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Abstract: Identifying the parameters of multispan rigid frames is challenging because of their complex
structures and large computational workloads. This paper presents a stiffness separation method
for the static response parameter identification of multispan rigid frames. The stiffness separation
method segments the global stiffness matrix of the overall structure into the stiffness matrices of
its substructures, which are to be computed, thereby reducing the computational workload and
improving the efficiency of parameter identification. Loads can be applied individually to each
separate substructure, thereby guaranteeing obvious local static responses. The veracity and efficacy
of the proposed methodology are substantiated by applying it to three- and eight-span continuous
rigid frame structures. The findings indicate that the proposed approach significantly enhances the
efficiency of parameter identification for multispan rigid frames.

Keywords: parameter identification; multispan rigid frame; stiffness separation method; static
response; joint and member damage

1. Introduction

Frame structures, particularly those related to civil engineering, are widely used in
various structural configurations such as buildings and bridges [1]. The area of continuous
rigid-frame bridges has been investigated [2-7]. Yoshikawa et al. [5] investigated the
seismic design and construction techniques of the Benten Viaduct, which is a continuous
rigid-frame bridge featuring 19 spans. Zhou et al. [6] proposed a unified calculation
model for the longitudinal fundamental frequency of continuous rigid-frame bridges and
validated its applicability by performing experiments on a continuous rigid-frame bridge
in Shaanxi Province. To examine the characteristics of additional forces on structures, Liu
et al. [7] numerically investigated the continuously welded rails of a rigid-frame bridge
of the Fuzhou—Xiamen High-Speed Railway. Among the different types of steel-frame
structures, single-story industrial steel building structures are the most ubiquitous [1,8-10].
Scozzese et al. [9] investigated seismic nonstructural damage and proposed a method that
enabled the assessment of the severity and scope of nonstructural damage in single-story
industrial steel structures. Sakar et al. [1] used the finite element method and various
research methods to analyze the responses of multispan frames subjected to periodic
loading. However, these frames are susceptible to damage due to aging, changes in load
characteristics, changes in environmental influences, and unforeseen catastrophic events
such as floods and earthquakes [11,12]. Unanticipated structural failures can result in
catastrophic consequences, e.g., a loss of life, economic adversity, and societal repercussions.
Thus, the detection of structural damage must be prioritized, particularly during its early
stages, to prevent abrupt failures and improve the safety and reliability of structures [13,14].

The structural health monitoring of these structures can be achieved through parameter
identification, which is a mathematical approach that uses the errors between estimated
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and experimental values. Parameter identification attempts to correlate the changes in
the test data with the changes in structural elemental properties. Additionally, it aims
to establish a correlation between the variations in the test data and the changes in the
elemental properties of a structure [13,15]. Changes in certain parameters, such as the
cross-sectional area, moment of inertia, elastic modulus, and stiffness, occur because of
structural damage, and thus consequently affect the static and dynamic properties of the
structure, including its displacement, strain, mode shape, and natural frequency.

Static and dynamic parameter identification methods are two distinct approaches
used in the field [16-21]. Some researchers have made remarkable progress in the field
of structural damage identification using static responses. Sanayei et al. [22,23] focused
on structural parameter identification and damage assessment based on static responses,
developed formulas to estimate the structural parameters from static strain, and conducted
a nondestructive inspection of structures. Xiao et al. [24] employed static responses to
identify the damage in truss structures. Zhu et al. [25] proposed a method for detecting
structural damage using the influence line of a sensor and an empirical Bayesian thresh-
old estimator. This approach utilizes a quasi-static displacement influence line to obtain
displacement readings and deduce the load effects on a bridge. The effectiveness of this
method was demonstrated through numerical simulations and field tests conducted on
bridges. Augusto et al. [26] proposed a novel parameter identification method and al-
gorithm that utilizes structural optimization concepts to accurately identify the stiffness
in linear elastic models of civil structures. Numerical examples involving a 10-bar truss
structure and a two-bay, two-story moment frame have demonstrated the effectiveness of
the algorithm in correctly identifying stiffness parameters. Kourehli et al. [27] proposed
a novel approach for detecting and estimating structural damage using the incomplete
static response data of a damaged structure and applying the least-squares support vector
machine method. The approach was applied to structures including a plane-rigid bridge, a
four-span continuous beam, and a four-story plane frame with multiple damages. Param-
eter identification and assessment methods based on static responses primarily compare
structural displacement, rotation angle, and strain under static loads for damage detection.
Static test data are relatively unaffected by environmental factors because of their loading
regime, thus resulting in relatively stable test results. Vibration-based methods are typically
affected by environmental factors. In contrast, static damage indicators are more sensitive
to local damage [18].

For damage identification in multispan rigid frame structures, Zhang et al. [28] pro-
posed an alternative method based on free-wave characteristics for model updating. This
method was used to calibrate a finite element model of the K032 viaduct on the A11 high-
way in Bruges, Belgium. Considering the engineering background of the Renyihe Bridge,
which is a concrete continuous rigid-frame bridge, Cheng et al. [29] introduced a practical
approach that relied on updating a dynamic finite element model. Fan et al. [18] focused
on damage identification in tied-arch bridge hangers. Practical solutions derived from
mechanical models and the finite element verification of displacement difference influence
lines were employed in their study. Deng et al. [30] developed a damage identification
method that relied on the correlation between the probability distribution of quasi-static
response data. By monitoring the strain and tension of long-span bridge structures, the
proposed method was validated and found to exhibit accurate and robust performances
in identifying the damage to bridge structures. Liu et al. [31] conducted a local reliability
analysis of a large-span rigid-frame bridge based on strain monitoring using a long-term
structural health monitoring (SHM) system.

