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Abstract. Damage detection is crucial for the operation and maintenance of an existing
bridge or building. A vibration-based method is a popular approach that can be used to
identify failures based on changes in the dynamic properties. However, this approach often
requires information on both healthy and unhealthy states. In this current study, the structural
failure determination is carried out through a damage index based solely on the unhealthy
state. A combination of the gapped smooth and modal curvature methods is the core of
calculating the proposed indicator. In particular, damage scenarios by means of assumed
stiffness reduction, and cuts are investigated. Three categories of beam-like structures
consisting of a simply supported beam, a cantilever beam, and a free-free beam are used to
validate the applicability of the proposed approach. For comparison purposes, the traditional
gapped smooth method is implemented. The location of damage can be identified using only
displacement mode shapes. Then, damage quantification at the identified location is
estimated using a stochastic optimization process. The promising findings indicate that the
proposed approach can enhance the effectiveness of damage identification based on vibration
data in the unhealthy state of the structures.
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1. INTRODUCTION

Maintaining structural integrity after construction is the primary expectation for every civil
engineering structure, such as buildings, bridges, and dams. Throughout their service life, many
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unpredictable factors can cause damage to these structures. The accumulation of minor damage
can eventually result in severe damage, leading to a shortened lifetime of the structures. The
design life and safety of these structures can be ensured if the presence of structural damage
can be detected in the early stages of failure. Hence, with an effective structural health
monitoring system, failure presence can be exposed before sudden damage happens [1]. Various
methods can be used for failure detection, localization, and quantification. One such a method
that is of interest to scientists is the vibration-based damage detection method. Based on the
dynamic response of the considered structures, the structural safety can be evaluated to make
decisions regarding the maintenance activities [2].

The core idea of the vibration-based damage detection method is that the shifts in modal
properties can be caused by structural damage. Frequencies, mode shapes, and damping ratios
are popular dynamic characteristics that can be used for failure identification. Stiffness
reduction or cracks can induce shifts in mode shapes, a drop in frequencies, and an increase in
damping ratios [3]. However, the damping ratios are not easy to measure in reality. Therefore,
frequencies and mode shapes are more frequently used for damage identification.

Changes in natural frequencies often indicate the presence of damage rather than
specifically localizing the damage [4]. Therefore, several authors combined the changes in
frequencies with optimization techniques [5], [6], or/and artificial neural networks [7], [8] for
damage localization as well as quantification. However, this approach is very time-consuming
because it is based on a stochastic optimization process or requires data for network training.

Another approach is to use a damage index derived from frequencies and/or mode shapes,
which can directly indicate damage location without an iterative process [9-13]. These studies
share the same assumption that information about the pristine and damaged structure is already
achieved. However, information regarding intact state is not always available. To address this
issue, Ratcliffe developed a 1-D gaped smooth method (GSM) to determine damage based on
the damaged state of structures [14]. Yoon then improved this method, to generate a 2D gapped
smooth method [15]. Authors in [16] and [17] applied GSM in damage identification of a beam
and a plate. These studies demonstrated the effectiveness of the GSM method in diagnosing
damage in different structures. With the aim of improving the performance of the approach and
advancing its practical application, this study was conducted.

In this current study, damage in three beam-like structures is identified by means of an
improved version of the gapped smooth method, namely a curvature-based gapped smooth
method. Only unhealthy data of structures are extracted to determine the developed index. The
damage location is then accurately identified along the structure where a high peak is detected.
Several damage scenarios consisting of assumed stiffness reduction, and cuts are generated in
the investigated structures. Results of damage localization using the developed approach and
the traditional gapped smooth method are presented to validate the efficiency of the proposed
index. Finally, a stochastic optimization procedure is employed to quantify the damage extent
regarding frequency changes.

2. METHODOLOGY OF THE PROPOSED APPROACH
2.1 Damage localization
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The core idea of the proposed index is derived from the gapped smooth method (GSM).
Only displacement mode shapes of the damaged structures are collected to compute the 1-D
GSM index for failure localization as follows [14]:

gsm, = (0" ~C,) +(0 ~C. ) era &)

Where, gp”d and C, are curvature and cubic polynomial function at i point from the
unhealthy structure, respectively. The curvature gp_”d is the second derivative of displacement

mode shape, which can be identified by central difference approximation:
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Where @, 4 indicates the displacement mode shape from the unhealthy structure at the ith
point and s implies the uniform distance between two successive points.

