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ABSTRACT: The effectiveness of a hybrid technique for identifying seismic damage in planar, multistory, steel
X or V-braced frames is demonstrated here through an example of a six-story frame. This proposed technique,
referred to as “M and P”, combines the instrumental Monitoring (M) with Pushover analysis (P). According to
the methodology, the diagram of stepping eigenfrequencies of the frame in the inelastic region is initially
plotted against seismic roof displacement. The fundamental natural frequency detected via the monitoring
process is then utilized in this key diagram to reveal the inelastic roof displacement that corresponds to the
damage state of the steel braced frame. This displacement is subsequently used as the target in the pushover
analysis, facilitating the identification of seismic damage in the existing steel braced frame. Finally, the damage
image is correlated with the damage stiffness matrix of the frame at the same inelastic roof displacement. The
investigation results indicate that combining instrumental monitoring with pushover analysis enables accurate
identification of seismic damage potential in existing steel braced frames.

Keywords: damage identification; steel braced frames; concentric X or V-bracing; stepping eigenfrequencies;
capacity curve; target displacement

1. INTRODUCTION

Structural health monitoring (SHM) processes are essential for maintaining the safety and
performance of significant structures, such as bridges, dams, and buildings. By continuously
monitoring these structures, potential damage can be detected early, allowing for preventive
measures to be taken to avoid catastrophic failures.

Detecting damage in structures is a critical task in engineering that involves analyzing data from
various sensors and using algorithms to detect changes in dynamic characteristics relative to the
health state of the structure. The recorded responses from a multi-channel network of accelerometers
are processed by various stochastic or deterministic techniques to detect the eigenfrequencies, mode
shapes and modal damping ratios of existing structures. The “frequency domain decomposition”
(FDD) technique was used in “Operational Modal Analysis” (OMA) [1-5]. The "stochastic subspace
identification" process [6] is also used in techniques which use OMA [7-9], by integrating three
distinct analysis algorithms: principal component, canonical variate, and unweighted principal
component. Based on these techniques, the "modal time-histories method" [10] was proposed for
structures subjected to seismic ground excitation or strong wind loads [11]. In the “minimum rank
perturbation theory” (MRPT) [12,13], a non-zero term in the structure's damage matrix is interpreted
as an indication of the damage location. Other techniques use the concept of “damage stiffness
matrix” for damage detection [3,14,15]. Additionally, other techniques [16,17] use the discontinuities
in structural mode shapes as an index of structural damage. Several techniques use the “modal strain
energy-based damage index” [18-21] or the “modal flexibility” [21-24] for damage detection in
structures. A review of comprehensive damage indices for rapid seismic monitoring of the structural
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health of structures is shown in [25]. Various techniques use artificial neural networks and machine
learning tools for damage detection [21,26,27]. Integration of monitoring processes with pushover
analysis is presented in several damage detection processes [28,29]. Other methodologies for damage
detection involve acoustic emission (AE) measurements [30]. It is noted that sometimes in the
abovementioned techniques multiple damage indices and machine learning tools are combined for
damage identification in reinforced concrete (RC), steel or composite steel and concrete elements or
whole structures.

Recently, Makarios [31] proposed an alternative technique for damage identification in existing,
ductile, planar RC frames. This is the hybrid "M and P" technique, where "M" is for "Monitoring" and
"P" for "Pushover" analysis. Subsequently, the "M and P" technique was validated by examining a
five-story RC frame [32] in a seismic case. The same technique was suitably adapted by Bakalis et al.
[33] for identifying seismic damage along the longitudinal direction of RC bridges. According to the
"M and P" technique, the detected in the field fundamental eigenfrequency (Hz) by the monitoring
process is inserted into the frequency diagram of the existing structure. This key diagram of the
methodology is initially plotted as a function of the roof displacement in the nonlinear area and is
then combined with the capacity curve of the frame. This is achieved by conducted a series of
pushover analyses with increasing target roof displacement followed by corresponding stepping
modal analyses. Using this diagram, the seismic roof displacement of the structure corresponding to
the detected (in the field) fundamental eigenfrequency is revealed. All other higher eigenfrequencies
of the structure can be also directly found in the previous diagram. Furthermore, the mode shapes of
the damaged existing structure can be found by conducting stepping modal analysis at the same
inelastic step corresponding to the seismic roof displacement found in the key diagram. Additionally,
the stepping lateral stiffness matrix of the damaged structure at the same inelastic step can be found,
considering all developed plastic hinges and stiffness degradation of the structural RC elements in
the inelastic region. This matrix provides insights of the localization of damage in the stories and its
severity. An accurate damage image of the structure can be obtained by examining the state of
developing plastic hinges in the final step of the pushover analysis with target displacement equal to
this found in the key diagram.

This paper validates the effectiveness of the "M and P" technique for identifying seismic damage
in planar multistory, steel moment-resisting frames which are braced with concentric vertical links.
An extensive parametric analysis on ductile frames of this type is conducted. The study focuses on
steel frames with multiple spans of varying lengths and multiple stories of different heights, which
are braced with X or V type of concentric braces in single-stack or in split configuration among the
spans along elevation. Multiple concentric braces placed in single-stack or in split configuration along
elevation are also considered. The behavior of steel X or V-braced frames is similar to that of dual
reinforced concrete (RC) frames coupled with walls, where the bracing elements of the steel frame
represent the bending subsystem while the frame elements represent the shear subsystem. In these
ductile steel braced frames in which the beams are rigidly connected to the columns, severe seismic
damage occurs mainly to the braces. In strong seismic motion, the seismic behavior of steel frames
braced with concentric vertical braces is characterized in general by the complete failure of the
compressed brace due to buckling and the high ductile behavior of the brace in tension. Additionally,
the end-sections of beams or of some columns of ductile steel braced, moment-resisting frames can
sustain moderate seismic damage. It is noted that the bracing columns of X-braced steel frames with
the braces in single-stack configuration along elevation can sustain severe seismic damage due to
high uplifting/settling axial force. For this reason, various researchers have suggested the use of
staggered braces arranged in split-X configurations as compared to the conventional single-stack
braced frame [34]. A numerical example of a six-story steel frame, braced with two concentric vertical
X-braces in single-stack configuration in the first two floors and with staggered braces arranged in
split-X configurations in the other floors, is presented in detail in this paper. This frame features four
equal spans and a higher ground floor. The steps to perform the proposed "M and P" technique for
the identification of damage in steel frames will be presented in detail in the following sections. The
main aspects of the study are: (a) plotting the eigenfrequency curves of the existing steel frame, (b)
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evaluation of the seismic damage based on the results of pushover analysis and the degraded lateral
stiffness matrix.

The results of the parametric analysis show that the integration of instrumental monitoring with
an accurate mathematical analysis model of the structure in the "M and P" technique leads to a
successful identification of seismic damage in the stories of steel braced, moment-resisting frames.
This is due to the combination of the eigenfrequencies diagram with the capacity curve of the steel
frame, which characterize the damage image of the frame and ensures that the structure presents a
fundamental eigenfrequency very similar to that measured in the field. The direct correlation of the
roof displacement with the fundamental monitored eigen frequency of the steel braced frame
validates the accuracy of the "M and P" technique for structural health monitoring and evaluation of
seismic damage in steel frames.

