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Abstract

Owing to the rapid increase in the demands of train speed and axle loads, the slab
track has been introduced to replace the ballast in the classical ballasted track

with reinforced concrete slab or asphalt-bearing layer to improve the track stability,
strength, and durability. This paper aims to develop a new methodology for estimat-
ing the rail deformations for the most common slab track systems (BOGL, Shinkansen,
and RHEDA 2000. This methodology yielded the first design aid for slab track systems
based on design equations and graphs for high-speed systems. Using a regression
analysis of more than 300 finite element models which are validated by experimental
tests, the relationship between the rail deflection, modulus of elasticity for subgrade
and replacement, and the replacement thickness was determined for the most
common slab tracks under the American (AREMA) and European (EN) loads. Accord-
ing to EN, it was found that the minimum modulus of elasticity for subgrade to fulfill
the rail deflection criterion without a replacement soil ranges from 128 to 143 MPa
for the most common slab track systems; meanwhile, for AREMA, it ranges from 59

to 70 MPa. Furthermore, for these slab track systems, one simple design chart was intro-
duced to aid engineers with the design of the slab track replacement layer according
to each design code.

Keywords: Railway slab track, BOGL slab track, Shinkansen slab track, RHEDA 2000
slab track, Nonlinear analysis, Parametric study, AREMA and EN specifications, Midas
GTS NX software

Introduction
The ballastless track was used in railway lines for the first time since 1970s in Germany
[1]. It was utilized to overcome the issues triggered by the ballasted track such as ballast
churning up at high speeds and deterioration of the ballast over time in addition to cope
up with the high axle loads of the freight trains [1, 2]. The slab track has exchanged the
ballast material layer in the traditional ballasted track with either reinforced concrete
slab (precast or casted in situ) or asphalt layer which increases the track stability, stiff-
ness, and durability over the time [3, 4].

The ballastless track consists of two parts, namely the superstructure and the substruc-
ture. The superstructure elements of the non-ballasted track are steel rails, reinforced
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concrete sleepers (or concrete blocks), fastening system to attach rail into position, con-
crete-bearing layer (CBL) or asphalt-bearing layer (ABL), and hydraulic-bonded layer
(HBL) which is a mixture of aggregates combined by a hydraulic binder (such as cement);
in some slab track types, a layer of cemented-asphalt mixture (CAM) is injected between
CBL and HBL to provide flat surface and connection between CBL and HBL [3]. On
the other hand, the substructure components of the ballastless track are frost protective
layer (FPL) which is a mix of sands and gravel to prevent the frost heave from affect-
ing CBL, replacement layer (in case of poor-quality subgrade), and subgrade soil which
is natural ground soil at site [2, 5-7]. Figure 1 illustrates the main elements of the slab
track system.

Studying railway systems, especially slab track, by manual calculations is daunting
and time-consuming. Therefore, the employment of finite element software is consid-
ered to save efforts. Some researchers have studied the slab track using the finite element
method or experimental physical tests to investigate its structural behavior and compare
it to the classical ballasted track. These studies have included static, dynamic, and cyclic
axle loads for different slab track systems on grade, tunnels, and bridges [9-11].

G. Michas built a finite element model with ABAQUS software to investigate the static
linear behavior of RHEDA 2000 slab track using EN loading model. Michas has found
that the slab track deformation is smoother than ballasted track because of distribut-
ing the loads in much larger areas. On the other side, the ballasted track deformation
is sharper near the points where the loads are located and almost undeformed at the
areas far from the loads [4]. Slab track has shown less rail top level displacement than
ballasted track by approximately 60%. T. Cebasek et al. tested the slab track (BOGL) and
ballasted track to investigate their behavior under static and cyclic loading using GRAFT
apparatus in Heriot-Watt University. Cebasek has figured out that the concrete slab track
performed significantly better in terms of cumulative settlement and rail deformation
when compared to the ballasted track (80% reduction due to slab track). Cebasek found
out that the ballasted track produces higher displacement measured at rail top level than
BOGL slab track. The major reason for the observed higher displacement of the bal-
lasted track was caused by the unbound nature of ballast [12]. T Wang et al. obtained a
practical methodology to design the slab track substructure for high speed (400 km/h)
by reducing the long-term deformations in the soil using dynamic analysis. They have
validated their work through field observations. Their model is function of modu-
lus of subgrade reaction and plasticity index of subgrade soil, and it can be utilized for
earthquake cases and high-speed systems [9]. A. Ramos et al. have performed numeri-
cal models to calibrate with the experimental physical tests held by T. Cebasek et al. in
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Fig. 1 Components of the slab track system [3, 4, 8]
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Heriot University laboratory. These numerical models have shown great match with the
experimental tests of 7. Cebasek. The main aim of their work was to develop an empiri-
cal model for predicting long-term track deformation for ballasted and slab track [13].

