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Abstract

Soft storey buildings are common in regions of logaismicity and are considered particularly
vulnerable due to their limited displacement cafyadihis paper presents a displacement based
(DB) method for assessing limited ductile R/C frameldings and particularly soft storey
buildings. The paper addresses both the challeoigésfining hazard levels in lower seismic
regions and developing representative load-driftvesi for limited ductile columns. The
displacement demand in regions of lower seismigrgy typically modest and in the range of
20-100mm depending on the soil conditions and #tern period event. The displacement
capacity of lightly reinforced concrete columnsnist well understood and a detailed and
simplified model for estimating the load-drift bef@ur is presented. The detailed model
clearly indicates the dramatic impact that the lawiad ratio has on the drift performance of
lightly reinforced columns with the drift capacigducing from 5.0% to 1.0% for compression
dominated columns.

Keywords: Drift capacity, axial load ratio, limited ductileolumns, soft storeys, hazard
estimates, intraplate seismicity, seismic perforoeadisplacement based

1. Introduction

Studies undertaken by the authors in recent yeass imdicated that the existing building stock
at most risk of damage and collapse from earthga&&iation in lower seismicity regions such
as Australia are unreinforced masonry buildings maforced concrete frame buildings that
are configured such that a soft storey exists likety to develop. Soft storey buildings possess
storeys that are significantly weaker or more fthdithan adjacent storeys and where
deformations and damage tend to be concentratédst®oeys commonly occur at the ground
floor where the functional requirements dictate ighér ceiling level or a more open
configuration, such as for car parking or retadap resulting in an inherently weaker and more
flexible level as shown in Figure 1. In high seisnmegions soft storey structures and
unreinforced masonry are banned, yet in regiorlswér seismicity such building types and
configurations are common and are often occupiedoiganisations with a post-disaster
function or house a significant number of peopl@spaper addresses the performance of soft-
storey buildings under earthquake excitations $igadly. Research findings presented in this
paper are directly relevant to low-moderate seisegons worldwide and particularly SE Asia
where similar soft-storey structures of limited tillity are commonly constructed.
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Figure 1 Typical soft storey buildings

Soft-storey buildings are considered to be pariidylvulnerable because the rigid block at the
upper levels has limited energy absorption andakgment capacity, thus leaving the columns
in the soft-storey to deflect and absorb the sasmergy. Collapse of the building is imminent

when the energy absorption capacity or displaceroapécity of the soft-storey columns is

exceeded by the energy demand or the displaceneemirt. This concept is best illustrated
using the ‘Capacity Spectrum Method’ shown in Fgg@& where the seismic demand is
represented in the form of an acceleration-dispherd response spectrum (ADRS diagram)
and the structural capacity is estimated from alim@ar push-over analysis expressed in an
acceleration-displacement relationship (as illusttan Wilson & Lam, 2006).

The structural displacement capacik)(is obtained from a non-linear push-over analysis
where the designer calculates the displacementuaction of increasing horizontal force until
the structure is deemed to have failed. In thisexn “failure” is assumed to have occurred
when the overall structure ceases to be able tpastiphe gravitational loads and collapse
follows (conservatively assumed as 50% of the nahlateral capacity). There is an important
distinction between this definition of failure (ierms of ensuring sustained gravitational load
carrying capacity) with the traditional definitiaf failure used in high seismic regions for
ensuring that horizontal resistance capacity isadt 80% of the nominal capacity.

The resultant force-displacement plot is commompwn as the “push-over” (or capacity)
curve which indicates the capacity of the structordeform, and can be transformed into an
acceleration-displacement curve by normalisingtige shear with respect to the mass of the
building. Calculations in developing the transfochoapacity curve are material dependent but
should include effects such as the elastic an@stiel deflections of the structure together with
deflection contributions from foundation flexibytiand P-delta effects.

The structure is considered to survive the desagthguake if the capacity curve intersects the
demand curve and collapse if the curves do notsatt. In regions of high seismicity, the
maximum displacement demand could exceed 200-30@mich translates to a drift in the
order of 5-10% in a soft storey structure. Sucft demands are significantly greater than the
drift capacity of soft storey structures even & ttolumns have been detailed for ductility. This
is the reason soft-storey structures have behawvedypand collapsed in larger earthquake
events around the world.

