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Damage identification of vehicle-track coupling system from dynamic
responses of moving vehicles
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Abstract. The structural responses are often used to identify the structural local damages. However, it is usually difficult to
gain the responses of the track, as the sensors cannot be installed on the track directly. The vehicles running on a track excite
track vibration and can also serve as response receivers because the vehicle dynamic response contains the vibration information
of the track. A damage identification method using the vehicle responses and sensitivity analysis is proposed for the vehicle-
track coupling system in this paper. Different from most damage identification methods of vehicle-track coupling system, which
require the structural responses, only the vehicle responses are required in the proposed method. The local damages are
identified by a sensitivity-based model updating process. In the vehicle-track coupling system, the track is modeled as a discrete
point supported Euler-Bernoulli beam, and two vehicle models are proposed to investigate the accuracy and efficiency of
damage identification. The measured track irregularity is considered in the calculation of vehicle dynamic responses. The
measurement noises are also considered to study their effects to the damage identification results. The identified results
demonstrate that the proposed method is capable to identify the local damages of the track accurately in different noise levels
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with only the vehicle responses.
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1. Introduction

Nowadays, the vehicle-track system is popularly used in
public transportation system. The track is vulnerable to age
and deteriorate in practical application. Therefore, it is
significant to maintain a health condition of the track to
ensure its structural completeness and work efficiency. It is
known that damages in track will change the structural
physical properties, such as stiffness, mass and boundary
conditions, which implies these properties can be selected
as indices for damage identification. The structural damage
identification using dynamic responses and dynamic
characteristic parameters has gained increasing attention in
civil and mechanical engineering in the past few decades
(He et al. 2017, Zhu et al. 2018).

Masses of damage identification methods have been
proposed in many literatures (Alvandi et al. 2006, Fan et al.
2010, Ni et al. 2010, Ni et al. 2012, Feng et al. 2017) to
research the vehicle-track system. They are frequently to be
found for the vehicle parameter identification, axle force
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identification and structural damage identification. Deng et
al (2009) and Kraft et al. (2016) used the dynamic
responses to cope with the vehicle parameter identification.
The dynamic response and characteristic parameters are
used to identify the axle force between the vehicle and track
by Gonzale et al. (2008), Chen et al. (2009) and Vikram et
al. (2010). They are also utilized for structural damage
identification of vehicle-track system in many other
literatures.

Majumder et al. (2003) proposed a time domain
approach for damage identification in beam structures using
vibration data. Bilello et al. (2004) considered the passage
of a moving mass over a damaged beam both theoretically
and experimentally. In these literatures, the vehicle was
treated as a concentrated mass, which is inaccurate as the
vehicle is the main external excitation for the track.
Afterwards, Bu et al. (2006) presented a method to identify
the local damages of the bridge deck that subject to a
moving vehicle. Lu et al. (2007) proposed a response
sensitivity based method to identify the local damages of a
beam structure. Zhu et al. (2007) provided similar
numerical studies, which emphasizes the importance of
bridge-vehicle interaction based damage detection in
concrete bridges. Vikram et al. (2010) experimentally
monitored the evolution of a crack in a beam using beam-
vehicle interaction response signals, to identify the
progressively increasing crack-depth ratios. Zhan et al.
(2010) applied the dynamic responses of railway bridges for
damage identification. Kong et al. (2014) detected and
located damage of an experimental bridge model using
Hilbert-Huang transform of transient vibration data.
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In most previous works, the track responses were used
to identify the damages of the vehicle-track system. In the
practical civil structures, the responses of the track were
difficult to measure as the sensors are usually not allowed to
be installed on the track directly. It is important to develop a
new approach for the track damage identification with no
instrumentation installed on the track.

