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Abstract

A novel baseline-free method for damage detection of vehicle-bridge interaction (VBI) systems
is proposed. The proposed method is physics-based, in contrast to many prevailing approaches,
which are purely data-based techniques. It uses incomplete measurement data by incorporating
the static condensation transformation matrix into the equations to obtain the final formulas.
However, the static condensation of the damaged beam is not known a priori. Therefore, it is
shown analytically that the static condensation transformation matrix of the undamaged beam
can be used instead of the one corresponding to the damaged beam. This has been confirmed
through numerical simulations for different boundary conditions of the beam. Various factors are
studied numerically in order to demonstrate the robustness of the proposed method, including
road roughness, boundary conditions, variable moving mass velocity and measurement noise.
The results demonstrate the capability of the proposed method in damage detection of beam-
type structures subjected to a moving mass in the presence of 5% noise. It has also been shown
that averaging the results obtained from noisy data collected through several repetitions of the
experiment can improve the final prediction of the location and severity of damage.
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1. Introduction

Structural health monitoring (SHM) of beam structures is of great importance as they are
typical models for structures such as bridges [1]. Several methods have been developed by
researchers to address the SHM of such structures, which usually exploit information obtained
from the beam vibration in the frequency-domain or time-domain. As an example of frequency
domain data used for beam damage detection, structural mode shapes have been widely used |2,
3]. For instance, Janeliukstis et al. proposed a technique that uses continuous wavelet transform
to study beam modal curvature for damage detection on beam type structures |4]. Likewise, time
domain data have also been used for damage detection [5, 6]. Jiang et al. proposed a nonlinearity
measure-based localisation technique based on a proper orthogonal decomposition technique for
damage localisation on beam type structures [7]. There are, however, many such techniques that
can only detect the location of the damage. Therefore, developing a technique to quantify the
severity of the damage as well as its location is still a developing area in the realm of SHM of
beam type structures [8].

Desirable SHM techniques rely on minimal or incomplete information about the structure.
Hence, recent trends in SHM have been towards identifying a minimum set of data to be obtained
from structures, and deriving useful information from them [9, 10, 11, 12|. However, this will
require either new sensing technologies or novel computational and data analysis techniques
[13, 14].

Computational sciences provide a wide range of new techniques that can be used to derive
information from a few measured data points on structures. Many such techniques have been
introduced in SHM, as reported by different researchers in the literature, some of which are
(1) data analysis techniques such as Symbolic Dynamic Analysis (SDA) [15, 16, 17, 18, 19, 20|,
or (2) signal processing algorithms such as Wavelet Transform (WT) [21, 22|, Empirical Mode
Decomposition (EMD) [23, 24, 25] or variational mode decomposition (VMD) [26, 27]. Most of
these techniques are used only to detect the location of damage.

SHM of bridge structures using a moving load has received a great deal of attention during
the past decade. The main reason for this is that the required experiment to excite the structure
is almost the same as its operational condition, making the whole procedure easy to carry out
[28]. It also requires fewer sensors to be used [29]. Moreover, since the loading condition in such
an experiment is deterministic, the experimental conditions are under control.

In such moving load experiments, the dynamic vibration of a beam can generally be divided
into two stages: the time interval when the load is moving over the beam, and the subsequent

free vibration of the beam after the load has completely passed over it.
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Most damage detection procedures use vibration data recorded during the first stage [30, 31].
It is also known that higher frequency components of a structure’s response are more sensitive
to the damage [25]. Exploiting this fact, researchers have studied high frequency components for
any changes that can be referred to damage on the beam. These components may be derived by
decomposition techniques such as wavelet (WT) [21] or Hilbert-Huang transforms (HHT) [32] of
the dynamic deflections of the beam. As such, damage can generally be detected as a peak at
the time when the load moves over a cracked section [33, 34]. Unfortunately, more often than
not, these peaks are very insignificant when considering noisy measurements or road roughness
effects. To address this issue, baseline data obtained from the same experiment conducted on the
undamaged beam is used by some researchers |30, 8, 35, 30]. However, it has been reported in
the literature that any discrepancies between the velocity of the moving mass in the experiment
conducted on the damaged and undamaged beam can interfere with the damage detection [36, 37].

On the other hand, the second stage of the free vibration of the beam after a moving load
has traversed it seems to be overlooked in the literature. As an alternative to considering these
two stages separately, therefore, the equivalent static formulation of the dynamic vibration of
beam structures can be used for damage detection [38, 39]. As such, a continuous monitoring of
the structure at both stages of the forced and subsequent free vibration of the structure is used
in this paper.

This static equivalent equation requires less information about the structure when used for
damage detection or parameter identification purposes. It is demonstrated in this paper that
this strategy is a valid way of monitoring a beam type structure for damage when subjected to
a moving mass.

