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Energy-based plastic design and seismic evaluation of doubly buckling-restrained knee-braced frames
Piseth Doung'?2, Kimtong Theng', Leangheng Chea? and Sutat Leelataviwat®

Abstract

This paper presents the energy-based plastic design and seismic performance evaluation of steel doubly buckling-
restrained knee-braced frames. The study aims to propose a structural design method, referred to as energy-based
plastic design, for these framing systems, and to verify their seismic performance through nonlinear static
pushover and dynamic time-history analyses. First, four frames with 3-, 6-, 9-, and 12-story configurations were
designed using the energy-based plastic design and capacity design approaches for hazard levels corresponding
to the design basis earthquake (DBE) and the maximum considered earthquake (MCE). Second, nonlinear static
pushover and dynamic time-history analyses were conducted to evaluate the inelastic behavior of the frames,
including capacity curves, yield activity, and maximum inter-story drifts. The pushover analysis estimated the
monotonic capacity in terms of roof drift and identified the inelastic behavior of the structural members. The
dynamic analyses used 22 pairs of ground motions scaled to the DBE and MCE levels. The yield activity and
inter-story drifts were identified, compared, and discussed. The results showed that the low- and medium-rise
frames designed using this approach satisfied the strength and deformation requirements, ensuring a controlled
yield mechanism within the target drifts of 2% and 3% for the DBE and MCE levels, respectively. For the 9- and
12-story frames, however, the yield mechanism was not fully developed because the column bases did not yield
within the target drift limits. Further studies on high-rise systems above six stories should therefore consider
higher-mode effects on the yield mechanism and cumulative seismic behavior.
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Introduction

Many works have gone into developing seismic force-resisting frames that remain safe and resilient in strong
earthquakes. Such systems need adequate strength, stiffness, and ductility while maintaining structural safety and
minimizing damage to structural components. Conventional braced systems, for example concentrically braced
frames (CBFs) and eccentrically braced frames (EBFs), are widely recognized for providing their high lateral
resistance and excellent energy dissipation. However, these systems often restrict the architectural and mechanical
layouts of a building, thereby limiting the usable floor space. The knee-braced frame (KBF) system utilizes short
braces located close to the beam-column connection region, allowing greater flexibility for architectural planning
(Kim and Seo, 2003; Leelataviwat et al., 2011; Piseth Doung, 2016). In recent years, KBFs for seismic use have
been examined in numerous experimental and analytical studies (Eknara Junda, 2011; Leelataviwat et al., 2011,
2019; Wongpakdee et al., 2014; Yang et al., 2014; Piseth Doung, 2016; Junda et al., 2018), which showed that
the system delivers high strength together with moderate stiffness and ductility.

Kim and Seo (2003) first put forward a new knee-braced configuration, the “doubly knee-braced frame,” and
proposed a seismic design approach for it. Using double knee braces significantly enhanced both the strength and
the stiffness compared with the conventional singly knee-braced system. Gao et al. (2022) later carried out an
experimental study on doubly knee-braced connections with buckling-restrained braces (BRBs) in steel frames.
Their study demonstrated that the doubly knee-braced frame system exhibited superior hysteretic energy
dissipation compared with the singly knee-braced frame system. Doubly knee-braced-type connections have also
been used to enhance the seismic performance of semi-rigid steel frames (Li et al., 2021). Based on these
developments, the doubly buckling-restrained knee-braced frame (D-BRKBF) system is proposed in this study.
The D-BRKBF incorporates BRBs as knee-bracing members at the beam-column connection regions, above and
below each floor level, thereby preserving open bay spaces for architectural use. This structural configuration
provides better energy dissipation and a more uniform distribution of inelastic demand, and it helps facilitate the
repair and replacement of damaged components following an earthquake. To design the proposed structural
system, an energy-based plastic design (EBPD) methodology was used to determine the design base shear for a
specified seismic hazard level. EBPD is derived from the conventional performance-based plastic design (PBPD)
method (Leelataviwat, 1998; Lee and Goel, 2001; Chao and Goel, 2006; Goel et al., 2010; Liao and Goel, 2012;
Leelataviwat et al., 2021), which has been applied for various structural systems, including KBFs. The method is
mainly based on the principle of energy balance. The EBPD procedure involves preselecting the target yield
mechanism and design drift and subsequently pushing and reversing the structure under monotonic loading (Goel
and Furukawa, 2009; Chea et al., 2025a, b). This procedure enables the equivalent hysteretic behavior of the
structural system to be represented.

