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1. ABSTRACT

A direct damage controlled design method of plaleelsframes under static loading is
proposed. This method is capable of directly marggiamage control, both at local and
global level, by incorporating in the analysis éontm damage mechanics concepts and
equations for ductile materials. The design proeesEcomplished with the aid of a two-
dimensional finite element analysis involving matkand geometric nonlinearities. Using
the proposed method one can either determine dafoagegiven structure and loading, or
dimension a structure for a target damage and doaaing, or determine the maximum
loading for a given structure and a target damagell An example serves to demonstrate
the advantages of the method.
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2. INTRODUCTION

In this paper, the Direct Damage Controlled Des{@CD) method, a new design
method recently proposed by Hatzigeorgiou and BegRk$ for concrete structures, is
extended here to structural steel design. The DOKC&ccomplished with the aid of the
two-dimensional (2-D) finite element program DRARIDX [2] which takes into account
both material (inelasticity) and geometric §Rxnd PA effects) nonlinearities.The basic
advantage of DDCD is the dimensioning of beam membe whole framed structures
with damage, directly controlled at both local agldbal levels. In other words, the
designer can select a priori the desired levelashage in a structural member or a whole
structure and direct his design in order to achit#his pre-selected level of damage.
Furthermore, the preselected level of damage, &s tite case with DDCD, ensures a
controlled safety level, not only in strength blgoain deflection terms. Thus, the present
work, unlike all previous works on damage of stalictures, develops for the first time a
direct damage controlled steel design method, wincimot just restricted to damage
determination as additional structural design imfation. Table 1 provides the three
performance levels ( 1.O. = Immediate Occupanc$. E Life Safety and C.P. = Collapse
Prevention ) associated with modern performancedaseismic design with the

corresponding limit response values (performancgectibes) in terms of IDR =
Interstorey Driftsfp = plastic rotation at member end,= local ductility and damage..

Performance
Levels IDR Opl Ho D
1-2% Leelataviwat et al. [3] <5%
1.5% SEAOC [4] <0, 2 Vasilopoulos et
1.O. 0.5% Vasilopoulos et al. [5] N al.[5]
0.7 % transient (FEMA273)[6] | (FEMAZ73)[6] 0.1-10%
negligible permanent FEMA-273 [6] ATC13[7]
2-3% Leelataviwat et al. [3] <20%
3.2 % SEAOC [4] Vasilopoulos et
L.S. 1.5% Vasilopoulos et al. [5] <66y 7 al.[5]
2.5 % transient (FEMA273)[6] | (FEMA273)[6] 10-30%
1% permanent FEMA-273[6] ATC13[7]
3-4% Leelataviwat et al. [3] <50%
3.8%SEAOQC [4] Vasilopoulos et
C.P. 3% Vasilopoulos et al.[5] <86y 9 al.[5]
5 % transient (FEMA273)[6] | (FEMA273)[6] 30-60%
5% permanent FEMA-273[6] ATC13[7]

Table 1.

3. STRESS-STRAIN RELATIONSFOR STEEL

In this work, a multi-linear stress-strain relatidor steel characterized by a good
compromise between simplicity and accuracy andnapadibility with experimental results
is adopted. The stress-strai, € ) relation in tension for this steel model is of florm

201



0
6E9vu«j 2UVEDpLO
MetaAikov Kataokeumv

MEOOAOAOTIEZ 2XEAIAZMOY KAl ANAAYZHZ

o=Eeg £sé,
o=0,+E, (s-¢)) for &, <&sg, 1)
oc=o0, £,<€

where the subscripts y and u stand for yielding @tichate, respectively. Eq. (1) describes
a tri-linear stress-strain relation representiragilplastic behavior with hardening, with E
and E indicating the elastic and hardening moduli, resigely.

