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Abstract 
  

To ensure the operation safety of the high-speed railway above the mined-out areas, the new evaluation standard suitable 
for the foundation adaptability in the mined-out areas was proposed based on the conventional judgment standard 
(σz=0.10σcz) by combining theoretical analysis with numerical simulation. According to Winkler’s elastic foundation 
beam theory, the analytical model was built to analyze the relationship between the subgrade deformation and foundation 
settlement in the mined-out areas. The calculation formula of the subgrade deflection was derived and the inclination 
coefficient of the subgrade was introduced to explore the influences of different foundation settlements on the subgrade 
geometry. The influence of amplitude and wavelength of foundation settlement on the subgrade deformation was 
analyzed. Results show that the pattern of the subgrade deflection basically remains unchanged when the uneven 
settlement of a cosine-type ground is transferred to the subgrade. The settlement and inclination of the subgrade are 
controlled by the wavelength and amplitude of uneven settlement. The subgrade settlement gradually decreases with the 
increase of the amplitude of foundation settlement. When the wavelength is more than 50 m, the subgrade settlement 
gradually tends to be stable. When the half wave length of foundation settlement is equal to the width of the subgrade, the 
inclination of the subgrade is the largest. The proposed empirical equations that used  to further describe the subgrade 
settlement and slope coefficient with variation of the amplitude and wavelength of the foundation settlement can be 
applied to predict the geometric mapping relationship between the uneven foundation settlement and the subgrade 
deformation in the mined-out areas. 

 
 Keywords: Mined-out area, Suitability evaluation, Winkler foundation beam, Subgrade deformation 
 ___________________________________________________________________________________________ 
 
1. Introduction 
 
With the increasing of construction density of the high-speed 
railway network, the available land resources are declining 
in China. Some high-speed railways have to cross the 
mined-out areas, and the infrastructure construction above 
the mined-out areas has become an inevitable trend. 
However, the research on the deformation control of the 
foundation and subgrade of the high-speed railway above the 
mined-out areas is still a relatively new topic in the world. 

At present, there are various methods for determining the 
foundation adaptability above the mined-out areas, but there 
is little reported about the uniform and accurate criterion. In 
addition, most scholars focused on the influence of the upper 
dynamic and static loads on the subgrade deformation of 
high-speed railway, and there is still a lack of research 
considering the foundation adaptability of the high-speed 
railway and the uneven settlement of the foundation above 
the mined-out areas. During the train long-term operation, 
the foundation will continue to suffer from the impact of the 
train vibration loading, which leads to the decrease of the 
durability of the mined-out areas. 

The subsidence of the mined-out areas has a significant 
impact on the stability of the ground infrastructure [1-3]. At 
the same time, under the action of the cyclic dynamic load of 

the high-speed railway and the weight of the track system, 
the additional stress may break the relative balance of the 
damaged overburden rock and reactivate the mined-out areas, 
which will lead to the catastrophic damage such as uneven 
settlement, inclination, and collapse of the foundation. These 
potential risks seriously affect the planning and construction 
of the high-speed railway above the mined-out areas, as well 
as the operation safety of the high-speed railway [5-8]. 
Therefore, it is of great significance to study the foundation 
deformation above the mined-out areas, thus ensure the 
operation safety of the high-speed railway. 
 
 
2. State of the Art 
 
The foundation adaptability of high-speed railway above the 
mined-out area is the key to ensure the operation safety of 
high-speed railway. The foundation stability above the 
mined-out areas is closely related to the buried depth, 
mining height, and location distribution of the mined-out 
areas [9]. Most scholars think that the additional stress 
generated by the building load in the foundation is equal to 
10% or 20% of the geostatic stress of the foundation at the 
corresponding depth, that is, the influence of the surface 
building load on the foundation at this depth can be ignored, 
which can be used as the criterion to judge the adaptability 
of the building foundation [10]. Based on this criterion, Ren 
et al. proposed a simple reference standard for the suitability 
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evaluation of the building foundation above the mined-out 
areas [11]. Diaz-Fernandez et al. established a settlement 
prediction model suitable for predicting the project passing 
through the mined-out areas on the basis of the parameter 
modification of the probability integral model 00. Guo et al
. put forward the criterion of full mining degree of the 
overburden rock failure and its height calculation method 
[12]. Xu et al. studied the deformation characteristics of the 
building foundation in the caved zone by analyzing the 
distribution of additional stress and residual voids in the 
fractured zone in the mined-out areas [13]. Ng et al. 
predicted the surface subsidence of the mined-out areas 
based on the synthetic aperture radar interferometry 
technology [14-15]. 

