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Damage detection methods can be classified into global and local approaches depending on the division of measurement locations
in a structure. The former utilizes measurement data at all degrees of freedom (DOFs) for structural damage detection, while the
latter utilizes data of members and substructures at a few DOFs. This paper presents a local method to detect damages by
disassembling an entire structure into members. The constraint forces acting at the measured DOFs of the disassembled elements
at the damaged state, and their internal stresses, are predicted. The proposed method detects locally damaged members of the
entire structure by comparing the stress variations before and after damage. The static local damage can be explicitly detected
when it is positioned along the constraint load paths. The validity of the proposed method is illustrated through the damage
detection of two truss structures, and the disassembling (i.e., local) and global approaches are compared using numerical ex-
amples. The numerical applications consider the noise effect and single and multiple damage cases, including vertical, diagonal,

and chord members of truss structures.

1. Introduction

The structural performance of members and connections in a
structure can deteriorate owing to natural or artificial di-
sasters or careless maintenance during the service period.
Structural durability can be improved by carrying out regular
inspections, and repairing and strengthening determined
damaged locations. The evaluation of the structural perfor-
mance and detection of damage locations or elements have
been extensively researched for decades. With the advent of
high-tech measurement sensors and technologies, research in
this field has rapidly increased. A nondestructive test using
these techniques provides more common and reliable results
to diagnose the structural performance.

Damage detection methods can be largely divided into
dynamic and static approaches depending on the collected
data types. The former method utilizes dynamic responses,
while the latter utilizes static responses. The results of the
dynamic and static responses are utilized as basic data to

detect the location and severity of damage in a structure. The
dynamic damage detection method begins with measuring
the modal characteristics of dynamic systems using sensors.
If the sensitivity of the damage is low, it cannot be explicitly
observed. The static approach has attracted considerable
attention because accurate response data, such as dis-
placements and strains, can be easily collected. However,
Chen et al. [1] indicated the difficulties that the static method
needs to overcome. (1) The static method cannot obtain
more explicit information than the dynamic approach. (2)
The effect of the damage depends on the loading paths, and
the static method has limits in detecting the local damage.

The locally damaged elements in an entire structure can be
detected by disassembling it into elements and evaluating
their performance by elements. Doebling et al. [2] proposed
the local stiffness identification method from the elemental
stiffness matrix eigenvalues by using a presumed connectivity
and a strain energy distribution pattern. Computing a min-
imum-rank solution for the perturbation of the elemental
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stiffness parameters and using the constraint conditions of the
connectivity of the global stiffness matrix, Doebling [3] in-
troduced an update method. Disassembling the structural
stiffness matrix and estimating the full dynamic residuals
using the columns of a spring connectivity matrix, James et al.
[4] provided a coupled approach for structural damage de-
tection. Utilizing strain change based on the flexibility index
between undamaged and damaged states, Montazer and
Seyedpoor [5] provided a damage detection method for truss
structures. Bakhtiari-Nejad et al. [6] provided a static damage
detection algorithm, utilizing an optimality criterion for
minimizing the difference between the load vectors in the
damaged and undamaged states. Maity and Saha [7] detected
damage using a neural network to recognize the behavior of
the undamaged structures and that of the structure with
various possible damaged states. Rezaiee-Pajand et al. [8]
presented a static damage detection algorithm for frame
structures using nonlinear constrained structural optimiza-
tion. They minimized the difference between the measured
and analytical static displacements. Rahmatalla et al. [9]
proposed a damage detection method from the distribution of
constraint forces in the satisfaction of measured data. Yang
[10] proposed a structural damage detection method using the
matrix disassembly technique and modal residual force cri-
teria. Yang and Sun [11] proposed a static detection method
using the flexibility disassembly technique. Hejelmstad and
Shin [12] proposed a static damage detection and assessment
algorithm using a data perturbation scheme.

Model-based damage detection methods require the
measurement data to evaluate structural health state. These
methods can be classified into global and local approaches.
In the global approach, the measurement data at all DOFs
are utilized simultaneously for damage detection. In the
disassembling-based or local approach, the measurement
data are disassembled by parts or elements and the local
damage is detected.