2. METHODOLOGY STEPS

2.1. Theoretical background

For a N x N multi-degree of freedom system, the equation of motion without damping in free
vibration, because of an initial displacement or velocity, is as follows:

mii(t) +k,ut) =0 (1)

In Eq. (1), m and Kk, are respectively the N x N matrices of the mass and the stiffness of the
structure in the health (without damage) state, and u(t) and ii(t) are respectively the time N x 1
varying vectors of displacements and accelerations of the system. Next, it is assumed that the multi-
degree of freedom system is an existing planar, steel, braced frame, with beams rigidly connected to
columns, which presents a damage image due to various causes. Therefore, the stiffness matrix at
any step i in the nonlinear area of behavior will change by AKk;. At the same i-step, the stiffness matrix
k; of the steel braced frame is written as:

ki = ko - Akl (2)

where AK; is the damage stiffness matrix. Correspondingly, the equation of motion (Eq. 1) of
the steel braced frame at the inelastic i-step is written as:

mii(t) + (k, —Ak;)) u(t) =0 (3)

Next, the instantaneous mode shapes ¢, , of the steel braced frame at various inelastic i-steps
can be found by performing a modal analysis using the instantaneous stiffness matrix k; which
includes the effects of damage in stiffness. These are vectors of order N x 1, where g=1, 2,3, ..., Nin
a N-degree of freedom system. Assuming that the mass matrix does not vary, the eigenvalue problem
at the inelastic i-step can be written as:

[(k, - Ak) — wf,m]| @;; = 0 (4)

where w;, (rad/s) is the instantaneous cyclic frequency (rad/s) of each mode shape at the
inelastic i-step. The solution of the eigenvalue problem is achieved by setting the determinant of the
terms inside brackets in the left side of Eq. (4) equal to zero and finding the roots w?, of the
respective algebraic equation:

det[(k, — AKk;) — w?,m| =0 (5)

The instantaneous mode shape vector ¢;, can be found subsequently from Eq. (4) for each one
eigenvalue (uiz, g- Moreover, by knowing an eigenvalue (uiz, g- EQ. (4) is pre-multiplied with the
eigenvector @] ;:

@y [k, — AK;) — iy m] @; 5 =0 (6)

Rearranging the terms in Eq. (6) leads to:

@l AK @5 =@ K, @ — iy @ m @ (7)

Eq. (7) is written as follows in condensed form:

K;g = 0/ M, (8)

where K; ; and M;, are the modal stiffness and mass matrices respectively at the inelastic i-
step. If the mode shapes ¢;, are mass-normalized, then Eq. (8) can be written as:

Kig = wig

(9)
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As mentioned in Introduction, the instantaneous eigenfrequencies w;,, and the instantaneous
mode shapes ¢;, of the structure are detected by structural health monitoring using various
stochastic or deterministic procedures to analyze the time-history acceleration records. It is
highlighted here that a sufficient time window where the natural frequency remains constant must
be considered in the previous analysis. This condition applies only when the recordings come from
the ambient vibration of the damaged structure and does not apply in seismic situations. Therefore,
if wig, @i, Ko, AK;, m are known from the recently proposed methodology [31,32] then Eq. (7)
can be used at the end for verification purposes in advanced optimization and probabilistic analysis.

2.2. Phases of "M and P” technique

To assess the seismic damage of existing, ductile, planar, steel moment-resisting braced frames
(with an X or V configuration) using the "M and P" technique the following phases should be
performed:

(a) The fundamental natural frequency f; (Hz) of the existing damaged steel braced frame is
detected by structural health monitoring. Note that up to the first three eigenfrequencies can be
detected by the instrumental monitoring procedure.

(b) An appropriate mathematical non-linear model of the steel braced, moment-resisting frame
with rigid beam-to-column connections and pin brace-to-joint (X-brace) or brace-to-beam (V-brace)
connection is created. In this model, the nonlinear bending behavior of the end sections of the frame
elements (both beams and columns) is represented by incorporating fiber P-M2-Ms hinges. These
hinges are distributed over a distance approximately equal to the depth of the element's section.
Additionally, the nonlinear behavior of vertical concentric braces (with an X or V configuration) is
best modeled using links (axial springs) with an axial force-deformation (P-0) nonlinear law along
their longitudinal direction. This modeling approach is preferred over using plastic hinges in a
pinned frame element to represent the nonlinear behavior of the vertical brace, as these nonlinear
links can more accurately capture significant drops in strength. The skeleton curve of the nonlinear
P-d law for the brace links is defined by points that characterize yield, ultimate (failure), residual
strength, and fracture behavior, with buckling behavior anticipated for the compressed brace. This
curve will be illustrated in the numerical example. A series of separate pushover analyses are
conducted on the nonlinear model, each time targeting a gradually increasing roof displacement
Ugop,i- For each target displacement, two pushover analyses, with positive and negative floor forces,
are conducted. These analyses lead to the drawing of the capacity curve in terms of base shear V,
and top displacement Utqy. Fig. 1 shows the general form of the capacity curve of a steel braced
frame, along with its elastoplastic idealization, which defines the idealized yield point (u,,V,,) and
the effective stiffness at yield Kers (secant stiffness at yield) of the frame. Additionally, various

performance levels of the structure, corresponding to different roof displacements utqp;, are
depicted within the figure. The characteristic damage states correspond to different performance
levels (or Limit States). Starting from the health state (without damage), an increase in roof
displacement leads the steel braced frame to the first yield state (formation of the 1st hinge). Further
increasing the roof displacement leads the steel braced frame to the Damage Limitation (DL) state,
subsequently to the Significant Damage (SD) state, and, finally, at the ultimate roof displacement
Uy¢, the Near Collapse (NC) state appears. This ultimate displacement is defined as the point where
a sudden drop in strength exceeding 20% of the maximum observed strength occurs. Intermediate
damage states are characterized by their location between the aforementioned characteristic states
where they are observed. The general pattern of the capacity curve for ductile steel-braced frames is
characterized by high effective stiffness at yield and sequential strength drops in the inelastic range.
These drops are smaller when a compressive brace fails and larger when a tension brace fails. In
general, the first change in the slope of the elastic branch of the pushover curve is due to the yielding
of the braces and the following changes are due to the yielding of beams/columns [35]. Pushover
analysis is conducted using the following elevation patterns for the horizontal floor forces (for a unit
base shear, V, = 1): (i) the triangular pattern or that according to the fundamental mode shape is
used in frames up to four floors, (i) for taller frames, an additional pattern should be used, where an
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additional floor force equal to 0.20 -V, is applied at the top of the frame while the remainder of the
unit base shear (i.e. 0.80 - 1}) is distributed to the storeys according to the triangular pattern or that
according to the fundamental mode shape. This second pattern has been proposed for RC structures
in [36] but it was found to be effective for steel buildings as well. The aim of the second additional
pattern is to consider the influence of the higher modes on the seismic response of the frame. This is
particularly important in the nonlinear region, where even tall steel frame buildings braced with
vertical links can become flexible at high levels of roof target displacement. It is noted that a modified
pattern for floor forces in pushover analysis of steel moment-resisting frames is also presented in
equation (B.5) of the Informational Annex B of EN 1998-3 [37]. In this pattern, floor forces are
distributed in elevation relative to the frame period; specifically, in more flexible frames, higher floor
forces are applied as one moves towards the roof. It is emphasized that P-A effects should always be
considered in pushover analysis, especially in more flexible frame structures.
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Figure 1. Pushover capacity curve of a multistory steel braced frame. Target displacement at NC.

