Displacement-Based Seismic Risk Assessment of Sone Masonry Buildings of
Pakistan

Naveed Ahmad, born on tiOA\priI
1981, received his BSc degree in
Civil Engg. from UET Peshawar
Pakistan, MSc degree in Earthquake
Engg. & Engg. Seismology from
ROSE School, IUSS Pavia, Italy.

Naveed Ahmad

PhD Candidate

ROSE School, IUSS Pavia
Pavia, Italy.
anaveed@roseschool.it

Qaisar Ali Helen Crowley Rui Pinho

Director Researcher Assistant Professor
Earthquake Engineering Eucentre University of Pavia
Center, Peshawar, Pakistan.  Pavia, Italy. Pavia, Italy.
drgaisarali @nwfpuet.edu.pk helen.crowley@eucentre.it rui.pinho@unipv.it
Abstract

The paper presents the calibration, using expetimh@mnd numerical investigations, of a nonlinear
static analytical displacement-based method fansiei risk assessment of stone masonry buildings
of Pakistan. The displacement-based method uses¢isbanical models: defined completely by
secant vibration period, drift limit states and cass damping of structural material, and
overdamped displacement spectrum to assess thmicgsrformance of structures and quantify
regional seismic risk. A one-third scaled modepresenting the existing construction practices,
single storey one room rubble stone masonry bgklins tested on shake table using real
accelerograms and incremental excitation to repredihe capacity curve of the considered
building. The experimental data is analyzed to iobtlae lateral strength, drift limits, and damage
scale of rubble stone masonry. Furthermore, theraxgntal data is used to develop prototype 2D
structural models for nonlinear dynamic time higtanalysis of stone masonry buildings using
equivalent frame method. Two storey 2D structuratiels are designed, respecting the considered
material properties, and analyzed using real acoglams to derive equivalent static single degree
of freedom systems and their corresponding seciémation period for the considered building
typologies and record-to-record variability in thapacity parameters. Controlled Monte Carlo
simulation is used to generate random populatidmregional building stock, taking into account
the uncertainties also in the geometrical and m@&chhproperties of the structures, to develop
displacement-based fragility functions which carubed to derive damage probability matrices and
socio-economic losses in the region for public @wass and community earthquake preparedness
planning in order to mitigate the future expectegional risk.

Keywords. displacement-based; nonlinear static; seismic Askessment; fragility functions;
damage scale; stone masonry; Pakistan.

1. Introduction

Stone masonry buildings constitute a substantiglgoof the total building stock of northern areas
of Pakistan. Based on the combination of differgydgtems of walls, roof and floors, a variety of
stone masonry buildings exist in northern partscotintry. However, the main construction

techniques and structural features of these bg&dare fairly uniform throughout the region. Two
wythes random rubble stone masonry walls in dryd mortar or cement mortar with flat earthen,
pitched G.I. sheet roof or reinforced concrete @@b is the most common construction type.
Recent practices make use of throw stones andcakwdieel bars, 1.2m apart, to improve the
performance which seems not to be dramaticallyedsfit than the ordinary wall configuration.

Nevertheless, the findings herein is conservatwdhiese new systems.

These building systems have shown very poor pedooa in past earthquakes and lead to huge



losses of life and economy. Collapse of such atrestfeatured prominently in the 2005 Kashmir
earthquake [1]. Thus, the present paper asseseibmic performance of the considered building
system using experimental and numerical investbigatAnalytical methodology is developed for
future applications in the vulnerability assessnaamd earthquake loss estimation of such buildings
on regional scale for earthquake preparednessisinchitigation in the region.

2. Experimental test on rubble stone masonry

2.1 Mode description and test setup

Most of the mechanics based assessment approaebedhe basic material properties of masonry
to assess the capacity of masonry structural sgst€he material properties; compressive strength,
elastic moduli, tensile strength, etc, of rubblenst masonry cannot be obtained reliably at the
section level due to the difficulties in performitgsts on masonry prism, reproducing the true
replica of the filed condition and huge scattethia observed behaviour. Which is due to the fact
that when stone-to-stone contact is found during tompression tests very huge value of
compressive strength is achieved which get minvaile when stone-to-void possibility is found.
Huge uncertainties in the material properties at sbction level make the global response less
reliable. Thus, a full reduced scaled model iset¢$d obtain the global capacity of the considered
building typology.

One third scaled model of single storey and singten is designed using the similitude principles,
see Fig. 1 for the structural detailing of the édsinodel. The model is constructed of half dressed
stone masonry work in cement mortar with rc slad eng beam which represents most of the
existing building stock, public and private, in tlegion. The model is tested in the weaker diractio
on a single degree of freedom (SDOF) shake tablthatEarthquake Engineering Center of
Peshawar using real accelerogram, Kobe 1995, amdnental excitation with linear scaling until
the complete collapse of the model. The model istrimented with accelerometers and
displacement transducers at the base of the madeba of the roof.
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2.2 Observed response of the model

The model is subjected to 5% scaled Kobe recorti Vinear amplitude scaling until the total
collapse. The model is inspected for the obsensdadie after every run. The floor acceleration
and displacements, on each in-plane walls andedbalse of the model, are recorded and processed
for noise removal for each excitation. The flooceleration is normalized by the seismic mass of
the structural model in order to obtain the bassasfor the corresponding equivalent SDOF system.
Also, the average floor displacement demand is ioéta which is corrected with the base
displacement demand in order to obtain the relaligplacement demand on the system which is
normalized by the model height to compute the spwoading drift demand on the system. Table 1
shows the capacity parameters and the observedgeana different performance levels of the
prototype of tested stone masonry model.

