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Abstract

With increasing train speed and wheel axle load, severe vibrations can occur in a ballasted
trackbed, thereby accelerating the degradation of the ballast particles and ultimately causing
excessive settlement. To gain insights into the long-term trackbed behavior and the ballast
degradation evolution, a full-scale ballasted track experiment with eight sleepers was designed
and tested on a validated physical model test platform (ZJU-iHSRT). Sieving analysis together
with computer-aided ballast morphology analysis were adopted to quantify the ballast degradation
in terms of both the ballast particle size and morphological evolution, after every 100,000 train
carriages. Various sensors were installed at key locations in the trackbed to record the dynamic
stress responses, vibration velocities and deformations under train moving loads for up to 500,000
train carriages in total. The movements of individual particles inside the ballast layer were also
captured using “SmartRock” wireless sensors. The dynamic soil stresses and vibration velocities
in the trackbed all peaked at the locations underneath the rail seat and decayed with the distance
away from the rail seat. Severe ballast degradation occurred in both particle sizes and
morphological properties, with the ballast particles in the middle zone under the sleeper suffering
a greater breakage due to the stronger confinement. The long-term train loads densified the ballast
layer, both through particle rearrangement and particle breakage filling the voids in the ballast
bed, resulting in a reduction in the stresses and vibrations. The amplitudes of the vertical stresses
and the vibration velocities in the trackbed around the rail seat were reduced by over 25% and 38%
respectively after 500,000 train loading carriages. The ballast particle shape became more
compact after the test, with larger diameter and more Platy, Bladed and Elongate shapes found to
be the more likely to degrade. Over 50% of the permanent settlement of the ballasted trackbed
resulted from the ballast layer deformation, and the increase in the train speed intensified particle
movements away from the sleeper in the lateral and longitudinal directions in the ballast layer and

accelerated the development of the accumulated settlement, while the increase in the axle load
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caused the ballast breakage index (BBI) to rise dramatically by over 50 % and contributed

significantly to a greater settlement.

Keywords: Trackbed settlement; Train moving load; Ballast degradation; Full-scale test; High-

speed railway.

1. Introduction

Ballasted track is a traditional railway structure that can be divided into the superstructure
comprising of the rail, fastener and sleeper, sitting on the trackbed substructure comprising of the
ballast layer, subballast layer and subgrade. The trackbed is intended to reduce the effect of the
train traffic load transferred from the superstructure whilst minimising the potential damage that
could occur for the relatively fragile trackbed. However, the recent increase of train speeds and
axle loads has produced significantly higher dynamic responses and vibrations in ballasted track,
which could eventually cause excessive cumulative deformation and reduced long-term
performance. Therefore, the study of the ballasted track behavior and ballast degradation under
the long-term train loads of increased train speed and axle load is of great significance to provide
better understanding for preventing track deterioration and improving long-term performance.

The trackbed of ballasted track plays a key role in absorbing the train traffic load and providing
lateral restraints to reduce the track deformation, but the increase of train speed and axle load can
intensify the dynamic stresses in the subgrade and accelerate the deterioration of the track
structure [1]. Some triaxial test results have indicated that an increase of the train speed (loading
frequency) would cause plastic collapse and excessive deformation [2-4], while an increase in the
axle load would decrease the initial confining pressure in the ballast bed and result in greater
vertical and lateral deformations [5]. Ballast specimens in laboratory testing have been reported

to exhibit a “liquefaction” phenomenon due to more extensive particle sliding and rolling under
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the higher vibration loads, which could result in decreasing stability of the specimens [4, 6]. Field
test results have shown that the peak vertical and lateral stresses in the ballast bed rise with higher
axle loads, and the effect of increased train speed is more pronounced at the sleeper-ballast
interface [7]. Nevertheless, previous studies could not reveal the long-term ballasted track
behavior for the increased train speed and axle load as the experiments were often conducted with
significant limitation of the physical and time scales. A large scale indoor physical model is a good
long-term test method that considers the issues of time and cost whilst addressing the low
reliability and weather conditions faced by field tests. This paper reports on a new series of
experiments using the full-scale physical model test platform (Zhejiang University High-Speed
Rail Tester: ZJU-iHSRT) capable of reproducing moving train traffic loads with a maximum axle
load of 25 tonnes and a maximum speed of 360 km/h [8, 9] where its reliability has been
previously verified by comparison with the actual measurement results [10, 11].

