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ABSTRACT: The effect of lowcycle fatigue demands imposed by a sequence of
earthquakes begs the question: For a given structure, what is the proportion of the
available fatigue resistance consumed, and what is the remdepegdabléatigue-life,

if any? The cumulative demand placed on structures subjected t®ahe2011
Canterbury earthquake sequelgéhus investigated and considaismajor earthquakes
(M5.0 or higher) that occurredResults are presentess fatigue demandpecta for
structures witmaturalperiods from 0.1 to 5.8econds. For each structural period, time
history responses are normalised to an equivalent number of cycles seishgc
displacementamplitude spefied for that period within twoNew Zealand Stretural
designloadingscodes. The computed cyclic demaniesults are compared to teede
basedexpectation that seismidetailing should ensure a dependabiglic loading
capacity of 4completely reversed cycles at the design spectral displacementuai@plit
Results showhat for many structures, the ideat¥icle capacitywas exhausted prior to
February 22, 2011 and for most structural types was excdsdadsignificant margin
following the February 22, 201Christchurch Brthquake.

1 INTRODUCTION

The Carerbury Earthquake éfjuence has been unique in terms of the length and magnitude of the
aftershocksWhile therehavebeen in excess of 10,000 recoraddtérshocks, the significant aspect of

the earthquakesequencen structures has been the more ti28nearthquakeevens with magnitude

5.0 or higherMany of these events have been very close to the Central Business District (CBD) and
induced local peak ground accelerations (PGAs) normally considered likely for larger magnitude
events.The seismicdemands Dthis unusual sequencef earthquakesfave highlighted theneed to

better consider theumulativecyclic damageeffectsthat canbe imposed orstructureswithin the
region.

The effects of lowcycle fatigue on civilengineeredstructures under earthquakeatliing are very
important.Mechanical enginesrarewell versed in fatigue design considerations, often as the result of
high-cycle fatigue from regularly fluctuating stresses on shafts in rotating machimeémnibrations on
aircraft structuresnd othersimilar applications. However, due to the different application and the
overall difficulty in defining the fatigue demand on a structure from wind and seismic loading, fatigue
hasnot been sowell incorporated into design practices within the civil engimegefield. Although
structural engineers are not explicitly required by code to design for low cycle fatigue effects,
designers are required to be aware of the freations of low cycle fatigueSome existing material
covering seismic fatigue considematiis provide in Chang and Mander (1994putta and Mander
(2001), Dutta et al (1999) and Mander et al (1994).

This research takes the wealth of data available from the CanteHawtljguake &quence to
investigate the cumulativeyclic demand on structures from the orgoingseismic events. To limit the
computationagffort, this investigation considers all major earthquakes (M5.0 or higher) that occurred,
from the September 4, 2010 main shock, up to an includingndi@r shoclof February2011.
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2 METHODS
2.1 Ground Motion Records

This research utilises the ground motion records for the major events from the SepteltiHy

M7.1 Darfield Earthquakeyp to and including the Februa?g, 2011M6.3 Christchurch Earthquake
These events are determined to be tagmitude 5.0 or higherDue tolarge PGA readingwithin the

CBD, the M4.9the 2010Boxing Dayevent has also been includebhe recordings considered are for

the four GeoNet Christchurch CBD recording stations. Specifically, these stations are siehGiutn
Botanic Gardens (CBGS), Christchurch Cathedral College (CCCC), Christchurch Hospital (CHHC)
and at Resthaven (REHS) For each event, Table 1 presents the GeoNet referencémthef the

event (in local time and UTC), the magnitude, the focatleand the distance from the epicentre to
the recording station site.

Many of the results presented in Table 1 are obtained by processing and filtering the raw recording
station outputs as most of these events were not available as processed redwdSemiNet ftp site

at the time of processing. Absent fields indicate that no recording occurred at that station for that
event. PGA values in Table 1 represent the peak horizontal acceleration from either orthogonal
direction.