Table 1: Capacity Parameters and Damage Sates of the Prototype System

DamagiLevel Equivalent Base She Drift Demanc Damage Descriptic

(m/sed) (%)
vinor ©1) 167
Moderate (D2) - 3.92 0.48 piane walls and around the openings
vajor (03 500 14y Widenng of cracks and fling |
Collapse (D4)  1.47 2 65 r?]%rgepll.ete collapse of the structu

3. Displacement-based seismic risk assessment of structures

The calibration of a nonlinear static analytical amenics-based fully probabilistic method,
presented herein, is performed for the seismicenaloility and risk assessment of stone masonry
building stock on regional scale. The displacent&sed method is originally proposed by [2] for
rc buildings and developed for brick masonry buigli of Pakistan by [3] and consequently further
developed for rubble stone masonry buildings ofifak herein. The method is capable of
incorporating sources of expected uncertaintieghan seismic demand and structural capacity
explicitly in contrary to the existing conventior@bcedures (e.g. [4] among others).

3.1 Nonlinear static SDOF systems, mechanical model, for stone masonry buildings

The seismic response of stone masonry buildings wiihforced concrete slab and ring beams is
mainly governed by the global mechanism and shesponse of the in-plane walls with limited
energy dissipation capabilities and ductility lewsh equivalent SDOF system is used to simulate
the nonlinear response of an actual building imgerof displacement capacity at different
performance levels, damage states, see Fig. 21f8DEF idealization of stone masonry buildings.
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Fig. 2: Nonlinear Satic SDOF Idealization of Sone Masonry Buildings

In this figure, H represents the total building heightrépresents thd'ifloor height,A; represents
the lateral displacement and nepresents the"ifloor mass for a given deformed shape of the
building; Me and He represent the mass and heifjtiteo equivalent SDOF systemy;, and A s

LSA



represent the equivalent yield and ultimate linates displacement that represents the displacement
capacity of the actual building at the center aéreéc force for a specified deformed shapg; K
represents the initial pre-yield stiffness; represents the yielding forcesdirepresents the secant
stiffness. For seismic assessment, the static SBSEM is completely defined by secant vibration
period, limit state displacement capacity and epedgsipation characteristics of buildings
represented as viscous damping.

3.2 Derivation of damage probability matrices (DPM) and earthquake loss assessment

Controlled Monte Carlo simulation is used to geteerandom buildings with different geometrical
and material properties representing regional mglétock; the variability of each property being
defined a priori using probabilistic distributio®nce the population is generated, the limit state
displacement capacities, secant period and visdaogping of the buildings are computed using
calibrated structure-specific empirical models ame-defined damage grades. For a given
earthquake, each of the building from the genenascanalyzed for the capacity-demand check at
secant vibration periods using overdamped displac¢spectrum. The number of buildings having
capacity less than the demand divided by the tataiber of generated buildings gives an estimate
of the limit states probability of exceedance (PTjie number of buildings in a given damage state,
DPM, is obtained as follows: undamaged (D0)=%-Rfinor (D1)=P{-Pf,; moderate (D2)=R{Pf,;
major (D3)=Pj-Pfs; collapse (D4)=RfPf;, which are used to estimate the socio-economgeksf
earthquakes and develop regional risk maps [3].

4. Derivation of mechanical modelsfor stone masonry buildings

4.1 Characteristicsof the case study buildings

Stone masonry buildings are practiced abundantiiggmorthern areas, urban and rural, of Pakistan
due to the large local availability of stone mateand low cost of labour in construction. Stone
masonry in cement mortar with earthen roof, G.keethor rc roof are the common residential
building construction practice for single storey, rural areas, and two storey with rc floors, in
urban areas. Stone masonry in cement mortar cateriD% in overall to the total building stock in
the northern areasw{wv.erra.gov.pk). The most prevailing building dimensions rangesnt
8mx5m to 15mx5m with typical wall density, the catif the cross sectional area of the in-plane
walls to the total floor area, ranging from 10%1#s#% [4]. These buildings have 300 to 500 mm
thick load bearing walls with rubble masonry; hayit30 to 150 mm thick rammed earthen roof,
G.I. sheet or rc slab; inter storey height of 2.60n8.0 m. These buildings are provided with a ring
beams right above the walls, approximately 150 360 &hm deep and width equal to the wall
thickness. The building rests on shallow strip typeting, with stepped stone work overlain
compacted earth (sub grade). The load bearinggwé&ll% of the total wall length, are perforated
by doors, with typical dimensions of 1mx2.13m, awdthdows, with typical dimensions of
1mx1.22m to 1.83mx1.22m. The primary seismic rasi mechanism, as observed in the
dynamic test is in-plane global mechanism with die shear cracks in the short brick piers.
However, the ultimate mechanism is governed byctmbined in-plane and out-of-plane failure of
the masonry walls.

