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ABSTRACT:

A nonlinear static procedure is presented for tmévdtion of displacement-based fragility functidos seismic
performance assessment of masonry buildings oromabiscale. The procedure makes use of the existing
displacement-based method calibrated for masoniigibgs in the present research work. For a spetifi
performance level, the method compares the displane capacity of the structural systems with the
displacement demand at the secant vibration pesfdtie systems taking into account the energy migsin
characteristics with the expected variability irogetrical and mechanical properties of the systientsder to
assess their seismic vulnerability. The displacardemand on structures is defined using random &#frbped
linear displacement response spectrum. The pratyabilexceeding different specified performanaeitistates

of buildings is accessed and presented in termdigflacement-based fragility functions, which givibe
probability of exceedance of different specifiedndage states for a given median displacement demvhiuh is
obtained from each random displacement spectrungubkie median capacity parameters of the buildimbs.
derived fragility functions also take into accouhe record-to-record variability explicitly in thleuilding
capacity parameters obtained from the nonlineaadyo analyses. The derived fragility functions tenused
for the intensity-based, scenario-based and tinseddannualized losses) assessment on regiorial 3¢ee
method is applied to the urban masonry buildinglstef Pakistan.
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1. INTRODUCTION

The paper presents an analytical nonlinear stimatement-based method, capable of incorporating
sources of expected uncertainties in the seismmcadd and structural capacity explicitly, for the
derivation of fragility functions of groups of sttures. The method makes use of the basic prirgciple
of the mechanics of materials and structures tesasthe seismic performance of structural systems
with relatively high computational ease. The meatemature of the method makes it suitable for the
assessment of structures within the context oforedi earthquake loss estimation, real-time loss
modelling, design of insurance schemes, code adidor and efficient design of retrofit schemes.

Conceptually the method can be employed to any ¢yséructural system, the present study applied it
to the existing unreinforced fired solid brick magobuildings with reinforced concrete slab, whish

the most prevailing typology of existing buildintpek within Europe and other developing parts of
the world e.g. Pakistan [Ali, 2006]. Applicationt¢ode-designed buildings is also performed. Fitggili
functions are derived for the case study buildif@sses considering the global response of the
buildings, which can be used later in the seismddggmance assessment of these buildings on a
regional scale for earthquake loss estimationtdtinfit schemes and new design procedures to aneet
given target performance level.



2. DISPLACEMENT-BASED FRAGILITY FUNCTIONS
2.1. Nonlinear Static SDOF Systemsfor Masonry Buildings

The seismic response of masonry buildings withfoeted concrete slab, with or without ring/bond
beams, is mainly governed by the global mechanisthshear response of the in-plane walls with
limited energy dissipation capabilities and duttilievel. An equivalent single degree of freedom
(SDOF) system is used to simulate the nonlineaparse of an actual building in terms of
displacement capacity at different performance levémit states, see Fig. 2.2. for an SDOF
idealization of masonry buildings.
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Figure 2.2. Nonlinear static SDOF idealization of masonry dinigs

In this figure, H represents the total building heightrépresents thd'ifloor height,A; represents the
lateral displacement and, mepresents thé"ifloor mass for a given deformed shape of the ngtd

Me and He represent the mass and height of thevalgnt SDOF system, andAs represent the
equivalent yield and ultimate limit state displaggmthat represents the displacement capacityeof th
actual building at the center of seismic force dmpecified deformed shape; #¢presents the initial
pre-yield stiffness; [ represents the yielding force;.Krepresents the secant stiffness; and
represents the ratio of post- to pre-yield stiffador seismic assessment, the static SDOF system i
completely defined by secant vibration period, listate displacement capacity and energy dissipatio
characteristics of buildings represented as visdansping.

2.2. Methodology for the Derivation of Fragility Functions

The method makes use of the SDOF systems thaepresentative of the building stock in terms of
their characteristic mechanical properties: sewiration period, displacement capacity and energy
dissipation capability, considering all possibleerainties in geometrical and material propertes
the structural systems as well as the uncertaiimtezduced by real earthquake loading in the ciypac
parameters. Controlled Monte Carlo simulation isduto generate thousands of random populations
of the above parameters, representing regionaHibgilstock, defined a priori using a complete
probabilistic distribution with prescribed mean and.v. The seismic demand on buildings is defined
in terms of randomly generated 5% damped linegatiement response spectra. The vulnerability of
the generated building stock is assessed usingad&pent-based fully probabilistic approach
developed for R.C. buildings by Crowley al. [2004] and calibrated for masonry by Ahmetdal.
[2010].

