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ABSTRACT: Damage detection and localization analysis have gained increasing importance over the years, due to the
growing number of catastrophic events and the associated risks that small, undetected cracks in structures may evolve
into severe failures if not identified in time. In this context, vibration-based methods have been extensively investigated
for structural damage detection. Among them, one of the most widely used approaches since its introduction is the
curvature method. It has been successfully employed in numerous studies, consistently providing reliable results.
However, the use of second-order or higher-order derivatives can be challenging when dealing with experimental data,
as these are highly sensitive to measurement noise. Conversely, using the first derivative may simplify the analysis while
maintaining robustness. Therefore, the present work introduces and experimentally demonstrates an extension of the
curvature-based approach, focusing on the integration of the first derivative for damage localization. In particular,
both methods based on the use of the second and first derivatives were applied to detect their capability in detecting
and localizing the damage. This was tested on a slender truss structure, with induced damages at different locations,
equal to just 1.069% of the structure volume. The results, obtained from this real-world case study, show that for
certain structures, like slender ones, the use of the first derivative can achieve equal or even superior damage detection
performance compared to the traditional second derivative method. Specifically, the comparison was evaluated based
on the accuracy in localizing the damage with the two methods, both from a visual and quantitative point of view, since
a deviation index § was also introduced.

KEYWORDS: Damage localization; mode shapes; mode shape derivatives; curvature method; structural health
monitoring

1 Introduction

Over the years, Structural Health Monitoring (SHM) has gained increasing importance as a means
to prevent structural failures that can lead not only to economic losses but, more critically, to the loss of
human life. Unfortunately, the literature reports numerous catastrophic events, both in civil and mechanical
engineering contexts, that have resulted in significant damage and casualties.

Although certain cases—such as the failure of an electrical transmission tower—might appear less
critical at first glance, such events can have extensive consequences. Indeed, the collapse of a single electric
tower, which is often subjected to harsh environmental conditions and various types of degradation, can
cause the failure of an entire power line and so major disruptions to economic activity and everyday life [1].
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To mitigate such risks, it is essential to apply preventive damage detection analyses and to develop
methods that are both simple and rapid, ensuring timely intervention when continuous monitoring is
not feasible.

Over the past decades, a vast number of approaches have been proposed across different research
fields. Among them, vibration-based methods have proven to be particularly effective for SHM and damage
detection due to the high sensitivity of modal parameters to structural deterioration. Specifically, several
techniques have been developed based on changes in natural frequencies, mode shapes, modal strain energy,
modal flexibility, matrix updating (stiffness and mass), and various nonlinear approaches [2,3].

In recent years, several authors have shown increasing interest in combining modal parameters for
damage detection with methods from other research fields. For instance, one rapidly growing area is the
integration of Artificial Intelligence (AI) techniques into SHM applications [4], or the use of Convolutional
Neural Networks (CNN) [5,6]. The Statik and Dynamik research group at Leibniz University Hannover has
also explored, for example, on a real-world structure, the use of artificial neural networks and autoencoders
in particular [7], as well as transfer learning techniques to transfer damage-related information, based on
modal features, from a source structure with known damage to a target structure without such information,
enabling a more complete dataset for both [8]. They have also investigated a multi-objective optimization
approach combined with stochastic model updating for damage localization [9] and the application of the
autocovariance function in this context [10].

These studies are cited here merely as representative examples, illustrating how this line of research has
become increasingly active, with many other groups worldwide exploring similar hybrid approaches.

Nevertheless, although these methods have shown promising results, they often require significant
computational effort, as well as reference data or supporting simulations. In addition, such approaches
typically demand considerable time to train complex algorithms or to perform model-updating procedures.
Unfortunately, this time is not always available in practical applications, where prompt detection and
intervention are crucial to ensure structural safety and prevent further deterioration.

Within this framework, one of the vibration-based methods that has attracted considerable attention
due to its simplicity, low computational cost, and minimal data requirements is the curvature method, first
introduced by Pandey et al. [11]. This technique relies solely on the measurement of a displacement field
associated with the structural response. Based on the relationship between structural stiffness and curvature,
the method involves extracting the structure’s mode shapes and computing their second derivative, which can
be estimated using finite difference schemes [11,12] or enhanced through other tools, such as the Continuous
Wavelet Transform (CWT). The latter approach, as demonstrated by [13,14], significantly improves the
accuracy and robustness of curvature estimation.

Regardless of the specific computational technique employed, the curvature method enables fast and
effective damage localization without requiring a reference dataset, numerical model, or destructive testing.
For these reasons, this approach has been extensively investigated, resulting in a large body of literature.

