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SUMMARY

Seisme building codes include design provisions to account for the torsional effects arising in torsionally unbalanced
(asymmetric) buildings. These provisions are based on two alternative analytical procedures for determining the design
loact Bir the individual resisting structural elements. A previous study has shown that the linear elastic modal analysis
procedure may not lead to conservative designs, even for multistorey buildings with regular asymmetry, when such
structives are excited well into the inelastic range of response. The equivalent static force procedure as recommended by
codes may also be deficient in accounting for additional ductility demand in the critical stiff-edge elements. This paper
addreses the non-conservatism of existing static torsional provisions and examines aspects of element strength
distritution and its influence on inelastic torsional effects. A recommendation is made for improving the eflectiveness of
the cole-type static force. procedure for torsionally unbalanced multistorey frame buildings with regular asymmetry,
leading to a design approach which estimates conservatively the peak ductility demand of edge elements on both sides of
the bulding. The modified approach also retains the simplicity of existing code provisions and results in acceptable levels
of addtional lateral design strength. It has recently been adopted by the new Australian earthquake code, which is due to
be impemented early in 1993, )

INTRODUCTION

It is widely accepted that the two main objectives of earthquake-resistant design are to ensure safety of life
and te protect property. The design philosophy adopted by codes requires that buildings in seismically prone
regiors be designed to resist a major earthquake without collapse or failure and to resist moderate
earthguakes with little or no structural damage. Furthermore, these objectives should be achieved at the
lowes! possible additional costs; otherwise, the objective of protecting property would be undermined.
Results presented in a companion paper® and other related studies? ™ have shown that the static torsional
provisions of certain building codes, together with the alternative linear elastic modal analysis method, may
be deficient with respect to the primary objective of earthquake-resistant design referred to above, applicable
to buildings responding inelastically to a major earthquake. In particular, the provisions of the New Zealand
code (NZ 92, Reference 6) and the European draft seismic code EC8 (Reference 7), and to a lesser extent the
Canadian code (NBCC 90, Reference 8) may underestimate the strength demand of resisting elements at the
stiff edge of the structure, in cases of intermediate or large eccentricity. Excessively high additional
displacement ductility demand and increased risk of failure may, therefore, arise in these cases, compared
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with corresponding symmetric or torsionally balanced* ° buildings. In contrast, the torsional provisions
the Mexico 87 code® include additional requirements which increase significantly the strength capacity
stiff-side elements. These provisions have been found'® to lead to much lower peak ductility demand of sus
elements in idealized single-storey stiffness-asymmetric buildings compared with the reference symmeti
systems, and the same effect has been observed for stiff-side frame elements in the lower storeys of shoi
period and medium-period multistorey asymmetric buildings.! However, in view of the large increase in tl
total lateral design strength of such buildings compared with that of corresponding reference symmetr
systems,'! by a factor of up to 3-5 for structures with large eccentricities, the Mexico 87 code provisions a
generally considered to be overly conservative and, hence, uneconomical for design.

Of the major codes considered in a recent series of analytical studies,’™* only the torsional provisions
UBC 88 (Reference 12) have been shown to provide consistent protection against structural damage, to bo!
asymmetric buildings and corresponding symmetric or torsionally balanced reference systems, based in tt
asymmetric case on achieving uniform control of the additional ductility demand in edge resisting element
However, numerous studies (References 2 and 13, for example) have shown that the UBC 88 provision
along with others such as NZ 92 and to a lesser extent NBCC 90, may significantly underestimate the elast
strength demand and, hence, deformation of flexible-edge resisting elements. These codes may, therefore, t
non-conservative when used in damageability (or serviceability) limit state design for small or moderar
tarthquakes, referred to above.

In view of the above discussion, neither the static torsional provisions included in current seismic buildin
todes nor the alternative dynamic modal analysis method are considered sufficient to ensure a reasonabl
conservative design of asymmetric buildings in both the elastic and inelastic ranges of response. Employin
the relevant results of previous detailed studies of the earthquake response of code-designed asymmetri
structures, as well as a series of new analyses based on both single-storey and multistorey building model
this paper develops a recommendation for a modified static design approach, aimed at the prevention ¢
excessive ductility demand arising due to structural asymmetry. The features of this proposed approacl
vhich forms the basis of the static torsional provisions of the draft new Australian earthquake code,'* ar
that it is widely applicable, gives conservative estimates of the design loading and deformation of individuz
fesisting elements, retains simplicity for ease of code use and results in acceptable values of cost-relate
additional lateral strength (overstrength).

