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Loading — Revisiting the Lognormality Assumption
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ABSTRACT:

Probabilistic methods are widely used to assesgpénformance of structures under earthquake loadimd)
require an adequate probabilistic characterizatibthe structural demand. Currently, many existgagsmic
safety assessment studies are developed undeisshenption that structural demand conditional toiveerg
seismic intensity follows a lognormal distributiddiven the importance of this assumption, an intdemalysis
of its validity is carried out for several caseditis using adequate statistical methods. This siseg of the
probabilistic demand distribution type is based tba analysis of 5 reinforced concrete framed stnest
subjected to sets of 50 real ground motion rececdted to several intensities. The structural dehpamameters
addressed by the study are the chord rotatiorguheture, the shear force and the inter-stordy; dri
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1. INTRODUCTION

In the framework of Performance Based Earthquakegirteering and of the development of
methodologies for seismic risk reduction, probabdi methods are seen as superior means of
assessing the performance of structures under gemitk loading. In this context, a common
assumption is that, for some level of the earthgquakensity measure (IM), the probability
distribution of a structural demand parameter camiodelled by a lognormal distribution. Although
this hypothesis is found in numerous research asu@i.g. see Shome and Cornell 1999, Coanall.
2000, Godaet al. 2009 Ruiz-Garcia and Miranda 2010), its consists#essment using adequate
statistical tools has not been carried out yetrdfoee, a study addressing the probabilistic distion

of several demand parameters is proposed hereiavéduate the hypothesis that the referred
probabilistic demand could be adequately modellgdablognormal distribution. In addition, the
suitability of the normal distribution is also assed.

2. DESCRIPTION OF THE PROPOSED STUDY

The presented study addresses the probabilisti@ni@mistributions obtained from the analysis of 5
reinforced concrete (RC) structures subjected tth@aake records of increasing intensities. The
selected demand parameters are the maxima of dterseurvaturep, chord rotatiord and shear
force V, and of the inter-storey drift over the didi of the structurel. The selected structures were
analysed for suites of 50 ground motions scaledéoeral intensities in order to evaluate the reter
hypotheses for different hazard levels. Furtherm@rdifferent IMs - the peak ground acceleration
(PGA) and the 5% damping spectral acceleratiomefground motion for the fundamental period of
the structurel; (S(T.)) - were also considered to evaluate the influesfcthis parameter. Statistical
tests were applied to the demand samples to eedlatadequacy of the distribution hypothesiss It i
noted that the tests only aim to determine theditgliof the hypothesis regarding the type of
probabilistic distribution and do not make any refece about their parameters.



The considered tests were selected according teethdts of a benchmark efficiency test previously
carried out (Romaet al. 2010) and were divided into 2 groups. The firgiugr has tests suited to
identify non-normal distributions when the dataysnmetric and the second group has tests suited to
deal with normally distributed data that has owlihe tests of the first group are fhétest (Coin
2008), based on a polynomial regression, Rhetest (Gelet al. 2007), based on the ratio of the
standard deviation and a robust measure of diggerand theT,, test (Bonett and Seier 2002), based
on a modified measure of kurtosis. The tests ofs#ond group are theS test (Chen and Shapiro
1995), based on normalized spacings, The.m" test (Romacet al. 2010), based on the robust
generalization of the sample L-moments definedhasttimmed L-moments (Elamir and Seheult
2003), and thé&yc r test (Bryset al. 2008) based on robust measures of skewness ameliggat.

The 5 RC structures that were analysed are thestouey, three-bay ICONS frame (Carvakical.
1999), the two six-storey frames presented in @eei et al. 2009), and two ten-storey frames
presented in (Athanassiadou 2008) named FRH andZRthe regular and the irregular frames are
referred herein as REG10 and IRREG10, respectivegure 1 presents the elevation views of the
selected structures. Details about the frame chteisiics are found in the previously cited refees
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Figure 1. Elevation views of the considered structures.

