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Abstract

Linked column frame system, as a new seismic load-resisting
system, has a proper seismic behavior in various performance
objectives due to ductile behavior of replaceable link beams.
Thus, returning to occupancy after moderate earthquake is
rapid and low-cost. Performance-based seismic design meth-
ods should be used for this system in order to have proper
seismic behavior. In this study, by using performance-based
plastic design method, a highly accurate and simple design
procedure is proposed for this system. 9 prototype structures
with 3, 6 or 9 stories and with 3, 4 or 5 bays are selected
for parametric design and assessment. For assessment of the
designed structures, nonlinear static and dynamic analyses
with models according to experimental test results of the mem-
bers and recommended ground motion records of FEMA P695
are used. According to analyses results, the designed struc-
tures in three hazard levels meet the performance objectives.
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1 Introduction

In seismic load-resisting systems, there are always mem-
bers which dissipate the seismic energy by inelastic behavior.
Residual deformation and damage due to the inelastic behavior
in ductile members, necessitates their replacement in order to
return the building to occupancy. The time and cost of repairs
depend on the number and layout these members in the struc-
ture. In conventional seismic load-resisting systems, such as
moment resisting frame or braced frame, repairing and return-
ing the building to occupancy is a costly and time-consuming
process because of the large number of the damaged members
or their role in bearing gravity loads. Therefore, various sys-
tems are proposed in order to be repaired easily and return the
buildings to occupancy rapidly. Buckling-restrained braces
[1-4], self-centering structural systems [S—7] and linked col-
umn frame [8] are examples of such systems.

Linked column frame (LCF) is one of the most recently
load-resisting systems proposed by Dusicka et al. [8] which
uses conventional components to limit the seismic damage to
relatively easy replaceable elements. This seismic load-resisting
system, which applies the ductile link beam as a fuse member
with shear behavior, leads to prevention or reduction of dam-
age in main structural members in all hazard levels. Limiting
the damage to the replaceable shear fuse members reduces the
time and cost of repairs, and returns the buildings to occupancy
rapidly in this system. There are three ideal performance objec-
tives for LCF system; Immediate Occupancy (I0) with elastic
behavior in low earthquake event, Rapid Return to occupancy
(RR) with inelastic behavior of link beam in moderate earth-
quake event and Collapse Prevention (CP) with inelastic behav-
ior of link beams and moment beams in very large earthquake
event. The hybrid test results [9] show the proper behavior of
this system in these three performance objectives.

A code-based seismic design procedure for this system has
been introduced by Malakoutian et al. [10]. The design parame-
ters of this system such as response modification factor (R), sys-
tem overstrength factor (€) and deflection amplification fac-
tor (C,) are obtained by Malakoutian et al. [11] as well. This is
an elastic force-based method, but proposes an equation based
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on pushover analysis only to assure the formation of plastic
hinges in link beams before flexural beams. Obviously, force-
based methods are simple but unable to determine the inelastic
response of the structure under seismic loads. Instead, perfor-
mance-based or displacement-based methods are the best meth-
ods for seismic design due to accurately evaluating the inelastic
response such as inelastic displacements, ductility, hysteretic
energy and structure’s damage. Since an ideal LCF system
should have a proper behavior in all three performance objec-
tives, the force-based seismic design methods cannot guaran-
tee the desired function of the structure and performance-based
seismic design methods should be applied for this purpose.

Several methods are proposed for displacement-based seis-
mic design. Performance-Based Plastic Design (PBPD) is one of
the most recent methods of seismic design which is introduced
by Goel et al. [12, 13]. This method is based on the energy equi-
librium between inelastic displacement of a structure and pre-
sumed yield mechanism. Based on PBPD method, Shoeibi et
al. [14] proposed a performance-based seismic design method
for dual structures with structural fuse. The aforementioned
research is for general purposes and does not present all essen-
tial design details.

In this study, first a simplified process is proposed for seismic
design of LCF systems according to PBPD concept and then a
parametric study was conducted to evaluate the ability of the
proposed design method to achieve the LCF system perfor-
mance objectives. In this proposed method, the ability to adjust
yield deflection interval between yielded fuses and yielded
beams is provided. This method enables designing for three per-
formance levels of Immediate Occupancy (I0), Rapid Return to
occupancy (RR) and Collapse Prevention (CP). The RR perfor-
mance level is related to the function of the fuse member where
yielding and inelastic displacement occur only in these elements
and the other structure members remain elastic.

In order to evaluate the applicability of the proposed method
and assess the LCF system’s performance, a parametric study
is done in high seismic risk zone. By this method 9 sample
structures with 3, 6 or 9 stories and with 3, 4 or 5 bays in a
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given plan are designed. Effectiveness and robustness of this
method is verified by nonlinear static and dynamic analyses.
The structure models are analyzed by Opensees program [15]
, and the behavior of members and connections are calibrated
with experimental results in order to represent the inelastic
behavior of the structure more accurately. The ground motion
records, which are used in nonlinear dynamic analysis, are
related to three hazard levels of 50% probability of exceedance
in 50 years (SLE), 10% probability of exceedance in 50 years
(DBE) and 2% probability of exceedance in 50 years (MCE).

2 Design concept of the proposed method for LCF
system
2.1 Linked Column Frame system (LCF)

Linked column frame system consists of two systems that
work in parallel to provide the desired seismic response (Fig.
la). The main lateral load-resisting system (structural fuse
system), which is called linked column (LC), is made up of
two closely spaced columns interconnected with replaceable
bolted link beams. The secondary structure system is moment
resisting frame (MF) which acts as gravity load bearing system
in addition to resisting lateral loads. Replaceable link beams of
LCEF, first provide the initial stiffness of the system, and then
dissipate the seismic energy by ductile and inelastic behavior.
Yield of these members limits the inelastic displacements and
damages of the adjacent moment resisting frame. Link beams
with shear behavior demonstrate high performance for this
system duo to proper hysteretic energy dissipation behavior.

