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Identification of Railway Ballasted Track Systems from

Dynamic Responses of In-service Trains
by

Zhu, X.Q. I Law. 8.8.2° and Huang, L. 4

Abstract

Railway track is one of the most important part of the railway system, and its condition monitoring
is essential to ensure the safety of trains and reduce maintenance cost. An adaptive regularization
approach is adopted in this paper to identify the parameters of the railway ballasted track system
(substructure) from dynamic measurements on the in-service vehicles. The vehicle-track interaction
system is modelled as a discrete spring-mass model on Winkler elastic foundation. Damage is
defined as the stiffness reduction of the track due to foundation settlement, loosening in the rail
fastener and lack of compaction of the ballast. Accelerometers are installed on the underframe of the
train to capture the dynamic responses from which the interaction forces between the vehicle and
the railway track are determined. The damage of the railway track can be detected via changes in
the interaction force. Numerical results show that the proposed approach can identify all stiffness
parameters successfully at a low moving speed and at a high sampling rate when measurement
noise is involved.

Keywords: rail substructure; adaptive regularization; time domain; interaction force; moving
Sensor.
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Introduction

Many countries have developed high-speed railroads to connect major cities especially in China.
The unevenness of the railway track is important for the safety of the railway due to the high speed
of the vehicle. Regular maintenance of the railway tracks has become a necessity, and monitoring
on the conditions of the railway track network is conducted for early detection of damages. Some
direct methods have been developed using impact hammer testing (Lam et al.,2012) and the
Bayesian model updating has been used for the identification of the rail-sleeper-ballast system
(Lam et al., 2017). This assessment of track is, however, expensive and difficult with the hammer
impact test, and an efficient and economic inspection method is strongly in need.

Several research groups have studied the use of response from the passing vehicle instead
of the response of the structure for the assessment of irregularities in the track. This indirect method
is more convenient and cheaper than the direct method. Ishii et al. (2006) developed a low-cost
railway monitoring system with the accelerometer installed directly on the floor of the train. The
field measurements are capable of monitoring the railway track irregularities because the vehicle
acceleration and track irregularity has a close correlation. Mizuno et al. (2008) used the same
mobile sensing unit in an experiment, and the results indicated that the critical acceleration response
on the floor of a passenger vehicle is a promising tool to capture the railway track disorders. Weston
et al. (2007) installed the sensors on the bogie of an in-service vehicle to estimate the mean track
alignment and lateral track irregularity. With and Bodare (2009) developed a rolling stiffness
measurement vehicle to investigate the track condition and the point flexibility/stiffness of the
track-embankment-subsoil system could be obtained in the frequency domain. More encouraging
results can also be obtained by simultaneously measuring the force applied to an axle of the
measuring vehicle and the resulting acceleration response. Cantero and Basu (2015) used the
vertical accelerations of a moving train to detect local track irregularities. Isolated irregularities
caused by infrastructural damage can be accurately identified with a wavelet-based automatic

assessment methodology. Salva dor et al. (2016) located and distinguished some track vibration
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modes and singularities by the short Fourier transform of axle box accelerations. Lederman et al.
(2017) presented a data-driven approach to monitor the track condition using the dynamic response
of a passing train. Four features in the measured signal, i.e. the temporal frequency, spatial
frequency, spatial domain and signal energy were used to detect the changes of the track. Oregui et
al. (2017) monitored the bolt tightness conditions of rail joints by comparing the scalograms of
measured axle box accelerations. Li et al. (2017) presented an overview of these signal-based track
singularity monitoring techniques. It should be noted that all the above studies are not related to the
assessment of the track and its substructure.

In the forward analysis of a train-track system, most researchers used the differential equation
to derive the equation of motion of the rail substructures (Zhai and Cai, 1997; Uzzal et al., 2008;
Mohammadzadeh et al., 2014 ) with the modal decomposition method. The number of mode shapes
is required to be greater than or equal to 60 for good convergence results. All the initial and
boundary conditions are assumed zero or stationary. These assumptions, however, result in incorrect
solution in the first and last few seconds of the time history.

