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Based on ﬁeld measurement data from the Fuyingzi Tunnel and Hongshila Tunnel on the Zhangtang Railway, a comparative
analysis was conducted on the characteristics of a ballast bed and ballastless slab track, which are commonly used in the track
structures of heavy-haul railway tunnels. According to the relevant domestic standards and the theory of the stress diﬀusion angle,
a wheel-rail sharing ratio and theoretical calculation method for the added value of the trainload on the surface and bottom of
diﬀerent track bed types was proposed. In accordance with the measured data, the dynamic load thresholds and distributions on
the surface and bottom of diﬀerent track bed types were analysed and compared with the theoretical results. The results show that
the theoretical equation has high accuracy and good applicability. The ballast bed can better cushion the heavy loads, while the
ballastless slab track is better able to accomplish train load attenuation. In addition, the distribution on the bottom of the
ballastless slab track is “triangular”, while the distribution at the surface or bottom of the ballastless track and ballast bed is “saddleshaped.” The ballast bed is subjected to a greater load from the vehicle, and the long-term eﬀect is more pronounced. These results
can provide a theoretical basis for the stress analysis and design parameters of heavy-haul railway tunnel track beds.

1. Introduction
Presently, heavy-haul railways have become the main focus
of development for freight transportation in various
countries [1, 2]. Because heavy-haul railways have the
characteristics of large heavy axles, large gross weights, high
vehicle density, and large rail transport of traﬃc, the
basement structure of a heavy-haul railway tunnel will bear a
greater train dynamic load than ordinary railway tunnels
[3, 4]. The track bed is most signiﬁcantly aﬀected by the
dynamic loads from trains during the operation of heavyhaul railway tunnels [5]. The mechanical behaviour of a
ballastless slab track is relatively clear, and it can provide
high ride comfort with less maintenance; however, problems

of loud noise and severe vibration are caused by the integrated structure and rigid nature of a ballastless slab track. In
contrast, the construction period and cost of ballast beds are
easy to control, and the train load transfer range is small;
however, the mechanical characteristics of ballast beds are
complex. Ballast beds and ballastless slab tracks remain the
two main types of track bed used in China, and they are also
the main types of track bed used in heavy-haul railway
tunnels. Maintaining a good service status of the track bed is
critical for ensuring railway smoothness and providing a
stable running interface for the train operation [6, 7]. The
high ride comfort of the rail surface can provide a stable
running interface for the train operation. It is of great
importance to analyse the dynamic loading of heavy-haul
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trains on ballast beds and ballastless slab tracks to investigate
the mechanical properties of the track bed. This is also the
premise for determining reasonable design parameters for
the track bed and ensuring the operational safety of heavyhaul railway tunnels.
Some domestic and foreign studies have been conducted
on the mechanical characteristics of ballast beds and ballastless slab tracks. Ganzalez-Nicieza et al. [8] determined
that sleepers at the loading positions of heavy-haul trains are
the main stress components, and the load action is greatly
reduced outside the range of 5 m, but the distribution of load
is not clear. Yang et al. [9] analysed the inﬂuence of diﬀerent
track bed types on subgrade stress characteristics, a twodimensional dynamic ﬁnite element model is established
based on eﬀective elastic stiﬀness, and the results show that
when the train speed is greater than 10% of the Rayleigh
wave velocity of the subgrade, the dynamic eﬀect begins to
appear. Sadeghi [10] measured the loads transferred from
the rail to the sleeper and from the sleeper to the ballast as a
function of the train speed and proposed ratios to calculate
the dynamic impact factors and ballast–sleeper pressure
distribution patterns for the design of sleepers, but there is
no research on the ballastless track bed. Lazorenko et al. [11]
concluded that the track foundation is the most important
element in railway track construction, and the main factors
that determine the dynamics of the soil behaviour of the
railbed under cyclic loading from heavy-haul trains are the
magnitude and duration of the loads. Based on the space–time-dependent characteristics and interaction between the
vehicles, ballast bed, and subgrade, Xu and Cai [12] established a spatially coupled dynamic model to describe the
dynamic transmission characteristics of a ballast track and
subgrade. Yang et al. [13] simulated the eﬀects of gradation
and particle shape on the mechanical characteristics of a
ballast bed using the discrete element method and found that
a reasonable gradation could provide the ballast bed with
good mechanical properties; the contact force between
ballasts under this condition was distributed in a conical
shape over 45°. The above research has mostly investigated
the trainload transfer law for a single structural type of track
bed, focusing largely on the subgrade; however, research on
the mechanical characteristics of diﬀerent heavy-haul railway tunnel track bed types under the same conditions (i.e.,
the same surrounding rock, train load, and section type) is
very limited, and there is no research on the dynamic load
calculation method of heavy-haul railway tunnel track bed.
In this study, a theoretical calculation method for the
dynamic load on the surface and bottom of track beds in
heavy-haul railway tunnels is proposed based on the relevant
domestic regulations and previous research results. Through
remote real-time data acquisition from a monitoring section
of class III surrounding rock in the Fuyingzi Tunnel and
Hongshila Tunnel on the Zhangtang Railway, the distribution and threshold of the dynamic load on the surface and
bottom of diﬀerent track bed types are obtained. As a result,
the mechanical characteristics of diﬀerent track bed types in
a double-track heavy-haul railway tunnel can be determined,
and the measured value can be compared to the theoretical
calculation value. The results of this study can provide a
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reference for the analysis of mechanical properties and
determination of design parameters for ballast beds and
ballastless slab tracks in heavy-haul railway tunnels.

