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ABSTRACT: The new loadings code, NZS 1170, will replace @urent loadings code,
NZS4203:1992, and will likely govern structural ggsand analysis in New Zealand
until 2015 and beyond. We can expect that withis time our profession will adopt the
technology available to us to evaluate the respafisgructures to earthquakes much
more accurately than is done today. This will magd¢oward implementing performance
based design by using nonlinear time history aiglys

Current codes discourage time history analysisusthe scaling of time history records
results in larger earthquake response than alterfiaear elastic methods of analysis.
The committee developing the draft loadings codeatiempting to formulate the
provisions so as to remove this impediment to maceurate analysis. This paper
presents the results of a study to assess the ingpdhe proposed earthquake scaling
factors on 8 prototype moment frame and shear kualtings, 6 and 12 stories high,
located on sites in Auckland and Wellington. Madimresponse predicted by both the
response spectrum and time history methods of sisalg compared. The need for
different drift criteria, depending on the typeasfalysis used and the influence of near-
fault effects, is highlighted by this study.

1 INTRODUCTION

The current loadings code, NZS4203:1992 (Standbidis 1992) permits the use of time history
analysis for all structures but the proceduresname-prescriptive and open to varying interpretation
particularly in the selection and scaling of timstdry records. Scaling of at least three recasds
required such that “over the period range of irgere the 5% damped spectrum of the earthquake
record does not differ significantly from the desigpectrum”. In practice, this has usually been
interpreted so as to scale records to provide appeaiely the same average spectrum as the design
spectrum.

The draft loading code, NZS 1170.5 (Standards NX4b), is more explicit in that it provides a
statistical method based on minimising the leashinm&juare to select a scale factor for each record.
A family scale factor is then selected and appte@ll records such that at every period within the
range of interest the spectral acceleration oéastlone record exceeds the target spectrum. arhe s
scale factor is applied to both horizontal compdseaf the earthquake, which are applied
simultaneously.

As part of the code development process, some cotatoes expressed concern that the scaling
procedures would result in higher response thaidvioe obtained from response spectrum analysis as
a consequence of the record enveloping the spectanch both components being applied
simultaneously. This could act as a disincentivaise the more accurate method of analysis and
would also inhibit development of performance badesign procedures.

To address these concerns, it was proposed theptacce criteria, particularly drifts, be a funaotiaf

the type of analysis. In order to assess apprigpliraits, a series of 8 buildings were designeidgis
the response spectrum method of analysis as sgek@ifiDraft 8 of the joint standard AS/NZS 1170.4
(Standards NZ, 2004a). The performance was thexsasd using the time history method of analysis.
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2 PROTOTYPE BUILDINGS

Eight prototype buildings were selected from a iraif two heights, two locations and two structural
types, as listed in Table 1. All buildings weeinforced concrete and located on Site SubsoilsClas
C. Each building was designed using the responsetrspn method of analysis following the
requirements of Draft 8 of AS/NZS 1170.4. The oese spectrum analysis used the computer
program ETABS (Habibullah, 1994).

Table 1 Prototype Buildings

Height L ocation Type
6 Stories Wellington ~ Wall / Frame
12 Stories  Auckland 2 Way Fram

The buildings were regular as defined in NZS 1170 lad small variations in wall and frame
configuration such that they were not symmetrigufé 1 shows the analysis models of each building
type. The geometry was the same for the correspgntfellington and Auckland buildings but the
element sizes were larger for the former locatibime contribution of gravity internal frames was
ignored for design.
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Figure 1 Prototype Buildings

3 SEISMIC INPUT

The input acceleration records were these recofided the three earthquakes listed in Table 2 for
each location, based on recommendations from (Mg\V&004). The scale factors are a function of
the translational periods, as listed in Table $ie Buildings were designed using minimum member



sizes, as is normal practice, and so the Aucklanilibgs were more flexible than those located in
Wellington.  This is reflected in the longer natuperiods for Auckland buildings than their
Wellington counterparts.

