Post-seismic damage evaluation:
A probability-based global damage index
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SUMMARY:

This paper proposes a strategy for global damagkiation on the basis of observed local damagelitts on
an assumed relationship between a structural dainalge and the associated residual probabilityadlfife.
This approach takes into account the significarfcth® damage of each component on the whole darogpge
means of importance factors on a two-level analgsiorey level prior to a building level. Theiei#ncy of the
importance factors, as well as the global perforeanf the proposed method, have been verified lgnsef a
comparison with a mechanical approach. A good aecare between the estimations and the referenoésres
was obtained. Accordingly, this strategy has theempital to be implemented as a part of a wider glalamage
evaluation framework, as a decision-making toolalilpermits of doing objective and accurate postgaake
assessments.
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1. INTRODUCTION

For a particular system —a building for examplee tommon causes of damage are the various
actions supported during its lifetime, applied g or steadily with different intensities and &m
duration. Earthquakes are among the natural ewanith may cause extensive damage in buildings,
in structural as well as non structural elementse Extent of this kind of damage does have a
significant effect in the occupation in the evefieanath. Hence the importance of the post-seismic
damage assessment, as the base of the decisiongratkout the buildings occupancy (in regard to
possible aftershocks or for permanent occupation).

Damage, as well as damage measures have beenddéfirseveral ways. The structural seismic
damage is defined, according to experimental sg@ie the result of the large nonlinear deformation
and the energy dissipation as well as the fatigue @ the cyclic loading inherent to earthquake
actions (Park and Ang, 1985). This results in fiomztl expressions as stiffness and strength
deterioration affecting the lateral performancewadl as the possibility of bearing vertical loads,
leading sometimes to the failure. The usual visildicators of damage are the presence of permanent
deformations and of patterns of cracks or deforomasgipecific to the material and the particularsstre
state. Some measures have been proposed as @ffuocthe remaining life span of the structure, of
microstructure measures which account for realulefan a representative volume and of variations
in physical or in mechanical properties (Bessoalgt2001). Others have been expressed in terms of
economical indices as a function of repair costapfpos et al., 1998) or have been related to rdsidua
probabilities of failure (Mebarki and Laribi, 2008) any case, it is clear that establishing arctbje

and accurate measure of such a phenomenon is galsird



When dealing with post-seismic damage evaluatibe, ggrocedures may be classified into rapid
methods, aiming at taking in-place decisions almmeupancy and identifying potentially dangerous
conditions, and detailed methods, for further itigegion on the serviceability state of the builglin
Most rapid methods use evaluation forms which nhestfilled by trained staff on the basis of
observed damages, apparent characteristics oftthetuise and pre-existent available information.
Regularly, occupancy decisions are taken on this lods global damage category or index, obtained
from damage states based on visual inspection igitdlevdamage signs (cracks, buckling, etc.).

Among the rapid methods, an integrated methodolitjyin a probabilistic framework was recently
proposed to estimate global damage (Mebarki andbi.a2008). An overall damage index is
computed from damage in structural as well as rinrctsiral components by means of the residual
probability of failure. The methodology has threaimordered stages: i) the estimation of the redidu
probability of failure for each component (strueuand non-structural), by means of a postulated
relationshipP; = f(D¢), which transforms damage categorigsinto residual probability of failure,
making thus possible the establishment of a quivi parameter; ii) the estimation of the overall
probability of failureP;, which is supposed to occur when either the sirattor the non structural
failure occurs, under the assumption of the faikwents being statistically independent. And,tfig
determination of the global damage index on thdsbakthe global probability of failure already
obtained, by means of the inverse of the relatiatained at the first stage. The results were coatpar
with a database of experimental field evaluatioogesponding to the 2003 Boumerdés Earthquake
(Mw=6.8, Algeria) finding a good accordance. Thapeach has the advantage of transforming, in a
simple way, qualitative measures of damage intoantitative index. It may be implemented in the
post-earthquake assessment process to be a swbpbe tagging tasks when performing forensic
evaluations.

Thereby, inspired in this integrated probabilitypagach, this paper proposes a probabilistic-based
strategy for post-seismic evaluation of structul@inage. The relationship between the probability of
failure and damage is postulated as a functiom@itechanical properties of the building. The whole
strategy has been applied to three reinforced etemdrames, obtaining results which are in good
accordance with those of a mechanical approacks ibtended for being a step forward on the

implementation of a decision-making tool which pisnof doing accurate assessments of global
damage based on damage of components.

2. GLOBAL STRUCTURAL DAMAGE ASSESSMENT OF BUILDINGS

The strategy presented hereafter is also based@atinship between residual probability of fadlu
and damage. In its first version it is applicabidyao structural components and the interactioihs o
the building components are treated differentlytuady, it is limited to frame buildings which are
considered first as arrangements of storeys, wdiielin turn composed of beams and columns. Thus,
hereafter two levels of study will be referencdte storey level, depending on beams and columns,
and the building level, depending on storeys (J&t@z1).

