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Abstract

A DisplacemenBased Design (DBD) methotbgy for steel frameRC wall structures has
been proposed. The effectiveness of the methoddlodgyniting lateraldisplacementfas
been tested by designing a set of case studies. Their structural perfomaamnoestigated
through nonlineatime-history analysedy using sevespectruracompatible accelerograms
For the seismic intensity and modelling asptions considereth this work, it is foundhat

theproposed design methodology controlsldteraldisplacementsf the buildingswell.

Keywords: displacement based design, steel frdd@ wall buildings, drift, displacement

time-history analyses

1. Introduction

During the lastears seismic design of structures has experiencedeaaleation due to the
introduction of newseismicdesign methodologie®\mongthem Direct DisplacemenBased
Design PDDBD) has demonstrateitls effectiveness ircontroling structural displacements
thuscontrolling tre likely structural damaggPriestleyet al, 2007] More emphasis has been
focused however, toward the design methods feinforced concrete (RC3tructures

whereas less research efforshieen directed to more complex systesushas framewall
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buildings To address this issueSullivan et al [2006] developed an innovativ®BD
methodology for regular RC franwveall buildings, beingalso applkable to structures
combiningsteel frameRC wall structuresHaving this in mind, the main scope of this wor

is to test theeffectiveness of the new methmlogy in terms oflisplacement controh steel
frameRC wall buildings To achieve this, a set of case studies are designed vath th
proposed methodology, and their structural performance is verified thitoaghkhistory

analyses.

1.1. Featuresof frame-wall structures

Framewall systems(also called hybrid or dual systejymre an attractive solutiom high
seismicityregions In fact, theycombine the structural advantages of frames and v@tis.

of theseadvantage is that wallgrovide goodateral stiffness tdnelp control displacements
over lower storeyandresist theseismicload.Even more, de to the intrinsic characteristics

of functionality and service, layouts of buildings are usually required to inelatle to form

stair wells and lift shafts, beinthen convenient to use them also as earthquake resistant
members.Frames offer additional energy dissipation and are particularly effective in
controlling the deformations of upper storefdditionally, thanks to the interaction between
frames and wallssmaller shapes can be used for steel beams and colurdoal systems

thanin baremoment resistinframes, with consequergconomicsavings

Despitethe fact thatsignificantresearchrefforts havebeenfocused on thexperimental and
analytical performance of framevall systems current seismic provisiongnclude rather
limited design guideline$or those structures [Sullivagt al, 2006] A generaldrawbackof
current seismicdesign methodologiess that they are forcebased,implying that they
incorporate irrational design decisions and do not effectively control danasgevell

documented by Priestlg¥Priestley, 2003; Priestlegt al, 2007]. One specifidssueignored


http://dx.doi.org/10.1080/13632460902995138

Garcia, R., Sullivan, T. J., & Corte, G. D. (2010). Development of a displacement-based design method for steel frame-RC wall buildings.
Journal of Earthquake Engineering, 14(2), 252-277. http://dx.doi.org/10.1080/13632460902995138

by current design methods tkat floor diaphragms imposéisplacement compatibility
between frames and walls. An arbitrary assignment of ductility factoredans of force
reduction factorgas suggested by the coddses not satisfy the displacement compatibility
requirement. Actuallyto achievethe same displacementalls of typical dual systems are
likely to undergo a much larger ductility demand than frames becauseardrtiadler value

of yield displacemenfSullivan et al, 2006].

In the context of this research, it is also worth pointing outvithéle the use of concrete and
steel lateral load resisting systetagetheinn construction is not common, there are situations
in which it will be desirable to do s®irect DBD hasbeen showro perform effectively for
RC framewall systems [Sullivaret al, 2006] and while steel frarfeRC wall systems should
behave similarly, the influence of the different hysteretic propertieseef fames on the

performance of the design methodology needs to be investigated.

2. Fundamentals of DDBD

In thelast yearsDirect Displacement Based DesignPBD) emerged aa rational procedure
for seismic design of buildings and bridgas an attentpto mitigate current design
deficiencies[Priestleyet al, 2007]. The design methodology has egdipopularity ad its
principles, althougliescribedherefor framewall structures, are equally applicableditner

structural systems

A major feature of the DDBD method is that Wwilst current forcebased design methods
characterise the structure by its elastic proger he DDBD methodusesthe substitute
structureapproach[Shibata and Sozerl976] and characterises tlsgructureby a single
degreeof freedom EDOR systemwith effective massme, efective heighthe (Fig. 1a), and
secant stiffnesK,, at the maximm responseAq (Fig. 1b). The maximum or design

displacemeni\y can besetby a displaced shapgraled to reach design drifté4, chosen to
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ensure acceptable levels admagefor a given risk eventOnce the displaceprofile of the
structure at the maximum displacarmhés known,the equivalent SDOFlesign displacement
at theeffective height,he, is deined by:

N ) N

Ay :Z(mAi )/Z(mAi) 1)

i=1 i=1
Where N is the total number of storeysm; is the storey mass, andA; is the design
displacement for the storeyThe effective heighis also a function of the displacetape of
the masses at maximum response, in addition to the storey Imgiglwhd is calculated
acording to Eqg. (2).
N N
heZZ(mAihi)/Z(miAi) 2)
i=1 i=1

To calculate the effective mass of the system) the participation of the fundamental mode
of vibration atmaximum rsponse is consideredh& effective mass can be estintatey

usingEg. (3).

m, = i(mAi /A (3)

Since the actual response a§tructuresubject to intense seismic actioisspredominately
nondinear, the effect ofenergy dissipationn the system isconsideredin the DDBD
methodology througlan equivalent viscous dampiegefficient Espor, Which includes both
elastic and hysteretic dampimgmponentsGrantet al [2005 suggestedthat the amount of
equivalent viscous damping is also depmmidon the effective period of the substitute
structureT aswill be discussed in Section 3@bserve in Fig.1(chhatfor thesame level of
ductility demandthe level of equivalent damping assigned &o steel frame building

possessing compact sections is higher thatof a RC frame building. This & consequence
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of the larger capacitpf steel sectionso dissipate hysteretic energgrough more stable

hysteresis loops during the nonlinear response of the structure.

