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ABSTRACT

High speed rail systems are an important transportation system that is desired to be developed 
in almost every country around the world. These systems made train transportation more 
attractive than conventional railways. Train speed is the most effective parameter that differs 
from each other when compared to traditional railways. This difference requires special de-
signs in order to keep the vibration that will occur during movement in high speed systems 
within the limits that will not harm the substrate and the environment. Vibrations caused by 
high train speed are transferred from the rails to the sleeper and to the ballast system through 
the sleeper in common ballast systems, and can cause serious deformations in the rail system 
and the ground. These cases that pose a problematic in high speed rail systems need to be re-
solved. The geodynamics of these systems examine the vibration problems caused by motion 
caused by high-speed trains and the deformations caused by this vibration. It tries to ensure 
the conformity of the rail system to the continuous movement and the safety conditions of the 
system. The design of high-speed rail systems, which have many variables and unknowns com-
pared to traditional railways, is the common work area of ground and railway engineering. In 
this article, the geodynamics of fast transportation systems, the main structures and design of 
these systems, and their operation methods are examined. At the same time, the ballasted and 
non-ballasted conditions of fast transport structures are also discussed in detail.

Cite this article as: Akça S, Altan MF. An investigation of high speed transport systems: De-
sign and geodynamics. J Sustain Const Mater Technol 2021;6:2:81–86.

INTRODUCTION

With the widespread use of high-speed trains and the 
increase in demand, it has been discovered that the vibra-
tions in the railway system and the ground are caused by 

trains. The situation causing the vibration; thought to be 
caused by the contact between the wheels-the rail system at 
high speeds as shown in Figure 1 [1]. For this reason, coun-
tries that want to use high-speed railway transportation in 
recent years have taken steps to build new railway lines in a 
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safe and economical way by removing these vibrations. In 
line with this increasing demand against the transportation 
system, this issue has started to be studied academically in 
order to solve the negativities of the system itself [2, 3].

It has been observed that the vibration caused by the 
movement of the train can damage both the railway de-
sign [4], the ground below and the structures around the 
transportation system. It has been observed that these dy-
namic effects, which are caused by the movement of high-
speed trains transferred by the rail, cause discomfort not 
only to the buildings but also to the people as external 
effects. These disturbances can cause problems with the 
noise that occurs during the train passage or the continu-
ous use of delicate materials in the buildings. All of these 
effects are shown in Figure 2. This damage, which is said 
to occur in the environment, may cause some architec-
tural damage, although not largely structural damage. 
However, this is a sufficient reason to consider the issue 
[3, 5–8]. Speed is not the only parameter of high-speed 
trains, which seems to have some damages if they are not 
specially designed. At the same time, the increase in the 
load of the trains creates a problem in terms of the safety 
of the system, as a heavier load will be transmitted to the 
rails and substrates [7].

The effects of this vibration that develops due to dynam-
ic motion are considered under two different disciplines. 
The effects of vibration in the structures close to the rail-
way system and the negativities caused by the movement 
in the environment concern the employees and the noise 
parameter is generally emphasized. The second issue is to 
examine the deformations and displacements that may oc-
cur in the railway system. An effective dynamic motion can 
cause serious damage to railway components [2]. Increas-
ing needs and demands require faster rail transport. For 
this reason, new railways should be built in this direction, 
and lines designed for conventional railways should be ar-
ranged if they are used for high-speed trains. The vibration 
and dynamic effects that cause these problems should be 
resolved, and their effects on railway components should 
be eliminated. With the repetitive movement of high-speed 
trains, stress-induced deformations will also accumulate 
(Fig. 3) in the ground beneath the railway components, 
which will cause displacements. Another issue that needs to 
be improved is how the ground layer under high speed sys-
tems will be exposed and how it will behave [5, 9]. For this 
reason, determining or predicting these damages before 
the design will make the design more secure. The design 
and construction of rail systems can result in much higher 
than the projected cost from project planning to comple-
tion. This increase is observed especially in high speed rail 
systems. One of the reasons is to try to get away from the vi-
bration effect. It is also important to estimate the vibration 
levels in order to reduce the construction cost [10]. With 
advancing science and technology, new methods are being 
developed to predict vibrations of concern. Studying this 
complex movement in advance for an area to be designed 
increases the safety of the design to be made. In this way, 
it can be ensured that dynamic effects and deformations 
caused by vibration can be kept under control [7].

