5th Canadian Conf. Earthquake Engineering/Ottawa/ 1987 / 5éme Conf. Canadienne Génie Sismique

A seismic design strategy for hybrid structures

Thomas Paulay
University of Canterbury, Christchurch, New Zealand

ABSTRACT: To complement existing capacity design procedures adopted in New Zealand for
reinforced concrete buildings 1in which earthquake resistance 1is provided by ductile
frames or by ductile structural walls alone, an analogous methodology is presented for

the design of ductile hybrid structures. First the concepts of this deterministic
design philosophy are highlighted. Modelling and ¢types of structures in which the mode
of wall contribution is different are presented. A step Dby step description of a

capacity design procedure for a structural system in which fixed base ductile frames and
walls, both of identical height, interact, is presented. The rationale for each step is
outlined and, where necessary, evidence 1is offered for the selection of particular
design parameters and their magnitudes. Brief references are made to the effects of
deformable wall foundations. A number of issues which require further study are briefly
outlined. It 1s believed that the methodology is logical, relatively simple and that,

when combined with appropriate detailing, it should ensure excellent seismic structural

response.
1 INTRODUCTION. regions where ductility demands will
arise, In the context of design for

For - the - majority of ordinary tall survival the importance of the accuracy
buildings, the overriding seismic design of elastic structural analyses must be de-
criterion will be the prevention of emphasized. This is Dbecause oI the
collapse and hence 1loss of 1life, as a inevitable gross approximations involved
possible consequence of the largest in the specifications of building codes
earthquake which could be expected during for using equivalent lateral static design
the useful life of that building. loads (International Association for
Structural survival is closely related to Earthquake Engineering, 1984) and the
the ability of the structure to offer a uncertainties associated with inelastic
specific level of resistance against dynamic sStructural response to ground
lateral loading, while extreme ground motions, the characteristics of which are
motions may impose significant ductility yet impossible to predict. Specified
demands on various parts. Other criteria, static 1lateral 1loads or elastic modal
Such as availability of adequate stiffness analysis techniques should be considered
and strength, must also be satisfied. mainly as means to ensure that there is a
These latter criteria relate to damage rational distribution of potential
control in the event of moderate but more resistance throughout the structure. It
frequent earthquakes, should be remembered that for ductile
To  enaure predictably satisfactory structures the resistance resulting from
inelastic responge of a reinforced requirements of lateral code loadings 18
concrete  building during an extreme considerably less than what would be

-M_iamic event, the designer must rely on required if buildings were to respond
"_iﬁ_ble energy dissipating mechanisms elastically to the design earthquake.
Within the structure. These will then Therefore in the design of ductile

-F-‘_l.‘Qﬂde the necessary hysteretic damping. astructures any elastic analysis technique
»s“bﬂeﬁuently a significant part of the which preserves consistency in . _the
désign effort must concentrate on the treatment of structural members should be

:.?ﬁ; m1qne5 of detailing potential plastic considered satisfactory.
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~ Tne above considerations 1led to ﬂ;e mnedt:thst;:ts of another ele::t ::
P development in New Zealand of a simple  compares evaluate t ‘
B detara mtie seismic design approach, to is mwymb‘;?ized N inghe .
o be reviewed in the following pages. In  stremgths s = it
this the results of traditional elastic  displacemen g e T ;E‘fﬁ?e
analyses for specified lateral static earthquakes. e Ta G A1l the
Idads are utilized to establish an strength des-igns PP e Obtz?mlnal N
acceptable hierarchy in the deve.lopmen;:'h t:f :g:int;i:icti%é & b fa;lure 12:2;33::
ssipatin mechanisms. S : * - : try
:?;-gm:ing: ge formulated by the while using gpecl lfiid mazzrlal Strengths
., d the The  dependable Streng or Tfactoreg
designer in an effort to comman reaistance is then obtained from 5 - 43

ure "what to do" in the case of an : Bk 3 |
Z::;Jg; seismic event. Once the choice 1s where ¢ is a specified Strength reductj}

made, each member is given appropriate
strength or resistance t0o ensure that,

, onl the chosen plastic large i
when required y strengths considerably larger than -

T)
.

factor or it is a combination of materja.
and member resistance factors, During
inelastic seismic pulse, materi,

i

ﬂ
—

mechanisms can develop within the :
structure. As will be seen, this powerful assumed or specified may be mobilizeq.
design tool is very simple. Its For example steel strength at strain

intent of the  hardening may develop. Concrete strengty

simplicity arises fram the :
designer to command the structure "what it may be enhanced by confinement. Pbpe{}ve:.,l

mist do™, rather than to ask by way of forr practical or other reasons, mors
analyses. "what it might do". The aim 1is reinforcement may have been provided at

thus to ensure desirable and predictable critical sections than what design
elasto-plastic structural behaviour during equations indicated. All factors taken
an extreme event with unpredictable into account allow the maximum likely
characteristics. strength or overstrength to be estimated
- justification of the above as

expectations relies on high quality in the

detailing of the potential plastic regions So = posi (1)
of concrete components. Utilizing

experimental research findings of the last

15 years, determined efforts were also where p 1s the overstrength factor
made in the relevant code issued by the relevantot.o a particular section. Its
Standard Association of New Zealand (1982) value ranges typically from 1.25 to 1.50

b4

to unam{)iguously quantify the "goodness™ depending mainly on the grade of stee
of detailing. Because of the need for used (Park and Paulay 1975).

"good" deta%ling, numerous and quantified Wwhen comparing the strengths of two
remenflatmns‘ were developed to guide adjacent elements, for example beams and
th? des1gner: in the treatment of the columns of a ductile frame, it is
Sltical reglons of a structure, to which convenient to relate these to a code
Sg::sy Oglssipatmn has been. assigned. Specified seismic load demand. For
- AT l1:’:he:==.w.=.- recommendations were €xample the flexural overstrength factor
y Paulay (1975,1980,1981). for a beam, appplicable to computed
moments at centreline of an exterior
column i
2 THE CONCEPTS OF CAPACITY DESIGN 5
0
= 2)
g :ohiizarm{ ;2 the chain of resistance ¢° i /He,code (
_. €3tablished, th : O
must rationally choose wzgkthiigzmgner e EREE N, SNratieRgen of b2
strong 1links. b stie ths and beam as built and derived with the use of
capacities must b ssulS . or equation (1), and M = the moment at
€ compared. It is for th e, cod
€  same end, ~’'“d€Fived from the

this reason tha
L the term "capacity appropriately factored code specif ied

design of ear‘thquake.resiggin;n:trziliirc:;y lateral static seismic load. In this the
| ’ max i mum likely develo th of a
ped streng

resist
Sting systems Deam is compared with the intended moment

| suitabl de
detailed for energy 01;31 Signed and demand dye to the specified lateral

| ti
Bisere 10e1astic' deformations.  apy LTCSF  earthquake 10ad only. The strength of the

_atructurgl elements ; %3 gtuap beam, as built, may well have been

| are provid
Sufficient strength so tnat t:::deh:;:g B0 §5 i The -3oad  Gonkideration,
R : UCh as gravity. If it is the designer's

dissipation
P can be intention to make this exterior column
Stronger than the ad jacent beam, a moment




Capacity design procedures for concrete

| from the beam ¢ M will need :
impg: considered. il ot o structures have been introduced Dby the
tOThe flexural resistance of a beam Standards Association of New Zealand
amounts of top and (1982) and have also been adopted for

section with different

ot tom reinforcement, depends on the sense specific cases by the Comitte Euro-

. the rotation applied. Therefore the International du Beton (1983) and the
44 e of the flexural overstrength factor, Canadian Standards Association (1984).
e depends on the girecLion. of As the ideal strength, assigned in this
:g;thquake attack. Conveniently this 1s technique by equation (3) to the st:,rong
ﬁﬁﬂﬁdfied with the symbols ¢O and ¢O. I1inks ‘in the . .chain . of resistagce, is an
The Second important consideration in upper bound estimate of 1load 1mput at a
the establishment of strength hierarchy 1s stage when significant damage has already
the recognition that the pattern of design occurred in the weaker links of structure,
sctions ¢ithin the structure, . such as no further precautions need Dby applied.
noments, shear and axial forces, during Hence the ideal strength S_ of the strong
the inelastic dynamic response of the links neeed: not - be.. reduced - by the
ductile structure may markedly differ from customary strength reduction or resistance
those derived for a specified lateral factors, ¢. itherefore -¢= | may be used
static load acting on an elastic throughout when capacity design procedures
stpucture. To allow for this phenomenon are employed to determine the strength of
in the estimation of the maximum likely strong links.