Ballast degradation (ballast breakage and abrasion) induced by train traffic is one of the
primary reasons for excessive settlement and reduced track performance [12]. It has been
demonstrated that gradation and morphological characteristics have a significant influence on the
mechanical properties and deformation of granular materials like ballast [13-15]. Moreover, the
reduced internal friction angle arising probably from the decrease in the interlocking effect caused
by ballast degradation contribute to the decrease of a track’s rigidity, stability and bearing capacity
[16, 17]. It has also been shown that the degradation of granular materials depends on the effective
lateral restraint stress and the material properties [18-20], and the morphological characteristics
have a significant impact on the ballast degradation process [21-25]. Most recent studies are
focused on the breakage and abrasion of ballast particles using the Los Angeles abrasion test or
ballast triaxial test, which cannot replicate the degradation process of ballast particles under a real
train load [26]. Thus, it is necessary to explore trends or mechanisms of ballast degradation from

a moving train load. Particle movement also plays an important role in the deformation of a ballast
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layer, but it is difficult to capture the ballast movement characteristics at a particle scale. An
innovative “SmartRock” wireless sensor that uses a built-in three-axis gyroscope, accelerometer,
and magnetometer to record particle rotation and translation in real-time is deployed [27, 28]. The
reliability of this type of sensor was verified elsewhere both in the triaxial test and in-situ [29, 30].

In this study, a physical full-scale ballasted track was constructed in a laboratory using the
Zhejiang University High-Speed Rail Tester (ZJU-1iHSRT), and the development of dynamic soil
stresses, vibration velocities and deformations, and particle-scale ballast movement characteristics
provided by the “SmartRock” sensors are presented and discussed. A sieving analysis together
with a computer-aided ballast morphology analysis were performed to study the ballast
degradation evolution of both the particle size and shape characteristics over a relatively long

duration of cyclic load of up to 500,000 train carriage passages.

2. Full-scale ballasted railway model test
2.1. Test apparatus and ballasted track structure

The full-scale ballasted track in this study was built inside a large rectangular metal box
(length 15 m, width 5.5 m) as shown in Fig. 1. A 15 mm-thick smooth latex layer is spread on the
inner walls of the metal box to improve the structural damping and minimize the boundary effects.
The full-scale ballasted track established in the test comprised eight sleepers (spaced at 63 cm),
while a 30 cm-thick ballast layer, 60 cm-thick subballast layer, and a 205 cm-thick clay subgrade
were set below. Before the loading phase, the trackbed was compacted with a tamping machine
layer by layer to the required stiffness of the Chinese High-speed Railway Design Code (TB
10621-2014), which were constructed in the same manner as in the field. Static plate load tests
(K30 tests) using a circular plate with a diameter of 30 cm were carried out to measure the trackbed
stiffness after each layer was filled and compacted. In order to achieve the required sleeper support

stiffness (120 kN/mm), ballast tamping was also conducted by applying static load and sinusoidal



127  dynamic load to compact the ballast bed under the sleeper during placement. The slopes of the
128  ballast layer and its underlying roadbed were 1:1.75 and 1:1.50, respectively. The particle size

129  distribution (PSD) and the properties of the geomaterials used in the test are shown in Fig. 2 and

130 Table 1.
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131
132 Figure 1. ZJU-iHSRT and ballasted track layout: (a) transverse view; (b) top view.
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Figure 2. Particle size distribution of geo-materials used in the test.

Table 1. Properties of geo-materials used in the test.

10°

Material Solid density Packing density K30 stiffness
(kg/m?) (kg/m?) (MPa/m)

Ballast 2613.8 1714.1 /

Subballast / 2008.6 276-416

Subgrade / 1931.1 216-280

Note: The minimum K30 values for subballast and subgrade are 190 MPa/m and 130 MPa/m according to the Chinese High-

speed Railway Design Code (TB 10621-2014).
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The dynamic train load applied to the trackbed was generated by the wheel-rail interaction
and transmitted from the fastener system to the sleeper, which translates the moving train load
into a fixed vibration load acting on the ballast layer. Fig. 3 schematically presents a train-rail-
substructure dynamic interaction model [31], from which dynamic forces on railpads due to train
passages at different speeds can be determined as the input load signals in the tests on the ZJU-
iHSRT [8, 11]. Track irregularities could cause dynamic forces on railpads when the train runs at
high speed [32-37], in this paper, the track irregularities generated from the Power Spectral
Densities (PSD) of the sixth grade U.S. railway tracks were adopted in the aforementioned train-
rail-substructure dynamic interaction model [38, 39]. The distributed sequential loading system
of ZJU-iHSRT consists of the reaction frame, the loading frame, and eight hydraulic actuators
located at equal intervals by fasteners. The input load acting on each fastener was calculated with
the theoretical analysis model with the output train load that was reproduced in the above full-
scale ballasted track through a distributed sequential loading system. During the loading process
in a test, the output train loads were applied to the 50 cm long segmented rails using the loading
frame through the hydraulic actuator with a time difference 6 between the output loads, and then

transferred to the sleepers and the ballast layers through the fastener system.
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Figure 3. A train-rail-substructure dynamic interaction model for determining dynamic forces on

