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Abstract Damage detection algorithms based on a one-dimensional beam model can detect damage within a beam span caused by
flexure only but cannot detect damage at a joint with prescribed boundary conditions or at the middle part of a beam section where the
neutral axis is located. Considering the damage at a welded joint of beam elements in steel structures and modeling the damage with two-
dimensional plane elements, this study presents a new approach to detecting damage in the depth direction of the joint and beam section.
Three damage scenarios at the upper, middle, and lower parts of a welded joint of a rectangular symmetric section are investigated. The
damage is detected by evaluating the difference in the receptance magnitude between the undamaged and damaged states. This study also
investigates the effect of measurement locations and noise on the capability of the method in detecting damage. The numerical results show
the validity of the proposed method in detecting damage at the beam’s welded joint.
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1. INTRODUCTION

Structural health monitoring has been receiving a growing
amount of interest from researchers in diverse fields of engineering.
Many non-destructive methods for improved serviceability and
damage detection of structures have been developed with the
advent of various kinds of measuring systems.

Structural damage detection techniques involve the process of
detecting, locating, and quantifying damage that has occurred in a
structure by using the observed changes in the structure response.
During the past several decades, a significant amount of research
has been conducted in the area of structural damage detection
(Doebling, 1998; Pandey, 1991; Sovoz, 2008; Yoon, 2010; Shih,
2009; Rucevskis, 2009;Adewuyi, 2009; Alampalli, 1997; Cruz,
2008).
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Damage detection algorithms of a flexural member using a
one-dimensional beam element have been well established using
flexural curvature and strain characteristics. The change in the
modal strain energy before and after the occurrence of damage
has been considered as an indicator for detecting and locating the
damage. Where a particular vibration mode stores a large amount
of strain energy in a particular structural load path, the frequency
and shape of that mode are highly sensitive to the changes in that
load path caused by the damage.

Kim and Stubbs (1995) applied a damage identification algorithm
to locate and size a single crack based on the ratio of modal strain
energy of elements before and after the damage. The curvature
required for this calculation is commonly extracted from the
measured displacement mode shapes using a central difference
approximation. Adewuyi et al. (2009) showed that the distributed
strain measurements are a more efficient choice than traditional
measurement techniques.

Cornwell and Farrar (1999) presented an analytical method
based on the changes in the strain energy of the structure. They
provided a generalized method that extended from the one-
dimensional curvature method of beam-like structures to the two-
dimensional method of plate-like structures. Kim et al. (2003)
presented a damage index algorithm to localize and estimate the
severity of damage from monitoring changes in modal strain
energy. Shi et al. (1998) provided a method to detect the location
and to estimate the magnitude of the damage in a structure. This
method was carried out in three stages: expansion of measured
mode shapes, localization of the damage domain using energy
quotient difference, and damage quantification based on sensitivity
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of the modal frequency. Peterson et al. (2001) worked on the
damage localization algorithm and used the changes in the modal
strain energy between the mode shapes of a calibrated model and
the experimentally obtained mode shapes for a timber beam. Shi et
al. (2000) proposed a structural damage detection method based on
the change of the modal strain energy before and after the damage
and its sensitivity as a function of the analytical mode shape changes
and the stiffness matrix. Rahmatalla and Eun (2010) presented a
damage detection method based on the distribution of constraint
forces in the satisfaction of the displacements expanded from
measured strain data. While the research in the area of structural
damage detection is intensive, there have been few research papers
evaluating the performance of the end support of structures with
boundary conditions that include damage.

Traditionally, damage detection methods based on flexural
performance are utilized in detecting damage within a beam
structure itself under the assumption of prescribed end conditions.
The structural joint has a weak performance, due to stress
concentration and discontinuity of load flow, and therefore is prone
to deterioration by the external effects rather than by a member
itself. Numerical experiment and design rarely can define the exact
boundary conditions in spite of the existence of damage at the joint
or end supports, and the central difference approximation of the
flexural performance yields abruptly changed curvature at the end
support. It is obvious that the damage at the joint is not detectable
with the traditional approaches, and thus it is necessary to explicitly
establish the boundary condition when detecting the performance
at the joint.
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Figure 1. Damage at beam joint; (a) undamaged joint, (b) damage at the
upper part, (c) damage at the middle depth, (d) damage at the lower part

This study models the beam element at the joint as two-
dimensional finite elements as shown in Fig. 1 (a) and investigates
the effect of the performance deterioration due to the damage at
the upper, middle, and lower part of the joint as shown in Figs.
1(b), (c), and (d), respectively. The proposed method is performed
by evaluating the difference of receptance magnitude in the FRFs
between the undamaged and damaged states. Considering that
the measurement cannot be taken on the damage region itself, this
study discusses the measurement ranges within which the damage
can be regarded as detectable. The study also considers the effect
of the noise contaminated in the measured data on the capability
of the proposed method in detecting the damage. The observation
of this numerical experiment will provide some fundamental
information in detecting the damage at the joint.
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2. FORMULATION

