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Abstract

In the process of subway construction, the control of construction quality and accuracy is
the core link. Deviation in the construction of a steel spring floating slab foundation under
the rail can easily cause problems such as abnormal rail installation, insufficient adaptability
of vibration isolators, and decreased vibration reduction performance, seriously threatening
the safety of train operation and increasing maintenance difficulty. In view of this, this
article addresses the issue of excessive deviation in the construction of a subway steel
spring floating slab track, and systematically identifies the main types of spatial geometric
deviations in each process. Based on on-site measured data, the distribution pattern
and statistical characteristics of construction deviations in each process were revealed
through data statistical methods, and the causes of deviations were analyzed. Based on the
quantitative analysis of structural characteristics and deviation sources, a mathematical
model of the underground foundation space was constructed using the spatial geometric
transformation method. Combined with the process sequence relationship, a deviation
transmission model for floating slab track construction was established, clarifying the
deviation analysis process and providing theoretical support for subsequent research on
construction correction.

Keywords: steel spring floating plate track; quantification of construction deviation;
deviation mathematical model; deviation analysis steps

1. Introduction
Urban rail transit has become the mainstay of urban public transportation [1–5], and

the vibration and noise problems caused by large-scale operation are becoming increasingly
prominent. The steel spring floating plate track has excellent vibration reduction effect
and is suitable for environmental control needs in sensitive urban areas. It is widely used
in subways. However, deviations in construction foundations can easily cause defects in
component installation, attenuation of vibration reduction performance, and residual opera-
tional hazards. At present, a large amount of research has been conducted both domestically
and internationally on monitoring and controlling deviations in tunnel construction.

At present, scholars at home and abroad have carried out systematic research on
tunnel construction deviation monitoring and control technology. Fang et al. [6] relied on
the secondary development technology of CAD, and compared the measured point cloud
section with the designed section to achieve the accurate calculation of tunnel overbreak
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and underbreak. Xu et al. [7] introduced the vatti clipping algorithm to efficiently calculate
the statistics of tunnel overbreak and underbreak areas. Wang et al. [8] used the point cloud
slice to fit the tunnel section parameters, and evaluated the tunnel construction quality
based on the difference between the measured and designed sections. Wilson et al. [9]
took the lead in taking the floating slab track as the core vibration reduction scheme
of the subway, and built a dual vibration reduction system by optimizing the structure
and vehicle supporting design, which provided a theoretical basis for the development
of related technologies. Li et al. [10] optimized the drainage and stray current control
supporting technology, summarized the design experience and proposed improvement
strategies, and improved the track design system, aiming at the construction problems of
the prefabricated steel spring floating plate turnout area. In addition, Watanabe et al. [11]
verified the significant vibration reduction advantages of the floating slab track compared
with the traditional track through measured data.

Previous studies have confirmed that the construction deviation of the foundation
under the track significantly affects the long-term service performance of the track. The
mechanical performance of the floating slab track is related to its vibration reduction
efficiency and structural stability, and academia has systematically carried out relevant
research. Gu et al. [12] used ANSYS v11.0 to build a three-dimensional numerical model to
explore the vibration transmission characteristics of the track system under harmonic load,
quantify the impact of frequency on tunnel and ground vibration, and provide support
for the evaluation of the vibration reduction effect. Li et al. [13] used the double model
system and dynamic flexibility method to analyze the force transfer law of a floating plate
under asymmetric wheel load, verify its high-frequency vibration isolation advantage,
and put forward an optimization method to eliminate the interference of load phase
difference. Castellani et al. [14] used frequency wave domain numerical simulation to
analyze the law of vehicle rail soil coupling vibration, explore the impact of geological
conditions on the vibration reduction effect of the track, and provide reference for the
track’s adaptability design. M.F.M. Hussein et al. [15–17] compared various floating plate
structures, explored the parametric excitation characteristics of a discrete floating plate,
and clarified the influence of plate length on structural resonance and ground vibration
propagation. Yao et al. [18], based on the vehicle rail coupling model, confirmed that
optimizing the parameters of the floating plate and support can effectively improve the
vibration isolation effect, and its vibration reduction performance is better than that of the
conventional monolithic track bed. Nishimural [19] clarified the influence of micro-defects
on the fatigue performance of steel springs through fatigue testing, providing a test basis for
spring quality control. Ling et al. [20] combined theoretical tests and numerical simulation
to reveal the fatigue fracture mechanism of fasteners and provide support for fastener
operation and maintenance selection. Wu et al. [21] confirmed that the actual impact of
construction error on structural performance is small by combining actual measurements
and simulation. Lu et al. [22] clarified the deterioration effect of weld and concrete defects
on bridge bearing capacity.