The expected displacememluctility demand of theequivalentSDOF system w4, can be

calculated with Eq(4).

A
Hy= A_d 4)

y

Where Ay is the yield displacement of the SDOF systeRig( 1b) andis a functim of the

yield curvature ¢, , of the structural sections. Detailed information about the calculation of

Ay for framewall systems is givem Section 3.2.

Having established the design displacement of the equivalent SEyStEm and tre
correspondingexpecteddamping, &epected, fOr the expected displacement ductility demand,
the effective periode can be read from a displacement speutappropriate for the level of
equivalent viscouslamping Fig. 1d). In this work, displacement spe& associateavith a
damping different from 5% are calculated based on(Bgprovided by the Eurocode 8 (EC8)

[CEN, 2003].

17 =J10/(5+ &) >0.55 (5)

The periodTl of a SDOF systens defined in terms of its assM and stiffnesK by:

T= 27r\/¥ (6)

By invertingEqg. (6), the effective stiffnes¥Ke, of the equivalent SDOF system at the design

displacement can be estimatad

K, =4z’m, /T2 (7)

Finally, the design base she¥, is given by Eqg. (8).
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F, =V, =K.A, (8)
The shear forcéd/, can be distributed over the height of the building as a function of the mass
m;, and thedesigndisplacementA; of each storeyThus, thecorresponding forcéor the

storeyi can be defined by

N

Fi :Vb(mAi)/Z(mAi) (©)

i=1
The forces provided by the latter equation are used to analyse the building and determine the
flexural strength at the desired hinge locationke design conceptin the Direct DBD
approachare simple and cleaiThe major complexitylies in determining the substitute
structure characteristics, the design displacement and the development ofsitpe de
displacement spectrdhe design method proposed in this papsesthis Direct DBD
procedure to obtairthe design forces, as outlined nekt particular the next section
demonstrates howhe design displacemeptofile and equivalent viscous damping of the

dual systems can be established as a function of strength assignments.

3. Proposed DDBD methodology for steel frame-RC wall buildings

The flowchart descrilmg the proposed design method for dual steel frR@ewall systems is
depicted in Fig2. The several steps involved in the process are outlined in the following

sections.

3.1. Strength assgnment

A characteristic feature of the design methodology isdtnatgth proportions are assigned at
the startof the procesgFig. 2) by setting the proportion of base shearriedby frames and
walls, in addition to the relative strength distribution of yielding elements witlkifrédmes
[Sullivan et al, 2006] Knowledge of the strength proportions can provide the expected

displaced shape which is required to obtain the equivalent SDOF system chéiccteris
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Firstly, a plastic mechanism must be selected, andhis purpose, a weak beationg
column approach is adaut. Although some codesllow the use of aveak column-strong
beam mechanism for structures stabilised by a wall, this case is not cahsideréndeed,

one main advantage of using walls is that thag protect from the formation of column
sway mechasms The design method could account for alternative mechanisms in
prediction of the likely frame shear profile and subsequently in setting tthenflaction

height, but this was deemed outside the scope oivitrik

Having established thatrength prportions, the shearprofile over the height can be
computed as explained below. This shear profile is then used to calculaterttent profile
in the walls and the inflection height(hi,s, see Fig. 3), whiclhwill be needed for the

calculation of botlthedesign and the yieldisplacement profiléSections 3.2 and 3.3).

In order to obtainthe frameshear prble, the relative strength distribution of yielding
elements within the frames is usdd.this research, beams of equal strength for thie fu
height d the structure were selected since they represeattractive solution for design and
construction purposes dual systems [Paulag002].Indeed, the simplification of the design

and construction processes is foreseen to reduce the constructiobemasise connection
details would be standardised up the building height. However, it is worth mentioning that the
uniform distribution may nobe the most appropriate in cases whé@jethe ultimate limit

state gravityjoad combination governs the desightbe steel frameand (ii) significant
differences between gravity loads are found at different flddote thatthe proposed design
procedure is not constrained to the assumption of a uniform beam strength distribution and

the designer can choose whateaernative beamstrength distribution s/he prefers.

Assuming that beam moments are carried equally by columns above and below-a beam

column joint, the frame story shear can be obtained as a function of the beam strength:
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Vi = (z M bi T z M b,i-l) (10)
’ 2(hi - hi-1)

WhereV; ame is the frame shear at levMeMy,; andMy,;.1 are the beam strengths at leviedsid

i-1, and h; and h;.; are the storey heightdf levelsi andi-1 measuredrom the base of the
frame Although the actual proportion of beam moments carried by the columns above and
below the joint may not be equal, this approximation was shown to be suitable for the design
of RC framewall structures by Sullivaet al [2006]. It is noteworthy thatf constant beam
strengths are used over the height of stracture, the frame shears are relatively constant
with height, as indicated in Fig. 3 (higher shears should be expected at top andstbattys

but the difference can typically be conservatively neglechole also that this assumption is
valid for design to a damage control limit state in which frame yielding is expected tn occu
Although the beam strengths are not actually known to begin with, Eqis(L@gful ast

enableghe frame storey shear profile to be establislfgthe height of the building.

To estimate thetotal wall T mode shearforces as a function ofheight, a triangular
distribution of the fundamental mod# inertia forcesup the height of the building is
assumedAccordingly, te total sheafior storeyi, Vi w1, canthenbe obtained as proportion

of the total base shetirough Eq. (11) [Sullivast al, 2006].