‘
—
[

railpads.
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2.2. Instrumentation

The instrumentation, including the soil pressure sensors, laser displacement sensors, linear
variable differential transformer (LVDT)-settlement plates, vibration velocity sensors, and
“SmartRock” sensors (see Fig. 4), were calibrated and implemented after the construction of the
ballasted track. As shown in Fig. 1 (a), eight soil pressure sensors were distributed on the
subballast layer surface and subgrade surface to record the vertical soil stresses at different
locations in the trackbed, and ten laser displacement sensors were placed on the sleeper edges to
record the sleeper displacements. In order to record the cumulative deformations of the trackbed
layers, sensors consisting of LVDTs and the settlement plate were placed on the subballast surface
and subgrade surface. Eight vibration velocity sensors were set on the sleeper surface and the
ballast bed, and ten wireless “SmartRock” sensors were embedded in the ballast bed to capture

the particle-scale ballast movement characteristics.

(¢)

Settlement plate
-

[;Jail-shape metal
supporting frame
\(g, y

Q-

Figure 4. Instrumentation used in experiment: (a) vibration velocity sensor; (b) LVDT-settlement

plate; (¢) “SmartRock” sensor.

2.3. Experiment design
The experiment design contains three consecutive test phases as shown in Table 2. Phase 1 and
Phase 3 are the very short dynamic response tests at four different train speeds and a 17-tonne

axle load used to study the changes of ballasted track behavior before and after the application of
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the long-term train loading reported in this study. Phase 2 is the long-term train loading for the
500,000 train carriages in total to trace the track deformation and the associated stress, vibration
and ballast degradation evolution. Phase 2 comprises of five loading stages with three different
train speeds and axle load configurations which realistically captured both high-speed passenger

and slow-moving freight train loads.

Table 2. Loading design of test phases

Test  Loading Train speed Axle load No. of train Wheel passes
Phase stage (km/h) (tonne) carriages
1 1-4 100/200/300/360 17 25%4 100*4
1 100 17 100000 400000
2 360 17 100000 400000
2 3 360 17 100000 400000
4 360 17 100000 400000
5 100 25 100000 400000
3 1-4 100/200/300/360 17 25%4 100*4

Note: 1 train carriage = 4-wheel passes.

3. Results and discussions
3.1. Ballast degradation

The ballast degradation includes the deterioration of both the particle size and morphological
characteristics. Different indexes and related definitions have been proposed for describing the
morphological properties of aggregate particles since the 1930s [40-43]. The indexes of particle

size mainly include the particle size distribution (PSD), volume/surface area and morphological
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characteristics including the form (flat and elongated ratio, sphericity, etc.), the angularity
(roundness, angularity index), and the surface texture (surface texture index). In this study, the
PSD was used to evaluate the particle size change, and the widely used flat and elongated ratio
(FER), sphericity, convexity and angularity index were adopted to describe the deterioration of
the particle morphological properties. This paper used a computer-aided particle morphology
analyzing approach to trace the evolution of ballast particle morphology in a loading test [15, 25].

(b) Dyed top ballast under sleeper#1

Rail

Sleeper #1 / \

Ballast

0.15m

Lateral direction

Figure 5. Morphological analysis of dyed top ballast under the sleeper: (a) dyed ballast under

sleeper#1; (b) test layout of dyed ballast.

As shown in Fig. 5, a red non-oily dye was used to dye the top ballast particles underneath
sleeper#1 in three 15 cm-deep zones, whereby the influence of the non-oily dye on the surface
roughness and the internal friction angle was found to be negligible [44]. During the long-term
train loading process in Phase 2, the dyed ballast in these three zones was sampled before the test
and after every loading stage, and a sieving test and a ballast morphological analysis were
performed using a verified ballast morphology imaging and analysis platform. The imaging
platform consists of three high-precision industrial cameras with two sets of backlight boxes
perpendicular to each other that are linked to a computer for data collection [25]. Ballast particle
segmentation and reconstruction algorithms were developed for the three-camera device were
used to capture the optical orthogonal views from imaging and for performing morphological
analyses of the ballast particles. All three cameras are mounted on a bracket which can adjust the

positions and angles of cameras precisely to ensure that they are orthogonal to each other and are
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equal distance from the target ballast particle on the desktop. They are connected to the computer
with data cables. The ballast analysis system combines the algorithm for obtaining the mean
surface and the boundary key points of a particle with the proven image processing methods in
computer graphics. The basic ballast particle shape analysis process of this system is divided into
three main parts [25]: (1) image recognition and segmentation, (2) outline extraction and

simplification, and (3) morphological property index or parameter calculation.

