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Abstract 

The railway track’s sub-ballast layer is important, but it is often neglected, 

leading to the contamination and blockage of voids, as well as track deformation 

and degradation. These issues occur when fouling materials infiltrate the sub-

ballast due to load-induced vibration. The purposes of this paper are to 

investigate the influence of vibration on the sub-ballast layer when loads are 

applied to a fouled ballast and to determine whether sub-ballast saturation 

should be ignored. A ballast box was fabricated to represent actual railway 

conditions and filled with 100 kg of ballast aggregates containing fouling 

materials (crushed ballast, sand, clay, and coal) proportional to the ballast 

weight. In addition, a vibratory compactor plate machine was used to simulate 

load on the fouled ballast, inducing vibrations that caused fouling materials to 

migrate into the sub-ballast. The results indicate that 18% of crushed ballast, 

20% of sand, 20.7% of clay, and 15% of coal infiltrated the sub-ballast due to 

loading-induced vibration, and fouling infiltration percentages rose as vibration 

from loading increased. These percentages exceeded the standard 10% weight 

of fouling infiltration into the sub-ballast, indicating an unfavourable sub-

ballast condition and showing that sub-ballast saturation should not be ignored. 

These findings have significant implications for maintenance engineers, as they 

underscore the need for continuous monitoring and upkeep to ensure optimal 

sub-ballast performance. 
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1.0  INTRODUCTION 

Ballasted railway tracks represent the most popular 

railway system in the world today, but they have been 

bedevilled by the prevalence of fouling materials that 

negatively affect track beds [1]. Railway track ballast 

breakdown is caused by the gradual degradation of the 

ballast aggregates resulting from the continuous train 

vibrations on the track due to loading. In railways, 

vibration and noise arise due to the forces generated at 

the wheel/rail contact point by the steady moving 

constant axle loads on the railway track [2 – 6]. 

Vibrations caused by train movement even propagate 

to the surrounding surface structures and down into 

the track structures [7, 8]. These vibrations also cause 

the movement of ballast particles in the ballast bed [9]. 

As the train loads come from the top, they are spread 

and distributed to the surrounding track component 

layers, significantly impacting the track components 

due to the vibration of the track during loading. Even 

at the constant axle loads, substructure deformations 

appear where they have not appeared before due to the 

increased load and speed of trains [3][10].  
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Along with the stresses generated by environmental 

conditions, traffic load vibrations degrade and crush 

ballast aggregate stones, producing ballast fines that 

deform and degrade the track ballast [11, 12]. The 

fines produced fill and clog the ballast voids, which 

increase the settlement of ballast particles, reducing 

track bed elasticity [13, 14], which prevents the 

effective drainage of water from the ballast. Other 

fouling materials, such as sand, coal, clay and crushed 

ballast aggregates, degrade the ballast by affecting the 

bearing capacity and the permeability of the track 

ballast, which causes the ballast to settle, which 

impedes the required voids needed and the resiliency 

[15, 16]. During train load action, fouling material 

particles migrate between the ballast particles and 

enter the surrounding substructure layers [17], thereby 

fouling or contaminating the ballast aggregates in the 

sub-ballast.  

 

The ballast layer is an important component that adds 

to the support and rigidity of the railway track system. 

It plays the role of draining water completely from the 

track to avoid track ballast pollution and other 

deformations of the ballast bed on the track. While the 

ballast plays a major role in keeping the track system 

healthy and functioning, the sub-ballast layer plays an 

even more important role as a construction component 

of the railroad track [18]. Specifically, it prevents the 

mixing and penetration of ballast and subgrade, 

mitigates subgrade attrition by the ballast, reduces 

subgrade stress, etc. [19, 20]. These functions 

underscore the importance of the sub-ballast layer in 

track substructure components in keeping a track at an 

optimum level of performance. In light of these 

functions carried out by the sub-ballast layer, it is 

crucial to ascertain the impact of vibration on this 

layer as a result of the application of loading on 

existing fouled ballasts in order for it to continue to 

function as a drainage ballast layer and an efficient 

filtration channel [21]. 

 

However, monitoring the condition of the sub-ballast 

is challenging, as the substructure remains hidden 

from view unless the main ballast is evacuated [22]. 

Non-destructive testing methods, such as visual 

testing, automatic visual testing, ultrasonic testing, 

and radiographic testing [23, 24], have been used to 

monitor the condition of the sub-ballast structure. 

