
Vol:.(1234567890)

Railway Engineering Science (2023) 31(4):370–380
https://doi.org/10.1007/s40534-023-00310-8

1 3

Inconsistent effect of dynamic load waveform on macro‑ 
and micro‑scale responses of ballast bed characterized in individual 
cycle: a numerical study

Longlong Fu1,2  · Yuexiao Zheng3 · Yongjia Qiu1,2 · Shunhua Zhou1,2

Received: 2 December 2022 / Revised: 22 March 2023 / Accepted: 23 March 2023 / Published online: 15 April 2023 
© The Author(s) 2023

Abstract
Cyclic load is widely adopted in laboratory to simulate the effect of train load on ballast bed. The effectiveness of such load 
equivalence is usually testified by having similar results of key concerns of ballast bed, such as deformation or stiffness, while 
the consistency of particle scale characteristics under two loading patterns is rarely examined, which is insufficient to well-
understand and use the load simplification. In this study, a previous laboratory model test of ballast bed under cyclic load is 
rebuilt using 3D discrete element method (DEM), which is validated by dynamic responses monitored by high-resolution 
sensors. Then, train load having the same magnitude and amplitude as the cyclic load is applied in the numerical model to 
obtain the statistical characteristics of inter-particle contact force and particle movements in ballast bed. The results show 
that particle scale responses under two loading patterns could have quite deviation, even when macro-scale responses of 
ballast bed under two loading patterns are very close. This inconsistency indicates that the application scale of the DEM 
model should not exceed the validation scale. Moreover, it is important to examine multiscale responses to validate the 
effectiveness of load simplification.

Keywords Railway ballast · Particle movements · Contact distribution · Waveform sensitivity · 3D discrete element method

1 Introduction

Discrete element method (DEM) has been applied in mod-
elling ballast for decades. The application of DEM enables 
us to observe the ensemble of ballast particles [1, 2]. In 
DEM modelling, each particle serves like a sensor to obtain 
the tremendous details in ballast bed, including inter-par-
ticle contact force [3, 4], particle movements [5, 6], etc. 
Besides, various influence factors and complex conditions 
can be well-controlled in DEM modelling. A key concern 

of modelling ballast bed is to validate the effectiveness of 
DEM model. Generally, a numerical model of ballast bed 
can be validated by comparing with the results from labora-
tory or in situ check tests. In laboratory test, it is difficult 
to reproduce train load, especially high-speed train load. 
Hence, cyclic load is widely adopted to simulate the effect 
of train load in experimental study of ballast behavior [7, 
8, 9] or ballast bed responses [10, 11], especially for tests 
with representative elements, such as the triaxial test, direct 
shear test, and ballast box test. The effectiveness of such 
load equivalence is usually testified by having similar results 
of key concerns of ballast bed, such as deformation [12], 
stiffness [13] or strength [14, 15, 16], sleeper displacement 
[17], and acceleration [18], while the consistency of parti-
cle scale characteristics under two loading patterns is rarely 
examined. Since the same or similar dynamic behaviors of 
ballast bed from limited cases could result from very dif-
ferent microscopic processes, numerical modelling without 
examining particle scale responses tends to be insufficient 
in well-understanding the microscopic behaviors of ballast 
bed [5] and furtherly the equivalence of train load and cyclic 
load.
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The field or laboratory measurement of ballast particles’ 
behavior is the pre-condition to validate a DEM model of 
ballast bed. Initially, wired accelerator was employed to cap-
ture the acceleration characteristic in ballast bed [19, 20]. 
Recently, wireless sensing stone in particle size has been 
employed to characterize the movement of individual par-
ticles in ballast bed [21, 22]. The obtained ballast particle 
movements show great potential in nondestructive disease 
identification [23], fouling evaluation [22, 24], and rein-
forcement design [25] of ballast bed. Ballast movements 
measured by sensing stone provide particle-scale indicators 
to validate the DEM model concerning railway ballast [5, 
26]. By now, ballast particle movements have been obtained 
under train load in situ [23]. In laboratory test, ballast par-
ticle movements are obtained mainly under cyclic load [6, 
27], rarely under train load [28], while DEM modelling 
of ballast bed is validated mainly by particle movements 
obtained under cyclic load [5, 6]. This owes mainly to that 
laboratory test is usually easily controlled and more produc-
tive in data collection. Besides, a representative segment is 
usually adopted in DEM modelling due to the limitation of 
computation capacity of computers, whose constraints are 
more similar to those of laboratory test [2, 4, 15, 29]. In 
order to well-understand and use the load simplification in 
exploring the micro-mechanism of ballast bed behavior, the 
consistency of particle scale characteristics under cyclic load 
and train load is worth being examined.