Among all the published works, some curvature-based techniques employ a reference model or data
of the undamaged structure, using damage indices that compare the healthy and damaged states. They have
been widely tested in either numerical [15-17] or experimental studies [18-22]. However, such information
is often unavailable, especially in the case of historical structures or aging mechanical components, where no
prior data exists. Therefore, it is essential to expand and refine reference-free approaches. Other authors have
tested the curvature method under a variety of conditions [23-25], and even extended it by using higher-
order derivatives (e.g., third and fourth derivative-based methods) [26,27].
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Nevertheless, the curvature method has been widely employed and adapted in numerous studies,
leading to the publication of a substantial number of papers in the field.

Hoping that a concise overview of the most relevant contributions has been provided, the aim of the
present work is to demonstrate, through a real-world case study, that an extension of the curvature method,
toward the use of the first derivative alongside the traditional second derivative (as previously introduced
and discussed by the authors in another study), can also be of significant interest.

This is especially relevant since the first derivative is generally easier to estimate than higher-order
derivatives, which are more sensitive to experimental noise. In some previous works, the first derivative
has been incorporated into damage detection analyses, typically through specific damage indices that also
depend on the second derivative, thereby increasing computational time. Alternatively, if used alone, the first
derivative was mostly tested with information related to a reference healthy state, in numerical simulations,
or on beam or plate-like structures [28-31].

Therefore, the objective of this study is to demonstrate the applicability and the necessity of using this
extended approach, showing—through a real-world experimental dataset rather than a simulated one—
that the use of the first derivative of the torsional mode shape can lead to simpler and more effective
results, depending on the structure’s characteristics and geometry. Furthermore, the method retains the
key advantages of being reference-free and non-destructive, making it particularly suitable for practical
SHM applications.

The manuscript is organized as follows: first, a theoretical description of the proposed and applied
method is provided. Section 3 presents the real-world case study and the corresponding experimental
campaign, while Section 4 discusses the obtained damage localization results. Finally, the main conclusions
are drawn.

2 Method
It is well known that the second derivative of the mode shape is sensitive to damage localization, as it
reflects the relationship between variations in structural stiffness and curvature.

Specifically, consider a beam with a circular cross-section undergoing pure bending deformation and
subjected to a continuous bending moment. At a given instant in time, the following equation Eq. (1) can be
expressed:

M;,(x)
EJ

X(x) =v"(x) = o
where M), is the bending moment, E represents Young’s modulus, and ] is the geometric moment of inertia
of the beam’s cross-section. Damage at a specific cross-section of the beam results in a local reduction of
bending stiffness, leading to a change in the structural curvature y(x) at that location. As the curvature can
be described through the use of the second derivative, this effect becomes evident through the appearance of
a sudden peak in the second derivative of the mode shape, v"(x), at the damage position [11]. In fact, Eq. (1)
shows a clear inverse proportionality between the structure stiffness and the second derivative.

Similarly, an equation analogous to Eq. (1) can be derived for a beam with a uniform circular cross-
section subjected to a continuous external torque M, (x). In particular, the theory of pure torsion states that
in this case, the torsion angle 6(x) per length unit x, is directly related to the applied continuous torque
M, (x) and the torsional rigidity GJ, as shown in Eq. (2) [32]:

0(x) _ M;(x)
X GJo

(2)
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Therefore, when damage occurs at a generic cross-section of the beam, the resulting sudden reduction in
torsional stiffness produces a corresponding discontinuity in the rotation angle 6(x), as described in Eq. (2).
By evaluating how 0(x) varies along the beam through its first derivative, Eq. (3), it becomes possible to
observe a distinct peak in the derivative curve. This peak reliably indicates the location of the stiffness change
and thus the position of the damage.

40 (x) _ M (x)
dx G]o

©)

This implies that, in the case of pure torsional deformation of the beam, through Eq. (3) a relation
equivalent to the one described by the curvature method can be derived, leading to the same result in damage
localization but analyzing the pure torsional mode that is directly related to the rotation (0) of the structure.
Therefore, similarly to the bending case, which was the most commonly used and the only one originally
introduced by Pandey et al. [11], considering Eq. (3) extends the concept to situations in which torsion is the
dominant deformation mechanism, making it applicable to torsional mode shapes as well.

This extension is particularly important because pure bending modes are not always guaranteed in real-
world structures. Geometric and material characteristics may lead to predominantly bending or torsional
modes, or even to coupled flexural-torsional modes in which one component prevails over the other.
Therefore, it becomes essential to also consider the relationship described in Eq. (3) and to carefully evaluate
each case. When bending deformation dominates the mode shapes, the curvature method is appropriate,
whereas when torsion is predominant, the first-derivative method should be employed [33].