Viga _, 1 (i-1) (11)
V, n(n+1)

Wheren is the total number of storeyBor the case study structures, the use of a triangular
distribution of inertia forces is cact when the displacement profile of the building is linear
and the mass distribution is uniform. Although the design displacement profilightysl
nondinear, the approximationvas found to be reasonably accurate by Sulletaal [2006]

for the purposes of setting the inflection height. Therefore, for the dual systasidered in
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this research, the assumption of a triangular load distribution is consideredestijf

accurate for design purposes.

Because okquilibrium,wall shears can be obtainad the difference between the total base

shear and the frame shear, as shown byR).

Vi,waJI — Vi,total _Vi,frame (12)
Vb Vb Vb

WhereV, is the total base sheaV; . is the wall shear at level Vi o IS the total shear at

leveli, andV; srame IS theframe shear at level

The frameshear proportiosifrom Eg. (10)can be substituted into E¢l2) so thatthe wall
shearforcescan be calculated as a function of the design base @figaB, left). These wall
shear forces are integrated over the hegjlthe wall tocomputethe wall bending moment
diagramandto establish thevall inflection height his, wherethe moment and curvature are
both zero The inflection height is required to set the expected displaced shape of the
structure, as will becomevident in the next sectioim addition to the inflection heighth¢
strength proportions also allow the calculation of the corresponding overturning poporti
resisted by the frames and walt®e Fig. 3 These poportionsof overturningmoment are

usedlaterto estimate thelamping of the equivale®DOF systenfSection 3.4)

3.2. Yidd deformation of walls and frames

Becausevalls tend to control thdisplacementesponse of the structyneall yield curvature
is animportantparameteffor the development of the design displacement profie yield

curvature ofa rectangulawall, ¢,,,, , can be obtainedsingthe yield strairof the flexural

reinforcementey, andthe wall lengthL,,, according tdPriestleyet al [2007]:

DPowar = 2.009y/LW (13)
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The design displacement profilet yield of the wall Ay, can then be established using the
inflection height h;, (see Fig.3) andthe heightat the storey of interest, in accordance

with the appropriate version of Eq. (I8ullivanet al, 2006]:

h h h?
Ay = Py eV Py P , for hi > hi (14a)
2 6
h h’
- Py Py , for hy < hiys (14b)

Y 2 6h,
The frameductility demands used to provide an indication dig energy absorbetliring
the hysteretic respons8everal gpressionsfor the yield drift of steel frame exist in the
literature [Gupta and Krawinkler, 220Paulay 2003 Della Corte, 2006Priestleyet al,
2007]. Most of these equationare deptkdepemlant, and their usen the context of the
displacement based desigrould introduce @ iterativeanalysis In order to avoida time-
consumingterative desigrprocedureSullivanet al [2006] proposed a simplified expression
to evaluate the yield drift af steel framevherein the steel section yield curvatureskased
on the ratio of the plastic modulug, to the moment of inertjd, as shown in Eq. (15 he
authors observed that for AISC steel shapes, the trend of the relationship bétwnedrfor

each steel group is practically constant, and therefore the nominal yielducerreéteach

group can be considered as constant as well (Table 1):

l=—¢ (15)

After somecalibration withlimited analytical datakEg. (16)wasproposed Garcig 2007]and

usedin this work to calculatéhe yield drift ofsteel frams.

L, +0. h
Hysee“:rarm _ ¢y,beam b 5 q¢y,col col) (16)

10
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WhereL,, is the beanfor bay)length andhe is the column(inter-storey)height. ¢ and

y,beam

$,.a arethe beam and colunmominal yield curvatureThe second addend in E{6)takes

into account deformability sources other than the beams in flexure (i.e. columns amd bea
column panel zones). The coefficient G%he result of the calibration process in which the
yield drift expression was matched to that obtained usingidialisednondinear static
response of codeempliant moment framdbat developetheamsway mechanissAs such
Eq.(16)has not been calibrated against experimental fdawa real $ructuresand therefore
future researclshouldverify its full applicability. Adoption of Eq. 16) is proposednainly
due to i) its simplicity and ii) it does not requkeowledge ofthe exact steel sections at the
start of the design processhich avoid a timeconsuming iterative desigiVhen compared
with arguably more accurate desthpendant expressions of Gupta and Krawlinkler [2002]
or the simplified expression of Priestleyyal [2007], Eq. (16) slightlyunderestimates the
value of yield drift by about 10-15%Garcia, 2007] Despite the additional research that
should be done in this area, it is important to note that the displaced shape eWaihme
structures is controlled principally by the curvature profile in the walls [Sulkval, 2007]

and thatthe role of the yield drift expression within the DBD methodology is principally to
provide an estimate of the equivalent viscous damping offered by the f(agg$Section

3.4).

It is worth mentioning that the selection of a steel shape based on a c@fistatib cannot
alwaysbe donedirectly. For instance, European stegbups(IPE and HE) possessron

linear variation of the plastic moduluZ vs. the moment of inertid and are instead
characterised by an almost constant value of the dlaap®. In this casethe designer can

select a beam depth and compute the yield curvature using Eq. (17) [Paulay, 2003].

4, =2.30, /d, (17)

11
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The required flexural strengthill be known at the end of the design process, at which point
the deigner shall selecthe steel shapdaving the fixed depth and the plastic section
modulus closst to the requiredralug checking the yield curvature assumed in desigith

this in mind, it is clear that the proposed method is not only limited to bealsegl with

AISC profiles, and the designer can alternatively adagifferent steeprovider.

3.3. Design displacement profile

The design displacement shape depends oddkign storey driftdy, which can be initially
taken as the code limit for netructual damage. NeverthelesSullivan et al [2006] found
that higher modes can have an ortpnt effect in tall structureand proposed a reduction of

the design drift for structures of up to 20 storeyaccordance witlq. (18).