The construction accuracy of the steel spring floating slab track directly determines
its vibration reduction effect and service safety. At present, systematic research on the
transmission of construction deviation and the coupling control of the whole process is still
lacking. Therefore, this paper delineates the main types of spatial geometric deviation in
the construction of a subway floating slab track foundation and quantitatively analyzes
the distribution characteristics and change rules of construction deviation. Furthermore,
with the help of the spatial geometric transformation method, the spatial mathematical
models of the tunnel segment, base and floating slab track are established; the construction
deviation transfer model is constructed, combined with process time sequence logic; and
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the deviation analysis steps are established, which can provide theoretical support for the
subsequent precision control and deviation correction of track construction.

2. Design Concept of the Floating Slab Track
2.1. Composition of the Floating Slab Track Structure

The steel spring floating slab track is arranged in a layered structure from top to bottom.
The core components, in turn, are the steel rail and supporting fasteners, horizontal limit
device, sealing strip, shear hinge, steel spring vibration isolator, and floating slab track
bed. All components cooperate to achieve a high-efficiency track vibration isolation effect.
The track system relies on the support of steel spring vibration isolators to construct the
floating plate in the suspended layout state as a whole. The load and vibration of the
whole section of the track structure are conducted by the vibration isolators. When the
train passes through the rail section, the vibration generated by wheel rail contact is first
transmitted to the floating plate, and then attenuated step by step by steel spring vibration
isolation components, greatly reducing the vibration amplitude transmitted to the lower
foundation structure, weakening the impact of ambient vibration caused by train operation
from the source, and achieving the goal of vibration reduction and noise reduction along
the rail transit.

The stiffness of the track vibration isolation system is mainly provided by the built-in
spiral steel spring, and the damping is realized by the supporting viscous damper. The
two components work together to dissipate and block the vibration energy. During the
operation of the train, the wheel rail force is transmitted to the floating slab track bed step
by step through the rails and fasteners. Due to the low natural frequency of the floating
slab itself, the high-frequency vibration generated by wheel rail contact is difficult to be
directly transmitted to the lower subgrade, and only a small part of the low-frequency
vibration corresponding to the natural frequency of the floating slab will be transmitted to
the subgrade with a resonance effect. When the residual vibration energy passes through
the steel spring isolator, it will be further absorbed and weakened by the vibration isolation
components, continuously reducing the vibration transmission strength and maximizing
the transmission path of vibration to the foundation and surrounding environment.

2.1.1. Track Bed

For the cast-in-place steel spring floating slab track, the length of its standard plate is
set at 25 m, and the plate thickness range is controlled between 300 mm and 400 mm. The
specific size needs to be reasonably determined based on the working conditions of the
actual line. The ballast bed structure is usually bound with HRB400 grade reinforcement to
form a reinforcement cage, and then poured with C40 concrete to complete the molding
operation at the same time. With this construction method, the ballast bed has good
structural stability.

2.1.2. Structure of the Vibration Isolator

The overall structure of the isolator can be divided into four parts: the outer sleeve,
the inner sleeve, the leveling steel plate and the locking system. See Figures 1–3 for the
specific structure. The outer sleeve of the vibration isolator is installed at the gap between
the two sleepers and embedded in the concrete of the floating slab. Its main function is
to transfer the upper load to the inner sleeve. As the core functional component of the
vibration isolator, the stiffness of the inner sleeve is achieved by the spiral steel spring,
and the damping is provided by the viscous damper. The leveling steel plate is used in
conjunction with the locking system, which is mainly used to adjust the height of the
floating plate to ensure that the rail elevation meets the design requirements.

https://doi.org/10.3390/app16147273

https://doi.org/10.3390/app16147273


Appl. Sci. 2026, 16, 7273 4 of 21

Figure 1. Composition of the vibration isolator: 1-Outer sleeve; 2-Inner sleeve; 3-Leveling steel plate.

Figure 2. Observation tube.

Figure 3. Shear hinge.

2.2. Vibration and Noise Reduction Mechanism of the Floating Slab Track

According to vibration isolation theory, when the wheel rail excitation frequency f is
greater than

√
2 times the natural frequency f 0 of the floating plate system (i.e., f > f 0), the

vibration will be effectively isolated. The calculation formula of the natural frequency of
the system is:

f0 =
1

2π

√
Kt

Mt
(1)

where f 0 is the natural frequency of the floating plate system; Kt is the total vertical stiffness
of the steel spring isolator; and Mt is the total mass of the floating plate system.

When the subway train is running, the wheel rail excitation frequency is mainly
10~80 Hz (the main frequency is 20~50 Hz). By designing the mass of the floating plate and
the stiffness of the steel spring, the natural frequency f 0 of the system is controlled to be
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2~5 Hz to meet f >
√

2f 0 (i.e., f > 2.8~7.1 Hz), thereby achieving vibration isolation. The
calculation formula of vibration reduction (insertion loss) is:

IL = 20lg
(

A0

A1

)
= 20lg


√

1 + (2ζr)2√
(r2 − 1)2 + (2ζr)2

 (2)

where IL is the damping capacity; A0 is the foundation vibration acceleration without
vibration isolation measures; A1 is the foundation vibration acceleration after setting the
floating plate; ζ is the damping ratio of the system, and ζ of the steel spring floating plate
system is usually 0.05~0.15; and r is the frequency ratio, r = f /f 0.