SELECTION OF DESIGN ECCENTRICITY PARAMETERS

Primary design eccentricity

When determining the design loading for flexible-edge elements, which are the critical elements in the cas
of the elastic response of asymmetric buildings, adequate allowance must be made for the dynami
amplifying effect acting on the static torsional moment, represented in codes by a factor, 4 1, applied to th
stiffness eccentricity, e,, to determine the primary dynamic eccentricity. Such amplification arises due to th
intensively studied torsional coupling effect.'>2° An amplification factor A4, = 1-5 has been incorporatex
into the Mexico 76 and 87 codes and in NBCC 90. This amplification factor (based on the early work o
Rosenblueth and Elorduy'?), or any other linear amplification factor, is highly simplistic and fails to accoun
for the non-linear relationship, in the elastic range of response, between the dynamic torsional moment an¢
the static stiffness eccentricity, e,. Furthermore, the important influence of the uncoupled torsional to latera
frequency ratio, Q, on elastic torsional coupling!® is also not accounted for by this or other linear stati
provisions. Therefore, such provisions may underestimate the elastic strength demand or deformation o
flexible-edge elements, especially for asymmetric buildings having small to moderate static eccentricity and €
close to, or slightly greater, than unity.!> However, the amplification factor of 1-5 matches the results o
elastic dynamic analyses reasonably well for buildings with intermediate or large static eccentricities.

On the other hand, the draft Eurocode EC8 primary dynamic eccentricity expression matches the results o
elastic dynamic analyses very accurately'? over the full range of realistic static eccentricities, for torsionally
stiff buildings with Q > 1-2. It also provides conservative estimates of the elastic strength demand of resisting
elements at the flexible edge in buildings with intermediate or low torsional stiffness (Q < 1-2). However, thit
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primay dynamic eccentricity expression is generally considered to be too complex in form, and for this and
other reasons it is difficult to apply in practical design situations.!!

Rutnberg and Pekau'” evaluated the mean plus one standard deviation of the peak dynamic (elastic)
displarement of flexible-edge elements in asymmetric buildings for five selected earthquake records and,
herice determined the expressions for the required lateral design loading. The results were then compared
with «¢sign displacements calculated using codified expressions for base shear and torsional moment. The
code-ype design torsional moment was determined as the product of the design lateral force and the primary
desigr eccentricity, ep,. The latter, in addition to the above-mentioned dynamic eccentricity, includes an
accidental eccentricity b, where b is the floor plan dimension measured perpendicular to the earthquake and
the fator § = 0-05 or O-1. It was concluded’” that the required primary dynamic eccentricity amplification
factor A, is in the range of 2-5-3-0 for small eccentricities, e, and approaches a value just above unity for
large sccentricities. Adopting a similar approach, Chandler and Hutchinson'® proposed the following
formua as the primary design eccentricity expression:

epy = Ae, + 0055 (1a)

where
Ay = [26 - 36(e,/b)], 4, > 14 (1b)

This scond-order design eccentricity expression gives an estimate of the peak flexible-edge displacement,
whichis close to the mean plus one standard deviation of the peak responses obtained from linear elastic
analyss using a large number of earthquake records. It corresponds to an amplification factor of about 26 at
small tatic eccentricities, with the amplification reducing linearly to a minimum value of 1-4, which applies
for lare eccentricities, e, > 0-33b (see Figure 1). It is also simple in form and straightforward to apply. For
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Figure 1. Primary dynamic eccentricity amplification factor of the proposed static design procedure (identical to that of the draft new
Australian earthquake code AS 1170+4), in comparison with Eurocode ECS and the Canadian code NBCC 90
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these reasons it has been adopted in the present study as the recommended primary design eccentrici
expression. The primary design eccentricity expression of equation (1) leads to a reasonably conservati
design of flexible-edge elements in the elastic range of response, as discussed in Reference 19 with regard
the draft new Australian earthquake code. The results of dynamic analyses given below are used to evalua
the corresponding inelastic performance (based on peak displacement ductility demand) of these elements
both single-storey and multistorey buildings, for structures subjected to severe earthquake excitations.

