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Abstract

The purpose of this study is to introduce a new method of damage quantification for truss structures. Its
advantage is that it can be directly applied to engineering structures without identifying modal parameters
or solving a global optimization problem. The damage is localized and quantified based only on measured
acceleration signals, distributed across the structure. Moreover, the method is implemented in a
decentralized way rather than a centralized one; that is, for quantification of damage in a given
substructure, only a small subset of sensors is considered. The method possesses higher sensitivity to
damage than other frequently used methods such as Damage Locating Vectors. Validation of the method
has been conducted on a numerical example and a laboratory-scale model of a truss bridge, showing its
efficiency and robustness.

1 Introduction

In the past two decades many papers concerning damage detection and structural health monitoring have
been published [1-3]. Among them vibration-based methods have gained significant popularity [4].
However, in the case of truss structures, the current methods mostly deal with damage localization [5];
those designed for damage quantification are computationally very intensive [6].

Damage detection methods for truss structures can be classified as either modal or non-modal parameter
based methods. An overview of the modal methods for damage detection can be found in the paper by Uhl
and Mendrok [7]. The simplest modal methods assume that the occurrence of damage will cause a
significant difference in natural frequencies of the structure [8, 9]. The more sophisticated modal methods
take into account modification of mode shapes. In the paper by Lim et al. [10], a concept of best
achievable eigenvectors has been presented. This concept is based on a projection of the measured mode
shapes onto a subspace of undamaged modes. Then, the Euclidean distance between two sets of modal
vectors is used for damage localization. Xu and Wu in their paper [11] proposed use of the first strain
mode instead of the displacement mode for damage localization and quantification in a spatial truss
structure.

Another group of modal methods use identified mode shapes to determine the flexibility matrix [12, 13].
Unfortunately, such an approach suffers from inaccuracy in modal identification and modal truncation. It
was shown by Gao et al. [14] that only a few mode shapes can give a good approximation of the flexibility
matrix in terms of the Frobenius norm. One should notice, however, that the comparison of approximated
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and exact flexibility matrices which are close to each other in the sense of the Frobenius norm might not
be sufficiently precise for damage detection. Moreover, the modal methods based on change in flexibility
matrix before and after damage, such as Damage Locating Vectors, require determination of the null space
of experimentally obtained matrices, which can be a very challenging task [15, 16].

Even if one overcomes the above mentioned difficulties, there is still one fundamental uncertainty which
causes trouble in applying any of the modal methods. This issue is the lack of sensitivity of certain modal
parameters to damage. It was shown by Blachowski et al. [17] that some natural frequencies and mode
shapes in frame structures can be insensitive to damage introduced in its connections.

The above facts led many researchers to look for methods which do not require identification of modal
parameters of the structure. The statistical series method by Kopsaftopoulos and Fassois [18] or Direct soft
parametric identification (DSPI) by Xu et al. [19] are examples. The effectiveness of a non-modal method
called Degree of Dispersion Damage Localization has been presented by An et al. [20] and validated for a
laboratory-scale beam structure. In the paper by Blachowski and Gutkowski [21], the influence of a
damaged substructure on the dynamic behavior of a truss structure has been demonstrated.

The purpose of this study is to introduce a new method of damage quantification. Its advantage over
existing techniques is that it can be directly applied to engineering structures without the need of
identifying modal parameters or solving a global optimization problem. The damage is localized and
guantified based only on measured acceleration signals distributed across the structure. Moreover, the
method is implemented in a decentralized manner, which means that for quantification of damage in a
given substructure, only a small subset of sensors is considered. The method is characterized by higher
sensitivity to damage than other frequently used methods such as Damage Locating Vectors. Validation of
the method has been conducted on a numerical example and a laboratory-scale model of a truss bridge,
showing its efficiency and robustness. The paper is organized as follows: the next section presents the
theoretical background of the method; then the third section demonstrates results of a numerical
simulation; and finally a summary and enumeration of the most important aspects of the method are given.

