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Abstract

The performance of railroad structure has a tremendous influence on the safety and stable operation of high-speed
trains. Strong vibrations and the degradation rate of the track are the main factors affecting the transport
safety of a railroad built over a weak soil. Geogrid reinforced embankment supported by pile structure is a
new efficient construction technique used to ensure the stability and enhance the performance of the railroad
system; but only a few studies are oriented to its behavior under train operation. This paper investigates the
dynamic response of geogrid reinforced embankment supported by cement fly-ash gravel pile structure
during a high-speed train operation. The establishment of a realistic simulation model for railroad subjected
to a moving train load, is an important first step towards the reliable design of geogrid reinforced
embankment supported by pile structure. Thus, a 3D nonlinear FEM has been established to simulate the
instrumented Harbin-Dalian railway test section. Each train carriage was modeled as a transient dynamic load
through a user-defined Dload subroutine. The developed model was successfully validated by the dynamic
response recorded from the field test section. The improvement of the railroad structure by the CFG piles and
geogrids contributed significantly to the reduction of the vibration in the structure, which attenuates 1.2 times
faster with the structure depth, even under overload conditions. Moreover, the phenomenon of resonance
observed when the train reaches speeds of 100 and 260 km/h were annihilated. The analysis of the stress
distribution within the embankment revealed that a dynamic arch is formed in the embankment at 2 m from
the ground. The stress onto the pile was 16 times greater than that acted on the soil and the tensile stress developed
in the geogrid was high at the piles edge below. In addition, the coupling effect of geogrid with various tensile
strengths and the piles with different strength grades indicated that the combination of a high-strength pile and
geogrid significantly reduces the displacement gap due to the variation of train speed. As a result, the vibrations of
the track were almost constant during the train operation; thus, ensuring comfort to passengers and reducing the
risk of derailment.
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1 INTRODUCTION

The development of the high-speed railroad in recent years has improved the transportation system around the
world and has contributed immensely to countries’ economies. However, the railway construction on low bearing soil
remains a major challenge for engineers who must ensure the structure stability by minimizing various deformations and
vibrations. It is known that the high-speed train movement along the railway generates dynamic forces and vibrations.
Several studies have been done to investigate the dynamic behavior of railroad and the effect of weak soil on train safety
were pointed out, which describes the risk of train derailment due to significant dynamic amplifications that take place
in the structure as a certain critical speed is approached by the train[1-4].

The ground enhancement with pile and geogrid reinforced embankment is widely used, as an effective, economical
and fast technique for highway and railroad constructions in solving the problems associated with the low bearing
capacity of the soil [5]. Many investigations have shown that such a structure provides better stability and the various
settlements were reduced [6, 7]. Other studies have focused on the distribution of loads in the structure as well as new
methods for analysis and design to improve its performance [8-12]. Since these structures were built to accommodate
rolling loads, most of the research has been carried out under static load. Little is known of its dynamic behavior under
a moving train load. Most research problems till now, have been solved mathematically or by assumption in view of the
results obtained from studies carried out under embankment load.

The use of auxiliary rails reduced the rail variation deflection along the transition zone [13]. Real investigated the
influence of the railway component on the vibration behavior of the track and found that the vibration in the concrete
sleeper is lower than the one in the wood sleeper [14]. Sol-Sdnchez found that the use of deconstructed end-of-life tires
in the manufacture of rail pads improves the performance of rail tracks [15]. Even though these previous works dealt
with the the performance of the railroad, the dynamic response enhancement of the. Railway system can not be limited
only to track components. In some cases, the damages may be more severe due to the low bearing capacity of the ground
and the low rigidity of the embankment. The dynamic response of the geogrid reinforced embankment supported by pile
structure during the passage of the train is a very complex phenomenon. It is unfortunate, however, that very few
experimental and numerical studies have given a comprehensible explanation on it. It is, therefore, necessary to study
the characteristics of an existing railway embankment reinforced by a geogrid and supported by a CFG pile using a
numerical model. Compared to ordinary heavy haul train, the high-speed train cause more structural vibration to the
railroad during its operation. Moreover, the dynamic response characteristics of a geogrid reinforced high-speed railroad
embankment supported by CFG pile are very different from those of a railroad embankment supported only by piles.
Therefore, it is necessary to explore the dynamic characteristics of the geogrid reinforced railroad embankment
supported by CFG pile and to better elucidate the mechanism of the system components interaction, which is of great
importance to the establishment of stringent guidance for the railroad design over weak soil.

In this study, a 3D finite element model was implemented in Abaqus with the dynamic train load performed as a
transient local dynamic load by using a subroutine Fortran. The concrete damage plasticity behavior was included in the
properties of the pile for more accurate characterization of its behavior. By comparing the computed results with the
dynamic stress and accelerations obtained from field measurements of the Harbin-Dalian high-speed railroad in China,
the numerical model reliability for the analysis of the railroad dynamic response has been checked. After that, the
influence of the CFG pile and the geogrid on the railroad system vibration was evaluated. The distribution of the stresses
within the geogrid reinforced railroad embankment supported by CFG pile structure was also investigated. Finally, the
coupling effect of pile and geogrid with various strength on the vibration variation along the track due to the speed
change of the train during the operation were also analyzed.

2 Numerical Modelling of Geogrid Reinforced and Pile Supported Embankment Railway

This section includes the description of a three-dimensional model of the railroad embankment reinforced by
geogrid and supported by pile, the material parameters, the dynamic train load model, the mesh and boundaries
conditions.

