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a b s t r a c t

Experimental modal analysis was performed on RC beams with honeycombs. The mode
shapes were extracted, and the eigenvectors were used in determining the mode shape
equations using nonlinear regression. The equation used in the regression was the general-
ized solution of transverse vibration of a Bernoulli–Euler prismatic beam. By utilizing the
regressed phase variable, the global flexural stiffness was evaluated. It was observed that
the global stiffness dropped with increasing volumes of the honeycombs in the beam.
The results were compared with values computed using the secant modulus from the
load–deflection plot obtained upon loading at each load stage and the trend was similar.
The local stiffness indicator was used successfully to locate the region of the honeycombs.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Periodic structural condition monitoring of reinforced
concrete structures is necessary to ensure that they pro-
vide a continued safe service condition. Conventional
assessment procedures usually rely on visual inspection
and location-dependent methods. This study proposes
the application of experimental modal analysis to deter-
mine the location of damage in the form of honeycombs
in reinforced concrete (RC) beams. There have been several
significant investigative studies carried out to determine
the existence and the severity of defects in structures using
one or more of their modal properties by researchers like
Dong et al. [1], Javor [2], Kam and Lee [3], Lim [4], Liu
[5], Maeck et al. [6], Narkis [7], Penny et al. [8] and Rizos

et al. [9]. Several researchers have used various vibration-
based approaches to study structural damage and condi-
tion monitoring and fault diagnosis of structural systems
like beams [10–20], frame structures [21,22], bridges [23]
and rotors [24–29]. In most of the dynamic tests conducted
on actual structures the fundamental natural frequencies
have been utilized and found to be the most convenient
parameter to be studied as shown by Cawley and Adams
[30] and Konig and Giegerich [31]. It was found that the
most easily observable change is the reduction in natural
frequencies, and most investigators use this feature in
one way or another. Casas [32] proposed a method of sur-
veillance of concrete structures through monitoring the
characteristics of the natural frequencies and mode shapes.
Varying success has been reported where the change in
modal damping has been utilized, while some work has
been reported on the use of change of mode shape to
detect damage.
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Ratcliffe [33] presented a technique for locating damage
in a beam that uses a finite difference approximation of a
Laplacian operator on mode shape data. In the case of a
damage, which is not so severe, further processing of the
Laplacian output is necessary before damage location
could be determined. The procedure is found to be best sui-
ted for the mode shape obtained from fundamental natural
frequency. The mode shapes obtained from higher natural
frequencies may be used to verify the damage location, but
they are not as sensitive as the lower modes. Yoon et al.
[34] expanded the ‘gapped smoothing method’ for identi-
fying the location of structural damage in a beam by intro-
ducing a ‘globally optimized smooth shape’ with an
analytic mode shape function and the procedure used only
the mode shapes from the damaged structure. The method
could detect local stiffness losses associated with local
thickness reduction of less than 1% in the case of narrow
and wide damage, 13 mm and 126 mm, respectively, with
finite element analysis. Embedded fiber-optic Bragg grat-
ing (FBG) sensors have also been used to measure the
dynamic characteristics of systems which could be useful
for application in construction inspection procedures
[35–39].

Instead of using mode shapes in obtaining spatial infor-
mation about sources of vibration changes, an alternative
method is by using the mode shape derivatives, such as
curvature. It is noted that for beams, plates, and shells
there is a direct relationship between curvature and bend-
ing strain. Pandey et al. [40] demonstrated that absolute
changes in mode shape curvature could be a good indicator
of damage for the cantilever and simply supported analyt-
ical beam structures, which they considered. The changes
in the curvature increased with increase in damage. The
curvature values were computed from the displacement
mode shape using the central difference approximation.
Stubbs et al. [41] conducted studies on offshore structures.
Topole and Stubbs [42] further showed that it was feasible
to use a limited set of modal parameters to detect struc-
tural damage. Stubbs and Kim [43] also showed that local-
izing damage using this technique without baseline modal
parameters was possible. This approach was confirmed by
Chance et al. [44] who found that numerically calculating
curvature from mode shapes resulted in unacceptable
errors. As a consequence measured strains were instead
used to measure curvature directly, and this improved
results significantly.

Maeck et al. [6] used a technique to predict the location
and intensity of damage directly from measured modal
displacement derivatives. The technique, direct stiffness
derivation, uses the basic relation that the dynamic bend-
ing stiffness, EI, in each section is equal to the bending
moment, M, in that section divided by the corresponding
curvature; and the dynamic torsion stiffness, GJ, in each
section is equal to the torsional moment, T, in that section
divided by the corresponding torsion rate or torsion angle
per unit length. Direct calculation of the first and second
derivatives from measured mode shapes results in oscillat-
ing and inaccurate values. A smoothing procedure, which is
weighted residual penalty-based technique, is applied to
the measured mode shapes. The technique is further vali-
dated on a reinforced concrete beam, which was gradually

damaged and using instruments such as accelerometers,
displacement transducers, and strain gauges

Some work was done by Omar and Clarke [45] on the
effect of honeycombs on the shear capacity of beams. Khe-
zel et al. [46] performed a feasibility study on using modal
testing as an inspection and surveillance tool to determine
honeycombs. Mode shape data was analyzed using various
modal assurance techniques, thus improving the possibil-
ity of locating the defect regions. Geometric mean operator
was proposed. The square is chosen instead of the square
root for more efficient calculation of this operator since it
deals with the deviation value ym from the geometric mean
of the neighboring values. This operator ensures that the
deviation of ym from the neighboring values is always posi-
tive and that it will be magnified whenever there is a
deviation.

This paper describes the determination of the location
of damage in reinforced concrete beams due to honey-
combs through modal testing. Modal tests on the beams
were conducted to determine the modal parameters,
namely frequencies and mode shapes. Modal parameters
are functions of the physical properties of the structure,
and changes in the physical properties will cause detect-
able changes in these modal properties. The main objective
of the study is to establish indicators for the purpose of
correlating this behavior.

Several studies have been carried out to identify dam-
age in structures using the modal properties. Mostly
changes in the natural frequencies have been utilized and
found to be most convenient. Monitoring the natural fre-
quencies together with the mode shapes was also pro-
posed. Changes in modal damping and mode shapes have
been utilized to detect damage. The mode shape deriva-
tives, such as curvature have also been used. Very limited
work has been done on honeycombed RC beams. This
study proposes the application of experimental modal
analysis and applies the local stiffness indicator to deter-
mine the locations the honeycombs in the RC beams.

2. Material and methods

It is assumed that conditions allow for the following
equation to hold:

d4V

dx2 � k4V ¼ 0 ð1Þ

where

k4 ¼ ðqAx2Þ
EI

ð2Þ

Changes in EI as a result of damage will result in changes in
|k4| which may be referred to as the local stiffness indicator
(LSI). The RC beams were also load tested by applying a
point load at point 0.5L. In the load test, the applied load
and deflection were measured during loading. The graph
of load versus deflection was plotted. The gradient of the
linear portion in the graph gave the bending characteristic
of the test beams. Subsequently, the flexural stiffness of the
beam was calculated from the load–deflection graph.
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