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Due to the limitations and deficiencies in the force-based design approach, several
methods are introduced and examined in order to improve this methodology. However,
over the years, researchers have proposed displacement-based design methods. Among
them, the direct displacement-based design (DDBD) method is one of the most thorough
and accepted. The main goal of this method is to determine equivalent damping.
Considering the equivalent damping and target displacement corresponding to the desired
ductility, the design base shear is obtained from the displacement spectrum. Several
methods are proposed to determine equivalent damping. In this study, the revised effective

mass (REM) method is employed for the design of eccentrically braced frame (EBF)
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systems. Using this method, equivalent damping is determined for EBF’s. An expression is
proposed for determining the equivalent damping for EBF s in term of ductility.

1. Introduction

In the force-based design method, sections are designed in a
way that in all stories link beams reach their yielding capacity.
This approach is also referred to as force-control design. In
this method, the base shear is distributed linearly in height
with respect to the first shape mode. However, it is possible
that the inter-storey drift controls the design. Therefore, the
direct displacement based design method was introduced to
address this issue. Furthermore, in the force-based seismic
design, the structure is modelled based on the elastic
properties and the effects of yielding are neglected. On the
other hand, in DDBD approach, the structure is modelled
based on the secant stiffness evaluated at the maximum
displacement, Ag, for a given equivalent damping, accounting
for elastic and hysteretic damping in the nonlinear response.
This method is a performance-based design method which
was introduced by Priestley [1] for the first time for designing
RC structures. Figure 1, shows the direct displacement based
design procedure.
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In DDBD procedure, a frame building is represented as a
single-degree-of-freedom system (SDOF). By considering a
design displacement equal to the maximum response of a
SDOF and the corresponding ductility, the equivalent
viscous damping(Ceq) is calculated. Then, the structure
period (T,) is determined from the displacement spectrum
at the equivalent viscous damping. Afterwards, the
structures stiffness (Ke) is calculated by equation 1 for a
given effective mass (me). By multiplying the stiffness in
the design displacement, the design base shear (Vyqse) IS
determined by equation 2.

K, = 4m? T_ez (1)

F = Viygse = Ky (2

The DDBD method was first developed to design SDOF
systems considering the substitute structure concept [1].
This method was then employed to design concrete bridges
[2]. Calvi and Kingsley (1995), Kowalsky (2002) Priestley
and Calvi (2003) extended this method to multi-span
bridges[3-5]. Moreover, this method was evaluated for
designing long span bridges by Adhikari et al. (2010) and it
was modified by conducting parametric studies[6]. Calvi
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and Pavese (1995)[7] presented a formulation for designing
RC structures, which was then modified by Priestley [8].
This method was extended by Harris (2004) for moment-
resisting system, Yavas (2006) for shear-wall system,
Garcia et al. (2010) for dual system (moment-resisting and
shear wall), Wijesundara et al. (2011) for concentrically
braced frame (CBF) and Yahyai and, Rezayibana (2017)
for special concentrically braced frame (SCBF)[9-13].
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Fig. 1: Direct displacement based design procedure

As discussed earlier, the most important parameter of the
DDBD is the equivalent viscous damping. The equivalent
viscous damping is the sum of the elastic damping and the
hysteretic damping of an equivalent SDOF system((eq =
Cel + Tnys)- The equivalent viscous damping depends on the
structural system, ductility(u), the elastic damping and
whether it is defined based on the initial stiffness or the
secant stiffness. It is necessary to select a ductility level for
designing a structure, whether for the entire structure or
specific elements. Then, by using relationships or
equivalent damping charts derived based on ductility and
structural system, the equivalent viscous damping for an
SDOF system is determined. Jacobsen (1960) conducted
research on evaluation of the equivalent viscous
damping[14]; however, the assumptions made in his
proposed method do not lead to accurate results[15]. Grant
et al. (2005) and Dwairi et al. (2007) put in more atempted
to address the problem associated with Jacobsen’s
method[16-17]. Dwairi et al. (2007) calculated the
equivalent viscous damping for a large number of
earthquake accelerograms with different ductility levels
and effective periods. Eventually, by averaging over
different cases, a relationship for the equivalent viscous
damping was derived for different hysteresis curves as a
function of ductility. In this method, after determining the
yield displacement and the target displacement with respect
to the desired ductility, the hysteretic damping is evaluated