2.1 Model Geometry

The three-dimensional FEM model developed, was based on the Harbin-Dalian railway section constructed in 2010.
The railroad bed surface width is 13.6 m and the height is 5.433 m with a slope ratio of 1:1.5. As depicted in Figure 1, the
railroad bed upper layer is the well-graded gravel of 0.40 m. The layer localized below the graded gravel is non-frost
heaving group filling A/B. The following respective layers are; the normal A/B group fill, normal A/B/C group fill and a
cushion layer in which two geogrid layers are embedded. The foundation soil, composed of a loess clay of 10 m, a silty
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clay layer of 10 m and the silt layer of 12 m, is reinforced by the cement fly-ash gravel piles (CFG-piles) of 20 m of length
and 0.5 m of diameter with a strength of C25. The piles’ layout is an equilateral triangle of 1.5 m spacing [16, 17].
The embankment surface is covered by CRTS (China Rail Track System) type-l which include the rail, fastener system,
track slab, CA mortar, resin material and concrete roadbed [18].

Considering the advantage of symmetry, the geometry section was made simpler to one half in the FEM built in
Abaqus 6.14 as depicted in Figure 2. Its total length is 120 m and a width of 25 m. The Euler Bernoulli beam element has
been adopted to model the rail. A tie connection was utilized to ensure mutual contact between the layers under the
track slab with the continuity of the interface’s deformation and the geogrid was embedded in the cushion layer [19, 20].
A system of Cartesian coordinate was adopted in which the railroad transverse direction is indicated by the X-axis, the
vertically downwards is the Y-axis and longitudinal direction (train moving direction) is indicated by the Z-axis.

L 3m L 3.8m L

Normal A/B group fill

Normal A/B/C group fill

Crushed Cushion Stone

Loess Clayer

Figure 1 The geometry of Railway passenger Harbin-Dalian Study

Latin American Journal of Solids and Structures, 2019, 16(7), e214 3/20



Dynamic Response Analysis of Geogrid Reinforced Embankment Supported by CFG Pile Structure During Ishola Valere Loic Chango et al.
a High-Speed Train Operation

a) View of 3-D railway model

b) View A of Railway track

c) View B of CFG pile and Geogrid

Figure 2 Three-dimensional railway model

2.2 Material Characterization

The properties of materials and specification values were based on previous works [17, 18]. Founded on elastic layered
system hypothesis, railroad track and embankment materials are all linear elastic. The rail-base rubber pads and the fasteners
between track slab and rail are taken on as linear elastic components and have been modeled using spring-damper elements
with a stiffness value of 45 kN/mm and the coefficient of damping is 45 kN s/m [21]. The soil layers are supposed to be elasto-
plastic by using the Mohr coulomb model [19]. The interaction between the materials is supposed to be completely continuous.
The equivalent parameters are recapitulated in Table 1. The piles are elasto-plastic by using Concrete Damage Plasticity The
stress plastic strain relation of concrete and damage —strain relation at different grades: C25, C60, and C80 were presented in
Table 2, Table 3 and Table 4. Geogrids were modeled as an isotropic linear elastic membrane with an ultimate tensile strength
of 30 kN/m and a Poisson ratio of 0.3.
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Table 1 Materials properties

Material Elastic Modulus (MPa) Density (Kg/m3) Poisson Ratio Cohesion (kPa) Friction angle (°)
Rail 210000 7800 0.3 - -
Track Slab 39000 2500 0.3 - -
CA Mortar 100 1800 0.3 - -
Concrete Base 32500 2500 0.27 - -
Graded Gravel (Roadbed) 310 1800 0.3 - -
Non-frost Heaving Group Filling A/B 298 2060 0.3 - -
Group Filling A/B 350 2080 0.3 - -
Group Filling A/B/C 298 1980 0.3 - -
Cushion Crushed Stone 300 1850 0.3 - -
Clay Loess 19 1850 0.35 13 12
Silty Clay 19 1650 0.4 11 9
Silt 27 1880 0.35 17 19

Table 2 CFG Pile with strength grade C25

Elasticity . i . i L. Stress ratio Pressure ratio Viscosity
Modulus Poisson ratio  Dilatation angle Eccentricity
(MPa) Obo/Oco Kc parameter
28000 0.2 30 0.1 1.16 0.667 0.0005
Compression hardening Tension stiffening Compression Damage Tension damage
Stress (kN/m2)  Strain x1073 Stress (kN/m2) Strain x10-3 Damage d. Strain x10-3 Damage d; Strain x10-3
11690 0.000 1797.8 0.000 0.000 0.000 0.000 0.000
16700 0.809 1780 0.0260 0.010 0.809 0.010 0.026
13239.8 2.34 1191.06 0.136 0.207199 2.34 0.330864 0.136
9841.27 3.86 859.483 0.236 0.410702 3.86 0.517144 0.236
7674.36 5.35 684.527 0.332 0.540458 5.35 0.615434 0.332
6248.49 6.80 576.455 0.425 0.69718 6.80 0.747045 0.425
5255.01 8.24 502.469 0.516 0.78611 8.24 0.834016 0.516
4527.98 9.67 448.233 0.608 0.84114 9.67 0.888637 0.608
3974.73 11.1 406.519 0.698 0.877465 111 0.919064 0.698
3540.4 12.5 373.278 0.789 0.902661 12.5 0.937999 0.788
131.57 3.800 0.998225 3.560
Table 3: CFG Pile with strength grade C60
Elasticity Modulus Poisson ratio Dilatation angle  Eccentricity Stress ratio Pressure ratio Viscosity
(MPa) Obo/Cco Kc parameter
36000 0.22 30 0.1 1.16 0.667 0.0005
Compression hardening Tension stiffening Compression Damage Tension damage
Stress (kN/m2) Strain x103  Stress (kN/m2) Strain x10-3 Damage d. Strain x10-3 Damage d; Strain x10-3
26950 0 2878.50 0.000 0.000 0.000 0.0000 0.000
38500 0.701 2850.00 0.036 0.010 0.700 0.0100 0.036
19978.3 0.298 1256.67 0.195 0.481084 2.980 0.559063 0.195
11087.9 5.00 760.756 0.323 0.712003 5.00 0.733068 0.323
7444.03 6.87 558.434 0.444 0.806648 6.87 0.804058 0.444
5552.82 8.70 448.564 0.562 0.876252 8.7 0.877995 0.562
4412.21 10.0 379.016 0.678 0.913899 10.5 0.922909 0.678
3654.2 12.3 330.681 0.794 0.936577 12.3 0.949666 0.794
3115.66 14.1 294.926 0.910 0.951309 14.1 0.964133 0.910
2714.07 15.9 267.272 1.06 0.961426 15.8 0.972937 1.03
86.0337 4.59 0.999299 4.59
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Table 4: CFG Pile with strength grade C80