D. Thélken et al. carried out two experimental tests on slab track (BOGL) using
GRAFT II apparatus in Heriot University to study its structural behavior under static
and dynamic loads with different scenarios. In addition, numerical models have been
built with ABAQUS to be calibrated with these experimental results, and these mod-
els showed excellent agreement with the physical test [14]. They found that modulus
of elasticity is the most crucial factor for subgrade soil to be put into consideration
while investigating slab track systems. X. Cui et al. studied the differential settlement
in slab track systems (CRTS II), and they used finite element method by creating a 3D
model based on damage mechanics theories. Cui found that with the increasing of set-
tlement value, the concrete base is affected first. If the settlement value still grows, the
precast slab is damaged. Eventually, damage to the prefabricated RC slab and concrete
base ruins the integrity of the longitudinal connection system of the CRTS II slab track
[15]. M. Atalan et al. investigated the behavior of slab track with asphalt-bearing layer
using analytical and numerical techniques to study the effect of dynamic forces on
high-speed railway lines (HSL). They have found that the use of asphalt-bearing layer
in railway slab tracks has beneficial impacts, such as increasing the bearing capacity of
the soil and increasing the vertical stiffness of the track [10]. Aly et al. studied the most
common slab track systems (RHEDA 2000, BOGL, Shinkansen) under different loading
models (EN and AREMA) to estimate the most efficient slab track system. They created
a nonlinear finite element model using Midas GTS NX and validated through experi-
mental work [3]. Aly et al. discussed the difference between the linear and nonlinear
behavior for slab track systems [16]. They figured out that the superstructure of the slab
track should be modelled as linear materials following the Hook’s law model. On the
other hand, the substructure of the slab track should be treated as nonlinear materials
following Mohr-Coulomb model [17]. Aly et al. also compared the nonlinear behavior
of the standard section for the most common slab track systems under EN and AREMA
to determine the most structurally efficient slab track. They have found that RHEDA
2000 produces the least straining actions and stresses on soil layers which means it
will maintain its geometric section over time better than BOGL and Shinkansen. They
also have found that rail displacement is the most governing factor in the design of slab
track systems [16].

Esen et al. have created slab track and ballasted track finite element models to repli-
cate the full-scale physical models created in the laboratory using GRAFT II apparatus
in Heriot-Watt University. They have calibrated the numerical models with the experi-
mental models [18]. They have studied the dynamic loads (linearly) on the slab track and
ballasted track and found that at high speed, the slab track showed less displacement
than the ballasted track due to the existence of the hydraulic bonded layer and concrete
bonded layer. On the other hand, at low speeds, they both showed the same behavior
(roughly) regarding the rail displacement for several train loads [18].

From the aforementioned studies, the lack of a direct methodology that can be utilized
as design aid using EN and AREMA loads in case of multiple soil layers for slab track
systems for civil engineers has motivated this research study. This paper aims to develop
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relationships between rail displacement, modulus of elasticity for subgrade and replace-
ment, and the replacement thickness for specific slab track systems, namely BOGL, Shin-
kansen, and RHEDA 2000. These relationships can be considered as the 1% design aid for
slab track systems based on design equations and graphs. For practical engineers, it is much
easier to use one graph to obtain their design/analysis rather than using several long equa-
tions. Thus, the proposed design aid was presented not only as design equations but also as
one design graph for each studied slab track system.

