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ABSTRACT

Direct Displacement-Based Design (DDBD) is a performance-based seismic design method that has
been proposed and well developed over the past two decades to design RC frame structures, shear
walls and bridges. In this method, an equivalent single-degree-of-freedom (SDOF) substitute structure
is utilized to estimate seismic displacement demands of a multi-degree-of-freedom (MDOF) system.
Although this method has been used to design the above mentioned structures, however, there is just
one comprehensive DDBD method to design steel eccentrically braced frames (EBFs) in the literature.
The purpose of this study is to investigate nonlinear seismic behavior of the DDB designed EBFs with
short, intermediate and long link beams and estimate their seismic demands. To this end, twelve 3, 5, 9
and 12-story EBFs were designed using the proposed DDBD method. To simulate the nonlinear cyclic
behavior of link beams, a macro-model proposed in the literature was adopted and validated with the
available tests results. In order to describe material nonlinearity of the framing members in the macro-
model, distributed plasticity fiber based model was used. After validating the FEM macro-modeling
technique of link beams, seismic behavior of the 2D EBFs was investigated with nonlinear time-history
analysis under a set of selected earthquake records using the structural analysis software OpenSees
(ver. 2.4.0). The results showed that the DDB designed EBFs generally can reach their anticipated

performance level.

doi: 10.5829/idosi.ije.2016.29.06¢.04

1. INTRODUCTION

Eccentrically braced frame (EBF) has been devised and
proposed to be used as a ductile lateral force resisting
system in earthquake prone areas [1]. Under sever
eathquake excitations, plastic hinges are expected to be
formed in link beams. In other words, inelastic
behavior is to be restricted to the links (displacement-
controlled components) while the other members
outside of the links (i.e.braces, columns and beam
outside the link; force-controlled components) shall be
designed to behave elastic. In this way, the fully
yielded and strain hardened links would be act as
structural fuses dissipating the earthquake-induced
energy. Current force-based design (FBD) provisions
(e.g. AISC 341-10 [2]) require designers to determine
the size of framing members outside the link (force-
controlled members) using the capacity design
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principles assuming simultaneous yielding of link
beams in all stories. This is done using height-wise
distribution of the code base shear force consistent with
the linear first mode shape. Although, this may be the
case for low-rise EBFs, however, it is difficult to be
achieved for taller structures which may have link
beam sizes governed by drift-control considerations
(AISC 341-10 [2]). Therefore, this issue may limit the
accuracy of current force-based seismic design
practice. Another controversial issue pertains to the
estimation of EBF link inelastic rotations. It has been
shown by Richards and Thompson [3] that although the
deformation amplification factor is reasonable for
computing inelastic roof drifts, however, it may not be
reasonable for computing inelastic inter-story drifts as
well as link inelastic rotations. Koboevic and David [4]
showed that current FBD procedures overpredict the
maximum seismic drifts of tall EBFs (in which
deflection criteria often governs design) and fail to
represent their real vertical distribution. To overcome
the abovementioned limitations of force-based seismic
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design of structures, new seismic design concepts
based on displacement (Priestley et al. [5]and Kermani
et al. [6]) have been proposed over the past two
decades. Among them, Direct Displacement-Based
Design (DDBD) is a performance-based seismic design
method that has been proposed and well developed
remarkably by Priestley and his co-workers [5] to
design RC frame structures, shear walls and bridges. In
this method, the behavior of a multi-degree-of-freedom
(MDOF) system is approximated by an equivalent
single-degree-of-freedom (SDOF) substitute structure.
The SDOF structure has an equivalent secant stiffness
at maximum displacement response with an equivalent
viscous damping. Assuming the target design
displacement and evaluating the corresponding
ductility, it is possible to determine the effective
stiffness of the equivalent SDOF substitue structure.
Then, the base shear force of the system is estimated
and distributed along the primary MDOF frame. The
DDBD method has been used for seismic design of RC
frames and shear walls [7-8]. However, the DDBD has
also been developed later to seismic design of steel
moment frames [9], dual steel frame-reinforced
concrete wall buildings [10], CBFs [11] and EBFs [12,
13] in the literature. Regarding DDBD of EBFs, there
is just one unique study proposed by Sullivan [12, 13]
in the literature. However, the proposed DDBD
procedure has been just investigated and validated for
design of EBFs with short (shear) link beams.
Therefore, the aim of present study is to evaluate the
ability of DDBD method for designing EBFs with
intermediate and long link beams. To this end, twelve
3, 5, 9 and 12-story EBFs with short, intermediate and
long link beams designed using the DDBD method
proposed by Sullivan [13]. To investigate the nonlinear
behavior of the EBFs on achieving their anticipated
performance levels, first a two-dimensional finite
element macro-model is developed and validated with
the available test results in the literature using the
specialized software OpenSees (ver. 2.4.0) [14]. Then,
using the developed model, the seismic demands (i.e.
frame overstrength factor, link inelastic rotations and
the inelastic inter-story drifts) of the EBFs are
estimated by pushover and nonlinear dynamic time-
history analyses.