04 = Oayo {1— e [ e O-ZSH <Oy (18)
Total

WhereMerame andMyoiq arethe overturning resistance offered by the fraandthe structure
respectively, and\ is the total number of storey$he design driftnay be reduced further if
it is found that inelastic demands on walls and/or framebkatg to be excessivd-or leveli

at heighth;, the design displacement A;, is defined by [Sullivaet al, 2006]:

h
A=A, J{ed —%‘%] h (19)

Once A; is found, the design displacement and the characteristics cuthstitute structure

can be calculatedsingEgs. (1) to (3).

3.4. Design ductility values, effective period and equivalent viscous damping (DBD)

As previously mentioned, energy dissipation in the building is represbyptadequivalent

viscous damping comprisiran elastic and hystereticconponent.The hysteretic component

12
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is a function of theexpectedductility demandand the effective period of the substitute
structure Grantet al, 2005; Blandon and Priestley2006]. In order to use the equivalent
viscous damping approach, the ductility demand on the walls should be calculated using the
displacement at the effective height. Therefore, the digllacemenductility demand uwai,

can be defined as the design displacement divided by the yield displacement afl$hat w

the effective heigh according to Eg. (20):

A
Moy = — (20)
Ahe,y

Where Aq is the design displacement calculated with Ebt) and Apey is the yield
displacement of the wall at the effective height, obtained substituting the effeetght into
the appropriateersion of Eq(14). The displacement ductility demand on the frame at each

level ( ue..; ) UP to the height of the building is defined by Eq. (21).

. =fAi _A”j — (21)

h=h, ) Osermame
WhereAi, Ai.1 , hi andh;.; are the displacements ahdights at levelsandi-1, respectively,
and Oysearrame 1S the yield drift of the frame. If beams of equal strength are used the
height of the structure, the ductility defined By. (21) for each storey can be averaged to
give the frame displacement ductility demaAdternatively, if beams of different strength
over the height of the structure and/or beams of different length at a tpvey are used, the
ductility demandfor each storey should be calculated as the ratio of the storey drift to the
storey yield drift associated with the average frame proportions for thay sidheweighted
averagedisplacement ductility demand on the frasi®uldthenbe obtained factoring storey

ductility demands by resistance (i.e. work done).

13
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Theframewall system ductility demand is found by taking the average of the frame and wall
ductility values,weighted by their overturning resistance proportions accordip§uidivan

et al, 2006];

I\/IWaIIIUWaII +M Frame:uFrame (22)
My + M

Hys =

Frame

WhereMwy andMeame are the walland frame overturning resistance, ang; andgrrame
are thedisplacementuctility demands for the wall and frame, respectivélyis approach
recognises that the lateral resistance offered by the frames and walls taittaéeat SDOF
system is best gauged by the overturning resistaneehwim contrast to the base shear,

considers the lateral resistance offered by the frames and walls up the hdighgtaicture.

Although the wall ductility demand given . (20) is appropriate for estimation of the
equivalent viscous damping, it ot a good indicatoof the inelastic deformation that the

walls will undergo. A more appropriate parameter is the wall curvaun#lity ., , which
can be obtained in accordance widp. (23) [Sullivanet al, 2006]:

1 ¢yvva||hinf
u =1+—| 0, ——— 23
el I—p¢yWaJ| ( ‘ 2 J @3

Wherel, is the wall plastic hinge lengtityy is the design storey dritt,,,, is the yield

curvature of the walls, anl is the inflection heightThe wall plastic hinge length to be

used in the latter equati@an betaken as the aximum value given by Eq. (24).

L, =0.022f d, +0.054,, (24a)
L, =0.2L,+0.0%, (24b)

Wherefy is the yield stresgMPa), dy the diameter of the longitudinal reinfornent in the

wall, L, is the wall length andhi is the inflection height. These two equations have been

14
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adapted from Priestlejp003 with the inflection height substituting the total heighhis is

done to reflect the manner in which the plastic hinge length depends on the slope of the
curvature profile and adopting the height to the point of inflection best matches th@osndi
under which the plastic hinge length expressions were develepeBr{estleyet al [2007]

for more details).

The curvature ductility capacity of a RC wall will depend on the straiitdiselected for the
concrete in compressipa., and the longitudinal reinforcement in tensien Assuming
values 0fe:=0.018 andes=0.06, Priestley and Kowalsky [1998jound that the ultimate

curvatureg, of a reinforced concrete wall is well represented by

¢y =— (25)

The latter equation icombination with Eqg. (13) indicates that the wall curvature ductility
capacity is approximately equat to
¢, 0.036

/uWalI,cap = ¢_ = (26)

y y

If the checks on ductility indicate that the inelastic deformation associatiedhe design

drift will be excessive(i.e. if 1> thya p): then the design dritanbe reduced and the

design displacement profile recomputed. If the ductility demands ar@raise, then the
next step in the design procedure is to compute equivalent viscous damping Medues.
ductility demands should also be limited. However, for typical frame proportions anrd non
structural storey drift limits, ductility demands on well detailed frames will notitieat and

therefore an explicit check is not typically required

Grant et al [2005] recommend that the hysteretic component of the equivalent viscous

damping be computed as a functmiithe effective periodl.. As Te is unknown at the start
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of the design process, trial value can be used and an iterative design process adopted. A
reasonabldirst trial value of the effective periofleyia, can be obtained for typical frame
wall structuredy usingegq. (27)[Sullivan et al, 2006].