Research methodology

The design of slab track systems should include several factors such as rail displacement, slab
bending moments, replacement stresses, and subgrade stresses. One of the most vital criteria
to be taken into consideration is rail displacement. Thus, a new methodology to design the slab
track has been built using Midas GTS NX software and employing around 300 finite element
models (validated by experimental testing held in Heriot-Watt University). A detailed informa-
tion regarding the used finite element models and its validation can be found in a previous
research conducted by the authors [16]. These finite element models have been built using var-
ious types of soils (having different modulus of elasticity) to produce relationship equations and
graphs that can be utilized for slab track design purposes (using a regression analysis).

The loading patterns and code specifications utilized in this paper are the European
norms (EN), and American Railway Engineering and Maintenance of The Way (AREMA).
The type of load employed in this paper regarding EN specifications is load model “LM 71”
because it represents the static vertical effect of normal service traffic loads, LM 71 con-
sists of 4 axles loads of 250 kN, and a continuous load of 80 kN/m distributed on the track
lengthwise as shown in Fig. 2 [19].

The EN specifications suggests the use of Eisenmann dynamic impact factor “I” which is
taken according to equation (Eq. 1) [6, 20].

I=1+¢dxtxs (1)

The parameter “t” can be taken as 0.1, 0.2, or 0.3 depending on track quality (as good,
moderate, or bad condition track), “s” can be assumed 1, 2, or 3 based on the selected con-
fidence level for obtaining the maximum rail deflection (84.1%, 97.7%, and 99.9%), and “¢”

can be obtained from the following equation (Eq. 2):

V —60
380

=1+ , for 200 < speed < 300 km/hr (2)
where V is the speed in km/h, for speed of 300 km/h, assuming track quality is good
(t=0.1), and confidence level is 99.9% (s =3); the Eisenmann impact factor “I” according
to EN equal to 1.50.

| 80 kN/m 250 kN 250 kN 250 kN 250 kN 80 kN/m i
%H!HIIHIHIH ' ‘ ' y IIHIHHHHHI%
/7 infinite length : 1.60 m : 1.60 m : 1.60 m : infinite length ——

' 0.80m ' ' "0.80 m

Fig. 2 Load model LM71-UIC(71)- [19]
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Eccentricity of vertical loads according to EN must be taken as 11% of train loads on one
rail and —11% on the other rail. Another factor “«” is employed to adjust the loading model
to match the lighter or heavier traffic loads for EN only [19]. Factor “a” is mostly taken as
1.33 across European nations. In addition, European slab track design must be within the
allowable rail deflection of 2 mm [5].

Cooper E80 is the type of loading configuration suggested by AREMA, and the “80” value
stands for the heaviest axle load in this load model in kilo pounds [21, 22]. Cooper E80 con-
sists of two steamed locomotives with four axles of 355.8 kN, two leading axles of 177.9 kN,
and two tender wagons comprised of four axles of 231.3 kN. In addition, the trailing linearly
distributed load is about 116.8 kN/m as depicted in Fig. 3 [22].

AREMA recommends the use of impact factor according to equation (Eq. 3) [20].

D33 x V

I=1+ Dishoet X 100 (3)
where Vis speed in mph, Ds; is the standard diameter of a 33 inches wheel, and D, is
the actual train wheel diameter in inches. For speed of 300 km/h (186.41 mph), D3;=33
inch, and D, =36 inch, and the impact factor “I” according to AREMA =2.70. The
eccentricity of vertical loads according to AREMA must be taken as 20% of train loads
on one rail and —20% on the other rail. In addition, AREMA slab track design must be
within the allowed rail vertical displacement which is 6.35 mm [22].

Finite element model building

The used finite element model (FEM) developed by the authors [16] used Midas GTS NX
software utilizing the nonlinear static analysis [3, 16, 17]. The nonlinear static analysis
parameters are as follows: max iterations =50, increments =20%, and the allowable toler-
ance is 0.001 in displacement and energy.

