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ABSTRACT: This study investigates the effect of different link beam lengths in the
Reinforced Concrete (RC) frame retrofitted with the Linked Column Frame (LCF) system. It
also investigates the ratio of the link beam length (e) to the span length of the RC frame (L)
from 0 to 1.5 for the 9 models of the RC frame retrofitted by the LCF system has been
investigated. In addition, it studies the formation of plastic hinges in the RC and Linked
Column (LC) frame, distribution of stiffness between the RC and LC frame and the ratio of
the structural displacement with the formation of the first plastic hinge in the member of the
RC frame at the collapse prevention level (Ap LcF) to the structural displacement with the
formation of the first plastic hinge in the link beam (Ay Lcr) has been studied. Based on the
nonlinear static analysis results, the model with the ratio of e/L= 0.45 has a better
performance than other different lengths of the link beam. In this model, the stiffness of the
LC frame has increased about 78% in comparison with the model with the ratio of e/L that is
more than 0.6. Also, the ratio of ApLcr to Ay Lcr for the model of e/L = 0.45 in comparison
with two models of e/L = 0.3 and 0.6 is more about 14% and 22%, respectively. It means
that, the model of e/L = 0.45 has more potential to reach the performance level of Rapid
Repair (RR) to occupancy.

Keywords: Link Beam, Linked Column Frame System, Nonlinear Static, Plastic Hinge,
Retrofitting.

INTRODUCTION

After the earthquake of Northridge and Kobe
in 1991 and the observation of significant
damage to structures in these earthquakes, the
seismic design of the structures was
fundamentally changed. ATC (Applied
Technology Council, 1996) and FEMA
(Building Seismic Safety Council, 2000) are
one of the most important codes to improve
existing structures. These codes divide the
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possible damages based on the importance of
the building and its efficacy after the
earthquake. Therefore, they have defined the
levels of performance. The adequate solution
for protecting the main structural members
and reducing the destructive effects of
earthquakes use of structural systems are
combined with the replaceable fuse members,
which due to the ductile behavior and seismic
energy dissipation are next to the main
members of the structure. Relatively low cost
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and the easy repair process in these systems
lead to the rapid return to occupancy after an
earthquake.

Several methods are used to retrofit the
reinforced concrete, such as the concrete
jacket or steel jacket, Fiber Reinforced
Polymers (FRP) (Kianmofrad et al., 2018;
Haji et al., 2019), adding steel bracing
(internal and external) (Kheyroddin et al.,
2019a,b; Hemmati et al., 2020), adding
concrete shear wall or Steel Plate Shear Walls
(SPSWs) (Broujerdian et al., 2017), adding
dampening and the new method retrofitting
using the LCF system.

The idea behind the LCF system was used
by Nader et al. (2000) as the wide bases of the
Oakland river bridge in California. The linked
beams at the base of this bridge designed in
the earthquake has shear yielding behavior
and after the failure the link beams can easily
be replaced. The energy dissipation and
ductility of these members will limit the
inelastic deformation and reduce the failure in
the moment frame system. The behavior of
the linked beam in the LCF system is similar
to the behavior of the linked beam in the
frames with the Eccentric Braced Frame
(EBF). Based on the length of the link beam,
these members act in shear or flexural
yielding.

Bouwkamp et al. (2016) introduced the
concept of the vertical link (V-EBF) and they
studied experimental and analytical model of
the V-EBF system. The experimental results
showed that ultimate shear strength of
vertical link is more than two times of
yielding strength. Fintel and Ghosh (1981)
used the structural fuse concept for the beams
of the Moment Resisting Frame (MRF) with
the strong columns-weak beam. In some
other cases, the members with the function of
protecting the main structure were considered
as the structural fuse (Shahrooz et al., 2017;
Lu et al., 2018; Tong et al., 2018; Li et al.,
2019). Zahrai and Ezoddin (2018) to improve
the efficiency of the RC structures, proposed
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a new structural system to prevent
progressive collapse in intermediate RC
frame structures, called cap or hat truss. The
analysis results showed that this system can
reduce the average vertical displacement and
column axial force transferred to adjacent
columns about 56% and 61%, respectively
due to sudden removal of the column. Today,
the application of replaceable fuse members
is very general because they are easily
replaced and able to protect the main
structural members and restrict their damage
in them.

Buckling-Restrained  Braces  (BRB)
(Abdollahzadeh and Banihashemi, 2013; Bai
and Ou, 2016; Pandikkadavath and Sahoo,
2017; Xu et al., 2018; Wang et al., 2019),
Added Damping and Stiffness (ADAS) and
Triangular-Plate  Added Damping and
Stiffness (TADAS) (Tsai et al., 1993;
Dargush and Soong, 1995; Tena-Colunga,
1997; TahamouliRoudsari et al., 2018), Steel
Shear Panels (Xu et al., 2016; Lin et al.,
2019), and dissipative connection in
concentric braced frame (Mohsenzadeh and
Wiebe, 2018) are among the systems with
replaceable fuse members.