The railway substructures includes the rail fasteners, ballast and the foundation, and their
condition assessment using the vehicle response will be studied. The rail is modeled as an infinitely
long beam on discrete springs. Since the interaction forces exist at the wheel-rail contact points, the
equations of motion of the vehicle and the track system are coupled, and it becomes possible to
assess the conditions of the railway substructures by monitoring the vibration response of the
vehicle. The vehicle moving on the rail track can be idealized as a series of lumped masses
supported by the suspension systems (Yang and Yau, 1997). Only a half model of the vehicle is
considered as the rail deformation and wheel-rail contact forces generated by the moving wheel in
the two halves of the vehicle are very close to each other (Savini, 2010). The accelerometers located
on the axle and body of the moving vehicle collect dynamic responses of the vehicle from which the
interaction forces can be easily obtained. This time dependent interaction force is noted to be more

sensitive to local system changes than other responses (Law et al., 2010).
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This paper addresses the more practical problem of condition assessment of the track and its
substructure whereby the unknown parameters to be identified are plenty and their damage effects
are coupling with each other. The loosening of rail fasteners, the lack of compaction of ballast and
settlement of the foundation are all modelled as stiffness change in a component of the track
substructure. The Winkler elastic foundation (Vale and Calcada, 2013) is used to model the track
foundation. The model on the track and its substructure is used for the first time in the system
identification of the track system. Adaptive Tikhonov regularization (Li and Law, 2010) is adopted
in the solution of the inverse identification problem. Numerical examples show that all these
stiffness parameters can be identified satisfactory with a slow moving vehicle and a higher sampling

rate with or without noise in the measurement.

Vehicle and track interaction model
Vehicle model
A train vehicle and rail track interactive system is shown in Figure 1 (Zhai and Cai, 1997). The train
travels over the track with a constant speed v. It is modeled as a series of sprung masses supported
by the suspension systems (Yang and Yau, 1997). The train vehicle consist of one-axle trailer with
the bogie mass m, and wheel mass m, connected to the suspension damper ¢, and a
suspension spring k, . The rolling and pitching motions of the vehicle are ignored in this quarter
vehicle model. The equation of motion of the vehicle can thus be written as
My Yy (O + ¢, (7, () =7, (D) + &, (1, (D) = 3, (1)) =0 (1)

My Vin ()€, (700 () = 7, (D) + K, (1, (O =y, (D) + () - F, =0 )
where y (¢) and y ,(¢) are the motion of vehicle bogie and wheel, respectively. P.(¢) is the
wheel-rail contact force. F =(m, +m,)g is the mass of the train, g is the acceleration of

gravity. It is assumed that the wheel and rail contact point lies on the vertical centerline of the wheel.

Substituting Eq. (1) into Eq. (2), the contact force can be written as

P@)=F,—m,y,(t)—m,p,,(t) (3)
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Two accelerometers located on the bogie and wheel of the vehicle collect the corresponding

vertical acceleration responses.

Egs. (1) and (2) can be combined as

[mvl 0 } {@@H c, —cv} {y'm(r)H k, —kv} {yvlm} : { 0 } "
0 mv2 yVZ(t) _cv cv yv2(t) _kv kv yv2(t) _Pc(t)+Fv
0 - k, -k t
Let M, =" o= Y T K= T L yo= Yal) :
0 mv2 _cv Cv _kv kv yvz (t)
P (t)=-P.(t)+F,. Then, Eq. (4) can be rewritten as

My, (0)+C,y, () + Ky, (1) =DF, (2) (5)

where D=[0 I]T is the mapping vector.
The contact force between the wheel and the track is modeled with the linear Hertzian model
which consists of the wheel and rail contact through a single linear spring. It can be expressed as

(Vale and Calcada, 2013)

K, 5Z(t), SZ(t)=0

0, 8Z(t)<0 ©)

Pc(t)={

where K, is the wheel and rail contact coefficient. 6Z(¢) is the elastic wheel deformation in the
vertical direction as

0Z(t) = y,, () =y, (x,0) =1 (t) (7
where y, (x,t) is the vertical rail deflections. r(#) is the irregularities component of the wheel

and rail contact surface. Many types of geometric irregularities can be adopted. This paper
considers the effect of two most influential factors, i.e. the wheel flat and the rail corrugation. The
wheel flat which enters the contact area between the wheel and the rail can be expressed as a cosine

function (Wu and Thompson, 2002) as

(8a)

r(£) = %Df {1 _ cos(Z”L Z(’))}

.
where D, is the flat depth, L, the length of the flat, z(¢) is the longitudinal position of the

5
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contact point on the rail. If the train speed is high, loss of contact may occur with the existence of
wheel flat.

A sine function is used to represent a rail corrugation as (Savini, 2010)
r(t) = Asin (@j (8b)

where A is the irregularity amplitude and L is the total length travelled by the vehicle in the

analysis.

