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ABSTRACT : In this paper, the previous damage models for structures and their
components under seismic repeated loading were reviewed systematically. A
failure criterion for steel members under severe cyclic excitations as in strong
earthquakes was described. A new approach to seismic damage assessment
for steel members was proposed. This method was based on a series of the
experimental and numerical investigations for steel members under very low
cyclic loading. In this study, very low cyclic loading means repetitive loading,
5 to 20 loading cycles, within the large plastic range. The proposed damage
assessment method was focused on the local strain history at the
cross—section of the most severe concentration of deformation.
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1. Introduction

In the last 30 years, numerous approaches
to seismic damage assessment have been
proposed. This damage evaluation has been
accompanied with high-storied and large-
scalization in civil engineering structures
such as bridges, buildings, offshore oil
and gas platforms, nuclear power plants
and so on. Although a lot of researches,
both experimental and analytical, has
been carried out to make an exact model
or method to seismic damage assessment
for structures and their members, a
decisive one is not developed yet.

Therefore it is necessary to develop a new
damage assessment method considering
exactly the physical aspects of seismic
damage and failure mechanisms for structures
and their members, which may finally be
able to improve general reliability and
damage estimation against earthquakes'’.

It is obvious for economically-designed
steel structures that brittle failure in
welded connections or elastic instability
failure is not a serious problem. The most
important thing is to clarify the inelastic
post-buckling behavior of members under
repeated loading. In order to establish a
safety assessment criterion for steel
structures under severe seismic excitations,
the structural behavior at the critical
section of members under very low cycles
of loading must be considered”’. The
reason is because structural damage and
failure are often associated with plastic
and/or unstable behavior of structural
members due to large cyclic deformations

with initiation of local buckling. The
structural behavior at the critical section
should be related to the local strain or
stress at the critical cross-section of
structures and their members. Thus, it
appeared to the writers that the damage
criterion at the point of the local strain
history of the critical cross-section is
required to estimate the seismic safety
more precisely.

A new approach to seismic safety
assessment for steel members was proposed
herein. This method was based upon a
series of the experimental and numerical
investigations for steel angle members
under very low cycles of loading. Importance
of local strain parameter was discussed
in relation to cracking to identify a
quantitative relationship between damage
and itself. The proposed seismic damage
model is focused on the local strain
history at the cross-section of the most

severe concentration of local deformation.

2. Review of Damage Models under
Repeated Loading

In order to understand the damage models
that have been proposed previously, it is
necessary to clarify the damage indices
according to the wused variables for
damage assessment. The damage indices
are usually defined as the damage values
normalized with respect to the failure
level so that a damage index value of
unity corresponds to the failure. Tables
1~5 show a systematic classification of
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the local and global damage indices for steel
structures, reinforced concrete structures,
and their components subjected to cyelic
loading, which have been proposed ‘during
the past 30 years. Here the local and
global damage indices are defined as the
damage indices for a individual component,
i.e. structural element or member, and
total structure combined with these
components, respectively. All of these are
categorized into four groups: (1) damage
indices based on the variable of ductility
ratio (see Table 1), (2) damage indices

based on the variable of stiffness
degradation (see Table 2), (3) damage
indices based on the variable of dissipated
energy (see Table 3), and damage indices
based on the linear combination of ductility
ratio and dissipated energy (Table 4),

The damage indices based on ductility
ratios are one of the first proposals to
assess the damage contents due to cyclic
loads (see Table 1). These indices are
basically related to a ratio of the éapacity
(plastic strain) and demand (largest
plastic strain resulting from cyclic loads)

Table 1. Local damage indices based on ductility ratio

Proposer Equation Remarks
D . cumulative damage ranged from 0.0 - 1.0
Vao & n . number of cycles
Mao dgsi; Y™ | .,  incremental positive plastic strain during i-th cycle
unse ==
(1962) i= 4q 4 ; 4en: . tension plastic strain to cause failure during i-th cycle
m . material constant
object . for structural steel components
D . damage index for a given element i
Bertero & ge 1o g .
d; d;  ; response(demand) of the element i
Bresier Dy=— . . . .
Ci e resistance(capacity) of the element i
(1977 . . .
object : for reinforced concrete members
ue  rotation ductility
O 6w . maximum rotation
Ho= 9, 4,  yield rotation
Banon, Biggs #s 3 curvature ductility
& Hy= Lmﬂ.}_ ¢m . maximum curvature
Irvine (1981) ¢ ¢y 4, yield curvature