(c) Following the final step of each pushover analysis with increasing target displacement u,,,;
from phase (b) of the methodology, a stepping modal analysis of the existing steel braced frame is
performed. Specifically, the modal analysis corresponding to a roof displacement u,,,; is conducted
using the stiffness matrix of the damaged frame obtained at the final step of the corresponding
pushover analysis with the same target displacement. Care must be taken when performing
sequential modal analyses. These analyses should correspond to target roof displacements on the
upward (positive) slop of the pushover curve. Conversely, if the target displacement corresponds to
a point on a downward (negative) slope of the pushover curve, negative eigenvalues will result,
which lack physical significance. Consequently, a diagram of the stepping eigenfrequencies fy; (Hz)
of the damaged frame is plotted as a function of the roof displacement u,,; (m). The general form
of such a diagram is illustrated in Fig. 2. In this key aspect of the methodology, the inelastic roof
displacement u,,),; is plotted on the x-axis (abscissa) while the eigenfrequency fy; of the damaged
frame is plotted on the y-axis (ordinate). By incorporating the fundamental natural frequency f;
detected through the structural health monitoring in step (a), into this diagram, the seismic inelastic
roof displacement of the existing damaged steel braced frame can be determined. This displacement
is directly correlated with the seismic damage state of the frame. The next phase of the methodology
involves identifying this seismic damage state.

It is emphasized that, unlike reinforced concrete structures that crack, the moment of inertia of
the steel cross-sections in steel structures remains constant from the unloaded state to yielding and is
equal to the geometric moment of inertia. Hence, the nonlinear model of the steel-braced frame in the
sequential pushover and stepping modal analyses, which target increasing roof displacements,
includes steel sections with a stable geometric moment of inertia.
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Figure 2. Diagram of stepping eigenfrequencies f (Hz) of a multistory steel braced frame in the
nonlinear area.

(d) The known fundamental eigenfrequency f; (Hz) of the existing damaged steel braced frame
of phase (a) is inserted into the diagram of stepping eigenfrequencies (Fig. 2) and thus the
corresponding target inelastic displacement at the top of the frame wu;,,; is revealed. All other
stepping higher eigenfrequencies of the steel frame (fy,,fs ... fy,) are depicted within the
diagram along the same vertical line passing through the target displacement u;, ;.

(e) The seismic damage status of the existing steel braced frame can now be identified based on
the results of two pushover analyses. These analyses are conducted with positive and negative floor
forces, applied according to the two floor force patterns discussed in phase (b) of the methodology.
The target displacement in these analyses is equal to the roof displacement u;,;,; determined in the
previous phase of the methodology. The locations and states of the plastic hinges observed in the
final step of these pushover analyses provide an estimate of the damage state of the existing steel
braced frame. An overall assessment of the damage can be derived by considering the envelope of
the damage states obtained from both sets of pushover analyses.

(f) Following the final step of each pushover analysis in phase (e) with target displacement
Usop,i, @ modal analysis is conducted. In this analysis, the stiffness matrix of the damaged steel frame
from the final step of the pushover analysis serves as the initial condition. Through this stepping
modal analysis, all cyclic eigenfrequencies w; ; and all mode shapes ¢;, of the existing damaged
steel frame are determined.

(g) The stepping lateral (condensed) stiffness matrix k; of the damaged steel braced frame is
calculated at the specific inelastic i-step where the roof displacement u.,,; was observed. To achieve
this, it is more straightforward to first compute the flexibility matrix of the frame at the specific
inelastic i-step. This involves conducting separate linear analyses where lateral unit floor forces are
successively applied to each floor, aligned with the direction of the horizontal dynamic degrees of
freedom of the frame. These analyses are conducted in the final step of each pushover analysis during
phase (e), with a target displacement u,,, ;. The resulting horizontal displacements of the floors are
then organized as columns in the flexibility matrix of the damaged steel frame, which is of order N x
N for an N-degree frame structure. The inversion of this flexibility matrix results in the N x N stepping
lateral stiffness matrix k; of the existing damaged steel frame at the same inelastic i-step where the
roof displacement u,,,; is observed. Therefore, the N x N damage stiffness matrix of the steel frame
AK; within the same inelastic i-step can be calculated from the general relation Ak; = k, — k;, where
k, represents the initial lateral stiffness matrix of the steel frame in its health (undamaged) state. The
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calculation of k, follow the aforementioned procedure, which is conducted in the final step of a
pushover analysis considering only the incremental action of the vertical loads from the seismic
combination, g + ¥gq.

The steps for applying the hybrid "M and P" technique to assess seismic damage in existing,
ductile, planar steel frames, braced with X or V-links, are clearly outlined in the flow diagram
depicted in Fig. 3.

3. NUMERICAL EXAMPLE

In this section we examine an existing six-story planar steel frame, braced with X-links, as
depicted in Fig. 4. It is a moment-resisting steel frame braced with a combination of multiple X-braces
and single X-braces arranged in a single-stack or staggered configuration. Specifically, there are two
X-braces in a single-stack configuration on the first and second floors, with an additional X-brace on
the third floor directly above one of the two X-braces on the second floor. On the remaining floors,
there are single X-braces arranged in a staggered configuration. The connections between beams and
columns are assumed to be rigid, forming a moment-resisting frame, while the X-bracing is pin-
connected to the joints. The frame is assumed to be fixed at its base. This frame is part of a regular in-
plan (symmetric) steel building, with reinforced concrete slabs at the floor levels acting as
diaphragms. The composite action of the slabs on the behavior of steel beams is ignored as it is outside
the scope of this study. The steel frame features four equal spans of 5 m each. The height of the first
floor is 3.5 m, while each of the remaining floors is 3 m high, resulting in a total frame height of 18.5
m. The vertical uniform distributed loads on the beams of the frame are g = 35 kN/m, which account
for the self-weight, additional floor loads, and lightweight partition walls, and g = 12 kN/m, which
represent the live floor loads. The total vertical uniform distributed load of the seismic combination
on the beams of the frame is p = g + Y - q, where g - q represents the quasi-live loads with ¥y =
0.3 [38]. This results in a total load of p = 38.6 kN/m. These loads result in each floor having an
approximate mass of 78 t, contributing to a total frame mass of 468 t. The floor masses and degrees
of freedom for the six-story planar steel braced frame, used in the modal analysis, are shown in Fig.
4(b). Fig. 4(a) presents the two elevation patterns of horizontal floor forces (P-1 and P-2) referenced
in phase (b) of the methodology and used in the pushover analyses. The steel frame is constructed
using steel grade 5235, with an average strength of f_ = 258.5 MPa and a maximum strength of
f, = 396 MPa. The modulus of elasticity for the steel is E; = 210 GPa. In Fig. 5, the constitutive law
for the structural steel is depicted along with the performance levels.
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Y
The final values fN_( and AK; of the existing planar, ductile, steel frame, braced with X or V-
links, represent the mean results obtained from 4 pushovers. The location and severity of
damage are determined by the envelope of damage images obtained from 4 pushover analyses

Figure 3. Flowchart for identification of damage in existing steel braced frames using the “M and P”
technique.