Three primary challenges are encountered when addressing large-scale structures.
First, the analytical models of such structures encompass a significant number of degrees of
freedom (DOFs), thus necessitating substantial storage space for the resulting mass matrix
and stiffness matrix. Second, extracting the eigensolutions and sensitivity matrices from
their mass and stiffness matrices requires considerable computational effort as repetitive
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calculations are required. Finally, the optimization process may be disrupted due to the
extensive number of parameters that need to be updated in a large-scale structure [32-34].

To address the difficulties in analyzing large-scale structures, a stiffness separation
method [24,33] is employed in this study for damage identification. This method has
several advantages. First, it enables an independent or concurrent analysis of substructures.
Second, by analyzing the substructures instead of the overall structure, the computational
difficulty is reduced, thus resulting in fewer iterations being required to optimize the
values, as well as improved computational efficiency. Additionally, loads can be applied
separately to each substructure, thus guaranteeing obvious local static responses. In this
technique, a large-scale structure is partitioned into smaller, manageable substructures, and
each substructure is independently analyzed to obtain its specific solution.

This paper introduces an approach to partitioning high-order global stiffness matrices
into lower-order matrices for the analysis of multispan rigid frames. In this method,
the substructures are separated from the whole structure using static responses. The
objective function is established based on measured and analytical displacements, and
then the function is optimized to identify the unknown parameters. This method enables
non-destructive static parameter identification for large-scale structures. Additionally,
it enhances the accuracy of parameter identification by achieving evident local static
responses in the structure. Moreover, it simplifies the objective equation by reducing the
number of unknown parameters to be identified and improves the efficiency of parameter
identification. The effectiveness and accuracy of this method are demonstrated based on
two examples of multispan continuous rigid frames.

2. Formulation for Parameter Identification

This section presents a parameter identification method based on static responses,
where the partial physical properties of a structure are defined as unknown parameters to
determine the presence of damage within the structure.

2.1. Modeling of Structural Frame Elements

Rigid frames may have member and joint damage. Damage to frame elements results
in reduced stiffness. Therefore, reductions in the cross-sectional area and moment of
inertia of the member can be used to represent damage [22,35]. Joint damage includes
beam-column joint and column base damage. To identify joint damage in rigid frame
structures, the zero-length rotational spring at the end of the beam element can be used
to represent the rotational stiffness of a beam-to-column connection [36,37] or a column
base connection [38,39] in a frame structure. The joint fixity factor can be determined by
this rotational stiffness, which ranges from 0 to 1, whereas joint damage can be represented
by a reduction in the fixity factor. A two-dimensional (2D) beam element with semi-rigid
connections is shown in Figure 1.
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Figure 1. Modeling of 2D beam element with semi-rigid connections.
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The rotational stiffness values at the different ends of the element are denoted as
Kj and Kj. Here, E, I, and A represent the modulus of elasticity, moment of inertia, and
cross-sectional area, respectively, while L indicates the length of the member. Equation (1)
defines the relationship between the ended fixity factor (7;) and the parameters E, I, L, and K.

1

The fixity factor value ranges from 0 to 1. 7; = 0 indicates a completely pinned
connection, whereas 7; = 1 indicates a fully rigid connection. In this study, the severity of
joint damage was simulated by reducing the fixity factors of the joints [40]. Equation (2)
presents the 2D stiffness matrix of a semi-rigid frame member based on the Euler-Bernoulli
beam theory [41].
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where parameter 7; is defined using joint fixity factors y; and 7, as follows:

np=71+7+v72 nM2=27+717
ng =3y, ng=2372 n5=37172 3)
ne =27 +7172 ny=4—m172

2.2. Objective Function

The parameter-identification algorithm defines the discrepancy between the analytical
and measured displacements using an objective function. The unknown parameters can be
obtained by minimizing the objective function. In this method, static responses are obtained
by applying loads to the structure. The damage condition of the structural components is
determined based on the optimization of the objective function. The stiffness method can
be used to calculate the analytical displacement. The relationship between the structural
stiffness matrix, displacement, and force can be expressed as follows:

Q=KD (4)

where Q represents the global force; K represents the global stiffness matrix of the entire
structure, which can be obtained by assembling the member stiffness matrix k' using
global coordinates; and D represents the global displacements. The objective function for
parameter identification can be expressed as the difference between the analytical and
measured displacements. The objective function can be expressed as shown in Equation (5).

f= é(Dfn i)’ ©)

In Equation (5), D!, stands for the ith measured displacement, D} denotes the cor-
responding ith analytical displacement, and # is the total number of measured nodal
displacements. The measured and analytical displacements can be determined by solving
Equation (4). The objective function can be minimized to obtain the unknown parameters.
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2.3. Result Analysis

The mean relative error (MRE) can be employed to evaluate the accuracy and precision
of an estimation method [42]. It quantifies the average percentage difference between
identified and actual values. The MRE is expressed as follows:

_ 1 (i =il
MRE_NZ< (6)

i=1 pi

where N is the number of parameters for the damaged joints and members. In this study,
pi is the ith actual value and pj is the ith optimal value of this parameter, obtained by
optimizing the objective function. In addition, all objective functions were solved using the
Nelder-Mead method in this study. The Nelder-Mead method is an efficient direct search
method that optimizes the response function by comparing function values [43].

