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The damage evolution and dynamic performance of a cement asphalt (CA) mortar layer of slab track subjected to vehicle dy-
namic load is investigated in this paper. Initially, a statistical damage constitutive model for the CA mortar layer is developed
using continuous damage mechanics and probability theory. In this model, the strength of the CA mortar elements is treated as
a random variable, which follows the Weibull distribution. The inclusion of strain rate dependence affords considering its in-
fluence on the damage development and the transition between viscosity and elasticity. Comparisons with experimental data
support the reliability of the model. A three-dimensional finite element (FE) model of a slab track is then created with the
commercial software ABAQUS, where the devised model for the CA mortar is implemented as a user-defined material subrou-
tine. Finally, a vertical vehicle model is coupled with the FE model of the slab track, through the wheel-rail contact forces,
based on the nonlinear Hertzian contact theory. The evolution of the damage and of the dynamic performance of the CA mortar
layer with various initial damage is investigated under the train and track interaction. The analysis indicates that the proposed
model is capable of predicting the damage evolution of the CA mortar layer exposed to vehicle dynamic load. The dynamic
compressive strain, the strain rate, and the induced damage increase significantly with an increase in the initial damage,
whereas the dynamic compressive stress exhibits a sharp decrease with the increasing initial damage. Also, it is found that the
strain rate dependence significantly influences the damage evolution and the dynamic behavior of the CA mortar layer.
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1 Introduction

High-speed railway lines in the form of slab tracks in Eu-
rope, China and Japan have been widely constructed. This is
because of the fact that this construction offers better stiff-
ness uniformity, higher running stability, and lower mainte-
nance cost [1-3]. In the slab tracks, the CA mortar layer is
placed between the slab and the concrete base to ensure
desirable elevation and high smoothness of the slab tracks.
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It is critical as it not only enhances the structural integrity
through its bonding constraints to the slab and the concrete
base, but also improves the riding comfort of high-speed
vehicles by absorbing a certain amount of vibrations.
Although the slab tracks have experienced improvements
in their applications in high-speed railway lines compared
with traditional ballasted tracks, the slab tracks still exhibit
certain disadvantages. Premature structural damage has oc-
curred in nearly all kinds of the slab tracks caused by a va-
riety of factors. On the Chinese high-speed railway lines,
the damage or deterioration of the CA mortar layer are rec-
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ognized as one of the most critical issues after a short-time
operation, as shown in Figure 1. Such damage modes not
only increase the cost of railway operation, but also signifi-
cantly weaken the structural integrity of the slab track system,
and contribute to the potential for failure of the slab tracks.
The CA mortar layers could have damaged from the con-
struction site itself by certain construction processes such as
grouting. During the service life of the CA mortar layers,
the damage or cracks could also be introduced into them by
several mechanisms. These include the vehicle dynamic
loads because of the wheel-rail interactions, the thermal
expansion mismatch between the different materials of the
slab track system, and the temperature gradient load in-
duced by temperature change. The vehicle dynamic load is
one of the most dominant causes for this premature degra-
dation of the CA mortar layers in the slab track system.
Although good quality control mechanisms and quality as-
surance could eliminate the initial damage of pre-service
CA mortar layers, the CA mortar layers in operations may
not be completely defect-free. Although collapsing of rail-
way track structures as a direct result of the damage of the
CA mortar layers has rarely been reported, maintenance of
these deteriorated components has been a heavy burden on
the modern railway networks. Therefore, a fundamental
understanding of the damage development mechanisms and
the dynamic performance for the CA mortar layer is quite
desirable. However, quite a few studies with regard to these
research topics have been published. Xie et al. [5] studied
the uniaxial compressive characteristics of the CA mortar
specimens under different strain rates, revealing that the
compressive strength, the maximum strain and the elastic
modulus are all dependent on the strain rate. Zeng et al. [6]
tested the accelerations of the CA mortar samples as well as
regular concrete samples under impact loads, showing that
the CA mortar material has better performance for vibration
isolations compared with the regular concrete. Zhu and Cai
[7] introduced a cohesive zone model with a non-linear
constitutive law to model the interface damage between the
CA mortar layer and the track slab. They investigated the
interface damage evolution under the joint action of tem-
perature change and vehicle dynamic loads derived by the
vehicle-track coupled dynamic model. Liu and Zhao [8]
analyzed the warping deformation and the stress of the slab
tracks under the action of the measured temperature gradi-
ent. They found that the emergence of the interface damage
between the CA mortar layers and the slabs could be caused
by the alternative variations of the warping compressive and
the tensile stresses. Shao et al. [9] studied the effect of tem-
perature variation on the interface crack between the track
slab and the CA mortar layer, by measuring 24 track slabs
in straight sections and curve sections of the Harbin-Dalian
high-speed railway without laying the CRTS I track slab.
Nevertheless, modeling the degradation in the mechanical
properties of the CA mortar layers under vehicle dynamic
load is yet an essential challenging task for railway engi-
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Figure 1 (Color online) Premature damage of the CA mortar layer [4]. (a)
In the CRTS II slab track system; (b) in the CRTS I slab track system.