T N

efrial :E Heyys (27)

WhereN is the total number of storeys angs is the system ductilityEq. 22) For asteel
beamwith bi-linear hysteretic behavioand RC walls with a Takeda hysteretic modié

equivalent viscous damping can be estimateohbgins of [Grangt al, 2005]:

1 1
=5+16.11- 1+ 28
5o { ﬂg}ﬁ ][ (Te,trial + 0-945)2 648) (28)
1 1
=5+18.31- 1+ 29
§Wall { ﬂ\?vaIS?SJ( (Te’ma] + 0848)'3607J ( )

Damping of the equivalent SDOF system can be evaluated witli3Bg[Sullivan et al,

2006]:

é: — MWaII §Wall +M Frame(:gFrame (30)
¥ M + M

Frame

The next stepis to develop the displacement spectrum at the deddignpinglevel given by

Eqg. (30), and readff the required effective perio&ig. 1d).

If the dependencypf the equivalent viscous damping on the effective period is taken into
accountusing Egs. (28) and (29)a trial effective period must berst establishd and
subsequenthcompared with He effective period read from the displacement spectrum. If
theydo not match, then the period obtained from the displacement spectrum replacek the tria
period and the design step is repeated. Wheirial period finally matches the period read
from the displacement spectrum, the effective stiffness and design base shear can be

calculated andthe required member design strengths be establishe¢However, since in
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the design examples presented in this paper the dependency of the equivalent viscous
dampng on the effective period is negligible, the use of Egs. (28) and (29) do not imply any
need for iterations in the design procdssnust be remarked thRfriestleyet al [2007] have
proposedalternative approaches tmmpletelyeliminatethe effectiveperiod dependency of

the equivalent viscous damping.

With reference to Fig2, the last design steyf the proposed methadquirescapacity design
to avoid undesirable failure modes in structural members. Since the main goal ajrthis w
to verify the effectiveness of the proposed design methodology in terms of driftlcant
becauseapacity desigis outsidethe scope of the research, the degigrmcesss continued

only until wall, beam and columftexural strengths are obtained

In this work gravity loaccombinationshave not been explicitlgonsideredas in regions of
high seismicity they are not likely to be critical to member sizes. However,ionsegf low
and moderate seismicjtgravity load effects may become more significant. To addhaess
issuein the DDBD approach, the gravitgad design could be undertaken to set initial frame
member sizes. This gravity dominated frame strength distribution could thernrelodydi
considered in evaluating the shear profile and inflection heightceegbén the walls. With
the wall inflection height known, the design displacement profile can be estdidistiehe

design procedure outlined here followed as normal.

4. Performance of the proposed design methodology

4.1. Case studies and design spectrum

For verfication purposes, the design methedsapplied to five regular buildings with 4, 8,
12, 16 and 20 storeys. In this paper the details and results of the 4, 12 and 20 storey structures
are presented since these structures provide a reasonable represehtaggerformance of

the methodology for all the case study structufes information on the 8 and 16 storey case
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studies refer to Garcij@007]. The structures werassumed to be fixed at the base, haang

lateral resistant system formed by two RC walls anddigel frames in each directidh is

also assumed that the intermediate framing shown in Fig. 4 utilises pinned connéetions t

do not offer lateral resistancéhe proposed layous regularin plan and elevatiofFig. 4,

left) andthe geneal geometry of the buildings is presented in Tabl@d&ssible 3D effects

have been ignored in the design methodology so that the structure can be idealised as a 2D

model for analysis purposes.

The selectedesign spectrumorresponds to the EC8 [CEN, Z)@ype 1 spectrum withsoll

type C The peak ground acceleratiomsed forthe design is0.5g. Fig. 5 shows the5%-
dampedacceleration and displacement design speattaough EC8 uses a cofff period of
2.0s, in this work itwas decided to extrapolaténe initial linear displacement spectrum
orderto imposesignificantlevels of seismic demand aaller structuresThis has been done

in recognition of the fact that the spectral displacemenioffuperiod is dependent on
earthquake magnitudg-accioli et al, 2004; Campbell and Bozorgnia2006] and it was
desirable to consider whether the proposed methodology would be effective when wtilised f

taller structures in regions of high seismicity.

The materialproperties considered for the structures &oe,concrete =30 MPa and
E.=25740 MPa, while for reinforcement and steel shaf@@sde 50)f,=400 MPa and
Es=200000 MPa. Note that these are expected values of strength and stiffness, and therefore
are not factored. The seismic weight of the concfleters was calculated considering a
concrete density of 24.5 kNfrand aslab thicknes®f 200 mm. A supeimposel dead load

of 1 kPa, a reduced liiead of 1 kPa and a loaded floor area of 982ateach level are also

considered.
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4.2. Design of case studies

For illustrative purposes, the proposed methodologietailed forthe design of the 12 storey

building.

Step (1). Assign strength proportionsind calculae wall inflection height.Beams of equal
strength are usedp to theheight of the buildingBase calmn strengthsare assigned to
provide an inflection height of 0.66 tler-storey heigh{see Fig. 3, right)This is done to
conservatively protect the top of the base columgainst plastic hingingalthough other
strength proportions can be adopted to suit the designerassumed that half of the beam
moments of the first flooare distributed below the joints to the top of the ground storey
columns(Eq. 12) and therefordhe ground storey shear will be 1.5 times larger than the
shear at other steys.As a proportion of beam strengthkeflexural strengthsit the base of
the exterior and interior columnsre thereforel00% and 200% the beam strength

respectively

Since shear proportiorsontrol the wall inflection height and therefore the weallrvature
ductility demand, shear proportions on frames and walls are initiallynassgp that Eq. (26)

is satisfied. Note that by using a relatively large inflection height it madtefor a given
storey drift limit the curvature ductility capacity a wall is not being fully utilised, and the
designer might choose to increase the shear proportion carried by the frantes. @her
hand, if the inflection height is relatively low, then the design storey drift maag to be
reduced in order to magih a curvature ductility limit. Additionally, the design of the walls
based orthe assignedhear proportions must produce dimensions and steel reinforcement
contents @ satisfy the maximum and minimum requirements of the codes. This implies that
the degjner is free tochoosethe shear proportions to obtain the most suitable design

solution.In this example,tiis decided that wallsesist50%V,, andthereforeframes willresist
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50%V,. If the frameground storeypaseshear is 1.5 times that of the resttlod stories, this
means that 33.3% will be resisted by the frames above fist floor By knowing that each

storeyof the buildinghas12 beam ends ang,=4 m, the beam streng{from Eg. 12)s:

M, = 0.333/,(4)/12= 0.1V,

Having established the shear jpootions it is possible to calculate the inflection height of the
walls, hirs, considering th@verturning momentas a function o¥/,, (refer to Fig. 3left). Fig.
6(right) shows the moment profiles for theshole building, where hj =30.83 m
Merame=17.33/p, Mwa1=16.0V, andMrq2=33.33V). The corresponding shear profiles from

Eqgs (10) to (12) are shown in Fig.léft).

Step (2). Selection of beam group and calculation of yield driftstéelbeam grougan be
initially selected in order to contraleflections due to gravity loads from experienceln
this work it was decided to adopt a limialue of beam length to depth ratio equal 16.

Consideringd-,=8 m,the proposedeamgroup depth is:

d, =8/15= 053m

Therefore, a beam group of 530 mm (21" in the AISC charts) is selected for desigmn€ol

in modern steel buildings afeequenty built with 14” (355 mm) shapes. Furthermore, the
wide availability of W14 shapes and plastic section modudlusiake themappropriate to be
used as columsectionsNote that while capacity design requirements could require larger
column sizes over the lower floors, underestimating the column size implies vyield
deformations are overestimatefictility anddampingare conservatively underestimataa
therdore the required design strengtlie overestimated’he yield curvature of beam and
column sections is calculated with Eq5)Band thecorresponding/l values given in Table

1.
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For the beanfW21): ¢, = (404)(0.002) = 0.0080€

y,beam

For the columr{wW14): ¢ _, =(5.52)(0.@2)=0.0110¢

y,col

_ (0.00808(8) + 0.90.01104(4)

The frame yield drift is (EQ. 160 geriame = 5 =0.0174

The wall yield curvaturés calculated using Eq. (13},,,,, = 2(0.002)/6 = 0.0006€.

Therefore, lie displacement profile at yield of the wall, Ajy, can be established using the wall

inflection height Stepl) and the appropriate version of Eq. 14 (see column 3 of Table 3).

Step (3). Design displacement profilé& drift limit of 2.5%, intended to control damage of
non-structural elements in the building, is selectedtli@se case studieBhe design drift is

therefore computed using Eq. (18) and the overturning morvkinis. andMoa -

P 02{1_ (12—5)(17.33
, =0.

+0.25|| =0.0236< 0025
100 | 3333 ﬂ

The design displacement profile (A;) calculated with Eq. (19) is shown in column 4 of Table

3.

Step (4). Perform the DBD. Based on the results of columns 4, 5 and 6 of Tablei8,
possible to estimatéhe effective height, effective mass and design displacement of the

equivalent SDOKnotice that the mass ¢®nsidered asonstant for all the storeys).

Eq. (1),A, = 4.43/6.27=0.71m
Eq. (2), h, = 214.25/6.7 = 34.19m

Eq.(3), m, = 7250(6.27)0.71(9.8) = 6557T
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Step (5). Verification of ductility demands on frames amglls.

(a) For the frameEq. (21) provides the detility demand at each stordyased orthe drift
valuescalculated withA; (column 4 Table 3) heg=4 m andfysedrrame=0.0174.Results are
presentedn column 7 of Table 3.Because beams of equal strength are used, the frame
displacement ductility demand equals the averdigplacement ductility demamaf the 12

storeys

Y, = 148/12= 123

(b) For the wall. The approximatewall curvature ductility capacity (Eq. 26) is:

Hyan o = 0.036/0.002= 180

For this buildinghe>h;.¢, andtherefore using Eq. (14a) the yield displacemetieaeffective

heighthg is:

_ (0.00067%(3083(3419)  (0.00067(3083)°

A
Y 2 6

= 025m

The wall design ductility (Eq. 4)u, ., = 0.71/025= 287

Assuming a bar diameter of 24m, the length of plastic hinge (Eq. 24):

L, = 0.022(400§0.024)+ 0.054(30.8) = 1.87m

L, =0.2(6)+0.03(30.83 = 2.12m(Governs)

According to Egq. (23), the  wall curvature  ductility demdn is:

= 1044< 180 (OK)

o =1+ 1 (00236_ (0.00063(3083))
el (212)(0.00067 |
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From these results it follows that the design drift does not need to be reduced.

Step (6). Calculate quivalent viscous damping of frames and walls. Though the equivalent

viscous damping is rigorouslg function of the effective period (Eqs82and 2), this
dependency is actually very weak and for effective periods greater titacatidbe neglected
for design purposes. Therefore, the equivalent viscous dangaindpe calculated as

function of only the design ductility.

1
(a) For the frameZqurame = 5+16.{1— W} = 7%

(b) For the wall:§,,, = 5+18.{1—WJ =135%
¢) For the SDOF systenz._ — 00139+ A733)(79) _ e,
(c) ystent

160+ 1733

Step (7). Calculation of the effective period. The displacemedesign spectrum for
£¢s=10.6%can be computenhultiplying the spectral vakes of the 5% damping spectrum b

the facton,.
Eq. (5),7 =/10/(5+106) = 080> 0.55

The displacement design spectrum fQ)=10.6% used for the degi isdepictedin Fig. 7.
Notice thatfor Aq=0.71 m, the calculated equivalent perids approximately4.1 s.At this
stage, all the characteristics of the equivalent SDOF system have beeratedlcul
Intermediate design results for the 12 storey structureuamenarisd in Table4. Results for
the other case studies have been obtained following the same procedure descréadus p

paragraphs.
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Step (8). Determine effective stiffness and design base stfaae equivalent SDOF system.