Train Speed and Rayleigh Speed
The amount of vibration caused by trains in motion; it is 

controlled by the interaction between the speed of the train 
and the ground wave velocity [11]. The vibration problem 
caused by high-speed trains has become a problem to be 
solved with the increase in use of these trains. The solution 
to this problem is to predict the vibration that will occur in 
the design area. The running speed of trains can reach levels 
that exceed the speed of the Rayleigh wave on the ground. 
The solution to this problem is to keep the controllable 
train speed at a certain level [12, 13]. If this control is not 
achieved, it may cause undesirable effects such as road and 
infrastructure damage, passenger discomfort and noise to 
the environment [14]. In Figure 4, the activation of the said 
vibration is realized. 

Figure 1. Transfer of dynamic effect caused by movement 
from wheels to railway system.
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Ballasted - Ballastless Runways and Comparison
In railway systems, the increase in the speeds and the 

loads carried by the trains required all the system compo-
nents carrying these trains to be in the best possible way. 
In general, the arrangement in the railway system is in the 
form of rail-sleeper-ballast. If there is a ballast layer, the 
crushed stones that make up this layer try to absorb the 
vibrations that will occur with the movement of the train. 
The hardness ratio of the ballast controls the amount of 
damping. Although the initial construction cost of the 
ballastless railway is high, it is seen that it is increasingly 
preferred due to the advantages it provides after opera-
tion [14–16]. Especially under the presence of high speed 
trains, there is a lot of maintenance and repair costs in 
traditional ballast systems.

The introduction of trains moving with high operating 
speed offered the ballastless track model as a useful option 
against ballasted systems. In the ongoing ballast systems, the 
ballast structure carries the rail-traverse system that is ex-
posed to the movement of the train. In ballastless systems, re-
inforced concrete plates act as a ballast layer against the static 
and dynamic forces caused by the movement of the train. Bal-
lastless systems are a preferred method, especially in railways 
where high-speed trains will be transported, since they have 
high strength and relatively lower maintenance costs com-
pared to ballast systems. In these systems, the counterpart 
of the ballast layer is concrete slabs [17, 18]. A ballast-free 
high-speed rail structure usually consists of the rail system 
and the underlying ground substrate. When compared to bal-
lasted layers and ballastless plates, although systems without 

Figure 2. Effects of vibration during train passage.

Figure 3. Speed and load transferred from train to railway system.
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ballasts are more costly during construction, they become a 
highly preferable application due to their lower cost in terms 
of use and the services to be applied afterwards [18].

In case of transition between two systems on the same 
line, care should be taken that there is no noticeable dif-
ference in comfort between systems without ballast and 
systems with ballast [16, 19]. Although a large number of 
valid studies have been done in ballast systems, which is a 
traditional method, there are few studies on the presence 
and performance of ballastless structures, especially in high 
speed systems. Detailed studies are needed to reveal clear 
information about the performance, durability and long-
term performance of ballast-free systems under repeated 
loads [18]. In Figure 2, a traditional ballast railway struc-
ture is given with a model.