The Track Model

The rail in the track is modeled as an infinitely long beam on a series of discrete springs, dampers
and masses. The rail is discretely supported on the track substructure consisting of the sleepers,
ballast and the foundation elements as shown in Figure 1 (Zhai and Cai, 1997; Uzzal et al., 2008) .
These three components form one unit of track substructure which connects to adjacent unit via the
shear spring in the ballast layer. The rail beam is modeled as a free Euler-Bernoulli beam. Equation

of motion of the rail can be written as

M, ¥, ()+C,¥,(0)+K,y,(©) =R"()P.() - F,(1) (10)

where M, C_ and K, are the mass, damping and stiffness matrices of the rail respectively. The
Rayleigh damping model (Bathe, 1982) C, =¢M, +4a,K, is adopt for the rail, where @, and a,
are the two Rayleigh damping coefficients. y (¢),y,(¢) and y (¢) are rail displacement, velocity
and acceleration responses, respectively. R(t):{O, 0,---,Rl.(t),---,0} is the time-varying vector.
Vector R.(#) is the shape functions in the ith element of the rail where the moving vehicle is

located at time instant t, and it can be expressed as
2 2| g3 2 3 2 gy P . .
R (1) ={1-38"+2£,(£-28 + E,,38 28 (& + E |, with E=(x(0)—x)/1,,x, = (-],

and [, 1s the length of the element. The rail and sleepers interface force vector is

N
F ()= ZFM (t)0(x—x,), where N is the number of sleeper underneath the rail, J(x) is the Dirac
i=l

6
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delta function, x, is the horizontal coordinate of the ith sleeper from the left end. E_ (¢) is the ith
interface force between the rail and the sleeper as

E, )=k, (y.(x,0) =y, () + ¢, (3,(x,.1) = Y, (1)) (11)
where k, and c, are stiffness and damping of the ith rail fastener respectively. y,(¢f) and
v, (¢) are respectively the displacement and velocity responses of the ith sleeper in the vertical

direction at time instant ¢.

Substituting Egs. (6), (7) and (11) into Eq.(10), we have

¥,(0) v, (0) : v, o, B
[M, o]{ys(t)}{c,,Jrcpr -CPS]{yS(t)}+[Kr+KW +RT(OR(HK,, -Kps]{ys(t)}_R (OK,, (,,() = 7(0))

¢, 0.0 0 0 0

m, 0 - 0 0 0 0 0 0 0

0 m, - 0 0 0 c, O 0 0

where M, =| . .. C,=[0 0 0 0 0 0,

0 0 - m :

N 00 0 0 0 c, O

00 0 00 0 O]
[k, 0 0 0 0 0] e, 0 0| [k, O 0]
0 0 0 0 0 0 0 0 0 0 0 0
0 0 k, O 0 0 0 ¢, 0 0 k, 0
K,={0 0 0 0 - 0 0f,C,=[0 0 0, K,=/0 0 0
S T 0 0 0 0 0 0
00 0 0 0 k, O S PooE
0 0 0 0 0 0 O] 100 0 ¢, 0 0 0 k|

where m, is the rail mass in the ith element.
Equation of motion of the sleepers can be written as

msij}si(t)+(cpi +Cbi)ysi(t)+(kpi +kbi)ysi(t)_Cbiybi(t)_kbiybi(t)_Cpiyr(xi’t)_kpiyr(xi’t) =0

(i=12,---,N) (12

where k,, and c,, are the ith ballast stiffness and damping, respectively. For the entire length of

the system model, Eq. (12) can be written as
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y. @) ¥y, (@) y, ()
[0 M, 01y, 0+[-Cl, C,, -Cp,|i¥.0+[K] K, -K,]{y)}=0

¥,(0) ¥y (0) AU
m, 0 0 CtCy 0
0 0 0 c,+c
where M, =| . Mo T , C,, = o ,
0 0 mg, 0 0 Con T Coy
k, +k, 0 0 ¢, O 0
0 k ,+k 0 0 ¢ 0
Kpb = ” : " : , G = " 5
0 0 ko +kyy 0 O Con
k, 0 0
0 &k 0
K, = ?2
0 0 - k,

where m, is the mass of the ith sleeper. y,(t)~ y,(#) and y,(¢) are the displacement, velocity
and acceleration responses, respectively of the ballast.
Equation of motion of the ballasts can be written as

my, Yy () + (¢ + Cp TCpi T Coivny )V (D) + (ky, + kﬁ +k,, + kw(i+1))ybi (D)= (O) =k, y, () -

. . . (13)
CiVp(isn () - kwiyb(iH) (- CiVbiizn (- kwiyb(ifl) ()=0 (l =1,2,--, N)

