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Abstract: Railway ballast beds bear cyclic loadings from vehicles and deteriorate due to ballast particle 

degradation (breakage and abrasion), ballast pockets (subgrade defects), fouling (or contamination) 

and plastic deformation of the beds. Ballast bed deterioration changes the ballast track geometry, 

which leads to uncomfortable rides, exacerbates wheel-rail interactions and, most importantly, causes 

safety issues (e.g., derailment). 

To align the track geometry, tamping is the most widely used means of filling ballast-sleeper gaps and 

homogenizing ballast beds. Although many studies have been performed on tamping, some necessary 

research gaps still need to be addressed. To stress the research gaps, tamping studies are critically 

reviewed in this paper, and the tamping mechanisms, challenges and proposed solutions are 

introduced and discussed. This review aims to 1) help researchers discover important research 

directions related to tamping, 2) propose means for tamping methodology 

improvement/development, and 3) provide advice for developing novel railway track maintenance. 

Key words: Tamping; Tamping machine; Railway ballast; Maintenance; Ballast bed 

1. Introduction
With the rapid development of all types of railways (metro, intercity, high-speed and heavy-haul 

railways), the challenges to railway track performance are increasing [1, 2]. Ballasted tracks have 

remained the most widely used compared to slab tracks. They are particularly suitable for special areas 

due to their easy maintenance, e.g., tracks on bridges (or in tunnels), soft subgrade and use in freezing 

regions [2, 3]. 

With the increasing demand for higher train speeds and capacities (passengers and freights), the 

challenge of maintaining ballast beds has attracted significant attention. This challenge requires 

increased focus for the following reasons. 

 Ballast beds are undergoing more intense shock and vibration (higher speeds and heavier

freight), leading to rapid deterioration of the ballast bed [4-6]. It is thus necessary to restore

ballast bed performance by maintenance for safety reasons.

 New ballast track designs are being developed (e.g., ballast glue [7, 8], steel slag ballast and

ladder sleeper [9, 10]). Therefore, maintenance methods require more developments, such as

different maintenance strategies for different track structures and maintenance for tracks in

special areas (e.g., soft subgrades).

© 2021 Manuscript version made available under CC-BY-NC-ND 4.0 license 
https://creativecommons.org/licenses/by-nc-nd/4.0/
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 Maintenance cycles are decided upon depending on experiences [11, 12], which needs to be

improved towards automatic, systematic and accurate maintenance. In particular, applying

artificial intelligence (e.g., machine learning, deep learning) for maintenance cycle prediction

is the development tendency, such as using data from structural health monitoring [13, 14].

Tamping is the most widely applied means for ballast track maintenance, and it is necessarily 

performed for newly built railway lines [15]. It is also helpful for improving track stability and ballast 

bed performance. In addition, it corrects the ballasted track geometry by lifting up and shifting the rail 

and sleeper. Currently the tamping machine has replaced manual tamping in rapid, highly mechanized 

and automatic directions. 

Studying tamping requires focusing on three parts, i.e., tamping machine improvement, tamping 

process improvement and tamping result evaluation. 

Tamping machine: Tamping machines are machines used for the tamping process with a high 

efficiency and high quality. Tamping machines are produced by three main companies, i.e., Harsco 

(USA), Matisa (Switzerland) and Plasser & Theurer (Austria). The tamping unit is the core component 

of a tamping machine. Technologies for tamping machines have been developed over the last 100 

years and have become mature in recent decades because of rapid railway development. The core 

technologies for tamping machines are controlled by the three companies; thus, the number of 

published studies is limited. 

Tamping process: The basic principle of the tamping process (using tamping machines) is moving the 

ballast particles through the oscillation (or vibration) and squeezing the tamping tines when lifting the 

track. 

 Due to tamping tine oscillations, the ballast particles are shaken and move to their most stable

positions, by which the ballast bed becomes homogeneous.

 Due to the squeezing of the tamping tines, some crib ballast particles are forced to move to

the position beneath the sleeper, by which the sleepers have better support from the ballast

bed.

 Due to lifting the track, the track geometry irregularity is corrected, including the surface

(longitudinal level or vertical alignment), alignment (horizontal alignment), cross level (cant),

and warp (twist) [16].

Tamping result: Tamping results are not easy to evaluate in practice. Many methods have been 

proposed using numerical simulations. The methods for tamping result evaluation are presented as 

follows. 

 Ballast particle breakage and abrasion.

 Coordination number of the ballast bed.

 Bulk density (or porosity) of the ballast bed.

 Bearing stiffness of the ballast bed.

 Lateral and longitudinal resistances of the ballast bed.

 Ballast particle motions (displacement, velocity, and acceleration).

 Contact forces (ballast-ballast and ballast-sleeper).

The paper is structured as follows: 

1. Introduction
2. Tamping mechanism and function

2.1 Tamping principle and process
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2.2 Tamping machine and operation 
3. Challenges

3.1 Determination of the tamping parameters
3.2 Ballast breakage and abrasion
3.3 Low efficiency and noise
3.4 Lateral resistance reduction
3.5 Hanging sleeper and pressure distribution (without a ballast addition)

4. Proposed solutions
4.1 Optimization of tamping parameters
4.2 Condition-based or predictive tamping
4.3 Tamping efficiency improvement and noise control
4.4 Tamping with a compactor for lateral resistance improvement
4.5 Application of proper maintenance methods

5. Perspectives and future maintenance trend

2. Tamping mechanism and function
In this section the following four aspects are introduced. 

 Limited studies focused on the tamping principle. For example, one theory on the vibrating

compaction of ballast beds proposed that transverse waves loosen ballast beds while

longitudinal waves compact ballast beds [17].

 The tamping process includes four steps of driving the tamping tines, i.e., penetration,

squeezing, closing and pulling out.

 Tamping machines mainly focus on how to drive tamping units (excitation mechanism), such

as the vibration frequency of the tamping tine.

 The tamping operation determines when and how to operate ballast bed tamping.

2.1. Tamping principle and process 
Concerns for the tamping principle and process are mainly related to the rheology of the ballast bed, 

which describes the fluidity of the ballast bed during tamping. In other words, due to the resonance of 

the ballast bed and tamping tines, the ballast bed presents fluid-like conditions [18]. 

2.1.1. Tamping principle 
The physical process of tamping is that ballast particles are forced to move to their equilibrium 

positions. The physical process of tamping is briefly described as follows. 

Due to the loadings from tamping tines, the ballast particles act via exciting forces (from tamping tine 

vibration), inserting forces (tamping tine penetration) and squeezing forces (tamping tine squeezing). 

The forces are then transmitted by vibration or physical contacts (ballast-tamping tine). Specifically, 

 First the tamping tines are inserted into ballast beds with vibrations. The vibration is a

transverse wave that makes the ballast bed loose, for which the tamping tines easily penetrate

[19].

 After the tamping tines have penetrated the ballast bed, longitudinal wave vibrations are

applied. Ballast particles currently have two kinds of motions [20].

o Because static friction between particles is changed to kinetic friction, the ballast

particles rearrange because small particles move into the voids between large

particles.

o All forces that act on ballast particles cause breakage and abrasion. This breaks the

initial equilibrium system of the ballast particles. Then the small ballast particles fill in

the voids. Finally, the system of ballast particles reaches a new equilibrium state.
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 Finally, with the squeezing forces the ballast particles are moved to the locations under the 

sleeper. During squeezing particle breakage and abrasion also occur. At the same time, the 

small particles and crushed particles fill in the voids, compacting the ballast particles under the 

sleeper. 

Through this process the ballast particles are rearranged, making the bulk density of the ballast bed 

change (more homogeneous), which means that the ballast particles under the sleeper are squeezed 

to be compacted. 

However, the abovementioned descriptions are based on hypotheses that have not been proven. 

More hypotheses are introduced below [21, 22]. More studies should be performed to confirm these 

hypotheses. 

 Resonance theory. 

Basic knowledge: Resonance is defined as – at one certain frequency, the object has a larger 

amplitude vibration than at other frequencies. In general, ballast beds can have several 

resonant frequencies. Mostly, the frequency in low ranges with respect to the ballast bed 

medium is focused because the vibration of the low frequency is easy to obtain [23]. 

Resonance theory means that when the vibration frequency of tamping tines is 

approximately the same as the natural frequency of the ballast bed, the ballast particles are 

prone to vibration. This leads to a better rearrangement of the ballast particles; consequently, 

the ballast bed becomes more homogeneous [24]. 

Discussion: This theory has been studied by experimental tests and numerical 

simulations to seek the optimal frequency for ballast beds. However, because the natural 

frequency of ballast particles (ballast bed) varies due to several factors (e.g., ballast material 

and water content), this theory has not been fully proven. 

 Friction theory. 

Basic knowledge: Granular materials have a discrete nature, which means that each particle 

has a different shape and surface roughness. Therefore, the friction forces at different particle 

contacts are different, causing friction inhomogeneity in the ballast bed. In addition, the ballast 

particles have interlocks similar to cohesion forces (e.g., hardened ballast beds caused by clay 

fouling), which are related to the gradation, moisture, and layer thickness. The friction forces 

and the interlocks between particles form the shear strength of the particle assemblies [25]. 

