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A B S T R A C T   

The bonding contact presents complex modes in polyurethane-mixed ballast. The commonly used parallel bond 
model is revised and four different contact models are developed including Ballast-Ballast Contact Bonding, 
Ballast-Ballast Noncontact Bonding, Ballast-Sleeper Contact Bonding, and Ballast-Sleeper Noncontact Bonding. 
The mechanical behaviour and energy evolution of polyurethane-mixed ballast with various amounts of glue are 
studied from the macro and mesoscopic properties. Results show that the elastic strain energy has always been 
the main form in polyurethane-mixed bed, followed by viscous strain energy, frictional energy, and damping 
energy. Compared with the common ballast bed, there are more contacts in polyurethane-mixed ballast bed and, 
when more glue is used, the amount of contacts is further increased while the maximum contact force is reduced. 
After bonding, the amount of contacts is significantly increased and all forms of energy become more evenly 
distributed at different surfaces of the sleeper. The kinetic energy of polyurethane-mixed ballast fluctuates with 
smaller amplitude and convergences more quickly under cyclic loading, which is reflected in the macroscopic 
aspect that the settlement of polyurethane-mixed ballast bed is relatively small and can be fast completed.   

1. Introduction 

Polyurethane-mixed ballast is a new track structure wherein the 
ballast particles are bonded or glued by polyurethane binder [1–2]. After 
the reinforcement, the integrity and stability of the ballast bed are 
significantly improved. In China, it is mainly used in transition zones 
between ballast track and slab track, and it can also be used to prevent 
flying ballast in high-speed lines [3–6], as shown in Fig. 1. Besides, as a 
measure to improve the performance of common ballasted tracks, 
polyurethane-mixed ballast has significant effects in improving the 
resistance of the ballast bed and reducing degradation, which has also 
been used in weak links of railway track, such as curve, switch and 
crossing, and subgrade fracture zone[7–10]. 

In the past ten years, relevant research on polyurethane-mixed 
ballast has been developed rapidly. It has gradually expanded from 
the macro-mechanical properties to its meso-mechanical behaviour. The 
macro-mechanical properties mainly include the static and dynamic 
mechanical properties of polyurethane-mixed ballast, such as support 
stiffness, lateral/longitudinal resistance and vibration characteristics, 

etc. The meso-mechanical properties mainly focus on the bonding con-
tact of ballast particles, including the contact force and the energy state 
at the contact point, etc. The researches have been conducted either in 
experimental or numerical ways, wherein the experimental researches 
include field tests and laboratory tests and numerical researches are 
conducted using the finite element method (FEM) or discrete element 
method (DEM). The relevant studies are summarised in appendix. 

From the existed researches, it can be found that the current re-
searches on the bonded ballast are mainly focused on macro-mechanical 
behaviour. However, its meso-mechanical behaviour is relatively lack-
ing. Compared with the common ballast, the bonded ballast forms a 
whole due to the bonding effect of glue, and thus its macro-mechanical 
behaviour is changed significantly. The most fundamental reason for 
this is the change of contact state, which is at the meso-level. In the 
bonded ballast, the ballast particles are connected in a complex way. 
There are not only compressive force between particles, but also other 
various types of loads, such as shear, bending, torsion, and tensile force 
[39,42,64,65,66]. Because the contact between ballast particles is 
changed by the glue at the meso-level, the distribution of train load 
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inside the ballast bed is different, which leads to the changes in the 
macro-mechanical behaviour. Therefore, in order to discover the macro- 
mechanical behaviour of the bonded ballast, it is necessary to study the 
contact between the ballast particles, in the process of which proposing a 
reasonable constitutive model of the bonded ballast is the key. After 
that, because the meso-mechanism behaviour of the bonded ballast is 
essentially the process of storage and dissipation energy, this paper 
conducts the research from the energy point of view. 

2. Constitutive model of glue bond and its modification 

2.1. Bonding spots on the surface of ballast particles 

After spraying glue, the glue (polyurethane) forms a bonding layer 
on the surface of ballast particles, and at the same time forms complex 

bonding spots [1]. According to the initial contact state and the 
morphological characteristics of bonding spots, the bonding spots can be 
divided into two categories. Contact bonding is when there is the initial 
contact between ballast particles and the glue forms bonding spots 
around the original contact points. Noncontact bonding is when there is 
a gap between ballast particles and the glue fills the gap with bonding 
spots. Fig. 2 shows the two types of bonding spots, wherein two ballast 
particles (in black) are covered by glue (in blue). Ballast particle 1 has a 
bonding spot of the contact bonding, in which a non-bonded core inside 
the bonding spot can be seen. Ballast particle 2 has a bonding spot of the 
noncontact bonding, in which the bonding spot is completely bonded. 
The pictures of the bonding spot of the contact bonding can be also 
found in [1]. 

Gluing in different extent to 
smooth track stiffness

Gluing on the top to 
prevent flying ballast

Slab track Ballast track

Fig. 1. Major application of high speed railway in China.  

Fig. 2. Surface bonding layer and spots of ballast particles. (The spots are on a scale visible to the naked eye).  

Fig. 3. Schematic diagram of bonding contacts.  
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2.2. Parallel bond model and its shortcomings 

Because the change of mechanical behaviour of the bonding ballast 
originates from the change in the contact between ballast particles, 
developing a precise bond model is crucial for the analysis. The parallel 
bond model [39] has been widely adopted for modelling the bonding 
ballast, because it allows simultaneous simulation of compression, ten-
sion, bending, shear, and torsion at contact points, which can exactly 
reflect the characteristics of bonded ballast particles. The model has 
been used in [5,15,38] to simulate the bonding effect of glue. The 
contact relationship between two bonded ballast particles when using 
the parallel bond model is shown in Fig. 3. 

When simulating ballast particles using the discrete element method, 
it is necessary to consider the effect of the irregular shape of the particles 
on the mechanical behaviour of the ballast bed [40–41]. For irregular 
ballast particles, the bubble-pack algorithm is generally used in discrete 
element modelling to fill the contours of particles with small spheres 
[39]. Pebble A1, Pebble A2, and Pebble A3 in Fig. 3 are the local filling 
for Ballast A, while Pebble B1, Pebble B2, and Pebble B3 for Ballast B. 
Contact A1-B1, Contact A2-B2, and Contact A3-B3 are the three parallel 
bond contacts between Ballast A and Ballast B. 

Taking Contact A2-B2 as an example, when Pebble A2 and Pebble B2 
have an initial contact and later become bonded, the new bonding 
contains two parts: the initial non-bonded contact and the bonded 
contact. The contact force Fc and torque Mc can be calculated as follows 
[39]. 

Fc = Fl +Fd +Fb (1)  

Mc = Mpb (2) 

Where Fl is the linear contact force, Fd is the damping force, Fb is the 
bonding contact force, and Mpb is the parallel bonding moment. 

For the linear contact part, the linear contact force Fl includes the 
normal contact force and the tangential contact force. The increment 
ΔFln of the normal contact force and the increment ΔFls of tangential 
contact force can be calculated as follows [39]: 

ΔFln = knΔδn (3)  

ΔFls = ksΔδs (4) 

Where kn and ks are the linear contact stiffness in the normal and 
tangential direction, respectively; Δδn and Δδs are the increments of 
relative displacement in the normal and tangential, respectively. 

When the tangential force continues to increase, in the case of rela-
tive slippage occurs between particles, the tangential force Fls and the 
normal force Fln can be expressed as follow[39]. 

Fls = μFln (5) 

where μ is the friction coefficient of the contact point. 
The elastic strain energy Ek stored during the linear contact can be 

calculated as follows[39]: 

Ek =
1
2

(
F2

ln

kn
+

F2
ls

ks

)

(6) 

ΔEu is the increment of the energy dissipation caused by the relative 
slippage between ballast particles can be calculated as follows[39]. 

ΔEu = Fls⋅Δδsμ (7) 

Where Δδsμ is the increment of the tangential frictional slippage. 
For the damping contact part, damping force Fd is generated by the 

viscous damping between ballast particles, which includes the normal 
damping force Fdn and tangential damping force Fds[39]. 

Fdn = cδnv (8)  

Fds = cδsv (9) 

Where c is the viscous damping coefficient, δnv and δsv, are the rela-
tive moving speeds in the normal and tangential directions, respectively. 

The corresponding increment of the energy dissipation caused by 
damping ΔEd can be calculated as follows [39]. 

ΔEd = Fd⋅(Δδn + Δδs) (10) 

For the bonded contact part, the increment of the bonding contact 
force ΔFbn (normal) and ΔFbs(tangential), the increment of torque ΔMt, 
and the increment of bending moment ΔMb can be calculated as follow 
[39]. 