2. DDBD OF EBFS

The concept of DDBD has been presented
comprehensively in the book written by Priestley et al.
[5] for design of different kinds of reinforced concrete
buildings. The design procedure has been illustrated in
Figure 1.
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Figure 1. Conceptual framework of DDBD method [5].

As can be seen in Figure 1(a), first the MDOF structure
is substituted with an equivalent SDOF system with
equivalent mass and height.

Then assuming a lateral displacement profile for the
main  MDOF structure, and a target drift
(corresponding to the intended performance level), the
seismic displacement demand (A,) as well as the

ductility demand of the equivalent SDOF are
determined. Knowing the structural system type and
the displacement ductility demand, the system
equivalent viscous damping ratio (summation of the
elastic and hysteretic damping ratios) is obtained as
shown in Figure 1(c). Finally as illustrated in Figure
1(d), by the use of the estimated displacement demand
as well as the equivalent damping ratio, the effective
period of the main MDOF is predicted according to the
displacement spectra. Therefore, the effective stiffness,
base shear force and its height-wise distribution are
estimated using Equations (1-3), respectively, as
follows [5]:

FLLLA
K, =4r — D)
e
m_g.A
vV, =K, A, +C ﬁ . 2
m A
Fi = Zm A Vb (3)

where, in Equation 2, the second term pertains to the
P-A effect and the coefficient C is set to 1.0 for steel
structures [5]. In the above equations, the effective
height H, , effective mass m, and ultimate

displacement Ad are determined using the Equations
(4-6), respectively as follows:
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in which A, m,and h, are the i-th story design

displacement, mass and height, respectively. As
mentioned earlier, Sullivan [13] developed a
comprehensive and detailed DDBD procedure for steel
EBFs. The main parts and modifications of the DDBD
procedure are summarized as follows:

2. 1. Story Yield Drift Considering the elastic
deformed geometry of an EBF as shown in Figure 2,
Sullivan proposed a method to estimate the EBF story

drift at yielding. The yield drift expression (6, ) is
obtained by summing the EBF components

deformations (i.e. beam, brace and column
deformations) as follows [13]:

26:/i 2Kri8 2Kcosi—g (hi_hs)
by =T ™
L, ¢ sin2a,, L,

in which symbols Ko and Koo i are the ratio of the
section axial force to the section axial capacity in the
brace and column, respectively. Symbol h; is the height
to the top of story i, hs is the inter-story height at level i

, and &, is the steel material yield strain. The other

symbols used in Equation (7) are illustrated in Figure 2
and defined as Equations (8) and (9).
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Figure 2. Elastic deformation components of an EBF [13].

for short links:

e’ (L, —e, e, 8
i 20'577FYA”[ (24bEI. )+2GAV.J ?
for long links:
5\/,i :Mp,i [Ei g_;t;zl_ei)+el ] (9)
i A/.i

2. 2. Total Story Yield Drift Capacity The total
story drift capacity for the structural elements of level i

is estimated by summing the story yield drift (Hi,y ) and
the plastic story drift capacity ( 6, ) as follows:
o

C,str,i

= ey i + ep,i (10)

in which the plastic story drift capacity is obtained
using Equation (11):

_ ei '7/p,link,i

0., 11
i L (11)

b

In the above equation, y .. .is the allowable link
plastic rotation for the intended performance level [13].