3. Parameter Identification of a Three-Span Single-Layer Rigid Frame

Figure 2 presents a three-span single-layer rigid frame, which shows the number of
elements within the boxes, the number of nodes within the circles, and the DOFs of each
node, represented by the number next to the arrows. Assuming that the node number is
s, the X direction, Y direction, and rotational DOFs are (3 x s) —2, (3 xs) —1,and 3 x s,
respectively. The modulus of elasticity is 206 GPa. For the “as-built” conditions, all the
members feature the same cross-sectional area A = 5.6 x 1073 m2, I = 2.779 x 10> m?,
L =4 m, and a fixity factor of 1. The “as-is” conditions, which are unknown, need to be
determined when the rigid frame is damaged. To prove the accuracy and feasibility of the
method described above, four different damage scenarios were assumed for the structure
shown in Figure 2, and a damage diagram of them is shown in Figure 3. The section shown
in red indicates the damage’s location on the rigid frame. Table 1 lists the parameters that
need to be identified in the four types of damage scenarios and the corresponding values of
each parameter. The units for A and I are m? and m*, respectively. However, these values
are unknown during the identification process. Hence, the parameters of the rigid frame
were identified based on different damage scenarios.

ib-6—4 S\t;-9—7 11\1;-1—210 14\19-1—513 IZT;-I—SM 20\17‘1—2—119
@

@ ® @ ®
o
® o)
| L . L |4 L | L L !

Figure 2. Three-span single-layer rigid frame.

The four types of damage scenarios were as follows: (1) column damage, (2) beam
damage, (3) beam and joint damage, and (4) joint damage. Damage Scenario 1 is used as an
example herein to illustrate the identification process.
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Figure 3. Four different damage scenarios of a three-span single-layer rigid frame.
Table 1. Damage scenarios of the three-span single-layer rigid frame.
Damage Scenario Damage Parameter Value Damage Parameter Value
Ay 2.792 x 1073 I 8.053 x 10~
1 Ay 3.080 x 1073 Iy 1.109 x 107>
Ay 3.416 x 1073 I; 1.344 x 107>
Aqo 3.584 x 1073 Lo 1.477 x 1072
Ay 2.792 x 1073 I 8.053 x 107°
) As 3.080 x 1073 I3 1.109 x 107>
Ag 3.416 x 1073 Ig 1.344 x 107°
Ag 3.584 x 1073 Iy 1.477 x 107>
As 2.792 x 1073 I 8.053 x 10
3 Ag 3.080 x 103 Ig 1.109 x 107>
7 0.75 Y7 0.65
4 7 0.75 s 0.55
Y3 0.65 Y7 0.45
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In Scenario 1, we assumed that the locations of the damage were elements 1, 4, 7, and
10 of Figure 3a. The values of the “as-is” cross-section area and moment of inertia are shown
in Table 1, which are unknown and need to be identified. To obtain the response of the rigid
frame structure, forces of 50 and —50 kN were applied to 10 and 11 DOFs, respectively.
For the rigid frame, Dfn was obtained through the displacement responses at1, 2,4, 5,7,
8,10, 11, 13, 14, 16, 17, 19, and 20 DOFs. In this study, the measured displacements are
calculated using the direct stiffness method. The member stiffness matrix k/ was obtained
using Equation (2). The formulas described in Section 2 were employed to calculate the
analytical displacements D}, for the same DOFs. Subsequently, the objective function was
established, and optimization was performed. In Damage Scenario 1, eight parameters
for the four damaged members need to be identified simultaneously using the established
objective equation. In this study, the starting points of the cross-section area and moment
of inertia variables were set at the midpoint of the “as-built” condition. Figure 4 shows
the parameter identification results for the rigid frame in Damage Scenario 1. The dotted
lines in the diagram represent the “as-is” values of each parameter. After 2738 iterations,
the optimal values matched the “as-is” values, and the results converged. The results
demonstrate that the optimized parameter values exhibit a negligible error when compared
with the actual values. Similarly, Damage Scenarios 2, 3, and 4 can be identified using the
proposed method. The loads applied in Damage Scenarios 2 and 4 were the same as those
in Damage Scenario 1. Under Damage Scenario 3, forces of 50, —50, and —50 kN were
applied under 1, 11, and 17 DOFs, respectively. Because the fixity factor ranged from 0 to 1,
the starting point for the fixity factor was set to 0.5.
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Figure 4. The variation of the parameters of the rigid frame with the number of iterations under
Damage Scenario 1: (a) the cross-sectional area; (b) the moment of inertia.

Figures 5-7 present the parameter iteration results for the rigid frame under Damage
Scenarios 2—4, respectively. In Damage Scenarios 2, 3, and 4, the objective function con-
verged after 2118, 557, and 117 iterations, respectively. Table 2 shows a comparison of the
iteration steps for the different damage scenarios.

According to Table 2, the damage locations and whether the damaged members or
joints affect the target equation result in different identification steps. Although Damage
Scenarios 1 and 2 only involve damage to the members, their different damage locations
resulted in different iteration steps. In contrast, Damage Scenarios 3 and 4 involved joint
damage, and the iteration steps were reduced because one damaged member introduced
two variables. However, one damaged joint only introduced one variable. Thus, the
total number of variables in Damage Scenarios 3 and 4 is different from those in Damage
Scenarios 1 and 2. The increased unknown parameter number resulted in a higher number
of iteration steps for the objective function. However, the iterative values closely matched
the actual values, with negligible errors. This indicates the effectiveness and accuracy of
the parameter identification method proposed in Section 2.
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Figure 5. The variation of the parameters of the rigid frame with the number of iterations under

Damage Scenario 2: (a) the cross-sectional area; (b) the moment of inertia.
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Figure 6. The variation of the parameters of the rigid frame with the number of iterations under
Damage Scenario 3: (a) the cross-sectional area; (b) the moment of inertia; (c) the fixity factor.