by employing the Jacobsen method. Then, the effective
period of the system is determined from the inelastic
displacement spectrum at the hysteretic damping value.
Afterwards, the effective mass and stiffness are calculated
and nonlinear time historey analysis is carried out.
Convergence is achieved if the displacement obtained by
the analysis and the target displacement are identical.
Otherwise, another value for damping is assumed and this
procedure is repeated until convergence occurs and the
final damping value is taken as the equivalent viscous
damping. They proposed equation 3 denoted here as
standard expression to estimate the equivalent viscous
damping of steel frames.

—1
Coq = 0.05 + 0.577% 3)

One drawback of this method is the large number of
frequent references of the displacement spectrum. Yahyai
and Rezayibana (2015) proposed the revised effective mass
(REM) method to reduce the computational effort of
Dwairi’s method[18]. This method is shown in figure 2.

[ Select a SDOF system and determine yield displacement (4,)

!

Select a ductility level () and calculate displacement level (A}
A= pdy

v

[ For displacement level {A,,) Obtain hysteretic response from static cyclic

[ Obtain F,, corresponding to 4, from hysteretic response and calculate ]

Effective stiffness (Kozr)

=1
Kot =3,
[ Calculate damping by means of a standard expression
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Fig. 2: Flow chart of REM methodology[18]

In this paper, this approach is used to estimate the
equivalent damping of eccentrically braced frames (EBFs).
In this regard, eight EBFs are designed according to AISC
(2016)[19] and then analyzed in order to evaluate the
equivalent damping based on the REM methodology. This
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study proposes an expression for estimating the equivalent
damping, based on the ductility level for EBF’s.

2. Design Cases

Eccentrically braced frame (EBF) is a ductile system for
resisting lateral loads in seismic regions. In this system, the
energy induced by the earthquake is absorbed by
developing plastic hinges in the link beam, while the rest of
the system including columns, outer beam segments and
braces remain in the elastic range. In fact, the link beam
acts as a fuse in the bracing system. Link beams are divided
into three types based on their length(e):

1- Short link beam with shear yielding mechanism

(e < 1.622)
Vp
2-Medium link beam with shear - flexural yielding
mechanism (1.6ﬂ <e<?26 ﬂ)
Vp Vp
3- Long link beams with flexural yielding mechanism
> 2.6
(e >267)

14
Where e is the link length, V;, and M,, denote plastic shear

and plastic moment of the link beam calculated by
equations 4 and 5, respectively[19].
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Where P, P,, F,, Z, and A,are the required axial strength,
the nominal axial yield strength, the yield stress, the plastic
module and the web section area of the link beam,
respectively. In order to evaluate the equivalent damping
for eccentrically braced frames, eight single storey frames
with 5m storey height and 5m width of the bay were
designed in accordance with AISC (2016) based on the link
beam capacity. The length of the link beam was selected
such that it included all types of link beam actions.
W8x8x18 section was selected for the link beam. In EBF
systems, link beam acts as a fuse and it reaches its yield
capacity, while other members remain elastic. To attain this
aim, the plastic capacity of other members was taken to be
25 percent higher than the link beams. Regarding the link
beam section, in order to encompass all link beam
mechanisms, link beams with the length of 300 mm, 500
mm (shear mechanism), 700 mm (shear-flexural) and 900
mm, 1100 mm, 1500 mm, 2000 mm and 2500 mm
(flexural) were considered. Since the link beam section was
constant and the length of link beam was variable, other

members were designed such that they satisfied the plastic
capacity equal to 1.25 times the capacity of link beam and
remained unchanged in this study. W=8x8x21 and
HSS5x5x1/4 sections were designd for the columns and
braces, respectively.The nominal yield stress(F,) and the
Young’s modulus of the steel(E) were taken as 350MPa
and 200GPa, respectively.

