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a b s t r a c t

A novel structural damage detection scheme is presented here using Transfer Matrix (TM).
This scheme is suitable for local crack identification in large structures, by different mea-
surement strategies for the initial state vector near the zone of interest. TM for the dam-
aged element is developed from the theory of fracture mechanics. The state vector at a
node consists of displacements, forces and moments at that node which may have internal
and external contributions. When this state vector is multiplied with the TM, the state vec-
tor at the adjacent node is obtained. The initial state vector at a node is formed by measur-
ing the forces and displacements at that node; the state vectors of the adjacent nodes are
predicted by TM with crack parameters included. Measurement strategies for obtaining the
initial state vector involving strain gauges and accelerometers are important aspect of this
paper. The mean square error between measured and TM predicted responses is minimized
using a non-classical heuristic algorithm. The stiffness integrity index for the lumps mass
system, and crack depth and location of beam structures are the optimization variables.
Each element is identified using TM successively with either complete or incomplete set
of displacement measurements. Numerically simulated studies of a twelve story lumped
mass system, a cantilever and a sub-structure of nine member frame structure are pre-
sented here. The scheme is also experimentally validated by identification of cracks in a
sub-structure of a fixed beam. The speed and accuracy of this method are compared with
other existing method and found to be good.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The process of detecting damage and monitoring the
condition of the structure is known as Structural Health
Monitoring (SHM). It is very important for civil, mechani-
cal, aerospace structures, since they undergo repeated cyc-
lic loading that may cause an unexpected fatigue failure
even if there is a small crack. Generally the cracks in the
structures are monitored by visual inspection and some
of non-destructive methods such as ultrasonic methods,

optical methods, radiography, magnetic field methods,
eddy-current methods and thermal field methods. Ambu
et al. [1] investigated the feasibility of using optical meth-
ods to detect impact damage in thin laminates. Specimens
were analysed by two different techniques such as holo-
graphic, electronic speckle pattern interferometry and
proved that holographic technique is superior to the other
one. Kessler et al. [2] presented a damage detection tech-
nique with the application of lamb wave and found that
this technique promising more information about the
damage presence and its severity than other methods.
Nath et al. [3] detected and sized the damage in the com-
plex geometry welds using ultrasonic time of flight
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diffraction technique. Nair and Cai [4] proposed a typical
continuous bridge monitoring system using acoustic emis-
sion evaluation technique. Kaphle et al. [5] explains that
acoustic emission technique is best suited for monitoring
bridges rather than using visual inspection methods.
However, all of these methods require the vicinity of the
damage is known a priori and the structural element to
be inspected is accessible. Hence, the vibration based crack
detection methods will be a good alternative for SHM.

The vibration based damage detection algorithms are
categorized into two types. i.e. frequency domain and time
domain algorithms. In the former, the change in natural
frequency and mode shape are determined from which
the damage parameters are estimated [6,7]. The latter
detects the crack parameters from the measured time
domain signals such as acceleration, velocity, displacement
at selected nodes of the structure [8,9]. Since it does not
require any further transformation, the measured signals
can be used directly.

The application of TM for eigenvalue problems is
reviewed here. Liew et al. [10] used TM in the field of rotor
dynamics for transient response analysis of non-sym-
metrical unbalance flexible rotor. Ghasemalizadeh et al.
[11] determined natural frequency and plotted FRF for
multi rotor system supported on two bearings using TM.
Khiem and Lien [12] determined natural frequency of
beam with multiple cracks using the TM method. The crack
element is considered as a hinge with no mass and length,
but has only flexibility. The intact portions of the beam is
connected by the crack element. The overall TM for the
entire structure is obtained by series multiplication of
TMs corresponds to the intact and crack portions of the
structure.