In this study, a full-scale ballast bed model with a half 
sleeper is built via PFC3D and validated by the dynamic 
responses monitored by high-resolution sensors in a previous 
model test [5, 15, 27]. Then, two widely used waveforms, 
i.e., cyclic load and train load, are applied in the numeri-
cal model. According to the equivalence of loading effect, 
cyclic load and train load are assigned the same magnitude 
and amplitude for comparison [12]. Then, we obtained not 

only macroscopic responses like dynamic stiffness and sub-
ballast stress, but also statistical characteristics of inter-par-
ticle contact force and particle movements in ballast bed. 
By comparing the values of each indicator under two load-
ing patterns, the influence of loading pattern on multiscale 
responses is discussed.

2  DEM modelling of ballast bed

Considering the symmetry of ballast bed and the loading 
capacity, a half sleeper model is built in laboratory, as shown 
in Fig. 1a. The establishment details and test schemes of 
the full-scale laboratory test have been reported in previous 
work [27, 29]. The gradation of reproduced ballast conforms 
to the first class gradation requirements of the Chinese cri-
terion ‘Railway Ballast (TB/T 2140–2008)’, as shown in 
Fig. 1b. Cyclic load is applied by an electrohydraulic servo 
actuator. The loading frequency varies from 1 to 18 Hz, with 
a loading magnitude of 30 kN.

The half sleeper model shown in Fig. 1 is built via PFC 
3D, as shown in Fig. 2. Since single track railway line is 
considered, the bottom of ballast bed is about 2.5 m in 
width (along x direction), with a slope of 1:1.75. Ballast 
aggregate beneath the sleeper is approximately 0.35 m in 
height (along the z direction) and 0.6 m in thickness (along 
the y direction). The model contains more than 11,000 
ballast particles, where particles are reproduced on the 
basis of the profiles scanned from real ballast. Here, three 
dominant ballast shapes are considered: quasi-cubic type, 
flat type and elongated type, whose aspect ratios are about 
2:2:1, 1:1:1 and 2:1:1, respectively. The shape database 
includes shape samples from 20 real ballast particles. 
For each diameter range shown in Fig. 1b (for example 
25–36 mm), particles are generated with shape randomly 
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Fig. 1  Model setup in previous laboratory test [5, 27]: a laboratory model test with semi-sleeper; b ballast gradation
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assigned from the shape database, whose size follows a 
normal distribution. The simulation accuracy of ballast 
particles is governed mainly by the ratio of the smallest to 
largest pebble and the distance (angular measure) between 
overlapping pebbles in the bubble pack algorithm [30]. In 
this study, the ratio and distance are taken as 0.4 and 100°, 
respectively.

The ballast bed is filled in three layers, where enough bal-
last particles are generated and preloaded for each layer. The 
final bulk density of ballast bed is controlled no lower than 
1750 kg/m3, which conforms to the density requirement in 
the Chinese criterion ‘Railway Ballast (TB/T 2140–2008)’. 
The sleeper is composed of mono-size balls in rectangular 
arrangement, where the parallel contact model is adopted 
to allow deflection of the sleeper. A loading plate is fixed 
on the sleeper at the sub-rail location. Theoretically, the 
symmetry plane of a sleeper is deemed having no rotation 
under symmetric wheel load, and balls at the cut-section 
of the half sleeper are allowed only free vertical transla-
tion. The numerical parameters of ballast are calibrated by 
triaxial test [5]. The whole numerical model is validated 
by macro-scale responses obtained in laboratory test [27], 
including sub-ballast stress and dynamic stiffness of the bal-
last bed. The model parameters are finally determined as 
shown in Table 1, where damping coefficients take the val-
ues suggested in Ref. [5]. Four walls are set in DEM model 
to simulate the boundary condition shown in Fig. 1b: The 
normal and tangential contact stiffnesses for the two walls 
along the y direction are all 2.3 ×  106 N/m, which are set as 
1 ×  107 N/m for the other walls.