T4, NCR  normalized cumulative rotation
NCR= a, 8 . plastic rotation
object . for reinforced concrete members
D : cumulative damage index of member
Krawinkler .
R ¢, ¢ . damage parameters
& D=C3 {48, o .
. = 48, . plastic strain during the #~th cycle
Zohrei (1983) . .
object . for structural steel component
D  damage for all = cycles
D= i‘i( A8 i ya 48, : negative change in plastic deformation in the i-th cycle
Stephens =1 48, 48,  positive change in plastic deformation in the /-th cycle
& where, 28, . positive change in plastic deformation to cause failure in
Yao (1987) a=1— bx 48y the #-th cycle
48y b : deformation ratio coefficient

object : for reinforced concrete members
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Table 2. Local damage indices based on stiffness degradation

Proposer ‘Equation Remarks
DR . damage ratio
Lygb;as K K, ¢ initial tangent stiffness
Sozen DR= K: K, . reduced secant stiffness corresponding to
(1979) maximum displacement
object  for reinforced concrete members
MFDR = max[ MFDR* , MFDR™]
where, M,/¢, | initial elastic stiffness
L{_ - _Q;T M./¢. | secant stiffness at arbitrary local level
Ronfaiel M M
= e My . . "
& MFDR* =——+ T M./¢. ; secant stiffness at onset of failure
On 9y
(lilgge;) M M +ad—  loading direction
-1%’2: — —}JY: MFDR-1  signifies the onset of failure
MFDR™ = —&——?— . . .
P by object : for reinforced concrete members
M, M

of structural components. This concept

has been modified to contain the effect of

cumulative damages by Yao and Munse'?,

®  Bertero and Bresler?,

Kasiraj and Yao
Blejwas and Bresler’™ and Stephens and
Yao®. In these damage models, however,
it does not consider the effects of the
loading sequence and the local instabilities
region of members

in the plastic

accumulated by repeated loading.
Lybas and Sozen'”, Mever and Roufaiel®

' developed

and Roufaiel and Meyer”
another types of damage indices connected
with stiffness degradations, which presented
the damage states as a simple ratio of
stiffness (see Table 2).

indices cannot be used as an

These types of
damage
exact damage predictor under inelastic
cyclic loading because of no consideration
of the cumulative state of damage.

1 proposed an energy

. (
Gosain et al.
index for seismic damage assessment. In

recent years, many proposals for damage

assessment associated. with the dissipated
energy have been made by Banon et
al."V  Hwang and Scribner’?, Darwin
and Nmai'?, and Chung et al."?. As
pointed out in the above investigations,
the energy dissipation capacity has been
shown to have a potentially important
influence on the damage of reinforced concrete
members during strong earthquakes (see
Table 3). Namely, these concepts seem to
be very attractive for the derivation of a
reinforced

reliable damage model for

concrete members. But it is extremely
difficult to

between the

relationship
and the
dissipated energy, since the number of
total

dissipation capacity are not corresponding

present the

damage level

cycles to failure and energy

one-to-one.

Park et al."”, and Nishigaki and
Mizuhata'® introduced a seismic damage
model for reinforced concrete members

including the ductility ratio and dissipated
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_ Table 3. Locel demage indices besed on dissipeted aneray.