To use the proposed method, the information required for conducting damage detection is
limited only to the stiffness matrix; no information about the mass and damping matrices are
required. Reducing the required information from the FE model of the intact structure has also
been addressed by other researchers [40]. Some other researchers propose completely a non-
model-based damage detection strategy [41]. The other advantage of the proposed technique of
this paper is that it is baseline-free.

There are generally two models for the VBI problem, namely moving load or moving mass
models. Accordingly, the term moving load refers to the case when the inertia forces of the load
(and therefore, its interaction with the bridge) are neglected, while a moving mass model takes
this inertia effect into account [42]. Yang and Lin mention that the vehicle mass can be neglected
compared to the mass of the bridge [43]. It is shown in this paper that this is also true for the

proposed method as while the proposed method was developed using a moving load model, it
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has subsequently been fully tested using a moving mass simulation in order to account for road
roughness.

The main objective of the present paper, therefore, can be summarised as to propose a
baseline-free damage detection strategy that can determine both damage location and severity
with minimum information about the beam mechanical properties and experimental data. One
of the advantage of using numerical methods in studying damage detection is that Monte Carlo
simulations can easily be applied for better evaluation of these methods [44]. As such, a VBI
model is studied and the effect of road roughness and the moving mass inertia are taken into
account in all simulations.

The organisation of this paper is as follows:

In Section 2, the proposed damage detection method is explained, which consists of (1)
equivalent static formulation of the dynamic vibration (Subsection 2.1), (2) a brief review of
different methods for simulating damage in structures and choice of a general damage model
(Subsection 2.2), (3) a formula for calculation of the damage indices (Subsection 2.3), followed
by (4) some analytical investigation of the proposed formula (Subsection 2.4), and (5) proposal
of an easy way to obtain the equivalent static force vector corresponding to the moving load
with a steady velocity, in which a formula is derived to calculate the equivalent force for beams
with different boundary conditions (Subsection 2.5). In Section 3, a VBI model considering
road roughness and the interaction between the moving mass and beam is presented, which is
used for evaluation of the proposed method. Section 4 is dedicated to (1) the numerical study
of the undamaged and damaged cases with different beam boundary conditions, including and
excluding the road roughness effect (Subsection 4.1), (2) a Monte Carlo study of the effect of
noisy measurements on damage detection results (Subsection 4.2), and (3) the effect of substantial
variations in the velocity of the moving mass used for damage detection (Subsection 4.4). In

Section 5 some conclusions and possible future work are discussed.

2. The proposed damage detection technique

2.1. Equivalent static form of the governing equation

In this section, the equivalent static formulation of the dynamic vibration of a beam subjected
to a moving load is discussed, to be used subsequently for damage detection on the beam. The
derivation is summarised below. The differential equation of the vibration of the beam is well

known and may be written as

[M{a(t)} + [CHa)} + [KH{u(®)} = {f(1)}, (1)
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Following the first authors’ previous work [39], to eliminate time dependence, hence obtain a
static form of the equation, the spatially discretised dynamic equation of motion for the con-
tinuous beam in FE form can be integrated (Equation 1) with respect to time over the interval
0 <t < 0o, where for practical purposes infinity may refer to the time when the beam has ef-
fectively stopped vibrating, some time after the load reaches the other end of the beam. Hence,

Equation 1 becomes

[M] ({a(o0)} = {a(0)}) + [C] ({u(o0)} = {u(0)}) + [K{U} = {F7}, (2)

where

) = /0 T ult)) de.
= Ty dt.

By applying the initial and final conditions of no displacement or velocity anywhere on the beam,

ie. {0(0)} = {u(o0)} = {u(0)} = {u(oo)} = {0}, this reduces to

(KU} = {F}. (4)

Equation 4, is called the equivalent static formulation of the dynamic vibration of an FE

(3)

model.

2.2. Simulation of damage in an element

Damage in this context is any modification to the structure that produces a local reduction
of stiffness. It could for example include fatigue cracks, local buckling damage, severe local
corrosion, or structural modifications. Any such localised defect can be modelled as an equivalent
local reduction of the effective flexural rigidity ET [45].

In the FE analysis of the global response of damaged beams, it is sufficient to model localised
damage as a uniform reduction of the stiffness of a single whole element. Accordingly, the
flexural rigidity EI of the affected element, or equivalently the whole element stiffness matrix
[ki], is factored.

In this paper, a stiffness reduction factor « is used, which takes values between 0 and 1,
representing respectively an undamaged element and full loss of the stiffness of the element.
Accordingly, the stiffness matrix of each element in global coordinates, [k;], is multiplied by its
corresponding stiffness reduction factor, «;, to obtain the global stiffness matrix for the damaged

structure, [Ky], as
(K4 = (K] =) ailki]. (5)
i=1
Alternatively, the above equation can be simplified by introducing §; = 1 — «;, hence

K= Bilki]. (6)
=1

6
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2.3. Solving for the damage indices

By replacing the stiffness matrix of the pristine structure [K] in Equation 4 with the stiffness
matrix of the damaged structure [Ky], as defined in Equation 6, and some algebraic simplification

one can obtain [39],

{Btnexr = [[B1{U} .. [kn AU, g X {F naxa (7)

where

{BY=A{B1 B2 ... Bntnoxi>

and in which + is the Moore-Penrose pseudoinverse, a generalisation of the concept of an inverse
for a non-square matrix [46], such as above. Also, T represents the transpose of a matrix or a
vector.