In this study, the EBPD method is applied to the design of D-BRKBF systems equipped with BRBs. Four
prototype structures with 3, 6, 9, and 12 stories were designed and evaluated at the design basis earthquake (DBE)
and maximum considered earthquake (MCE) hazard levels. A capacity design approach was adopted to determine
the internal forces and to design the BRBs, beams, and columns. To evaluate the seismic performance, nonlinear
static pushover (NSP) and nonlinear dynamic time-history (NDTH) analyses were carried out. Key performance
parameters, including pushover capacity curves, inelastic response, and inter-story drifts, were examined. The
deformation demands predicted from the NSP and NDTH analyses were then compared and discussed, along with
the limitations of the proposed evaluation approach.

Energy-based plastic design method

The energy-based plastic design (EBPD) method proposed in this study is a direct seismic design procedure for
structural framing systems, in which a plastic mechanism and target drift levels are specified at the outset. It is
based on an energy balance that equates the elastic energy supplied to the structure with the energy dissipated
through plastic deformation in an equivalent structural system. The design seismic base shear follows from this
balance concept. The foundation of this approach was first introduced by Housner (1956), which laid the
groundwork for subsequent developments in energy-based seismic design. He showed that the energy needed to
push an elastic-perfectly plastic single-degree-of-freedom (SDOF) system to a target displacement equals the
elastic energy an earthquake delivers to that system. Based on this idea, the PBPD method was formulated and
later applied to a range of structural systems. In PBPD, the plastic mechanism and the target drift associated with
the fundamental vibration mode are predefined, and these are used to compute the design base shear for a specified
seismic hazard level (Housner, 1956; Goel and Furukawa, 2009; Leelataviwat et al., 2009; Chea et al., 2025b, a).

Recent studies have extended the design methodology further to account for the cumulative seismic behavior
of structural systems (Naiyana et al., 2023, 2025; Goudarzi et al., 2026). Naiyana et al. (2023, 2025) considered
cumulative damage caused by hysteretic energy dissipation to evaluate the seismic performance of low-rise and
tall knee-braced frames. Consequently, the lateral force distributions were adjusted to reflect cumulative damage



effects. Similarly, Goudarzi et al. (2026) investigated the cumulative damage of reinforced concrete moment-
resisting frames subjected to sequential earthquakes.

More recently, Leangheng et al. (2023) and Chea et al. (2025a, b) proposed modifications to the energy factors
used in both the seismic design and the damage evaluation of steel moment-resisting frames. The energy factor is
defined as the ratio of the plastic energy response to the elastic energy response of an equivalent SDOF system.
Chea et al. (2025a, b) introduced two energy factors, y: and y,, which represent the monotonic and hysteretic
responses, respectively. The monotonic energy factor, y;, was obtained from an idealized elastic-perfectly plastic
force—deformation relationship of the structural system, as illustrated in Fig. 1.
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Fig. 1 EBPD concept (Leangheng et al., 2023)
Based on the work-energy principle, the concept of energy balance can be expressed as follows:
E, + Ep =YE; Q)

where y and E; denote the energy modification factor and the input seismic energy of an equivalent elastic system,
respectively. Alict and Sucuoglu (2016) suggested the expression for the input seismic energy by considering the
correlation between the equivalent velocity (V4) and the pseudo-velocity S», which can be expressed as:

1
E = EUZMSVZ @

where 7 is the ratio of the equivalent velocity (I;4) to pseudo-velocity (S, ) and M is the total mass of the structure.
An empirical expression for estimating the velocity ratio, #, was proposed as a function of the fundamental period
of the equivalent SDOF system and dimensionless coefficients:

V.
n=-="=ge 4 (3)
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where T is the fundamental period of the equivalent SDOF system, and a, b, and ¢ are empirical coefficients. S,
denotes the pseudo-velocity, which is expressed in terms of the pseudo-acceleration as S, = S,7/2z. The values of
the velocity ratio, #, are shown in Fig. 2.



rat
2\ Ve,
j SeeSses =
1.5 b S b
1
0.5 ' 5 : .
= 2% damping ratio
-=- 5% damping ratio
0 : Eat—

