A NEW DAMAGE INDEX FOR SEISMIC PERFORMANCE OF STEEL FRAMES

George Kamaris
Civil Engineer, Ph.D.
Department of Civil Engineering, University of Radr
Patras, Greece
e-mail: kamaris@upatras.gr

Geor ge Hatzigeor giou
Assistant Professor
Department of Environmental Engineering, Democritnsversity of Thrace
Xanthi, Greece
e-mail: gchatzig@env.duth.gr

Dimitri Beskos
Professor
Department of Civil Engineering, University of Radr
Patras, Greece
e-mail: d.e.beskos@upatras.gr

ABSTRACT

A new method of seismic design of steel momenstieg) framed structures is developed.
This method is able to control damage at all lewd#lperformance in a direct manner.

More specifically, the method a) can determine dgena any member or the whole of a

designed structure under any given seismic loadah)dimension a structure for a given
seismic load and desired level of damage and cHetarmine the maximum seismic load

a designed structure can sustain in order to exhilesired level of damage. In order to
accomplish these things, a new seismic damage iaddxa detailed damage scale are
developed. The new damage index takes into acdbeninteraction between axial force

and bending moment at a section, strength anchas$f degradation as well as low cycle
fatigue. The damage scale is constructed on thes ledisextensive parametric studies

involving a large number of frames and seismic ori

1. INTRODUCTION

In earthquake-resistant design of steel structuliferent design methods have been used
in practice or proposed by researchers. Among thame, can mention the force-based

design (FBD), the displacement-based design (DBi2)performance based design (PBD)
and the hybrid force/displacement based design jHFD

According to the first method [1], which is the et practice in existing seismic codes,

seismic forces are used as the main design pareané&tes approach demands the design
of the building against structural failures whiclight endanger human life on the basis of
recommended constant values of the behavior (engtin reduction) factor. Finally,



deformations beyond which service requirementsnaréonger met after the detailing of
the structure are checked near the end of the mleSige DBD [2] idea is the direct
satisfaction of the serviceability requirementg, thost important of which is the limitation
of displacements. Thus, the DBD determines firg target displacements, then the
appropriate stiffness of the structure and finallg structural and member forces which
lead to the dimensions of structural members. Thius, displacements play here the
fundamental role in design. PBD [3] introduces & rfeamework in seismic design of
structures by defining performance levels and dbjes. Thus, three to five structural
performance levels are defined and should be aetliex increasing levels of earthquake
actions. These performance levels mainly desctilgedamage of a structure which is
qguantified through indices, such as the intersthiit ratio (IDR), or the member plastic
rotations. The HFD [4] is a new seismic design roétfor steel frames which combines
the advantages of the well-known force-based amsglatement-based seismic design
methods. The main characteristics of this metha&d &) treats both drift and ductility
demands as input variables for the initiation @& design process througlgdactor which
depends on them and the characteristics of thetstmi(e.g. the number of stories); (2)
makes use of current seismic code approaches abB amupossible (e.g., conventional
elastic response spectrum analysis and design)3mdcognizes the influence of the type
of the lateral load resisting system.

In this paper, the Direct Damage Controlled Des{®iCD) method, a new design
method for steel moment resisting framed structureder earthquake excitation, is
proposed. The basic advantage of DDCD is the diroeimg of beam members or whole
framed structures with damage directly controlleth@th local and global levels. In other
words, the designer can select a priori the dedeeel of damage in a structural member
or a whole structure and direct his design in orderachieve this preselected level of
damage.

2. HYSTERETIC MODELS THAT INCORPORATE STRENTH AND
STIFFNESS DEGRADATION

2.1 Preliminaries

Several hysteretic models have been developed. $briteem have hysteresis rules that
account for stiffness deterioration by modifying thath by which the reloading branch
approaches the backbone curve, e.g., the peaktetienodel [5] or various ‘pinching’
models [6]. The need to model both stiffness angngth degradation led to the
development of more versatile models like thoseRef. [7-10]. In the commercial
computer program Ruaumoko 2D [11] for the seismom-hnear analysis of framed
structures, stiffness and strength degradationbsataken into account through a linear
function that depends on the inelastic cycles a begraustains. This model is described in
the next subsection.