The LCF structural system consists of two
parts: one of the main lateral load bearing
system of the structure which is a LC frame,
and secondary lateral load system which
includes a MRF. In the LC frame system, the
replaceable link beams provide the initial
stiffness of the system and then energy
dissipation due to yielding and cause the
displacement and ductility in the building to
be increased (Dusicka and Iwai, 2007
Dusicka and Lewis, 2010; Malakoutian et al.,
2013). This structural system consists of a
steel frame (LC) with replaceable link beams
which acts as a fusion element to increase the
seismic performance. Figure 1 shows a
general view of the LCF system.

In the structural systems which are
combined with these fuses, the damage in the
main members is limited and the ability to



Civil Engineering Infrastructures Journal, 53(1): 137 — 159, June 2020

easily and quickly replace the damaged fuses
will reduce the time and cost of repairing the
building. Nowadays, the concept of fuse has
changed. In the past, the main purpose of fuse
members was to dissipate the seismic energy
by the inelastic deformations, and they were
not necessarily replaceable.

Since the LCF system has included two
structural ~ systems  based on the
interconnection between the two fusel
structures and the main structure, the linked
beams are responsible for fuses. Inelastic
deflection and yielding are formed only in the
linked beams, and the members of the main
structure should remain elastic phase. Design
and seismic performance of steel MRFs
incorporating replaceable fuses was studied
and evaluated by Shen et al. (2011). The
results indicate that steel MRFs with
replaceable links, possess a suitable ductility
with the added coup that the link can be
replaced with after an earthquake.

Shoeibi et al. (2017) introduced an
iterative, simple and highly accurate
procedure for designing these dual systems
using the Performance-Based Plastic Design
method (PBPD). This method was based on
separating the two structural systems
considering their interactions. In addition,
they designed three structures with 3, 6 and 9
stories with this method. To evaluate the
proposed method, nonlinear static and
dynamic analysis was applied. The results
showed that the designed structures achieved
the performance objectives.

Lia et al. (2018) proposed a novel system
of steel Energy-Dissipative Columns (EDCs)
to mitigate seismic responses of reinforced

concrete MRFs. The results showed that the
lateral stiffness ratio of EDC to MRF, the
story irregularity factor of MRFs, and the
ratio of story shear capacity of EDC-MF
systems to seismic base shear are the most
important parameters.

The purpose of this study is to investigate
the effect of link beam length in the LCF
system for the seismic retrofit RC frame. For
the first time, this system has been used to
retrofit the RC frame.  Therefore,
determination of ratio of link beam length to
the span length of the RC frame can increase
the LCF system efficiency for retrofit of the
RC frame. Therefore, the plastic hinges are
first formed in the link beam of the LC frame
and the main structure remains (RC frame) in
the elastic phase to maintain the serviceability
of the structure.

VERIFICATION OF FINITE ELEMENT
MODEL

In this study, the experimental investigation
of Choi and Park (2008, 2011) has been used
for the verification of a nonlinear Finite
Element (FE) model with ABAQUS 6.14-5.

Description of Tested Specimen by Choi and
Park and FE Model for RC Frame

In this paper, the experimental specimen
was one-third scale specimen of three-story
RC frame which has been studied by Choi
and Park (2011). The LCF system is used for
retrofitting the RC frame. The dimensions
and reinforcement details of the tested
specimen by Choi and Park (2011) are shown
in Figure 2.
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=
Fig. 1. Concrete or steel frame retrofitted with the LCF system (Lia et al., 2018)
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The properties of the tested specimen are
listed in Tables 1 and 2. The RC frame was
designed in accordance with building code
requirements for structural concrete (ACI
318-14). The aspect ratio (I /hp) was 1.5 (I, =
1500 mm and h, = 1000 mm, where I, and hp
are the length and height of the RC frame,
respectively).

The mechanical behavior of concrete has
been used the concrete damaged plasticity
model. The specifications of concrete
damaged plasticity for the FE model are

Section Column

£ P10@50 mm
= 3922 v
S 2925 A
z X
£ S 3922
300

(b)
Fig. 2. Dimensions and reinforcement details of the RC frame (Choi and Park, 2011): a) Tested specimen (Choi and
Park, 2011); b) FE model

summarized in Table 3. The elements of the
RC frame use a three-dimensional 8-node
hexahedral elements with reduced integration
(C3D8R) to prevent the shear locking effect.
In order to model reinforcements, 2-node
truss elements (T3D2) having 3 degrees of
freedom at each node (translations in X, Y
and Z directions of global coordinate system)
are used. To define the interaction between
concrete and reinforcements, embedded
region interaction is used.

Table 1. Properties of material tested specimen for RC frame

Modulus of elasticity

Compressive strength  Tensile strength

Material Poisson's ratio (MPa) (MPa) (MPa)
Concrete 0.15 25000 26.4 -
Steel 0.3 200000 - 400

Table 2. Properties of tested specimen for the RC frame

Area (mm?) Yield strength (MPa)
I . 506.7 (D25) 443
Longitudinal reinforcement of column 387.1 (D22) 430
Longitudinal reinforcement of beam 198.1 (D16) 471
Transverse reinforcement 71.3 (D10) 486

Table 3. Specifications of concrete damaged plasticity for concrete
Dilation angle Eccentricity FbO0/Fc0 K Viscosity parameter
31 0.1 1.16 0.667 0.002
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It is important to choose the appropriate
mesh size for accurate verification of the RC
frame tested specimen with the FE model. To
achieve accurate results at the optimum time,
sensitivity analysis is performed for the mesh
size. The steps of sensitivity analysis for the
RC frame are listed in Table 4.

