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Identification of damage to a steel I-beam based on changes
in frequency and curvature of the mode shape
in a steel-concrete composite beam
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Abstract: This paper presents changes in modal parameters, i.e. natural frequencies and the curvature of the
mode shape, as a result of damage in the steel I-beam of a composite member. A steel-concrete composite
beam was analyzed, for which numerical simulations (rigid finite element model) and experimental tests
were carried out. The damage analyzed was intended to simulate actual propagation of cracking in the steel
I-beam. Two levels of damage occurring at two different locations in the beam were studied. The value of
frequency changes of experimental and numerical evaluations have shown high consistency (margin of a few
percent). Natural frequencies turned out to be sensitive to the introduced damage — their values decreased
as the degree of damage in the beam increased. The Curvature Damage Factor was used to analyze the
curvature of the mode of vibration. The results obtained in the numerical evaluations were satisfactory. In
relation to experimental tests, lower effectiveness was achieved, which was most likely caused by a different
density of the measurement grid compared to numerical analyses.
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1. Introduction

Steel-concrete composite beams are structural members where those materials are fastened
by, a suitable connectors. Making use of mechanical properties of both materials, where steel
operates in tension and concrete in compression, has made those types of members increasingly
popular as an economical way of constructing buildings and bridges. The most important aspect
of using composite members in structures is the safety. For complex engineering structures such
as bridges, it is fairly common to use the structural health monitoring (SHM) systems [1-4].
The systems operate in a continuous manner. The goal of such monitoring is to detect hazards
as soon as possible in order to ensure the highest safety for users. For structures susceptible
to dynamic impacts, the SHM systems are based on the modal analysis. Damage occurring
in the structure causes a disruption in the structure’s operation, which changes its dynamic
characteristics. This is reflected in the modal parameters of the system. Methods based on
the analysis of changes in those parameters can be an effective tool in damage evaluation.
Scientists around the world have been searching for decades for a method that would be fully
effective in identifying damage to structures — both detecting and localizing it. An overview of
methods for detecting damage by changing its dynamic properties can be found in [5-12].

One of the most commonly evaluated modal parameter for the identification of damages is
the natural frequency. At the moment of structural disturbance (i.e. damage to the structure), the
stiffness of the system changes, which is directly related to the reduction of the natural frequency.
Analyses of vibration frequency changes in relation to damage in steel-concrete composite beams
can be found in [13—16]. Above mentioned studies present analytical models and experimental
evaluations of steel-concrete composite beams with different degrees of connection in the joint
plane. The studies assessed different levels of damage occurring in the joints plane of the beams.
Results have shown that axial vibration frequencies are insensitive to the damage introduced.
On contrary, flexural vibration frequencies have shown elevated sensitivity, meaning they can
be an important indicator in the diagnostic analysis of composite beams.

The second modal parameter that is often studied for evaluation of damages is the mode of
natural frequency. Damage occurring in a system causes a local change in its mode of vibration,
which can be used to localize it. For minor damage, analysis of only the shape of mode of
vibration can sometimes be insufficient. Analysis of changes in the curvature of the mode
shape has been proven effective. Pandey et al. [17] were first to use it as a tool for damage
identification. Based on numerical tests performed for two beams, they have proved that the
damage causes changes in the curvature of the mode shape. If the modes of vibration before
and after the occurrence of damage are known, the curvature of mode shape can be determined
for each measurement point as its second derivative, according to the relation [17]:

()’p+1 - 2yp + )’p—l)
h2

(1.1) MC, =

where y,, is the component of the mode of vibration at point p, h — is the distance between
neighbouring measurement points.

However, studying the curvature for each mode separately can be time-consuming. Analysis
of the problem can become easier and faster using an parameter that takes into account more
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than one mode of vibration. In their work [18] Wahab and De Roeck proposed the Curvature
Damage Factor (CDF), a parameter which takes into account curvature changes for several
modes of vibration simultaneously. The CDF parameter is determined by the Formula (1):

N
1
(1.2) CDE, = D IMC,, =My
n=1

where: N — number of modes in the analysis, MC,, ,,/,, ,, — curvature of mode shape at point p
for intact/damage state.

Analyses of changes in the mode of vibration caused by damage in composite structures
can be found in [19]. Results are presented for numerical model and lab-tested steel-concrete
composite beam, and two levels of damage. Global (using Modal Assurance Criterion MAC)
and local (using Partial Modal Assurance Criterion PMAC) mode of vibration have been
analysed. Changes in the curvature of mode shape were presented using CDF, which proved to
be a good tool in localizing damage in composite beams.