The forces in ballast assemblies are from friction and interlock forces, which are 

difficult to break using static forces. Therefore, large inertia forces are required to move the 

ballast particles [26]. 

Friction theory assumes that the tamping tine vibration produces large inertia forces 

and changes static friction to kinetic friction. This theory explains the ballast compaction from 

the perspective of forces acting on the ballast particles, which is proven by the reduction of 

compression resistance and shear strength. 

Specifically, exciting forces are applied to the ballast particles, inducing the inertia 

forces. When the inertia forces are large enough to overcome the friction and cohesion forces, 

the interactions between particles break, which changes the static friction to kinetic friction. 

The particles move to their lower positions under gravity, leading to ballast bed compaction. 

Discussion: However, long-duration vibration causes large and small ballast particles 

to be separated. The large ballast particles have larger inertia forces, which makes them move 

down earlier than small ballast particles. These separated layers are not desirable. The tamping 

purpose is to move small particles into voids, so it is very difficult to perform tamping on the 

ballast bed (separated layers). Small particles at the upper layer are prone to cause ballast 

flight phenomena [27]. 
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 Cyclic loading theory. 

Basic knowledge: Cyclic loading theory describes that one type of material is more easily 

compacted with cyclic compression forces [21]. 

In the tamping process, the cyclic compression force is that tamping tines apply several 

vibrations to the ballast particles. Using this type of cyclic compression force, the ballast bed 

is compacted. 

Discussion: Although low-frequency vibrations can be seen as cyclic compression 

forces acting on the compacted ballast bed, high-frequency vibration is also a cyclic 

compression force that cannot compact the ballast bed very well. 

 Alternating shear strain theory. 

Basic knowledge: The alternating shear strain theory is based on mechanical theories. The 

vibration causes the object to undergo alternating shear forces [28]. 

The ballast bed compaction results from its shear strain, which is caused by alternating 

shear forces. The forces rearrange ballast particles. 

Discussion: This theory proposes that the forces for the rearrangement of ballast 

particles are alternating shear forces. However, the evidence has not been sufficient to prove 

this hypothesis. 

2.1.2. Tamping process 
As shown in Figure 1, the entire tamping process is divided into four stages. 

1. The track is lifted by the clamps to a designated height (e.g., 20 mm). 

2. The tamping tines penetrate into the ballast bed with a certain oscillation frequency. 

o Tamping tine oscillation during penetration is used for easy penetration. 

o The oscillation frequency could be different from the frequency when squeezing. 

o The penetration also compacts the ballast bed by pushing the ballast particles apart. 

3. The tamping tines squeeze to move crib ballast particles to the locations under sleepers, during 

which the tamping tines vibrate at certain frequencies. 

o During squeezing movement, the tamping tine oscillation leads to a low friction 

between ballast particles, and the tamping squeezing force breaks the interlock 

between the ballast particles. 

o When the ballast bed reaches the desired compaction state, the interaction between 

the ballast particles and tamping tines also reaches the force-balanced state. In this 

state, the ballast particles are rearranged and interlocked again (by gravity, particle 

contact forces and forces from tamping tines) at their final positions. 

o The tamping tines have two types of vibrations (different directions), producing two 

different waves, i.e., transverse waves and longitudinal waves. The transverse wave is 

used to reduce friction, while the longitudinal wave is used to shake the ballast 

particles down for compaction. 

o Some tamping machines also compact the ballast shoulder at the same time. 

4. The tamping tines are lifted, and the tamping machine moves to the next sleeper to repeat the 

tamping process. 

o The tamping tines have free movements when lifting up, by which the compacted 

ballast particles under the sleeper maintain their positions. 

o This stage causes a void at the earlier tamping tine position, which is usually remedied 

by a dynamic track stabilizer. 
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Figure 1 Four stages of the tamping process (figure reproduced from [11]) 

The tamping process causes several changes in the ballast bed, as shown in Table 1. As introduced in 

the introduction, the tamping result is relevant to changes in the ballast bed. Tamping has some aims, 

such as correcting the track geometry and ballast bed homogeneousness. These aims can be reflected 

by some indicators, which are mostly related to changes in the ballast bed (Table 1). 

 Bulk density. Bulk density describes the ratio of the overall mass of a ballast assembly to its 

ballast assembly volume. At the field site, it can be measured by digging a hole (to weigh the 

removed ballast) and filling it in with water (to measure the hole volume). Details can be found 

in [2]. 

 Lateral resistance. The lateral resistance describes the resistance of the ballast bed to the 

sleeper, which is a key factor in evaluating the track stability, especially for continuously 

welded rail tracks. In the field site, this can be measured by the single sleeper push test. Details 

can be found in [29]. 

 Longitudinal resistance. The longitudinal resistance describes the resistance of the ballast bed 

to the sleeper in the longitudinal direction (direction along the rail). It is also measured through 

a single sleeper push test, but by pushing the sleeper in the longitudinal direction. More 

explanations can be found in [30]. 

 Settlement. Settlement was used for two situations in earlier studies. One is the sleeper 

displacement in the vertical direction after the tamping process and before train operation, 

and the other is the sleeper displacement in the vertical direction after application to cyclic 

loadings (real or simulated train operation). Both can reflect the compaction of the ballast 

under the sleeper. 

 Coordinate number. The coordinate number describes the contact number of each ballast 

particle. A higher coordinate number means a good compaction of the ballast bed with a 

higher loading capacity, which is due to the good force transmission and energy dissipation. 

This can be easily obtained using DEM (discrete element method) numerical simulations, but 

no methods (related to ballast) were found to obtain this in experimental field tests. 

 Stiffness. Stiffness describes the ballast bed resistance to the sleeper in the vertical direction. 

Proper stiffness and resilience provide long-term stable track performance, reflecting the 

ballast bed compaction condition. It is measured with a plate load test, which obtains the 

applied force to the sleeper and ballast displacement (i.e., plate displacement on the ballast). 

 Ballast degradation. Ballast degradation consists of breakage and abrasion. For the 

experimental or field tests, the breakage is evaluated by the change in the particle size 

distribution. The evaluation methods for abrasion have not been used in any studies. As for 

the numerical simulations (mostly using DEM), the breakage evaluation method has been 

developed, such as in [31]. Abrasion evaluation methods have not been reported in any studies. 

It is difficult to simulate fines with small particles in the DEM models, which requires huge 

computational costs (too many particles). 
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 Particle movement. Particle movement describes the ballast displacements during the 

penetration, squeezing and withdrawal of the tamping process. This reflects the tamping 

quality, which is due to proper particle movements leading to a good homogeneity of the 

ballast bed. For the experimental or field tests, no evaluation methods of particle movement 

have been reported. However, it can be obtained in DEM simulations. 

A short discussion about ballast bed changes due to tamping is given from two aspects: numerical 

simulations and laboratory/field tests. 

For the numerical simulations: 

 DEM models are the most commonly applied simulation methods for tamping. The model size 

remains the largest issue due to the enormous computation cost. In reality, the volume of 

ballast particles that tamping tines disturb is larger than the ballast bed size of the DEM model. 

 Ballast bed changes were not very accurately simulated. Penetration and withdrawal of 

tamping tines are two very fast movements that have not been realistically simulated. Ballast 

breakage occurs frequently during tamping tine penetrating. Particle breakage helps dissipate 

the energy of the tamping tine penetration, which is not properly simulated in almost all DEM 

models. Another main reason is that the model parameters, such as particle damping and 

contact damping, are not properly chosen, which leads to unrealistic particle movements, 

especially during the tamping process and squeezing. During squeezing the tamping tines have 

high-frequency vibration. 

 The main advantage of using DEM models to simulate the tamping process is that some 

phenomena can be reflected on the mesoscopic level, e.g., contact forces of the sleeper-ballast 

and between ballast particles. In addition, trying different tamping parameters (explained in 

Section 3.1) is easy in DEM simulations, which means that the parameters can be simulated in 

wide number ranges. 

For the experimental/field tests: 

 To date only some basic evaluations have been performed to determine changes in the ballast 

beds due to tamping, such as resistance (lateral, longitudinal and vertical) to sleepers and 

ballast degradation. The evaluation methods/tools are still not sufficiently accurate to provide 

the entire change process of ballast beds due to tamping. For example, the degradation was 

assessed by fouling or changes in the particle size distribution, which is an overall evaluation 

for the ballast bed change, not an evaluation from the perspective of every individual ballast 

particle. 