The vibration reduction function of the steel spring floating plate is realized based
on the coupling mechanism of “inertia mass elastic support energy dissipation”. Its core
principle is to block the vibration transmission path and absorb vibration energy through
structural design, and finally achieve the goal of vibration reduction and noise reduction.
The steel spring isolator, as the core damping component, adopts the composite structure of
“spiral steel spring + viscous damper” to form a three-dimensional elastic support system.

Elastic buffer of spiral steel spring: the steel spring provides vertical, horizontal
and longitudinal elastic support. When the floating plate is subjected to vibration load,
the spring absorbs the vibration kinetic energy through compression and rebound, and
converts the vibration into elastic potential energy to realize the initial attenuation of
vibration amplitude. Its elastic stiffness is precisely designed to filter the main vibration
frequency band of 15~100 Hz generated by subway train operation, so that the vibration
frequency can avoid the structural resonance frequency and vibration amplification.

Energy dissipation of viscous damper: the damper is arranged in parallel with the steel
spring. During the deformation and resetting of the spring, the elastic potential energy is
converted into heat energy through the viscous friction of the internal medium, which can
effectively inhibit vibration rebound and shorten the vibration attenuation time. Especially
for high-frequency vibration (above 50 Hz), the damper can quickly dissipate energy and
greatly reduce the vibration transmission efficiency.

2.3. Key Design Parameters and Deviation Standards for the Floating Slab Track

According to the relevant provisions of “technical specification for floating slab track
CJJ/T 191-2012” [23], the key design parameters of the cast-in-place steel spring floating
slab mainly include the length and thickness of the floating slab and the height of the
track structure. Among them, the length is usually controlled at about 25 m, and the plate
thickness range is 300~500 mm. Under different laying scenarios, the height of the track
structure varies: 800~900 mm in horseshoe and arch tunnels, 750~840 mm in rectangular
tunnels, and not less than 650 mm when laid on viaducts.

The length specifications of prefabricated steel spring floating plates are mainly 6 m,
4.8 m, and 3.6 m, and the thickness of the floating plates is 300~500 mm. The layout of
the steel spring floating plate isolators needs to distinguish between straight and curved
sections. In the transition section of the track, the isolators are connected to the front and
rear track structures by a densified layout. See Figures 4 and 5 for the specific layout.
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Figure 4. Longitudinal arrangement of the steel spring isolator.

Figure 5. Transverse arrangement of the steel spring isolator.

In order to ensure the construction quality of the floating slab track, the relevant
specifications specify the scope of construction deviation of the floating slab track base
pouring, vibration isolator installation and floating slab track size. In [23], the length
deviation range of the floating plate is ±12 mm, the width deviation is ±5 mm, and the
height deviation is ±5 mm. The installation deviation of the vibration isolator is ±3 mm
in the longitudinal/transverse center distance, and ±5 mm in the shear hinge installation
position. The elevation of the vibration isolator position is 0~3 mm, and the flatness of the
base is ±1 mm/2 m. The elevation of other parts is 0~5 mm, and the flatness is ±2 mm/2 M.

3. Analysis of Construction Deviation Sources of the Floating Slab Track
3.1. Deviation Sources and Quantitative Classification

In the actual construction process, it is found that the tunnel centerline and the track
centerline may deviate due to the influence of its own mechanical performance, running
posture and other factors when the shield machine carries out the tunneling operation. This
offset problem will directly cause the height of the track structure to fail to meet the design
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standard. Therefore, the floating slab in such sections needs to adopt a special design
scheme, and some vibration isolators need to be adjusted to be arranged directly below the
rail. See Figure 6 for the specific layout.

Figure 6. Cross-section of the tunnel floating slab: (a) No deviation of tunnel centerline; (b) deviation
of tunnel centerline.

By examining and analyzing the entire process of shield tunnel construction, it is found
that during shield tunneling, due to the mechanical structure characteristics, operational
stability, and other factors, it is very easy to cause a serpentine lateral offset between the
tunnel centerline and the track design centerline, which will have a negative impact on the
construction quality and installation accuracy of the subsequent floating slab track.

In the construction process of the base cast in situ, due to technical reasons such as
inadequate control of the construction process and nonstandard operating procedures,
overall uneven deviation of the base cast-in-place thickness may occur, which will further
affect the subsequent installation and construction of the floating slab track and is not
conducive to controlling track installation quality. Referring to the relevant technical
requirements in [23], it is clearly stipulated that the pouring thickness of the base shall
not be less than 150 mm, the pouring thickness of the floating slab shall not be less than
250 mm, and the minimum control value of the clearance under the rail shall be 30 mm.
Based on the minimum limit specified in the above specifications, combined with the
research requirements of this paper and the actual situation of the site construction, it is
determined that the maximum allowable deviation during the pouring construction of the
base is 87 mm, the maximum allowable deviation during the pouring construction of the
floating slab is 75 mm, and the maximum allowable deviation of the clearance under the
rail is 42 mm.