The nonlinear response analysis of the frames umddahquake loading was carried out using a
two-dimensional analysis platform (Varum 1997). Tdensidered programme is able to model the
behaviour nonlinearities of beams and columns, elé as the large lateral deformations which are
simulated by a leaning column that reproduces #statbilizing PA effects of the gravity loading.
Elements are modelled with plastic hinges locatedha member ends, where inelastic flexural
behaviour is considered. The inelastic behaviouhefplastic hinges is defined by moment-curvature
relations (Aréde and Pinto 1996) based on meanriabpeoperty values. Hysteretic behaviour of the
members was modelled by the piecewise linear Goetda model (CEB 1996), considering stiffness
degradation and pinching effects. The plastic hitgggth values were considered equal to the
member cross section depth for beams and equahlfooh the member cross section depth for
columns. Viscous damping was assumed to be propaitito initial stiffness with a parameter
calculated for the first mode period of the struesuand for 2% of the critical damping.

The seismic demand considered for each structumsisted of a suite of 50 real ground motions
extracted from the Pacific Earthquake Engineeriagdrch Center NGA database (NGA 2009). Each
structure was analysed for the selected groundom®tscaled for 9 intensities in order to reflect
different return periods (RPs). The selected RR®W8&, 73, 95, 225, 475, 976, 1980, 2480 and 4950
years. The reference seismic scenario selecteefitmecthe scaling factors for each RP corresponds t
that of Zone 3 of the Portuguese territory, comsndethe intraplate seismic action and a soil ety
according to the Portuguese National Annex of Eodec8 (EC8-1 2009). The PGA considered for
this scenario was 0.8/ corresponding to a RP of 475 years. The PGA ga@igsociated to the other
RPs were obtained based on the results of the dhahadies presented in (Carvalétcal. 2008). The



selection of the ground motion records was baseseogral criteria aiming to minimize the positive
and negative (absolute values) mismatches betweeresponse spectrum of the real record, scaled by
a scaling factor between 0.75 and 1.33, and theraete response spectrum, over the period range
betweenT, and1.5T;, whereT, is the period of the second mode of the struatmeer consideration.
After selecting the 50 ground motions for a givénucure, these were then scaled for the values of
the selected IMs matching the RPs previously reéerr

3. RESULTS OF THE GOODNESS-OF-FIT ASSESSMENT

General conclusions regarding the assessment odaleeted statistical distribution hypotheses are
presented in the following. For the sake of brevityly a sample of the results is shown, along with
representative figures illustrating the more imaottfindings. The goodness-of-fit (GOF) results are
presented separately for the beam and column demwaiadand for the previously referred demand
parametersy, 6, V and4). For thep and# demand, tests were applied separately for posénc
negative data and the presented results are thagevef the results obtained for both signs.

Results are presented in terms of average pereemfagcceptance (APA) data for the considered
levels of seismic intensity and for both the norraatl the lognormal distribution hypotheses. The
APA represents the number of times a certain grofupests does not reject a given distribution
hypothesis, considering a confidence level of 95%quantitative terms, a 75% threshold APA was
considered as the limit value above which a givistridution hypothesis is accepted to be approgriat
to model the probabilistic distribution of a pardenre Since demand distributions are not expected to
follow a theoretical statistical model perfectlych limit is considered to be adequate to reprethent
average contribution of the control sections otlal structures. With respect to the selected grafip
tests, the following three groups are defined: @rbu- Tests for symmetric data; Group 2 — Tests for
data with potential outliers; Group 3 — All theteeBom Group 1 and from Group 2