The photos of fresh and degraded ballast particles after 500,000 train carriages are shown in
Fig. 6. All three zones under the sleeper experienced considerable particle breakage as many small
particles with a diameter below 25 mm were created after 500,000 train loading carriages. It was
also obvious that the coloured dye on the ballast particle surfaces all significantly faded due to the

serious ballast abrasion.



(a) 1% zone - dyed fresh ballast

Ty

[63-56mm  56-45mm 45-35mm 35-25mm 25-16mm  <I6mm |
1* zone - degraded ballast after 500,000 train carriages

1Y

[63-56mm  56-45mm 45-35mm 35-25mm 25-16mm  <l6mm

(b) 2" zone - dyed fresh ballast

‘8@

[63-56mm  56-45mm 45-35mm 35-25mm 25-16mm _ <l6mm |
2" zone - degraded ballast after 500,000 train carriages

.". -

[63-56mm_ 56-45mm 45-35mm 35-25mm 25-16mm  <16mm |

(¢) 3™ zone - dyed fresh ballast

20 @

[63-56mm  56-45mm 45-35mm 35-25mm

25-16mm  <l6mm

3" zone - degraded ballast after 500,000 train carriages

[63-56mm  56-45mm 45-35mm 35-25mm 25-16mm  <I6mm |

232

233  Figure 6. Comparison of dyed fresh ballast and degraded ballast after 500,000 train loading

234 carriages: (a) 1% zone; (b) 2" zone; (c) 3™ zone.



235

236

237

238

239

240

241

242

243

244

245

246

247

Particle size distribution and BBI

Fig. 7 shows the PSD curves of the dyed ballast obtained from the sieving tests. All three

sample zones suffered the effects of particle breakage as shown by the shifts in the PSD curve.

The passing percentages by mass of ballast particles with the large diameter sizes of 63—45 mm

in the three zones decreased by 8.32 %, 13.58 %, and 16.97 %, while the percentages of small

particles with diameter sizes less than 25 mm increased to 10.74 %, 11.42 %, and 10.84 %,

respectively, which showed that the long-term train load caused the ballast particles under the

sleepers to be significantly crushed into smaller particles.
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Figure 7. Evolution of PSD and ballast breakage index (BBI) of dyed ballast under the sleeper

#1: (a) PSD in 1° zone; (b) PSD in 2™ zone; (c) PSD in 3™ zone; (d) ballast breakage index.
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The ballast breakage index (BBI) proposed by Indraratna [18] is also adopted to quantify the
ballast breakage in this paper, as shown in Fig. 7 (d).

A
A+ B

(1

» >
» D

A = shift in particle size distribution curve traces caused by degradation; and B = potential
breakage or area between arbitrary boundary of maximum breakage and final particle-size
distribution. The smallest particle size used in the calculation was 0 mm rather than the smallest
sieve size 16 mm, because the smallest sieve size recommended by the Chinese standard is too
large to consider for the newly generated small particles caused by ballast degradation. In this test,
the BBI of these three zones were around 0.1 after the first 100,000 train loading carriages, and
the BBI continued to increase when the loading train speed increased to 360 km/h in the next
100,000 train loading carriages which agrees well with previous laboratory investigations related
to the effect of loading frequency [45, 46]. It’s observed that the growth rate and the increment of
the BBI in the 2™ zone were slightly larger than those of the other zones, one possible explanation
is that stronger confinement of ballast particles in 2" zone would cause more severe ballast
breakage and corresponding larger BBI [18-21]. Also, the dynamic stresses in ballast layer right
beneath railpads are highest and may cause most ballast breakage, but it’s noted that 1% zone and
3" zone also include the ballast particles beneath the sleeper edges where dynamic stresses are
low (as shown in Fig. 11), so the average ballast breakages may become smaller, and BBI is
smaller correspondingly. During the next 200,000 train loading carriages, the BBI values of all
these three zones stabilized since there were no changes in the train speed or the axle load. When
the axle load was increased to 25 tonnes in the final 100,000 train loading carriages, the BBI of
all three zones increased sharply by over 50 % to around 0.35, because the increased impact
energy of the larger axle load led to increased stresses in the trackbed which caused more severe

ballast breakages [19, 47, 48].
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275  Figure 8. Changes of morphological characteristics of dyed ballast under long-term train loads:
276  (a) flat & elongated ratio; (b) sphericity; (¢) convexity; (d) angularity index.