 All the changes in the ballast bed can be obtained through DEM simulations; however, limited 

changes can be obtained from the experimental/field tests to validate the changes. 
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Table 1 Ballast bed changes due to tamping 

References 
Bulk 
density 

Lateral 
resistance 

Longitudinal 
resistance 

Settlement 
Coordinate 
number 

Stiffness 
Ballast 
degradation 

Particle 
movement 

Others 

Tutumluer et al., 2006 [32]  √        

Sysyn et al., 2020; Sysyn et al., 
2019 [33, 34] 

√         

Sol-Sánchez et al., 2016 [35]    √  √ √  
Energy dissipation and pressure under 
ballast 

Paderno, 2011 [36]      √    

Offenbacher et al., 2021 [37]         
Squeezing energy; loading stiffness; 
unloading stiffness 

Zhou et al., 2013 [38]    √    √  

Perales et al., 2011 [39] √   √    √ Total overlap volume between particles 

Shi et al., 2021 [31]       √ √  

Martey and Attoh-Okine, 2018 
[16] 

        
Surface (longitudinal level), alignment, cross 
level, gage, and twist 

Liu et al., 2020 [2] √ √ √      Sleeper acceleration 

Saussine et al., 2009 [40] √         

Descantes et al., 2011 [41]       √  Particle size distribution 

Saussine et al., 2008 [42] √    √    Ballast particle contacts to sleeper 

Zhou et al., 2012 [43]    √      

Aursudkij, 2007 [20]    √   √   

Barbir [44]         
Displacement and force-controlled motion 
of the tamping tine 

Zhou et al., 2013 [45] √        
Water-filling method; particle quantity 
under sleeper 

Zhi-ping et al. [46]  √ √       

Barbir et al., 2018 [47]         Ballast stiffness during compaction 

Douglas, 2013 [48]       √  
Ballast material and size effects on tamping 
degradation 

Kumara and Hayano, 2013 [49]    √     Sand-fouled ballast bed tamping 
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2.2. Tamping machine and operation 

2.2.1. Tamping machine 
With the development of the economy and technology, railway lines have been constructed at full 

speed, which provides the opportunity for the rapid development of tamping. Three main core 

technologies have their own features. 

Among all the features, the main technology difference is how to drive the tamping unit to achieve the 

following: 

 High-alignment. A high-alignment means that the ballast track geometry has a flat surface. 

 High-homogeneity. A high-homogeneity means that the ballast bed is homogeneous. 

 High-uniformity. A high-uniformity means that all the tamped ballast beds have almost the 

same conditions (e.g., porosity and stiffness). 

The tamping unit is the core component of the tamping machine. It can be simplified into a tamping 

tine, center of rotation, friction element, squeezing cylinder and excenter, as shown in Figure 2. This 

figure shows an example of a tamping unit equipped on a tamping machine, specifically the Dynamic 

Tamping Express 09-4X E³. 

Studies on driving tamping units have become a new and prominent research area in recent years 

because they determine the development of tamping machines towards automatic and smart tamping 

[50-55]. Additionally, they determine the tamping efficiency and effectiveness for railway line 

maintenance. 

 

Figure 2 Simplified model of the tamping unit (figure reproduced from [44]) 

The tamping unit is shown in Figure 3, which is driven by 35 Hz frequency linear movement created by 

the eccentric shaft in the vertical plane [56]. The hydraulic nonsynchronous tamping principle means 

 the tamping tines squeeze the ballast at the same pressure, 

 the tamping tines perform directional and linear vibration, 

 and the tamping tines move at different paths. 

Finally, a uniformly compacted ballast bed is produced. 
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Figure 3 Tamping unit produced by Plasser & Theurer (reproduced from [54]) 

Figure 4 shows the tamping unit produced by the Matisa company, which is driven by 42 Hz frequency 

elliptical movement created by the eccentric shaft in the vertical plane. The nonsynchronous tamping 

principle is applied for the tamping tine with the path of elliptical movement. The elliptical movement 

vibrates the ballast particles to move in both the horizontal and vertical directions, which 

 fills in the gaps between the ballast bed and sleepers and 

 compacts the ballast particles by shaking them down. 

 

Figure 4 Tamping unit produced by Matisa (reproduced from [54]) 

Figure 5 shows the tamping unit produced by the Harsco company, which is driven by 53 Hz frequency 

torsional movement in the horizontal plane. The synchronous tamping principle is applied for tamping 

tine movements. The advantages of the tamping unit are 

 two eccentric shafts drive two tamping arms, 

 the ballast bed forces acting on the tamping unit are balanced, 

 and tamping unit movements are driven by mechanical components, guaranteeing precise 

tamping tine displacements. 
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Figure 5 Tamping unit produced by Harsco (reproduced from [54]) 

The main differences between these three tamping units are the movements and vibration frequency 

of the tamping tines, as compared in Table 2. 

Table 2 Comparison of the tamping units 

Tamping unit 
Tamping tine 
movements 

Vibration frequency Advantage Disadvantage 

Plasser & Theurer Squeezing movement 35 Hz 

Good treatment to a 
hanging sleeper 
(good compaction); 
Low energy 
consumption; low 
noises 

High ballast 
degradation; high 
cost (tamping tine) 

Matisa Elliptical movement 42 Hz 
Good nestling and 
homogeneous 
compaction 

Slow tamping speed 

Harsco Torsional movement 53 Hz 
High tamping quality 
and accuracy; long 
tine service 

Slow tamping speed 

 

2.2.2. Tamping operation 
The tamping operation is performed when one of two cases occur: 

 Irregular track geometry appears at some spot (e.g., isolated joint, turnouts); 

 The overall standard deviation of the 200 m track section exceeds the limitations. 

Note that tamping is performed differently in different countries. The above two tamping cases are 

just examples, which are normally the general procedure in most countries. However, the final tamping 

cases are dependent on the maintenance policy implemented by the infrastructure manager. 

The overall standard deviation of track sections is usually chosen as the longitudinal level, as shown in 

Figure 6. 



12 
 

 

Figure 6 Standard deviation of the longitudinal level before and after tamping (reproduced from [57]) 

Worldwide, tamping operations are usually performed every 2-6 years and are dependent on many 

factors, such as structure, traffic volume, geographic position (desert, mountainous) and type of 

transportation (freight, passenger or mixed traffic) [11]. 

In most standards, two types of tamping operations are performed: preventive tamping and reactive 

tamping. The two tamping operations are distinguished as follows: 

 Preventive tamping is performed when building a new railway line or correcting track 

geometry irregularities (after several years of service) in a long section. It helps to maintain 

the ballast track within an approximate situation (longitudinal, vertical, and lateral directions) 

to avoid sudden changes in the railway lines. 

 Reactive tamping is performed for single track defects (usually within 10 m) instead of a long 

section. A single defect of the track geometry occurs suddenly in most cases and has very rapid 

further degradation, which requires instant tamping to repair. 

The intervention level (ILE) is a parameter of tamping planning; if exceeded, a tamping operation 

should be performed. To a large extent this influences the tamping interval (the period between two 

tamping operations) and the ballast bed lifespan. However, the methods for the ILE calculation are 

very simple in most standards. The ILE influence on the next tamping operation is not related, only 

using a constant ILE value. 

With the development of maintenance experiences and field monitoring technology, more theoretical 

studies have been performed on tamping operations, especially for track quality prediction and 

tamping effectiveness evaluation. Based on these results, a reasonable tamping operation cycle can 

be decided [12, 16, 58-60]. 

3. Challenges 

3.1. Determination of the tamping parameters 
The tamping parameters are mostly inherent. The parameters have been less studied or used 

differently over the past 70 years. Even though the same parameters are widely used throughout the 

world, they are not scientific according to the ballast material in nature, as well as the enormous 

differences in ballasted tracks, such as newly built and broadly graded tracks. 
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The tamping parameters are the factors influencing the tamping process; in other words, the 

parameters are the sets of the tamping unit or how the tamping unit is driven. To be more specific, the 

tamping factors include: 

 The vibration frequency of the tamping tine is the oscillating frequency when closing the 

tamping tines, which is used to compact the ballast bed. 

 The vibration amplitude of the tamping tine is the amplitude when closing the tamping tines, 

which is used to compact the ballast bed. Note that some studies describe the amplitude using 

the tamping tine vibration displacement, while some use the vibration angle. 

 The squeezing force is the maximum lateral force (in the horizontal direction) applied to ballast 

particles during squeezing. 

 The squeezing angle is the rotation angle of the tamping tine during squeezing. 

 Tamping tine motion is the overall motion of the tamping tine, which can be found in Section 

2.2.1. 

 Squeezing duration is the overall time of squeezing. 

 The lifting height is the track-lifted height before penetrating the tamping tine. 

 Penetration depth is the tamping tine depth when penetrating into the ballast bed. 

 The penetration speed is the speed of the tamping tine penetration into the ballast bed. 

 The tamping tine lifting speed is the speed of pulling out the tamping tines. 

 Squeeze times are the times of squeezing the ballast particles by tamping tines. 

In Table 3 the applied tamping factors in earlier studies are summarized. Additionally, the applied 

method is given, i.e., experimental tests, field measurements, numerical simulations or method 

combinations. DEM is short for the discrete element method, which means that the study applied DEM 

simulations to study tamping. 

By comparing the studies in Table 3, it can be seen that vibration frequency is a parameter that has 

drawn the most focus. In addition, many parameters have not been studied in field/laboratory tests, 

such as the vibration amplitude, squeezing angle, squeezing force, and tamping tine motion. 