There are three performance objectives for ideal behavior
of LCF system. First: Immediate Occupancy, where all the
LC and MF members remain elastic in earthquakes with 50%
probability of exceedance in 50 years. Second: Rapid Return
to occupancy, where only link beams enter inelastic phase and
yield in earthquakes with 10% probability of exceedance in 50
years, while the other structure members remain elastic. Third:
Collapse Prevention, where all the link beams in LC system
and flexural beams in MF system are allowed to enter inelastic
phase in earthquakes with 2% probability of exceedance in
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Fig. 1 (a) Schematic of linked column frame system; (b) Performance objectives of LCF system
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50 years. As seen in Fig. 1b, the lateral load capacity curve of
LCF system is obtained from summation of capacity curves of
linked column system (LC) and moment frame system (MF)
which are the base shear curve versus roof displacement. Also,
the three performance objective points on the capacity curve
are illustrated in this Figure.

2.2 Interactions between LC and MF systems and
shear distribution among floors

LCF system has two distinct structure systems with dif-
ferent behaviors which operate together as a dual system. The
schematic of these two systems are displayed in Fig. 2a. Lateral
displacement of LC system is flexural form, while MF system’s
lateral displacement is shear form and the dual system has a
combination of shear and flexural displacement. These differ-
ent behaviors cause an interaction between two systems and
therefore, the seismic shear story force in each system would
be different. It is observed that, in lower floors, LC system has
a larger contribution of the shear force, while in upper floors, it
has a smaller contribution. The story shear force of MF system
in lower floors could be negative or zero which is likely when
the relative stiffness of LC system is too high.

In this method, after calculating the base shear for the dual
system, the two systems are separated and designed separately.
The two systems must be separated in a way to demonstrate
their actual behavior in the dual system and preserve the inter-
active effect between them. The schematic of LCF system under
earthquake lateral load of each floor (F) is displayed in Fig.
2b. The lateral force must be distributed between the two sys-
tems according to their interactions in order to separate the two
systems properly. The interactive story shear force is simply
calculated by finding the difference between shear story forces
for each system. Thus, by elastic analysis of LCF system and
determining the story shear loads of each system, the distribu-
tion of the lateral load between the two systems of LC and MF
is obtained according to their actual interactions (F/, F"). By
distributing the lateral load with this method, the two systems
could be separated while maintaining their behavior as in the
LCF system. Moreover, the story displacements of each system
for corresponding lateral loading would be equal to each other
and to the LCF system. Separating the capacity curves of two
systems is only valid and reliable when executed in this way.

Determining the interaction between the two systems of LC
and MF with above method is only valid within the elastic
behavior, and by the start of yielding in link beams, the inter-
action between two systems and the distribution of lateral load
would change. In the proposed method, the design of shear
link beams and their stiffness proportions are determined in
a way that they yield within the limited range of a certain dis-
placement. Hence, the capacity curve of the structure is almost
similar to elastic-perfect plastic behavior, and the struc-
ture enters the inelastic phase almost instantly. Besides, the

proposed equations for separating and considering the inter-
active effects, are based on the yield point of the LC system,
and therefore, this method is independent from the interaction
changes in the inelastic phase.

LCF : Linked column frame system
LC : Linked column
MF : Moment Frame
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Fig. 2 (a) Schematic of interaction in LCF system;
(b) Schematic of separating the LC and MF systems

In this method, the distribution of lateral force is carried out
by the equation presented by Chao and Goel [16] as follows:

Fi=4 (1)
ﬂ,,' = (ﬂ; _ﬂiﬂ) when i = 1’ ﬂl_ﬂ =0 (2)
p-| 2t )

w

n''n

Where, 4. is the lateral force distribution factor in i floor, V'
is the base shear of the LCF system, w_and w, are the seismic
weights of n” and j* floors respectively, n is the number of
structure’s stories, 4 and hj are the elevations of the n” and
j™ stories respectively, and T is the fundamental period of the
structure. The value of is suggested to be equal to 0.5 for LCF
system. After analyzing the LCF system and determining the
shear loads of both LC and MF systems, the equations below
are developed:
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Where, A/ is the shear force distribution factor of the LC
system, and f3/ and " are the shear load ratio of i floor to the
roof in LC and MF systems, respectively. Likewise, V7 is the
base shear in LC system, and V/, V!, V" and V" are the shear
story of i and n" floor in LC and MF, respectively.

2.3 General equations of the PBPD method

The basis of the proposed design method of LCF system
is the performance-based plastic design. This method, which
is introduced by Goel and Chao [12, 13], is based on energy
balance for structure’s displacement in one direction until
reaching the target drift and desired collapse mechanism. This
method has been proposed recently for all common structural
systems by various researchers because it converges fast and
achieves the performance objective of the designer properly
[17-20]. In PBPD method, the dissipated elastic energy in an
equivalent structure with single degree of freedom is equal
to the sum of elastic and plastic internal energy of the struc-
ture when it reaches the yield mechanism. The energy balance
equation is as follows:

£+ 8,=yE =1 S ©

In Eq. (5), E is the input elastic energy, M is the seismic
mass of the structure, S is the design spectral velocity and y is
the energy modification factor. E, and £ are elastic and inelas-
tic energy, respectively, needed for the structure to be pushed
up to the target displacement. The relation between the base
shear and story drift for the elastic system and elastic-perfect
plastic system is displayed in Fig. 3. Having the Eq. (5) and the
energy balance in this Figure, y is calculated as follows:
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Fig. 3 Idealized response of single degree of freedom structure and the

concept of energy balance
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In Eq. (6), 4, is ductility factor and R is ductility reduc-
tion factor which can be calculated by Newmark and Hall [21]
equation. The value of y is derived from the curve in Fig. 4 in
relation to the structure’s period and ductility factor. By sub-
stituting the parameters in energy balance equation, the yield
base shear of the structure for achieving the target displace-
ment is calculated as follows:

2 2
ﬂ: —a+Jo+4y(S,/g) 7)
w 2
80,7 i/lh ®)
a= il
ng i=1

Where, S is the spectral acceleration, g is the acceleration
of gravity, ¥/ and W are the yielding base shear and the seismic
weight of the structure, respectively and 6}) is the plastic drift
ratio which is calculated by yield drift and target drift or the
structure’s ductility factor. At collapse state, it is assumed that
all the stories have a uniform plastic drift ratio and all the plas-
tic deformations are in the same horizontal direction.

2.4 Secondary effects of P-Delta

The secondary effects of P-Delta could cause instability,
especially in tall buildings or buildings with inadequate lateral
stiffness. In seismic design codes, the necessity of consider-
ing this effect and its value according to stability coefficient
are presented within the elastic displacements (i.e. ACSE7-10
[22]). In these design codes, since there are limited obser-
vations of collapse due to stability, which is because of over
strength in the structure, the design elastic drift is used for
considering these effects. Previous researches [23] show that
considering the elastic displacements does not always lead to
realistic results for P-Delta effects. On the other hand, con-
sidering inelastic displacements would lead to economically
inefficient design. To take an intermediate approach in the pro-
posed method, the yield displacement is chosen for consider-
ing the P-Delta effects. However, the nonlinear analysis should
be conducted to consider these effects. Therefore, the stability
coefficient of the story is defined as follows:
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Where SC, is the i” floor’s stability coefficient, 0 is the yield
drift ratio, P, is the j* floor’s gravity load, and V. and Ay,i are
the story shear and displacement of the i floor, respectively,
resulted from the yield base shear. If the stability coefficient is
lower than 10%, then it is not required to consider the P-Delta
effects. Otherwise, the additional base shear (V) should be
added to the base shear of the structure:

V,=6,>F (10)
i=1

2.5 Separation equations of yield base shear and
overturning moment

In Fig. 5, capacity curves of base shear versus roof displace-
ment and overturning moment versus roof drift are displayed.
According to this graph, the ratio of elastic base shear and the
ratio of elastic overturning moment are defined as p, = V/ V"
and p,, =M/ M ", respectively. ' and M are elastic base shear
and overturning moment in LC system, respectively. Similarly,
V" and M " are elastic base shear and overturning moment in MF
system, respectively. The yield ratio of the system is defined as
Y =A"/A/where A'and A" are the yield displacements in LC
and MF systems, respectively. If the yield displacement of MF
system happens before the target displacement (A, ), considering
the bilinear curve, the yield displacement in the structure would
be considerably close to the yield displacement of LC system
(Ay = Ayl ). If the yield displacement of structure (Ay) is consid-
ered exactly equal to that of the MF system, then, ¥ = A [/Ay =
Therefore, we would have:
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Similarly, for overturning moment, we would have:

M M
e M]=— (12)
Yol Ypy, T l4py, /Y,

Because sometimes the base shear of MF system is zero,
for calculating the base shear of this system, instead of using
the Eq. (11) and distribution on structure’s levels, the Eq. (12)
is applied.

2.6 Rotational capacity criteria of flexural beams of
MF system

In LCF system, the flexural beams should have the ade-
quate rotational capacity to ensure that their yield in MF sys-
tem happens after the yield of link beams in LC system. Based
on classic equation of rotation-moment of a beam with depth
of h,, moment of inertia of /,, elastic modulus £, plastic sec-
tion modulus of Z, and length of Z,, we have:

(13)

F .
2r (LB, Z.22
’ Cv Es ]h Ib hh

IRENCNE S

Where, 0, is the yield rotational capacity of beam, and C|

is the end support factor which equals 6 for rigid connections
at both ends and 3 for rigid connection at one end and pinned
connection at the other end. From Eq. (13), it is understood that
the rotational capacity of the beam depends on four param-
eters of its span length, depth, yield stress and end support
conditions. As a conservative method, the rotation of beam
in each story is considered equal to the story drift, to protect
the beams from yielding before the target displacement in RR
performance level, the yield rotational capacity of the beams
obtained from Eq. (13) must be at least equal to the target drift.
When the yield rotational capacity of the beam is lower than

Mo
A

M L

Bilinear curve

Fig. 5 Capacity curves of base shear versus displacement and overturning moment versus story drift
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the target drift, the flexural beams would yield before the tar-
get drift, and therefore, ¥ would be calculated approximately
from the following equation:

Y,=A"/A =6"/0'=0,,/6! (14)

2.7 Design of ductile members of LC system

In LC system, because the shear force of each story corre-
sponds to the shear ratio (/) of it, the shear ratio of link beams
of each story (/) is calculated from portal frame analysis as
follows:

i=n

_1_1
i, ()

In Fig. 6a, an LC frame with shear link beam as fuse is

i#n

illustrated where the desired mechanism is the shear yield of
link beams. If the shear force of roof’s link beam is equal to
V., the value of shear force in i, floor’s link beam would be
B! V. Analysis results show that the shear forces of the mid-
story link beams and above the base link beam are approxi-
mately equal to BV and 1.5 B/ V., respectively. And according
to the balance of internal and external virtual work equation,
V' is calculated as follows:

iF,.’Ai = z::V,J (v,e.)—
SERO, 0,63V,
y, = ei,e le, V= 2?5 BV, —
iF,.'h[ = e(iZ.SE/V, + E{VJ -
1 1

o 2k
' e(zl”z.sﬁ,,’ +E{)