When the base is cast in situ, the thickness of the left and right sides of the cross
section is different, resulting in the deviation of the flatness of the base, which may affect
the subsequent construction of the floating plate and the installation of the steel spring.
During construction using the cast-in-place method, because the floating slab is cast in situ,
there may be a deviation in thickness during casting, which may affect the overall elevation
of the track structure.

Through the above analysis, and considering different construction methods and line
positions, the construction of steel spring floating plates can be divided into cast-in-place
straight-line segments, cast-in-place curve segments, prefabricated straight-line segments,
and prefabricated curve segments. For the foundation deviation, four kinds of deviation
forms are considered: the transverse deviation between the tunnel centerline and the track
centerline caused by the tunnel construction, the thickness deviation of the base caused by
the construction, the left and right thickness deviation caused by the base construction, and
the thickness deviation of the floating plate caused by the construction.
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3.2. Distribution Law of Construction Deviation of the Foundation Under the Rail

Based on the measured data of a subway line after tunneling, the distribution law of
construction deviation of the tunnel lining along the route mileage direction is analyzed.
Among them, the horizontal and vertical construction deviation of the tunnel centerline
and the construction deviation of the tunnel bottom elevation are shown in Figures 7 and 8.
Further, the mean value, standard deviation and extreme value of positive and negative
deviation of each construction deviation are obtained through statistical analysis.

Figure 7. Longitudinal data analysis of tunnel construction deviation along the line: (a) Difference
between tunnel top and bottom; (b) elevation deviation of tunnel bottom; (c) lateral deviation of
tunnel centerline; and (d) vertical deviation of tunnel centerline.

It can be seen from Figure 7 that the construction deviation interval of tunnel diameter
is −80~30 mm, and the construction deviation interval of tunnel bottom elevation is
−125~30 mm. The deviation of tunnel diameter and tunnel bottom elevation is mainly
negative, and the maximum relative error is only 2.31%. Therefore, the tunnel lining surface
can be regarded as the ideal circumference calculation.

According to Figure 8, the horizontal deviation interval of the tunnel centerline is
−50~30 mm, and the vertical deviation interval of the tunnel centerline is −70~50 mm.
In addition, the randomness of tunnel construction deviation is high, and the data are
highly discrete, so the longitudinal distribution of construction deviation data along the
line needs to be considered when formulating the construction scheme. In order to keep the
elevation of the track structure unchanged during construction, when the tunnel section
is regarded as an ideal circumference, and when the transverse deviation of the tunnel
centerline is large after construction, the floating plate steel spring will be placed under
the rail, or even at the edge of the base. When the elevation deviation of the tunnel bottom
is large, it may also lead to the above situation. The elevation of the rail surface can be
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ensured by adjusting the thickness of the base or the thickness of the floating plate, but
the change in size of the floating plate will inevitably lead to changes in the structural
bearing capacity and vibration damping performance. Therefore, it is of great theoretical
and engineering significance to design a reasonable construction scheme according to the
construction deviation to ensure the smoothness of the line, the bearing capacity of the
track slab and the vibration reduction performance.

Figure 8. Distribution of actual measured samples and fitted distribution curve for tunnel construction
deviation: (a) Difference between tunnel top and bottom; (b) elevation deviation of tunnel bottom;
(c) lateral deviation of tunnel centerline; and (d) vertical deviation of tunnel centerline.

4. Transmission Law for the Construction Deviation of an
Under-Rail Foundation

Combined with the measured data, the core deviation sources, such as the tunnel,
basement, and floating slab, are selected to build the transfer model. Based on the structural
characteristics and deviation analysis results, taking straight tunnels as the research object,
this chapter uses the spatial geometry method to establish the global spatial model, con-
structs the deviation transmission system combined with the construction process, delimits
the analysis process, and preliminarily formulates the deviation correction scheme for
the cast-in-place and prefabricated floating slabs. The three-dimensional diagram of the
prefabricated floating slab track of a metro line is displayed in Figure 9, which was drawn
using SolidWorks 2024 software.
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Figure 9. Three-dimensional diagram of a prefabricated floating slab for a subway.

4.1. Construction of a Parametric Mathematical Model for the Under-Track Foundation
4.1.1. Deviation Model of the Tunnel Centerline

In order to further consider the influence of the construction deviation of the floating
slab track along the line direction, and to facilitate the establishment of the mathematical
model of the construction deviation of the subway floating slab track, this paper first ana-
lyzes the spatial geometric relationship of each structure in the tunnel without construction
deviation, regards the upper surface of the tunnel segment as an ideal cylindrical shell, and
makes the following assumptions. The tunnel lining segment is assumed to be an ideal
cylindrical shell; the floating slab track is assumed to be a rigid body when considering
the installation attitude deviation of the track slab; the lateral deviation of the floating slab
track sleeve along the line is ignored; and the gradient of the centerline vector is small
within the range of a track slab.