ΔFbn = kbn⋅Ab⋅Δδn (11)  

ΔFbs = kbs⋅Ab⋅Δδs (12)  

ΔMt = kbs⋅J⋅Δθt (13)  

ΔMb = kbn⋅I⋅Δθb (14) 

Where kbn is the normal stiffness of the parallel bonding; kbs is the 
tangential stiffness of parallel bonding; kbn and kbs can be converted by a 
certain stiffness ratio η (kbn/kbn = η); Ab is the area of the section of the 
parallel bonding; J is the polar moment of inertia of the parallel bonding; 
I is the moment of inertia of section of the parallel bonding; Δθt is the 
increment of the torsional angular displacement; Δθb is the increment of 
the bending angular displacement. 

The viscous strain energy stored by the parallel bonding can be 
calculated as follows[39]. 

Eb =
1
2

(
F2

bn

kbn⋅Ab
+

F2
bs

kbn⋅Ab
+

M2
t

kbs⋅J
+

M2
b

kbs⋅I

)

(15) 

As can be seen from above, there exist linear force, damping force 
and bonding contact force between the bonded ballast particles when 
the parallel bond model is in use, the combination of which leads to a 
complex transfer mode of train loads in the bonded ballast. Therefore, it 
is crucial to calculate the three force accurately in the constitutive 
model. Among the three, the calculation of the linear contact force and 
damping force is relatively clear, while the calculation of bonding 
contact force is complicated due to the multiple contact parameters 
involved. 

For Contact A2-B2, the bonding contact is formed between Pebble A2 
and B2, wherein the radius R of Pebble A2 is larger than the radius r of 
Pebble B2. The bonding radius between Pebble A2 and B2 is determined 
both by smaller radius r and radius magnification λ [39]. In Contact A2- 
B2, the radius of the bonding Rb, the area of the bonding Ab, the normal 
stiffness of bonding kbn, and the tangential stiffness of bonding kbs can be 
calculated as follows [39]. 

Rb = λmin(R, r) (16)  

Ab = πR2
b (17)  

kbn = kbnAb (18)  

kbs = kbsAb (19) 

Where kbn and kbs is the normal and tangential bonding stiffness per 
unit of the bonding area. 

As shown in Equation (16)-(19), the normal and tangential bonding 
stiffness of Contact A2-B2 are related to the radii of Pebble A2 and 
Pebble B2. It is remarkable to note that Pebble A2 and Pebble B2 are 
used to fill irregular ballast (Ballast A and B respectively). Their radii are 
determined by the ballast morphological characteristics and the bubble- 
pack algorithm [39], which means they are irrelevant with the bonding 
behaviour. As a result, according to Equation (16), it can be inferred that 
the radius of the bonding area Rb is obtained by adjusting the dimension 
that are not related to the ballast bonding, which makes the bonding 
area Ab achieved from Equation (17) having no physical meaning, and 
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same for the bonding stiffness kbn and kbs from Equation (18) and (19). 
Furthermore, the rationality of the contact force and viscous strain en-
ergy calculated from Equation (11)-(15) will also be affected. 

In the existing researches, the parallel bond model is not only used 
for the analysis of the bonding effect between ballast particles but also 
for the analysis of the effect of the amount of glue. For instance, various 
amount of glue is considered by changing the bonding radius in [16,37], 
while by changing the viscous contact stiffness in [1]. Based on the re-
sults of existing studies, it can be found that it is successful to analyse the 
macroscopic properties of bonding ballast, such as the lateral resistance 
and settlement of the ballast bed. However, there are some defects in the 
mesoscopic aspects including distribution of contact force and propor-
tion of main energy etc., which has not been improved in the existing 
DEM models. 

The defects can be attributed to three aspects: (1) The increase in the 
amount of ballast glue will not only strengthen the bonding between the 
ballast particles, but also increase the amount of bonding contact. (2) 
The mechanical behaviour of the bonding between ballast particles are 
not only related to the properties of the glue, but also related to the state 
of the ballast bed, such as gradation and compactness. Therefore, the 
state of the ballast bed should also be reflected in the parallel bond 
constitutive model. (3) The bonding force between ballast particles at 
the meso-level needs to have a clear physical meaning. To overcome 
these defects, this paper modifies the parallel bond model for the 
bonding ballast. 

2.3. Modification for the parallel bond model 

During the process of making bonding ballast, the glue is sprayed on 
the ballast bed and attaches to the surface of ballast particles. Because 
the thickness of the bonding layer is much smaller than the size of the 
ballast particles, the bonding layer can be considered as evenly 
distributed on ballast particles [64]. The thickness of the bonding layer 
and the gap between ballast particles together determine the behaviour 
of ballast bonding. 

The thickness of the bonding layer can be calculated according to the 
amount of glue and the surface area of ballast particles using the 
following equation. 

d =
M

ρ
∑

Si
(20) 

Where: d is the thickness of the bonding layer, M is the mass of the 
ballast glue, ρ is the density of the ballast glue, and Si is the surface area 
of a single ballast particle. 

After getting the thickness of the bonding layer by Equation (20), the 
critical size of ballast bonding D can be expressed as follows: 

D = 2d (21) 

The critical size of ballast bonding can be used as the boundary 
condition of bonding type I, and as the criterion for determining the 
bonding type II at a contact spot as well. Therefore, combined with 
Equation (20)-(21), the relationship between the amount of ballast glue 
(the macroscopic aspect) and the bonding state (the mesoscopic aspect) 
is founded. 

In the discrete element model of the bonding ballast, the contact 
between two ballast particles is considered as the contact between two 
spheres, and the contact between a ballast particle and a sleeper as the 
contact between a sphere and a plane. 

Combining the findings of the research on the bonding behaviour of 
various types of granular materials in [42,64] and the two types of 
bonding spots (Fig. 2), the bonding contact in the discrete element 
model can be divided into four categories according to the initial contact 
state and contact objects, which are Ballast-Ballast Contact Bonding, 
Ballast-Ballast Noncontact Bonding, Ballast-Sleeper Contact Bonding, 
and Ballast-Sleeper Noncontact Bonding. 

(a) Ballast-Ballast Contact Bonding 
When two ballast particles are initially contacted and then bonded, 

the bonding is shown in Fig. 4. 
In Fig. 4, Ballast A and Ballast B have initial contact with an overlap, 

the thickness of which is d. The glue is filled around the overlap (in 
yellow) and the maximum thickness of the bonding is the critical size of 
ballast bonding D. Taking the middle of the overlap as the interface, the 
bonding can be divided into two parts. The equivalent bonding thickness 
is d1 and d2 for Ballast A and B respectively, wherein d1 and d2 are taken 
as half of the distance between the interface to the maximum thickness. 
The surface on the left of the interface with a distance of d1 is considered 
as Nominal bonding surface A and that on the right of the interface with 
a distance of d2 as Nominal bonding surface B. Therefore, the distance 
between nominal bonding surface A and B can be calculated as follow. 

d1 + d2 =
D
2

(22) 

Fig. 4. Ballast-Ballast Contact Bonding.  
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Because the ballast glue is bonded around the overlap in a ring shape, 
the area of the bonding is equivalent to a round with a radius of rbond. 
The area of the overlap satisfies the following equations. 

R2
1 − (R1 − d4)

2
= R2

2 − (R2 − d3)
2 (23)  

d3 + d4 = d (24)  

h = [R2
1 − (R1 − d4)

2
]
1/2

(25) 

Where: R1 and R2 are the radius of the Ballast particle A and B, 
respectively; d3 is the maximum distance from the interface to Ballast 
particle B; d4 is the maximum distance from the interface to Ballast 
particle A; h is the radius of the boundary circle at the overlap. 

The area of the boundary circle at the overlap Soverlap can be calcu-
lated using Equation (23)-(25) as: 

Soverlap = πh2 (26) 

Also, the overlap area and the bonding area meet the following 
relationships. 

R2
1 − (R1 − H1)

2
= R2

2 − (R2 − H2)
2 (27)  

H1 +H2 = D+ d (28) 

According to Equation (27)-(28), the sum of the overlap area Stotal 
and the bonding area can be calculated as follows. 

Stotal = π(R1sinα)2
= π⋅(R2sinβ)2 (29) 

Where sinα= [1 − (1 − H1/R1)
2
]
1/2 and sinβ = [1 − (1 − H2/R2)

2
]
1/2。 

According to Equations (26) and (29), the equivalent bonding area 
Sbond can be calculated as follows. 

Sbond = Stotal − Soverlap = πr2
bond (30) 

In this way, the irregular shape of the ballast glue filled between 
particles can be converted to a regular cylindrical shape between two 
nominal bonding surfaces. The cross-sectional area of the equivalent 
cylinder is marked as Sbond and the thickness of the equivalent cylinder 
D/2. 

