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Abstract: A mid-story pin system to avoid moment-resisting frame column failure during seismic
action was proposed recently. The solution consists of a reinforced concrete (RC) pier protruding
from the foundations, the steel column connected with the superstructure, and plates and the anchor
bolt working as a pinned connection in between. This paper utilizes shell finite element analysis
(FEA) models to examine the demanded column-to-beam strength ratio to keep the column elastic
and maximize the story drift at the moment of beam buckling of the frame. The method of calculating
post-seismic residual strength based on maximal buckling deformation of the beam is also proposed.

Keywords: steel moment-resisting frame; soft-story mechanism; mid-story pin; local buckling
deformation; residual strength; plastic story drift

1. Introduction

Conventional frame systems for heavy-duty earthquake-resisting buildings are usually
based upon the moment-resisting frame (MRF) concept. The target is to allow the structure
to resist the earthquake load, utilizing the energy dissipation capacity relying on inelastic
actions within frame members. One of the most probable mechanisms leading to failure
is the concentration of the deformation within one story, called weak story (WS), which
may lead to the soft-story mechanism (SSM) of this floor. During SSM, the top and bottom
connections of the column of one floor turn into plastic hinges, and the story collapses,
which is the ultimate state of the structure. To avoid that, MFR concepts introduce ways to
uniformly distribute the story drift within the frame.

An easy and cost-efficient solution for typical steel frames is the concentrically braced
frame (CBF) concept. This solution, however, does not perform well in the situation
of a significant earthquake compared to the MRFs. One of the first attempts at CBF
systematization was presented by Khatib et al. [1], where the authors analyzed CBF with
various configurations of the braces. The results presented by Kimura and MacRae [2] have
shown the effects of the stiffness of the continuous columns on the story drift distribution
in CBF. This is important, as a high concentration of deformation within one story may
lead to members’ inelastic action, which is usually characterized by lowering the member’s
stiffness, potentially leading to SSM. In the abovementioned study [2], numerical analyses
were employed to propose empirical equations showing the effects of column stiffness and
to examine the drift concentration and column moment demand for frames. Ji et al. [3]
presented the analyses of CBF experiencing WS in a study of models with varying stories.
It was concluded that WS usually happens within the first floor but can be limited or
avoided if stiff gravity columns are used. It was proved that the gravity columns with
stiff, embedded bottom connections (hereinafter: FIX) perform better than those with
exposed, elastic connections (hereinafter: PIN). Qu et al. [4] proposed a CBF rehabilitation
method by implementing a stiff rocking system (RS). RS is a secondary solution providing
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uniform distribution of the story drift between the floors, therefore limiting WS occurrence,
which can be implemented for both CBF and MREF. Simpson and Mahin [5] checked the
behavior of the retrofitted frames with RS. In numerical and experimental analyses, it
was proved that when CBF fails, the structure relies on MRF action, with members and
connections not designed for such loads. Therefore, the WS inevitably leads to a greater
deformation concentration following SSM failure. In the presented research, the RS helps
against SSM occurrence by mobilizing the floors around the WS at the stage of MRF action.
Recently, Dong et al. [6] experimentally checked the low-rise CBF (characterized as a
low-ductility class, and therefore designed for very limited earthquake resistance) and
discovered that such structures collapse by SSM when the braces’ capacity is depleted.
Because the structural behavior of CBF with depleted brace capacity starts to rely on
MREF action, it was proposed that the most endangered first story can be upgraded by
strengthening the columns and column-to-beam connections to lower the collapse risk.

The CBFs are economic structures; however, in the situation of a significant earthquake,
the capacity of the braces may be depleted, forcing the structure to rely on the stiffness
of beams, columns, and connections in between. The structures designed to withstand
the seismic load are MRFs. The dissipation energy is based on the plastic deformation
of the structure. It is noticeable that MRF tends to be heavier than CBF, but the seismic
performance and architectural benefits are better (see EC8 [7], and Yazdanpanah et al. [8]).
In recent years, there has been noticeable research in this field. Yazdanpanah et al. [8]
created numerical models of various MRFs with irregularities. They checked the influence
of said irregularities on the failure probability, also from the point of view of strong column—
weak beam (SC-WB) action disturbances. For the MRF, the achievement of the SC-WB
action is the highest priority, as the assumption of the MRF system is not to allow for the
plastic hinge formation within the columns. The formation of an excessive number of
plastic hinges within the column leads to the failure of the structure via SSM of one or more
floors. Therefore, the target for the MRF is to design the structure so that the plastic hinges
are formed within the beams (and bottom of first story columns) until the system turns into
a mechanism.

In another approach by Jia et al. [9], MRFs with various types of RS have been ana-
lyzed. The authors proposed self-centering RS (SCRS), and, in numerical analyses, they
demonstrated its excellent performance. Zhu et al. [10] presented the numerical investiga-
tion of 4 to 16 story building MRF models utilizing self-centering viscous hysteretic devices
(SC-VHDs) using force-based design and direct displacement-based design (DDBD). The
authors proved the effectiveness of SC-VHDs in limiting the risk of SSM and allowing for
SC-WB behavior up to the point of system failure. The demand for the column-to-beam
plastic moment ratio was analyzed as well. In the case of frames below eight stories,
it was discovered that the moment ratio was required to be 1.8 or greater. Shakeri and
Dadkhah [11] defined the variant of DDBD just for MRF, as the general DDBD approach
was found imprecise.

For all the solutions presented above, two typical solutions of the first story column
support have been used—an exposed (PIN) and an embedded (FIX) type. In both cases, the
structure is vulnerable to failure due to the formation of excessive hinges within columns,
leading to an SSM (see [12-16]). This is because in both solutions, the stiffness of the top
and bottom of the column is different, which causes the bending moments at the top and
the bottom of the column to be different. Recently, a connection between an reinforced
concrete (RC) beam and a steel column on the first floor was developed (see Figures 1 and 2).
Kaneda et al. [17] analytically demonstrated the effectiveness of the proposed system.
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Figure 1. Details of the reinforced concrete (RC) column’s support.

Figure 2. Industrial applications of MSP (mid-story pin) systems.