Moreover, the lower sensitivity of the first derivative, compared to the second, in exhibiting spurious
peaks due to noise in the measured data must be taken into account. Therefore, it is essential to employ both
approaches when dealing with structures that exhibit bending, torsional, or even coupled behaviors, and to
carefully analyze and select the most reliable results.

Therefore, the main objective of this work is to demonstrate the validity of this approach using data
acquired from a real-world structure and, in particular, to highlight the advantages of employing the first
derivative instead of the second one for damage localization in the tested structure.

The structure under investigation, described in detail in Section 3, is a slender truss structure. Conse-
quently, it can be reasonably approximated by a beam with a circular cross-section. In this context, it is worth
noting that the rotation 6(x) corresponds to the tangential displacement w(x), up to a constant equal to
the radius R of the beam’s cross-section, according to w = R. Hence, the rotational displacement fields were
approximated by the axial displacements w(x).

Moreover, in this study, both Eqs. (1) and (3) were calculated aided by the use of CWTs (Continuous
Wavelet Transforms). This choice is because derivatives and CWT have similar performance, and they
cannot be considered two distinct and completely different mathematical tools. Moreover, they showed better
performance in the case of data corrupted by external noise [13,14]. Eq. (4) shows the relations utilized.

d

)
— =~ kh
dx ey

d2
d_x); ~ khy o+ (hyx y)
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where the symbol “x” denotes the numerical convolution operator between two finite sample streams (/;
and y), hy is the differentiator filter, and y is the data stream.
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3 Case Study

The method was tested on a real-world structure, the Leibniz University Test Structure for MOnitoring
(LUMO). This structure was made available by the Institute for Statics and Dynamics (ISD) research group

of Leibniz University Hannover, and is used for experimental validation of Structural Health Monitoring
(SHM) methods [34].

3.1 Structure and Experimental Setup Description

The structure is a 9-m-tall steel lattice truss. It is installed outdoors, approximately 20 km south of

Hanover (Lower Saxony, Germany), and is therefore exposed to natural environmental conditions and
ambient excitation (Fig. 1) [35].
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Figure 1: LUMO structure photo
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A distinctive feature of the LUMO structure is its capability to introduce reversible damage at six
different levels, three of which are the focus of this study and illustrated in Fig. 2, denoted as DI, located
between 0 and 1 m of the tower height, D2 situated between 3 and 4 m, and D3 between 4 and 5 m.
These configurations are achieved through a reversible mechanism that allows the disconnection of single
or multiple bracings, resulting in a localized reduction of stiffness and mass. For this study, each damage, at
every location (D1, D2, and D3), was obtained by disconnecting three braces at the same time, resulting in a
damage entity of 1.069% of the entire volume of the structure.

y

Figure 2: Tested damage positions on the LUMO structure

Also, a new measurement setup was installed on the LUMO structure. It was equipped with 32
accelerometers placed (ML1, MLL1, ML1.2, MLL3, ML2..., ML9, ML9.1, ML9.2 in Fig. 3a) on leg 1
(see Fig. 3b) and all of them oriented to acquire in the y direction, as visible from the structure’s top view
in Fig. 3b, in order to acquire just the axial movements of the structure. In Fig. 3a, the new accelerometers
are displayed with blue arrows, while the red ones indicate the sensors already installed on the structure and
used for previous studies.

Due to structural impediments, the sensors were not placed perfectly equispatially. Their placement
height is reported in Table 1.

Each dataset used for the damage detection analysis was obtained from just 10 min of acquisition, for
each damaged case, with a sampling frequency of 1200 Hz.
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Figure 3: Sensors placement shown in plane yz (a) and orientation (b). Numbers 1to 3 in (b) indicate the three different
legs that make up the structure: sensors were placed on leg 1, sensors cables were placed on leg 2

Table 1: Sensors placement on LUMO structure

Accel. MLl MIl1 MIL1.2 MLL3 ML2 ML21 ML2.2 ML23 ML3 ML3.1 ML3.2

Height [m] 8.95 8.60 8.46 8.23  8.00 7.88 7.60 7.23 7.00 6.71 6.40
Accel. ML4 ML4.1 MI4.2 ML5 MIL5.1 ML5.2 ML53 ML6 ML6.1 ML6.2 ML6.3

Height [m] 595 5.64 5.35 500 479 454 4.23 4.00 3.82 3.58 3.30
Accel. ML7 ML71 ML72 MLS8 MLS8.1 ML8.2 ML8.3 ML9 ML9.1 ML9.2

Height [m] 2.95 2.64 2.32 2.00 1.77 1.50 1.23 1.00 0.73 0.40

3.2 Obtained Mode Shapes

The analysis focused on the first three mode shapes obtained using the new setup implemented on
the structure. Specifically, these modes include two flexural and one torsional mode shape, illustrated in
Fig. 4a-c, for all the damage cases. They were extracted during a preliminary processing phase performed
with the ARTeMIS Modal software [36], using Operational Modal Analysis (OMA) techniques such as the
Stochastic Subspace Identification (SSI) method.