The GOF results obtained from the application & thsts from Group 3 to the column and beam
demand datasets of all the structures are presantéigs 2 a) and b), respectively, for the caseneh
PGA is the IM. These results show that the lognémirsribution hypothesis yields better results for
the probabilistic modelling of the andd demand distributions. For the probabilistic repreation of

the V demand, both distribution hypotheses yietdilar results. However, the APA results of some
demand parameters do not meet the 75% threshokkf@ral seismic intensities, particularly for the
V demand in beams. Figs 3 a) and b) present resinlitar to those of Figs 2 a) and b) now for the
case wher&,(T,) is the IM. As for the previous case, the lognorutatribution is more adequate to
model the probabilistic distribution of theandd demand. With respect to the V demand, again both
distribution hypotheses yield similar results. Margortantly, the observation of these resultsvedlo
concluding thatS|(T;) leads to higher APA results. Moreover, for thend 6 demands, such APA
results meet the 75% threshold for most seismansgities. However, for the case of V demand, there
are APA values below the referred threshold foresslvseismic intensities, particularly in beams.
With respect to thel demand, Figs 4 a) and b) present the GOF resoiésned from the application
of the tests from Group 3 to the datasets of aldimuctures for the cases where PGA &ifd,) are

the IM, respectively. The presented results indicatat the lognormal distribution is generally more
adequate than the normal distribution to represeatprobabilistic distribution of theg demand.
Furthermore, the advantage of one IM over the otbanot as clear as for the previous demand
parameters. Still5,(T,) is favoured since it leads to higher APA resulisthe higher seismic intensity
levels. Nonetheless, there are some APA valuesvigle 75% threshold.

Globally, the results indicate that the lognormatribution could be suitable for the probabilistic
modelling of thep and# demand of beams and columns, as well as for thieapilistic modelling of
the 4 demand. With respect to the V demand, the resotiate that both the normal and the
lognormal distributions may have the same potentialnodel the probabilistic distribution of this
parameter. Moreovef,(T;) is seen to be a more adequate IM for the purpbsdtaining demand
distributions more compatible with the referredritsition hypotheses. However, the GOF results are



not totally satisfactory since there are APA valbek®w the 75% limit for some seismic intensities.
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Figure 2. APA results from the tests of Group 3 for the cmhu(a) and beam (b) datasets when PGA is the IM.
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Figure 3. APA results from the tests of Group 3 for the cofu(a) and beam (b) datasets wisg(T,) is the IM.
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Figure 4. APA results from the tests of Group 3 for theatasets when PGA (a) a8(T,) (b) are the IMs.

In order to examine the reasons behind some ofaer APA results previously referred, some
example situations exhibiting less satisfactory Gi@Bults are discussed next. It is noted that an
extensive structure-by-structure presentation efahalysis of all the demand parameters repreaents
prohibitive amount of information to be shown hareHence, for the sake of brevity, only a few
selected cases are referred. To illustrate a Bituathere GOF results fer are less satisfactory, Fig. 5
a) presents the APA results obtained from the egipdin of the tests from Groups 1, 2 and 3 for the
columns of the REG10 structure when PGA is thecsedelM. As can be observed, the GOF results of
the Group 3 tests for the lognormal distributiorpdihesis do not meet the 75% APA threshold for
some of the intensities and, for the lower inteéesjtthe normal distribution hypothesis yields &ett
APA results. Moreover, it can also be observed, tpatticularly for intensities 4 and 5, the results
from the tests of Group 1 and 2 are consideralifgréint. Since the APA results from the Group 2
tests are higher, such differences indicate tretlfimand datasets are asymmetric due to the eoésten
of outliers. In order to reduce the influence & thferred outlying observations and improve thé& AP
results, several data processing measures (DPMs) dedined. Since the thorough analysis of each
individual dataset is beyond the scope of the ptestudy, the selected measures are global data



processing approaches to be applied to all thesetstaf a given demand parameter and for a certain
intensity level. Based on the observation of softb@individual demand datasets of several intgnsi
levels, the following three global DPMs were coesétl:

» Data Processing Measure 1 (DPM 1) — Exclusion efttinee lowest values from a given dataset
(in absolute values, if the demand parameter igtineg

» Data Processing Measure 2 (DPM 2) — Exclusion efttinee largest values from a given dataset
(in absolute values, if the demand parameter igtineg

» Data Processing Measure 3 (DPM 3) — Exclusion efttiree largest and of the three lowest
values from a given dataset (in absolute valugbgifdemand parameter is negative)
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Figure 5. APA results for the REG10 columnwhen PGA is the IM (LN hyp. is the lognormal hyjpesis and
N hyp. is the normal hypothesis) (a) and enhanded fesults for the lognormal hypothesis only (b).