load demand oOn the strong 1links of the

chain of resistance during a large
earthquake, a dynamic magnification factor 3 A REVIEW OF EXISTING CAPACITY DESIGN

w is introduced. PROCEDURES
with reference to the simplistic example
of a chain shown in Fig. 1, the essence of 3.1 Cantilevered structural walls
the capacity design philosophy may thus be
expressed Dy Often the entire lateral load resistance
is assigned to a number of strategically
SS = m¢08w (3) positioned fullheight cantilever walls.
Assuming, as is generally done, that floor
where Ss = the required ideal strength of slabs act as infinitely rigid diaphragms,
g2 Strong ..link, Swr = the dependable lateral load is readily allocated to each
strength assigned to the adjacent weak wall. To ensure also satisfactory
link with the use of the specified lateral inelastic response, the following points,
earthquake loading, ¢_ = an overstrength illustrated with the simple example of
factor such as given BY equation (2) and figure 2, should be considered:
derived from the maximum likely strength 1ol recognition . ol . the .fact . Ehat
of this weak 1ink. and w = dynamic during a severe earthquake, all walls will
magnification factor which estimates the need ¢to develop plastic hinges with
deviation of load patterns during the significant ductility, preferably at the
inelastic dynamic response of the base, sSome redistribution of resistance
structure from corresponding patterns between walls may be considered. In this
predicted by elastic analyses for the designer will, among other aspects,
Specified 1lateral static loads. The need to consider wall flexural strength
;gpe;ic:tion of this simple concept is and foundation resistance to the moments
A nted in the following sections with associated with wall hinge formation. For
PE€Ct Lo hybrid structural systems. example Wall 3. in _.Jigure £  may. earry
significantly larger gravity loads than

the other two walls. Thereby 1its
potential for flexural resistance 1is
enhanced. Hence the designer may decide
to reduce the 1initial lateral load demand

/-—-...ss > W ¢0 sw e on Walls 1 and 2 and correspondingly

Ideal Strength Dependable assign more  earthquake resistance to

of the Strength of Wall 3, as shown in figure 2 by the dashed

Strong Link the Ductile curves., To ensure that no reduction in

| Dt Weak Link the total resistane occurs, the condition

Magnification ©Overstrength AM, + AM_ S AM_ is to be satisfied. Suech

..'F-ig_1 o Factor logld redgstribation has negligible effect

| Bty trength hierarchy of 1inks in a on the ductility potential of a wall if

the reduction of flexural resistance does
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Fig.2 Load distribution between
interconnected cantilever walls, and
design moment envelopes

not exceed 30% of the initial value.
2« Ihp use of conservative 1linear

resistance envelopes in tigure 2 for
providing flexural reinforcement in the

walls, restricts plasticity to the base.
This eliminates the need to detail the
wall for auctility: except it this
potential plastic hinge zone, which may be
d3sumed to be restricted to a height equal
to the length, % , Of a wall,.

3. It ‘is" yigal to ensure that a shear
failure does not interfere with the
ductile flexural response. Hence the
ideal shear resistance of the potential
plastic hinge of 3 ductile wall, V N
should not be less than the shear dg%%%d

_ v S ¢ ¥ (4)

where V_ is the design shear force derived
in the® ny "

e nitial elastic 1lateral load
analysis, W, 18 a dynamic magnification

factor recognizing higher mode
participation during dynamic response,
The flexural overstrength factor 0 is

the ratio of the max i mum potghgial
flexural strength og the wall base section
as constructed, M » LO the moment
demand found in tﬁgll"initial" elastic

magnification
Fecommended by the Standards Association
Oof New Zealand (1982) ia

wv = (0.9 +. n/10 when o W (5)

o = 1.3 + n/30 when n s b (6)

where n is the total number of StOPEyq
These points illustrate i

important features of this deter‘mini:(g‘?t

design philosophy as applieqd tq Stlc

simple ductile wall system. 2 Very

3.2 Ductile frames

With some modifications, the Proce
outlined in the previous Section ;
applied to rigld .  jointed ductile Brea i

The Daslic principles of this aDprga:‘
developed in New Zealand, were SumaPiZ};é

previously by Paulay (1980b) B o5
design of ductile beams o e
redistribution and the sheapr Stren Ygt
associated with two plastic hinges ¢ ei h
sSpan,. are  taken into account . [kmigl

actions for columns, of SUfficient
magnitude to prevent Signifhmym
inelasticity in upper levels, M3y then
determined with the application Of £,
general relationship.

where Me 18 the design moment at the enq
of the column considered ang derivedjﬁﬁm
the "Initial" elastic analysis for the
speciified lateral static load only, ¢ is
a direction dependent flexidra]
overstrength factor, which in the case of

frames is the ratio of the Sum of the

flexural overstrengths developed Dy the

geams. as . bullt:. to the sum of tpe

strengths required for the same beams by
the code-specified earthquake loading
only, both sets of values being taken at
the centreline of the relevant column,

The influence of higher modes on the
moment pattern along a column during the
dynamic response is recognized by the
dynamic moment magnifiication factor, .
This is a period dependent parameter.

The effects of the use of equation (7)
on the design moments, M , of a typical
upper storey column aré qualitatively
shown in figure 3. Common values are
1«3 5 0 31,904 1.8 2 5 5 1.0,

To remove the possibi?ity of &a shear
failure, it has been suggested that the
design shear force be estimated thus

vcol . mvd’t:mue !

Ahere V  is derived as was M

€ ?1ned
eéquation (7), ¢_ is the previously de
Flexural overstrength factor and “’X'
typically of value 1.3, 1is a factor which
allows for the maximum possible gradient
Of the column moments in a storey, as
shown in figure 3,

in



20% gradienf
increase

,-' Mcoi "'J
POSSIBLE MOMENT GRADIENTS

Column shear force V, = W,¢ V.

mmenf af C!‘IffCG/ MCO\( = w¢gM§: . O-Bhbv{:g,f
fron
Y o Beam depth

rig.3 The magnification of design moments
for columns

Apart from the primary aim of this
approach, the elimination during a large
earthquake of simultaneous plastic hinge
developments at the top and the bottom of
all columns 1n any storey of a multistorey
reinforced concrete frame, other important
benefits accrue. These are:

1. The 1likelihood of plastic hinge
developmens at the ends of upper storey
columns are eliminated. The exceptional
case of some restricted yielding of column
reinforcement is not synonymous with
plastic hinge formation and consequent
significant ductility demand.

2. Because excessive inelastic concrete
compression strains at the critical column
Sections are not expected, the need to
confine column cores with significant

amounts of transverse hoop reinforcement
does not arise,

3. The essentially elastic response of
columns during the largest expected
€arthquake integrity of the
concrete and hence its contribution to
Shear resistance in the end regions can be
relied on. This results in the use of
less shear reinforcement.

Ora-tﬁﬂ inelastic reversed cyclic loading
: "  column reinforcement 1is not
| *pected, lapped splices of column bars
oY be placed immediately above a floor in
meﬂb"ttoﬂ end region of a column.

mS. .F.El_en precast concrete construction is
"'i‘ﬁic" Columns may be attached to beams,
- 1 have been cast together with the
-“h~m1um Joint, wusing connections of

."-,_:-,;__?“ff_}:i-_eient strength but limited ductility.

6. Elastic
per formance of beam
are often critical
frames,

columns improve the
column joints, which
regions of ductile

4 INTERACTING DUCTILE FRAMES AND WALLS

When lateral 1load resistance is provided
by the combined contributions of ductile
multistorey frames and structural walls,
the system 1is often referred O -an A
"hybrid structure". 1In North America, the
term "dual system" is used. These
Structures combine the advantages of their
constituent components. Because of the
large stiffness of walls which are

provided with adequate restraints at the
foundations, excellent sStorey drift
control may be obtained. Moreover,
suitably designed walls can ensure that
Storey mechanisms (soft storeys) will not
develop in any event. Interacting ductile
frames on the other nand, while carrying
the major part of the gravity load, can
provide, when required, significant energy
dissipation, praticularly in the upper
sStoreys.

The traditional procedure of designing
for earthquake resistance, utilizing
elastic analysis techniques and equivalent
lateral static 1loads, 1is generally used
also for hybrid structures. The resulting
distribution of 1lateral 1load resistance
over the height of buildings with ductile
frames, or structural walls, is generally
accepted as meeting satisfactorily actual
earthquake load demands. There is little
evidence to indicate ¢that this would be
the case also with hybrid structures. One
jourece of concern for possibly drastic
differences between "elastic static" and
"elasto-plastic dynamic™ responses of
hybrid structures stems from the
recognition of fundamental differences in
the behaviour of beam-column frames and
structural walls. These differences stem
from dissimilar deformation patterns when
subjected to the same lateral 1load, as
shown in figure 4, Frames and walls,
while sharing in the resistance of shear
forces in the 1lower storeys, oppose each
other in the storeys near the top of the
building. It was of major interest to
examine the load sharing between these two
types of interacting elements during
inelastic dynamic response to a major

seismic event.

