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ABSTRACT: The linked column steel frame (LCF) system is a new load resistant system; that by
using replaceable ductile links, it can provide the desired structural behavior. The optimal performance
of this system can be achieved by controlling the displacements and the sequence of yielding fuses
in the structure. The direct displacement-based design (DDBD) method is one of the most powerful
performance-based design methods that can control the behav-ior of a structure. This study aims to
investigate the performance of LCF systems designed by the DDBD method. For this purpose, 8 sample
structures with 3, 6, 9, and 12 stories and with different configurations, were designed with the DDBD
method; and then their behavior was investigated by nonlinear static analysis. The results showed that
in the design base shear calculated with the DDBD method, nearly most of the links of the studied
structures were yielded; while all the beams of the modified moment frame remained elastic. This result
shows the ability of the DDBD method to design LCF systems with controlled behavior. The results of
the overstrength review of the studied structures also indicated that the overstrength of LCF systems
designed with the DDBD method depends on the height and configuration. The average value of this
coefficient was evaluated as 1.23. Also, the average inher-ent overstrength coefficient of the structural
samples was calculated as 0.48. This result indicates the ability of the LCF systems designed by the

Review History:

Received: Jun. 06, 2020
Revised: Jul. 21, 2020

Accepted: Aug. 19, 2020
Available Online: Aug. 25,2020

Keywords:

Linked column frame system
Direct displacement-based design
Performance objects
Overstrength

Nonline-ar static analysis.

DDBD method to achieve their desired failure mechanism.

1- Introduction

The linked column frame (LCF) system is a new lat-eral-
gravity load resisting system introduced by Dusicka and
Iwai [1]. In this system, damage to the structure during a
seismic event is limited to specific members (i.e. replaceable
link beams). Limiting damage to these members leads to
preventing or reducing damage to the main members of
the structure at all seismic hazard levels. Most research and
design methods developed for this system are force-based
design methods [2-4]. Force-based design methods, while
simple, cannot de-scribe the actual (nonlinear) behavior of
the structure and guarantee the realization of the structure
perfor-mance objectives. However, performance-based
design methods are the best procedures for the seismic
design of structures. Various methods for performance-
based design have been proposed in the literature, in which
the direct displacement-based design (DDBD) method is
one of the best methods [5] proposed by Priestley et al. [6].
In 2020, the direct displacement-based design method by
Tazarv [7] was developed for the design of LCF structural
systems; which allows the design of LCF systems for
different performance levels as well as ac-curate monitoring
and control of their behavior. The purpose of this study
is to investigate the achievement of the intended design
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goals in the linked column frame systems designed by the
direct displacement-based method. For this purpose, a total
number of § prototype structures with 3-, 6-, 9-, and 12-story
and different configurations are designed with this method
and eval-uated using nonlinear static analysis. Numerical
model-ing and analysis of the examined frame samples
were performed by OpenSees software [8]. In the modeling
process, the nonlinear behavior of beams, link beams, and
connections was carefully modeled and their be-havior was
calibrated with some experimental results.

2- Methodology

To validate the proposed design method, a regular floor
plan of a building with dimensions of 25%25 me-ters is used.
The considered buildings consist of two groups with equal
plan dimensions. The first group is denoted by “nS-1LC”
that in each LCF frame, there is only one LC bay, and the
second group is denoted by “nS-2LC” in which there are
two LC bays. Parameter n stands for the number of stories.
The studied structures are of 3-, 6-, 9-, and 12-story LCFs
with the height of the stories equal to 3.5 m. The acceleration
and dis-placement spectrums of the Iran standard IS-2800
[9] have been used to design the prototype structures; and
based on this code, the buildings are assumed to be lo-cated
in a high seismicity zone on the soil type II.
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Table 1. DDBD results summary for the case study LCFs