Figure 3 shows the deformations of the RC
frame for the tested specimen and the FE
model under a monotonic displacement
controlled lateral load pattern which

continuously increases.

Figure 4 shows the verification of the
pushover curve of the tested specimen with
the FE model, which selected mesh size of FE
model for the RC frame. The mesh size of
concrete and bar is equal 110 mm, 30 mm,
respectively (FE model of RCF = BAR 30,
RC110). This size of the meshes has good
agreement with the experimental specimen
results.

s, Mises
(Avg: 75%)
+2.807e+01
+2.573+01
+2.33%+01
+2.105e+01
+1.871e+01
+1.6376+01
+1.40de+01
+1.170e+01
+0.358e+00
+7.019+00
+4.680¢+00
+2.341+00
+2.5560-03

Fig. 3. The deformation of the RC frame in the ultimate displacement: a) The deformation of experimental specimen
(Choi and Park, 2011); b) Von Mises stress of RC frame in the FE model
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Fig. 4. Verification of the tested specimen with the FE model for the RC frame
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Table 4. Size and type of mesh element in the FE model of RC frame

Element type

Element size (mm)

Concrete

Longitudinal & Transverse reinforcement

Step 1 120

C3D8R Step 2 115
Step 3 110

Step 1 45

T3D2 Step 2 35
Step 3 30

Description of Tested Specimen by Choi
and Park and the FE Model for Steel
Frame

To verify the FE model for steel frame, a
one-third model is used in an experimental
study Choi and Park (2008). The
configuration of the specimen tested by Choi
and Park (2008) is presented in Figure 5. The
frame members are built-up sections made of
SM490 steel (Fy = 330 MPa). All columns
were H-150x150%22x22 mm (built-up wide
flange section, H-overall depth (dc) x flange
width (bf) web thickness (tw) x flange
thickness (tr)). The beams in the second and
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third stories are H-150x100x12x20. The top
beam that connects to the actuator is H-
250%150%x12x20.

The FE model for the steel frame elements
in ABAQUS software has been used the S4R
element. The S4R element is a 4-node,
quadrilateral, stress or displacement shell
element with reduced integration and a large-
strain formulation. To achieve accurate
results at the optimum time, sensitivity
analysis for mesh size is performed. Table 5
shows the steps of the sensitivity analysis for
choosing the mesh size of the FE model for
the steel frame.
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(b)
Fig. 5. Dimensions of the steel frame (unit: mm): a) The tested specimen (Choi and Park; 2008); b) The FE model
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Table 5. Size and type element of the FE model for the steel frame

Element type Element size
Step 1 60
S4R Step 2 50
Step 3 40
Figure 6 shows the verification of the size of 40 mm is chosen for the steel frame
pushover curve for the experimental elements as shown in Figure 7.

specimen and the FE model. A uniform mesh
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Fig. 6. Verification of the experimental specimen and the FE model for the steel frame
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Fig. 7. The deformation of the steel frame in the ultimate displacement: a) The element mesh; b) VVon Mises stress
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Description of the FE Model

The design of the columns of the LC frame
is calculated using the virtual work method
for the maximum shear force corresponding
to the first plastic hinge in the members of the
RC frame obtained from the nonlinear static
analysis.  The lateral displacement
considering flexure is only obtained using the
equation of virtual work as follows.

A L Mm

o Bl @
where M: is the internal moment caused by
the real load, m: is the internal moment
caused by the external virtual unit load, E: is
the modulus of elasticity and 1. is the
moment of inertia.

The design of the link beams of the LC
frame is calculated using the slope-deflection
method. The beam links are designed in
accordance with seismic provisions for
structural steel buildings (ANSI/AISC 341-
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10). In this paper, retrofitting of the RC frame
is investigated using the LCF system for nine
different lengths of link beams. All columns
and link beams section of the steel frame (LC
frame) are designed IPB 280 and IPE 160,
respectively. Figure 8 shows the dimensions
of the RC frame is retrofitted using the LCF
system and how to connect the LC frame to
the RC frame. The naming of the models
follows the concept of LCF which represents
the LCF system in which the first number
after the LCF is the length of the link beam
(unit: meters) and the second number is the
ratio of the link beam length to the span
length of the RC frame. The span length of
the RC frame for all models is 1.8 m. Naming
and the link beam length for different models
are summarized in Table 6. For comparability
of the results, material properties, meshing,
boundary conditions and the diameter of the
bars of all models are considered the same as
those of the experimental specimen tested by
Choi and Park (2011).