A 8tep-by-step design methodology 1is
proposed to meet the intent of the
"capacity design" philosophy outlined in
section 2. The presentation concentrates




decline with height of
ibution of the walls Lo Q
contr‘tance- Figure 6(c) also shoys how
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stems ;
Ehg thtsieys' The  distributigp
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of shear forces with height
Ziggi;;;l::m will depend primarily qn EZ:
salative stiffnesses oOf the wa]jg ang
frames. Thils example Structure, Shown in
fiie By WLLEEE . SR OCBUGNtly  ygaq to
i11ustrate typical distributions of forces
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Fig.4 Deformation patterns of laterally response to seismic ex01ta1§';on3_
loaded frames, walls and coupled wall To demonstrate the o eci:,s of wall
frame elements atiffness on the load Shar‘lﬂg between
components of the Structure gnoyp in

rigure 6, wallB With length i -« 4 ¢ ang
8 metres were studied. Each struotupe

Solely on issues relevant to the largest consisting of two cantilever wwalj]s and 7

expected seismic event envisaged by identl?al frjame‘%’ndwasatiz?ieog?d to the
building codes. The emphasis is therefore same 1ntens%ty a Thp - '1atepal
on issues of ductility and the prevention static 1loading. € contributions oOf
of collapse. Existing procedures, to components Lo eacg t?tal overturning
satisfy design criteria for stiffness and moment and storey shear forces, are Shown
minimum strength, both relevant primarily in figure 6(d).31'_1d_ (e). BECaUSG.of the
to damage control, and considered to be gross incompatiblility of 1def9rmat10mgiﬂ
equally applicable to hybrid structures, the upper storeys, seen }ﬂ figure 4, the
are not referred to in this paper. seven frames are required to resist

overturning moments and Storey shear
forces at these 1levels, which are larger

4.1 Types of hybrid structures and theip than the total 1mposed by the exterpg)
model1ling lateral load. The examples of figupre 6
emphasise the fact that cantilever walls

In the majority of reinforced concrete of hybrid systems dppear Lo  make
multistorey buildings, lateral load significant contributions to lateral loag
resistance is assigned to both ductile resistance, but only in the lower storeys,
Space frames and cantilever strutural The contribution of flexible walls
walls. Generally these extend over the diminishes rapidly in the upper storeys,
full height of the building, as shown in 1t is S8Seen . that the ratio of lateral
figure 5(a). Figure 6(a) shows in plan load sharing for a particular hybrid
the Somewhat idealized Symmetrical System: is not a ¢ fixed  wvalue. The ratio
disposition of frames and walls 1 - changes from storey to storey. Therefore
12 storey example building., The the requirements of some building codes,
properties of these two distinct whereby a specific fraction of the total
structu?al elements may be conveniently lateral 1load (typically 25%) is to be
lumped into a Single frame and a3 single assigned to the frames of the hybrid

eantllever wall, as shown in figure 6(b).
Ipstead of individual walls, shown in
figure 6(a), tubular cores, or coupled

Structural walls, are also used
frequently.

The extensionally infinitely rigid
norizontail connection between lumped
frames ang walls at each floor, shown in
figure 6(b), enab]es the analysis of such
1atera11y loaded elastic Structures to be

carried out Speedily. Typiecal results are
shown in figupre 6(c)(d) and (e). Here the
shar ing between walls and frames of the
total Storey shear forces is lllustrated.

The relatjve participations, which reflect b R b

the behaviouypr of the

two different Fig.5 Modellin of differenf types of
Systems, gs shown in figure Y, indicate a hybrid systems g i
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Fig.6 Wall and frame contributions to the resistance of overturning moments and storey
shear forces in example structures

system, is ambiguous, No advantages Structures, the danger of developing "soft
appear to accrue from assigning lateral Storeys" should not arise. The designer
load resistance to frames, significantly may therefore freely choose those members
different from that indicated by analysis or: 1oealities. in frames where energy
of the 1laterally 1loaded total wall-frame dissipation should take place when
system. For example, as figure 6 required. A preferable and practical
suggests, 1in the gpper Ehirg  of “ the mechanism for the frame of figure 6 is
neight, approximately the total storey shown in figure 7(a). In this frame,
shear forces should be assigned to columns plastic hinges, when required during a
of the frames, irrespective of the large expected seismic event, are made to
Stiffness of the cantilever walls. develop in all the beams and at the base

A3 a matter of convenience, the relative of all vertical elements. At roof level,
contribution of all cantilever walls to plastic hinges may form in either the
the resistance of the total code specified beams or the columns. The main advantage

lateral static load on the building may be of this system is in the detailing of the
€Xpressed by the ratio of the sum of the potential plastic hinges. Generally it is

norizontal shear forces assigned to all easier to detail beam rather than column
gze walls and the total external shear to ends for plastic rotation. Other
resisted, both values taken at the base advantages were listed in Section 3.2.

of the Structures, From figure 6(b) this
Shear ratio is thys

bl 7 | .
wall, code/vcode, total’base (7 Ko FRCng W
:h!bi: wWall shear ratio, ¢, will be used
likero ¢1Y to  estimate the maximum
L Wall shear demands during the

pm, t;: t;'leﬂponse of the hybrid system.
_ ﬁ-ﬁﬂ’e- 6 'éeé example structures shown in
et u‘l:) and (e) with 4, 6 and 8m
M wWall shear ratios are seen to ,
“J';hg.sg, 0.75 and 0.83 respectively. e P : £ fd}
i i - C flexural response of walls is Fig.7 Energy dissipating mechanisms in
~"F0 Yo control deflections in hybrid hybrid structural systems
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isolated as free standing cantile"i t'.heir within elastic hybrid atr ICtures
be connected by continuous beams . nd 5 o reluctance to address the ppon lem ma; f
£ modade : G ; : . ’ o , el ’Jf:
plane to adjacent fl"‘ame.ﬂ. Th 5(&1) A attf"’lb'ihffrj tr) our l 1}ni1;.ri1.- lf‘*n!:i lri "_,:Jrl
such a system is shown |iIn “Sursilizefi o able to estimate reliably "'"'?'ﬂif.'f*r“;fﬁ'
possible mechanism that can be u . properties of soils. Mr”"ffﬂ‘ff:r-l i

this type of system 18 shown

figure 7(b). Beam hinges at or Clzﬂe ;(t::) static and dynamic loading. |
the wall edges must develop. However, latter, frequency and amplitude an,

allow . * Pt el B8 507
GoSUNIS, e designer may devide to parameters which affect soil rear |

stiffness is generally very qire,,,. |

plastic hinges to form in either the beam.;: S 6 e ﬂensi_tivity ;;r r e
or the columns, above and below eac Al Vi ad o Evoe qkrw:fu;,
SMIGre S8 Shown In figure 7(a}. figure 5(c) with vrespect tq ;.-—Jiqﬂi:
4.2 Walls with special features compliance of the wall elementa Jnly,
parametric studies were conducted (Coodar
Although in most buildings structural 1985 ). The ma jor variables in the
walls extend over the full nheight, there structures chosen for danalyses were.
are cases when for architectural or other l. Variation of wall restraint betweer
reasons, walls are terminated below the the extreme 1limits of full rotationa;
level of the top floor. A model of such a ixity and a hinge at the base,
structure is shown in figure 5(b). 2. Variation in the number of atoreys in
Because of the abrupt discontinuity in a building. Predominantly 6 and 12 Storey
total stiffnesses at the level where walls Structures were studied.
terminate, the seismiec response of these 3. The relative contribution of walls tc
Structures is viewed With some concern. total lateral 1load resistance within the
Gross discontinuities are expected to structure were varied. This was achieved
result in possibly critical features of with appropriate variation of wall
dynamic response which are difficult to lengths, £ , shown in figure 6 and the
predict. It is SuSpected that the regions corr‘espond"{ng variation of the wall shear
of discontinuity may suffer premature ratio, ¢, defined by equation (9).
damage and that local ductility demands 4. Elastic response to code specifie:

during the largest expected seismic events

might exceed the ability of affected
components to deform in the pla

without 8ignificant loss of resistance. record

On the other nand, elastijc hi
. v»L1C analyses for Tho:s . 1 onis -of this
‘ateral static loads shoy that OS€ aspects of the conclusions

lateral statiec load was compared with th
elasto-plastic dynamic response of th
8tic range Structure to the 1940 E1 Centro earthquake

Structural stud which levant to
Wwalls Yy Chh are particularly re
usef‘ulmq::jpt:gfp .zsgreys May serve no the issues e€xamined in this paper, are as
h { pose. Figure 6 follows:
suggest: S
bﬁigm tz that the termination of walls (a) Abov th £1 the atatic
° ne top floor e e first oor,

ma ben
affEOt overall behaviOUP' y efiCially

response of the structure, when, using
The response of such

wWalls with moderate stiffness, 18 not

8t
Studiad recently by o ;uctures was also Significantly affected by the degree of
limited number of caq; :tsép (1985), A base restraint. As a corollary, the
1980 g T t@art:qj::é using the Stiffer a walj the more profound is the
: : rec
Suggested no features that could :;‘:Pg. R P of foundation g
réadily accommodated in 3

(b) In Plnned base walls, as expected,
Yery large ang reversed base shear forces
are Predicted by elastic analyses for

design procedures .
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eventuate during the

| | and walls, did not
the El1 Centro

b e B , |
; L3imd ase time history analysis for

<
_g \
< 100 Le;e! \

675 event . ‘
storeys important

(&Y-"In " the - upper ‘
design quantities for the example hybrid
column and

structures, such as drifts, 1 &
wall moments, and rotational ductility

demands in plastic hinges of beams, were
only insignificantly affected when walls

were modelled with pinned bases.
(f) Full wall base fixity is normally

assumed in design, although it is known to
be generally unavailable. These

parametric studies indicated, however,
that errors due tO quite signilicant
palaxation - in " base - restrailrv, are " 1oc
likely to seriously affect elasto-plastic
dynamic response of the superstructure.
The studies descr ibed above were
7 Level Fixed base conducted using a model as shown 1n
figure 5(c). Because no axial load is