The existing steel braced frame was designed according to EN 1998-1 [38] for the high ductility
class (DCH), to withstand a seismic ground acceleration 0.24g at its base, on soil category D, with a
behavior factor of g=4. The columns in the first four floors are constructed with wide flange steel
profile HEB 450, while the columns in the upper two floors are of HEB 400 steel profile. The beams
on all floors are constructed with steel profile IPE 400. The braces on all floors are constructed with
double channel steel profile (2UPN), with varying steel sections across different floors. The steel
sections of the structural elements of the steel braced frame are depicted in Fig. 6, which shows the
mathematical analysis model. The Finite Element Analysis software SAP2000 [39] is used for all linear
and nonlinear analyses within the context of the "M and P" technique. The columns and beams of the
steel frame are modeled as Frames elements while the braces are modeled as Link elements to
accurately capture significant drops in strength. Rigid zones are defined around the nodes to account
for their rigidity. The frame is generally regular in elevation, although there is a minor irregularity
due to the first floor being 17% taller than the subsequent floors.


https://doi.org/10.20944/preprints202408.2046.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 August 2024

d0i:10.20944/preprints202408.2046.v1

triangular pattern triangular
+ top force, P-2 pattern, P-1
EN > P, a g — U
‘pﬁ.add v Py } 67 } 6 top
=02V, ! | | H=3.00
| o N |
Ps—> Psr > Us
' } 1 H=3.00
' | | |
P, — P, . > iy
. L H,~3.00
L . |
Py Py s
C e
Vol v >< Hy=3.00
P z—h‘ P z—H‘ - Uy
b - 1,=3.00
o
Py, Pis n
4 .
3l 3l H=3.50
i 4
%-- -— -] - -
Vo=1

Six Degrees of
Freedom System

(@) (b)

b 1,=5.00—4—1,=5.00 L=5.00——L,=5.00—

Figure 4. Six-story, planar, steel braced frame: (a) static model for the pushover sets (P-1 triangular
pattern, P-2 triangular pattern + top force), (b) dynamic model.

According to phase (a) of the methodology, a multi-channel system of uniaxial accelerometers
is installed in the existing six-story steel braced frame and the horizontal acceleration response due
to ambient vibrations is recorded at each floor when the frame is at rest. From the analysis of these
recordings, the fundamental natural frequency f;; = 0.60 Hz of the existing damaged steel braced
frame is detected. This frequency will subsequently be associated with the i-step of the pushover
analysis.

In the nonlinear model of the steel-braced frame, Fiber P-M2-Ms type plastic hinges (FH) are
incorporated into the end cross-sections of the beams and columns (frame elements) to simulate their
nonlinear behavior. Five fiber hinges (FH) are inserted at each beam/column end-section with a
plastic hinge length of 0.1 m each to model distributed plasticity. These plastic hinges extend over a
total distance approximately equal to the depth of the cross-section of beams/columns. The
constitutive law governing the behavior of plastic hinges in nonlinear analysis is according to the
steel kinematic model [40]. The double channel X-braces are modeled as links, with their axial
constitutive relationships represented by a skeleton curve in terms of axial force (N) and axial
deformation (u). Fig. 7 depicts the nonlinear behavior of these links. The middle diagram in the first
row presents the characteristic points of the skeleton curve with their values. As shown in this figure,
the behavior of the links in compression is characterized by half the yield axial force and deformation
compared to their tensile counterparts to account for buckling. At the ultimate state, this reduction
in axial force and deformation for the links in compression exceeds the half-relative values in tension.
Indeed, the axial deformation is reduced significantly at the ultimate state in compression to account
for limited ductility under negative axial forces. A skew drop in axial strength is included in the
constitutive law in tension and compression beyond the ultimate deformation to prevent unbalanced
situations during analysis. A residual axial strength of 30% of the yield value is included in the
skeleton curve following the ultimate state, remaining constant until fracture.
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Figure 5. Stress-strain diagram of structural steel S235.
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Figure 6. Steel sections in steel braced frame. Columns/beams are modeled as Frame elements while
braces as Links.
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Figure 7. Constitutive relationships of Link elements simulating the axial behavior of vertical X-
braces.

To plot the capacity curve of the planar steel braced frame up to the NC state, two pushover
analyses should be conducted in both positive and negative directions. Since the multistory frame
has six floors (>4), the pushover analyses will utilize the two loading elevation patterns described in
phase (b) of the methodology: the triangular pattern and the triangular pattern with an additional
top force, both corresponding to a unit base shear. These patterns will henceforth be referred to as P-
1 and P-2 and are depicted in Fig. 4. The four capacity curves of the six-story steel braced frame
resulting from the two sets of pushover analyses with floor force patterns P-1 and P-2 are depicted in
Fig. 8. The capacity curve includes two ordinate axes: the first representing the roof displacement u,
and the second representing the chord rotation profile angle 6, = ug/H;,;, where Hy,, = 18.5m is
the total height of the frame. This angle represents the mean drift ratio of the steel-braced frame, as
shown in Fig. 9. Also shown within the Fig. 8 is the elasto-plastic idealization of these curves, which
identifies the idealized yield point of the frame (DL state) at a 6,, approximately equal to
0.05/18.5 = 0.0027 rad. Additionally, in the figure, it is evident that for the P-1 pattern in the positive
or negative direction, the NC state was reached at a 6, value approximately equal to
0.32718.5=0.0173 rad. As mentioned in phase (b) of methodology, the ultimate displacement u,;; =
0.32 m is defined as the point where a sudden drop in strength exceeding 20% of the maximum
observed strength occurs. It is also noteworthy that the capacity curves for the second pattern P-2
exhibit similar values of 6,, at failure and slightly lower effective (secant) stiffness K¢, at yield.

The sequence of yielding and failure of all vertical X-braces in the developed plastic mechanism
of the steel braced frame for the pushover analysis P-1 and P-2 along the positive direction is
illustrated clearly in Fig. 10(a) and 10(b), respectively, in terms of axial force and roof displacement.
The behavior is similar for both pushovers along the negative direction. These graphs are not exactly
linear because the axial force of the braces and the roof displacement of the frame do not align in the
same direction. In the same figures, the capacity curve of the steel braced frame in terms of base shear
and roof displacement, along with its counterpart due to base columns and base X-braces, is also
shown. It is noted that the contribution of the base X-braces to the base shear is obtained by
multiplication of their axial force with cos(a), where a is the angle of the base X-braces. This
contribution accounts for approximately 80% of the total base shear, similar to that observed in dual
RC frames as mentioned in the Introduction. As evident in Fig. 10, at the NC state the braces in
compression have failed on all floors except the top floor in P-1 and the first floor in P-2 pushover.
The NC state occurs with the failure of the braces in tension on the third and fourth floors in the P-1
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pushover, and on the fourth and third floors in the P-2 pushover, following this sequence. The first
plastic hinge forms in the braces under compression very early in both pushovers P-1 and P-2, at a
roof displacement of approximately 0.02 m. The DL state is reached at a roof displacement of 0.05 m
in both pushovers P-1 and P-2, when the braces in tension begin to yield.

1dealized
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Figure 8. Capacity curves of the steel braced frame resulted from pushover analyses along the positive
and negative directions using the two floor force patterns P-1 and P-2 (target displacement to NC
state).
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Figure 9. The chord rotation profile angle 6,, = ug/H, of the steel braced frame in pushover
analysis.
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Figure 10. Sequence of yielding and failure of the X-braces of the steel frame for the (a) P-1, (b) P-2
pushover along the positive direction.