Several studies can be found that present the attempt to find a fully effective method for
identification of damage to various types of structures. With regard to steel-concrete composite
beams, different approaches have been proposed in modal analysis that utilized a.o. Wavelet
Transform (WT) [20], Modal Strain Energy (MSE) [21], Energy Transfer Ratio (ETR) [22-24],
Convolutional Neural Networks (CNNs) [25].

The purpose of this study was to evaluate the feasibility of using methods based on modal
analysis to identify damage to steel-concrete composite beams. This type of beams are often
used as the main load-bearing girders in bridges, for which the aspect of safety is crucial.
A numerical model as well as experimental tests have been prepared for studied beam. The
damage was inflicted to the steel I-beam. Initially, a crack in the bottom flange has been made,
which, with the increase of load, propagated further causing failure. Two different locations of
crack has been studied. Identification of the resulting damage was carried out in two stages:
1) the changes in the natural frequency were observed to detect the occurrence of damage,
2) the changes in the curvature of mode shape were used to localize the damage.

2. Description of experimental research

The composite beam model consisted of an IPE 160 steel I-beam with a length of 3240 mm
connected through a perfobond shear connector (10 mm thick and 45 mm wide) to a reinforced
concrete slab 3200 mm long, 600 mm wide and 60 mm thick. The steel used in the study was
S235JRG2, while the concrete was of C30/37 class. Fig. 1 and Fig. 2 present the schematics of
the analyzed beam.

Experiments have been conducted for a free-free beam. The setup allows to ignore the
effect of supports’ susceptibility on the results. This simplifies the analysis of data. The beam
was freely hanged on a set of steel lines. The lines were fixed to the nodes of the initial flexural
mode of vibration for of a simply supported beam (Fig. 3).

Fifty-four points were marked on the beam (Fig. 4). Points labelled 1-52 were measurement
points at which the responses were recorded using acceleration sensors. At points number



www.czasopisma.pan.pl (g :N www.journals.pan.pl
POTSRAAKADENIA MUK

578 M. JAROSINSKA, T. WROBLEWSKI
, 600 ,
! U Y O s o Y. B L O . o
AN R R S | ©
ey Z110x45 o
275 N
o
=4
IPE 160
S235JRG2
===t == All dimensions are in millimeters (mm)

Fig. 1. Cross-section of the studied beam
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Fig. 2. Longitudinal section of the studied beam

Fig. 3. Experimental test stand and research apparatus

53 and 54 the modal hammer was used to excite vibration. With excitation at point 53 (in
the —Y direction), flexural vibrations of the beam were induced, while at point 54 (in the +X
direction) — axial vibrations. A multi-channel LMS SCADAS III signal analyzer connected to
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a workstation equipped with LMS Test.Lab 13A software (LMS International) was used for
the tests. Even though the measurements were taken at 52 points, in the following part of the
work, only points located in the middle of the beam (2, 4, 6, 8, . . ., 52) were analyzed. This
allowed the construction of a single-plane model of the beam.

Fig. 4. Measurement and excitation points

The first five modes of flexural vibration and the first mode of axial vibration were
determined for the points in the axial plane (2, 4,6, 8, ..., 52) (Table 1).

Table 1. Natural frequencies determined in the experimental tests

Flexural vibration Axial vibration
S 1,exp [Hz] | f 2,exp [Hz] | f 3,exp [Hz] | f. 4,exp [Hz] | f 5,exp [Hz] S 1,exp [Hz]
75.06 178.90 287.98 389.31 489.70 579.66

Damage to the steel I-beam was performed by notching the bottom flange. Two notch
depths were introduced: partial and full. The partial notch was made by cutting the flange on
both sides of the web up to 50% of width. The full notch was made by cutting through the
whole flange, reducing the operating cross-section by 100%. Figure 5 shows the damage (full
notch) done to the bottom flange.

Damage was introduced at two locations shown as A and B in Fig. 6. Both points are
located symmetrically with respect to the beam’s axis, 1225 mm from the ends of the beam.