2.1 TWO-DIMENSIONAL PLANE STRESS
The plane stress state of a structure is described by two normal

stresses & (x,y) and &, (x, ¥), and a shear stress Ty (x,¥). The
Hookes law for plane stress can be written as:

O-x E 1 1% 0 8x
o= 1-v? ‘6 (1) 19 o "
Ty .

where E denotes Young's modulus, v is Poisson’s ratio,
%(1 )" G, and G is shear modulus. The normal strain in

the x and y directions, ¢, and ¢, and the shear strain 7y, are

calculated by

g = o S O Oy @)
ox Oy Oy ox

Here, u, and u, represent the displacements in the x and y

directions.

Consider a cantilever beam, with length L, height 2a, and out-of-
plane thickness b, as shown in Fig. 2. The beam is made from an
isotropic linear solid. The right end is clamped and the left end is
subjected to a concentrated force P. Assuming that b << a, a state
of plane stress is considered in the beam. An approximate solution
to the stress can be calculated from the Airy function

3P 3
X, y)=———xy+ X 3
Pl y) == e (3)
The stresses are developed as
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It is found from Egs. (2) and (4) that the strain energy in the
transverse direction is related with its shear performance. Using the

u
%:0 atx=Land y=0,
the displacement field corresponding to the stress distribution can

boundary conditions of u, =u, =

be found as
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For investigating the displacement and strain distribution
using the above equations, consider a special case of a beam of
rectangular cross-section with a thickness of b = 30mm, a depth
of 2a = 600mm, and a length of L = 1000mm. The Young’s
modulus is 200Gpa and the Poissons ratio is 0.3. Figures 3(a) and
(b) represent u, and u, according to the axial (x) and depth (y)
directions of the beam. The distribution of the displacement
in Fig. 3(a) represents the maximum in the top and bottom of the
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section and zero in the neutral axis. The displacement u, is zero
at the clamped end and gradually increases in the longitudinal
direction of the free end from the clamped end. Figure 3(c) exhibits
the distribution of the strain ¢ ,. It showed the maximum strain at
the top and bottom of the section of the fixed end and zero strain at
the free end. The shear strain in Fig. 3(d) displays the maximum at
the mid-depth of the section and minimum at its top and bottom.

The displacements in the axial and depth directions are utilized
for calculating the corresponding normal strains of flexural
performance as well as the shear strain of shear performance. It is
observed that the damage in the depth direction is deeply related
to the flexural and/or shear deformation capacity. Thus, a two-
dimensional model can detect the flexural damage as well as the
shear damage.
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Figure 2. A cantilevered beam
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Figure 3. Plane stress element: (a) distribution of U,
(b) distribution of U I (c) distribution of & o
(d) distribution of ¥ xy

2.2 FINITE ELEMENT FORMULATION

In this work, the end joint of the beam is modeled by two-
dimensional elements in the axial and depth directions of the
section. Each node of the beam model has only horizontal and
vertical displacements as nodal degrees of freedom and no slope
as nodal degrees of freedom. The inertia force is included in the
equations of equilibrium. These types of beam elements can
be applied at the joint of the beam and other members using
discretization along the depth as well as the axial direction.

The dynamic equations of motion for the two-dimensional beam
are

o%u oo, 07,

p—t =t —+ [, (6a)
ot ox oy
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P =t (6b)
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where t indicates time, p is the mass density, and f, and f, are

body forces per unit volume in the x and y directions, respectively.
The finite element formulation for the dynamic problem of each
beam element is obtained and its combination leads to a dynamic
equation of the beam system to be considered.

Using Rayleighs damping, the dynamic behavior of a structure
that is assumed to be linear and approximately discretized for
s(s = 2n) degrees of freedom can be described by the equations of
motion as

Mii + Cu + Ku =f(¢) (7)

where M, C and K denote the 27 x 2 analytical mass, damping
and stiffness matrices respectively, # indicates the total number

of nodes in the beam system, w=u;, uy, wuy, - u, ]T
,and f (t) is the 251 x1 excitation vector. Dynamic responses can
be expressed in the time domain and frequency domain. For
linear systems there is little loss of information going from the time
domain to the frequency domain. In the frequency domain, the
FRFs are measured directly from the system instead of measuring
the displacement and the force individually. In the time-domain
each component is described by a mass, damping and stiffness
matrix.