The primary dynamic eccentricity amplification factor A4,, given in equation (1b), has been plotted
Figure 1 in comparison with the corresponding amplification factors from the NBCC 90 code (namely 1-
ind Eurocode ECS. In presenting results for the latter code, it is assumed that the aspect ratio b/a of tt
building (with the dimension a measured parallel to the loading direction) is 3:1, and that the ratio «
'orsional to lateral stiffnesses is such that the corresponding uncoupled frequency ratio Q is less than 1-2, tt
range in which greatest torsional effects arise. The EC8 code specifies very high amplification factors fc
itructures with e, < 0-1b, but is slightly less conservative than the proposed static provision of equation (11
for buildings with intermediate eccentricities. For large eccentricities (e; = 0-3b), the provisions giv
ipproximately the same result, noting that for e, > 0-33b the minimum amplification of 1-4 applies for th
proposed provision. The NBCC 90 provisions are markedly less conservative than the above-mentione
cases for eccentricities e; < 0-25b, but, in contrast, for eccentricities e, > 0-3b the amplification factor of 15 :
the largest of the three cases considered.

Secondary design eccentricity

Studies of the inelastic response of code-designed asymmetric buildings'™> %11 have demonstrated the
additional inelastic ductility demand may arise in stiff-edge elements compared with symmetric system:
vhen large strength reductions are permitted. These effects are particularly significant for structures wit
intermediate or large eccentricities, and may be accentuated by higher mode contributions in the response ¢
multistorey asymmetric frame buildings, as studied in the companion paper! for structures responding we.
into the inelastic range. It was concluded in Reference 1 that the linear elastic modal analysis procedure ma
give non-conservative results when used to specify the design loading for stiff-edge elements. This metho
does not, therefore, provide an effective distribution of element strength under such loading condition:s
Hence, the appropriate specification of design loading for stiff-edge elements is a key issue. Since th
secondary design eccentricity expression of building codes usually controls the design loading of stiff-edg
elements,”® an improvement to the static design method may be achieved by selecting an appropriat
secondary design eccentricity expression, coupled if necessary with changes to the base shear provisions fo
siructures with intermediate or large eccentricities, in order to increase the design loading for resistin;
elements at the stiff edge. A combination of these approaches has been developed in this paper.

In the case of elastic response, it has been found!”-2° that, except for torsionally flexible structures, th
following secondary design eccentricity expression provides a good estimate of the dynamic peak displace
ment and, hence, the elastic strength demand, of elements on the stiff side of the centre of rigidity, CR:

ep, = Aye, — 0:05b, where 4, = 05 2

It should be noted that equation (2) is similar to that stipulated by NBCC 90, the accidental eccentricit)
component in the latter case being assigned the larger value, 0-1b. The ability of this provision to contro
additional ductility demand in stiff-edge elements has been studied previously for single-storey buildings?™
and for a particular type of multistorey asymmetric building,! and a modified form is recommended in thi
paper for reducing the additional ductility demand for buildings with intermediate or large eccentricity.

INELASTIC PERFORMANCE OF SINGLE-STOREY BUILDINGS

The proposed static torsional provisions represented by the design eccentricity expressions of equations (1
and (2) have firstly been assessed in application to a 3-element single-storey, stiffness-asymmetric building
model with a rigid floor diaphragm, as illustrated in Figures 2 and 4 of Reference 1. The lateral load-resisting
elements are assumed to be bilinear with 3 per cent strain hardening, and the element spacing, d (with
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elemnts located symmetrically about the centre of mass, CM), is selected such that the uncoupled torsional
to laeral frequency ratio € is unity. Elements 2 and 3 (the latter being the flexible-edge element since it is
situged farthest from CR) are assumed to have identical elastic stiffnesses. The stiffness eccentricity ¢, is
intrduced by increasing the stiffness of element 1 (the stiff-edge element) compared with that of the
sysnnetric reference model. The 5 per cent damped Newmark-Hall median response spectrum, illustrated in
Figue 3 of Reference 1, is used to define the elastic strength demand for the purposes of design. The base
shea force, Vg, or total lateral strength defined by design codes when following the static procedure has
beencalculated in accordance with the inelastic design spectrum shown in the figure referred to above. The
desim spectrum is derived from the elastic spectrum (which has been scaled to a peak ground acceleration of
03¢ using a force reduction factor R = 4.