277

278 Since the dyed ballast particles with a diameter of less than 16 mm in the test were all
279  produced from the breakage of large ballast particles and hard to sample during the test, the new
280  broken small particles with a diameter of 16 mm or less were not taken into the computer-aided

281  ballast shape analysis in the test. Fig.8 presents the statistical mean values of ballast morphology
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properties for three different diameter ranges, and mean values of all the ballast particles in each
zone are also given to describe the overall tendency. The FER quantifies the ratio of the longest
to the shortest dimensions of a particle in an assembly of flat, elongated, cubical particles [49], as
shown in Fig. 8 (a). The FER of these three large-diameter zones (63-45 mm) was reduced
obviously, showing that the large ballast particles were prone to bear abrasion and particle
breakage, which agreed with the previous triaxial test results [50, 51]. The lower FER means
severe fracture and the sharp corner abrasion of the large particles occurred in the test, meaning
that there were fewer slender and flaky particles after the long-term train loads. The FER of the
ballast particles with a medium and small diameter (45-35 mm and 35-16 mm) fluctuated slightly
and was stable. The sphericity quantifies the cube root of the ratio of the volume of the particle to
the volume of its circumscribing sphere [52], as shown in Fig. 8 (b). The large diameter ballast
particles (63-45 mm) experienced a slight increase in terms of the sphericity value, indicating that
the shape of large ballast particles became more compact after the test. Moreover, the sphericity
of the ballast particles with a medium and small diameter (45-35 mm and 35-16 mm) also
fluctuated slightly and was stable compared with the large particles. The convexity quantifies the
ratio of the area to the convex area from the two-dimensional projection of particle [53], as shown
in Fig. 8 (c), presented a slowly increasing trend, and the amount of large ballast particles (63-45
mm) increased. The protruding edges and corners of the large particles were easier to break in the
test, and the concave part of the outer surface gradually decreased. This trend was more obvious
than that of the smaller particles. The angularity index quantifies the total changes in the angle of
vertexes inscribed in a two-dimensional (2D) image silhouette outline influenced by corners and
sharp versus smooth edges of a particle [54], as shown in Fig. 8 (d). With the increase of the
number of loading train carriages, the angularity index of ballast particles within all three diameter
range all gradually decreased, meaning that the angularity of ballast particles decreased and the

particle boundaries became smoother under the long-term train loads.
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Ballast shape class

The ballast particles could be divided into ten different shape classes according to the Sneed
and Folk form triangle [55]: (1) Compact (C), (2) Compact-Platy (CP), (3) Compact-Bladed (CB),
(4) Compact-Elongate (CE), (5) Platy (P); (6) Bladed (B), (7) Elongate (E), (8) Very-Platy (VP),
(9) Very-Bladed (VB), and (10) Very-Elongate (VE). The ballast particle shape information (the
largest size L, the median size I, and the smallest size S) obtained through the ballast morphology
imaging and analysis platform as shown in Fig. 5 (c) was used to classify the shape classes of the
ballast particles (see Fig. 9), and the value of sphericity was also included in the form triangle.
More than 90% of the ballast particles within all the three diameter ranges were located in the
middle six shape classes (CP, CB, CE, P, B, and E) in the form triangle, which meant that most of
the ballast particles had a comparatively stable shape rather than VP, VB, and VE. As shown in
Table 3, the proportions of whole ballast particles located on the top four shape classes (C, CP,
CB, and CE) for all diameter ranges increased from 32.5 % to 35.2 %, as the overall particle shape
class became more compact after 500,000 train loading carriages. Moreover, the proportions of
large diameter (63-45 mm), medium diameter (45-35 mm) and small diameter (35-16 mm) ballast
particles located on the bottom six shape classes (P, B, E, VP, VB and VE) with decreased from
75.1 %, 64.2 % and 59.3 % to 69.2 %, 63.6 % and 59.6 %, respectively, demonstrating that larger
ballast particles of more Platy, Bladed and Elongate shapes suffered great degradation. The
number of large and medium ballast particles located in the bottom three shape classes (VP, VB,
and VE) were obviously reduced by comparing the triangles of fresh ballast and ballast after
500,000 train loading carriages. But the number of small-diameter particles of almost all the shape
classes significantly increased after the long-term train loading because of the severe particle

breakage, as shown in Fig. 9 (c).
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331  Figure 9. Changes of ballast particle shape classes under long-term train loads: (a) large diameter

332 63-45 mm; (b) medium diameter 45-35 mm; (¢) small diameter 35-16 mm.
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335  Table 3. Particle number of different shape classes with all particle size range.