In order to obtain the damage indices in Equation 7, information about all DOFs of the
structure is required. However, generally it is difficult to measure rotational DOFs. In this
case we choose the translational DOFs to be the master DOFs, and the rotations to be the slave
DOFs. The transformation matrix of the static condensation scheme [T'] obtained from the global

stiffness matrix of the structure can be used to remove slave DOFs

- s
[T]ndxm = . . (8)
_[K} [K]sxm

S§XS
Here, m and s are the numbers of master and slave DOFs, [K]sxs is the stiffness matrix with
rows and columns corresponding to master DOFs removed (slave DOFs retained), while [K]sxm
had master rows and slave columns removed. However, since the beam is damaged, the static

transformation matrix [Ty] must be used. Using this transformation one can then write

{Btnext = (Al xm {F mx1 (9)

where
[A] = ([T [BA)[Ta{T} - [Ta]" [Bn [T {T (10)

and {U} is the integrated displacement vector at only the master DOFs. Note that each of the
components [Ty]”[k;][T4){U}, i = 1,2,...,n¢, is an m x 1 column vector, hence [A] is m X ne.
Also, in Equation 9, {F} is the static condensation force vector obtained from the following

formula,
{F} = {Fn} — [Kdlmxs[Kal s {Fs} - (11)

Note that in the above equation, {F,,} and {F,} are the force vectors applied to the master

and slave DOFs, respectively.
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As can be seen from Equation 8, the transformation matrix of the static condensation scheme
depends only on the system stiffness matrix. However, since [Ty] is obtained based on [K], it is
also a function of {3}.

Notwithstanding this, it is next demonstrated that using [T] instead of [Ty] provides a good
using [K]

approximation. Similarly, it may also be concluded that constructing [K]mxs[K ]z,

produces a good approximation.

2.4. A rationale for using [T] instead of [T}]

It can be seen from Equation 10 that matrix [A]} is a function of {8} as it includes the

Ne XNg
transformation matrix [Ty]. Hence, in this section we aim at showing that using [T] instead of
[T4] is a good approximation. As such, the transformation matrix of the static condensation of

a damaged structure [T;] from Equation 8 can be written in the form

- Trm
[Td]ndxm — ) (12)

Zzlzel - (Bi[ki]sxs)il X Z:L:el i[ki]sxm

or equivalently,

[Tdlngxm = [I]Tm (13)
—([A] [B]) " > ([A] [€])
in which
[A] = : [Bl]sxs [ﬁQ]sXs [5ne]s><s :|5><(n5><5) (14)
[B] = : [kl]sxs [k2]5><s [k;ne}sxs i|Zne><s)><s (15)
[C] = : [kl]sxm [kZ}sXm [kne]sxm :|(Tne><s)><m (16)

and [o]ss = ailgs.

In Equation 13, [A] and [B] are not square matrices. However [A] and [B] are full row and
column ranked matrices, and thus have right and left Moore-Penrose inverses respectively, namely
[A]" = [A]7([A][A]7) ! and [B]* = (|B][B]")"![B]". Because [A] has linearly independent rows,
but not columns, it does not have a left inverse. However, although [A]*[A] is not equal to
the general identity matrix [I](,exs)(nexs), it @5 the closest that one can achieve [47]. We can

therefore approximate ([A][B])~" ~ [B]T[A]*, and write

[I]me [I]mxm

(17)
—[BIT [A]" [A][C] —[BI" [C]

Q

[T]ndxm ~

Since damage affects only matrix [A], which is not present in Equation 17, this shows that using

[T instead of [T,] brings about a good approximation.
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Similarly, it can be shown that constructing [K],xs[K]5., using the stiffness matrix of the
intact beam [K] is a good assumption.

Therefore [A] and {F} in Equations 10 and 11 can be obtained respectively as

[A] = [TV [R)ITHUY - [T] (e J[THU Himocne (18)

and
{F} = {Fin} — [Klmxs[ K] (s} (19)
Finally the unknown damage indices {8} can be found by substituing Equations 18 and 19 into

the Equation 9. However, the derivation of { F},} and {F} in Equation 19 is still unknown. The

procedure of obtaining these vectors is discussed in the following section.