Efenznt strength distribution from static torsional provisions

Tle effect of various static torsional provisions on element strength distribution is illustrated in Figure 2.
Thee fesign strengths have been normalized to the corresponding values in a reference system, defined such
that he element strengths are in direct proportion to their stiffnesses, that is, with no consideration given to
the tbirsional effect arising due to the eccentricity e, between CR and CM. The element strength ratios plotted
in Fgure 2 are, therefore, indicative of the allowance for the torsional effect made by the proposed static
provsions [Figure 2(a)] and those of the existing UBC 88 and NBCC 90 codes [Figure 2(b)]. It should be
notel that accidental eccentricity effects have been neglected for both the reference systems and those with
asynmetry. This procedure is considered justified for analyses of this type,®! as discussed in Reference 1,
sincenone of the factors from which such effects arise have been included in the analyses presented below.

“Wien equation {2 is applied, some reduction in element 1 strength arises compared with the reference
systen [Figure 2(a)], especially for buildings with intermediate or large eccentricities. For example, a
maxinum of about 25 per cent reduction in element 1 strength arises in buildings with e, /b = 0-35. However,
elerment 2 and to a greater extent element 3 experience significant increases in design strength, intended to
accont both for increases in elastic strength demand and the additional inelastic deformation of elements on
the fexible side of the structure. Related studies of code-designed structures®™ have shown that flexible-edge
displicements may be up to 3 or 4 times greater (compared to the symmetric cases) in highly asymmetric
systens with relatively low torsional stiffness, and that this ratio is not affected significantly by the design
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Figure 2. Element strength ratios for structures designed according to (a) the proposed static procedure based on equations {1} and (2},
and (b} the UBC 88 and NBCC 90 static torsional provisions
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srength of this element. It is observed from Figure 2(a) that the design strength of element 3 increases b
ritios greater than 4, when e, > 0-25b, which implies a degree of conservatism for design of the flexible-edg
eement in the inelastic range.

Comparison is made in Figure 2(b) between the element strength ratios resulting from the static torsiona
design provisions of UBC 88 and the Canadian code NBCC 90. The latter gives the same result for element
& in the present study, as expected, given that the secondary dynamic eccentricity A4,e,, where 4, = -5
asplies in both cases. However, UBC 88 allows no reduction of strength for this element. The amplificatios
fictor 4; = 1-5 in NBCC 90 gives significantly greater increases in the design strengths of elements 2 and 3
particularly at large eccentricities, compared with UBC 88 in which no amplification is required {4, = 1-0)
DNevertheless, at e,/b = 0-35, even the UBC 88 provision results in a strength ratio greater than 4, for the
hxible-edge element 3. For the same eccentricity, NBCC 90 gives a strength ratio of 57 for element 3, whict
isslightly higher than the proposed static method [equation (1), see F igure 2(a}], where the corresponding
ritio is 52,

drelastic response study

Three selected strong-motion earthquake records from stiff soil sites have been used in the analyses. These
hive been fully described in Reference 1, and consist of the Imperial Valley 1940 earthquake, El Centro SOOF
record; the San Fernando 1971 earthquake, 3470 Wilshire Blvd. NOOE record; and the Parkfield 1966
earthquake, Cholame Shandon No. 5 N85E record. The 5 per cent damped response spectra of these records
{exch scaled to 03¢ peak ground acceleration) have been shown in Figure 3 of Reference 1, in comparison
with the elastic and inelastic design spectra. The EI Centro spectrum closely matches the elastic design
spectrum over the full period range considered, whilst for periods greater than about 0-5 sec the Wilshire
Bivd. and Cholame Shandon records have spectral amplitudes much higher and much lower than the elastic
design spectrum, respectively. The response parameter characterizing the peak inelastic deformation of the
criical edge elements of the structure is the displacement ductility demand, shown in Figure 3 of the present
peper for single-storey structures with small, intermediate and large stiffness eccentricities, namely e, = (-1h,
0-1b and 0-3b. In order to reduce the differences in element ductility demand (in the medium- and long-period
ranges) between the results obtained using the various earthquake records, and thereby facilitate more
stiaightforward comparison, the records have been appropriately scaled in order that the ductility demand of
the symmetric reference systems (with equal values for each element) has a value close to or just below the
target design value of 4 in the above period ranges.??