Table 2. Comparison of the iteration steps of the three-span single-layer rigid frame.

Damage Damage Member Joint Unknown Iterations
Scenario Elements Damage Damage Parameters
Scenario 1 4 4 0 8 2738
Scenario 2 4 4 0 8 2118
Scenario 3 4 2 2 6 557
Scenario 4 4 0 4 4 117
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Figure 7. The variation of the parameters of the rigid frame with the number of iterations under

Damage Scenario 4: the fixity factors.

4. Parameter Identification Using the Stiffness Separation Method

This section describes the parameter identification process for rigid frames using the
stiffness separation method.

4.1. Formulas of the Stiffness Separation Method

First, numbers were assigned to the joints and DOFs of the overall structure. Subse-
quently, the stiffness matrix of the entire structure was obtained using the method described
in Section 2. Assuming that the structure has n degrees of freedom, the static displacement
matrix is denoted as D, the global stiffness matrix of the overall structure is denoted as K,
and the external load matrix acting on the entire structure is denoted as Q.

D =[Dy,D,,...,D,"
Q = [Ql/QZ/---rQn]T

kin ki kin

ko1 koo kop )
K =

knl kn2 e knn

Similarly, the DOFs numbering of the substructure is separate from the overall struc-
ture, and the displacements at different positions are labeled according to the DOFs’ num-
bers. Thus, the number of unknown displacements in the separated substructure is denoted
as p and the number of nonzero displacements in the substructure is denoted as m. Zero
displacement can be identified based on the boundary conditions. Assume that vector
B contains the DOFs corresponding to the unknown displacements in the substructure,
sorted in ascending order. Vector U represents the DOFs corresponding to the nonzero
displacements in the substructure, which are sorted in ascending order. The elements in
Ky sm, Dy, and Qp are rearranged and composed by extracting the elements from K, D, and
Q, respectively, based on the DOF of the substructure. Kjx, is the substiffness matrix, and
the column matrix D, represents the nonzero displacements in the substructure, sorted in
ascending order based on their corresponding DOFs. Similarly, Q, represents the column
matrix of the external loads, where the elements in the column matrix are arranged in
ascending order based on the DOFs corresponding to the unknown displacements.
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B = [bl,bz, ... bp]
U= [uy,uy, ... .uy
Dy, = [Du]r Duzr (R Dum]T
T
Q) = [Qy Q- Q| ©
kbl/ul kbl,uz .. kbl,um
ka/ul kbz,uz ka/um
prm = .
kbp,ul kbp,uz T kbp,um

The substiffness relationship between the forces and displacements of the substructure
can be derived by extracting the elements from the global stiffness matrix as follows:

Qp = prmDm (9)

Because K, represents the substiffness matrix containing the unknown parameters
to be identified, the analytical displacements with unknown parameters can be obtained
by solving Equation (9). Subsequently, an objective equation is formulated to relate the
analytical displacements to their corresponding measured displacements. Eventually, the
values of the unknown parameters are determined via optimization and by solving the
objective equation. The unknown parameters in this context refer to A, I, and +.

4.2. Parameter Identification Example

The rigid frame structure shown in Figure 2 was analyzed. The structure was seg-
mented into two substructures: Substructures 1 and 2. A diagram of the segmented
structure is shown in Figure 8. The four different damage scenarios from Section 3 were ap-
plied, in addition to the same load conditions as those described in Section 3, to investigate
the advantages of the stiffness separation method.

Z\T;ELI be—6>4 35—9»7 ll\b}zl() 11&10 14\?;1,513 IMI(; 2(3;-2—119
o Q @ o © ®
el
N
2404 3

¥ b,

@)

(a) Substructure 1 (b) Substructure 2

Figure 8. Schematic diagram of the rigid frame’s substructures.

In those four damage scenarios, Node 4 separates the entire rigid frame structure into
two substructures, and the measured displacements are located at 10, 11, and 12 DOFs.
Substructures 1 and 2 were extracted from the stiffness matrix of the overall structure.
Because the displacements under 10, 11, and 12 DOFs have been measured, the analytical
displacements of Substructures 1 and 2 were determined independently. The complex
problem was simplified into a straightforward one by establishing boundary conditions for
these substructures. Subsequently, the objective function of Substructure 1 was established
based on its measured displacements under 1, 2, 4, 5, 7, and 8 DOFs, as well as their
corresponding analytical displacements. Similarly, the objective function of Substructure 2
was derived based on its measured displacements under 13, 14, 16, 17, 19, and 20 DOFs, as
well as their corresponding analytical displacements. Next, the objective functions were
optimized to obtain the values of the unknown parameters.