However, these methods require heavy equipment and 

incur high costs, which disrupts and delays traffic 

operations [22]. Also, SmartRocks software (battery-

powered, wireless sensors that physically resemble 

ballast particles in shape, size, and texture) has been 

employed effectively by maintenance engineers to 

monitor the real-time conditions of track substructures 

[22]. In addition, ground penetrating radar has also 

been used to monitor substructure conditions. In 

research by Bassey et al. [25], Benedetto et al. [26], 

and Liu et al. [27], ground penetrating radar was used 

to establish an accurate dataset to measure track 

deflection and give a better result on the condition of 

the track. 

 

The current study considers the condition of the sub-

ballast layer of a ballast track bed whose saturation 

was often ignored in previous studies. Also, 

neglecting its maintenance has contaminated and 

blocked voids, resulting in track deformation and 

degradation. The insights and findings presented in 

this study could aid railway engineers, track 

managers, and researchers in formulating a more 

precise means of monitoring the degree of fouling 

infiltrations within track sub-ballast layers during 

vibrational load applications. 

 

The objective of this study is to assess the condition of 

the sub-ballast layer and determine whether the 

saturation with fouling infiltrations should be 

disregarded. Given that the sub-ballast layer remains 

hidden from direct observation, this research adopts a 

localised and non-disruptive approach known as the 

physical visual inspection and monitoring of fouling 

materials. This approach tracks the infiltration of 

fouling materials into the sub-ballast layer within the 

ballast box induced by vibrations during load 

application on fouled ballast. This technique assesses 

the extent of fouling infiltration into the substructure 

sub-ballast layer, a situation that has been overlooked 

in previous studies. Comparable methodologies were 

applied by Gu et al. [28] to gauge track ballast 

settlement levels. It is important to note that this study 

does not address the effects on the subgrade layer. 

Moreover, this study underscores the significance of 

continuously monitoring the condition of tracks’ sub-

ballasts, given their integral role in the railway track 

ballast bed systems. 

 

2.0  METHODOLOGY  

2.1  Test Apparatus  

A track ballast bed encompassing both the main 

ballast and sub-ballast layers was constructed within a 

rectangular box (Figure 1). This box, known as the 

ballast box, has a total weight of approximately 24.5 

kg. It was built from rectangular wooden sheets with 

a thickness of 15 mm. It also incorporated a hollow 

metal pipe with dimensions of 20 mm by 20 mm and 

a thickness of 2 mm. The ballast box, as illustrated in 

Figure 2, was partitioned into two layers, mirroring the 

arrangement of the main ballast and sub-ballast layers 

found within a track bed system. The upper layer, 
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corresponding to the main ballast, had dimensions of 

300 mm in depth, 450 mm in length, and 300 mm in 

width. The lower layer, representing the sub-ballast, 

had dimensions of 200 mm in depth, 450 mm in 

length, and 300 mm in width. 

 

These chosen dimensions represented a section of the 

track and accurately replicated the actual depth of the 

layers within a track ballast bed along the Abuja-

Kaduna standard gauge line. Between these two layers 

of the ballast box, a sieve with an aperture size of less 

than 12.7 mm was affixed to the underside of the main 

ballast layer. This design allowed fouling materials to 

pass into the sub-ballast layer below during periods of 

vibration induced by loading. Following Ocholi et al. 

[29] and NRC Lecture Note [30], a sieve size of 12.7 

mm was selected, as any smaller materials are 

classified as fouling material in Nigeria. 

 

 
Figure 1:  Fabricated ballast box 

 

 
Figure 2:  Ballast box layout 

 

Additionally, this study utilised a vibrating plate 

compactor machine with an approximate weight of 

200 pounds (91 kg/0.091 tonnes) and the ability to 

generate around 10,000 vibrations per minute. This 

machine was used owing to the need to replicate the 

vibrations induced by passing trains during the 

application of loads. The vibrating plate compactor 

machine simulated the behaviour of a 21-ton (21,000-

kg) axle on the ballast based on the axle load observed 

on the Abuja-Kaduna Standard gauge line. This 

parameter was chosen because only a vibrator 

machine can mimic the vibration from the train 

dynamic axle load since it causes the percolation or 

infiltration of fouling materials into the voids of the 

ballast aggregates. 