The recommended static procedure leads to satisfactory inelastic performance of asymmetric buildings
having small eccentricity. However, the peak ductility demand of the stifi-cdge element 1 in asymmetric
buildings having intermediate and large eccentricities is excessive in the medium- to long-period range
(7, > 05 sec), compared with the reference symmetric systems. This trend is consistent for all three selected
earthquake records. The results clearly show that equation {1} gives conservative control of element 3
ductility demand, over the full range of eccentricities. In fact, this provision may be considered somewhat
overconservative for buildings with intermediate or large e,, which in the long-period range may have peak
ductility demands of only 1:5-3. This results from the allowance for significantly increased strength in this
element (compared with the reference system), shown clearly in Figure 2(a). Nevertheless, since the yield
displacement of this element has been increased in accordance with its increased strength, the peak
displacement at the flexible edge of the building may still be increased significantly (as discussed above), by a
combination of the torsional effect and inelastic response.

The results shown in Figure 3 illustrate the difficulty arising in asymmetric structures when attempting to
specify element strength distributions which satisfy both elastic and inelastic design criteria with reasonable
(and consistent) levels of conservatism. This problem has still to be satisfactorily resolved, with regard to the
performance of both the flexible-edge element (which is the critical element with regard to elastic
displacement and corresponding strength demand) and the stiff-edge element (which is the critical element
with regard to additional inelastic ductility demand). These issues are the subject of ongoing research studies.
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MODIFICATION OF LATERAL DFSIGN FORCE

Force reduction factor R

The inelastic performance of asymmetric buildings having intermediate and large stiffness eccentricitie
san be improved, as commented earlier, by adequately increasing the yield strength of stiff-edge resistin
:lements. For buildings designed by the static force procedure, this could be achieved by reducing the factc
4, = 05 applied to e, in equation (2), for highly asymmetric structures. However, this procedure would ten
'0 undermine the simplicity of the secondary design eccentricity expression, which in its recommended forr
ias been shown to give satisfactory inelastic performance for buildings with e, < O1b, as well as leading ¢
weeptable elastic response’ #% over a wide range of the stiffness eccentricity e,. It is, therefore, considere
desirable to preserve the form of the secondary design eccentricity, as given in equation {2},

An alternative method of increasing the design strength of stiff-edge elements is to employ a smaller forc
teduction factor, R, for asymmetric buildings having intermediate or farge eccentricities. Parametric studie
«f the inelastic response of single-storey plan-asymmetric buildings'! have concluded that using a smalle
eduction factor and, hence, increasing the total strength of asymmetric buildings not only decreases th
everall inelastic response of resisting elements but also reduces the significance of additional displacemen
cuctility demand in stiff-edge elements, that is, the effect of stiffness eccentricity is reduced. The regularit;
rquirements of the Mexico 87 code® incorporate such a procedure, as evaluated in Reference 1. This cod:
stipulates that if the stiffness eccentricity e, exceeds 0-1b, then the force reduction factor, @ (which i
equivalent to R for medium- to long-period structures®?), should be multiplied by a factor of 08, which
equivalent to increasing the design base shear by 25 per cent.

Figure 4 presents the peak ductility demand arising in elements 1 and 3 of asymmetric buildings with
intermediate (e, = 0-2b) and large (e, = 0-3b) stiffness eccentricities, compared with that of the corresponding
reference symmetric systems. In order to assess the influence of the regularity requirement of the Mexico 87
code, outlined above, and to consider its more widespread use in code static procedures, these structures have
been designed initially using a base shear determined in accordance with the Mexico 87 code desigr
spectrum,?® with a force reduction factor Q = 4. This design base shear has then been increased by 10, 25 anc
53 per cent from the codified value. The 25 per cent increase is in direct accordance with the code
recommendations applying when e, > 0-1b. Finally, the yielding strength distribution amongst the resisting

{a) e, = 0.2b (b} e, = O.3b
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Figure 4. Peak ductility demand of resisting elements 1 and 3 of single-storey buildings designed in accordance with the Mexico 87 code
inelastic design spectrum (force reduction factor @ = 4) with an increased design base shear of 10, 25 and 50 per cent, and the proposed
static torsional design procedure (Mexico City 1985 SCT1 EW earthquake record)
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elemmeits is determined by applying the increased base shear at distances from CR equal to the proposed
des:ign eccentricity expressions of equations (1) and (2), taking the worst case for each element. Note,
howvevr, that for the reasons given above the accidental eccentricity 0-1b has been neglected in distributing
the deign strength. For these analyses, the Mexico City (1985) SCT1 EW record has appropriately been used
as theground motion input.