2. 3. Lateral Displacement Profile To relate the
local story drift capacities to global displacement
limits, the following expression has been proposed for
the frame lateral displacement profile:

2H_-h
A=0 o.h; +,(6, _Hy)hi u

for 6 >0
0 ci (2Hn —hl) C y (12)

w, is a reduction factor that has to do with the effects

of higher modes and is equal to 1.0 for low-rise EBFs.
However, the factor is reduced from 1.0 to 0.6 linearly
for 6-story to 16-story EBFs [13]. For taller EBFs, it is
considered to be a constant value of 0.6. H, and H, are
the total building and the first story heights,

respectively. Hy is the minimum story vyield drift

along the frame height and 6, is the critical story drift
limit. The critical storey drift limit in each story is
considered as the lesser of non-structural drift limit or
structural components (6, . . ) [13].

2. 4. System Ductility Demand For a multi-
story EBF, the system ductility demand can be
computed from the following equation [13]:
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where V; and ¢, are the shear and story drift demands

at level i, respectively. n is the number of frame stories.
The ductility demand at each story (, ) is obtained by

dividing the design story drift demand,
6 =(A -AL)/(h =h) by the story yield drift, 0,
[13].

2. 5. Construction of Inelastic Displacement
Spectrum In order to take into account the effects
nonlinear behavior on seismic demands of the
structure, it is necessary to scale down the design
displacement spectra as a function of the equivalent
viscous damping ration. In this regard, a few
relationships have been proposed in Priestley et al. [5]
for different structural systems. However, Sullivan [13]
utilized a ductility-dependent spectral displacement
reduction factor for EBFs which is based on the results
of nonlinear time-history analyses as follows:

(o 117(u-)Y! >1
N _(HWJ H= (14)

Therefore, the inelastic displacement spectrum (Sq, )
is estimated by modifying the elastic displacement
spectrum (Sg ) using the following expression:

Sd,in (Te) = 77A,EBFSd ™) (15)

2. 6. Base Shear Estimation Once the
displacement demand (A, ) has been obtained (as per

Equations (4) and (12)), the abovementioned inelastic
displacement spectra is used to estimate the effective
period of the equivalent SDOF system. Then, the
effective stiffness, base shear and height-wise
distribution of lateral forces are computed as per
Equations (1) to (3), respectively.

3. DESIGN OF FRAMES

To achieve the aim of this study, twelve EBFs were
designed using the DDBD procedure representing four
heights (3, 5, 9 and 12-story) and three link types
(short, intermediate and long). All story heights and
span lengths were 3.2 and 5 m, respectively. As
illustrated in Figure 3(a), lateral load resisting
eccentrically braced span were considered to be placed
around the perimeter of the frames. For convenience,
the EBF models were assigned a specific symbol as xn
where x and n stand for the link beam behavioral type

(i.e. S, I and L for short, intermediate and long links)
and number of the frame stories, respectively. An area
of high seismicity with soil-type Il as per the Iranian
Seismic Code (IS 2800) [15] is considered for the
frames site conditions. The frames components
designed according to the AISC 360 Specification for
structural steel buildings [16] and capacity design
approach. Dead and live loads were assumed as 5.0 and
2.0 kN/m?, respectively. In order to assure the intended
behavior of the links, the nondimensionl link length or

length ratio ( —e/(M p/\/p)) of 1.2, 2.1 and 3

were assigned to the short, intermediate and long link
beams, respectively. Repairable damage performance
level as per Sullivan [13] was assumed for the frames
and the corresponding links inelastic rotations were set
to 0.08, 0.05 and 0.02 rad for short, intermediate and
long links, respectively. European HE steel profiles
were used for beams, columns and braces. In the
stress—strain curve, a typical value for the modulus of
elasticity (E=207000 MPa) is considered. Nominal
yield stress (Fy) of the steel material is specified as 345
MPa. Member sizes for all frames and other related
information can be found in Farahani [17]. Design
results of the EBFs have been given in Table 1.