PL 300X 150X10
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7
.
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7 7 FE
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Fig. 8. The RC frame retrofitting with LCF system

144



Civil Engineering Infrastructures Journal, 53(1): 137 — 159, June 2020

Table 6. Naming and link beam length for different models

Model e (m) e/l
LCF-0-0 0 0
LCF-0.3-0.15 0.3 0.15
LCF-0.55-0.3 0.55 0.3
LCF-0.8-0.45 0.8 0.45
LCF-1.1-0.6 1.1 0.6
LCF-1.35-0.75 1.35 0.75
LCF-1.8-1 1.8 1
LCF-2.25-1.25 2.25 1.25
LCF-2.7-1.5 2.7 1.5

The Interaction between the RC and the LC
Frame

To define the interaction between concrete
and reinforcements in the RC frame is used
embedded region interaction in the finite
element software ABAQUS. For connecting
the steel plate of the LC frame to the
foundation, a tie constraint is used. This
constraint ties two separate surfaces together
so that there is no relative motion between
them. This type of constraint allows to fuse
two regions together, even though the meshes
created on the surfaces of the regions may be
dissimilar. U-shaped constraints are used to
define interactions between the LC frame and
the RC frame is used (Bypour et al., 2019), as
shown in Figure 9.

The surface-to-surface contact interaction
is used in the finite element software Abaqus
to define interactions between the RC frame

Y

-

z x

and LC frame. A contact interaction property
can be referred to as the general contact,
surface-to-surface contact, or self-contact
interaction. Normal and tangential behavior is
considered in the interaction element. The
friction coefficient defined is equal to 0.18.

Loading

The loading process for studying the LCF
system was controlled by displacement at the
top beam. The displacement which was equal
to the maximum target displacement of
experimental test was applied in non-linear
Finite Element Analysis (FEA). For this
purpose, the FEA of the LCF system has been
performed in a nonlinear static analysis
format and the analysis procedure has been
considered both material and geometric
nonlinearities. The boundary conditions of
the LCF model are shown in Figure 10a.

Fig. 9. Connecting the LC frame to the RC frame using U-shaped constraints
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Fig. 10. FE model of the LCF system: a) The boundary conditions; b) meshing

RESULTS AND DISCUSSION

Investigation  of

Procedure for Models
The capacity curve represents the shear

tolerability by the structure since the area

under the curve of force-displacement
(pushover) shows the dissipated energy by
the structure. Whatever the surface below this

Pushover  Analysis

Story Drift Ratio (%)

curve is larger, the structure has more ability
for  energy  absorption and  force
redistribution. When the structure is under the
influence of large forces caused by an
earthquake, if it has an elastic behavior, it is
able to dissipate the input energy from the

earthquake. Figure 11 shows the comparison

of the results of the force-displacement curve
of all models for retrofitting of the RC frame.

Force (kN)

0 20 40 60 80

Experimental

——RCF
LCF-0.55-0.3 ~ ——LCF-0.8-0.45
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140 160
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—LCF-1.1-0.6 ——LCF-1.35-0.75
—LCF-2.7-15

Fig. 11. The comparison results of the force-displacement curve on all models
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The link beams in the LC frame are
designed to yielding dissipate the energy
absorbed by the structure and the members of
the RC frame remain in the elastic phase. The
maximum ultimate load is created in the
model of LCF-0.55-0.3 and LCF-0.8-0.45.
Consequently, the capacity of the LCF
system compared to the primary frame
(without retrofitting) is increased about 3.2 as
shown in Figure 11. To avoid density of the
curves and provide more  precise
interpretation of each model, the pushover
curve for each model is examined separately
in order to study the formation of plastic
hinges progress in the LCF system with
different lengths of the link beam.

The Formation of Plastic Hinge Progress in

the LCf System
The formation of plastic hinges in the RC

and the LC frame under increasing lateral
load is shown in Figure 12. The plastic hinges
formation in the LCF system are first formed
in the link beam and the columns of the LC
frame and then in the beams and columns of
the RC frame. This causes the RC frame
remains in the elastic phase and does not
damage the main moment frame (the RC
frame) in severe earthquakes. For naming, the
plastic hinge of the beam is introduced by the
letter B and the plastic hinge of the column by
the letter C, as shown in Figure 12. For
example, B-LC represents a plastic hinge
formation in the link beam of the LC frame
and B-RCF represents the plastic hinge in the
beam of the RC frame (without retrofitting).
The naming formation of plastic hinges is
summarized in Table 7.

Table 7. Naming of plastic hinges in the LC and the RC frame

Naming of plastic hinges

Place of plastic hinge formation

The link beam of LC frame

B-LC
C-LC The column of LC frame
B-RC The beam of RC frame
C-RC The column of RC frame
B-RCF The beam of RC frame (without LCF system)
C-RCF The column of RC frame (without LCF system)
0 Story Drif% Ratio (%) 4 S i
700 ; g ==
600 i 5=
500 : T ," : S, Mises
— 1 / J 1 SNEG, (fraction = -1.0)
£ 400 i =8 (Avg: 75%)
§ \ %Ij (LTI S 13332218%
S 300 Rl ! 137150402
: s = et
B IV S e
100 |-/ =O-= &5 118576402
PR =S +1.486e+02
0 M M M M M M M ) == +1.114e+02
0 20 40 60 80 100 120 140 160 i_ﬂu T 311l
Displacement (mm) v :;:
- - - RCF LCF-0-0 =
o cC-LC ® B-RC ==
O B-RCF X C-RCF

Elastic limit in RC Frame

—

(&) Model: LCF-0-0

147



Ezoddin, A.R. et al.