Table2 Earthquake Records

L ocation File Records

Auckland BO1l Bovino Campano Lucano (Italy) 1980

DEL1 Delta Imperial Valley (USA) 1979

MA1 Matahina Dam D (bottom centre) Edgecumbe 1987
Wellington LUl La Union Michoacan (Mexico) 1985

TB1 Tabas (Iran) 1978 N74E

TBP1 Tabas (Iran) 1978 NOOE (Forward Directivity Neauk Effects)

Note from Table 3 how flexible modern buildings ammpared to those 30 years ago when periods
were often estimated as N/10, where N is the nurabstories. In Auckland, ductile frame periods
can exceed N/3. These longer periods are a iimcti the optimised section sizes used in current
structural design practice and also the effectiténess factors specified by material codes. In
Wellington the periods tend toward a maximum valtiapproximately N/5.

Table 3 Building Periods

6 Story 6 Story 12 Story 12 Story
Wall/Fr  Fr/Fr  Wall/Fr _ Fr/Fr

Auckland

X 1.76 2.18 3.06 3.34
Y 1.38 1.82 3.51 3.25
ROT 0.55 1.44 1.64 2.48
Wellington

X 1.31 1.26 1.90 1.95
Y 0.80 1.29 1.93 2.05
ROT 0.44 0.99 1.05 1.57

Table 4 lists the scaling factors calculated focheaf the three earthquakes for each prototype
building. There was not a great variation in stglfactors for the same earthquake for different
buildings, with the maximum and minimum values galie being within aboutt15% of the mean
value, even though the periods vary by a factonofe than 2.0. The scaling was performed over the
range 0.4Tto 1.5T,. The upper limit has been reduced to 1.8Tater drafts.

Table 4 Earthquake Scaling Factors

6 Story 6 Story 12 Story 12 Story Max Min Mean
Wall/Fr  Fr/Fr  Wall/Fr  Fr/Fr

Auckland

BO1 X 456 449 359 3.42 456 3.42 3.95
Y 4.03 456  3.47 3.47

DEL1 X 0.40 041 042 0.43 0.43 0.36 0.44
Y 0.36 040 043 0.43

MA1 X 0.85 0.84 0.58 0.57 0.85 0.57 0.6
Y 0.69 0.85 0.57 0.57

Wellington

LU1 X 255 255 259 3.03 3.03 2.21 2.6b
Y 221 255 2.69 3.03

TB1 X 0.65 0.65 0.65 0.77 0.77 0.63 0.68
Y 0.63 0.65 0.65 0.77

TBP1 X 0.68 0.68 0.68 0.80 0.80 0.64 0.711
Y 0.64 0.68 0.68 0.80




Two earthquakes (Bovino, Italy for the Aucklancesiind La Union, Mexico for the Wellington site)
were scaled up by a relatively large number, wéittdrs in the range of 2.2 to 4.6. In practiceprds
with scale factors greater than 3 would be repldne@dnother record which required a lower scale

factor.
earthquakes were included in the study.

4 COMPARISON OF RESPONSE

However, as these were the three recometkrrecords available at this time these

The structures are all designed for ductility undeismic loads and so deformations are more
meaningful than forces. The parameter used to aoenfne response spectrum and the time history

methods is the peak inter-story drift.

elastic drifts modified by/S, as was required by Draft 8 of AS/NZS 1170.4.

For tkeponse spectrum methods the drifts are based on
fhar time history

analysis, peak drifts were the maximum values oowgrat any time step of any of the three
earthquakes. All time history analyses used tmeputer program ANSR-II (Mondkar, 1979).

The peak drifts from each method of analysis a&edi in Table 5, together with the ratio of time

history drift to response spectrum drift.

Table5 Peak Drifts

TimeHigory Response Ratio TH/RS
(TH) Spectrum (RS)
X Y X Y X Y
Wellington
6 St. Wall/Frame 1.67% 1.72% 2.23% 1.11% 0.75 14
6 St Frame/Frame 1.87% 2.23% 2.01% 2.21% 0.93 1,01
12 St. Wall/Frame 2.57% 2.33% 2.10% 2.26% 1.22 1,03
12 St Frame/Frame3.85% 3.99% 2.16% 2.47% 1.78 1.61
Auckland
6 St. Wall/Frame 0.87% 0.65% 0.68% 0.69% 1.28 0.94
6 St Frame/Frame 1.49% 1.65% 0.86% 0.84% 1.73 1.97
12 St. Wall/Frame 0.95% 0.54% 0.65% 1.16% 1.44 047
12 St Frame/Framel.00% 1.10% 0.82% 0.86% 1.22 1.2B

Of the 16 structural systems (2 in each of 8 bodd), the time history method provided the higher

drifts in 12 cases and the response spectrum mathtbe other 4 cases.

drifts from each method of analysis.