4. EBFS MACRO-MODELING TECHNIQUE

In order to investigate the nonlinear behavior of the
abovementioned frames and estimate their seismic
demands, individual EBFs were modeled as two-
dimensional systems using the nonlinear dynamic
analysis program OpenSees [14]. Important aspects of
the modeling technique are as follows.
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Figure 3. Plan and elevation views of EBFs
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TABLE 1. DDBD results for the equivalent SDOF system of
EBFs

Frame A,m) m,(T) H/m) 4 T/(s) V,(KN)

S3 0.06 206.03 7.18 237 084 684.06
13 0.07 203.64 7.24 179 094 718.76
L3 0.07 200.37 7.31 14 0.86 853.65
S5 0.10 330.31 1124 229 126 855.25
15 0.13 325.98 11.34 178 142 870.84
L5 0.13 316.93 1153  1.23 1.2 1165.64
S9 0.21 577.65 1934 201 212  1169.37
19 0.27 570.52 19.5 161 232 1239.75

L9 0.26 559.6 1937 117 194  1535.87
S12 0.26 762.93 25.4 187 236  1487.75
112 0.35 755.11 2558 142 2.66 1600.1
L12 0.34 741.07 25.9 1.05 224  1970.25

4. 1. Equivalent Gravity Column Since the
perimeter EBFs are modeled as 2D individual frames,
it is necessary to simulate properly the gravity loads
and second-order (P-delta) effects. To this end, these
effects were included in the 2D frames employing an
equivalent gravity column (or P-delta column) pinned
at the base and connected to the frame by rigid links as
shown in Figure 3(b). This modeling technique has
been used in the literature (Uriz and Mahin [18]) for
dynamic analysis of 2D frames. In this way, the sum of
the eliminated gravity columns stiffness in the 2D
simulation must be considered for the P-delta column.
Also, it should be mentioned that the load combination
of 1.2D+L is to be taken into account to assign the P-
delta column factored gravity loads during the analysis.

4. 2. Force-Controlled Members Modeling The
beam, column and brace members were modeled with
nonlinear force-based fiber-section beam-column
elements (i.e. distributed-plasticity based elements)
with 5 integration points along their length and
subdivided across their section into 150 fiber elements.
For members steel material, a Menegotto—Pinto
uniaxial steel material model known as uniaxial
Material Steel02 in OpenSees [14] was assumed.
Although, bracing members in EBFs are expected to be
elastic during earthquake excitation (i.e. as force-
controlled members), however, in order to simulate
geometric imperfections and accurate modeling of the
probable in-plane and out-of-plane global brace
buckling, a physical-theory model (PTM) is utilized. In
the PTM, an out-of-plane camber (geometric
imperfection) is applied to the longitudinal profile of

the brace members as per Uriz and Mahin [18]. To
investigate the impact of the imperfection amount in
PTM of bracing elements in CBFs, D’Aniello et al.
[19] conducted a comprehensive numerical study. They
found that, the camber magnitude affects the drift
demand and the collapse mechanism and has a
noticeably impact on the seismic response parameters
of CBFs at collapse. In this study, however, the initial
geometric imperfection (displacement) of the brace
interior nodes was considered equal to 0.1% of brace
unbraced length as suggested by Uriz and Mahin [18].
The beam-column connections were modeled as pinned
connections.