In high seismic regions, buildings are configured aetailed so that in an extreme event a

rational yielding mechanism develops to dissipaie énergy throughout the structure and
increase the displacement capacity of the buildidgctile detailing in reinforced concrete
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columns includes closely spaced closed stirrupsotdine the concrete, prevent longitudinal
steel buckling and to increase the shear capatcdglomns (Mander, 1988; Park, 1997; Paulay
& Priestley, 1992). The emphasis is on the preeentf brittle failure modes and the
encouragement of ductile mechanisms through thedton of plastic hinges that can rotate
without strength degradation to create the ratigretling mechanism.

Current detailing practice in the regions of loveeismicity typically allow widely spaced
stirrups (typical stirrup spacing in the order loé tminimum column dimension) resulting in
concrete that is not effectively confined to prevanishing and spalling, longitudinal steel that
is not prevented from buckling and columns thatvaeaker in shear. Design guidelines that
have been developed in regions of high seismi&fyd40, FEMA273) recommend a very low
drift capacity for columns that have such a lowelesf detailing. The application of such
standards in the context of low-moderate seismicdgions results in most soft-storey
structures being deemed to fail when subject tcetirthquake event consistent with a return
period in the order of 500 — 1500 years. Previdudies by the authors have confirmed the
conservative nature of these guidelines (Wibowal €009, Wilson et al 2009).
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Figure 2 Capacity spectrum method

The overall aim of this paper is to present a mghmgy that can be used to assess the seismic
performance of lightly reinforced concrete softrejostructures. Section 2 presents the seismic
demand in regions of lower seismicity including igcdssion on displacement controlled
behaviour and probabilistic hazard analysis, wtslsttion 3 presents push-over curves for a
range of lightly reinforced concrete columns udiogh detailed and simplified models. The
resulting demand and capacity curves can be odeulsing the Capacity Spectrum Method
(CSM) as illustrated in Figure 2 and summarise8ewtion 4.

2. Seismic Displacement Demand

2.1 General

The current force-based design guidelines are fedirmh the concept of trading strength for
ductility to ensure the structure has sufficienergly absorbing capacity. The developing
displacement-based (DB) design methodologies nmsylad calibrated to fulfill this objective

more elegantly (eg. Priestley et al, 2007 & 2011ls@h & Lam, 2006). In each load-cycle, the
amount of energy absorbed is equal to the intggraduct of the resisting force (strength) and



deformation (“ductility”). This approach assumesttithe imposed kinetic energy does not
subside during the displacement response of tHdibgiwhich is not unreasonable in regions
of high seismicity where the earthquake magnitualeslarger and the duration of ground
shaking longer. The limitation of this approachlower seismic regions is examined herein
with the idealized pulses shown in Figure 3.

The velocity developed in an elastic single-degrereedom system would increase with

increasing natural period (T) until T approachesghlse duration{f when maximum velocity

is developed. Importantly, as T continues to inseedhe velocity demand subsides while the
displacement levels-off to a value constrainedh®gy geak ground displacement (PGD). It is
hypothesized that this phenomenon of displacememtiralled behaviour can be extended to
inelastically responding systems in which case dé&esponds to the time taken by the
structure to load-and-unload.
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Figure 3 Displacement and velocity response spectfeom a pulse

The single-pulse scenario, despite its simpliaititiCh is convenient for illustration), has been
used in formal evaluations to quantify the seisde@mand of the more complex pulse trains in
small and moderate magnitude earthquakes on rtekisiintraplate regions (Lam & Chandler,

2005). However, on some soft soil sites, the damieent demand of periodic pulses on the
structure can be many times higher than the PGDhwbaditions pertaining to soil resonance
behaviour are developed. Even then, the peak deplant demand on the structure is well
constrained around a definitive upper limit.