Elasticity . . Dilatation .. Stress ratio . Viscosity
Modulus (MPa) Poisson ratio angle Eccentricity Gbe/Oco Pressure ratio Kc parameter
38000 0.22 30 0.1 1.16 0.667 0.0005
Compression hardening Tension stiffening Compression Damage Tension damage
Stress (kN/m2) Strain x103  Stress (kN/m2) Strain x1073 Damage d. Strain x10°3 Damaged: Strain x103
35140 0 31411 0.000 0.000 0.000 0.000 0.000
50200 0.038 3110 0.037 0.01 0.601 0.01 0.039
22358.2 0.208 1239.38 0.202 0.554618 3.26 0.601485 0.208
11618.5 5.46 728.476 0.342 0.768556 5.46 0.765763 0.342
7601.82 7.49 528.471 0.467 0.848569 7.49 0.830074 0.467
5596.63 9.46 421.811 0.59 0.902677 9.47 0.895181 0.59
4412.34 11.4 354.989 0.712 0.931921 11.4 0.934206 0.712
3635.46 134 308.862 0.834 0.94959 13.4 0.957244 0.834
3088.38 15.3 274.904 0.95 0.961115 15.3 0.969631 0.955
2683 17.2 248.735 1.08 0.969065 17.2 0.977139 1.08
79.2484 4.81 0.999416 4.81

2.3 Mesh and Boundaries Conditions

In order to accurately simulate railroad dynamic response, various mesh sizes were chosen to respect the
convergence of calculations and optimal sizes of elements by referring to [22]. In this study, the fine mesh was utilized
in the area below the application path of the train carriages where stress and displacement are high. A dense size mesh
was adopted near the load application zone and the relatively coarse mesh was used far away from the load application
zone.

The mesh of geogrid is defined as an M3D4R (4-node quadrilateral membrane with reduced integration and
hourglass control). An 8-node linear brick with reduced integration and hourglass control (C3D8R) was utilized for the
track slab, the CA Mortar layer, the concrete base, the subgrade, the soil and pile [23]. The boundaries conditions have
a great influence on the numerical model computation of dynamics problems. The most used methods are infinite
element boundaries and traditional boundaries. The infinite boundaries conditions reduce the wave reflection effect and
absorb stress wave at the boundary surface. All in all, the infinite boundary gives a more precise result compared to
conventional boundaries. In this study, the symmetry boundary is restrained from the translation in the x-direction due
to symmetry advantage considered by halving the geometry section.

As it is depicted in Figure 3, a 3-D continuum solid of infinite elements with 8-node linear (CIN3D8) were utilized on
the remains faces to describe the infinite boundary condition [24, 25]. The three-dimensional model is composed of
5042302 finite and infinite elements and 9430974 degrees of freedom.

Figure 3 Mesh of the finite element model
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2.4 Dynamic Train Moving Load

The high-speed train load moving along a rail is a combination of incessantly dynamic load changes and static load.
In reason of train reaction on the longitudinal unevenness of the rails, the dynamic load causes a local augmentation of
the total load. Railway track profile, train speed, carriages mass, and train suspension system are the main factors which
affect the dynamic part of the total load. The dynamic train load is simplified by the continuous change of the loading
amplitude.

The basic motion equation can be resolved by an implicit process because of its effectiveness for a structural
dynamic problem such as in [26, 27].

[MI{O}+[Cl{0} +[K]{U} = {P} (1)

Where, [M] represents mass matrix [C] represents damping matrix; [K] represents stiffness matrix; {P} is the external

force vector; U} is an acceleration vector U} represents velocity vector and U} represents displacement vector.

The high speed train used was based on a CRH3 vehicle model, frequently used in China. It consisted of eight cars
of 25 m each as depicted in Figure 4. The wheels, axles, and body of the train carriage were considered like rigid parts
with the connections represented as spring-damper elements. It has been assumed that each car is perfectly symmetrical
and can be divided into 4 parts. Each axle is associated with the bogie via a primary suspension; the bogie is associated
with the body of the carriage via a secondary suspension. In this study, only vertical carriage and rail movements were
taken into account. Moreover, it is assumed that the rail and the wheel do not separate during the operation. This means
that there is no relative vertical displacement. The dynamic train load was performed as a transient local dynamic load
by using a subroutine to specify the non-uniform distributed load (DLOAD), which allows users to specify the distributed
load magnitude variation as a time function (TIME*), coordinate (COORDS*), domain element number and applied load
integration point number [28]. The train moving load effect, developed in Fortran and incorporated into the implicit
dynamic analysis, was based on wheel-rail contact force equation [29]. The wheel-rail contact force of the ith wheel in
the nth carriage was described as follows:

n-1
Pm(x—vt)zpms(x—vt++2an +b, +ZLS+LOJ (2)

s=0

Where x is the distance between the axle of the train and a reference point in front of the train; v is the train speed; t is
the time; Lo is the distance between the head of the train and a reference point in the running direction of the train; L is
the (n-1) length of a carriage; a, is the distance of two-wheel axle in the nth carriage; b, is the distance between two
adjacent axles in two bogies of the nth car.