2. Theoretical Calculation Method
When the load from a heavy-haul train acts on the rail, it is
transmitted downward from the surface of the track bed
through sleepers. The contact pressure between a sleeper and
the track bed is calculated based on the dynamic axle load
and the contact area of the sleeper bottom. Then, based on
the assumption of stress conservation, the load on the ﬁlling
layer surface is calculated through the stress dispersion angle
[14, 15].
2.1. Dynamic Loads on the Surface of Track Bed. In Li et al.
[16], based on the method of force transfer of the sleeper, a
pseudo-static method for the dynamic load on the sleeper
bottom is proposed as given in equation (1)
σ�p

(1 + αv)
,
BL

(1)

where P is the static axle load; α is the dynamic impact
coeﬃcient, also known as the speed inﬂuence coeﬃcient,
which has a value of 0.005 for common rail, 0.004 for
continuously welded rails, and 0.003 for high-speed railways;
v is the train speed, which is set to a value of 300 km/h even if
the actual speed is greater than 300 km/h; B is the average
width of the bottom surface of the sleeper, which often has a
value of 0.314 m; and L is the length of the sleeper, which is
2.6 m.
Lv et al. [17] conducted laboratory experiments and
numerical simulations to determine the pile eﬃcacy of a
longitudinal sleeper under a heavy-haul train load. The
results showed that when the heavy-haul train axle load
reached 300 kN, the sleeper pile eﬃcacy below the position
of the bogie was 33.4%. The results also showed that the pile
eﬃcacy of the corresponding position of the sleeper will
increase with increasing heavy-haul train axle load. The
coeﬃcient value of 0.26 in the Code for Design on Subgrade
of Railway in China [18] is obtained from experience with
common rails and high-speed rails with an axle load that is
not greater than 170 kN. Using the interpolation method, the
pile eﬃcacy of a 270 kN axle load can be estimated as approximately 0.32.
Given these facts, equation (1) was corrected and revised
by introducing the load distribution coeﬃcient, c, to reduce
the dynamic load under diﬀerent axle loads. The more accurate calculation formula in equation (2) is thus obtained
for the dynamic load of the sleeper bottom.
σ�

cp(1 + αv)
,
BL

(2)

where P is the static axle load, which is consistent with
equation (1); α, v, B, and L are also the same as in equation
(1); and c is the load distribution coeﬃcient, which is 0.32 for
a 270 kN axle load and 0.33 for a 300 kN axle load.
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where P is the motor wheel load; B and L are the same as in
equation (2); φ is the stress diﬀusion angle calculated based
on the internal friction angle, which is 45° for ballastless slab
tracks and 35° for ballast beds; and c is the load distribution
coeﬃcient, which is the same as in equation (2).
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2.2. Dynamic Loads on the Bottom of the Track Bed. In China,
the stress transfer in the slab is divided into three layers, each
with diﬀerent calculations. The thickness of the track bed in
China is generally 30–35 cm, which is calculated according
to the second layer. Then, combined with the sleeper sharing
ratio, the parameters are simpliﬁed, and the calculation of
the bottom contact pressure for diﬀerent types of ballast is
proposed as shown in equation (3)