Research undertaken by the authors (eg. Lam 20@0a-c, 2001, 2003; Lam & Wilson, 2004;
Wilson & Lam, 2003 & 2006; Lam & Chandler, 2004)shaulminated in the drafting of the
new Standard for earthquake actions for Australckv incorporates this important upper
displacement demand limit (AS1170.4-2007). The AR14 response spectra scaled for a 500
year return period hazard factor of Z=0.08g (whechresponds to a notional peak ground
velocity of PGV=60 mm/sec) has been plotted in Fegd for different site classes A-E (hard
rock to very soft soil) in an ADRS format (acceteya-displacement response spectra format).
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The appropriateness of a 500 year return periodtdee the ultimate limit state in regions of
lower seismicity is discussed further in Sectiad 2.

The response spectra are consistent with an upp&rdisplacement demand (PDD) of between
30 mm and 90 mm depending on the soil conditiortees€ predictions, associated with
displacement-controlled behaviour, were based an ahsumption that the earthquake
magnitude would not exceed an upper limit of aroltx¥ in view of the size of active faults
that have been identified within most intraplagioes. This results in a corner period e£T.5
seconds that defines the point between constantiteland constant displacement on the
ADRS diagram. Recent studies by the authors hafrowd the appropriateness 0$=IL.5
seconds associated with earthquakes up to magmtedgLumantarna et al 2012).
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Figure 4 AS1170.4 ADRS diagram for Z=0.08

This new displacement-controlled design concepi@ated with an upper displacement limit,
Is particularly relevant to low-moderate seismigio@s where the size of active faults are more
modest. In theory, similar displacement constraiotgdd be identified for high seismic regions
but the associated larger displacement demands/alaeld not be tolerated by most structures
and hence is of limited practical interest.

2.2 Torsional behaviour

The plan configuration of buildings often resultstive centre of strength and centre of mass
some distance apart due to functional architecwowaktraints. According to current concepts
(which are supported by field experiences in majnthquakes), the building is expected to
translate and rotate in plan, amplifying the digtmands in the columns which are more distant
from the centre of strength (eg. Lam et al 199&wkver, displacement-controlled behaviour
could also mean that the maximum displacement ddnoanthe structure is insensitive to
changes in mass (hence natural period) as the maxitisplacement demand limit is reached.
Consequently, different parts of the building hthwetendency to displace by similar amounts,
even if the distribution of the tributary massed/anlateral resistant elements are non-uniform.
This leads to another important concept that thgimam displacement at the edges of a
torsionally irregular building can be conservatywektimated by multiplying the translational
displacement demand by a torsional amplificatiactdia(\M). It has been found from recent
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research that this amplification factor is limitedvalue oM=1.6 by displacement-controlled
behaviour (Lumantarnet al, 2013).

2.3 Probabilistic Hazard Analysis

Contemporary codes of practice for the earthqua&sigd of structures generally use
probability seismic hazard analysis (PSHA) to actdor the uncertainty in the level of ground
motion expected at a site. The probability of exieeee or return period (RP) associated with
a design event at a site requires a balance betegestrand risk and is usually established and
recommended by Government authorities. The PHSAquhare uses historical data and trends
to predict the occurrence of future potentially tdegive seismic events. Clearly such
predictions would only be realistic if the periofiabservation is sufficiently long to capture
the underlying seismic processes which are resplendor future events. The PSHA
methodology and return period selection is welhlkshed for regions of high seismicity, but
is much more difficult for regions of lower seisiitycsuch as Australia, where there is a paucity
of data and no tectonic model to guide the process.

In Australia, the Australian Building Control BoafdBCB) have recommended a probability
of exceedance of 10% in 50 years for the ultimaté ktate (ULS) design of normal structures,
which correlates with a return period (RP) of 4@ang, which is commonly rounded off to 500
years. At the ULS, it is expected that the facilbaybe heavily damaged but would not
collapse, with the emphasis on life protection eatthan building damage avoidance. Such
return periods are considered reasonable for légmic regions where the maximum credible
earthquake event could be expected to occur dtiisgeriod. However, in regions of lower
seismicity, such as Australia, much greater graahraking could occur from rarer events with
a much higher return period. The seismicity in Aaigt is not dissimilar to the eastern parts of
North America, where in countries such as Canadaagpaities have set a return period of 2500
years for the design of structures to resist eaeke ground shaking.