For that goal, this paper proposed a method for damage
identification of the track using only the vehicle responses.
For vehicle-track coupling system, the movement of the
vehicle will make the track in vibration. Relatively, the
vibration of the track will lead to the motion of the vehicle.
It means that the motion of the vehicle is affected by the
change of the physical properties of the track. As a result,
the response of the vehicle can be used to yield the physical
properties of the track. That’s the key idea for damage
identification of the track using the dynamic response of the
passing vehicle. A detailed time-domain model is developed
for the vehicle-track coupling system. The track vertical
profile irregularity is considered in this coupling model.
The dynamic responses for the coupling system are
calculated by the Newmark direct integration method. The
response sensitivities with respect to the damage indices of
the element are calculated to indicate the searching
direction. Using the difference between the measured
acceleration responses of the vehicle and the computed ones
as a minimization criterion, the damage identification is
performed by the least-squares method. A numerical
vehicle-track system is employed to validate the accuracy of
the proposed method. In the numerical analysis, the
influence of measurement noise on the analysis results is
discussed. For the degrees of freedom (DOFs) of the vehicle
are much less than the DOFs of the track, the size of the
sensitivity equations is reduced when the responses of the
vehicle is chosen. Therefore, the proposed method is time-
saving compared with the approaches using structural
responses.

2. Dynamic responses analysis of the vehicle-track
coupling system

The dynamic model of the vehicle-track coupling
system is composed of a vehicle and a track, which are
constrained by the interaction force and the displacement
compatibility between them. To analyze the dynamic
responses of the vehicle-track coupling system, the dynamic
responses of the track and the vehicle, the interaction force,
and the track irregularity need to be calculated.

2.1 Dynamic responses analysis of the track

The track model is shown in Fig. 1. It is modeled as a
discrete point supported Euler-Bernoulli beam with N
elements in the finite element model. The vibration
equation of the track is written as

Mryr+CrYr+Kryr=NrTFrv (1)

where M, C,, and K, are the mass, damping, and stiffness
matrices of the track, respectively. y,, y, and ¥, are the

displacement, velocity and acceleration responses of the
track, respectively. F,, is the external force excited on the
track. N, is an nx1 vector, which are zeros except at the
DOFs where F,, is excited. n is the total DOFs of the track.
N~=[00... Nj ... O]T, where Ny is the shape functions in the
global coordinates evaluated for the ith element supporting
the moving vehicle with (i-1)xI < x(t) < ixl. x(t) is the
location of the moving vehicle in the global coordinate, and
| is the length of the finite element (as shown in Fig. 1). Ny
is obtained from functions

1_3[X(t)'(i -1)I]2 +2[x(t)—(i -1)|]3

(x()-G- X
Nj = i (2)

2

(x)-(a-y XD OO0

In Eq. (1), C; is the damping matrix. The classical
Rayleigh damping matrix is adopted in this paper. The
damping matrix is expressed as a linear combination of the
track mass matrix M, and the track stiffness matrix K,
which is written as

[C]=a[M.]+B[K] ©)
where
§1f1f22_§2f12f2 1§ f _C:f
Ry P S— _ 5272 11
GEMTT 7 f2-f? “)

1

where f; and f, are the first and second order frequencies,
respectively. & and & are the first and second order
damping ratios of the track, respectively.

2.2 Dynamic responses analysis of the three-
parameter vehicle

Vehicles running on the track are connected to the track
via contact points. The vehicle-track interaction forces
acting on the track F,, and the interaction forces acting on
the vehicles F,, are actually action and reaction forces
excited at the contact points. In the finite element analysis,
these interaction forces may not be imposed right on a
specific node. Therefore, the interaction forces need to be
transformed into equivalent nodal forces.

The three-parameter vehicle consisting of a mass,
spring, and damper is modeled with a single DOF, as shown
in Fig. 1. The dynamic equation of the vehicle is written as

n’]'\/yv-i-cvyv-i-kvyv =_er+Fg (5)

where my, ¢,, and k, are the mass, damping, and stiffness for
the wvehicle, respectively. vy, y, and y, are the

displacement, velocity and acceleration vectors of the
vehicle body, respectively. F,, and F are the vehicle-track
interaction force for the vehicle and the gravity force,
respectively.
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Fig. 1 The N-span track with different vehicle models (A1-A3:measurement points; 1 ,..., N: number of element)

The vehicle-track interaction force F,, is expressed as

Fe=mg+c, (3, —y(x(O)) +k (v, -y (x(O)-r(x(V) ()
= mvg - mvyv
where g is the acceleration of gravity. y(x(t)) represents the
deflection of the contact point of the deck at x(t). r(x(t)) is
the road surface roughness at x(t).