In this mid-story pin (MSP) solution, the first story column is divided into the bottom
RC part and the upper steel column part connected to the balance of the superstructure.
These parts are connected with a pin, ensuring that the ratio between the column’s top
and bottom moments will stay constant in the horizontal load situation. MSP effectively
blocks the occurrence of abnormal concentrations of stresses in the column and, on a global
scale, of the story drift concentration in the first story. Therefore, it makes obtaining a
beam-yielding ultimate mechanism more straightforward (see Kaneda et al. [17]). Also,
structural members can cause buckling in a huge deformation, as summarized in previous
studies [18-44]. Moreover, the MSP structures experience higher deformations and lower
base shear than traditional systems (see [17]). This allows for greater energy dissipation;
however, the beams of MSP and MRF must be designed to withstand the excessive rotations
and provide higher energy dissipation capacity without failing due to the elastoplastic local
buckling (see [17]).

In previous research, the authors analyzed the behavior of the MRF models with
MSP (as shown in Figures 1 and 2) using the static analyses of the frame loaded with
forces/enforced deformations corresponding with the earthquake-originated motion of the
frame (see [17]). The ultimate earthquake resistance evaluation was primarily focused on
the rotational capacity and the distribution of forces between the upper and the lower part
of the first story column (see Kimura et al. [45]). Previous research on the behavior of the
frame with MSP used the simplified beam model approach utilizing the ideal pin in one
node, whilst the ultimate seismic capacity has been considered as the point of attainment of
the ultimate capacity of individual members. The trilinear curve has been used to describe
the relationship between the bending moment and rotation of the standard I-beam (see
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Kato et al. [46]). Experimental tests on the simplified frame consisting of the lowermost
beams and column under the cycling horizontal loading have been conducted (see Kaneda
et al. [47]); however, the influence of the vertical compressive force in the column was
neglected. Therefore, the phenomena of the counter moment generated by the vertical
force due to the shape of the bearing collar (as shown in Figure 3) were not taken into
consideration. The existence of such phenomena is essential, as the changing location of
the point of contact can either stabilize or destabilize the frame, significantly influencing
the balance of the moment within the column. This adds to the lack of precision caused by
previous research that did not consider the local stability loss of the beams and the ultimate
seismic performance being determined simply by the collapse of the members. Because
of the abovementioned simplifications, it cannot be stated that the seismic behavior of the
frame at the point of collapse has been thoroughly scrutinized.

r
1 1

\RF/‘
RM = RF Xr

Figure 3. Moment-generating mechanism of the connection (RF: reaction force, RM: reaction moment).

Numerical analyses of the stress distribution within the I-beam cross-section of the
MRF with MSP have not been provided in past research. This article grasps this kind of
analysis by utilizing the shell and solid elements, showing the influence of the beam cross-
section geometry, span-to-depth ratio, and the material properties of cross-sections. The
performance evaluation of I-beams has been addressed in previous studies in terms of the
reversed axial forces [48], restraint conditions [49,50], or steel frame subassembly [51,52]. In
line with the earlier proposed method, this study applied a method of beam analysis based
on the elastic local buckling load factor explained in Fujak’s study [50]. For the connection
part, the solid elements (C3D8) were used to reproduce the upper plate of the connection,
collar (fillet) plate, anchor bolt, and lower plate of the joint, together with contact/friction
between these elements. Therefore, the influence of the vertical force in the column and its
impact on the behavior of the model was considered as well.

As an effect of previous research, the method for calculating the residual strength of
the column after a disaster using a scale of local buckling deformation has been proposed
(see Kishiki and Iwasaki [53]). In this research, a similar method is applied to beams. Faced
with this need, structural health monitoring and damage detection methods have been
emerging and have recently advanced [54-68]. The value of the deformation can be easily
measured after a significant earthquake. The deformation value needs to be scaled using
web thickness; however, estimating this value on-site is also possible by unscrewing one
connection bolt or drilling the hole in the web. This makes the application of this method
easy for estimating the level of damage and outstanding residual capacity to provide
required repairing actions over the damaged members and allow for quick and efficient
restoration work.

Based on the abovementioned description, this paper is focused on the following:

(1) Describing the elastoplastic behavior considering the local loss of stability of the
structural members using detailed numerical models of shell and solid elements.

(2) Evaluating the relationship between the seismic performance and the scale of defor-
mation of the individual members, i.e., I-beams.

(8) Proposing equations to estimate the level of damage, residual stresses, and outstand-
ing capacity in the disaster-caused damage evaluation.
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To summarize, Figure 4 illustrates the scope of this research. The findings from this
study enable a quick and accurate assessment of structural integrity following a major
earthquake, thereby confirming the residual strength of the affected structures. Further-
more, engineers can quantify the safety margins for potential aftershocks, allowing them to
make informed recommendations regarding evacuation. This contributes significantly to
enhancing safety measures in the field of structural engineering.

Seismic force

Immediate assessment of
residual strength
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| Visual inspection
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Figure 4. Scope of this research.

2. Numerical Model Definition and Validation for Square Hollow Section (SHS)
Columns and I-Beams Considering Local Buckling

This section is focused on the definition of the shell-and-solid numerical model con-
sisting of SHS columns and I-beams considering local buckling with the comparison of
the results against previous experimental results. Figure 5 describes a numerical model
of the components of the analyzed frame—steel SHS column and I-beam. The model
has been defined using the Abaqus finite element analysis (FEA) program [69]. The ex-
perimental results from Kishiki and Iwasaki [70] and Kimura et al. [71] have been used
for the model calibration. Because of the computation time and the different mesh size
requirements across the model, the mesh becomes coarse towards the beam’s free end and
refined towards the supported edge, where the buckling will occur. For the model of the
SHS member, the number of elements in the detailed area is 30 in the longitudinal direction
and 12 (per wall) in the perpendicular direction. The refined part of the I-beam is divided
into 15 elements longitudinally, with 8 elements across the flange width and 16 elements
across the web height. This research conducted a mesh sensitivity analysis to ensure the
accuracy and stability of the simulation results. The chosen mesh size was optimized to
balance computational efficiency with solution accuracy, confirming convergence within
acceptable limits. This approach to mesh sizing is consistently applied to all FEA models
presented in this study.