Eq. (7), K, = 4(3.1416§ (6557)/(41)? =15250kN/nr

Eqg. (8),V, = (15250)(071)=10770kN

Step (9). Beam and column strengthsdawall moments.

(a) For the frame:
Beam strengthM, = 0.11(10770=119KkKNm

Interior column strengthim =2(1197) = 2366KNm

col,int

Exterior column strengthi =1197KkNm

col ext

Once design strengths fthhe beamm and columns have been calculatédis possble to
choose steetectionsfrom the shape group selected at the start of the design based on the
plastic modulus and aestimae of the yield strength of the steel section. To consibder
effects of pstyield stiffness for thsecase studieghe desig strengthis divided by a factor
[1+k(urrame-1)] to obtain the section yield strengtivherek is the postyield displacement

stiffness {aken here as 5pdHence for the beam considered in this example:

M,, =1197/1.012=118%Nm

Considering thaZ=M,/fy, the beam section can be directly selected from the steel supplier

charts. In this case, the AISC tables are usedrandfbre

Z =1183400x10° = 0.003n* =180n° - Therefore, slect a beam 21x734,=1130 kNm)

(b) For the waB (for one wall only):M,,,,, =16.0/, /2=8(10770 =8616&Nm
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The reinforcement estimates for the walls were obtaifeddwing the procedure suggested

by Englekirk [2003]. Final desigsectionsand longitudinal reinforcement of walls are
included in Table 5. Btice that the flexural strength of steel beams and columns was selected
to approximately match the flexural strength calculated in the DBD procetlvaé
longitudinal reinforcement ratios are between the maximum and minimum valuestedgges

by Paulay and Priestley [1992]; hence, they are consideredlasic.

Step (10). In a full detaileddesignof a real structure, the final stépto perform capacity
design (see Fig). Thisstepcould be expected to increase column sizesaburtoted irStep
2,such an increase can be conservatively ignoreceiDBD phaseNevertheless;apacity
designis ousidethe scope of thipaperand therefore the design is considered complete for
the purpose of this contribution. A thorough review of idseles related to capacity design

can be found in Sullivaat al [2006].

4.3. Time-history analysis of case studies

The modellingfor time history analyseof the case studies was performadRuaumoko
[Carr, 2004]. Seven codmmpatible artificial accelerograms generated by SIMQKE [Catrr,
2004] were selected for the analysesthat they mat@d the design spectrunfig. 8 shows
the displacement spectra for the seven recartbthdr average demand for an elastic
viscous damping level of 10%s well aghe averagérom the seven recorad®mparedo the

design spectrum.

2D models of he structures werdevelopediusing Giberson beam elements [Carr, 2004]. The
beams are modelled from column centreline to column centreline, which is congigte
the assumptions made in the desighe strength of members wastto match the ésign
results Floor systems are assumed to act as rigid diaplsagmd Rdelta effects were not

includedin the verification analysess they were not considered in the design process.
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Recommendations to account fordBlta effects within a Direct DBD dmework are
provided by Priestlegt al [2007] Note that analyses by Sullivehal [2006] indicated that
P-delta effects are not typically significant for RC framall structures of up to 20 storeys in

height when the response drifts are smaller tharaisumed design drift limits.

The hysteretic behaviour of walls was represented by the Takeda modeP[dkr with5%
postyield displacement stiffness and the unloading model of Emori and Schonbrich [1978].
Parameters for the Emori and Schonbrich mod#uded an unloading stiffness factor of 0.5,
together with a reloading stiffness factor of 0.0 and a reloading power factor 8efe0.to
the Ruaumoko manual [Carr, 2004] for furtreatails. On the other hand, yielding steel
beams and columns areodeled with a blinear hysteresis model with a 5% of pgsid
displacement stiffnesgnoring Bauschinger effectsnd without stiffness degdation The
postyield displacement stiffness is dependent on the slraidening qualities of the steel,
whichtend to vary from manufacturer to manufacturer. The value ofypelst displacement
stiffness adopted in this work is considered to be relatilglye for steel structures and
future work could look to consider the sensitivity of the results to lowlelesarhe plastic
hinge lengths associated with tRE wallwere calculatedisingEq. (24) whereas the plastic

hinge length in the steel beams and columns was set equal to the section depth.

The models use effective section properties up until yiedaned by taking the design
strength dividedby the yield curvatureAn gpproximation forthe yield curvaturein walls
was obtained from Eq. (13)Columns above the ground floor were modekei elastic
elementswith their initial stiffnessbecause they areohintended to yield. This implies that
appropriate capacity design would have ensured that plastic activity is cateeim regions

associated with the intended collapse mechanisues for the moment of inertia of the
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steel beams and columns were directly taken from the values provided by theaBI&€ t

[AISC 2001].

Damping is modelled using tangent stiffnesfayleigh dampingnodel accordingo the
recommendations of Priestley and Grant [2005]. Priestley and Grant [2005] providesa se
of expresions to estimate theé'mode damping so that the elastic damping of thexdde at
maximum response of the MDOF system is effectively 5% of the critical damping.
Consequently, i modetangent stiffness damping values of 2.5, 3.3 and 3.7% are assigned t

the 4, 12 and 20 storey buildings, respectively.