It is crucial to ensure the safety of the high-speed railway 
even a small amount of line deformation in the operation. 
There are some potential factors for additional settlement, 
such as geological characteristics, embankment height, 
frozen soil compaction, and the train dynamic load [16]. The 
unevenness of the foundation stiffness and the transition 
zone between the soft soil and the rigid structure will cause 
uneven settlement of the rail [17]. There are various 
foundation models such as Winkler, Pasternak, Vlasov and 
either Euler-Bernoulli or Timoshenko beams being widely 
used [18-19]. In the case of uniform linear foundation, the 
increase of foundation stiffness leads to the decrease of peak 
displacement and higher critical velocity. For the nonlinear 
foundation, the increase of load strength will lead to higher 
displacement and higher critical velocity [20]. Khan et al. 
proposed a model that used Winkler’s elastic foundation 
theory to analyze the subgrade and they estimated the 
extreme expansion and contraction displacement of the 
expansive foundation soil [21]. Neto et al. studied the 
surface settlement of geogrid-reinforced soil and the 
propagation of vertical stress based on the theory of double-
layer foundation beams [22-24]. 

Guo et al. proposed a new iterative method and studied 
the mapping characteristics of the deflection profile in the 
ballastless track-subgrade system [25-27]. Zhang et al. 
determined the dynamic response and cumulative settlement 
characteristics of the subgrade and they evaluated the 
subgrade adaptability on the high-speed railways [28]. All 
the above mentioned literatures focused on the deflection of 
the subgrade under traffic load through the elastic 
foundation beam theory, but not considering the differential 
settlement to study the characteristics of the inclined 
deformation of the subgrade.  

Taking Taijiao high-speed railway above the Xincheng 
mined-out areas in Changzhi city, Shanxi province, China, 
as the engineering background, the criterion of the 
foundation suitability of the high-speed railway above the 
mined-out areas was studied. According to Winkler’s elastic 
foundation beam theory, the theoretical model of foundation 
beam with symmetric and asymmetric displacement 
boundary conditions was established and the calculation 
method of the foundation settlement for the high-speed 
railway was derived. Then the geometric mapping 
relationship of the subgrade deformation to the settlement 
amplitude and wavelength was analyzed, which could 
provide the theoretical basis and technical support for the 
high-speed railway passing through the mined-out areas. 

The rest of this study is organized as follows. Section 3 
describes the relevant background and the research methods. 
Section 4 gives the results and discussion, and finally, the 
conclusions are summarized in Section 5. 
 

3. Methodology 
 
3.1 Engineering background 
Taijiao high-speed railway is an important part of the 
national 13th Five-Year Plan key construction project. It is 
designed for passenger with a speed of 250 km/h. The line 
starts from Taiyuan south station in the north, followed by 
10 stations, then introduces Jiaozuo station, with a total 
length of about 360 km. According to the location 
relationship, the Taijiao high-speed railway must pass 
through the Qinshui coal field to introduce Changzhi and 
Jincheng cities, while the Changzhi-Xincheng mined-out 
areas are the only way to introduce Gaoping and Jincheng 
cities through the Qinshui coal field [29]. This section is 
located at the intersection of Jinhuo and Zhuangtou fault 
zones. The distribution of mined-out areas along Taijiao 
high-speed railway is shown in Fig. 1. There are a large 
number of shallow mined-out areas, the average buried 
depth is 146 m, and the minimum buried depth is 103 m. 
The geological section of the typical mined-out areas is 
shown in Fig. 2.  