Proposer Equation Remarks
i L. 7 work index
C}‘;osam. n  number of load cycles in which p/P,20.75
r;wn I,= P4, P, 4; > load and corresponding displacement during i-th cycle
Jiras = P4, p,,4, > load and corresponding displacement at yield of
(1977) flexural bars
object ; for reinforced concrete members
E(#) ; normalized dissipated energy as a function of time “t”
Banon, ¢ t ) elapse time
Biggs fM( )é(dr) M . moment
& E (D= -—l—M.—B—‘ 8 - rotation
Irvine ‘—ZLy‘ M, . yield moment
(1981) 6,  yield rotation
object . for reinforced concrete members
Is energy index
Hwang E, energy di§sipated duriflg the i-t}'\ cycle
& X A K,.4, : elastic stiffness and yield deflection, respectively
i Ip= i; E; .]_{.‘. . (T) K.4; . flexural stiffness and maximum displacement in the
Scriber = ¢ v i~th cycle, respectively
(1984) n » number of cycles with P=0.75P,
object : for reinforced concrete members
D;  : normalized dissipated energy index
Darwin E E . total dissipated energy
& D;= A\ Al.A: 1 area of compression and tension steel, respectively
Nimai 0.5P,4y{1+(~/f—) ] 7 yield load
(1986) s 4, . yield deflection
object. . for reinforced concrete members
D, . cumulative damage index
Chung. i indicator of different displacement or curvature level
Meyer, i indicator of cycle number for given load leveli
& D,=S5Ya} l’.;_ o _15;-_) N; 3 number of cycles(with curvature level ¢ ) to cause failure
Shinozuk eSSV N Y N 7; . number of cycles(with curvature level i) actually applied
a e; | damage accelerator
(1987) +~ ' indicator of loading sense
object : for reinforced concrete members

energy (see Table 4).

Even though the

One of the most

frequently used

various numerical factors in the damage
index were obtained from the regression of
numerous experimental data, the damage
model was represented by a linear
combination of damages caused by the
maximum deformation and the hysteretic
energy dissipation during earthquake.
This

discrepancy, because these two variables

linear summation resulted in a

were linearly independent.

A 103 3% 19968t M

approaches for overall damage assessment
is performed by a combination of weighting
factors of local damage indices (see Table
5). Bertero and Bresler'” suggested a global
damage index based on the ductility ratio of
elements, which is a weighted assemblage
Park et al.”"”

also used the weighted combination of

of the local damage indices.

individual member's damage contents to

establish the overall damage index, using
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Table 4. Local damage indices based on linear combination of ductility ratio and dissipated energy

Proposer Equation Remarks
D, : damage index
dmx . maximum deformation experienced so far
Park, Ang B LS : ultimate deformation under monotonic loading
& Wen D, = s Q ¥) f dE Q i calculated yield strength
13 u
(1984) dE : dissipated energy increment
8 . non-negative parameter
object : for reinforced concrete members
D{») | damage index of member
) : number of cycles
Mizuhata s | £ Sax : maximum displacement experienced
Nishigaki Dy( n)-—-——————+ Tl‘i 3 . displacement at failure under monotonic loading
1= r
(1987) Ey . dissipated energy in the i~th cycle
E, . total dissipated energy
object : for reinforced concrete members
Table 5. Global damage indices based on ductility ratio or dissipated energy
Related .
. Proposer Equation Remarks
Variable
D, . cumulative damage index
w . important weighting factor for i~th structural
Bertero ' component
& _ ( w,-y,d,») % service history influence coefficient for demand
Bresler a E!w,- & oy v service history influence coefficient for capacity
. (1977) 4 response(demand) of the element i
Ductl‘hty a  : resistance (capacity) of the element i
ratio object : for reinforced concrete structures
Roufaiel Gpp  global damage parameter
& do—d 4z maximum roof displacement
GDP"*&_—L 4, . roof displacement at the yield of the first member
Meyer dr—d, . :
(1987) dr ; roof displacement at the failure structure
object : for reinforced concrete structures
by . damage index for % story
1, Dt . damage index of joint i in the story #
Park g; D' Ef
14 )
zr D=4 " . number of potential plastic hinges in &th story
Paulay ~& El E* . energy dissipated in joint ¢ of story %
Dissipat (1975) D ﬁ;DsJ N . total number of stories
ed e ¢ 15 =M=t weighting factor for story
energy . .
object : for reinforced concrete structures
Park,Ang D, : global damage index
& ZD.E: E. . total energy dissipated by the ;~th member
Wen Dy= 2: D, : local damage index of i~th member
(1985) object : for reinforced concrete structures
344 AT xS =2



the energy absorbing capacity. The other
approaches for global damage assessment
were performed in applying ductility ratio
and dissipated energy by Roufaiel and
Meyer® and Park and Paulay™®, res-
pectively.

