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1. INTRODUCTION

The traditional procedure for seismic design oflding structures has been generally
termed the force-based design (FBD) method. Thdem@ntation of FBD in seismic
codes, e.g. EC8, 2004 does nlaarly define and employ the terms performanceaihje,
performance level or limit state and expected I@fedeismic motion or seismic intensity.
In contrary, the FBD method implements performaabgectives in a very approximate
manner, actually through the use of one performadewe, that is the ultimate limit state
(ULS) and one seismic intensity for 475-year pergwdund motions. The FBD method
uses the importance factor for different seismiensities and the reduction factoifor
different limit states. The FBD method usually aatimates the inelastic displacements.

The design procedure would be more rational if peeformance of the structure was
guantified through a target value of deformatiaated as an input variable in that design
procedure. This target value of deformation canabsigned to different performance
objectives and is the starting point for the depetent of the direct displacement-based
seismic design (DDBD) method (Loeding et al., 199 Priestley et al, 2007[2]). This
design method is being advocated as a promisingaddbr the next generation of seismic
codes and has already been adopted by seismicndpsigisions in the United States
(SEAOC, 1999 [3]) as one of the proposed displacethased seismic design methods for
the performance-based seismic design.

The third seismic design method presented and cadpa this work was originally
proposed in a sketchy manner by Bazeos and Be2Kk0S, [4] and further developed in
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detail by Karavasilis, 2007 [5]. This method isledlthe hybrid force/displacement-based
seismic design (HFD) method as it combines the dleshents from both the force-based
and the displacement-based methods in order taupeodn effective design scheme. The
starting point in the HFD method is the maximunowahble roof displacement of the
MDOF structure computed through a new simple exgiesproposed by Karavasilis et al,
2007 [6], which takes into account structure prapsrand seismic excitation characteris-
tics. Then, a new relation is used for the calooabf the behaviour factor (Karavasilis et
al, 2007 [6]), which is used in a similar way ashe FBD method.

The objective of this article is to critically comme three seismic design methods, the two
well established force-based and displacement-bas¢hlods, and the new hybrid method.

2. FORCE BASED DESIGN (FBD)

The FBD method relies on the ability of the behavitactor q to estimate both strength
and displacement demands. According to EC8 seisode, the following steps shall be
followed for the design of a building in terms bétFBD method:

2.1 Definition of the performance level of the building

EC8 seismic code identifies two levels of perforoer(1l) no-(local)-collapse requirement
which is associated with the ultimate limit statéL$) of the structure subjected to
destructive earthquakes; (2) damage limitation irequent which is associated with the
serviceability limit state (SLS) of the structuoe frequent seismic action.

2.2 Design at the ultimate limit state (ULS)

Current design practice implies that the structigefirst designed at the ULS and
subsequently checked at SLS. Thus, firstly thegieseismic action is determined by
adopting an appropriate elastic response spectritin damping corresponding to the
construction site and then the behaviour facta gomputed. According to ECS8, for high
ductility class of buildings, the maximum allowalblehaviour factor q is given by the equ-
ation

q=5% (1)
a

where @, is the value by which the horizontal seismic desigtion is multiplied in order to
form plastic hinges in a number of sections sugfitifor the development of overall
structural instability anda, is the value by which the horizontal seismic desagtion is
multiplied in order to first reach the plastic stance in any member in the structure.

2.3 Computation of inelastic displacements and interstorey drifts
The inelastic displacementdaii and maximum interstorey drift ratio IQRin storey i of a
multi-degree of freedom (MDOF) structure are coreguty the equations

Q- (Uy; —Ug4)

uinel,i =Qq- ud,i and IDR’naxj - h (2)

respectively, wherel,; is the elastic displacement of storey i calculatedtep 2 and ihis
the storey height.
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3. DIRECT DISPLACEMENT BASED DESIGN (DDBD)

The direct displacement-based design method (DDBpyobably the most well known
displacement-based design method and is adoptewbbgrn design codes. The following
steps shall be followed for the design of a buddim terms of the DDBD method:

3.1 Definition of the performance level of the building

Performance-based seismic engineering adopts eliffeitesign levels to meet different
‘performance levels’ at different seismic ‘hazaeddls’ (Fardis, 2002 [7]). In the DDBD
method the hazard levels are identified by the @myate elastic displacement response
spectrum and the performance levels are deterntiggde maximum IDR values defined
according to a modern design code, e.g., SEAOC [399