As expected, the mode shapes exhibit oscillations resulting from the spatial discretization of the
measurement setup, which was limited by both the number of available sensors and the geometric constraints
of the structure.
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Figure 4: First three experimental mode shapes for the three damage cases: 1st bending (a), 1st torsional (b), and 2nd
bending (c) mode shape

To verify that the newly acquired mode shapes are consistent with the theoretical ones and therefore
suitable for subsequent analyses, a comparison was performed using the Modal Assurance Criterion (MAC),
obtained through Eq. (5).

2
_ "yl
(9:0i) (vi"v))

where ¢; and y/; are the two mode shapes to be compared. The MAC ranges between 0 and 1, where 1indicates
a perfect match between mode shapes and 0 indicates no correlation [37,38].

MAC (giv)

@)

The experimentally obtained mode shapes from all damage cases were compared with the numerical
mode shapes derived from a validated Finite Element (FE) model of the structure, in which an ideal config-
uration with 100 evenly spaced acquisition points was assumed, producing smooth reference mode shapes
(Fig. 5a—c). To enable the application of the MAC formula, these 100 numerical points were subsequently
reduced to 32, matching the experimental sensor configuration and acquisition locations.
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Figure 5: MAC results for the three damage cases between experimental mode shapes obtained with 32 acquisition

points (labeled “Exp. Mode number”) and numerical mode shapes obtained by simulating 100 acquisition points

(labeled “Num. mode number”): (a) MAC for damage D1 case, (b) MAC for damage D2 case, (¢) MAC for damage
D3 case

Quantitative results are displayed in Tables 2-4.

Table 2: MAC values between the numerical mode shapes and the experimental ones for the D1 damage case

D1 Case Numerical

1st Mode (bending) 2nd Mode (torsional) 3rd Mode (bending)
1st Mode (bending) 0.9953 0.8152 0.0134
Experimental 2nd Mode (torsional) 0.8879 0.9910 0.0579
3rd Mode (bending) 0.0015 0.1788 0.9715
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Table 3: MAC values between the numerical mode shapes and the experimental ones for the D2 damage case

D2 Case Numerical
1st Mode (bending) 2nd Mode (torsional) 3rd Mode (bending)
1st Mode (bending) 0.9951 0.9086 0.0034
Experimental 2nd Mode (torsional) 0.9415 0.9887 0.0386
3rd Mode (bending) 0.0019 0.0903 0.9760

Table 4: MAC values between the numerical mode shapes and the experimental ones for the D3 damage case

D3 Case Numerical
1st Mode (bending) 2nd Mode (torsional) 3rd Mode (bending)
1st Mode (bending) 0.9951 0.9282 0.0006
Experimental 2nd Mode (torsional) 0.9610 0.9939 0.0350
3rd Mode (bending) 0.0021 0.0706 0.9813

As can be observed, despite the experimental mode shapes being derived from ambient excitation,
affected by measurement noise, and obtained with only one third of the total acquisition points, there is a
clear correspondence between the experimental and numerical first, second, and third mode shapes, with the
MAC number in the diagonal almost equal to 1. While the elevated, though not unitary, MAC value between
the first and second mode shapes, corresponding to the first bending and first torsional modes, arises from
the natural similarity that characterizes these two shapes, as can also be observed in Fig. 4a,b.

Moreover, considering that 32 accelerometers represent a relatively large number of sensors, which
are not always available in real-world applications, an alternative configuration based on a multi-setup
approach was also considered and tested [33]. In this configuration, six different setups were used: two
sensors were kept fixed as reference points, while the remaining five sensors were sequentially repositioned
along the structure to acquire data over its entire length. This approach allowed the acquisition of equivalent
information corresponding to 32 measurement points by using only seven accelerometers in total. The results
of the MAC-based comparison between the experimental data for the D3 damage case, obtained using the
single-setup configuration and the multi-setup configuration, are presented in Fig. 6.