2.1. Global Probability of Failure

First of all, an expression for the probabilityfailure of a system, as a function of the prob#ibasi of
failure of its components is required. For a buitdifloor, such an expression requires a detailed
inelastic study on the possible failure mechanishh® two classic probabilistic combinations, series
and parallel, might both be unrealistic. The sec@sbination implies that the storey fails when any
of the components fails. It is then too conseneatind it does not consider that vertical components
may be more important on the storey behaviourjrifstance. The parallel combination involves the
necessity of all the components failing to caugedysstem’s failure. It is hence non-conservative as
the storey would have failed before the whole conemds reach their failure. Nevertheless, for the
purposes of this study the conservative approadhbeiused, so that each storey of the building is
considered as a series system of beams and columns.



Consequently, the failure of a storey k)(Ehay be expressed in terms of the events of fidureach
general component {E&and E for beams and columns). Likewise, the complemgrdaent, is derived
as shown in Eqg. (2.2):

E=EUE 1)
E=EnE (22)

In the former relationshipE, represents the failure of the columns in the gtos® E. and its
complementary event, are given by the followingregpions in terms of each element:

E =E,0E,0..E,0.0E, (2.3)

E.=E,nE,n..E;n.nEj (2.4)

The indexN. represents the total number of columns in a stddegler the assumption that events are
statistically independent, the relationship betwtdenprobabilities of occurrence of these eventg ma
be expressed as:

P(E)=PME)* RE)x.. RE)x.x RE) (2.5)
Now, takingP(E;) simply asP. and considering thaP(E,)+ R(E) =1, the following relationship is
obtained for the probability of failure of colum¢and likewise that of beams):

Nc
1-R)= |'] 1-R)) (2.6)
Thus, under the same assumption of independeneesots, Eq. (2.2) leads to:
@-R)=QA-R)x{1-R) 2.7)

So that the probability of failure of a storey ni@ycomputed as:

R =1—{||Nj (- F&)}"{ﬁj 1-R; )} (2.8)

Under the same assumptions of the building beingeies system of th&lS storeys and the
probabilistic independence of events, the probgbihf failure P of the whole system may be
expressed as:

NS
R =1- ﬂ 1-R) (2.9)

2.2. Global Damage

2.2.1. Relationship between damage and residuddaliity of failure

Since damage always cause a degradation which weagually lead to a failure, it is clear that there
must exist a direct relationship between dam&yeand the probability of failure?,. Then, a new
relationship betweeR, andD, is assumed here. It depends on a fagtpintended to account for the



significance of the studied component on the glglgatem behaviour:
(1-R)=@@-D,)" - R,=1-(-D,) (2.10)

P, is the probability of failure of thetmelementD, the damage index of the same elementanthe
importance factor, whose calculation is developeldw. It may be observed that this equation fulfils
the correspondence between probability of failuré damage. When there is no damdgjes 0, and
when damage is considered as compBte=(l), P, is equal to 1, regardless of thgvalue.

2.2.2. Global damage index at a storey-level and ltilding level
From Egs. (2.8) and (2.10), the damage of a stonay be estimated from the damage of the
components as:

D, =1—{||Nj (- Dy, )™ }x{ﬁ @D, y* } (2.11)

Subsequently, according to Eq. (2.9) and definheyihdexBy as the indicator of the importance of
each storek on the global behaviour of the building, the glatemage indeXg is obtained:

D, =1- ﬁ (1-D, )* (2.12)

2.2.3. Damage assessment at the storey-leyelnd a, factors

The seismic behaviour of a storey strongly depemushe strength, stiffness and ductility of each
component. The proposed factors should provide asare of the importance of beams and columns
on the overall behaviour. Thus, the effect of eafcthese elements needs to be separated in some way
Since damage may have a significant effect ondatgiffness, the influence of each element class
(i.e. beam, column) on the lateral stiffness ofstwrey is considered here as indicator of thecefié

the components local damage on the storey oveaatlage. Therefore, a relationship between the
lateral stiffness of a storey and the relativefrati§s of its components is required. Getting suth a
explicit, separate expression is not easy sincenbeand columns do interact. However, a relative
influence of these components may be estimatedideniisg that the lateral stiffness of a storey
reaches its maximum value when beams are stiffginoo act as a fixed end of columns (Chopra,
2007). Then the maximum lateral stiffnegS* of a storey is computed as:

max _ 12E[ <&
K :F(Zlm) (2.13)