In addition, the tamping parameters for tamping units that squeeze are mostly studied in current 

references, which means not enough studies have been performed for the parameters of other 

tamping units (without squeeze). 

Some specific discussions after comparing the parameters in Table 3 are given as follows. 

 The tamping frequency is the most frequently studied parameter with DEM simulations. 

However, the optimal frequency is not confirmed because it is very difficult to consider all the 

factors influencing the tamping results, such as the ballast materials and the hardening of the 

ballast bed (due to fouling). The tamping frequency has been decided by the producers of the 

tamping machine, which means that in laboratory/field tests, the tamping frequency is rarely 

studied. There is still a very interesting research gap; for example, DEM simulations can be 

used to study the optimal frequencies of different tamping units with different tamping tine 

motion paths (squeezing, elliptical and torsional movements). 

 The vibration amplitudes were only studied by DEM simulations in earlier studies. The applied 

amplitudes of the tamping tines are presented in degrees or millimeters. Most DEM studies 

confirming the optimal amplitude have not been verified. Confirming the optimal amplitude 

also makes it difficult to involve all the necessary factors. Additionally, in reality it is not easy 

to apply the designated amplitudes. 

 The squeezing duration is an important parameter for compacting ballast particles under 

sleepers. While a longer squeezing duration causes greater ballast degradation, a shorter 
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duration cannot compact the ballast particles. Limited studies have been performed to confirm 

the optimal squeezing duration. In addition, for the other tamping units (elliptical and torsional 

movements), the duration is also an unsolved question. 

 The lifting height, penetration depth and squeeze times are usually combined in DEM 

simulations because they are closely related to one another; furthermore, they determine the 

final track geometry after tamping. The lifting height and penetration depth were studied using 

DEM simulations or laboratory tests because they are easy to control in reality. However, most 

of the field/laboratory tests did not consider the squeeze times (which are not mentioned in 

these studies), which is a research gap. 

 The penetration speed influences the ballast degradation of the penetration process, the 

compaction/homogeneousness of the ballast bed, and the tamping efficiency. Until now, the 

penetration speeds from the literature have been 0.5, 1.0, 1.5 and 2.0 m/s (DEM simulations). 

Only one study [41] reported three penetration speeds (slow, normal and fast) without stating 

the values. It seems that studies on penetration speeds are limited, which means they are, to 

the best of our knowledge, only decided by experience (without enough theoretical support). 
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Table 3 Tamping parameters in earlier studies using DEM 

References 
Vibration frequency 
(Hz) 

Vibration amplitude 
Squeezing duration 
(s) 

Lifting height 
(mm) 

Penetration depth 
(mm) 

Penetration speed 
(m/s) 

Squeeze 
times 

Method Highlight 

Tutumluer et al., 2006 
[32] 

35       DEM 
Particle shape 
effects 

Zhou et al. [38, 43, 61-
64] 

15, 25, 35, 45, 55 
0.15, 0.35, 0.55, 0.75, 
0.95 

       

Saussine et al [39, 42, 
65] 

5, 10, 20, 30, 40, 50  0-1.6  10-20 1.0, 1.5, 2.0  DEM  

Shi et al., 2020 [66] 30-35 0.5°-3° 1.2 10-40 20-30  2-3 DEM  

Wang et al. [67-69] 25-55 7 mm-9 mm   90-95 0.5 -1.5  DEM  

Zhou et al., 2012 [43]  1.8, 4.2, 6.5, 8.9, 11.3 
mm 

     DEM  

 

References 
Vibration 
frequency (Hz) 

Squeezing 
duration (s) 

Lifting height 
(mm) 

Penetration depth 
(mm) 

Penetration speed 
(m/s) 

Squeeze 
times 

Method Highlight 

Paderno, 2011 [36] 35-45  15, 25 20, 60   Laboratory test Stiff and soft subgrade 

Offenbacher et al., 
2021 [37] 

35     1, 2 Field measurement 
Multiple sensors on the tamping unit; 
sleeper types; squeezing velocity 

Descantes et al., 
2011 [41] 

    Three speeds  Field measurement Tamping times 

Aursudkij, 2007 [20] 35  20 20   Experimental test Full-scale laboratory track model 

Barbir [44]  0.8-1.2     
Numerical simulation 
(MATLAB) 

Fresh and fouling ballast 

Liu et al., 2020 [2]       
FEM, field 
measurement 

Tamping times 
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In most cases, the tamping parameters are chosen according to practice experiences and field 

experiments [2, 41]. In addition, the parameters to choose from are very limited. For example, each study 

(experimental tests) usually uses only one set of parameters or only changes one or two parameters. 

Although numerical simulations have been performed in recent years, the results have not been 

confirmed in practice. 

In real tamping, the different parameters influence the tamping result together. The tamping parameters 

are related to and influence one another. Studies are not sufficient on how the tamping parameters are 

related to the tamping results, such as the ballast bed deformation, ballast breakage, lateral and 

longitudinal resistance, ballast bed porosity and coordination number. 

Another issue is that the initial ballast bed condition and tamping parameters are changed in a high-speed 

railway line compared to a normal railway line. In addition, some existing railway lines are reconstructed 

for higher train speeds. Obtaining the optimal tamping parameters for these conditions is necessary. 

In current DEM simulations of tamping, the following developments for further studies can be found. 

These points are also considered to be research gaps. 

 The ballast bed is the same but with different tamping parameters, and the optimal parameters 

are determined. However, the optimal parameters are only suitable for this ballast bed. 

 DEM tamping models are small models, which means that only part of the track is simulated. For 

example, in [40] a half-sleeper track model was built including sleeper and ballast particles 

without a rail or fasteners. This will cause two aspects of possible errors. One is boundary 

conditions, which means ballast particle motions are not correct. The other is that the system 

behavior cannot be predicted without the influences of the rail and adjacent sleepers. 

 In practice, only irregular tracks or broken tracks need tamping, but all the DEM models of 

tamping are normal track models. For example, no fouled ballasted track models were found in 

earlier studies. 

 Earlier DEM tamping models simulate only one tamping process, which is not sufficient for many 

conditions. For example, it does not consider the ballast bed condition after tamping under train 

cyclic loading to check the real field conditions, such as ballast memory. 

 All the DEM tamping models focused on the particle level, such as particle motions and coordinate 

number, which ignores comparing the mechanical performance (e.g., longitudinal resistance and 

stiffness) with the field or experimental tests. 

3.2. Ballast breakage and abrasion 
Earlier field or experimental studies on tamping found that tamping significantly breaks the ballast 

particles, which occupy 20% of all crushed ballast particles, as shown in Figure 7. In addition, 61% of all 

fines are produced by tamping twice a year [70]. Most importantly, it has been proven that nearly 53% 

ballast fouling is contributed to by tamping [71]. 
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Figure 7 Ballast breakage due to tamping (figure reproduced from [18]) 

The detailed portion of ballast degradation at different particle sizes caused by tamping is different 

according to British railways. For example, the 38-51 mm particles were reduced by 15-45%. In addition, 

13 mm particles increased by 1-5% after 20 penetrations by the tamping tines. Another study proves that 

2-4 kg small particles (under 14 mm) are produced during each tamping. For the ballast material, granite, 

or limestone ballast, 20 tamping times lead to a 6-10% increase in fines. Another study shows that the 

fines (under 14 mm) are 0.05 kg and 0.25 kg for the two types of granites (one tamping process) [20]. 

From the above discussion, it can be seen that tamping is harmful to single ballast particles. Earlier studies 

on tamping effects on the ballast particle breakage also have the following research gaps. 

 Single ballast particle breakage is not presented in earlier experimental or field tests. It was only 

studied in the DEM tamping models, which means that the breakage mechanism during tamping 

has not been validated. More specifically, many studies have used the single particle crush test 

[31, 66] or the Los Angeles abrasion (LAA) test [72, 73]. to present ballast breakage or abrasion 

types in the tamping process, which is not real breakage during tamping. The deformation caused 

by squeezing of the tamping tine was modeled as a triaxial test in [19] to simulate real field 

squeezing conditions. 

 Until now, ballast breakage during tamping has not been clearly quantified by particle size 

distribution changes or the percentage of particles below 14 mm. These two methods can only 

partially show ballast breakage, but presenting the single particle breakage type, mechanism, and 

influence on the ballast bed performance after tamping is not adequate. 

 The ballast properties are tested by LAA tests, impact loading tests, etc. In most cases, the 

resistance of different ballast properties to tamping has still been unknown until now. For 

example, the influence of particle size distribution (PSD), ballast shape and ballast strength on 

ballast breakage during tamping has not been sufficiently studied. The PSD of ballast particles has 

a great influence due to its effects on the bulk density and contacts between the tamping tines 

and ballast particles. 