The geometric models for each slab track type (BOGL, Shinkansen, and RHEDA 2000)
have been carried out according to their standard section. The thickness of the replacement
layer has changed from 0 to 2.50 m because EN specifications must assure that 2.50 m of
soil under the slab track is studied [5]. Furthermore, the side extensions of the replacement
layer and subgrade soil have been selected as 3.0 m to assure well-distributed stress in soil
layers. The materials mechanical properties for the slab track models have been assumed
as per Table 1 according to the experimental tests by D. Tholken et al. [13, 14]. Regard-
ing cohesionless soils, the cohesion “C” is taken as small value to avoid misleading outputs
according to Midas Manu [23]. Hybrid mesher has been utilized in this work because it is
preference when the model is simple as it guarantees more accuracy in stress calculations
[23]. A previous mesh study has been performed by the authors [16], and it was found that
there is no need to use mesh size less than 10 cm since the differences in the rail displace-
ment are insignificant while computational costs can be saved. The boundary conditions
(supports) for the slab track models have been selected to represent the surrounding field

177.9 kN 4 x 355.8kN 4 x 231.3 kN 177.9 kN 4 x 355.8 kKN 4x 2313 kN 116.8 kN/m

IS T S T T T T T A S T T T S T e |

FE AT AT AT A S AT A A TA T AT A TAHTATA S AT B A T T o Dinensions inmeters
Fig. 3 Cooper E80 load model [21, 22]
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Table 1 The mechanical properties of the materials, modelling techniques, and mesh sizes used for

the slab track FEMs

Component Material Modelling Mesh size (m) y (kN/m3) E (MPa) v ® C(KPa)
description technique

UIC 60 rail Steel Linear-elastic 0.10 785 210,000 030 - -

CBL Reinforced model 0.20 250 36000 020 - -
concrete 34,0007

Sleepers Reinforced 0.20 250 34,000 020 - -
concrete

CAM (grouting) Cemented- 0.30 230 22,500 025 - -
asphalt mixture

HBL Mixture of 030 240 17,870 020 - -
aggregates
with hydraulic
binder

FPL Mixture of Mohr-Coulomb  0.50 2144 120 030 35 1
sands and model
gravel

Replacement Well-graded 0.50 2091 100t0 400 030 35 1

soil limestone
(AASHTO:
A-1-b)

Subgrade soil  Sandy silt 0.50 17.00 20to 100 030 10 10
(AASHTO:
A-2-6)

2Value concerns the RHEDA 2000 slab track

soil. The transition at X and Y direction for both left/right and front/back is constrained;
meanwhile, the transitions at X, Y, and Z are constrained for the bottom surface of the
models.

Methodology validation

The validation for this methodology has been performed by comparing the results of
the finite element model with an experimental test held in Heriot-Watt University by D.
Thoklen et al. This experiment has utilized the slab track of BOGL under specific loading
procedures using GRAFT-II apparatus (GRAFT stands for Geo-pavement and Railways
Accelerated Fatigue Testing II) as shown in Fig. 4. The main dimensions of the used slab
track in this experimental test are shown in Fig. 5.

D. Thélken et al. have tested the BOGL slab track using three different scenarios (S;,
Sy, and S3) with the same mechanical properties as per Table 1 (modulus of elasticity for
both subgrade and replacement is taken 400 MPa). In the 1% scenario, an axle load of 130
kN has been used divided onto three adjacent sleepers as 25%, 50%, and 25%. The 2"
scenario is to employ an axle load of 170 kN distributed on three sleepers as 25%, 50%,
and 25%. The 3™ scenario is to apply an axle load of 258 kN with equal percentages for
each sleeper (33.33% for each sleeper); these loading scenarios are illustrated in Fig. 6.

Figure 7 illustrates the comparison between the displacement obtained from the
Midas GTS NX model and the experimental test measured at the actuators (on rails)
and at LVDTs (on sleepers, LVDT stands for linear variable differential transformer). The
average differences between the finite element models and experimental tests are less
than 6%. This means that the finite element model built by Midas GTS NX shows great
match with experimental work.
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Fig.4 GRAFT Il apparatus used in the D. Thoklen experlmental test [13, 14]

Slabtrack —

Groutmass =\

— _t
“*‘ZZOOmm—f,ﬂ_f__‘J

Fig. 5 The dimensions of utilized slab track system in D. Tholken experimental test [12, 14]

25% 50% 25% 3333%  33.33%  33.33%
| CBL | \ CBL |

(a): loading procedure for scenario 1 and 2. (b): loading procedure for scenario 3.