Figure 3 shows the comparison of macroscopic responses 
obtained in laboratory test shown in Fig. 1a and the DEM 
model shown in Fig. 2. It is observed from Fig. 3 that the 
macroscopic responses (sub-ballast stress distribution and 
dynamic stiffness of ballast bed) in DEM modelling are 
close to those in laboratory test. This validates the DEM 
model shown in Fig. 2.

In the following, the validated DEM model is adopted 
to obtain multiscale responses of ballast bed under moving 

cyclic load and train load. The cyclic load applied in DEM 
modelling is identical to that in the laboratory test [27, 29], 
given by

where Pd is the applied cyclic load, Pamp is the loading 
amplitude, P0 is to simulate the static seating force in labora-
tory, and f is loading frequency. Here we have Pamp = 24 kN 
and P0 = 6 kN.

The train load applied in DEM modelling is formulated 
by series concerning train speed and length [31], given by

where Paxle is the axle load, α is the spacing between adja-
cent sleepers, β is the stiffness ratio between rail and sub-rail 
base, xi is the horizontal distance between wheel i and the 
rail seat, L is the length of carriage, t is loading time shown 
in Fig. 4, v is train speed, and < λ > is the integer compo-
nent of λ. Here, we have P0 = 6 kN, Paxle = 140 kN, α = 0.6, 
β = 1.18, L = 25 m, i = 1–4, x1–x4 are −5.0, −2.5, 2.5 and 5.0, 
respectively (i.e., the target sleeper locates in the middle of 
two carriages), and v = 250 km/h.

The loading frequency of the cyclic load is usually esti-
mated from the train speed by f = kv/L, where k is the loading 
cycles per carriage. Since a carriage usually has two bogies, 
we have k = 2 (with the assumption of even bogie spacing) to 
simulate the dynamic effect from train load [12]. Then, the 
loading frequency f in Eq. (1) is calculated as 5.5 Hz. The 
applied loading curves are shown in Fig. 4. It is observed 
that the cyclic load and train load have the same magnitude.

Generally, applying measured dynamic loads or a numer-
ical load simulated from the train–track dynamic interac-
tion matches the real condition better [12, 32]. Since the 
train load calculated by Eqs. (2)–(3) differs a lot from the 
cyclic load, as shown in Fig. 4, it is qualified to be used 
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Fig. 2  The process of reproducing ballast particles and DEM model 
of ballast bed

Table 1  DEM parameters of ballast particles in numerical model

Parameter Value

Density for ballast clump (kg/m3) 2800
Minimum pebble radius (mm) 0.9
Maximum pebble radius (mm) 1.8
Normal contact stiffness (N/m) 1 ×  107

Tangential contact stiffness (N/m) 1 ×  107

Damping constant 0.2
Critical damping ratio 0.3
Inter-particle friction 0.7
Void ratio 0.375
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in investigating the influence of load pattern on multiscale 
responses of ballast bed.

Before applying dynamic load, the ballast bed model (see 
Fig. 2) has reached the initial equilibrium state. After then, 
the two loading waves are applied on sleeper to start the 
loading procedure. In other words, the two numerical tests 
are exactly the same before loading. The following analysis 
characterizes the loading-induced variation of multiscale 
responses. Since the DEM model has more than 11,000 bal-
last particles, 22 loading cycles are applied within 4 s to 
obtain a reasonable computation efficiency. There are many 
macro-scale indicators to characterize the mechanical behav-
iors of ballast bed, such as the elastic vertical deformation, 
permanent vertical deformation, stress distribution, stiff-
ness, and lateral confinement loss. Since only 22 loading 
cycles are applied in DEM modelling, indicators having 

insignificant variation with loading cycles are analyzed, 
including sub-ballast stress and ballast bed stiffness.

3  Quantification of particle‑scale 
characteristics

Experimental studies show that the dynamic load from 
sleeper follows a diffusion angle of 35° in ballast bed [19, 
29]. Since the thickness of ballast bed beneath the sleeper is 
0.35 m, five typical sub-regions with side length of 35 cm 
in ballast bed along lateral direction are enough to cover 
the core region, as shown in Fig. 5. The 5 regions include 
three sub-rail regions (R1, R2 and R3), a sleeper-end region 
(R4), and a shoulder region (R5). For each region, multiscale 
responses are characterized. Meanwhile, in order to empha-
size the influence of dynamic load on ballast behavior, the 
dynamic component of each response is characterized.