The recent series of earthquakes in ChristchurcB, Nave highlighted the extreme
consequences of earthquakes that exceed the nobii@ajear design earthquake predicted
from PSHA studies. This issue has been highligtheether with the release of Geoscience
Australia’s updated earthquake hazard map for Aliatin November 2012, which reduced the
seismic hazard for a 500 year RP event but sigmitlg increased the hazard for RP greater
than 1500 years (Leonard et al 2013). The map éas developed thoroughly using the latest
science and complex modelling techniques appliealdparse data set, resulting in a map that
is dominated by recent past earthquake eventsafifsar as ‘hotspots’. The updated hazard
map is shown in Figure 5 where the hazard is repted by an effective peak ground
acceleration or ‘Z’ factor. The map is not baseddactonic model that is typically developed
for high seismic regions with a certain degree@ifdence and certainty. Consequently, the
hazard map developed for low seismic regions sgcAuwstralia has significant uncertainty,
since past events are not necessarily good presliofduture events. An example of this is a
location near Tennant Creek that experienced thi@2-6.5 events on one day in January
1988, but before that was considered a region 9f keev seismicity and tectonically stable.
The 500 year RP seismicity levels in the GA 2012and map are generally less than the hazard
map values in the current Australian Earthquakedirgpa Standard AS1170.4 (2007), which
were developed by GA in the late 1980s and shovaguare 6. However, the 2012 GA updated
probability factors for adjusting the 500 year Ritues for longer RP events are greater than
the current published values in AS1170.4 as showkigure 7. This is illustrated in Table 1,



where the seismic hazard (Z) values for Melboumestbeen listed for different RPs using the
current AS1170.4 (2007) ‘Z' values and the updaéd2 GA ‘Z’ values. (The ‘Z’ values
represent the effective peak ground acceleratiohrelate to a Peak Ground Velocity (PGV)
using a linear conversion factor of Z=0.10 corregpong to a PGV=75 mm/sec). Table 1 clearly
shows the reduced 2012 hazard values for the 580R/@ event, which then steadily increase
to be greater than the 2007 hazard values beydd@@year RP.

Table 1 also includes the equivalent magnitudeadist (M-R) combinations corresponding to
the different RP events based on the PGV and gletidws that for any given magnitude
earthquake event, the proximity of the earthquakkices with increasing RP and hence the
ground shaking significantly increases. This higihis the challenges associated with designing
for earthquakes in low seismicity areas and dennatest that the 500 year RP event is quite
small compared with longer RP events.

Table 1 Seismic hazard and equivalent M-R earthqaakvents for different RP in

Melbourne
Parameter RP=500yr RP=1000yr RP=1500yr RP=2500yr =5B00yr
Z (2007) 0.08 0.09 0.12 0.15 NA
Z (2012) 0.06 0.10 0.12 0.18 0.24
PGV (2012)] 50 mm/sec| 70 mm/se¢ 90 mm/sec 150 mmjsec 200 mm/sec
M=7.0 R=90km R=70km R=50km R=35km R=25km
M=6.5 R=40km R=30km R=25km R=15km R=10km

This information has also been plotted in Figuia &rms of the design loading expressed in
the format of an ‘acceleration displacement respamectra’ (ADRS diagram) for Melbourne

with different return periods. The ADRS diagramaelg shows that the 500 year return period
design event is quite small compared with the longéurn period events which has real
implication from a disaster reduction perspectmedrger cities. The scenario is very different
in high seismic regions where the 500 year retemmop event is close to the maximum event
that will occur due to the increased seismicityelsy

The selection of the appropriate return periodiier ULS design is clearly difficult in regions
of lower seismicity and currently varies betweerD %hd 2500 years depending on the
individual country’s regulatory environment and gednent resulting in significantly different
seismic demands. In Australia, it is recommended #hthreshold value of%=0.08 be
introduced as an interim measure to overcome theréamt hazard uncertainty and to ensure a
minimum level of protection and resilience agametthquake shaking. This threshold concept
has a precedence in NZ wherenaZ0.13 value is used (representing a Mn6.5@20Kmtgven
A hazard value of £n=0.08 in Australia corresponds to around a Mn6 @#G¥ent, and is
consistent with current hazard specifications mtilio largest Australian cities of Sydney and
Melbourne and is consistent with results from darm global seismic hazard model approach
which will be described in the following sub-sectio

2.4 Uniform Seismicity Modelling
The uniform seismicity modeling approach utilizé® tcomprehensive database of global

seismicity activity on stable continental regiomsg from the tectonic boundaries. The number
of recorded earthquakes in excess of Mn 5 ovep#st 50 years are listed in Table 2 for a
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range of countries and compared with the numbenabzed to a consistent area of one million
square kilometres. Interestingly the normalized panson indicates that activity rates are quite
consistent with an average of 0.1 event greatar Ma 5 per annum and per million square
kilometres.