neering researchers. The damage mechanism and the dy-
namic behavior of the CA mortar layers is rarely ascertained.
This is because of the complexity of the constitutive mod-
eling of its distinctive behavior, particularly if three-dimen-
sional dynamic analyses must be conducted. Some attention
must then be devoted to the development of an appropriate
constitutive model adequate for the intended analysis of the
CA mortar layers with reasonable computational efforts.
This paper presents a statistical damage constitutive
model for the CA mortar layer that considers the strain rate
dependence. It is implemented in the dynamic analysis of
coupled vehicle-slab track systems. Also, a three-dimen-
sional finite element (FE) model of a slab track is estab-
lished coupled with a vehicle model through the wheel-rail
contact forces, based on the nonlinear contact theory. The
aim of the present work is to investigate the damage evolu-
tion and the dynamic performance of the CA mortar layer of
the slab track subjected to vehicle dynamic load. The rest of
this paper is organized as follows. Section 2 outlines the
derivation of the statistical damage constitutive model for
the CA mortar, where a brief description of the constitutive
law, the definition of the volume element strength, and the
parameters determination of the model are presented. Sec-
tion 3 shows the establishment of the coupled vehicle-slab
track dynamic model. This includes a brief description of
the vehicle dynamic model, and the three-dimensional FE
model of the slab track implemented with the presented
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constitutive model for the CA mortar layer. Section 4 dis-
cusses the results which involve the experimental validation
of the constitutive model, the inclusion of the strain rate
dependence in the model, the evolutions of the damage, and
the dynamic performance of the CA mortar layer of the slab
track subjected to the vehicle dynamic load. The numerical
results obtained may prove useful in the design and mainte-
nance of the CA mortar layer of the railway slab tracks .

2 Statistical damage constitutive model for the
CA mortar

2.1 Constitutive law of the model

As it is widely recognized continuum damage mechanics
(CDM) is a combination of the internal state variable theory
and the thermodynamics of irreversible processes. It pro-
vides a powerful framework for the derivation of consistent
constitutive models suitable for a wide range of engineering
problems [10-17]. This approach is appealling because it
involves a computationally efficient technique and has the
intrinsic simplicity and versatility of the approach, as well
as its consistency. The CDM is based on the definition of
the effective stress concept, which is introduced in connec-
tion with the hypothesis of strain equivalence [10,11]: The
strain associated with a damaged state under the nominal
stress o is equivalent to the strain associated with its un-
damaged state under the effective stress o . In the present
work, the effective stress tensor o of the CA mortar will be
expressed in the form

o=0'(1-D)=(1-D)He, (1)

where D denotes a scalar describing the amount of isotropic
damage. This damage variable evolves between “zero” at
the original elastic stage up to “one” at the material failure,
and at any instant it quantifies the deterioration at a given
point. The symbol H is the elastic stiffness matrix of the
undamaged material and ¢ is the total strain matrix.
Consider the CA mortar layer as a collection of a number
of small volume elements. Then, the scalar damage variable
D is defined as the density of the damaged volume elements
N’ with respect to the total volume elements N, expressed as
!
D= N . 2)
N
As described previously, there might be many pre-service
defects included in the CA mortar material, which make its
mechanical properties exhibit great uncertainty and ran-
domness. Hence, the strength of the volume elements F~
here is regarded as a random variable, which is assumed to
follow the Weibull distribution, and its probability density
function can be determined by the equation

. F* m—1 F* m
P[F]=%(?] epoFJ ] 3)
0 0 0
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where m and F| are the variables involved in the Weibull
distribution.