Design parameter 135& 3S-2LC  6S-1LC  6S-2LC  9S-1LC 9S-2LC  12S-1LC 12S-2LC
Design drift 6, (%) 2 2 2 1.8 1.8 1.9 1.9
Design displacement A; (m) 0.16 0.16 0.29 0.29 0.39 0.39 0.57 0.57
Effective height H, (m) 7.96 7.96 14.88 15.0 21.86 21.8 28.84 28.84
Effective mass mez 66532 66532 1313.66 1317.21 1945.71 1945.71 2574.1 2574.1
(kN.S*/m)
MMF ductility M 0.54 0.7 0.58 0.68 0.55 0.7 0.61 0.81
LC ductility M 3.1 33 3.49 2.77 2.1 1.72 2.02 1.66
MMF EVD % 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
LC EVD % 15.0 15.2 15.42 14.36 12.66 11.27 13.0 11.0
LCF EVD % 9.73 11.6 10.25 10.54 8.52 8.56 8.63 8.5
Effective period T, (sec) 1.51 1.56 2.46 2.44 3.11 2.87 3.77 3.74
Design base shear Viase(KN) 19957  1887.27 2905.35 2828.14 3848.60 3239.00 4625.60 4691.98
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Fig. 1. The capacity curve of 9-story structures: (a) Struc-ture sample 9S-1LC; (b) Structure sample 9S-2L.C.

Using the proposed design method, all 8 samples of the
studied structures were designed. The design results are
summarized in Table 1.

3- Results and Discussion
3- 1- General behavior of sample frames

To investigate the behavior and overstrength of LCF
systems designed by the DDBD method, a series of sample
frames were designed and their behavior was investigated
using nonlinear static analysis. For exam-ple, Figs. 1(a) and
1(b) show the capacity curve of the 9-story frames. In this
research, the design and evalua-tion of the LCF systems have
been done for the RR performance level. At this performance
level, the opti-mal behavior of this system is achieved by
not yielding the MMF system fuses (i.e., beams). As shown
in Fig. 1, in all frame specimens, at the base shear of the
DDBD design, most of the link beams are yielded and all the
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modified moment frame beams are in their elastic re-gion.
This indicates the high accuracy of the proposed DDBD of
LCF systems in providing the base shear cor-responding to
the nonlinear behavior (yielding of most link beams) and
controlled (no yielding in modified moment frame beams)
of the

3- 2- Overstrength of sample frames

In this research, the ratio of the performance shear
base of the structure (the base shear corresponding to
the achievement of the first story to the design drift) to
the design base shear calculated by the DDBD method is
considered as the overstrength factor of a structure. The
calculated values of the overstrength factor for the sample
structures are shown in Fig. 2. As shown in Fig. 2, in the
LCF structures designed with the DDBD meth-od, there
is some overstrength compared to the design base shear;
the main reason for this can be attributed to the executive
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Fig. 2. Overstrength of the studied structures.

issues, strain hardening of materials, and overstrength of
the link beams. According to Fig. 2, it can be concluded
that the overstrength factor of the LCF systems designed
by DDBD is a function of height, structure configuration,
and performance considera-tions assumed in the design
process, and its average value is equal to 1.23.

4- Conclusion

In this study, the behavior of LCF systems designed by the
DDBD method was investigated. The main find-ings of this
study are as follows:

1- The results of the parametric study and the inter-pretation
of the sample capacity curve of the structures showed that in
all frame samples, in the design base shear predicted by the
DDBD method, most of the link beams are yielded, while all
beams of the modified moment frame remain in their elastic
range. This be-havior, which is completely in line with the
concepts of the DDBD method, is clear proof of the success
of this method in providing design forces corresponding to
the nonlinear and controlled behavior of the LCF systems.

2- In the sample structures studied in this study, nearly
most of the links of the studied structures were yielded.
This will increase energy dissipation and pro-vide a uniform
distribution of damage along the height of the structure.