3. Numerical Modeling and Verification

All Frames were modeled using ABAQUS software[20].
Members were modelled using 3D shell elements (S4R).
This element is used to model both thin and thick shells
and it is capable of modeling plasticity, creep, inflation,
strain hardening and large deformations. All members
except the beam were merged. In order to model the hinge
connection between column and beam, a coupling
connection in the section plane was defined and these
connections were joined together. Moreover, the hinge
connection at the base was modelled by defining a coupling
connection at a reference point at 20 mm distance from the
end of columns and the support conditions were defined
such that only the rotation in the frame plane was allowed.
Furthermore, out of the plane movement was cancelled by
constraining columns and beams in that direction. In order
to model the steel material behavior, a bilinear elasto-
plastic behavior with 1 % strain-hardening was adopted.
For cyclic analysis, a displacement time history with the
amplitude of the target displacement corresponding to the
desired ductility was applied at the top of the frames.
Figure 3, shows the model of the frame in ABAQUS.

Fig. 3: Numerical model of EBF

In order to verify the numerical model, the EBF model
tested by Berman and Bruneau(2007) was used[21]. The
test setup is shown in figure 4. As shown, the frame
dimensions were set to a height of 3150 mm and width of
3660 mm. the length of link beam was set to 456 mm. A
hydraulic actuator applied horizontal force to a loading
beam at the top of the frame. Figure 5 shows a comparison
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between experimental and the numerical model results. As
shown, the overall hysteretic response is well predicted by
the numerical model.

1110 kN (250 kip) -
Miller Servo-Controlled
Static Actuator

North  Link~

= /-FoundatlonLeam

T 111 [
Strong Floor

152, 152 , 152,10 mm

(See Detail)

.___.__..___lé\____

13mmj

"~ 13 stiffener
Tube Brace

/" —Slotted to Accept\
13 mm Gusset

Link Shear (Kn)

Link Rotation (rad)

Fig. 5: Comparison of hysteresis response of numerical and
experimental results

4. Jacobsen Hysteretic Damping

Jacobsen assumed that the velocity of the equivalent SDOF

system is equal to the velocity of the real structure.

Equating the dissipated energy by a nonlinearly damped

elastic SDOF to an elastic SDOF using the hysteretic

damping under a sinusoidal excitation, leads to equation 6.
Ap

Chys = TnE A (6)

Where, A, is the area of a complete hysteresis force-
displacement response, F,, denotes the maximum force and
A,, is the displacement corresponding to F,. In this study,
for calculating the hysteretic damping by Jacobsen method,
a sinusoidal displacement history with the amplitude of the

target displacement corresponding to the desired ductility is
applied and A, is evaluated for a loop in the force-
displacement curve. Then, by determining the maximum
force and the corresponding displacement, the hysteretic
damping is calculated by equation 6. It should be noted
that, by Jacobsen’s method, the most effective parameters
on damping are determined.

In accordance with equation 3, ductility is the most
important parameter for estimating the hysteretic damping.
Ductility is defined as the ratio of target displacement to
yield displacement. The elastic displacement of an EBF
storey can be computed by summing the displacements
caused by the deformations of individual components of
the frame. With an elastic analysis, a relationship was
presented to determine the yield displacement for an EBF
system. The vyield displacement (A,) is estimated by
equation 7.

Ay=Apyr + Ayjinge + Dpiink (7

Where A,y Ayiine @nd  Apinie are the individual lateral
displacements of the EBF due to brace axial deformation,
link shear deformation and link flexural deformations
calculated by equations 8-10, respectively. Deflections
associated with column axial deformations are negligible
for a single storey.

F LbT LbT‘ 2
_F Lyr 8
Apy ZE(AI,T)(a) ®)
h%e
Aviink= c (m) )
F  h2%e? (10)

Anpriy = — (—— —
Mlink E (1211inkL)

Where E and G are Young’s and shear modulus of steel,
respectively, A,, is the cross section area of the brace,
Ayink @nd I, are the shear area and the second moment
of inertia of the link section, respectively and other terms
are defined in figure 6.a. F is the lateral strength of an EBF
defined according to figure 6.b and c. Since plastic shear
and moment of the link govern in the case of shear and
flexural link respectively. The lateral strength of EBF was
defined based on the link strength (V, or M,,).