3. Remote Monitoring
Sangat and Indrawan-Santiago [19] noted that remote
monitoring and sensor technology can be eﬀectively used in
heavy-haul railway tunnels. To ensure that the results are
objective and accurate, two double-track tunnels were selected on the Zhangtang Railway, and actual train data was
recorded by selecting appropriate monitoring sections and
burying survey points.
3.1. General Project Information. The Zhangtang Railway is
the third energy channel that has been built in China, and it
mainly services freight transport. The length of the Fuyingzi
Tunnel is 10023 m, and the type of track bed is a ballastless
slab track. The length of the Hongshila Tunnel is 5815 m, and
the type of track bed is a ballast bed. The Fuyingzi Tunnel has
two tracks, with a freight line on the left and a passenger line
on the right. The section shapes of the two tunnels are
completely consistent, and the cross section under class III
surrounding rock is shown in Figure 1.
According to the in situ direct shear test conducted by
the Zhangtang Railway and the Railway Tunnel Design Code
in China [18], the physical parameters of the class III surrounding rock and tunnel structure are summarised in
Table 1.
3.2. Sensor Placement. The ﬁbre grating pressure sensor
shown in Figure 2 is used for site monitoring. Measuring
points are embedded on the surface and bottom of the track
bed and the surface of the invert ﬁlling. This pressure sensor
has many advantages, such as strong anti-interference and
long-term stability, and even selecting a large range does not
aﬀect its accuracy. More importantly, this sensor allows for
the realisation of dynamic contact pressure acquisition and
remote transmission.
The monitoring sections in Fuyingzi Tunnel are located
under class III, IV, and V surrounding rock conditions, and
the monitoring sections of Hongshila Tunnel are under class
III surrounding rock. In both tunnels, only the left line is a
heavy-haul line. The distribution of measuring points and
the installation of sensors are shown in Figure 3.

108 55

700

55 108

Figure 1: Cross section of the double-track heavy-haul railway
tunnel under class III surrounding rock (units: cm).

The measurement range of the soil pressure gauges
should consider that the tunnel structure is statically indeterminate, and the structural stress caused by the longterm loading is diﬃcult to release. The measurement range of
soil pressure gauges DT-1-DT-1 distributed on the track bed
surface is 10 MPa, while that of pressure gauges DT-3-DT-5
on the track bed bottom is 5 MPa. Because the tunnel
structure is a statically indeterminate structure, the longterm load will cause stress accumulation, so the selected
sensor range is large but still applicable.
3.3. Remote Monitoring and Control System. First, sensors
were installed at all of the measurement points on the track
bed. Then, according to the measured wavelength, a sensor
network is built (as shown in Figure 4); the main cable
provides access to the communication rooms built at the
tunnel entrance. Finally, a ﬁbre grating demodulator, as
shown in Figure 5, is used to realise remote data acquisition.
Currently, in the Fuyingzi Tunnel and Hongshila Tunnel
of the Zhangtang Railway, the train axle load is 270 kN and
the speed is 80 km/h. A monitoring system is set up to trigger
an alarm and collect data only when trains have just passed
the measurement sections to save computer storage space.

4. Analysis of Dynamic Data
According to the calculation of the sensor wavelength
collected remotely in Fuyingzi Tunnel and Hongshilao
Tunnel of the Zhangtang Railway, the dynamic load distributions on the surface and bottom of diﬀerent types of
track bed are basically similar. Owing to the length limitations, one heavy-haul train under the same conditions as
the class III surrounding rock is ﬁrst taken as an example,
and the typical dynamic load time-history curves of the
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Table 1: Structural parameters and class III surrounding rock parameters on the Zhangtang Railway.