Fig. 6 Loading procedure for the three scenarios used in D. Tholken experimental test [14]. a Loading
procedure for scenarios 1 and 2. b Loading procedure for scenario 3
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Results and discussion

The new methodology has utilized two parametric studies to obtain the design equations
and charts to determine the rail displacement for the most common slab track systems
(BOGL, Shinkansen, and RHEDA 2000), and these parametric studies have employed
both EN and AREMA specifications. The conducted equations and charts can be con-
sidered the 1° design aid for civil engineers to design new or analyze existent slab tracks.

EN parametric study
In EN parametric study, the elasticity modulus of subgrade (E;) has been changed
from 60 to 120 MPa because the minimum allowable E of a subgrade soil is 60 MPa
according to EN specifications [5, 6], and the soil having E of 120 MPa does not require
any replacement (as concluded from this parametric study). Meanwhile, the elasticity
) has been changed from 150 to 400 MPa and depth
of replacement soil from 0 to 2.5 m as the specifications require the subgrade soil to be
suitable up to a depth of 2.5 m [2, 5].

Using regression analysis, the EN parametric study on the common three slab track

modulus of replacement soil (E,,

types has been carried out, and this study has employed around 150 finite element mod-
els for these three slab types through Midas GTS NX software. The general equation
(Eq. 4) has been developed by linear regression to describe the relationship between the
rail deflection (y in mm), the elasticity modulus of subgrade soil (E,,, in MPa), the elas-

ticity modulus of replacement soil (E, in MPa) and the thickness of the replacement

rep

soil (d in meters):

y=yo—mxd (4)

Yo =B X EQp (5)
_ 62 -3 —4p2

m= —a;x10 Erep —a3x107°E;ep + azx107°E;, ) — asxEgyp + as (6)

The term “y,” is the deflection (mm) in subgrade soil only (E,,), and the term “m”
represents the subgrade and replacement soil characteristics as it depends on E ; and

“_»

E,.p- Parameters “a” and “B” have been determined for each slab track type by power
regression analysis, while parameters “a;” to “a;” have been evaluated according to
each slab track type through two-step polynomial regression analysis. These equations

(Egs. 4, 5 and 6) have a regression factor R? equal to 0.98.
q g q

EN parametric study application on BOGL

The EN parametric study on BOGL has utilized the loading criteria (Section 1: Load
model LM70), methodology (Section 2), finite element model and analysis (Section 3),
and the standard section of BOGL as depicted in Fig. 8. The regression analysis for the
numerical models of BOGL has obtained the terms “y,” and “m” as follows:

¥, = 128.97 x E_0:86 (5-1)

sub
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m = —4.95x107°E},, — 4.1x 10 °E,y + 1.23x107*EZ,, — 0.0335E,, + 1.89 (6-1)

The relationship between the rail displacement and modulus of elasticity for subgrade
soil can be represented in Fig. 9, and this figure has been created through power regres-
sion analysis using (Excel and SPSS). Figure 9 can be used to determine the minimum
E,,, that does not require replacement; in this case, the minimum E_; =130 MPa (the
point of intersection between y, and the dotted line which represents the EN allowable
limit of deflection “2.0 mm”).

For practical engineers, it is much easier to use one graph to obtain their design/
analysis rather than using several long equations. Thus, the general equation for BOGL
slab track (EN) is represented graphically in Fig. 10. This figure indicates the relation-
ship between the vertical rail displacement in mm (y-axis), the elasticity modulus for
subgrade soil in MPa (E,;, from 60 to 120 MPa) and elasticity modulus for replacement
layer soil in MPa (E,,, from E150 to E400 MPa), and the thickness of replacement soils in

rep

meters (x-axis). The values between the lines shown in Fig. 10 can be integrated.