This study aims to detect the damaged elements along
the load path of constraint forces to cause the largest stress
variation in all admissible load paths. This paper presents the
disassembling-based damage detection method using static
responses at the measured DOFs and the corresponding
constraint forces. The existence of damage affects the re-
sponses of the entire structure. The measured displacements
are utilized as constraints to describe the static behavior in
the damaged state. The damage can be explicitly detected
when it is positioned along the constraint load paths. The
validity of the proposed method is illustrated through the
damage detection of two truss structures, and the dis-
assembling-based and global approaches are compared
using numerical examples. The numerical applications
consider the noise effect and single and multiple damage
cases, including vertical, diagonal, and chord members in
truss structures.

2. Formulation

The initial static responses of a finite-element model do not
coincide with those in the damaged state. The variation can
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be described by the action of an additional force set esti-
mated at the measurement nodes.

A local damage in a structure or member affects the
displacement responses at the other locations owing to the
structural continuity, because the responses at the damaged
element can be described by the action of an external force.
The displacement variations at a full set of DOFs can be
similarly described by superposing the corresponding
constraint force set. The global approach using the super-
posed constraint forces faces difficulty in detecting the local
damage under the existence of external noise, because the
noise also acts as an external force. The entire structural
matrix is decomposed into a matrix representation of the
connectivity between the boundary DOFs. The constraint
forces dissolved by the elements help in detecting the
damage. This is a disassembling-based approach.

Figure 1(a) shows the deflection curves of a simply sup-
ported beam subjected to a concentrated load P at node r + 1
before and after the damage. The difference can be reimbursed
by the action of an entire force set at all measured nodes.

The beam is modeled as 2 elements and (7 + 1) nodes. In
Figure 1, the deflection §; (i = 2,3, ..., n) at the intact state is
changed as much as the deflection AS;(i=2,3,...,n) at
node i(i = 2,3,...,n) owing to the damage at element @.
This study neglects the measurement of the slope DOFs
because it is difficult to measure them. Assuming that the
vertical displacements at all nodes are measured, the re-
lationships between the forces and displacement variations
at all nodes can be established by

AF, = ) ky;(A5)),
=1
AF; =) k;j(AS)), (1)

AF, =Y k,i(A6)),
=
where k,; indicates the force at DOF n owing to a unit
displacement at DOF j with all other displacement DOFs
equal to zero. AJ; and AF, denote the displacement variation
at DOF i and the corresponding force, respectively. The
deflected curve at the damaged state can be estimated by
replacing the force set in Figure 1(b).

The force, or displacement variation, is calculated by
solving the simultaneous equations presented in equation (1)
and by using the Maxwell-Betti reciprocal theorem. The
force and displacement variations at all DOFs and the
corresponding internal stress or strain in the elements are
interdependently determined. The ultimately predicted
stress or strain variations contribute little to tracing the
locally damaged elements, because their magnitudes cal-
culated from the entire measurement data along all ad-
missible paths cannot be compared.
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FiGure 1: Deflection of a simply supported beam of (a) deflected curves, (b) a force set required for describing the displacement variations,

and (c) constraint forces at nodes of a local element i.

Recognizing larger displacement differences or con-
straint forces at the damaged element, this study disas-
sembles the entire structure into elements. The isolated
elements and the correspondingly measured displacements
are utilized for predicting the constraint forces. The internal
stress calculated from the measured displacements at the
boundary DOFs of each element is compared with the stress
at the intact state. The damaged element can be detected and
is utilized as the damage index for the local approach.

The local approach in this study disassembles an entire
structure and considers elements with the measured re-
sponses. By estimating the constraint forces at the boundary
DOFs of the isolated element @ in Figure 1(c), the internal
stresses at both states can be compared and the damaged
elements can be detected. The constraint forces are calcu-
lated based on the displacements at nodes (i—1) and i
without any consideration of the displacement coincidence
at the other DOFs. The constraint forces and the constrained
equilibrium equation are derived as follows.

The equilibrium equation for an entire structure or
substructure with / DOFs can be written as

F =Ka, (2)
where K is the [ x [ stiffness matrix and F and u denote the
I x 1 external force vector and displacement vector at the
intact state, respectively.