Structure
Surrounding rock
Primary support
Secondary lining
Inverted arch ﬁlling
Inverted arch
Ballastless slab track
Ballast bed

Elastic modulus (GPa)
13.0
28.0
31.0
28.5
31.0
33.5
—

Poisson’s ratio
0.24
0.20
0.20
0.20
0.20
0.20
0.25

Severe (kN·m−3)
24.0
23.0
23.0
23.0
23.0
25.0
18.5

Cohesion (MPa)
0.012
—
—
—
—
—
—

Friction (°)
38
—
—
—
—
—
—

Steel
Pressure plate
Measuring gratings
Steel wire

Temperature
compensation grating

Optical ﬁbre

Dowel bar
Fixing plate

Corrugated diaphragm

Figure 2: Fibre grating pressure sensor.
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Figure 3: Schematic diagram of the sensor arrangements under diﬀerent track bed types. (a) Ballast slab track. (b) Ballast bed.

measuring points can be obtained; the speciﬁc analysis is
described hereinafter.
4.1. Measurements at the Sleeper Bottom. The time-history
curves of the dynamic load on the ballast surface are shown
in Figure 6.

Figure 6 shows that under the inﬂuence of the dynamic
load action of a heavy-haul train, the dynamic load timehistory curve for the sleeper bottom exhibits an obvious
periodicity. The vibration period of the ballastless slab track
is approximately 0.59 s, which is slightly shorter than that of
the ballast bed. Because the track position of diﬀerent track
beds is directly aﬀected by the dynamic action of the train,
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Figure 4: Schematic diagram of the sensor network.
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Figure 5: Remote monitoring system for the double-track heavy-haul railway tunnel.
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Figure 6: Typical dynamic load time-history curves for diﬀerent track bed surfaces under an axis load of 270 kN. (a) Ballastless slab track
surface (sleeper bottom). (b) Ballast bed surface (sleeper bottom).

the dynamic load changes more dramatically at the track
position than at the central position of the transmission line.
The dynamic response of the surface of the ballastless slab
track is more severe than that of the ballast bed. These results
indicate that the ballast can eﬀectively buﬀer the dynamic
eﬀect of the train, and the ballast bed has a more obvious
eﬀect on increasing the elasticity and reducing vibrations

from the heavy-haul train load than the ballastless slab track.
In Table 2, the dynamic load thresholds for each measuring
point on the surface of the diﬀerent track beds are extracted
and compared to the theoretical calculation results obtained
with equation (3).
In Table 2, under the inﬂuence of the dynamic load
action of heavy-haul trains, the dynamic load threshold at
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Table 2: Dynamic loads at the sleeper bottom.

Track bed
Ballastless slab track
Ballast bed

Measured value (kPa)
Line centre position
Track position
98.850
126.700
119.402
145.278

the track position in the ballast bed reaches 145.278 kPa,
which is approximately 14.7% higher than the 126.700 kPa in
the ballastless slab track. On the other hand, the dynamic
load threshold at the line centre in the ballastless slab track is
98.850 kPa, accounting for 78.02% of the track position,
while the centre of the ballast bed accounts for 82.19% of the
track position. These results show that the cushioning
property of the ballast bed is better than that of the ballastless
slab track, and the ballast bed creates more uniform stress on
the sleeper bottom; it also bears a greater load action from
heavy-haul trains. Both the ballast bed and ballastless slab
track are symmetrical structures, and it can be concluded
that under the inﬂuence of the dynamic load action of heavyhaul trains, the dynamic load distribution on the sleeper
bottom with the diﬀerent track beds is “saddle-shaped”; i.e.,
the dynamic load value is at a maximum below the track and
decreases towards the track centre and ends. The details are
shown in Figure 7.
Equation (3) is used to calculate the train dynamic load
on the sleeper bottom. Comparing the theoretical results
with the measured values at the track position of diﬀerent
types of track bed, the error of the ballastless slab track bed is
9.30%, while that of the ballast bed is 4.00%. This demonstrates that the measured results agree well with the theoretical results obtained with equation (3). Thus, the dynamic
load threshold of the sleeper bottom with diﬀerent ballast
types in heavy-haul railway tunnels can be estimated using
equation (3).
4.2. Measurement at the Filling Layer Surface. The timehistory curves of the dynamic load from the train on the
ballast bottom (ﬁlling layer surface) of the Fuyingzi Tunnel
and Hongshila Tunnel are shown in Figure 8; because the
measuring points are symmetrically distributed, only the
DT-4 and DT-5 time-history curves are shown.
In Figure 8, under the inﬂuence of the dynamic load
action of heavy-haul trains, the dynamic load time-history
curve of the ballast bottom (ﬁlling layer surface) is also
periodic. The vibration period of the ballastless slab track is
approximately 0.65 s, and the vibration period of the ballast
bed is 0.78 s, which is greater than that of the ballastless slab
track. The distributions of the dynamic load threshold at the
ballast bottom diﬀer for the two types of track bed. The
dynamic load at the centre of the ballastless slab track is
larger than that in other positions; however, the dynamic
load at the track position of the ballast bed is larger than that
at the line centre position. The dynamic response of the
contact pressure on the ballastless slab track bottom is more
severe than that of the ballast bed, which indicates that the
ballast still plays an active role in reducing the dynamic
vibration when the train load is transferred to the ﬁlling layer