Table 2 Number of continental M > 5 intraplate e&iquake events over a 50 year period

Country Land Area Recorded Recorded N(M 35)

(1E6 km?) N(M35) over | over 50 years and
50 years normalised to
1E6 km?

Australiai 7.69 45 6

Brazil> 8.52 33 4

Eastern USs 2.29 13 5-6

Eastern & Central 1.55 14 9

Chinaz

Frances 0.67 4 6

Southern Indias 0.64 3 5

Germanya 0.36 1 3

British Islesa 0.32 3 9-10

Peninsular Malaysia 0.13 <1 <1
S=22.03 S=116 Average = 5

This average global rate of seismic activity carubed to estimate a minimum level of hazard
to supplement local regional hazard studies thanhafuffer from lack of data. Such a study has
been undertaken by the authors (Lam et al 201%n@sg this uniform seismic activity rate
throughout Australia, resulting in a Z=0.06 and £20hazard value for the 2500 and 500 year
return period events respectively. In reality,aplate earthquakes occur in spacial clusters and
are not totally random. A study of earthquake eveaturring in the eastern intraplate region
of the United States revealed such a clusteringi@nenon which results in most of the
earthquakes in about one third of the total ardds Tlustering implies that the rate of
earthquake occurrence can be approximately 3-4stithe average global rate in the most
seismic active areas of intraplate areas. Thisdniglbcurrence rate translates to hazard values
of Z=0.10-0.12 and Z=0.07-0.08 for the 2500 and %&8&r return period events in Australia,
which appear reasonable as the minimum threshdl@saFurther, such studies emphasize that
the 500 year return period event is quite low faraplate areas.

This section has provided an overview of the sesstemand which is best expressed in terms
of an ADRS diagram directly accounting for the hrddavel, return period and soil effects and
further magnified for torsional effects (if warrad). The following section will investigate the
displacement capacity of limited ductile reinforcedncrete columns so that the seismic
performance of soft storey and gravity frame strtet can then be evaluated using the Capacity
Spectrum Method in regions of lower seismicity (Fig?2).



Figure 5 2012 GA Seismic hazard map for AustraligRP=500 years)

Figure 6 Current AS1170.4 Seismic hazard map for éstralia (RP=500 years)
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3. Drift Behaviour of Lightly Reinforced Concrete Columns
3.1 Background

In general, designers have a very good understgrafithe strength characteristics of R/C
columns but very little understanding of the cqgomsding drift behaviour. This section

presents both a detailed and simplified push-ouerecfor lightly reinforced concrete columns
that can used to assess the seismic performanaaftastorey structures. A parametric study
has also been undertaken to illustrate the drlialsmur and compare the two models.

The lateral load-drift behaviour and the maximuiift dapacity of reinforced concrete columns
are directly affected by the following four desigarameters: axial load ratio, longitudinal
reinforcement ratio, transverse reinforcement ratid the aspect ratio:
Axial load ratio: increases the flexural strengtial @ignificantly reduces drift capacity.
The higher the axial load ratio, the smaller thialefilure drifts particularly as the axial
load approaches or exceeds the balance point omtgraction diagram (Lynn et al
1996, Sezen et al 2004, Wibowo et al 2014a).
Longitudinal reinforcement ratio: increases tlexdiral strength and decreases the drift
capacity. An increase in longitudinal reinforcemeatio tends to decrease the axial
failure drift, particularly for low axial load rats. The effect reduces as the axial load
was increased towards the balance point of thenwolteraction diagram (Lynn et al
1996).
Transverse reinforcement ratio: increases thedatkift capacity without necessarily
increasing the flexural strength. The rate of imse2in the axial load failure drift
capacity varies with some inter-dependency withatier design parameters (Priestley
et al 1996, 2007).
Aspect ratio: affects the collapse behaviour anttssthe failure mode from a shear
mode to a flexural mode, but interestingly doeshase a significant effect on the drift
capacity at axial load failure (Ousalem et al 200son et al 2009).
Two lateral load-drift flexural models are presehte this section consisting of a detailed
column model and a simplified column model. Thétdelationships are directly applicable to

10



soft storey structures and multi storey buildindseve the lateral drift maybe distributed over
many storeys.