For the entire length of the system model, Eq .(13) can be written as

§.(0) ¥.(0) 0
0 M -C,, C,-C K, K, -K -0
[ b]{ybm}*[ o Wb]{yb(r)}’{ o S Wb]{yba)}

m, 0 0
0 m, 0
where M, = . )
0 0 my,,
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¢, tc,te, te,, —C,, o - 0 0

11
C —Ci2 CpptCppt+Cp+C5 —Cpp o 0 0
fir = : : o0 0 |
0 0 0  =Chy Oy FCN Oy T Cuny
by + ke + ey K ki, 0 0 0
_sz kbz + kfz + sz + kw3 _kw2 o 0 0
K, = . : S

: : : . 0 0
0 0 0 ok Ky gy ey o

where m,, is the mass of the ith ballast. k£, and c,, are the ith ballast shearing stiffness and
damping, respectively. k, and c, are the stiffness and damping, respectively of the ith

foundation component.
Combining Egs. (10) to (13), the general equation of motion of the track model can be written

in the following matrix form as

M, Y, (+C,Y,(+K,Y, (6) =L (K, (1,,(0)-r()) (14)
y,(1) Va(t) Vi (1)

where Y, =|y,(®) |, y.®O=| : |, »,@®=| : |, and L(#)=[R(),0,---,0] is a 2NxI
(1) Yoy (0) Vin (1)

mapping vector.
Combining Egs. (5), (6) and (14), the coupled equation of the motion of the vehicle-track

system can be obtained as (Henchi et al., 1988)

MY (1) +CY(t) +KY(?) = O(t) (15)
M[r O Ctr 0 Ktr K[V—V .
where M= , C= and K= are the generalized mass,
0 MV 0 CV KV-t}" KVV

damping and stiffness matrices of the system, respectively. KMZ[O = (t)KH] and

Kk - ° Koo % TR e [/ (HK 0 K E] i
ok, | KTk ki, | T tem QO =[U @K 0 Kyr@+E s

the corresponding force vector containing components of the wheel-rail contact force and the

external force. The dynamic response of Eq. (15) can be calculated from the explicit Newmark-[3
9
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time-stepping integration method (Liu et al., 2014).

Model of the track substructure
Winkler elastic foundation
The foundation shown in Figure 1 is represented by the Winkler model with a set of linear springs
and dampers. A constant stiffness is assumed for the springs to represent a stable foundation as
(Kacar et al., 2011)
ki (x)=k;, (16a)
For an unstable track foundation, the stiffness can be written as Egs. (16b) and (16¢) (Kacar
et al., 2011)
k (x)=ko(1-ax) (16b)
kf(x)zkfo(l—axz) (16¢)
for a linear and parabolic distributions and x is the coordinate along the rail direction. The constant
a €[0,1] denotes the magnitude of settlement due to the extra flexibility. Assuming that there is

only one zone of foundation settlement along the track, the mid-length of the reduced stiffness

distribution is x,, and the length of the settlement zone is w,. The stiffness of foundation at the
middle of the zone is therefore &, (1-«). The stiffness distribution of the foundation with this

linear model can be written as

ko , 0<x<x,-w,/2

kf0(1—2a(x—xd+wd/2)/wd), x, —w,[2<x<x,
ky(x,x,,w,) = (17a)
kfo(1+2a(x—xd—wd/2)/wd), x, <x<x,+w,/2

ko

, X, tw,/2<x<L

and that for the foundation with a parabolic distribution model can be written as

10
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ko , 0<x<x,-w,/2
(1—405(x—xd +wd/2)2/wj), x,—w,[2<x<x,
(17b)

ki
k(x,x,,w,)= .

f0(1—4a(x—xd —wd/2)2/wf,), X, Sx<x,+w,/2

ko

, x,tw, [2<x<L
where L is the total length of the foundation considered in the analysis. If there are m multiple
zones of settlement, the central location of the settlement zones becomes x, =[x,;, X, X, ]

with the length of zones w, =[w,,,w,,,"--,w,,]. The stiffness for the ith spring can be obtained

from Egs. (16a) to (17b) as

ko= [k (rxgom, (18)

i (i-1)xl,
where [, is the length of finite element and it equals to /e for the rail in the present study.

In the present inverse analysis, the foundation settlement can be modeled as due to local
flexibility, and the foundation stiffness identification can be interpreted as the identification of a

stiffness change as

kp=(1-Ck,, (i=1,2,---,N) (19a)
where k, is the ith spring stiffness of the foundation without settlement. &, represents the
stiffness reduction of the ith spring stiffness. ¢, <0.0 indicates the undamaged condition and

¢+ 21.0 indicates a total loss of the spring stiffness.