C j=1

WhereL. is the storey height (the column’s length) agdépresents the second moment of area of
each column cross section. According to Eq. (2.13) laterdfretss does not depend on the beam’s
length, as already stated by Chopra (2007). F& ¢hise, one may say that columns have their
maximum contribution, hence the maximum importar©e. the opposite side, when stiffness of

beams is almost negligible, so that there is norasyriction to lateral displacements, the minimum

lateral stiffness value tends to:

min 3E S
KL,k :F[ZIC’jJ (214)
c j=1

For the latter case, lateral stiffness value alspedds only on columns stiffness. But, columns
contribution is the smallest possible so that thgoeiated importance must be the minimum. Now,



since the current lateral stiffneks for a given configuration ranges between these lhaands, the
ratio between the real and the maximum stiffnesg pnavide an estimate of the influence of columns
on lateral stiffness, i.e. the, factor (Jerez, 2011; Mebarki et al., 2011):

— KL
a, = K (2.15)
Of course this is a rough estimate since the rélldnce is actually more complex, and dependdlon a
the connected elements to the columns under silitgreby, as the summation of the importance

factors for all the considered components mustdwealeto 1 regardless of the chosen property, the
influence factor of beams is:

a,=1-a, (2.16)

Now, the lateral stiffnes; may be estimated with variable levels of accullaayfor the purposes of
the present proposal a simplified method is sefkecEeveral simplified relationships exist as a
function of the mechanical and geometrical propsrtif the components. In this case a version of the
Wilbur’'s formulae has been used (Norris et al.,1t¥azan and Meli, 2002).

2.2.4. Damage assessment at the building-le¥dactor

Concerning the influence of the storey damage @ndlobal damage, an importance factois
proposed. It is proportional to the gravitationzdd carried by each storey. As it is already stated
other research works, such an index has the adyauatareflecting the risk and the consequences of
the collapse of elements on lower storeys (Bracal.e1989; Jeong and Elnashai, 2006). Defirlig

as the gravitational load carried by the storeyndstudied, that index is computed as:

W,
B =ws Z:Bk:]- (2.17)

2 W,
k=1

Now, all the parameters required to compute théaldamage by means of Eq. (2.12) are defined.
The individual importance factors and are comptunediividing thea, anda. factors byNB andNC
respectively. This approach for the global damagex fulfils the following requirements:

- It ranges from 0 when no damage is present orcamponent up to 1 for complete damage.

- It considers the relative influence of each eletrmwer the whole damage index.

- It considers the importance of the capacity toycgravity loads through thg factor, providing
more participating weight to the lower storeys gius influence on the gravity load bearing system.

3. APPLICATIONS

Three frame buildings have been tested under diifepatterns and distributions of local damage.
They are: a 4- and a 6-storey buildings designeddsmic loads typical of high seismic risk areas;
and a 8-storey frame adapted from a study abosmseicollapse safety in modern RC buildings
(Haselton and Deierlein, 2007). An elevation viewdisplayed in Fig. 3.1.

In order to verify the accuracy of the strategynachanical approach will be used as the reference
method. It evaluates the global damage from thatian in the stiffness of the first-mode capacity
spectrum obtained from a pushover analysis, astiifited in Fig. 3.2. Given the definition of thifan
mode capacity spectrum’s components, the eladfficests of this curve coincides with the eigenvalue
associated to thetimmode, i.e. the square of théhvibration frequency. Such a method is often used
for identification and localization of structuramage in experimental studies based on finite eléeme



model updating techniques (Simoen et al., 2010aBiRale and Cakmak, 1990; Nielsen et al., 1992).
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Figure 3.2. Evaluation of global damage through the variatiothe capacity spectrum elastic stiffness

The overall procedure consists in computing an»nbeg, as a function of the initial undamaged
stiffness k and the damaged stiffnesg Kaccording to:

DG =1-—° (31)

The damage at each element, supposed to be knomrtlie post-seismic inspection, is set directly on
the mechanical model of the building. It is consédias isotropic and set as a scalar internal blaria

D (Besson et al., 2001), so that the relationsleifsvben moment and curvature in the elastic domain
may be written as:

M =K,(1- D) (3.2)

Where:M represents the bending momefy the elastic stiffness of the element apithe curvature of
the section. The moment-curvature relationshippjgr@ximated by a bilinear curve, hence described
by an elastic-plastic model with strain hardenifbis proposal considers that there is only coupling



between elasticity and damage and no coupling leFtwlamage and strain hardening (see Fig. 3.3).
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Figure 3.3. Nonlinear degrading model used to simulate dansaggeams and columns

3.1. Reaults

Several analyses have been performed for evalutitm@fficiency ofa andp factors. Two damage
levels have been studied: a low — medium level (L&dpposed to range between 0.10 and 0.40 and a
medium-high (MH) level ranging between 0.4 and @8course, damage levels of 0.8 are quite high
so that in real situations they might be consideredomplete damage. However, they have been used
herein for evaluation purposes. Several patterrdanfage have been investigated in order to have a
significant insight on the accuracy and limits loé pproposed approach. The most important resudts ar
presented hereafter.