12
| [Ru=7m] 7‘}:040068 introduced to the walls of this system
l I during simulated earthquake, the set of

|

e Ve lfs [ springs allow for base rotation without
TIME (Seconds) : .
any change in the vertical displacements

12 storey hybrid structures with rixed and  deformations are involved and particularly
pinned base walls and different stiffness  yhen uplift can occur, as shown in

(E1 Centro Record) figura.jtd), significantly increased
plastic hinge rotations will be imposed on

beams which are monolithically connected

static lateral load. This points to the to the tension face of a wall. When a
need for sStudying the transfer of these rocking wall is part of a two-way framing
aree forces to the diaphragm at rirst system, frames at right angles to the
floor level. The wall shear reversals in wall may well be mobilized. An example of
the first storey necessitated dramatic this situation is shown in figure 9, where

increased in column shear forces in that it is seen that the wall 1in the B plane
storey. In the first storey the sum of will also activate transverse beams in

HORIZONTAL DEFLECTION

(rmm), A

=

NANAYREAY NS A
SERRRRRENNS

HORIZONTAL DEFLECTION

I
[ .
Ly
, Y PRGN NOBA

the column shear forces exceed therefore plane 2. Bertero (1985), amongst others,
the total static base shear for the entire reported on the significant strength
structure. enhancement resulting from these three

(¢) The single most important parameter dimensional effects in a test structure.

affecting the seismic dynamic response of
Such hybrid structures was found to be the
Period shift brought about by the

reduction of wall stiffnesses when @
:;:plete loss of rotational rstraint at (1)
base was assumed. This is

:e: ﬂl:tr’at.ed by figure 8 where the
strfwtcemﬂt nistories of two example
the 1;":: are shown, Displacements at
e Bho:n of the 3rd and topmost floors
first 10 only. It 1is seen that for the
d-iffe.rem Seconds of the record, the
“eﬂligibies in. displacement responses are
are yseq €when 3 m long walls (y = 0.44)
diﬁtlﬂ(‘:ti The period change is, however,
e *¥ recognizable in the case when
Houe. '8 Walls (y = 0,80) were utilized.

X
\
®

IA.—

| ”ﬁirfv_-er' g¥en . in this case, the
ﬁiamaznc es in terms of max imum
- ridCements were insignificant.

Wegi EXtreme levels of shear forces, Fig.9 Activation of transverse frames by
e Gted by elastic analyses for columns rocking walls

11




be used f
tep to or t
appropria dead (D), 1f -
_ BRID ion of ' ¥ (L
5 A CAPACITY DESIGN STRATEGY FOR HY °°'“5$33§ke (Bl PR elfents (U).) o
STRUCTURES :;a:;gcified by national building COdesg v
ity
ions a capac
e following sect g is
;231;: approach for hybrid strgg::Te o
described in a step-bigstegatﬁzrn of, and Sl Tl
e
preﬂentiafion f:;lowsthe design procedur'j ‘¢ advantageous, redistribute ﬁesigr
is similar : 1980a) an tained in Step 2 horizont ‘
suggested DYy Pag:arj:dardé Association mmenti gztween any or all beapa ?rl-lli g
i g 8;) for reinforced a floo d vertically between beaps e
PELaN . SORCAR (19-% Where necessary, s a:n at different floors, °F the
FRRNRATS onaRie fragle..; design step 13 e rocess of moment redistripyt
P R times extensive. In the p of beam moment utlgn'
followed D)’ comments, Soml,e.‘e u;p059 of and the DEak values iate load combE}’ re_sultiﬂg
These are relevant Eﬁe tjusgification for from the appgopr’; s I:natmns may
Ry e A Frequent reference  be reduced Dy : P s Ni ST, £he
that particular step. which shows a curtailment O M flexury
is made to figure b, s reinforcement along a beam must p, Such
prototype frame-wall str:;c 5 .pelevant ¢o that at any section at lea:.lst 70% of tne
The procedure Outlingture; - At in moment obtained t.‘r'om elas‘?lc analyses iy
the  fypes - of . 8Lru Ehans SLruciupss Step 2 can Dbe r‘esmt:,ed. This reduction in
o e gt intended to peak beam moments 1in structures dominateq
columns in upper storeys ?‘;f ant plastie by earthquake effects is aOOEptablel
be protected against sigr;l cconcesqzons because speclal requirements i the
deformations. Thereby var ious S detailing for significant ductility ains
ith respect to their detalling . |
W ined in Section 3.2, may needs 20 ve satisfied. ' Final momentg
ductilty, as outline obtained after redistribution shoylg be
be utilised.

checked to ensure that no 1loss ip the
total Jlateral load resistance of tpe

5.1 Step 1 structure results. Also load combinations
; for gravity 1load alone must be examined
Derive the bending moments and shear before the proportioning of beapms
forces for all members of the frame-shear commences. _ . _
wall system  subjected to the code The principles of r‘edls'..tr'lbutlon of
specified equivalent lateral static moments at a level among different spans
earthquake load only. These actions are of beams within frames are well
subscripted "code", established.

In the analysis for the elastically
responding structure, due allowance should
be made for the effects of cracking on the

O Factored gravity moments only
Stiffness of both frame m?mbers and walls, e Gravity and earthquake moments
Because walls are often lightly reinforced from elastic analysis
and carry relatively small gravity loads, X After horizontal redistribution
the reduction of their stiffness due to ifter vertical redistribution

cracking can be very significant. Both

frames and walls may generally be assumed

Lo be fully restrained at their base
Load effects so der

E. They incorporate load fac

5.2 Step 2

Superimpose the beam
obtained in Step
moments which

bending moments
1 upon corresonding beam

are derived for
appropriately factored gravity loading on
the structure. = n
The loade fa Fig.10 The redistribution of d%ign
B o ctors,  inclusive load moments amo b adjacent tO
comBination and importance factors where o i

exterior column of 2 hybrid structure

12




one of the advantages which may result,
he reduction of the peak beam negative

is tnt ror example at an exterior column,
mameh " §js associated with the 1load
Hhicinatiﬂn o Gravity + BE., The
cambctwn is achieved at the expense of
redu ,sing the (usually non-critical)
incr’si?e moment at the same section
i with the  combination
assogpavity + E. In the latter case the
e earthquake 1induced moments,

4 and
E:;:riiposed in Step 2, oppose each other.

An example in figure 10 shows magnitudes
f beam design moments at an exterior
c:lumns at each floor at various stages of
Eﬁe analysis. The gravity moments (always

ative), shown by circles, are changed
negthe addition of earthquake moments E or
b' to values shown in rigure 10 by solid

circles. _
gecause near their base, walls make very

significant contributions to the
;esistance of both horizontal shear and

overturning moment, as seen in figure 6,
the flexural demands on the bDbeams of
hybrid structures are relatively small in

the lower storeys.

In the example frames, the beam moments
at the exterior column could be
redistributed SO as to result in

magnitudes shown by crosses in figure 10.
1t is seen that the negative and positive

design moments are now comparable 1n
magnitudes.

To optimize the practicality of beam
design, whereby beams of identical
strength are preferred over the largest
possible number of adjacent floors, some

vertical redistribution of beam design
moments should also be considered. In the
example of figure 10, the design moments
shown Dy crosses may be redistributed up
and down the frames so as to result in
magnitudes shown by the continuous stepped
lines., It is seen that beams of the same
flexural strength could be used over
6 floors., The stepped 1line has been
chosen in such a way that the area
énclosed by it is approximately the same
48 that within the curve formed by the
Crosses, This choice means that the
contribution of the frames to the
resistance of overturning moments is only
1“313n1ficant1y altered by vertical moment
redistribution.
mHOPizontal redistribution of beam
th:le:ts at a particular level will change
Henceo?nt input to individual columns,
calmhe shear demand across individual
Bie. Will also change with respect to
P 1111431(3::11:@3(1 by the elastic analysis
ﬁeﬁanﬂn Step 1. However, the total shear
e N polumns of a bent must not

13

change during the redistribution of design
shear forces between columns.

When vertical redistribution of beam
moments is carried out, the total moment
input to some or all columns at a floor

will also change. Hence the total shear

demand on columns of a particular storey
may decrease ( the Sive storey in
figure 10), while in other storeys (the

2nd storey in figure 10) it will increase.

To ensure that there is no decrease in the

total storey shear resistance intended by
the code specified lateral loading, there
must  be a  horizontal redistribpution of
shear forces between the vertical elements
of“"the: " striucture,” 1.e., the Columns and
walls. It will be shown subsequently that
the wupper regions of walls will be
provided with sufficient shear and
flexural reserve strength to accommmodate
addaltional ‘‘shear foreces shed by - upper

sStorey columns. The principles involved

in vertical 1load redistribution discussed
here are similar to those used in the
design  of coupling beams of coupled

structural walls (Paulay 1975).