The measurement data in equation (2) at the damaged
state can be regarded as constraints to govern the damaged
behavior. Assuming that m1 (I > m) data are measured on the
boundary of the model, they can be written as

Au =D, (3)
where A is the m x [ Boolean matrix for defining the
measurement DOFs, u is the nx 1 constrained response
vector, and b is the m x 1 measured displacement vector.

Combining equations (2) and (3), the constrained
equilibrium equation and the constraint force vector F° are,
respectively, derived [9] by

u=a+K"*(AK ") (b- AR), (4)

F = K" (AK )" (b - AR), (5)
where the second term on the right-hand side of equation (4)
represents the displacement variations owing to causes such
as damage and construction error. K2 (AK"V%)* denotes
the weighting matrix.

The constraint forces used to multiply the second term
on the right-hand side of equation (4) by the stiffness matrix
K are defined as the forces for compensating the displace-
ment variations. It can be predicted that the magnitude of
the constraint forces and the corresponding internal stresses



increase with the response difference (b — A#%). This study
detects the damage from the stress variations in the dis-
assembled elements in the elastic range between both states.

3. Example 1

Truss structures are composed of individual structural
members to carry tension or compression forces. Each
member is modeled as a finite element. The validity of the
disassembling-based damage detection method is illustrated
through a numerical example of the plane truss structure
shown in Figure 2. In the figure, the nodal points and
members are numbered. Each node has two DOFs of the
horizontal and vertical responses u and v, respectively. The
truss is composed of six nodes, nine members, and nine
DOFs, excluding the boundary DOFs. All members have the
same elastic modulus of 200 GPa and cross-sectional area of
2.5x107>m? The simply supported truss has a single span.
Its length is 12 m, its height is 3 m, and each bay is 4 m long.
The responses at the intact state can be calculated by the
finite-element method under the action of an external force
of 6 kN in the downward direction of node 4. The elemental
stiffness matrices and responses at the intact state should be
saved for subsequent analysis.

Table 1 lists the measured displacement DOFs corre-
sponding to the disassembled elements. The health state at
element ® is investigated using displacements u5, v5, 14, and
v, at nodes 3 and 4. The constraint forces and internal
stresses are calculated using the displacement data measured
at the corresponding DOFs.

The damage is established as 20% section loss. The
damage detection of a plane truss structure model with
single and multiple damaged elements is considered. A
single damage case with damage at vertical member ® or a
lower chord @ and the multiple damage case with damage at
a lower chord member ® and a vertical member @ are
considered. The vertical member ® must be a zero-force
member at the intact state. The internal stress in this member
is caused by the damage or external noise.

The stress variation rate «, defined as the stress variation
with respect to the stress of an element at the damaged state,
can be calculated by

a =247 100 (%), (6)
T4
where ¢, and 04 denote the axial stresses at the undamaged
and damaged states, respectively. Moreover, o4 is calculated
using the cross-sectional area at the intact state.
This example also evaluates the noise sensitivity of the
proposed method. The simulated or measurement dataset u
is established as

u = u, (1 +pE), (7)

where  denotes the relative magnitude of the error and £ isa
random number variant in the range [-1, 1]. u, is the
noise-free dataset.

Figures 3—5 show the numerical results for detecting the
damage of the truss structure using the global approach.
Figure 3 shows the absolute value of stress difference (ASD)
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and stress change rate of equation (6) before and after the
20% section loss at element @. The stresses at both states are
estimated by the global approach using the numerically
simulated responses at the entire DOFs. It is shown that the
damaged element can be explicitly found in the ASD plots of
Figures 3(a) and 3(c) regardless of the noise existence. The
vertical member ® should be a zero-force member under
the action of external load at node 4. The member carries the
force owing to the small magnitude of truncated errors
contained in the measured displacements and exhibits a
small stress variation rate, as shown in Figure 3(b).
Figure 3(d) shows that the stress change rate abruptly in-
creases at vertical members ® and @ because of the in-
significant stresses at the damaged state. The stress variation
rate at member @ is excluded because of the very huge value.
Thus, the damage should be detected by the ASD plot only.