The fillet radius of the SHS was determined to be 2.5 x t (where t is wall thickness) in
accordance with the general configuration of manufacturers. The initial imperfections were
applied using the scaled value of the first buckling mode shape, as visible in the lower part
of Figure 5. The shape was obtained from the Linear Buckling Analysis (LBA) assuming the
loading with a single compressive force applied to the controlling node of the diaphragm
at the free end of the member. It was scaled to be 1% of wall thickness at a given point of
the model. The assumed material properties were based on the combined (kinematic and
isotropic) hardening law. Boundary conditions for eigenvalue analyses were identical for
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both models, with complete fixing at the detailed end and out-of-plane displacement, as
well as rotation about the longitudinal axis of the member blocked at the free end.

4-Node shell elements
3-Node shell elements

L=2000 (L/H=5.0)
Diaphragm

(b)
Figure 5. Numerical models of column and beam: (a) SHS; (b) I-beam.

For the SHS in Figure 5a, the width and height are 200 mm and the thickness is 6 mm.
The yield and ultimate stresses are 330 N/mm? and 444 N/mm?, respectively. In terms of
the I-beam in Figure 5b, the height and width are 400 mm and 200 mm, respectively. The
actual thickness of flange and web plates are 12.88 mm and 8.00 mm, respectively. The
yield and ultimate stresses of flange plate are 352 N/mm? and 430 N/mm?, respectively.
The yield and ultimate stresses of web plate are 330 N/mm? and 444 N/mm?, respectively.

In terms of the constitutive model, the simulation adopts the combined hardening law
proposed by Lemaitre and Chaboche [72]. The parameters used in this study are as follows:
initial yield stress (f,), kinematic hardening modulus (C), the rate of hardening modulus
decrease (), maximum change in the yield surface size (Qw), and the rate of initial yield
stress change (b). Specifically, the parameters are set to Cn = 4.0 GPa, ¥ = 30, Qo= 240 MPa,
and b = 8. These values were derived based on stress—strain loops from both the initial and
stabilized cyclic curves, following the methodology suggested by Chaboche [72].

In the case of the SHS column, the model with imperfections has been loaded twice
with alternating positive and negative enforced deformation of the value 0 = arctan (6;,/L)
=0.02 rad (where ¢, L are displacement at free end and length of the beam, respectively)
and later with altering positive and negative enforced deformation of 6 = 0.025 rad. In the
case of the I-beam, the deformation was measured using the dimensionless value of 68/ Opl,
which is the rate of chord rotation 6 versus the chord rotation achieving full plastic moment
9pl- The value of 6/ 0,1 has been set as 1, 2, 4, and 6, with one positive and one negative
load for each value. However, in the frame model, there is also an axial force compressing
the column generated by the self-weight of the building. Upon arising deformation, this
force starts to be partially transferred into the bending moment and the shear force in the
column. The initial force is 15% of the yielding axial capacity of the column’s cross-section.

Since the model analyzed in this paper is not a model of the whole building but a
fishbone model of one of the central columns and area nearby, the effect of fluctuation of
the axial force is not considered, and the axial force is assumed to be constant.

Figure 6 presents the comparison between numerical analyses and experimental
outputs (see [70,71]) using the moment-to-rotation hysteresis loops. For both members, the
numerical analysis results follow the experimental output, and high convergence is also
obtained for the post-yielding range. The strength deterioration caused by local buckling is
also replicated in the FEA, validating the numerical models presented in Figure 6.
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Figure 6. Hysteresis loops of column and beam: (a) SHS; (b) I-beam.

3. Simplified Residual Strength Indices in I-Beams After Local Buckling

This section presents the simple evaluation method of the strength in the member
using the maximal local buckling deformation d, as proposed in the reference [53]. The
I-beam residual stress index is proposed based on data from numerical analyses.

3.1. Estimation of Residual Stress Using Maximal Local Buckling Deformation

In this section, experimental results from the reference article [53] and numerical
analyses of members shown in Section 2 are compared, and the validity of the evaluation
index relating residual buckling stress with the local buckling deformation scale is verified.

Figure 7 compares the numerical and experimental results [53] using the skeleton
curve of positive loading half-loops. The FEA model was newly constructed to match the
exact specifications of the experimental setup, including the cross-sectional dimensions.
This alignment ensures that the sections used in the analysis are identical to those in the
experiments presented in reference [53]. The data presented on the graph show good
convergence, and the validity of the numerical analysis model illustrating the behavior of
the experimental model is confirmed.

M/ Mpl
2

Exp || | I-200x180x6x6 L=1460 N/N,=0.18

Figure 7. Skeleton curve derived from half-cycle loops.

The next step was to confirm if the numerical model can reproduce the local buckling,
which occurs in the case of the experimental model. Figure 8 reveals the relation between
the stress in the cross-section (in the form of M/Mj,;, which is the moment of the beam
versus the full plastic moment) and the value of the maximal deformation of the beam web
d. The graph presents both the numerical and experimental results, and the continuous line



Appl. Mech. 2024, 5

945

is obtained by connecting the maximal deformations per cycle of the model’s loading. From
the graph, it is possible to conclude that even in the case of very detailed results, such as
the scale of the deformation caused by local buckling, the convergence of the experimental
and numerical output is very high; therefore, the numerical approach may be used for
further analysis.

’ M/Mpl
1-200%180%6x6 L=1460 N/Ny=0.18

s T

d (mm)
Figure 8. Simplified skeleton curve against buckling deformation.

3.2. Parametric Analysis Affecting Residual Strength
3.2.1. Overview

In previous research [53], the residual strength evaluation method was based on the
most significant deformation of the flange of the beam that had undergone local buckling.
Using the mechanical model, as shown in Figure 9, the method of calculating the bending
moment related to the segment’s local buckling deformation has been proposed. However,
in the case of the majority of short-span I-beams, due to the shear-governed buckling, it is
the size of the deformation of the web that governs. Therefore, in the case of this research, it
is impossible to use an identical model as proposed in Figure 9 to estimate the post-buckling
state of the member. Instead, web deformation (see Figure 8) is used as a base for the novel
index of the post-buckling residual strength.