(16)

@ (b)
Fig. 6 (a) Yield mechanism in LC system; (b) Yield mechanism in MF

system

Having calculated the value of V, the shear forces of all link
beams of LC system are obtained. In design of the link beams,
they assumed to have a shear behavior, and therefore, according
to the provisions of the ASCE 341-10 [24] for the link beams
of the eccentrically braced frames, the equation e, < 1.6Mp/ v,
must be satisfied for the link beam’s section. Where 4 is the
shear cross sectional area of the beam, and yield stresses in
the beam’s web and flange are identical, the criteria for shear
behavior would be as follows:

Z,>03754,e, (17)

2.8 Design of ductile members of MF system

Title in Fig. 6b, the MF system with yielding flexural beams
and the yield mechanism of moment connection at the end of
beam are displayed. In this system, the shear force of each
story corresponds to the shear ratio (4”) of it, and the bending
moment ratio of beams of each story (3") is approximately
calculated by portal frame analysis as follows:

1 i=n
B"={B"+B i#ln (18)
267 +B =l

If the bending moment of roof’s beam is equal to M, the
value of bending moment in i floor’s beam would be B" M,
Then the virtual work balance could be used. But because
sometimes the base shear of MF system is zero, or nearly zero,
the distribution of lateral force cannot be carried out according
to the base shear. Thus, in virtual work balance equation of
these systems, the overturning moment is used for determin-
ing M _as follows:

iEmAi = ZMb,igp
1

D F"A, =0, ZT:FI.’”hi =0,M;
1

M, =p"M, - (19)
6, ZM;" =0, i M, —
M M
©YnB

Where, n_is the number of yielding points in each story and
M, .is the moment of the i, floor’s beam.

Based on M value, the bending moments of the flexural
beams of the MF system could be calculated. These beams
should be designed in a way to satisfy the required yield rota-
tional capacity in RR performance level. Where various bay
lengths or beam stiffness exist in the structure, the M, calcu-
lated from Eq. (19) is the average bending moment of the roof,
and the end moment of each beam would be calculated accord-
ing to its flexural stiffness from the total bending moment of
the roof (M n ).
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3 The proposed procedure of design for LCF system

The proposed design method for LCF systems is an iterative
approach to reach a convergence point because the two sys-
tems need to be designed separately while considering their
interactions. The yield mechanism for LCF systems, in both

RR and CP performance levels, are the shear yield of link

beams in LC system and flexural yield of ductile beams in MF

system at the target displacement. The design steps of the pro-
posed method are as follows:

1. Determining the target drift (¢,) for the hazard levels in
performance levels of RR and CP. Determining the grav-
ity loads and structure’s mass according to design code
(i.e. [22] or [25]).

2. Calculating the fundamental period of the structure. For
this purpose, a structure with pre-assumed stiffness could
be analyzed.

3. Distribution of lateral loads on LCF structure according
to Equations 1-3.

4. Calculating the interactions and shear forces of the LC and
MF systems according to elastic analysis of LCF structure.
Distribution of lateral load for both LC and MF systems,
and calculating the parameters of A/, 8/ and " according
to Equations 4.

5. Calculating the plastic drift (Hp) for two performance lev-
els of RR and CP from equation: Hp =0~ 0},. For LCF sys-
tem, the yield drift (9}_) value of 1% is suitable. Calculating
y from Eq. (6) and p_from: x4, = % .

6. Calculating yield base shear of LCF system from Equa-
tions 7-8 for two performance levels of RR and CP (V.
and Vyva,). V. re and V,cp are calculated by design spéc—
trums of DBE and MCE, respectively.

7. Calculating the yield base shear of LCF system in perfor-
mance level of 10 (V) by design spectrum of SLE and
from the equation: V=S o W. Where S _ is the spec-
tral acceleration related to SLE design spectrum.

8. Determining the yield shear of LCF system (V) which is
the maximumof V... V| ,and V ;. “

9. Controlling the stability coefficients of the stories from
Eq. (9), and calculating the additional base shear from Eq.
(10) if necessary.

10. Determining the value of Y by calculating the minimum
capacity of yield drift ratio of beams according to the
parameters of span length, depth, yield stress and end sup-
port conditions of the beams.

11. Calculating base shear of LC system from Eq. (11), and
designing its link beams according to base shear (Vy’),
lateral force distribution factor (1)), shear load ratio of
story (f3), shear force ratio of beam (B/) and Eq. (17). For
design of these members, the general provisions of seismic
design (i.e. AISC 341-10 [24]) should be considered.

12. Calculating the yield overturning moment of MF system
from Eq. (12), and designing its flexural beams according

to yield overturning moment (M "), shear load ratio of
story (") and bending moment ratio of beam (B"). For
design of these members, the general provisions of seismic
design (i.e. AISC 341-10 [24] ) should be considered.

13. Designing the columns of LCF system according to the
shear yield of link beams and flexural yield of ductile
beams with considering the factors of 1.25R , where R is
the ratio of the expected yield stress to the specified min-
imum yield. In design process of columns, seismic design
provisions [24] such as strong column/weak beam and
strength of panel zone should be considered too.

14. Controlling the convergence of the design according to the
fundamental period of the structure or the yield base shear.
When the convergence is not achieved, return to step 2.

15. If the convergence is achieved, the final design of LCF
system should be checked by nonlinear static or dynamic
analysis.