In this section, quantifications of micro-scale indicators 
adopted in this work are introduced. The specific results are 
analyzed and interpreted in Sect. 4. Such arrangement of 
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content helps to compare the inconsistent variation of differ-
ent indicators simultaneously.

3.1  Particle acceleration

The translational acceleration of the probe particle 10 cm 
beneath the sleeper end is taken as examples to show the 
determination of particle acceleration amplitude ( Ai,j ). Particle 
acceleration and rotation movements become stable after the 
initial 6 loading cycles. Figure 6 shows the variation of particle 
acceleration with loading time during the stable phase, where 
the direction of rotation motion conforms to the right-hand 
rule. It is observed that particle acceleration has the same or 
similar waveform under the applied load after initial several 
loading cycles. It is observed from Fig. 6 that for both cyclic 
and train load: ax and ay are close, which are smaller than az. 
This indicates that the unbalanced force is mainly in z direc-
tion, i.e., the loading direction. For a loading cycle, the ampli-
tude of acceleration is characterized as the difference between 
the maximum and minimum values, as highlighted in Fig. 6. 
Here, ‘a loading cycle’ for train load is taken as the effect from 
a bogie.

Since a single particle’s acceleration may not be representa-
tive, the regional mean amplitude of particles’ translational 
accelerations is adopted to evaluate the motion intensity of 
each region. For a sub-range Ri, the mean amplitude of parti-
cles’ translational acceleration is calculated by Eq. (4):

where i is the sub-range ID, j is the particle ID in Ri; NP
i
 

is the quantity of ballast particles in Ri; Ai,j refers to the 

(4)Ai =
1

NP
i

NP
i∑

j=1

|||Ai,j
|||,

amplitude of the translational acceleration on particle j dur-
ing a loading cycle; Ai describes the mean acceleration level 
in Ri.

3.2  Contact network

Contact network is generally defined to describe the internal 
structure of granular material. There are many quantifications 
to describe contact network, such as the directional distribu-
tion of contact normal and contact force [33, 34, 35], statistical 
analysis of branch vector [36], coordinate number, and fab-
ric tensor [37]. In this study, the coordinate number, contact 
normal and contact force are adopted to characterize contact 
network, where contact normal (force) refers to the normal 
contact vector (force) at each contact. The mean coordinate 
number of each region is defined in Eq. (5), which describes 
the contact efficiency in Ri; the regional mean contact force is 
defined in Eq. (6), which evaluates the contact force level in Ri.

where ci is the mean coordinate number of Ri, NC
i,j

 is the 
quantity of active contacts on particle j in Ri, Fi is the mean 
normal contact force of Ri, NC

i
 is the contact quantity on 

particles in Ri, and Fi,j is the normal contact force on contact 
j subjected to particles in Ri. Figure 7a and b shows the vari-
ation of Fi under cyclic loading and train load, respectively, 
which show similar waveforms as that of the applied loads. 
Then, the difference between the maximum and minimum 
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Fig. 6  Translational acceleration of the probe particle 10 cm beneath the sleeper end: a under cyclic load; b under train load. ax, ay, and az are 
the translational accelerations in the x-, y-, and z- directions, respectively



375Inconsistent effect of dynamic load waveform on macro‑ and micro‑scale responses of ballast…

1 3Railway Engineering Science (2023) 31(4):370–380

values of Fi during a loading cycle is characterized as the 
amplitude of Fi , denoted by F

amp

i
 . The F

amp

i
 under the two 

loading patterns are highlighted in Fig. 7. The same process 
is used to obtain c amp

i
.

Despite the mean contact force or coordinate number, 
directional distribution of contact normal is also an important 
aspect to understand the performance of contact network. For 
3D particle assembly, the directional distribution of contact 
force is usually described by probability density shown in a 
spherical histogram. However, due to the small quantity of bal-
last particles in each sub-region, the 3D directional distribution 
of contact force shows great difference among directions even 
a large interval of steradian is adopted [4]. Considering that 
the ballast bed is a periodic structure in the longitudinal direc-
tion, the contact forces are projected on the x–z plane to mainly 
analyze the directional distribution of contact force in verti-
cal and lateral directions. The probability of contact normal 
oriented in the angle interval [θ1, θ2] is expressed by Pc(θ), as 
defined in Eq. (7) [33]. Meanwhile, the directional probability 
distribution of contact normal is weighted by force intensity to 
better consider load propagation, see Pf(θ) defined in Eq. (8).

where N(� − Δ�∕2, � + Δ�∕2) is the number of contact 
normal oriented in the interval 

[
� − Δ�∕2, � + Δ�∕2

]
 , and 

F(� − Δ�∕2, � + Δ�∕2) is the arithmetic sum of forces ori-
ented in the interval 

[
� − Δ�∕2, � + Δ�∕2

]
 . In the following 

analysis, Δ� is selected as 10º.