The dynamic characteristics of the beam system can be
investigated by the modal data of the natural frequency and its
corresponding mode shape or by its corresponding FRFs data. The



56

relationships between the FRF and the modal parameters should
be established for a successful modal testing. Inserting u = Ue/
and f = Fe/*¥ into Eq. (7) and expressing it in the frequency
domain, it follows that

(K -Q>M+ jac)u(Q) = F(Q) ®)

where j =+/=1, (3 denotes the excitation frequency, and
FQ)=[F F, F,J"and U(Q)=[U, U, U,
represent the Fourier transform of the force and response vectors
f and u, respectively. Equation (8) is valid for an excitation

frequency Q. Defining the FRF matrix ﬁ,

1 = [K - 0>M +i0c] ©)
fi=|K-0M+ioc]
where Iflll Ifllz Iflls
H(Q)=|H2 Hyn - Hy

H ; denotes the displacement response measured at location 7 due
to the unit force input at location j.

Assuming the initial system is unexpectedly damaged, in this
case, the dynamic response in the frequency domain will not satisty
Eq. (8). Based on the changes in the FRF characteristics, this study
detects the damage at the beamss joint.

3. NUMERICAL EXPERIMENT FOR DAMAGE DETECTION AT
WELDED JOINT

3.1 UNDAMAGED STATE

Figure 4 depicts the finite element model of a beam welded to a
column surface. The beam adjacent to the joint is modeled by 126
nodes and 192 triangular elements. The beam has elastic modulus
of 200GPa, Poissons ratio of 0.3, total depth of 3y, m and unit
mass per volume of 30kg/mm. The beam has a length of 410mm
measured from the end support and is connected by a welding of
5mm thickness to the column surface. The damping matrix was
established as being proportional to the stiffness matrix.

Figure 5 represents the displacement modes in the axial (x) and
depth (y) directions corresponding to the first natural frequency. In
the plots, the numbers inside the figure indicate the distance from
the left end joint of the beam in millimeter. The lines represent
the mode shape at each section without noise, and the symbol
‘177 indicates the mode shape data contaminated with 3% noise
at the corresponding section. It is observed in Fig. 5(a) that the
x-component of the mode shape describes the flexural mode and
exhibits the maximum displacements at the top and bottom of the
section and the minimum displacement at the neutral axis at the
mid-depth of the section. The flexural modes at each section in
the axial direction of the beam take very similar shapes, but their
magnitude gradually increases with the increase in the distance
from the joint. The y-component of the mode shape in Fig. 5(b)
exhibits the maximum at the top and bottom of the section and
the minimum in the vicinity of the neutral axis. It is found that the
modal deformation in both axial and depth directions increases
with the increase in the distance from the joint. As can be seen
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Figure 4. Finite element modeling of the beam in the vicinity of the joint
(unit:mm)

from Fig. 5, the 3% noise rarely affects the mode shape to be
obtained numerically.

Figure 6 represents the receptance magnitude at each section in
the axial and depth directions of the beam corresponding to the
first resonance frequency. Here the receptance magnitude indicates
the numerical values measured at all positions due to the impulse
in the vertical direction at node 92. Considering that the FRF
receptance magnitude takes the absolute value, its x-component
in Fig. 6(a) is similar to the corresponding mode shape of Fig.
5(a), where the maximum displacement values were at the top and
bottom of the beam and their minimum ones at the mid-depth
of the beam section. The difterence between the two values of the
maximum and minimum magnitudes gradually increases as the
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Figure 5. Mode shape of two-dimensional beam model: (a) x-component,
(b) y-component
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distance from the joint increases. The y-component of the FRF
in Fig. 6(b) is also similar to that of the mode shape curve of Fig.
5(b), and its magnitude gradually increases with the increase in the
distance from the joint. Also, it is observed that the plots are rarely
affected by the 3% noise included in the measured data. In this
work, the damage at a part of the beam section will be evaluated
and detected by observing the changes in the FRFs before and after
the occurrence of the damage.
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vertical degree of freedom at node 92.

Figures 8(a)-(d) represent the difference of the receptance
magnitude between the two states at distance 17mm from the
joint. The difference in the plots enunciate that the damage exists
somewhere in the model. Figure 8(a) represents the x-component
of the difference of the receptance magnitude of Cases 1 and 3. The
plot exhibits the minimum value in the vicinity of the mid-depth.
The differences between the maximum values of Cases 1 and 3 at
the top and bottom of the section give an indication of the damage.
The behavior in the y-component in the difference of the receptance
magnitude of Cases 1 and 3, shown in Figure 8(b), has a similar
trend to that of the x-component shown in Figure 8(a). Thus it
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Figure 6. FRF receptance magnitude of two-dimensional beam model:
(a) x-component, (b) y-component

