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ABSTRACT: Railway freight services can be added to lines that have previously only berugassengetr
services, with the aim of increasing network capacity. Freight trains have lalgéraads and thus can hay
a negative effect on track longevity, particularly on ballasted lines supported by sub-optimal ground cor
This is because larger subgrade strains are generated, which can result in non-linear behagfore The
important to be able to determine the effect of the new rolling stock on track behavior before operatic
is challenging to do because non-linear soil behavior is challenging to simulate. As a solutiopgethisepe
sents an equivalent non-linear, thin layer element soil model, coupled to an analytical track modgdabtes
of quickly and accurately computing the response of non-linear track behavior. The model is used to in
the effect of introducing freight wagons on an existing ballasted passenger line with poor ground cond

1 INTRODUCTION fully 3D models using finite element (FE) and possi-
bly boundary element (BE) theories (Hall 2003, Kou-
Railway operators who wish to tweak network capacroussis et al. 2011, Arlaud et al. 2015, Kacimi et al.
ity, may add freight services to tracks that have pre2013).
viously only be used for passenger services. If these
lines were designed without freight in mind and/or For freight trains, the dominant frequency compo-
were constructed at a time when compaction techaents of the vibration are within 4-30 Hz (Jones &
niques were less scientific than today, then freighBlock 1996). In order to study the vibrations induced
trains potential could have a detrimental impact. by the freight trains, both dynamic and quasi-static
generation mechanism, a track response model com-
To investigate and predict the track performancéined with transfer functions from sleeper to ground
ard ground response under various train loads amndas utilized by (Jones & Block 1996). Another nu-
speeds, a number of modelling techniques have beanmerical model was proposed for the studies of longi-
proposed. The approaches include analytical modetsdinal dynamics of the trainset (Belforte et al. 2008).
(Krylov 1995, Degrande & Lombaert 2001, Onsite tests can be costly (Jones 1994), meaning the-
Takemiya & Bian 2005), semi-analytical modelsoretical models are often used to examine the track
(Sheng et al. 1999, Madshus & Kaynia 2000, Shengerformance and ground response from freight trains.
et al. 2003, Kaynia et al. 2000, Thompson 2008, Trie-
paischajonsak & Thompson 2015). There are also nu- In modelling the ground vibrations from railways,
merical models: 2.5D models (Yang et al. 2003Jinear elastic models of the soil are commonly used,
Alves Costa et al. 2012, Alves Costa et al. 2010) anbecause strains are small. Nonetheless, when axle
loads increase and/or the train speed gets close to the



critical velocity, the track deflections increase and )

non-linear soil response occurs (Madshus & Kaynia_,  2wEba K (6)

2000, Alves Costa et al. 2010). To simulate this non-"33 wh eq

linear behavior, soil stiffness’ can be artificially re- tan(C—)Cp

duced (Madshus & Kaynia 2000, Kaynia et al. 2000). P

Alternatively, using an automated, equivalent non\Where Ejis the bending stiffness of the rail; mthe

linear approach, the shear modulus can be adjust@dass of rails per meter;siis the equivalent distrib-

based on the maximum effective octahedral shearted mass of sleepers; ks the complex stiffness of

strain in each soil element. Then it can be updatetthe railpad; kg is the equivalent stiffness of the

element by element until a tolerance requirement iground; & is the Young’s modulus of the ballast; Cp

met (Alves Costa et al. 2010). is the compression wave speed in the ballast; h is the
ballast layer height; a is the adimensional parameter,

This paper therefore provides a robust and efficierttken as 0.5; b is the half-width of the track.

semi-analytical approach to model non-linear soil ef-

fects. The track is modelled analytically and allows The ballasted track model included the coupling

for 1D wave propagation. The soil is modelled usingoetween the track and the soil, using the ratio between

a non-linear equivalent thin-layer method (TLM).the load and average displacement along the track-

The soil stiffness is updated in an iterative manner tsoil interface (Steenbergen & Metrikine 2007). It was

simulate the non-linear behavior of the soil with thecalculated as:

minimum computational effort.

