
J. Appl. Comput. Mech., 8(4) (2022) 1387-1397  
DOI: 10.22055/jacm.2022.40206.3537  

ISSN: 2383-4536 
jacm.scu.ac.ir 

 

Published online: May 08 2022 

 

 

Shahid Chamran 

University of Ahvaz 

 
 

 

  Journal of 

     Applied and Computational Mechanics 

 

 

Research Paper  

Studying the Strengthening Effect of Railway Ballast in the 

Direct Shear Test due to Insertion of Middle-size Ballast Particles 

Jianxing Liu1,2,3 , Mykola Sysyn3 , Zhiye Liu1,2 , Lei Kou3 , Ping Wang1,2  
 

1 
MOE Key Laboratory of High-speed Railway Engineering, Southwest Jiaotong University, Chengdu 610031, China, Email: jianxingliu@my.swjtu.edu.cn (J.L.) 

2
 School of Civil Engineering, Southwest Jiaotong University, Chengdu 610031, China, Email: zhiyeliu@my.swjtu.edu.cn (Z.L.); wping@home.swjtu.edu.cn (P.W.) 

3
 Department of Planning and Design of Railway Infrastructure, Institute of Railway Systems and Public Transport, Technical University of Dresden, 

01069 Dresden, Germany, Email: mykola.sysyn@tu-dresden.de (M.S.); lei.kou@tu-dresden.de (L.K.) 

 

Received March 04 2022; Revised April 14 2022; Accepted for publication April 26 2022. 

Corresponding author: M. Sysyn (mykola.sysyn@tu-dresden.de) 

© 2022 Published by Shahid Chamran University of Ahvaz 

Abstract: This paper summarized some common grading curves of ballast layers and found that the content of 16-32 mm ballast 
particles ("middle-size particles" in this paper) had a significant effect on the direct shear performance of the ballast layer. In this 
paper, the direct shear tests of the ballast layers with different contents of middle-size particles were reproduced using the 
discrete element method (DEM). Two different compactions of the ballast samples were used, and the reasons for the changes of 
shear strength of the ballast layers with different size distributions were analyzed from macroscopic and microscopic 
perspectives. The results showed that the strengthening effect of the ballast due insertion of middle-particles could only be 
observed for normally compacted ballast, whereas the same insertion with fully compacted ballast would decrease the shear 
strengths properties. The fully compacted ballast is subjected to the dilation. The reason of the strengthening effect for the 
normally compacted ballast were the contraction and dilation processes. Insertion of the middle-size particles up to 20-30% at 
most increase the dilation processes. Thus, the results show that the ballast layers with conventional narrow particle size 
distribution (narrow PSD) have higher shear strength than wide range particle size distribution (wide range PSD) if the ballast is 
good fully compacted. Additionally, it should be noted that the number of small particles will increase during the lifecycle of the 
ballast layer due to corner brakeage and the external contamination. Moreover, the drainage aspects of the wide range PSD should 
be considered. Therefore, the excessive insertion of middle-size particles is not justified. 

Keywords: Railway; fines-free ballast; particle size distribution; direct shear test; discrete element method. 

1. Introduction 

A railway ballasted track mainly consists of steel rails, fastener systems, sleepers, ballast beds and subgrades, which is widely 
used in the worldwide railway constructions because of its good resilience, capacity of seepage and drainage, possibility of large 
adjustment and low cost [1, 2]. Gravel ballasts are processed from mountain rocks, and are piled up according to certain size 
distributions to form ballast beds, which provides performance of force bearing, force transmission and stability for railway 
ballasted track structures [3, 4]. The trains, temperature and other factors will produce vertical and horizontal forces on a track 
structure, and the adverse effects caused by these forces are mainly resisted by a ballast bed [5-7]. Harmful loads (e.g., 
compression, shear, vibration) will not only cause the crushing and breakage of ballast particles [8, 9], but also lead to the 
movement and rotation of ballast particles [10, 11], thus changing the internal structure of the ballast bed, resulting in reduction 
of the ballast bed resistance and stability, which seriously affects the traffic safety of railway [12, 13]. The shear strength of ballast 
layer plays an important role in the stability of ballast bed, especially the deformation of ballast bed under the longitudinal and 
lateral forces [14, 15]. 