Model of other system components
For the connection between the rail and sleepers, such as the rail fastener, the local damage can be

modeled as a spring stiffness reduction as

0 .
kpi:(l_gpi)kpia (1_1729"'7N) (19b)
where kg,. is the ith spring stiffness in the intact state. &, represents the fraction of stiffness

reduction.

Similar model can be used to denote the lack of compaction in the ballast associating with a

11
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local flexibility in the media, and it can be expressed as
k,=(1-¢)ky, (i=1,2,--,N) (19¢)
where k. is the ith spring stiffness in the intact state and ¢, represents the fraction of stiffness

reduction.
The shearing stiffness and damping of ballast are assumed less significant in contributing to

the vertical deformation of the substructure and are thus ignored (Lam et al., 2012) in this study.

Identification algorithm

A change in the track substructure can be modelled by a vector of stiffness parameters
gz[;pl,gﬂ,---,gpn,gbl,gbz,---,gbn,gﬂ,gﬂ,---,gﬁ], and thus the system identification can be
treated as an optimization problem. The contact force between the track and the vehicle, P"* can

be obtained from the measured acceleration response of the vehicle. The contact force without

settlement, P“(¢), can be calculated from the theoretical acceleration responses with an estimated
vector of stiffness parameters ¢ . The damage identification equation for the (j+1)th iteration can
be defined as

S'¢/ =PI ~P(g') = AP/ (20)
where ¢/ is the identified stiffness parameter vector in the jth iteration. S’ is the corresponding

P ()
g é:gf

sensitivity matrix . The first partial derivative of the contact force with respect to the

stiffness parameter vector can be obtained by taking the first derivative with respect to the

parameter vector on both sides of Eq. (3) as

ap;“’(r):_m P - P 21)
o¢ tag o

. : . oy, (t
where the reference to the stiffness parameter in the functions have been removed, and Dul® and

12
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oy, (t : . o .
D) can be obtained by taking the first derivative with respect to the parameter vector on both

sides of the coupled equation in Eq. (15) as

M oY (1) P dY (1) kYO _ K

20 O K Y (22)

Fu0) g T K

where contains the terms or and YR Then the response sensitivities

oY (¢)
d

NG can also be calculated from the Newmark integration method.

The model updating in Eq. (20) using least-squares method can be conducted by minimizing
the following cost function as

I =8¢ - ar, (23)

In the adaptive Tikhonov regularization (Li and Law, 2010), the cost function can be redefine as

JG =8¢ - apl[ 4 20

24)

Jj+l1 )
Z;l _éfk,*
k=1

where A is the regularization parameter obtained from the L-curve method (Hansen, 1992). ¢/
is a special vector related to damaged vector. When j=0, £/*=0, and when >0,
j .
0 if| ¢/ | =20
k=1

(¢").=1, . Tl =12m) (25)
5¢] e

where n is the number of parameters to be identified. Therefore, in the adaptive Tikhonov

regularization (Li and Law, 2010), the damaged vector /"' can be obtained by minimizing the

cost function as
- , , S :
s =((Sj)TSj +ﬂzl) 1((S’)TAPCJ —)L{Zg” —(”*D (26)
k=1
The quality of identified results can be gauged based on the gradient of the residual and penalty

13
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functions as

(r)"-(A/(A)"A) (A1)
|l.j||2 -”Aj ((AJ)T Aj)—l (AJ‘)TrAi ”2

cosO = | (27)

. The solution is considered converged with

s’ L j;l
A’ -A* [Zé" —5""*]

where A’ ={

iterations when angle 0 approaches 90°.

The criterion of convergence in the iterative processes can be defined as

éw“rl _ éfj
gvjﬂ

x100% < Tol (28)

where Tol is a small prescribed value and is taken equal to 2x10~ in the following studies
unless otherwise specified.

The computation algorithm described above can be implemented in the following steps:

1) Set the initial value ¢°.

2) For the jth step, the sensitivity matrix S’ can be calculated from Egs. (21) and (22).

3) Using the adaptive Tikhonov regularisation technique, Eq. (24) can be solved and the parameters
&7 can be obtained.

4) Check the convergence using Egs. (27) and (28). Repeat Steps 2 and 3 if it is not satisfactory.