For evaluating th factor, which reflects the effect of damage athestorey on the global damage,
uniform, concentrated damage patterns have be@nadsseparately to each storey. Figures (3.4) and
(3.5) show the results for the 4- and the 6- stdrayes. Every single point on each graph represent
an analysis, i.e. the calculatedc@i: —by the mechanical approach) or the estimatedagldamage
(Dest—by the proposed method) when damage is concedtahta given storey.
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Figure 3.4. Results of global damage and damage category eHfanthe 4-storey building

For low-medium level of damage, there is a goodoatance with analytical results while for
medium-high level it is observed that accuracy €ases as damage level increases. Considering the
differences between calculated and estimated darffEdeg ogaL), ONe could observe that for most
cases they do not exceed one category, defining deategory as a range of 0.05 of damage value.



These results are acceptable, considering that giuisaconcentrated only in one storey, which may
not be a common configuration in a real situationfact, as it is observed afterwards, better tesul
are found when damage pattern is more uniform.
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Figure 3.5. Results of global damage and damage category eHfanthe 6-storey building

With the aim of studying the proposed approach wdmmpared to a real distribution of damage, the
studied buildings have been subjected to a setadfground motions (see Table 3.1) in order toinbta
more realistic patterns of damage. Some of thene l@en scaled with the aim of producing a wide
range of damage magnitudes. Once the results ebitaiocal damage at each element was computed
from peak values of the curvature, according tontteelel shown in Fig. 3.3. In fact, it was supposed
that the peak deformation reached during the eastke] would be the “yield” deformation of the
damaged model. Therefore, the following expressias been derived in order to compute the local
damage at each component:

Diocar = (Ppeax— @)A-Db) 1 @ oy (3.3)

Where: geais the maximum curvature reached during the eaeke; ¢, is the yielding curvature of
the undamaged component; @mdepresents the post-yield slope. Thus, the oldadl@enage patterns
were taken as given patterns and were investigaithih the framework of the proposed method. A
wide range of damage arrangements has been obsareedling to the particular characteristics of
the ground motions and the buildings. In the cdgbe4-storey building for instance, the patteans
usually unsymmetrical and damage decreases alertguilding height, as shown in Table 3.2:

Table 3.1. Ground motion ensemble

N Earthquake Y ear Station (Component) Mw PGA (9)
1 Imperial Valley 1940 El centro (180) 7.0 0.31
2 Loma Prieta 1989 Corralitos (000) 6.9 0.64
3  San Fernando 1971 Castaic (021) 6.6 0.32
4  Kobe 1995 Takaratzuka (000) 6.9 0.69
5 Erzincan 1992 Erzincan (NS) 6.9 0.52
6  Northridge 1994 Canyon country (270) 6.7 0.48
Table 3.2. Distributions of damage for the 4-storey buildingder Erzincan and Loma Prieta earthquakes.
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When applying the proposed method for all thestepat taken as known patterns, the results for the
estimated global damage index are very close tatiadytical results as shown in Figs. 3.6 and 3.7,
which confirms the suitability of the proposedindf factors.
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Figure 3.6. (a) Damage pattern for the 4-storey building urittdve earthquake and (b) Results of global
damage for the 4-storey building under the ensemibdgound motions
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Figure 3.7. Results of global damage under the ensemble afhgranotions for (a) the 6-storey building and
(b) the 8-storey building

4. CONCLUSIONS

A probability-based strategy has been developedl thié aim of computing global damage indices
on the basis of given component damage indiceseliés on an assumed relationship between
structural damage and residual probability of f&)wconsidering at the same time the significarfce o
the damage of each component on the whole damageags of importance factors.

In the case of RC framed buildings the three preddsportance factors have proven to be suitable
according to the obtained results for damage aemegts which allow identifying the individual
influence of each factor. Differences between dated and estimated global indices do not exceed, i
most cases, one category of damage: very smadirdiftes between the two values of global damage
are found. Concerning the general efficiency of inethod, a number of damage patterns obtained
from the non linear time history analyses have ktested. A good accordance between estimations
and reference results was obtained, confirmingsthigability of this approach and its potential for



being part of a decision-making tool which helps performing fairly accurate post-seismic
assessments of global damage based on damage pbicents.

Further validation with experimental or field resuls required to this strategy in order to be of
general application, since analytical approachesaéways subjected to uncertainties and usually do
not account for all the phenomena inherent tokimd of task.
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