0 1 2 3 4
Period (s)
Fig. 2 Values of the velocity ratio, 7, by Alict and Sucuoglu (2016)

Eq. (1) represents the monotonic force-deformation behavior of an equivalent SDOF system. In this study,
however, the hysteretic behavior of the structure is assumed to be a stable parallelogram-shaped hysteresis loop,
and the total hysteretic energy is calculated as the area enclosed by the loop. To account for this hysteretic
behavior, a hysteretic energy factor, y;,, is introduced, and the work-energy principle becomes:

Ey = yrE; “4)

The hysteretic energy factor, y;, was derived through a mathematical interpretation from the areas that represent
the stable hysteretic energy response, and can be expressed as:
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Taking R, =V, /V, = 4,/4, and u = 4,,/A, as the strength reduction and the ductility factors, respectively, the
hysteretic energy factor, y;, can be rewritten as:

_8(u—-1)
Yn= TPRE (6)

The Ryu-u-T relationship proposed by Newmark and Hall (1982) can be used to establish the relationship between
the hysteretic energy factor (y2), the strength reduction factor (R,), the ductility factor (x), and the fundamental
period (7). These relationships are summarized in Table 1 below. The variations of the hysteretic energy factor
for different damping ratios are illustrated in Fig. 3.

Table 1 Hysteretic energy factor (y3)
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Fig. 3 Energy factor relationship specified for 5% damping ratio

To obtain the design base shear, the energy balance expressed in Eq. (1) can be rewritten using the concept
illustrated in Fig. 1 as:

1 7
W4y = thnzMsz 2
where 4,, is the plastic displacement. By substituting 4,, = h*6,, M = W /g, and S,, = §,T /(2m) into Eq. (7)
gives the design base shear of the system as:
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where h*, 6, and g denote the height of the resultant lateral force for the plastic response of the equivalent SDOF
system, the plastic drift ratio, and the gravitational acceleration, respectively.

Energy-Based Plastic Design of D-BRKBF's

Lateral force distribution

The energy-based plastic design (EBPD) of a doubly buckling-restrained knee-braced frame (D-BRKBF) relies
on two main design inputs: a preselected yield mechanism and a target drift that corresponds to a given seismic
hazard level. The procedure begins by selecting the intended yield mechanism and a target drift while preventing
premature yielding of non-designated structural members. In the D-BRKBF system, the BRBs and columns are
the members that yield, while the beams are designed to remain elastic. Plastic hinges due to bending are assumed
to form at the column bases. The EBPD procedure controls the average drift of the D-BRKBF system to minimize
structural and non-structural damage during earthquakes. Design guidelines such as ASCE/SEI 7-16 (ASCE/SEI,
2016) and the PEER Tall Building Initiative (PEER, 2010) specify inter-story drift limits for different hazard
levels and performance objectives. Target drift ratios are usually 2% for the design basis earthquake (DBE) level
and 3% for the maximum considered earthquake (MCE) level. The plastic drift ratio of the structure can be
calculated as follows:

6, =0, -9, ©)
5



where 6, and 6, denote the yield and target drift ratios, respectively.

The design of a D-BRKBF requires sufficient strength to ensure that the structural deformation remains within
the target drift limits. The lateral resistance of the frame is primarily provided by the plastic behavior of the BRBs
and the column bases. Accordingly, the BRBs and column bases are designated as the primary yielding
components. The required strengths of the BRBs, beams, and columns are determined using the capacity design
approach. A key step in the design procedure is the determination of the lateral force distribution based on the
intended inelastic behavior of the structure. The lateral force distribution is calculated based on the PBPD method
developed by Lee and Goel (2001), and latest updated for KBFs by Naiyana et al. (2025), to ensure that the
designed structure develops the predefined yield mechanism while maintaining structural stability. The lateral
force applied at floor level i is expressed as:

F, = Y, (10)

where A; is the lateral force distribution factor at floor level i, which is given by

0.757792
) (11)

where wy, and w; denote the seismic weights of the structure at the top level and floor level j, respectively. The
parameters h; and h, express the heights of level j and the roof level measured from the ground, respectively.
The parameter f; is the shear proportioning factor at floor level i, determined as:
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Fig. 4 Yield mechanism and deformation of the D-BRKBF