4 Application of the proposed method for designing
a structure with linked column frame system
4.1 Prototype structures

To design the LCF system with the proposed method, the
floor plan of a building with dimensions of 25m X 25m is used
as displayed in Fig. 7. The structures have 3, 6 or 9 stories
with story height of 3.80 meters and the number of bays in MF
system is 3, 4 or 5 with equal lengths. Generally, there are 9
different structures to be designed by the proposed method.
The lateral load resisting system is placed on the perimeter of
the building, and the internal beams and columns only resist
the gravity loads. In perimeter of the building, there is one
bay of ductile link beam which has the span lengths (e) of 1.2,
1.6 and 2 meters for 3-story, 6-story and 9-story buildings,
respectively. The dead and live loads of the floors are assumed
5.5 kN/m? and 3 kN/m?, respectively, and roof’s dead and live
loads are assumed as 6.5 kN/m? and 1.5 kN/m?, respectively.
Weights of external walls and roof’s parapet are assumed 6.4
kN/m and 2 kN/m, respectively. Therefore, the seismic masses
of the floors and the roof are calculated as 453.9 ton and 516.6
ton, respectively.

The design spectrums are according to Iran’s Standard No.
2800 [25] and based on this code, the buildings are located in
very high seismic risk zone and on soil type II. The design
spectrum for the earthquake with 10% probability of exceed-
ance in 50 years (DBE) is assumed according to this design
code. The design spectrum for the earthquake with 2% prob-
ability of exceedance in 50 years (MCE) is considered as 1.5
times of the design spectrum for DBE which is displayed in
Fig. 9. According to this, the spectral acceleration at short
period for DBE and MCE are calculated as 0.875g and 1.312g,
respectively. The design spectrum for the earthquake with
50% probability of exceedance in 50 years (SLE) is accord-
ing to Fig. 9, and the spectral acceleration at short period is

Performance-Based Seismic Design and Parametric Assessment of Linked Column Frame System 7
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Table 1 Design parameters used for LCF design in three performance objectives
Performance Level Parameter S-313 S-314 S-315 S-613 S-614 S-615 S-913 S-914 S-915
Iterate # 2 2 3 2 2 2 3 2 2
W (kN) 6,987 6,987 6,987 13,666 13,666 13,666 20,345 20,345 20,345
T(s) 1.117 1.096 1.104 1.930 1.927 1.826 2.525 2.627 2.36
SC, 0.072 0.072 0.072 0.109 0.109 0.110 0.135 0.133 0.137
4 0 0 0 176 176 176 263 263 263
Rapid Repair
0, 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
0, 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
0, 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
u, 2 2 2 2 2 2 2 2 2
’ 2 2 2 2 2 2 2 2 2
y 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75
S/g 0.440 0.447 0.444 0.292 0.292 0.303 0.243 0.237 0.254
a 0.650 0.676 0.666 0.423 0.424 0.472 0.367 0.340 0.420
V. (kN) 1,227 1,228 1,227 1,611 1,610 1,600 1,952 1,970 1,921
Collapse Prevention v
0, 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
0, 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
0, 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
u, 3 3 3 3 3 3 3 3 3
R, 3 3 3 3 3 3 3 3 3
y 0.556 0.556 0.556 0.556 0.556 0.556 0.556 0.556 0.556
S/g 0.660 0.670 0.666 0.437 0.438 0.455 0.365 0.356 0.382
a 1.300 1.353 1.333 0.846 0.848 0.943 0.734 0.679 0.839
Vy(kN) 1,153 1,150 1,151 1,517 1,516 1,491 1,829 1,860 1,776
Immediate Occupancy
S /g 0.160 0.62 0.161 0.106 0.106 0.110 0.088 0.086 0.092
V. (kN) 1,115 1,133 1,126 1,446 1,448 1,504 1,798 1,753 1,879
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Table 2 Period and the design forces of L

CF, LC and MF systems in design iterations

Frame Iterate # T(s) VEGN)  VIKN)  PP(kN)  V(N)  M(KN-m) M(KN-m) M(KN-m) M"(kN-m) T, (s) Diff. (%)
S-313

1 0.908 1322 1043 280 185 604 13275 6847 6427 1.117 23.0

2 1.117 1227 1317 -89 280 525 12383 9217 3167 1.045 6.40
S-314

1 0.802 1467 959 507 121 537 14683 5731 8952 1.096 36.7

2 1.096 1228 1271 43 238 414 12386 8189 4197 1.088 0.70
S-315

1 0.698 1833 1015 818 85 551 18294 5602 12692 0.982 40.7

2 0.982 1238 1146 92 187 343 12459 6681 5778 1.104 12.4

3 1.104 1228 1336 -108 292 305 12385 9036 3349 1.058 4.0
S-613

1 1.754 1767 1461 306 5 870 34481 14350 20132 1.93 10.0

2 1.930 1786 1854 -68 97 789 34959 20287 14672 1.842 4.60
S-614

1 1.497 1915 1323 592 25 684 37208 11571 25637 1.927 287

2 1.927 1785 1810 25 98 568 34953 18067 16886 1.852 3.90
S-615

1 1.281 1959 1156 803 21 528 37888 9275 28613 1.826 425

2 1.826 1775 1638 137 89 434 34690 14713 19978 1.827 0.10
$-913

1 2.595 2228 1857 372 73 1102 64841 24131 40712 2.692 3.7

2 2.692 2244 2321 77 33 971 65370 35071 30299 2.525 6.2

3 2.525 2216 2397 -181 59 941 64433 39785 24648 2.494 1.20
S-914

1 2.183 2241 1575 666 -60 765 64888 18309 46580 2.627 20.3

2 2.627 2234 2252 20 56 658 65021 30260 34760 2.496 5.00
S-915

1 1.851 2480 1499 981 -40 616 71450 16180 55271 2.360 275

2 2.360 2184 2026 159 64 472 63382 23749 39633 2.419 2.50

calculated as 0.419g. The link beams of the LC system have
the shear behavior, and the moment resisting beams of the MF
system have flexural behavior. The connection of the columns
to the foundation is pinned. In MF system, to increase the rota-
tional capacity of the flexural beams, their connection at one
end is pinned as well. To increase the load resisting capacity
of the system, link beams are also used in mid-story and above
the base. The floor loads are carried in north-south direction.
The prototype name is combination of number of stories, num-
ber of LC system and then number of bays.