Equation (3) (kPa)
139.696

Figure 7: Dynamic load distribution on the sleeper bottom under
diﬀerent track beds.

surface. The dynamic load thresholds at each measuring
point on the surfaces of diﬀerent track beds are extracted and
compared with the theoretical results obtained with equation (3) in Table 3.
In Table 3, under the inﬂuence of the dynamic load
action of heavy-haul trains, the threshold of the train dynamic load on the ﬁlling layer surface of the ballastless slab
track reaches 62.947 kPa, which appears in the line centre
and is attenuated by 50.32% compared to the surface. The
threshold of the train dynamic load on the ﬁlling layer
surface of the ballast bed reaches 103.496 kPa, which appears
in the track position and is attenuated by 29.96% compared
to the surface. The dynamic load threshold at the track
position of the ballastless slab track is 46.664 kPa, which
accounts for 72.54% of the line centre position; however, in
the ballast bed, the line centre position accounts for 75.27%
of the track position. In summary, compared to the ballast
bed, the ballastless slab track is more conducive to heavyhaul train load diﬀusion and load bearing in the ﬁlling layer.
The distribution of the dynamic load on the ballast
bottom exhibits clear diﬀerences between the ballast bed and
the ballastless slab track slab. The ballastless slab track
manifests as a “triangular” distribution, in which the load is
at a maximum at the line centre and gradually decreases
towards both ends. In the case of the ballast bed, the load is
greatest at the left and right rails, followed by the central
position of the line; i.e., the load distribution form is similar
to the “saddle-shaped” distribution. The speciﬁc load distributions are shown in Figure 9.
In Figure 9, during the vertical load transfer of a heavyhaul train, the stress diﬀusion angle of the ballastless slab
track is larger than that of the ballast bed. Therefore, owing
to the stress superposition, the dynamic load at the line
centre position on the ﬁlling layer surface of the track bed in
the ballastless slab track is clearly higher than that on both
sides. In contrast, because the stress diﬀusion angle of the
ballast bed is small, the dynamic loads on its ﬁlling layer
surface mainly concentrate in the left and right track positions, which is consistent with the distribution on the
ballast bed surface.
Equation (3) is used to calculate the dynamic load
threshold on the ballast bed bottom (i.e., the ﬁlling layer
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Figure 8: Typical dynamic load time-history curves for diﬀerent track bed bottoms under a 270 kN axis load. (a) Ballastless slab track
bottom (ﬁlling layer surface). (b) Ballast bed bottom (ﬁlling layer surface).

Table 3: Dynamic loads on the sleeper bottom.
Track bed
Ballastless slab track
Ballast bed

Left side track
43.856
103.496

Measured value (kPa)
Line centre position
62.947
76.588

(a)

Right side track
45.664
101.750

Equation (3) (kPa)
69.848
99.753

(b)

Figure 9: Distribution of the dynamic loads at the sleeper bottom with diﬀerent track beds. (a) Load distribution at the ballastless slab track
bottom. (b) Load distribution at the ballast bed bottom.

surface), and the theoretical calculation results are compared
to the measured values at the bottom of the diﬀerent track
beds. The error of the ballastless slab track is 9.88%, and the
error of the ballast bed is 2.00%, which indicates that the
measured results are in good agreement with the theoretical
calculation values from equation (3). Therefore, the train
dynamic load threshold at the bottom of diﬀerent track beds
(ﬁlling layer surface) of heavy-haul railway tunnels can be
estimated using equation (3).