Particle Number of all three zones

Ballast New constructed track After 500,000 train carriages
Shape
Medium large Medium Small
chass large diameter Small diameter
diameter diameter diameter diameter
(63-45 mm) (35-16 mm)
(45-35 mm) (63-45 mm) (45-35 mm) 35-16 mm)
C 3 12 22 4 13 25
CP 3 6 12 3 10 18
CB 25 74 132 16 75 176
CE 21 85 177 13 62 233
P 8 44 47 5 37 66
B 83 167 260 48 159 319
E 52 82 140 21 57 205
VP 1 4 11 0 5 13
VB 12 16 34 7 22 53
VE 1 5 8 0 0 10
Total 209 495 843 117 440 1118

336
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Figure 10. Ballast particle number of different shape classes under long-term train loads.

According to the number of ballast particles distributed in the Folk form triangle, the ballast
particle number of different shape classes in all three zones under the sleeper could be sorted out
at each loading stage, as shown in Fig. 10. The number of large-diameter ballast particles (63—45
mm) in the three different zones all decreased during the long-term loading progress, while the
number of small-diameter ballast particles (35—16 mm) almost all increased as the ballast particles
with large diameters experienced breakage. The number of large-diameter particles (63—45 mm)
for specific shape classes (Platy, Bladed, Elongate) in all three zones gradually dropped, showing

that the large ballast particles with a relatively large FER and small sphericity were easier to
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degrade according to the coordinates in the Folk form triangle, and related tests obtained similar
conclusions [56]. The number of small ballast particles between 35 and 16 mm in the 2" zone
increased sharply for almost all shape classes during the final loading stage, showing that the
increase in the axle load could cause more serious particle breakage and shape class change in the

middle zone under the sleeper.

3.2. Dynamic soil stress on subballast and subgrade surface

The discontinuous nature of the subgrade materials can lead to a non-uniform stress
distribution in the trackbed, which has been widely considered to be following the pyramidal load
pattern [57]. The existing research on the stress distribution pattern in the trackbed has mainly
focused on the sleeper-ballast interface, and both field measurements and the theoretical analysis
results have shown that the contact stress between the sleeper bottom and the ballast layer
followed a hyperbolic distribution pattern that achieved the peak value under the rail seat [58-60].
In this section, the dynamic stress responses measured at selected locations within the trackbed

are presented for four different train speeds.
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365  Figure 11. Comparasion of dynamic soil stresses at different locations under the sleeper: (a) 100

366  km/h-17 tonne; (b) 200 km/h-17 tonne; (¢) 300 km/h-17 tonne; (d) 360 km/h-17 tonne.
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Fig. 11 shows the time histories of the vertical dynamic stresses measured by the soil pressure
sensors for four train speeds (see Table 2 for Phase 1/3 information) before and after the action of
500,000 train loading carriages. The locations of these sensors are summarized in Fig. 1, with S1,
S2, and S3 on the subballast top surface, while S4, S5, and S6 on the subgrade top surface. The
vertical dynamic soil stresses experienced significant attenuation during the transmission process
from the subballast surface to the subgrade surface — this can be clearly seen when comparing the
pairs of measurements S1/S4, S2/S5, S3/S6. The dynamic stress amplitude of each location
increased slightly with the increase of the train speed, which was consistent with previous test
results [11]. The vertical stress amplitudes under the rail seat (S2/S5) were significantly higher
than those for the locations under the sleeper edge (S3/S6) and the sleeper center (S1/S4) since
this was where the train load was applied. This is also in line with previous observation that the
area between the sleeper and the ballast layer under the rail seat always has more effective contact
status, which was conducive to the transmission of dynamic stress [61, 62]. By comparing the
dynamic soil stresses before and after 500,000 train loading carriages shown in Fig. 11, it was
found that the dynamic soil stress amplitudes of different locations at both subballast surface and
the subgrade surface decreased significantly, and the drops at locations (S2/S5) under the rail seat
were the most significant. The vertical dynamic soil stress amplitude peaked at the locations under
the rail seat with the S2 sensor at the bottom of the ballast layer measuring 100.2 kPa, 104.1 kPa,
117.2 kPa, and 127.7 kPa in Phase 1 and 74.9 kPa, 76.6 kPa, 87.8 kPa, and 91.3 kPa in Phase 3 at
the train speeds of 100 km/h, 200 km/h, 300 km/h, and 360 km/h respectively. These correspond
to dynamic stress reductions of 25 %, 26 %, 25 %, and 28 %, respectively. The results show that
the application of the long-term train loads densified the trackbed and enhanced the contact status
between the sleeper and the trackbed, which results in a more than 25% reduction in the peak
dynamic stress compared to when it was new. It appears that the particle rearrangement and

particle breakage provided by 500,000 train loading carriages made the trackbed better at



392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

dissipating the dynamic stresses especially in the highly stressed zones under the rail seat.