L: Length t. Wall thickness 65: Buckling shortage
O5: Rotation angle D: Column’s width &5: Buckling range

Figure 9. Buckling mechanism model.

This paper aims to express the relationship between the bending moment and the scale
of the local buckling deformation of the member. Figure 10 illustrates four crucial indexes
used in the proposed evaluation method. The first index, 71, is the ratio of the maximum
force that occurs in a member to the full plastic capacity of said member. The d; is the
unitless deformation index, defined as the buckling deformation at the point of maximal
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force occurring e; divided by the web thickness f,,. The d; is the unitless deformation
index based on web deformation when the residual strength deteriorates to maximal plastic
capacity value, and d3 is the index based on the web’s local buckling deformation when the
residual force lowers to 50% of full plastic capacity. The equations to estimate those four
values (using the cross-section properties of the I-beam as parameters) have been defined
and checked against the results obtained from the numerical analyses. The parameters
used were as follows: half-flange width-thickness ratio by/tf, web height-thickness ratio
hw /tw, beam span-to-depth ratio L/H, yield strain ¢;, and post-yielding secant modulus Es.
To consider the local buckling only, global out-of-plane deformation of the I-beam member
has been restrained at the point laying 0.25 x L from the fixed end of the beam, as reported
by Suzuki et al. [48]. It was confirmed that the restrain at this point does not influence the
maximal deformation of the web of the I-beam as it is sufficiently distant from the point
where the maximal local buckling deformation occurs.

M/M,, |7,: Ultimate strength ratio

d;: Buckling deformation at max strength

dy: Buckling deformation at deterioration to M,

dy: Buckling deformation at deterioration to half of M,

Trf ‘

d (mm)

i 4, 7,

Figure 10. Residual strength against buckling deformation.

3.2.2. Numerical Analysis with Various Parameters

This section discusses the influence of the aforementioned five analysis parameters on
the value of the four indexes. Table 1 presents the values for the numerical analysis used in
this sub-section. Five types of cross-sections have been considered, with only the thickness
of the web and flanges changing. Cross-section No. 5 was assumed as a reference case.
Note that the class of the web and flange (as per Eurocode 3 (EC3) [73]) depends on the
material used. Three values of span-to-depth ratio have been considered: 5.0, 6.0 (reference),
and 7.0. Regarding the class of steel, Young’s modulus E was assumed to be equal for all
tests (205 kN / mmz); however, the elongation at yielding ¢, varied between 1.14 x 1073,
1.58 x 1073 (reference) and 1.95 x 10~3. The respective yield strain corresponds to the yield
strength f, of 235, 325, and 400 N/mm?, respectively. Post-yielding secant modulus E; has
been assumed as 0.020 x E (reference), 0.015 x E, or 0.005 x E. Note that the definition of
the post-yielding secant modulus is a slope between ¢, and ¢ = 0.020. The analyses were
performed using the monotonic loading within the range, which allowed us to obtain the
defined points in Figure 10.

Table 1. Parameters of I-beam.

No. H (mm) hy (mm) B (mm) bf (mm) t (mm) i (mm) Flange Class Web Class
1 600 562 300 145.5 9.0 19.0 1,2 1,2

2 600 576 300 144.0 12.0 12.0 3,4 1
3 600 562 300 140.5 19.0 19.0 1,2 1
4 600 552 300 144.0 12.0 24.0 1 1
5 600 562 300 144.0 12.0 19.0 1,2 1

L/H &y Est (GPa)

Variables of 5.0 1.14 x 1073 0.005 x E

all analyzed cross-sections 6.0 158 x 1073 0.015 x E

7.0 1.95 x 1073 0.020 x E
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Figures 11-14 present the influence of these parameters on the values of the four
aforementioned indexes. The L/H parameter has been changed between the shown series
in all figures.
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Figure 14. Influence of material secant modulus: (a) dy; (b) dy; (c) d3; (d) 71.

Based on Figure 11, it is possible to describe the influence of the flange width-to-
thickness ratio on the behavior of the structure. d; decreases with the increasing slenderness
of the beam’s flange. This is an effect of the lower bending stiffness of the slender flange;
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therefore, the slender flange does not drag the web together while buckling in the same
scale as the bulky flange. Even after the point of maximum stress, this trend continued due
to the low restraining effect between the flange and the web for cross-sections with slender
flanges, as both the d; and d; indexes decreased with the flange’s slenderness increasing.
As described in reference [50], T1 tended to decrease as the flange width-to-thickness ratio
became larger due to lower stiffness and ease of buckling in the case of slender flanges.

Figure 12 presents the influence of the web height-to-thickness ratio 1,/ t,. The d; be-
comes larger together with the increasing slenderness of the web. This is because the thinner
the web, the lower its out-of-plane stiffness; therefore, the deformation increases, turning
from compression to out-of-plane web bending. Upon achieving maximal stress, this trend
continues, and the d, and d3 indexes increase with the web’s slenderness. As described in
the literature (see [50]), T1 decreases as the web’s height-to-thickness ratio increases.

The influence of yielding strain can be seen in Figure 13. As ¢, increases, the d; value
decreases slightly. This and other results can be explained in a similar way to the influence
shown in Figure 11. This confirms that changing the yield stress value effectively has
the same effect as changing the thickness of the plate and the equivalent plate thickness.
Models made of higher-class materials are plasticized on a lesser scale than those made
of lower-class materials; therefore, the deformation at higher gy is smaller. Thus, similar
results were obtained when reducing the flange width-to-thickness ratio by decreasing the
yielding strain.

Figure 14 exhibits the influence of changing the post-yielding secant modulus. When
the secant modulus is high, the stiffness after plasticizing becomes significant; therefore,
the cross-section does not deform significantly, so d; tends to decrease with increasing Es;.
Upon reaching the maximum residual stress, the stress starts to decline. However, the
buckling zone within the cross-section propagates slower for the material with higher post-
yielding stiffness, and the cross-section maintains a certain degree of strength. Therefore,
the bending moment is greater for a given beam deflection, decreasing the strain to obtain
the required stress level. Hence, both d; and d3 rise together with the increase of Eg;. Stiffer
material allows the member to achieve a higher level of 7;.