The direct shear test of granular aggregates is one of the most basic methods to study the shear performance and bearing 
capacity of aggregates, which is widely used in geotechnical engineering. In order to clarify the shear strength of ballast bed and 
optimize the service performance of railway ballasted track, researchers and engineers carried out a large number of 
experimental studies and simulation analysis. Dowbrow et al. [16], Wnek et al. [17], and Indraratna et al. [18] used 300 mm × 300 
mm direct shear boxes to conduct direct shear tests on dirty ballast aggregates. It was found that there were an obvious cohesive 
force (15-125 kPa) and a friction angle (38-53°) in dirty ballast aggregates. Danesh et al. also used a 300 × 300 mm direct shear box 
to study the effect of ballast degradation on the shear strength. The results showed that the shear strength decreased by 48% with 
the increase of degradation degree. The expansion angle of degraded ballast decreased with the increase of crushing ratio and 
normal stress. TolouKian et al. [19] conducted laboratory tests on clean and sand-contaminated ballast aggregates using a 440 × 
360 mm direct shear machine. It was found that sand pollution reduced the shear strength and angle of effective shear resistance 
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of ballast, and the critical percentage of ballast pollution was given. Jia et al. [20] analyzed the direct shear performance of the 
mixtures of cleaned deteriorated ballast (i.e., recycled ballast) and new ballast by laboratory tests and discrete element numerical 
simulations. The results showed that when the content of recycled ballast was less than 30 %, the shear strength of the mixture 
was not significantly reduced. Then the shear strength and coordination number decreased with the content of recycled ballast 
increased. On the other hand, some researchers believed that the dry ballast aggregates, even containing small particles, should 
not appear obvious cohesive force. The reason for the cohesive force was that the direct shear box was too small to simulate the 
real mechanical state of ballast aggregates [21, 22]. Stark et al. [21] developed a full-size direct shear box that can accommodate a 
sample about 1 m wide and 0.6 m deep. Estaire and Santana [22] carried out the direct shear tests of ballast in a large direct shear 
box with a shear plane of 1 m × 1 m and a thickness of 0.8 m. The large sample size made the shear behavior and shear strength 
parameters significantly different from the References [16-18], which was closer to the true direct shear performance of ballast. 
However, it is undeniable that despite the boundary effect caused by the box scales, the variation laws between the shear 
performance and the loading of ballast layer are similar [23]. In addition to paying attention to the relationship between the 
gradation and the shear strength (stability) of the ballast layer, researchers also try to improve the shear strength of the ballast 
layer by adding special materials such as geogrid and asphalt in the ballast layer. Alsirawan [24] discussed the role of geogrid in 
improving the load efficiency and reducing the settlement of common granular layers and compared many design methods with 
3D finite element methods (FEM). Habashneh [25] and Ahmad [26] analyzed and evaluated the special reinforcement technologies 
of ballast layers. The results show that geogrid can effectively improve the strength and resistance of ballast layer, then the 
geosynthetics were suggested being used for the reinforcement of railway substructure. Qatamin et al. [27] discussed the 
application, function, design requirements and international experience of asphalt layer in railway ballast, and he found that the 
asphalt layer could improve the overall performance and the dynamical performance of a ballast bed. In addition, the PSD also 
affects the damping of a ballast layer. Kuchak et al. [28] improved the damper model to obtain a higher value of Modal Assurance 
Criterion (MAC) and a lower frequency deviation. Kuchak et al. [29] established an experimental model and an accurate FEM 
model of the track damping system. The developed FEM model was used to evaluate the efficiency of different damping 
parameters and damping vibrations. 