Numerical Simulations

The track structure studied consists of finite length resting on 101 sleepers and ballasts underneath.
Adjacent sleepers has a center-to-centre spacing of 0.6m. The middle 81 sleepers and ballast
elements are considered in the studies to avoid any end effects in the dynamic analysis of the
train-track system. The rail is modeled as Euler-Bernoulli beam discretized into 100 equal finite
elements each with spring supports at two ends. The parameters of the vehicle and the track are
shown in Table 1. The modal damping of the first two vibration modes of the rail are taken equal to

0.08. The irregularity amplitude of the rail corrugation is taken as 0.5mm. The vehicle moves from
14
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the first sleeper on the left to the last sleeper on the right. Data collected when the train is on top of
the middle 81 sleepers are used for the identification.
The effect of measurement noise is simulated with a normally distributed random component

with zero mean and a unit standard deviation added to the calculated acceleration response of the

vehicle as
«< polluted __ s+ calculated 1 «+ calculated
Y =D + Ep X Noise X Var(yvl ) (29)
«< polluted __ =+ calculated +E XN2 % (--calculated)
Yo =V p oise X VALY,
where p2?" and pZ"*“’ are vectors of polluted “measured” acceleration response; o'
and o’ are the calculated acceleration response of the vehicle; E, is the noise level; N!

and N2 are two different normal random vectors with zero mean and unit variance; Var(‘) is

the standard deviation of the calculated acceleration response.

The relative error of the identified stiffness can be defined as

id _ ktrue

AR 100% (30)

true

Relative Error =

where k™ and k" are the identified and true stiffness parameter vectors, respectively.

Identification of Winkler elastic foundation

Single foundation settlement

Case 1: Effect of moving speed

The scenarios with the vehicle moves at a constant speed of 10m/s, 30m/s and 50m/s are studied.
The sampling rate in the dynamic analysis is 5000Hz. Assuming that there is only one zone with
foundation settlement in the track substructure which is 12m long with the mid-length of the zone at
20 meter from the left end of the system. The magnitude of stiffness reduction « is set equal to

0.2. The true foundation stiffness loss is shown in Figure 2. The foundation stiffness vector £ at

the beginning of iteration is set equal to null. The identified results with 0%, 5% and 10% noise
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level are shown in Figure 3. Accurate identified results can be obtained when there is no noise effect.
This verifies the accuracy of the proposed inverse analysis. However, when measurement noise is
involved, a lower vehicle travelling speed may lead to more accurate identified result. Table 2
shows that the parameter cos0 is very close to zero when there is noise effect. This indicates that
the identified results cannot be further improved with more iteration as indicated by the property of
cosO in Eq. (27). It is also noted that the parameter cos0 is relative large when there is no noise
effect indicating further improvement in the identified results can be made probably with a smaller
threshold of acceptance in Eq. (28). However, the computation stops when the convergence

threshold is achieved.

Case 2: Effect of sampling rate
The sampling rate of 2000Hz. 5000Hz and 10000Hz are studied to check on the effect different

sampling rates. The vehicle moves at 30m/s. Other parameters are the same as for last study. Results
in Figures 3(b) and 4 show that the accuracy of identification increases with the sampling rate.
When the sampling rate is 2000 Hz, the location of the settlement zone can be identified
successfully but with a poor estimate on the magnitude of damage when there is measurement noise.

Therefore a higher sampling rate of 10000 Hz is adopted in the following studies.

Multiple foundation settlement

The foundation settlement is associated with flexibility at the same location. Three zones of
settlement are considered, and the three zones of foundation flexibility are assumed overlapping in
the track substructure. The first one has a linear distribution starting at 12m from the left end of the
system considered with a length of 8m. The second and third ones have parabolic distributions
centered at 20m and 27m from the left side respectively with a length of 12m or 20m, respectively.

The true foundation stiffness distribution is shown in Figure 5. The magnitude of stiffness change,
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a , at mid-length of the three zones are respectively 10%, 20% and 18%. The vehicles is assumed to
move on the track at 30m/s and the sampling rate is 10000 Hz. Results in Figure 6 show that the
distribution of stiffness changes can be identified successfully after 14, 30, and 24 iterations with
0%, 5% and 10% measurement noise. The relative error of the identified results is smaller at lower

noise level with the maximum error of 7.44% at spring 32 when there is 10% measurement noise.

Condition identification of rail fasteners

The local damage due to a loosened rail fastener is simulated as a reduction of the corresponding
elemental connection spring stiffness between the rail and sleeper. Multiple damages in the rail
fasteners are simulated with 50%, 25%, 20%, 10% and 12% stiffness loss at the springs 18, 25, 46,
67 and 81. The sampling rate is 10000Hz and the moving speed is 30m/s. Other parameters are the
same as for last study.