It should be noted that the bonding stiffness in this paper refers to the 

effective modulus of the ballast glue, based on which the normal 
bonding stiffness can be obtained. When the nominal bonding surfaces 
are not used, considering the effective modulus of the ballast glue as E*, 
the normal bonding stiffness between ballast particles kn0 can be 
calculated as follows [39]. 

kn0 =
πE*R2

1

R1 + R2
(31) 

In order to consider the bonding behaviour between ballast particles, 
the stiffness in Equation (31) is modified by the parameters related to the 
nominal bonding surface and the modified normal bonding stiffness kn1 

can be expressed as follows. 

kn1 =
2E*Sbond

D
(32) 

It can be seen from Equation (32) that, for the Ballast-Ballast Contact 
Bonding, the modified normal bonding stiffness is directly relevant to 
the bonding state between ballast particles, which increases with the 
bonding area. After this modification of normal bonding stiffness and 
bonding area, other parameters in the parallel bonding constitutive 
model, including bonding force, bonding torque, and bending moment, 
can be also modified using Equation (11)-(14). 

(b) Ballast-Ballast Noncontact Bonding 
When there is no initial contact between ballast particles, the ballast 

glue forms a bonding contact between the ballast particles as shown in 
Fig. 5. 

As seen from Fig. 5, there is an initial distance between two ballast 
particles d. When the glue is filled between the ballast particles, the 
minimum thickness of the bond area is d and the maximum thickness is 
the critical size of ballast bonding D. Because the gap is irregular in the 
Ballast-Ballast Noncontact Bonding, the bonding area can be also 
considered as an equivalent cylinder. Using the central plane of two 
ballast particles as the interface, the bonding area can also be divided 
into two parts. In the same way as used the above section, the equivalent 
bonding thickness is d1 and d2 and the Nominal bonding surface A and B 
can be also defined for Ballast particle A and B respectively. Thus, the 
width of the equivalent bonding area can be calculated as follows. 

Fig. 5. Ballast-Ballast Noncontact Bonding.  
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d1 + d2 =
D + d

2
(33) 

For the Ballast-Ballast Noncontact Bonding, the radius of the equiv-
alent cylindrical bonding area is determined by the bonding area, the 
following equations can be derived. 

R2
1 − (R1 − H1)

2
= R2

2 − (R2 − H2)
2 (34)  

H1 +H2 = D − d (35) 

Where the definitions of H1 and H2 are the same as the Ballast-Ballast 
Contact Bonding. 

Using Equation (34) and (35), the equivalent bonding area Sbond can 
be calculated as follows: 

Sbond = π(R1⋅sinα)2
= π(R2⋅sinβ)2

= πr2
bond (36) 

Where the definitions of sinα and sinβ are the same as the Ballast- 
Ballast Contact Bonding. 

Thus, the modified normal bonding stiffness kn1 for the Ballast- 
Ballast Noncontact Bonding can be expressed as follows. 

kn1 =
2E*Sbond

D + d
(37) 

It can be seen from Equation (37) that for the Ballast-Ballast 
Noncontact Bonding, the modified bond stiffness also increases with 
the bonding area, while decreases with the gap between ballast parti-
cles. In the same way, the bonding force, bonding torque, and bending 
moment can be calculated using Equation (11)-(14). 

(c) Ballast-Sleeper Contact Bonding 
When there is an initial contact between a ballast particle and a 

sleeper, the ballast glue forms bonding around the contact area, as 
shown in Fig. 6. 

As seen in Fig. 6, there is an overlap between Ballast A and the 
sleeper, the thickness of which is referred to as d. The ballast glue sur-
rounds the overlap in a ring shape and the maximum thickness is the 

critical size of ballast bonding D. 
Similar to the Ballast-Ballast Contact Bonding, the bonding area can 

also be converted to a regular cylindrical shape. Nominal bonding sur-
faces A can be also defined and consequently the equivalent bonding 
thickness d1 can be defined as the distance between the sleeper surface 
and Nominal bonding surfaces A, as shown in Equation (38). 

d1 =
D
2

(38) 

Since the ballast bonding is in a ring shape around the overlap be-
tween Ballast particle A and the sleeper surface, the following geometric 
relationship can be derived. 

R2
1 = (R1 − d)2

+ h2 (39) 

Where: h is the radius of the boundary circle of the overlap. 
The area of the boundary circle at the overlap Soverlap can be calcu-

lated as follow. 

Soverlap = πh2 (40) 

After that, the sum of the overlap area and bonding area meets the 
following relationships. 

H1 = D+ d (41)  

Stotal = π[R2
1 − (R1 − H1)

2
] (42) 

Therefore, the bonding area can be calculated as follows. 

Sbond = Stotal − Soverlap = πr2
bond (43) 

When the nominal bonding surface is not considered, the normal 
bonding stiffness between a ballast particle and a sleeper kn0 can be 
calculated as follows 

kn0 = πE*R1 (44) 

After considering the nominal bonding surfaces, the modified normal 

Fig. 6. Ballast-Sleeper Contact Bonding.  
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bonding stiffness kn1 is as follow. 

kn1 =
2E*Sbond

D
(45) 

It can be seen from Equation (45) that the modified bonding stiffness 
increases with the cross-sectional area of the equivalent cylinder in the 
Ballast-Sleeper Contact Bonding. In the same way as above, the bonding 
force, bonding torque, and bending moment can be modified using 
Equation (11)-(14). 

(d) Ballast-Sleeper Noncontact Bonding 
When there is no initial contact between a ballast particle and a 

sleeper, the ballast bonding is formed between the ballast particle and 
sleeper, as shown in Fig. 7. 

Since there is an initial distance d between Ballast A and the sleeper 
surface, the minimum thickness of the ballast bonding is d and the 
maximum thickness is the critical size of ballast bonding D. Using the 
middle point of the minimum thickness d, the center plane can be 
defined, which divides the bonding area into two parts. The equivalent 
bonding thickness of Ballast particle A is referred to as d1 and the plane 
where d1 is located is as Nominal bonding surface A. The equivalent 
bonding thickness of the sleeper surface is referred to as d2. They meet 
the following equations. 

H1 = D − d (46)  

d1 =
d + H1

2
(47)  

d2 =
d
2

(48) 

The equivalent bonding thickness can be calculated as follow. 

d1 + d2 =
D + d

2
(49) 

As a new type of contact, the Ballast-Sleeper Noncontact Bonding is 
especially important in the modelling because two following reasons. 

The first is that the contact is used to transfer the train load from 
sleepers directly. The second is that the bonding behaviour is mainly 
determined by the ballast glue. Therefore, the correct modelling of the 
Ballast-Sleeper Noncontact Bonding is crucial for the study. In this 
paper, the local refinement method is used to further refine the equiv-
alent cylindrical bonding area of the Ballast-Sleeper Noncontact 
Bonding. As shown in Fig. 7, after repeated trial calculations, 7-ball 
mode is used to densely fill the bonding area, so that 7 juxtaposed 
bonding contacts are formed on Nominal bonding surface A, which re-
fines the ballast bonding. It should be noted that, in fact, the local 
refinement method can be used for other types of bonding contacts, but 
this will seriously affect the calculation efficiency of the discrete element 
model. As a compromise, this paper only refines the Ballast-Sleeper 
Noncontact Bonding. 

After using the local refined method, the bond radius of the Ballast- 
Sleeper Noncontact Bonding satisfies the following relationship: 

rbond = R1⋅sinα/3 = [R2
1 − (R1 − H1)

2
]
1/2

/3 (50) 

From Equation (49), the area of the bonding area can be calculated as 
follows: 

Sbond = πr2
bond (51) 

When the nominal bonding surface is not considered, the normal 
bonding stiffness between a ballast particle and a sleeper kn0 is as 
follows. 

Fig. 7. Schematic diagram of the Ballast-Sleeper Noncontact Bonding.  
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kn0 = πE*rbond (52) 

After modification, the normal stiffness is calculated as follows. 

kn1 =
2E*Sbond

D + d
(53) 

It can be seen from Equation (53) that the bond stiffness increases 
with the cross-sectional area of the equivalent cylinder and decreases 
with the gap. Similar to above, the bonding force, bonding torque, and 
bending moment can be modified using Equation (11)-(14). 

For the different constitutive relations, it can be found that the 
normal bonding stiffness is the most key parameter, and other param-
eters can be further obtained according to the normal bonding stiffness. 
The normal bonding stiffness corresponding to the four modified bond 
constitutive models is summarized as shown in Table 1. 