i 0,
0 1 Story an& Ratio (%) 3 4
700 ; 1 1 1 J
600 f-------- Jrmmmmm e emeeeeeeeeooaoas
S500 ------- e T _
X ] S, Mises
=400 fccco e A SNEG, (fraction = -1.0)
§ N (Avg: 75%)
G300 oo i i
0 |t e
100 f-orm Qe
o S
0 20 40 60 80 100 120 140 160 3 05tai0d
Displacement (mm)
- - - RCF LCF-0.3-0.15
® B-LC ¢ C-LC,B-RC ‘
B CRC O B-RCF ‘
X C-RCF -.-.- Elastic limit in RC Frame L L
(b) Model: LCF-0.3-0.15
Story Drift Ratio (% e n
0 y Drift Ratio (%) 4 =i
700 ; =
. - — |
600 ! P E
=500 i 5
6400 ,,,,,,,,,,,,,,,, f =5 = S, Mises
3 ! _j = | SNEG, (fraction = -1.0)
E 300 # ' =t Lol W
00| oem T = =t
100 |/-w @7 e
Z ! : : : : : : ; == 2225402
° 0 20 40 60 8 100 120 140 160 = LIS ey
Displacement (mm) ‘ ;E » Eégéggﬁ
- - - RCF LCF-0.55-0.3 =
e B-LC ¢ C-LC 2 4_1 B
A B-RC B C-RC =
O B-RCF X C-RCF ‘
| {] |

- Elastic limit in RC Frame
(c) Model: LCF-0.55-0.3

. o e =
Story DrlfﬁRatIO(/o) 3 4 =5 ' =

500 b ‘

300 """""" / ES IS
== :

2 ==

L
|

S, Mises
SHEG, (fraction = -1.0)
(Avg: 75%

Force (kN)

-
1 1 1 )

0 20 40 60 80 100 120 140 160
Displacement (mm)

~3.717e+01
~0.000e+00

[T
e

- - - RCF LCF-0.8-0.45 A=

e BLC o CLC A E

A B-RC B CRC = ;

S § < e [ T
————— Elastic limit in RC Frame | | L

(d) Model: LCF-0.8-0.45

148



Civil Engineering Infrastructures Journal, 53(1): 137 — 159, June 2020

0 1 Story DrifyRatio (%) 3 4 —= {1
700 - M M M N —
600 : P——— F o e ——
=500 i ‘
=z . =
<400 A.'/ S T LT
8300 . ‘ ;
2200 |- T o SRS it - 1.0
N / o
100 (/=0 = i
0 = ; ; ' ' * ' SSHINTTTTE: Bge
0 20 40 60 8 100 120 140 160 i
Displacement (mm) = et
--- RCF LCF-1.1-0.6 = . e '
@ B-LC,C-LC A B-RC == " =
% GRC .. Blsti it (L PP
X  C-RCF R Elastic limit in RC Frame [LLL__ LI 11 |
(e) Model: LCF-1.1-0.6
. o T L
0 1 Story DI‘If&RatIO(/o) 3 4 2NN A i
700 ; . 1 1 ) = |
/——_ f i
|
:\F‘ (LTI —
EE s, Hises
——————————— = SNEG, (fraction = -1.0)
- - E (Avg: 75%)
Y +4.465+02
= Do
L. L L 1 ] =] . ST +3.34%-02
== [T g ek
80 100 120 140 160  — ] ahme
Displacement (mm) = . Tatserst
- - - RCF LCF-1.35-0.75 = d “60t0e-co
® B-LC o C-LC B
A B-RC B C-RC —
O B-RCF X C-RCF 1 I
SRR Elastic limit in RC Frame s T
(f) Model: LCF-1.35-0.75
Story Drift Ratio (%) t |
0 2 3 4 -
700 - L L L J ,_’
600 !
~ ! Y '
= 500 ,
X | =S| ) v
g 400 /-/ S TS
S 300 i =
i £ =
200 I 5 shes
100 |/ -0 = o
0 L= . . . . . . , = R0
=& [T i
0 20 40 60 80 100 120 140 160 == H2re
Displacement (mm) = ) %%;:%%
- - - RCF LCF-1.8-1 = 4 e
e B-LC ® ClLC E :
A B-RC B C-RC T 7
O B-RCF X C-RCF l ‘

(g) Model: LCF-1.8-1

149



Ezoddin, A.R. et al.

. . e
0 1 Story an& Ratio (%) 3 4
700 : 1 1 ) i =
600 :
—~ + /
=500 |
E 400 - -
3 | = (IO 2i|’r4:mtm =-10)
5300 . w ot 19
L . 1 " +, r\HIDTU
200 VP ‘ B
100 ,,,’,,,;,;,,Q—X' - i
0 e B L
0 20 40 60 8 100 120 140 160 — 1 L=
Displacement (mm) = )
- - - RCF LCF-2.25-1.25 = J
@ B-LC,B-RC ¢ C-LC SI-. iif
B CRC O B-RCF j ‘
X CRCFE -.-.- Elastic limit in RC Frame LU J ‘
(h) Model: LCF-2.25-1.25
Story Drift Ratio (% T
0 1 ypriffRato () 4 UMMM ==~
700 I 1 1 1 ) = SRS
600 : £
500 E i 7
£ 400 o = —
= : = [T "
g 300 ; J—‘ i i (S;i‘lzé:?;mhc)timr-l.ﬂj
C I ] 1 vg: 75%
20 | e s
100 /=0 = Boneis
AU R i
=S H.4880-02
0 20 40 60 80 100 120 140 160 = 3 e
Displacement (mm) = , ot
- - - RCF LCF-2.7-15 = J
@ B-LC ¢ C-LC BE
A B-RC B C-RC = S =S
O B-RCF X C-RCF | fl ‘
BT Elastic limit in RC Frame el :