According to phases (b) and (c) of the methodology, a series of pushover analyses are conducted
on the existing steel braced frame, each targeting a successively increased roof displacement until the
NC state is reached. These analyses are performed along the positive and negative directions using
the two loading patterns, P-1 and P-2. The objective of these analyses is to establish the natural
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eigenfrequency curves of the existing, damaged, steel braced frame. The first pushover analysis in
the series focuses on zero target displacement and only considers the gradual action of vertical loads
from the seismic combination, g + ¥q, representing the health state of the structure.

In the final step of each separate pushover analysis in the series, a stepping modal analysis is
conducted, starting with the observed damage state from this last step. Specifically, each modal
analysis considers the stiffness matrix of the damaged steel frame as determined in the final step of
the respective pushover analysis. In each of these stepping modal analyses, the six stepping
eigenfrequencies f;; éwc fy; (in Hz) of the steel braced frame are recorded, corresponding to the
number of dynamic degrees of freedom of the frame. As a result, the diagram showing the stepping
eigenfrequencies (Hz) of the steel braced frame as a function of the top displacement u,,; = ug; can
be plotted, up to a roof displacement u,,; = 0.32 m, where the NC state is attained. Fig. 11 illustrates
this diagram for the two pushover analyses, P-1 and P-2, with horizontal floor forces applied in the
positive and negative direction. The sudden peaks shown in this figure in each eigenfrequency line
correspond to unbalanced situations caused by the sudden failure of braces in compression. This
pattern becomes more pronounced near the NC state, where immediately before it, the braces in
compression on the first floor fail, and immediately after it, the braces in tension on the third and
fourth floors also fail (Fig. 10). As the flexibility of the frame should be higher with increasing seismic
damage (e.g. at NC state relative to the SD state), best-fit mean lines of the eigenfrequencies are
plotted as smooth, wide colored lines in Fig. 11. These best-fit lines can be used with good
approximation, especially for the fundamental eigenfrequency under consideration. To further
estimate the dynamic characteristics of the existing steel braced frame at the inelastic i-step, the mean
values of the stepping eigenfrequencies for each pattern, P-1 and P-2, should be calculated. These
mean eigenfrequency values f; to fy (Hz) derived from the best-fit lines are presented in Table 1 for
characteristic values of 6,,.. As shown in Table 1, the stepping periods Ti to Ts (s) of the existing steel
braced frame (where period T is the inverse of frequency f, i.e. T(sec) = 1/f) increase with the
increasing roof displacement u.,, . Consequently, the flexibility of the six-story steel frame
progressively increases due to the evolution of seismic damage. This increase in the periods 11 to Ts
(s) of the existing steel braced frame between the health state and the NC state is clearly presented in
Table 2. As is evident in this table, the fundamental period of the steel-braced frame is about six times
higher at the NC state compared to the health state. In Fig. 12, the diagram of stepping
eigenfrequencies (Hz) is combined with the capacity curve of the existing steel braced frame for a
target roof displacement equal to U, ;. The two diagrams are plotted up to a roof displacement of
0.32 m, corresponding to the NC state of the frame. These interconnected diagrams form the 'key
diagram' of the hybrid ‘M and P' technique, illustrating its application as follows:

(a) The fundamental eigenfrequency f; (Hz) of the existing steel braced frame, detected through
structural health monitoring in the field, is inserted into the frequencies diagram (Fig. 2). This reveals
the corresponding roof displacement u,,,; (or 6,,; respectively).

(b) With the roof displacement u;,,; known, we move upwards to the capacity curve of the
existing steel braced frame. Here, the seismic damage state is visually identified based on the
achieved performance level.

For clarity, only the capacity curves of pushovers P-1 and P-2 with positive floor forces are
shown in Fig. 12. The eigenfrequency diagram of the steel braced frame is plotted in Fig. 12 with the
best-fit lines determined in Fig. 10. The best-fit line for the fundamental eigenfrequency provides an
excellent approximation of its mean values across all pushover cases. According to phase (d) of the
methodology, the fundamental eigenfrequency f;; =0.60Hz of the frame detected through
structural health monitoring is inserted into the eigenfrequency diagram of Fig. 12. This reveals the
target displacement at the roof of the frame u;,; =0.18m (or equivalently, a 6. ; value
approximately equal to 0.01 rad), which corresponds to the seismic damage state of the existing steel
frame. All other higher eigenfrequencies (f,; éwg fi;) can also be determined within Fig. 12 at the
same inelastic i-step. Therefore, we focus on the part of the capacity curves up to u;,,; = 0.18 m,
while the rest of the curves up to the NC state (dashed line) are not considered. This roof displacement
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is closely linked to the fundamental frequency f;; = 0.60 Hz of the existing steel braced frame, which
was previously detected through the structural health monitoring in the field.
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— — — (colored) P-1along-x
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Figure 11. Diagram of stepping frequencies (Hz) of the steel braced frame in the nonlinear area.

Table 1. Mean values (best-fitted lines) of stepping eigenfrequencies (Hz) of the existing six-story,
steel braced frame, for the two pushover sets P-1 ko P-2.

Utop (M) Opr (rad) fi (Hz) f2 (Hz) fs (Hz) fa (Hz) fs (Hz) fe (Hz)
0 0 2.97 7.74 12.20 17.75 23.51 30.67
0.02 0.0011 2.82 7.57 11.91 17.36 22.94 30.03
0.05 0.003 1.70 5.83 9.00 13.50 18.65 23.90
0.08 0.004 1.14 4.10 8.25 12.60 16.61 20.23
0.13 0.007 0.70 3.35 7.00 11.40 15.42 19.43
0.17 0.009 0.61 2.90 6.31 10.70 14.78 18.96
0.18 0.010 0.60 2.80 6.14 10.53 14.64 18.84
0.2 0.011 0.58 2.60 5.80 10.20 14.35 18.60
0.23 0.012 0.55 2.55 5.70 9.95 14.07 18.50
0.26 0.014 0.54 2.50 5.60 9.70 13.88 18.40
0.28 0.015 0.52 2.47 5.53 9.53 13.75 18.33
0.3 0.016 0.51 243 5.47 9.37 13.63 18.27

Table 2. Increase in the period values (s) between the health state and the NC state of the existing
steel frame.

Damage State T, (s) T, (s) Ts (s) T, (s) Ts (s) Te (s)

Health 0.34 0.13 0.08 0.06 0.04 0.03

1st plastic hinge (up=0.02m) 0.35 0.13 0.08 0.06 0.04 0.03
DL (ut0p=0.05m) 0.59 0.17 0.11 0.07 0.05 0.04

At detected frequency(uwp=0.18m) 1.67 0.36 0.16 0.09 0.07 0.05
SD (Utp=0.24m) 1.83 0.39 0.18 0.10 0.07 0.05

NC (urp=0.32m) 2.00 0.42 0.19 0.11 0.07 0.05
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Table 3 presents the eigenfrequencies of the existing steel braced frame at a target displacement
of Uz, = 0.18 m, based on four pushover analyses (P-1 and P-2 in both positive and negative
directions). This table highlights the minor differences between the mean values of the
eigenfrequencies from these pushovers and the corresponding predictions of the fit-line, as seen in
Table 1 and Fig. 12 for us,, = 0.18 m.

