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SUMMARY:

In the present research a nonlinear single degfdeeedom system is used for analyzing the behawfor
structures under elastoplastic deformation. Theepgpesents a method for calculating the fatigumalge in
steel moment frames and multi-storey buildings Miitt soft storey. This method is based on Thearigaén-
Miner Linear cumulative fatigue damage theory (MiseRule). The Manson-Coffin relationship is used t
determine the Fatigue life - deformation dependeregecycle. Then an algorithm allowing to relate Walue of

ductility factor Kll and the fatigue damage index with the level obdwehtions of a system is proposed. This

research shows how to use obtained results fouledileg the maximum values of deformations in tlractural
elements of moment resisting frames and in thensotuof multi-storey buildings with soft storey.

In the paper recommendations for calculating tlensie-load reduction coefficienK; are proposed.

Key words: seismic-load reduction coeffici&qt, ductility factor, low-cycle fatigue, strength égs criterion,
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1. INTRODUCTION

These days in the world practice a multi-level gesapproach (Fardis, 2002), considering several
seismic load levels and their corresponding ulteriamit states, is used. Such approach is apptied i
European normative base (Eurocode 8). Since 20iklntethod is also applied in the Russian
Federation (SNIP 1I-7-81*). In Russian norms asuée,rtwo seismic load levels are used: the
maximum design earthquake MDEQ and the designqaake DEQ.

In accordance with the multi-level design approacdeparate serviceability analysis at DEQ level is
carried out. At the same time it is also assumatahthe MDEQ level the seismic loads acting @n th
structures will be higher than the calculated desiges, and consequently much of the earthquake
energy will be dissipated by the structure throlgtge plastic deformations (i.e. by the plastic
resource of the structure). However this assumpsobased on intuitive empirical considerations.
During the shaking of strong earthquakes the cpadi structure to undergo plastic deformation
reduces as a consequence of the damage accumiitetticzed by the numerous inelastic cycles, and
in quite a number of cases the plastic resourcgtratture would be insufficient to resist the input
earthquake load.

A ductility factor is used to make a quantitatiaimate of the ability of a structure to undergasgtic
deformations. The ductility factor is the most wydeised parameter to estimate the structural
behavior beyond the elastic range. This paramef@esents the maximum dynamic deflection related
to the yield deflection of the system (i.e. thel@gtfon corresponding to the system’s transfornmatio

into a mechanismK, = Xmax/Xy . It has been widely recognized, however, thatekel of structural

damage due to earthquakes depends not only on maxidisplacement but on the cumulative
damage resulting from numerous cycles of elaststigldeformation.

Therefore in seismic resistant design the low-cyatejue has to be taken into account. Research on
fatigue in structures dates back to the early 190®w-cycle fatigue has been studied by Krawinkler



and Zohrei (1983), Park et al. (1984), McCabe aradl K11989), Faijar (1992), Kuwamura and
Yamamoto (1997), Campbell et al. (2008) and others.

In accordance with the above-mentioned, in orderstonate the behavior of structure under repeated
elasto-plastic deformation conditions and to chdbseoptimal value of the reduction coefficientsthi
paper presents a method for calculating the fat@preage in steel moment frames and multi-storey
buildings with first soft storey. This method issbd on The Palmgren-Miner Linear cumulative
fatigue damage theory (Miner's Rule) (Miner, 1945).

2. ANALYSIS METHODOLOGY
2.1. A Single Degree of Freedom Model
In the present research, a non-linear single degfréedom model is used to analyze the structural

behavior under the elasto-plastic deformation domds. The validity of the application of this mdde
was analyzed by Simbort (2011). The model (seeZFig) is described by a differential equation (1):

MK+ s+ F (%, X) = =g (t) (2.1)
%+ 260x+ f(%%) ==Y (1) (2.2)

where Y (t) is a single degree of freedom system base actielera
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Figure 2.1.Bilinear diagram with elastic unloading path

The unload pattern is described by Masing’s kinafardening hypothesis (Moskvitin, 1965).
Hysteresis loop and cyclic deformation diagram (figelb) are characterized by the following

parametersmz, (og, fy ,whereo is a first tone frequency of the system found blyiag a linear-

elastic problem. Based on empirical consideratiomf) is assumed to be described by
w?= (20..50)0)3.

F
fy =-Y where Fy is the single degree of freedom system ultimaégal lavhich can be found by
m

solving a limit equilibrium problem at a horizontahd proportional to the distributed system méss.
is proposed to use the Pseudorigidity method (PRNMplve the problem of limit equilibrium of rigid-
plastic constructions (Rutman, 1998).

2.2. Analysis Stages



Calculation method of the fatigue damage to momesisting frames and multi-storey buildings with

first soft storey consists of following steps:

1. Determine from the solution of the differential etjan (2.2), the non-linear dynamic response of
the single degree of freedom system to an eartteeakding represented by accelerogram.

2. Extract the maximum dynamic displacement vajys,..
3. Calculate the ductility factor valu, =xmax/xy :

4. Determine the maximum plastic deformations in tleenents of the structure. Rutman and Simbort
(2011) proposed an algorithm allowing to relate detility factor value of the systeri{, with

the deformation level. In the above mentioned papprocedure to relate the ductility factor and
deformations for a cantilever beam case is degtribhis procedure is based on the adoption of
Bilfinger’'s exponential law characterizing the s§strain relationship (Bdlfinger, 1729). This

exponential law is represented by

o=Bil¢" e
where B; >0 andp<1 are constants.