The vehicle is assumed to be contacted with the track
permanently and no jumps occur between the vehicle’s
wheels and the track. Combining Egs. (1) and (5), the
equation of motion of the vehicle-track coupling system is
written as

5 L

0 m JW) [N c]lY

K, 01y, N,m,g Y
e et

Eg. (7) can be solved by the Newmark integration
method (Lei and Noda 2002).

2.3 Model for the five-parameter vehicle

The five-parameter vehicle model with two DOFs (as
shown in Fig. 1) comprises five components: a body mass
m,;, bogie mass m,,, a suspension damper c,, a suspension
spring k,; and another spring k,, used to represent the
stiffness of the tire. The dynamic equation of the vehicle is
written as

mvlyvl + Cv(yvl - yv2) + kvl(yvl - sz) =0
m,, va + Cv(yvz - yl) + kvl(yvz - yvl) (8)
+K,5 (Y, = Y(X(1)) —r (x(t))) =0

where y,; y, and vy, are the displacement, velocity and
acceleration vectors of the body of the vehicle, respectively.

Similarly, y,., y,, and y,, are the vertical displacement,
velocity and acceleration vectors of the bogie of the vehicle,

respectively. The interaction force F,, between the track and
the vehicle is expressed as (Bu et al. 2006)

Pr = (M, +m,,)g +k,, (Y, = y(x(t)) —r(x(t)))
= (mvl + mvz)g -m, ¥, —m,Y,

Combining Egs. (1) and (9), the equation of motion of
the vehicle-track system is written as

M r Nrmvl Nrmv2 yr <:r 0 0 Yr
0 M,y 0 yvl + 0 C, —Cu y\/l
0 0 m,, yvz _NrTCVZ Ca CntCyp YVZ

Kr 0 0 yr Nr(mv1+mv2)g
+ 0 K =Ky, Ya (= 0
_N:kvz _kvi kv1+kv2 Y2 kvzr(x(t))

Identically, Eq. (10) is also available with the Newmark
integration method.

Actually, the vibration equations of the vehicle and track
coupling system for the three-parameter vehicle model and
the five-parameter vehicle model (Egs. (7) and (10)) can be
rewritten in a generalized form as

I\/ll’ NTMV yl’ + Cr 0 yr
0 Mv yv _NrTCv Cv YV
K ol Nmg

-NTK, K, Ly K (x()
where M,, K, and C, are the mass, stiffness and damping
matrix of the vehicles. For a vehicle model with x DOFs,
Mv:diag(mvly My, ..., mvx); Kv:diag(kle kv2,~~~a kvx):
C,=diag(cy1, Cv2,.-.., Cy)- It should be noted that Eq. (11) can

be used for complicated vehicle models with enormous
DOFs and Egs. (7) and (10) are just its particular cases.

)

(10)

(11)

3. Numerical simulation of the random irregularity of
track vertical profile

The track irregularity is a non-negligible excitation of
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the vehicle-track coupling system. For the vehicle-track
coupling system, there is an assumption that the vehicle
never detach from the track and the only connection
between the vehicle and track is the track irregularity.

The irregularity of the track vertical profile is regarded
as the stationary ergodic Gaussian random processes except
for the area with turnout, road crossing and the rail line with
track deterioration. In this paper, considering a stationary
stochastic process r(t) with the expectation of zero and the
power density function of ®(w), the sample function of the
stochastic process r(t) is simulated by the trigonometry
series shown as (Lei et al. 2002)

r(t):iaf sin(w§t+¢5) (12)

where a:is a Gaussian random variable with the expectation
of zero and the variance of o, and is independent for ¢=1, 2,
... » R (R is large enough). ¢. is a random variable
distributed uniformly in 0~2mx, and is independent for & as
well. A:and ¢ are irrelevant to each other, which are
calculated by Monte Carlo method.