It cannot be ignored that even ballast without fine particles, a slight change of the size distribution will also affect the 
mechanical properties of the ballast layer. That is why researchers and engineers set standards to limit the size distribution of 
ballast particles in ballast beds [30, 31] (See Fig. 1). An ideal gradation is usually considered to provide maximum density, so it can 
provide maximum contact between particles. Based on that concept, Fuller and Thompson [32] proposed an equation of 
maximum density gradation called ‘Talbot Equation’. Roberts et al. [33] proposed a maximum density equation of power function 
nth (th was usually 0.45), as shown in Equation (1): 

 0.45100( / )P d D=   (1) 

where P is the percentage passing weight, d is the size of aggregate, and D is the maximum aggregate size. 
However, the maximum density will lead to a serious decrease in the drainage capacity of ballast bed. Therefore, the gradation 

of ballast bed needs to be adjusted properly on the basis of ensuring the density of ballast bed. As shown in Figure 2, the common 
gradations listed in the American Railway Engineering and Maintenance-of-Way Association (AREMA) is AREMA No.3, AREMA 
No.4, and AREMA No.24 [34, 35]. The common ballast size distribution curves in Australia are Rail Infrastructure Corporation (RIC) 
and Queensland standards [36, 37]. The ballast size distribution curve used in France is ‘FRENCH’ in Figure 2 [38]. In addition, 
similar gradation ranges have been adopted in China and Germany [39, 40]. Profaner [41] pointed out that the optimal shear 
strength of ballast layer could be increased by increasing the proportion of 15% of 16-32 mm ballast particles (standard ballast 
gradation of German), but the shear strength of ballast layer would be significantly lower than that of the initial gradation after 
the proportion exceeded the specific limit value. Interestingly, the curve with an increased percentage of 16-32 mm particles was 
similar to the curves of AREMA No. 3 and FRANCE. However, Profaner did not analyze the reasons for the above phenomenon in 
his study because of the limitation of the technical conditions at that time. In addition, although there have been many studies 
on the laboratory experiments and numerical simulations of the ballast direct shear ability, most of them were committed to 
explaining the influence of the intrusion of fine particles (crushed ballast, sands, coals, etc.) on the performance of ballast layers 
(e.g., References [16-20, 42]). The conclusion of those studies was consistent: the intrusion of fine particles reduced the shear 
strength of ballast layers, as fine particles filled the voids originally used for friction and interlocking between ballast particles. 
The 16-32 mm particles in a ballast layer belong to the middle-size particles, and the reason why such particles make the 
performance of a ballast layer change is obviously different from that of fine particles. 

 

Fig. 1. Schematic configuration of the considered system. 
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 Fig. 2. Common particle size distributions (PSD) of ballast. 

 

Fig. 3. (a) Ballast particle scanning, (b) 3D view of simulated particles. 

 

Fig. 4. PSD of the ballast samples. 

The analysis of the present literature shows that effect of ballast strengthening for wide range PSD was presented in some 
studies [35]. However, the studies have not explained the intrinsic reasons of the phenomena in details and did not consider the 
additional factors influencing the effect. It is difficult to explore the state change of the particles in a ballast layer during direct 
shear tests through macroscopic physical experiments. The advantage of the discrete element method (DEM) is that it can 
simulate the movements of particles and help us understand the state change of particles from the mesoscopic perspective [43]. 
Therefore, the aim of this work is not only to reproduce the direct shear tests of ballast aggregates with different contents of 
middle-size particles by DEM, but also to analyze the reasons for the changes of shear strength of those ballast aggregates under 
the influence of fully compaction factor. 

2. DEM Models and Loading Conditions 

In order to clarify the meso-mechanical changes of the ballast aggregates with different contents of middle-size particles 
during direct shear tests, DEM was used to carry out the simulation analysis of the direct shear tests of ballast. The profiles of 
ballast particles were obtained by the 3D scanning technology, and they were filled by the clumped particle method [2], as shown 
in Figure 3. 

The standard size distribution curve of ballast in the research work of Profaner [41] is the blue curve shown in Figure 4. We 
constructed a DEM direct shear model of ballast according to the standard ballast gradation, and its content of middle-size 
particles was 6% (mass percentage). Subsequently, according to Reference [41], the DEM models with the contents of middle-size 
particles exceeding 10%, 20%, 30% and 40% of the standard ballast gradation were established, that is, their contents of middle-
size particles were 16%, 26%, 36% and 46%, as shown in Figure 4. 