The recommendation that the reduction of
peak moments in beams, obtained from
elastic analyses in Step 2, should not
exceed 30%, results from the concern for
the elastie 'responge of £the structure
during moderate earthquakes. I will
often be found that optimal solutions may
be obtained with moment or shear
redistribution considerably less than that
associated with a reduction by 30% of the
peak values. No 1limit need to be placed
on redistributable actions which increase
the demand on an element assigned to 1t Dby
elastic analyses.

5.4 Step 4

Design all critical beam sections so as O
provide the required factored flexural
resistance and detail the reinforcement
for all beams in all frames.

These routine steps require the
determination of the size and number of
reinforcing bars to be wused to resist

moments along all beams in accordance with
the demands of moment envelopes obtained
after moment redistribution. e a8
important at this stage to locate the two
potential plastic hinges 1in each span
(figure T7(a) or (b)) for each direction of
earthquake attack. In 1locating plastic
hinges which require the bottom (positive)
flexural reinforcement to yleld in
tension, load combinations with minimum
and maximum factored gravity loads on the
apan should be considered, as each




different hinge
the beams should

conformity with

combination may indicate a
position. Detailing of
then be carried out 1n
relevant code provisions.

5.5 Step 5

determine the flexural

of the two potential
with each of

In each beam
overstrength of each

plastic hinges corresponding
the two directions of earthquake attack.

In estimating the max imum likelg
flexural strength which could be develope
at eritical beam sections during a large

inelastic seismic pulse, the maxigum
strength of the reinforcement, including

contributions due to strain hardening,
should be considered without the use of

resistance factors. Moreover, it 18
important to include all reinforcement

which could contribute to internal tension
forces. This normally involves an
estimate of the affective width of T beams
in tension. The contribution of slab
reinforcement, placed parallel to the beam
under consideration, to the enhancement of

the flexural resistance can be
significant. By necessity the allowance
for this slab contribution will be very

approximate, for it depends on the plastic

rotational demands imposed on the beam
during an earthquake, Appropriate

recommendations have been formulated Dy

?hgasgandards Association of New Zealand
1962).

The primary aims in the estimate of the
maximum moments which may be developed in
a4 beam are, to establish an upper bound
estimate of the shear demand in each span,

and to allow sufficient reserve flexural
resistance in ad jacent columns to be
provided. Thereby brittle shear failures
will Ee Suppressed and the development of
= 3trong-column weak=beam"

assured, 2 g
5.6 Step 6

force v dassociat
. dia? g eéd with the
development of ?lexural overstrength at

;Se tWwo plastic ninges in each beam span
;heach direction of earthquake attack
€3€ shear forcea are readily obtaiﬁed

from the flexu
ral overstrengtha
potential plastic ninges, detegmined Tﬁ

Step 5, which were located {n Step 4

When combined with
gravity 1
forces, the design shear enie N e

b

determined. The displacement e
max imum beam shear forces, vy : argwnmq
subsequently to determine ¥R, = ° Yseq

m ;
lateral displacement induced axialﬁulmm]

10ad input at each floor, O lupy,

5.7 Step 7

Determine the Dbeam flexura] OVerstp.

factor, ¢,, @at the centrelipe of"ngh
a

column at each
of earthquake attack.

are: |
(a) At ground level ¢_ = 1,y :
(b) At roof level b « 1.1
This  factor™ . is subgequently use
estimate the maximum moment which Ogu?d ED
s

introduced to columns by fully ey
beams. The Dbeam overstrength faet;plfle{j

at a column, is the ratio of thet{;¢o'
the flexural overstrengths GEVELﬁﬁng
adjacent beams, as detailed, tq tmagémtw
the flexural strengths required e ;w
given direction Dby the code specifizi
lateral earthquake 1loading alone, bﬁf
sets of values being taken at ._:ﬂ
centreline of the relevant column. 0

The beam moments at column Ceéntrelines
can be readily obtained graphicargffg;
the design bending moment €nvelopes g:
otherwise, after the flexural OVEI"‘Stl"‘Engt;ﬁ,
moments at the exact locations Of the tw;
plastic hinges along the bean sSpan have
been plotted.

The relevance of the
overstrength factor, ¢ , to column design
was briefly reviewed "in Section 3.1 ang
its use was shown in figure 3.

Deam flexura]

5.8 Step 8

Evaluate the column design shear forces in
€ach storey from

V (10)

ply] wb¢ovoode
where the column dynamic shear
magnification factor, w_, is 2.5, 1.3 and
2.0 for the bottom, intermediate and top
Storeys respectively, The design shear
force in the bottom storey columns should
not be less than

0
M v
v s : col W 3¢0Mcode) (11)
col
(Rn + O.Shb)

where MY th of

= the flexural overstreng
the colufill with

u base section consistent
he axial 1load and shear which &
4880ociated with the directions ©f



floors 4
_ ove
t‘a_ Stor & that 1level,

SRR = the value of M for the

!;me-gep the centreline ofmdghe rirat
o r beams derived from the appropriately

gal::or'ed - lateral earthquake 1load in

1.
Stfp =« the clear height of the column.

n _ the depth of the first floor beamn.

#3 procedure for the evaluation of
column design shear forces is very similar
to that used 1In the capacity design of
ductile frames. It reflects a higher

degree of conservation because of the
intent to avoid a column shear failure in
any event. Case studies show that in
spite of the apparent severity of

equations (10) and (11), shear
r-equirements very seldom govern the amount
of transverse reinforcement to be used in

columns.
pynamic analyses of example hybrid

structures indicated that shear forces
induced in the Dbottom and top storey
columns may exceed by a large margin the
magnitudes predicted by elastic (Step 1)
analyses, V s * It may be noted,
however, that  in hybrid structures, as
figure 6 suggests, the computed static
column shear forces, V , are generally
small in these two specf??g storeys.

Figure 11 compares the column design
shear forces s80 derived with shear demands
analytically predicted for the interior
columns of the sStructure shown in figures
6(a) and (b) during the first ten seconds
of the 1940 E1 Centro event. Walls, both
with fixed and pinned base, with 3 and
! metres lengths were considered.

5.9 Step 9

Estimate in each storey the maximum likely

lateral displacement induced axial load on
€ach column from

P =
where =19 | F{vz.\’c:uf:-z (12)

By T - n/67) 2 0.7 (13)

15_ 4 reduction factor which takes the
“u:‘#r of floors, n, above the storey

°F consideration, into account.

M::elamsnitudes of the maximum lateral
v cément induced beam shear forces,
323; 63‘3 €ach floor, were obtained in
s The probability of all beams

ab
Giguv:t @ particular level developing
aneously plastic hinges at flexural

| oerength diminishes with the number of

The reduction
» Makes an approximate allowance
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Gr ! i 1 1_4'1
0 400 800 1200
SHEAR FORCE (kN)
L. 1 Maximum shear forces encountered

across interior columns of a 12 storey

nybrid structure during the El1 Centro
event

5.10 Step 10

Determine the total design axial load on
each column for each of the two directions
of earthquake attack from

P = P+ P.. +P (14)
S e, max D LR eq
where P. and P are axial forces due to

dead ang reducgﬁ live loads respectively.
The reduced 1live 1load incorporates an
allowance for the comblnation  of
increasing aggregate tributary floor
areas, in accordance with relevant code
requirements. Because in capacity design
extreme seismic load demands, rather than
those derived from the analysis of Step 1,
are used, the use of unfactored gravity
forces, such as P or PLR’ are considered
to Dbe appropriage when sSimulating an
extreme but realistic seismic event.

Helil- Stap 1]

Obtain the design moments for columns
above and below each floor from

Mcol 5 Rm(moMcode % 0'3hbvool) (16)

where w = the dynamic moment magnification
factor, the value of which 1s given in
figure 12.