2.5. Calculation of the equivalent static force vector

The beam can be discretised into a number n. of beam elements, each with four degrees of
freedom, as shown in Figure 1. In order to construct the FE model, the deflection within an
element can be written in terms of shape functions Ny as u(z) = Y p_, ujNg(¢) = {N}7{u},
where x = (L. (0 < ¢ < 1) is the distance along the element from left to right, kK = 1...4 are
the indices of the elemental degrees of freedom, and j = 2(i — 1) 4+ k are the corresponding global
degrees of freedom for element i. Here k = 1 and k = 3 correspond to the element’s left and
right end vertical displacements, while k = 2 and k = 4 are the left and right end rotations. The

Hermite cubic Shape functions are used [48], which are

EllL ER EB3 EM4 ES E6 E7 ES8 E9  EO
.Qz‘94.96.quchQu.Qm.Qm.Qm.Qm‘.m
s s 17t tn Tz fis 1ir T

7777777~

Figure 1: An example of a simply supported beam discretised into ten beam elements with translational and

rotational DOFs at each node. Note that DOFs 1 and 21 are restrained in this example, hence are not shown.

Ny =1-3¢%+2¢3
Ny =Le (¢ —2¢+¢%)

N3 =3¢* —2¢°

(20)

Ny=Le (2 +¢7)
where in above equations, L. is the element length and ( is the normalised element-wise local
coordinate taking values between 0 and 1.
In order to find the force vector corresponding to the moving load on each translational DOF,

the following procedure is followed:
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Without loss of the generality it is assumed that the velocity of the moving mass is constant.
Therefore, for a moving load P with constant velocity V, the time taken for the load to pass
over the element is equal to L./V and the load’s relative position is ( = V(¢ — t;_1)/L., where
ti.1 <t <t;, and t;_; and t; are the times at which the load passes the (i — 1) and i
nodes, respectively, which define the i*” element. The applied load on the element can then be
distributed to the DOFs of that element by multiplying the force P by the corresponding shape
functions evaluated at the load’s relative position (. The component of the load applied to all
DOFs not associated with the loaded element is equal to zero. Hence, the force vector when the

mass moves over the it" element is

)

{rf)} = (21)

\ Vs
where the superscript ¢ on function Ny indicates these are applied to the DOFs applicable to
element i. Accordingly, the force vector should be updated as the load reaches the next element.

Equation 21 can be also presented in a more compacted form as,

£i(t) = 0 | if j<2(i—1)orj>2(i+1) (22)
PN/(¢) j=20i—-1)+k, k=1...4

where j = 1...ngq (ng = 2(ne + 1)) represents the DOF; ¢ = 1...n. represents the element

on which the load currently acts (i.e. t; <t < t;41); k = 1...4 represent respectively the left

deflection, left rotation, right deflection and right rotation of the end nodes of element ¢; and L,

in Equation 20 is taken to be the length of element ¢, which in this implementation is assumed
to be the same for all elements.

Substituting Equation 21 into Equation 3 gives us the equivalent static force acting on the

beam due to the moving load in terms of the shape functions Nj defined in Equation 20. It is

apparent from Equation 21 that f;(t) is nonzero only during the time that the moving load is

on one of the two elements that share the node corresponding to DOF j. Hence for the general

10
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case, using Equation 4 and before imposing boundary conditions one may obtain F' as

{F} =

B PN} dt

to

t

S, PNy dt

Ji PN} dt + [/> PN} dt

Ji PN}t + [[* PN3dt

to

f;i_*; PN 't + ff;’_  PNjdt
ftii_*; PN~ dt + ffj_ PNyt

[fme PN dt

tne—l

Jie  PNjedt

(23)

In Equation 23, as stated above, tg = 0, t; is the time when the load arrives at the first node of

the (i + 1) element, and t,, is the time when the load reaches the far end of the beam. For a

simply supported beam, the first and penultimate degrees of freedom are deleted.

If the velocity V' of the moving force is constant and the beam is divided into equal-length

elements, then we note that on element ¢, t = t;_1 + %Q, hence fttll PN,i dt =

For k = 1,2, 3,4 respectively, this evaluates to

ti—2

PL. PL? PL, —PL
2V 2 T2V 2V ) 12V

ti

ti-1 . .
/ PNitdt + PNidt =

ti—1

PI% fol Nj dc.

, SO we can write

PL.

%

ti—1 ) 12 )
and / PNy 't + / PNjdt = 0.
ti_o ti—1

(24)

Finally, noting that the translational DOFs are the master and the rotational DOFs are the slave

DOFs, the reduced force vector F is obtained as,

TV

- [KmSHKSS]il

mx1 _PLE
\ A 12V

7

sx1

(25)

where v, n, and A are constants characterising the beam boundary conditions. For each studied

combination of boundary conditions (see Figure 2) with a constant moving mass velocity these

are:

1. Simple-Simple (SS): y=1,n=1, and A = 1;

2. Clamped-Simple (C'S): y=1,n=0, and A = 1;

3. Clamped-Clamped (CC): y=1,1n1=0, and A = 0;

11
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4. Clamped-Free (CF): v = %, n =0, and A = 1 (included here for completeness, though it

would not exist for a bridge in practice).
Note that the numbers of master (m) and slave (s) DOFs vary from one boundary condition
to another.

v

E—

zI_)i ﬂp

@1} @2} @3* @4} ®5+ @6* @7} s} @9* ()10

=}

| ) ,

(a) Simple-Simple

e

1, I

@1} @2} @3* @4} @5} @6* @7} 8} @9* (1) 10

e

i
L !