2 Proposed method

2.1  Theoretical background

The basic idea of the paper is based on the fact that in statically determinate structures, internal forces
depend only on the configuration of the structure. This brings us to the observation that in a damaged
structure, only the elements with reduced stiffness will have a modified response, while the other
“healthy” members will preserve their dynamic behavior. We therefore first assume that selected
accelerations are available for measurement. If so, we collect the accelerations of selected nodes in two
orthogonal directions (Figure 1).
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Figure 1: Measured quantities for damage detection in the e-th bar of the truss.
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The internal forces in the e-th member of the truss for the healthy and damaged structures can be
determined using the following formula

e EA e e
5 =5 (@ ~a) (1)

where E is Young modulus, A® is cross section area, 1® is length of the member, g and g are
nodal displacements of the member’s ends.

Keeping in mind that we perform a dynamic analysis, we write equation (1) at every time instant t;,
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where j=12,...,n. and n, denotes the number of time instances.

In the formula (2) we are using displacements for determining the internal forces. However, from the
practical point of view, it is much more convenient to measure accelerations instead of displacements.
Then, instead of forces we will be talking about their second derivatives with respect to time

(e)
T i CUREC) ®

The right-hand side term of equation (3) will be called ‘axial strain accelerations’, which is defined as a
difference of ends accelerations for a given structural member, namely

(e) _ 4(e) (e)
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Now, we are applying the well-known fact that in statically determinate structures internal forces do not
depend on their cross sectional areas. In a static analysis for the same loading, the internal forces will be
the same regardless of the choice of cross section areas for given members. In the dynamic analysis,
instead of the value of force at a single time instant we will be using the Root Mean Square (RMS) of the

force accelerations
S(e)  _ (e)2
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Next, we distinguish between undamaged and damaged RMS of force accelerations, S and S,
respectively.

Having determined RMS of force accelerations for both cases we expect that they will be equal for a
sufficiently long realization. So, we will write

Sewis = Saus (6)
Substituting (3) into (6) we can write the relation between axial strain accelerations for healthy and

damaged structures as

(e) (e) _ (E)~(E)
K aR MS K aRMS (7)

where g;e,;Ms, E;ﬁ%m are RMS of axial strain accelerations of the e-th member for undamaged and

damaged structure, and K(e), K®© are its axial stiffnesses (i.e. EA(e), E and A® are elastic modulus
and cross sectional areas) of an undamaged and damaged element, respectively.



3286 PROCEEDINGS OF ISMA2016 INCLUDING USD2016

2.2 Damage quantification approaches
2.2.1 Damage quantification for the case of a given initial state

For the case when the initial state of the structure is known or measured we can quantify damage in the
structure using directly equation (7).

RMS of axial strain accelerations £\%,,s and £,y are available from measurements. Assuming that in
the damaged case stiffness of a given member is reduced by a certain value AK ©) we can write equation
(7) in the following form

¢ (&) ale) _ |k ® (e) ) =
K EarMs = (K —AK )ga,RMS (8)

From equation (8), we can determine the relative difference in stiffnesses before and after damage as
follows

AK(e)/K(e) :(Ea(,eg’ms _ée(l,er)zMs)/ Ea(,elgMS 9)
This simple, yet important, formula tells us that reduction of the stiffness in damaged elements is

proportional to the ratio of the difference of the RMS of axial strain accelerations before and after damage
to the RMS of axial strain acceleration of the damaged member.

2.2.2 Damage quantification for the case of an unknown initial state

In the case of an unknown initial (undamaged) condition of the truss, one can use any of the identification
procedures available in the literature. An alternative approach could rely on using an FE model as a
reference (undamaged) condition. This issue will be the topic of further investigations.

3 Numerical simulation

3.1  Truss structure under investigation

In the present study the 14-bay planar truss shown in Figure 2 is considered. The truss is attached to two
rigid supports. One end of the truss is pinned to the support and the other is roller-supported. The pinned
end can rotate freely with all two translations restricted. The roller end can move in the longitudinal
direction.

This planar truss consists of 53 circular steel bars, which have an inner diameter of 1.09 cm and an outer
diameter of 1.71 cm. The resulting cross sectional area is equal to 1.122 x 10 m® and an area moment of
inertia equals 2.111 x 10 m*. The elastic modulus of the material is 2 x 10" N/m?, and the mass density is
7.83 x 10° kg/m®. The total length of this truss is 5.6 m, with each bay being 0.4 m x 0.4 m.
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Figure 2: Planar truss selected for this study.

A finite element model consisting of 53 bars and 28 nodes has been developed in Matlab. A two-

dimensional frame finite element has been used for individual bars. The connections between truss bars
are assumed to be rigid.