Ballasted flooring shown in Figure 5 has been used 
around the world for a long time due to its low cost and easy 
maintenance. Compared to the ballasted system, in ballas-
tless flooring, the rails are fixed on the concrete slab with 
the support of a fixing system and concrete is poured into 
the floor to support the concrete slab. In this way, the load 
acting on the track through the train is evenly distributed 
with the concrete slab and the concrete base. Compared 
to ballasted floors, it can be thought that the concrete slab 
here serves as a ballast layer. In addition, the contact stress 
caused by the train load on the subfloor is well dispersed 
over the concrete base, thus ensuring the protection of the 
substrate and prolonging its efficient service life [9]. For 
systems with and without ballast, the ground stresses will 
not decrease at the same rate as the depth increases. Even 
for the same track type, there are many factors that change 
the coefficient of reduction, such as the characteristics of 
the ground beneath the track system, the train operating 
speed and the track system components. Ballast grains in 
a ballasted railway line can be damaged and deformed due 
to the effects of load and speed during the movement of 
the train. Such a movement may cause permanent damage 
to the rail system and the ground, especially if it is repeat-
ed cyclically. This is not the case for ballastless systems, but 
these points should be taken into consideration, since the 
stresses may increase especially at the edges and corners of 
concrete structures replacing plate-shaped ballasts [18].

Mach Effect
During the movement of high-speed trains over soft 

ground, their speed can reach a critical speed. This causes 
the line structure to resonate with the ground. This event, 

Figure 4. Train-rail, railway-ground interactions.

Figure 5. Ballastless and Ballasted High Speed Railway Line.
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which causes the vibration of the substrate, is defined as the 
mach effect. In the studies carried out, it has been observed 
that mach effect occurs in systems where high speed trains 
operate on soft ground. It has been observed that the dy-
namic load imposed on the system and ground by high-
speed trains is almost several times greater than the effects 
caused by low speed [9].

Modelling 
High-speed railway systems have sharp limits on their 

design and more qualified modeling is required due to vi-
bration caused by motion. Experimental modeling of ongo-
ing railway systems is not sufficient for high speed rail [9]. 
Results obtained from the studies conducted; The two-di-
mensional designs give information about the effects of the 
vibration caused by the movement of the train on the struc-
ture of the railway and the ground, but three-dimensional 
modeling is needed to express the problem more clearly 
and to present the effective solution [7]. It is unfortunately 
difficult to determine every parameter clearly and accurate-
ly during modeling. It is difficult to characterize especially 
the ballast structure of the railway elements [3]. In case the 
train operating speed exceeds the Rayleigh wave speed of 
the ground, the critical speed obtained by simple calcula-
tions used for robust ballast structures against vibrations 
is accepted. Because the hardness of ballast and ground 
structures will be less compared to the rail system. How-
ever, there are questions regarding the use of similar crit-
ical speed calculations for systems without ballasts. In this 
system, concrete slabs replacing the ballast layer are more 
rigid than the floor layer [17]. The accuracy of the models 
and calculations created is generally limited by the complex 
properties of the soil materials. Investigating the geody-
namics of high speed rail systems also reveals the charac-
teristics of the dynamic responses of the substrate [9].

In 2,5 area solutions, it is advantageous for modeling 
systems without ballasts as the geometry does not change 
much in the direction of train movement. The assumptions 
accepted by the method allow the problem to be studied 
in 2 dimensions. This is useful because it is completed in a 
shorter time than a 3D model analysis [20]. When three-di-
mensional analyzes are compared with 2,5-area solutions, 
the equations used can include discontinuities in the 
ground, voids or different structures underground, and sit-
uations in the rail system. However, as can be understood 
from the fact that three-dimensional analyzes contain too 
many parameters, they are more complex and long studies. 
The active use of two-dimensional analyzes continues, as 
they respond to certain problems [7, 19].

DISCUSSION

The use of high speed rail systems is increasing. How-
ever, this increase in train speeds causes undesirable situa-
tions in terms of both the railway structure and the ground. 

The most obvious problem is dynamic vibrations that occur 
in the presence of critical velocity. If train speed and ground 
wave velocity match each other, the amplitudes overlap and 
the system is under the influence of very large vibrations. In 
determining the critical speed, the rail system on the rail-
way and the structure of the ground are taken into account. 
This problem can affect the safety of the train and it is strong 
enough to deform the ground. Dynamic vibration-induced 
stresses occurring in the ground increase with increasing 
train operating speed. While vertical stresses are effective 
at low train operating speeds, they start to increase in hor-
izontal stresses as they approach critical speed conditions. 
As the train speed increases, the dynamic magnification 
that occurs is further increased and the loads on the rail 
system increase. As long as critical speed-related problems 
are not resolved, maintenance and repair costs increase and 
there is concern over the security of the system [9, 21, 22].