The mode shapes obtained from the two configurations are almost identical, and consequently, the
results of the damage detection analysis are expected to be very similar. However, the results presented in
this work, in Section 4, refer to the mode shapes derived from the single-setup configuration.
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Figure 6: MAC comparison between single setup and multi setup configuration for D3 damage case

Table 5 shows the quantitative results of the MAC value.

Table 5: MAC values between the experimental mode shapes obtained with a single setup and a multi-setup
configuration for the D3 damage case

D3 Case Single setup
1st Mode (bending) 2nd Mode (torsional) 3rd Mode (bending)
1st Mode (bending) 1.0000 0.9498 0.0000
Multi-setup 2nd Mode (torsional) 0.9467 0.9999 0.0499
3rd Mode (bending) 0.0000 0.0492 0.9996

4 Damage Localization Results

The method outlined in Section 2 was applied to the identified mode shapes. Specifically, the proposed
concept of using the first derivative of the first torsional mode shape, supported by the application of the
Continuous Wavelet Transform (CWT), to localize the damage, was implemented and compared with the
traditional curvature-based method, which applies the second derivative to the second bending mode shape.

Due to its geometry, the LUMO structure exhibited mode shapes that were almost completely decou-
pled. Fig. 7a,b, respectively, show the damage localization results obtained from the torsional and bending
mode shapes for the D1 damage case. Similarly, the results for the D2 and D3 cases are presented in Figs. 8
and 9, respectively. In all graphs, the regions affected by damage are highlighted.

As shown in Figs. 7-9, the method based on the use of the first derivative successfully and clearly
localized the damage in at least two of the three analyzed cases, D1 and D2. For the third case, D3, a
pronounced peak, even if not so much higher than the others, is observed near the damaged region; however,
it is not perfectly contained within it. In contrast, when applying the curvature-based method, a peak is
visible only for the D1 case.
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Figure 7: Damage localization results for D1 case with the first derivative method (a) and the curvature method (b)
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Figure 9: Damage localization results for D3 case with the first derivative method (a) and the curvature method (b)
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To better understand the superior performance of the first derivative for the analyzed truss structure,
an index was introduced to quantify the accuracy of the two damage-localization methods. Specifically,
the accuracy was evaluated by measuring the deviation between the peak in the derivative and the actual
damaged area. This deviation, expressed in meters, is reported as the index & in Table 6.

Table 6: Accuracy indexes of damage localization obtained with 1st and 2nd derivatives for all the damaged cases

8 [m]-D1 8 [m]-D2 6 [m]-D3
1st Derivative 0 0 0.04
2nd Derivative 0 1.34 0.34

As can be seen from Table 6, with the use of the 1st derivative method, the peak related to the localization
of damage is almost always contained in the highlighted damaged area, while the use of the 2nd derivative
leads to a huge error, especially considering that for D2 and D3 cases there is not a clear peak that was more
visible than the others.

5 Conclusions

Building on the well-known curvature method used for damage detection and localization, typically
applied to bending mode shapes, the goal of this study was to extend this approach by demonstrating not
only how torsional mode shapes and their first derivatives can be used to detect and locate damage, but
also that, in some cases, this extended method provides better results than the classical curvature technique.
Consequently, it becomes important to incorporate this approach into damage detection analyses based on
mode-shape derivatives, and in particular to employ both methods when dealing with real-world structures.
This is because, in practical applications, pure bending modes are not always guaranteed; geometric
and material characteristics may lead to mode shapes that are predominantly bending or predominantly
torsional. In such cases, considering the first derivative (slope) of the torsional mode shape becomes essential.
Moreover, the lower sensitivity of the first derivative, compared to the second derivative, to spurious peaks
induced by noise in experimental data must also be considered as another advantage.

To achieve this goal, an appropriate experimental campaign was designed and conducted on a real-
world truss structure. The collected data allowed for the identification of the first and second bending modes
and the first torsional mode shape of the structure. Visual results of the obtained derivatives, as well as an
introduced accuracy index, demonstrate how applying the first- and second-derivative methods revealed that
using the first derivative on the torsional mode shape produced better results, enabling damage detection
and clear damage localization in at least two of the three cases analyzed.

Moreover, a clear advantage of the introduced method was that the described results were obtained
using ambient vibration data acquired over a duration of only 10 min per test, with 32 non-equidistant
measurement points.

Finally, a multi-setup approach was tested and compared with the single-setup configuration, providing
an alternative strategy for conducting measurements when a large number of sensors is not available.

The method was tested on a truss structure in operating conditions, so subjected to environmental
conditions, showing the robustness of the method against ambient and measurement noise. Future research
could extend its applicability to different types of structures.
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