The size of upper shear box was 300 mm × 300 mm × 150 mm, and the size of lower shear box was 350 mm × 300 mm × 150 
mm. It should be noted that the direct shear test of rock granular aggregates has the requirement for the size of direct shear box. 
The direct shear box used by Indraratna et al. [44] in the physical experiments and numerical simulations was 300 mm × 300 mm 
× 200 mm. Wang et al. [45] carried out the physical experiments and DEM simulations with a direct shear box of 300 mm × 360 
mm × 240 mm. The upper direct shear box used by TolouKian et al. [46] was 440 mm × 440 mm × 180 mm, and the lower direct 
shear box was 540 mm × 440 mm × 180 mm. The authors comprehensively considered the shape and size of the direct shear box, 
and finally determined the shape and size of the direct shear box in this work combined with the actual situation in their 
laboratory. The material of boxes was steel. The area of both boxes was filled with ballast particles to achieve the same 
compactness as the samples in laboratory tests. In the next process, time was left to make the ballast aggregates stable. When 
everything was ready, a steel plate of 300 × 300 mm was applied to the top of the ballast models with a loading of 400 kPa for 
stable pressure. During the process of pressure stabilization, additional ballast particles were added to the space generated by 
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compression at the top of ballast layer, and the layer was compressed again. The above process was repeat until the ballast layer 
did not have significant compression. A horizontal loading of 32 kPa was applied to the lower shear box in stages until the 
displacement of the box reached 30 mm (10% of the length of the shear box). The five DEM direct shear models are shown in 
Figure 5 (a). Table 1-1 and Table 1-2 are the parameters of DEM models. 

The models were initialized after the above 5 groups of calculations were completed. Then the coefficient of static friction 
and rolling friction of ballast-ballast were adjusted to 0 value, and the purpose is to make the ballast aggregates be sufficiently 
compacted under the compressive stress of 400 kPa. It should be noted that in order not to change the PSDs of ballast aggregates, 
no new particles were added. The parameters of ballast-ballast were restored to the value in Table 1, and a period of time was 
allowed for the ballast aggregates to stabilize after the ballast layers did not have significant compression (Figure 5 (b)). Finally, 
the direct shear tests were performed on the five new groups of ballast aggregates. 

3. Results and Discussions 

3.1 Comparison between the simulation results and previous studies 

It can be seen from Figure 6 (a) that the direct shear curves of the five normally compacted ballast samples tend to be flat 
after the shear displacement exceeded 25 mm. In particular, the direct shear curve of the Content 46% is obviously flat when the 
displacement is 25 mm. It should be admitted that the DEM simulation results in this paper are not completely consistent with 
the experimental results of Reference [41]. DEM results show that the ballast aggregate with Content 36 % has the highest shear 
strength (the shear stress corresponding to the displacement of 30 mm is 504.25 kPa). The result in Reference [41] is that the 
ballast aggregate with Content 21% has the highest shear strength. That difference is mainly caused by the round surface of 
particles and the loss of friction between particles and walls. In addition, because the physical ballast particles were subjected to 
the vertical pressure and horizontal shear force in the direct shear tests, the breakage actually changed the content of middle-
size particles in ballast aggregates [47-50]. Although the simulation values cannot be consistent with the experimental results in 
the previous research, the phenomenon that the direct shear strength of ballast changes with the content of middle-size particles 
does exist. That is, the shear strength of ballast increases first and then decreases with the increase of the content of middle-size 
particles. That phenomenon, that the existence of the optimal content of the middle-size particles in ballast layer, will 
significantly influence the bearing ability of ballast bed. On the other hand, the phenomenon that the direct shear strength of 
ballast changes with the content of middle-size particles is also presented in the fully compacted samples (Figure 6 (b)), but the 
distribution trends are different. The sample of Content 6% has a higher shear stress of 782.63 kPa at 30 mm than the rest 
samples. Thus, the strengthening effect of the ballast material due insertion of mid-particles can be only observed for normally 
compacted ballast, whereas such insertion with full compaction will decrease the shear strengths properties. 

 

(a) Normally compacted samples 

  

(b) Fully compacted samples 

Fig. 5. DEM direct shear models with different contents of middle-size particles. 
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Table 1-1. Material parameters in DEM. 