In addition, to increase the span-to-depth ratio, L/H indexes d1, d5, and d3 also rise. It
is due to a longer unsupported span and, generally, higher slenderness of the beam itself.
The value of 71 decreases slightly with increasing L/H.

3.3. Simplified Formula for Residual Stress Evaluation

In Section 3.2, the influence of changing the values of all the parameters on four
evaluation indexes was described. Four equations describing the indexes were derived
using the results from those analyses. Equations (1)-(4) were constructed based on the
numerical analyses presented in this article using the least squares method. The base of all
the equations is the elastic local buckling load factor of the beam summarized in [50], which,
by definition, depends on cross-section geometrical parameters, material parameters, and
beam length. The form of the equations describing elastoplastic behavior has been proposed
by Fujak et al. [50]. Deformation indexes were adjusted using the web height-to-thickness
ratio, which significantly influences the scale of deformation and the secant modulus of
material used, as this parameter was not considered in the referred research. The powers
used correspond to the influence of the parameters, as seen in Figures 12 and 14. For the
ultimate strength ratio in Equation (4), the only correction compared with the original
equation was applying the secant modulus factor (where the (., |, is the elastic local buckling
load factor [50]).

d1 = (0484 ,"° 4+ 0.3) X (he/t)?* x (Est/E) "% x 107* 1)

dy = (2.60¢p"° — 2.0) X (hay /)" x (Est/E)*® x 1071 @)
d3 = (2200, 5° 4+ 6.2) X (ho/tw)> x (Est/E)*® x 1071 3)
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Figure 15 shows a comparison between the results received from the proposed
Equations (1)—(4) and the output obtained from the numerical analyses. As demonstrated,
the equations estimated most of the results with £20% accuracy, proving the effectiveness
of the approach.
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Figure 15. Comparison of results obtained from Equations (1)-(4) (EQU) with numerical analyses
(FEA): (a) dq; (b) dy; (c) d3; (d) 1.

4. Static Pushover Analysis of a Three-Story Fishbone Frame with Mid-Story Pin
Connections Considering Local Buckling

This section presents the static pushover analysis of the frame with an MSP connec-
tion accounting for the local buckling phenomenon of the beam. The ultimate seismic
performance is determined by the collapse of the beam considering the shape of the beam’s
cross-section, the secant modulus of the material, and the influence of the compressive
force in the column. Furthermore, the aim is to define the equation describing the relation
between the local buckling of the beam and the angle of inter-story drift of the frame.

Generally, the concrete slab is placed on the top flange, and its influence varies depend-
ing on the stress transfer through the shear connectors. However, for the sake of simplicity,
this research disregards the contribution of the concrete slab. This aspect will be addressed
in future studies. Instead, to specifically investigate local buckling, the beam is constrained
out-of-plane at a point 25% of the beam length from the column face. This setting aligns
with the definition used in previous research [48].

4.1. Numerical Model for Single-Story Cruciform Frame with Pin Connection

Figure 16 shows the numerical model of the part of the building designed to scrutinize
the influence of the mid-column hinge, as in reference [47]. The pin is built of a lower base
plate, anchor bolt, collar plate, and upper base plate, as shown in Figure 16b. These parts
have been modeled as 3D elements. As the stiffness of the lower RC part of the column
is significantly higher than the steel frame, the RC deformation is neglected. Therefore,
the bottom surface of the lower base plate is assumed to be fixed. The loading is an
enforced deformation. The deformation index d7/H, obtained by dividing the value of the
deformation divided by the total height of the frame (including the height of the RC pile),
is set to achieve values of 0.0025, 0.005, 0.0075, 0.01, 0.015, 0.02, 0.025, 0.03, 0.04 and 0.05,
both positive and negative, with three cycles per each value specified.

Figure 17 illustrates the comparison between experimental results and numerical anal-
ysis output. In Figure 17, Py stands for the applied horizontal force and Py, ,; designates
the horizontal force causing the beam yielding.
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Figure 17. Hysteresis loop of the mid-story pin frame.

The numerical analysis result shows good convergence with the experiment results;
therefore, it can be concluded that the analytical model of the pin connection shown in
Figure 16 sufficiently reproduces the actual structure’s behavior.

Figure 18 compares the analytical and numerical bending strain in the column e
against 7/H being 0.01, 0.02, and 0.05. It is proven that the pin model works as a hinge for
both the experimental and numerical analyses.
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Figure 18. Bending strain in the column.

4.2. Overview of Three-Story Fishbone Frame Numerical Model with Mid-Story Pin Connection

Figure 19 shows a detailed three-story model of the frame with a pin connection in
the middle of the first story column. Similar to Section 3, to include only the effects of
local buckling, the out-of-plane deformation of the beams is restrained at the position of
0.25 x L. The anchor bolt material and parameters were chosen to keep it at the elastic
stage until the level of enforced drift of 0.03, providing the failure does not occur before
the beam buckling. The distribution of external force was assumed to be A; distribution
guided by AlJ provision [74].
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Figure 19. Three-story fishbone numerical models: (a) frame with mid-story pin support; (b) detailed
pinned connection model; (c) frame with embedded support.
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Tables 2—4 present the analysis parameters of the three-story fishbone frame with the
pin connection in the middle of the first story, where the D and ¢ are the side length and
thickness of the column, respectively. The column was assumed to remain in the elastic
stage to enable a straightforward investigation of the characteristics determined by the
beam properties. The cross-section of the beam varied between 14 kinds, with a class of
1 and 2. The beam’s material was set to have a full plastic moment, which differed by
a maximum of 5% from the parameters taken for reference cross-section (No. 5). The
cross-sections of the I-beams Nos. 1 to 11 had a height of 600 mm and a width of 300 mm.
The cross-section performance was edited by changing the thickness of the flange and
the web. For the cross-sections of beams Nos. 12 to 14, the width and the height were
different compared with other cross-sections. As for the material properties of the beam,
three types of secant modulus of 0.020 x E (reference), 0.015 x E, and 0.005 x E were used,
the same as in Section No. 3. Note that, despite the column being an elastic element, for the
section classification and the axial force utilization, the yield strength of 295 N/mm? was
assumed. The referential axial force of the column was taken to be about 20% of the axial
force column’s cross-section capacity (615 kN per floor).