In order to obtain the variance o, a frequency band Aw
is defined as

Aw=(w,-o)/R (13)

where @, and w, are the lower and upper boundary
frequencies in the frequency domain of power spectral
density function ®(w).

The intermediate variable w; is defined as

1
0, = +(§—§jAa) (14)
o IS expressed as

ol = 4CI)(a)§ )Aa) (15)

In the above equations, the effective power spectral
density ®(w) is

(I)(a)):{

The power spectral density ®(w) of the track for the line
grades of one to six from American Railway Standard is
used as input excitation (Lei et al. 2002), which has

CD(a),f) o <. <o, (16)
0 else

o B KAfa)C2
(a))_ (a)2+wz)a}z (17)

Table 1 Coefficients for A: and w,

Line grade Ascm?rad/m) w¢(rad/m)
1 1.2107 0.8245
2 1.0181 0.8245
3 0.6816 0.8245
4 0.5376 0.8245
5 0.2095 0.8245
6 0.0339 0.8245

where A: and w. are coefficients associated with line grade,
as shown in Table 1, and « is a constant, which is set to 0.25
generally.

4. Dynamic response sensitivity with respect to the
damage index

4.1 Three-parameter vehicle model

For the three-parameter vehicle model, differentiating
both sides of Eq. (8) with respect to the elemental damage
index of the jth element gives

0 M Nm Vg0 [T S oflfy],
o Lo m V) oy -Nfc, ¢, Jf

O
9 KT 0 yr Mr Nrmv W
o BOOR AR A

o (18)
c. olg [ & 0]lgr|_ o [Nmg
-Nie, 6 J) 9% [TL-NTm m, [ 0y, [T, [k (x(1)
oy! oy!

It is noted from Egs. (1), (3) and (5) that K, and C, are
relevant to y, and m,, c,, k,, N, and r(x(t)) are irrelevant to y’
. In consequence, ¥ is related to K, as

ac, oK,
671 = 671 (18)
Eq. (17) is simplified as
Wr (7yl'
M, N,m,]|oy! . c. o0l|oy
0 m ]| | =N, ¢ ]| oy
oy’ oy’
20
S [
. o'\ )oY Y
+[—N3kv kv} [ o) 7
— 0
oy

It is observed from the above equation that the
displacement response y, and velocity response Y, , obtained
from Eq. (7), is the input data for Eq. (20). The response
sensitivities of the track DOFs and vehicle DOFs can be
calculated from Eg. (20) by the Newmark integration
method.

4.2 Five-parameter vehicle model
Similarly, for the five-parameter vehicle model,

differentiating both sides of Eq. (10) with respect to the
damage index 5, of the jth element leads to

oy oy oy7
M, 0 0 ; 0 o z/ K, 0 0 ‘:ZV
0 m, 0 ;; 0 - Z;+o Ke ko ;—I
v Y v
0 0 0 o || 0 —k, ky+k
I'T"\IZ azz azv 28 1 2 OZZ
oy oy o' (21)
ol Ol
Ky g5 [y Py P
oy! oy! oy’ oy’
- 0 - 0
0 az
=N’ vzi: {
oy
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The response sensitivities of the track DOFs and vehicle

DOFs are calculated from Eq. (21) by the Newmark method.

The right hand side of Eq. (21) is regarded as the equivalent
force, which can be calculated from Eq. (10). In this paper,
only the response sensitivities of the vehicle DOFs are used
to construct the sensitivity matrix.