4.3. Veriﬁcation of Class IV and V Surrounding Rocks. In the
above analysis of the characteristics of the ballast bed and
ballastless slab track under the condition of class III surrounding rock, it is clear that theoretical equations (2) and
(3) have a higher consistency for calculating the dynamic
load threshold of the ballast bed than that of the ballastless
track slab. In addition, the ratio of the dynamic load
threshold in the line centre position to that in the track
position is 0.78–0.82, and this ratio is used as the attenuation

coeﬃcient to ﬁt the transverse distance between the measured point and the track position to obtain the attenuation
curve. Finally, equation (2) is modiﬁed to obtain equation
(4)
σ � [1 − 0.3x · Sgn(x)] ·

cP · (1 + αv)
,
BL

(4)

where x is the transverse distance between the measuring
point and the track position, for which the track position of
the heavy-haul line is taken as 0 m, the centre position of the
heavy-haul line is taken as 0.7 m, and x does not exceed half
the value of the line centre (0.7 m); the remaining symbols
are the same as above. In addition, Sgn (x) is a symbolic
function: if x > 0, then Sgn (x) � 1; and if x < 0, then Sgn
(x) � –1.
Based on the same idea, the calculation method for the
dynamic load on the bottom of diﬀerent track beds can be
obtained. The ballastless slab track is calculated using
equation (5), and the ballast bed is calculated using equation
(6).
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σ h � (0.4x + 0.72) ·

c · P(1 + αv)
,
2BL · tan φ

(5)

σ h � (−0.36x + 1) ·

c · P(1 + αv)
.
2BL · tan φ

(6)

The symbols in these equations are as described above.
In this section, the mechanical characteristics of the
ballastless slab track and the applicability of theoretical
equations (5) and (6) under class IV and V surrounding rock
conditions in the Fuyingzi Tunnel are further analysed.
4.3.1. Track Bed Surface. According to the method described
in Section 3.1, the dynamic loads on the track bed surface
(sleeper bottom) under diﬀerent surrounding rock conditions are extracted and listed in Table 4; these results are then
compared to the measured results and the theoretical calculations under the class III surrounding rock. The transverse distribution law is shown in Figure 10.
The results in Table 4 indicate that the worse the surrounding rock condition is, the higher the dynamic load on
the track bed surface will be. The growth rate of the dynamic
load at the track position is greater than that at the line
centre; it reaches 6.22% when class III surrounding rock is
changed to class IV, and 2.29% when class IV surrounding
rock is changed to class V. However, the increase is small.
These results show that the dynamic load on the track bed
surface is slightly aﬀected by the surrounding rock.
In addition, the growth rate of the dynamic load at the
ﬁlling layer surface under diﬀerent surrounding rock conditions is higher than that at the ballast surface, which indicates that the contact pressure between the tunnel
basement structure layers is gradually enhanced from top to
bottom by the inﬂuence of the surrounding rock grade.
In Figure 10, the dynamic loads on track bed surface all
show that the value at the line centre position is higher than
at the track position under diﬀerent surrounding rock
conditions. The “saddle-shaped” lateral load distribution on
the track bed surface is universal for the ballastless slab track.
The error between the measured and theoretical dynamic
loads at the ballastless slab track surface under class III
surrounding rock is 9.3%–10.4%; the error is 6.5%–9.0%
under class IV surrounding rock and 2.7%–6.1% under class
V surrounding rock. These results show that equation (5)
can be used to estimate the dynamic load on the track bed
surface of the ballastless slab track.
4.3.2. Track Bed Bottom. The dynamic loads at the track bed
bottom (ﬁlling layer surface) under diﬀerent surrounding
rock conditions are extracted and listed in Table 5 and then
compared to the measured results and theoretical calculation
results from equation (6) under the class III surrounding
rock. The transverse distribution law is shown in Figure 11.
In Table 5, the variation in the dynamic load on the
ballast bed bottom indicates that the worse the surrounding
rock condition, the higher the dynamic load will be. The
growth rate of the dynamic load at the track position of the

ballast bed bottom is larger than that at the line centre; it
reaches 7.71% when class III surrounding rock is changed to
class IV and 12.46% when class IV surrounding rock is
changed to class V. Furthermore, the dynamic load growth
rate of track bed bottom is higher than that of the track bed
surface. These results show that the inﬂuence of the surrounding rock on the contact pressure between layers of the
tunnel basement structure increases gradually from top to
bottom.
In Figure 11, the dynamic loads at the track bed bottom
all show that the value at the line centre position is higher
than that at the track position under diﬀerent surrounding
rock conditions. A “triangular” lateral load distribution at
the track bed surface is universal for the ballastless slab track.
The error between the measured and theoretical dynamic
loads at the ballastless slab track bottom under class III
surrounding rock is 10.1%–11.0%; the error is 2.2%–12.7%
under class IV surrounding rock and 3.4%–7.7% under class
V surrounding rock. These results show that equation (6)
can be used to estimate the dynamic load at the track bed
bottom of the ballastless slab track.