Figures 9-16 show the parameter iteration plots for the four damage scenarios listed in
Table 1. Figures 9 and 10 show the parameter iteration plots of Substructures 1 and 2, respec-
tively, under Damage Scenario 1. Figures 11 and 12 show the parameter iteration plots of
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Substructures 1 and 2, respectively, under Damage Scenario 2. Similarly, Figures 13 and 14
show the parameter iteration plots for Substructures 1 and 2 under Damage Scenario 3,
respectively. Figures 15 and 16 show the parameter iteration plots for Substructures 1 and
2, respectively, under Damage Scenario 4. As shown in Figures 9-16, all the unknown
parameters converged to the “as-is” condition accurately.
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Figure 9. The variation of the parameters of Substructure 1 of the rigid frame with the number of
iterations under Damage Scenario 1: (a) the cross-sectional area; (b) the moment of inertia.
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Figure 10. The variation of the parameters of Substructure 2 of the rigid frame with the number of
iterations under Damage Scenario 1: (a) the cross-sectional area; (b) the moment of inertia.
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Figure 11. The variation of the parameters of Substructure 1 of the rigid frame with the number of
iterations under Damage Scenario 2: (a) the cross-sectional area; (b) the moment of inertia.
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Figure 12. The variation of the parameters of Substructure 2 of the rigid frame with the number of
iterations under Damage Scenario 2: (a) the cross-sectional area; (b) the moment of inertia.
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Figure 13. The variation of the parameters of Substructure 1 of the rigid frame with the number of
iterations under Damage Scenario 3: (a) the cross-sectional area; (b) the moment of inertia; (c) the

fixity factor.
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Figure 14. The variation of the parameters of Substructure 2 of the rigid frame with the number of
iterations under Damage Scenario 3: (a) the cross-sectional area; (b) the moment of inertia; (c) the
fixity factor.
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Figure 15. The variation of the parameters of Substructure 1 of the rigid frame with the number of
iterations under Damage Scenario 4: the fixity factors.

To compare the parameter identification of the overall structure with that of its sub-
structures more effectively, their MRE values were calculated separately using Equation (6).
Figure 17 illustrates the MRE values of all parameters for both overall structure identifica-
tion and substructure identification under the four different damage scenarios. Figure 17a—d
show the MRE plots of the parameter iterations of the overall structure and its substructures
under the four different damage scenarios.
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Figure 16. The variation of the parameters of Substructure 2 of the rigid frame with the number of
iterations under Damage Scenario 4: the fixity factors.
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Figure 17. MRE results.

For both Substructures 1 and 2, under the same damage scenario, the parameter
identification of the substructures required fewer iteration steps for convergence compared
to the parameter identification of the overall structure. Because the substiffness matrix
had lower-order dimensions and fewer unknown parameters, the computational cost was
reduced. The iterative values closely matched the actual values, with negligible errors. This
indicates the effectiveness and accuracy of the parameter identification method proposed
in Section 4.

5. Example of a Large and Complex Rigid Frame

The proposed stiffness separation method was evaluated by applying it to a multispan
rigid frame (Figure 18). The frame’s modulus of elasticity was 206 GPa. For the “as-built”
conditions, all the members featured the same cross-sectional area A = 5.6 x 1073 m?2,

[=2.779 x 107> m*, and L = 8 m, and a fixity factor of 1. The depth-to-span ratio (i/L) of
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the structure was 0.025. The “as-is” conditions are unknown and need to be determined
when the rigid frame is damaged. Figure 18b shows the locations of the damaged members
and joints, and the structural damage is indicated by the elements or joints highlighted in
red. Table 3 lists the parameters that need to be identified and their corresponding values.
The units of A and I are m? and m*, respectively. Based on the locations of the structural
damage, the multispan rigid frame structure was segmented into three substructures, as
shown in Figure 19. Substructures 1, 2, and 3 are illustrated in Figure 19a, Figure 19b, and
Figure 19¢, respectively.

® @ 6 o © 6 @ ® O o @ &)
3 R 1 A R 1 1 g
- (6]
(&) () @ @ @
L e
(a) Structural d1agram
@ @ o o O @ &) @@
@ ©B o .
- (6]
9 @ )

(b) Damage diagram

Figure 18. Multispan rigid frame.

Table 3. Damage scenarios of the multispan rigid frame.

Substructure = Damage Parameter Value Damage Parameter Value
A 3.904 x 1073 L 1.535 x 107>
1 A 4.068 x 1073 I 1.813 x 107°
As 4224 x 1073 I3 1.896 x 107°
Ag 4.480 x 1073 Ig 2223 x 1075
2 Aq 4.800 x 1073 Lo 1.840 x 1075
Aqg 5.060 x 10~3 Lo 2.176 x 1075
3 Y12 0.65 Y13 0.55

In this case, for each separated frame structure, independent forces were applied to
ensure the load’s static responses. In reference to Figure 19a, when identifying Substructure
1, Node 3 is used to separate Substructure 1 from the overall structure, and its measured
displacements under 7, 8, and 9 DOFs were taken as the separation boundary conditions.
To obtain the responses of the structure, a horizontal external load of 20 kN was applied to
Node 1, toward the right. Its measured displacements under 1, 2, 3, 4, 5, and 6 DOFs were
used to establish an objective function.

In reference to Figure 19b, when identifying Substructure 2, Nodes 7 and 8 are used to
separate Substructure 2 from the overall structure, and its measured displacements under
19, 20, 21, 22, 23, and 24 DOFs were considered the separation boundary conditions. To
obtain the responses of the structure, a horizontal external load of 20 kN toward the right
and a vertical external load of 20 kN downward were applied at Node 7. Additionally, the
measured displacements under 13, 14, 15, 16, 17, and 18 DOFs were used to establish the
objective function.
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Figure 19. Schematic diagram of the rigid frame’s substructure.