Structural behavior and damage process
under earthquake loading are very complex
phenomena which are very difficult to model
analytically or to reproduce in laboratory
experiments. The literatures regarding the
damage models are very vast, as indicated
in Tables 1~5. The common approaches to
seismic damage assessment are based on
the concepts of Manson-Coffin hypothesis,
ductility and stiffness ratios, or dissipated
energy hypothesis for low-cycle fatigue. But
the states of damage and failure in
structures and their members are not yet
definite. A clear definition for damage and
failure of structural members under severe
cycli¢ loading is required. Almost all of
these ‘past modeéls have disregarded local
instability pheriomena in the = plastic
regiohig of member related to .damhage and
failupe caused by earthquake loads.

3. Failure Criteria for  Steel Members
under Strong Excitations

A fundamental condition of repeated
loading is that the amplitiide of the induced
displpcement or strain is conSt}ant. The
ampljtude a increases, the number of F of
the loading ¢ycles that can be @pplied up
to the fatigue failure decreases. The
Manson-Coffin rule stipulates a relationship
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similar to what is known as the S-N curve
or Woehler curve, which represents
graphically the relation of stress(S) and
the number of cycles(N) at failure of the
material. This rule relates log @ and log
F linearly with a negative factor, as
shown in Fig. 1, and is expressed as

a = bF’ (1)

where b and j are material constants.
However, it seems meaningless to compare
the abundant numerical expressions for
the relationship of the Manson—Coffin rule
obtained from each test, because the
respective definitions of a failure state
and the materials of the test specimens
vary. It is proposed in formulating the
failure criterion that the number F should
be replaced by the total energy dissipated
or by an effective number equal to the
total energy divided by the energy
absorbed per cycle in a stationary process.
The evaluation of the deformation amplitude
is based either on the difference between
the maximum and minimum deformation or
on its residual component, which taken to
be the difference in the deformations

corresponding to the vanishing load™?.

loga a=bF!

logF

Fig. 1 The Manson-Coffin rule



In order to represent quantitatively
structural damage and failure for structural
members subjected to earthquake loads, a
clear definition of failure for structures and
their components under repeated loading is
required. Because failure mechanisms are
often associated with very complex physical
phenomena, however, it 1is difficult to
describe the failure state definitely. There
are basically five different approaches to
define failure state for members subjected
(1) the initiation of
surface cracking™, (2) the crack tip

opening displacement(CTOD) criterion®”,

o (22)
(3) the occurrence of severe cracking®?,

to cyclic loading

(4) the strength drop reaching below a
certain value of the initial yield stress'®,
and (5) the complete rupture of the
cross-section. But the state of failure for
structural steel members under strong
seismic  excitations is not as yet

definitive.

4, Experimental and Numerical Obser-
vations on Seismic Failure Behavior
of Steel Members

Past studies using experiments on steel
structural members, including columns,
beams, and braces, commonly report that
global buckling of steel members can
easily trigger local buckling of thin-plate
elements. The local buckling causes
concentrated large plastic deformations,
which within 5 to 20 loading cycles induce
cracking that eventually leads to rupture
of members. Also. it has been observed

that seismic loading of steel members has
caused ruptures at local buckling
locations. Some of previous researchers
have classified this type of failure as
low-cycle fatigue. However, fatigue generally
means a failure caused by crack propagation

deformations®?.

without macroscopic
Therefore, classifying failures that occur
under repeated large deformations, such
as those in this study, as belonging the
category of fatigue failure is questionable.
It is proposed that this phenomenon
should be called very low cycle failure”.
To clarify the damage process leading to
cracking under very low cycle loading, it
is required to discuss global member
performance and local material behavior.
The writers performed some tests (see