Table 2. SHS column parameters of 3-story fishbone frame.

No. D (mm) t. (mm) Wall Class fy (N/mm?)
1 450 22 1 Elastic

Table 3. I-beam parameters of 3-story fishbone frame.

No. H (mm) hy (mm) B (mm) bf (mm) ty (mm) ty (mm) Flange Class Web Class  f; (N/mm?)
1 600 568 300 145.5 9.0 16.0 2 1 270
2 600 562 300 145.5 9.0 19.0 1 1 250
3 600 562 300 145.0 10.0 19.0 1 1 235
4 600 568 300 144.5 11.0 16.0 2 1 270
5 600 562 300 144.0 12.0 19.0 1 1 235
6 600 556 300 144.0 12.0 22.0 1 1 210
7 600 568 300 143.5 13.0 16.0 2 1 270
8 600 562 300 143.0 14.0 19.0 1 1 235
9 600 556 300 143.0 14.0 22.0 1 1 210
10 600 564 300 142.0 16.0 18.0 1 1 215
11 600 556 300 142.0 16.0 22.0 1 1 200
12 550 506 300 144.0 12.0 22.0 1 1 235
13 650 612 250 119.0 12.0 19.0 1 1 235
14 650 618 300 144.0 12.0 16.0 2 1 235

Table 4. Connection parameters and variables of three-story fishbone frame.
Connection Parameters Variables of All Analyzed Frames
Part fy N/ mm?) N (kN) Es (KN/mm?)
Anchor bolt 835 0.2 X Ny 0.005 x E
0.4 x N, 0.015 x E
i Y
Plate (Top, Collar, and Btm) Elastic (Ny = 9200 kN) 0.020 x E

4.3. Impact of Variable Parameters on the Ultimate Seismic Performance of the Frame

Figure 20 analyzes the cross-section of the beam of No. 5. The column-to-beam plastic
strength ratio is 2.0 (note that in this diagram, the yield strength of the column is assumed
to be 355 N/mm? in the case of D/t, = 20.5 (f. = 22 mm) and 470 N/mm? in the case of
D/t, =281 (t. = 16 mm)). The relation between story shear force and story drift for the
mid-column hinge and embedded support is shown. The width-to-thickness ratio of 28.1 is
about the lowest limit value of the 1st class. In the case of the MSP type of column’s base,
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since the local buckling does not occur in the column until the maximum story shear force is
reached, the main parameter is the total plastic deformation capacity, so the influence of the
width-to-thickness ratio of the column’s wall is small. In the case of the embedded column
base, when the width-to-thickness ratio for the column’s cross-section is 20.5, it behaves in
the same way as the MSP model does; however, in the case of the width-to-thickness ratio
of 28.1, the model with embedded connection reaches the yielding stress early, causing the
divergence in comparison with other models.
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Vst Story column buckling VColumn sM, |
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Figure 20. Shear force vs. story drift of the 1st story (Mc 1/ M} p; = 2.0).

Figure 21 presents the relationship between the story shear force and the story drift
for the frames using various parameters. However, for each figure presented, only one
parameter has been edited.

The result shown in Figure 21a,b is the outcome of decreasing the flange’s and web’s
width-to-thickness ratios, showing the improvement of the performance of the beam by
allowing for both the horizontal force and story drift to be greater at the point of maximal
force. This is due to the rising capacity and stiffness of the beam with lower width-to-
thickness ratios of the segments.

Figure 21c shows the influence of the cross-section shape variations. Cross-section No.
12 (550 x 300) has a smaller height-to-thickness ratio of the web than the reference, which
was achieved by reducing the height of the beam. This edition makes the cross-section
more compact and improves the performance of the beam significantly, allowing for greater
force and enforced deformation to be taken. For cross-section No. 13 (650 x 250), the
opposite edition was made, where the web is taller; hence, the web’s height-to-thickness
ratio is increased. At the same time, the flange’s width-to-thickness ratio was decreased to
maintain the same full plastic strength of the beam by making the flange narrower. For this
type of cross-section, the outcome shown in Figure 21c does not change much compared
with the reference one: the maximal force rises slightly, but the rotation at the point of
maximum stays intact. The geometric properties of No. 14 (650 x 300) are identical to No.
13 for the height. However, the reduction in the flange’s area was based on reducing the
thickness while keeping the width unchanged (therefore increasing the width-to-thickness
ratio). The effect visible in the skeleton curve is a deterioration of the story drift at the
point of maximal strength occurrence, though the force does not change significantly. This
behavior suggests that the buckling mode is flange buckling influenced by the restrain
provided by web stiffness.
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Figure 21. Influence of parameters over shear force vs. story drift ratio of the 1st floor: (a) flange’s
width-thickness ratio; (b) web’s height-thickness ratio; (c) section’s shape; (d) secant modulus; and
(e) axial force.

Figure 21d presents the effect of the post-yielding secant modulus of the material.
As the modulus increases, so does the maximal force. The value of the story drift regis-
tered during the peak point stays roughly the same, showing a minimal influence of the
secant modulus.

In Figure 21e, the influence of the axial force value is in the form of the percentage of
the maximum column’s cross-section capacity (Ny). The axial force influences the value
of the moment in the beam. The higher the column’s utilization, the higher the I-beam’s
bending moment. Therefore, the higher the vertical force, the lower the inter-layer force
and the smaller the corresponding enforced deformation. However, the difference between
0.2 x Ny and 0.4 x Ny, is slight. This is strongly affected by the elastic model of the column.
Interestingly, for greater deformations, the horizontal eccentricity between the top and
bottom of the column creates the bending moment in the same way as the vertical force,
therefore reducing the demand for the vertical force to reach the same column’s rotation, as
shown on the right side of the graph.