 

However, this behaviour was proportionally scaled 

down to a 1:231 ratio, with each kilogram of the 

vibratory machine corresponding to 231 kilograms of 

actual axle weight. In previous research, Rampersad et 

al. [15] determined the rate of ballast settlement using 

a hydraulic actuator to apply vibrations on a ballast 

box due to the continuous cyclic load on the ballast. 

Meanwhile, Huang et al. [31] used a vibratory 

compactor to compact ballast aggregates in a ballast 

box and prepared for a direct shearing test. 

 

 
Figure 3:  Ballast aggregates 

 

 
Figure 4:  Particle size distribution of ballast 

aggregates 

 

2.2 Sample Preparation 

The ballast aggregates shown in Figure 3 below were 

selected in accordance with the aggregates employed 

on the Abuja-Kaduna standard gauge track. A total of 

100 kg of clean aggregates were carefully sampled 

from the ballast dump at the rail site and subsequently 

sieved. This sieving process was employed for a 

combination of aggregates ranging from 12.7 mm to 

50.8 mm according to British Standard (BS 812 Part 

https://doi.org/10.4314/njt.v43i1.2
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103.1-1985). The resulting particle size distribution 

curve is depicted in Figure 4. 

 

Laboratory tests were conducted to determine the 

specific gravity (BS 812: Part 2: 1995 Part 2) and 

abrasion value (BS EN 1097-2:1998 Part 2) of ballast 

aggregates. Additionally, the material density was 

calculated by relating the mass of the aggregate to the 

volume of the ballast box [m/v]. The findings 

regarding the properties of the ballast aggregates are 

presented in Table 1. 

 

Table 1: Properties of sample ballast aggregates 
Material Material density Specific 

gravity 

Abrasion value 

Ballast 
aggregates 

0.002469 kg/cm3 2.55 24.6% 

 

The ballast aggregates were investigated in relation to 

four types of fouling materials, encompassing crushed 

ballast stones, sand, clay, and coal (Figure 5). These 

four fouling materials were selected because they are 

the common type of fouling material along the 

selected track study area. The crushed ballast fouling 

was obtained from crushing ballast aggregates using 

an impact load machine. The sand fouling was 

obtained from surrounding track sides, which 

eventually entered the track bed through the wind 

effect as trains passed. The clay fouling was obtained 

from clay deposits not very far from the rail track, and 

the coal fouling was obtained from a coal mining 

company that freighted coal through the rail. 

 

 
Figure 5:  Selected fouling materials 

 

Table 2: Site test preparation samples 
Fouling 

materials 

Percentage 

Passing 

(%) 

Weight of 

sample 

(kg) 

Weight of 

fouling 

sample 

passing 

(kg) 

Weight of 

fouling 

material for 

highly fouled 

ballast (kg) 

Crushed 

ballast 

82 100 82 33.62 

Sand 98 100 98 40.18 

Clay 87 100 87 35.67 

Coal 97 100 97 39.77 

 

Table 2 shows the aggregate weights and the fouling 

material weights for on-site testing purposes. The 

weight for the fouling materials used was obtained 

based on the percentage of fouling materials for highly 

fouled ballast, which is >40%, according to Selig and 

Waters [32]. This percentage is also based on the 

weight of fouling samples for all four fouling 

materials. This level of fouling was chosen to ensure 

the ballast aggregates were heavily fouled for the test. 

 

2.3  Test Procedure 

The test was conducted at a selected section of the 

Abuja-Kaduna Standard gauge track line at a time 

when traffic operations were not disrupted. The ballast 

box was located on the railway track because of the 

availability of and easy access to the ballast aggregate 

dump. Generally, the upper layer of the ballast box 

consists of aggregates and fouling material, whereas 

the lower layer is free of ballast materials. However, 

it was lined with a polythene bag, which facilitated the 

collection of infiltrated fouling materials that passed 

through the 12.7-mm sieve. 