Theresults shown in Figure 4 demonstrate that whilst a 10 per cent increase in the design base shear is
adequte for buildings with e, = 0-2b (intermediate eccentricity), it nevertheless still results in significant
additiemal ductility demand of element 1 for lateral periods T, > 1-0 sec, in the case of buildings with large
eccenticity (e, = 0-3b). On the other hand, although a 50 per cent increase in the design base shear results in
satisfastory inelastic performance of element 1 in buildings with e, = 0-3b, it is overly conservative for
buildiigs with e, = 0-2b. An increase of 25 per cent in the design base shear generally results in reasonably
consewative and, hence, satisfactory inelastic performance of the stiff-edge element in asymmetric buildings.
This cinclusion is based on the results given in Figure 4, for example, and more detailed studies presented in
Referece 11.

Strengh factor applied to stiff-edge element

Incrasing the design base shear results in a proportional increase in the design strength of element 3 and,
hence,in view of earlier comments, may exaggerate the conservatism of the design procedure in relation to
flexibl-edge elements. Hence, it is desirable that the strength factor for the design of highly asymmetric
buildiigs should instead be applied only to the stiff-edge element. This should logically be carried out after
applyig the secondary design eccentricity as defined in equation (2). A suitable form of this loading or
strengh factor is illustrated in Figure 5, with a linearly increasing value (to a maximum of 1-25) for structures
with eicentricities e, between 0-1b and 0-2b.

Figue 6 presents the results of analyses carried out incorporating the strength factor for element 1, with
the noninal design strength (V) determined in accordance with the Newmark—Hall inelastic spectrum with
force r:duction factor R = 4. It is observed that the 25 per cent increase in design strength of element 1 in
systens with e, = 0-2b and 0-3b leads to acceptable additional ductility demand in this element, the values
not geerally exceeding a ratio of 12 compared to the reference symmetric case. The performance of
elemert 3 is, as expected, similar to that presented in Figure 3. In fact, the effect of the strength increase in

1.5 L] LJ L L] L i T L3 T

Strength Factor Applied To

Stiff-Edge Element

0.5 1 1 1 1 1 1 1 1 i
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Figure 5. Factor applied to the design strength of element 1 determined from static torsional provisions
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elexment 1 for the cases e, > 0-2b tends to result in slightly higher ductility demand in element 3 and, hence,
red ucel the degree of conservatism for this element compared with earlier results.

Effect if strength factor on horizontal strength distribution

Figue 7 shows the element strengths and total lateral strength based on the proposed static approach
(with ad without inclusion of the strength factor applied to element 1), each normalized to the nominal
designbase shear (V,,) obtained from the inelastic design spectrum. The total lateral strength exceeds the
nornind value by an overstrength ratio, OS, as plotted in the figure. For the symmetric case (e, = 0),
OS = ‘0 and each element is assigned one-third of the nominal design strength. As the eccentricity increases,
with orresponding increases in the stiffness of element 1, the strength allocated to this element also
increass, to a value of about 0:6V}, (before application of the strength factor), when the eccentricity
e, = 0-5b. There is a small decrease in element 2 strength with increasing e,. The form of the primary
dymamc eccentricity expression, with a reducing amplification factor with increasing e, (Figure 1), leads to
elemen 3 strength increasing to a maximum of about 0-55V,, when e, = 0-2b, thereafter decreasing as a
result ¢ the highly reduced stiffness of this element for large values of e,.

T he yverstrength ratio, OS, peaks at a value of about 14, at e, = 0-25b. This peak value is in general
agreement with that of existing code provisions.”'! For very large eccentricity (e, = 0.35b), the over-
strengti ratio associated with the proposed static procedure (not including the element 1 strength factor) is
about 135, which is slightly smaller than for either the UBC 88 or NBCC 90 codes, for which OS = 1-42 in
both cses.'! The effect of the strength factor applied to element 1 is also shown in Figure 7, with OS
increasng almost uniformly to a value just greater than 1-5 at e, = 0-2b; thereafter, OS remains approxim-
ately omstant with increasing e,. The element 1 strength becomes proportionally larger for e, > 0-1b,
increasng to a value of 0-75V,, at e, = 0-35b.