In reference to Figure 19¢, when identifying Substructure 3, Node 11 is used to separate
Substructure 3 from the overall structure, and its measured displacements under 31, 32,
and 33 DOFs were set as the separation boundary conditions. A horizontal external load of
20 kN toward the right was applied at Node 13. Subsequently, the objective function was
established using the six measured displacements under 34, 35, 36, 37, 38, and 39 DOFs.

Subsequently, optimization was performed for each of the three objective functions.
The parameter iteration results for Substructures 1, 2, and 3 are shown in Figures 20-22,
respectively. The MRE values of parameter identification for each of the three substructures
are shown in Figure 23.

As shown in Figures 20-23, Substructures 1, 2, and 3 were subjected to 1069, 649,
and 350 iterations, respectively. Their objective functions converged, and their parameter
identification errors were almost negligible. Table 4 presents a comparison of the iteration
steps for Substructures 1, 2, and 3.

According to Table 4, each substructure has the same number of damaged elements,
but their iterations for parameter convergence showed substantial discrepancies. The
reason for this is that there exists a difference in the total number of unknown parameters
for those three substructures. Consequently, the convergence of the objective function
resulted in a different number of optimization iterations. However, successful identification
was achieved, and the errors were negligible. This indicates the effectiveness and accuracy
of the parameter identification method proposed in Section 4.
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Figure 20. The variation of the parameters of Substructure 1 with the number of iterations: (a) the

cross-sectional area; (b) the moment of inertia.
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Figure 21. The variation of the parameters of Substructure 2 with the number of iterations: (a) the

cross-sectional area; (b) the moment of inertia; (c) the fixity factor.

Table 4. Comparison of iteration steps of Substructures 1-3.

Damage Damage Member Joint Unknown Iterations
Scenario Elements Damage Damage Parameters
Substrlucture 3 3 0 6 1069
Substrzucture 3 2 1 5 649
Substructure 3 1 2 4 350

3




Sensors 2024, 24, 1884

18 of 20

6.5%10%

2.4x10° -
6.0%10° -

5.5%10° 22x10°
5.0%10° )
2.0x10°
4.5%10°

4.0%10°% 1.8x10°

3 s
3.5%10 1.6%10°

Cross-section area (mz)

3.0¢10%

Moment of inertia (m*)

1.4%10° -

2.5%10% -

2.0%10° - ) 1.2%10° |- —1I,

1.5%10° L L L - L
0 100 200 300 400 1.0x10 5

L L
100 200 300 400

Tteration :
Iteration

(@) (b)

Fixity factor

025 | L’ — i

s L L
0 100 200 300 400

Iteration

()

Figure 22. The variation of the parameters of Substructure 3 with the number of iterations: (a) the
cross-sectional area; (b) the moment of inertia; (c) the fixity factor.
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Figure 23. Trends of MRE.

6. Conclusions

A stiffness separation method for the nondestructive static parameter identification of
multispan rigid frame structures was introduced herein. The stiffness separation method
utilizes the displacements at separation points as boundary conditions and transforms the
complex problem of damage identification in structures into a simple calculation problem
involving low-dimensional matrices. The feasibility, effectiveness, and accuracy of the
proposed method were validated based on two examples. By segmenting a multispan
rigid frame into multiple substructures and identifying each substructure separately, this
method reduces the number of unknown parameters that need to be identified for each
case. Additionally, for the large-scale structure, the forces are applied to each separated
substructure to ensure obvious local static responses. Hence, this method reduces the
stiffness matrix of the structure, enhances its operational efficiency, and facilitates its
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implementation. This method provides a new reference for the parameter identification of
large-scale engineering structures.

Author Contributions: Conceptualization, F.X. and Y.Y.; methodology, EX., Y.Y. and X.M.; investi-
gation, EX., Y.Y.,, XM., YM. and G.S.C.; writing—original draft preparation, EX. and Y.Y.; writing—
review and editing, EX., Y.Y., XM., YM. and G.S.C.; funding acquisition, FX. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was funded by the Natural Science Foundation of Jiangsu Province, China
(grant no. BK20200492).

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Sakar, G.; Oztiirk, H.; Sabuncu, M. Dynamic stability of multi-span frames subjected to periodic loading. J. Constr. Steel Res. 2012,
70, 65-70. [CrossRef]

Zeng, Y.; Zeng, Y.; Jiang, D.; Liu, S.; Tan, H.; Zhou, J. Curing Parameters’ Influences of Early-age Temperature Field in Concrete
Continuous Rigid Frame Bridge. J. Clean. Prod. 2021, 313, 127571. [CrossRef]

Liang, Y.; Yan, J.L.; Qian, W.X.; Cheng, Z.Q.; Chen, H. Analysis of collapse resistance of offshore rigid frame—Continuous girder
bridge based on time-varying fragility. Mar. Struct. 2021, 75, 102844. [CrossRef]

Li, Y; Lai, Y;; Lu, G; Yan, E; Wei, P; Xie, Y.M. Innovative design of long-span steel-concrete composite bridge using multi-material
topology optimization. Eng. Struct. 2022, 269, 114838. [CrossRef]

Yoshikawa, M.; Hayashi, H.; Kawakita, S.; Hayashida, M. Construction of Benten Viaduct, rigid-frame bridge with seismic
isolators at the foot of piers. Cem. Concr. Compos. 2000, 22, 39-46. [CrossRef]

Zhou, Y.; Zhao, Y,; Liu, J.; Jing, Y. Unified calculation model for the longitudinal fundamental frequency of continuous rigid frame
bridge. Struct. Eng. Mech. 2021, 3, 343-354.