 

 
Figure 6:  Ballast box filled with aggregates and 

specific types of fouling materials 

 

 
Figure 7:  Vibratory compactor machine mounted 

on ballast box 

 

The 100 kg of clean aggregates were combined with a 

specific type of fouling material before being placed 

in the ballast box. The utilised quantity of fouling 

material is given in Table 2. This combination, known 

as a fouled ballast, was placed and compacted on the 

upper layer of the ballast box using a tamping rod. A 

ballast box filled with a combination of aggregates and 

selected fouling materials is shown in Figure 6. The 

https://doi.org/10.4314/njt.v43i1.2
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vibratory plate compactor machine was mounted on 

the fouled ballast in the ballast box (Figure 7). The 

vibratory plate compactor machine was utilised in 

five-second intervals over a period of 30 seconds to 

facilitate the percolation of fouling materials into the 

sub-ballast through the voids in the ballast. The 

fouling materials that infiltrated the sieve with an 

aperture size of 12.7 mm were gathered every five 

seconds using a polythene bag laced on the sub-ballast 

layer. The collected materials were then removed from 

the ballast box, weighed (Figure 8), and recorded. 

  
Figure 8:  Weighing infiltrated fouling materials 

 

 

 
Figure 9:  Fouling infiltration into sub-ballast during 30 seconds of vibration 

 

3.0 RESULTS AND DISCUSSION  

Figure 9 illustrates the cumulative infiltration of 

various fouling materials into the sub-ballast layer 

during a 30-second vibration period. The data clearly 

demonstrates that the cumulative infiltrations for each 

fouling material progressively increase with the 

duration of vibration. This observation aligns with the 

finding of Esmaeili et al. [33] that the ballast fouling 

percentage increases with an increase in 

environmental vibration due to train passing assessed 

by acceleration and displacement. Track vibrations 

caused by acceleration are another contributing factor 

to the downward movement of particles in the ballast 

layer, as stated by Bian et al. [9]. Thus, as vibration 

intensity increases, the amount of fouling particle 

material that infiltrates the sub-ballast layer also 

increases. At five seconds of vibration time, clay 

fouling exhibited the highest cumulative infiltration 

(3.3 kg), followed by coal (2.8 kg), sand (2.7 kg), and 

crushed ballast (1.4 kg). 

 

Similarly, at 10 seconds, clay fouling continued to 

lead in terms of cumulative infiltration (5.1 kg), 

followed by sand (4.7 kg), coal (3.8 kg), and crushed 

ballast (1.8 kg). Notably, at five and 10 seconds of 

cumulative vibration time, clay fouling infiltrated 

more than the other three fouling materials. Clay 

fouling led to more cumulative infiltration in the first 

five and 10 seconds compared to others at the initial 

stage due to its fine nature. The fine clay particles had 

more space in between the ballast voids to pass 

through; they served as a lubricating agent and 

reduced particle interlocking. Particle movement and 

behaviour due to vibration are forms of translational 
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motion because these particles move downward since 

the vibration emanates from the top main fouled 

ballast [34].  

 

However, at 15, 20, 25, and 30 seconds of cumulative 

vibration time, the cumulative infiltration for sand 

fouling became higher than that for the other three 

fouling materials. Sand fouling showed cumulative 

infiltrations of 7.2 kg, 7.6 kg, 8.1 kg, and 8.2 kg at 15 

seconds, 20 seconds, 25 seconds, and 30 seconds, 

respectively. This is because the sand utilised for the 

study had a small amount of silt content (7.5%). The 

silt acted as a lubricant that strengthened the sand 

particles, thus enabling more of it to pass through 

more voids than the other three types of particles 

[35][36]. The amounts of cumulative infiltration for 

other fouling materials after 30 seconds of vibration 

were 6.1 kg for both coal and crushed ballast and 7.4 

kg for clay. 

 

 

  

  
Figure 10: Relationship between vibration time and fouling infiltration 

 

Table 3 presents the cumulative percentages of 

infiltration into the sub-ballast layer resulting from 

vibrations during loading application. For ballast 

particle fouling, the cumulative infiltration was 18% 

of the original fouling weight. Sand fouling 

demonstrated a cumulative infiltration of 20%, while 

clay fouling and coal fouling exhibited percentages of 

20.7% and 15%, respectively. According to Li and 

Wick [20], infiltration into the sub-ballast layer 

exceeding 10% fines content makes the sub-ballast 

vulnerable to excessive deformation under loading 

and could cause water to be retained through capillary 

tension. 