2r

Keqg(ky, ) =

+oo__ sin(k,b)? (7)
2 NUMERICAL MODEL DEVELOPMENT [ 05 (ki k, 0.0) MDY g

(kb

Freight trains carry heavier loads than passengéthere uy;is the Green’s function of vertical displace-
trains, thus causing elevated strains within the supwent of the ground in the wavenumber-frequency do-
porting subgrade. Large strains cause non-linear saihain, and kand k are the Fourier images of coordi-
behavior, resulting in reduced support stiffness. Tmate x and y, respectively. The Green function was
model this in a computationally efficient manner, acomputed using the Haskell-Thompson approach
thin-layer finite element model was developed, andSheng et al. 1999).

then combined with an equivalent non-linear proce-

dure. To simulate the combined track-soil behavior,

the track was coupled to the surface of the soil model

Rail

| |
2.1 Track model g} ggj Railpad g'j g}

Ballasted track was modelled as shown in Figure 1 S
. . . . eeper
One dimensional wave propagation was considered
the ballast and an equivalent spring was used to co Ballast
ple the track to the soil using (Dieterman & Metrikine keq
1996):
- ~ Figure 1. Analytical ballasted track model layout

a, a, 0 ([u(k,o) P(k;, »)

81 By By U(k,@) =y O (1) 2 soil model

0 a5 a5 (Un(ky @) 0 The soil was modeled using the Thin-Layer Method
a,= E|rk14+k; —’m (2) (TLM) as illustrated in the Figure 2.
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2) Use track-soil model to compute strain time
histories and determine the maximum effec-
tive octahedral shear strain values for all ele-
ments

3) Use stiffness degradation curves (Figure 3), to
obtain the new stiffness for all elements

4) Use damping curves, to obtain the new damp-
ing properties for all elements

5) Repeat steps 24 until the established toler-
ance is met for all elements (3% used in this

Figure 2. Schematic diagram ©hin-Layer Method modeling case)

process (Alves Costa 2011)

It is worth noting that:
e The thickness of the thin layer quadratic ele-

ments were computed as h = wavelength/8 = |
T/4Kmax, Where lkax was the maximum wave- 0.9 —_—
number defined 08

e After obtaining the displacement of each o7
node, the strains/stresswere calculated us-  £06

a'm=400 KPa

¢'m=200 KPa

ing Equations 8 and 9 505
o o aim=1 kPa\
0.3 —
{e} = [Bl{u} (8) 02
{0} = [Dl{ £} = [D][B{ u} (9) 01 oy
0 T
Where[B] = [B1 B2 B3] and 0% 10° 10* 10° 102 10"
Cyclic shear strain amplitude
avN 0 o 7 Figure 3. Modulus reduction curves for non-plastic soil (Alves
0 k2N 0 Costa 2010)
oo (10)
Bi|=|ikzNi ikiNi
(©] IkON "&\il ik(:Ni 3 MODEL VALIDATION
oz
T o kN The model contained 3 main components: track, soil
L z

- and the track-soil coupling mechanism. To ensure
these were working correctly, validation was per-

Nl(ge):lgz_lé: formed using an example outlined in (Chen et al.
2 2 2005). In order to validate the TLM model for the
N, (&) =1-¢&2 (11) ground response, same case was studied and the
1 1 stresses in the soil compared against the published re-
N3(§)=E§2+E§ sult.

The train-embankment-ground model cordgdia
Euler beam resting on top of the half-space with a
concentrated moving force acting on the beam (Fig-
If low stiffness soil is found on freight lines, it is ure 4). The stresses generated by the contact force be-
likely to experience high levels of strain. This can retween the embankment and ground were calculated at
sult in soil stiffness degradation, thus increasing them depth below the loading point.
track displacements and causing track deterioration.

To simulate this, a non-linear equivalent mod-el,

based on an iterative stiffness updating procedure,

was used. This meant that each studied case was re-

peated multiple times until convergence was reached:
1) Assume low/zero strain within all elements

2.3 Equivalent non-linear model



P =160 kN l

c=30m/s

b=0.3m

a=2%*2m=4m

. H(0, 0, 2m)

Figure 5. Comparisons of the dynamic stresses of an element

with 2m depth underneath the moving load

Figure 4. Schematic diagram of Chen et al. 2005 validatio®d ANALYSIS AND RESULTS

model

Key embankment and ground properties related tto a previous passenger-on|
the validation are listed in the Table 1 and Table Z17 tonne) ballasted line
respectively. The load was a vertical 160kN pointwith the aim of determining _*

load moving with a speed of 30 m/s.