4. 3. Deformation-Controlled Members (Link
Beams) Modeling and Validation The most
important part of an EBF modeling pertains to its link
beams which are expected to behave as deformation-
controlled elements. Link beams depending on their
length ratio present different failure modes and
behavior. Short links fail in shear failure mode
exhibiting large plastic chord rotation angle, while long
links behave in flexural failure mode with small plastic
chord rotation angle. Intermediate links may exhibit a
mixed shear-flexural behavior. To simulate the
behavior of short and intermediate links with shear or
mixed shear-flexural failure modes, the
abovementioned fiber-based beam-column elements
are useless. Although, there are some mixed shear-
flexure link elements (e.g. mixed element proposed by
Erfani and Kazemi [20]) in the literature, however, the
link beam macro-model proposed by Richards and
Uang [21] is adopted in this study with minor changes
to simulate all failure modes of link beams in an EBF
system. This model as shown in Figure 4(a), consists of
a beam element with built-in flexural hinges with two
zero-length translational springs on its both sides [21].
In this model, link beam shear failure mode is
simulated by the translational shear springs at each end
with a multilinear force-deformation relationship as
shown in Figure 4(b). In this study, however, in order
to capture the link flexural failure mode, an inelastic
beam element with distributed plasticity was used
instead of the elastic beam with plastic flexural hinges
depicted in Figure 4(a).

In order to investigate the validity of the adopted
link model, it was used to predict the cyclic behavior of
three isolated link beams tested at the University of
Texas, Austin (UTA) by Arce [22]. The assumed
boundary conditions and material properties in the
FEM models are the same as the experimental
specimens conditions. Table 2 shows a comparison
between maximum shear capacity obtained from the
tests and the finite element analysis for all of the
specimens.
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Figure 4. The link beam macro-model proposed by Richards
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TABLE 2. Comparison of experimental and finite element
analysis maximum shear capacities

Specimen UTA 4A UTA9 UTA3
Section W10X33 W16X36 W10X19
Link type Shear Shear-flexural Flexural
Link length e(in) 23 48 48
e/(M, NV,) 1.1 2 3.8
V,(EXP ) (Kips) 131 173 62
V,(FEM )(kips) 120 192.7 63.6
Difference (%) 8.4 11.4 2.6

It can be seen that, the agreement between the
experimental and numerical results is satisfactory with
a maximum error of 11.4% for specimen UTA 9.
Figures 5 compares the hysteresis curves of the
experimental specimen and the corresponding model
for specimen UTA 3.

5. EFFECT OF SOIL-STRUCTURE INTERACTION

In the conventional DDBD, generally assuming the
rigidity of the foundation, the base shear is evaluated
and distributed along the frame height. However, it has
been shown by Priestley et al. [5] that the effect of
Soil-Structure Interaction (SSI) in the DDBD method
increases the period and damping of the structures to
be designed. In this regard, Montoy and Petrini [23]
investigated the effects of foundation exibility on the
DDBD of RC bridges. Sullivan et al. [24] studied the
effects of Soil-Structure Interaction in the DDB design
of RC shear walls.

I T
) '.3‘:/-/// ////f
N2 /0

== ==

Link Shear (Kips)

0120 -0.080 0040 0.000 0.040 0080 0120

1) (q)

=

[[]
[
HE=

Link Shear (Kips)

-0.12 -0.08 -0.04 0 0.04 0.08 0.12
y(rad) (b)
Figure 5. Hysteresis curves for specimen UTA 3: (a) test
[22], (b) FEM analysis

Singh and Vinayak [25] studied the effect of SSI on the
seismic behavior of both displacement-based and
force-based RC bridges. In this section, the effect of
SSI and foundation exibility is investigated for the
designed EBFs as follows.

Lateral displacement of the structure center of mass
considering the flexibility of foundation is determined

using Equation (16) in which Ko is the rotational
stiffness of the foundation according to Equation (17)

[5]. In these equations, K. and Bg are foundation
translational stiffness and width and Ly and hg are
length and depth of the foundation, respectively. Also,
overturning moment M is calculated using Equation
(18).