4.2 Designing the prototype structures

For design of this structure against DBE earthquake and for
performance level of RR, the target drift is assumed as 2%.
The target value for the performance level of CP against the
MCE earthquake is 3%. The type of steel material is A992
with yield stress of 345 MPa. As the initial guess to start the
iterative design process, the stiffness of beams and columns
are assumed equal. To calculate the fundamental period of
structure and shear forces of the stories, modeling and elas-
tic analysis are carried out by computer software. The design

parameters of the last iteration of the design process for 9 pro-
totype structures in 3 performance objectives are presented
in Table 1. It is seen in the table that the stability coefficient
of the first floor for all 3-story structures are lower than 10%,
and therefore, the additional base shear resulted from P-Delta
effects (V) is zero. However, in 6- and 9-story prototypes,
the additional base shear (V) is added to design base shear
because the stability coefficient is higher than 10%.

As observed from Table 2, the iterations of the design pro-
cedure for all prototypes. These numbers of iterations are
based on identical sections for all members as initial guess,
and they would be improved with a more proper initial guess.
However, as seen in the table, the maximum number of iter-
ations is three times only. The convergence criterion for the
design is the period of the structure with maximum 5% error.
The yield base shear and corresponding overturning moment
of the whole structure and contribution of LC and MF systems
in these factors are shown in this table. The roof design shear
force of link beam (V) and roof design bending moment of
ductile beam (M) are also presented in Table 2.

Performance-Based Seismic Design and Parametric Assessment of Linked Column Frame System



Table 3 The designed sections of the members in S-615 and S-915 structures

Linked column system

Moment frame system

Frame Story
Story link Mid-story Link Column Exterior column Interior column Beam
S-614
6 130x1-20%2 130x1-20%2 W14x61 W14x68 W14x99 W10x88
5 130x1-20%2 130x1-20%2 W14x90 W14x68 W14x99 W12x136
4 130x1-20%2 132.5x1-20x2 W14x132 W14x90 W14x109 W12x152
3 130x1-20%2 142.5x1-17.5%2 W14x159 W14x90 W14x132 W12x136
2 140x1-17.5%2 I55%1-17.5%2 W14x211 W14x90 W14x132 W12x136
1 157.5%1.2-17.5%2 165%1.5-22.5%2 W14x370 W14x90 W14x132 W10x100
S-914
9 130x1-27.5%2 130x1-27.5%2 W14x74 W14x82 W14x120 W12x136
8 130x1-27.5%2 130x1-27.5%2 W14x99 W14x90 W14x132 W12x190
7 130x1-27.5%2 130x1-27.5%2 W14x120 W14x99 W14x145 W12x230
6 130x1-27.5%2 135x1-25x%2 W14x159 W14x120 W14x159 W12x230
5 130x1-25x%2 142.5%1-25%2 W14x211 W14x120 W14x176 W12x230
4 137.5%1-25%2 150x1-25%2 W14x257 W14x120 W14x176 W12x230
3 147.5%1-25%2 155%1.2-27.5%2 W14x311 W14x120 W14x176 W12x190
2 150x1.2-27.5%2 167.5x1.2-25%2 W14x398 W14x120 W14x176 W12x152
1 170x1.2-25%2 177.5x1.5-22.5x2.5 W14x550 W14x120 W14x176 W12x96

The link beams are built-up sections, and W-sections are
used for the columns and flexural beams. Another rule for col-
umn design is that the column sections could not be weaker
than the above floors columns. In Table 3, the designed sections
of members of two structures (S-615 and S-914) are presented
as examples. In this table, the dimensions for built-up sections
of link beams are in centimeters and indicate the dimensions
of web and flange, respectively. As observed from this table,
because of the interactions between two systems in the height
of the structure, link beam sections in lower stories are bigger
than the upper stories, and the flexural beam sections in upper
stories are bigger than the lower stories.

5 Evaluating the performance of LCF system
designed with the proposed method

To evaluate the buildings designed by this method for three
performance objectives, the structures are modeled accurately,
and nonlinear static and dynamic analyses are performed on
them. For nonlinear dynamic analysis, the ground motion
records recommended by FEMA P695 [26] are used. These
analyses are carried out by Opensees program [15].

5.1 Structure modeling

The structure members are modeled as beam-column ele-
ments and the rigid end offsets are considered in their mod-
eling. All members have fiber cross sections, and material
behaviors of link and flexural beams are calibrated by experi-
mental force-displacement hysteretic loops.