The second parameter in equation (1), Ci, which is a cubic polynomial function at the i"
point, can be interpolated by the following equation [15]:
Ci=a,+aX+ aZXi2 + asxi3 3
Where x; is the i position along the investigated structure. Four neighboring curvatures
from damaged structure are utilized to identify ao, a1, a2, and as.
Curvature of the gapped smooth index at i*" point along the structure is identified as:
(gsmi_l,d —205m, 4 +gsm,,, 4 )

cgsm; = - (4)
s

Then, the sudden change in curvature is exaggerated to locate damage position:
IGSM, = min[(cgsmi,O)z] (5)

Data from the first five modes should be used to calculate the proposed index:

i |GSM normal

|GSM I?ormal — k=1 (6)

nm

Where IGSM™™2 js an index derived from IGSM, which is normalized to a range of [0—1]
and nm is number of the considered modes.

2.2 Damage quantification

This section introduces the procedure of damage quantification. Generally, the shift in
frequency alone may not be sufficient to identify failure location, but it proves useful in tracking
the development of cracks within the structures. Thereby, the cut dimension in the tested
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structure is identified solely based on frequency changes. The damage quantification procedure
is executed through a stochastic optimization process. Artificial gorilla troops optimizer
(AGTO) is employed to control the optimization process. Interested readers may refer to [8]
and [18] for more details. This process aims to minimize an objective function derived from the
differences in frequencies between the actual and predicted damage states of the observed
structures. The value of the objective function is calculated as follows:

2
nm f .
fitness = Z(l ;’L"'C‘j @)

i=1 target

Where nm is number of the considered modes. fpredict, frarget indicate the predicted and target
frequencies extracted from the FE model.

Figure 1 illustrates the procedure for predicting cut dimensions. In this process, assumed
damage consisting of Lcut(a) and bcut(a), is generated in the beam. The first five frequencies
of vertical bending modes are collected as a set of target frequencies, denoted as fiarget. An initial
dimension of the cut is randomly generated and input into the FE model, which produces a set
of predicted frequencies, denoted as furedict. Then the objective function is determined using
equation (7). The algorithm AGTO is in charge of optimizing the fitness function until a stop
condition is met. When the fitness converges to zero, the predicted state of the structure matches
the actual unhealthy one. This implies that the predicted values, Lcut(p), bcut(p) are close to
the assumed values, Lcut(a), bcut(a), respectively.

Variables Assuming
Lcut, bcut Lcut(a), becut(a)

FE model FE model
Model properties Model properties

fprepicT frarcer

Fitness
function EQ. (7)

AGTO

i NO YES imati
L Updating STOP Condition Estimating

Lcut, beut Leut(p), beut(p)

Figure 1. Flowchart of damage quantification using optimization process.
3. CASE STUDY

Three structures, namely a simply supported beam, a cantilever beam, and a free-free beam
are considered to verify the efficiency of the proposed index. Assumed stiffness reduction and
actual cuts, are used to simulate damages in the tested structures. Each case study includes
single and multiple damage scenarios. It should note that damage quantification regarding the
cut dimensions is conducted in the third case.
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3.1. Simply supported beam-like structure (CS1)

The first case study is a simply supported beam-like structure with a rectangular section.
The geometrical dimensions of the beam are Lxbxh = 6x0.1x0.2 (m). L, b, and h are the beam
length, width, and height, respectively. The assumed material properties for the beam comprise
weight density = 7850 kg/m°, Young’s modulus E = 2x10° MPa, and Poisson’s ratio v = 0.3.
SHELL181 elements in ANSYS [18] are employed to model the beam with a mesh size of
0.05m.

[1]2]3]4[5]6]7]8]910]11]12][13]14]15[16]17]18]19]20] []bxh
if- L = 0.3@20 = 6(m)

Figure 2. Schematic of the simply supported beam.

In this case study, the beam is composed of 20 segments in Figure 2. Each segment is
assumed to be damage by means of a stiffness reduction factor, g, from 0% to 100%. The
stiffness of a segment can be identified as follows:

Eldamage = Elintact X (1_ﬂ) (8)

Where El implies flexural stiffness of a segment. The beam is healthy if g =0%. In
contrast, # = 0% indicates unhealthy beam.

a) [1]273]4]5]6]7[8]9]10[11]12][13]14]15[16]17]18]19][20]
L 4

b) [1]2]3]4]5]6]7][8]9]10]11]12]13]14][15]16]17]18]19]20]
L L

o) [1]2[3[4]5]6]7]18]9]10[11]12]13][14]15]16]17]18]19]20]
L 4

Figure 3. Damage scenarios of CS1.