To the best of authors’ knowledge, Nandakumar and
Shankar [13] were the first to identify structural parame-
ters of a ten DOF lumped mass system and a cantilever
using TM as an inverse problem. Further, they developed
an improved consistent mass based TM (CMTM) and used
for structural parameter identification and noted the
advantages of speed, accuracy and convenience of local
identification for large structures. Later Nandakumar and
Shankar [14] developed a new TM for structural elements
with damping, identified structural parameters success-
fully. The innovative aspect of this paper is that TM for a
cracked beam element is developed and is used for crack
damage detection. This method is novel because its
essence is to measure the state vector at the initial (start-
ing) location close to the damage zone, and predict the
damages in the adjacent elements by successive multipli-
cations of the TM. An important aspect of this paper is
the experimental measurement strategy involving strain
gauges and accelerometers to estimate the initial state
vector.

A brief review of crack Finite Element (FE) formulations
is presented here. A crack in a beam element provides sig-
nificant local flexibility which is the function of crack
depth and location. The crack affects the natural frequency
of the structure as well as its dynamic behavior. Gounaris
and Dimarogonas [15] developed an elemental compliance
matrix for cracked prismatic beam element by assuming
the crack increases the flexibility of the element due to

strain energy concentrations in the vicinity of the crack
tip under load. The stiffness and mass matrices for the
cracked beam element have been developed from the com-
pliance matrix and forced vibration of a cantilever with
open crack was studied. Ibrahim [16] formulated another
new stiffness matrix using the TM approach for the beam
element with Elasto-plastic crack. The crack was modelled
as torsional spring without mass and has flexibility equal
to the additional flexibility due to the crack in the element.
Chondros et al. [17] developed a continuous cracked beam
theory for Euler–Bernoulli beams with single and double
edge crack. The crack was modelled as a continuous flexi-
bility using the displacement field in the vicinity of the
crack. Sinha et al. [18] formulated another new stiffness
matrix for the cracked beam element with equivalent vary-
ing flexural rigidity near the crack. This approach performs
good only at the lower modes of vibration. Zheng and
Kessissoglou [19] developed an overall stiffness matrix
from the overall additional flexibility matrix rather than
local additional flexibility matrix by which a better natural
frequency and mode shape of structures were found.
Krawczuk et al. [20] developed new FE matrices for
cracked beam elements using Elasto-plastic fracture
mechanics. Two different polynomial functions are
assumed for the two portions of the element on both sides
of the crack. FE procedure was applied with suitable
mathematical relations at the crack. Viola et al. [21] devel-
oped a new prismatic beam element with crack and the
effect of crack in stiffness and mass matrices was
investigated.

Some studies which pertain to crack identification in
structures are briefly presented here. Gounaris et al. [22]
formulated a compliance matrix for a cracked beam ele-
ment by which cracks were identified in a cantilever by
measuring coupled responses. However, it is suitable for
only one edge crack in the beam and requires many nomo-
grams for each frequency of vibration. Abdalla et al. [23]
used linear matrix inequality method for detecting damage
in structural members. However this method could not
find the exact location and magnitude of damage.
Krawczuk [24] detected the crack in a beam like structures
using a wave propagation method with Genetic Algorithm
(GA) and a gradient search technique. Recursive least-
squares estimation with unknown inputs approach is pro-
posed to identify the structural parameters, such as the
stiffness, damping, and other non-linear parameters, as
well as the unmeasured excitations [25]. An adaptive
tracking technique is also implemented to track the varia-
tions of structural parameters due to damages.

Lee [26] identified multiple cracks in a cantilever from
vibration amplitudes using Newton–Raphson method and
singular value decomposition method. Since classical
optimization technique is used and number of cracks are
unknown, a good initial guess for the crack parameters is
necessary, otherwise there is a chance of convergence in
local optima. Vakil-Baghmisheh et al. [27] identified the
crack parameters in a cantilever by minimizing the error
in measured and predicted values of first four natural fre-
quencies using GA. Gao and Lu [28] used residual genera-
tion approach using measured acceleration response for
damage detection in structural members. Tee et al. [9]
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