5. Analysis of Long-Term Effect
The mechanical characteristics of diﬀerent track bed types
under the inﬂuence of the dynamic load action of heavy-haul
trains, as well as the accuracy and applicability of theoretical
equations (3) and (5), were analysed and veriﬁed in the
previous section. This section presents an analysis of the
long-term eﬀect of diﬀerent track bed types under class III
surrounding rock conditions. Based on the test results of the
dynamic data, only the maximum dynamic train load
measurement points on the surface and bottom of the track
bed are considered.
5.1. Long-Term Eﬀect on the Track Bed Surface. The maximum dynamic load appears in the track position at the
surface of diﬀerent track bed types. The tunnel structure is
statically indeterminate and the structural stress caused by
the long-term load is diﬃcult to release. Thus, for convenience of the comparative analysis, the long-term dynamic
pressure change at the track position of diﬀerent track bed
types is shown in Figure 12, starting with the data recorded
on the ﬁrst day of operation.
In Figure 12, with increasing time, the dynamic pressure
at the track position on the surface of the diﬀerent track bed
types increases continuously. The dynamic pressure of the
ballast bed increases more than that of the ballastless track
slab, but the change is relatively stable. The dynamic pressure
of the ballast bed tends to be stable at day 223, and the
maximum increase is 95.389 kPa; the dynamic pressure of
the ballastless slab track tends to be stable at day 166, and the
maximum increase is 64.362 kPa.
5.2. Long-Term Eﬀect on the Track Bed Bottom (Filling Layer
Surface). The maximum dynamic load at the track bed
bottom of the ballastless slab track appears in the line centre
position, while that of the ballast bed appears at the track
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Table 4: Dynamic load on the track bed surface of the ballastless slab track under diﬀerent surrounding rock conditions (kPa).
Location
Track bed
Line centre
Surface
Track

Class III
98.850
126.700

Growth rate
6.22
3.08

Class IV
105.000
130.600

Growth rate
2.29
0.46

Class V
107.400
131.200

Theoretical value
110.360
139.696

Dynamic load on ballast
surface (kPa)

150
140
130
120
110
100
90

Line centre

Track

III
IV

V
Theoretical value

Figure 10: Distribution of the dynamic load on the track bed surface of the ballastless slab track.

Table 5: Dynamic load on the track bed bottom of the ballastless slab track under diﬀerent surrounding rock conditions (kPa).
Location
Left side track
Track bed surface
Line centre
Right side track

Class III
43.856
62.947
45.664

Growth rate
7.17
3.58
2.49

Class IV
47.000
65.200
46.800

Growth rate (%)
12.46
10.85
16.43

Class V
52.857
72.272
54.489

Theoretical value
50.327
69.848
50.327

Dynamic load on ballast
bottom (kPa)

80
75
70
65
60
55
50
45
40

Left side track
III
IV

Line centre

Right side track

V
Theoretical value

Figure 11: Distribution of the dynamic load on the track bed bottom of the ballastless slab track.

position. Therefore, the long-term dynamic pressure
changes at these two points are compared in Figure 13.
In Figure 13, the dynamic pressure at the surface of
diﬀerent track bed types still increases with time, and the
amount of increase is clearly less than that recorded at the
track bed surface. The dynamic pressure of the ballast bed
exhibits a steady increase and the maximum increment is
greater than that of the ballastless track slab. Speciﬁcally, the
dynamic pressure of the ballast bed tends to be stable around
day 220, and the maximum increase is 70.495 kPa. The

dynamic pressure at the surface of the ballastless slab track
changes relatively violently, but the maximum increase is
small; it tends to be stable around day 114, and the maximum increase is 45.384 kPa.
According to this comprehensive analysis, the long-term
eﬀect of the dynamic pressure on the surface of diﬀerent
track bed types is more signiﬁcant than that on the bottom
under the same surrounding rock conditions and driving
parameters. The dynamic pressure of the ballast bed increases slowly, but the overall increase is larger, while the