Poisson’s ratio Solid density Young’s Modulus 

0.24 2660 kg/m3 5×1010 Pa 

 

Table 1-2. Contact parameters in DEM. 

Types Coefficient of restitution Coefficient of static friction Coefficient of rolling friction 

Ballast-ballast 0.72 0.56 0.27 

Steel-ballast 0.80 0.05 0.05 

 

Table 2. Details of d60, d10 and Cu. 

Contents d60 d10 Cu 

6% 44.23 33.01 1.34 

16% 42.97 25.43 1.69 

26% 41.78 21.21 1.97 

36% 40.00 13.70 2.92 

46% 37.46 10.21 3.67 

 

3.2 Reasons for the influence of middle-size particles on the shear strength of ballast 

This section comprehensively analyzes the reasons why the content of middle-size particles affects the shear strength of 
ballast from the perspectives. The analyzed factors include the coefficient of uniformity (Cu), void ratio, vertical displacement, 
particle movement and transitions of shear force. 

3.2.1 Macroscopic factors 

3.2.1.1 Coefficient of uniformity (Cu) 

The coefficient of uniformity (Cu) is a factor used to evaluate the non-uniformity of particle size distribution in geotechnical 
engineering, as shown in Equation (2): 

 u 60 10C /d d=   (2) 

where d60 is the particle size whose total mass of particles is less than 60%, and d10 is the particle size whose total mass of 
particles is less than 10%. The details of d60, d10 and Cu are listed in Table 2. 

The relationship between the Cu values and shear strengths of the normally compacted and fully compacted samples is 
shown in Figure 6. It is obvious in Figure 7 that the increase of middle particles makes the Cu of ballast increase. The common 
experience suggests that the larger the Cu, the higher shear strength of granular aggregates [51]. However, the results show that 
when the Cu of ballast aggregate exceeds a certain limit (Cu = 2.55 for a normal ballast layer), the shear strength will be 
significantly reduced. In addition, the shear strength of fully compacted ballast aggregates decreases with the increasing Cu. 
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Fig. 6. DEM direct shear stress-displacement curves with different contents of middle-size particles. 
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Fig. 7. Cu values and shear strengths of ballast aggregates. 
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Fig. 8. Shear strengths path depending the void ratio and the points for 30 mm shear displacement. 
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Fig. 9. Variations of vertical displacements and void ratio. 

3.2.1.2 Void ratio 

The bulk density and void ratio of granular materials can be converted by Equation (3). In this paper, the void ratio was used 
to describe the performance of the ballast aggregates. Figure 8 shows the relationship between the content of middle-size 
particles, void ratio and shear strength of the samples. 

 1
a

e
ρ

ρ
= −   (3) 

where e is the void ratio of materials,  is the bulk density, a is the solid density. 
The relation of the shear stress to the void ratio for the displacements more than 10 and in the point 30mm is shown in 

Figure 8. The Figure 8 indicates in general the growth of the shear stress with the relative decrease of the void ration due to 
compaction. This is because that the decreased void ratio can provide the more contact between ballast particles [22, 23]. 
However, the absolute values of the void ratio for the fully compacted and normally compacted sample groups present different 
tendencies. The maximal shear strength of the fully compacted ballast corresponds to the samples without indention of the 
middle-size particles that has the highest void ratio. For the normally compacted samples the highest shear strength corresponds 
to the sample with the lowest void ratio. 
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3.2.1.3 Vertical displacement 

Shear shrinkage and/or shear dilatancy occur during the direct shear tests of granular materials. This is a phenomenon due to 
the relative rotations and displacements of the particles in the granular aggregate during the shearing process, which increases 
or decreases the voids between the particles. In this section, the variation of the vertical displacements and void ratio of ballast 
aggregates with different contents of middle particles was recorded, as shown in Figure 9. 