3.2  Detailed Column Model
A push-over backbone curve model for predictingl#teral load-drift behaviour of reinforced
concrete columns is shown conceptually in Figursa @erms of cracking, yield, ultimate

strength, lateral load failure (80% peak) and akdadl failure drift. This model is based on an
extensive database of past research and furthaidete provided in Wibowo et al (2014b).

Figure 9 Detailed column load-drift model

Point A (Cracking Strength)

The cracked lateral strengthc() and corresponding drifof) can be calculated from basic
mechanics as follows:

Fo = MLcr (1a)

M, L
3E,l 4
where the flexural tensile strendtlis taken af0.6,/ f'. consistent with most codes of

practice (such as AS3600), L is the effective ¢ewvdir length of the column ks the
Young's Modulus of concrete anglis the gross moment of inertia of the column cross
section. The drift at cracking is typically in tbeder of 0.10%.

dy = (1b)

Point B (Yield Strength)

The yield strengthFy) is calculated using classical yield moment (wogkstress) methods,
or approximated by the factored ultimate strengsgmd =0.8). The yield drift §) is
calculated using classical curvature methods (éguab) or simply using the elastic drift
approach (equation 2c) and an effective second mbai@area as described in FEMA356
(2000) or Paulay and Priestley (1992):

Fy = —~ (2a)
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o= OL=Y%FL (2b)
ML
3Ecleﬁ

(2c)

d,:

where L is given by:

(a) FEMA356(2000)
let = 0.7 for axial load raticn 3 0.5
= 0.9¢ for axial load ration £ 0.3
For 0.3 n < 0.5, the value dt« should be interpolated.

(b) Paulay and Priestley (1992)
kit  =[100/fy + n]*l ¢

Point C (Ultimate Strength)

The ultimate flexural strengthi() is calculated using traditional reinforced comereltimate

strength methods, whilst the drift{f is calculated based on the summation of the ydeld
and the plastic drift. The plastic drift is caldgld assuming a plastic hinge at the column base

and an ultimate curvature associated with a coa@gealling straire in the order of 0.4% as
follows:

M
Fu= L“ (3a)

a=d + g (3b)

where:
b =l o7y
L, = Plastic hinge length = 0.5D
D = Column width
Jy =3%IL

/Ju = Ultimate curvature from traditional ultimateesigth analyses

Point D (Lateral Load Failure)

The lateral strength at lateral load failuFe () is taken as 80% of the peak lateral strength,
whilst the drift at lateral load failurel{ ) can be obtained by interpolating from a stralgie
drawn between points C and E.

Fir =0.8Fy (4)

Point E (Axial Load Failure)
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The lateral strength at lateral load failuFgs( is taken as 50% of the peak lateral strength,
whilst the drift at axial load failureds ) can be obtained from the following expression:

Far =0.9y (5a)
oL
1-b
dy =5(+r,)  +7r, e (5b)
Sn
where:
v = Longitudinal reinforcement ratio (in %)As/bD [rv £ 2.0%)]
h = Transverse reinforcement area ratio (in %8s#bs [rn £ 0.4%)]
=n/n [ <1.0]
n = Axial load ratio [0.E n <ny

np = Axial load ratio at the balance point of theshaiction diagram

Equation (5b) is based on a wide range of experiahgasts and is described in detail in
Wibowo et al (2014b). The equation highlights tha drift at axial load failure decreases
dramatically as the axial load ratio approachesbilance point on the interaction diagram.
Similarly, the failure drift decreases with deciegstransverse reinforcement ratio and
increasing longitudinal reinforcement ratio. Instnegly, most design guides describe columns
with low transvers steel ratios as brittle and doistile, which is an over simplification. The
axial load effect is considered equally importamth drifts in the order of 4% possible for
columns with low axail load ratios despite the ‘rdurctile’ detailing. The drift at axial load
failure has been illustrated in Figure 10 for agenof axial load ratio, longitudinal
reinforcement ratio and transverse reinforcemeid,rassuming a balanced axial load ratio of
nb=0.4. Importantly, the expression provides a diggxt simple method for predicting the drift
at axial load failure for a wide range of reinfata@ncrete columns and particularly for lightly
reinforced columns.