The jeak overstrength ratios quoted above are increased by approximately 0-12 when an accidental
eccentrrity component of 0-05b is included, as in the proposed static procedure and the UBC 88 code. The
correspynding increase is approximately 0-25 for codes employing an accidental eccentricity of 0-1b, for
exampl, NBCC 90.
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Figure 7. Element strength distribution and total lateral overstrength ratios for buildings designed by the proposed static procedure
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APPLICATION OF MODIFIED STATIC PROCEDURE TO MULTISTOREY BUILDINGS

The modified static torsional design approach developed above is intended to provide a method for ti
lorizontal distribution of lateral storey design strength in multistorey regularly asymmetric frame building
vith idealized properties as described in Reference 1. In this section, an evaluation is made of the effectivene
o this design procedure for inelastic torsional design of such buildings. Initially, a 5-storey model with
findamental uncoupled lateral period T, of 05 sec is employed for this purpose, with the earthquake later
liading assumed to increase linearly towards the top of the building, as in the majority of code desig
rrovisions. For the symmetric (reference) buildings, the linear elastic modal analysis approach has also bee
wed as a method of distributing the base shear over the building height.

The peak displacement ductility demands of columns in frame elements 1 and 3 are presented in Figures
and 9, for buildings with e, = 0:1b, 0-2b and 0-3b, and for two earthquake input records, namely El Centr
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Figure 8. Peak ductility demands of elements 1 and 3 of a 5-storey model designed with a linear distribution of base shear over th
height and the proposed equivalent static torsional procedure; El Centro S00F record

(a) Element 1 (&) Element 3
5 g
4k 4k
Eal Ty
3 3
§ 2 § 2k
T g
0 4 L. k. i 1 L i, 0 3 & i)
2 3 4 5 8 7 8 810 5 2 3 4 5 8 8 10
Displacement Ductitity Oemand Dispi 1 Ductility D d
Symmetric, static procedure e, = 0.1b
. fm e S e
Symmetric, modal analysis g, = 0.2b
B ST .

Figure 9. Peak ductility demands of elements 1 and 3 of a 5-storey model designed with a linear distribution of base shear over the
height and the proposed equivalent static torsional procedure; 3470 Wilshire Blvd. NOOE record



TORSIONALLY UNBALANCED MULTISTOREY FRAME BUILDINGS 459

SOOE and 3470 Wilshire Blvd. NOOE, respectively. It is apparent that the modified static torsional design
apprach leads to lower ductility demands for element 3 compared with the corresponding symmetric
buildhg. However, despite the strength factor applied to columns in frame element 1, the static approach in
the fom developed for single-storey buildings leads to significant additional ductility demand at certain
levelsin element 1 when the stiffness eccentricity is large (e, = 0-3b). This is apparent in the upper storeys for
the bulding subjected to the El Centro record, and in the intermediate storeys for response to the Wilshire
Blv-d. record. However, for buildings with e, < 0-2b, the proposed approach leads to satisfactory inelastic
per fomance of both elements 1 and 3.

Sone codes recommend the application of a concentrated design force at the top of a building, as a
modifcation to the linear vertical distribution of design loading.®*®'? Apart from the NZ 92 code, this top
force is not required for buildings with fundamental periods lower than 0-7 sec. In Reference 1, it was
conaclided that this top force has an important effect in reducing the inelastic response of frame elements in
the upper storeys. It was found that the ductility demand in such elements can be excessively high when a
simpl¢ linear distribution of earthquake design loading is assumed, due to the increased contribution of the
higheimodes to the structure’s total response, which arises in inelastic structures with relatively short elastic
periocs due to period elongation on yielding. It is concluded from the results shown in Figures 8 and 9 that
the to force, F,, is required even for short-period structures, as in the NZ 92 code,® which requires F, to be 8
per cet of the base shear, irrespective of the period.

Onthe basis of the above arguments, the 5-storey model having a large stiffness eccentricity (e, = 0-3b) has
been rdesigned by applying a top concentrated force F, of either 0, 5, 10 or 20 per cent of the base shear, and
distrituting the remainder of the base shear linearly over the height. The modified static procedure (including
the stength factor of 1-25 for element 1) is again employed for the horizontal distribution of the storey
shears Figure 10 shows that the application of the top force reduces significantly the inelastic response of
columns in the upper storeys of frame element 1. It also decreases slightly the peak ductility demand of
columns in the intermediate storeys, but has essentially no effect on the inelastic response of columns in the
lower storeys. Whilst a value of 5 per cent of the base shear for F, is insufficient to reduce the additional
ductilty demand in the upper storeys to acceptable levels, a value of 20 per cent of the base shear may be
consicered overly conservative for this purpose. The results corresponding to a top force of 10 per cent of the
base shear are close to those of the corresponding symmetric building, and, for the example 5-storey building,
this velue (which is only slightly higher than that recommended by the NZ 92 code) is, therefore, considered
appropriate.