L
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Fig. 6: a) EBF dimensions, b) lateral strength in the case of

shear link and C) lateral strength in the case of flexural link
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The vyield displacements of the selected frames were
calculated by equation 7 and then applied as cyclic loading.
Based on Jacobsen’s assumption, hysteretic damping
corresponding to yield displacement is equal to zero. Since
the accurate estimation of the displacement corresponding
to the hysteretic damping equal to zero is not possible in
finite element models, the yield displacements calculated
by the proposed relationship were used to estimate the
hysteretic damping. However, to insure that the vyield
displacements are calculated correctly, the hysteretic
damping corresponding to the vyield displacement or
ductility level 1 should be less than 5%. It should be noted
that, in most references this criterion is used up to 5% [11-
15]. The hysteretic damping of the frames at ductility level
1is presented in Table 1.

Table 1. The yield displacement of the frames

length of the link  Yield displacement  Hysteretic Damping

(mm) (mm) (%)
300 9.359 45
500 13.345 3
700 18.902 25
900 23.861 2.2
1100 26.072 1
1500 31.408 1.2
2000 38.990 13
2500 47.321 4

As can be seen, the yield displacement calculated by
proposed equation is sufficiently accurate. In order to
determine the hysteretic damping, ten ductility levels were
considered. For each ductility level, the maximum
displacement A,, = uA,was calculated and applied to
every frame as a lateral cyclic loading. The hysteretic
response of base shear-top lateral displacement was
obtained and the hysteretic damping was determined by
equation 6. Figure 7 shows the hysteretic damping values
for frames with different link length to span length ratios.

—4—e/L=0.06 ~8—e/L=0.10 ~4¢/1=0.14 —8—e/L=0.18 ~o—e/L=0.22 ~4—e/L=0.30 —4—e/L=0.40 —8—¢/L=0.50

40%
35%
30%
25%
20%
15%
10%

5%

0%
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0 1 2 3 4 5 6 7 8 9 10
Ductility

Fig. 7: The hysteretic damping of the frames against ductility

As seen in figure 7, the hysteretic damping depends on
ductility level and the link length to the span length ratio.
As the ductility level is increased, the damping is also
increased. The hysteretic damping is approximately same

for the frames with the link length to the span length ratio
less than 0.3. For the frames with the link length to the span
length ratio of 0.4 and 0.5, where the link beam is very
long and the beam-bracing connection is close to the beam-
column connection, the rigidity in the beam-column
connection is increased and the frame mechanism is
changed to moment frame. Since such behavior is not
desirable for EBF’s, these two models are no longer
considered in this paper. It is recommended that the link
length to the span length ratio could be selected less than
0.3 for designing EBF systems.

5. Effective Stiffness

One of the most important parameters in direct
displacement based design method is the effective stiffness
(Kefr) which is the key parameter in determining the
effective period and the design base shear. After
conducting cyclic analyses and obtaining the force-
deformation curve, the effective stiffness is calculated by
equation 11.

E
Kopp = ﬁ (11)

The normalized stiffness is defined as the ratio of the
effective stiffness to the elastic stiffness (K.rr/Ke;).
Equation 12 is used to determine the elastic stiffness of
EBF’s.

1 1 1 1

Kel Kbr

(12)

Kviink  Kwmiink

Where Kp,., Kyiink and Kying are the lateral stiffness of the
brace due to axial stiffness, the lateral stiffness of the link
due to shear stiffness and the lateral stiffness of the link
due to flexural stiffness calculated by equations 13-15,
respectively. The variation of the normalized stiffness for
the frames is shown in figure 8.