=)

(b) Clamped-Simple

v

——

ZI_)E ﬂp

0 @1}@2} @3* @4}@5} @6* @7} 8} @9{ (10) 10

ANSNNANNNY

L !

(c¢) Clamped-Clamped

Figure 2: Different boundary conditions of the studied beam.

Finally, the procedure of the proposed method can be summarised as follows,

1. Measure displacement time history of the beam wu(t) subjected to a moving mass at some
points on the beam for the time duration when the experiment begins to when the vibration
of the beam is fully damped out.

2. Use Equation 3 to compute the static equivalent deflection of the beam {U} for each

measured point at only translational DOFs.

12
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265 3. Use Equation 25 to obtain the condensed static equivalent force vector {F'} applied to the

266 measured DOFs.
267 4. Compute the vector [A] from the Equation 18.

268 5. Finally, use Equation 9 to compute unknown damage indices {3} by inserting [A] and {F}

269 obtained from the previous stages.

20 2.6. Overview of the proposed method

o7 In this section, an overview of the proposed method is provided for the convenience of the

272 reader, and is illustrated in Figure 3.

/ Show that [T can be used\

instead of [Ty

Damage detection formula

Static equivalence Reduced static equivalence {ﬂ} _ [A]* [F‘]

[[Kd]{U} = {F}H [T]" [Ka)[Tu{U} = {F} e
(A] =[[Ta]" (k1) [Ta). .. [Ta]" [ken, ) [T]

Obtain [F] for different

boundary conditions of the
beam regarding moving mass

problem

-

Figure 3: An overview of the scheme of the paper.

273 As depicted in the figure, the first step is to obtain the static equivalent formulation of the
274 beam vibration, as discussed in Section 2.1. Next, a reduced form of the equations is obtained
a7s using the static condensation transformation matrix (see Section 2.3). These first two steps
276 (in darker color) were developed and discussed in the authors’ previous work [39]. However,
277 in the previous work, an iterative method was proposed for damage detection as the static
27s  condensation transformation matrix [T}], itself is a function of the damage indices (matrix [3]).
279 In order to propose a direct formula for damage detection, we demonstrated in Section 2.4 that
280 the static condensation transformation matrix of the intact beam [T'] can be used instead of the
251 one corresponding to the defective beam, i.e. [Ty]. Finally, the equation for [F)] for the moving
282 mass experiment is required, which is derived and discussed in Section 2.5 for various boundary
283 conditions.

284 In the next section, we use numerical simulation to demonstrate the capability of the proposed
25 method in damage detection of a beam with different boundary conditions using a driveby sprung

286 mass. The so called VBI model includes the effect of the road roughness as well as the moving
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mass inertia, and is used later for all simulations to examine the capability of the proposed

method.

3. Vehicle Bridge Interaction (VBI) simulation considering road roughness

Figure 4 shows a FE model of the VBI model which is used for evaluation of the proposed

method (see [31]). According to the model, a sprung mass m, with the stiffness k, and damping

Road roughness

Figure 4: Moving mass with suspension system over a bridge with rough surface.

ratio &, is supposed to traverse the beam at constant velocity. To simulate the beam vibration,
Hermite cubic shape functions of Equation 20 are used.
The cubic Hermitian interpolation vector {N.} is then evaluated at the contact point and

used in the following FE model,

my 0 { ijo }+ co —co{ N} { o }

0 [M] {a} —co{Ne} [C]+ co{ NeH{N}™ {u}
ko —c,V{N.}™ = ku{N}™ { Yo }

—k{Ne} [K]+ e VING{NG™ + ko NeHNY™ | L {u}

_|_
(26)

{ chT; + kyre }
—CUVT/C{NC} - kvrc{Nc} - mvg{Nc}

where, reiterated, [M], [C], and [K] are the mass, damping and stiffness matrices of the beam
FE model, respectively. The superscript ’ represents the derivative of a matrix with respect to its
location on the beam. The terms y, and {u} correspond respectively to the vertical displacements
of the moving mass and the nodal degrees of freedom of the beam elements. ¢, is the suspension
system damping coefficient which is obtained from QmU&,\/m (See Table 1). A Rayleigh
damping model, i.e. of the form [C] = a[M]+ b[K] is considered for the beam. Note though that

the vehicle suspension characteristics and bridge mass and damping matrices are used only for
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the simulation, and are not required for the proposed damage detection procedure. Finally, r. is