4.3 Sensitivity of response with respect to vehicular
parameters

In this part, Eq. (11) is used to illustrate the influence of
vehicle parameters to the identification of the track
damages. Differentiating both sides of Eq. (7) with respect
to the mass of the rigid body of the vehicle m,, stiffness k,
damping c,, respectively.

damaged state can be written as
(B1),' =(E1),' (1-7") (0=#" <1) (25)

It is assumed that a track with N elements has the
damage index vector A,. A, encloses the whole damage
indices of the track elements (A={y", >, ... , y"}). The
damage identification is conducted to identify damage
index vector A, by reproducing the measured responses R™
with the calculated responses R® through an iterative
process. R™ is expressed as

{R"}=[QJ{R°} (26)

where [Q] is a selection matrix, which is sparse and ones
only at the DOFs corresponding to the measured points. The
primary task is to minimize the error between the calculated
responses and measured ones as

SR={R"}-[Q]{R"} (27)

Using the common penalty function method (Hansen et
al. 2008), the sensitivity equation for damage identification
is expressed as

[s, [x{oA}={sR} (28)

{04,} is the perturbation in the damage index vector,
[S,] is a time varying response sensitivity matrix, which
contains the partial derivatives of the dynamic response
with respect to the damage index. Construct the time-

M, N,m, ||om, . C, 0 ||om,
0 m J|& | [-Nc <oy,
om, om,
&, (22)
K, 0]|om, N,g
+ =
_N:kv kv aYV 0
om,
M, N,m, ||k, N C, 0| ok,
o m J|ay [ [-Ne, < ]]ay,
ok, ok,
&, (23)

K, 07|a,

+
7Nerv kv %
ok

o,

M, N.m,
0 m, ||,

c, 0
+
-NJ¢c, ¢,

Lot
e

o,
3

ac,

(24)

varying sensitivity matrix as

ac,
K, 0
+
-NTk, K,

.

oc, | |0

e
ac,

Then the response sensitivity with respect to the

parameters of the vehicle can be obtained from Egs. (22)-

(24).

5. Identification of the local damages from measured
dynamic responses

The damage identification is often conducted based on a
sensitivity-based model updating process. Many elemental
physical parameters, such as stiffness reduction, vehicle
parameters and so on, can be used as damage indices.
Except for some special cases, it is usually assumed that
damage does not change the mass but the stiffness of the
structure. In this paper, only the stiffness reduction of the
track has been considered. Name the undamaged stiffness
and the associated damage index of the jth element in the

associated state are »' and (EI)Uj, its stiffness in the

7ayv(t1) ayv (tl) ayV (tl)ﬁ
oyt oy* oy
ayv (tZ ) ayv (tz) o aR; (tz )
ort oy° oy"
ST/ _ . . .
e we) - w) (29)
ot oy° o™
() () — (k)
Lot ot " o

where Ny, is the total number of time steps. Eq. (27) can be
solved by least-squares method (Liu et al. 2009) as

(ont=([s.T[s.]) [s,] toR) (30)

Since Ny, is often larger than the number of unknown
parameters, Eq. (29) is an ill-conditioned system of
equations with unstable solutions. In order to provide
bounds to the sensitivity equation, the damped least-squares
method (Jiang et al. 2004) and singular value
decomposition technique are used in the pseudo-inverse
calculation. Eq. (29) is then rewritten as

(oA }=([s, ][5, ]+~ )fl[sy]T (5R) (31)

where 1 is the non-negative damping coefficient to
determine the participation of least-squares error in the
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solutions. The solution of Eq. (30)
minimizing the function

3(1o8}.2)=[[s, oA ~oRf <2loA @

is achieved by

where the second term (/1||5/-y||2) gives bounds to the

solution. When the parameter 1 approaches zero, the
estimated vector {04,} approaches the solution obtained
from the least-squares method.

Many methods have been developed to get the optimal
regularization parameter . In this paper, the well-known L-
curve method (Zhan et al. 2011) is used to determine 4.
Once the increment in the elemental flexural rigidity vector
{04,} is obtained from Eqg. (30), the updated element
flexural rigidity is expressed as

Af={A},+{oA} (33)

The following convergence criterion is used as

(A),.)-{(A))
LA

where ||| means the norm of a vector.

Overall, two main problems arise to conduct the above
sensitivity-based damage identification process. Firstly, the
structural dynamic responses are employed to construct the
objective function. Secondly, the responses sensitivity
matrices used to provide a rapid searching direction.