Liu, W,; Lai, H.; Dai, G.; Rao, S.; Wang, D.; Wu, B. Numerical study on track-bridge interaction of integral railway rigid-frame
bridge. Appl. Sci. 2021, 11, 922. [CrossRef]

Kravanja, S.; Zula, T. Cost optimization of industrial steel building structures. Adv. Eng. Softw. 2010, 41, 442-450. [CrossRef]
Scozzese, F.; Terracciano, G.; Zona, A.; Della Corte, G.; Dall’Asta, A.; Landolfo, R. Analysis of seismic non-structural damage in
single-storey industrial steel buildings. Soil Dyn. Earthq. Eng. 2018, 114, 505-519. [CrossRef]

Kravanja, S.; Turkalj, G.; Silih, S.; Zula, T. Optimal design of single-story steel building structures based on parametric MINLP
optimization. J. Constr. Steel Res. 2013, 81, 86-103. [CrossRef]

Nick, H.; Ashrafpoor, A.; Aziminejad, A. Damage identification in steel frames using dual-criteria vibration-based damage
detection method and artificial neural network. Structures 2023, 51, 1833-1851. [CrossRef]

Azam, S.E.; Rageh, A.; Linzell, D. Damage detection in structural systems utilizing artificial neural networks and proper
orthogonal decomposition. Struct. Control Health Monit. 2019, 26, €2288. [CrossRef]

Hou, R; Xia, Y. Review on the new development of vibration-based damage identification for civil engineering structures:
2010-2019. . Sound Vib. 2021, 491, 115741. [CrossRef]

Mosallam, A.; Zirakian, T.; Abdelaal, A.; Bayraktar, A. Health monitoring of a steel moment-resisting frame subjected to seismic
loads. J. Constr. Steel Res. 2018, 140, 34—46. [CrossRef]

Yu, Y,; Wang, C.; Gu, X; Li, J. A novel deep learning-based method for damage identification of smart building structures. Struct.
Health Monit. 2018, 18, 143-163. [CrossRef]

Xiao, F,; Fan, J.; Chen, G.S.; Hulsey, ]J.L. Bridge health monitoring and damage identification of truss bridge using strain
measurements. Adv. Mech. Eng. 2019, 11, 1-7. [CrossRef]

Xiao, F; Zhu, W.; Meng, X.; Chen, G.S. Parameter identification of frame structures by considering shear deformation. Int. J.
Distrib. Sens. Netw. 2023, 2023, 6631716. [CrossRef]

Fan, C,; Zheng, Y.; Wang, B.; Zhou, Y.; Sun, M. Damage identification method for tied arch bridge suspender based on quasi-static
displacement influence line. Mech. Syst. Signal Process. 2023, 200, 110518. [CrossRef]

Wang, L.; Zhou, J.; Lu, Z. A fast friction-model-inspired sparse regularization approach for damage identification with modal
data. Comput. Struct. 2020, 227, 106142. [CrossRef]

Nguyen, Q.T,; Livaoglu, R. Modal strain energy based enhanced approaches for damage detection and severity estimation. Eng.
Fail. Anal. 2023, 146, 107142. [CrossRef]

Capponi, L; Slavi¢, J.; Rossi, G.; BolteZar, M. Thermoelasticity-based modal damage identification. Int. J. Fatigue 2020, 137, 105661.
[CrossRef]

Sanayei, M.M.; Saletnik, M.].; Member, A.A. Parameter estimation of structures from static strain measurements. I: Formulation
Struct. Eng. 1996, 122, 555-562.


https://doi.org/10.1016/j.jcsr.2011.10.009
https://doi.org/10.1016/j.jclepro.2021.127571
https://doi.org/10.1016/j.marstruc.2020.102844
https://doi.org/10.1016/j.engstruct.2022.114838
https://doi.org/10.1016/S0958-9465(99)00047-5
https://doi.org/10.3390/app11030922
https://doi.org/10.1016/j.advengsoft.2009.03.005
https://doi.org/10.1016/j.soildyn.2018.07.047
https://doi.org/10.1016/j.jcsr.2012.11.008
https://doi.org/10.1016/j.istruc.2023.03.152
https://doi.org/10.1002/stc.2288
https://doi.org/10.1016/j.jsv.2020.115741
https://doi.org/10.1016/j.jcsr.2017.10.023
https://doi.org/10.1177/1475921718804132
https://doi.org/10.1177/1687814019832216
https://doi.org/10.1155/2023/6631716
https://doi.org/10.1016/j.ymssp.2023.110518
https://doi.org/10.1016/j.compstruc.2019.106142
https://doi.org/10.1016/j.engfailanal.2023.107142
https://doi.org/10.1016/j.ijfatigue.2020.105661

Sensors 2024, 24, 1884 20 of 20

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

Sanayei, M.; Phelps, ].E.; Sipple, ].D.; Bell, E.S.; Brenner, B.R. Instrumentation, nondestructive testing, and finite-element model
updating for bridge evaluation using strain measurements. J. Bridge Eng. 2012, 17, 130-138. [CrossRef]

Xiao, F.; Hulsey, ].L.; Chen, G.S.; Xiang, Y. Optimal static strain sensor placement for truss bridges. Int. J. Distrib. Sens. Netw. 2017,
13,1550147717707929. [CrossRef]

Zhu, J.; Zhang, C.; Li, X. Structural damage detection of the bridge under moving loads with the quasi-static displacement
influence line from one sensor. Measurement 2023, 211, 112599. [CrossRef]