Design of BRBs

In the D-BRKBF system, the BRBs are designated as the primary yielding members and are intended to dissipate
seismic energy through stable tension-compression plastic cycles. Using the yield mechanism illustrated in Fig.
4, the principle of virtual work was employed to determine the required axial strengths of the BRBs, represented



by B;Pgrp- Assuming that the tensile and compressive strengths of the BRBs are approximately equal, the virtual
work equation for an N-bay frame can be expressed as:

n n-1
Z(Fihie,,) = (N x 2M,.0,) + Z(N X 4B;Pgrs8,) + (N X 2B;Pggp6,) (14)
i=1 i=1

where F; is the lateral force at floor level i, 8, denotes the plastic target drift, and ; is the shear proportioning
factor that accounts for the strength contribution of the BRBs at floor level i. The terms Pggp, 8,,, and M, denote
the required axial strength of the BRB, the plastic axial deformation of the BRB, and the required plastic moment
capacity of the column base, respectively. N denotes the number of bays in the D-BRKBF system.

The required plastic moment capacity of the column base is determined based on the concept of preventing a
soft-story mechanism. As illustrated in Fig. 4, the strength of the interior columns is assumed to be twice that of
the exterior column (Mpce = My and My, = 2Mp,.). Accordingly, the required plastic moment capacity of
the exterior column base, My, can then be determined as:

M. =

11 (%) hy (15)
pc 4

where h; is the first-story height, and the factor of 1.1 represents the overstrength factor accounting for strain
hardening at the plastic hinge of the column base. To determine the required BRB core size, the required axial
strength of the BRB is calculated in accordance with the AISC Seismic Provisions (AISC, 2010), as follows:

¢Pysc = 0-9FyAsc = B;Pgrp (16)
where F, and 4, denote the yield strength and cross-sectional area of the BRB steel core, respectively.
Design of Beams and Columns

The required beam forces were determined using static equilibrium, ensuring that the beams remain elastic under
the combined effects of gravity loads and the maximum forces generated by the BRBs, as illustrated in Fig. 5.
According to the AISC Seismic Provisions (AISC, 2010), the cyclic behavior of BRBs, including the effects of
strain hardening, is accounted for by the compression strength adjustment factor () and the strain-hardening
adjustment factor (w). Accordingly, the adjusted design strengths of a BRB are therefore expressed as follows:

In compression: B = wBoRyPysc (17)
In tension: Pyt = wRy P (18)

where R,, is the material overstrength factor, while the values w and 8, are usually determined using test results
obtained from BRBs with similar lengths, configurations, and restraining mechanisms to those used in the
structure. In this study, approximate values of w and 8, were chosen as 1.4 and 1.1, respectively, in accordance
with the tests conducted by Merritt et al. (2003). R, can be chosen as 1.0 when the yield stress is determined from
the coupon tests.
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The columns in the D-BRKBF system were designed as non-designated yielding members, except for their
bases, which were permitted to yield to prevent a soft-story mechanism. The required column strengths were



determined by equating the equilibrium of all forces acting on the column using the “column tree” approach, as
illustrated in Fig. 6. Accordingly, the total lateral force acting on a column can be expressed as follows:

For interior column:
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where Ny ; is the axial force in the beam at the floor level i, induced by the tension or compression force in the
BRBs. The parameters h; and h; denote the elevations of the lower and upper ends of the BRBs at floor level i,
respectively. The terms P,.; and P, ; represent the adjusted nominal tensile and compressive strengths of the
BRBs at the floor level i, respectively. The factor «; is the lateral force distribution factor at floor level i, which
is defined as:

— .Bi - .Bi+1
i=1(Bi = Bi+1)

a; (22)

The lateral force acting on the column at floor level i can then be determined once the total lateral force and
the corresponding distribution factor have been calculated, as follows:

Fyi = aiFy (23)

. : !

=7
N
} /

.