At this point, this article comprehensively considers three factors for 
the modification of the constitutive model of parallel bonding, including 
the distribution of ballast glue, the effect of ballast bonding on ballast 
particles, and the physical meaning of the ballast bonding at the meso- 

level. The modified bonding models are suitable for four different 
bonding types in the bonding ballast. 

3. DEM model of bonding ballast 

3.1. Model development 

Ballast box test is developed using the DEM to analyse the energy 
evolution in bonding ballast. According to the present numerical simu-
lations and laboratory tests [43–45], the size of the box is defined as 600 
mm (length), 350 mm (width), and 500 mm (height). Because the ir-
regularity of ballast particles and the gradation of ballast have a sig-
nificant influence on the mechanical behaviour of ballast bed [46–48], 
the special gradation of the high-speed railway in China [49–50] is 
adopted. The gradation is shown in Fig. 8. 

This paper uses the laser scanning method to obtain the shape of 
irregular ballast particles. Considering the diversity of the morpholog-
ical characteristics, scanned ballast particles contain three shapes, 
which are cubic, long, and flat. The content of cubic ballast particles is 

Table 1 
Modified normal bonding stiffness.  

Type Modified normal bonding stiffness/kn1  

Ballast-Ballast Contact Bonding 2E*Sbond

D  
Ballast-Ballast Noncontact Bonding 2E*Sbond

D + d  
Ballast-Sleeper Contact Bonding 2E*Sbond

D  
Ballast-Sleeper Noncontact Bonding 2E*Sbond

D + d   
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Fig. 8. Ballast gradation.  

Fig. 9. DEM model for the box test.  

Table 2 
Parameters in the DEM model.  

Parameters Value 

Linear normal contact stiffness 50 MN/m 
Linear tangential contact stiffness 33 MN/m 
Friction coefficient 0.5 
Effective bonding modulus 39 MPa (Glue 48 kg/m3)19 MPa (Glue 33 

kg/m3) 
Normal/tangential bonding contact 

damping ratio 
0.15 (Glue 48 kg/m3)0.10 (Glue 33 kg/ 
m3)0.01 (Glue 0) 

Normal tangential stiffness ratio 1.5  

Fig. 10. Field tests.  
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80% and that of long and flat ballast particles are both 10% in the model 
[49,51]. The developed model is shown in Fig. 9. The sleeper is modelled 
by the wall element, which is optimal to simulate the discrete contact 
with ballast particles [40,52]. 

3.2. Meso-parameter calibration and model verification 

Considering the modified constitutive model of parallel bonding, the 
parameters of the conventional ballast bed have been first calibrated. 
After that, two types of ballast bonding with the amount of ballast glue 
33 kg/m3 and 48 kg/m3 have been modelled. The parameters used in the 
model is shown in Table 2. 

The comparison of numerical results and on-site test results (see 
Fig. 10) in three cases with 0, 33 kg/m3, and 48 kg/m3 glue is shown in 
Fig. 11. As seen in Fig. 11, the simulated results of the DEM model match 
well with the results of field tests. Therefore, the DEM model is used for 
further analysis in the paper. 

4. Numerical simulations 

4.1. Loads of high-speed trains 

Sleepers in ballast tracks share various proportions of the train loads 
during trains passing. Following the sharing proportion and train 
loading model discussed in [53–56], the loading process is fitted using 
the Gaussian function. The loading history of a single axle is expressed as 
follows. 

p(v, t) = P0Ae - (vt)2

2w2 (54) 

Where P0 is the axle load of the train, v is the operating speed of the 
train, t is the time, and A and w are fitting parameters. 

It is commonly considered that the train load is carried by 5 sleepers 
under wheels with the sharing proportion of 0.1: 0.2: 0.4: 0.2: 0.1, ac-
cording to [57–58]. Therefore, Equation (54) can be rewritten as follow. 

p(v, t) = 0.36P0e - (vt)2
0.78 (55) 

The parameters of the commonly used high-speed trains in China 
(CRH3) are used in the simulation, which are 2.5 m as the distance 
between two wheels in a bogie and 17 t as the axle load. Because there is 
an overlap of the two wheel loads in a bogie, while loads of two bogies 
are independent, the load of a bogie is considered as the minimum 
loading cycle [58]. A minimum loading cycle is expressed as Equation 
(56) after considering the superposition of loads. 

p(v, t) = 0.36P0(e - (vt - 1.8)2
0.78 + e - (vt - 4.3)2

0.78 ) (56) 

The loading history of the minimum loading cycle used in this paper 
is shown in Fig. 12, wherein a range of 11 sleepers (corresponding to 6.1 
m = 1.8 m + 2.5 m + 1.8 m) is considered. 

When the CRH3 high-speed train operates at a speed of 300 km/h, 
the loading period T is 0.0732 s (=6.1 m/300 km/h). The load applied 
on the ballast during a loading cycle can be expressed as: 

f(t) =
1
2

p(v, t) + fconst (57) 

where v is 83.3 m/s, t ∈ [0, T]; fconst is the load constant, which is 
determined by the pressure caused by the weight of the track structure 
and set as 4 kN following [59–60]. 

4.2. Energy in ballast beds 

4.2.1. Energy evolution of different forms 
Energy evolution is always accompanied during the cyclic loading of 

high-speed trains. The results after 100 loading cycles are analysed to 
study energy evolution in the conventional and bonding ballast, as 
shown from Fig. 13 to Fig. 16. 

As seen from Fig. 13 to Fig. 16, there is a significant difference in 
energy evolution between the conventional ballast and the bonding 
ballast. 

As shown in Fig. 13, the elastic strain energy in the conventional 
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Fig. 11. Model validation (Field test results are from [1637]).  

Fig. 12. Minimum loading cycle.  

Fig. 13. Elastic strain energy evolution.  
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ballast is higher than that in the bonding ballast. The larger the amount 
of glue used, the lower the elastic strain energy. The stiffness of the 
ballast bed is increased when ballast is bonded, which leads to the 
reduction of the elastic strain energy. 

It is noticed the elastic strain energy of the conventional ballast 
shows obvious fluctuation during the cyclic loading process. On the 
contrary, it is more stable in the bonding ballast. It is caused by the fact 
that the spatial position of the ballast particles is more likely to be 
disturbed in the conventional ballast bed, causing the deformation of the 
ballast bed and aggravating the frictional energy dissipation. However, 
the ballast particles are constrained in the bonding ballast, and the 
spatial position of the ballast particles is more fixed. Therefore, the 
elastic strain energy becomes more stable and the frictional energy 
dissipation is less. As shown in Fig. 14, the frictional energy dissipation 
in the case of adding 33 kg/m3 and 48 kg/m3 glue is reduced to 22.8 % 
and 17% respectively after 100 loading cycles. 

As shown in Fig. 15, the viscous strain energy in the bonding ballast 

decreases with the increase of the glue amount, which is similar to the 
change of the elastic strain energy. Besides, the viscous strain energy has 
a larger amplitude when adding more glue (48 kg/m3) than that in the 
case of 33 kg/m3 ballast glue. This can be related to the contact bonding 
strengthening and the amount of noncontact bonding increasing. 

As shown in Fig. 16, the damping energy in the bonding ballast is 
higher than that in the conventional ballast. The damping energy in the 
conventional ballast can only be generated at the contact between 
ballast particles, while in the bonding ballast the glue plays a significant 
role in damping [26,37]. After 100 loading cycles, the damping energy 
in the case of 33 kg/m3 and 48 kg/m3 ballast glue is 1.9 and 2.9 times, 
respectively, that of the conventional ballast. The more glue is used, the 
stronger damping effect in the ballast is. 

4.2.2. Share ratio of different energy 
In order to further discover the behaviour of energy evolution, the 

energy ratio at the 1st, 5th, 10th, 25th, 50th, and 100th loading cycles 
are compared. The ratio of different energy is normalized according to 
the first peak value of elastic strain energy. The results are shown in 
Fig. 17-Fig. 19. 

It can be seen from Fig. 17 that the frictional energy consumption is 
dominant in the initial loading stage (the 1st cycle), accounting for 
56.3%, in the conventional ballast bed. Second to that is the elastic 
strain energy, accounting for 42.9%. The damping energy consumption 
can even be ignored which accounts for 0.8%. As the loading cycle in-
creases, the proportion of elastic strain energy gradually increases and 
becomes the major, while that of frictional energy and damping energy 
gradually decreases. In the 100th loading cycle, the elastic strain energy 
accounts for 76.87%, the frictional energy and damping energy accounts 
for 22.96% and 0.17%, respectively. The change in the energy ratio 
reflects that the ballast is gradually compacted and becomes stable. 