Kpy = 2520 272 (13)
br — I I
br br
AyiiniL?
Kyiink G(#) (14)
Kyiink = E( hzlenz ) (15)

As shown in figure 8, the normalized stiffness depends
only on the ductility and the link length to the span length
ratio does not significantly influence normalized stiffness.
Since the variation in the normalized stiffness against
ductility for the different ratios are small, the average value
is used. The average normalized stiffness is also shown in
figure 8. Therefore, the normalized stiffness can be
obtained by fitting an exponential curve to the normalized
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stiffness. The effective stiffness is determined by equation
16.

K, = e 16
eff — y°-715 ( )
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Fig. 8: Variation of the normalized stiffness against ductility

6. Ground Motion Selection

In order to determine the effective period and the
equivalent damping used in the REM methodology for a

given displacement level, a set of displacement spectrums
based on different damping levels are required. To achieve
this goal, ten real ground motions were selected for a given
site class. In this study, site class C (very dense soil and
soft rock) was assumed according to ASCE-7 (2016) [22].
To scale the selected ground motions, a design
displacement spectrum with 5% damping was assumed.
The corner period of the aforesaid spectrum for San
Francisco was determined as six seconds. The
characteristics of the selected ground motions and their
scale factors are presented in Table 2. To assess the
accuracy of the average spectrum, the design displacement
spectrum for different damping levels is required. The
displacement spectrum for different levels of damping was
scaled by the scale factor presented by Priestley (2007)[23]
as follows:

_ 7 s (7)

R; = (m)

The average and design displacements spectrums which
were compared and shown in figure 9 illustrate that, the
average spectrum was also very close to the design
spectrum for different damping levels.

Table 2. Ground motion database

Event Year Station Mag P(CSSA E;(ifr
Imperial Valley 1977 Cerro Prieto 653 0168 3.5
Imperial Valley 1979 Cerro Prieto 6.53 0.157 25

Tabas, Iran 1978 Dayhook 735 0324 225
Loma Prieta 1989 APEEL 10 - Skyline 693 0103 22
Loma Prieta 1989 APEEL 7 - Pulgas 693  0.108 25
Loma Prieta 1989 Anderson Dam (L Abut) 6.93  0.064 1.8
Loma Prieta 1989 Bear Valley #5_ Callens Ranch 693  0.068

Loma Prieta 1989 Berkeley LBL 6.93 0.118 3
Loma Prieta 1989 Coyote Lake Dam - Southwest Abutment 693 0485 15
Loma Prieta 1989 Lower Crystal Springs Dam dwnst 6.93  0.089 2.75
Loma Prieta 1989 SF - Rincon Hill 6.93 0.168 3.25
Loma Prieta 1989 Point Bonita 6.93 0.157 25

e (5% mmmel=10% ====(=15% ====0=20% ===={=25% ====0=30% ==---0=35% J=40%
600

N w - 53
S e e e
e e 5 =

Spectral Displacement(mm)

.
S
=Y

Period (s)
Fig. 9: The average and design displacements spectrums at
different damping levels

7. Nonlinear time history analysis

The REM methodology was used for estimating hysteretic
damping by means of a nonlinear time history analysis for
EBFs. As shown in figure 2, the REM methodology is
described as follows:

For each frame, the lateral yield displacement A, is
determined by equation 7. A ductility level is selected and
then the maximum lateral displacement A, = uA,is
calculated. The equivalent viscous damping (., is
determined by equation 3. With A,,and {4, the effective
period is read from the average elastic response spectra at
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the damping level by using figure 9. The elastic and
effective stiffness are determined by equations 1land 16,
respectively. Nonlinear time history analysis is performed
using the ABAQUS software for the 10 selected records.
The Newmark’s average acceleration method and tangent
stiffness proportional damping model with 5% critical
damping were utilized in these analyses. To perform a
nonlinear time history analysis, it is required that a mass be
assigned, which is determined by equation 18.
2

megy = 33 Kery (18)
It should be noted that the mass is assigned as lumped to
the corner nodes at the storey level. The average maximum
lateral displacement A, yrys Of the selected frame is
obtained from the results of the nonlinear time history
analysis using the 10 ground motions. A, yrx4 IS compared
with A,,. If the difference is within a 3% tolerance, the
assigned mass is adopted for the given ductility. If the
difference is above 3% tolerance, the effective mass is
revised and the procedure is repeated. With the effective
mass and the effective stiffness, the effective period T, (is
determined using equation 19. From the average elastic
response spectra, the equivalent viscous damping value
could be read in terms of T,fr and A,,. It should be noted
that the modified hysteretic damping is determined using
equation 20, where the elastic viscos damping () is taken
as 5%.