Fig. 2) to observe cracking behavior of

Fig. 2 Local deformation and cracking
of the steel angle member
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steel members that experienced localized
and large deformation caused by buckling”.
The experiments were performed with
special attention to the inelastic post-
buckling behavior of steel angles and the
state of cumulative plastic strains at the
critical part of the specimen. Two types of
L-40x40x3 and L1-40%X40X35,

SS400 grade steel, served as specimens.

angles

The yield stress and the ultimate tensile
strength of the materials: were 331-371
N/mm? and 447-469N/mm®, respectively. A
total of 28 specimens wag tested. Each

specimen was pin-supported, as shown in

Fig. 2. The effective length £, the tested
part between the pin-supports,. was 318
mm(or 300mm) or 618mm, as indicated in
Table 6. Test parameters are smﬁarized
as follows: (1) slenderness ratio A (2)
width?tb~thickness ‘ratio b/t (3) loading
pattern: and (4) deflection/mode. The A
-value of the specimens r&ngbd between
37 and 41 or equalled 77. ' The.ratio b/t
was 8.6 or within the range of 13.3-16.4,
as shown in Table 6. To investigate the
quantitative : effect of the _Eimpor’cant
factors on the very low cycle failure

process, a wide range of loading histories

Table 6. Specimen sizes and test parameters

Specimen Length Width Thickness | Slenderness | Width-to- Loading Deflection
name £ {mm) b(rmm) #H{mm) ratio A thickness pattern mode
(1) (2) (3) (4) (5) ratio b/H6) (7) (8)
L3IP 318 396 2.80 40.5 14.1 LI P
L3IN 301 40.4 2.55 374 15.8 LI N
L3CPa 300 40.3 2.55 37.3 15.8 LC P
L3CPy 318 39.6 2.83 40.5 14.0 LC P
L3CN 301 40.5 2.47 37.4 16.4 LC N
L3GP 318 39.5 2.80 40.5 14.1 LG P
L3SP 318 39.5 2.82 40.5 14.0 LS P
L3GN 318 39.5 2.78 40.5 14.2 LG N
L3SN 318 39.6 2.79 40.5 14.2 LS N
L5IP 318 39.2 4.56 41.4 8.6 LI P
L5IN 300 39.2 4.58 39.0 8.6 Ll N
L5CPc 317 39.3 4.55 41.2 8.6 LC P
L5CPy 317 39.2 4.55 41.2 8.6 LC P
L5CN 318 39.2 4.55 41.4 8.6 LC N
H3IP 618 40.3 2.49 76.8 16.2 LI P
H3IN 618 40,2 2.50 76.8 16.1 LI N
H3CP 618 40.3 - 2.50 76.8 16.1 LC P
H3CN 618 40.4 2.50 76.8 16.2 LC N
H3GP 618 40.2 2.51 76.8 16.0 LG P
H3SpP 618 40.4 2.49 76.8 16.2 LS P
T3M 316 39.7 - 2.97 40.4 13.4 ™ -
T3CPs 315 39.6 2.98 40.3 13.3 TC P
T3CPy 316 39.7 2.97 404 13.4 TC P
T3CN 318 39.6 2.97 40.7 13.3 TC N
A3CP 316 39.7 2.99 40.4 13.3 AC P
A3CN 315 39.6 2.97 40.3 13.3 AC N
A3IP 316 39.7 2.98 40.4 13.3 Al P
A3IN 315 39.5 2.96 40.3 13.3 Al N

A 103 3% 1998 of
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(a) Li-type(contraction side)

(b) LC-type(contraction side)
(¢c) LG-type(contraction side)
(d) LS-type(contraction side)
(e) TM-type(elongation side)
(f) TC-tvpe(elongation side)

(g) Ai-type(alternate)
(h) AC-type (alternate)

Fig. 3 Loading patterns

was adopted., as shown in Fig. 3.
Namely, the choices in Fig. 3 included
increasing displacement amplitude (LI and
Al types), constant displacement amplitude
(LC, TC, and AC types), stepwise varying
displacement amplitude (LG and LS types),
and monotonic elongation (TM type), in
the relative axial displacement 4. The
total number of load cycles was set in the
loading program up to 16, 24, or 30. The
experiments were performed up to the
occurrence of visible cracks or rupture of
the specimen. When a steel angle buckled
due to the initial compressive loading, two
types of buckling deflection modes were
observed. Therefore, the deflection mode

348
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Fig. 4 Deflection Modes

played an important role as a testing
parameter. Positive deflection mode (P-mode)
and negative deflection mode (N-mode) are
defined as shown in Fig. 4 (a and b),
respectively.