In the bonding ballast beds, the elastic strain energy has always been 
the major form as shown in Fig. 18 and Fig. 19. The elastic strain energy 
and frictional energy during loading in the bonding ballast beds show a 
similar trend as that in the conventional ballast bed. Differently, the 
viscous strain energy in the bonding ballast beds has a higher propor-
tion. In the case of 33 kg/m3 ballast glue, the proportion of frictional 
energy is in the second place at the beginning and gradually replaced 
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viscous strain energy in the later cycles. On the contrary, the proportion 
of viscous strain energy in the case of 48 kg/m3 ballast glue is always 
higher than that of frictional energy. The ratio of the elastic strain en-
ergy, viscous strain energy, frictional energy, and damping energy after 
100 loading cycles is different in two cases of bonding ballast, which is 
71.1%, 14.2%, 13.9%, 0.8% in the case of 33 kg/m3 ballast glue and 
66.2%, 20.5%, 11.8%, 1.5% in the case of 48 kg/m3 ballast glue. 

From the above analysis, it can be found that compared with the 
conventional ballast bed, the proportion of energy in the bonding ballast 
bed has changed significantly. The proportion of the elastic strain en-
ergy, viscous strain energy, and damping energy have increased, while 
that of the frictional energy is reduced. This change is larger when with a 
higher amount of glue. 

4.3. Force and energy distribution at contact points 

4.3.1. Contact points and contact force 
There are complex states in the sleeper-ballast contact and the 

ballast-ballast contact in bonding ballast bed. In this section, the amount 
of sleeper-ballast contact and ballast-ballast contact is first counted and 
the contact forces at contact points are then analysed. After this, the 
energy at contact points is further studied. 

The amounts of sleeper-ballast contact and ballast-ballast contact at 
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the 1st, 5th, 10th, 25th, 50th, and 100th loading cycles are compared in 
Fig. 20 and Fig. 21. It should be noted that due to the local refinement 
method, the amount of the Ballast-Sleeper Noncontact Bonding is 
increased by 7 times. To avoid this, the amount of sleeper-ballast contact 
before refinement is used here. 

It can be seen from Fig. 20 and Fig. 21 that the amount of sleeper- 
ballast contact and ballast-ballast contact in the conventional ballast 
bed is the least. As the loading cycle increases, the amount of sleeper- 
ballast contact and ballast-ballast contact in the conventional ballast 
bed grows. This is because the ballast is gradually compacted during the 
load process. On the contrary, the amount of sleeper-ballast contact and 
ballast-ballast contact in the bonding ballast beds are considerably 
larger and increasing with the amount of ballast glue. Besides, the 
amount of contact points in the bonding ballast beds remains stable 
during the whole loading process, which shows good stability. 

The statistics of the maximum contact forces at the 1st, 5th, 10th, 
25th, 50th, and 100th loading cycles are shown in Fig. 22. 

It can be seen from Fig. 22 that the maximum contact force of 
sleeper-ballast and ballast-ballast contacts in the conventional ballast 
bed is significantly higher than that of bonding ballast beds. Besides, the 
maximum contact forces of both contacts fluctuate largely during the 
loading process. The average maximum force of sleeper-ballast contact 
in the conventional ballast bed is larger than that of sleeper-ballast 
contact, which are 2199.5 N and 1950.3 N respectively. This confirms 
that the sleeper-ballast contact is the most crucial contact point. A 
similar trend can be found in the bonding ballast beds that the maximum 
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contact force of sleeper-ballast is also much larger than that ballast- 
ballast contacts, the average of which is 1061.5 N and 785.9 N respec-
tively in the case of 33 kg/m3 ballast glue and 966.6 N and 721.4 N 
respectively in the case of 48 kg/m3 ballast glue. Here it can be found 
that the maximum contact forces are further reduced as more ballast 
glue is used, which is caused by the further increase of the contact 
points. 

4.3.2. Distribution of sleeper-ballast contact points 
From the above analysis, it can be found that the sleeper-ballast 

contact is the most critical contact area in the ballast bed, regardless 
of whether ballast glue is used or not. This section studies the distribu-
tion of different energy at sleeper-ballast contact points. Using the 
moment when the first peak in the 100th loading cycle of the train load 
is applied, the distribution of the contact points at the left, bottom, and 
right parts of the sleeper in the conventional ballast bed and bonding 
ballast beds are shown in Fig. 23-Fig. 25, wherein the location of the left, 
bottom, and right parts is indicated in Fig. 9.Fig. 24. 

To see the changes in the amount of contact points, distribution 
density of the contact points at different parts is compared as shown in 
Fig. 26. 

Fig. 26 shows that the density of the contact points at the bottom of 
the sleeper in the conventional ballast bed is 720 per m2, and the 
average density of the contact points on the side of the sleeper is 419 per 
m2. In the case of 33 kg/m3 ballast glue is used, the density at the bottom 
is increased by 1.8 times and that at the side by 2.4 times. In the case of 
48 kg/m3 ballast glue, the increase of density is even more, which are 
2.1 and 2.7 times for the bottom and side respectively. This shows that 
the density of the contact points increases significantly by bonding and 
the amount of ballast glue plays a positive role in increasing the density 
of the contact points. Besides, it can be also found that the density of the 
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Fig. 23. Distribution of contact points in the conventional ballast bed: (a) Left, (b) Bottom, (c) Right.  
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Fig. 25. Distribution of contact points in the bonding bed (glue 48 kg/m3): (a) 
Left, (b) Bottom, (c) Right. 
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Fig. 27. Distribution of elastic strain energy (Unit J): (a) Left in the conventional ballast, (b) Bottom in the conventional ballast, (c) Right in the conventional ballast, 
(d) Left in the case of 33 kg/m3, (e) Bottom in the case of 33 kg/m3, (f) Right in the case of 33 kg/m3, (g) Left in the case of 48 kg/m3, (h) Bottom in the case of 48 kg/ 
m3, (i) Right in the case of 48 kg/m3. 
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Fig. 28. Distribution of frictional energy (Unit J): (a) Left in the conventional ballast, (b) Bottom in the conventional ballast, (c) Right in the conventional ballast, (d) 
Left in the case of 33 kg/m3, (e) Bottom in the case of 33 kg/m3, (f) Right in the case of 33 kg/m3, (g) Left in the case of 48 kg/m3, (h) Bottom in the case of 48 kg/m3, 
(i) Right in the case of 48 kg/m3. 
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contact points at the bottom is much higher than that at the side in both 
conventional and bonding ballast beds, which indicates that the ballast 
particles at the bottom of the sleeper are in contact with the sleeper more 
sufficiently. 

4.3.3. Energy at sleeper-ballast contact points 
In this section, the distribution of elastic strain energy, frictional 

energy, viscous strain energy, and damping energy are analysed. The 
results are shown in Fig. 27-Fig. 30. 

Fig. 27 shows that the elastic strain energy in the conventional 
ballast bed is mainly distributed at the bottom of the sleeper. The same 
trend can be also found in the bonding ballast beds, but the energy 
distributed to the side is more than that in the conventional ballast bed. 
Besides, the elastic strain energy is more evenly distributed in the 
bonding ballast beds. This is because the integrity of the ballast bed is 
improved after bonding. 

Fig. 28 shows that the frictional energy in the conventional ballast 
bed is mainly distributed at the bottom of the sleeper as well. Although 
the frictional energy also appears at the side, its peak value is an order of 

magnitude smaller than that at the bottom. In the bonding ballast beds, 
the friction energy at the bottom is reduced while the friction energy at 
the side increases and eventually becomes the main position of friction 
energy distribution. This is because the ballast particles at the bottom of 
the sleeper move frequently in the conventional ballast bed and thus 
frictional energy at the bottom is relatively large. On the contrary, the 
sleeper and ballast particles are bonded as a whole in the bonding ballast 
beds so that the ballast particles are constrained, which makes the 
ballast particles at the bottom of the sleeper more stable when the 
sleeper moves vertically, while the large frictional energy is generated at 
the side due to large relative movement appearing between the sleeper 
and ballast particles. 

Fig. 29 shows that the viscous strain energy has the same order of 
magnitude at the bottom and side of the sleeper in both cases of bonding 
ballast. The value of viscous strain energy is different according to the 
amount of ballast glue. This is because the viscous strain energy is 
dependent on the amount of bonding contact points, and using more 
ballast glue can generate more noncontact bonding contact points. 