When the stress of the volume elements reaches a certain
level, the number of the damaged volume elements can be
obtained as

« \m—1 PN
N=N[PIF1aF =N[" L Z | expl -] == | |aF
fo [F] J.OF[FJ Xp[ (Fj:l

0 0 0

=N l—exp[—(%j ] . 4)

By substituting eq. (4) into eq. (2), the damage variable is
derived as

FY
N l—exp{—[FOj } I
N =1—exp| — ?0 . (®)]

In this work, the damage and the failure of the CA mortar
are considered as a continuum process, and are based on the
following assumptions. 1) The macroscopic behavior of the
CA mortar is isotropic, and the damage evolves equally in
all directions. 2) The CA mortar material is linearly elastic
before its failure.

Using eqs. (1) and (5), the statistical damage constitutive
model for the CA mortar in terms of the nominal stress are
introduced as

D=

o, = Egi(l—D)+y<0'j +0'k)

:Egiexp[—[?—*j ]+,u<0j+0k), (6)

0

where i=1, 2, 3, j=1, 2, 3, k=1, 2, 3, and i #j#k. The sym-
bols E and u are the Young’s modulus and Poisson ratio,
respectively. Note that eq. (6) characterizes the full stress
tensor, and therefore, the model is not only devised to pre-
dict the failures under the uniaxial loading, but it can also
deal with the failures because of the complicated loading
conditions.

2.2 Definition of volume element strength

The selection of the strength criterion for the volume ele-
ment of the CA mortar relates primarily to the difference in
the mechanical behavior of the CA mortar compared with
other materials. The Mohr-Coulomb [18,19] and Drucker-
Prager [20-22] criterions, commonly used in the geotech-
nical materials, are based on the cohesive strength and the
internal friction angle. Therefore, they are only suitable for
the mechanical analysis of elastic-plastic materials. Consti-
tutive models encountered in literature based on the Hook-
Brown criterion that account for the stress Lode angle are
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usually characterized by many parameters, thereby making
it difficult to handle in engineering applications. However,
the CA mortar is a typical viscoelastic material, which ex-
hibits the ductile failure mode, as shown in Figure 2. To
account for this requisite, the Mises strength criterion,
widely used to investigate the mechanical properties of duc-
tile metal materials, is adopted here for the volume element
of the CA mortar. In this criterion, the equivalent stress is
taken as the research object, which has a constant value
under a plastic state, and it is only dependent on material
deformations. This stress is

s

F :%\/@f -0, )2 +(0'2

Note that here the o', o3, and o3 are the effective
stresses. Also, the strength of the CA mortar elements rep-
resented by the nominal stress o can be obtained with the
help of egs. (1) and (6) .

Substituting eq. (7) into eq. (6) leads to

o, )2 +<O'; -o, )2 . 7

o, =
T\/(O'l -0,) +(0,-0,) +(0,—0,)
Eg exp| - 2 7
0
+u(o; +oy). ®)

2.3 Determination of parameters of the model

Clearly, there are four unknown parameters included in eq.
(6): E, u, Fy, and m. The material parameters E, and u can
be obtained through experimental data processing. The
physical parameters Fj,, and m can be determined by the
following approach. Specifically, evaluating the logarithm
of both sides of eq. (6) yields

Figure 2 (Color online) Failure model of the CA mortar layer.
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Logarithmic evaluations of both sides of eq. (10) lead to

o —ulo, +o
ln{—lnM}

Eg,
i :mlnF—:mlnF*—mlnFo. (11)
0 FO
Setting
o, —ulo, +o,
)’zln[—ln—< - k>], (12)
Eg,
x=InF", (13)
n=mlnF, (14)

eq. (11) is simplified as
y=mx—n, 15)

where m and n can be determined through linear fitting of
the experimental data and then using eq. (14) yields