EN parametric study application on Shinkansen

The EN parametric study on Shinkansen has utilized the same parametric factors (EN
loading pattern, finite element analysis type, and the boundary condition) as per BOGL
slab track and the standard section of Shinkansen as illustrated in Fig. 11. The numeri-
cal models for Shinkansen slab track system have resulted in the terms “y,” and “m” by
regression analysis as follows:

yo = 117.93 x E_08% (5-2)

sub

m = —5.38x107°xE},+4.4x107° X Erep+2.45x 10~ * X E2, —5.58 X 107 % X Egyp +2.78
(6-2)
The relationship between the rail displacement and modulus of elasticity for subgrade
soil can be represented in Fig. 12. Figure 12 can be used to determine the minimum E
that does not require replacement; in this case, the minimum Ey, =143 MPa.
The general equation for Shinkansen slab track (EN) is represented graphically in
Fig. 13. This figure indicates the relationship between the vertical rail displacement in
mm (y-axis), the elasticity modulus for subgrade soil in MPa (Eg;, from 60 to 120 MPa)

12.00
10.00
8.00

Deflection
««=-EN allowable limits

6.00 Vo= 128.97%E,, 086
4.00

2.00 —————-
0.00

Rail deflection (mm)

0 40 80 120 160 200 240 280 320 360 400 440
Esub(MPa)
Fig. 9 Relationship between rail deflection (y,) and subgrade elasticity modulus (E,,) for BOGL (EN)
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Fig. 12 Relationship between rail deflection (y,) and subgrade elasticity modulus (E,,) for Shinkansen (EN)

and elasticity modulus for replacement layer soil in MPa (E,, from E150 to E400 MPa),
and the thickness of replacement soils in meters (x-axis). The values between the curved

lines shown in Fig. 13 can be simply interpolated.

EN parametric study application on RHEDA 2000

The EN parametric study on RHEDA 2000 has utilized the same parameters as BOGL
slab track, and the standard section of RHEDA 2000 as depicted in Fig. 14. The numeri-
cal models for RHEDA 2000 slab track type have found the terms “y,” and “m” by regres-
sion analysis as follows:

Yo = 114.84 x E_0-836 (5-3)

sub

—3.28x1072xEgyp+1.84
(6-3)

m = —5.0x10"°xE2%, +4.07x107> X Erep+1.22x 1074 x E2

rep sub

The relationship between the rail displacement and modulus of elasticity for subgrade
soil can be represented in Fig. 11. From Fig. 11, the minimum E_, that can be used with-
out required replacement soil equals E,, =128 MPa (Fig. 15).

The general equation for RHEDA 2000 slab track (EN) is represented graphically in
Fig. 16. This figure indicates the relationship between the vertical rail displacement in
mm (y-axis), the elasticity modulus for subgrade soil in MPa (E;, from 60 to 120 MPa)
from E150 to E400 MPa),
and the thickness of replacement soils in meters (x-axis). The values between the curved

and elasticity modulus for replacement layer soil in MPa (E,,

lines shown in Fig. 16 can be simply interpolated.

AREMA parametric study

Regarding the AREMA parametric study, the elasticity modulus of subgrade (E,;) has been
changed from 20 to 50 MPa. Additionally, the elasticity modulus of replacement (E,;) has
been changed from 100 to 400 MPa and thickness of replacement from 0 to 2.5 m. Using
regression analysis, AREMA parametric study has been carried out regarding the most
common slab track systems (BOGL, Shinkansen, and RHEDA 2000) with their standard
section. This study has employed approximately 150 finite element models (FEMs) for the
three slab track systems to obtain the relationship between the rail displacement, modulus
of elasticity for subgrade, and replacement soil as well as the replacement soil thickness. The
general equation for AREMA is typically the same as equation (Eq. 4 in EN); meanwhile, the
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Fig. 15 Relationship between rail deflection (y,) and subgrade elasticity modulus (E ) for RHEDA 2000 (EN)

term “m” has been derived as per Eq. 8 through 3™-degree polynomial regression instead of
2"d_degree as per EN:

y=yo—mxd (4)