(i) Model: LCF-2.7-1.5

Fig. 12. The process of the plastic hinge formation in models with different lengths of link beam in the LCF system

As illustrated in Figure 12, the LCF-0-0
model, the ratio length of the link beam to the
span length of the RC frame is equal to zero
(e/L = 0). It means that, in this model only
two columns of the LC frame are connected
and there is no link beam. In the model of
LCF-0-0, the plastic hinge is first formed in
the frame of the LC frame and then the plastic
hinges are formed in the beam and column of
the RC frame. In the LCF-0.3-0.15 model, at
first the plastic hinges are formed in the RC
frame, then they are formed in the LC frame.
It means that, the RC frame does not remain
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in the elastic phase. In the models of LCF-
0.55-0.3 and LCF-0.8-0.45 the plastic hinges
are initially formed in the LC frame and then
in the RC frame.

In these two models, before that the
members of the RC frame (beam and column)
reach the yielding stress, the plastic hinges
are initially formed in the link beams and then
in the columns of the LC frame. The first
plastic hinge in the LCF-0.55-0.3 model is the
displacement of 11.40 mm (0.3% drift ratio)
and the displacement of the LCF-0.8-0.45
model occurred at 9.93 mm (0.26% drift
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ratio). The farther the distance between the
formation of the first plastic hinge in the link
beam of the LC frame and the formation of
the first plastic hinge in the beams of the RC
frame, the more potential the LCF system has
to withstand the earthquake without
damaging the member of moment frame (RC
frame).

The model of LCF-1.1-0.6 first formed the
plastic hinge in the LC frame and then formed
the plastic hinge in the RC frame. The first
plastic hinge is formed simultaneously in the
link beams and columns of the LC frame at
the displacement of 12.14 mm (0.34% drift
ratio) and then the plastic hinges are formed
in the RC frame at the displacement of 29.05
mm. The formation of plastic hinges in the
models of LCF-1.35-0.75, LCF-1.8-1, LCF-
2.25-1.25 and LCF-2.7-1.5 has not been
properly appeared. The plastic hinges are first
formed in the RC frame and then in the LC
frame while the plastic hinges must be first
formed in the LC frame and remains the RC
frame in the elastic phase. Therefore, the
formation of plastic hinges in the models of
LCF-0.55-0.3, LCF-0.8-0.45 and LCF-1.1-
0.6 is correctly observed.

The Link Beam Behavior in the LCF System

The link beams behavior of the LCF
system is similar to the behavior of the EBF
and the type of link beam yielding depends on
its length and cross section. In the LCF

system, selecting the type of the link beam
depends on the structure height and the ratio
of strength between the RC and LC frame.

. . Pu
Kasai and Popov (1984) proposed ratio Y

versus e/L for a beam of the EBF. In this
relation, h: is the height of the floor and Py
and My: are the ultimate load and the plastic
moment of link beam, respectively. The ratio

versus e/L for the LCF system are
2Mp/h

shown in Figure 13.

As shown in Figure 13, by increasing the
length of the link beam, the ultimate strength
of the LCF system is reduced. Therefore, the
ultimate strength of the LCF-0.8-0.45 model
than the LCF-1.8-1 model has decreased
about 60%. Also, the deformation of the link
beam is effective on the behavior of the frame
in inelastic phase. Figure 14 shows the ideal
displacement of the link beam in the LCF
system. When the link beam due to shear
force reaches the limit of its yielding then the
plastic mechanism is in accordance with
Figure 14. Using this figure and the
simplified plastic theory, the relationship
between the rotational angle of the link beam
(vp) and the plastic relative deformation angle
of the floor (&) is calculated as follows:

7, =—06, )

0 015 03 045 06 075 09 105 12 135 15

e/l

Pu

Fig. 13. The variation curve
2Mp/h

vs e/L for the LCF system
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Since the elastic deformation component
Is very small in comparison with the total
displacement, therefore, the plastic relative
deformation angle of the floor (&) is
calculated as follows:

®3)

where 4s: is the maximum story displacement
and h is the height of the floor. According to

Egs. (2) and (3), the amount of variation g—” in
(4

terms of e/L is shown in Figure 15.

As shown in Figure 15, the rotation angle
value of the link beam for a short length (e/L
= 0.15) is about 7 times higher than long
length (e/L = 1.5). It causes the rotation at the
end of the link beam to occur due to plastic
deformation and create the plastic hinges in
the LC frame. The amount of the link beam
rotation in LCF-1.35-0.75, LCF-1.8-1, LCF-
2.25-1.25 and LCF-2.7-1.5 models is very
small. It means that, because of the plastic
deformation, the first plastic hinges occurred
in the moment frame (RC frame) and then the
plastic hinges are formed in the LC frame.