“ <S¢, (34)

6. Numerical example

A numerical vehicle-track coupling system is studied to
illustrate the feasibility and efficiency of the proposed
damage identification method. As shown in Fig. 1, the track
system is modeled as a beam which is supported by discrete
points with the span of 1=100 m. The discrete point
supported beam is divided into 100 elements (N=100) with
each 1 m in length. The beam has 101 nodes and 300 DOFs
in total. The material constants of the beam elements are
chosen as: Young’s modulus E=33 GPa, cross sectional area
A=600 mmx1000 mm, volume density p=3500 kg/m*, and
Poisson’s ratio #=0.15. Two commonly used vehicle models,
three-parameter vehicle model and five-parameter vehicle
model, are used in this paper to compare their damage
identification results. The coefficients of the three-
parameter vehicle model are: m,=2500 kg, ¢,=1000 Ns/m
and k,=6.0x10° N/m. The coefficients of the five-parameter
vehicle model are: m,;=3600 kg, m,,=250 kg, ¢,=1000 Ns/m,
k,1=6.0x10° N/m and k,,=8.5x10° N/m. The speed of the
vehicle v is set to 20 m/s and the time step in the response
calculation is 0.002s. The total number of time steps Ny is
2501. The lower and upper boundary frequencies w=(0.04r)
rad/s and w,=(4x) rad/s. Ny is set to 2500. The track random
irregularity chosen in this paper is shown in Fig. 2.

Track random irregularity (m)
- o
e B
=
——

B J
0 05 1 15 2 25 3 35 4 45 5
Time (s)

Fig. 2 The track random irregularity adopted in this
paper

For the three-parameter vehicle model, the acceleration
response of the measured point Al (as shown in Fig. 1) is
used for the damage identification. For the five-parameter
vehicle model, two acceleration measured points A2-A3,
located at the body and the bogie of the vehicle respectively,
are used for damage identification.

Since measurement noise is inevitable and a certain
level of noise may cause inaccurate identification results in
practical tests, investigation on the effects of measurement
noises of the vehicle responses is significant.

To estimate the damage identification results on a
certain degree of measurement noise, noise-polluted
measurements are simulated by adding an associated noise
vector with the noise-free acceleration vector.

The measurement noise of the responses of the vehicle
is assumed to be normally randomly distributed (Lu et al.
2007). The polluted response is thus expressed as

Y." =Y. +e,Noo(y.) (35)

where y.” and y, are the polluted response and the calculated
counterpart, respectively. e, is the ratio of the noise
amplitude to the response amplitude (0<e,<I). Nq is the
standard normal distribution vector. o(y.) is the standard
deviation of the calculated response, which indicates the
deviation of the response to its mean value. Two different
levels of noise (5% and 10%) were considered in the
present study.

In this part, the acceleration measurement point Al is
used to identify the damage of the track. The stiffness of
3nd, 22th and 81th element are assumed to be reduced by
15%, 30% and 20%, respectively, namely y°, y?2 and »*" are
0.15, 0.3 and 0.2. The proposed method is utilized to
identify the location and severity of the assumed stiffness
reductions.

The detailed procedures of the damage identification of
the track by the proposed method are described as follows:
1) Calculate the constants to be used in later work.

a. Assemble the mass matrix [Mf m } stiffness matrix

v

[Kr K } and damping matrix [Cr c }of the vehicle-track
coupling system independently.

b. Calculate the track surface roughness r(x(t)) from Egq.
(11) and the shape function N, from Eq. (2).

v

c¢. Compute the equivalent force vector {k TZT{?))} .
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2) Calculate the dynamic responses of the vehicle-track
coupling system from Eq. (7) using the Newmark method in

damaged and undamaged states, namely ([yr} , [yr} ,

Yy Yy
Yr " d yr ’ Yr ’ yr ’

M yan (M’ M M )
3) Gain the acceleration derivative % from Eq. (12) by
e
Newmark method. Then construct the sensitivity matrix [S,]
according to Eq. (28).
4) Construct the objective function sR=Yy,—y,"™ using

the acceleration responses of the vehicle ¥, and ¥,".