Three damage scenarios are generated to evaluate the efficiency of the proposed index.
Failure localization are indicated using both GSM and IGSM indices. Damaged segments and
the corresponding extent are introduced in Figure 3 and Table 1.

To investigate the influence of various modes on the proposed damage localization
indicator for Case 1 (single damage), each mode shape is utilized separately to locate the
damage. Displacement mode shapes of the first four vertical bending modes are collected for
index calculation. The results of damage localization are presented in Figure 4.

Table 1. Elements and stiffness reduction.

Damage
Case Segments level, 2
1 3 7%
2 9 17 40%
3 5 | 8 12] 15 30%
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Using the 1st mode Using the 2nd mode

Normalized damage indices

0 1 2 3 4 5 2 3 4 5

Symmetric modes Asymmetric modes
a. Using symmetric modes b. Using asymmetric modes
Figure 4. Effects of the first four modes on damage localization (DL1 implies damage
location 1).

Generally, higher peaks appear near the damaged region, while smaller peaks may be
localized outside the damaged zone. The findings in this case reveal that better results in terms
of damage localization can be achieved using higher modes e.g. the 2", 3 and 4" modes
(refers to Figure 4b, c, d). When using only the first mode, a high peak is observed at the
damaged segment, but additional peaks are also present in the undamaged zone (see Figure 4a).
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Figure 5. Determination of damage location for case 1 — CS1.

Therefore, to guarantee the quality of damage localization, this study utilizes the first four
modes to caculate the proposed indicator. The differences between using 1 and 4 modes are
displayed in Figure 5. It illustrates a significant improvement in failure localization when
employing four modes coMPared to using only one mode. By averaging the results from the
four modes, the highest peak occurs in the damaged zone, while the other peaks in the
undamaged region are notably reduced. Figure 5 also shows that the fault location determination
using IGSM outperforms GSM. Even when one or more modes are used, the number of peaks
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in the non-damaged region is significantly reduced, further validating the superiority of IGSM
in accurate damage localization.
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Figure 6. Determination of damage location for case 2 — CS1 (DL2 is damage location 1
and 2).
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Figure 7. Determination of damage location for case 3 — CS1 (DL1-4 is damage location
1to 4).

The procedure for multiple damage determination follows the same steps as described
above. The first mode and first four modes are used to determine GSM, and IGSM indices.
Increasing the number of modes in the index calculation has improved the ability to locate the
fault as shown in Figure 6b and Figure 7b. Additionally, the proposed index, IGSM, consistently
outperforms the original index, GSM. IGSM exhibits superior performance in localizing the
damage to a smaller area coMPared to GSM (see Figure 6a, b). This distinction becomes more
pronounced when increasing the number of failures and reducing the distance between the two
failures. In contrast to GSM, IGSM accurately points out clear, high peaks at the fault area,
rather than giving warnings at the undamaged site (see Figure 7).

3.2. Cantilever beam-like structure (CS2)

Unlike CS1, the other two cases CS2, and CS3 assess the effectiveness of the proposed
method by introducing direct cuts on the beam instead of assuming stiffness reduction. The
investigated objective of CS2 is a steel cantilever beam. Geometries and material properties
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used in the FE model are shown in Figure 8 and Table 2. SHELL181 elements are employed
to simulate the beam.

L=1m

’
w7

7 % bxh

Figure 8. Schematic of the cantilever beam-like structure.

" 0.3m
a) — )
7 %
. 03m _ 02m ST
b) e )
B 0.3m . 02m 0.3m )
] 1 1 1
) o —

Figure 9. Damage scenarios of CS2.

Three damage scenarios with various cuts are introduced in this section (see Figure 9).
The cut dimensions, txsxb, are 3.5x5x100 (mm). Block Lanczos method is used for modal
analysis. Dynamic properties such as displacement mode shapes of the first four modes are
extracted from the FE model of the beam. Results of damage localization are presented in
Figure 10.

Table 2. Properties of the cantilever beam.

Length Cross- Young’s Weight Poisson’s
L(m) section Modulus density Ratio
bxh (m) Es (MPa) 7 (kg/m®) v
1 0.1x0.01 2.1x10° 7850 0.3

Some noteworthy points emerge from the findings. Both GSM and IGSM methods
accurately determine the positions of the single cut as well as the multiple cuts in the beam.
However, it is evident that the failure warning area when using GSM s relatively wide,
encoMPassing not only the location of the cut but also its vicinity (see Figure 10). Meanwhile,
IGSM precisely pinpoints the damaged location coinciding with the position of the cut. This
observation confirms that IGSM has a clear advantage over GSM in accurately locating the cut.
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Figure 10. Results of failure localization of CS2.
3.3. Free-free beam-like structure (CS3)

The final case involves a free-free beam that was built based on a measurement caMPaign
in a laboratory [20]. Dimensions of the rectangular cross-section of the one-meter-length beam
are 70x10(mm). SHELL181 elements are also used to model the beam. Material properties are
Young’s modulus E = 2.1x10° MPa, and Poisson’s ratio v = 0.3. The weight density y(kg/m°)
is introduced in [20]. Dimensions of the beam are shown in Figure 11.