Merr
Kerr

(hys = (eq — Qe (20)

Figure 9 shows the hysteretic damping values modified by
nonlinear time history analysis with respect to the ductility
for the frames.
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Fig. 10: Modified hysteretic damping against the ductility for
EBF’s

As shown in figure 10, the hysteretic damping obtained by
the time history analysis is lower than the one calculated by
Jacobsen method. In addition, it is shown that its value is
mostly dependent on ductility and the effects of the link

length to the span length ratio are negligible. To better
illustrate the differences, the vertical axis of figure 11
indicates the ratio of the hysteretic damping obtained by
the NTHA to hysteretic damping obtained by Jacobsen
method. This figure illustrates that correction factors for all
frames are decreased up to the ductility 2, and then
approximately stay constant. For ductility levels greater
than 2, the correction factor is close to 0.5.

—e—e/L=0.06 —e—e/L=0.10 —s—e/L=0.14 —e—e/L=0.18 —e—e/L=0.22 e/L=0.30
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0.4

0
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Ductility

Fig. 11: Variation of Correction factor against ductility

Since the link length to the span length ratio has no
significant effect on hysteretic damping, the mean value
was used to find proper expression. Figure 12 illustrates the
mean equivalent damping ({,,) for six frames against the
ductility and one calculated by standard expression
(equation 3).

—e—Mean Equivalent Damping  —e—Standard Expression

Equivalent Damping

[} 2 4 6 8 10
Ductility

Fig. 12: Mean curve and damping obtained by standard
expression

As shown in figure 12, the mean curve is almost close to
standard expression. By modifying the coefficient C in
equation 3, which is equal to 0.577 for all steel frames, to
0.635, it is still valid to use this equation for determining
the equivalent damping. The fitted curve for EBF’s is
shown as a dashed line in figure 13, and obtained by the
following expressions:

u—1
{eq = 0.05 + 0635? (20)

As can be seen, the proposed equation based on modified
standard expression is able to approximately estimate
damping. Since this paper presents the criteria for
designing EBF’s according to the DDBD, the difference
between the two estimates can be ignored and the proposed
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expression can be used according to the design purpose. On
the other hand, the multiple-degree-of-freedom structures
are equalized as a single-degree-of-freedom system by the
DDBD method. Therefore, the results of this study can be
used to create a design based on the DDBD method.

—&— Mean Equivalent Damping ~ —— Standard Expression = A= Modified Standard Expreission

25%

Y
S
S

Equivalent Damping
= =
) o
F E

@
K

o
B

=)
X
@
=)

Ductility

Fig. 13: Fitted curve for estimating equivalent damping of EBF’s

8. Conclusions

In this study, the revised effective mass (REM) method was
adopted in order to evaluate the Jacobsen method for
calculating the damping in EBF systems. In this method,
the yield displacement was determined using a proposed
expression. Jacobsen damping was obtained from the
displacement spectrum based on the target displacement
and the effective period. Subsequently, the effective mass
was estimated and nonlinear time history analyses were
conducted until the convergence between the target
displacement and the average displacement occurred.
Eventually, by using the finalized effective mass, the
effective period and the hysteretic damping were
determined. Furthermore, the effects of link beam length,
material, and system ductility on the hysteretic damping
were investigated. Results showed that the effects of link
length were negligible and ductility was the main factor. As
ductility increased, the hysteretic damping increased,;
however, its rate decreased after a while. In addition,
damping obtained by the Jacobsen method was larger than
the damping determined by the nonlinear time history
analysis. By means of nonlinear time history analysis, the
modified standard expression was proposed to estimate
equivalent damping of EBF’s.
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