Because of using link beams with ductile shear behavior, mate-
rial properties of these elements are calibrated with experimental
results of Dusicka and Lewis [27]. They have used suggested

detailing for the link beams of LCF system in their specimens.
In Fig. 8a the hysteretic graph of shear force versus link beam
rotation is compared for the experiments of Dusicka and Lewis
on shear link beam and the model calibrated for the Opensees.
The allocated moment connection for the LCF system is bolted
unstiffened extended end-plate connection. Therefore, the mate-
rial’s flexural behavior of the link beams and yielding flexural
beams are as their connections, and they are calibrated by the
experiments of Sumner and Murray [28]. To consider the deg-
radation effects in flexural behavior model, the fatigue model is
combined with the flexural model. In Fig. 8b, the moment-plastic
rotation curve of Sumner and Murray experiment along with the
analytical model of Opensees are displayed. To model the behav-
ior of the columns of the structure, the existing model of Steel02
in the software is used. In modeling of all members in Opens-
ees, the shear and flexural behaviors are aggregated to consider
the effects of the shear deformations in the analysis properly.
All the pinned connections are calibrated with behavior models
of experiments of Liu and Astanch [29] to consider the slight
moment stiffness of these connections in analysis. Because the
seismic design provisions are considered in the design process,
and the capacity of the panel zone is accounted for, the shear
deformation of the panel zone and its effect on the analysis is
negligible. Therefore, panel zone is not considered in the model-
ing. To have a more realistic model, and to have the actual length
of the link beam, rigid end offsets are considered in the model.
Floors are considered to be rigid diaphragms in the models.

P-Delta effects are considered in the modeling. For this
purpose, the gravity loads on the frame are applied on their
actual locations and the rest of gravity loads are applied to the
P-Delta leaning column.

10 Period. Polytech. Civil Eng.

S. Shoeibi, M. A. Kafi, and M. Gholhaki



2000
1500
1000
500
4
-500
-1000
-1500
-2000

Link Shear (kN)

— Test
Model

-05 0 .05 .1 .15
Link Rotation (rad)

@

15 -1

1500

=
i)
S
S

500

'
O
IS}
S (S

Moment (kN.m)

-1000
-~ Test
1500 Model

-1-08-06-04-02 0 .02 .04 .06 .08 .1
Plastic Rotation (rad)

(®)

Fig. 8 (a) Comparison between Opensees model and the experiment of Dusicka and Lewis [27] for the link beam;

(b) Comparison between Opensees model and the experiment of Sumner and Murray [28] for the moment connections
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Fig. 9 The design and scaled response spectrums in three hazard levels

5.2 Selected ground motion records

For nonlinear dynamic analysis, the recommended ground
motion records of FEMA P695 [26] are used. From 22 pairs of
ground motion records, 22 records in direction 1 are selected.
The selected records are scaled with the design spectrums of
three hazard levels of SLE, DBE and MCE obtained from Iran’s
Standard No. 2800 [25] in periods between 0.3 and 3.15 seconds.
The calculated scale factors are 0.69, 1.9 and 3.16 for SLE, DBE
and MCE hazard levels, respectively. In Fig. 9, the design spec-
trum, response spectrum of the scaled ground motion records
and the mean of response spectrums in three hazard levels are
displayed. The ground motions from GM45 to GM66 belong to
SLE hazard level, from GM1 to GM22 belong to DBE hazard
level and from GM23 to GM44 belong to MCE hazard level.

5.3 Nonlinear static analysis results

After designing the prototype structures with the proposed
method, the accurate models of structures are analyzed. The
results of nonlinear static analysis for 9 prototype structures
are presented in Table 4. The parameters include yield drift,
target drift in three hazard levels, the drift value of first yield
in any of link beams of LC system and the drift value of first
yield in any of flexural beams of MF system. The value of
yield drift and target drift are obtained from pushover capac-
ity curves and by the method described in ASCE 41-13 [30].
As observed in this table, the target drift in SLE hazard level
is lower than the drift of first yield point in link beam, which
means that the structure members are remained elastic in this

Table 4 The target and yield drift and drift at the first members yielded obtained from pushover analysis

0(%)
Frame 0 (%) SLE DBE MCE 0, 1qrc (%) 0 o (%) 0 v "0, 11
S-313 0.87 0.56 1.54 2.30 0.79 2.73 3.46
S-314 0.87 0.57 1.56 2.32 0.79 2.42 3.07
S-315 0.87 0.55 1.51 2.25 0.76 2.85 3.74
S-613 1.21 0.62 1.71 2.50 1.08 2.36 2.18
S-614 1.14 0.63 1.70 2.48 0.98 2.40 2.45
S-615 0.99 0.62 1.68 243 0.94 2.09 223
S-913 1.44 0.65 1.82 2.63 1.31 2.28 1.74
S-914 1.24 0.66 1.78 2.56 1.10 2.20 2.01
S-915 1.05 0.57 1.70 243 0.94 1.78 1.89
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Fig. 10 Pushover capacity curve and yield stages of structure members in S-615 and S-914 prototype structures

hazard level. The maximum target drift in DBE hazard level is
1.82% which is lower than the pre-assumed value of 2%. Sim-
ilarly, the maximum target drift in MCE hazard level is 2.63%
which is lower than the pre-assumed value of 3%. Therefore,
the designed structures achieve the desired performance
objectives successfully. The yield drift values obtained from
pushover analysis are different from the pre-assumed value of
1% in some structures. This value could be corrected in design
iterations to achieve a more accurate design.

By comparing the drift of first yield point of link beam in
LC system with the drift of first yield point in flexural beam
of MF system, it is obvious that yield interval between the two
systems is adequate, and therefore, the link beams function
efficiently as fuse elements.

The pushover curve and yield points of the ductile mem-
bers of S-615 and S-914 structures are displayed in Fig. 10 as
an example. As observed, first all link beams yield, and then
the flexural beams enter the inelastic phase and undergo the
permanent deformations. The yield process of members in the
structure displays the yield mechanism of the structure as well.

5.4 Nonlinear dynamic analysis results

After designing the prototype structures with the proposed
method, the accurate models of the two structures of S-615 and
S-914, under scaled ground motion records of three hazard lev-
els, are analyzed by nonlinear dynamic method to evaluate the
seismic behavior of the structure comprehensively. The analysis
results indicate that the designed structures with the proposed
method achieve the desired performance objectives successfully.