(7)Pc(�) =
N(� − Δ�∕2, � + Δ�∕2)

N(0, 180◦)
,

(8)Pf(�) =

∑
F(� − Δ�∕2, � + Δ�∕2)

∑
F(0, 180◦)

,

With Pc(θ) and Pf(θ), the probability density function 
(PDF) describing the directional distribution of contact nor-
mal or contact force is calculated by derivation [33], which 
is generally given by

where i could be ‘c’ or ‘f’ to describe the distribution of 
contact normal or contact force, respectively, θi is the major 
direction of the probability density distribution, and δi is 
the deviator of the probability density distribution. Larger δi 
indicates a more anisotropic distribution of pi(θ). Figure 8a 
and b shows the PDF of contact force of R3 at a moment dur-
ing cyclic loading and train load, respectively. It is observed 
that the directional probability density distributions of con-
tact force for two loading patterns have the same dominant 
direction (loading direction), which indicates that the contact 
force among ballast particles mainly locate along the load-
ing direction.

The contact evolution is characterized by the major direc-
tion (θi) and deviator (δi). For all five regions, the deflection 
of θi induced by dynamic loading is no higher than 10°, 
which is even smaller than the statistical angle interval ( Δ� ) 
of the probability density distribution. Hence, θi is not dis-
cussed in the following analysis. In other words, the major 
direction of contact network is deemed the same throughout 
the loading cycle. Figure 9 shows the variation of δf under 
cyclic load and train load, respectively, which show similar 
waveforms as that of the applied loads. Then, the difference 
between the maximum and minimum values of δf during a 
loading cycle is characterized as the amplitude of δf, denoted 
as �amp

f
 (also highlighted in Fig. 9). The same process is used 

to obtain �amp
c .

(9)pi(�) =
1

2π

[
1 + �i cos 2

(
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With the above quantifications of particle-scale charac-
teristics and conventional evaluation indicators (sub-ballast 
stress and dynamic stiffness of ballast bed), the influence of 
dynamic load waveform on macro- and micro-scale char-
acteristics of ballast bed is quantitatively discussed in the 
following section. For comparison purpose, all indicators 
are collected at the same loading cycle.

4  Comparison of multiscale characteristics 
of ballast bed under cyclic load and train 
load

The mean particle acceleration under two loading pat-
terns is shown in Fig. 10. It is observed that the general 
variation and distribution of particle acceleration are 
independent from loading pattern. For example, no mat-
ter for cyclic or train load, the z-acceleration is larger 
than x- and y- accelerations; particle accelerations at 
sub-rail regions (R2 and R3) are much larger than those 
at other regions, while, quantitatively, the particle accel-
eration along a direction under cyclic load is lower than 
that under train load, except the z-acceleration at R2 and 
R3 (which are close).

Figure 11 shows the comparison of contact state under 
cyclic and train loads. The coordinate number under cyclic 
load is larger than that under train load, as shown in Fig. 11a. 
This indicates that more inter-particle contacts form to resist 
the increase in cyclic load. Owing to the same magnitude 
of two load patterns, the amplitude of contact force under 
cyclic load should be smaller. In fact, the amplitude of con-
tact force under cyclic load is indeed smaller than that under 
train load, as shown in Fig. 11b.

Figure 12 shows the lateral distribution of the ampli-
tudes of δc and δf under two loading patterns, which are 
close for R1, R2, R4 and R5, while, for the sub-rail region 
(R3), �amp

c  under train load is much larger than that under 
cyclic load. It is also observed that �amp

f
 is much larger 

than �amp
c  , indicating that the directional distribution of 

contact force is more anisotropic than contact normal. In 
other words, not only more inter-particle contacts form 
along vertical direction under vertical load, but also the 
mean normal force on these contacts is considerably larger 
than the mean normal force on other contacts. This reflects 
how granular materials self-organize to resist the vertically 
applied load.