The exponential deformation law leads to a relatndpr

B1 Jm\x‘ ”_lx =-M
Hence the relation between the ductility factor aadtilever beam deformations is defined by the
Egn. 2.3.

k, = ®max (2.3)

In this expressmnkp is a cantilever beam ductility factor, which isuafto k, =A—. Ais a
y

cantilever plastic deflectionmd, =y[Ag, whereA, is cantilever elastic deflectiory, is the structural
cross section shape dependent coefficiamtz.l, pn<1 are constantse,,, is the maximum plastic
il

strain deformation of the cantilever beagy. is the strain deformation corresponding to yietihp

(strength).
The maximum value oK, factor coefficient is equals to

3 €
k. = SUTS 2.4
ult y(m+ 2) Sy ( )

5. Select and classify load cycles depending on vahred properties of accumulated unilateral
deformations.
6. Calculate the fatigue life based on the deformakioetic criteria of strength in low-cycle fatigue.

2.3. Low-Cycle Fatigue Calculation

Calculation of damage due to repeated cyclic laadswell established methodology in some fields of
engineering. In the present research in order ltulzde the low-cycle fatigue of structural elengent
deformation-kinetic criteria of low-cycle fatiguesistance are applied. These criteria are based on
fatigue and quasi-static damage summation (Kogael,,€1985). Fatigue damage is related to cyclic
deformations whereas quasi-static damage is retatadcumulated unilateral deformations. Therefore
the linear summation of damage caused by cyclicamodmulated unilateral deformations is carried
out.



Fatigue damage fraction is estimated as
di = | — (2.5)

Where N is the number of applied cycles at nominal stress Ny is the number of cycles before
failure (crack initiation);Nfi is the limit number of cycles to failure at thengastresss; and for the
same cycle typeN f, can be found using the low-cycle fatigue curverfgid loading conditions. The

Manson-Coffin relationship is used to determine fégue life - deformatiore,, dependence per
cycle (Okopniy et al., 2001):

1

1
e,NIP=C; ==In (2.6)
P 2 1-vy
wherem,, is a plasticity index applied in intervals frond@p to 0.6.
Quasi-static damage fraction is estimated as
ef
de
dg = j— (2.7)
0 &t

wheree s the unilateral plastic deformation accumulaethe static and cyclic loading process;is

the unilateral accumulated deformation up to fail(grack initiation);e; is the available plasticity

(strain capacity) of the material. The ultimateitistate by the terms of the low-cycle fatigue ftae
is reached at

Nt ef
d +dg = jd—N+ de_q (2.8)

1 Nt oo ®f
Then failure is predicted to occur whitn+dg = 1.

3. EXAMPLE

Hereinafter as an example a nine-storey buildintp first soft-storey is analyzed under earthquake
excitation from NEWHALL earthquake data, with pegound acceleration equal to 5.782 m/s2 and
length of time equal to 58.98 s. The input dataafmalysis are the following parameters:

gy =0,002; gy15 =0,15; m=5; w =7,71rad/s; f, = 2,1m/s?; A, =0,0173n; y=1,12
3.1. Calculation of the ductility factor and its corresponding deformation level

According to Eqn. (2.4) the maximum valuel®f factor can be determined by

K. = 3 EUTs - 3 0,15 ~
T y(m+2) e, 1,195+2) 0002

y



After solving the dynamic problem (using Mathca@gram) the maximum displacement value of
nonlinear SDOF system equats,, =0,312 (see Fig. 3.1).
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Figure 3.1.Cyclic force-deformation curve for the equival&ROF system

Using the equivalent cantilever beam concept (Rotarad Simbort, 2011) the displacement values of
soft-storey columns were calculated. These areldque=0,156m. Consequently the value of the

ductility factor for this system is equal to

o AL 0156
"oyA  1,120,0175

ult

Deformation level corresponding to given ductiiagtor is equal to

v(m+2)ke, _1,1207080002

€ = = 0042< g jra.
max 3 3 D UTS

3.2. Low-cycle fatigue analysis
The input data for the low-cycle fatigue analysis the following parameters:

€p =&yrs =0,15; m, =0,6

p

Using the formula (2.6) we will define the relatiiip between low-cycle fatigue resistance propertie
and the material plasticity under monotonic loadidgnce atN ¢ :;, epN ;np =C; =0,099.

Having selected and classified the loading cyci®sguEqgns. (2.5) and (2.7) we define the fatigug an
quasi-static damage fractions. Thereafter using E18) the linear damage summation is carried out.
The results are presented in table 3.1.

Table 3.1.Fatigue and quasi-static damage index calculation



, Accumulated
Cyclc unilateral e /e
deformationse. . N N | N/Nf i e f e/% ¢ df +ds
deformationse,,
1.60% 2.60% 1 21 0.048 0.02¢ 0.150 0.173
1.10% 1 39 0.026
0.22% 1 565 0.002
0.17% 1 925 0.001
ds 0.076 ds 0.173 | 0.249
Remaining Fatigue Life 75%

From the table data (3.1) the fatigue and quasicsiamage fractions are 8% and 17% respectively.
Therefore the accumulated damage is equal to 2b%rdmaining plastic resource equals 75%.

4. CONCLUSIONS

The present procedure not only provides a notiautathe integrity or failure of the structures but
also allows to estimate with an appropriate degfeaccuracy the remaining plastic resource of the
element of study. In addition this method is vétidboth monotonic and cyclic load cases.

It should be noticed that fatigu#; and quasi-staticl;, damage indices do not substitute the existing

parameters applied in seismic-resistant design uantify the plastic deformation capacity of a
structure. They serve as an additional tool that lma used to better understand the performance of
structures under earthquake excitations.

On the basis of the obtained data it can be cordldat K, coefficient should be adopted not only

depending on the type of seismic force-resistingtesys but also taking into account the ground
excitation characteristics, dynamic characterigtithe structure (Rutman and Simbort, 2011) and the
low-cycle fatigue.
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