For the referred case of structure REG10, the DR#l® applied to the columm datasets of all the
IM levels to obtain the highest possible APA resddir the lognormal distribution hypothesis since,
according to the preliminary conclusions previousdyerred, this distribution is favoured for the
probabilistic modelling of. For intensity 1, the original APA values from Figa) are the highest, for
intensities 2 to 5, the highest APA results wertaimed by applying the DPM 1, for intensity 6, the
highest values were obtained by applying the DPNbBjntensities 7 and 8, the highest values were
obtained by applying the DPM 2, and for intensityt® highest values were obtained by applying the
DPM 2 to the positive datasets and the DPM 3 to the negapiviatasets. To illustrate these findings,
Fig. 5 b) presents the enhanced APA results of3a&).only for the lognormal distribution hypotteesi
As can be observed, the APA results are now gdpérigher. Nonetheless, the results of intensities
and 3 are still below the 75% threshold. For thasmsities, a number of datasets has been found to
be mostly symmetric, since the results of the Grbupsts are higher than those of Group 2, while
other datasets are negatively skewed and exhibri¢ than 3 outliers (at each end of the dataseas or
one end only), meaning that the application of M 1 may be insufficient to lead to APA results
that meet the target threshold. For the remaimitgnsities, the Group 1 and 2 test results areeglos
meaning that the censored datasets are more syitianadrless influenced by outliers.

To illustrate another problematic situation, a cakthe V demand is addressed. Generally, the APA
values are considerably lower for V than for theeotdemand parameters and, as previously observed,
both distribution hypotheses yield similar resulthe reason behind the lower APA values obtained
for V is directly connected to the expected evolutof its values. Since the post-yield stiffnessof
structural member is usually low, the spread ofMtgemand distribution tends to be very small when
a given structural member has yielded at both dndsuch cases, two conditions were found to occur.
In the first condition, some sections exhibited alistribution which was found to be very irregular
and, in some cases, almost uniform. In the seconditon, some sections exhibited a V demand
distribution with a set of values following the posed distribution hypotheses mixed with a
considerable number of outliers. This second cardilvas observed, for example, in sections where,
for a particular IM level, some of the consideredumnd motions led to yielding while others did not.
To illustrate a situation where both conditions barobserved, Fig. 6 presents the V demand for beam
sections of the REG10 structure for intensity 9em@,(T,) is the IM. In this case, most of the left and



right beams of the lower storeys have yielded, thading to the low dispersion of the demand, while
the second condition occurs in several central keaamely in the top storeys. To further obseree th
influence of these two conditions, the APA restdisthat case are presented in Fig. 7 a) whereax cl
decrease of the APA values can be observed astiesity level increases, i.e. as the nonlinearity
extends to more beams. Moreover, the applicaticgh@DPMs does not lead to enhanced APA results
that are much higher, as can be seen from thetsgeelsented in Fig. 7 b).
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Based on these results, the normal and the lognaistabution appear to be inadequate to model the
V demand distribution in some cases. Still, the&fbf considering them in such cases is addréased
the following to determine if their use can be &men. This analysis is based on the comparisdmeof t
V fragility values 4 of selected sections obtained from the empiricad a fitted cumulative
distribution function (CDF) of the demarfe. Thel values were obtained by Eq. (3.3.1), whigiie

the probability density function (PDF) of the caipador higher IM levels with lower APA results.