The truss is excited vertically by a shaker that generates a maximum force of 15 N (Figure 3). A band-
limited white noise is sent to the shaker to excite the structure up to 200 Hz.
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Figure 3: Input excitation applied to the system.

In the present study a limited number of sensors is used to monitor members of a selected substructure
(Figure 2). The 9 elements of the substructure, which are elements no. 15 through 23, are monitored using
6 two-directional accelerometers, measuring acceleration in two orthogonal directions (Figure 6).

An example of acceleration signals obtained at node 7 is shown in Figures 4 and 5.
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Figure 4: Response of the undamaged structure.
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Figure 5: Response of the damaged structure.

Based on the FE model of the truss, a Simulink model of the whole dynamic system has been developed
including random excitation and signal processing techniques (Figure 6). Eight-pole elliptical anti-aliasing
filters are employed for both the input and the output measurements with a cutoff frequency of 200 Hz.
The sampling rate for all measurements is 512 Hz.
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Figure 6: Simulink model of the structure under investigation.

3.2 Assumed damage scenarios

Different groups of damage scenarios have been studied. In the first group of scenarios, there is only one
damaged member and its damage is simulated by replacing the original member with one having a 25%
smaller Young modulus. The second group consists of scenarios related to multiple damaged members
also with stiffness reduced by 25%. Measurements for both groups of damage scenarios are corrupted by
noise, however one can reduce noise by applying several times excitation with the same time history and
then averaging the responses over the realizations.

Detailed information about the analyzed damage scenarios is presented in Table 1 and Figure 7.
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Figure 7: Number of elements within the selected substructure.

Damage scenario

No. of member

Damage severity

1. vertical member 15 25%
Single damage 2. diagonal member 21 25%
3. horizontal member 22 25%
Multiple damage 4. three damaged members 16, 19, 23 25%

Table 1: Analyzed damage scenarios

3.3 Damage quantification using the proposed method

In this section the results of the damage quantification using the proposed method are shown. In Figures 8-
11 a comparison of the real (applied) damage and identified damage is presented graphically. One can
observe a good agreement between those two. However, some discrepancy is evident, especially for the
horizontal members: element 22 in damage scenario no. 3. This discrepancy indicates the fact that the
rotational stiffness of joints in horizontal members has a greater influence on the assumption of statically

determinate structures.
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Figure 8: Damage scenario no. 1 — vertical element

In vertical and diagonal members the discrepancy is smaller and the accuracy of identification could be

accepted from the engineering point of view.
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Figure 9: Damage scenario no. 2 — diagonal element
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Figure 10: Damage scenario no. 3 — horizontal element
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Figure 11: Damage scenario no. 4 — multiple damaged elements
3.4 Influence of noise on damage quantification accuracy

Real measurements are always corrupted by noise, so it is important that the proposed damage detection
method be robust under noisy measurement. In the Figs. 12-13 the influence of noise on the accuracy of
damage quantification is presented. The damage scenario assumed that all three members 17, 19 and 21
have Young modulus reduced by 25% and measurements are corrupted with 5% noise. It is evident that
noise has a negative influence on damage quantification, but even for 5% of measurement noise the results
of damage assessment would be acceptable from practical point of view.
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Damaged elements: 17 19 21, without noise
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Figure 12: Damage quantification without noise corrupted measurements
Damaged elements: 17 19 21, noise 5%
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Figure 13: Damage quantification in presence 5% noise.
4  Conclusions

In the paper a simple and efficient technique for damage localization in statically determinant truss
structures has been presented. The method is based on axial strain accelerations calculated directly from
measured accelerations with ambient excitation. The proposed damage quantification method can be
summarized as follows:

(1) All numerical tests conducted indicate that the proposed method can be successfully used in real-time
damage monitoring of statically determinant truss structures.

(2) The advantage of the proposed method is the fact that it does not require any sophisticated matrix
operations such as Singular VValue Decomposition (SVD), Triangular orthogonal decomposition or even
Eigenvalue analysis.

(3) The proposed damage quantification method works under ambient excitation such as traffic excitation,
wind excitation, and so on. Therefore, it is very attractive for real-time structural health monitoring of
truss structures.

(4) The severity of damage is determined in a straightforward way.
All of these lay a good foundation for the engineering application of the method.
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