Ay =M e +H,) (16)
B.L.®

Ko=K, —5 (1)

M =V, (h. +H,) (18)

Then, the base rotation due to the flexibility of
foundation is evaluated using Equation (19) and
therfore the ultimate drift and the total story drift

capacity of the structural elements are modified. 4« in
Equation (20) is the modified dispalcement and
Equation (21) is the modified total story drift capacity
of the EBFs, respectively, considering the foundation
flexibility.

_Ve(H +he)

o,
F K,

(19)
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As it was stated previously, considering SSI may
increase the structure period reducing the amount of
base shear forec. To investigate the sensitivity of DDB
designed EBFs to the effect of foundation flexibility,
the 5-story EBF with short link (S5) is redesigned here
considering the effect of foundation flexibility. The
assumed dimensions and rotational stiffness of the
foundation is given in Table 3. The DDBD results of
the equivalent SDOF system indicates that considering
SSI reduces the base shear force up to 6% for the
studied frame. Accordingly, as can be observed in
Tables 5 and 6, the componets size is reduced to some
extent.

TABLE 3. Dimensions of Foundation

TABLE 6. Design results for S5 considering the effect of SSI

. Link
Lol Goton  Section sectin Le9
(m)

1 HE 140 B HE 220 B HE 220 B 0.59
2 HE 140 B HE 180 B HE 220 B 0.59
3 HE 140 B HE 140 B HE 220 B 0.59
4 HE 120 B HE 100 B HE 180 B 0.47
5 HE 120 B HE 100 A HE 160 B 0.40

TABLE 7. Earthquake records used for the EBFs

s Le he Kn.m/ rad
Dimensions of (m) (m) ™ K, (Kn.m/ rad)
Foundation
4 5 1 180x10°

Scale factor
No Earthquake PGA
' name (m/s?) 3- 5- 9- 12-
story story story story
Cape
R \endocino 0385 0558 0573 0743 0.889
Rz Chi<Chi 0474 0687 0706 0914 1094
Taiwan
R3 Kocaell, 0149 0216 0222 0287 0.344
Turkey
R4 Landers 0283 0410 0610 0546 0.653

R5 Loma Prieta 0.240 0.348 0.357 0.463 0.554
R6 Northridge 0.278 0.403 0414 0536 0.642
R7 San Fernando 0.283 0410 0421 0.546 0.653

TABLE 4. DDBD results for the equivalent SDOF system of
S5

Equivalent Without Effect of With Effect of Soil-
Soil-Structure Structure
SDOF system . .
Interaction Interaction

A, (m) 0.10 0.107

m, (D] 330.31 320.90

H,(m) 11.24 11.24

H 2.29 231

T.() 1.26 1.3

V, (KN) 855.25 802.27

TABLE 5. Design results for S5 without the effect of SSI

. Link
Lol Gifn Seston Section LENO0

(m)

1 HE 160 B HE 240 B HE 260 B 0.68

2 HE 160 B HE 200 B HE 260 B 0.68

3 HE 140 B HE 140 B HE 240 B 0.63
4 HE 120 B HE 100 B HE 200 B 0.51

5 HE 120 B HE 100 B HE 160 B 0.40

6. ANALYSIS RESULTS AND DISCUSSION

6. 1. Earthquake Records Selection And Scaling
To perform nonlinear dynamic analyses on the EBFs
models, a suite of 7 earthquake records compatible
with the site conditions (soil-type Il) and the Iranian
Seismic Code (Standard 2800) [15] requirements
selected from PEER NGA Database [26]. The
earthquake records were scaled in such a way that the
average value of the 5 percent damped response spectra
for the suite of motions was larger than the design
response spectrum for the periods between 0.2T to
1.5T. T is the fundamental period of the frame as per
Standard 2800 [15]. The selected 7 earthquake records
and the corresponding scale factors for the EBFs have
been shown in Table 7. As can be seen in Figure 6, the
average response spectrum of the selected records is
higher than the design spectrum between the code
specified ranges of period (shown with vertical dash-
dot lines in the figure).