Fig. 13 illustrates the first three stepping mode shapes (¢1i éwc s,) of the six-story, steel braced
frame at the same inelastic i-step where u.,, = 0.18 m is shown in the context of pushover analyses
P-1 and P-2 along the positive direction. The mode shapes for the negative direction are similar. These
mode shapes are determined through modal analysis following the last step of P-1 and P-2 pushovers
with target displacement equal to u.,, = 0.18 m.
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................................ : : : o el —‘-’—’—ﬁ‘_-‘—.“_.
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Figure 12. Diagram of stepping frequencies (Hz) in the nonlinear area closely linked with the capacity
curve of the existing six-story, steel braced frame (pushover analyses P-1 and P-2 with target
displacement u,;, = 0.18 m).


https://doi.org/10.20944/preprints202408.2046.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 August 2024 d0i:10.20944/preprints202408.2046.v1

17
Table 3. Stepping eigenfrequencies (Hz) of the existing steel braced frame into the nonlinear area, at
a target displacement of u;,, = 0.18 m in pushover analyses P-1 and P-2 along the positive and
negative direction.

Mode Pushover P-1 x Pushover P-1 -x Pushover P-2 x Pushover P-2 -x Mean values
1 0.64 0.51 0.66 0.66 0.62
2 3.16 2.60 2.98 3.01 2.94
3 6.68 6.34 6.00 5.99 6.25
4 10.86 10.85 10.37 10.41 10.62
5 15.07 14.77 14.46 14.43 14.68
6 19.14 18.99 17.85 17.78 18.44

Pushover P-1 x Pushover P-1 x Pushover P-1 x
Mode T (sec) f(Hz) Mode T'(sec) f(Hz) Mode T'(sec) f(Hz)
1 1.55  0.64 2 032 3.6 3 0.15  6.68

O, T=1 012 034 0.62 0.85 0.981.00] O,1=[-082 -1.52 -1.33 -0.28 0.69 1.00] ®,'=[ 1.20 0.87 -0.70 -1.20 0.02 1.00]

Pushover P-2 x Pushover P-2 x Pushover P-2 x
Mode 7'(sec) f(Hz) Mode 7'(sec) f(Hz) Mode 7'(sec) f(Hz)
1 1.52  0.66 2 034 298 3 0.17  6.00

@, T=[003 0.15 040 0.67 0.89 1.00] @©,"=[-029 -0.92 -1.22 -0.80 0.20 1.00] O, '=[075 1.47 020 -1.17 -0.61 1.00]

Figure 13. The first three stepping mode shapes 1, to s, of the existing steel braced frame in the
nonlinear area, at the final step of pushover analyses P-1 and P-2 with positive floor forces at a target
displacement u,,; = 0.18 m.
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Figure 14. Plastic mechanism of the existing, six-story, steel braced frame for the pushover analysis
P-1 with (a) positive, and (b) negative floor forces, at a target roof displacement u.,, = 0.18 m.
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Figure 15. Plastic mechanism of the existing, six-story, steel braced frame for the pushover analysis
P-2 with (a) positive, and (b) negative floor forces, at a target roof displacement u;,, = 0.18 m.
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Utop,i = 0.18 m in pushover analyses (a) P-1, (b) P-2 along the positive direction.
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Figure 17. Axial force- axial deformation behavior of X-braces of the steel frame at roof displacement
Utop,i = 0.18 m in pushover analyses (a) P-1, (b) P-2 along the positive direction.
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Figure 18. Sequence of yielding and failure of the X-braces of the steel frame at roof displacement
Utop,i = 0.18 m in pushover analyses (a) P-1, (b) P-2 along the negative direction.
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Figure 19. Axial force- axial deformation behavior of X-braces of the steel frame at roof displacement
Utop,i = 0.18 m in pushover analyses (a) P-1, (b) P-2 along the negative direction.

Additionally, as described in phase (e) of the methodology, Figs. 14 and 15 present the seismic
damage images of the steel braced frame at the same inelastic i-step where u;,, = 0.18 m is shown
in pushover analyses P-1 and P-2 along both positive and negative directions, respectively. The
developing plastic hinges in these figures are depicted by: (i) filled black semi-circles, representing
the damage state at the upper or lower fiber of the end cross-sections of the steel beam/column
elements, indicating a condition between the DL and SD states, (ii) filled color circles (green for DL,
blue for SD and red for NC), representing the damage state at the X-bracing elements, and (iii) X-
signed black circle indicating the failure of various braces in compression. The yield and failure
sequence of the braces of the steel frame at u,,, = 0.18 m is depicted in Fig. 16, in terms of axial force
and roof displacement for P-1 and P-2 pushovers along the positive direction. The corresponding
axial force—axial deformation behavior of the steel braces is illustrated in Fig. 17, indicating their
damage state. For the P-1 and P-2 pushovers along the negative direction, these aspects of behavior
are shown in Figs. 18 and 19, respectively.
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It is noted that in both pushover analyses P-1 and P-2, along both the positive and negative
directions, severe damage occurs primarily at the X-braces, with several of the compressed braces
failing. Meanwhile, the plastic mechanism that develops in the existing steel frame, particularly
concerning the beams and columns, is a beam sway mechanism, with moderate damage observed
only on the end-sections of the beams. No plastic hinge develops at the end-sections of the columns
on any floor or at the base of the frame. Additionally, it is observed that the severity of seismic
damage is slightly greater in the upper half of the existing steel frame and slightly lesser in the lower
half for the P-2 pushover analysis. As previously noted, for a conservative assessment of the damage
profile of the existing steel braced frame, it is advisable to consider the envelope of results from both
pushover analyses, P-1 and P-2.

It is important to note that during a seismic event, the actual seismic load on the structure varies
at each time step. Therefore, the seismic damage observed in the six-story steel braved frame may
differ from that predicted by the pushover analysis. However, the critical parameter in the proposed
methodology is the fundamental natural frequency f; (Hz) detected in the field through the
structural health monitoring. By knowing the fundamental natural frequency of the existing planar
steel frame, the corresponding seismic displacement at the top of the frame can be estimated using
Fig. 12. Additionally, the capacity curve linked in the figure allows for the identification and
assessment of seismic damage. It is emphasized that the second elevation pattern (P-2) for the floor
forces, which includes an additional force at the top of tall frames with more than four floors, should
always be considered in pushover analysis. This consideration is crucial because, in the deep
nonlinear range, the failure of several braces in compression causes the braced frame to become more
flexible, making it more sensitive to the influence of higher modes and second-order effects.

Finally, the stepping lateral stiffness matrix k; of the six-story steel braced frame is calculated
at the specific inelastic i-step where the top displacement u,,,; = 0.18 m occurs, corresponding to a
chord rotation profile angle approximately equal to 6,.; = 0.01rad. This matrix reflects the
reduction in lateral stiffness due to the progression of damage in the structure, particularly
accounting for the failure of various braces in compression and the resulting changes in the frame's
behavior. To facilitate the computation of the stepping lateral stiffness matrix, the stepping flexibility
matrix of the six-story steel braced frame is first determined at a top displacement u;,,; = 0.18 m
and then inverted, following the procedure outlined in phase (h) of the methodology. Decimal places
within the stiffness matrix are omitted for brevity. For the P-1 pushover analysis with positive floor
forces, the damage stiffness matrix K; at a roof displacement u;,,; = 0.18 m is as follows:

389635 -288907 113882 -23766 8882 -4922
-288907 433530 -316476 116213 -23348 4029
k; = 113882 -316476 426223 -294602 101353 -13897 (10)
-23766 116213 -294602 409167 -269417 59041
8882 -23348 101353 -269417 437511 -251167
-4922 4029 -13897 59041 -251167 203664
The lateral stiffness matrix of the six-story steel braced frame in the health (undamaged) state is
calculated using the same procedure outlined in phase (h) of the methodology:
1703412 -994416 129131 -19167 -17371 10389
-994416 1489715 -681819 119026 11485 -32439
k, = 129131 -681819 1021146 -568196 109771 -12825 (11)
-19167 119026 -568196 871983 -482707 78014
-17371 11485 109771 -482707 717627 -327892
10389 -32439 -12825 78014 -327892 279033

Therefore, the stepping damage stiffness matrix of the steel braced frame at the same inelastic i-
step is calculated by the general relation Ak; = Kk, — K;. The resulting matrix is as follows:

Akizko—ki=

1313778 705509 15249 N.E. N.E. N.E.
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705509 1056185 365344 2812 N.E. N.E.
15249 365344 594923 273594 8418 N.E. (12)
N.E. 2812 273594 462816 213289 18973
N.E. N.E. 8418 213289 280115 76725
N.E. N.E. N.E. 18973 76725 75369

We observe that all the aforementioned matrices are symmetrical, as expected. The notation
"N.E." within the damage stiffness matrix denotes that the coupled terms k4, ky5, k16, k25, K26, k36 are
"Not Evaluated" due to their high sensitivity. Below is the stepping damage stiffness matrix of the
six-story steel braced frame for the P-2 pushover analysis case with positive floor forces, at the specific

inelastic i-step where u.,,; = 0.18 m occurs:

Aki S ko - ki =
1161639 753503 57773 2958 N.E. N.E.
753503 1155753 438387 17049 N.E. N.E.
57773 438387 639968 287343 10022 N.E. (13)
2958 17049 287343 502948 234327 5673
N.E. N.E. 10022 234327 397925 173901
N.E. N.E. N.E. 5673 173901 182399

Within this matrix, it is noted that there are four coupled terms, kys, k16, ko5, k,6 marked as "Not
Evaluated" (N.E.). These terms also exhibit high sensitivity.
The respective damage stiffness matrices for the P-1 and P-2 pushover cases at u,,; = 0.18 m
along the negative direction are presented in Egs. (14) and (15) below:

Aki = ko - ki =
1298680 696030 13531 N.E. N.E. N.E.
696030 1050057 364496 2397 N.E. N.E.
13531 364496 594367 271663 6013 N.E. (14)
N.E. 2397 271663 507388 256748 15644
N.E. N.E. 6013 256748 324954 75616
N.E. N.E. N.E. 15644 75616 76566
1166729 762212 62235 2907 N.E. N.E.
762212 1169834 445774 17358 N.E. N.E.
62235 445774 644331 287041 8897 N.E. (15)
2907 17358 287041 498387 229395 4896
N.E. N.E. 8897 229395 389799 169925
N.E. N.E. N.E. 4896 169925 179266

4. Discussion on the results

In this section, the location and severity of seismic damage of the existing six-story steel braced

frame will be evaluated and compared to its health (undamaged) state. This evaluation is feasible
because all the results presented for the stepping eigenfrequencies in Table 3, the target roof
displacement in Fig. 12, the plastic mechanism in Figs. 14 and 15, and the damage stiffness matrices
(Eq. 12-15) are interconnected.

Indeed, by knowing the damage stiffness matrix Ak; of the planar steel braced frame, the final
percent (%) degradation of the stiffness terms within the matrix can be calculated with respect to the
stiffness matrix k, in the health (undamaged) state of frame. This degradation of the stiffness terms
is shown in matrix form in Tables 4 and 5 for the pushover analyses P-1 and P-2 with positive floor
forces, respectively. For the pushover analyses P-1 and P-2 with negative floor forces, the
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corresponding Tables are 6 and 7. The visual representation of the stiffness degradation matrices is
shown in Figs. 20-24, respectively. The percentage (%) deviation observed in the terms of the main
diagonal within the damage stiffness matrix Ak; with respect to the corresponding terms of the
stiffness matrix k,, demonstrates the magnitude of the seismic damage developed within the floors
of the existing six-story steel braced frame at the final step of the pushovers analyses P-1 and P-2 with
target displacement u,, = 0.18 m. This is fully compatible with the damage images observed in Figs.
14 and 15. For an aggregated assessment of the seismic damage of the existing six-story steel braced
frame in terms of stiffness degradation rates, the mean values of the respective matrices of Tables 4-
7 should be considered.

This study examines the seismic damage of ductile, planar, multistory steel frames with a
concentric X or V-bracing system. In such structures, the developed plastic mechanism is
characterized by severe damage or failure of the braces in compression, as well as moderate to severe
damage of the braces in tension. Additionally, plastic hinges form at the end-sections of the beams,
indicating a beam sway mechanism. However, plastic hinges can also develop in some columns,
especially those with high axial forces. This latter issue can be mitigated by employing a staggered
configuration for the concentric bracing system, as discussed in the Introduction. Such steel frames
with a concentric X or V-bracing structural system, designed according to EN 1998-1 [38], exhibit
significant ductile behavior, as demonstrated by the six-story steel braced frame considered in this
study.

The terms on the main diagonal of the stiffness matrix correspond to the horizontal dynamic
degrees of freedom of the floors of the steel frame (Fig. 4). Therefore, the deviation of these terms in
the matrix AK; from the corresponding ones in the matrix k, demonstrates the overall damage
occurring at the braces and the end cross-sections of the beams of each floor. It is noted that each
dynamic degree of freedom accounts for the behavior of the columns and braces both above and
below the respective floor, in addition to the behavior of the beams. From Tables 4 to 7, it is observed
that the stiffness degradation in the main diagonal due to seismic damage is similar for the P-1
pushover analysis in both the positive and negative directions. The same observation applies to the
P-2 pushover analysis in both directions. Additionally, in the P-2 pushover analysis, where an
additional top force is applied, the stiffness degradation in the main diagonal is higher on all floors
except the first floor. Specifically, this degradation is approximately 40% and 140% greater on the two
highest floors compared to the P-1 case. In contrast, on the first floor, stiffness degradation is 12%
lower in the P-2 case compared to P-1.

These observations align with the plastic mechanisms illustrated in Fig. 15 (P-2) compared to
Fig. 14 (P-1). In general, the severity of damage in elevation in the P-2 pushover is greater in the upper
half and less in the lower half of the steel frame compared to the P-1 case. Specifically, at the fifth
floor in the P-2 case, the brace in compression fails while the brace in tension experiences greater
deformation. It is noted that in P-1 pushover along the negative direction the brace in compression
(Link 14) is only marginally failed, as shown in Fig. 19. At the highest floor (sixth floor), both braces
in the P-2 case undergo significant deformation. Additionally, in the P-2 case, all the end-sections of
beams with negative bending on the fifth-floor experience moderate inelastic deformation, unlike in
the P-1 case, where no plastic hinges develop. On the other hand, in the P-2 case, the braces experience
lower levels of deformation at the first two floors compared to the P-1 case. Specifically, the two
braces in compression on the second floor do not fail, and one of the braces in tension on the first
floor remains elastic. Additionally, the end-sections of the beams on the first floor do not develop
plastic hinges in the P-2 case, unlike in the P-1 case.