Some early studies on tamping-induced degradation are summarized below, as shown in Figure 8. 
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a. Laboratory tests of tamping (small ballast box); figure 

reproduced from [48] 

 
b. Field tests of tamping (ballast bag); figure reproduced 

from [41] 

 
c. Laboratory tests of tamping (track model); figure 

reproduced from [20] 

 
d. DEM simulation of tamping (3D single sleeper model); 

figure reproduced from [31] 
Figure 8 Experimental or field studies on tamping-caused degradation 

Figure 8a presents a ballast box with a sleeper under the tamping process. 13 types of ballast materials 

were tested. It was determined that there is no correlation (degradation degree) between the tamping 

and particle shape or LAA test results. This study also stressed that it is very difficult to predict the field 

performance of tamping based on laboratory results because ballast beds in the field are much more 

complex with too many factors [48]. 

Figure 8b shows a field test of the experimental line under the tamping process. The ballast particles were 

placed in a bag, which can confirm the ballast degradation of certain ballast particles. The particle size 

distributions of certain ballast particles (before and after tamping) are compared. This study determined 

that ballast particles of approximately 50 mm are most prone to breakage because they are the skeleton 

of the ballast bed, undergoing and dissipating most of the energy from tamping. The tamping process 

does not wear the ballast particles very much, which means ballast breakage is the main degradation type 

during tamping [41]. 

Figure 8c shows a laboratory test of the full-scale track model (name RTF) for studying the tamping process 

influence on the ballast breakage, settlement and fouling of the ballast bed. Two types of granites and 

one type of limestone were tested. The results show that breakage mostly occurred when penetrating the 

tamping tines instead of the squeezing stage. Tamping accelerates the settlement of the ballast bed, 

rapidly reaching the stable stage of settlement (fully compacted and consolidated). Driving the tamping 
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unit with hydraulic vibration is better than mechanical vibration because the hydraulic vibration amplitude 

decreases during penetration and squeezing, which reduces breakage of the ballast particles [20]. 

Figure 8d presents a DEM model of the tamping process considering different particle size distributions 

and particle shapes. The degradation of ballast particles (caused by tamping) in different areas is 

compared. It is concluded that ballast particles at the crib have the most serious degradation with a 

breakage rate of 1.65%. Elongated and flaky ballast particles are recommended to be lower than 20% due 

to their easy breakage during tamping. Wide particle size distributions (using large particles) have a higher 

degradation resistance than narrow ones [31]. 

3.3. Low efficiency and noise 

3.3.1. Low efficiency 
Tamping is a low-efficiency maintenance solution; for example, 16 tamping tools and a twin roller clamp 

ensure an unequalled compaction quality and an output of approximately 600 meters per hour, 

depending on worksite conditions and machine settings. Even for a MATISA-B-45 D machine equipped 

with a double roller plain line clamp and 32 tamping tools fitted with high-frequency elliptical tamping 

technology, its maximum output is approximately 1,200 meters per hour [74]. 

The maximum tamping speed is currently 2600 m/h, which is the 09-4X tamping machine (four sleepers 

per time) combined with dynamic track stabilization [75]. This is relatively slow and has a low efficiency 

for maintenance in high-speed railways. 

Another reason for the low efficiency is that for some special structures tamping is not performed 

together with normal tamping operations, for example, turnouts and transition zones, as well as the 

tamping operation for some new track elements, for example, ladder sleeper, Neoballast, winged shape 

sleeper, nailed sleeper, steel sleeper and polyurethane [8, 9, 29, 76]. 

The tamping machine for the switch and crossing is normally equipped with 16 tamping tines. Tamping 

for switch and crossing is low efficiency because it only tamps one sleeper every time. The tamping unit 

should move horizontally to cover the ballast bed of the turnouts. The switch and crossing usually require 

tamping several times. 

Another factor influencing the efficiency is the operator (driver) of the tamping machine. An experienced 

operator tamps 1.2-1.5 km/h. In addition, in some special areas (sharp-radius curves), re-tamping is 

normal, which also requires considerable time. 

Studies on driving tamping units have become a new and prominent research are in recent years because 

they determine the tamping efficiency and effectiveness for railway line maintenance [50-55]. 

Additionally, they determine the development of tamping machines towards automatic and smart 

tamping. 

3.3.2. Noise 
The tamping machine applies hydraulic or mechanical vibration to squeeze ballast particles. During 

squeezing and penetrating, the tamping machine is very loud, but does not require a limited noise grade 

in any standards or specifications. However, this needs to be stressed because the tamping operation is 

performed in the open field and usually during the open hours (midnight). Some railway lines are quite 

close to living areas. 
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Current tamping machines have not been equipped with any facilities for reducing tamping noise or 

applying any insulation facilities. This is harmful not only to the people in living areas, but also to the 

person driving the tamping machine. 

3.4. Lateral resistance reduction 
Tamping operations significantly reduce the lateral and longitudinal resistance of ballast beds to sleepers, 

which causes ride safety and comfort issues [2, 32]. This is because the ballast bed becomes loose and 

homogeneous after tamping. In particular, pulling out tamping tines from ballast beds causes holes at the 

crib ballast, which is also a reason for lateral resistance reduction [18]. Tamping delays opening the track, 

which means that after tamping, the track still requires treatment to restore the ballast bed resistances 

(e.g., dynamic track stabilization). 

Moreover, after tamping the running speed for the maintained railway line is restricted for safety 

considerations. The speed restriction rules are dependent on whether the track geometry inspection is 

immediately performed on a Chinese railway after tamping. 

 No inspection. After tamping (2 times) and dynamic stabilization (1 time), the speed restriction of 

the first train is 35 km/h, 45 km/h for the second train and 60 km/h for the third train and trains 

that follow on the same day. On the second day after tamping, the first train speed is no more 

than 60 km/h and 80 km/h for all the remaining trains. On the third day after tamping, the first 

train speed is no more than 80 km/h, and 120 km/h for all the remaining trains. The speed of 

trains can return to normal hereafter on the fourth day [77]. 

 With inspection. If the operation speed is over 120 km/h, the train is restricted to a maximum of 

120 km/h. If the operation speed is lower than 120 km/h, the trains can run as usual. 

In practice, after tamping the ballast bed resistance cannot be fully reflected. In the field the tamping 

effectiveness is evaluated by longitudinal and lateral resistances. However, due to the limitations of test 

requirements, test costs and test technologies, the results are usually insufficient. 

The studies on the resistance of ballast beds to sleepers after tamping are summarized as follows (Figure 

9). 

 
a. Figure reproduced from [2] 
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b. Figure reproduced from [46] 

 

  
 

  
c. Figure reproduced from [32] 

Figure 9 Studies on the resistances of ballast beds after tamping 

Figure 9a shows the study on the longitudinal and lateral resistance of ballast beds under different 

tamping times (1, 2 and 3). The sleeper acceleration and vibration transmission are used for the ballast 

bed compaction evaluation. In addition, an FEM model was built according to the tested railway line 

configurations. The results show that the longitudinal resistance was reduced by 3.01%, 12.84% and 17.39% 

for tamping times of 1, 2 and 3, respectively. The lateral resistance was also reduced by 4.34%, 16.19% 

and 20.34% for tamping times of 1, 2 and 3, respectively. The longitudinal and lateral resistances, damping, 

and stiffness of the ballast bed are related, which means that tamping using ballast bed damping (with 

the impact excitation technique) can predict the longitudinal and lateral resistance of the ballast bed. The 

impact excitation does not disturb the ballast bed, which means there is no need to push the sleeper [2]. 

Figure 9b shows the field measurement of the longitudinal and lateral resistance of the ballast bed after 

different tamping times. The results show that when the tamping times were from 3 to 6, the longitudinal 

and lateral resistance increased with the tamping times. However, after 6 cycles the longitudinal and 

lateral resistance did not increase any more with an increasing tamping time [46]. This suggests that only 

using the lateral resistance can evaluate the tamping effectiveness because the longitudinal resistance 
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has a high linear correlation with the lateral resistance. Note that the total tamping times in this study are 

7 times. Considering that the ballast bed has not been homogeneous when tamped 1 to 2 times, the 

longitudinal and lateral resistances at tamping times from 3 to 7 are used. 

Figure 9c presents the DEM model of a half-sleeper track model under the tamping process. The lateral 

resistance was measured before and after tamping. In the model, the ballast shapes are considered an 

important factor, which is presented by elongated or flaky shapes, surface textures and angularities. The 

results show that without considering the ballast breakage, the elongated and flaky particles have little 

influence on the lateral resistance after tamping. In addition, the lateral resistance was reduced by 40% 

after tamping [32], which is the same value obtained in [78]. 

3.5. Hanging sleeper and pressure distribution (without a ballast addition) 
The hanging sleeper after tamping is due to the crib ballast particles being squeezed to the sleeper bottom. 

Afterwards, no ballast particles fill in the holes caused by pulling out the tamping tines. Then the crib 

ballast particles are reduced and cannot provide sufficient resistance to the sleeper, for which the ballast 

particles under the sleeper are pushed out to the crib again, causing the hanging sleeper. During tamping 

ballast addition was not performed. Adding ballast particles is performed in most cases before or after 

tamping. 

 

Figure 10 Reasons for a hanging sleeper (figure modified after [11]) 

The pressure distribution under the sleeper is not uniform because the tamping tines only squeeze at 

certain locations, not all positions at the crib ballast. This causes the ballast under the sleeper to not 

provide sufficient resistance in the vertical direction (stiffness). In addition, the ballast particles below the 

rail undergo the most intensive loads. 