an artificial road roughness generated by the following equation based on ISO 8608 [49],
al n
re(z) = ; 28 %1072 x VAn (ﬁ) cos (2miAnx + ¢;), (27)

where the constant (2¥ x 1073) has units m®? and An has units m~!, hence 7. has units m.
The constant scalar k is the ISO road profile quality measure and can take an integers from 3
to 9 reflecting the profiles from class cly to class clg. Note that in this paper, a road profile
of class cly is considered for simulations, i.e. k = 3). Moreover, it is assumed ng = 0.1 m~.
Abscissa x denotes the location on the road with respect to the reference point. The random
phase angle ¢; has a uniform probabilistic distribution and takes a value within the range of 0 to
2m. Also N = L/B and An = 1/L in which L and B are the length of the road profile and the
wavelength of the shortest spatial component of the roughness profile, respectively. This form of
road roughness has been considered by other researchers [31].

A Matlab program has been developed based on the Newmark constant average acceleration
method in order to numerically simulate the vibration time history of beams with different

boundary conditions. Then, the deflection of the beam at translational DOFs are used to calculate

the static equivalent response of the beam using Equation 4.

4. Numerical results and discussions

In this section numerical simulations of a beam with the properties presented in Table 1 are
used for damage detection using the VBI model presented in Section 3. It is assumed that 10
sensors are available. Therefore, the beam is divided into 10 beam elements with rotational and
translational degrees of freedom at each node (see Figure 1). It is obvious that the beam can
be divided into fewer or more elements based on the number of available sensors. Also in the
case of having a limited number of sensors, one can repeat the experiment to refine the possible
region of damage.

In order to achieve a reasonable initial condition at the start of traverse of the mass across
the beam, it is assumed that the mass has been moving over the rough road with a length equal
to the length of the beam L before it arrives at the left hand side of the beam, and continues
moving over the beam until it reaches the other side. Therefore, a road profile for a length of 2L
is generated and used in simulations as presented in Figure 5.

The effects on results of the following aspects are investigated:

1. boundary conditions;

2. noisy measurements;

15
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(9)]
T
L

Elevation (mm)
N

2 1 1 1
0 5 10 15 20

Distance m

Figure 5: Road roughness profile used in simulations, starting one beam length (L = 10 m) before the left end of

the beam and ending at the right end of the beam. The beam spans from 10 m to 20 m.

3. variable moving mass velocity.

In the first two cases the velocity of the moving load was fixed at 2 m/s. Therefore, it takes 5
seconds for the load to cross the beam. The beam is monitored until the vibration decays to
an acceptable rate close to zero for each simulation. Two cases are considered for each scenario:
the undamaged and damaged beams. For the damaged case, in order to consider different
simultaneous damage positions on the beam and different damage indices, it is assumed that

damage is present in elements 5 and 9, with severity as = 0.2 and ag = 0.25.

4.1. Effect of different boundary conditions on results

In order to investigate how boundary conditions can affect the results, three different sce-
narios are studied in this section: Simple-Simple (SS), Clamped—Simple (C'S), and Clamped—
Clamped (CC'), shown in Figure 2.

Table 2 shows the three first natural frequencies of the undamaged beam with these different
boundary conditions.

The Rayleigh damping constants a and b were set to achieve the target damping ratio as
specified in Table 1 which is assumed to be equal to 5% at the first two natural frequencies
of the beam. The Rayleigh damping coeflicients are calculated for each boundary condition

combination, and are shown in Table 3.
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Quantity Symbol Value
Beam modulus of elasticity E 200 GPa
Beam density P 7800 kg/m?>
Beam damping ratio & 5%
Beam length L 10 m
Beam cross-section height h 0.5 m
Beam cross-section width w 0.5 m
Moving mass magnitude My 200 kg
Moving mass velocity V 2m/s
Suspension stiffness ko 20 kN
Suspension damping & 10%
Sampling frequency Sy 1 KHz

Table 1: VBI simulation model constants.

SS cs cc
1t 459 717 1041

ond 1837 92395 28.70
3rd 41.35 48.54 56.31

Table 2: Natural frequencies (Hz) for different boundary conditions of the undamaged beam.

Using the presented VBI model in Section 3, the vibration time history of the beam at all
DOFs is simulated. The beam is monitored at least for 10 seconds in all cases until the vibration
of the beam is fully damped.

The damage scenario mentioned earlier is considered and Figure 6 shows the simulated de-
flection time history of the intact and damaged beam with the different boundary conditions at
its midspan (node 5), with and without road roughness included.

We now consider the values of the damage indices predicted for both undamaged and damaged
scenarios—Figures 7 and 8 respectively show these for the different boundary conditions.

It is noted that «; values for the undamaged scenario should ideally all be zero (Figure 7),
while in the damaged scenario the ideal «; values should also be zero except for as and ag. As
mentioned above, the assumed damage is that elements 5 and 9 lose respectively 20% and 25%
of their stiffness, shown in yellow in Figure 8 for comparison.