4. LOCAL DAMAGE

Local damage is usually referred to a point or & paa structure and is one of the most
appropriate indicators about their loading capadityis paper defines and computes local
damage point-wise on the basis of damage mechanmiosiples. Thus the material
degradation process is governed by a damage var@bthe damage index, which is
defined as (Lemaitre [8]):

S,—0 Sq
where § stands for the overall section in a damage méatesiame, S, for the effective

or undamaged area, whilen(§n ) denotes the inactive area of defects, cracksvarts.
Index d becomes Owhen the material is undamaged areen it has failed.

(2)

The main goal of continuum damage mechanics id#étermination of initation and
evolution of the damage index d during the deforomatprocess. Lemaitre [8] has
proposed a simple damage evolution law, which caeessfully simulate the behavior of
steel or other ductile materials. This damage diaidaw reads

d=0
gsgy
£-¢, for (3)
d= g, <e<leg
&,— 8y y !

5. GLOBAL DAMAGE AND GLOBAL DAMAGE LEVELS

Global damage is referred to a section of a membdemember, a substructure (e.g.
building storey) or a whole structure and constsubne of the most suitable indicators
about their loading capacity.

In this work, the section damage indexdan be computed as

DS:£=\/(MS_MA) +(NS_NA) (4)
d J(Mg—M,)?+(N,—N,)?
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where the bending momentssMMs and M; and the axial forces A\ Ns and N; as well as
the distances c and d are those shown in the moxhenaxial force N interaction diagram
of Fig. 1 for a two-dimensional beam-column elem@itie bending moment §and axial
force Ns are design loads since the appropriate load mtiave been taken into account to
have compatibility with EC3 [9]. Fig. 1 includesl@ver bound damage curve, the limit
between elastic and inelastic material behaviorandpper bound damage curve, the limit
between inelastic behavior and complete failuraisTlilamage at the former curve is zero,
while at the latter curve is one. EqQ. (4) is basedhe assumption that damage evolution
varies linearly between the above two damage bouhdsse lower and upper bound
curves can be determined approximately by code aygermulae. Thus, the lower bound
can be given by

wm.tNE (5)

y y

where N and M, are the minimum axial force and bending momeispeetively, which
cause inelastic behavior, for instance, at therpatdiber, while the upper bound can be
given by

M (NY
el -1 ®

where N, and M, are the ultimate axial force and bending momesgpectively, which
cause failure of the section. Eq. (5) and (6) caenbused for the construction of the
bounding curves of Fig. 1. Since EC3 [9] allowdaséc behavior only for section classes
1 and 2, the proposed method is limited to thosdise classes in order to have
compatibility with it.

In this paper, the member damage in@gxis taken as the largest section damage index,
along the member.

For damage assessment of actual structures, howbiseapproach needs to be extended

to multi-member systems. Thus, for a structure amsed of m-members, the simplest
relation for the overall damage indexg,ls given by

1/2

3 D20
Do =| L —r (10)
>0
=1

whereQ; denote the volume of thB member. This relation reflects both the severity 0
the member damage and the geometric distributiataofage within the structure.
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Fig. 1: Definition of damage index Ds

6. DIRECT DAMAGE CONTROLLED STEEL DESIGN

The application of the proposed Direct Damage Gilett Design (DDCD) method to
steel members and framed steel structures is datte the aid of the DRAIN-2DX
computer program which is based on the finite el@nmethod. This program can
statically analyze two-dimensional beam structutaglsing into account material and
geometric nonlinearities. Material nonlinearitieee aaccounted for through the fiber
modeling of lumped plasticity. Geometric nonlinéias include the B-effect and the
effect are accounted for by utilizing the geomestifness matrix.

Using DRAIN-2DX, the user has three design optiah$is disposal in connection with
damage controlled steel design:

a) determine damage for a given structure under divating
b) dimension a structure for given loading and givengeét damage

c) determine the maximum loading a given structure sastain for a given target
damage.

7. EXAMPLE OF APPLICATION

A two-dimensional one bay — one storey steel frasnexamined in this example. Fig. 2
shows the geometry of the frame. Columns consistafdard HEB sections and beams of
standard IPE sections. The frame is subjectediforamloads 1.35G+1.5Q=30kN/m and a
horizontal load 1.35W, where G, Q and W corresptmdiead, live and wind loads
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respectively. The material properties are takemfstructural steel grade S235 divided by
a factor 1.10 for compatibility with EC3[9].