2.2 Ruaumoko mode€

Ruaumoko is a program that performs nonlinear dynamalysis with the aid of the finite
element method [11]. It utilizes, among others, aanal behavior model that takes into
account strength degradation with the number dastie cycles. More specifically, for the
two dimensional (2D) case, the strength loss irhdaading direction is governed by a
parameter f that is multiplied by the initial stgtim and is a linear function of the number
of inelastic cycles. This parameter is given bydhaation



f=32 (h-n)+1 M
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wheren; is the cycle at which degradation beginsthe cycle at which degradation stops
and S, the residual strength as a function of the ihijield strength. The stiffness
deteriorates so that the yield displacement rentinstant.

2.3 Calibration with experiments

For the calibration of the above material modeRafumoko 2D, results from experiments
performed at the laboratory ATLSS of Lehigh Univigrs[12] were used. The
experimental studies focused on the cyclic inetapgrformance of full-scale welded
unreinforced flange moment connection specimens.

The experiment C2 was simulated by Ruaumoko 2Dtla@dnoment-rotation curves of the
right beam of the connection were evaluated. Thpeemental curve is shown in Figure 2,
together with the one simulated by Ruaumoko 2D. Tdgreement between the
experimental and the numerical curves is consideréd satisfactory.
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Fig. 1. Interior connection specimen Fig. 2. Moment-rotation curves

3. PROPOSED DAMAGE INDEX
In this section the proposed damage index is ptedeltt is defined at the section of a steel

member and takes the following form:

=£:\/(MS_MA)2+(NS_NA)2 (2)
dJ(Mg—M,)2+(Ng—N,)?

In the above, the bending momentg,Ms and Ms and the axial forces A\ Ns and N; as
well as the distances ¢ and d are those showneibéimding moment M - axial force N
interaction diagram of Fig. 3 for a plane beam-owuiuelement. The bending momeng M
and axial force Nare those acting in a specific section. Figuracdudes a lower bound
damage curve, the limit between elastic and inielasaterial behavior and an upper bound
damage curve, the limit between inelastic behaaa complete failure. Thus, damage at
the former curve is zero, while at the latter cussequal to one. Equation 2 is based on the
assumption that damage evolution varies lineartwéen the above two damage bounds.
The lower bound curve can be described as
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where N, and M, are given by the following expressions
M, =fW, 4)
N, =fA (5)

where { is the yield stress of steel,\is the plastic modulus and A is the section area.
The upper bound curve can be expressed as

2
ALY L (6)
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where N, and M, are the ultimate axial force and bending momesgpectively, which
cause failure of the section. The f is the scalefaaf eq. 1 that multiplies the surfaces so
as the phenomena of strength and stiffness degradatbe taken into accouriquations

3 to 6 have been used for the construction of thending curves of Fig. 3.

The increase of damage related to strength redudtierto low-cycle fatigue is taken into
account through the assumption made by Sgicu& Erberik [13]. More specifically, an
amount of damage@Ds, related to this phenomenon, should be added toade, R,
computed by eq. 2. In fig. 4 the first and the mpdsitive cycle are shown at the constant
amplitude of yield rotatioy, with respective moment yield values of, BhdM;. In this
case, where the axial force is zero, damage isxdiyehe following expression

M¢—M, ( K, J(ko j
DS: = —=2-1 (7)
M,-M, [k -k JLk

where k is the initial elastic stiffnesss, ks the secant stiffness at the ultimate moment M
and k is the secant stiffness at the current cycle.
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Figure 3. Definition of damage index. Figure 4.rbase of damage due to low-cycle
fatigue.



In Fig. 4, k and k are the corresponding effective stiffnesses switstl for k in eq. 7 in
order to determine the damage; R Dsp, in the first and the n-th cycles, respectively.
Eventually the momerit! in the first cycle reduces f* by an amounfM, in the n-th
cycle, leading to an increase in damage due tcafiseciated reduction in the effective
stiffness from k to k, according to equation 5. The projection of thertgpt of k with

the hardening branch in the first cycle (poixi) on the moment axis indicates that the
same amount of damage would be experienced at-theycle if the system was pushed
to the rotationg), to reach the momenti.’. Hence, equation 7 vyields the associated
damage B at the n-th cycle when Ms replaced byM.' In this case, the projected
momentM! ' is composed of the momekt: and an additional momentM; arising from
strength loss. Thus, an amount of damad® should be added to the system due to
increase of moment which is equal to

MY-M!