As shown in Figure 10, the subway tunnel lining is assumed to be an ideal cylindrical
shell, and the right-hand coordinate system O-xyz, as shown in the figure, is established.
Among them, the x-axis is along the longitudinal direction of the line, with the direction of
increasing mileage taken as positive; the y-axis is along the transverse direction of the line;
and the z-axis is along the vertical direction of the line.

Figure 10. Mathematical model of the metro tunnel.

P0(x0, y0, z0) is the coordinate of the center starting point of the floating slab track slab
corresponding to the tunnel centerline, and (x, y, z) is any point on the tunnel centerline in
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a floating slab. If the error between the tunnel centerline and the line centerline is known,
the actual centerline q space equation can be expressed as:

q :
x − x0

l
=

y − y0

m
=

z − z0

n
(3)

where (l, m, n) is the tunnel centerline vector, which can be obtained from the coordinates
of the tunnel centerline at the starting point and end point of the track slab.

Suppose that point P(x, y, z) is any point on the tunnel segment, while points P0 and
M are on the tunnel centerline q. The distance from P to the straight line q is the tunnel
radius r, which can be obtained from the Euclidean distance formula and the straight line
symmetry equation: 

PP0 =
√
(x − x0)

2 + (y − y0)
2 + (z − z0)

2

→
e PP0 = (x − x0, y − y0, z − z0)
→
e lq = (l, m, n)

(4)

where
→
e is the direction vector of the line.

The included angle between the straight line PP0 and the tunnel centerline is θ, which
can be obtained from the vector expression for cos θ:

cos θ =

→
a ·

→
b

|→a | · |
→
b |

=

→
e PP0 ·

→
e l∣∣∣→e PP0

∣∣∣ · ∣∣∣→e l

∣∣∣ = l(x − x0) + m(y − y0) + n(z − z0)
√

l2 + m2 + n2 ·
√
(x − x0)

2 + (y − y0)
2 + (z − z0)

2
(5)

Meanwhile, based on the geometric relationship shown in Figure 10, cos θ can be
obtained using the following formula:

cos θ =
MP0

PP0
=

√
(x − x0)

2 + (y − y0)
2 + (z − z0)

2 − r2√
(x − x0)

2 + (y − y0)
2 + (z − z0)

2
(6)

where MP0 and PP0 are the distances of straight lines mp0 and pp0 respectively, where:

MP0 =
√

PP2
0 − r2 =

√
(x − x0)

2 + (y − y0)
2 + (z − z0)

2 − r2
0 (7)

It can be seen from Equations (5) and (6) that:

l(x − x0) + m(y − y0) + n(z − z0)
√

l2 + m2 + n2 ·
√
(x − x0)

2 + (y − y0)
2 + (z − z0)

2
=

√
(x − x0)

2 + (y − y0)
2 + (z − z0)

2 − r2√
(x − x0)

2 + (y − y0)
2 + (z − z0)

2
(8)

The space equation of the ideal cylindrical surface of tunnel lining is obtained
as follows:

(x − x0)
2 + (y − y0)

2 + (z − z0)
2 − r2 =

[l(x − x0) + m(y − y0) + n(z − z0)]
2

l2 + m2 + n2 (9)

where (x, y, z) is any point on the tunnel segment; (x0, y0, z0) is a point on the tunnel center-
line; r is the actual tunnel radius; and (l, m, n) is the space vector of the tunnel centerline.

The spatial position relationship between any point within the scope of the subway
tunnel and the tunnel segment can be further expressed as:
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
(x − x0)

2 + (y − y0)
2 + (z − z0)

2 − r2 = [l(x−x0)+m(y−y0)+n(z−z0)]
2

l2+m2+n2 , on tunnel surface

(x − x0)
2 + (y − y0)

2 + (z − z0)
2 − r2 < [l(x−x0)+m(y−y0)+n(z−z0)]

2

l2+m2+n2 , inside the tunnel surface

(x − x0)
2 + (y − y0)

2 + (z − z0)
2 − r2 > [l(x−x0)+m(y−y0)+n(z−z0)]

2

l2+m2+n2 , outside the tunnel surface

(10)

When the starting point is at the coordinate origin, the ideal cylindrical surface equa-
tion is: 

y2 + z2 − r2 = 0, on tunnel surface
y2 + z2 − r2 < 0, inside the tunnel surface
y2 + z2 − r2 > 0, outside the tunnel surface

(11)

It is worth noting that when the starting point and the end point of the tunnel centerline
coincide, the above equation degenerates to a two-dimensional space, that is, the equation
of a circle:

(y − y0)
2 + (z − z0)

2 = r2 (12)

where (y0, z0) are the central coordinates of the tunnel, and (y, z) is any point on the tunnel
lining surface; r is the tunnel radius.

The length of a floating slab is set as the basic analysis unit to analyze the construction
deviation of the tunnel centerline, as shown in Figure 11.

Figure 11. Diagram showing the deviation of the tunnel centerline.