 

Table 3: Cumulative fouling infiltrations into sub-

ballast over a 30-second cumulative vibration time 
Fouling 

Material 

Original 

Fouling 

Weight (kg) 

Cumulative 

Infiltration 

(kg) 

Cumulative 

Infiltration (%) 

Crushed ballast 33.6 6.1 18 

Sand 40.2 8.2 20 

Clay 35.7 7.4 20.7 

Coal 39.8 6.1 15 

 

The current findings indicate an average of 18.4% 

infiltration into the sub-ballast for all fine content, 

which is more than the result from existing data. Such 

high levels of infiltration will immediately deform the 

layer and render its performance inadequate. Thus, if 

these percentages of infiltration into the sub-ballast 

occur within 30 seconds, then the entire amount of 

each fouling material, when subjected to vibration 

during loading application, would infiltrate the sub-

ballast layer within 180 seconds (around 30,060 

vibrations). 

 

These findings clearly indicate that the sub-ballast 

layer will be at risk of contamination and saturation 

with pollutants if the main ballast layer is highly 

fouled and subjected to vibration on load applications. 
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Therefore, since sub-ballast saturation is a common 

but often ignored problem [19], this study has 

demonstrated that ignoring sub-ballast saturation, 

whether it be with water trapped within it [37], 

crushed ballast aggregates, or other fouling materials, 

will make the sub-ballast layer inadequately 

permeable. 

 

This situation cannot be ignored because the levels of 

fouling infiltration reported in this study can clog a 

sub-ballast layer’s void, preventing it from performing 

optimally by distributing applied loads and reducing 

subgrade stresses over time. Thus, the sub-ballast 

layer’s ability to drain will be impeded, causing it to 

fail quickly. Mayuranga and Navaratnarajah [38] 

stated that fouling affects sub-ballasts because it 

deforms and deteriorates the sub-ballast layer, which 

prevents appropriate drainage and results in track 

ballast settlement. 

 

Figure 10 shows the relationship between vibration 

time and fouling infiltration for each type of fouling 

material. The regression line represents a strong 

positive linear relationship between vibration time and 

fouling infiltration. It indicates that vibration time due 

to loading impacts the weight of fouling infiltration 

into the sub-ballast layer. Under actual operating 

conditions, trains continuously pass over the track and 

generate vibrations that consequently impact fouled 

ballasts [3]. Consequently, all the fouling materials on 

the fouled ballast will become percolated and will 

infiltrate the sub-ballast layer. When this happens 

without maintenance, sub-ballast layer saturation 

occurs, which compromises the integrity of the sub-

ballast and minimises its ability to perform optimally. 

Therefore, sub-ballast layer saturation should not be 

ignored. It should be managed with immediate and 

continuous maintenance to keep the sub-ballast layer 

in an operational state. 

 

4.0  CONCLUSIONS 

The railway track sub-ballast layer is a critical track 

ballast component which should be continuously free-

draining with little or no fine fouling material content. 

Continuous train loading applications vibrate the 

entire track system, causing fouling materials from the 

top to migrate downwards and fill the voids in the sub-

ballast with fouling materials. This study investigates 

the cumulative infiltration of various fouling materials 

into the sub-ballast layer during a 30-second vibration 

period. The findings indicate that the cumulative 

infiltration of fouling materials into the sub-ballast 

layer increases with the duration of vibration. Clay 

fouling initially exhibits the highest cumulative 

infiltration due to its fine nature, while sand fouling 

surpasses others in later stages, facilitated by silt 

content acting as a lubricant. All fouling materials 

subjected to 30 seconds of vibrations resulted in a 

cumulative infiltration of more than 15% of the 

original fouling weight, exceeding the 10% fines 

content threshold, thus rendering the sub-ballast 

vulnerable to excessive deformation. The strong 

positive linear relationship between vibration time and 

fouling infiltration demonstrates the continuous 

impact of train-induced vibrations on fouled ballasts.  

Therefore, maintenance engineers should constantly 

monitor and maintain this layer to ensure that the sub-

ballast layer performs optimally. Moreover, moisture 

should be avoided by discouraging high fines content 

within the sub-ballast and encouraging high 

permeability and low or no water retention within the 

sub-ballast layer. Furthermore, a geosynthetic 

membrane of an aperture with a diameter smaller than 

the smallest fouling particle size should be laid 

between the main ballast and the sub-ballast layer to 

avoid or reduce the level of fouling infiltration into the 

sub-ballast layer during loading application. 
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