The computation parameters of Equivalent Force of the high speed train was recapitulated in Table 5.

25m

SR

Mp myp

25m 14.85m 25m

Figure 4 Carriage train Geometry
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Table 5: Parameters for Computation of Equivalent Forces

Mass of carriage (kg) 40000 Length of a Carriage (m) 25
Mass of Bogie (kg) 3200 Stiffness of primary suspension spring (N/m) 2080000
Mass of Wheel Axle (kg) 2400 Damping of primary suspension spring 100000
Axle Load (kN) 140 Stiffness of secondary suspension spring (N/m) 800000
Distance of Wheel Axle in a Bogie (m) 2.50 Damping of primary suspension spring 120000
Distance of Bogies in a Carriage (m) 14.85

2.4 Material Damping

The damping of material is a factor that affects a structure dynamic response. In finite element analysis, it is not
simple to determine accurately the matrix of damping because of its complexity. In general, the damping calculation
methods used are modal damping method, stress energy factor method, Rayleigh damping method, and stiffness factor
method. For the structural dynamic analysis, Rayleigh Damping is generally used and expressed in Eq. (3).

C=aM+BK (3)

Where [C] represents damping matrix of the physical system; [M] represents mass matrix of the physical system;
[K] represents the system stiffness matrix; a and B are the predefined constants.
Damping coefficient a and B depend on the structure natural frequency of and the damping ratio.

200 @)
0)1+('02

p=—¢, (5)
0‘)l+0‘)2

where, & represents damping ratio.

In order to define the Rayleigh damping, a finite element modal analysis was performed. Extraction of the first
50 natural circular frequencies was done to fix the essential frequency w1l and selected w2 among higher order vibration
modes. Therefore, w; and w> are 16.26 rad/s and 18.91 rad/s respectively. The damping ratio is selected within a span
of 2-4% [22]. From these values defined above, the mass proportional damping constant a and stiffness proportional
damping constant  computed are 0.5269 and 0.0017 respectively.

3 Model Validation with Field Measurement

3.1 Rail Track Section Instrumentation and Field Testing

The section tested was the Harbin-Dalian high-speed railway with double line track slab China railway system.
In order to get the vibration induced by the movement of the high-speed train on the structure, a field test was carried
out to measure the acceleration and the dynamic stress. The dynamic stress sensors components were mounted at the
external flank of the rail. Some accelerometers were mounted at the track slab surface and others were mounted at the
embankment shoulder near the concrete base and facing the rail fulcrum as depicted in Figure 5. The sensor of dynamic
stress was DH1205 78 mm gauge length with a resistance of 350 Q; a range of operating temperature from -20 to +80 °C
and designed by Jiangsu Donghua Testing Technology Co. Ltd. The accelerometer sensors were TG-1 model designed by
Beijing Taize Technology Development co. LTD, with a frequency range from 0 Hz to 3000 Hz, measurable acceleration
field ranging from 0. 1 to 10 g; a linearity of 3% F.S, the sensitivity, a sensitivity of 1-2% F.S, a working power from 5VDC
to 24VDC, an output voltage range from 0.5V to 4.5V and an operating temperature varying from -40°C to 105°C
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Pressure Pressure
Sensor Sensor
Acceleromete Accelerometer

Accelerometer

(c) Overview of the test section d) Data acquisition system

Figure 5: Harbin-Dalin railway test section

3.2 Comparative Analysis between FE Result and Field Measured Data

In this section, the results computed with the numerical model have been compared with the data recorded from
the field test to further validate the reliability of the transient local dynamic train load using a Fortran subroutine and
the Three-Dimensional Finite Element Model implemented in Abaqus. While the test train was operating at 200 km/h,
dynamic stress and vibration acceleration were measured by the various sensors in real time. Based on the geometric
parameters of the cross section of the high-speed railroad (Harbin-Dalian section), a three-dimensional numerical model
has been established. Figure 6, 7 and 8 compare the dynamic stress and vibration acceleration of the typical locations
obtained from the numerical simulation with the field measurement data at the train speed of 200 km/h.

Figure 6 shows the dynamic stress exerted on the rail flank resulting from the field experiments and the dynamic
stress exerted on the rail flank resulting from the simulation. There is a strong correlation between the measured
dynamic stress of the field and that of the simulation. The peak of the dynamic stress corresponding to the passage of
each wheel is visible and similar with respect to timing, shape, and magnitude. The obtained maximum dynamic stress
from the field test and simulation were respectively 10.20x10° kPa and 9.76x103 kPa. The numerical model predicts the
contact train wheel rail force successfully with a difference of 4.32%.

Figure 7 shows the vibration acceleration at the track slab from the field measurement and the simulation results.
The time histories of the vibration acceleration contain a series of periodic wave shapes and each wave shape cycle
corresponds to two bogies of the train. These are the bogies in the back of a carriage and the one at the head of the next
carriage. A strong correlation exists between the vibration acceleration from the field measurement and that from the
simulation results. The maximum acceleration obtained from field measurement and numerical simulation were 1.1 m/s?
and 1.04 m/s? respectively. The reported difference is 5.45%.

Figure 8 shows the vibration acceleration at the embankment top from the field measurement and the simulation
results. The time histories of the vibration acceleration contain a series of periodic wave shapes and each wave shape
cycle corresponds to two bogies of the train. these are the bogies in the back of a carriage and the one at the head of the
next carriage. A strong correlation exists between the vibration acceleration from the field measurement and that from
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the simulation results. The maximum acceleration obtained from field measurement and numerical simulation were
0.93 m/s2 and 1.01 m/s? respectively. In this case, the reported difference is 7.92%. These differences may be due to the
aliases climatic. A favorable agreement was obtained between the field test and simulation results by considering all the
factors cited above. Therefore, the use of a 3D finite element model, for dynamic response prediction of railroad
subjected to transient dynamic train load, is appropriate.