The design value of the tunnel centerline follows the vector P0P1, and the actual tunnel
centerline vector after construction is P′

0P′
1. The construction deviation at any point of the

track slab, including horizontal and vertical deviations, can be expressed as:
∆lx = x′ − x
∆ly = y′ − y
∆lz = z′ − z

(13)

Further, ignoring the longitudinal error of the tunnel centerline, the deviation vector
along the longitudinal tunnel centerline can be expressed as:

T(i) =


∆lx1

∆lx2
...

∆lxn−1

∆lxn

∆ly1 ∆lz1

∆ly2 ∆lz2
...

...
∆lyn−1 ∆lzn−1

∆lyn ∆lzn

 (14)
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If the coordinates and deviations of the tunnel centerline are known, the coordinates
of any point on the tunnel segment under the ideal cylindrical surface can be calculated
according to formula (13), which can then be used for the deviation calculation of the
downstream process. The spatial position relationship between any point within the scope
of the subway tunnel and the tunnel segment can be expressed as:

(x − x0)
2 + (y − y0 − ∆ly)2 + (z − z0 − ∆lz)2 − r2 = [l(x−x0)+m(y−y0−∆ly)+n(z−z0−∆lz)]2

l2+m2+n2 , on tunnel surface

(x − x0)
2 + (y − y0 − ∆ly)2 + (z − z0 − ∆lz)2 − r2 < [l(x−x0)+m(y−y0−∆ly)+n(z−z0−∆lz)]2

l2+m2+n2 , inside the tunnel surface

(x − x0)
2 + (y − y0 − ∆ly)2 + (z − z0 − ∆lz)2 − r2 > [l(x−x0)+m(y−y0−∆ly)+n(z−z0−∆lz)]2

l2+m2+n2 , outside the tunnel surface

(15)

4.1.2. Mathematical Model of Base Construction Deviation

The cross section of the floating slab track is shown in Figure 12. According to the
analysis of the construction steps of the floating slab track, the deviation transmission of
the base is mainly related to the thickness of the base at the installation position of the
steel spring. Therefore, it is only necessary to express the error of the base thickness at the
position of the steel spring.

Figure 12. Schematic diagram of the cross section of a floating slab track.

As shown in Figure 13, the base is regarded as a rigid body. The top surface of the
base at the left and right steel springs can be represented by a spatial straight line, and the
equation for the straight line j, which describes the thickness of the top surface of the base,
can be expressed as:

j :
xJ − xJ0

lJ
=

yJ − yJ0

mJ
=

zJ − zJ0

nJ
(16)

where J0(xJ0, yJ0, zJ0) and J1(xJ1, yJ1, zJ1) are the points on the top of the base, respectively,
and (lJ, mJ, nJ) is the vector of the straight line j.

After the base is poured, calculate the coordinates of any point on the tunnel segment.
The points J0(xJ0, yJ0, zJ0) and J1(xJ1, yJ1, zJ1) on the top of the base can be obtained from
the following formula: 

xJ0 = xJ

yJ0 = yJ

zJ0 = zJ + h′
(17a)


xJ1 = xJ + lJ

yJ1 = yJ

zJ1 = zJ + h′
(17b)
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where (xJ, yJ, zJ) is the point coordinate on the surface of the tunnel segment at the position
of the steel spring; and lJ and h’ are the length of the floating slab track and the base pouring
thickness at the steel spring position, respectively.

Figure 13. Mathematical model of the top surface of the substrate.

The spatial linear equation of the top surface of the base is determined by the top
coordinates. Considering the irregular shape of the base, this paper uses the key control
points to construct the thickness deviation vector of the floating plate. Taking the base
thickness at the installation position of the steel spring as the control variable, the thickness
deviation of the floating plate at the control points of the left and right steel springs can be
expressed as:

∆hj = h′ − h (18)

Further, the thickness deviation of the longitudinal floating plate along the line can be
expressed as:

J(i) =


0 0
0 0
...

...
0 0
0 0

∆hj1

∆hj2
...

∆hjn−1

∆hjn

 (19)

4.1.3. Mathematical Model of Construction Deviations in the Floating Slab Track

It can be seen from the cross section of the floating slab track in Figure 12 and the
analysis of its construction steps that the deviation transmission of the floating slab is
mainly related to the thickness and installation posture of the floating slab. Therefore, the
influence of the flexible deformation of the floating plate is ignored, and the floating plate
is regarded as a rigid body. In the deviation analysis, the influence of the actual thickness
of the floating plate and the installation attitude should be considered.

As shown in Figure 14, the floating slab track is regarded as a rigid body. The top
surface of the floating slab track at the left and right rail positions can be represented by
a spatial straight line, and the equation for the thickness of the straight line f of the top
surface of the floating slab track can be expressed as:

f :
xF − xF0

lF
=

yF − yF0

mF
=

zF − zF0

nF
(20)

where F0(xF0, yF0, zF0) and F1(xF1, yF1, zF1) are the points on the top of the base, respectively,
and (lF, mF, nF) is the vector of the straight line f.
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Figure 14. Mathematical model of the top surface of floating slab track.