3.2 DAMAGE STATE

Consider again the beam in Fig. 4 of Section 3.1 with three
damage cases at its welded joint except E = 100GPa and h =
300mm. The measurement was carried out beyond 6mm from the
beam end in order to avoid the coincidence of measurement and
damage locations. Case 1, Case 2 and Case 3 are considered with
damage of 30% stiffness loss due to poor welding or performance
deterioration of the joint, as shown in Figs. 7(a)-(c), respectively.
Case 1 has damage at elements 1, 2, 3 and 4; Case 2 has damage at
elements 5, 6, 7 and 8; and Case 3 has damage at elements 9, 10, 11
and 12. This work utilized the receptance magnitude measured at
all nodes due to the impact in the vertical direction at node 92 on
the top surface of the beam. Figure 8 shows the difference in the
receptance magnitude between the damaged and undamaged states
corresponding to the first resonance frequency of the undamaged
state.

The difference of the receptance magnitude is defined as

‘(H i,184 ) - \(H 184 )d\ ; i=1, 2, 252 (10)

where the subscripts u and d represent the undamaged and
damaged states, respectively, and the number 184 indicates the
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Figure 7. Finite element modeling modeled by 192 triangular
elements adjacent to the joint (unit:mm):
(a) Case 1, (b) Case 2, (c) Case 3
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is recognized that the x- and y-components can be utilized as an
index to detect the damage related with the flexural performance in
the vicinity of the joint. The x-component of the difference of the
receptance magnitude of Case 2, as shown in Fig. 8(c), represents
a very small increase in the depth direction compared to those of
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Cases 1 and 3. The small variation implies that any damage does
not exist at the upper or lower part of the beam, unlike Cases 1 and
3. The y-component of the difference of the receptance magnitude
of Case 2 in Fig. 8(d) exhibits the maximum in the vicinity of the
mid-depth. Therefore, it is investigated whether the damage in the
middle of the beam section is related to the shear performance
and is governed by its y-component rather than its x-component.
The lines and “11” in the plots represent the ones obtained from
measured data without noise and with 3% noise, respectively.

Again, it is shown that the noise rarely affects the performance of
the presented damage detection method.

When checking the difference in the receptance magnitudes in
Figs. 8(e)-(h) corresponding to the location 47mm from the joint,
one can still see the possibility of recognizing the damage at the
joint. From the variation of the x-component of the receptance
difference in Figs. 8(e) and (f), the damage at Cases 1 and 3 can be
explicitly detected at the lower and upper parts, respectively, of the
section. The x-component plot of Case 2 in Fig. 8(g) shows a very
slight increase compared to Cases 1 and 3, and it indicates that the
damage does not exist at the upper or lower parts of the section
as shown in Fig. 8(c). From the observation of Figs. 8(g) and (h)
it becomes necessary to investigate the admissible measurement
distance from the joint for detecting the damage in the middle of
the beam section.
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Figure 9. Receptance magnitude difference between undamaged and
damaged states according to the distance from the joint: (a) x-component of
Case 3, (b) x-component of Case 2
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3.3. EFFECT OF MEASUREMENT LOCATIONS

In this section we investigate the regions where the damage
can be detected according to the movement of the measurement
locations in the axial direction from the joint. Figure 9 displays
the x-component of the difference of the receptance magnitude
according to the distance from the joint. It is observed from Fig.
9(a) that the damage cannot be detected at lower parts of the beam
because of the small differences between the FRF components with
the increase in the distance from the end support. But the damage
can be detected when the measurements were performed in the
neighborhood of the support. Also, the measurement location
rarely affects distribution shape regardless of the measurement
distance from the joint. And it is observed from Fig. 9(b) that
the distribution shape of the x-component takes almost the same
shapes regardless of the distance from the joint such that the
damage cannot be recognized. It is clear that the damage related
to the vertical resisting performance at the joint can be evaluated
in the region corresponding to 1/6 of the total depth 50mm of the
beam. This study showed that structural damage related to the
flexural as well as the shear performance at the joint can be detected
by measuring the FRFs in the vicinity of the joint.

4.CONCLUSIONS

This study presented a new approach to detecting damage at the
end joint of flexural beams. The damage at the end joint rarely
can be detected using a one-dimensional finite element model
because the measured data describe the flexural response under
the assumption of prescribed end conditions. Modeling the beam
joint as two-dimensional elements, this study investigated methods
to detect the damage in the axial and depth directions of the beam
section. It has been shown that the damage can be evaluated by
investigating the x- and y-components of the difference of the
receptance magnitude of the FRFs before and after the damage.
This study also demonstrated the importance of locating the
measurements in the vicinity of the joint for better detecting
damage related to flexural as well as shear performances. Also, it
was shown that the proposed method is rarely affected by external
noise.
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