Perfect results are not expected due to the fact that using incomplete data will not result

in an exact solution. In particular, the existence of negative damage indices is not physically

17
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Deflection (m)

— — —Intact, without RR
- Damaged, without RR | ]
Intact, with RR

Damaged, with RR

20 | | | | | I
0 1 2 3 4 5 6 7 8 9 10
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(a) Simple-Simple

x10™

Deflection (m)

— — —Intact, without RR
- Damaged, without RR | 7
Intact, with RR

Damaged, with RR

0 1 2 3 4 5 6 7 8 9 10
Time (sec)

(b) Clamped-Simple

Deflection (m)

— — —Intact, without RR
- Damaged, without RR | |
Intact, with RR

Damaged, with RR

0 1 2 3 4 5 6 7 8 9 10
Time (sec)

(c) Clamped-Clamped

Figure 6: Deflection time history at beam mid-span (node 5) subjected to a mass moving at 2 m/s, for different

boundary conditions, with and without road roughness, for the intact and damaged beams, when elements 5 and

9 are damaged respectively with 20% and 25% loss of stiffness.
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SS cs cc
a 23084 3.4448 4.8001
b 0.0007 0.0005 0.0004

Table 3: Calculated Rayleigh damping coefficients for different boundary conditions of the undamaged beam.

meaningful. Therefore, it is suggested that these negative values are ignored and considered as

zero damage, as suggested in [50]. Considering this we see excellent qualitative agreement.
While Figures 7 and 8 give a good qualitative overview, in order to compare the accuracy of

each method quantitatively an accuracy index Al is used, based on the Euclidean norm of the

difference between calculated and real damage indices. This can be written as

1 &
AT =1- | = (a; — af)? (28)

n
€ =1

where o and «f are respectively the simulated and calculated it damage index. A value of
Al =1 indicates a perfect prediction. Note that in Equation 28 the negative damage indices are

also taken into account.

Boundary condition | HS HRR | DS DRR

SS 0.9796 | 0.9794 | 0.9768 | 0.9768
cS 0.9688 | 0.9682 | 0.9811 | 0.9809
cc 0.9796 | 0.9787 | 0.9773 | 0.9765

Table 4: Accuracy indices (AI) calculated for different boundary conditions for healthy smooth (HS), healthy
with road roughness (HRR), damaged smooth (DS), and damaged with road roughness (DRR) beams.

The calculated values of Al corresponding to the 16 different scenarios are presented in

Table 4. Accordingly, the following observations may be made:

1. In all cases the accuracy for the damaged scenarios is less than for the healthy scenarios
except for the C'S' case, but only very slightly.

2. The accuracy corresponding to S5 and C'C in all cases are very similar. One reason might
be due to the symmetry of the boundary conditions.

3. In all cases the accuracy of the results obtained for all scenarios without road roughness
(RR) is at least equal (damaged SS) or better than the ones with road roughness. However,
there is only ever a very small difference between the two cases, so it appears that road

roughness has an almost negligible detrimental effect on results.
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Figure 7: Calculated damage for the undamaged scenario of the beam with different boundary conditions.
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Figure 8: Calculated damage for the damaged beam scenario with different boundary conditions (actual damage

indices are shown for comparison).
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4.2. Effect of measurement noise on results

In order to simulate noisy measured data, 2% noise is added to all simulated data as outlined
in 5],
K

A: “ A~ Nnoise 2
6 =8+ T noise 7(0) (29)

where 4 is the vector of noisy measured DOF data, and ¢ is the corresponding noise-free vector,
which has standard deviation o(0). & is the noise level in percent and nygise is a vector with the
same length as § of random independent variables following a standard normal distribution.

Figures 9 and 10, show box-and-whisker plots of results obtained from 100 simulations with
noise for the undamaged and damaged beam respectively. In these plots, the ‘box’ indicates the
interquartile range and the median, while the ‘whiskers’ show extreme values, excluding outliers.
Outliers, indicated (if they exist) by +, are defined as points outside approximately 2.7 standard
deviations (99.3% coverage) for normally distributed data [51].

The results show that the statistics obtained for all cases with and without road roughness
are very similar to each other. Moreover, as can be seen from these figures, the medians are very
close to the exact values for both the undamaged and damaged cases, however in both cases
the standard deviation of calculated damage indices is large for elements that coincide with
the points of inflection in the fundamental vibration mode shape. These are the elements that
will have maximum rotations, which may account for the higher uncertainty since the rotations
were not assumed to be measured. On the other hand these elements are less likely to become
damaged since they will tend to have close to zero curvature for more time. Importantly though,
the distributions for the damaged and adjacent undamaged elements in Figure 10 do not overlap,
so the detection of damage is significant.