Four types of damage were introduced into the beam — U1, U2, U3, U4. In the first step,
the flange at the location A was notched up to 50% (U1). Afterwards, the notch was extended
through the whole length of the flange (U2). Similarly, in the next step, the damage was
introduced at location B, with 50% notch depth (U3) and 100% notch depth (U4). Table 2
summarizes the analyzed damages U1-U4, and initial state UO.
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Fig. 5. Damage to the bottom flange — full-depth notch

, 3200 ,
! 1225 , 750 ( 1225 |
I I l |

[[0c000][00000][00000][00000][00000][00000][0000O]|[00000]|[00000][00000][0000]]

A B

Fig. 6. Locations of the bottom flange damage points

Table 2. Types of damage in the I-beam

Beam condition | U0 | Ul U2 U3 U4
A| - |50% | 100% | 100% | 100%
B| - - - 50% | 100%

Site of damage

3. Beam model

The beam was modelled in a 2D plane using Rigid Finite Elements (RFEs) method [26].
In the first stage (so-called primary division), the model is divided into sections. In the second
stage (so-called secondary division), a Spring-Damping Element (SDE) is placed in the center
of each section, which reflects its elastic and damping properties. Neighbouring SDEs are
connected by non-deformable RFEs. During the creation of the numerical model the steel and
concrete components were treated separately. In addition, a change was made to the classical
approach — for the steel part, a single SDE was replaced by a set of three SDEs located in the
axes of the web and flanges. Thus, the elastic-damping properties of the entire section were
distributed between the two flanges and the web. The introduced modification does not affect
the obtained results, which was confirmed by the conducted tests. In turn, it allowed for an
easier modelling of a local damage of the I-beam in the following stages of the work. The final
beam model consisted of 66 RFEs, 33 for both steel I-beam and concrete slab (Fig. 7).

Beam’s characteristics such as modulus of elasticity of steel (E; = 210 GPa), Poissona
coefficients (vs = 0.3; v, = 0.2), specific gravity (ps; = 7850 kg/m3), were taken from available
data. The density of the slab and cross-sections of concrete and steel were measured during the
experiment. Missing characteristics determining the model’s stiffness, e.g. Young’s modulus E.,
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Fig. 7. RFE model of the beam; (a) primary division, (b) secondary division

that considers the reinforcement, and joint rigidity coefficients Ky, Ky, were determined
based of parametric identification. To do so, the MATLAB optimization package was used.
The identification criteria were set as: 1) best fit of initial five flexural vibration frequencies,
that were measured in experimental test and taken from numerical model, 2) complete fit of
the initial axial vibration frequency determined for the numerical model and lab specimen.
The latter criterion was chosen due to the high correlation of axial vibration to the E.. It is
important to highlight, that the coefficients Kx i Ky reflect the stiffness of a single perfobond
shear connector: Kx — tangent stiffness (X axis), Ky — normal stiffness (Y axis). Results of
conducted identification with the comparison of vibration frequencies is presented in Table 3.

As can be seen, a good fit of flexural vibration frequencies was obtained. The difference
between the values from experimental tests and from numerical model did not exceed 1%. A
good correlation of the axial frequencies was possible thanks to the adopted identification
criterion. This mode of vibration was used only for the identification of the beam model and
will no longer be used in further analyses.

The obtained value of elastic modulus of 28.7 GPa is lower than the value found in the
Eurocode [27] for elastic modulus of concrete in relation to its compressive strength. However,
the Standard does not take into account the type and size of aggregate. Lower value of the E,.
modulus was a result of a smaller aggregate in concrete (up to 8 mm).
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Table 3. Identification results of stiffness properties of the beam

i— 1ﬂex 2ﬂex 3ﬂex 4ﬂex Sﬂex 1axial
Si,exp [Hz] | 75.06 | 178.90 | 287.98 | 389.31 | 489.70 | 579.66
Sinum [Hz] | 75.79 | 177.63 | 287.99 | 391.49 | 487.97 | 579.66

A 0.98% | 0.71% | 0.00% | 0.56% | 0.35% | 0.00%
E. [GPa] 28.7

Ky [N/m] 8.10E+08

Ky [N/m] 2.78E+08

In the following step, the comparison of modes of vibration obtained in numerical and
experimental analysis was performed. For this purpose, MAC was used (Table 4). Due to the
value of MAC coefficient for the fifth mode of vibration was only 0.47, it was decided not to
include it in further analysis.

Table 4. Values of the MAC coeflicient

Mode shape — | lfiex | 2flex | 3flex | 4flex | Sftex
MAC 0981092 |0.83|0.76 | 0.47

The numerical simulation of the damage to the bottom flange was then performed. The
elastic properties of the corresponding SDEs modelling the bottom flange (A¢, I r). has been
modified. It was conducted to accommodate the reduction of the cross section due to notching
of the flange (50% or 100% of length). Figure 8 shows the SDEs which were modified.