—a

Yo = B x Esub (7)

m = aj X 10_7Efep —das X 10_4Efep —azx 10_3Erep + ag % 10_4E32ub — asxEg,, + ag
8)

where the term “y,” is the deflection (mm) in subgrade soil only, d is the thickness of
the replacement layer in meters, and the term “m” represents the subgrade and replace-
ment soil characteristics as it depends on E;, and E,, in MPa. Parameters “a” and “p”
have been determined according to slab track type by power regression analysis, while
parameters “a;” to “a;” have been evaluated according to slab track type through two-
step polynomial regression analysis. These equations have been derived with a regres-
sion factor R*=0.987. The terms “y,” and “m” have been obtained by regression analysis
for the studies three types of slab track systems as follows:
For BOGL slab track system:

Yo = 200.82 x E_ 8% 9)

m=155x10""xE3, —1.32x10 *xE2_+3.7x10"2xE,. +3.93x10 3 xE2 , —0.404xEg,+9.21

rep rep rep sub
(10)
For Shinkansen slab track system:
yo = 161.066 x E_ 27> (11)

m =137x10"7 xE},,—1.2x10™*xE, +3.54x 107> X E,, +3.92x 107> X E2, —0.408 X Egy,+9.46
(12)

For RHEDA 2000 slab track system:

Page 17 of 25



Page 18 of 25

(2024) 71:42

Aly et al. Journal of Engineering and Applied Science

(N3)>1>e43 gels 000C

VA3HY 10} 19Ke] 105 JuaWdE|dRI JO SISSAUXDIYY PUE (GNST JUSISHIP) S|10S SPLIBANS JUSISYIP 10§ UOIIIIYIP |IB) WNWIXBL PUE [10S Juawade|dal Jo snjnpowl Aldiisels uaamiaq diysuonedy 9 *big
(ur) ssouwIIY [, Judwddejday

$'C (4 S’ 1 €0 0 IS4 (4 <1 ! S0 0
€0 €0
! !
1 § 1 §
(4 [4
4 4
00vda 00€H 00TH 0STH (111141 00€H—— 00TH—— O0SId——
BJIA 0TI = qnsH BdN 001 =qnsH
14 4 1 8 1 €0 0 T [4 ST I €0 0
€0 €0
!
ST 1 !
[4
$C
€T €
S'e
S'€ L4
00vH 00€H—— 00CH—— O0SId—— 00vda 00€d—— 00TH—— OSId——
BJIA 08 = qnsy BJIA 09 = qnsy

(wrur) Judwde[dsiq ey



Aly et al. Journal of Engineering and Applied Science (2024) 71:42 Page 19 of 25

Yo = 166.96 x E_ 9803 (13)

sub

m =138x10"" xE,,—1.19x10 * xEZ, +3.4x 107> X E,, +2.85x 107> X 2, —0.325 X Egyp+7.88
(14)

The relationship between the rail displacement and modulus of elasticity for subgrade
soil can be represented for BOGL, Shinkansen, and RHEDA 2000 in Figs. 17, 18 and 19,
respectively. These figures determine the minimum E_ that does not require replace-
ment soil; in this case, the minimum E_, equals 62, 70, and 59.2 MPa for BOGL, Shin-
kansen, and RHEDA 2000 slab track, respectively.

The general equations for BOGL, Shinkansen, and RHEDA 2000 slab track (AREMA)
have been obtained through regression analysis and can be represented graphically in
Figs. 20, 21 and 22. This figure indicates the relationship between the vertical rail dis-
placement in mm (y-axis), the elasticity modulus for subgrade soil in MPa (E;, from 60
to 120 MPa) and elasticity modulus for replacement layer soil in MPa (E,,,, from E150 to
E400 MPa), and the thickness of replacement soils in meters (x-axis). The values between
the lines shown in these three figures (Figs. 20, 21 and 22) can be easily integrated.