F, =exp(n/m). (16)

It is well known that the CA mortar material is quite
likely to exhibit a rate-dependent behavior when subjected
to vehicle dynamic loads with a high loading rate because of
its viscoelasticity. The varying loading rate will perhaps
result in different dynamic strengths, and induce nonlineari-
ties on the stress-strain response curves. Therefore, attempts
should be made for the constitutive laws to be able to ac-
count for this important phenomenon. However, its com-
plexity and the need for some sophistication in the numeri-
cal models pose challenges in the railway community. To
account for the loading rate dependency, a statistical dam-
age constitutive model with the rate sensitivity can be at-
tempted by relating the physical parameters Fy and m with
the strain rates based on the regression of the experimental
data. This will be discussed in detail in Section 4.1

3 Dynamic model of coupled vehicle-slab track
system

3.1 Vehicle model

Figure 3 shows the vertically coupled dynamic model of a
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Figure 3 Coupled dynamic model of a vehicle and the CRTS I slab track.

vehicle and the CRTS I slab track which is used to investi-
gate the damage evolution and the dynamic response of the
CA mortar layer when the vehicle moves along the slab
track. The vehicle is considered as a rigid multi-body model
in which the car body is supported on two double-axle bogies
with the primary and secondary suspension systems. The
primary suspensions, connecting the wheels and the bogie
frames, are represented by the spring-damper elements. The
secondary suspensions, connecting the bogie frames and the
car body, are also modeled as the spring-damper elements.
The car body, the bogie, and the wheel are coupled through
the suspension elements, as shown in Figure 3. The car
body and the two bogies each undergo vertical displacement
and pitch rotation, but only the vertical displacement is con-
sidered in the four wheels. As a result, the total degrees of
freedom of the vehicle are 10. Based on the system of coor-
dinates moving along the track at a constant speed of the
vehicle, the equations of the vehicle subsystem can be read-
ily cast in the form of second-order differential equations in
the time domain. That is

M, A4,+C,(V, )V, +K,(X,)X, =F,(X,.X,), (17)

where My is the mass matrix of the vehicle; Cy and Ky are
the damping and the stiffness matrices; Xy, Vy,and Ay are
the vectors of displacements, the velocities, and the acceler-
ations of the vehicle subsystem, respectively; X7 is the dis-
placement vector of the track subsystem; and Fy(Xy, X7) is
the system load vector representing the nonlinear wheel/rail
contact forces which is a function of the motions Xy, of the
vehicle and X7 of the track. Detailed descriptions of the
equations of the vehicle—track coupled dynamic system can
be found in refs. [23,24]

As seen in Figure 3, the vehicle and the slab track are
coupled by the interaction force between the rail and the

wheel. According to the nonlinear Hertzian theory, the wheel-
rail contact force is given by the equation

1 3/2 .
P {E[ZW—Zr—ZO]} if (2,-2,-2,)>0, as)

J
0, else,

where Z,; is the vertical displacement of the jth wheel at
time #; Z, is the vertical rail displacement at the jth wheel
position; and Zj is the irregularities at the wheel-rail interface.

3.2 Slab track model involving the presented model for
the CA mortar

To evaluate the damage evolution and the dynamic perfor-
mance of the CA mortar layer under vehicle dynamic load,
a three-dimensional FE model of the CRTS I slab track sys-
tem involving the statistical damage constitutive model for
the CA mortar layer is built based on the commercial soft-
ware ABAQUS, as shown in Figure 4. Because of the
symmetry of the slab track, and the requirement to improve
the computational effort in the present work, half model of
the slab track is created: Only a single rail, half of the slab,
the CA mortar layer, the concrete slab, and the subgrade are
considered, and symmetrical boundary conditions are pre-
scribed on symmetry plane. The slab track system is repre-
sented by 2846 solid elements and 5268 degrees of freedom.