Dynamic pressure increment (kPa)
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Time (day)
Ballastless track slab
Ballast bed

Dynamic pressure increment (kPa)

Figure 12: Long-term eﬀect of the dynamic pressure on the track
bed surface.
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240

260

Ballastless track slab
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Figure 13: Long-term eﬀect of the dynamic pressure at the track
position on the track bed bottom.

dynamic pressure of the ballastless slab track changes relatively violently over a long period of time, but the overall
increase is smaller. The reason for this phenomenon is that
the ballastless slab track has good integrity, but its cushioning property is poor, and most of the dynamic loads
caused by heavy-haul trains are diﬀused during the service
period of the ballastless track slab. Because the ballast bed is
composed of a ballast that experiences a gradual decrease in
density and elasticity, the dynamic pressure exhibits a steady
growth under the long-term inﬂuence of the dynamic load
action of heavy-haul trains during the service period of the
ballast bed.

6. Conclusions
Based on the mechanical characteristics of two types of track
beds and the wheel-rail sharing ratio, calculation methods
for the dynamic loads on the surface and bottom of ballastless slab tracks and ballast beds in heavy-haul railway
tunnels are proposed. In addition, the dynamic load distribution of the diﬀerent track bed types is analysed based on
ﬁeld monitoring of the Zhangtang Railway, and the theoretical calculation method is veriﬁed. The main conclusions
are as follows:
(1) The pseudo-static method can be used to estimate the
dynamic load on the surface of diﬀerent types of
track beds in terms of the axle load, train speed, force
bearing area of the sleeper bottom, and wheel-rail
sharing ratio of heavy-haul trains. In addition,

(4)

(5)

introducing the wheel-rail sharing ratio into the
theoretical stress diﬀusion angle can be used to estimate the dynamic loads on the bottom of diﬀerent
track bed types, signiﬁcantly simplifying the calculation method under the inﬂuence of the dynamic
load action of heavy-haul trains
Under the same surrounding rock conditions and
heavy-haul trainload, the vibration period of the
ballast bed and ballastless slab track increases with
increasing vertical depth. Moreover, the vibration
period of the ballastless slab track is shorter than that
of the ballast bed. This indicates that the ballast can
buﬀer the dynamic load of heavy-haul trains, and the
ballast bed has better elasticity and vibration reduction. However, the ballast bed will bear a greater
dynamic load, and the dynamic load on the bottom
of the ballast bed is increased by approximately
14.7% compared to the ballastless slab track
The dynamic load distributions on the surface of the
two types of track bed are “saddle-shaped”. When the
train-induced dynamic load is transferred to the
ﬁlling layer surface, the transverse distribution in the
ballast bed is the same as that on the surface, while
the distribution at the ﬁlling layer surface of the
ballastless slab track is “triangular”. In addition, the
degree of attenuation of the train-induced dynamic
load on the bottom of the ballastless track slab is
greater than that on the ballast bed. Thus, the ballastless slab track is more conducive to the diﬀusion
of train-induced dynamic loads and the surface
bearing capacity of the ﬁlling layer
The surrounding rock condition has little eﬀect on
dynamic load on the surface of the ballastless slab
track, and the inﬂuence of the surrounding rock
condition increases with increasing vertical depth.
Under diﬀerent surrounding rock conditions, the
dynamic load distributions on the surface and bottom of the ballastless slab track are consistent. The
threshold values are in good agreement with those
calculated using equations (5) and (6), which reﬂects
the applicability of the theoretical equations
The dynamic long-term eﬀect on the two types of
track bed gradually decreases from top to bottom
under the same conditions. The dynamic pressure of
the ballast bed increases slowly, but the overall increase is larger. However, the maximum increase in
the ballastless slab track is relatively small, but the
dynamic long-term eﬀect on the ballastless slab track
is more intense than that on the ballast bed. Furthermore, the time to reach a stable dynamic pressure increase on the surface and bottom of the
ballastless slab track is less than that of the ballast
bed.
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