12 12
Field ——Simulation
104 10
& &
= ©
% 8 S 8-
= 2
I &
2 44 L 44
€ €
©
§ 2 g. 2 %
0 _—-'“-w.—-.-ﬂ 0 F
1 | T T 1 T
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
Time (s) Time (s)
a) Dynamic stress from field meaurement b) dynamic stress from numerical model
Figure 6 Dynamic stress at the rail flank at train speed of 200 km/h
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Vertical Acceleration (m/s?)

-0.5 1 -0.5 4
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0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
Time (s) Time (s)
a) Vertical acceleration from field measurement b) vertical acceleration from numerical model
Figure 7 Vertical acceleration at the track slab Up at train speed of 200 km/h
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Time (s) Time (s)
a) Vertical acceleration from field measurement b) vertical acceleration from numerical model

Figure 8 Vertical acceleration at the embankment up at train speed of 200 km/h
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4 Dynamic Response Analysis of Geogrid Reinforced Railroad Embankment Supported by CFG Pile System

In order to investigate the performance of geogrid reinforced embankment supported by pile structure, the
evaluation effect of pile and geogrid on the dynamic response of railroad; the effect of speed and load; the stress
distribution and the influence of the reinforcements’ strength on the attenuation of vibration due to variation of train
speed were analyzed.

4.1 Evaluation Effect of Pile and Geogrid in the Railroad System Subjected to Train Load Moving

To evaluate the role of the pile and geogrid in a railroad dynamic response built over weak soil, the geogrid
reinforced embankment supported by CFG pile structure condition was compared to the case of the conventional
embankment (structure without pile and geogrid) when the train speed was 200 km/h

4.1.1 Vertical Displacement

The coupling effect of the pile and the geogrid on the vibrations of the railroad structure over weak soil at various
locations has been studied. The time histories curves of the vertical displacement at point A, point B, point C, and point
D, are illustrated in Figure 9. The position of each wheel can easily be identified at point A.

The vertical displacement for the case of geogrid reinforced embankment supported by CFG pile is less than the
conventional embankment at all calculation point. Similarly, there is a significant difference between the maximum
displacements of the two cases. At point A, the peak displacement for the geogrid reinforced embankment supported by
CFG pile being 39.77% lesser; at point B, the peak displacement for the geogrid reinforced embankment supported by
CFG pile being 46.47% lesser; at point C, the peak displacement for the geogrid reinforced embankment supported by
CFG pile being 46.66% lesser; and at point D, the peak displacement for the geogrid reinforced embankment supported
by CFG pile being 58.01% lesser, as summarized in table 6. These observations can be explained as follows: firstly, the
insertion of the pile into the soil improves the bearing capacity of the clay layer whose weakness is the main cause of the
great displacement observed in conventional embankments. Secondly, the geogrids reinforce the embankment, which
offers greater compressive strength. Thus, the dynamic load effect is reduced on the railroad structure. Moreover, the
rate of vibration reduction varies from one typical point to another. This phenomenon can be interpreted by the ability
of each material to deform less when subjected to a load. Thus, the coupling effect of the pile and the geogrid depends
on the stiffness of each material in the structure and therefore more significant when the material is softer.

In addition, to better understand the role of the pile and geogrid in the vibration attenuation with the structure
depth, an attenuation coefficient is defined as:

k=—= (6)

Where U, is the maximum value of the vertical displacement at point A (rail top) and Uy is the maximum value of the
vertical displacement at another point (B, C or D). For the geogrid reinforced embankment supported by CFG pile
structure, the attenuation coefficient is 0.818, 0.805, and 0.61 at point B, point C, and point D respectively. For the
conventional embankment structure, the attenuation coefficient is 0.913, 0.909 and 0.875 at point B, point C, and point
D respectively. For the geogrid reinforced embankment supported by pile structure, at point B, the vibration is about
81.8% of the vibration at point A; at point C, the vibration is about 80.5% of the vibration at point A; at point D, the
vibration is about 61% of the vibration at point A. For the conventional embankment structure, at point B, the vibration
is about 91.3% of the vibration at point A; at point C, the vibration is about 90.9% of the vibration at point A; at point D,
the vibration is about 87.5% of the vibration at point A. With the structure depth, the vibrations inside the geogrid
reinforced embankment supported by CFG pile structure, are attenuated on average 1.2 times faster than the vibrations
inside the conventional embankment structure.
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Figure 9: Time histories of the vertical displacement at the selected points
Table 6: Summary of the maximum displacement peak at the selected points
. Maximum Peak Displacement Maximum Peak Displacement
Section .p . P Enhancement rate (%)
Structure conventional (mm) Structure reinforced (m)
Rail Up 2.64 1.59 39.77
Track Slab Up 2.41 1.30 46.47
Embankment up 2.40 1.28 46.66
Soil up 2.31 0.97 58.01

In Figure 10, the vertical displacement as a function of depth is shown. It can be seen that the reinforced structure
vertical displacement is less than the conventional embankment vertical displacement till 25.8 m of depth. The silty soil
carrying the piles is localized at this depth and the sudden displacement increase in the structure reinforced can be
explained by foundation layer behavior subjected to the dynamic train load absorbed by the piles. This observation is
compatible with Thach work [22].

25 2.0 Diffls?ceme-qt.émm) 0.5 0.0
0 . . ! . . .