 
Fig. 1. The distribution of mined-out areas along Taijiao high-speed 
railway. 

 
Fig. 2. Geological section of the typical mined-out areas. 
3.2 Foundation suitability of high-speed railway above 
the mined-out areas 
For the special geotechnical engineering of the foundation 
above the mined-out areas, before the coal being mined, the 
foundation’s self-weight stress increases linearly with the 
depth, but after mining, the foundation’s stress above the 
mined-out areas has undergone the complex changes. The 
traditional calculation method of the additional stress in the 
general foundation is roughly used σz =0.10σcz, σz =0.20σcz 
as the basis for judging the depth of the influence of the 
additional load, which is inappropriate for the foundation 
above the mined-out areas. 

The computational model with a length of 400 m and a 
depth of 150 m was established by using the finite element 
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method. The minimum buried depth of the coal seam was 
103 m, the coal was 3 m thick, and the topsoil was 35 m 
thick. The rocks were hard lithology, such as mudstone and 
sandstone. The subgrade was simplified as the uniformly 
distributed load, and 20 kPa was considered for every 1 m 
high subgrade load. The conditions of different load sizes on 
the surface before and after mining were simulated. The 
additional stress in the foundation before and after coal 
mining was simulated by using different physical and 
mechanical parameters of rock mass. The calculation results 
under different determination criteria and numerical 
simulation results are shown in Figs. 3 and 4 [11]. 

 
Fig. 3 Influence depth under different loadings. 
 

 
Fig. 4 Influence depth under different loading widths. 

 
As seen from Figs. 3 and 4, the influence depth of the 

additional stress increases nonlinearly with increase of the 
loading and loading width. According to the different 
criteria, the influence depth of the additional stress is also 
different. Before coal mining, the influence depth of the 
additional stress is H1(σz=0.05σcz) > H3(Ren) > 
H2(σz=0.10σcz). There is a big error between the actual 
influence depth of the additional stress after coal mining and 
these three discriminant results. H1 is generally larger than 
the actual influence depth of the additional stress. H2 is 
generally smaller than the actual influence depth of the 
additional stress. and H3 has a smaller error value compared 
with H1 and H2. But there is still an error of more than 10% 
between H3 and the actual influence depth of the additional 
stress.  

According to the discriminant standard of σz=0.10σcz 
before mining, the magnification coefficient of the load 
influence depth is introduced, 
 

                                           (1) 

 
where, Hz is the influence depth of the additional stress. δ is 
the amplification factor of the influence depth of the 
additional stress, and Hcz is the load influence depth of 
σz=0.10σcz criterion. 

Comparing the actual impact depth Hz of the loading 
obtained by the numerical analysis with Hcz, the 
magnification coefficient δ of the impact depth of the 
loading is obtained, as shown in Table 1. It can be seen from 
Table 1, the δ fluctuates between 1.3 and 1.5. Under the 
same loading conditons, the greater the δ value, the greater 
the influence depth of the additional stress. For the mined-
out areas, the amplification factor δ of the influence depth 
can be appropriately increased to ensure the construction and 
operation safety of the high-speed railway engineering. 

 
Table 1. The magnification coefficient of influence depth under 
different loading conditions. 

Loading（MPa） 0.1 0.3 0.5 

Magnification coefficient δ 1.36 1.39 1.38 

Loading width (m) 20 40 80 

Magnification coefficient δ 1.37 1.44 1.38 

 
In general, after the coal being mined, the overlying rock 

layer forms the caved zone, fractured zone, and bending 
zone from bottom to top. The height of the caved and the 
fractured zones are mainly related to the coal mining 
thickness, dip angle, mining size, overlying rock lithology, 
roof management method and other factors. In general, the 
height of the caved zone is 3-5 times of the coal mining 
thickness, and the height of the fractured zone is 9-35 times 
of coal mining thickness. According to the investigation 
results and relevant specifications, the calculation formula 
for the height of the caved zone Hm and the height of the 
fractured zone Hli is as follows, respectively: 
 

                               (2) 

 
                                 (3) 

 
where, ∑M is the cumulative mining thickness of the coal 
seam. 