Therefore, it is demonstrated that for a specific seismic damage image in an existing multi-story
steel frame with a X or V-bracing system, the stiffness matrix at the health (undamaged) state of the
structure degrades, leading to a change in the eigenfrequencies of the structure. These changes are
experimentally detected in the field through an instrumental monitoring system. Subsequently, using
the eigenfrequency diagram, which is the "key diagram" of the present methodology, the seismic
displacement at the top of the frame is revealed. This displacement corresponds to the observed
damage and ensures the same eigenfrequency values as those detected in the field. All parameters
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used in the hybrid "M and P" technique are interrelated, making it a self-proven and accurate damage
identification process.

Table 4. Deviation (%) of the damage stiffness matrix terms of the six-story steel braced frame at the
inelastic i-step where the roof displacement u,p,; = 0.18 m is observed in pushover analysis P-1 with
positive forces.

B.c. Uy U, Uz U, Ug Ug

Uy 0.77 0.71 0.12 N.E. N.E. N.E.
U, 0.71 0.71 0.54 0.02 N.E. N.E.
Us 0.12 0.54 0.58 0.48 0.08 N.E.
Uy N.E. 0.02 0.48 0.53 0.44 0.24
Usg N.E. N.E. 0.08 0.44 0.39 0.23
Ug N.E. N.E. N.E. 0.24 0.23 0.27

Table 5. Deviation (%) of the damage stiffness matrix terms of the six-story steel braced frame at the
inelastic i-step where the roof displacement u,p,; = 0.18 m is observed in pushover analysis P-2 with
positive forces.

B.e. Uy U, Ug U, Ug Ug
Uy 0.68 0.76 0.45 0.15 N.E. N.E.
U, 0.76 0.78 0.64 0.14 N.E. N.E.
U 0.45 0.64 0.63 0.51 0.09 N.E.
Uy, 0.15 0.14 0.51 0.58 0.49 0.07
U N.E. N.E. 0.09 0.49 0.55 0.53
Ug N.E. N.E. N.E. 0.07 0.53 0.65

Table 6. Deviation (%) of the damage stiffness matrix terms of the six-story steel braced frame at the
inelastic i-step where the roof displacement u;,,; = 0.18 m is observed in pushover analysis P-1 with
negative forces.

B.e. Uy U, Us U, Ug Ug
Uy 0.76 0.70 0.10 N.E. N.E. N.E.
U, 0.70 0.70 0.53 0.02 N.E. N.E.
U 0.10 0.53 0.58 0.48 0.05 N.E.
Uy, N.E. 0.02 0.48 0.58 0.53 0.20
U N.E. N.E. 0.05 0.53 0.45 0.23
Ug N.E. N.E. N.E. 0.20 0.23 0.27

Table 6. Deviation (%) of the damage stiffness matrix terms of the six-story steel braced frame at the
inelastic i-step where the roof displacement u;,,; = 0.18 m is observed in pushover analysis P-2 with
negative forces.

B.e. Uy U, Uz U, Ug Ug
Uy 0.68 0.77 0.48 0.15 N.E. N.E.
U, 0.77 0.79 0.65 0.15 N.E. N.E.
Us 0.48 0.65 0.63 0.51 0.08 N.E.
Uy 0.15 0.15 0.51 0.57 0.48 0.06
Us N.E. N.E. 0.08 0.48 0.54 0.52

Ug N.E. N.E. N.E. 0.06 0.52 0.64
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Figure 20. Deviation (%) of the damage stiffness matrix terms of the six-story steel braced frame at
the inelastic i-step where the roof displacement u;,; = 0.18 m is observed in pushover analysis P-1
with positive forces.
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Figure 21. Deviation (%) of the damage stiffness matrix terms of the six-story steel braced frame at
the inelastic i-step where the roof displacement u;,; = 0.18 m is observed in pushover analysis P-2
with positive forces.
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Figure 22. Deviation (%) of the damage stiffness matrix terms of the six-story steel braced frame at
the inelastic i-step where the roof displacement u;,; = 0.18 m is observed in pushover analysis P-1

with negative forces.
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Figure 23. Deviation (%) of the damage stiffness matrix terms of the six-story steel braced frame at
the inelastic i-step where the roof displacement u,,; = 0.18 m is observed in pushover analysis P-2

with negative forces.

5. CONCLUSSIONS

This paper evaluates the effectiveness of a recently proposed methodology for seismic damage
identification by investigating a set of existing, ductile, multistory, planar steel frames with an X or
V-bracing structural system. One of these frames is presented here in detail. It is a ductile six-story,
steel X-braced frame with four equal spans and a taller first floor. The X-braces are arranged in a
staggered configuration in the upper half of the frame, while the first two floors feature two X-braces
positioned in a stacked configuration. The proposed damage identification methodology employs a
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hybrid technique, called the "M and P" technique, which integrates the instrumental monitoring of
the structure (M) with pushover analysis (P). According to this methodology, the capacity curve of
the multistory steel frame at a specific target roof displacement is combined with the stepping
eigenfrequency (Hz) diagram of the frame. This diagram is plotted as a function of the target seismic
inelastic displacement u,,; at the top of the frame. To achieve this, a series of pushover and
stepping modal analyses are performed with a gradually increasing target displacement, each
corresponding to a specific value of the mean chord angle rotation profile 6,,; (rad) of the frame. In
the pushover analyses, two elevation patterns of floor forces are used, one with an additional top
floor force to account for the influence of higher modes on the seismic behavior of steel frames with
more than four floors. Subsequently, the fundamental eigenfrequency f; (Hz) of the existing
multistory steel braced frame, previously detected through a multi-channel accelerometer network
installed on the steel frame for instrumental health monitoring, is inserted into the eigenfrequencies
(Hz) diagram. Consequently, the inelastic roof displacement u;,,; of the steel frame is revealed,
corresponding to the fundamental eigenfrequency f;; measured in the field, and thereby indicating
the seismic damage state of the existing steel braced frame. The damage image of the existing steel
braced frame can now be directly identified in the final step of a pushover analysis with a target
displacement u;,, ;. At this final step, the stepping stiffness matrix k; as well as the damage stiffness
matrix Ak; of the existing steel braced frame can also be determined. The latter matrix is fully
compatible with the location and magnitude of seismic damage within the stories of the existing steel
braced frame, thereby confirming the seismic damage image as observed at the target displacement
Utop, in the pushover analysis.

All parameters of the hybrid "M and P" technique are interrelated, ensuring an accurate
estimation of the location and magnitude of seismic damage in multistory steel frames with
concentric X or V-bracing systems. Specifically, the inelastic roof displacement, damage stiffness
matrix, and eigenvalues are directly linked to the field-measured fundamental eigenfrequency, as
determined through the instrumental monitoring process. Thus, the present methodology for seismic
damage identification provided a highly reliable assessment of seismic damage in the existing six-
story, planar, steel X-braced frame under investigation.

The effectiveness of the "M and P" technique for damage identification has been validated in
regular in-plan RC buildings with a frame structural system or with a dual structural system
equivalent to a wall system as per EN 1998-1. Also, it has also been confirmed in other structures,
including RC bridges along their longitudinal direction. As demonstrated in this study, the "M and
P" technique remains applicable to regular in-plan steel X or V-braced buildings that are regular in
elevation or exhibit minimal irregularity. Future research should investigate its applicability in tall
steel braced buildings with significant elevation irregularities, as well as in irregular in-plan steel
braced buildings. It is important to note that the "M and P" technique is not suitable for steel buildings
that exhibit a soft-floor plastic mechanism, particularly those with a frame structural system lacking
capacity design.
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