Fig. 30 shows that the damping energy in the bonding ballast beds is 

Fig. 29. Distribution of viscous strain energy (Unit J): (a) Left in the case of 33 kg/m3, (b) Bottom in the case of 33 kg/m3, (c) Right in the case of 33 kg/m3, (d) Left 
in the case of 48 kg/m3, (e) Bottom in the case of 48 kg/m3, (f) Right in the case of 48 kg/m3. 
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Fig. 30. Distribution of damping energy (Unit J): (a) Left in the conventional ballast, (b) Bottom in the conventional ballast, (c) Right in the conventional ballast, (d) 
Left in the case of 33 kg/m3, (e) Bottom in the case of 33 kg/m3, (f) Right in the case of 33 kg/m3, (g) Left in the case of 48 kg/m3, (h) Bottom in the case of 48 kg/m3, 
(i) Right in the case of 48 kg/m3. 
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by an order of magnitude larger than that in the conventional ballast bed 
and keeps increasing as the amount of ballast glue increases. It can be 
also seen that the damping energy at the bottom and the side are in the 
same order of magnitude in all cases. Improvement of the damping 
performance of the bonding ballast is caused by increase energy dissi-
pation at contact points on the one hand, and the increase in the amount 
of contact points on the other hand. 

4.4. Settlement and kinetic energy in ballast beds 

4.4.1. Settlement in ballast beds 
When a railway track is in the operational phase, ballast particles are 

constantly spatially rearranged under the cyclic loading of high-speed 
trains. Thus, the settlement of the ballast bed inevitably occurs. The 
section analysed the settlement behaviour by comparing the settlement 
in the conventional ballast and bonding ballast beds at various loading 
stages. The results are shown in Fig. 31. 

It can be seen from Fig. 31 that the settlement increment in the 
conventional ballast bed and the bonding ballast beds are significantly 
different. For the conventional ballast bed, the settlement deformation 
during the loading process has a larger deformation in general. Besides, 
a large settlement increment remains after every loading cycle and, 
however, the remaining increment and amplitude of settlement flatten 
as the loading cycle grows, which indicates a process of compaction of 
the conventional ballast bed. On the contrary, the amplitude and 
increment of the settlement are both much smaller in the bonding ballast 
beds and the reduction is larger when more ballast glue is used. Besides, 
the amplitude and increment of settlement in the bonding ballast beds 
flatten much faster, meaning the bonding ballast beds become stabilised 
more quickly after loading while the conventional ballast bed still set-
tles. Therefore, the bonding ballast bed can be used as a method for the 
rapid restoration of the railway track due to its excellent settlement 
behaviour. 

4.4.2. Kinetic energy in ballast beds 
The settlement in the ballast bed is a macroscopic phenomenon that 

is caused by the spatial motion of ballast particles in the complex stress 
state at the meso level. The more stable the ballast bed is, the stronger 
the spatial constraint of ballast particles have at the meso level and thus 
less easy to adjust their spatial position. Therefore, the section analyses 
the effect of ballast bonding on the moving behaviour of the ballast 
particles by comparing the spatial velocity distribution in both the 
conventional ballast and bonding ballast beds. The results of the velocity 

distribution in ballast beds at the first peak of the loading cycle are 
shown in Fig. 32. 

Fig. 32 shows the ballast particles in the conventional ballast bed 
have a much larger velocity than that in the bonding ballast beds in all 
the presented loading cycles. The velocity of ballast particles further 
reduces when more ballast glue is added. A smaller velocity of ballast 
particles indicates the ballast particles are more stable under the impact 
of train loads. 

From the energy point of view, under the same impact of train load, 
the smaller the spatial velocity of the ballast particles leads to the lower 
kinetic energy of the ballast particles and, thus, the lower kinetic energy 
of the ballast bed. To further analysis, the time history curves of the 
kinetic energy of the conventional and bonding ballast beds are 
compared in Fig. 33. 

It can be seen from Fig. 33 that the kinetic energy of the convention 
ballast bed at various loading stages is always significantly higher than 
that of the bonding ballast bed, and the fluctuation patterns of the ki-
netic energy are different at each loading stage. Besides, the kinetic 
energy in the conventional ballast bed shows a decreasing trend as the 
loading cycle increases. On the contrary, the kinetic energy of the 
bonding ballast beds lower and the kinetic energy fluctuates in the same 
pattern after the first loading cycle. This is because the constraint of the 
ballast particles in the conventional ballast bed is in an unstable state, 
which leads to higher kinetic energy in the ballast bed and different 
fluctuation patterns at each loading stage, meaning the mode of the 
spatial migration of ballast particles has greater uncertainty. For the 
bonding ballast, the constraint of the ballast particles is more stable. As a 
result, the mode of the spatial migration of ballast particles is relatively 
certain and, therefore, the kinetic energy in the ballast bed is smaller and 
the fluctuation patterns at different loading stages are similar, which 
makes the settlement of bonding ballast beds convergences more 
quickly. 

5. Conclusions 

Comparing to the conventional ballast bed, the mechanical behav-
iour of bonding ballast beds is significantly changed. The most impor-
tant reason is the changes in the contact between ballast particles. The 
mechanical behaviour at the sleeper-ballast contact and the ballast- 
ballast contact in the bonding ballast are complex and, thus, devel-
oping proper constitutive models to analyse various types of bonding 
contacts at the meso-level is crucial. Besides, because the essence of the 
change in the mechanical behaviour lies in the process of storage and 
dissipation energy, this paper uses the discrete element method to study 
the constitutive model of and energy dissipation in the bonding ballast 
bed. The main conclusions are as follows. 

(1) The defects of the parallel bond model that commonly used for 
the simulation of bonding ballast are studied, which are: (a) the amount 
of bonding contact shoulde be increased as the amount of ballast glue 
increasing; (b) the state of ballast bed, such as gradation and compact-
ness, is not considered; (c) the bonding force between ballast particles at 
the meso-level does not have a clear physical meaning. To overcome the 
defects, the parallel bond model is revised. Four kinds of bonding con-
tacts are provided including Ballast-Ballast Contact Bonding, Ballast- 
Ballast Noncontact Bonding, Ballast-Sleeper Contact Bonding, and 
Ballast-Sleeper Noncontact Bonding. 

(2) The evolution forms of main energy in the conventional and 
bonding ballast beds under the cyclic loading of high-speed trains are 
different. In the conventional ballast bed, the frictional energy is the 
main form in the initial stage of loading and later replaced by the elastic 
strain energy. On the contrary, the elastic strain energy has always been 
the main dissipation form in the bonding ballast bed, followed by 
viscous strain energy, frictional energy, and damping energy. 

(3) Compared with the conventional ballast bed, there is more con-
tacts in the bonding ballast bed and the amount of contacts is further 
increased when more ballast glue is used. The sleeper-ballast contact is 

Fig. 31. Settlement increment at various loading stages.  
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the most critical contact area in the ballast bed. After bonding, the 
amount of contacts is significantly increased at the bottom and sides of 
the sleeper and all forms of energy become more evenly distributed at 
both the bottom and sides of the sleeper. 

(4) The settlement of the bonding ballast bed under cyclic loading is 
related to the kinetic energy of the ballast particles at the meso-level. At 

the meso level, the kinetic energy of the bonding ballast fluctuates with 
smaller amplitude and convergences more quickly under cyclic loading, 
which is reflected in the macroscopic aspect that the settlement of the 
bonding ballast bed is relatively small and can be fast completed. 

Fig. 32. Velocity distribution in ballast beds.  
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Appendix 

Research on polyurethane-mixed ballast.   

Authors Affiliation Year Research Content Research Method 

P K Woodward et al. 
[11–12] 

Heriot-Watt University 2007, 2010 Compared the acceleration of track with and without bonding 
ballast. Results show that polyurethane-mixed ballast can 
reduce the vibration of sleepers. 

Field tests of vibration acceleration 

S Kaewunruen [13] Massachusetts Institute 
of Technology 

2014 Studied the vibration characteristics of rails and sleepers before 
and after bonding ballast. Results show that the high-frequency 
noise between the wheel and rail is increased after ballast 
bonding, while the vibration of the sleeper and ballast is 
suppressed. 

Field tests of vibration acceleration 

C Zhao et al. [4] Southwest Jiaotong 
University 

2015 Studied the mechanical behaviour of the transition zone 
between ballast track and slab track after using ballast bonding 
and auxiliary rails. Results show that ballast bonding and 
auxiliary rails smoothen the stiffness in the track transition and 
consequently improve the vehicle-track dynamic response. 

Field tests of vertical static track stiffness 
and vibration acceleration 

L Qie et al. [2] China Academy of 
Railway Sciences 

2015 Using a track loading vehicle tested the lateral resistance track 
and vertical displacement of rails of the track with and without 
bonding ballast. The results show that the track with bonding 
ballast has better resistance to lateral deformation and the force 
on sleepers at different location are distributed more evenly. 