The determination height is based on whether the 
maximum influence depth of the loading reaches the range 
of the fractured zone in the mined-out area, that is, the 
minimum mining depth of the coal seam should be greater 
than the sum of the maximum influence depth of loading, the 
height of the caved zone and fractured zone, 
 

                              (4) 
 
where, Hmin is the minimum mining depth of coal seam. Hz is 
the maximum influence depth of loading. Hm is the height of 
the caved zone, and Hli is the height of the fractured zone. It 
can be seen from Eq. (4) that the greater the buried depth of 
the mined-out areas, the smaller the possibility of secondary 
activation of the mined-out areas caused by the additional 
stress. 

According to Subgrade and Track Engineering of High-
speed Railway in China, the height of subgrade is generally 
3-4 m. This study expands the research scope to 2-5 m and 
takes Xincheng mined-out areas as the engineering 
background. As the high-speed railway subgrade cz
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engineering belongs to infrastructure with high safety level 
and which above the mined-out areas, 1.44 is selected as the 
amplification factor in this study. Through Eqs. (2) and (3), 
the maximum influence depth of loading on different 
subgrade heights and the minimum mining depth of coal 
seam without “secondary activation” were calculated as 
shown in Fig. 5. The dotted line in Fig. 5 is the minimum 
buried depth of the mined-out areas along the Taijiao high-
speed railway. The height of the subgrade is less than 3 m, 
which satisfies the criterion of Eq. (4), and there is no 
secondary activation in the mined-out area. When the height 
of the subgrade is greater than 3 m, the influence depth of 
loading reaches the fractured zone of the mined-out areas, 
that is, Hmin < Hz + Hm + Hli, which can lead to further 
compaction of the fractured zone and the potential risk of 
secondary activation of the mined-out areas. 

 
Fig. 5 The maximum influence depth of loading with different subgrade 
heights. 
 
3.3 Subgrade settlement based on foundation beam 
theory 
As shown in Fig. 6, when studying the influence of uneven 
settlement of the subgrade on track structure, the half-wave 
sinusoidal curve was usually adopted in Japan, while the 
concave full-wave cosine curve was mostly used in China 
[30].  

 
Fig. 6 The concave full-wave cosine curve. 

 
In this study, the concave cosine curve is also used to 

simulate the non-uniform settlement of the foundation, and 
its description function is: 
 

                               (5) 

 
where, x is the coordinate of a certain point along the 
longitudinal direction of the line. A is the settlement 
amplitude, and l is the settlement wavelength. 

The longitudinal section of the subgrade is selected to 
analyze the subgrade settlement, and the subgrade section is 
simplified as rectangular beam. The foundation beam model 
of the subgrade is established as shown in Fig. 7. According 
to the basic deflection differential equation, the foundation 
beam can be obtained: 

 
                          (6) 

where, EI is the stiffness of the foundation beam. w is the 
deflection of the beam. k is the foundation reaction 
coefficient. 

 
Fig. 7 The infinite beam model of uneven settlement subgrade. 
 

According to the symmetry of the subsiding curve, only 
the deformation of the right half of the subsiding curve is 
considered, then Eq. (7) can be written: 
 

                 
(7)

 

 
The homogeneous general solution of the equation in Eq. 

(8) is: 
 

                   
 (8)

 

 
where, δ is the flexibility eigenvalue of the elastic 
foundation.  , C1, C2, C3, and C4 are undetermined 
coefficients, respectively. 

When 0 ≤ x ≤ l/2, the general solution can be deduced 
from the form on the right of the equation as follows: 
 

       
(9) 

 
where, , B2=A/10，θ=2π/l. 