The linear equation of the top surface of the floating slab track is determined by the
coordinates at both ends of the top surface of the track slab. Considering that the shape
of the floating slab is irregular, this paper also uses the key control points to construct the
thickness deviation vector of the floating slab. The track deviation of the floating slab is
shown in Figure 15. Assuming that the actual thickness of the floating slab after installation
is h’, the angle deviation around the x axis is θ, the angle deviation around the y axis is ϕ,
and the angle deviation around the z axis is ψ after installation.

Figure 15. Deviation of the floating slab track.

Taking the thickness of the floating plate at the rail installation position as the control
variable, the coordinates of the floating plate at the left and right rail control points can be
expressed as: 

∆x f = ∓ϕh/2 ± ψt
∆y f = ψl − φt
∆z f = θt − ϕl

(21)

where l and t are the transverse and longitudinal distances from the calculated deviation
position to the center of the floating plate, respectively; and h′ and h are the actual thickness
and design thickness of the floating slab track, respectively.

After pouring the base, the coordinates of any point on the base can be calculated by
Equation (21). The points J0(xJ0, yJ0, zJ0) and J1(xJ1, yJ1, zJ1) on the top of the base can be
obtained by the following equation:

xF0 = xR + ∆x f

yF0 = yR + ∆y f

zF0 = zR + h′ + ∆z f

(22a)
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
xF1 = xR + ∆x f

yF1 = yR + ∆y f

zF1 = zR + h′ + ∆z f

(22b)

where (xJ, yJ, zJ) are the point coordinates on the surface of the tunnel segment at the
position of the steel spring; and lJ and h’ are the length of the floating slab track and the
base pouring thickness at the steel spring position, respectively.

To sum up, after considering the thickness deviation and installation position deviation
of the track slab, the deviation vector of the longitudinal floating slab along the line can be
expressed as:

F(i) =


∆x f 1 ∆y f 1 ∆z f 1

∆x f 2 ∆y f 2 ∆z f 2
...

...
...

∆x f n−1 ∆y f n−1 ∆z f n−1

∆x f n ∆y f n ∆z f n

 (23)

4.2. Deviation Transmission Analysis Model of Foundation Construction Under Rail

The transmission of deviation is usually based on two transmission methods [24–29]:
(1) transmission through geometric position deviation and (2) transfer by geometric de-
viation. After checking and analyzing the deviation of each link in the construction of
the steel spring floating plate, it was found that the geometric position deviation in the
construction process is mainly concentrated in three key aspects: first, the deviation of the
tunnel centerline during tunnel excavation; second, the deviation for which the structural
thickness does not meet the design standard in the process of base pouring construction,
floating slab pouring and installation; and third, the problem of position deviation during
the installation of the vibration isolator. When these geometric position deviations are
transferred in the construction process, two different types of deviation flow will gradually
form, namely continuous deviation flow and intermittent deviation flow, as shown in
Figure 16.

Figure 16. Digraphs of the first and second types of deviation sources: (a) Deviation flow I; (b) devia-
tion flow II; and (c) deviation flow III.

As can be seen from the construction procedures of the floating slab, there are strict
deviation control standards for tunnel excavation, base pouring, and floating slab pour-
ing/precast floating slab installation. In addition, considering the construction deviation
control from the perspective of a single process, it is more necessary to analyze the impact
of upstream process deviations on downstream processes. Therefore, it can be found that
in the actual construction process of the steel spring floating slab, the deviation transfer
mode is consistent with the characteristics of type (a) deviation flow (continuous deviation
flow) in Figure 16; that is, it is transferred through the set position deviation. Specifically,
the deviation generated by each construction link does not exist in isolation, but will be
gradually transmitted from the current construction link to the subsequent link, and the
transmission process always follows the basic law of continuous transmission. For the
specific transmission path, please refer to the detailed schematic in Figure 17. Among
these, gij represents the process deviation node, indicating the geometric position deviation
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generated by the j-th construction process in the i-th type of deviation flow. dx represents
the amount of deviation transferred between processes or transfer links, representing the
effect of deviation conducted from the previous deviation node to the next node.

Figure 17. Deviation transmission process of the steel spring floating plate.

After constructing the spatial geometric model of the floating slab track, the deviation
transfer model of the floating slab track can be established according to the construction
process and the spatial position relationship of each component, so that how the devia-
tion of each process is transferred to the downstream process, as well as the cumulative
superposition mechanism of multiple process deviations in space (along the line direction
and cross section direction), can be analyzed. Then, the construction process of the floating
slab track under different construction processes is studied, the causes and characteristics
of process deviation in each process are analyzed, and the rules and characteristics of
deviation transmission under different processes are compared.

Considering that the construction deviation of the floating slab track is continuously
transmitted to the downstream process, the cumulative construction deviation vector at the
installation position of the floating slab rail can be obtained from the following formula:

H(i) = T(i) + J(i) + F(i) (24)

where T(i), J(i), and F(i) are the deviation vectors of the tunnel centerline, base elevation,
and track slab top elevation, respectively, which can be obtained from the following matrix:

T(i) =


∆lx1

∆lx2
...