Figure 9 (a) shows that the five normally compacted ballast aggregates in the direct shear process had shear shrinkage in the 
initial stage and then shear dilatancy, and their differences are the time and magnitude of the shrinkages and dilatancy. In the 
initial stage, the variations of the vertical displacements with shear displacements are similar for ballast aggregates with lower 
contents of middle particles (Content 6%, 16%, and 26%). The state of Content 26% shifts from shear shrinkage to shear dilatancy 
directly when the shear displacement exceeds 8 mm. The vertical displacements of Content 6% and 16% are stable in the shear 
displacement range of about 8 mm to 20 mm, and they shift to shear dilatancy when their shear displacements are 20 mm. The 
“stable phase” also occurs for the Content 46%, except that the phase occurs earlier and lasted longer than that of Content 6% 
and 16%. In addition, the curves of Content 36% and 46% show more intense shear variations in their initial stages compared to 
the curves of Content 6%, 16% and 26%. Meanwhile, the curve of Content 36% has a faster change of shear dilatancy in the later 
stages, while the curve of Content 46% possesses a flat change. In addition, the five samples that were fully compacted 
underwent only shear dilatancy during the direct shear process. This is because their void values could no longer be reduced. 
Although it is obvious, it is also worth noting that the changes in the void ratio of the samples during the shear process are the 
same as the trends in the vertical displacements, regardless of whether the samples are normally or fully compacted. 

3.2.2 Microscopic factors 

The analysis in Subsection 3.2.1 showed that although the initial void ratio was an important factor affecting the shear 
strength of the ballast layer, the difference in the content of middle-size particles for the same initial void ratio also led to 
changes (shear dilatancy, shear shrinkage and shear strength) in the shear curves. Thus, this subsection analyzed the effect of 
middle-size particles on the direct shear properties of the ballast aggregates from a microscopic perspective using DEM 
simulations. 

 

(a) Normally compacted ballast samples 

 

(b) Fully compacted ballast samples 
 

Fig. 10. Movements of ballast particles and the deformation zones during the shear process. 
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(a) Normally compacted ballast 

 

(b) Fully compacted ballast 
 

Fig. 11. Distribution of particle shear force in the vertical direction. 

 

3.2.2.1 Distributions and Movements of ballast particles 

The above analysis has showed that the direct shear performance and the contact state of some ballast aggregates with the 
same void ratio are different due to the influence of middle-size particles. In order to clarify the role of middle-size particles in 
ballast aggregates, this subsection analyzed the distributions and movement states of particles during the direct shear process. 
Figure 10 shows the movements trajectories of the particles and the deformation zones. The deformation zones were selected 
based on the nonlinear motion of the particles. 

The particle trajectories of the normally compacted ballast show that the biggest deformation zone corresponds to the 
content case 36%, which is also characterized with high vertical motion of the particles in the upper box. The deformation zone 
in the upper box for the content case 46% is more than two times lower than for the 36% case. The particles trajectories and 
deformation zones for the fully compacted ballast specimens present quite different relations. The trajectories for all content 
cases in the upper box are mostly vertical that correspond to the dilation effects, while the particles trajectories in the bottom 
box are mostly horizontal. The deformation zones are narrower than that of the normally compacted case. The largest 
deformation zone corresponds to the content case 6% and is decreasing with the growing content of middle-size particles. 

3.2.2.2 Distributions and transitions of shear force 

The applied shear loading is transmitted over the ballast specimens from the bottom box to the upper one. Thus, the 
distribution of the shear loading in the ballast is an important indicator that could explain the internal behavior of the ballast. 
The presentation of the shear force distributions over the vertical dimension was used based on the forces of separate particles 
and their averaged values of each 25mm layers (Figure 11). 
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The distributions of particle shear loading for the normally compacted ballast show the highest shear loading belongs to 
Content 36%, with the maximal loading two times higher than that of the other cases. However, the particle shear loading is very 
scattered over the vertical height (bule points). The averaged particles loading (red lines) show clearer that the distribution of 
shear loading with the maximal value of Content 36% is two times more than that of Content 6% and three times more than that 
of Content 46%. Additional distinctive feature of Content 36% is the vertical inhomogeneity of the shear force distribution with 
the maximal loading accumulation in the zone between the boxes. The particle shear loading distributions of the fully compacted 
ballast, different to the normally compacted cases, demonstrate the much higher shear loading which is not homogenously 
distributed along the vertical height. The maximal average shear loading corresponds to Content 6% and the minimal one is for 
Content 46%. 