3- Based on the studies performed on the over-strength

of LCF systems, it was shown that the real overstrength of
LCF systems designed by the DDBD method depends on the
height, structure configuration, and executive issues. Its value
in this study ranged be-tween 1.03 to 1.57 and an average of
1.23.
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Fig. 2. The Direct DBD procedure: (a) Equivalent SDOF system; (b) Effective stiffness (Ke); (¢)
Equivalent viscosity damping versus ductility (Seq); and (d) Design displacement spectra
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Table 1. DDBD results summary for the case study LCFs
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Fig. 4. Comparison between Opensees and experimental results [27]: (a) Shear Link (S2); (b) Flexural Link (LB)
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Fig. S. Hysterical material model in OpenSees software [19].
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Fig. 6. Capacity curves of the studied structures: (a) 3-story structures; (b) 6-story structures; (¢) 9-story
structures; (d) 9-story structures
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tlra ) 3 g ojl 1 Cuoglia 48l oy Julis ) ¢l et U3,
Sox6 J 2oy OF (ke pobo &y el d5petio o jsblan 398 0
S Bjoud (5 JUb g (s e )18, 1 )5 baojl 4, 03]y 5
) Mgl Lol Bl gl e 1iln g b e &8 s o
&ly 3 8l LCF (ot 115, )5 olgie |y (ad pé 03910
(Bgm sloys) i ol slojod LC s (Y 5w cle &
395 i IS g (dad e )18, b g edd wulud (HIS)L ol Jolye
S o () HS5L e pld y ajlus & 03y (59, @b 4 (SLLE SWS
oy Dy90 S0l diges ;> sdal Cuwd 4 SI5 Cunglio il 43l |
s 29y b oad (2l LCF (glaojls & ¢85 aonis s 0
Soin 9 Calhe Yl 8, (dloj)) dlagy (b )3 ey 2 e
28y L ojlo & 03l (6531 S Mgl 5 283 4 3B 195 4y g 4Ll (gloas
A 353 g S5 g s e
BB b (Kool ) comle cle @y sl S5 4 p3Y (LY
M8y Gl oo cddyo Al glaojlu Hl8) 0 YL sladge il S aas Mo
b 3l (ol 3i>5 aido VY 5% Gl aile) laojl Jud oyl 5.8
250 (U150 sl g Jelos) (Senlind i b (Seolind oo (sla g,

235 58 o

£AYO

S5 bl il peite VY B VAV s ) bl e 5 03 sl
i) psmen olse 4 o3l 3 Canglie abls] Srnly ol &S ol
S b ojle ya )18y Slepss I qalpl ClsMe 5 aS
P sl e ol g elalp (Ahb (i Sy, 5 bl sl o
Sl p & a2 b g oo 485 a3 ol (gylde (glojlu i
Canlin L3l (S s 4 i a s gl 5 4555 5
) ey 2 (ise paditn by b ord 2k LCF clagiuns
Sidgs cpl )0 &S Cunl oY S Cpl S cpioad )ST )15 VYY
S i 5> (o8 )l b g 3 58§ LOF s digey oy
wily g aloo Sig oy b sloojls 10 &8 25 0 (g 9 sl 005
G55 oy 4 08l 4zl (glalande bl5 galS bbb Canglio abl]
Al oan] Slisdiss die g o o
Wgad gl o dpule OB Coglie adlsl colps VoSS j»
sl o 45 b lad sl 005 0313 L5 iy 3y90 (sloojle
OSbe 5 w@dg S§ 5l 5868 aojle dges (oled (1D Cunglie ddlsl
SMegwl 9 Ol e VYV S5 )0 puizmed 3L o +/FA plp Lol
03l i Ao yd s et e jld) edgate 40 ol dged (53,

03545t 1D ojlw (655 SMpwl lipe &S Canl S5 UL Lol o



FAY« YA axbo Yo JL» AN O)LA..:'J OY 0y9d ;)....s)fol ul)a..c L;.u,\...@(c :b).uu

1

oo || Average =048
08 -
07 |
— 06
S o5
2" 04 -
=03
02 1
0 - ; . . . . . .
9 < ¢ ¢ o
ﬂ?,\"' m%:\}’ @:C“ éz‘}; uf:'\\;) c?:}n-& {f’w \"f’ﬁy

Sample structures
oo diged 515 Caoglio ABLS] g o .Y ¢ JSui5

Fig. 10. Inherent overstrength of the sample structures
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