For analysis purposes, seismic loadings have been considered without combination with
gravity loads as research by Pietal [1997] found that similar responses are obtained from
nonlinear timehistory analyse®f structures designed with or without considering gravity
loads. Additionally, Priestlegt al [2007] have suggested that gravity loads play a minor role

in the analyses and therefore their effects can be disregdfded\er, as mentioned in
Section 3.4in regions of low and moderate seismicity gravity load effects may beconge mor

significantboth for design and analysis.

4.4. Evaluation of results from time-history analyses

The effectiveness of the methodology can be evaluaje@omparing the displacement
responsdrom timehistory analysiswith the target displacement shape selected for design.
Since storey drift is an important parameter to identify potential damage, it is ititsd tw

maintainmaximum storey driftbelow thelimit drift set in the desigprocess

Theresultsfor the 4, 12 and 20 storey structures are presentéidsn9, 10and11.In theset
of figures the upperieft plots showthe maximum absolute lateral placement over the

height of the buildingwhereas thaipperfight plot presents the maximum absolute inter
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storey drifts.Lower plotsallow a clearcomparison betweethe average of these values and
the target drifts and displacements considered during the design ptacdss latter set of
plots, drifts corresponding to thest mode refer to the origindfift limit of 2.5%selected for

designpurposes, i.e. not reduced for higher mode effects (see step (3) at Section 3.4).

By comparing the average drift and displacement demands frorrhistoey analyses with

the values used in the design, it is evident that the design method worksrwied various

case study structures. Averag#tddemand are marginallylower than the design and limit
values,indicatingthat the design methad efficient but also sufficiently conservativéhe
design drift reduction to account for the effect of higher mdues worked acceptably
Neverthelessbecause Eq. (18) considers higher mode effects in an approximate manner,
future research coulsnprove theacairacy ofthe equation anthe design methodologfor

taller structures Note that while the recorded displacements and drifts appear low for the 20
storey structure, it isnportant to consider thait the effective period range thfis structure,

the accelerogramgénposelower levels of demand thahe design spectruniseeFig. 8). As

such, it is concluded that the DDBD method has performed well for the various case study

structures investigated.

5. Summary and conclusions

A direct displacemeritased desigmethodfor steel frameRC wall structues has been
proposedn this work The effectiveness of the methodology has been tested by designing
severalcase studies. Their structural performance has bedfied through timehistory
analysedy using sevemccelerogramsompatiblewith the design spectrum from the EC8
For the ground motiomtensity and modelling assumptions considered in this wilhnle,
design methodologgffectively controled the deformations and therefolikely damageof

the case study bdings.
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Table 1. Trend values of Z/I ratio for some Al SC W-shapes.

W-shapegroup  Z/l (inh)  z/l (m?)
W12 0.157 6.19
W14 0.140 5.52
W16 0.136 5.36
w18 0.119 4.67
W21 0.103 4.04
W24 0.087 3.44
W27 0.077 3.04
W30 0.066 2.58
W33 0.072 2.82
W36 0.060 2.35

Table 2. Characteristics of frame-wall structures.

4storey 12storey 20 storey
Wall length & thickness (m) 4.0x0.35 6.0x0.35 8.0x0.35
Inter-storey height (m) 4.0 4.0
W-beam group, in. (mm) 21 (530) 21 (530) 21 (530)
W-columns groupin. (mm) 14 (360) 14 (360) 14 (360)
Floor seismic weight (kN) 7250 7250 7250

Table 3. Yield and design displacements of the 12 storey building.

A

Storey h; (m) Aiy A; Aih; HFramei
1 4 0.01 0.06 0.00 0.23 0.84
2 8 0.02 0.13 0.02 1.01 0.98
3 12 0.04 0.20 0.04 2.43 1.09
4 16 0.07 0.28 0.08 4.55 1.18
5 20 0.10 0.37 0.14 7.44 1.26
6 24 0.14 0.46 0.21 11.12 1.31
7 28 0.18 0.56 0.31 15.59 1.34
8 32 0.22 0.65 0.42 20.84 1.36
9 36 0.26 0.75 0.56 26.85 1.36
10 40 0.31 0.84 0.71 33.62 1.36
11 44 0.35 0.94 0.87 41.14 1.36
12 48 0.39 1.03 1.06 49.42 1.36

¥= 6.27 4.43 214.25 14.8




DBD of steel frameRC wall buildings

Table 4. Intermediate design resultsfor frame-wall structures

4 storey 12 storey 20 storey

Proportion ofV, assigned to walls (% 60 50 45
Frame yield driftfysearrame (%0) 1.74 1.74 1.74
Inflection heighth,; (M) 16.0 30.83 46.9
Effective Heighthg (M) 12.2 34.19 56.43
Design storey driftdy (%) 2.5 2.36 2.19
Design displacement, Ag (M) 0.26 0.71 1.06
Wall curvature ductility, 14.28  10.44 7.80
Wall displacement ductilitytywa 4.78 2.87 2.22
Average frame ductilityirrame 1.28 1.23 1.13
System ductility pss 3.22 2.02 1.60
System dampingspor 13.0 10.6 9.0
Effective massm (t) 2377 6557 10615
Effective period,T, (S) 1.7 4.1 5.9

Table5. Final design strengthsfor frame-wall buildings.

4 storey 12 storey 20 storey

Base shear (kN) 9035 10770 12977
Wall strength (kN) 29526 84474 151826
Wall longitudinal reinforcement (%, 1.40 1.62 1.44
Beam sectiorfinxIb/ft) 21x55  21x73 21x93
and strengttikNm) 825 1130 1450
Interior cdumn section(inxIb/ft) 14x132 14x193 14x257
and strengtltkNm) 1535 2330 3190

Exterior column sectio(inx|b/ft) 14x68  14x99  14x132
and strengttikNm) 755 1135 1535
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Fig. 2. Flowchart of DBD for dual systems[adapted from Sullivan et al, 2006]
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