In the following, the frame is examined for thesfiand second design options. Initially,
the design option, related to the determinatiodarhage for a given structure and known
loading, is examined. Columns consist of HEB24Qises and beams of IPE330 sections.
The vertical loads remain constant and the horaoldad is increased incrementally
during the inelastic static analysis until collap¥ee results for damage, plastic rotation
and local ductilityuy of the frame at the three performance levels dWRE273[6] defined
by IDR are presented in Table 2.

1.35G+1.5Q

1.35W

(a) (b) 3.0m

7o L
- 50 >

Fig. 2: Frame considered in the example

The second design option has to do with member miioaing for a pre-selected damage
level and known loading. In this case the vertioating is 1.35G+1.5Q=30kN/m, as
previously and the wind load equals to 1.35W= 22kIN6 The maximum member damage
is set equal to 0% and 20% for columns and beaspeotively. The appropriate sections
in this case appear to be HEB260 for columns a&33® for beams

Perfomance|Damage
Member| Level (%) Byl He
endi O 1
1.O. 4.3 endj| 0 1
end i 2.26, | 3.2
L.S. 31.14 Y
(@) endj O 1
CP. 5355 end !5.356y 6.35
endj O 1
1O 19.23 end !0.176y 1.17
endj O 1
end i|2.356,| 3.35
L.S. 35.58 Y
(b) endj O 1
end i|5.508,| 6.5
C.p. 56.69 Y
end j|1.408,| 2.4
endi O 1
0. 15.45 endj 0.26, | 1.2
end i|1.440,|2.44
c L.S. 31.71 Y
© end j|3.068,|4.06
endi 4.48,| 5.4
C.P. 50.4 Y
end j|5.628,|6.62
Table 3
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8. CONCLUSIONS

In this work, the theoretical principles and thenputational procedures of the Direct
Damage Controlled Method (DDCD) for the static dasof plane framed steel structures
were presented. The proposed methodology quangéfidscontrols damage in a direct and
transparent manner much better than any of theimgisiethods of structural design. More
specifically, with this method the designer carheitdetermine the damage level for a
given structure and known loading, or dimensiornracsure for a target damage level and
known loading, or determine the maximum loading &given structure and a target
damage level.
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1. IEPIAHYH

[Tapovoialetar pion véa péBodog oxedlooHOD  UETOAMKOV ETIMEdOV  TAAICIOTOV
KOTOGKELDV VIO GTATIKY POPTION, 1) OOl EXEL TNV KAVATNTO VO EAEYYEL Apesa TN PAGPN.
H pébodog avtn eivar tkavi va emttuyydvetl Aueco éreyyo e PAGPNS, 1660 o€ TomKO OGO
Kot Kobolkd eminedo, pe tn Pondeta g Osmpiog PAAPNS Tov VeV HEGOL Yo OAKILOL
vAikd. H dwdwacio oyedacpov emtvyydvetor pe 1t Pondeia evoc mpoypappatog
MEMEPUCUEVOV  GTOLKElOV 7OV Aapfdver vIOYN TOL UM YPOUUIKOTNTEG LAKOD Kot
YEOUETPIKEG UM YPokdTNTEG. ME TN ypfon ¢ nebodov, divoviol Tpelg EMAOYES Yo TO
oxedloopud PETOAMMKGOV KATAGKELV®V, 0ol omoieg eival. 1) O mpocdiopiopog g PAGPNG
OLYKEKPIUEVNC KOTOOKELTC HE dedopévo goptio. 2) H draotacioldynon piog Kataokevung
vy dedopévo optio kol cvykekpuyévn embount PAAPn. 3) O mpocsdioplopndg Tov
péylotov @optiov mov umopei vo ovtégel pion dedOUEVN KATOOKEVT KE GUYKEKPUUEVT
emBount PAGPN.
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