Figure 10 Drift at axial load failure as a functionof three design parameters
[Wibowo et al 2014b]
3.3 Simplified Column Model
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The simplified column model is presented to demastthe approach implicitly assumed in
force-based (FB) seismic codes of practice anddwige a quick and conservative estimate of
the displacement at peak lateral load that carskd tor initial seismic performance checking
using displacement principles. This bi-linear mo@esl shown in Figure 11, is not intended to
accurately predict the drift at lateral load fadusr axial load failure, but provides a quick
displacement checking method to ascertain whetheore detailed study is needed.

A

v

Figure 11 Simplified bi-linear load-drift column model

Point A (Yield Strength)

The yield strength is estimated using classicdbymoment calculations or approximated by
the factored ultimate strength (assuime 0.8 forn < 0.2).

Fy =fFu=fMu/L (6a)

The yield drift is calculated using an elastic gsa with an effective stiffness value Bf
conservatively estimated using the values recomettmnad FEMA 356 (2000) or Paulay and
Priestley (1992) as described for the detailedroolunodel.

M, L (6b)

@ =0u=

Point B (Ultimate Strength)

The ultimate strengtliry is conservatively assumed equal to the factoréichate design
strength/Fy multiplied by an over-strength facty, that accounts for strain hardening and
system effects. A default value ¥#1.3 is recommended in the absence of more detailed
analyses for limited ductile columns, hew¢ = 1.3 0.8=1.04. This is clearly a conservative
approach, but is consistent with the force basetthodelogies used in most earthquake codes
around the world including AS1170.4.
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Fu = Wﬂ:u (7a)

The ultimate drift ¢n) is estimated as the product of the yield dgf),(over-strength factor
(W=1.3) and representative system ductility factery0 for limited ductile systems) resulting
in the following expression:

gh= Wu g =26g (7b)
3.4  Comparison of the Detailed and Simplified Colum Models

The detailed column model provides a very goodrest of actual column lateral load-drift
behaviour as described in Wibowo et al [2014b].mBtite detailed and simplified column
models are compared using a case study exampleisrséction involving a 50600mm
cantilever column with an aspect ratio of a=4 amdrable axial load ratio in the range0.1
to n=0.5. All columns were reinforced with 6N24 Grade 5@0responding to a longitudinal
reinforcing ratio ofr, =1.1% and a balance point on the interaction diagcorresponding to
an axial load ratio ofi,=0.4. In all cases, R10 stirrups were used at 30@&maecing resulting
in a very low transverse reinforcement area ratio20.1%.

The detailed column model was used to estimatefitlee stages in the lateral load-drift

relationship (cracking, yield, ultimate strengthtglral load failure and axial load failure) for all
cases as shown in Figure 12. The axial load fatife decreased significantly from 4.7% to
1.2% by increasing the axial load ratio frem0.1 to n=0.5. This significant decrease in drift

capacity is clearly associated with the much steepength degradation post peak with
increasing axial load in limited ductile columns.

The simplified model provides a reasonable andewasive estimate of the drift at peak lateral
load using code strength values as shown in FifjByén which the bilinear model results are
compared with the detailed backbone curve for #se study example. The results indicate that
the use of a constant ductility factor based orighel of detailing and independent of the level
of axial load provides a conservative maximum dispient prediction, particularly for
columns with low axial load ratios (ie. compare0.1 with n=0.4). The simplified bi-linear
model allows a designer to undertake a quick andsexwvative check on the seismic
performance of column elements using displacemasedb principles. Further practical design
guidelines for estimating the load-deflection bebawof limited ductile columns and structural
walls are presented in Wilson et al (2015).
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Figure 12 Lateral load-drift behaviour of limited ductile columns with n=0.1-0.5

Figure 13 Comparison of lateral load — drift behaiour estimated using the detailed
and simplified column models for limited ductile ceumns with n=0.1-0.4
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3.5 Displacement Capacity Curves

The lateral load drift column models can be coragmto an equivalent SDOF capacity curve
in an acceleration displacement format for a stftey structure using the following simple
relationship:

Acceleration &/ M (8a)
Displacement /. h (8b)

where,F is the lateral force is the building massyis the associated drift arfdis the soft
storey height.