RC Frame

LC Frame

77

Yoz
J

i

)
LCF System
Fig. 14. The ideal displacement of the link beam in the LCF system

0 015 03 045 06 075 09 105 12 135 15
e/l

Fig. 15. The amount of rotation angle of the link beam for different lengths
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Determining the Elastic Stiffness for the LC,
RC, and LCF Systems

The elastic stiffness is calculated from the
ratio of the base shear to the roof
displacement in the elastic analysis. The
elastic stiffness values in the LCF system
made up of structures with LC and RC frames
are calculated by Eq. (4).

K _VyLCF _VyLC
LCF _A—’ Lc — A ,
yLCF yLC
vV (4)
Kee =—2% =K o =K +K
RC — A = RKicr =K c T Rge
yRC

where Vy, ge, Vy, 1 and V,, cp: are the lateral
elastic force of RC, LC and LCF systems,
respectively, K;cr, K, and  Kgo: are the
elastic stiffness of the systems LCF, LC, RC,
respectively and A, ;cr, Ay ¢ and A, ge: are
the roof lateral displacement of the systems
LCF, LC and RC, respectively.

The elastic stiffness for nine models is
calculated in accordance with Eq. (4). The
story shear force in proportion to elastic
stiffness for RC and LC frame is distributed.
The elastic stiffness for nine models versus
the ratio of link beam length to the span
length of the RC frame (e/L) are shown in
Figure 17. The results of this curve are related
to shear force and the corresponding
displacement for the first plastic hinge is
formed in the LCF system. For example,
Figure 17 refers to LCF-0.8-0.45 model,
which shows the amount of shear force in
proportion to their relative stiffness is
distributed between the RC and LC frame.

The more the elastic stiffness of the LC
frame is, the more the ability of the structure
will be to dissipate the lateral forces by the
LC frame. The results of Figure 16 show, the
highest elastic stiffness of the LC system is
relevant to models of LCF-0.55-0.3 and LCF-
0.8-0.45. The elastic stiffness ratio of the LC
frame to the whole system stiffness (LCF
system) for models LCF-0.55-0.3 and LCF-
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0.8-0.45 is about 90%. This will cause be the
RC frame remains in an elastic phase and
plastic hinges are first formed in the LC frame
and then in the RC frame. By increasing the
length of the link beam for the models, the
elastic stiffness decreased about 75% in
models of LCF-1.35-0.75, LCF-1.8-1, LCF-
2.25-1.25 and LCF-2.7-1.5 compared with
the models of LCF-0.55-0.3 and LCF-0.8-
0.45. It means that, more shear force entered
the RC frame as a result the first plastic
hinges are formed in the RC frame and from
the capacity of the RC frame is used to absorb
and dissipate the energy.

Levels of Performance and Behavior of the
LCF System

For seismic design based on the
performance of structures with the structural
fuse system is the performance-based plastic
design, whose main key is the separation of
the two systems based on the interaction
between the structural fuse system and the
main structure. The structural fuse system
design is combined with the original
structure, which includes three levels of
performance. First performance objective:
Immediate Occupancy, where all the fuse and
structure  members remain elastic in
earthquakes with 50% probability of
exceedance in 50 years. Second performance
objective: Rapid Repair, where the fuse
members enter inelastic phase and vyield in
earthquakes with 10% probability of
exceedance in 50 years, while the main
structure members remain elastic. In this
performance objective, the fuse system must
perform its primary function and protect the
main structure members from yielding, and
after replacement of the fuse members, the
building should immediately return to
occupancy. Third performance objective:
Collapse Prevention, where all the fuse and
ductile structure members are allowed to
enter an inelastic phase in earthquakes with
2% probability of exceedance in 50 years.
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The capacity curve of the dual structure
system under the lateral load versus roof
displacement is obtained by the addition of
the capacities of the structural fuse system
(LC) and the main structural system (RC) as
shown in Figure 18.

According to Figure 18, in the LCF
systems, V,, cr and A, ;¢ are base shear
force and the corresponding displacement for
the first plastic hinge formed in the link

beams of LC frame, respectively. V}, cr and
A, cr: are base shear force and the
corresponding displacement for the first
plastic hinge formed in the beams of RC
frame, respectively. In the LCF structural
system, the link beams should be designed
due to seismic loads with yielding has the
capability of absorption and dissipation
energy and all members of the main structure
(RC) remained in an elastic state.

0 015 03 045 06 075 09 105 12 135 15

e/L

—0—KRC —A&—KLC ——KLCF

Fig. 16. The elastic stiffness value for nine models vs the ratio of e/L

S, Mises

SNEG, (fraction = -1.0)
(Avg: 75%)
+3.672e+02
+3.366e+02
+3.060e+02
+2.754e+02
+2.448e+02
+2.142e+02
+1.836e+02
+1.530e+02
+1.224e+02
+9.180e+01
+6.120e+01
+3.060e+01
+0.000e+00

Fig. 17. The shear force in the RC and LC frames for LCF-0.8-0.45 model
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As shown in Figure 18, only the members
of the link beam at the distance between
Aycrp and Ay cp reaches the yield
mechanism. Therefore, if the distance
between 4, cr and 4, ;¢ is more than each
other, the LCF system has the potential to
withstand earthquake without damaging the
flexural members (RC frame). In this case, all
damages will be limited to link beams that are
replaceable and as a result the system will
reach the performance level of RR to
occupancy. The efficiency of the LCF system
is a function of the ratio of Ap Lcrto Ay Lcr.
This ratio proposed by Malakutian et al.
(2016) as the primary condition for design of
LCF system and performance-based
assessment as shown in Eq. (5).