AD =—=—=
S OMi-M]

(8)

This methodology can be adopted in the case thadtla force is not zero. In this case
the additional moment due to stress loss is foartie same way as above and the damage
is calculated with the aid of Eq. 2.

The calculation oADs results from the following empirical expression

AD, = 0.56.n°?%2. p_°%" 9)

4. DAMAGE CONTROLLED STEEL DESIGN

4.1 Definition of performance levels

Damage is used here as a design criterion. Thasjd¢kigner, in addition to a method for
determining damage, also needs a scale of damageder to decide which level of
damage is acceptable for his design. Many damaglesscan be proposed in order to
select desired damage levels associated with tkegth degradation and capacity of a
structure to resist further loadings. Table A.1tha appendix provides three performance
levels (1.O. = Immediate Occupancy, L.S. = Life &gfand C.P. = Collapse Prevention)
associated with modern performance-based seisnsigrdevith the corresponding limit
response values (performance objectives) in terfmi®R = interstorey drift ratiof, =
plastic rotation at member end, = local ductility and d = damage. The relevanerefces
are also shown in Table A.1l. In the present work,eatensive parametric study was
conducted for 36 plane steel moment-resisting feasghjected to 40 ground motions
(23040 analyses = 36 frames*40 ground motions*1@lyses on average)for the
evaluation of a damage scale. The frames were zewlyith the program Ruaumoko 2D
using the incremental dynamic analysis method. drtegacteristics of the frames as well
as of the ground motions can be found in [14]. Tl¥enberg-Marquardt algorithm
(MATLAB 1997) was adopted for the non-linear regiea analysis of the results of
parametric studies, leading to two expressions,fonthe beams and one for the columns,
that give the maximum damage that is observedraraber, as a function of IDR:

D, =9.52(DR- 0.007}* (10)
D, =13.5(DR- 0.005)* (11)

where @ and [} are the maximum column and beam damage, respigctive

The ratio Q./Dap of the exact values of damage at columns or bealtained from
inelastic dynamic analyses to the approximate arasulated from eqs 10 and 11,
respectively, is evaluated. Equation 10 correspdads ratio R e/Dc ap With mean value



equal to 0.99, central value equal to 0.88 anddst@hdeviation equal to 0.43. For equation
11 the abovementioned values for the rati@Dy apare 0.97, 0.92 and 0.25, respectively.
Using eqgs 10 and 11 as well as the values of thenmen IDR provided in [15], a damage

scale for beams and columns and the performaneaisief these guidelines, is defined.
This damage scale is shown in Table 1.

Performance Levels = Maximum column damage Maximuanbdamage

1.O. <0% <8%
L.S. <40% <57%
C.P. <77% <100%

Table 1. Damage scale proposed here for the performance levels of FEMA-273.

4.2 Damage controlled steel design
The application of the proposed Direct Damage @dlett Design (DDCD) method to
plane steel members and framed steel structumenis with the aid of the Ruaumoko 2D
program.
The user has three design options at his dispasabmnection with damage controlled
steel design:
a) determine damage in any member or the whole ofsggded structure under any
given seismic load
b) dimension a structure for given seismic load arxirdd level of damage
c) determine the maximum seismic load a designedtsteican sustain in order to
exhibit a desired level of damage.
The first option is the one usually done in currpractice. The other two options are the
ones which actually make the proposed design methddect damage controlled one,
with the second option providing the ability of Baspplying capacity design (“weak
beams — strong columns”).

5. CONCLUSIONS
On the basis of the preceding developments, theWoig conclusions can be stated:

1. A new method of seismic design of plane steel mamesisting frames subjected
to ground motions, the Direct Damage Controlled i@eg§DDCD), has been
developed.