Other possible reasons for the hanging sleeper and pressure distribution are given as follows. 

Ballast bed hardening. Railway lines at some sections have serious problems of ballast bed hardening due 

to fouling. The tamping tine penetration depth is approximately 15 mm, and the tamping tine height is 70 

mm, which means that ballast particles under 85 mm are not tamped or are influenced very little by 

tamping. In particular, this part under 85 mm is the hardened area. The difference in the tamping 

effectiveness also causes hanging sleepers. 

Subgrade difference. This consisted of two aspects, i.e., soft subgrade and mud pumping. Tamping on the 

soft subgrade or mud-pumping ballast bed cannot restore the ballast track geometry but damages the 

subgrade (especially in rainy weather). This leads to a subgrade low capacity and even failure, which 

causes hanging sleepers. 

Short tamping interval. Tamping machines and other machines for maintenance have become the main 

methods for ballasted track maintenance. However, the tamping machine mechanism is not clear. To 
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remain safe, tamping is performed with a very short interval, and in China new railway lines are tamped 

at least 8 times (even 10 times) before operation. Another example is heavy-haul lines, whose tamping 

intervals are half a year. These actions significantly damage the ballast bed, which leads to the low bearing 

capacity of the ballast bed. The low bearing capacity is inhomogeneous, finally causing hanging sleepers. 

4. Proposed solutions 

4.1. Optimization of tamping parameters 
The proposed solution for optimizing the tamping parameters combines DEM simulation and laboratory 

tests. Note that until now the parameters of the tamping results (squeezing angle, squeezing force, 

tamping tine motion and tamping tine lifting speed) have remained research gaps and require more 

exploration (explained in Section 3.1). 

The optimization of tamping parameters has been performed in many studies. Some of them applied the 

DEM models, as shown in Figure 11, while some of them applied laboratory tests or field tests (Figure 12). 

However, studies using DEMs still require future development towards the direction of more accurate 

models (full-scale three-sleeper track models) and fast computation. 

Specifically, some details are given as follows according to the studies in Figure 11. 

 Models are increasingly precise with increasing detail. As shown in Figure 11c, a model of four 

sleepers with 24 tamping tines was built, which can consider more parameters during the tamping 

process, such as the boundary condition. 

 DEM models that contribute to parameter optimization have the advantage of a lower cost and 

condition control. Condition control means that the ballast layer condition (e.g., porosity, particle 

size distribution and particle shapes) can be kept the same in every simulation, for which using 

the DEM can precisely study how one parameter influences the tamping results. 

 Another example is the study using DEM in [31], which used crushable ballast particles. Using 

crushable ballast particles can determine how tamping influences ballast bed degradation. 

 In DEM models, the parameters (e.g., vibration frequency of the tamping tine) can be set to any 

value; see [39]. The values of the parameters, for example, squeeze times, penetration depth and 

tamping tine lifting sleeper, can be chosen to check the effects of any certain parameter 

combinations. 

 
a. Three 1/3 sleepers with 2 tamping tines (figure 

reproduced from [61]) 

 
b. One 1/2 sleeper with 8 tamping tines (figure reproduced 

from [65]) 
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c. Four sleepers with 24 tines (figure reproduced from 

[66]) 

 
d. Two 1/2 sleepers with 4 tamping tines (figure 

reproduced from [68]) 
Figure 11 Examples of discrete element method (DEM) models for tamping 

Parameter studies with DEM models require field/laboratory tests for validation. However, reported 

studies with these tests have some limitations. 

 For the tests, more detailed and accurate evaluation methods for ballast degradation should be 

developed, such as using ground penetration radar (GPR) during the tamping process. GPR is a 

technique used to process signals, based on which the ballast layer condition can be assessed, 

such as the ballast fouling and water content [79]. Using GPR can also assess the compaction of 

the ballast bed, which is very helpful for the tamping result evaluation (accurate and immediate 

feedback). 

 In addition, more sensors can be installed for both the tamping unit (tamping parameters) and 

the ballast bed (tamping result evaluation). The sensors for ballast beds can be pressure sensors, 

displacement sensors and accelerometers. The pressure sensor can be used to measure the 

support from the ballast to the sleeper. The displacement sensor can measure the sleeper 

settlement after train cyclic loadings (after tamping), and the accelerometer can measure the 

ballast layer acceleration during tamping. These measured values can be used to assess the 

tamping results, which are necessary to correlate with the tamping parameters. 

 In [34], a method for ballast bed compaction measurement was proposed using the wave 

transmission speed in the ballast layer. A higher speed means a better ballast bed compaction, 

which can be used in the tamping result evaluation. 

 As shown in Figure 12a, this study aims to use sensors (equipped on a tamping unit) to predict 

ballast bed stiffness after tamping by the input energy. A similar study was performed in [37], 

which analyzed a set of recorded data (penetration and squeezing force, oscillation amplitude and 

squeezing displacement) to monitor ballast conditions, including ballast fouling, ballast humidity, 

interlayer humidity and clay fouling (from GPR data), as well as short-waved, mid-waved, and 

long-waved track irregularities (from fractal analyses). 

 As shown in Figure 12b, a laboratory test that simulated a full-scale track under real tamping and 

cyclic loading conditions was performed. The tamping results of different conditions (frequencies, 

depth, and track lifting) were assessed by measuring and comparing the ballast bed stiffness of 

the positions under the tamped sleepers. The advantages are 1) the simulated full-scale track, 

tamping unit and cyclic loading are as close as possible to the field conditions and 2) the ballast 

bed conditions are easier to control. For laboratory studies, some improvements can be made to 
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better study the tamping parameters. First, the assessment of the tamping results can include 

more indicators, e.g., compaction (from GPR) and ballast degradation from the image analysis. 

Second, the assessment of the tamping results can use some mesoscopic characteristics of the 

ballast particles, such as ballast displacement and ballast acceleration. Finally, the interaction 

between the tamping unit and the ballast bed should be considered when studying tamping 

parameter optimization. 

 
a. Multi-sensor equipped on a tamping unit in a field test 

(reproduced from [47]) 
 

b. Laboratory test (reproduced from [36]) 
Figure 12 Examples of other research methods for tamping 

4.2. Condition-based and predictive tamping 
Because tamping breaks ballast particles, condition-based and predictive tamping are needed to reduce 

unnecessary tamping. Note that at the beginning of using a tamping machine, tamping sometimes causes 

sleeper breakage and fastener breakage, which is due to the tamping tines going down at the wrong 

position. This rarely happens because the detection and distance-measuring systems have improved, and 

the operators (drivers) of the tamping machine have obtained sufficient experience. 

Condition-based and predictive tamping are the development trend towards achieving smart 

maintenance. Currently, many early-stage studies have been performed on smart monitoring, such as 

structure health monitoring, smart sleepers and smart rock [13, 14]. Increasing numbers of inspection 

methods have also been developed, such as drones, inspection trains and satellites [80], as shown in 

Figure 13. 

Figure 13a presents the SmartRock, which is made of a 3D printed plastic cover (ballast particle shape) 

and an accelerometer. The plastic cover has similar rock characteristics, such as density and surface 

roughness. The accelerometer can also measure the angular acceleration and axial acceleration (three 

orthogonal directions). This can be used during tamping to show the ballast accelerations and compare 

the acceleration of the SmartRock with that of ballast particles in the DEM models. In addition, the 

acceleration of ballast particles can also show ballast bed conditions, such as fouling and stiffness, which 

can be used as indicators of tamping. This is possible when the acceleration data are well correlated with 

the ballast bed conditions. 



26 
 

 
a. SmartRock (reproduced from [14]) 

  
b. Drones (reroduced from [81]) 

  

  
c. Satellite (reproduced from [82]) 

 

  
d. Inspection train with a laser scanner (reproduced from [83]) 

Figure 13 Cutting-edge technique for smart monitoring 

Figure 13b shows the drones with a camera to video the track. The track images are analyzed to assess 

the ballast bed condition and the track geometry. This method has the advantage of fewer interruptions 

to the train operation and better safety for railway staff. Because inspection trains should be scheduled 

during the maintenance period (usually early in the morning), drones can operate and take videos at any 

time. In addition, some measurement of the track geometry is operated by railway workers, which is heavy 

work and dangerous when trains are passing. Using high-quality (resolution) images can analyze not only 

the track geometry but also the rail, fastener and, in particular, the ballast particles (particle size 

distribution, particle roughness, etc.). 

Figure 13c shows that using satellite analyses of track geometry, settlement is the main focus. Using 

satellites can involve many factors that are very important to tamping, such as geology (water, desert, 

and mountain) and weather (snow, rain). In addition, it can record the track geometry change (revolution) 

of the entire railway line, which is very helpful to make the tamping plans. 
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Figure 13d is the inspection train with a camera to video track geometry. It is similar to using the drones. 

The advantage is that it can measure the track geometry when the track is loaded by the inspection train. 