A
1.2 < —PCF 3
yLCF

()
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If this ratio is less than 1, as a result the
system lacks potential to access to the Rapid
Repair (RR) performance level and the
concept of the fuse in this system is lost. If
this ratio is close to three, it means that, this
system will have the potential to reach the
rapid return to occupancy performance level.
For this purpose, models of LCF-0.55-0.3,
LCF-0.8-0.45 and LCF-1.1-0.6 first form the
plastic hinges in the LC frame and then RC
frame and the members of RC frame remain
in the elastic phase. The curve of force-
displacement (pushover) for three models as
shown in Figure 19.

In order to evaluate the efficiency of the
LCF system for these three models, it is
important to calculate the ratio Ap;cpto
Aycr Which is proposed by Malakoutian et
al. (2016). According to the obtained results
of Figure 18, the ratio of Ap;cr 10 Ay cp, IS
presented in Table 8.
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Table 8. The ratio of ApLcr t0 Ay Lcrand the ratio of Vp icr t0 Vy ek

Model ApLcr Driftp AyLcr DriftyLcr  ApLcr/Ay Vy LcF VpLcF Vp Ler/
(mm)  LcF (%) (mm) (%) LCF (kN) (kN) Vy Lcr
LCF-0.3-0.15 24.26 0.674 11.4 0.32 2.13 246.802 394.671 1.49
LCF-0.8-0.45 24.11 0.67 9.93 0.28 2.43 210.484 395.642 1.88
LCF-1.1-0.6  24.23 0.673 12.14 0.34 2 215.179 339.232 1.57
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As shown in Table 8, the ratio of Ap; . to
Ayicr is increased in the model of LCF-0.8-
0.45 than models of LCF-0.55-0.3 and LCF-
1.1-0.6 about 14% and 22%, respectively. It
means that, the LCF-0.8-0.45 model has more
potential to reach the RR to occupancy
performance level and preserve serviceability
after an earthquake. Therefore, the model of
LCF-0.8-0.45 is more in performance and
efficiency than other models.

CONCLUSIONS

In this paper, nine models of LCF with
different lengths of the link beam are
investigated in order to retrofit the RC frame
based on nonlinear static analysis procedure.
The main findings obtained from this
research are summarized as follows:

e In the models studied, models of LCF-
0.55-0.3 and LCF-0.8-0.45 have the best
performance and efficiency compared to
other models. Because the formation of the
plastic hinges in the LCF system is that the
plastic hinges must be first formed in the link
beams and columns of the LC frame and then
it is formed in the beam and column of the RC
frame. The formation of the plastic hinges, in
these three models, is correctly observed.

e The degree of rotation of the link beam has
an effect on the behavior of the LCF system
in the inelastic range. The ratio of the plastic
angle of the link beam (y,) to the relative
plastic deformation angle of the floor (6,) is
2.25 for LCF-0.8-0.45 model. This ratio for
the models of LCF-1.35-0.75, LCF-1.8-1,
LCF-2.25-1.25 and LCF-2.7-1.5is less than 1
which results in the plastic hinges to be first
formed in the main frame (RC frame).As a
result, it is best that the ratio of the plastic
angle of the link beam (yp) to the relative
plastic deformation angle of the floor (6p) to
be limited between 2 to 3.5. Because the
plastic hinges are first formed in the link
beam and then in the column of LC frame, the
RC frame remains in an elastic state and the
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link beams of the LCF act as a shear fuse and
dissipate the earthquake energy.

e For the models of LCF-0.55-0.3 and LCF-
0.8-0.45, the elastic stiffness ratio of the LC
frame to the whole system stiffness (LCF
system) is about 90%. The stiffness of the LC
frame for models of LCF-1.35-0.75, LCF-
1.8-1, LCF-2.25-1.25 and LCF-2.7-1.5, has
decreased about 74% on average compared to
LCF-0.55-0.3 and LCF-0.8-0.45 models. It
means that, by increasing the length of the
link beam, the LCF system performance is
decreased and the shear force is brought into
the main frame and the plastic hinges are first
formed in the main frame (RC).

e For the model of LCF-0.8-0.45 compared
with the two models of LCF-0.55-0.3 and
LCF-1.1-0.6, the ratio of the displacement of
the structure with the formation of the plastic
hinges in the members in the collapse
prevention (Ap LcF) to the displacement of the
structure with the formation the first plastic
hinge in the link beam (Ay LcF) is increased
about 14% and 22%, respectively. It means
that, the distance between Ay Lcr and Ap Lcr
has been increased in the model of LCF-0.8-
0.45 and it has more potential to reach the
performance level of the RR to occupancy
performance level.

Therefore, the best performance of the
LCF system and on the models is studied, the
model with a ratio of the link beam length (e)
to the span length of the RC frame (L) is equal
to 0.45 (LCF-0.8-0.45). In this model the
plastic hinges are first formed in the link
beam of LC fame and the main frame (RC
frame) remains elastic phase.
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