Figure 4 shows the ASD and stress variation rate plots
using the 5% noise-contaminated displacements when the
damage is located at vertical element 3. The plots rarely
provide explicit information on the damage. The ASD at
element @ originates from the truncated numerical values.
The rate at element @ is excluded in Figure 4(b) because it
displays a huge value. The abrupt change rate is shown at
vertical element @ and indicates that the global approach
has a limitation in detecting the damage of vertical members
because of their insignificant stresses.

Figure 5 shows the stress variation on the detection of
multiple damages at lower chord ® and vertical member @
using the global approach. The numerical results of the
noise-free case in Figures 5(a) and 5(b) indicate the damage
at elements @ and @ except the vertical member ®. The
global approach can rarely detect the damage in using the
noise-contaminated data, as shown in Figures 5(c) and 5(d).
The stress change rate at vertical member ® is excluded in
Figure 5(d) because it is a large value.

Figures 6 and 7 consider the detection of single and
multiple damages, respectively, and provide the numerical
results calculated from the constraint forces at the
boundary of the disassembled elements. The local damage
is evaluated based on the proposed method by using ele-
ments. Figure 6 shows the ASD and stress variation plots of
disassembled elements when the damage is located at el-
ement ®. External noise acts as the external force to de-
form the structure. The plots in Figure 6 show that the
damage exists at a disassembled element ® despite the 5%
noise-contaminated displacements. The element ® of zero
stress at the intact state indicates the damage, and the 100%
stress variation rate at this element indicates the stress
increment owing to the damage. Figure 7 shows the ASD
and stress variation rate in the truss structure with multiple
damages at elements @ and @. Damage is expected to
occur at elements @ and @ in Figure 7(a). The ASD at
element @ is zero, and its stress rate of 100% should be the
stress increment owing to the existence of external noise.
The variation is not related to the damage at element ®. It
is found that the damages caused by the proposed dis-
assembling method can be explicitly detected by evaluating
both the ASD and stress variation rate despite the external
noise. The following example investigates the sensitivity of
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FIGURE 2: A three-bay truss structure.

TaBLE 1: Disassembled elements and the corresponding DOFs.
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FIGURE 3: A single damage at element @ using the global-based approach of (a) ASD of noise-free, (b) stress change rate of noise-free,
(c) ASD of 5% noise, and (d) stress change rate of 5% noise.

the local approach depending on the damaged members Consider the damage detection of a truss structure
such as vertical member, diagonal member, and upper and ~ composed of 14 nodes and 30 members, as shown in

lower chords.

Figure 8. The nodal points and members are numbered. The
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FIGURE 4: A single damage at element ® using 5% noise displacements using the global-based approach of (a) ASD and (b) stress change rate.
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F1GURE 5: Multiple damages at elements @ and @ using the global-based approach of (a) ASD of noise-free, (b) stress change rate of noise-
free, (c) ASD of 5% noise, and (d) stress change rate of 5% noise.

31bar truss structure studied by Yang and Sun [11] is  of 7,800 kg/m>. The length of a single span truss is 6 m, its
considered. All members have the same elastic modulus of ~ height is 1 m, and each bay is 1 m long. It is simply sup-
200 GPa, cross-sectional area of 4.0 x 10> m?, and density ~ ported with its two translational DOFs at all nodes. A
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FIGURE 8: A six bay plane truss structure.

concentrated force of 6kN acts in the downward direction
at node 4.

The numerical results compare the global and local
methods for detecting single and multiple damages at ver-
tical, diagonal, and chord members, and the effect of external
noise is evaluated. Figure 9 shows the stress difference to be
extracted from the noise-free measurement data in the

damage of 20% section loss at diagonal member (18) using the
global approach. The damage is explicitly detected from the
ASD plot in Figure 9(a). However, the stress variation rate
using equation (6) indicates the damage at the unexpected
elements, such as the vertical members in Figure 9(b), be-
cause the stresses of the vertical members are calculated by
negligible truncated errors. Neglecting the stress variation
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FIGURE 9: A single damage at element (18) using noise-free displacements and global-based approach of (a) ASD and (b) stress variation rate.

rates of the vertical members, the damage can be explicitly
detected by analyzing both ASD plots.