According to the symmetry of the settlement curve, 
 

 

 
It can be obtained that C1=C2, C3=-C4, and Eq. (9) can be 

rewritten as: 
 

               (10) 

 
When x ≥ l/2, the general solution can be deduced from 

the form on the right of the equation as follows: 
 

               (11) 

 
When x ≥ l/2, the subgrade is located in the non-

settlement zone of the foundation, the deflection of 
foundation beam 
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above conditions into Eq. (11), the deflection expression of 
the foundation beam can be simplified as: 
 

                 (12) 
 
where, D1, D2 are undetermined coefficients. 

The deflection of the beam on the elastic foundation 
when the uneven settlement occurs at the lower part can be 
expressed as 

 

 (13)
 

 
According to the continuity of deformation of foundation 

beam, it can be seen that: 
 

 

 
For Eq. (13), in the actual solution, the values of C1 and 

C2 are usually very small, so the subgrade deformation w1 in 
the settlement is mainly controlled by the latter three items 
and still shows the cosine type. 
 
3.4 Subgrade inclination based on foundation beam 
theory 
When the uneven settlement of foundation is not 
symmetrical about the subgrade, the subgrade will produce 
inclined deformation. The inclined deformation of subgrade 
makes the original straight section turn into a curved section, 
which causes the height difference between railway tracks. 

The centrifugal force higher than the train’s own gravity is 
generated when the high-speed train passes by, which 
aggravates the change of driving momentum and causes the 
vehicle bump. In addition, the inclination of the subgrade 
will accelerate the destruction of the track system. When the 
degree of inclination of the subgrade is large, the center of 
gravity of the traveling vehicle will be shifted, and the train 
will be in danger of rolling over. 

Since the inclination of the roadbed is often analyzed 
from the cross section, the foundation beam is not infinite 
long beam. In the short beam problem, since the influence of 
load has not disappeared at the beam end, constant C1 and C2 
are still unknown, so it is not suitable to adopt the method in 
the previous section. The deflection and internal force of the 
foundation beam under asymmetric load should be 
calculated by using the initial parameter method, and the 
deflection expression of the loaded section is only one more 
deflection correction term yx than that of the unloaded 
section, 

   
(14)

 

 
where, P is the concentrated force, and z is the length of the 
no-load section. 

When the displacement boundary condition is applied to 
the foundation surface, the settlement amplitude is located at 
the leftmost end of the foundation beam, where OA 
corresponds to the loaded section, and AB is the unloaded 
section, as shown in Fig. 8. In the AB section, f(x)=0, the 
basic differential equation is a homogeneous differential 
equation, and its deflection y1 is obtained by Eq. (11), while 
θ, M, and Q can be obtained by differentiating y, then the 
deflection and internal force of the AB section are expressed 
as:

 

                                  (15) 

 

 
Fig. 8 Short beam model of uneven settlement subgrade. 

 
In the initial parameter method, the above solutions need 

to be rewritten into the initial parameter form. Among them, 
the four integral constants C1, C2, C3, and C4 are represented 
by the four initial parameters of the endpoint, y0, θ0, M0, and 
Q0, which can be obtained through conversion: 

 

   
(16)

 

 
For the OA section, there is settlement deformation at the 

lower part. According to the Winkler’s hypothesis, the 

relationship between the subsidence of foundation beam and 
the load is as follows: 
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As shown in Fig. 10, the uneven settlement displacement 

boundary f(x) is applied from O to A,  
 

          (18) 

 
For the section x (0<x<a) in the OA section, the 

distributed load is decomposed into multiple concentrated 
forces, and the correction term is solved according to the 
concentrated force. For this reason, the distance from the end 
point is z, take the micro-segment dz, the load on the micro-
segment dP=P(x)dz, and the deflection correction value 
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Eq. (14), 
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          (19) 

 
Since the deflection value of OA section differs from 

section AB by only one deflection correction term, namely 
 

                                    (20) 
 
The deflection value at any position on the subgrade can 

be obtained by Eqs. (16) and (20). In order to calculate the 
degree of inclination of the subgrade, the inclination 
coefficient t is introduced: 
 

                                     (21) 

where, yo is the deflection at point O, yc is the deflection at 
any point on the foundation beam, and s is the width of the 
subgrade.  
 