Terlaje, A.S.; Truman, K.Z. Parameter identification and damage detection using structural optimization and static response data.
Adv. Struct. Eng. 2007, 10, 607-621. [CrossRef]

Kourehli, S.S. Structural damage diagnosis using incomplete static responses and LS-SVM. Inverse Probl. Sci. Eng. 2016, 25,
418-433. [CrossRef]

Zhang, ].; Maes, K.; De Roeck, G.; Lombaert, G. Model updating for a large multi-span quasi-periodic viaduct based on free wave
characteristics. J. Sound Vib. 2021, 506, 116161. [CrossRef]

Cheng, X.; Liao, Y. Structural safety assessment oriented modal experiments on Renyihe Bridge using vehicle excitations.
Structures 2023, 56, 105016. [CrossRef]

Deng, F.; Wei, S.; Jin, X.; Chen, Z.; Li, H. Damage identification of long-span bridges based on the correlation of probability
distribution of monitored quasi-static responses. Mech. Syst. Signal Process. 2023, 186, 109908. [CrossRef]

Liu, Z,; Li, Y,; Tang, L.; Liu, Y.; Jiang, Z.; Fang, D. Localized reliability analysis on a large-span rigid frame bridge based on
monitored strains from the long-term SHM system. Smart Struct. Syst. 2014, 14, 209-224. [CrossRef]

Weng, S.; Xia, Y.; Xu, Y.-L.; Zhou, X.-Q.; Zhu, H.-P. Improved substructuring method for eigensolutions of large-scale structures. J.
Sound Vib. 2009, 323, 718-736. [CrossRef]

Xiao, F,; Sun, H.; Mao, Y.; Chen, G.S. Damage identification of large-scale space truss structures based on stiffness separation
method. Structures 2023, 53, 109-118. [CrossRef]

Jaishi, B.; Ren, W.-X. Damage detection by finite element model updating using modal flexibility residual. J. Sound Vib. 2006, 290,
369-387. [CrossRef]

Sanayei, M.; Onipede, O. Damage assessment of structures using static test data. AIAA J. 2001, 29, 1174-1179. [CrossRef]

Xiao, E; Zhu, W.; Meng, X.; Chen, G.S. Parameter identification of structures with different connections using static responses.
Appl. Sci. 2022, 12, 5896. [CrossRef]

Yun, C.-B.; Yi, J.-H.; Bahng, E.Y. Joint damage assessment of framed structures using a neural networks technique. Eng. Struct.
2001, 23, 425-435. [CrossRef]

Lei, Y;; Li, Q.; Chen, E; Chen, Z. Damage Identification of frame structures with joint damage under earthquake excitation. Adv.
Struct. Eng. 2014, 17, 1075-1087. [CrossRef]

Weng, ].H.; Loh, C.H.; Yang, ].N. Experimental study of damage detection by data-driven subspace identification and finite-
element model updating. J. Struct. Eng. 2009, 135, 1533-1544. [CrossRef]

Nanda, B.; Maity, D.; Maiti, D.K. Modal parameter based inverse approach for structural joint damage assessment using unified
particle swarm optimization. Appl. Math. Comput. 2014, 242, 407-422. [CrossRef]

Aval, S.B.B.; Mohebian, P. Combined joint and member damage identification of skeletal structures by an improved biology
migration algorithm. J. Civ. Struct. Health Monit. 2020, 10, 357-375. [CrossRef]

Tofallis, C. A better measure of relative prediction accuracy for model selection and model estimation. J. Oper. Res. Soc. 2015, 66,
1352-1362. [CrossRef]

Lagarias, J.C.; Reeds, J.A.; Wright, M.H.; Wright, PE. Convergence properties of the Nelder-Mead simplex method in low
dimensions. SIAM J. Optim. 1998, 9, 112-147. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1061/(ASCE)BE.1943-5592.0000228
https://doi.org/10.1177/1550147717707929
https://doi.org/10.1016/j.measurement.2023.112599
https://doi.org/10.1260/136943307783571409
https://doi.org/10.1080/17415977.2016.1169277
https://doi.org/10.1016/j.jsv.2021.116161
https://doi.org/10.1016/j.istruc.2023.105016
https://doi.org/10.1016/j.ymssp.2022.109908
https://doi.org/10.12989/sss.2014.14.2.209
https://doi.org/10.1016/j.jsv.2009.01.015
https://doi.org/10.1016/j.istruc.2023.04.027
https://doi.org/10.1016/j.jsv.2005.04.006
https://doi.org/10.2514/3.10720
https://doi.org/10.3390/app12125896
https://doi.org/10.1016/S0141-0296(00)00067-5
https://doi.org/10.1260/1369-4332.17.8.1075
https://doi.org/10.1061/(ASCE)ST.1943-541X.0000079
https://doi.org/10.1016/j.amc.2014.05.115
https://doi.org/10.1007/s13349-020-00390-8
https://doi.org/10.1057/jors.2014.103
https://doi.org/10.1137/S1052623496303470

	Introduction 
	Formulation for Parameter Identification 
	Modeling of Structural Frame Elements 
	Objective Function 
	Result Analysis 

	Parameter Identification of a Three-Span Single-Layer Rigid Frame 
	Parameter Identification Using the Stiffness Separation Method 
	Formulas of the Stiffness Separation Method 
	Parameter Identification Example 

	Example of a Large and Complex Rigid Frame 
	Conclusions 
	References