Finully, analyses have been made of an 8-storey model with fundamental uncoupled lateral period
T, = 10 sec, designed by applying a top concentrated force F, equal to 10 per cent of the base shear and
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Figure 10. Peak ductility demand of element 1 of a 5-storey model with e, = 0-3b and designed by the proposed static torsional design
procedure, with a top force F, of 0, 5, 10 and 20 per cent of the base shear, plus a linear distribution of the remainder of the base shear
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dstributing the remainder of the base shear linearly over the height. The proposed static procedure is aga
wed for the horizontal distribution of storey shears. The results given in Figures 11 and 12 indicate that t}
@ove approach gives satisfactory inelastic performance of both the stiff-edge and flexible-edge elements. 1
particular, the additional ductility demand for element 1 when ¢, = 0-3b, which arises in the middle to uppx
soreys, is now limited to acceptable values (compare Figures 11 and 12 with Figures 8 and 9, for example

It is debatable whether the design of element 3 is over-conservative for structures with e, = 02b, but th
cin be corrected only by reducing the provision made in the primary design eccentricity [equation (1)] fc
ircreased strength in this element to accommodate the elastic strength demand when designing for moderai
eurthquakes. The need to study the effect of the variation of the parameters defining the primary desig
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Figare 11. Peak ductility demands of elements 1 and 3 of an 8-storey model designed in accordance with the proposed static torsional
prosedure, with a 10 per cent top force together with a linear distribution of the remainder of the base shear; El Centro SO0E record
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Figure 12, Peak ductility demands of elements 1 and 3 of an 8-storey model designed in accordance with the proposed static torsional
procedure, with a 10 per cent top force together with a linear distribution of the remainder of the base shear; 3470 Wilshire Blvd.
NOOE record



TORSIONALLY UNBALANCED MULTISTOREY FRAME BUILDINGS 461

eccenticity, over a range of values of the force réduction factor R (with R = 1 representing structures
desigred to reach the threshold of yielding), is apparent from the results presented in this paper. Reference 2
contans results for single-storey buildings, and recommends that the design eccentricity should be defined
differetly for elastic and inelastic systems. The present paper has confirmed the desirability of this approach,
for boh single-storey and multistorey buildings, whilst presenting a unified static torsional design approach
givingreasonably conservative results for asymmetric-plan systems in both the elastic and inelastic ranges,
when comparing peak element ductility demands with reference symmetric-plan systems.

CONCLUSIONS AND RECOMMENDATIONS

Basedon the results of a companion paper,’ it was concluded that the linear elastic modal analysis procedure
recommended by codes for the design of regularly asymmetric buildings is inadequate when such buildings
are exited well into the inelastic range, even if the total strength obtained by modal analysis has been scaled
up to re the same as that of corresponding symmetric structures. It was, therefore, concluded that a solution
for aaieving satisfactory inelastic performance of asymmetric buildings without carrying out an inelastic
dynanic analysis can best be achieved by improving the static force procedure rather than relying on linear
elasticmodal analysis.

Bas:d on results obtained for both single-storey and multistorey building models, the latter idealized as
regulaly asymmetric frame structures, a modified equivalent static force procedure for torsional design has
been ceveloped. This approach gives satisfactory elastic and inelastic performance of structures with a range
of stifhess eccentricities, and also gives consistent protection against excessive ductility demand arising in
both ymmetric and asymmetric buildings. Other advantages of this approach are that it retains simplicity
for eae of code use and results in acceptable increases in total strength, compared with corresponding
symmtric buildings.

Theapproach may be considered overly conservative for the design of flexible-edge elements in buildings
excited well into the inelastic range, when such elements have been designed in order to ensure control over
elastic strength demand in response to moderate earthquakes. Accordingly, the equivalent static method
shoulc be further examined, with a view to making refinements to accommodate the different design criteria
for elatic and inelastic systems. The design of multistorey asymmetric buildings with structural systems
based primarily on structural (shear) walls, or dual frame-wall structures, should also be investigated, in
order (0 assess the range of application of the proposed static method.
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