For each of the generated random spectrum, thdéadepent capacity of the SDOF systems for a
specified limit state, buildings performance le\aske compared with the displacement demand at the
secant vibration periods of the systems. The nurobbuildings having capacity less than the demand
over the total population of the buildings givesemtimate of the limit state exceedance probatulity
the systems. Spectral reduction is performed fghdn limit states in order to take into account the
structural nonlinear effects. The considered spattis used along with the median capacity
parameters, mechanical parameters with 50 pera®fiapility of exceedance on a regional scale,
mainly yield vibration period, yield displacemertpacity and viscous damping to assess the median



displacement demand i.e. performance point (pp). éach limit state, and each spectrum, the
probability of exceedance is plotted against thaliare displacement demand, see Fig. 2.1 for an
exemplificative fragility function for near-collapdimit state of Pakistani two storey unreinforced
masonry building class with solid burnt clay brislork in cement mortar with reinforced concrete
slab.
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Figure 2.1. Exampledisplacement-based fragility function for near-apBe limit state of two storey buildings.

The fragility function shows that for this classhafildings 10 percent of the total building stockl w
be collapsed at the attainment of displacement ddned 7.75 mm, 50 percent buildings at the
attainment of displacement demand of 13.50 mm ahdo&cent buildings at the attainment of
displacement demand of 23.30 mm. Fragility functideveloped in similar fashion for other classes
of buildings can be used efficiently to derive daegprobability matrices (DPM) for seismic
performance assessment of buildings on regioné sath fairly high computational ease.

3. CASE STUDY BUILDINGS
3.1. Existing Urban Unreinforced Masonry Building Stock of NE Pakistan

In the urban areas of NE Pakistan the most popatadential building construction is masonry with
solid burnt clay brick units and cement mortar vathadditional ingredient called khaka [Ali, 2006].
Mostly the buildings are two to three storeys wites number of buildings with higher storeys,
maximum five storeys. The buildings are providethvintel and ring beams with reinforced concrete
slab. The predominant mechanism of these buildggtobal in-plane shear mechanism with diagonal
shear cracks accompanied by horizontal bed joidingl cracks, as observed in the experimental tests
[Ali and Naeem, 2007] and real earthquake excimafitavedet al., 2006]. Ahmadet al. [2010]
performed dynamic analysis of the 3D buildings,respntative of residential building stock of NE
Pakistan, with actual material properties obtaifiech laboratory tests to derive model for the sécan
vibration period of these buildings:
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where Ts represents the secant vibration period at a gp@st-yield limit state; J represents the
yield vibration period; p represents the ductiléyel; o represents the post-yield stiffness and strength
degrading rate; H represents the total height ef khilding. Additionally, Ahmadet al. [2010]
analysed the experimental data on the cyclic respof masonry shear walls and developed models
for the displacement capacity and viscous dampimgasonry buildings:



A =6,k H (3.3)
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where A, represents the crackl/yield displacement capagity;represents the post-yield limit state
displacement capacity;, represents the crack/yield drift limé;s represents the post-yield limit state
drift limit; hs represents the interstorey height of the buildiagnd k represents the height reduction
coefficients used to obtain the displacement capatithe center of the seismic foréaepresents the
viscous damping of the system. The derived medhléviels are: 0.088% with a c.0.v. of 8.8% at the
formation of diagonal cracks in the walls, 0.22%hwa c.o.v. of 35% for the maximum response of
walls i.e. at the attainment of maximum shear gjfiteim the walls, and 0.46% with a c.0.v. of 27% at
the near collapse limit state of the wall. A diédvel of 0.13% can be obtained for the yield lisite

of the shear walls using 50% cracked section ptigsewith effective shear area of 70% of the gross
area with the assumption that the shear strengthaaking limit state is 60% of the maximum wall
strength [Tomazevic, 1999]. The vyield drift redud¢es0.11% for the consideration of crack-shear
strength as 70% of the maximum wall strength.

3.2. Masonry Buildings Designed to Different Code Levels

The study also considered buildings designed feréifit code levels for their performance evaluation
within the context of retrofit schemes. Four 2Decatudy buildings, two to five storeys Fig. 3.1e a
considered and designed to five PGA levels: 0.0085g, 0.20g, 0.25g, 0.30g using building code
spectra for soil site, Type | C soil of EC-8 [CERQ04] and ground storey mechanism. For a given
building the design PGA can be increased by sifffgriloors, changing the dimensions of masonry
resisting walls, pre-compression level, using hmrtal/vertical reinforcement, and using confining
elements [Tomazevic, 1999]. These different hypsdbeincrease the stiffness and strength of the
system and possibly the ultimate ductility levelrss|.
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Figure 3.1. Case study building models designed to differediedevels.