Table 1: Events considered ithe cumulative demand analysis

CBGS CCcCC CHHC REHS
GeoNet Event Time Event Time Mag Depth PGA Dist. PGA Dist. PGA Dist. PGA Dist.
Ref. (Local Time) (UTC) (km) (%Q) (km) (%Q) (km) (%g) (km) (%Q) (km)
3366146 Sat, Sep 4 2010 4:35 am 2010-09-03-1635 7.1 11 18.86 36 23.81 39 21.38 37 26.28 38
3366155 Sat, Sep 4 2010 4:56 am 2010-09-03-1656 5.3 8 0.29 32 - 34 - 32 1.01 33
3366230 Sat, Sep 4 2010 7:56 am 2010-09-03-1956 5.2 7 2.74 20 3.61 22 2.81 21 6.89 22
3366310 | Sat, Sep4201011:12am | 2010-09-03-2312 5.3 12 0.81 28 121 31 - 29 - 30
3366313 Sat, Sep 4 2010 11:14 am 2010-09-03-2314 5.3 6 1.02 36 1.21 39 - 37 - 38
3366452 Sat, Sep 4 2010 4:55 pm 2010-09-04-0455 5.4 10 - 53 1.59 55 - 53 2.16 54
3367742 Mon, Sep 6 2010 11:24 2010-09-06-1124 5.2 9 1.71 19 2.82 21 2.11 20 5.65 20
3367749 Mon, Sep 6 2010 11:40 2010-09-06-1140 5.4 9 1.92 59 4.73 61 3.17 60 7.40 61
3367832 Tue, Sep 7 2010 3:24 am 2010-09-06-1524 5.4 15 1.85 33 3.73 35 2.81 34 6.28 35
3368445 Wed, Sep 8 2010 7:49 am 2010-09-07-1949 5.1 6 15.79 7.9 25.40 5.8 24.57 7.0 13.53 7.7
3382676 Mon, Oct 4 2010 10:21 2010-10-04-0921 5.0 12 1.64 13 2.91 15 1.84 14 4.27 15
3388384 Wed, Oct 13 2010 4:42 2010-10-13-0342 5.0 15 1.10 16 1.99 18 1.43 17 3.34 18
3391440 Tue, Oct 19 2010 11:32 2010-10-18-2232 5.0 9 7.30 12 17.51 12 10.43 12 9.04 13
Sun, Dec 26 2010 10:30 2010-12-25-2130 4.9 5 35.54 2.1 22.36 17 25.49 14 24.40 2.7
3450113 Thu, Jan 20 2011 6:03 am 2011-01-19-1903 5.1 10 2.10 11 5.28 12 3.35 11 3.38 13
3468575 Tue, Feb 22 2011 12:51 2011-02-21-2351 6.3 5 53.06 11 49.31 8.5 36.73 9.8 71.82 10.4

2.2 Response Spectra Generation

Regonse spectra wergenerated for each of the recordings. Overall, there are two orthogonal
horizontal directions for each recording station aadh event. There are 16 major events listed in
Table 1 and four recording stations considered per event. There are 8 total records omitted as there
was no recording available for that event and recording station. This gives a total of 112 ground
motion recordsavailable for the events listed in Table 1. For each recording, a response spectrum is
generated with standard 5% inherent damping.

2.3 Calculation of Equivalent Cyclic Fatigue Demand

Due to the extensive amount of data available, it was necessaryl ta faliable method to convert

each displacement response into an equivalent number of fatigue cycles at a given reference
amplitude. While there are some existing techniques to do this, specificalfijorgianalyses, these

were deemed too computatioryakéxpensive and time consuming to set up. Instead dwiple
methods were investigated.

First, an area equivalence method was utilised, where the area between the displaspoerse vs
time graph and the timaxis was integrated using a trapezoidal grion routine. This integrated
area was then normalised by the area enclosed by one fully reversahgeeycle at the period of
interest and given normalisation amplitudéis methodprovides a simple to compute fatigue cycle
equivalence.



Second, aormalisation routingreferred to herein as RMC, was applécactcalculated point using
an approach akito the weltknown rootmeansquare(RMS) signal analysis technique. Thigcle
equivalenceapproach idvased upon inferring the peak displacenpmwints throughout a timbistory
analysis at each change in direction of the structure and calculating an effective number dbrcgcles
given reference amplitude

The specificcycle-counting approach is given by tléfective amplitude g, at each disgacement

pointwhich can be calculated relative to a given reference amplityge,
C
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wherex is thei™ displacement points ar@is the fatigue exponent.

The value ofC is taken to beC = 1 for concreteritical fatigue(Dutta and Mander, 2001§; = 2 for
reinforcingsteel critical fatiguéMander et al., 1994andC = 3 which is also the welknown fatigue
exponentfor structural steel Note that avalue of C = 1.0 pus a weighting on each cycle that is
directly proporional to its relative magnitugdevherasvalues ofC = 2.0 and 3.0 put a much smaller
weighting on small amplitude cycles and a much larger weighting on any response cycles that exceed
the reference amplitud@lso note that foC = 2 RMC and RMS are equalent.

Thefatigueweightedmean,m, of all displacement poiatan be determined from:
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in which npeinis = t:/Dt = the total number of points for that recotds the final time for the record (the
record length), andt = the time step for that record. This mean value can be transformed into an
effective amplitude, based upon the integration of fully revergesiwsave cycle. FoiC = 2, this
analysis is the same as a romtansquared approach whereby the effective amplitude can be

determined by multiplying the mean value by a muItipIierEQ:. ForC=1,B = p/2 =1.57 and for
C =3, B = 133. Therefore the effective amplitude becomes:
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The effective number of fully reversed cycles at the current design period of interest can be
determined from:

. Dttt
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where T is the natural period of theustture of interest. Finally, the number of effective cycles at the
reference amplitude can be determined from:

N eff =N cycles (Aeff )C (5)

This final resultpresents theffective number of fully reversed response cydBisy) at theeffective
amplitude A¢. Both the area equivalence and RNM/pe approach oEquation(5) were used to
calculate the total equivalent number of fatigue cycles. Both methods gave sisildts thus
verifying thedata reduction methods used



2.4 Design Code Spectral Displacenms

When considering fatigue equivalence, it is important to have a reference cycle amplitude. The
reference amplitude in this study is defined as the design code spectral displacement for the
corresponding structural period. Two design codes are condittareomparisori NZS 4203:1984

and NZS1170.2004.