3.2 Computation of thetarget displacement of the SDOF
The target displacementsy of the equivalent substitute single-degree of foeedSDOF)
system to the MDOF given structure is computedheyeiquation

imuiz
_ =1

> my
i=1

where n is the number of stories amdthe mass and; ahe maximum displacement of
storey i, respectively. The maximum displacementdfiler is an important issue in the
DDBD, because it correlates the damage index @R as defined for a specific
performance level, with the maximum displacementhef stories. For the computation of
the maximum displacement profile, one can use thél@gs suggested by Loeding et al
(1998) [1] for regular reinforced concrete frameshe elastic range.

)

ueff,t

3.3 Computation of theyield displacement of the SDOF
The yield displacementsl, of the equivalent substitute SDOF system is contpbteEq.
(3) for damage index (IDfR corresponding to the yielding of the frame.

3.4 Computation of the equivalent ductility and equivalent damping of the SDOF
The ductility pest of the equivalent substitute SDOF system is catedl through the
expression

u
Yo = eff,t (4)
eff,y

where the w: and ugy are the maximum and yield displacement, respdygtivad the
SDOF substitute system.

The effective damping associated with a specifielleof ductility can be calculated by
using the expression proposed by Borzi et al., 2{%]1

£y = a-(l—ijm 5)

Hest
whereq is a coefficient depending upon the ductility afdtands for the viscous part of
the damping, usually taken to be 5%.

3.5 Computation of the equivalent period of the SDOF

49



0
6E9vu(é 2UVEDpLO
MetaAikov Kataokeumv

OEMATA TENIKOY ENAIAGEPONTO2

With a target displacementy and an effective damping calculated in the previous
steps, the effective structural peridds can be directly obtained from the elastic
displacement response spectriig(1)
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Fig. 1. Elastic displacement response spectrum.

3.6 Computation of the equivalent stiffness and base shear of the SDOF
The effective stiffnesKe is calculated by using the simple relation of stal dynamics

4.7°
Keff = 2 Meff (6)
eff
whereMg; is the mass of th8DOF structure given by
n ui
Mg = Z m; (7)
i=1 U g |t

Finally, the required shear strengtlydf the SDOF system can be computed by the equ-
ation

Veﬁ = Keﬁ : ueff,t (8)

3.7 Design of the MDOF structure

The strength of the structure refers to the maxinmetastic base shear which the structure
should have in order to achieve the requirementsthef performance level under
consideration (step 1 of the DDBD method). This bessar i should be divided by the
overstrength factaR in order to produce the design ong, Me.,

Vv, = %)

The overstrength factaR depends on the number and the sequence of devetbpoh
plastic hinges in the structure and on the geomeind mechanical characteristics of the
structure. One may rely on the recommendation of &@Btake2=1.3.
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4. HYBRID FORCE/DISPLACEMENT BASED DESIGN (HFD)

The current version of the newly proposed hybridcdddisplacement (HFD) seismic
design method is valid for plane steel frames (mumesisting, x-braced, with setbacks or
with mass irregularities) (Karavasilis, 2007 [5The following steps shall be followed for
the design of a plane steel moment resisting framterms of the HFD method:

4.1 Definition of the performance level of the building

In the HFD method the seismic hazard levels aratified with the appropriate elastic
acceleration response spectrum, as it is definedG8 and the performance levels are
determined by the maximum IDR values.

4.2 Computation of the maximum allowable roof displacement of the building

The maximum allowable roof displacemenf.u of the building can be computed on the
basis of the maximum IDR value, as defined in thevipus step, with the aid of the
expression

U maxipr = ﬂ IDRmaX'H (10)

where H is the building height from its base ¢@nd a coefficient depending on building

properties and seismic excitation characteristweBich can be calculated through the
equation (Karavasilis 2007 [5])

B=10- 0193 (n,—1.0)%*. p**. o™ (12)

In the above, fis the number of storiep, is the stiffness ratio of the frame calculated for
the storey closest to the mid-height of the framaetlve expression

S,
PESam, (12)

with | andl beingthe second moment of inertia and length of thel stegnber (columrc
or beamb), respectively and is the ratiodefined as

M
o = —VRC.av (13)

M RBav
whereMgc 1,aS the average of the plastic moments of resistahtee columns of the first
storey andMgg 4y is the average of the plastic moments of resistaficthe beams of all the
stories of the frame.