Field tests of lateral resistance and vertical 
displacement 

A Kruglikov et al. 
[14] 

Rostov State Transport 
University 

2017 Studied Young’s modulus and lateral resistance of the ballast 
after the ballast particles on the shoulder were bonded. Results 
show that Young’s modulus and lateral resistance of bonded 
ballast are significantly improved. Besides, the ground 
penetrating radar (GPR) can detect the depth of ballast 
bonding. 

Field tests of lateral resistance 

W Qi et al. [3] Southwest Jiaotong 
University 

2018 Tested the dynamic behaviour of a track transition zone in a 
heavy-haul railway with partial bonding ballast and full- 
section bonding ballast. The results show that the displacement 
and acceleration of rails and sleepers can be gradually changed 
after varying the mode of bonding ballast. 

Field tests of track dynamic behaviour 

H Xiao et al. [15–16] Beijing Jiaotong 
University 

2017, 2019 Tested the lateral resistance and support stiffness of the track 
with ballast bonding. The results show that lateral resistance 
and support stiffness of the track is significantly increased and 
can be continuously increased if adding more ballast glue. 

Field tests of lateral resistance and support 
stiffness 

S Yang et al. [17] Jinan–Qingdao high- 
speed railway Co. 

2019 Tested the vibration characteristics of the track with ballast 
bonding and the wind field distribution on the surface. The 
results show that the track with ballast bonding has a better 
damping effect on high-frequency vibration. 

Field tests of track dynamic behaviour 

J Xiao et al. [10] Southwest Jiaotong 
University 

2020 Studied the effect of ballast bonding on the performance of 
high-speed railway tracks in subgrade fracture zone using a 

Field tests of track geometric state 

(continued on next page) 
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Fig. 33. Time history curves of the kinetic energy of ballast beds.  
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(continued ) 

Authors Affiliation Year Research Content Research Method 

year-long monitoring data set. The results show that the track 
quality index of the tested track slightly exceeds the limit in the 
standard, but it can be improved by adjusting fasteners. 

P K Woodward et al. 
[18–21] 

Heriot-Watt University 2009–2014 Studied the stiffness change and deformation behaviour of 
bonded ballast under cyclic loading using a full-scale model. 
The results show that ballast bonding can significantly increase 
the stiffness and reduce the deformation of ballast. The bonded 
ballast has good drainage but the initial moisture content in the 
ballast affects the bonding effect. 

Laboratory tests of full-scale ballast box 
model(Geopavement and Railways 
Accelerated Fatigue Testing) 

M S Dersch et al. [22] University of Illinois at 
Urbana-Champaign 

2010 Conducted shear tests on the bonded ballast specimens and 
studied the shear resistance after different bonding days. The 
results show that the longer the bonding time, the higher the 
strength of the specimens. In addition, the bonded ballast is 
higher resistance to breakage, and thus the ballast particles are 
more stable. 

Laboratory tests of direct shear strength 

A Keene et al. [23] University of Texas at 
Austin 

2014 Conducted bending tests, compression tests (unconfined) and 
cyclic triaxial loading tests on bonded ballast specimens. The 
results show that the bending resistance of bonded ballast is 
similar to that of cement-stabilized soil; its elastic modulus and 
compressive strength are both lower than that of cement- 
stabilized soil; it has less cumulative plastic deformation than 
clean and dirty ballasts. 

Laboratory tests of compression and 
bending, triaxial loading 

L Qie et al. [2] China Academy of 
Railway Sciences 

2015 Conducted fatigue tests and freeze–thaw tests on bonded 
ballast specimens. The results show that the bonded ballast has 
good elasticity and resistance to accumulative settlement under 
the cyclic loads. 

Laboratory tests of fatigue and freeze–thaw 
cycle 

S H Lee et al. [24] Korea Railroad Research 
Institute 

2017 Studied the effect of the amount of ballast glue on the stiffness 
and strength of bonded ballast specimens. Results show that 
both the stiffness and strength of bonded ballast increase with 
the amount of ballast glue. The bonded ballast specimens with 
a low amount of ballast glue may crack under loading. 

Laboratory tests of large-scale triaxial 
loading 

R F du Plooy et al. 
[25] 

University of Pretoria 2017 Studied the settlement characteristics of the track with bonding 
ballast under cyclic heavy-haul train loads using a full-scale 
model. The results show that bonding ballast can significantly 
reduce track settlement and thus is helpful to keep track 
geometry and reduce maintenance cost. 

Laboratory tests of cyclic loading box 

G D’Angelo et al. 
[26–28] 

The University of 
Nottingham 

2016–2018 Conducted uniaxial loading tests and box tests to study the 
deformation behaviour of the bonding ballast. The results show 
that the deformation of bonded ballast is significantly reduced 
due to changes in stiffness and energy dissipation. In addition, 
conventional track maintenance including tamping, stone 
blowing can also be used on the track with bonding ballast. 

Laboratory tests of uniaxial loading and 
ballast box loading 

G Jing et al. [5,29] Beijing Jiaotong 
University 

2019 Studied the lateral resistance of the track with various bonding 
methods using a full-scale model. The results show that the 
bonding under the centre of sleepers, under two ends of 
sleepers and the whole area of sleepers can all significantly 
increase the lateral resistance of track. 

Laboratory tests of lateral resistance 

M Esmaeili et al. [30] Iran University of 
Science and Technology 

2020 Studied the effect of glue composition and bonding methods on 
the deformation behaviour of the track with ballast bonding. 
The results show that the asphalt-cement ratio of 0.42 achieves 
the best effect when considering the settlement, stiffness, and 
damping behaviour of the ballast in case of the bottom of the 
ballast is bonded. 

Laboratory tests of ballast box 

D Gundavaram and S 
Hussaini [31] 

Indian Institute of 
Technology Patna 

2020 Conducted the shear test on the bonded ballast specimens 
under various normal stress and shear rates. The results show 
that the bonded ballast can significantly improve the shear 
strength. The friction angle and expansion angle of the bonded 
ballast is increased. As normal stress and shear rate growing, 
the crushing rate of particles of unbonded ballast has increased 
while the particles in the bonded ballast have not been crushed. 

Laboratory tests of direct shear 

D M Barbieri et al. 
[32] 

Norwegian University of 
Science and Technology 

2020 Compared the effect of the various ballast glue including 
bitumen, polyurethane, organosilane, and lignosulphonate and 
found that they all have a significant effect on elastic modulus 
and resistance to plastic deformation. 

Laboratory tests of repeated triaxial loading 

P K Woodward et al. 
[61–63] 

Heriot-Watt University 2009–2014 Compared the dynamic behaviour of the track with and 
without ballast bonding and analysed the changes in resistance 
using the FEM method. The results showed that the track with 
ballast bonding has better resistance to deformation and the 
later resistance is significantly improved. 

FEM simulations of static and dynamic track 
response 

S Thomas et al. [33] Heriot-Watt University 2015 Developed a track-bridge model using the FEM method and 
analysed the stress changes of the bridge after using the ballast 
bonding. The results show that the use of ballast bonding can 
improve the distribution of the train load and reduce the stress 
of the bridge. 

FEM simulations of a arch railway bridge 

X Cai et al. [34] Beijing Jiaotong 
University 

2019 Combined the FEM method with multi-body dynamics theory 
to analyse the mechanical behaviour of the track in the tunnel 

FEM simulations of vehicle–track–tunnel 
system 

(continued on next page) 
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(continued ) 

Authors Affiliation Year Research Content Research Method 

of heavy-haul railways when the ballast foam bonding is used. 
The results show that the track with ballast bonding has lower 
track stiffness and vibration of the tunnel. 

G Jing et al. [5,35] Beijing Jiaotong 
University 

2012, 2019 Developed a DEM mode for a box test to analyse the meso- 
mechanical behaviour of ballast bonding. The results show that 
the displacement of the ballast particles was reduced due to the 
bonding effect and the maximum contact force in the ballast 
reduces as the depth of bonding growing. 

DEM simulations of sleeper-ballast structure 

Y Xu et al. [36] China Academy of 
Railway Sciences 

2019 Studied the accumulative settlement and contact force 
distribution in bonded ballast using the DEM method. The 
results show that the ballast bonding can reduce the residual 
deformation of the ballast and effectively reduce the dynamic 
stress in the ballast. 

DEM simulations of ballast box 

H Xiao et al. 
[1,15,16,37,38] 

Beijing Jiaotong 
University 

2017–2020 Developed the 3 sleepers-ballast model, ballast box test model 
and triaxial loading model to analyse the later and vertical 
mechanical behaviours of bonded ballast. The results show that 
later and vertical mechanical behaviour, energy dissipation, 
deformation behaviour of the bonded ballast is changed 
significantly. 

