 

1. Dimensionless normalization. To eliminate the influence of different dimensions and 

magnitude levels among variables, the original data were normalized using the min–

max method. For a positive indicator, the normalized sequence is expressed as 

( ) ( ( ) min( )) / (max( ) min( ))i i i i iX k x k x x x= − −  (6) 

where xi(k) is the original value of the i-th sequence at the k-th data point; Xi(k)is the cor-

responding normalized value. 

2. Calculation of absolute differences. The absolute difference between the normalized 

reference sequence X0(k) and each comparative sequence Xi(k) was calculated as 

0( ) ( ( ) ( ))ii k X k X k = −  (7) 

3. Calculation of gray relational coefficients. The gray relational coefficient was calcu-

lated to measure the local similarity between the reference sequence and each com-

parative sequence at each data point: 

min( ) ( max) / ( ( ) max)i k i k  =  +   +   (8) 

where ξi(k) is the gray relational coefficient, and ρ is the distinguishing coefficient, which 

is taken as 0.5. 

4. Calculation of gray relational grades. The gray relational grade was obtained by av-

eraging the gray relational coefficients over all data points: 

1
( )i i k

n
 = 

 
(9) 

where γi is the gray relational grade of the i-th comparative sequence relative to the refer-

ence sequence. 

https://doi.org/10.3390/buildings16152939


Buildings 2026, 16, 2939 20 of 23 
 

https://doi.org/10.3390/buildings16152939 

4.5.2. Analysis of Ranking Results 

When the immersion location Xd ranges from 0 to 3 m, the immersion zone covers 

the expansive soil foundation beneath or near the transition structure. However, in engi-

neering practice, the immersion zone should be kept away from the SCTS. Therefore, in 

the gray relational analysis, the immersion location calculated starting from Xd was 6 m 

to avoid possible nonlinear effects. 

As shown in Table 3, both the immersion zone width and the swelling potential show 

relatively high gray relational grades with the maximum heave deformation, with values 

of 0.89 and 0.87, respectively. The small difference between these two values indicates that 

both the immersion range and the swelling potential of the foundation have important 

effects on heave deformation. 

Table 3. Gray relational degrees between heave deformation characteristics and influencing factors. 

Influencing Factor γ (Heave Deformation) γ (Width of Heave Area) 

Width of the water immersion zone (L) 0.89 0.93 

Swelling potential α 0.87 0.74 

Location of the water immersion zone Xd 0.81 0.86 

For the width of heave area, the gray relational grade of the immersion zone width 

is 0.93, which is higher than that of the swelling potential, 0.74. This indicates that the 

expansion of the immersion zone can enlarge the width of heave area of the expansive soil 

foundation, while the influence of swelling potential is relatively secondary. The local 

gray relational grades between immersion location and maximum heave deformation and 

between immersion location and width of heave area are 0.65 and 0.61, respectively, 

which are lower than those of immersion zone width and swelling potential. When the 

immersion zone gradually moves away from the culvert, the influence of immersion loca-

tion on heave deformation decreases. 

Therefore, in the prevention and control of heave deformation in railway SCTS on 

expansive soil foundations, priority should be given to strengthening drainage and anti-

seepage measures in the SCTS. Multiple intercepting drains may be arranged outside the 

culvert structure to reduce local water accumulation and infiltration near the SCTS. For 

sections with relatively high swelling potential, soil replacement or soil improvement 

measures can be adopted to reduce the influence of swelling–shrinkage deformation of 

the foundation. Particular attention should be paid to differential heave deformation 

caused by changes in local immersion location near the culvert, so as to reduce the risk of 

structural unevenness and track irregularity in the SCTS. 

5. Conclusions 

Based on the in situ vertical swelling pressure test (measured at 61.5 kPa) and the 

temperature–humidity equivalent theory, the equivalent thermal expansion coefficient (α) 

was back-calculated to be 7.228 × 10−4 °C−1 via the equivalence of temperature-induced ex-

pansion and swelling reaction force. Subsequently, a 3D numerical model of the SCTS on 

an expansive soil foundation was established to investigate the effects of water immersion 

zone width, location, and swelling potential on the subgrade heave characteristics. The 

main conclusions are as follows: 

1. When the immersion width increased from 2 m to 10 m, the subgrade heave defor-

mation increased from 8.746 mm to 22.495 mm, and the width of heave area ex-

panded from 22.648 m to 32.656 m. When the swelling potential parameter α in-

creased from 5.0 × 10−4 °C−1 to 9.0 × 10−4 °C−1, the subgrade heave deformation in-
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creased from 11.585 mm to 21.288 mm, whereas the width of heave area only in-

creased from 27.524 m to 28.450 m. 

2. As the distance between the centerline of the foundation immersion zone and the 

culvert center increased, the subgrade heave deformation showed a trend of first de-

creasing and then increasing. When the immersion zone covered the area beneath the 

culvert, the subgrade heave deformation reached its maximum and caused overall 

uplift of the culvert. When the immersion zone was unevenly distributed beneath the 

culvert, differential heave deformation of the SCTS could be induced. Therefore, in 

engineering practice, water immersion should be prevented from occurring near the 

culvert as much as possible. 

3. Gray relational analysis indicated that both immersion width and swelling potential 

were closely associated with the maximum heave deformation, while immersion 

width was closely associated with the width of heave area. The correlations between 

immersion location and both heave deformation and width of heave area were rela-

tively lower, mainly because the influence of foundation heave deformation de-

creases as the immersion zone moves away from the culvert. In engineering practice, 

priority should be given to controlling the immersion range of the foundation near 

the SCTS, improving interception–drainage and anti-seepage measures, and adopt-

ing soil improvement measures for expansive soil foundations. 

4. The present study focuses on the heave deformation characteristics of expansive soil 

foundations in the SCTS under adverse immersion conditions, with emphasis on the 

surface deformation response under water immersion. Future research should fur-

ther investigate the mechanical response of the SCTS and validate the numerical re-

sults using field monitoring data obtained under long-term service conditions. 
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