In this model, the rail is modeled using the Euler-Ber-
noulli beam element, with six degrees of freedom (three
translations and three rotations) at every node. Hinged
boundaries are adopted for the rails to prevent free body mo-
tions. The spring-damper elements are employed to represent
rail pads at each node. The nodes of these spring-damper
elements can move in the vertical and lateral directions with
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Figure 4 (Color online) Finite element model. (a) The entire finite element mesh; (b) end view of the FE model.

corresponding stiffness and damping. Linear hexahedral
elements are applied for the substructure of the slab track,
consisting of the slab, the CA mortar layer, the concrete slab,
and the subgrade. All the displacements of the nodes at the
bottom of the slab track are restricted, and all the nodes at
the two ends are subjected to symmetry constraints.

Also, the statistical damage constitutive model for the
CA mortar layer is implemented into the FE model as a us-
er-defined material subroutine, whereas the other compo-
nents are assumed to behave purely elastically. To achieve
more accurate results, a relatively fine mesh is used for the
CA mortar layer where the material volume undergoes the
nonlinear process because of the damage. Note that the in-
clusion of the strain rate dependence in the physical param-
eters m and F) is considered here, whereas a constant value
for the elastic modulus is chosen because of the unsolvable
nonlinearities caused by the fluctuated elastic modulus. In
the nonlinear calculation, the incremental form of the con-
stitutive law is employed for updating the consistent tangent
stiffness matrix in every load increment. That is

oo . (aH' j@F* oo
—=H'+|— ¢ |——
o€ o€ oo 0¢
+ oH 1 & aﬂ+(aizgja—m, (19)
oF, o€ om o€

where H' is the elastic stiffness matrix of the damaged
CA mortar layer.

Owing to the strain-driven formulation of the proposed
constitutive model, its code implementation is quite straight-
forward, according to the closed-form sequence of opera-
tions as indicated in Figure 5.

4 Results and discussion
4.1 Experimental validation of the model

To test the validity of the preceding statistical damage con-
stitutive model, the uniaxial compression tests of the CA
mortar are conducted as a special case of the complicated
stress conditions. Specimens of the CA mortar are made into

Read material parameters and initialize variables

N
v
Increment strain tensor Ae

|

Evaluate o},,=0),+HAe

!

Compute equivalent stresses F* according to eq. (7)

!

Evaluate damage variable D according to eq. (5)

!

Check if D,,4>D,

Yes: D=D,

n+1

No: D=D,,
!

Compute final stress tensor according to eq. (8)

!

Update tangent stiffness matrix according to eq. (19)

Check for convergence

No

Update load increment

Figure 5 Flow chart of the user material subroutine for the CA mortar layer.

cylinders with @50x50 mm, which satisfy all the physical
performance indexes according to the technical requirements
of the CA mortar of the CRTS I slab track. The uniaxial
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tests are performed on the CSS8810-100kN electronic uni-
versal testing machine with the strain controlled loading
mode. To study the influence of the strain rates on the dy-
namic strength and the softening behavior on the stress-
stain response curves, five different strain rates, & (3.3x1076,
1.7x107, 1.7x107%, 6.6x107, and 1.7x107 s™"), are investi-
gated in the experiments.

Figure 6 shows the stress-strain curves of the CA mortar
specimen under the test loadings with the selected strain
rates. As the strain rate increases from low to high, the
compressive strengths of the CA mortar specimen obtained
here are 1.31, 2.03, 3.18, 4.17, and 5.00 MPa, respectively.
Their elastic moduli are 193, 299, 477, 488, and 451 MPa,
respectively.

Figure 6 shows that before the peak stress, the transition
from the elastic strain to the viscous strain is limited at
higher strain rates, and therefore, the stored energy is dom-
inated by the elastic stain energy. This also leads to a de-
crease of the nonlinearity on the stress-stain response curves.
Meanwhile, the compressive strengths and the elastic mod-
ulus under the higher strain rates are greater than that under
the lower rates. This is mainly because at a high strain rate
the growth of internal visible cracks is retarded and the energy
dissipation is mainly released by the nucleation of micro-
cracks. Thus the dissipated strain energy is much lesser.
However, after the peak stress, the rate of energy dissipation
under the higher strain rates is greater compared with that
under the lower strain rates, representing a reduced strain
hardening of the CA mortar in the macroscopic behavior.
Such a phenomenon can be attributed to the fact that with
the higher strain rates, larger strain energy is dissipated by
the much micro-cracks generated before the peak stress.