/ e
ngl 1 p P,
Puc,l Pm,I L et K3 Put,l
Fl!,]_’ \_’NB,] —Fu,l—./’ \_’NB,I ”Fu,f—/’ ‘_NB,I
/l)ut,l I ‘I 1>c,l Put,l hl I>c,1
1 h'i

N NG/ Y Iy

peex pein peex

(a) (b) (c)

Fig. 6 Column tree analysis: (a) left-most column, (b) interior column, and (c¢) right-most column

Example D-BRKBF structures

Four D-BRKBF structures with 3, 6, 9, and 12 stories were designed using the EBPD method in this study. The
building configuration followed the archetype structure adopted in an earlier study by Leelataviwat et al. (2011).
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All buildings were assumed to have office occupancy. The floor plans and elevations of the study buildings are
illustrated in Fig. 7. Each building consists of three bays in the North—South (N—S) direction and four bays in the
East-West (E-W) direction. All stories have a uniform height of 3.96 m, and each bay has a span length of 9.14
m. The perimeter frames in the E-W direction were assumed to resist lateral loads with a conventional bracing
system, while the perimeter frames in the N—S direction were designed as D-BRKBF systems and are the focus
of this study. The interior frames were designed to carry gravity loads only.

The buildings were designed for a Site Class D soil profile, with spectral accelerations of S; = 1.5g at the
short period and S; = 0.6g at the 1-second period. The seismic weights were determined to be 5,992 kN for each
typical floor and 5,284 kN for the roof. The study frames were designed for two seismic hazard levels: the
maximum considered earthquake (MCE), which corresponds to a 2% probability of exceedance in 50 years, and
the design basis earthquake (DBE), which corresponds to a 10% probability of exceedance in 50 years and is
defined as two-thirds of the MCE intensity. The design base shear and the corresponding key design parameters
are summarized in Table 2.

It is noted that yield drift (6,) was set to be 0.7%, while the target drift (6;) was specified as 2% for the DBE
hazard level and 3% for the MCE hazard level. The design base shear coefficients (7,/W) calculated using Eq. (8),
were 0.164, 0.085, 0.057, and 0.045 for the 3-, 6-, 9-, and 12-story frames, respectively. The BRBs were installed
at an inclination angle of 45° with respect to the adjacent beam-column connection, with a length ratio of 1, /1, =
0.167. The selected beam and column sections, together with the required BRB capacities for each frame, are
summarized in Table 3. ASTM A36 steel (F, = 248 MPa) was utilized for beams, columns, and BRB cores.

Table 2 Key EBPD parameters of the 3-, 6-, 9-, and 12-story D-BRKBF systems

Parameter 3-story 6-story 9-story 12-story

Seismic level DBE MCE DBE MCE DBE MCE DBE  MCE
T(s) 0.73 0.73 1.28 1.28 1.77 1.77 2.23 2.23
S.(9) 0.82 1.23 0.47 0.70 0.34 0.51 0.27 0.41
6, (%) 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70
6, (%) 2.00 3.00 2.00 3.00 2.00 3.00 2.00 3.00
8, =0, — 6, (%) 1.30 2.30 1.30 2.30 1.30 2.30 1.30 2.30
u=6,/6, 2.85 4.8 2.85 4.28 2.85 4.28 2.85 4.28
R, 2.85 4.8 2.85 4.28 2.85 4.28 2.85 4.28
n 1.89 1.89 1.82 1.82 1.77 1.77 1.75 1.75
h* (m) 9.52 952 1836 1836 2740 2740 3655  36.55
Yh 0.51 0.40 0.55 0.43 0.58 0.46 0.59 0.47
v, /W 0.164  0.164  0.085  0.085  0.057  0.057 0045  0.045
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Table 3 Member sections based on the EBPD method

3-story D-BRKBF

Beam section

Column section

Story BRBs capacity (kN)
All bay Interior Exterior
1 455 W27x129 W14x233 W14x176
2 389 W27x114 W14x233 W14x176
3 248 W24x68 W14x233 W14x176
6-story D-BRKBF
Beam section Column section
Story BRBs capacity (kN)
All bay Interior Exterior
1 490 W30x124 W14x283 W14x311
2 473 W30x124 W14x283 W14x311
3 438 W30x116 W14x283 W14x311
4 382 W27x114 W14x120 W14x159
5 302 W27x94 W14x120 W14x159
6 188 W24x62 W14x120 W14x159
9-story D-BRKBF
Beam section Column section
Story BRBs capacity (kN)
All bay Interior Exterior
1 500 W30x124 W14x311 W14x342
2 493 W30x124 W14x311 W14x342
3 477 W30x124 W14x311 W14x342
4 453 W27x129 W14x176 W14x257
5 421 W27x129 W14x176 W14x257
6 378 W27x114 W14x176 W14x257
7 324 W27x102 W14x109 W14x145
8 258 W27x84 W14x109 W14x145
9 159 W24x55 W14x109 W14x145
12-story D-BRKBF
Beam section Column section
Story BRBs capacity (kN)
All bay Interior Exterior
1 514 W30x148 W14x342 W14x426
2 510 W30x148 W14x342 W14x426
3 501 W30x148 W14x342 W14x426
4 488 W27x146 W14x211 W14x370
5 470 W27x146 W14x211 W14x370
6 448 W27x146 W14x211 W14x370
7 419 W27x129 W14x145 W14x257
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8 385 W27x129 W14x145 W14x257