CONCLUSIONS 

In this article, attention is drawn to the geodynamics 
of rail systems and the importance of system-induced vi-
bration. Rail system lines are intended to be designed to 
reveal higher speeds, heavier transportation and more, 
and they are tried to be brought to these levels in those 
that are currently used. Cities and the population here are 
growing steadily and rapidly, and this increase brings re-
quirements that must be met for efficient and virtually vi-
bration-free rail transport. These desired conditions pre-
pare the ground for extra geodynamic problems that need 
to be solved. Some of these problems have been solved 
thanks to the studies carried out on them. Solvable prob-
lems can be presented in 3 items. These are: critical speed, 
durability of the rail system and propagation of increased 
vibration. In the study, the need to give importance to the 
geodynamic situation and vibration is explained. Ballast-
ed and non-ballasted systems are emphasized, and the 
response of these systems in the presence of high speed 
rail has been studied in detail. The points to be considered 
when emphasizing the effects to control the dynamic state 
of the rail system and the ground, to prevent excessive de-
terioration of the railway system and to prevent vibration 
in the buildings if there is social life around. At the begin-
ning of the design process, it is necessary to provide suffi-
cient information about the existing ground to take action 
against all these problems. When necessary information 
is provided in terms of soil, if needed, soil improvement 
methods can be evaluated [5] and whatever is suitable for 
the site and need can be done.

Authorship Contributions:
Concept: S.A.; Design: S.A.; Supervision: M.F.A.; Data 

collection and/or processing: S.A.; Analysis and/or inter-
pretation: S.A.; Literature search: S.A.; Writing: S.A.; Criti-
cal review: M.F.A.



J Sustain Const Mater Technol, Vol. 6, Issue. 2, pp. 81–86, June, 202186

Conflict of Interest:
The authors declare that they have no conflict of interest.
Financial Disclosure:
The authors declared that this study has received no fi-

nancial support.
Peer-review:
Externally peer-reviewed.

REFERENCES

[1] Kouroussis G., Connolly D.P., Olivier B., Lagh-
rouche O., Costa P.A., (2016), Railway Cuttings and 
Embankments: Experimental And Numerical Stud-
ies of Ground Vibration, Elsevier Science of the To-
tal Environment, 557-558 (2016) 110-122.

[2] Sheng X., Jones C.J.C., Thompson D.J., (2004), A 
Theoretical Study on The Influence of The Track on 
Train-Induced Ground Vibration, Elsevier Journal 
of Sound and Vibration 272 (2004) 909-936.

[3] Costa P.A., Calçada R., Cardoso A.S., (2012), Track–
Ground Vibrations Induced by Railway Traffic: 
In-Situ Measurements and Validation of A 2.5D 
FEM-BEM Model, Elsevier Soil Dynamics and 
Earthquake Engineering, 32 (2012) 111-128.

[4] Costa P.A., Calcada R., Cardoso A.S., Bodare A., 
(2010), Influence Of Soil Non-Linearity on the Dy-
namic Response of High-Speed Railway Tracks, El-
sevier Soil Dynamics and Earthquake Engineering, 
30 (2010) 221-235.

[5] Madshus, C., Lacasse, S., Kaynia, A., Harvik L., Geo-
dynamic Challenges in High Speed Railway Projects, 
ASCE Geotechnical Engineering for Transportation 
Projects, 192-215.

[6] Connolly D., Giannopoulos A., Fan W., Woodward 
P.K., Forde M.C., (2013), Optimising Low Acoustic 
Impedance Back-Fill Material Wave Barrier Dimen-
sions to Shield Structures from Ground Borne High 
Speed Rail Vibrations, Elsevier Construction and 
Building Materials, 44 (2013) 557-564.

[7] Hall L., Simulations and Analyses of Train-Induced 
Ground Vibrations in Finite Element Models, 
(2003), Elsevier Soil Dynamics and Earthquake En-
gineering, 23 (2003) 403-412.