It is also observed from the plots that, in most cases, the calculated results for damage indices
are evenly distributed on both sides of the calculated medians, suggesting that the medians are
almost the same as the mean values. For instance, for the damaged CC' beam without road
roughness the calculated median and mean values for as are 0.2009 and 0.2005, respectively, a
difference of 0.2%. The corresponding median and mean values of a5 for the damaged C'C beam
with road roughness are calculated respectively 0.1945 and 0.1956 with slightly bigger difference
of about 0.6%.

Figure 11 shows the the normal distribution curve fitted to the actual histograms for the
damaged elements using the MATLAB function histfit.

It is seen that the averages obtained after a few simulations are close to the exact solution.
This suggests that relatively precise results may be obtained by conducting the experiments a

few times. Moreover, the fact that the proposed algorithm uses the integral of the vibration time
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conditions using noisy measurements after 100 simulations.
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history of the beam can account for the reduction in the effect of the noise in calculated damage

indices.

4.3. Further investigations of noise effects

In this part we consider the general damaged scenario when the road roughness effects are
taken into account. Two different noise percentage are used for simulations, namely 2% and 5%.
Figure 12 shows the obtained mean values of the damage indices. As it is apparent from the
figure, the mean value of the calculated damage indices converges to a reasonable value fairly
quickly when having 2% noise in measurements.

It is noted from the Figure 12a, that more experiments are required for the S.S case than the
other cases (C'S and C'C) to converge to a solution. As expected, more experiments are required
with 5% noise in measurements to achieve the same convergence for the mean damage indices.
As before, it can be seen in Figure 12b that a few more experiments are needed to achieve the

average value of the calculated damage indices converged for the S.S beam.

4.4. Variation of velocity of the moving mass

In this section, the capability of the proposed method is evaluated when the velocity of the
mass varies along the beam. To that end, without loss of generality, it is assumed that the
velocity of the mass is constant along each element while varying from one element to another,
only for the sake of simplifying the simulation process. A general case is considered when the
road roughness (RR) is present and all measurements are contaminated by 2% or 5% noise.
Figure 13 shows the profile of the moving mass velocity, varying within a range 1.0-2.5 (m/s).

Note that Equation 25 was derived for the case of a constant moving mass velocity and there-
fore cannot be used in this case. As such, the more general case for {F'} given in Equation 23
must be evaluated, separated into vectors corresponding to slave and master DOFs, and substi-
tuted into Equation 11 to obtain {F'}, which is then substituted into Equation 9 to calculate the
damage indices.

Accordingly, based on the results of Section 4.2 and 4.3, the mean values of the obtained
damage indices from three experiments with a 2% and 5% measurement noise levels are presented
in Figure 14 for the SS, CS, and C'C beams.

The metric AT calculated for the S5, C'S, and C'C cases with 2% noise are 0.9626, 0.9624, and
0.9690 respectively, suggesting that results for the CC' beam are most accurate, while results for
the SS and C'S beams are of almost equally accuracy. However, these results hardly differ from

the constant velocity case (Table 4). If we further assume that the negative « values represent
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Figure 13: The mass is passing across the beam with varying velocity.

undamaged elements, as argued in Section, 4.1 the Al obtained for the CC beam in particular
suggests very good accuracy.

The corresponding values for the case of 5% noise are 0.9560, 0.9552 and 0.9738 for SS, C'S,
and CC cases, respectively. Again better accuracy is obtained for the CC' beam while the Al

remains almost the same for S5 and CS beams.

5. Conclusions and future work

In this paper a novel method is proposed to detect damage in beam type structures with
different boundary conditions by using data from moving mass experiments and an equivalent
static formulation of the dynamic vibration of the beam. The basic characteristic of the proposed
method is that it uses a direct equation to obtain damage indices. Also the proposed method
does not require any baseline information. We showed, analytically and numerically, that the
proposed method yields good results in terms of damage detection in beam structure subjected
to a moving mass considering road roughness effects and measurement noise.

Numerical examples of beams with different boundary conditions subjected to moving mass
were studied in this paper. For this, scenarios of undamaged and damaged beams were inves-
tigated. It was shown that by introducing 2% and 5% noise to simulated data, the results are
still within an acceptable range. It was also observed that the calculated damage indices for

elements in the vicinity of nodes with maximum rotation (i.e. those near points of inflection
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variable moving mass velocity with 2% and 5% noise in measurements after three times experiments.

29



466

467

468

469

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

490

491

492

493

494

495

https://doi.org/10.1016/j.measurement.2020.108957

in the fundamental vibration mode shape) are more prone to error. In all cases similar results

are obtained for beams with and without road roughness effect. This proves that the proposed

damage detection method is relatively insensitive to road profile effects. It has been also demon-

strated that the proposed technique can be used with substantial variation of the moving mass

velocity and the results are hardly affected.

The authors however, are aware that the further investigation of the applicability of the

proposed method to real problems is a challenge and should be considered as a topic of future

work.
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