3.2.1. Yield Vibration Period of Designed Buildings

The designed case study buildings are dynamicalblyaed for a suite of 10 real accelerograms
obtained from PEER NGA data base with the meanle@t®n spectrum compatible to the EC-8
elastic design spectrum for Type | C soil, see Bifj. The accelerograms are linearly scaled toezkce
the yielding limit state of the masonry walls abgnd floor. The aim of the dynamic analysis is to
compute the vibration period of the system at treelc formation of ground floor walls with due
consideration of record-to-record variability inetlevaluation. The buildings are analysed using
equivalent frame approach (SD-SAM) proposed by Athetaal. [2010]. The nonlinear response is
considered only for the masonry walls while thepmese of spandrels is considered to be elastis. Thi
modelling assumption is made due to the fact thatew designed buildings are provided with rigid
slab having ring beams above the spandrels anel lodgams below the spandrels due which the



spandrels do not crack even during strong groua#tisy [Ali and Naeem, 2007; Javedal., 2006].
A bi-linear hysteretic nonlinear response with Takéype hysteresis with beta of 0.6 as proposed by
Ahmadet al. [2010] is considered for the masonry walls.
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Figure 3.1. Mean acceleration response spectra of naturaleogghms used for dynamic analysis.

For each of the case study building, the floor ldispments and the corresponding base shear force is
obtained for each accelerograms and transferrédgetequivalent properties, as proposed by Ahatad

al. [2010] in order to compute the vibration periddre cracked limit state of the ground floor. Fig.
3.2. shows the vibration periods for all the coasid case study buildings and a constrained best
fitting using the empirical expression of Eqn. {3.6

T =aH"T (3.6)

v

where H represents the height of the building; @easents the period coefficient obtained from the
best fitting to the data. The scatter in the pewatlie increases with increasing height for a given
design PGA and decreasing with increasing desigA R® a given building. A maximum of 12%
c.o.v. of variation is observed for the mean valfiea. The analyses show that how strongly the
coefficient a is dependent on the design PGA Idgvet.the present case the coefficient a values are:
0.06 for 0.10g, 0.05 for 0.15g, 0.04 for 0.20g9,33.@or 0.25g and 0.028 for 0.30g are obtained which
can be used in the performance assessment of tisdeoed buildings. The recommendations of
Crowley and Pinho [2008] for the vibration periddneasonry buildings match to the building period
value designed to PGA level of 0.10g.
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Figure 3.2. Yield Vibration period of the case study buildingf(), period coefficient as a function of design
PGA (left).



Additionally, 10 case study two storey buildingwing different material properties designed to PGA
level of 0.10g are considered in order to investighe effect of material variability on the vibioat
period estimation. The main material propertiessamgred are: compressive strength of masonry,
modulus of elasticity and masonry diagonal tensstrength. The variation in the material is
considered following the empirical correlations aipathese parameters [Tomazevic, 1999]. The
modulus of elasticity was taken as 350 times theamgy compressive strength while the diagonal
tensile strength is considered as 4% of the comjwesstrength. Such considerations meet to the
requirements of existing urban masonry buildingktof Pakistan [Ahmaet al., 2010]. The results of
the considered case study buildings are showngn33. where it can be seen clearly that the nater
variability does not affect significantly the meanlue of period coeffficient a. An increase of
masonry compressive strenght from 2 to 7 MPA wallge the period coefficient to redcue only by
about 5%.
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Figure 3.3. Period coefficient of two storey building with vamg material properties.

4. FRAGILITY FUNCTIONS
4.1. Existing Building Stock

Controlled Monte Carlo simulation is used to getemtathousands of single degree of freedom
systems, representative of the existing buildiruglstrom one to five storeys, having different diel
vibration period defined by Eqgn. (3.1) & (3.2) withequal to -0.05 [Ahmaectt al., 2010]. The
buildings are considered with ground floor softrefomechanism with three limit states of cracking,
heavy damage in walls and near-collapse limit stafag the experimental mean drift limits. The
ground floor height is considered with a mean valti@ m with 10% c.o.v. between 2.5 to 3.5 m.
Similarly, the interstorey height is consideredhnatmean value of 2.5 m with 10% c.o.v. between 2.0
to 3.0 m. The equivalent height coefficientsakd k, are taken from the work of Restrepo-Velez and
Magenes [2004] with 10% c.o.v. to take into accabetrecord-to-record variability in displacement
capacity. The spectral reduction factor propose@tgstleyet al. [2007] is used to reduce the elastic
spectra for post-yield limit states. Fragility fauioms are derived for three damage limit states,
cracking, heavy damages and near-collapse statesthe procedure described earlier.