By substituting the experimental data into eq. (6) and by
virtue of egs. (9)—-(16), the parameters of the presented con-
stitutive model can be obtained as shown in Table 1. The
fitting stress-stain curves are shown in Figure 7. As can be
seen, fitting results of the model for the CA mortar material
highlight good agreement quantitatively and qualitatively

—m— 6=33x10%s" —x— 9=6.6x103s""
6. —e—0=1.7x10"%s"' —%— 6=17x102%s"
—A— 9=1.7x103s""

o (MPa)

0.00 0.01 0.02 0.03
£

Figure 6 Stress-strain curves of the CA mortar specimens.
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Table 1 Parameters fitting results of the constitutive model

Strain rate O(s™)  E (MPa) m F Sgg?}jf:}?
3.3x10° 193 12169 3.790750 0.9452
17x10°* 200 14101 4636750 0.9546
17x10° 477 14590 8711980 0.9812
6.6x10° 488 18787  10.61787 0.9803
17x10° 451 22397 1138240 0.9762

—8—0=33x10°%s" —%¢—6=6.6x10°s"

6 —@—0=17x10*s"' —%—6=17x102s"

—A—9=17x103s""

o (MPa)
w

O 1 1 ]
0.00 0.01 0.02 0.03

&

Figure 7 Stress-strain curves of the CA mortar specimens using the pre-
sented constitutive model.

compared with the experimental data. Note that an increase
in the strain rates result in an increase in the brittleness of
the CA mortar, which is manifested by a large drop in the
stress after the peak value.

4.2 Inclusion of the strain rate dependency in the model

As can be seen from the above uniaxial tests, increasing the
strain rate will induce an increase of the dynamic strength
and a reduction in the ductility of the CA mortar material.
Also, the physical parameters m and Fj included in Table 1
show increased tendency with increasing strain rate. To
account for the strain rate dependence, the statistical dam-
age constitutive model can be improved by relating the
physical parameters m and F, with the strain rates. Figure 8
displays the relationship between the parameters m, F, E,
and the strain rate 6. The related regression functions are
described as follows:

m=55.4190+1.3585, R=0.9630, (20)
F, =20.0616"", R=0.9591, @1
E =789.870"""%, R=0.9462. (22)

Upon substituting eqs. (20)—(22) into eq. (6), the stress-
strain curves calculated by the modified constitutive model
of the CA mortar involving the strain rate dependency can
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Figure 8 Relation between model parameters and strain rates. Relation between (a) m and 6, (b) Fy and 6, and (c) E and 6.

be obtained. They are plotted in Figure 9, together with the
experimental results. Obviously, the agreement appears to
be quite close to all the correlation coefficients greater than
0.9781. Note that as the strain rate increases, the residual
strength calculated by the presented model agrees better
with the experimental data, revealing that the devised model
can describe the transformation from ductility to brittleness
with an increase of the strain rate.

It can be concluded from Figure 9 that the CA mortar
material has a strong rate sensitivity, which not only affects
its dynamic strengths, but also has a great influence on its
residual strength and ductility. Also, the mechanism of how
the strain rate affects the mechanical properties of the CA
mortar can be realized by analyzing the damage characteris-
tics. By applying eq. (5), the damage evolutions as a func-
tion of the strain under the uniaxial compression tests is
captured in Figure 10. It can be seen that the induced dam-

age increases as the strain increases. With the increasing
strain rate, the rate of the damage development decreases,
indicating that a larger deformation is required for the CA
mortar specimen with a higher strain rate to induce the same
damage compared with that with the lower strain rate. Also
it can be observed that an increase of the strain rate causes a
decrease of the final damage and the damage at the peak
strain (the strain at which the peak stress is attained). This
shows an increase in the residual strength and the peak
stress as the strain rate increases.

