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Damage in infrastructure can be as a result of its degenerating state under service loads
or after exposure to impact loads such as earthquakes. Early damage detection is
essential to preventing failure and ensure the integrity and safety of structures.
Damages lead to changes in the geometric and material properties like mass, stiffness,
and damping, and influences the response behavior of the structure. It has been proven
that vibration-based damage detection technique is an efficient means of damage
identification and assessing structural integrity. This review article examines
conventional vibration-based damage detection techniques. It highlights the
importance of early damage detection as a means of ensuring infrastructural safety,
reliability and maintenance. Damage detection techniques like the time domain
methods, frequency domain and modal domain methods have been developed and
constantly evolving to meet the existing challenge of identifying structural damages.
The practical application is still minimal, hence more research works are necessary for
damage detection in large civil engineering structures.
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1 INTRODUCTION

Infrastructures globally serve as a significant asset of man, and they contribute tangibly to the
sustainable development of any society (Akpabot et al. 2018). Safety and reliability are the main
concerns for infrastructures that are ageing or degrading (Ede et al. 2018). Damage to structure
usually occurs after exposure to action forces during its service life or after the structure is
subjected to impact loads or earthquakes. Structural damage leads to changes in a structural
system and negatively influences current or future performances of structural components (Xu
and Chen 2008). Damage can be said to be a divergence from original geometric or material
properties of a structure due to cumulative cracks, extreme temperatures, fatigue, corrosion, or
broken welds and connections leading to undesirable stresses, displacements or vibrations
(Khoshnoudian and Esfandiari 2011). Due to the limitations of visual inspection, structural health
monitoring (SHM) was developed to inspect and monitor the dynamic behavior of structures (Ede
et al. 2004). SHM consists of understanding the functioning of the structural system under
various dangerous conditions, taking precautions to reduce the possibility of damage and aiding
in the remedial works of the system (Modares and Waksmanshi 2013). Many of the SHM
methods in civil engineering uses modal analysis as its base because of its ability to better predict
damage location (Ede er al. 2015). The vibration-based SHM system is the most preferred
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because changes in natural frequencies and modal curvatures are useful to define damage
functions (Das et al. 2016).

Structural damage detection at the developing stage is imperative universally because of
safety and economy concerns. The non-destructive testing (NDT) methods fundamentally are
classified as local or global damage detection techniques. NDT methods like the ultrasound and
acoustic emission are classified under local techniques (McCann and Forde 2001) and are used
complementary to visual inspections. However, it is expected in these methods that the damaged
area is known beforehand and that the concerned structure is easily accessible. Due to those
demerits, local NDT methods are only useful for detection of damage on or near the surface.
Vibration-based damage detection methods have, therefore evolved out of the necessity for the
global identification of damage in complex structures (Kong et al. 2017). The main principle
behind the vibration-based damage detection is that changes in the physical parameters (e.g.,
stiffness, mass, damping) will detectably affect the modal parameters (e.g., natural frequencies,
modal shapes, modal damping) of the structure (Ede and Pascale 2016).

Damages are identified with connected areas, including structural health monitoring (SHM),
non-destructive evaluation (NDE), and damage prognosis (Farrar and Worden 2007). SHM, as a
process, focuses on global damage identification. Most times, NDE is utilized after determining
the damage location to check severity and characterize damage. After identifying damage, the
prognosis is necessary for the prediction of the life remaining of the structure. Depending on the
kind of information available concerning the state of damage, the structural damage identification
is categorized into four stages: determining occurrence of damage (stage 1), determining damage
location (stage 2), damage severity quantification (stage 3), and predicting the service life
remaining (stage 4) (Rytter 1993). Vibration-based methods are categorized into response-based
and model-based methods (Kong ef al. 2017). The response-based method interprets the dynamic
structural response while in the modal parameter, changes between the original and damaged
states are used for identifying damage. Based on identification stages, the response-based
detection methods are capable of detecting damage in stage 1, which is usually adequate for
practical purposes. Core difficulties at this stage involve selecting sensitive damage features,
early-stage damage detection without raising false alarms, and elimination of environmental and
operational effects (Fritzen et al. 2013). The model-based are generally used for damage
identification in stage 2 and stage 3. Usually, the extent of damage and damage location are
ascertained simultaneously. Stage 4 is more complex and is often connected with fracture
mechanics, structural assessment, and fatigue-life analysis, which demands probabilistic failure
models based on the history of component failure (Dettmann and Soeffker 2011).

2 DETECTION OF DAMAGE OCCURRENCE

The first stage in the damage identification process is the detection of the occurrence of damage.
The response-based method is the most effective method commonly used to interpret the response
data measured before and after the damage occurrence. The vibration responses are measured
with sensors such as accelerometers, velocity transducer, strain gauges, displacement sensors
(Kong et al. 2017). The response-based damage detection methods are classified into three
groups, namely: time domain, frequency domain, and modal domain.

2.1 Time Domain Methods

Measurements made in the time domain contain data about the structure and eliminates errors
related to the transformation to frequency domain, thereby enhancing the accuracy of the time
domain approaches (Silva and Maia 1999). It requires much fewer data processing and reduces
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the risk of losing important information. Some techniques have been proposed in the time
domain to determine dynamic structural properties, and they include the eigensystem realization
algorithm, the least-squares complex exponential method, and the random decrement method.
More recent works in the time domain are, Loh et al. (2011) who identified natural frequencies
using recursive stochastic subspace identification (RSSI) and vibration signatures in the time
domain was characterized by Ruocci et al. (2011). Furthermore, principal component analysis
(PCA) was utilized by Nguyen et al. (2014) for damage detection, and Seyedpoor et al. (2018)
proved that the Newmark time integration method and differential evolution could be useful for
damage detection. These methods are useful in measuring modal parameters in the time domain.