2. The method works with the aid of the finite elemerdthod incorporating material
and geometric nonlinearities.

3. It uses a new damage index that accounts for teeaiction between the axial force

and the bending moment at a member section, incaigm cyclic strength and
stiffness deterioration and accounts for the phesran of low-cycle fatigue.
It incorporates a damage scale derived on the basistensive parametric studies.
This method allows the designer to either deterntieedamage level for a given
structure under any given seismic load, or dimensigtructure for given seismic
load and desired level of damage, or determinentla&imum seismic load a
designed structure can sustain in order to exhidisired level of damage.

ok
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Appendix

PerLfg\rlgince IDR opl Ho Damage
1-2% [16]
1.5% [3]
1.O. 0.5% [17] <6, [15] 2 [15]
0.7 % trasient
negligible permanent [15]
2-3% [16]
3.2 % [3]
L.S. 1.5% [17]
2.5 % transient
1% permanent [15]
3-4% [16]
3.8%[3]
C.P. 3% [17]
5 % transient
5% permanent [15]

<5% [17]
0.1-10% [18]

<20% [17]
<60,[15] 7[15]  10-30% [18]

<50% [17]
<80,[15] 9[15]  30-60% [18]

Table A.1. Performance levels and corresponding limit response values given by several authors.



ENAX NEOX AEIKTHX BAABHX I'TA THN XEIXMIKH EINITEAEXTIKOTHTA
TQN METAAAIKQN KATAXKEYQN

I'eopyrog X. Kapdapng
Ap. IToltucog Mnyovikdg
[Tovemoto [Hatpodv
[Tatpa, EAAGOa

T'edpyrog A. Xatlnysopyiov
Erikovpoc Kabnyning
Anpoxpitero [ovemotmuo Gpdxng
EdavOn, EALGOa

Anpntprog E. Magokog

Kabnynmg
[Movemoto [Hatpodv
[atpa, EALGOQ

epiinyn: [apovcialetar Eva véog deiktng PAAPNG Yo emimedeq LETAAMKES KATAGKEVES
7OV VEioTAVTAL GEIGUIKT EOpTIoN. O deiktng avtdg opiletal ot daToun evog LEAOVS Kot
Aappdver vdyn Tov TV aAANAETidpaon petald g KapmTikng pomng M kot g aovikng
dvvaung N wov dpovv oty vrd e&€taon dwutoun. H alinienidpaon avt) opiletar pe dvo
YAPOKTINPLOTIKEG KaUTOAES 6To eminedo M-N dmov n Tpd™N avtictoryel oty petafatiky
KOTAGTOON HETOED TNG EMUCTIKNG KOl TNG OVEAAGTIKNG GUUTEPLPOPAC, 1e v PAAPN va
etvar iom pe pundév, evd m OedTEPT AVTIICTOWEL GTNV OPlOKN KATAGTOON TNG TANPOLS
aotoyiag Tng owtoung, 6mov m PAGPN wovtar pe povada. O mpotewvduevog deikTng
opiletar Bewpdvtag ypopukn petafoin g PAAPNS HeTaEd TV 000 XUPAKTNPIGTIKOV
KapmoAdv. H pun-ypappikdtra vitkov Aapfdvetor vadyn pe m Bewpio cuYKEVIpOUEVNG
TAoTIKOTNTOG €E€TALOVTOG EMIONG TIG AMOUEUDGELS OVTOYNG KOl OLGKAUWING KaOMG Kot
TNV OMYOKUKAKY, kKOmwon. H  yeopetpikn  pn-ypoppkdtnto  AapPavetar  vaoym
eetdlovtag v emppon TV peydAmv peTotomicemv kol ta eowvoueva PO kot P-A.
Téhog, mapovcialovtal YopaKTNPIOTIKE TapadelylaTo omd To omoio yivoviol pavepsg ot
duvatdTNTeEG TG TPOTEWOUEVNS peBodoroyiag eV  TOVTOYPOVE  ATOJEIKVOETAL 1)
OTOTEAEGUOTIKOTNTO TNG LECH TNG GVYKPLONG UE VILAPYOVTES OeikTeS PAAPNGC.