SDE nr 37
50% — Ul
100% — U2

(a) U1/02

100% 50% — U3
100% — U4

(b) U3/U4
Fig. 8. Damage to the model; a) U1/U2, b) U3/U4
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4. Results

4.1. Natural frequencies

The effect of I-beam damage U1-U4 on the natural frequencies is shown below (Table 5,
Table 6). Figure 9 presents the changes in frequencies obtained in the experimentally and
numerical evaluations.

Table 5. Changes in the natural frequency as a result of inflicted damage — experimental test

Sﬂi:m_) o ut 2 U3 U4
i1 | T | B | g | e | o | e g | e g
1 75.06 | 74.68 | -0.51 | 72.09 | -3.96 | 71.76 | -4.40 | 70.24 | -6.42
2 17890 | 178.33 | -0.32 | 175.17 | -2.08 | 174.71 | -2.34 | 172.62 | -3.51
3 287.98 | 287.55 | -0.15 | 286.58 | —0.49 | 286.68 | —0.45 | 286.35 | -0.57
4 389.31 | 388.24 | -0.27 | 384.30 | -1.29 | 384.07 | —-1.35 | 382.04 | -1.87

Table 6. Changes in the natural frequency as a result of inflicted damage — numerical model

S’;‘Z‘“l) vo Ul 02 U3 U4
1| | S gy | i g | S| o ey | | A )
1 7579 | 7495 | -1.11 | 72.40 | —-4.47 | 71.68 | =543 | 69.48 | -8.33
2 177.63 | 176.75 | -0.50 | 174.28 | -1.89 | 173.25 | -2.47 | 170.36 | —4.09
3 287.99 | 287.89 | -0.04 | 287.60 | —0.13 | 287.51 | -0.17 | 287.25 | -0.25
4 391.49 | 390.50 | -0.25 | 387.75 | -0.95 | 386.72 | —-1.22 | 383.85 | —-1.95

As can be seen, the changes in the natural frequencies was similar in experimental and
numerical evaluations. As was to be expected, an increase level of damage caused a decrease
in the value of the vibration frequency, which is directly related to the loss of stiffness of the
beam. The highest value of 8% was obtained in the numerical model for the first vibration
frequency. The frequencies of the third mode of vibration remained almost intact with none of
the changes exceeding 0.6%. Such small values of frequency changes are most likely due to
the proximity of this mode of vibration nodes to the damage location.
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Fig. 9. Changes in the natural frequency as a result of inflicted damage;
(a) experimental test, (b) numerical model

4.2. Mode shape curvature

The curvature of the vibration mode shape was determined from relation (1.1). For the
carried out analyses, only the displacement in the Y direction were considered, discarding the
X direction. As the curvature of vibration was determined from mode shape (relations 1.1) the
analysis ignored the outermost points of the beam — outermost RFEs in numerical analysis and
outermost points in experimental tests. Based on the numerical simulations the initial check
was performed to determine the changes in the curvature of mode shape due to the introduction
of the damage. Figure 10 shows separately, for the steel and concrete parts the curvature of the
mode shape for the undamaged state UO and for one of the damage level — U2.

As shown in Fig. 10, the U2 damage caused a change in the curvature of the mode shape in
the damage area. The changes were mostly visible in the steel part, which is a direct result of
the damage to this element. However, not every mode was sensitive to the existing damage.
Insignificant changes occurred for the third mode of vibration, which is due to the proximity of
the curvature null mode.

The changes in the curvature were determined using CDF coefficient, which can take
several modes simultaneously. The coeflicient was determined for the modes of vibration for
both steel and concrete parts. The insensitivity of the third mode of vibration to the damage
done to the element, resulted in its exclusion from further analysis. The CDF coefficient was
determined for the first, second and fourth mode of vibration as shown in Formula (1.2).

The curvature of the modes of vibration acquired in the experimental measurements was
determined from the data. This means that the nodes in the modes of vibration coincide with
the measurements points grid. Figure 11 presents the location of sensors along the beam’s axis,
and the location of damage.

Figure 12 and Fig. 13 present the results obtained for the damage levels U1 and U2 for
numerical model and experimental tests, respectively. Figure 14 and Fig. 15 show the same
results for the U3 and U4 damage levels. The node grid for the numerical model does not
coincide with the grid of measurement points from the experimental setup.
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Fig. 11. Location of sensors along the beam, and damage points