9 343 W27x114 W14x145 W14x257
10 292 W27x102 W14x120 W14x145
11 229 W27x94 W14x120 W14x145
12 145 W24x55 W14x120 W14x145

Performance evaluation
Structural modeling and calibration

Structural modeling, together with nonlinear static pushover (NSP) and nonlinear dynamic time-history (NDTH)
analyses, was performed using the PERFORM-3D program. The D-BRKBF systems were modeled as two-
dimensional (2D) frames with the P-A effects taken into account. To represent the gravity load-resisting system,
a gravity column connected to the D-BRKBF through a rigid beam was incorporated into the analytical model.
The boundary conditions were defined by fixing all column bases, except for the gravity column base, which was
modeled as a pinned support. The seismic masses were lumped at the beam-column connections, while out-of-
plane displacements were restrained. Gravity loads were modeled as concentrated nodal loads applied to the beams
and columns. The nonlinear beam and column models were developed in accordance with FEMA 356 (2000) and
calibrated against available experimental data. The BRBs were modeled as inelastic elements using a trilinear
force-deformation relationship. The yielding core length of the BRBs was assumed to be 70% of the total brace
length, following the modeling approach proposed by Sahoo and Chao (2010). The BRB model was calibrated
against the experimental results of the subassembly tests reported by Junda et al. (2018). Two test specimens with
different beam-column connection details, namely a pinned connection and a single-plate shear connection
(SPSC), were considered for the calibration. The analytical results showed good agreement with the corresponding
experimental responses for both connection types, as illustrated in Fig. 8.
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Fig. 8 Calibration of the BRB: analytical model against experimental results: (a) pinned connection specimen,
and (b) single-plate shear connection (SPSC) specimen

Pushover analysis

A nonlinear static pushover analysis was conducted by incrementally applying lateral loads corresponding to
increasing roof displacements, following a predefined lateral force distribution pattern. The pushover analysis was
used to evaluate the inelastic response of the structure, including inelastic behavior and the failure mechanisms of
the studied frames. Fig. 9 presents the pushover capacity curves of the 3-, 6-, 9-, and 12-story D-BRKBF systems.
The capacity curves describe the relationship between the base shear coefficient and roof drift of the D-BRKBF
systems. It was observed that the BRB members began to yield at approximately 0.17%, 0.30%, 0.31%, and 0.40%
roof drift for the 3-, 6-, 9-, and 12-story frames, respectively. In contrast, yielding of the columns initiated at roof
drifts of 1.34%, 1.69%, 2.22%, and 3.16% for the 3-, 6-, 9-, and 12-story frames, respectively. Fig. 10 illustrates
the inelastic states of key structural components, such as BRBs and column bases, at a 2.0% roof drift obtained
from the pushover analysis. It should be noted that the designated yielding members, including the BRBs and
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column bases of the 3- and 6-story D-BRKBF systems, reached their inelastic states and achieved the intended
plastic mechanism as designed. However, only BRB yielding was observed in the 9- and 12-story high-rise D-
BRKBEF systems at a 2% roof drift. This behavior may be attributed to higher-mode effects, which influence the
relationship between roof drift and the target drift of the structure.
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Fig. 9 Pushover capacity curves of the example D-BRKBF systems
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Nonlinear dynamic time-history analysis

For the nonlinear dynamic time-history (NDTH) analyses, 22 pairs of far-field ground motion records with two
horizontal components were selected. The ground motions were obtained from the PEER NGA-West2 database