In the Sections 4.3 and 4.4, the damage evolution and the
dynamic response of the CA mortar layer of the CRTS I
slab track exposed to excitations of random track irregulari-
ties will be analyzed. Figure 11 presents a sample of the
vertical track irregularities generated by means of a time-
frequency transformation technique [25,26]. This random
track irregularity characterized by the wavelengths from 2 m
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Figure 9 (Color online) Comparison of the stress-strain curves obtained by the constitutive model and experiments: (a) 0=3.3x10" 57", (b) 6=1.7x107* 5",

(c) B=1.7x107s", (d) #=6.6x10"s7", (e) H=1.7x107s".
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Figure 10 Effect of strain rates on the damage variable.
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Figure 11 Sample of vertical track irregularity.

to 120 m is adopted as the excitation to the slab track sys-
tem. The parameters of a passenger vehicle and the CRTS I
slab track system adopted in this work are listed in Tables 2
and 3.

Table 2 Vehicle parameters

Parameters Values Units
Car body mass 26100 kg
Car body pitch moment of inertia 1.2789x10° kg m’
Bogie mass 2600 kg
Bogie pitch moment of inertia 1424 kg m’
Wheelset mass 2100 kg

1.176x10° N/m
1.8914x10° N s/m

Primary suspension stiffness

Primary suspension damping

Secondary suspension stiffness 2x10* N/m
Secondary suspension damping 6x10* N s/m
Distance between two bogie centers 17 m
Distance between two axles of same bogie 2.5 m
Wheel rolling radius 0.43 m
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Table 3 CRTS Islab track parameters

Parameters Values Units
Rail mass per unit length 60.64 kg
Area moment of the rail cross section 3.217x107° m*
Rail elastic modulus 2.059x10" Pa
Slab length 4.962 m
Slab width 2.4 m
Slab height 0.19 m
Slab elastic modulus 3.5x10" Pa
CAM layer length 4.962 m
CAM layer width 24 m
CAM layer height 0.05 m
CAM layer elastic modulus 2x10° Pa
Concrete base width 3 m
Concrete base height 0.3 m
Concrete base elastic modulus 5%x10° Pa
Subgrade elastic modulus 1.9x108 Pa

4.3 Damage evolution of the CA mortar layer under
vehicle dynamic load

Figure 12 shows the time histories of the excited wheel-rail
forces when the passenger vehicle travels at a speed of 200
km/h through the slab track with the irregularity described
above. Also shown in Figure 13 is the typical time history
of the rail-supporting force. It can be clearly seen that there
are four peak values of about 18 kN because of the vehicle
passage through the slab track. For brevity, the other rail-
supporting forces are not listed below.

To investigate how the damage of the CA mortar layer
evolves under the obtained vehicle dynamic load, the dam-
age developments of the CA mortar layer with various ini-
tial damage, which represents various service stages are
next analyzed. This is done by conducting nonlinear dy-
namic analysis based on the ABAQUS dynamic implicit
code implemented with the presented constitutive model. As
shown in Figure 14, the CA mortar damage starts occurring
when the front bogie is passing, and it further evolves as the
rear bogie passes. Evidently, with the increasing initial
damage, the development rate of the CA mortar damage
increases significantly. The degree of the damage develop-
ment for the CA mortar layer predicted here is consistent
with the damage observed in the uniaxial compression tests.
It can be seen from Figure 14 that the induced maximum
damage of the CA mortar layer with the initial damage of
0.75 is around 0.14, which is about 3.5 times as large as that
with the initial damage of zero. Such phenomena are most
likely because much more internal micro-cracks are accu-
mulated for the CA mortar layer with a larger initial damage,
and thus weaken its dynamic strength. It is clearly shown in
Figure 15 that under the vehicle dynamic load the CA mor-
tar damage grows sharply at the relatively low strain rates,
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Figure 12 (Color online) Time histories of the excited wheel/rail forces.
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Figure 13 Time histories of the rail-supporting forces.
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Figure 14 (Color online) Damage evolution of the CA mortar layer with
various initial damage levels during the vehicle passing.

whereas it keeps constant at the high strain rates. This is
because the higher strain rates lead to the higher dynamic
strengths. The results of the strain rate evolution given in
Figure 16 clearly show an increase in the strain rates with
the initial damage. The maximum strain rate for the CA
mortar layer with the initial damage of 0.75 is found to be
0.05 s, which is approximately five times that with the
initial damage of zero. Therefore, it can be argued that a
higher strain rate at a larger damage state will, to some ex-
tent, preclude the development of the CA mortar damage,
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Figure 15 (Color online) Effect of strain rates variation on the damage
evolution of the CA mortar layer under vehicle dynamic load: (a) The case
for the initial damage D=0, (b) the case for the initial damage D(=0.75.
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Figure 16 (Color online) Strain rate evolution of the CA mortar layer
with various initial damage during the vehicle passing.

which is beneficial for the structural safety and the running
stability of high-speed trains.