[8] Thompson D.J., Jiang J., Toward M.G.R., Hussein 
M.F.M., Dijckmans A., Coulier P., Degrande G., 
Lombaert G., (2015), Mitigation of Railway-In-
duced Vibration by Using Subgrade Stiffening, Else-
vier Soil Dynamics and Earthquake Engineering, 79 
(2015) 89-103.

[9] Bian X., Li W., Hu J., Liu H., Duan X., Chen Y., 
(2018), Geodynamics of High-Speed Railway, Else-
vier Transportation Geotechnics 17 (2018) 69–76.

[10] Nelson J.T., Saurenman H.J., (1987) A Prediction 
Procedure for Rail Transportation Groundborne 
Noise and Vibration. Transportation Research Re-

cord, 26-35.
[11] Krylov V.V., (1994), Generation of Ground Vibra-

tions by Superfast Trains, Elsevier, 44 (1995) 149-
164.

[12] Galvin P., Dominguez J., (2009), Experimental and 
Numerical Analyses of Vibrations Induced by High-
Speed Trains on the Cordoba-Malaga Line, Elsevi-
er Soil Dynamics and Earthquake Engineering 29 
(2009) 641-657.

[13] Sheng X., Jones C.J.C., Thompson D.J., (2004), A 
Theoretical Model for Ground Vibration From 
Trains Generated by Vertical Track Irregularities, 
Elsevier Journal of Sound and Vibration, 272 (2004) 
937-965.

[14] Galvin P., Romero A., Dominguez J., (2010), Vi-
brations Induced By HST Passage On Ballast And 
Non-Ballast Tracks, Elsevier Soil Dynamics and 
Earthquake Engineering, 30 (2010) 862-873.

[15] Esen I., Eroglu M.., (2016), Balast Sertliğinin 
Raylı Sistem Dinamiğine Etkisinin İncelenmesi, 
3. Uluslararası Raylı Sistemler Mühendisliği Sem-
pozyumu (ISERSE’16), 13-15 Ekim 2016, 513-519.

[16] Ozturk Z., Uluc M., (2013), Balastsız Üstyapılarda 
Aralıklı Desteklenmiş Raylı Sistemlerin İncelenme-
si, 2. Uluslararası Raylı Sistemler Mühendisliği Sem-
pozyumu (ISERSE’13), 9-11 Ekim 2013.

[17] Nsabimana E., Jung Y-H., (2015), Dynamic Subsoil 
Responses of a Stiff Concrete Slab Track Subjected 
To Various Train Speeds: A Critical Velocity Per-
spective, Elsevier Computers and Geotechnics, 69 
(2015) 7-21.

[18] Bian X., Jiang H., Cheng C., Chen, Y. Chen, R. Jiang 
J., (2014), Full-Scale Model Testing on a Ballastless 
High-Speed Railway Under Simulated Train Moving 
Loads, Elsevier Soil Dynamics and Earthquake En-
gineering, 66 (2014) 368–384.

[19] Galvin P., Romero A., Domínguez J., (2010), Fully 
Three-Dimensional Analysis Of High-Speed Train–
Track–Soil-Structure Dynamic Interaction, Elsevier 
Journal of Sound and Vibration, 329 (2010) 5147-
5163.

[20] Dong K., Connolly D.P., Laghrouche O., Woodward 
P.K., Costa P.A., (2019), Non-Linear Soil Behaviour 
on High Speed Rail Lines. Elsevier Computers and 
Geotechnics, 112 (2019) 302-318.

[21] Yu Z., Woodward P.K., Laghrouche O., Connolly 
D.P., (2019), True Triaxial Testing of Geogrid For 
High Speed Railways, Elsevier Transportation Geo-
technics, 20 (2019) 100247.

[22] Mezher S.B., Connolly D.P., Woodward P.K., Lagh-
rouche O., Pombo J., Costa P.A., (2016), Rail-
way Critical Velocity - Analytical Prediction and 
Analysis, Elsevier Transportation Geotechnics, 6 
(2016)84-96.