For a region Ri, the sub-ballast stress is calculated as the 
ratio of the overall contact force on bottom wall within the 
range of Ri to that on the bottom area of Ri, where the bottom 
area refers to the product of the width of Ri (0.35 m) and the 
thickness of model box (0.6 m). Figure 13 shows the compari-
son of the amplitudes of sub-ballast stresses under cyclic and 
train loads, which are very close in both variation tendency 
and magnitude. Besides, the dynamic stiffness (K) of ballast 
bed is also calculated following the method in [15]. Then, we 
have K = 81  MN/m and K = 87 MN/m for cyclic and train 
load, respectively. This indicates the equivalent cyclic load 
performs well in simulating train load from the perspective of 
macroscopic responses.

Since the above multiscale responses of ballast bed under 
cyclic load are different in magnitude from those under train 
load, the deviation is defined as
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Fig. 8  Directional probability density distribution of contact force of R3: a under cyclic load; b under train load
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where �i(�) is the deviation of � at Ri; � refers to any indi-
cator describing the dynamic response of ballast bed, here 
including particle acceleration, mean contact force, coordi-
nate number, anisotropy of contact network, stress amplitude 
and track stiffness; �cyc

i
 refers to the � obtained at Ri under 

cyclic loading, and � tra
i

 refers to the � obtained at Ri under 
train load. The positive value of �(�) indicates that using 
equivalent cyclic load tends to overestimate the real inten-
sity of � , while the negative value of �(�) indicates that 
using equivalent cyclic load tends to underestimate the real 
intensity of �.

Then for each indicator, the deviation is calculated 
and shown in Fig. 14. It is observed that the deviation of 
each indicator varies by region. Meanwhile, the maximum 
deviation of each indicator occurs at different regions. For 

macroscopic responses (σz and K), the deviations are below 
6%. This indicates that using cyclic load to simulate train 
load is appropriate in obtaining ballast bed deformation 
and regional stress, while, for particle-scale responses, the 
absolute values of deviations are much larger. The maxi-
mum deviation of F

amp
 , camp

i
 , A , �amp

c  , and �amp

f
 are about 

19.5% (R3), 44.7% (R2), 47.1% ( Ax at R1), 39.7% (R5), and 
24.1% (R5), respectively. This evidences that the similar 
macroscopic responses (σz and K) result from quite different 
micro-mechanical process. Particle motion and inter-parti-
cle contact force has significant influence on abrasion and 
breakage of ballast particles. Contact force between particles 
at shoulder region (R5) are important to lateral confinement 
and stability of ballast bed. Therefore, the deviations of 
particle-scale responses under cyclic loading and train load 
are worth paying attention.

It is concluded from Fig. 14 that compared with macro-
scopic responses, particle-scale responses are more sensitive 
to the variation of loading type. The inconsistency of mul-
tiscale responses to the variation of loading pattern means 
that the application scale of DEM model should not exceed 
the validation scale when involving load simplification. Oth-
erwise, it is important to examine multiscale responses to 
validate the effectiveness of load simplification.

It should be noted that the deviations shown in Fig. 14 are 
obtained from the numerical test model shown in Fig. 1. For 
DEM simulations with different individual features, such as 
model setup, ballast shape, particle parameters, and loading 
conditions, the deviation of multiscale responses induced 
by load waveform variation could be different from Fig. 14.

At least two possible reasons account for this inconsist-
ency of multiscale responses to the variation of loading pat-
tern: (1) The two loading waveforms have different impulse 
effects, which lead to inconsistent effect on multiscale 
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responses. In this case, the above results obtained from DEM 
modelling just show the inconsistency. This indicates that 
the equivalent cyclic load of train load performs well in a 
specific scale (macro- or micro-scale). (2) This inconsist-
ency may lie only in DEM modelling; e.g., DEM model-
ling under two loading patterns has accumulated difference 
during force–displacement iteration. Experimental study of 
particle-scale characteristics under two loading patterns is 
expected to illustrate whether the inconsistency exists only 
in numerical simulation. Before targeting reasons for the 
inconsistency of multiscale responses induced by load sim-
plifications, it is necessary to pay some attentions to the 
influence of such inconsistency on characterization of mul-
tiscale dynamic responses of a granular system.