3.3. Vibration of sleeper and ballast bed
Vibration velocity of sleeper and ballast bed

Fig. 12 shows the time histories of the vibration velocities (see Table 2 for Phase 1/3
information) at different locations of the sleeper surface and the ballast bed before and after the
application of 500,000 train carriage loadings. Sensors V2, V3, and V4 were on the surface of the
crib ballast which between the sleepers, V5 and V6 were attached to the center and the edge of
sleeper#4’s surface, and V7 and V8 were set at the surface and the edge of the shoulder ballast.
The vibration velocities measured on the sleeper surface (center-V5 and edge-V6) for different
loading stages were always higher than those measured on the crib ballast and the shoulder ballast
because the vibration caused by the quasi-static axle load excitation and the dynamic excitation
of the wheel-rail contact underwent a significant decline during the transmission from the sleeper
to the ballast bed [63]. The vibration velocities at different locations all surged with the increase
of the train speed in both Phase 1 and 3. But the vibration velocity amplitudes after the action of
500,000 train loading carriages all decreased tremendously compared with the new constructed
track. The vibration velocity amplitudes on the crib ballast peak at V3 around the rail seat and at
V3 were 3.65 mm/s, 11.2 mm/s, 18.25 mm/s, and 19.3 mm/s in Phase 1 and 2.25 mm/s, 5.52 mm/s,
10.57 mm/s, and 11.83 mm/s in Phase 3 at the train speeds of 100 km/h, 200 km/h, 300 km/h, and
360 km/h, which were decreased by 38.36%, 50.71%, 42.08%, and 38.7%, respectively. This
reduction in vibration velocity showed on the ballast bed suggests that the ballast bed became
more stable with increased ballast breakage and trackbed settlement. The long-term train loads
densified the trackbed, and particle rearrangement and particle breakage made the small particles
fill the ballast voids then vibration became better to transmit and dissipate, reducing the vibration

of sleeper and ballast bed.
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418  Figure 12. Comparison of vibration velocities between the new constructed track and after
419 500,000 train carriages on the sleeper and ballast bed (axle load = 17 tonnes): (a) 100 km/h; (b)

420 200 km/h; (c) 300 km/h; (d) 360 km/h.
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Translational acceleration of “SmartRock” in ballast bed

As shown in Fig. 1 (a), the “SmartRock” sensors were buried in the ballast bed under sleeper
#4. R8, R9, and R10 were carefully placed at the top of the ballast bed directly underneath the
sleeper bottom, while R1, R2, and R3 were located on the surface of the bottom ballast which in
the middle depth of the ballast bed, and R4 and R6 were located in the ballast shoulder. Fig. 13
presents the time histories of the vibration accelerations recorded by R8, R9, R10, and R6. These
SmartRocks vibrated in the lateral, longitudinal, and vertical directions as the vibration propagated
through the contacts between adjacent ballast particles in the ballast bed. As shown in this figure,
the acceleration amplitude of R6 at the ballast shoulder was much smaller than those of the other
SmartRocks at the same depth, which showed the vibration experienced significant attenuation in
the transmission process from the sleeper to the ballast bed shoulder. The translational acceleration
amplitudes peaked at R9 underneath the rail seat, and decayed laterally because this zone below
the rail seat had more effective contacts and it made the vibration easier to spread through particle
contacts [64]. The amplitudes of the particle accelerations under the sleeper (R8, R9 and R10) in
all three directions increased by over eight times when the train speed increased from 100 km/h
to 300 km/h in the new constructed track (Phase 1), which highlights that ballast particle
movements are significantly activated by the increase of train speed. Furthermore, the amplitudes
of the particle accelerations under the sleeper (R8, R9 and R10) in lateral and longitudinal
directions were significantly higher than the vertical direction when the train speed is higher than
100 km/h, which indicates that the high-speed train load accelerated ballast particles flow away
from the sleeper in both lateral and longitudinal directions with the squeezing effect of the vertical
dynamic load. Additionally, all the acceleration amplitudes declined after 500,000 train loading
carriages, which suggests that the ballast particle movements decreased and the inside ballast bed
became more stable with the increased BBI and settlement. The long-term train loads densified

the ballast bed, and ballast movement and particle breakage made ballast voids filled then
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vibrations became better to transmit and dissipate, reducing the particle acceleration in the ballast
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Figure 13. Comparison of translational accelerations between the new constructed track and after

500,000 train carriages inside the ballast bed (axle load = 17 tonnes): (a) 100 km/h; (b) 200 km/h;

(c) 300 km/h; (d) 360 km/h.

3.4. Accumulated settlement of trackbed

The vertical deformation of the trackbed layers under repeated train traffic loads is mainly

caused by the particle rearrangement to a denser packing, and ballast particle breakage with the

smaller particles moving into the voids of the larger particles [65]. Fig. 14 shows the long-term

settlements of the trackbed measured by the laser displacement sensors under the moving train

loads of 500,000 train carriages in Phase 2.