— With Pile-Geogrid Without Pile-Geogrid

35
Figure 10: Displacement according to the depth right below the wheel
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4.1.2 Vertical Velocity spectrum at soil up

The vertical velocity spectrum at the soil up (Point D) of the conventional embankment and the reinforced structure
was computed by using the Fast Fourier transform and presented in Figure 11. It can be seen that the first peak of the
amplitude apparent is larger and attenuates gradually. This can be explained by the quasi static state of the train weight
when the first wheel is in contact with the selected point. Moreover. It is noticed that an amplitude peak is recorded
after each frequency span of 2.2 Hz which corresponds to the passage of a carriage (25 m) running at 200 Km/h.
The vertical velocity amplitudes for the conventional embankment are significantly larger than that for the reinforced
embankment. The vibration amplitudes attenuate and tend to zero from 10.53 Hz and 24.39 Hz for reinforced
embankment and conventional embankment respectively. The presence of piles in the soil enhances the capacity to
respond to the vibration induced by train and attenuate quickly the vibration amplitude toward the soil.
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Figure 11: Vertical velocity spectrum at the soil up (Point D)

4.1.3 Magnitude of Displacement

Figure 12 shows the vibration propagation magnitude induced by a moving high speed train. It can be seen that in
both cases the embankment is more affected by the vibration induced by the train. In the conventional embankment
and the reinforced embankment, the magnitude of displacement observed in the embankment area below the train
carriages varies from 2.21 mmto 1.412 mm and from 1.391 mm to 9.275 mm respectively. This large vibration magnitude
observed in the conventional embankment is due to soil bearing weakness in which the vibration is almost as strong as
the embankment. When the soil is improved by the pile and the embankment reinforced by geogrid, the attenuation of
the vibration becomes more rapid and it is noticeable that the magnitude observed around the pile is small. This
phenomenon is due to the rigidity conferred to the soil by pile and the stiffer platform effect of geogrid. Since strong
dynamic amplification can be observed in the railway structures when the train approaches a certain speed depending
on the properties of ground material [1, 22], this study shows that the pile and geogrid, because of their stiffness,
provides the embankment with a certain rigidity to slacken the propagation of vibration induced by the train.
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Figure 12: Cut view of the Magnitude of displacement (m)
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4.1.4. Effect of train speed and overload

Several studies were carried out on the vibration of the railway embankment under train load moving and have
shown that the increase in the train speed can increase the dynamic effect on the structure. When the train reaches a
certain speed often called critical speed, the vibration induced by the train causes a large dynamic amplification in the
whole structure. This phenomenon depends not only on the wave velocity of Rayleigh wave in an embankment-ground
system but also on the minimum phase velocity of the bending wave propagating in the track [1, 4]. The track critical
value depends on the physical properties of the ground media.

Figure 13a) shows the maximum vertical displacement of the rail track at point A according to the train speed.
For the case of the conventional embankment structure, the maximum displacement is significantly high at all train
speeds considered. The degree of dynamic amplification in the structure does not increase monotonically with increasing
train speed but strongly depends on the existing relation between the natural vibration properties of the structure and
the speed at which the train is moving. It is noticeable that the maximum displacement at 100 km/h, 260 km/h, and the
speeds exceeding 400 km/h are particularly large and that a phenomenon of resonance is observed at the speed of
100 km/h and 260 km/h. This phenomenon has two primary causes. Firstly, since the structure is composed of various
intrinsically dispersive materials, the wave field surface generated by the train load is mainly governed by two generalized
modal waves whose propagation velocities characteristic are around 120 km/h. 200 km/h. When the train speed is close
to these wave speeds, the dynamic response of the rail track is considerably amplified. This interpretation stems from
the fabulous concept of critical speed. Thus, the train speeds at which dynamic amplification is strongly observed can be
considered as the critical speeds of the structure. These critical velocities are governed by soil and embankment because
of their low strength and therefore low wave velocities. This interpretation is also compatible with Thach work [30].

For the case of the geogrid-reinforced embankment supported by the CFG pile structure, the maximum
displacement is reduced at all train speeds compared to the case of the conventional embankment structure.
In particular, the phenomenon of resonance observed at the speed of 100 and 260 km/h is completely excluded, resulting
in a reduction of 50% and 70% of the maximum displacement respectively. Moreover, when the high-speed train is
moving at less than 150 km/h, the response is essentially quasi-static. This means that the inertial effect of the train,
associated with speeds of less than. 150 km/h, contributes very little to the dynamic response of the geogrid reinforced
embankment supported by CFG pile structure. These observations can be justified by the enhancement of soil and
embankment cushion crushed stone layer by the inclusion of CFG piles and geogrid, which has led to an increase in their
strength. These enhancements have resulted in a change in the natural vibration properties of the embankment and the
soil. Thus, the dynamic response of the structure has changed accordingly and the phenomenon of resonance observed
at a certain train speed has been annihilated.

During a train trip, it may happen that overload problems are encountered. The behavior of the railroad built over
weak soil under different loads was investigated. Figure 13b} shows the vertical displacement variation of point A at the
rail top with train wheel load when the load is 70, 120, 170 and 220 kN respectively. The maximum vertical displacement
of point A during train carriages passage are compared. Regardless of the conventional or reinforced embankment, the
vertical displacement increases gradually as the wheel load increases. The higher the wheel load, the greater the
difference in vertical displacement caused by the same wheel load increases, indicating that the overload will deform
the rail area. In addition, the vertical displacement of the geogrid reinforced embankment supported by CFG pile railway
is smaller than that of conventional embankment under the same wheel load. With the augmentation of the wheel load,
the difference between both displacements becomes more pronounced. When the wheel load is 220 kN, the maximum
vertical displacement of the reinforced embankment and the conventional embankment are 5 mm and 10.5 mm
respectively; the displacement reduction is 52.38%. it is shown that the geogrid reinforced embankment supported by
CFG pile has an immense obvious effect on reducing the railway displacement caused by the overweight.
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Figure 13: Peak vertical displacement at the rail top under train speed effect and overload
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4.2 Distribution of Dynamic Stress

The stress distribution in the structure was investigated by analyzing the stress distribution in the embankment, the
pile-soil stress and the stress developed in the geogrid.