A=[(1-Fy(a)) fc (a)da (3.1)

To illustrate the results found, a few examplespaiesented herein for the normal distribution. &mi
results were found for the lognormal distributidi. be able to comparevalues of different ranges, 2
capacity PDFs were considered for each section PDes were defined by a normal distribution with
a mean value Cand a standard deviation compatible with a coefficof variation of 5%. For the
selected sections (one column section of the IC@AIBe for intensity 8 and one beam section of the
IRREG10 frame for intensity 9, both wh&(T,) is the IM), Table 3.1 presents thealues obtained
for the empirical {ery) and the fitted normalif) demand CDFs, considering the 2 referred capacity
PDFs. As can be seen, thg, values are always larger, i.e. on the safe sithe. fElative errors
betweenlen, and/s; are also presented in Table 3.1. As can be skem,walues of the ICONS and
IRREG10 sections are similar for both capacity PDIF®m the analysis, it was concluded that
although the normal (and the lognormal) distribaitiight not lead to adequate fits to the demand or
to adequate APA results, the errors of considdhigydistribution are acceptable and on the sale. si



Table 3.1 A values of the selected sections with the consibeaéues of Cu and the relative errers

ICONS column section IRREG10 beam section
. Jemp = 3.14E-3 (G = 29kN) Aemp = 9.75E-3 (G = 155kN)
Empirical CDF jemp = 1.63E-2 (G, = 28KN) jenp = 3.58E-2 (G = 150kN)

Ji = 3.56E-3% = 13.4% (C, = 29kN) | /s = 1.16E-2% = 19.0% (C, = 155kN)

Normalfitted CDF | 7" - 1 86E-2; = 14.1% (C, = 28kN) | g = 4.47E-2 = 24.9% (C, = 150kN)

To emphasize the influence of the DPMs on the ABWes, GOF results showing the enhanced APA
values of Figs. 3 a) and b) and Figs. 4 a) andd¥hown in Figs. 8 a) and b) and Fig. 9, respelgtiv
Based on the previous findings, only the lognorimgdothesis is considered for the and4. The
enhanced APA results indicate that for ¢hé, and V, the best results are obtained Wlg€H,) is the

IM. For 4 such trend is not as clear, thougfil,) is better for more intensities. It is also seet tinly

the V demand APA results do not meet the 75% tlotedskalue, namely for most intensities in beams
and for intensity 4 of the columns. Still, the logmal and normal distributions are accepted based o
the fragility analysis previously referred. Finalthe enhanced APA results emphasize the influence
of the outliers, which implies that the distributiparameters should be obtained by robust methods.
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Figure 8. Group 3 tests enhanced APA results for the col(apand beam (b) datasets wig(T,) is the IM.
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5. CONCLUSIONS

The hypothesis that a lognormal or a normal distidm could adequately model the probabilistic
distribution of several seismic demand parameteas @valuated. The selected demand parameters
were thep, thed, the V and thel. Several structures were analysed for suites ajrbOnd motions.
The chosen records were scaled for several intesisd evaluate the referred hypotheses for diftere
hazard levels, and two different IMs were also @gred to evaluate the influence of this parameter.
The GOF results were obtained using appropriatesstal methods and were presented in terms of
APA values data for the considered levels of sasmtensity and for both distribution hypotheses.
The APA results indicated that the lognormal disttion is suitable for the probabilistic modelliaf

the ¢, the # and the4d demands. With respect to the V demand, the resullicated that both



distributions have the same potential to modeprtshabilistic distribution. Since the V APA results
were not totally satisfactory, a fragility analysims performed to determine if the consideration of
these distributions would lead to unacceptablergrfBrom this analysis it was concluded that the
selected distributions hypotheses lead to fragiigyues that are on the safe side with acceptable
errors. With respect to the type of I8{(T;) was seen to be generally more adequate than PGAgo
purpose of obtaining demand distributions more catibfe with the selected distribution hypotheses.

Finally, the analysis of the individual datasetdigated that outliers occur in many cases. Enhanced
APA results were obtained after applying severaMBRo the datasets. The differences between the
original and the enhanced APA results emphasizedrtfiuence of the outliers, thus implying that
robust methods should be used to determine thebdison parameters and minimize their effects.
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