5) Calculate the increment in the damage index vector [d4,]
from Eq. (29). Identify the damage indices from Eq. (30).

The accuracy of the proposed damage identification
method is first studied without noise. The damage
identification of the track is performed following the above
steps, with the identified damage indices of all elements
listed in Fig. 3. It is obvious that the damage indices of
Elements 3, 22 and 81 are about 15%, 30% and 20%
respectively while those of the other damage indices are
near zeros, which agrees with the assumed damage location
and severity. The exact identification values of the indices
of Elements 3, 22 and 81 are compared with the assumed
ones in Table 2.

The damage indices of Elements 3, 22 and 81 are
14.608%, 29.748% and 19.954%, respectively. The
identified errors are 0.392%, 0.252% and 0.046% at
Elements 3, 22 and 81, which are much less than 1%.
Therefore, the vehicle acceleration measurement response
of Al can be used to identify the location and severity of the
local damage correctly.

Table 2 Identified results using acceleration responses of Al

Element No. RDV (%) DIV (%) RE (%)
3 15 14.608 0.392
22 30 29.748 0.252
81 20 19.954 0.046

0.3

0.25F

0.2

Damage index

0.15F

0.1+

0.05F

G0 10 20 30 40 50 60 70 80 90 100
Element No.

Fig. 3 Damage indices identification using acceleration
responses of Al
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—Element81

w
0
T

w
T

Damage error (%)
= N
o

=
T

0.5

T | \ | |
0 1 2 3 4 5 6 8 9 10
Noise level (%)

Fig. 4 Damage identification using acceleration
responses of Al under different noise levels

Then the effects of the measurement noise on the
proposed damage identification method are studied.
Identically, the bending rigidities of Elements 3, 22 and 81
are assumed to be reduced by 10%, 30% and 20%
respectively, while those of the other elements remain
unchanged. Using the proposed method, the damage indices
of all track elements under different noise levels are
identified. For clarity, the identified damage errors of the
selected elements are listed in Fig. 4.

It is noted that the identified damage errors of all the
selected elements are less than 0.5% in zero noise level,
which again verifies that the proposed damage
identification method is very accurate when no
measurement noise is considered. Then, the identified
damage errors rise with the increase of the noise level.
Finally, even the noise level reaches 10%, the damage
errors of all the selected elements are still less than 5%,
which is acceptable in practical engineering. Actually, the
measurement noise seldom reaches 10% in practical
engineering. Therefore, the proposed method is accurate to
identify the local damages of vehicle-track system.

Since too much noise influences the accuracy of the
damage identification results, some measures should also be
taken to restrict the measurement noise to an appropriate
level. In this part, the acceleration measurement points A2
and A3, located at the body and the bogie of the vehicle, are
used to identify the local damages of the track. Similarly,
the stiffness of track Elements 3, 22 and 81 are assumed to
be reduced by 15%, 30% and 20% respectively. That is,
»*=0.15, y*?=0.3 and »*'=0.2. The damage identification of
the five-parameter model is conducted with a similar
process to the three-parameter model. The measured
acceleration responses of A2 and A3 are used in the
proposed damage identification method, with the identified
damage indices drawn in Figs. 5 and 6 respectively.

It is noted that both Figs. 5 and 6 reveal obvious
stiffness reductions in Elements 3, 22 and 81, which agrees
with the assumed damage location well. However, some
small stiffness reductions of other track elements are
identified in Fig. 5 while nearly no corresponding damage is
identified in Fig. 6. Therefore, both the measured vehicle
acceleration responses of A2 and A3 are effective to be used
in the damage location of vehicle-track system, yet those of
A3 reveal superiority in terms of accuracy.
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Fig. 6 Damage indices identification using acceleration
responses of A3

Table 3 Identified results using acceleration responses of A2
and A3

Point No.
Element RDV A2 A3
No. (%) DIV RE DIV RE (%)
(%) (%) (%)
3 15 14.405 1.310 14.849 0.151
22 30 29.734 0.268 29.953 0.047
81 20 19.954 1.512 19.960 0.040