A promising idea is to combine the dynamic responses (of the train track) with the rail, sleeper and ballast 

performances. For example, the ballast bed profile has some defects (e.g., hanging sleeper), which 

possibly cause some abrupt acceleration change. This defect can also be reflected by the large 

displacements of the ballast particles (seen through the video). The abrupt change means that this part 

requires tamping to repair the ballast bed profile (correcting the geometry). 

The inspection data of the track have been collected for over one hundred years. Using deep learning and 

machine learning to analyze the data are still in the early stage and can be developed further for condition-

based and predictive tamping. In addition, this method can also be used for track quality prediction. 

Some other specific comments are as follows: 

 The ground penetration radar is used to accurately obtain the ballast bed conditions, based on 

which tamping is performed. 

 Tamping parameters can change according to the ballast bed conditions. The parameters can also 

change during the tamping process based on real-time ballast bed conditions, which means that 

during one squeezing, several vibration frequencies can be used. 

4.3. Tamping efficiency improvement and noise control 

4.3.1. Tamping efficiency 
For the low efficiency of tamping, several methods are determined as follows. 

New tamping machine types are proposed. The parameters of the three types of maintenance machines 

are given in Table 4. The side tamping machine can be seen in [84] (more explanation in Section 4.5). From 

the table, it can be seen that the side tamping machine is of a slightly higher efficiency than the other two. 

Table 4 Tamping machine parameters (reproduced from [84]) 

Tamping machine Tine tamping Stone blowing Side tamping 

Vertical geometry precision (mm) ±1 ±3 ±2 

Maximal operation speed (km/h) 2.0 - 2.4 0.35 3.0 

Maximal lifting for one tamping (cm) 5 5 10 

Turnouts Yes No No 

Fine particles <25 mm (kg/sleeper) 1.6-3.9 >5 0.6 

Contact area of tamping unit (m2) 0.01 - 0.35 

Tamping pressure (MPa) 11.5 – 12.5 - 0.135 

 

The current tamping machine is improved for a higher efficiency. The tamping machine has developed in 

several aspects, for example, from standstill tamping to tamping while moving; from single-sleeper 

tamping to multi-sleeper tamping; from single-process tamping to multi-process combination (e.g., 

tamping & stabilizing); and from basic measurement (rail gauge) to optical measurement. 

Several sleepers are simultaneously tamped to increase the tamping efficiency. The current highest 

tamping speed is 2000 m/h. Using the improved tamping machine (four-sleeper time), approximately 

2,600 m of track can be tamped per hour [11]. 
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Other maintenance is combined with tamping. Tamping machines in most cases have track-lifting 

machines, track-lining machines and ballast shoulder compactors, which means multiple maintenance 

tasks are simultaneously performed. 

4.3.2. Automatic and high-accuracy tamping. 
The current tamping procedure requires manual operation on the tamping machine. The track quality 

after tamping significantly relies on the driver’s experiences. The heights of track lifting and track lining 

are controlled by the computer based on the measurement of the distances by optics (e.g., laser).  

As shown in Figure 14, an idea of isolating noises produced during the taming process was proposed. In 

the figure, 1 presents double glazing, which has a better isolation of noise, and 3 is a brush, which does 

not damage the fastener and can weep out ballast particles on the sleeper when the tamping machine is 

moving. Note that weeping out ballast particles on sleepers can significantly reduce the ballast flight 

possibilities, which is a promising application for high-speed railway ballasted tracks. 

  
Figure 14 New tamping noise isolation idea 

4.4. Tamping with a compactor for lateral resistance improvement 
For lateral resistance improvement two methods can be used. One is combining dynamic track 

stabilization after tamping. Currently many tamping machines integrate dynamic track stabilization 

machines. The other uses the compactor machine, as shown in Figure 15. 

According to the report [78], compacting ballast particles at sleeper cribs raises the resistance to lateral 

displacement by approximately 7%. Compacting the shoulder ballast particles raises the lateral resistance 

by 4%. The dynamic track stabilization machine is the most effective method for improving the lateral 

resistance, improving it by 30-40%. 

In China, current tamping means use a tamping machine combined with a dynamic track stabilizer for 

normal maintenance. However, in regard to major maintenance (e.g., ballast bed renewal), the tamping 

and stabilization times are dependent on the track condition. Even though tamping breaks the ballast 

particles and stabilization compacts the ballast bed, it is not recommended to only use a dynamic track 

stabilizer for maintenance. Tamping is used to correct the track geometry irregularity, while the track 
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stabilizer is used to compact the ballast bed. If the ballast bed is not tamped into a uniform condition, 

stabilizing makes the ballast bed have a larger geometric irregularity. In addition, when the track-lifting 

height is larger than normal, the tamping times are set to 2-3 times, which frequently occurs in some 

special areas (soft/bad subgrade, turnouts). 

 

Figure 15 Crib and shoulder ballast compacter (reproduced from [74, 85]) 

The compacter is used to compact the crib and shoulder ballast, applying vertical vibration to the ballast 

layer [85]. It was reported that 2-4 seconds of compacter operation can lead to a sufficient ballast layer 

performance. Moreover, the compacter increases the lateral resistance and helps keep the tamped track 

geometry for a longer time than the track without using a compacter [71]. 

4.5. Application of proper maintenance methods 
The hanging sleeper and sleeper force distribution can be solved by applying proper maintenance 

methods. As shown in Figure 16, several maintenance methods other than tamping are given, including 

stone blowing, adjustable fasteners, self-correcting sleepers, side tamping and ballast cleaning. 

Figure 16a shows the stone blowing machine [71, 86, 87], which applies air to blow small particles 

(approximately 20 mm) into the voids between the sleeper and ballast bed. It has the advantage of 

keeping the former ballast compaction underneath the gap (between the sleeper and ballast layer); in 

other words, it does not disturb the former ballast bed. For this, dynamic track stabilization is not 

necessary after stone blowing. Additionally, the settlement after stone blowing is not as high as that after 

tamping. It can be used for ballast beds with heavy fouling to avoid the line delay and ballast cleaning. 

The disadvantages of stone blowing have four aspects, as follows. 
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 Low productivity. As shown in Table 4, the productivity is 350 m/h, which is much lower than 

tamping. It cannot be used for turnouts. 

 Low track geometry correction. It cannot correct the track irregularity because the ballast bed is 

not loosened. 

 Uncertain lateral resistance. Adding small particles can reduce the lateral resistance, while the 

undisturbed ballast bed retains a higher lateral resistance. The final lateral resistance is uncertain. 

Stone blowing reduces the lateral resistance by 50-65%, according to a previous report [78]. 

 The vertical stiffness can only correct small longitudinal differences. 

Figure 16b shows the adjustable fastener, which is used for lifting up the rail for an even longitudinal track 

height. In [88], a finite element method model of the transition zone was built with the application of an 

adjustable fastener, together with experimental tests (unconfined pressure test), which proves that 

adjustable fasteners can reduce track degradation at the transition zones. The disadvantage of the 

adjustable fastener is that it loses its ability when the settlement is too large. In other words, the shims 

are not thick enough to provide larger lifts for the rail. 

Figure 16c shows the self-correcting sleeper, which is used for lifting up the sleeper when differential 

settlements occur. It was first proposed in [89] for automatically filling the gaps of a hanging sleeper. The 

track under the cyclic loading test demonstrates that no hanging sleepers were found using the self-

correcting sleeper. The disadvantage of this method is that when the settlement is too large the self-

correcting sleeper cannot provide enough support to the rail. The principle of the self-correcting sleeper 

is similar to stone blowing. Therefore, the advantages and disadvantages are similar to stone blowing. 

 

  
a. Stone blowing (reproduced from [71]) 

 
b. Adjustable fastener (reproduced from [88]) 
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c. Self-correcting sleeper (reproduced from [88]) 

 
d. Side tamping (reproduced from [84]) 

 
e. Ballast cleaning (figure reproduced from [11]) 

Figure 16 Examples of other maintenance methods 

Figure 16d shows the side tamping, which applies another maintenance machine (side tamping machine) 

[84]. This was used in the former former Soviet Union. Ballast particles are moved to the bottom of the 

lifted sleepers by a wedge-shaped plate (with vibration), and the machine continuously moves along the 

track without stopping. The ballast particles that are moved to the sleeper bottom are uniform and 

compacted due to the horizontal vibration and complex shape of the wedges. This tamping method has 

the following advantages. 

 High productivity. The maximum productivity is 3000 m/h, as shown in Table 4, which is higher 

than maintenance using tamping tines. 

 Low ballast degradation. It does not penetrate the ballast bed, which leads to a lower ballast 

degradation. 

 High track lifting. The track can be lifted up by 10 cm, which is helpful for tamping different layers. 

The tamping tine is short, and can only reach 10 cm under the sleeper. 

 Suitable for many types of sleepers. This method may be used for many new sleepers, such as 

nailed sleepers, wing-shaped sleepers and ladder sleepers. 

The disadvantages are as follows. 

 This method is not suitable for tamping turnouts. 

 Dynamic track stabilization is necessary after using side tamping. 

 This method is not suitable to correct the track geometry. 