DEM simulations of sleepers-ballast 
structure and ballast box, triaxial loading  
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maintenance[J], Géotechnique 68 (6) (2018) 518–527. 

[29] G. Jing, W. Jia, H. Fu, et al., High-Speed Ballasted Railway Track Lateral Resistance 
Characteristics and Reinforcements [J], Journal of Southwest Jiaotong University 
54 (5) (2019) 1087–1092. In Chinese. 

[30] M. Esmaeili, M. Paricheh, M.H. Esfahani, Laboratory investigation on the behavior 
of ballast stabilized with bitumen-cement mortar[J], Constr. Build. Mater. 245 
(2020) 118389, https://doi.org/10.1016/j.conbuildmat.2020.118389. 

[31] D. Gundavaram, S.K.K. Hussaini, Performance evaluation of polyurethane- 
stabilized railroad ballast under direct shear conditions[J], Constr. Build. Mater. 
255 (2020) 119304, https://doi.org/10.1016/j.conbuildmat.2020.119304. 

[32] D.M. Barbieri, M. Tangerås, E. Kassa, I. Hoff, Z. Liu, F. Wang, Railway ballast 
stabilising agents: Comparison of mechanical properties[J], Constr. Build. Mater. 
252 (2020) 119041, https://doi.org/10.1016/j.conbuildmat.2020.119041. 

[33] S. Thomas, P. Woodward, O. Laghrouche, Influence of stiffening ballasted track 
bed overlying a masonry arch bridge using a polyurethane polymer material[J], 
Constr. Build. Mater. 92 (2015) 111–117. 

[34] X. Cai, Y. Zhong, X. Hao, Y. Zhang, R. Cui, Dynamic behavior of a polyurethane 
foam solidified ballasted track in a heavy haul railway tunnel[J], Adv. Struct. Eng. 
22 (3) (2019) 751–764. 

[35] G.Q. Jing, L. Shao, Y.D. Zhu, L. Gao, Micro-analysis of railway ballast bond effects 
[C]//Advanced Materials Research, Trans Tech Publications Ltd 446-449 (2012) 
2492–2496. 

[36] Y. Xu, L. Qie, H. Wang, Mechanical properties of polyurethane ballast bed based on 
discrete element method [J], Journal of Tongji University (NATURAL SCIENCE) 47 
(8) (2019) 1156–1161. In Chinese. 

[37] X. Ling, H. Xiao, X. Cui, Analysis of mechanical properties of polyurethane-mixed 
ballast based on energy method [J], Constr. Build. Mater. 182 (2018) 10–19. 

H. Xiao et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.conbuildmat.2020.119370
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0010
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0010
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0010
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0015
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0015
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0015
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0015
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0020
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0020
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0020
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0025
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0025
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0025
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0030
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0030
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0030
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0035
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0035
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0040
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0040
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0045
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0045
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0045
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0045
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0050
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0050
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0050
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0050
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0070
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0070
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0070
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0075
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0075
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0075
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0080
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0080
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0080
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0085
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0085
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0085
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0090
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0090
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0090
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0095
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0095
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0095
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0095
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0100
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0100
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0100
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0105
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0105
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0105
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0110
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0110
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0110
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0115
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0115
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0120
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0120
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0120
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0125
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0125
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0125
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0130
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0130
https://doi.org/10.3989/mc.1957.v07.i08010.3989/mc.2017.04416
https://doi.org/10.3989/mc.1957.v07.i08010.3989/mc.2017.04416
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0140
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0140
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0140
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0145
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0145
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0145
https://doi.org/10.1016/j.conbuildmat.2020.118389
https://doi.org/10.1016/j.conbuildmat.2020.119304
https://doi.org/10.1016/j.conbuildmat.2020.119041
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0165
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0165
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0165
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0170
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0170
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0170
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0175
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0175
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0175
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0180
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0180
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0180
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0185
http://refhub.elsevier.com/S0950-0618(21)03990-8/h0185


Construction and Building Materials 320 (2022) 126260

23

[38] X. Ling, H. Xiao, F. Jin, Investigating the effect of different bonding areas on the 
lateral resistance of polyurethane-mixed ballast using the discrete element method, 
Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and 
Rapid Transit 235 (2) (2021) 133–142. 

[39] User’s Guide. Minneapolis. (2015). 
[40] Y. Guo, H. Fu, Y.u. Qian, V. Markine, G. Jing, Effect of sleeper bottom texture on 

lateral resistance with discrete element modelling[J], Constr. Build. Mater. 250 
(2020) 118770, https://doi.org/10.1016/j.conbuildmat.2020.118770. 

[41] S. Shi, L. Gao, X. Cai, H. Yin, X. Wang, Effect of tamping operation on mechanical 
qualities of ballast bed based on DEM-MBD coupling method[J], Comput. Geotech. 
124 (2020) 103574, https://doi.org/10.1016/j.compgeo.2020.103574. 

[42] Z. Shen, M. Jiang, C. Thornton, DEM simulation of bonded granular material. Part 
I: contact model and application to cemented sand[J], Comput. Geotech. 75 (2016) 
192–209. 

[43] M. Lu, G.R. McDowell, The importance of modelling ballast particle shape in the 
discrete element method[J], Granular Matter 9 (1-2) (2006) 69–80. 

[44] H. Li, G.R. McDowell, Discrete element modelling of under sleeper pads using a box 
test[J], Granular Matter 20 (2) (2018) 26. 

[45] X. Zhang, C. Zhao, W. Zhai, et al., Discrete element simulation and its validation on 
vibration and deformation of railway ballast[J], Rock and Soil Mechanics 38 (005) 
(2017) 1481–1488. In Chinese. 

[46] H. Boler, Y.u. Qian, E. Tutumluer, Influence of size and shape properties of railroad 
ballast on aggregate packing: statistical analysis[J], Transp. Res. Rec. 2448 (1) 
(2014) 94–104. 

[47] M. Koohmishi, M. Palassi, Effect of particle size distribution and subgrade 
condition on degradation of railway ballast under impact loads[J], Granular Matter 
19 (3) (2017) 63. 

[48] J. Kim, B.-S. Park, S.I. Woo, Y.-T. Choi, Evaluation of ballasted-track condition 
based on aggregate-shape characterization[J], Constr. Build. Mater. 232 (2020) 
117082, https://doi.org/10.1016/j.conbuildmat.2019.117082. 

[49] Ministry of Railways of the people’s Republic of China. TB / T 2140-2008 railway 
ballast [S]. Beijing, 2008. (In Chinese). 

[50] National Railway Administration of P.R. China. Code for design of high speed 
railways 2014 China Railway Press Beijing. (In Chinese). 

[51] B.o. Wang, U. Martin, S. Rapp, Discrete element modeling of the single-particle 
crushing test for ballast stones[J], Comput. Geotech. 88 (2017) 61–73. 

[52] S. Laryea, M. Safari Baghsorkhi, J.-F. Ferellec, G.R. McDowell, C. Chen, 
Comparison of performance of concrete and steel sleepers using experimental and 
discrete element methods[J], Transp. Geotech. 1 (4) (2014) 225–240. 

[53] H. Jiang, X. Bian, C. Cheng, et al., Simulating train moving loads in physical model 
testing of railway infrastructure and its numerical calibration [J], Acta Geotech. 11 
(2016) 231–242. 

[54] X. Bian, H. Jiang, Y. Chen, J. Jiang, J. Han, A full-scale physical model test 
apparatus for investigating the dynamic performance of the slab track system of a 
high-speed railway [J], Proceedings of the Institution of Mechanical Engineers, 
Part F: Journal of Rail and Rapid Transit 230 (2) (2016) 554–571. 

[55] X. Bian, W. Li, Y.u. Qian, E. Tutumluer, Analysing the effect of principal stress 
rotation on railway track settlement by discrete element method [J], Geotechnique 
70 (9) (2020) 803–821. 

[56] H. Jiang, X. Bian, X. Xu, et al., Full-scale model tests on dynamic performances of 
ballastless high-speed railways under moving train loads[J], Chinese Journal of 
Geotechnical Engineering 36 (002) (2014) 354–362. In Chinese. 

[57] J.R. Edwards, Z. Gao, H.E. Wolf, M.S. Dersch, Y.u. Qian, Quantification of concrete 
railway sleeper bending moments using surface strain gauges[J], Measurement 111 
(2017) 197–207. 

[58] Jiang H. Dynamic interaction of slab track structure-subgrade system and 
accumulative settlement in high-speed railways [D]. Zhejiang University, 2014. (In 
Chinese). 

[59] J. Lackenby, B. Indraratna, G. McDowell, D. Christie, Effect of confining pressure 
on ballast degradation and deformation under cyclic triaxial loading[J], 
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