Figure 22 shows the relation between the column-to-beam full plastic strength ratio
required to avoid column failure before beam buckling versus the normalized web’s
slenderness Ay = hy/twr/ fy/E at the point of the maximal inter-layer force occurring
for the 1st and 2nd floor. Additionally, specimens with different beam cross-sectional
dimensions and those with the same Ay, value were excluded from the figure. The required
capacity was calculated using the assumed elastic column, and calculated required strength
based on the stress received from the analyses. The chart shows the influence of three
analytical parameters. As the web slenderness increases, the demanded column-to-beam
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strength ratio decreases for the first and second stories. The influence of the axial capacity
utilization is visible when the axial force ratio yy is 0.4. The demand is about 1.15 times
larger than that in the case of 0.2, yet the influence of the post-yielding secant modulus
is even more significant; when the modulus is 0.020 x E, the demand is about 1.25 times
larger than in the case of 0.005 x E. Furthermore, the required column-to-beam strength
ratio for each parameter tends to be more significant for the 2nd story.
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Figure 22. M, /M, demand for 1st and 2nd story vs. web slenderness: (a) 1st story; and
(b) 2nd story.

It is possible to compare this trend with the results shown in Figure 23. Here, H;
stands for the inflection point height within the story. This diagram shows the relationship
between the 1st and 2nd stories” demanded column-to-beam strength and location of
moment inflection points against the 1st story drift (the model used was the reference
frame). The moment inflection point of the 1st floor is higher than the geometrical mid-
point of the first story (at 0.5 value of the vertical axis) because of the negative moment
occurring in the detailed connection due to the applied axial force in the column. This
phenomenon continues up to the story drift of 0.01. After this point, the connection
demonstrates stable hinge behavior, maintaining the inflection point in the middle of the
first story. As for the 2nd story, the position of the inflection point gradually falls with
the rising deformation of the structure. The reason for this behavior is that the stiffness
of the beams on the 1st floor is gradually being reduced, therefore creating a smaller
counter moment at the level of their connection with the column. As a result, the moment
accumulates in the 2nd story column, causing greater stress and therefore demand for the
moment capacity of this particular member, which is visible in Figure 23.
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Figure 23. M. ;,;/ M} p demand for 1st and 2nd story and inflection point location vs. 1st story drift.
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Figure 24 shows the relation between the maximal inter-story drift (at the point of
achieving maximal inter-story shear force) and the slenderness of the web. In Figure 21a,b,
it is clear that the change in the slenderness of the beam segments changes the deformation
at the point of maximal force—the slender the components, the lower the deformation. The
influence of the secant modulus on the deformation at the maximal force point is negligible.
The influence of the utilization of the beam is slightly greater. This output is reflected in
Figure 24 as well. Noticeably, if the I-beam components fulfill the criterion of 1st class, the
story drift at the point of maximal inter-story force is always over 0.04.
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Figure 24. Maximal story drift at maximal shear force vs. web slenderness.

Figure 25 shows the necessary column-to-beam full plastic strength ratio against the
value of the 2nd story drift for two groups of models: with the post-yielding secant modulus
of 0.020 x E and column utilization of 0.2 and with the post-yielding secant modulus of
0.005 x E and column utilization of 0.2. The area between the line connecting maximal
results and the line connecting minimal ones is filled with grey. The solid line in the center
is the average value. The high convergence of the minimal and maximal demand for the
1st story finishes around the story drift value of 0.03, while for the 2nd story, it converges
up to the drift of 0.05 (Figure 25a). For models shown in Figure 25b, the tendency for both
floors is similar, with an increasing range starting around a story drift value of 0.01, slight
divergence for the 1st story rising after story drift of 0.03, and an increase in divergence for
the 2nd story around the drift of 0.04. The trajectories of the 1st and 2nd stories” demands
correspond with the results shown in Figure 23 and the trend of lowering the moment
inflection point (and, as a result, increasing the column capacity demand) for the 2nd-floor
column along with rising story drift. Based on the results presented, it can be stated that
the value of the required column-to-beam plastic strength to avoid column yielding is
not strongly dependent on the parameters of the beam cross-section. The post-yielding
secant modulus up to the level of story drift of 0.03 has a moderate influence; however, its
importance (mainly for the 1st story column) starts to increase after the story drift rises
over this value.
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Figure 25. M, ;1 /M, ,; demand against story drift: (a) N/Ny = 0.2 and Es;/E = 0.020; (b) N/Ny = 0.2
and Eg/E = 0.005.

4.4. Method for Predicting Story’s Cumulative Plastic Ductility Based on Local
Buckling Deformation

This sub-section proposes the method of estimating the plastic ductility factor of
post-earthquake state buildings by using the knowledge about its relationship with the
scale of the local deformation.

Figure 26 presents the relationship between the value of the maximal plastic deforma-
tion index yir and the scale of local buckling deformation d (see Figures 9 and 10) concerning
various parameters. In this paper, the maximal story drift has always been recorded within
the 2nd floor; therefore, the maximal ductility analysis is focused on the 2nd story. The pifis
a unitless value describing the scale of plastic deformation obtained by dividing the story
drift at a certain point of time by the value of the story drift for the point when the 1st story
beam reaches the full plastic strength (obtainable using the D-value method).
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Figure 26. Plastic deformation index vs. the scale of local deformation: (a) bf/ t influence; (b) hy / tw
influence; (c) Est/E influence; and (d) N/Ny influence.

In Figure 26a,b, the influence of changing the slenderness of the cross-section compo-
nents is shown. It is visible that the increase in both the web’s and flange’s slenderness
causes the rise in the deformation for the same level of plastic ductility. It corresponds with
Figure 21a,b, showing the relation between the beam’s capacity and the aspect ratios of
the cross-section’s segments. Figure 26c,d explain the influence of the post-yielding secant
modulus and axial force utilization of the column on the relation between ductility and
buckling deformation. Those parameters are strongly related to the behavior of the column
(the axial force is a column’s parameter, and the post-yielding secant modulus has an influ-
ence on the growth of the bending moment in the column after the yielding of the 1st-floor
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15

10

beams), and they do not have much of an influence over the i to d relation. As the result
of the analyses, Equation (5) has been proposed to describe the abovementioned relation.
{‘Llf = leloglod + ,51 (0 <d< d()) (5)

By = ard? + B2 (do < d)

Equation (5) intersects twice. In the equation above, d is the intersection coordinate
with a smaller value. Figure 27 compares the results from Equation (5) with those from
numerical analyses of models Nos. 1, 4, 5, and 11. There are four parameters of the
equations, ay, B1, a2, and By, and the assumed values are given in the graphs. Correctly
chosen parameters are a way to simplify the design process and achieve results even if the
precise cross-section dimensions are not specified yet.
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Figure 27. Comparison of Equation (5) and FEA output: (a) No. 1; (b) No. 4; (c) No. 5; and (d) No. 11.