Presented results have shown that the method of determining the location of damage based
on the analysis of the curvature of vibration with the use of the CDF coefficient is effective. The
numerical model allowed to easily pin point the location of introduced damage. In case of the
experimental tests, for the Ul and U4 damage levels the highest values of the CDF coefficient
were nearby the location of damage. However, for the U2 and U3 levels, the coefficient does
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Fig. 12. The CDF for damage level U1, U2 in a model beam
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not exhibit any distinctive values. It must be however highlighted, that the numerical model
and real-life specimen had different grid density, with 31 nodes and 11 points, respectively.
Therefore, it might be concluded that with higher density of measurement points on the real-life
model, the location of introduced damage would be determined precisely.
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5. Summary

The study analysis the sensitivity of modal parameters to damage introduced to an I-beam
in steal-concrete composite member. In the first part of the study the changes in natural
frequencies were analysed to detect the damage. With the increase of the damage input, the
natural frequency of the beam decrease, which was directly linked to its stiffness. A strong
correlation of the change in frequency (reaching several percent) for both numerical model and
experimental specimen was achieved. In the second part of the study the curvature of mode
shape was evaluated, using the CDF coefficient, to determine the location of the damage. The
evaluation of numerical model gave a satisfactory results. The change of the curvature allowed
to determine the location of the damage on the bottom flange of the I-beam. The experimental
results have shown satisfactory results in half of studied cases. The results can be considered
as a good predictor of this method’s applicability with moderate modifications. The accuracy
of this method highly depends on the density of the measurements points grid. Therefore,
it should be assumed that with the use of dense measurement grid, the effectiveness of this
method would also be confirmed for experimental tests.

Performed analysis of the two-step identification of the damage to a composite beam was
effective in determining the location of existing damage in numerical model. This confirm the
high effectiveness of this method. The disadvantage of this method is however that it requires
a sufficiently dense measurement grid. In case of monitoring a real-life structure, the limited
number of possible sensors applied to the object can limit the reliable determination of modes
of vibration, especially the higher ones. This can results in inability to determine the accurately
the derivatives of consecutive modes of vibration. With improper density of measurement
points, the curvature method can be burdened with an significant bias. More compacted grid
can be achieved by using non-direct methods of measuring the vibration with laser doppler
vibrometer. The effectiveness of this approach for complex structures can be found in [28].

Identification of damage to engineering objects is a complicated matter. The manuscript
shows that even a significant damage can only cause small changes in the analyzed indicators.
Currently, identifying damage based on a single measurements is difficult, but as shown,
possible. However, attention should be given to non-stopping development of measurement
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techniques used in SHM. It is expected that in the next decades the development of measurement
techniques will continue to grow exponentially, resulting in the increase of accuracy. New
technologies enable more accurate measurements while reducing the cost. Lower cost of a SHM
system allows new facilities to be equipped with a continuous monitoring. Thus, damage
identification can be done not on the basis of a single measurements but only on the basis of
statistical analysis of large sets of data. The method will eliminate the single measurement
error and increase the accuracy.
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Identyfikacja uszkodzen dwuteownika stalowego na podstawie zmian
czestotliwosci oraz krzywizny postaci drgan w stalowo-betonowej belce
zespolonej

Stowa kluczowe: diagnostyka uszkodzen, krzywizna postaci drgan, czestotliwosé drgan wiasnych,
stalowo-betonowe belki zespolone

Streszczenie:

W pracy przedstawiono zmiany parametréw modalnych tj. czestotliwosci drgain wlasnych oraz
krzywizny postaci drgaft w wyniku uszkodzeri powstatych w dwuteowniku stalowym belki zespolone;j.
Analizie poddano belke zespolong stalowo-betonowa, dla ktérej przeprowadzono symulacje numeryczne
(w modelu RFE) oraz badania do§wiadczalne. Analizowane uszkodzenie miato symulowac rzeczywiste
postepujace pekniecie dwuteownika stalowego. Badano dwa poziomy uszkodzen pojawiajace si¢ w dwéch
réznych miejscach belki. Uzyskano bardzo wysoka zgodno$¢ zmian czgstotliwos$ci (na poziomie kilku
procent) okreslonych na podstawie numerycznej i eksperymentalnej symulacji uszkodzen. Czestotliwosci
drgan okazaly si¢ by¢ wrazliwe na wprowadzone uszkodzenia — ich wartosci obnizaly si¢ wraz ze
wzrostem stopnia uszkodzeit w belce. Do analizy krzywizny postaci drgari wykorzystano parametr CDF.
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W tym zakresie otrzymano zadowalajace wyniki na podstawie przeprowadzonych analiz numerycznych.
W odniesieniu do badari eksperymentalnych uzyskano mniejsza skutecznos$¢, co najprawdopodobniej
spowodowane bylo zréznicowana gestoscig siatki pomiarowej w poréwnaniu do analiz numerycznych.
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