4. Conclusions 

The presented studies in Introduction demonstrate the ballast strengthening effect of the wide range PSD more significant 
compared to that of the conventional narrow range PSD. Some studies proposed the alternative PSD forms. However, most 
studies have analyzed the problem in the narrow context without taking the additional factors (e.g., ballast compaction, ballast 
fragmentation etc.) as well as the reasons of the strengthening effect into account. This paper has proven theoretically, using 3D 
DEM simulations, the strengthening effect while adding the middle-size particles for wide range PSD in the direct shear tests for 
the normally compact ballast. The maximum of the strength is expected for the insertion of the 20-30% additional particles (or 
26-36% overall content). The results contradict to some extent with the experimentally found in [41] 15%. However, the 
discrepancy between the simulations and the experiment could be explained with the different shapes of the ballast in the 
numerical and real tests as well as many unknown factors. The study the influence of the ballast compaction, the simulations of 
the shear tests in the fully compacted ballast state were present. The results show the absence of the strengthening effect after 
adding the middle-size particles: the maximal shear strengths were reached for the case without the additional particles (6% 
overall content). The insertion of the 10-40% middle-size particles cause up to double reduction of the shear strength for the 
shear displacement 30mm. Thus, the difference between the experimental [21] and the present simulations can be explained 
with higher initial compaction in the experimental study [1]. In general, it should be expected that the increase of the compaction 
would cause the shift of the local strength maximum from 30% to 0% of the additional particles. 

The reasons of the different ballast behavior in the shear tests for the different ballast compactions can be clear observed 
from the macroscopic and microscopic analysis. The most evident macroscopic parameter that correlates to the local maximum 
of the strength is the vertical displacement: the highest strength (36% normally compacted ballast) corresponds to the maximal 
negative vertical displacement. The microscopic analysis show that the insertion of the additional mid-size particles causes 
different particle motion and the shear loading transmission. The deformation zones for the maximal strength case are the 
largest. However, the most evident microscopic feature of the local strength maximum is the variation of the void ratio. The 
normally compacted sample 36% with highest shear strengths is characterized with high dilation process while the other 
samples are subjected to the low contraction and the equal dilation phases. Different to it, the fully compacted samples are 
characterized with only dilation phase and void ratio increase that is up to five times higher than for the normally compacted 
samples. 

In conclusion, the results show that the ballast layers with conventional narrow PSD have higher shear strength than wide 
range PSD if the ballast is good fully compacted. Additionally, it should be noted that the number of small particles will increase 
during the lifecycle of the ballast layer due to corner brakeage and the external contamination. Moreover, the drainage aspects of 
the wide range PSD should be considered. Thus, the excessive insertion of small and midsize particles is not justified. 

It should be also noted that the circular surfaces of the particles in the DEM models cannot equivalent to the real ballast 
particles. Meanwhile, the physical ballast subjected to vertical pressure and horizontal shear will produce a certain amount of 
breakage during the direct shear tests, but the breakage of ballast particles was not considered in the DEM models. Therefore, the 
values in those simulations may differ from the physical experiments. In further studies, high-performance computers will be 
used to build more accurate ballast models in the DEM. Also, the breakage of ballast particles will be considered. 

5. Expectations 

Geogrid can greatly improve the stability and shear resistance of ballast layers. The main reason is that geogrid can limit the 
movement and rotation of ballast particles, thereby improving the contact ability and interlock ability between particles. One of 
our next research focuses is to explore the macroscopic and microscopic reasons for the improvement of shear performance of 
ballast layer by the geogrid materials through physical experiments and numerical simulations. 
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Nomenclature 

P 
d 
D 
Cu 
d60 

Percentage passing weight, P = 100(d/D)0.45 
Size of aggregate [mm] 
Maximum aggregate size [mm] 
Coefficient of uniformity, Cu = d60/d10 
Particle size whose total mass of particles is less than 
60% [mm] 

d10 
 
e 

 
a 

Particle size whose total mass of particles is less 
than 10% [mm] 
Void ratio of materials, e = 1-/a 
Bulk density [kg/m3] 
Solid density [kg/m3] 
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