The derived fragility functions for building damagjenit states are used, at a given displacement
demand, to estimate the number of buildings in edarnage bands i.e. percent of buildings being
cracked, heavily damaged and completely collapBkd.economic loss model of Beilal. [2007] is
used to compute the fragility functions for the mmmic losses of the considered buildings as a
function of displacement demand. The buildingshia pre-crack states are not considered for the
economic loss computation. Fig. 4.1. shows theilftagdunctions for damage limit states of two
storey masonry buildings and economic losses dhallconsidered buildings. The fragility functions
for the economic losses are normalised by the numibeuildings (N), for a given class, and net unit
cost of single building (k) for the complete replacement of the building.
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Figure 4.1. Fragility functions for building damage limit statéeft, two storey building) and economic losses
(right).

4.2. Code Designed Buildings

The fragility functions for the buildings designedifferent levels of PGA will not differ from the
functions shown in Fig. 4.1. if the drift limitsfthe damage states are the same because théyfragil
functions show the vulnerability when a given biurfficlass is subjected to a given level of seismic
demand. Thus, if the displacement demand is thes sandifferent classes of buildings designed to
different levels of PGA the percentage of buildimgs given damage state will be the same for all.
However, for a given earthquake different buildalgsses will be subjected to different displacement
demand and thus the percentage of buildings ivengilamage state will be different for all using th
same fragility functions. The fragility functionseadependent on the drift limits rather than sttieng
thus different levels of ultimate ductility are cithered for the derivation of fragility functions.
Ductility levels for masonry buildings can be acttié through the use of different design schemes of
reinforcements and/or confining elements [Tomazedd®9]. These fragility functions can be used for
different retrofit schemes and design procedurebaselection of a given ductility level for a giv
level of design PGA will produce different consegoes in terms of economic losses. Thus an
optimum selection of ductility level and design P@&An be made in a way to meet a given
performance criterion i.e. acceptable level of vegi losses. Six levels of median ductility of 38to
exceeded by 50% of the building stock on a regi@tale, are considered for the derivation of
fragility functions. Fig. 4.2. shows an examplefraigility functions for two storey masonry buildisng
for increasing ultimate ductility level.
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Figure 4.2. Fragility functions for collapse limit state of tvatorey masonry buildings.



5. CONCLUSIONS

A nonlinear static mechanics based method is pexpder the derivation of displacement-based
fragility functions for buildings on regional scatapable of taking into account the uncertainthm
geometrical and material properties besides thibitity in seismic demand in an explicit manner.
The variability in the mechanical parameters intretl by record-to-record variability, obtained gsin
nonlinear dynamic analysis, is also considered. fie¢hodology is applied to the existing urban
unreinforced masonry building stock of Pakistan aradonry buildings designed to different levels of
PGA and ductility. Thirty case study buildings a@nsidered with different levels of design PGA,
material strength and building heights and analyssidg nonlinear dynamic time history analysis
using ten real accelerograms, with a total of 390adhic analyses, in order to develop simplified
empirical expression for yield vibration of builds Additional six case study building classes are
considered with different level of ultimate dudtili Fragility functions are derived and the paraamet
for the lognormal distribution functions are obtinthrough fitting. The derived fragility functions
can be used for earthquake loss estimation withen dontext of seismic assessment of existing
buildings and calibration for retrofit schemes awaluation of design procedures to achieve a given
target performance level on a regional scale. Tiezquure is coded in a numerical computing
environment which can be used with high computalieease for future applications in intensity-
based, scenario-based and time-based (derivatims®Exceedance curves) performance assessment.
The derived fragility functions are highly dependen the accurate definition of different inputdan
their likely distribution on a regional scale. Tpeesent study assumed lognormal distribution fer th
application due to the absence of detailed regidath. The future application of the methodology
will consider the out-of-plane vulnerability of lding aggregates in the cities and out-of-plane
vulnerability of individual buildings in rural area Application of the proposed methodology to
reinforced concrete buildings is also a possiblerturesearch work.
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