Table 1. Properties of the embankment

Simulations were run to determine the effect of add-
ing 25 tonne fright axle loads .

Youngs modulus (MPa)
10 12 14 16 18 20
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ment and soil strain. To dc «
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Den- | Young’s | Width | Height | Mass| Second
Sity modulus | (m) (m) (kg) | moment
(kg/m?) |  (MPa) of area
(m?)
1900 30000 4 0.3 2280 | 0.009
Table 2. Properties of the ground
Shear modu-| Poissonra-| Density Secondary
lus (MPa) tio (kg/m?) wave speed
(m/s)
10 0.45 1800 74.54

o

0
10° 108 104 109 102 10t
Cyclic shear strain amplitude

erties were assumed: m 120 kg/m, ra= 490 kg/m,

kp' =5 x 16 N/n?, B, = 125 MPa, h =0.35m, b =
2.5 m. The soil was modelled as a homogenous half-
space using the following properties: density = 2000
kg/m?, Young’s modulus = 25 MPa, Poissratio =
0.35, damping = 0.03. The stiffness degradation pro-

Figure 5 reveals strong agreement between thé#e was the same as that shown previously. Train
model and the benchmark.

Stress (kPa)
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Distance along the track (m)

speed for both the passenger and freight axle loads
was 26 m/s.

Figure 6 (left) shows the variation of strain versus
depth within the soil. The maximum octahedral
strains is located approximately 1 m below the ground
surface and decays rapidly with depth.

Figure 6. Left: Octahedral strain vs soil depth; Right: Soil stiff-
ness degradation during freight train passage

In comparison, Figure 6 (right) shows maximum
strain and the resulting effect on soil stiffness. After
the first iteration, the soil drops to 67% of its original
stiffness and by the third (and final) iteration, it has
reached a value of 59%.



Ralldisplacement (mm)

The resulting reduction in stiffness (Young’s 7 REFERENCES

modulus) with depth is shown in Figure 7 (left). For

iteration 1, stiffness is constant with depth, howevenlves Costa, P. Calgada, R. Silva Cardoso, A. & Bodare, A.

after strain updating, the subsequent iterations show 2010. Influence of soil non-linearity on the dynamic re-

large variations with depth, and are all lower than the sponse of high-speed railway tracks. Soil Dynamics and

starting value, particularly near the soil surface. For Earthquake Engineering, 30(4), 22B5.

the passenger train, track displacements are 3.7 mmlyes Costa, P. 2011. Vibragcdes Do Sistema Via-Macico

however for the freight train, the linear value is 5.5 Induzidas Por Trafego Ferroviario . Modelagdo Numérica E

mm displacement, and the non-linear (iteration 3) is Validagio Experimental.

8.4 mm. Therefore, it can be seen that the soil behawtves Costa, P. Calgcada, R. & Silva Cardoso, A. 2012. Track-

ior is significantly non-linear, and that traditional lin-  ground vibrations induced by railway traffic: In-situ meas-

ear analysis would greatly underestimate track deflec- urements and validation of a 2.5D FEM-BEM model. Soil

tions. This would result in much faster loss of track Dynamics and Earthquake Engineering, 32(1)-128.

geometry and require frequent tamping. In additionArlaud, E. Costa D’Aguiar, S. & Balmes, E2015. Validation of

it is interesting to note that as the soil stiffness de- a reduced model of railway track allowing long 3D dynamic

creases, dynamic effects become more prevalent, calculation of train-track interaction. Computer Methods and

with iteration 3 displacements appearing less sym- Recent Advances in Geomechanics - Proceedings of the 14th

metric than iteration 1. Int. Conference of International Association for Computer
Methods and Recent Advances in Geomechanics, IACMAG
2014 (September), 1193198.