The identification results with 1%, 5% and 10% noise level are shown in Figure 7. Damage in
the rail fasteners can be identified successfully even with 10% noise level. Figure 8 shows that the
value of cos@ approaches a minimum after only a few iterations indicating convergence of the
identified results. Such convergence is particularly noted in the scenario with 10% noise level with
the adaptive Tikhonov regularization. Results converged after 12, 14 and 92 iterations with the
maximum relative error of 1.6%, 3.0% and 5% as shown in Figure 8 for the scenarios with 1%, 5%
and 10% noise level respectively.

Identification of ballast damage
Multiple local zones of loosely compacted ballast are assumed in the track substructure. These
zones are modeled with 8%, 10%, 15% and 20% stiffness loss at the springs 21, 36, 53 and 75.

Other parameters are the same as those in last study. The identification results are shown in Figure

10. The damage location can be identified successfully for all noise level studied. However, the
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identified damage extent is satisfactory only when the noise level is equal or less than 5%. Figure
11 shows the evolution of the converging results. Results converged after 9, 19 and 41 iterations
with the maximum relative error of 0.6%, 1.0% and 10% as shown in Figure 12 for the scenarios

with 1%, 5% and 10% noise level respectively.

Assessment of the track substructure including all types of defects
Identification with different noise levels
Different types of defects may coexist in the track substructure. The different defects studied in this
section include: (a) two damaged rail fasteners with 15% and 10% stiffness loss at springs 25 and
67; (b) two ballasts units with 20% and 15% stiffness loss at springs 41 and 53; and (c) one zone of
foundation flexibility as described in the section “Single foundation settlement”. The damage vector
contains the stiffness change in units 11 to 91 with 243 unknown spring stiffness changes.
Measurements with 0%, 1% and 5% noise are studied.

The identified results and the associated relative errors are shown in Figures 13 and 14.
The local stiffness changes can be identified accurately when there is no noise effect as shown in
Figure 13(a). When there is only 1% noise effect, rail fasteners 41 and 53 are identified incorrectly
with the damage information from the stiffness change in the ballast unit transmitted into the rail
fasteners. The location of damage in the rail fasteners and the ballast cannot be correctly identified
with 5% noise effect. This is because of the coupling of the spring stiffnesses from the rail fasteners,
the ballast and the foundation as they are modeled in series. The identification of stiffness from the
rail fasteners, damaged ballast and foundation settlement has been greatly affect by this coupling
when measurement noise is involved. However, the zone of foundation defect can still be identified
satisfactory with 5% noise effect but with large relative error up to 18%. The number of iteration
required for convergence is 28, 41 and 39 as noted in Figure 15 for the scenarios with 0%, 1% and

5% measurement noise respectively.

Effect of wheel flat
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The last study is conducted again in this section including the effect of wheel flat with the
parameters given in Table 1. Other parameters are the same as those in last study. The identification
results for the scenarios of 0% and 5% noise level after 45 and 92 iterations respectively are shown
in Figure 16. Both the damage location and extent are noted not able to be identified satisfactory
using the proposed approach. It may be concluded that the identification of the track substructure

with coupling components is not feasible with a detailed discrete model as shown in Figure 1.

Identification of an equivalent track substructure
The coupling effect of the different springs in each unit is further studied with the track and
substructure modeled by equivalent units each including the rail fasteners, the ballast and the
foundation. The equivalent stiffness of the ith element can be written as
-1

k(%%#j o
The stiffness and damping of the equivalent units are computed for the track model studied in the
last two sections, and the simplified model is shown in Figure 17. The boundaries of the equivalent
unit at the bottom and at the two adjacent ballast are assumed fixed. The mass of the sleeper and the
ballast are ignored and there is no interaction between two adjacent elements. The equivalent
damping of the ith element can be obtained similarly to the equivalent stiffness. The stiffness

reduction of the ith element can be obtained as

&= (1—%}100 (32)

e0
where k,, is the equivalent stiffness of the intact element.

All the parameters are the same as for the section “Identification with different noise level”.
The identified results for the scenarios with 0%, 1% and 5% noise in the measurement are shown in
Figure 18. Comparison with Figure 13 show that the identification results from equivalent track
model is slightly better than those from the refined model when there is measurement noise.

However, the identified foundation parameters from the equivalent model is not very distinct when
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there is noise effect.