2.1.1 Signal processing methods

Signal processing aims at extracting changes in vibration signals to detect, locate and quantify the
damage. Signal processing methods, such as wavelet transform (WT) and Hilbert-Huang
Transform (HHT), depend less on the structural shape (Kong et al. 2017). The wavelet analysis
breaks down the dynamic signal of a structural response into wavelets which are a series of local
basis functions (Yan and Yam 2002). The wavelet transform possesses the benefits of
compression of data, computational efficiency and elimination of noise (Raich and Liszkai 2012).
Due to its attendant benefits wavelet transform are widely used in biomedical, transportation and
mechanical engineering fields. For instance, Quek ef al. (2001) showed that the Haar wavelet is
more efficient to determine the extent and location of damage in a beam. The HHT method
brings out damage due to stiffness change from the measured data hence identifying the damage
occurring locations (Xu and Chen 2004). Tang et al. (2011) used the HHT to detect damage due
to yielding of a structural member in a five-story steel frame structure exposed to 1995, Kobe,
Japan earthquake. A major limitation in the use of HHT is the mode mixing effect where waves
with similar frequency are assigned to different intrinsic mode functions (Wu and Huang 2009).

2.1.2 Data-based statistical methods

Dynamic parameters of a structure are affected by structural damage, thereby changing the
statistical characteristics of measured responses. Based on a group of input-output measurements,
they are used to develop an approximate mathematical model (Nigro et al. 2014). Statistical
signal processing methods depend on the established statistical concepts to bring out features that
change with the occurrence of damage (Nair et al. 2006). The popular models include
autoregressive (AR) model and moving-average (MA) model with their various derivations.
Using the AR model, Nair et al. (2006) with analytical analysis successfully detected damage in a
four-story steel frame. This method removes human biases and needs a few assumptions of the
physical structure. The accuracy of the model is dependent upon the approach chosen for
estimating the coefficient of the model (Sanchez and Adeli 2016).

2.2 Frequency Domain Methods

Non-parametric and signal processing methods using Fourier transformation are used to obtain
frequency response functions from time-series responses. The transformation assists in the
reduction of the volume of data as well as compensating the data loss by averaging noise impacts
(Ruocci 2011). Frequency response function (FRF) is the most popular, and it is the ratio of the
structural response to the applied force. The technique identifies damage based on changes in
stiffness, mass and other structural parameters. Liu ef al. (2009) located damage in a cantilever
beam using FRF shapes. Mohan et al. (2013) with the aid of particle swarm optimization
assessed the use of FRF’s. Errors accumulated during modal parameter extraction is eliminated
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in the measurement of FRF (Das ef al. 2016). Noise interference when calculating the frequency
change is a major drawback in damage detection using the FRF method. Noise level should,
therefore, be kept within 5% to ensure accurate measurements (Das et al. 2016).

2.3 Modal Domain Methods

The evolution of the modal analysis technique has led to the development of the modal domain
methods. They are common because the modal parameters like modal shapes and natural
frequencies have physical meanings. Modal methods have the advantage of being less influenced
by environmental factors and supply improved results for damage location and severity
(Seyedpoor et al. 2018). Using modal information for response-based damage detection is
comparatively straightforward. The method supplies a huge set of sensitive damage features, for
example, shifts of natural frequencies, changes in the Modal Assurance Criteria (MAC), changes
in the Coordinate Modal Assurance Criteria (COMAC), and changes in the Multiple Damage
Location Assurance Criterion (MDLAC). Use of higher-order derivatives of modal shapes
enhances the accuracy of detection of damage in the modal domain. Xu et al. (2015) investigated
the damage in plates using two-dimensional curvature mode shapes. Furthermore, studies have
included methods of signal processing. Cao et al. (2012) obtained higher order derivatives using
wavelet transform. A review of wavelet-based techniques for detection of damage is contained in
Katunin (2015).

3 STRUCTURAL MODELS

After the damage is identified, the major characteristics of the structural system and damage are
represented by the structural model. The structural models regularly utilized to represent the
model-based identification of damage are structural matrix and finite element models. The
structural matrix utilizes the damping, mass matrix or stiffness of the structural component to
represent the structural system and presents the results obtained. The matrix of the structural
system can be updated directly (Yang and Chen 2009) or iteratively (Friswell and Mottershead
1995). The finite element model is usually used for larger and more complex problems. The lack
of a unique solution to the inverse problem is the main problem in the FE model updating process
(Marwala 2010). Some available methods to handle the problem are the Bayesian approach and
the regularized Lanczos method.

4 CONCLUSIONS

The practical application of the damage identification methods is still minimal (Moughty and
Casas 2016). For full-scale structures, possible damage detection can be achieved in stages 1 and
2. Due to the challenge of scalability, damage quantification in stages 3 and 4 still poses a great
challenge. Therefore, there is still a need for further research in the practical application of
damage identification for full-scale structures especially as regards damage quantification and
prognosis.
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