To estimate the accuracy of the identification results
using the measured responses of A2 and A3, the exact
damage indices of Elements 3, 22 and 81 are listed in Table
3. Using the measured acceleration response of A2 in the
proposed damage identification method, the relative errors
of the identified damage indices of Elements 3, 22 and 81
are 1.310%, 0.268% and 1.512%. But when the measured
acceleration response of A3 is applied, the corresponding
relative errors are 0.151%, 0.047% and 0.040%, which are
much smaller than those of A2. It again verifies that the
measured acceleration responses of A3 are more accurate
than those of A2 in the precision of damage identification.

To compare the efficiency of the proposed damage
identification method using different measured points (A2
and A3), the computation time and the relative error of
damage indices are recorded step by step. The convergence
of the damage identification process using the acceleration
responses of A2 and A3 are illustrated in Fig. 7. It is evident

that the curve of A3 converges much faster than that of A2.
For example, it takes about 40 minutes for the relative error
of A3 to reach 0.1%, about half of that of A2. As a
conclusion, it is much more efficient to use the measured
acceleration responses of A3 in the proposed damage
identification method.

The damage indices of all the track elements are
identified under different noise levels. For clarity, Fig. 9
compares the damage indices without noise and 10% noise
using acceleration dynamic responses of A2. It is seen that
the proposed method is accurate to identify the assumed
damages under different noise levels, while that without
noise is slightly more accurate.

0.2
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Fig. 7 Convergence of damage identification of Element
81 using acceleration responses of A2 and A3
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Fig. 8 Damage identification result of Element 81 under
different noise levels
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Fig. 9 Damage identification result using acceleration
responses of A2 under different noise levels
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Fig. 10 The convergence of damage identification of
Element 81 using acceleration responses of Al and A3

Overall, as for the five-parameter vehicle model, the
measured acceleration response of A3 is superior to that of
A2 to be used in damage identification in terms of accuracy,
efficiency and the effects of measurement noise. It may
because that the body is not connected with the wheel
directly.

Forwardly, the computational efficiency of damage
identification of the two presented vehicle models (three-
parameter model and five-parameter model) is compared in
Fig. 10. Here the identification result of five-parameter is
represented by that of A3. It is evident that the curve of Al
converges much faster than that of A3, which implies that
the three-parameter model is more efficient to be used in the
damage identification of wvehicle-track system. This is
because the wvehicle-track system with five-parameter
vehicle model is more complicated than that of three-
parameter vehicle model. More computational resources
and time are thus consumed to calculate the structural
responses and response sensitivity in damage identification
of the track. However, five-parameter vehicle model has
been verified in many literatures (Yang et al. 2005, Zhang
et al. 2016) to be advantageous to three-parameter vehicle
model in dynamic analysis of the vehicle, which deserves
further study in our future work.

7. Conclusions

This paper proposes a damage identification method of
the wvehicle-track coupling system using the vehicle
responses. The responses and response sensitivities of the
commonly used three-parameter vehicle model and five-
parameter vehicle model are derived. The damage
identification is performed based on a sensitivity-based
finite element model updating process.

A numerical discrete point supported beam is used to
stimulate the wvehicle-track system. The accuracy and
efficiency of the three-parameter model and the five-
parameter model in damage identification are compared.
The effects of the measurement noise on the damage
identification results are also considered. The following
conclusions can be made from the numerical study:

1) Both the responses of the three-parameter vehicle
model and five-parameter vehicle model are feasible for the
damage identification of the vehicle-track system, while the

three-parameter vehicle model shows a higher efficiency.

2) The accuracy of damage identification of both the
two models is influenced by the measurement noise. Some
measures should be taken to restrict the noise to an
appropriate level to ensure a higher precision.

3) As for the five-parameter vehicle model, it is much
more efficient to employ the measured responses of the
vehicle bogie for damage identification than the vehicle
body.
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