Discussions

(a) There may be a concern with the higher sampling rate of 10000 Hz and a low speed of 30m/s as
adopted in the above studies. This combination of parameters would mean 200 data will be
collected within the time duration when the vehicle moves over the distance of 0.6m from one
sleeper to another. All the numerical results suggest more data included in the analysis could
cancel the effect due to measurement noise giving better results. The best combination studied
in this paper is sampling at 5000 Hz at vehicle speed at 10km/s gives 300 data within this time
duration. This combination may be changed to have 400 data or 600 data which would mean
sampling at 10000Hz with the vehicle moving at 15m/s and 10m/s respectively. These speeds
are equivalent to 54 km/s and 36 km/s which is normal when the train vehicle moves over
section of track under maintenance operation according to current safety practices.

(b) The complexity of the train vehicle (e.g. with 2-DOFs) and its mass have been reported (Bu et
al., 2006) to have effect on the condition assessment of bridge deck using measurement on deck.
This study, however, addresses the problem with realistic standard vehicle recognized by all
other researchers. Any change with parameters of the vehicle would lead to unrealistic results

and therefore no attempt has been made to study these two factors.

Conclusions

A system identification methodology is proposed for the condition assessment of the railway track
and its substructure with measurement from the moving vehicle. Finite element model with discrete
elements representing different components of the structure is formulated, and the solution of the
identification equation is solved with the adaptive regularization technique. Numerical studies show
that all the damage parameters can be identified accurately when there is no measurement noise.
But when measurement noise is included, more data collected from using a higher sampling rate
and a lower moving speed can yield satisfactory results in the scenario of having a single damage.
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When there are damages of different types to be identified, the identified results are not reliable as
the discrete components in the different layers of the track structure are conne4cted in series and
their changes in stiffness are coupling with each other. The identification with an equivalent track

model, however, can give slightly better results in the case with noisy measurement.
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520

Table 1 - Mechanical parameters of the vehicle and track

Vehicle model parameters (Vale Track model parameters
and Calcada, 2013) (Zhai and Cai, 1997)

m,, =5600kg m, =51.5kgm™

m,, =2003kg EI =4.2x10°Nm’

k,=4.80x10°Nm™ L =0.6m

¢, =1.08x10°Nsm™ m, =273kg

K, =1.3964x10°Nm™ m,, = 683kg

D, =0.4mm k, =1.2x10°Nm™

L, =52mm ¢, =1.24x10°Nsm™'

R, =420mm k,, =2.4x10°Nm™'

i =5.88x10*Nsm™
k,=6.5x10"Nm"

¢; =3.12x10*Nsm™
k,,=7.84x10"Nm™
C,; =8.0x10"Nsm™

24



521 Table 2 - Identification results at different moving speed
Scenarios 10m/s 30m/s 50m/s
Nil 5% 10% Nil 5% 10% Nil 5% 10%
Parameter A 577e-6  5.79e-6 5.8le-6  825e-6 2.19¢-5 2.78¢-5  1.84e-5 3.29¢-5  3.73e-5
cos 0 0.997 0.023 0.014 0.812 0.052 0.051 0.690 0.126 0.053
Max. RE. (%) 8.40e-5  -3.24 -8.03 4.19e-3 -5.93 -11.99 6.54e-5 -7.01 -13.29
Iteration No. 9 16 15 16 33 37 8 98 92
522  Noted: Max. RE. denotes the maximum relative error for all the elements; Iteration No. denotes the number
523 of iteration required for convergence
524

25



525 Table 3 - Identification results with different sampling rate when moving at 30m/s

Scenario 20008z
Nil 5% 10% Nil
Parameter A 1.84e-5 1.17e-5  2.27e-5  3.83e-6
cos 6 0.829 0.041 0.104 0.814
Max. RE. (%) 4.8e-3 -8.45 -13.78 4.64e-3
Iter. No. 16 67 95 15
526 Note: Results for 5000 Hz sampling rate is referred to Table 2.
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Figure 1: Train vehicle and rail track system model
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Figure 15: Evolution of cos 0 values with or without the measurement noise
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Figure 16 Identification of track substructures with coupling components
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Figure 17 The simplified train vehicle model
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(b) Identification results with 1% measurement noise
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(c) Identification results with 5% measurement noise

Figure 18 Identified results with the equivalent track model

34



	where  is the identified stiffness parameter vector in the jth iteration.  is the corresponding sensitivity matrix . The first partial derivative of the contact force with respect to the stiffness parameter vector can be obtained by taking the first d...
	where the reference to the stiffness parameter in the functions have been removed, and  and  can be obtained by taking the first derivative with respect to the parameter vector on both sides of the coupled equation in Eq. (15) as