Figure 16e shows the ballast cleaning machine, which is used to sieve out ballast fouling and fill in new 

ballast particles. It is applied when tamping has no effects or there is a too rapid ballast bed degradation 

after tamping. Ballast bed cleaning reduces the lateral resistance by approximately 50% [78]. For ballast 

bed cleaning on a large scale (long track distances), in China it is usually performed approximately every 

10 years to replace all ballast particles. For small-scale ballast bed cleaning, ballast bed cleaning is 

manually performed. Fresh ballast particles are periodically added to the ballast bed; in particular, some 
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parts (frequent maintenance areas) need to add more ballast particles every year. In the past, ballast bed 

cleaning replaced all ballast particles with fresh ballast particles, while new ballast particles are currently 

added first, and then the fouling is sieved out. After ballast bed cleaning, tamping is performed 

immediately. However, stabilization is not necessary, because after ballast bed cleaning it is mandatory 

to restrict the train speed. Ballast cleaning belongs to major maintenance, which requires all departments 

(e.g., power supply) to cooperate together. The ballast bed position is changed to a large extent, which 

mainly influences the catenary, tunnel, and curve. 

5. Perspectives and future maintenance trend 

5.1. Tamping strategy in China 
In this section some tamping questions in China are given. Based on the questions in China, some less-

concerning but important questions are also discussed, which can be useful for other countries as 

perspectives. 

Tamping cost. In China tamping costs are covered by the government, which means that the calculation 

is not precise. Tamping costs include human costs, machine costs (e.g., tamping tines) and material costs. 

For example, the tamping tine has a short lifespan (3-4 months), which is normally used for tamping 200-

300 km ballast beds. The rough estimated cost is 10,000 RMB (Chinese currency) per kilometer. 

Tamping cycle. In China, railway lines have four levels, which correspond to different tamping cycles, as 

shown in Table 5. 

Table 5 Chinese railway line levels and the corresponding tamping cycles 

Railway line level definition Tamping cycles 

Level 1: Operation speed over 120 km/h; Overall operation weight 
over 500 Mt (passenger dedicated line); Overall operation weight 
over 50 Mt (freight dedicated line). 

1-2 years for the passenger dedicated line; 
1.5-2.5 years for the freight dedicated line 

Level 2: Operation speed 100-120 km/h; Overall operation weight 
over 30 Mt (freight dedicated line). 

1.5-3 years 

Level 3: Operation speed less than 100 km/h; Overall operation 
weight less than 30 Mt (freight dedicated line). 

3-4 years 

Level 4: Non-main line, branch line; arrival-departure track Based on track conditions 

Level 5: All others Based on track conditions 

 

The tamping cycle is decided by the track condition, which is evaluated by measuring the track geometry 

through the track gauge or inspection train. The inspection train confirms that the section requires 

tamping, while the track gauge is used to decide specific locations. 

5.2. Perspectives 
Tamping at special track structures. For the transition zone tamping is not performed. There is a special 

tamping machine for turnouts. For the curve, tamping depends on the radius, where a large radius curve 

is treated as a straight line. For the turnouts, the tamping cycle is the same as the normal line; however, 

it is not continuous because different tamping machines are separately operated. The normal tamping 

machine stops tamping approximately 50 meters before the turnouts. Theoretically, the tamping machine 

for turnouts takes over at 50 meters. However, in practice the accuracy is not high, which means that the 

overlap or gaps in tamping areas may exist. 
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Some special areas have very bad track conditions, which are mostly due to ballast problems. For example, 

the drainage at turnouts is not good, causing different subgrade stiffnesses. The different subgrade 

stiffnesses lead to different supports, which causes track irregularities. This is also a common 

phenomenon in soft subgrade regions; for example, in the Netherlands soft subgrade regions are present 

in large numbers. In other track structures the ballast bed condition is easy to maintain, where only spot 

issues occur. 

For the mud-pumping ballast bed, it is not recommended to tamp frequently, which causes ballast bed 

failure more rapidly. For ballast beds on bridges, few tamping issues were found. The only problem occurs 

on an old kind of guardrail. For the new type of guardrail, it is easy to perform tamping. 

Check after tamping. There are two types of checking after tamping. One is a static check, which uses the 

track gauge immediately after tamping (mandatory), and the other is a dynamic check, which uses the 

inspection train. Note that the inspection train and tamping are two different operation routines, which 

means that the inspection train is not mandatory after tamping. The inspection train is normally 

performed 1 or 1.5 months after tamping, but it is a rough estimated time. Note that the static check is in 

most cases sufficiently for evaluating the tamping effectiveness. In practice, if the track after a static check 

is shown to be sufficient, then the dynamic performance of the ballast track is in most cases sufficient. 

Environmental influence. Temperature is the main concern during tamping since temperature influences 

the rail significantly. Tamping under high-temperature conditions is more prone to cause rail buckling, 

while rail fracture more easily occurs when tamping at low temperatures. Therefore, in China tamping is 

performed in spring (March to June) or autumn (September to November). Another environmental 

influence is the slope gradient. For the tamping machine, the limitation of the slope gradient is 3.3%, 

which means that the tamping machine cannot climb slopes with higher gradients (over 3.3%). Other 

means of tamping are needed, such as manual tamping. 

5.3. Future maintenance trend 
The future maintenance trend is towards the directions of a higher efficiency and accuracy, more 

instruments and automatic processes. 

 Efficiency and accuracy. A higher efficiency means rapid maintenance, and a higher accuracy 

means different tamping processes (e.g., vibration frequency, amplitude, squeezing duration) for 

different ballast beds (e.g., new ballast or existing line renewal). 

o Developing tamping machines (tamping units) into a higher operation with a good 

maintenance quality is the first priority. 

o Even though tamping machine knowledge is controlled, an increasing number of 

technologies from pavement engineering or rock and soil engineering can be used to build 

new tamping machines, e.g., soil compactors [25]. 

o Tamping tine motions (squeezing, elliptical or torsional movements) are limited. More 

movements with complex motions are a development direction. 

o A deeper understanding of the tamping mechanism is very helpful for increasing the 

efficiency and accuracy. 

o Concerning the DEM models, the model size should be larger than earlier models because 

the boundary condition decides the simulation results. In addition, the ballast particles 
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are made as real as possible, such as the particle shape and particle degradation. Most 

importantly, shortening the computation duration still requires more development. 

o The stabilization process is performed immediately after tamping, which costs more time. 

The idea is that using the tamping can directly make the ballast bed restore its initial best 

performance without the stabilization process. 

o If tamping is inevitable, a reasonable tamping cycle estimation should be precisely made 

based on the key factors, such as the transportation type, ballast size and shape, track 

structure, ballast material and weather. 

 More instruments are being developed or more instruments are being used to better study or 

perform tamping. 

o The mechanism of tamping is still not clear, and more instruments are available for 

necessary data measurement (especially forces) in each step of the tamping process. For 

example, how great is the penetration forces of the tamping tine? How great are the 

squeezing forces? How seriously does penetration and squeezing cause ballast 

degradation, and especially ballast breakage? 

o Instruments that can measure the bulk density of ballast beds and ballast bed stability 

(stiffness and lateral and longitudinal resistances to sleepers) are needed for tamping the 

quality evaluation. The idea is that the instruments are equipped on the tamping machine, 

which can evaluate the track quality immediately after tamping. The instruments can be, 

for example, ground penetration radar and hammer test systems. 

o The tamping quality evaluation methods are quite limited and can be developed not only 

from the current most-used track data (track geometry) but also by using more advanced 

instruments to create new indices. Advanced instruments can include laser scanning, 

drones and data from structural health monitoring [90]; for example, an instrument 

(equipped on a tamping machine) can immediately examine the ballast bed dynamic 

performance (under cyclic loading). 

o More instruments can be developed to reduce damage to the ballast particles, for 

example, rubber-covered tamping tines. 

o Another developing trend is to invent a new tamping machine for spot maintenance 

instead of for whole-line maintenance to reduce the maintenance costs. 

o Developing new tamping machines with a lower noise is necessary, such as machines 

similar to stone blowers, which may not use vibration to tamp the ballast beds. Vibration 

not only results in loud noises, but also damages ballast particles. 

o Developing a new tamping machine that can be used for all types of track structures, such 

as ladder sleepers, polyurethane-enforced ballast beds and nailed sleepers is a research 

direction. 

 The automatic process means that tamping is automatically performed and controlled by the 

computer with less man-machine interaction. 

o The automatic process can evaluate ballast particle damage using laser scanning to obtain 

3D ballast bed profiles and 3D ballast particle images, such as the studies in [83, 91]. 

o The automatic process can also automatically adjust the tamping tine vibration frequency, 

amplitude, squeezing duration and times, which are based on the ballast bed properties, 

such as the ballast material, ballast bed profile and new or old ballast. 
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o Automatic processes can also automatically drive the tamping unit, for example, the 

penetration locations of tamping tines with the laser or other optical means for location 

adjustment. 

o The automatic process can also combine the ballast replacement machine, which means 

that the steps are combined, i.e., inspection-ballast replacement-tamping-stabilization. 
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