Figure 10 shows the stress variation of all members
derived using 3% noise-contaminated responses and the
global approach. The damage is located at diagonal member
(3. It is observed that the stresses predicted by the global
approach are very sensitive to the external noise, and hence,
the damage cannot be detected. The stress variation rate
abruptly increases at the vertical members because of the
insignificant stress at the damaged state.

Figure 11 shows the stress variations using the dis-
assembling-based damage detection approach. The damage
of 20% section loss is located at diagonal element (18), and the
3% noise-contaminated responses at the DOFs of us, vs, 1,
and v,; are utilized as the measurements. The damaged
element can be explicitly detected by the ASD plot in
Figure 11(a). Considering that the abrupt change in the
stress variation rate at vertical members @, (6), and @26) in
Figure 11(b) originates from the insignificant stress at the
damage state, they are excluded from the damage-expected
elements. This indicates that the proposed method can be
utilized in detecting the locally damaged member along the
load path on an isolated element. The noise is revealed to the
external forces to act on a full set of DOFs and is carried
along various load paths. The damage can be found when the
specific load path coincides with the path along the damaged
member. Thus, the damage can be more explicitly detected
in utilizing the local approach rather than the global
approach.

Figure 12 shows the numerical results of the proposed
disassembling-based method to detect multiple damages of
20% section loss at diagonal members (9) and (19). It is found
that the damage can rarely be detected by the stress change
rate in Figure 12(b) because of the abrupt stress change at the
vertical members. The ASD plot in Figure 12(a) shows an
abrupt change at the damaged members in noise-free case
and provides enough damage information. The noise effect is
shown in Figure 13. The fluctuating change in the ASD is
observed in the presence of 2% external noise compared to

the noise-free case. This indicates that the method is slightly
affected by external noise as compared to the single damage
case at element in Figure 11(a), but the damaged
members are explicitly detected.

Figure 14 shows the numerical results of damage de-
tection at the upper and lower members of (10) and (1) using
3% noise-contaminated responses and the local approach.
The damaged members are explicitly detected despite the
external noise, showing that the chord members corre-
sponding to the compression and tension regions of the
beam member can be more explicitly detected unlike the
diagonal and vertical members.

Figures 15 and 16 show the stress variations predicted by
the global damage detection method of the truss structure
with damages of 20% section loss at vertical member (6),
upper chord (10), and diagonal member (17). The ASD plot in
the noise-free case explicitly indicates the damage of the
diagonal member and the upper chord, except at vertical
member 26), as shown in Figure 15(a). The damages at the
vertical members are presumed by the stress variation rate in
Figure 15(b). It is observed that the stress variation rate has
difficulty in detecting the damage of the vertical member.
The noise effect contained in the measured responses data is
investigated as shown in Figure 16, and the ASD plot in
Figure 16(a) shows that the global method is very sensitive to
external noise and can be rarely utilized in detecting the
damage. The stress variation rate in the vertical members is
not related to the damage, and it does not help detect the
damage.

The numerical results obtained using the local approach
proposed in this study are shown in Figures 17 and 18. This
case considers damage detection at the same members as
those shown in Figure 16. In the noise-free case as shown by
Figure 17, the plots exhibit a similar tendency as that ob-
served in the previous global approach. However, both plots
of the ASD and stress change rate obtained by the local
approach provide evidence to detect the damage at vertical
member unlike the global approach. The damage at
vertical member can be detected. In the 3% noise-
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contaminated case shown by Figure 18, the damaged  that the local-based approach considering the noise effect
members can be explicitly detected by ASD and stress  can be more explicitly utilized in detecting the damage of
change rate despite the external noise. It can be concluded  the structural members, as compared to the global approach.
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4. Conclusions

This paper presents a local damage detection method dis-
assembling an entire structure into finite elements and using
the measured static responses. The measured responses are
transformed to the constraint forces and internal stresses at
the presumed elements or substructures, and the damage is
detected by the stress variations before and after the damage.
It is shown that the local approach can be utilized as a more
explicit damage detection method than the global approach.
The damage is detected by the local approach when it is
located along the load path. The validity of the proposed
disassembling-based approach is illustrated through the
damage detection of two truss structures. It is concluded that
the proposed method can be explicitly utilized in detecting
the damage despite the external noise.
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