Figure 2 plots the maximum

For both 12 story structures in Wellington, thedimistory drifts exceeded the limit of 2.5%, even
though the design using the response spectrum phetkothis criterion.

Figure 3 plots the drift ratios versus buildingipdrfor the two sites. There is no apparent cati@h
between building period and ratio of time historiftdo response spectrum drift.

The ratio of time history drift to response spewgtrdrift ranged from 0.47 to 1.97, with a mean value
of 1.26. The mean ratio was similar for the twesi1.24 Wellington, 1.29 Auckland). There appea
to be no general trends in Figure 3, although icl#and the 6 story frames had the highest ratiols an
in Wellington the 12 story frame ratios were highes
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Figure 3 Drift Ratio Versus Period

5 EFFECT OF TIME HISTORY

The peak drifts in Table 5 and Figure 2 are envelgsults from the suite of three scaled time hysto
records. Table 6 lists the peak time history driftr the individual earthquake records and idestif
the record which produced the maximum drift.

Figure 4 plots the acceleration and displacemeattsp for the Auckland and Wellington sites and
corresponding code defined target spectra. Ieethpots, each earthquake has been scaled by the
maximum scale factor for that particular record.

The plots in Figure 4 show the large differencemnaximum spectral accelerations for the two sites.



At Auckland, the maximum displacement impartedrig structure will be 330 mm with peak values

occurring at periods of 4.0 seconds. At Wellingtthre near fault record (TBP1) dominates spectral
displacements which continue to increase to 1920fomperiods of 5 seconds or longer. For this
record, the spectral accelerations also increaskeageriod exceeds 3 seconds. For most buildings
the spectral displacements approximate the displants at 2/3H and so roof displacements will be
about 50% higher than the spectral displacements.

Table 6 Maximum Drift by Earthquake

X (Frame) Direction Z (Wall / Frame) Direction
Wellington LU1 TB1 TBP1 Max LU1 TB1 TBP1 Max
6 St. Wall/Frame  1.27% 1.67% 1.48% TB1 0.81% 0.89%2% TBP1
6 St. Frame/Frame 1.55% 1.66% 1.87% TBP1 1.64% %1.889.23% TBP1
12 st. Wall/Frame 1.30% 1.44% 2.57% TBP1 1.40%8%.22.33% TBP1
12 St. Frame/Frame 1.79% 1.95% 3.85% TBP1 1.92909%2.23.99% TBP1
Auckland BO1 DEL1 MA1 BO1 DEL1 MA1
6 St. Wall/Frame  0.67% 0.84% 0.87% MAl 0.42% 0.333%5% MA1l
6 St. Frame/Frame 1.20% 0.85% 1.49% MAl 150% 1.11%5% MA1l
12 st. Wall/Frame 0.95% 0.73% 0.89% BOl1l 0.52% %54.54% MAl
12 St. Frame/Frame 1.00% 0.72% 0.86% BOl1 1.10% 9%0.84.01% BO1
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Figure 4 Acceleration and Displacement 5% DampespBese Spectra
5.1 Wélington Records

With the exception of one frame, the peak driftalinVellington buildings occurred under the TBP1
record, which is the Tabas, Iran earthquake wittvéod directivity near fault effects.

Figure 4 clearly shows why this record will dommahedium to long period buildings as the spectral



acceleration increases for periods increasing byoreconds. This produces correspondingly high
increases in spectral velocity and displacement.