5  Conclusions

In this numerical study, we have examined the consistency of 
multiscale responses under train load and the corresponding 
equivalent cyclic load. For cyclic load and train load with 
the same magnitude and amplitude, the induced multiscale 
responses of ballast bed are different not only in variation 
pattern but also in magnitude. The maximum difference of 
macroscopic responses under cyclic load and train load is 
within 6%, while the maximum difference of particle move-
ments under the two loading patterns reaches up to about 
47.1%. This indicates an inconsistent effect of dynamic load 
waveform on macro- and micro-scale responses: compared 
with macroscopic responses, particle-scale responses are 
more sensitive to the variation of loading type. However, 
the reason for this inconsistency is not fully identified yet, 
which could be more than the difference of load pattern. 
Since ballast bed is a discrete system with relative small 
critical length, it is important to keep the conditions adopted 
in DEM model the same as the practical conditions of a bal-
last bed. When simplification (not only loading waveform) 
is involved in DEM modelling, it is suggested to examine 
the multiscale responses in various conditions to recognize 
the potential scope where such simplification performs well; 
or at least the application scale of DEM model should not 
exceed the validation scale.

Acknowledgements This work was supported by the NSFS (Natu-
ral Science Foundation of Shanghai) Program under grant number 
21ZR1465400.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 

otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Huang H, Tutumluer E (2011) Discrete element modeling for 
fouled railroad ballast. Constr Build Mater 25(8):3306–3312

 2. Lu M, McDowell GR (2006) The importance of modelling bal-
last particle shape in the discrete element method. Granul Matter 
9(1):69–80

 3. Kumar N, Suhr B, Marschnig S, Dietmaier P, Marte C, Six K 
(2019) Micro-mechanical investigation of railway ballast behavior 
under cyclic loading in a box test using DEM: effects of elastic 
layers and ballast types. Granul Matter 21(4):106

 4. Li H, McDowell G (2020) Discrete element modelling of two-
layered ballast in a box test. Granul Matter 22(4):76

 5. Fu L, Zheng Y, Tian Z, Huang S, Zhou S (2021) Importance of 
examining particle movements in modeling ballast bed via dis-
crete element method. Int J Rail Transp 10(5):547–561

 6. Liu S, Huang H, Qiu T, Gao L (2017) Comparison of laboratory 
testing using SmartRock and discrete element modeling of ballast 
particle movement. J Mater Civ Eng 29(3):D6016001

 7. Aursudkij B, McDowell GR, Collop AC (2009) Cyclic loading 
of railway ballast under triaxial conditions and in a railway test 
facility. Granular Matter 11(6):391–401

 8. Indraratna B, Thakur PK, Vinod JS (2010) Experimental and 
numerical study of railway ballast behavior under cyclic loading. 
Int J Geomech 10(4):136–144

 9. Sun Q, Indraratna B, Nimbalkar S (2014) Effect of cyclic load-
ing frequency on the permanent deformation and degradation of 
railway ballast. Géotechnique 64:746–751

 10. Abadi T, Pen LL, Zervos A, Powrie W (2019) Effect of sleeper 
interventions on railway track performance. J Geotech Geoenviron 
Eng 145(4):04019009

 11. Liu H, Xiao J, Wang P, Liu G, Gao M, Li S (2018) Experimental 
investigation of the characteristics of a granular ballast bed under 
cyclic longitudinal loading. Constr Build Mater 163:214–224

 12. Zhang X, Zhao C, Zhai W (2019) Importance of load frequency 
in applying cyclic loads to investigate ballast deformation under 
high-speed train loads. Soil Dyn Earthq Eng 120:28–38

 13. Zhang Z, Xiao H, Wang M, Liu G, Wang H (2021) Mechanical 
behavior and deformation mechanism of ballast bed with various 
fouling materials. J Cent South Univ 28(9):2857–2874

 14. Bian X, Li W, Qian Y, Tutumluer E (2019) Micromechanical par-
ticle interactions in railway ballast through dem simulations of 
direct shear tests. Int J Geomech 19(5):04019031

 15. Fu L, Tian Z, Zheng Y, Ye W, Zhou S (2021) The variation of load 
diffusion and ballast bed deformation with loading condition: an 
experiment study. Int J Rail Transp 10(2):257–273

 16. Guo Y, Zhao C, Markine V, Shi C, Jing G, Zhai W (2020) Dis-
crete element modelling of railway ballast performance con-
sidering particle shape and rolling resistance. Railw Eng Sci 
28(4):382–407

 17. Xiao H, Zhang Z, Cui X, Jin F (2021) Experimental study and 
discrete element analysis of ballast bed with various sand content. 
Constr Build Mater 271:121869