4.3 Calculation of therequired strength and design of structure
First the maximum allowable roof displacement ditgtifactor us is computed by the

expression
u IDR
pry = — TR (14)
u rmaxy

where Wmax,pr and Wmaxy are defined in the previous step. Then, the belaviactor g
can be calculated by the equations (Karavasili¥ 26()
q=1+139-(u; -1) for us<5.8 (15a)

q=1+884-(u,"*-1) for u;>5.8 (15b)
The behaviour factor g is used in a similar waynasBD.

51



0
6E9vu(é 2UVEDpLO
MetaAkov Kataokeumv

OEMATA TENIKOY ENAIAGEPONTO2

5 COMPARISON OF THE METHODS THROUGH A DESIGN EXAMPLE

Consider a S275 plane steel moment resisting fraittethree storeys and two bays. All
bay widths are assumed equal to 7 m and all stueights equal to 3,5m. The gravity load
on beams is equal to 30kN/m and the viscous danmaingg is equal to 3%. The expected
ground motion is represented by the design elaptctrum of the EC8 seismic code with
peak ground acceleration equal to 0.4g and a k@t d. The frame is designed according
to EC3, 1992 with the aid of the commercial analyand design software package
SAP2000. HEB profiles are used for the columns H#tel profiles for the beams. This
frame was seismically designed by the three methddscribed previously and
comparisons were made with respect to their acgurafficiency and degree of
conservatism.

5.1 For ce based seismic design (FBD)

The value of q is selected equal to 6.5 accordngduation (1) since the ratig/a, for
moment resisting frames with more than one bayiskto 1.3 (EC8). Elastic modal anal-
ysis and design leads to the optimum sections HEB@4columns and IPE330 for beams.
The maximum roof displacemeng g 3.4 cm, while the maximum interstorey drift ratio
occurs at the second floor and is equal to 0.46BtisTtheir maximum inelastic counter-
parts are ge;=6.5*3.4 = 22.1 cm and IDR,= 6.5*0.0046 = 2.9%, respectively. Fi-
nally, the base shear is¥130kN.

5.2 Displacement based seismic design (DDBD)

For comparison purposes with the FBD method desdrfgreviously, the value of IDR«
computed in the last step of the FBD method is ehdeere as the appropriate damage lev-
el, i.e. IDRnax=2.9%. By using equation (3) and the displacemenfilp proposed by
Loeding et al (1998) [1], the target displacemegi; of the SDOF system is computed
equal to 24.0 cm. Similarly, using equation (3)haiitterstorey drift ratio at yielding of the
equivalent elasto-plastic SDOF system, i.e., JBIR0%, the yield displacemendqy of the
SDOF system is calculated equal to 8.1 cm. Them, dihctility pe and the effective
damping&e are evaluated from equations (4) and (5) and tmeyequal to 2.96 and
14.3%, respectively. By entering the displacemeasponse spectruntig. 1) with a
damping value equal to 14.3% and a displacemerdléqu24.0 cm, the effective period
Tex is found equal to 2.00 sec. The effective masslsulated through equation (7) and
consequently the effective stiffness is found tiglowequation (6) to be equal to 1071
kN/m. The required strength in terms of the bassasks found through equation (8) to be
equal to 257 kN. Thus, the design base sheais\¢omputed according to equation (9)
with a value of2 equal to 1.3 and found to be equal to 197.7 kNs dksign base shear is
distributed linearly along the height of the framed an elastic analysis and design is
performed, which leads to the optimum sections HEB®r columns and IPE360 for
beams. The maximum roof displacement is estimatech fthe displacement profile
proposed by Loeding et al, 1998 [1] to be equakte 30.0 cm.