0 = t he beam overstrength factor
app?icable to the floor and the direction
of lateral loading under conaideration,

determined in Step 7
= the depth of the beam which frames

h
1nt8 the column

and
Pe
Rm « 1 + 0,55(w = 1)(10 L g y 8
cg (17)
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e C

th stic hinges. T iy
’_,LQ_’ irﬁa:hil’il; rﬁ;iimum moment 1anJ"c frm:n i tm
N ok M PR shox:m in figupe 4
e be bg%%BEGEG during an €arthquap.’
cannizr the distribution of thjq 1"131;,?
~ ® rfr-llc?rwngnt ;.mput between the (?olumns above Finqlg
; s T floor, c_lurﬂlng CLhe dfmamig
.2 response, is unc?rta}n. ' Al}owanee [op
P disproportionate c?l?trlt?utlon 18  nmage by
the dynamic magnlflegtlon Factor & 105
-3 For example the estlmated_maximum MOmen
ij._ for the upper cO lumn In  figure ]3,
L_L;LJ measured at the Deam centreline, ig thu;;
ght :
(al ﬂ;ﬂfﬁﬁfﬁd “’Cbﬁrscgﬁg top of the beam, at the Critica)
1.0 gacatlion ol " This column,  the moment, §q
f"*ﬁ less. The reduction depends on th;
magnitude of the column sheap forea
generated simultaneously, For thiq
(W) purpose a conservative assumption is made
WS O'6Vm§‘ﬂ-’ = 0.6V 1 (Step gy’
Hence the moment rediction at the tqp ..
the beam t?ecomes O'Shbvmin = 6.31-1,_5{_.01 -
; shown in figure 13, i
X Because the deformed Shape of tpe
E building during 1ts response to a large
: earthquake is largely controlled by tp,
L-M behaviour of the walls, in hybrid SysStems
(6] When partial height the higher modes of vibration haye
PR e Hesg relatively little effect on the pattern o
Fig.12 Dynamic  moment magnification column moments. For this reason it Wa S
factors for columns of hybrid structures found that a magnification of colum
design moments by only 20% is sufficient,
hin 18 considerably 1ess than valyes
which are applicable to columns of ductile
frames, quoted in Section 3.1 and shown in
i1s a design moment reduction factor realistic proportions in figure 3.
applicable when When the axial load on the column
produces small compression, 1.6e.
2 EL @O0 R . op pesults  in ast axial
8. T3 5 £ ] = 030 tgnsion, sgmg yielding of the column is
C g acceptable. Such columns should exhibit
where Pe (N) is to be taken negative when
c?using axial tension and where Moment gradient % ~Meode
f'' = specified compress ion Strength of with 0.6V, 1 ZXa,M oge
thg concrete (MPa) and A " | col g E -+ S & 7
Sectional area of tp f BN encrete with Ve,
€ cofumn (mm°), Ay -
noee rocomsences gor” soyeend SiHLLar to N L
frames and summari, gl" s o) duotile LT
Stages in tn % M Tigure 13, O -
designﬂ momeni der;[vation of the column W@oMepde
11lust . col’ are further at beam ¢
rated in figure ?%. The variati
of ecolumn noments due to 2 |
(Step 1), M o Code loading R
18 shoun Wigﬁdgﬂaded 11ne:nd below a 'loor ' L_tMax moment input from &
are magnified throughout t, S, i e iwo beams at overstrength
column to ¢ ne height of the ZMgeam
0 ‘code’ When beanms adjacent to

F18.13 The derivation of design moments
8 Of hybrid structures
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even without special

uctility
re inforcement in the end

qufficient .

conf ining

the
Hence for this situation
region®-

may be reduced by the
in equation (17). The
s> o R@alue OoF = e 0. 728 TS wiil
| " required tension
exterior c¢olumns, where
ajtuation arises, to be reduced.
yetion of column design moments
1 seldom exceed 20%. To simplify
::,;putations. the designer may prefer to

use Rm 5 o factor, R relevant
the reduction v Al

o direction of earthquake

iven
;’Etag:eisgused in determining the amount

£ column reinforcement, the corresponding
gesign shear V obtained in Step 8, may

also be reducegolgroportional%y.

yaving obtained the critical design
quantities for each column, i.e. M & from
Step 11 and VC from Step 8, the Feclxuir‘ed
flexural and g?iear* reinforcement at each
oritical section can Dbe found. Because
the design quantities have been derived

moments

from beam overstrengths imput, the
appropriate strength reduction or
resistance factor for these columns is
$ = 1.0. End regions of columns need
further be checked to ensure that the
transverse reinforcement provided
satisfies the code requirements for
confinement, stability of vertical

reinforcing bars and lapped splices,

The design of columns at the base, where
the development of a plastic hinge in each
column must be expected, 1is the same as
for columns of ductile frames. No dynamic
magnification is involved this level.

A study of hybrid structures with
partial height walls, of the type shown in
Fig. 5(b), has indicated that column
moments over the vertical extent of the
walls remain essentially the same
irrespective of the total height of the
:alls used. This applies to both moments
lue to elastic response to lateral static
P::gm;'ﬂeld 3ue to elasto-plastic dynamic
Mor O the El Centro record.

cover, it was also found that column

zﬁgtsain the upper storeys, where no
g ri‘e present, revert closely to
S n the same Storeys predicted for

Swhen no walls of any kind were

r
Eezz:ﬂt ; The conclusions 1lead to the
mendat fon of us ing moment

ma

at?u;itgauon factors, w, for colums in

o < €8 with partial height walls, as
Tl the right hand side of figure 12,

In
3t-l"eng€ 1ismma 14 the probable flexural
S Of exterior colums, obtained

With
e the Procedure outlined in this design
» are compared with moment demands
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Fig.14 A comparison of design moments for

an exterior column with moment demands
during the El Centro event

analytically predicted for the El1 Centro
event. It is seen that considerable
reserve strength, assuring fully elastic
response of these columns, is available in

all but the bottom of top storeys, where
columns were expected to develop plastic
hinges. It 1s emphasized that the amount
of column reinforcement in these cases is
generally dictated by minimum code rather
than strength requirements.

hil2 Step. 12

Determine the appropriate gravity and
earthquake induced axial forces on walls.

For the example structure shown 1in
figure 6, it was implicitly assumed that
lateral 1load on the building does not
introduce axial forces to the cantilever
walls. For this situation the design
axial forces on the walls are to be based
on the appropriately factored gravity
loads only. The compression stresses
resulting from these are generally small.
For this reason proper 1load factors must
be used to ensure that the beneficial
effects of gravity 1load on the factored
flexural resistance of wall sections are
not overestimated.

If walls are connected to columns via

rigidily connected beams, as shown for
example in figure 5(a), the lateral load
induced axial forces on the walls are

obtained from the initial elastic analysis
of the structure (Step 1). Similarly this
applies when, instead of cantilever walls,
coupled structural walls share with frames
in lateral load resistance.

2,13 Step 13

Determine the maximum bending moment at
the base of each wall and determine the
necessary flexural reinforcement, taking



]
- g0 |
7

ion
into account the most adverse combinat

with axial forces on the wall.

This step simply implies t?az tg:
requirements of strength des Sf £
satisfied. The exact arrangement O =
within the wall section att  he basjlthe
bailt, 18°CC he determined toO alloto e
flexural overstrength of the section |
estimated.

5.14 Step 14

when curtailing the vertical reinforcement
in the upper storeys of walls, Provide
flexural resistance not less than given by

the moment envelope in figure 15.
The envelope shown is similar to but not

the same as that recommended in the New
7ealand and Canadian codes for concrete
structures for cantilever walls. Le
specifies slightly larger flexural

Its

the top storeys,

resistance 1n

construction from the initial moment
diagram, obtained from the elastic
analysis in step 1, may be readily

followed in figure 15. It is important to

note that the envelope 18 related to the
igeal rlexpural strength of a wall at its
base, as built, rather than the moment
required at that section by the analysis
for lateral load. The envelope refers to
effective ideal flexural strength. Hence
vertical bars in the wall must extend by
at least full development length beyond
levels indicated by the envelope.

The aim of this apparently conservative
approach 1is to ensure that significant
yielding will not occur beyond the assumed
height, Ew, of the plastic hinge at the
base. Thereby the shear resistance of the

/deal moment
Stf‘ength [o be
provided

Elastic
nmwnent
pattern

Ideal strength
provided at base

Fig.15 Design moments envelo
_ Pes for w
of hybrid structures i
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SR SR W R WA CRAT .S
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80 My,
Fig.16 A comparison of yal) s
moments with those encountereg duh an

earthquake records

wail - 1in the upper Storeys isg alsg
increased, and hence reduced amounts oy
horizontal shear reinforcement may e
used.

Figure 16 compares wall moment demands

encountered during the analysis fop .
1940 E1 Centro and the 1971 Pacoima py
ear thquake records, with the moment
envelopes given 1in figure 15, Two 17
storey buildings, in plan as shown in
figure 6(a), with walls of 3.0, and 7.0
metres length, were studied. All

buildings were designed in accordance with
thlis capacity design procedure. While the
envelopes appear to provide considerable
reserve flexural strength in the upper
storeys during the E1 Centro record, at
various instants of the extreme (and
unrealistic) Pacoima Dam event, the
analysis predicted the attainment of the

ldeal flexural strength in most storeys.
Analyses showed, however, that curvature
ductility demands, even during this
extreme event, were very small in the
upper storeys. As part of the study of
the effects of foundation '
discussed in Section 4.2,
Structures, with pinned base walls, but
otherwise identical with the prototype
Structures, were also analysed for the El
Centro record. It is seen in figure 16,
that wall moment demands for the El Centro
event in the upper storeys are Very

Similar to those exper ienced wiU1foaj
base walls.

5.15 Step 15

Determine the magnitude of the ﬂexuril
overstrength factor ¢ ¢ 1o pach wali
This is the ratio®'"of the flexurd
overstrength of the wall, Mo. as detailgj;
to the moment required to resist the © gh
Specified 1lateral loading, =

M ’
moments taken at the base sggg%n of @
wall,
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and purpose of this ractor,

/M ), @as discussed in
% gdfhgaggme as that evaluated
Strictly, for walls

limiting values of
Mo, which could be
the moments

developed

axial 10ad intensities, 1i.e. P

However, 1t is consideSégaéo be

zﬁﬁ}gient for the intended purpose to
1uate fl1exural overstrength developed
sﬁn axial compression on cantilever walls

due to unfactored dead load alone.