 18. Zhang Z, Xiao H, Wang M, Zhang M, Wang J (2021) Research 
on dynamic mechanical behavior of ballast bed in windblown 
sand railway based on dimensional analysis. Constr Build Mater 
287:123052

http://creativecommons.org/licenses/by/4.0/


380 L. Fu et al.

1 3 Railway Engineering Science (2023) 31(4):370–380

 19. Zhai W, Wang K, Lin J (2004) Modelling and experiment of rail-
way ballast vibrations. J Sound Vib 270(4–5):673–683

 20. Bian X, Li W, Qian Y, Tutumluer E (2020) Analysing the effect 
of principal stress rotation on railway track settlement by discrete 
element method. Géotechnique 70(9):803–821

 21. Liu S, Huang H, Qiu T, Kwon J (2017) Comparative evaluation 
of particle movement in a ballast track structure stabilized with 
biaxial and multiaxial geogrids. Transport Res Rec 2607(1):15–23

 22. Huang H, Liu S, Qiu T (2018) Identification of railroad ballast 
fouling through particle movements. J Geotech Geoenviron Eng 
144(4):02818001

 23. Liu S, Huang H, Qiu T, Kerchof B (2019) Characterization 
of ballast particle movement at mud spot. J Mater Civ Eng 
31(1):04018339

 24. Zeng K, Qiu T, Bian X, Xiao M, Huang H (2019) Identification of 
ballast condition using SmartRock and pattern recognition. Constr 
Build Mater 221:50–59

 25. Liu S, Huang H, Qiu T, Kwon J (2016) Effect of geogrid on rail-
road ballast particle movement. Transp Geotech 9:110–122

 26. Liu S, Qiu T, Qian Y, Huang H, Tutumluer E, Shen S (2019) 
Simulations of large-scale triaxial shear tests on ballast aggregates 
using sensing mechanism and real-time (SMART) computing. 
Comput Geotech 110:184–198

 27. Fu L, Tian Z, Zhou S, Zheng Y, Wang B (2020) Characterization 
of ballast particle’s movement associated with loading cycle, mag-
nitude and frequency using SmartRock sensors. Granul Matter 
22(3):63

 28. Feng B, Basarah YI, Gu Q, Duan X, Bian X, Tutumluer E, 
Hashash YMA, Huang H (2021) Advanced full-scale laboratory 

dynamic load testing of a ballasted high-speed railway track. 
Transp Geotech 29:100559

 29. Fu L, Zhou S, Guo P, Tian Z, Zheng Y (2021) Dynamic char-
acteristics of multiscale longitudinal stress and particle rota-
tion in ballast track under vertical cyclic loads. Acta Geotech 
16(5):1527–1545

 30. Itasca Consulting Group Inc (2014) PFC 3D Manual: Theory and 
Background. Minneapolis, USA

 31. Lian S (2009) Railway Track. China Communications Press, Bei-
jing (in Chinese)

 32. Zhai W (2015) Vehicle-Track Coupled Dynamics. Science Press, 
Beijing (in Chinese)

 33. Fu L, Zhou S, Guo P, Wang S, Luo Z (2019) Induced force chain 
anisotropy of cohesionless granular materials during biaxial com-
pression. Granul Matter 21(3):52

 34. Basak R, Manuel Carlevaro C, Kozlowski R, Cheng C, Pugnaloni 
LA, Kramár M, Zheng H, Socolar JES, Kondic L (2021) Two 
approaches to quantification of force networks in particulate sys-
tems. J Eng Mech 147(11):04021100

 35. Kovalcinova L, Goullet A, Kondic L (2016) Scaling properties of 
force networks for compressed particulate systems. Phys Rev E 
93:042903

 36. Azéma E, Radjaï F (2012) Force chains and contact network 
topology in sheared packings of elongated particles. Phys Rev E 
85(3):031303

 37. Fu P, Dafalias YF (2015) Relationship between void- and contact 
normal-based fabric tensors for 2D idealized granular materials. 
Int J Solids Struct 63:68–81


	Inconsistent effect of dynamic load waveform on macro- and micro-scale responses of ballast bed characterized in individual cycle: a numerical study
	Abstract
	1 Introduction
	2 DEM modelling of ballast bed
	3 Quantification of particle-scale characteristics
	3.1 Particle acceleration
	3.2 Contact network

	4 Comparison of multiscale characteristics of ballast bed under cyclic load and train load
	5 Conclusions
	Acknowledgements 
	References