5.4.1 Story drifts

In Fig. 11 the maximum story drifts for the earthquake with
exceedance probability of 10% and 2% in 50 years (MCE and
DBE) are displayed for the two considered prototypes. As
observed in these graphs, for the DBE in S-615 structure, the
maximum of median story drift is occurred in sixth floor which
is 1.84% and its minimum in third floor is 1.62%. In the S-914
structure and in the same hazard level, maximum of median
story drift is occurred in seventh floor which is 1.91% and its
minimum in first floor is 1.25%. The pre-selected target drift for

design in hazard level of DBE is 2%, and the obtained median
drift of both structures are lower than the target value. For MCE
in S-615 structure, maximum of median story drift is occurred
in first floor which is 2.84% and its minimum in sixth floor is
2.29%. In S-914 structure and in the same hazard level, max-
imum of median story drift is occurred in sixth floor which is
2.58% and its minimum in ninth floor is 2%. The pre-selected
target drift for design in hazard level of MCE is 3%, and the
obtained median drift of both structures are lower than the target
value. As observed in these graphs, the 84™ percentile value,
which is the median value plus a standard deviation, is exceeded
the target value in general. From these graphs, it is understood
that the designed structures with the proposed method achieve
the desired performance objectives successfully.

5.4.2 The yield of members

To control the yield in structure members, the shear DCR,
which is the ratio of maximum shear to the yield shear in the
link beam, and the moment DCR, which is the ratio of maxi-
mum bending moment to the yield moment in ductile beams,
are obtained from the nonlinear dynamic analysis. In Fig. 12,
the values of shear DCR of the link beam and moment DCR of
the ductile beams for the earthquake with exceedance probabil-
ity of 50% in 50 years (SLE) for S-615 and S-914 prototypes are
presented. According to this Figure, the maximum of median
moment DCR of the ductile beam for S-615 and S-914 proto-
types are 0.534 and 0.481, respectively, and 100% of the data
are lower than 1 in this hazard level. Therefore, no member of
MF system is entered the inelastic phase in this hazard level.
Similarly, the maximum of median shear DCR of the link beam
for S-615 and S-914 prototypes are 1.077 and 1.028, respec-
tively. This means that the shear link beams of LC system are
in the yield limit and have not entered the inelastic behavior
phase yet. Therefore, in SLE hazard level, all the members have
an elastic behavior which is the target for the proposed method.

In Fig. 13, the values of moment DCR of the flexural beams
of the MF system for the earthquake with exceedance proba-
bility of 10% in 50 years (DBE) for the S-615 and S-914 pro-
totypes are demonstrated. According to this Figure, the maxi-
mum of median moment DCR of the yielding beams for S-615
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and S-914 prototypes are 0.910 and 0.872, respectively, and
100% of the data are lower than 1 in this hazard level. There-
fore, all members had an elastic behavior in DBE hazard level.
Obviously, the link beams of the LC system have a proper
design, and are able to control the behavior of members of MF
system to remain elastic.

6 Conclusions

The parametric results of the present research, as the con-
tinuation and development of the design method presented in
reference [14] are more comprehensive due to the use of LCF
structures with different lateral relative stiffness between the
LC and MF systems and clarify the applicability of the pro-
posed design method for a wide range of structures. In the
proposed design method of this paper, the requirements for the
ductile beam in the MF system and also the determination of
the distance between the displacement at the first yield in the
link beam in LC system and the first yield in the flexural beam
in MF system are presented.

There are three performance objectives in the design of
ideal Linked Column Frame system. The force-based meth-
ods cannot guarantee to achieve the target performance objec-
tives, and therefore, the performance-based methods should
be applied. The design method proposed in this study for the
linked column frame systems uses the performance-based
plastic design (PBPD) for this purpose. This is an iterative and
simple procedure to design the structure for the different per-
formance objectives with adequate accuracy. By this method,
in addition to achieving the performance objectives, the link
beams have a proper design and protect the other structure
members from yielding. For parametric assessment, the design
examples for this method are 9 structure with 3, 6 or 9 stories
and with 3, 4 or 5 number of bays, and their performances
are evaluated by nonlinear static and nonlinear time-history
dynamic analyses. For nonlinear dynamic analysis, two pro-
totype structures are subjected to 66 different ground motion
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Fig. 13 Moment DCR of flexural beams in S-615 and S-914 prototype structures for DBE hazard level
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records in three different hazard levels. The analyses results

show the simplicity, accuracy and efficiency of this method.

According to parametric study in design, evaluation and anal-

ysis procedures, the following results are obtained:

1. The proposed method is simple and converges fast.

2. It is highly accurate with considering the interactions of
LC and MF systems.

3. According to the parametric studies and nonlinear static
analysis, all the link beam members yield before the MF
members, and the yield mechanism is comparable with
presumed mechanism.

4. Based on parametric studies, the designed structures with
proposed design method with different lateral stiffness of
MF and LC systems are achieved all three performance
objectives properly.

5. In the designed prototypes with the proposed method for
the earthquake with 50% probability of exceedance in 50
years (SLE), all the structure members remain elastic.

6. In the designed prototypes with the proposed method for
the earthquake with 10% probability of exceedance in 50
years (DBE), only the link beams of LC system started to
yield and all flexural beams of MF system remained elas-
tic. Therefore, the link beam functions according to the
structural fuse concept.

7. Based on parametric studies and as it was also shown ear-
lier in reference [14] the displacements of the designed pro-
totypes, under hazard levels of DBE and MCE are lower
than the target displacements.

8. According to parametric studies, the proposed design
method is well suited for a wide range of structures with
linked column frame system.
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