4.4 Dynamic response of the CA mortar layer under
vehicle dynamic load

Figures 17 and 18 show the obtained dynamic response of
the CA mortar layer with various initial damages. This is in
terms of the dynamic compressive stress and strain, when
the vehicle passes with the previous train's speed. As the
initial damage increases, a notable reduction of the com-
pressive stress is seen in Figure 17, whereas a substantial
increase of the compressive strain is observed in Figure 18.
At this state, it may lead to the formation of track dynamic
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Figure 17 (Color online) Dynamic compressive stress induced by the
vehicle passage.

irregularities. Thus, it will most likely alter the running be-
havior of high-speed trains. For the CA mortar layer with
the initial damage of 0.75, the maximum value of the dy-
namic compressive stress is 23 kPa, which is smaller than
that with the initial damage of zero by about 35%. Also, the
maximum value of the dynamic compressive strain is 0.001,
which is about 6.25 times as large as the result for the initial
damage of zero. Such a phenomenon represents well the
nonlinear behavior of the strain softening of the CA mortar
layer because of the increasing damage. This property is in
accordance with that observed in the uniaxial compression
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Figure 18 (Color online) Dynamic compressive strain induced by the
vehicle passage.

experiments. It is worth pointing out that for the CA mortar
layer with the initial damage of 0.75, larger compressive
strain caused by the rear bogie can be identified in Figure
18, compared with that induced by the front bogie. This is
mainly because of the significant damage development of
0.14 in this case.

For completeness, the evolution of contour plots of the
compressive stress are shown in Figure 19 when the front
bogie is inside the computational domain and its excitation
is initiated. Considering that the evolution of dynamic re-
sponse is essentially because of the damage development of

(d)
z"t‘x

Figure 19 (Color online) Stress contours of the CA mortar layer when the front bogie is inside the computational domain: (a) The case for the initial dam-
age Dy=0, (b) Dy=0.25, (c) Dy=0.5, and (d) Dy=0.75 (deformation scale factor is 5000).
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the CA mortar layer, it is understandable that decreasing
compressive stress contours can be seen in Figure 19 as the
damage increases. It should be noted that the simulation
results may not be able to accurately reflect the damage
evolution and dynamic performance of actual CA mortar
layers in service, because of the fact that the damage can be
induced by other complicated environmental loads.

5 Conclusions

In this paper a statistical damage constitutive model for the
CA mortar material accounting for the strain rate depend-
ency has been proposed and validated by experiments. This
model is based on the Mises strength criterion, which obeys
the Weibull distribution. As a user-defined material subrou-
tine, the devised model for the CA mortar layer has been
implemented into a three-dimensional finite element (FE)
model of the CRTS I slab track. Based on the vehicle-track
coupled dynamic theory, the evolution of the damage and of
the dynamic response of the CA mortar layer with various
initial damage has been investigated under vehicle dynamic
load. The findings can be summarized as follows.

1) The proposed constitutive model with only a few pa-
rameters is quite suitable and accurate for the damage evo-
lution analysis of the CA mortar layer of the slab track sub-
jected to vehicle dynamic load.

2) The model for the CA mortar layer can well reproduce
the transition from the ductility to the brittleness with the
increasing strain rate. Its implementation into the FE model
of the slab track for the dynamic analysis affords capturing
the nonlinear response of the strain softening because of the
increasing damage.

3) The CA mortar layer of the slab track exhibits a strong
rate sensitivity, which not only affects its dynamic strength,
but also its damage evolution. An increase of the strain rate
will induce a reduction in the damage development, and an
increase of the dynamic strength.

4) The induced damage, the strain rate, and the dynamic
compressive strain increase significantly with an increase in
the initial damage, whereas the dynamic compressive stress
shows a notable decrease with the increasing damage.
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