For NZS4203:1984, thaepectral displacement from the code, based on Zorie ft soil for
Chirstchurch, with ductilityym= 4, from Figure 3 of NZS3101 and umifm force reduction factor,
R=m=4aspr N e w ma +knovnsequal elisplacement factor. Taking peak maxima only and

simplifying gives
f Forshoperi od strucgdg=0a225F T O 0.7 s, S
f Forlongperiod strucdg=0p755F T O 1.2 s, S
1 For mediumaperiod structures, 0.7 < T < 1.2%,= 0.1938 T-0.0994 T

The elastic site hazard spectrion NZS1170.5s:

C(MT)=C,(T)ZRN(T,D) (6)

in which C(T) = the spectral shape factor, Z = the hazard factor (= 0.22 for ChristchRrch}the
return period factorR = 1.0 for the 50§ear return period design event) aNd- the neaifault factor
(N = 1.0 for Christchurch).

For Class D deep or soft sail, the spectral shape factor is given as:

Period Range Shape Factor
T<01 C,(T)=1.12+1.88(T /0.1)
0.1¢T <0.56 C,(T)=3.0
056¢T ¢1.5 C,(T)=2.4(0.75/T)"" (7)
15<T ¢3.0 C,(T)=214/T
3.0<T C,(T)=6.42/T"?

Using Equations (6) and (7), it is possible to define the accelerspiectra.From this spectra, the
displacement response spectra can be generated from:

S, = S, T? )

where § = the dsplacement response spectra (g% the acceleration due toayity (g); S, = the
spectral acceleration (M)sandT = thestructural period (s).

Figure 1 presents a comparison between the displacement responsefgpé&tirestchurch City as
defined by NZS4203 and NZS1170lI6is evident that both codes have fairly similar requirements for
spectral displacement at low pmEds, but that there is a notable deviation at higher periods, where
NZS4203 allows much higher spectral displacement.
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Figure 1: Displacement response spectra for NZS4203 and NZS1170.5

2.5 Response Spectra Normalisations

Each response spectra is noriged in a number of ways to facilitate comparisons. Initially, each
record is normalised to its own respective spectral displaceinatividing each displacement
response record lire peak absolute value for that recardis normalisation is undertakem provide

a comparison between the effective duration of each earthquake irrespective of magnitude.

Each response spectra is then normalised to the design code spectral displéegnsznirom
NZS4203:1984 or NZS1170.5) the correspondinperiod. Thisanalysis provides an estimate of the
equivalent number of full design cycldsthave occurred as a result of all considered ground motion
records.

3 RESULTS

Figure 2 presents the effective number of cyclesfmh orthogonal ground motion record for gver
available recording station (from CBGS, CCCC, CHHC and REkWSigure 2 each result point was
simulated and normalised tm affective amplitude,As;, equal to the spectral displacement for that
specific record. Therefore, the results of Figure 2sgmethe recortb-record variability in terms of
record duration and distribution of response cycle magnitude. The results of Figure 2 are plotted on a
log-log scale. The logormal mean(50" percentileor median and + one logormal standard
deviation(16" and 84" percentiles) are presented on the graph as red Pnesented in this wayhe
resultsprovide anindication of the recortio-record variability, indicating the range of equivalent
fatigue cycles, relative to the peak respolmsehat reord. Overall, Figure 2 presents 112 results for
each period point, due to the two orthogamaizontaldirections for each available recording station
and earthquake event, as shown in Table 1.



a) Fatigue exponent, C=1 b) Fatigue exponent, C =2

c) Fatigue exponent, C 3

Figure 2: Number of effective cyclefr each responsgith each record normalised to its own respec8ye
Each data point represents one orthogonal horizontal direction for one recording station and one earthquake
event. The re lines overlaid represent the™.&0d" and 84 percentile results.

Figure 3 presents the results where each record is normalised using a reference amplitude equal to the
respective design code at the corresponding peRedults are presented for tdesign spectral
displacement as defined in both NZS4203:1984 and NZS1170.5:2004 and using fatigue exppnents,

of 1, 2, and 3.

It can be seen that at low periods the equivalent number of cycles is very high, with the results up to
and including the Febany 22, 2011 Christchurch Earthquak&howing in excess of 100 cycles for the
fatigue exponent of = 1.0 ingraphsa) and b)of Figure 3 This high number of cycles is due to the
design code spectral displacement, which tends to zero at very low p&hedsgh number of cycles

for C = 1 is reflective of the damage done on concrete materials

For the fatigue exponent & = 2, the peak number of cycles at low periods is notably lower with a
maximum of approximately 30 equivalent cycles at low periods wiwmalised to NZS4203 in
Figure 3c and approximately 20 equivalent cycles at low periods when normalised to NZS1170.5 in
Figure 3d.At 1s natural period, the number of equivalent cycles is approximateBb Z0r both
NZS4203 and NZS1170.9his is refletive of the number of fatigue cycles imposed on reinforced
concrete structures.