5.2 Auckland Records

The spectrum of the Bovino, ltaly record (BO1) lesecondary acceleration peak at about 3.8
seconds, which produces a high spectral velocitydisplacement at periods of about 4 seconds. As
shown in Table 5, this record produces the maximesponse in the 12 story buildings, which have

an elastic period exceeding 3 seconds.

The Matahina Dam record of the 1987 Edgecumbe @aaite (MA1l) has a secondary peak at
approximately 1.5 seconds and this has the grestfiestt on the shorter period buildings, the 6ystor
buildings which have periods of 1.4 to 2.2 seconds.

6 CHANGESTO NZS1170.5

The results from the evaluation of these prototypiédings showed that:

1. The time history method produced higher drifts tHamresponse spectrum method in at least one
direction in all 8 buildings, and in both direct&for 4 of the 8 buildings.

2. Near faults effects are much more severe for the thistory method than for the response
spectrum method. This is because the spectralaation increases with increasing period for
the record used whereas the response spectrum neiln fault effects still has spectral
accelerations reducing with increasing period.

The Code Committee considered these results, dred data, to implement a number of changes into
the current draft code. The main changes whichldvaffect this study were:

1. The structural performance factor,, $or time history analysis was reduced from 1.00t85
(compared to 0.7 for response spectrum analysis).

2. The response spectrum drifts are not divided bySttfactor.

3. Response spectrum drifts are scaled by factorsmarfgpom 1.2 to 1.5, depending on building
height.

4. Time history drifts are scaled by 0.67 for recondsch include forward directivity (near fault)
effects, 1.0 otherwise.

The net effect of these changes is that all bugslimcluded in this study are likely to comply with
draft code requirements for both the response gpaand time history methods of analysis.

For near fault analyses the maximum permitted dnifit is 2.5%/0.67 = 3.73%. This is likely to be
close to the collapse limit for some types of g Protection against collapse will be enforbgd
requirements to explicitly consider P-delta effedbs the analysis and by limits on inelastic
deformations supplied by the material codes.

7 COMPARISON WITH FEMA 356

FEMA-356 (FEMA, 2000) is a widely used guideling the seismic evaluation of buildings. This
document specifies a procedure for selecting dealers for time histories which differs in two mai
respects from the procedure of NZS1170:

1. The individual FEMA scaling factors are based amriditio of the SRSS of the two components to
1.4 C(T), rather then the ratio of the primary comgnt to C(T) as for NZS1170.

2. The FEMA family scaling factor is calculated sotthie average of the three records exceeds the
target spectrum at each period point. The NZSXa0ly scaling factor if selected so that at least
one record exceeds the target.

The net effect of these two differences is thatRE®&A-356 scaling factors are 50% to 100% higher



than the NZS1170 factors, as shown in Table 7Herl2 Story Wall/Frame buildings at each site. As
the response spectrum and time history methods thvsame acceptance criteria under FEMA-356,
it is unlikely that the time history procedure wablde used for projects evaluated to these guideline

Table 7 Comparison of Scaling Factors

Wdlington Site Auckland Site
Record NZS1170 FEMA 356 Record NZS1170 FEMA 356
LU1 2.59 5.22 BO1 3.59 7.29
TB1 0.65 1.18 DEL1 0.42 1.00
TBP1 0.68 1.10 MA1 0.58 1.08

FEMA-356 permits use of mean time history resudther than maximum values provided 7 or more
records are used. This may be an option worthsasge for our code to reduce the effects of
variability between records.

8 CONCLUSIONS

The nonlinear time history method has huge potetttiBnprove seismic performance in that dynamic
amplification effects due to yielding are expligitincluded in the evaluation, a major advantage
compared to the highly empiricab factors currently used. Earlier drafts of NZS Qlaised
impediments to the use of this technique in thatcstires which performed satisfactorily using
response spectrum analysis did not meet codeiaritgren the time history method was used. This
was a factor the code had in common with FEMA 3BBere very large scaling factors actively
discourage use of the nonlinear dynamic procedure.

Changes implemented by the Code Committee in theermtudraft have adjusted the procedures such
that the relative accuracy of each analysis methoelcognised and there is no penalty for usingemor

advanced analysis techniques.  This will help dpée adoption of performance based design
procedures during the lifetime of the new code.
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