As shown in Fig. 14 (a), the accumulated settlement of each sleeper developed relatively

slowly at a train speed of 100 km/h for the initial 100,000 train loading carriages. The development

of the accumulated settlements of sleepers #3-6 sped up while other sleepers near the boundaries
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had a lower increment during the second 100,000 train loading carriages at a higher speed of 360
km/h. It can be noted that the accumulated settlements of the central sleepers #3-6 were always
larger than the others throughout the loading stages [Fig. 14 (b)] because the trackbed were

constrained by proximity to the end boundaries with the metal box, resulting in smaller trackbed

deformation.
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Figure 14. Long-term settlement of sleepers during 500,000 train carriages: (a) vertical settlement

at sleeper surfaces; (b) accumulated settlement after each loading stage of Phase 2.

The particle rearrangement contributed to the surging of the accumulated settlements of the
central sleepers (#3-6) in the second 100,000 train loading carriages considering the slopes of BBI
curves nearly kept constant in Fig. 7 (d). The vibration accompanying the high-speed train load
increased the trackbed settlement with its influence on particle rearrangement and lateral flow of
the ballast. The rate of settlement in all the sleepers slowed significantly as the total train loading
carriages approached 400,000. This is associated with the particle breakage slowing down and a
reduction in the stresses and vibrations in the trackbed. In the final 100,000 train loading carriages
when the axle load was increased to 25 tonnes, the accumulated settlements increased sharply
again as the increased axle load caused a greater particle breakage and contributed to a greater

deformation, even though the train speed was decreased to 100 km/h. It should be noted that the
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slightly higher accumulated settlement of sleeper #1 compared to the sleepers near the boundaries

is because of the disturbance introduced in the excavating and sampling action of dyed ballast

under sleeper #1 to study the ballast degradation evolution [see Fig. 14 (b)].
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Figure 15. Vertical deformation of trackbed layers: (a) cross-section under sleeper #3; (b) cross-

section under sleeper #4; (c) cross-section under sleeper #5.

The contributions to the total trackbed settlement from the trackbed layers can be seen in Fig.

15 which compares the sleeper/ground settlement with the vertical deformations measured at the

the subballast top surface and the subgrade top surface under the central sleepers #3—5. The results

show that over 50% of the long-term accumulated settlement came from the ballast layer of 0.30m

thick. The settlement contribution from the 0.70m thick subballast layer under all three sleepers
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were much lower because the subballast material composed of fine-grained soil and gravel was
compacted to a higher density (see Table 1). The 2.05 m thick subgrade layer also contributed

significantly to the overall ground settlement under the long-term train loading.

4. Conclusions

This paper has presented an experimental study based on a full-scale physical model test platform
(ZJU-iHSRT) and a computer-aided ballast shape analysis with the objective of investigating the
ballasted track settlement associated with ballast degradation under a long-term train passages.
From the test results, the following conclusions could be drawn.

(@ In the test, the long-term train loads caused significant ballast degradation in both the
particle size and the morphology properties, and the ballast particles in the middle zone produced
more severe ballast breakage which could be due to the stronger confinement in the mid-span
under the sleeper. The overall ballast shape class became more compact after the test, and ballast
particles with larger diameter and specific shape classes (Platy, Bladed, Elongate) were more
likely to degrade.

(b) The vertical dynamic soil stresses and vibrations in the trackbed all peaked at the
locations underneath the rail seat and decayed with the increase of the distance away from the rail
seat. The long-term train loads densified the ballast bed, and particle rearrangement and particle
breakage made ballast voids been filled, then stresses and vibrations became better to transmit
and dissipate, making the trackbed more stable. The amplitudes of the vertical soil stresses and
the vibration velocities around the rail seat in the trackbed were reduced by over 25% and 38%,
respectively, after 500,000 train loading carriages.

(c) The increase of the train speed from 100 km/h to 300 km/h intensified the vibration
acceleration amplitudes of the ballast particles under the sleeper by over eight times and caused

intense ballast movement away from the sleeper in the lateral and longitudinal directions.
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(d) The ballast trackbed experienced severe particle breakage in the test, and the ballast
breakage index (BBI) rose dramatically by over 50% when the axle load increased from 17 tonnes
to 25 tonnes in the last 100,000 train loading carriages, while the number of small particles
increased sharply in the middle zone under the sleeper.

(&) Over 50% of the permanent accumulated settlement of the ballasted track resulted from
the ballast bed deformation, and the increase in the train speed caused intense particle
rearrangement in the ballast bed and accelerated the development of the accumulated deformation,
while the increase in the axle load caused serious particle breakage and contributed to a greater

deformation.
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