The capacity curve can be superimposed on the met@mand curve to evaluate the seismic
performance of the soft storey building as showhigure 2. Alternatively, the performance of
the building can be assessed using a ‘first tippraach by comparing the peak displacement
demand (PDD) with the displacement capacity of the soft storey. The structure is deemed
satisfactory (in terms of its performance agaihst $pecified return period event) if PDD is
less than . The displacement capacity of a soft storey bagdvith lightly reinforced concrete
columns ranges from¢ 40mm to 200mm, assuming a soft storey height @indand a drift
capacityd range of 1.0% to 5.0% depending on the axial load katio (refer Figure 10).

4. Conclusion

Soft storey buildings are common in regions of Ipweismicity and are considered to be
particulalry vulnerable to earthquake excitatiore do the limited energy absorption and
displacement capacity of the limited ductile colwnthat not only have to support the weight
of the building but also to undergo significantfidrihis paper has presented a displacement
based (DB) method for assessing the seismic peafocen of reinforced concrete framed
buildings and patrticularly soft storey building$hhelTDB method presented addresses both the
challenges of defining appropriate hazaed level®wer seismicity regions and developing
representative load-drift curves for limited duettloncrete structures.

The peak displacement demands in regions of loesnscity are typically in the range of
PDD=20-100mm depending on the soil conditions f&0& year return period event. These
displacement demands can be magnified further aluersional response effects and longer
return period events. The appropriateness of usipigpbabilistic hazard analysis to assess the
seismic hazard in regions of lower seismicity Hasreomings given the paucity of data and
that the maximum considered earthquake may hawetuanrperiod in the order of 5,000 to
10,000 years. It is recommended that a minimumstiolel hazard value of Z=0.08 be
introduced in the Australian Earthquake Loadingn8#ad as an interim measure to address
some of the inherent uncertainties of the PHSA oektlihen applied to regions with a lack of
data.

A detailed column model for predicting the latdcd-drift behaviour of reinforced concrete
columns based on an extensive database of pastrchdeas been described comprising five
stages; cracking, yield, ultimate strength, latkyadl failure and axial load failure. Importantly,
the model predicts the drift at axial load failimeerms of three design parameters; axial load
ratio, longitudinal reinforcement ratio and transeereinforcement ratio.

In general, designers have a very good understgmdithe strength characteristic of reinforced
concrete columns and structural walls but havetéichunderstanding of the corresponding drift
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behaviour which is essential for assessing thégaatke performance of such structures using
displacement based principles. To address thig,dbis paper has presented a detailed and
simplified model for estimating the load-drift bef@ur of both reinforced concrete columns
and structural walls.

The simplified column and wall models have beenstmcted based on the assumption
underlying most force based seismic codes of mactivhere the inelastic behaviour is
represented by a ductility factorand over-strength factor. The simplified bi-linear column
and wall models provide a reasonable and conseevédad-deflection plot up to the peak
lateral load. This simplified curve is useful fardertaking a quick and conservative check on
the seismic performance of critical columns usimpldcement principles and the capacity
spectrum method.

The detailed push-over curve of a lightly reinfat@®ncrete column was calculated for axial
load ratios varying froom=0.1-0.5and clearly demonstrated the significant effecalabad
has on reducing the drift capacity. The displacencapacity of a soft storey building ranges
from 40mm to 200mm assuming a soft storey height@. This reflects a drift capacity range
of 1.0% to 5.0% for lightly reinforced concrete wwins and is very dependent on the axial load
ratio despite the ‘non-ductile’ detailing. Clearlygesigners can increase the drift capacity of
their structures by increasing the column size @allicing the axial load ratio to below the
balance point, in addition to increasing the tramsg steel ratio.
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