4.2.1 Stress Distribution in the Embankment

Figure 14a) shows the stress in the structure according to the embankment depth. The Figure 14b) indicates the
typical points of P1.g and Si.s located above the pile and the soil between piles.

The amplitude of stress increases gradually with the depth from P; to Ps, with 5.586x103 Pa at Py, 5.740 kPa at P,
from P; down to 0.4 m, 6.092 kPa at Ps from P; down to 1.4 m, 6.270 kPa at P4 from P; down to 2.7 m, 6.575 kPa at Ps
from P; down to 4.5 m, 7.510 kPa at Ps from P; down to 4.65 m, 10.247 kPa at P; from P; down to 4.85 m and 30.934 kPa
at Pg from P; down to 5 m at the pile top. Conversely, the amplitude stress decreases gradually with depth from S; to S,
with 19.310 kPa at S;, 13.588 kPa at S; from S; down to 0.4 m, 8.575 kPa at S3 from S; down to 1.4 m, 6.278 kPa at S,
from S; down to 2.7 m, 5.237 kPa at Ss from S; down to 4.5 m, 4.709 kPa at S¢ from S; down to 4.65 m, 4.318 kPa at S;
from S; down to 4.85 m and 1.829 kPa at Sg from S; down to 5 m at the soil top between piles.

At the embankment top, the stress at S; is quite close to that at P1. The dynamic load of the train propagates in the
same way in the embankment to a certain depth. At the soil level, the stress computed at Pg is significantly larger than
that at Sg. The dynamic stress in this numerical model is greater than that of the Xiao field test from which they reported
that the dynamic stress at the top of the pile is 2.26 kPa and that on the ground between two adjacent piles is 1.96 kPa
[31]. These recorded values are mainly due to the lightweight of the wheels of the train and the slow speed of the train
adopted during their tests. Dynamic stress increases with the wheel weight and the train speed, as demonstrated by
Jiang [32]. In addition, the embankment properties and its height also affect the distribution of dynamic stress. Thus, the
stress computed above the pile in this study is different from that of xiao. Another reason is also the location of the
typical points.

The ratio stress above the pile to that above the soil between piles at the same level is expressed as nj,

(o}
n; =— (7)

Where jis from 1 to 8; and opj and o, are the stress at the typical locations above the pile and soil respectively.

Table 7: Stress ratio n;

j 1 2 3 4 5 6 7 8
n; 0.28 0.42 0.71 0.9987 1.25 1.59 2.38 16.92

The stress concentration ratio in this study is ng=16.92. The stress ratio shown in Table 7 gradually increases. This
means that the dynamic train load transferred to the pile increase gradually with the embankment depth. The stress
ratio ng shows the presence of a dynamic arching in the embankment. It was assumed that the point where the stress
above the CFG pile is equal to that above the soil between piles is the arch. Thus, the vault height in the geogrid reinforced
embankment supported by CFG pile structure under dynamic train loading is 2 m above the ground.
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Figure 14: Stress along the embankment according to the depth
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4.2.2 Pile-Soil Stress and Stress developed in Geogrid

The dynamic effect induced by train load in the time domain has been investigated at the pile top and the soil
between piles top. The results are depicted in Figure 15a). It can be seen that the stress at the pile top is drastically larger
at any time during the train operation. This clearly explains that the transfer load mechanism, in which a large part of
dynamic train load (that should have been carried on the soil between the piles), is gradually absorbed by the pile and
transferred to the bearing soil. This phenomenon is due to the rigidity difference between soil and CFG pile and the rigid
platform effect provided by geogrid. This further reflects the advantages of the geogrid reinforced embankment
supported by CFG pile structure in terms of bearing capacity relative to conventional embankments.

Furthermore, Figure 15b) shows the tensile stress developed in the low geogrid around three piles (Pile A, Pile B,
and Pile C) located below the rail. It should be noted that the diameter of each pile was 0.5 m and that the spacing of the
piles was 1.5 m center to center. As can be seen, the maximum computed tensile stress developed in the geogrid is about
17x103 Pa and occurred at the pile edges. A large shape reduction of the tensile stress is observed from the pile edge
toward the soil center and another small shape reduction is observed from the pile edge to the pile center. This
observation can be explained as follows. Because the geogrid is placed above a layer of clay reinforced by the piles, the
ground will be more resistant in the zone of the piles. Thereby, the geogrid, which is a flexible fiber assembly, will
necessarily bear on the most rigid zone to resist the deformation caused by the pressure to which it is subjected.
Consequently, the geogrid is more stretched at the edge of the piles and thus transfer a part of the pressure exerted on
it. This justifies the role of a rigid platform of the geogrid in the embankment.
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Figure 15: Time histories of the pile-soil stress and the stress developed in geogrid

4.3 Effect of Geogrid Tensile Strength and Pile Strength Grade

The influence of geogrid tensile strength on the structure vibration during the train operation was evaluated.
For this purpose, three cases of biaxial geogrid with an ultimate tensile strength of 30 kN/m, 50 kN/m and 80 kN/m, were
used in the numerical model and the results of the maximum displacement at the rail top are shown in Figure 16a).
The displacement at any train speed decreases as the geogrid is strengthened. The maximum displacements and the gap
between the displacements during the variation of the speed were summarized in Table 8 to get a better view and
interpretation of the graph.