5,16 Step 16

surio. v, This 18

ute the wall shear
s of the shear forces

the ratio of the sum
at the base oOf all walls, szal% R
oredicted by the analysis for desig » £854.,

to the total design base shear for the

re structure, V i
en%ile relative congg?gﬁﬁgﬁl of all walls
to the required total lateral 1load
resistance is expressed, as a matter of
convenience, by the shear ratio, discussed

in Section 4.1.

n

= ul ' i), code’ ' )

code, total base

(9)

It applies atrictly to the base of the
structure. As figures 6(c) and (e) show,
such a shear ratio would rapidly reduce
With height, and near the top it could
become negative. This indicates that the
parameter y is not a unique measure to

quantify the share of walls in the total
lateral load resistance,

5.17 Step 17

?valuate for each wall the design shear
orce at the base from

- gl
wall,base = “ v¢o,wvwall,code S
and
W*v i R (uJv - 1 (19)
Where
is the dynamic  shear
ma
gnif 10&!1011 factor relevant to

can |
andttée)ver walls, given by equations (5)
| and discussed in Section 3.1.

T
de o approach developed for the shear

8i _
'&ﬁeigior wWalls in hybrid structures is an
useq f:: Of the two stage methodology

00 cantilever walls (section 3.1)
aa"thquak“%m found that for a given
- ‘"FRe record, the dynamically induced

19

0.5 Yyall base

s

LVwaHl base __j

Fig.17 Envelope for design shear forces
for walls of hybrid structures

base shear forces 1in walls
structures increased with an 1increased
participation of such walls In the
resistance of the total base shear for the
ent ire structure. Wall participation is
quantified by the nghivar - ratiov,  u,
obtained in Step 16. The effect of the
"shear ratio" wupon the magnification of
the maximum wall shear force is estimated
by equation (19). It 1is seen that when
v = 1, w*v=wv.

Design criteria for shear strength will
ofteh ‘be found «to be - eritical, At the
base the thickness of walls may need to be
increased on account of equation (18), and
because of maximum shear stress

limitations imposed by codes.

Qf  nybeig

5.18 Step 18

In each storey of each wall, provide shear
resistance not less than that given by the
shear design envelope of figure 17.

As figures 6(c¢) and (e) show, demands
predicted by analyses for static load may
be quite small in the upper half of walls.
As can be expected, during the response of
the building to vigorous seismic
excitations, much larger shear forces may

be generated at these wupper levels. A
linear scaling up of the shear foree
diagram drawn for statie locad,  ‘in

accordance with equation (18), would give
erronous predictions of shear demands 1in
the upper storeys. Therefore from case
Studies, the shear design envelope shown
in figure 17 was developed. It is seen
that the envelope gives the required shear
strength in terms of the base shear for
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Fig.18 A comparison of the design wall

shear

envelope with wall shear demands in a 12

storey hybrid structure predicted for two seismic event

the wall, which was obtained in Step 17.
Figure 18 presents some results of the
relevant study by Goodsir, Paulay and
Carr (1983) of a 12 Storey building. It
18 seen that the shear design envelope is

Satisfactory when Structures with
relatively slender walls, with ¢ = 0.4Y4,
were sub jected to the El Centro
excitation, The shear response of the
Structure MG s Tom walls is less
Ssatisfactory in the lower storeys. As may
be expected, the predicted demand for
Shear in pin based walls " is " less .

particularly as the

length of the walls,
B increases, It

should be noted that
tﬁé shear ratio, vy, defined by equation

(9) 1is not applicable to pinned base

walls, Shear loads predicted for the
Pacoima Dam seismic event were found to

consistently exceed the suggested design

With the aid of the shear design
envelope, the required amount of
horizontal (shear) wall reinforcement at
any level may be readily found. 1In this,

attention must bpe paid

approaches used by codes

to estimate the
contribution of the

concrete to shear

20

strength, Vc’ in . the
hinge and theé elastic
In the potential
extending Rw above
figures 15 and 17,
not the entire
need to
reinforcement.
parts of the wall,
may be relied
significantly to shear resistance,
allowing considerable reduction in the

demand for shear reinforcement.

potential plastic
regions of a wall.
plastic hinge region,
the base, as shown in
the major part of, if
design shear, V will
assigned O Sshear

the upper (elastic)
however, the concrete

on to contribute

be
In

219 Step 19

of each wall, over the

In the end regions
potential plastic

assumed length of the nge
hinge, provide adequate | el ;d
reinforcement to supply e requlf‘al
confinement to parts of the flex;lf‘re
compresssion zone and to prevent prematu
buckling of vertical bars. for

These  detailing  requirements [0
ductility are the same as recommended for
cantilever or coupled structural Hallsdian
eéxample in the New Zealand and Cana
concrete codes,

i RS e e

..........



¢ ASPECTS REQUIRING FURTHER STUDY

: ' osed capacity design procedure and
e przgcompanying discussion of the
i our of hybrid structures, presented

. Sity
pevious section, are by necess
in the P s s iy b

tructural gystems. The variety of ways
q

present problems to which a
actory solution will require, as in

ication of
her structures, the appl
many O judgement. This  may

cessitate some rational adjustments in
ne

ad 0 e dure. In
1ined step-by-step Pproce
:2: Olelowing, a few 8ituations are

£ 10 tEne
oned where such Jjudgemen .

men’;iication of the proposed design
;z Ehodo logy will De necessary. Some
directions for promising approaches are

als0 suggested.

6.1 Gross irregularities in the lateral
load resisting system

1t is generally recognised that the 1arger~
the departure from symmetry and regularity
in the arrangement of lateral 1load
resisting substructures within a building,
the less confidence should the designer
have 1in predicting likely seismic
response. Examples of irregularity are
when wall dimensions change drastically
over the height of the building or when
walls terminate at different heights, and
when s8etbacks peeurs Non-symmetrical
positioning of walls in plan may lead to
gross eccentricities of applied lateral
load with respect to centres of rigidity.

6.2 Torsional effects

Codes make simple and rational provisions
for torsional effects. The severity of
torsion is commonly quantified by the
distance between the centre of rigidity
lor stiffness) of the lateral load
resisting structural system and the centre
of mass, In reasonably regular and
Symmetrical buildings this distance
(horizontal eccentricity), does not
Z:’Bnificantly change from storey to
va‘;‘;e?- Errors due to inevitable
g talit';ic:.na of eccentricity over building
& god are thought to be compensated for
S € 8pecified amplifications of the
corg‘;tﬁ‘d (static) eccentricities. The
latEP:lionding assignment of additional
artie load to resisting elements,
diatanulaply those situated at greater
T ERRREsE fronm the  centre: of rigidity

(centre of horizontal twist), are intended
to compensate for torsional effects.

Because minimum and max imum
eccentricities, at 1least with respect to
the two principal directions of earthquake
attack, need to be considered, the
structural system, as designed, will
possess 1ncreased translational rather
than torsional resistance.

It was emphasised that the contributions
of walls to 1lateral 1load resistance in

hybrid sStructures usually change
dramatically over the neignt: -of - «the
building. An example was shown in
figure 6(c). For this reason in non-

symmetrical systems, the position of the
gentre  oF - TI1EIQity  may ' also  change
Signifricantly Trom [loor: to: Floor.

For the purpose of 1illustrating the
variation of eccentricity with height,
consider the example sStructure shown in

figure 6(a), but slightly modified.

Because of symmetry, torsion due to
variation in the position of the centre of
rigldity,- does not arise. Assume,

however, that instead of the two
symmetrically positioned walls, shown 1n
figure 6(a), two 6 m long walls are placed
side-by-side at 9.2 m from the left hand
end of the building, as shown in
figure 19, and that the right hand wall 1is
replaced by a standard frame. Because the
two walls, when displaced laterally by the
same amount as the frames, would in this
example structure resist T4% of the total
shear in the first storey, the centre of
rigidity would be 19.5 m from the centre
of the (mass) building. In the 8th storey
the two walls become rather ineffective,

Positions

of cenlres

of rigidity |
Fig.19 The variation of computed
torsional eccentricities in an

unsymmetrical 12 storey hybrid structure



of the
as they resist only abﬂ;:1y1:: much as
storey shear 1i.e. appfﬂximahe eccentricity

At this level t 1
As figure
eccentricities wou ld

din
vary considerably in this example buil g

to
between limits at the hottom and esp
the different aenses.

one frame.
becomes negligible.
the computed static

storey. Note also
Torsional effects on individual Coé;:l;iq
and walls will depend on the

of the system,

torsional resistance i
including the periphery frames along

long sides of the building.

6.3 Diaphragm flexibility

buildings, floor deformations

diaphragm actions are
negligible. However, when structural
walls resist a major fraction of the
seismically induced inertia forces in long
and narrow buildings, the effects of
inplane floor deformations upon - the
distribution of resistance to frames and
walls may need to be examined.