A slowly varying uniaxial load was
applied to the specimen using a hydraulic
servo-actuator with a loading capacity of
294 kN. A very small eccentricity, about
+0.5mm, was given in the load to control
the deflection mode. Loading was controlled
by the relative axial displacement 4
between the pin-supports, programmed in
the contraction side (L and H series), the
elongation side (T series), or in the both
sides (A series), as shown in Table 6.
This causes buckling in the specimen
under the initial compressive loading.

Steel angles are composed of two simply
thin-plates. The angles experience the
fundamental failure modes, i.e. failure
caused by pure tension, compression and
bending, and tension and bending, due to
elongation and global bending and local
buckling deformations under very-low-
cycle loading. Also, by using the steel
angles, it is expected that structural
factor like the width-to-thickness
ratio might be clearly defined and the

R =Ry



structural fatigue behavior after global
flexural buckling and local buckling might
be investigated under the severe cyclic
loading. This is meotivation which chosen
the steel angle specimens from standard
structural shapes. Namely, even though
the test specimens in this study are the
steel angles, the aim of experiment is to
investigate comprehensively the plastic
failure behavior of thin-walled steel
members under repeated loading rather
than that of angles solely. Thus this
experiment will provide an useful data to
clarify the complicated failure behavior for
structural members which are subjected to
the fundamental phase such as the pure
elongation and the compressive-bending
and tensile-bending deformations due to
repeated loads.

During testing, positive or negative
deflection was observed as defined in Fig. 4.
In the case of P-mode deflection, the global
buckling deformation was accompanied by
large deformation due to local buckling of
the leg plates at the midheight of the
specimen as shown in Fig. 5. In the case
of N-mode deflection, only the global

(b) N-mode

(a) P-mode

Fig. 5 Typical load-axial displacement relations

103 3% 1908 9%

buckling was observed. These buckling
deformations induces very large local
strains at the critical midpart. The test
results, for steel angle members under
very low cycle loading, have shown that
inelastic buckling caused a sudden
decrease in the compressive load-carrying
capacity, but only a slight decrease in the
succeeding tensile load-carrying capacity (see
Fig. 5). However, both the compressive and
tensile load-carrying capacities were
considerably decreased by the initiation of
cracking. It is thus found that ultimate
state of failure is closely related to the
occurrence of a visible crack. In this
investigation, therefore, the failure state for
steel members under earthquake loading
is characterized by the initiation of surface
cracking. Fig. 6 shows typical axial stress-

—convex-side P-mode
——concave-side

(a) Local stress-strain hysteresis
(b) Local strain history with increasing
number of cycles

Fig. 6 Typical steel angle model



strain hysteresis and the corres- ponding
strain history with increasing number of
cycles. This hysteresis curve and
historical data give information for the
extreme fibers of the concave and convex
sides of the bending deformation at the
mid- cross—section elements (see Fig. 1).
This indicates that the critical element
of the angle model under the very low
cycle loading has undergone very large
plastic strain reversal. As shown in
Fig. 6, the amplitude of local strain
variation in the absolute value was
approximately 25~35% in each cycle on
the concave-side surface and 15~20%
on the convex surface. Thus the strain
amplitude on the concave-side surface
was larger than that on the convex-side
attributed to
locally severe straining as shown in Fig.

surface. This may be
4. This means that the most severe
at the
concave-side surface of the global and/or

cycling of local strain occurs

local buckling deformation. It can be
considered this corresponds to the

experimental phenomenon that the first
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(a) Concave-side

cracking was always observed on the
of the
deformation (see Fig. 6).