 
4. Results and Discussion 

 
Without considering the secondary activation of the mined-
out areas, the ground deformation of the mined-out areas is 
simplified as the stratum compression deformation caused 
by the additional stress on the ground and the residual 
deformation of the mined-out areas. According to the 
probability integral method and stress area method, 
combined with the geological survey report of Xincheng 
mined-out areas, the accumulated deformation of ground 
subsidence and foundation compression deformation under 
different subgrade heights was obtained, which were 63.52 
mm, 115.02 mm, 166.97 mm, and 198.26 mm, respectively. 
In order to further analyze the influence of foundation 
settlement amplitude, the settlement range on subgrade 
deformation and the geometric mapping relationship with 
subgrade deformation. The basic calculation parameters of 
subgrade are selected as follows: EI = 200 MN/m2, k = 50 
MN/m2, g = 20 kN/m2, the embankment width is 40 m, and 
the train load is equivalent to 1 m high embankment. Among 
them, the settlement range is 20 m, 30 m, 40 m, 50 m and 60 
m, respectively. 
 
4.1 Mapping relationship between ground non-uniform 
settlement and subgrade geometric deformation 
The deformation characteristics of railway subgrade caused 
by uneven settlement of foundation are shown in Fig. 9. 
Under the action of cosine settlement curve, the geometric 
deformation of subgrade is also cosine-type. At the non-
uniform settlement wavelength S=40 m, the variation trend 
of the subgrade settlement along with the settlement 
amplitude of the foundation is similar, and typical curve 
features are shown in Fig. 9(a). With the increase of the 
settlement amplitude of foundation, the increment of 
subgrade settlement gradually decreases. The settlement 
amplitude of foundation increases from 63.52 mm to 198.26 
mm, and the maximum settlement of subgrade increases 
from 16.3 mm to 34.7 mm. When the non-uniform 
settlement amplitude A=115.02 m, the variation rule of 
subgrade settlement with the wavelength of foundation 
settlement curve is shown in Fig. 9(b). When the settlement 
wavelength is less than 20 m, the subgrade settlement is less 
affected by the foundation settlement. When the settlement 
wavelength is expanded to 30 m, the subgrade settlement 

increases nonlinearly with the increase of foundation 
settlement, and the most obvious increase is in the range of 
settlement wavelength 30-50 m. As the compactness of 
subgrade soil in the settlement center increases gradually, 
when the settlement wavelength is extended to 50 m, the 
increase of subgrade settlement decreases with the increase 
of settlement curve wavelength. Therefore, the settlement 
wavelength can alleviate the increase of settlement 
difference between superstructure and foundation. 

 
(a) Subgrade settlement 

 
(b) subgrade inclined deformation 

Fig. 9 Subgrade deformation with different settlement amplitude. 
 

Based on the above mentioned discussion, both 
amplitude and wavelength of the uneven settlement have a 
positive correlation with the settlement of subgrade. The 
corresponding empirical equation can be expressed as 
      

(22)
 

 
The Eq. (22) presents the relationship of settlement of 

subgrade Y with settlement amplitude A and wavelength S. 
The preceding empirical has a higher correlation coefficient 
at 0.984, which shows good correlation among the three 
variables of settlement of subgrade, amplitude of the uneven 
settlement and wavelength. When the amplitude and 
wavelength of the uneven settlement change, the related 
settlement of subgrade may change immediately. The 
empirical equation obtained in this study can be further 
applied to the research field of the mapping relationship 
between the surface uneven settlement and the geometric 
deformation of subgrade. 
 