At various positions along the beam, assumed cuts with same dimensions of
12.5x5x10(mm) are implemented as shown in Figure 12. In CS3, to investigate the effect of
two adjacent failures on the ability to locate damage of the proposed indicator, two cuts are
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spaced 7cm apart (see Figure 12c). Modal properties e.g. frequency and displacement mode
shape of the first four vertical bending modes are collected for damage identification.

L=1m

o
( % bxh

Figure 11. Schematic of the free-free beam-like structure.
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Figure 12. Damage scenarios of CS3 (unit cm).

The damage identification process consists of two steps. In the first step, a damage index
IS computed using mode shape data. In the second step, cut dimensions regarding length (Lc)
and width (b¢) are identified based on the frequencies (see Figure 13b). It is important to note
that damage quantification is conducted for case 1, which involves a single cut, as the cut
dimensions remain the same for other cases in CS3.

In the damage localization phase, the mode shape data obtained from averaging four modes
is utilized to indicate cut locations. Both indices, GSM and IGSM, accurately identify two first
cases, single cut, and two cuts. However, when using GSM, some minor peaks are observed at
the healthy zone. Figure 13c demonstrates that there is an effect on cut detection when two cuts
are placed close to each other. GSM provides a warning about a potential damaged area, but it
is not possible to pinpoint the location of the cut. In contrast, IGSM can accurately and clearly
locate the cuts. The obtained results confirm the effectiveness of the developed index in failure
localization.

In the severity quantification phase, a stochastic optimization process is implemented as
discussed in section 2.2. The frequencies obtained from the assumed cut, as presented above,
serve as the target frequencies. The optimization process is kicked off with initial values of
variables, Lc, and be. Some input parameters for AGTO are introduced as follows:

= The investigated objectives are dimensions of the cut regarding to length (L) and
width (bc). Consequently, the number of variables under consideration is 2.

= Number of population: 20

= Maximum number of iterations: 25

= Stop condition: The process runs until it reaches the maximum iteration
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Figure 13. Results of failure localization of CS3.

After 25 iterations, the process is halted, and the convergence of the fitness function is
revealed as shown in Figure 14. As the process unfolds, these values are updated iteratively,
guided by the objective function computed from equation (7). At the final iteration, the process
returns the most suitable set of variables that yields the best fitness i.e. approaching or equaling
zero. As a result, severity is identified. The evolutionary process of the two investigated
variables is illustrated in Figure 15.
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Figure 15. Evolutionary process of damage quantification.

As observed, the fitness function converges to zero during the seventeenth iteration. The
optimized values of variables which imply the severity of damage, are 12.502mm and 4.995mm
for L¢ and b, respectively. The coMParison between the actual and predicted extents is plotted
in Figure 16. The obtained errors are -0.1% and 0.016% for the cut length of 5mm and 12.5mm.
Although the noise in the target data has not been considered, the results obtained from the
proposed method are very promising. This effect will be considered in future work.
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Figure 16. Comparison between actual and predicted dimensions of cut.
4. CONCLUSION

Assessment of structural damage in the absence of intact data is a practical necessity. Many
structures, such as bridges, dams, or buildings, have been in service, but the healthy data of
these structure are not always available. This lack of data makes it difficult to assess and
diagnose structural health condition effectively. Therefore, this study proposed a failure
diagnosis solution based on the information of the damaged state of the structure. The findings
of the current study confirmed the effectiveness of the proposed method. Some highlights from
the study can be pointed out as follows:

e The newly developed index, IGSM has significantly improved the ability to locate
defects based on displacement mode shape coMPared to the traditional GSM index;

e The first mode is well-suited for determining the damage location. However,
employing more modes leads to improved failure identification;

e The integration of a stochastic optimization process and frequencies brings superior
performance in severity estimation in terms of accuracy, precision, and ease of
implementation;

In further study, the damage index should be verified by an experiment. Besides, noise
should be considered in damage identification to evaluate the effectiveness of the proposed
method.
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