Table 8: Summary of the maximum displacement at the rail top according to geogrid tensile strength

Gap between displacement during

Geogrid Maximum displacement (mm) according to Speed speed variation
. . Ultimate tensile 100km/h to 200km/h to
Designation strength (kN/m) 100km/h 200km/h 300km/h 200km/h 300km/h
Geo 1l 30 1.5563 1.5946 1.6595 0.0000383 0.0000649
Geo 2 50 1.5552 1.557 1.6483 0.0000305 0.0000626
Geo 3 80 1.5495 1.5728 1.6243 0.0000233 0.0000515
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Referring to the results when the train is at 100 km / h, the displacements obtained while using Geo 1, Geo 2 and
Geo 3 are 1.5563 mm, 1.5552 mm, and 1.5495 mm respectively. The decrease rate is 0.07% when Geo 1 is replaced by
Geo 2 and 0.43% when Geo 1 is replaced by Geo 3. Moreover, during the variation of the speed of the train, the gap
between the displacements is much smaller when the embankment is reinforced by Geo 3. The reduction of the vibration
in the structure is scanty (regardless of the strength of geogrid used) but the utilization of a geogrid with high tensile
strength is important in the regulation of the vibration in the structure during the train operation. The more resistant it
is, the better it regulates.

In addition, the influence of pile strength grade on the structure vibration during the train operation is also
evaluated. For this purpose, three cases of pile with strength grade (C25, C60, and C80) were used in the numerical model
and the results of the maximum displacement at the rail top are shown in Figure 16b). The displacement at any train
speed decreases as the pile is strengthened. The maximum displacements and the gap between the displacements during
the variation of the train speed were summarized in Table 9 to get a better view and interpretation of the graph.

Table 9: Summary of the maximum displacement at the rail top according to pile strength grade

Pile strength Maximum displacement (mm) according to Speed Gap between displacement according to the speed
grade 100km/h 200km/h 300km/h 100km/h to 200km/h 200km/h to 300km/h
C25 1.5528 1.5886 1.6679 0.0000358 0.0000793
Cc60 1.3301 1.3512 1.4042 0.0000211 0.000053
Cc80 1.3045 1.3167 1.3438 0.0000122 0.0000271

Referring to the results when the train is at 300 km/h, the displacements obtained while using C25, C60 and C80 are
1.6679 mm, 1.4042 mm, and 1.3438 mm respectively. The decrease rate is 15.81% when the grade C25 is replaced by
the grade C70 and 19.43% when the grade C25 is replaced by the grade C80. Moreover, during the variation of the speed
of the train, the gap between the displacements was much smaller when the soil is improved by the pile with strength
grade C80. The reduction of the vibration in the structure is larger, regardless of the strength grade of pile used. Since it
is known that the change of vibration in the structure during the operation of the train can affect the comfort of the
passengers, it is preferable to use a high-strength pile to regulate the variation of the vibration in the structure, to tackle
this problem.
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Figure 16: Peak vertical displacement at the rail top under geogrid tensile strength and pile strength grade

5 Conclusion

In this study, the dynamic response of an instrumented geogrid reinforced embankment supported by CFG pile test
section was investigated. A three-dimensional non-linear finite element was established to accurately simulate the
dynamic characteristic of the instrumented test section under different train speed, load condition and coupling effect
of geogrid and pile with various strength. The train multiple wheels’ load was incorporated in the model as a transient
moving load through a developed Fortran subroutine (Dload). The numerical model reliability was verified by comparing
the simulation results with the data obtained from field test carried out on the Harbin-Dalian railway section.
The following conclusions were drawn:
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e  The dynamic stress and the accelerations computed by the established 3D FE model are consistent with that
measured at Harbin-Dalian railroad section indicating that the developed model can be employed to predict the
dynamic behavior of a rail track accurately.

e An evaluation of the role of the piles and geogrid on the dynamic response of the railway shows that their presence
contributes to a large reduction of the displacement in the structure with a rate varying from 39% to 58% according
to the rigidity of each material of the structure. The attenuation of the vibration along the structure in depth is on
average 1.2 times faster. The geogrid reinforced embankment supported by CFG pile structure enhance the railroad
system performance by minimizing the propagation of vibrations induced by the train passage.

e  The pilesimprove the vibration properties of the soil and the geogrid improves that of the embankment. This allows
an elimination of the large dynamic amplifications observed in the structure when the speed of the train approaches
respectively 100 km / h and 260 km / h. In addition, the response of the geogrid reinforced embankment supported
by CFG pile structure is almost static for speeds less than 150 km / h. Apart from this, the rigidity conferred by the
piles and geogrids on the ground and the embankment also has an immense influence on the reduction of the
vibration caused by the overloads.

e  The analysis of the stress distribution in the structure indicates that, depending on the variation of the stresses
above the soil and the pile, an arching is formed in the embankment about 2 m above the ground. a large part of
the dynamic load of the train is exerted on the piles. The stress developed in the geogrid is significantly larger at the
edge of the CFG pile below. This phenomenon leads to the transmission of some of the pressure exerted on the
geogrid towards the top of the pile. Thus, much of the dynamic load induced by the train is absorbed by the CFG
piles and transferred to the carrier ground.

e The variation of the speed of the train makes that the structure is subjected to a non-constant vibration, thus affecting
the comfort of the passengers. The coupling effect of a geogrid with different tensile strengths and a pile with different
grades indicates that the combination of a high strength pile and a geogrid significantly reduces the displacement gap
due to the variation speed of the train. Thereby, the vibrations observed during the train operation, are almost constant
and the passengers’ comfort is guaranteed. The dynamic response of geogrid-reinforced embankment supported by CFG
pile deserves further investigation to eliminate any significant vibration that may be critical to transportation safety.
A good design of railroad over weak soil will reduce tremendously, if not totally eliminate the discomfort passengers
experience.
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