4.2. Subgrade inclination variation with foundation 
settlement 
The inclined deformation characteristics of railway subgrade 
caused by uneven settlement are shown in Fig. 10. At the 
non-uniform settlement wavelength S=40 m, the curve 
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change trend of the inclined deformation of the subgrade 
with the non-uniform settlement amplitude is similar as 
shown in Fig. 10(a). With the increase of the settlement 
amplitude of foundation, the increment of subgrade 
settlement gradually decreases. The settlement amplitude of 
foundation increases from 63.52 mm to 198.26 mm, and the 
maximum settlement of subgrade increases from 16.3 mm to 
34.7 mm.  

 
(a) Subgrade settlement  

 
(b) subgrade inclined deformation 

Fig. 10 Subgrade deformation with different settlement wavelength. 
 
As shown in Fig. 10(b), when l/2 is less than the width of 

the subgrade, only the left half of the subgrade is in the 
foundation settlement area. Due to the large bending rigidity 
of the pavement, the right edge of the subgrade surface 
appears local camber, and the subgrade inclination is small 
at this time. When l/2 is larger than the width of subgrade, 
the subgrade is inclined deformation, accompanied by the 
overall subsidence, and shows a good following quality. The 
wavelength of settlement curve increases from 30 m to 60 m 
at equal intervals, and the inclination coefficient of the 
subgrade first increases and then decreases. When the half 
wave length of settlement curve is equal to the width of 
subgrade, the slope coefficient reaches the peak value of 
0.619 mm/m. As the compactness of subgrade soil increases 
gradually, the slope coefficient is not symmetrically 
distributed along the l/2 equal to the width of subgrade, but 
shows the change characteristics of increases rapidly and 
then decreases slowly. Similar to the subgrade settlement, 
the inclination of subgrade is also affected by two 
independent variables, namely amplitude and wavelength of 
the uneven settlement. The relationship of inclination 
coefficient of the subgrade to amplitude and wavelength of 
the uneven settlement can be expressed as, 
 

          
  (23) 

 
The correlation coefficient of the preceding fitting 

bivariate polynomial is 0.980. The amplitude of the uneven 
settlement has a positive correlation with the subgrade 
inclination coefficient, and the influence of the settlement 
amplitude on the subgrade inclination is more obvious than 
that of the wavelength. 

 
 

5. Conclusions 
 
Taking the Taijiao high-speed railway above the Xincheng 
mined-out areas as the research background, the probability 
integral method and the stress area method were used to 
improve the evaluation criteria of the foundation suitability 
of the high-speed railway, and the calculation of the 
subgrade deformation was analyzed based on the elastic 
foundation beam theory. The main conclusions are as 
follows: 

(1) Based on the general judgment standard of the groud 
loading influence depth (σz=0.10σcz), an accurate and 
suitable criterion for evaluating the foundation adaptability 
of high-speed railway is proposed, and the amplification 
factor is introduced, which can be used as a reference value 
for the design of foundation engineering above the mined-
out areas. 

(2) The model of foundation beam with symmetrical and 
asymmetrical distributed displacement boundary is 
established. The deflection differential equation of pavement 
slab is derived. The inclination coefficient is introduced to 
comprehensively characterize the degree of subgrade 
inclination. The deformation of subgrade caused by uneven 
settlement is significantly affected by settlement wavelength 
and amplitude. 

(3) When the settlement wavelength exceeds the width 
of subgrade, the increase becomes slow and tends to be 
stable. When the half wave length of settlement curve is 
equal to the width of subgrade, the inclination coefficient 
will reach the peak value. The empirical equations for the 
subgrade settlement amount and inclination coefficient 
variation with settlement amplitude and wavelength are 
proposed, which can be used to predict the subgrade 
deformation caused by uneven settlement of the foundation. 

This study mainly focused on the foundation adaptability 
and subgrade deformation analysis of high-speed railway 
above the mined-out areas, and some meaningful 
conclusions were obtained. To ensure the safety of high-
speed railway crossing the mined-out areas, in the next step, 
the similar model experiments will be carried out to provide 
the technical basis. 
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