Many models with different cross-sections, loading, and material characteristics have
been considered during the numerical analyses, as shown in Tables 2—4. Those variables
define the difference in the behavior of the structure, cumulative plastic ductility factor, and
the scale of local buckling deformation. Figures 28-30 show the relationship between those
variables and the values of four parameters of Equation (5) for the equations to correctly
simulate the behavior of the numerical model. As was already proven in Figure 26¢,d,
the influence of post-yielding secant modulus and column’s utilization ratio is negligible;
therefore, the influence of those variables is not considered. However, to maintain a
comparable level of the I-beams’ full plastic cross-sectional capacities, the yielding strength
of the material has been analyzed as well.
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Figure 28. Influence of flange’s width—thickness ratio on the following parameters: (a) a1; (b) B1;

(¢) a2; (d) Ba.

Figure 28 presents the influence of changing the width-to-thickness ratio of the flange.
With the increasing by/ts, all four parameters also decrease, making the final diagram
flatter and giving lower results. This shows the effect of the decreasing performance of the
member with the rising slenderness of the cross-section segments.

A similar situation is presented in Figure 29, as the rising h,/t,, value causes a similar,
yet more substantial, effect. This is related to the fact that in analyzed models, the web
is generally a less stiff component of the cross-section; therefore, the influence is more
visible. As shown in Figure 26, the higher the slenderness of the elements, the faster the
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deterioration of the model’s members; therefore, the demand for all four parameters is
also reduced.
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Figure 30. Influence of material yield strain on the following parameters: (a) a1; (b) B1; (c) ap; (d) Bo-

Figure 30 shows the difference in outcome from the models with respect to the ¢, of
the beam. The yield strain ¢, is calculated by dividing the yield stress by Young’s modulus,
which is 205 GPa. For this graph, all the results are presented with one type of plot, as
the ¢, varies between models, and a clear definition of groups (as in Figures 28 and 29)
is impossible. Together with the increasing class of steel, four parameters are decreasing,
showing deterioration in the model’s capacity. This is not directly a function of the higher
yielding strength but rather the aspect ratios of the components (mostly flange) of the cross-
section, which, with the given outline of the beam (300 x 600 mm), requires the reduction
in the segment’s thickness. Moreover, it corresponds with the idea of the normalized
slenderness index, where changing the geometrical slenderness and the steel class has a
similar effect due to a similar impact on the M.,/ My, ratio. Therefore, this parameter is not
considered significant and is not taken into consideration in the equations proposed in the
following sub-section.

4.5. Definition of the Simplified Residual Stress Evaluation Formula to Estimate Story’s
Cumulative Ductility

Section 4.4 presents the influence of changing the model’s variables on the equations’
parameters (see Figures 28-30). However, the influence of ¢, presented in Figure 30 is
entangled with geometrical parameters of the cross-section. It was discovered that the
equations for approximation of necessary values of a1, $1, a2, and S can be defined based
on the geometrical parameters only.

Based on those results the functions describing the values of parameters can be derived.
They are presented below.

) = —0.005hq / tyy — 0.19bf /t£+3.2 (6)

B1 = —0.070hq/ t, — 1.38bf /1 +20.1 )
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ty = —0.005hy, /oy — 0.03bf /t; + 0.675 (8)
Ba = —0.110Mhy/ty — 0.90bf /tf +17.7 (9)

25

1.5

0.5

Figure 31 shows the comparison between the predicted values of the four parameters
(using the abovementioned equations) and the approximated values describing curves
from numerical analyses. As presented, the equations estimated the analysis results with
around £10% error, therefore proving the effectiveness of the formulas.
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Figure 31. Comparison of numerical analyses (FEA) results with Equations (6)-(9) (EQU): (a) a1;
(b) B1; (0) az; (d) Bo.

5. Conclusions

This article aimed to check the feasibility and effectiveness of estimating the post-
earthquake residual forces and capacity of the steel-and-concrete moment-resisting frames
utilizing the mid-story pin connection located at the midpoint of the structure’s first story.
The main criterion of the ultimate state, in this case, was the local buckling of the members
of the fishbone frame. Therefore, in the beginning, the precision of the numerical shell
model was confirmed against the experimental results. Based on the elastic local buckling
load factor, Equations (1)—(4) explaining the relation between the residual strength and the
local buckling deformation scale were proposed for the I-beam-based model. The resultant
convergence reached around +20% compared with the numerical model outputs. The next
section checked the requirements of the column-to-beam full plastic moment capacity for
various parameters in the three-story model to avoid column yielding up to the point of
beam buckling, therefore covering the range of possible seismic action of the frame. The
models used in those analyses had the bottom connection built of solid elements, and their
feasibility was confirmed by the results obtained from the previous experiment. Noticeably,
the additional moment in the pin created by the behavior of the detailed connection and
the axial force applied was visible only for the story drift below 0.01; upon reaching that
point, the connection started working as a pin. Next, the equations to estimate the curve
approximating the relationship between the total plastic ductility of the 2nd story beam
were proposed depending on four geometrical parameters: H, by, t, and t;. The resultant
values reached the convergence of a minimum of £15%.

During the analyses, the effects of parameters such as the flange width-to-thickness
ratio, web height-to-thickness ratio, yield strain, post-yielding secant modulus, and, in
some cases, span-to-depth ratio, have been considered.

In this study, we thoroughly analyzed the static and seismic behavior of moment-
resisting frames with the mid-story pin. The influence of the parameters is explained
and proven, and based on the result, simplified equations of high accuracy are proposed.
Therefore, the paper contributes to the following research and the industry.
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