Deflection

= = AREMA Allowable Limits

15 Yo = 221.4%E 085

Rail Deflection (mm)

0 100 300 400

20
.y (MPa)
Fig. 17 Relationship between rail deflection (y,) and subgrade elasticity modulus (E

) for BOGL slab track

sub:

(AREMA)

20

Deflection

15 === AREMA allowable limits

10 Yo = 161.07%E,,-0.764

Rail Deflection (mm)

0 100 200 g, (MPa) 300 400

Fig. 18 Relationship between rail deflection (y,) and subgrade elasticity modulus (E,,) for Shinkansen slab
track (AREMA)
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Fig. 19 Relationship between rail deflection (y,, and subgrade elasticity modulus (E,,) for RHEDA 2000 slab
track (AREMA)

Conclusions

In this paper, a new design methodology for the slab track systems has been developed
through the regression analysis for the parametric study of 300 FEMs for both AREMA
and EN specifications. This methodology can be considered as the 1** design aid for the
slab track systems. From the conducted studies, the following facts have been drawn:

1. The proposed new methodology is applicable to design slab track systems regarding
rail deflection as this design methodology has been validated through experimental
testing. A new design aid is presented using design equation and design graphs for
the most used slab track systems.

2. The relationship between the rail deflection for slab track and the modulus of elastic-
ity for subgrade soil (without any replacement layer) is described by a power func-
tion (nonlinear relationship) with a regression factor of R* equal to 0.98.

Yo =B X Es_u?,
where “y,” is the rail deflection (mm) considering the subgrade soil only and “E;)” rep-
resents the modulus of elasticity of subgrade soil. Parameters “a” and “B” have been
determined according to each slab track type by power regression analysis.

3. The relationship between the deflection (y in mm) at the top surface of the rail, the
elasticity modulus of subgrade soil (Eg,, in MPa), the elasticity modulus of replace-

ment soil (E, in MPa), and the thickness of the replacement soil (4 in meters) can be

rep
described as follows:
y=yo—mxd
m = function of (a;, Erep, Esup)

”

where “y,” is the rail deflection (mm) considering the subgrade soil only and the

term “m” represents the subgrade and replacement soil characteristics (Ey, and E,,,).
Parameter “a;” has been evaluated according to each slab track type through polyno-

mial regression analysis.

o For EN specifications, “m” can be obtained from the following model:
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m= —aj X 10_6Efep — ag X 10_3Erep + az x 10_4E52ub — ayEgyp + as

o For AREMA specifications, “m” can be obtained from the following model:

m = a; X 10_7Efeﬁ —ay X 10_4Efep —azXx 10_3Erep + asx 10_4E§Mb —asEgp + ae

4. EN parametric study has proved that the minimum modulus of elasticity for sub-
grade soil to fulfill the allowable rail deflection criterion without a replacement soil
should be taken as 130, 143, and 128 MPa for BOGL, Shinkansen, and RHEDA 2000,
respectively. In other words, the subgrade soil such as well-graded sand (E 127 MPa)
or gravel (E 160 MPa) can be used as slab track subgrade without replacement soil
for EN specifications.

5. AREMA parametric study has indicated that the minimum modulus of elasticity for
subgrade soil to fulfill the allowable rail deflection limits without a replacement soil
should be taken as 62, 70, and 59.2 MPa for BOGL, Shinkansen, and RHEDA 2000,
respectively. In other words, subgrade soil such as silty sand (E 60 to 70 MPa) can be
used as slab track subgrade without replacement soil for AREMA specifications.

6. This study provides practical engineers with a simple design/analysis graph for each
slab stack system according to the used design code and specifications.

Abbreviations

EN European norms

AREMA  American Railway Engineering and Maintenance of the Way Association
CBL Concrete-bearing layer

HBL Hydraulic-bonded layer

FPL Frost protective layer

CAM Cemented asphalt mixture

GRAFT Geo-pavement and Railways Accelerated Fatigue Testing

Y Train speed in km/h (EN) or mph (AREMA)

Di3 Diameter of a standard train wheel of 33 inch

D Diameter of the actual train wheel in inches

v Soil unit weight in kN/m?

E Modulus of elasticity in MPa

@ Soil cohesion in kPa

U Poisson'’s ratio (unitless)

) Angle of internal friction for soils

FEM Finite element model

Erep Replacement soil modulus of elasticity in MPa

= Subgrade soil modulus of elasticity in MPa

Y, The rail deflection in subgrade soil only in mm

Y The total rail deflection in the subgrade and replacement layer in mm
m The slope for the linear regression equation which represents the subgrade and replacement soil

characteristics
aandB  Regression parameters depending on the slab track type
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