: Figure 7. Left: Young’s mod- Belforte, P. Cheli, F. Diana, G. & Melzi, S. 2008. Numerical and
ulus reduction with depth; experimental approach for the evaluation of severe longitu-
Right: Track displacements dinal dynamics of heavy freight trains. Vehicle System Dy-

namics, 46(SUPPL.1), 93955.
Chen, Y. Wang, C. J. Chen, Y. P. & Zhu, B. 2005. Charae
tics of stresses and settlement of ground induced by train. In

: 5 CONCLUSIONS Environmental vibrations: Prediction, monitoring, mitiga-

R tion and evaluation:; Proceedings of the International sympo-

There are increased pressures on network operators tosium on environmental Vibrations (pp.-32).

run freight trains on ballasted track originally de-Degrande, G. & Lombaert, G. 2001. An efficient formulation of

signed for passenger services. These tracks may notKrylov’s prediction model for train induced vibrations based

have the desired subgrade characteristics for heavy on the dynamic reciprocity theorem. The Journal of the

axle loads, possibly giving rise to non-linear soil be- Acoustical Society of America, 110(3), 137890.

havior. To analyse this problem, an equivalent nonbieterman, H.A. & MetrikineA.V. 1996. The equivalent stiff-

linear numerical model was developed, capable of ness of a half-space interacting with a beam. Critical veloci-

quickly assessing soil stresses and strains, and result-ties of moving load along the beam. European Journal of

ing track displacements. The model was validated Mecharics A'Solids, 15, 6790.

against a published benchmark case and then usedgiacimi, A. Woodward, P. K. Laghrouche, O. & Medero, G.

compare freight and passenger train response on a2013.Time domain 3D finite element modelling of train-in-

low stiffness ballasted line. It was shown that the duced vibration at high speed. Computers and Strugtures

track displacements have the potential to become 118, 6673.

high, due to non-linear stiffness reduction and the redall, L. 2003. Simulations and analyses of train-induced ground

sulting dynamic amplification. vibrations in finite element models. Soil Dynamics and

Earthquake Engineering, 23(5), 4@3.3.
Jones, C. J. 1994. Use of numerical models to determine the ef-
fectiveness of anti-vibration systems for railways. Proceed-

6 ACKNOWLEDGEMENTS ings of the Institution of Civil Engineers - Transport, 105(1),

43-51.

The Authors would like to thank the LeverhulmeJones, C. J. C. & Block, J. R. 1996. Prediction of groubrhy

Trust (UK) for their support in un-dertaking this re-  tion from freight trains. Journal of Sound and Vibration

search. Without this support, it would not have been 193(1), 205213.

possible. Kaynia, A. M. Madshus, C. & Zackrisson, P. 2000. Grourd vi
bration from high-speed trains: Prediction and countermeas-
ure. Journal of Geotechnical and Geoenvironmental Engi-
neering, 126, 53537.

Kouroussis, G. Gazetas, G. Anastasopoulos, I. Conti, C. & Ver-
linden, O. 2011. Discrete modelling of vertical track-soil
coupling for vehicle-track dynamics. Soil Dynamics and
Earthquake Engineering, 31(12), 171723.




Krylov, V. V. 1995. Generation of ground vibrations by super-
fast trains. Applied Acoustics, 44(2), 14%4.

Madshus, C. & Kaynia, A. M2000. High-Speed Railway Lines
on Soft Ground: Dynamic Behaviour At Critical Train
Speed. Journal of Sound and Vibration, 231(3)-889.

Sheng, X. Jones, C. J. C. & Petyt, M. 1999. Ground Vibration
Generated By a Harmonic Load Acting on a Railway Track.
Journal of Sound and Vibration, 225(1).28.

Sheng, X. Jones, C. J. C. & Thompson, D. J. 2003. A coroparis
of a theoretical model for quasi-statically and dynamically
induced environmental vibration from trains with measure-
ments. Journal of Sound and Vibration, 267(3),-&&5b.

Steenbergen, M. J. & Metrikine, A. V. 2007. The effect of the
interface conditions on the dynamic response of a beam on a
half-space to a moving load. European Journal of Mechan-
ics, A/Solids, 26(1), 3%4.

Takemiya, H. & Bian, X. 2005. Substructure Simulation of In-
homogeneous Track and Layered Ground Dynamic Interac-
tion under Train Passage. Journal of Engineering Mechan-
ics, 131(7), 699711.

Thompson, D. 2008. Railway noise and vibration: mechanisms,
modelling and means of control. Elsevier

Triepaischajonsak, N. & Thompson, D. J. 2015. A hybrid mod-
elling approach for predicting ground vibration from trains.
Journal of Sound and Vibration, 335, 1473.

Yang, Y. B. Hung, HH. & Chang, D. W. 2003. Train-induced
wave propagation in layered soils using finite/infinite ele-
ment simulation. Soil Dynamics and Earthquake Engineer-
ing, 23(4), 263278.