(PEER, 2023) in accordance with the recommendations of FEMA P695 (2009). The selected far-field record set
has an average moment magnitude of M,, = 7.0, with magnitudes ranging from M,,= 6.5 to M,,= 7.6. The average
source-to-site distance is 16.4 km, with a maximum distance of 26.4 km and a minimum distance of 11.1 km. The

ground motions were amplitude-scaled to match the design response spectrum at the fundamental period of each

study frame, as illustrated in Fig. 11.
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Figs. 12-15 illustrate the inelastic responses of the D-BRKBF systems under the selected ground motion records
that produced inter-story drift ratios closest to the median values at the DBE and MCE hazard levels. In all cases,
the column base plastic rotations and BRB plastic strain demands remained below the assumed deformation
capacities of the corresponding members. At the DBE level, the BRB plastic strains remained below 1.0%, while
the column base plastic rotations were less than 0.5% for all study frames. At the MCE level, the BRB plastic
strains increased in the 3-story frame, with the upper-story BRBs reaching 1.0-2.0% and the lower-story BRBs
remaining below 1.0%. In the 6- and 9-story frames, the BRB plastic strains were generally within the range of
1.0-2.0% at the upper and middle stories. In the 12-story frame, only several BRBs located at the third and fourth
stories experienced plastic strains between 1.0% and 2.0%. The column base plastic rotations at the MCE level
reached 1.0-1.5% and 0.5-1.0% for the 3- and 6-story frames, respectively. In contrast, the column base plastic
rotations of the 9- and 12-story frames remained below 0.5%.

The estimated inter-story drift responses obtained from the nonlinear time-history analysis (NLTHA) using
22 pairs of ground motions are presented in Figs. 16 and 17. The results demonstrate that the median maximum
inter-story drifts remained well within the predefined target drift limits of 2% for the DBE level and 3% for the
MCE level for all D-BRKBF systems. Additionally, the inter-story drifts were observed to be well distributed in
the low-rise D-BRKBF systems designed using EBPD. In the high-rise D-BRKBF systems, however, the story
drift changed significantly at the lowest floor level due to the plasticity of the column bases.
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Fig. 12 Inelastic activity of a 3-story D-BRKBF system under NLHTA: (a) DBE level (SUPERT/B-POE360),
and (b) MCE level (CHICHI/TCU045-N)
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Fig. 13 Inelastic activity of a 6-story D-BRKBF system under NLHTA: (a) DBE level (FRIULI/A-TMZ000),
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Conclusions

This study presented the seismic design of doubly buckling-restrained knee-braced frame (D-BRKBF) systems
equipped with buckling-restrained braces (BRBs) using the energy-based plastic design (EBPD) methodology.
The EBPD approach was applied to calculate the design base shear of D-BRKBF systems with 3, 6, 9, and 12
stories under the design basis earthquake (DBE) and maximum considered earthquake (MCE) hazard levels. This
base shear was then distributed over the height of the frame following the predefined yield mechanism. The
structural member sizes were estimated using the capacity design. Seismic performance was evaluated with
nonlinear static pushover (NSP) and nonlinear dynamic time-history (NDTH) analyses. The main findings are
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summarized as follows.




e The EBPD method is effective and applicable for the proposed D-BRKBF systems, especially for low-
and medium-rise buildings. Both the NSP and NDTH analyses confirmed that yielding occurred
predominantly in the designated yielding members.

e  The proposed yield mechanism was fully achieved in the 3- and 6-story D-BRKBF systems within the
target drift ratios of 2% and 3% at the DBE and MCE hazard levels, respectively. In addition, the median
maximum inter-story drifts obtained from the NDTH analyses remained below the target drift limits set
in the EBPD procedure.

e In the 9- and 12-story D-BRKBF systems, the proposed yield mechanism was not fully developed, as
observed in the NSP analyses. The column bases did not yield within the target drifts predefined in the
design, indicating the need for further study on the effects of higher-mode responses on the yield
mechanism, especially with respect to the target drift. Nonetheless, the NDTH analyses showed that the
9- and 12-story D-BRKBF systems developed yielding in both the BRBs and the column bases within
the target drift ratios of 2% and 3% at the DBE and MCE hazard levels, respectively.

In summary, the proposed EBPD framework provides a rational and effective seismic design method for low-
and medium-rise D-BRKBF systems by ensuring controlled energy dissipation and the intended yield mechanism.
Nevertheless, further studies are needed on high-rise D-BRKBF systems (more than six stories), with particular
emphasis on the effects of higher-mode responses on the yield mechanism and the cumulative behavior under
earthquake loading.
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