6. 2. Nonlinear Dynamic Analysis In this
section, all of the EBFs are subjected to nonlinear
dynamic analysis using the scaled earthquake records
presented in the previous section.
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Figure 6. Response spectra of the scaled records and the
design spectrum for 3-story EBFs.

In order to apply damping to the physical frame
models, a tangent stiffness-proportional Rayleigh
damping with 5% viscous damping was utilized as
suggested by Sullivan [13]. Nonlinear dynamic
analysis outputs for each frame as shown in Figure 7
include: the DDBD story drift capacity, dynamic inter-
story drifts for each record and their average. This
figure shows that, for all of the EBFs (except for
models L5 and L3), the average story drift demands are
less than the design story drift capacities. Although the
average story drifts demand of model L5 in its top
story has been exceeded the design story drift capacity,
however from a practical point of view, this higher
drift demand may be of limited importance. This is
because, in practice instead of discrete profile selection
for each story column, the top story profile generally
matches the size of its below story column. This higher
drift demand may be attributed to the effects of higher
modes. As mentioned in Sec. 2, the effect of higher
modes in the proposed DDBD for EBFs is taken into
account using the higher mode reduction factor (,)

which is applied to the design displacement profile of
frames taller than 6-story. Thus, it appears that the
effect of higher modes in EBFs depends not only on
the number of stories but also on their link beams
length ratio. Because, increasing the link length
reduces the EBFs lateral stiffness and hence the
fundamental period of the frame increases. To reach a
confident decision on the EBFs height limit to apply
the higher modes effect, a separate comprehensive
study should be conducted. However, it seems that the
higher mode reduction factor should be applied for the
5-story EBF with long link studied here, too. Although
the average story drifts demand of model L3 in its first
story has been exceeded the design story drift capacity,
however this increase is not so significant and can be
ignored.
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Figure 7. Comparison of the design inter-story drift
distributions with the results of dynamic analyses

These results indicate that the proposed DDBD
procedure by Sullivan [13] is generally successful in
limiting the peak story drift demands of EBFs with
different link length ratios to the design drift capacities.
Variations of the design lateral displacement profile
together with results of dynamic analyses have been
illustrated in Figure 8. This figure indicates that the
DDBD lateral displacement profile  generally
overestimates the frames real profile. This is another
issue pertaining to the DDBD of EBFs which should be
studied separately in future work. Figure 9 shows the
EBFs plastic link rotations demands. As can be seen,
the plastic link rotation demands for the EBFs (except
for models L3 and L5) are below the design link
rotation capacities indicating the adequacy of the
DDBD in limiting the links rotation demands. For the
higher link rotation demand of model L5, the
abovementioned discussion can also be valid. This
figure also indicates simultaneous yielding of all links
along the frames height which leads to the occurrence
of intended ductile failure mechanism.
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Figure 9. Comparison of the design plastic link rotation
capacities with the results of dynamic analyses

7. CONCLUSIONS

In this paper, a two-dimensional finite element macro-
model developed for the nonlinear static and dynamic
analysis of twelve EBFs designed using the DDBD
method. The results of dynamic analyses showed that
for all of the EBFs, the average story drift demands are
generally less than the design story drift capacities.
This result indicates that the proposed DDBD
procedure by Sullivan is generally successful in
limiting the peak story drift demands of EBFs with
different link length ratios to the design drift capacities.
However, it appears that the effect of higher modes in

EBFs depends not only on the number of stories (as
implemented in the DDBD procedure) but also on their
link beams length ratio. In other words, the higher
modes modification factor has not been validated for
EBFs with long links and therefore requires further
investigation. Moreover, it was found that the proposed
DDBD lateral displacement profile overestimates the
EBFs real profile. Also, it was shown that by
considering the effects of Soil-Structure Interaction in
DBD design of EBFs, the base shear force reduces
which may lead to an economical design of EBFs. The
distribution of the inelastic link rotations demands
along the frames height showed that the DDB designed
EBFs are generally capable of attaining their intended
ductile failure mechanism.
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