5.3 Hybrid for ce/displacement seismic design (HFD)

For comparison purposes with the previous methadslue of IDR,ax equal to 2.9% is
chosen. The maximum allowable roof displacement.of the building is then computed
by using Egs (10) and (11), with H=10.5 n&=3 p=0.5 anda=1.3 and found to be equal
to 23 cm. The maximum roof displacemenfdty can be calculated from Eq. (10) for
IDRmax €qual to IDR. Also umaxy= IDRy*H, since the displacement profiles are linear in
the elastic response of the frame and JidRequal to 0.4% for S275 (Karavasilis et al,
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2007a [6]). Thus one obtaingmix=4.20 cm. The maximum allowable roof displacement
ductility factorps as computed by Eq. (14), is obtained equal to 5Mle the behaviour
factor q as evaluated by Eq. (15a) is found to feakto 7.20. The elastic response
spectrum of EC8 is divided by g and an elastic rhadalysis is performed which yields
the optimum sections HEB240 for columns and IPEf@8Mdeams. These sections are the
same with those of the FBD method. The fundameratlral period of the frame is found
to be equal to 1.20 sec and the base shear is foumelequal to 108kN. Finally, the values
of p, a and Wmaxyare computed, compared to those initially assuametifound to be very
close to them.

6. CONCLUSION

Table 1 summarizes the results of the three seismic desigods. In order to compare
the three seismic design methods, nonlinear tirstotyi analyses of the designed frames
are performed using the well-known program DRAINX2DEight semi-artificial
accelerograms compatible with the EC8 spectrum vgeneerated via a deterministic
approach. The results, shownTable 1, reveal that the proposed method along with the
FBD method yield more economical sections thanDBPBD method, but the proposed
method seems to predict more accurately the maxinoafndisplacement, .y compared

to the two other methods.

FBD DDBD HFD Nonlinear; Nonlinear
Sec- | HEB24 | HEB28 | HEB240 | HEB240- | HEB280-
tions 0- 0- -IPE330| IPE330 IPE360
IPE330 | IPE360
IDRmax | 2.9% 2.9% 2.9% 3.0% 2.4%
)
UmadC | 22.1 30.0 23.0 24.0 19.0
m)
Vp (KN)| 130 197 108 - -

Table 1. Comparison results
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IHEPIAHYH

Tpeig péBodot avticelopkod oyedtacpov topovotdlovial Kot cuykpivovral petald tovg.
H zmpdt pébodoc sivar n yvooth kot gvpiémc dodedopévn pébodog tmv dvvapemv ()
eoopatikny péBodoc, ommg avapépetar otov EAK), m devtepn eivor 1 pébodog tov
UETAKIVACE®Y, oL VO WHEDOSOC OaVTICEIGUIKOD OYEOOGHOD  KOTOUCKEL®V, 1 O7moia
Tpoéceata £xel vIoBeTOel Amd oploPEVOLS avTIcEIGHIKOVS Kavoviopovs. H tpitn puébodog
glvar o vPp1dkn pnEBodoc mov cuvoLAlet katl PelTIMVEL GTOLKELD KOl Ao TIG dVO Tpo-
nyovdpueveg peBodoove. Lopemva e v vRpdkn uébodo N petokivnon oyedopod  vmo-
Loyileton amd 10 EMIMESO EMTELECTIKOTNTOC TOV EMAEYETAL Y10l TOV OVTIGEIGHKO  GYEDL-
aocpud g Kotaokevns. O vmoAoYIoHOS ovTOg  emtuyydvetor pe v Ponbeia
TPOTEWOUEVDV GYEGEMV, Ol 0moieg AOUPAVOVY DITOYN YEOUETPIKA YOPUKTNPIOTIKG TNG
KOTAGKELTG KOl YOPOKTNPIOTIKA TOV GEGHOL oyedtoopov. Emiong divovror véeg amiég
OYEGELS YO TOV VLTOAOYIGUO TOV OUVTIEAEGTH GULUTEPIPOPAS ([ OCULVOPTNCEL TNG
OTOLTOVIEVNG TAACTILOTNTOG TNG Kataokevng. Téhog, ot Tpelg pébodot epappolovior o
eMined0 HETOAMKS TAOIG10 KOl TO ATOTEAEGLLOTA GLYKPIVOVTOL E UT) YPOUUIKES SUVOLLKES
AVOAVGELS OKTD SLOPOPETIKADV GEIGUIKADV JEYEPCEMV.
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