Figure 20 shows plans of a building with
three different positions of identical
walls. The building is similar to that
shown in figure 6(a). The contribution of
the two walls | lateral 1load
reééstance 1s assumed to be the same in
eacn of the
deformations Z:so:T;::d 5?3:Séa hDiaphPagm
shown approximately to scale b ct. e
i Pl Y the dashed

ations in the case
ff figure 20(a) would be negligibly small
1 comparison with those of the other two

cases, In decidin
g whether Such
deformations are significant, the

For most
associated with
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DPOSQPibed 'Bhﬂar‘
of 91(0&3.31\;-3

Oth
well wj.thin th

20(b) and
timated ‘N
dRma o

be infinitely pyg . “er

e aois ' 81 T E

to D of floors, e\,z;] LN~
crude approximationg . “Ne,
with  interstore,’ . 'Oulg

dr { p,
ppediCtEd by standard elastie an&;qul
gueh a comparison will then 1nd10atzai‘ﬂ*

he

relative importance of e

flexibility.
(b) In ductile Structures, Signify,

inelastic storey drifts ape
expected. The larger the b

deformations the less

frames which would result frop dia

deformations.
(¢) As  figure 6(c) i11lustrateq

contribution of walls to latera)
resistance in hybrid structures dhﬂmulEm
with the distance Shes

Therefore at upper

will be more evenly distributegd among tp,

walls and 1identical frames. This wir;
greatly reduce diaphragm inplane shes, ...
flexural actions. Hence diaﬁ?ﬁﬂq
deformations at  upper levels dgag:‘
diminish. Ould

(4}  Horizontal 1inertia forces ..
expected to increase with the di;ta:ﬂz

from the base, while inplane bending and
shear effects will diminish becausecx'i:
decreasing participation of walls at Up;;:

f‘%oors. Hence it may be concluded that
diaphragm flexibility 18 of Iesm;
importance in hybrid Structures of the

type shown in figure 20, than in buildings
wheﬁe lateral load resistance is provided
entirely by cantilever walls i.e.»dt;;:
the participation of any frames. 4

6.4 Prediction Of shear demand in walls

ihzu?ber of case studies for structures of
3.0 Y§e6shown in figure 6, typically with
indicat' o 7.0 long walls, have

iy that the capacity  design

procedure S8t out in Section 5, 1led to
Structures in which:

Cegé “helastic deformations
env1:§ ki <o remained within 1limits
. ged in recent codes . TypicallY

Storey drif
heights . t8 did not exceed 1% of storey

during the El

hinges in the columns of
u e colu
p??PD::fPGYS were not predicted.

ved column design shear forces
failure without the use

, R o reinforcement.
Otational ductility demands at the

columns and walls, remained
© limits readily attained In



detailed laboratory
p-ns such as studied by Corley,
'SPecime and oeaterle (1981) or by Paulay

| at
Fiora dsir (1986).
Pr-edicted shear demands in the upper
5. :

isfactorily
of walls were sat

& gor by the envelope shown 1in
catere 17. However, maximum dynamic shear
f1gure t the bases exceeded the design

o] (figure 18). |
tter feature was initially viewed

Therefore further studies
phenomenon, discussed previously

undertaken. Some of the

were
and 18, summarised in the following

ragraphs.
Pa(a)g predicted peak shear forces were of

ery short durations, typcially 0.02 to
;03 seconds. While there was no

expe-rimental evidence to prove it, 1t was
felt that shear failures during real

earthquakes could not occur within a few

hundredths of a second.
(b) The probable shear strength of a

wall, which could be utilized during such
an extreme event, 1s 1in excess of the
ideal strength (equation (18)) wused in

design.
(c) Some inelastic shear deformation

during the very few events of peak shear

should be acceptable.

(d) Walls and columns were found not to
be subjected simultaneously to peak shear
demands. Therefore the danger of shear
failure at the base, for the building as a
whole, should not arise.

(e) The simultaneous occurrence during
an  earthquake record of predicted peak
Shear and peak flexural demands was found
Lo be about the same as the occurrence of
peak shear demands., This means that when
maximum shear demand oceurred; it .did
generally coincide with maximum flexural

gemnds. Present code provisions in New
€aland were based on this precept.

Ueéfirugzi 4 safeguard against premature
i l:}ng In walls, which has been
(1981} th Corley, Fiorato and Oesterle
e 1. en large rotational ductilities
mposed on the plastic hinge region,

On on the maximum computed shear

this region 1is warranted. The
In  this measure 1is that the
N of the web region to the
_ diagonal compression is
Rioks o the region is also subjected
ﬂexural reversed ecyclic inelastic
Strains. One way to provide such

23

1,max
: < d el & P8 < U. 20
_7T:T_._ (0.34p K + 0.16) 9 (20)
where ¢ = wall overstrength factor

defined ?thtep 19,8 K.oow OHCCI1LILY TRCLOX
specified by the National Building Code of
Canada. Stresses are expressed in MPa,
As an example, when f = 400 MPa, a
typical value of ¢ wili be of the order
of 1a56,- 80 that Ofgr a complete ductile
system with K = 0.7, the maximum shear
Stress generated by the design shear force
glven by equation (18), will be limited to
0.53/FTE MPa

6.5 Variations in the contribution of
walls to earthquake resistance

The study of the seismic response of
nybrid structures has shown, as was to be
expected, that - the presence of. ‘walls
significantly reduced in the upper storeys
the dynamic moment demands on columns.
This 1is Dbecause the mode shapes of
relacively  stiff walls do not permit
extreme deformation patterns to develop in
the 1inherently more flexible columns.
Therefore moment increases in columns
above or below beams, due to higher mode
effects, as shown in figure 13, are much

smaller. This was recognised by the
introduction of a smaller dynamic moment
magnification fBeEOr: = e Tidt at

intermediate floors, ' as- discussed in
design Step 11 and as was shown in
figure 12, | The applicability of
appropriate values for w was supported
with a number of case studies (Goodsir,
Paulay and Carr (1983), Goodsir (1985)),
in which walls made a significant
contribution to the resistance of design
base shear.

The contribution of all walls to lateral
load resistance was expressed by the wall
shear -ratio, -V, introduced 1in design
Step 16. The minimum value used in the
example structure with two 3 m walls was
O0.44,

The question arises as to the minimum
value of the wall shear ratio, ¢, relevant
to a hybrid structure, for the design of
which the proposed procedure in Section 5
is still applicable, As the value of vy
diminishes, indicating that lateral load
resistance must be assigned primarily to
frames, parameters of the design procedure
must approach values applicable to framed
buildings. At a sufficiently low value of
this ratio, say 1y < 0.1, a designer may
decide to ignore the contribution of



ted a8
walls. Walls could th:” H;’jlgreﬁeed to
secondary elements whic displacements

ollow without distress, b1
g;étatéd by the behaviour L

The minimum value °f1:'a§§§1:éble has
procedure in Section 5 Tt  is felt that

not been established. appropriate 1imit.

w - 0-33 mlght be arl for Hhich

brid structures
S?T < whz .53, & - iinear interpolation of

ble ¢to
rameters applica
the relevant pa "duetile  hybrid

ductile frames and et
structures, seems  appropriate. T

parameters are w, W, s m*v and Rm.

7 SUMMARY

1. The methodology embodied in current

capacity design procedures used in New
Zealand, relevant to both ductile framed

buildings and those in “whieh seismi¢
resistance is provided entirely Dby
Structural walls, has been extended to
encompass hybrid structures. Appropriate
values were suggested for governing design

parameters.
2. Répgular” 6 “and . 12 storey buildings

with varying wall contents were designed
using this approach, and subsequently
subjected in analytical Studies to the El
Centro and Pacoima Dam accelerograms. The
generally good performance of these
buildings during the El Centro excitation
Suggested that prototype structures should
exhibit good seismic per formance,

3. A8 intended, energy dissipation was
found to oceur Primarily in beam and wall
base plastic ninge zones,

b, Columns were f'eund < &6 enjoy
protection against flexural yielding
€xcept at the base and top floor levels
where hinge formation was expected. A

dynamic magnification factor for COolumn
moments as smaljl as @ emis el proved
satisfaetory.

5. Column design Shear f

orces wwere
adequately predicted by the design
pProcedure ang generall ,
. Y found to be non-
: ii The provisions Of the lineap design
? moment envelopes restricteqd
Significant Iinelastic wall deformations

Pacoima pam event

analytically predicted Dhen@m&non

not be viewed With concernp, amml
8. The proposed envelopeq £ ﬁ
a1l ahear forces adequately I deﬁi

shear demands 1in the upper St(}reyiatimatgn
g, It g pelieved thas Ehe \é

proposed is 1logical ar}d Straighthf(}dﬁl

It should provide buildingg =S Orwapq

and carefully depailedl Wit .

seismic performance capabiljty exmﬂhm’
10 Using engineering Judgen,

approach 18 capable of belng extzt' the
T eans bt Ly T
govered  1in wnis paper, but S oy

consistent application of CaDaeitonly

principles.
Pl ke - excellent Seismic p

well balanced interacting duot ;

drift control and dispergy) Of
dissipating mechanisms thmughouenergy
structural system, shoulg encoyr
extensive use in reinforceq
buildings.
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