∆lxn−1

∆lxn

∆ly1 ∆lz1

∆ly2 ∆lz2
...

...
∆lyn−1 ∆lzn−1

∆lyn ∆lzn

;

J(i) =


0 0
0 0
...

...
0 0
0 0

∆hj1

∆hj2
...

∆hjn−1

∆hjn

;

F(i) =


∆x f 1 ∆y f 1 ∆z f 1

∆x f 2 ∆y f 2 ∆z f 2
...

...
...

∆x f n−1 ∆y f n−1 ∆z f n−1

∆x f n ∆y f n ∆z f n



(25)

where ∆x, ∆y, and ∆z are the longitudinal, transverse, and vertical construction deviations
of the tunnel centerline and floating slab, respectively; and ∆hj1 is the construction deviation
of the thickness of the floating plate at the installation position of the steel spring.

4.3. Analysis Steps for Construction Deviation Transmission of Foundation Under Rail

The schematic diagram of the deviation analysis model of the metro tunnel is shown in
Figure 18. Considering that the construction deviation data is highly random and discrete
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along the longitudinal direction of the line, the design and analysis steps of the deviation
correction scheme for the floating slab track in a metro tunnel are as follows:

Figure 18. Schematic diagram of the tunnel deviation analysis model.

(1) The construction deviation distribution histogram is drawn according to the central
line measurement data after the completion of tunnel excavation, and the probability
density function of construction deviation is calculated. Then, the construction devia-
tion distribution function of the central line of the construction tunnel is fitted, and
the characteristic parameters such as the construction deviation interval, mean value
and variance are calculated to analyze the distribution law of construction deviation.

(2) Calculate the construction deviation of the tunnel centerline. If the construction
deviation gradient within the scope of a track slab changes a little, the centerline
vector can be calculated according to the centerline coordinates corresponding to the
start and end points of the track slab. If the construction deviation gradient within
the scope of a track slab is large, the track slab can be divided into several sections to
calculate the construction deviation as required, as shown in Figure 18.

(3) According to the above calculation method, the ideal cylindrical surface equation of
the tunnel surface, the linear equation of the installation position of the steel spring
on the top surface of the base, and the equation of the rail laying position on the top
surface of the track slab are constructed.

(4) According to [23] and [29], the constraint conditions of the structural parameters of
the floating slab track are determined. These also serve as the boundary conditions
for the deviation mathematical model and the transfer analysis model established in
this article.

(5) Based on the comprehensive analysis of the specification requirements, the adjustable
range of the thickness of each floating slab track is determined through the adjustable
range of the pouring thickness of the base and the floating slab.

(6) The Sobol sensitivity parameter analysis method is used to analyze the sensitivity of
each construction process parameter, determine the key parameters of each construc-
tion process, and analyze the sensitivity of the cumulative impact of different process
deviations and different deviation combinations on the final track spatial position
(especially the track geometry: height, track direction, level, gauge, and distortion).

(7) Considering the sensitivity of each construction process parameter, the deviation
correction scheme of the downstream process is preliminarily determined.

5. Conclusions
This paper systematically identifies the types of spatial geometric deviation corre-

sponding to each process of the floating slab track, and reveals the distribution law and
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causes of construction deviation by statistical methods based on the measured data. At
the same time, combined with the structural characteristics and deviation source analysis
results, the mathematical model of the foundation space under the track is constructed,
the construction deviation transfer analysis model is established based on the construction
process logic, and the analysis steps of the deviation correction scheme are defined. The
main conclusions are as follows.

(1) Foundation construction deviation is classified into four typical forms: the lateral
deviation between the tunnel and the track centerline, the overall thickness deviation
of the foundation base, the left and right thickness deviation of the foundation base,
and the thickness construction deviation of the floating slab.

(2) The research shows that the diameter deviation of the tunnel follows a Weibull distri-
bution, and the horizontal and vertical deviations of the tunnel bottom elevation and
centerline follow a normal distribution. The deviation between the tunnel diameter
and the bottom elevation is mainly negative, and the maximum relative error is only
2.31%. The tunnel lining surface can be calculated according to the ideal circumfer-
ence. At the same time, the discreteness and randomness of the tunnel construction
deviation are significant, and the longitudinal distribution law of the deviation along
the line should be considered in the construction scheme design.

(3) Based on the structural features of floating slab tracks and the analysis of construction
deviation quantification sources, a spatial mathematical model for tunnel segments,
the base, and floating slab tracks was established via the spatial geometric transfor-
mation method.

(4) From the analysis of the construction deviation transfer model of steel spring float-
ing slabs, construction geometric deviations mainly consist of three types: tunnel
centerline offset, thickness deviations of the base and floating slab, and vibration iso-
lator installation position offset. Deviations in each process are not independent but
transfer continuously along the construction flow, presenting a chain transfer pattern.
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