The thick bold lines in Fig. 6(b)

indicate the cracking cycles in which

concave-side surface buckling

cracks were observed in the corresponding
test specimens. The total cumulative
plastic components of local strain in the
tensile stress side in each cycle were
calculated up to the cracking cycle. This
resulted in the values of 104~255% for
the simulated cases, which have the same
order of magnitude as in the monotonic-
tensile tests'”. Therefore, the local strain
information might be used to represent
cracking due to the cumulative damage

under severe seismic loading.

5. Seismic Damage Model for Structural
Steel Members

The approaches to seismic damage
estimation are often based upon the energy
dissipation capacity. But the energy

dissipation process and capacity depend
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Fig. 7 Cumulative plastic local strain with increasing number of cycles
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heavily on the loading history and
failure mode. Therefore. it may be
impossible that the damaged state under
inelastic cycii‘c loading is clearly represented
by a simple one-to-one correspondence
between dissipated energy capacity and
physical damage such as the outbreak of
crack. Fig. 7 presents the relations
between the summation of cumulative
local strain in the critical cross-section
and the increasing number of cycles for
all the models obtained from the analysis.
Here the lower and ﬁpper dash lines
correspond to 90% and 115% of the
residual local . strain at the ruptured
portion under monotonic-tensile testing,
respectively. Based upon the failure
definition described in the above section
and the result of Fig. 7, a new damage
model for structural steel members under
severe cyclic loading can be suggested.
The new method may be described by the
cumulative value of the critical local
strain in the course of increasing number
of cycles, which is conservatively
compared with the threshold value 90% of
the local strain at the ruptured portion
under the pure monotonic-tensile angle
and material testing. That is, the failure
state is indicated if the cumulative value
of the local strain in the critical
cross—section exceeds the limit strain of
90%. Thus, the damage indicator under
cyclic excitations as in strong earthquakes

may be formulated as follows:

If ﬁle; = € img . then failure state (2)
b=

H 103 3% 1908 9%

and
If gei < & ymit . then no failure state (3)

where N, ¢ and & 4m are the number of
cycles, the local strain in the critical
cross-section and the limit strain,
respectively. The value of &smi might be
90% in the case of structural steel members
under the severe seismic loading.

In general, the local strain history may
be calculated by the numerical approach
using finite element analysis with material
nonlinear and geometric nonlinear effects.
From Egs. (2) and (3), the damage model
"D of steel member to "N cycles can be
determined by the normalized form as
follows:

€;
D= g ( . ) )

Therefore, D=1 indicates the failure
state, while D {1 denotes a degree of
damage at the corresponding loading step.
As indicated in Fig. 5, the increment in
damage indicators as function of the
number of increasing cycles can be
observed. The failure state, i.e. the
initiation of cracking, for all the models
may be detected at the calculated damage
1.2~1.5. It
might be, therefore, considered that the

indicator in the order of

threshold local strain 90% corresponds to
the occurrence of the ultimate failure for
steel members due to cyclic loads such as
strong seismic loads.

351



6. Conclusions

From this survey of the literatures, it
was apparent that the common approaches
to seismic damage models were based on
the concepts of Manson-Coffin hypothesis,
ductility and stiffness ratios, or dissipated
energy hypothesis. There was five
approaches to define the failure state, i.e.
the initiation of surface cracking, the
crack tip opening displacement criterion,
the occurrence of severe cracking, the
strength drop reaching below a certain
value of the initial yield stress. and the
complete rupture of the cross-section. A
failure criterion related to the initiation of
surface cracking was described, which
applied for the failure definition for steel
members under inelastic cyclic loading as
in strong earthquakes. Based on a series
of the

investigations using steel angle members

experimental and numerical
subjected to the very low cycle loading, a
new approach to seismic damage assessment
for steel members has been proposed in
conjunction with the suggested definition
of failure. This new damage model might
be described by the cumulative value of
the critical local strain in the course of
increasing number of cycles, which is
compared with the threshold value 90% of
the residual local strain at the ruptured
portion under the monotonic-tensile
material testing. With respect to further
research, the experimental and analytical
investigations for structural steel members
having various shapes under very low cycle
loading may be needed to verify the
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proposed seismic damage model.
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