4.2 Prototype 2D cases study structural models

4.2.1 Design of Prototype buildings

Due to the unavailability of basic material propstfor rubble stone masonry walls, it is not
straight forward to develop numerical tools forui applications. Thus, the present study
considered the simplified equivalent frame appro&hRSAM proposed by [6] for nonlinear static
and dynamic time history analysis of masonry buoidi, and developed herein for rubble stone
masonry using indirect approach.

In the first step, a generic prototype of equivaltame is generated for the tested model and
designed, respecting the geometric detailing aadifg conditions, with the available empirical

shear strength models for masonry walls. The ptessiailure mechanisms considered for

unreinforced masonry piers are the flexure or nogland shear failure using the following strength
models:



v, = &2‘(1 —Lj )

20H,, kf,

£, Dt Ve
7 — _tu p
V, = 1+ 2
a== [ fmj 2)
- = Di(l5¢ +pp)
v, = et 3)

cb J

1+3—2L
wherﬁevf répresents the ultimate strength for flexure/mgkiailure; D and t represent the length
and thickness of the piep=P/(D.t) represents the mean vertical stress due to &oaal P; H,
represents the total height of the pigns 1.0 for a cantilever pier and 0.5 for a pierefixfixed
boundary conditionsf, represents the compressive strength of the masanrgpresents the
coefficient used to idealize the stress distribuid the compressed toe of the pier, taken as U,85;
is the diagonal shear strengthrrepresents the diagonal tensile strengti; for H,/D<1, b=H,/D
for 1<H,/D<1.5 anth=1.5 for 1.5H,,/D; V, represents the sliding shear strengfhssumed as 0.4,
andc, taken as 0.4f,, represent the coefficient of friction and cohesiddmasonry as global strength
parameters. The strength computed is reduced by ihO%sder to respect the energy balance
criterion . In the second step, the tensile stienfgt of masonry is selected, fixing the compressive
strength to 4 Mpa, to achieve the equivalent yigtiength, 4.50 m/sécof the corresponding
prototype systems. In the next step, the Young rimsthi and shear modulus, G=0.3E, are selected
to achieve the corresponding drift limits at yialad the 1 modal period of the system. The present
assumption for compressive strength and shear msdsittypical for such type of masonry system
[7]. The capacity curve of the designed frame immied usingD-SAM, employed in OpenSees [8],
with displacement controlled pushover analysis Whg compared with the observed capacity of
the tested prototype stone masonry building arfduad reasonable in terms of yield stiffness and
equivalent bi-linearised strength, respecting tiergy balance criterion [9].
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Fig. 3: Comparison of the Observed and Predicted Response of Tested Sone Masonry building

4.2.2 Dynamic analysis of cases study structural models

The present study considered 125 cases study 23ttwey structural models; 5 cases for different
floor area, 5 cases for different wall density &ndases for different material properties, designed
with the material properties obtained in the prasisection. The frame elements are assigned with
bi-linear Takeda type rule with beta of unloaditiffreess considered as 0.6 as proposed by [6] for
masonry walls. The cases study models then argsathblynamically using nonlinear time history
analysis (NLTHA) with 10 real accelerograms extedcfrom the PEER NGA data base with the
mean spectrum compatible to EC8 Type | C-soil spett[10], see Fig. 4 for the details of the
accelerograms used in the present study. The acgedens are linearly scaled in order to observe
the post-yield response of the models which is ubet to derive static SDOF system for the
considered building typology and retrieve the dyitacharacteristics of the considered buildings.
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The scope of the dynamic analysis is to compute éfeivalent base shear and equivalent
displacement demand at the yield limit state of niessonry walls on the ground floor using the
proposed SDOF derivation of [6] and compute theatibn period of the building:

A
T, =21 [— (4)
- VB,

where A¢q represents the equivalent displacement and VBpiesents the equivalent base shear
obtained from the normalisation of the floor dig@laments and base shear over the deformed shape
and seismic mass participation of the building Té]e vibration periods obtained for the considered
cases study buildings are used to develop the erapgeriod model (5) for future applications:

Ty = aexp(i' EB)Hb (5)
where H represents the total height of the buildangnd b are the coefficients obtained through the
regression analysig represents the variability in the period compotatiThe period coefficient
with b set to 0.75 obtained for 25 structural medeith record-to-record variability and mean
material properties is shown in Fig. 5 (left).

0.12¢ 120
—F—FL. Area = 40m*>
0-11F + FL. Area = 49m’ 100k Mean = 0.0724
—+—FL. Area = 57.50m> é Std. Dev.lUg: 0.168
jﬁ 0.1F —+—FL. Area = 66.30m> 8
5 —+— FL. Area = 75.00m’ g
o Q
0.09 b
& A
g O
O 0.08f 3
] —
Q 3]
~ 0.07F g
Z
0.06
0.05 . . . . . . . |
9 10 11 12 13 14 15 16 17 . 0.06 0.08 0.1 0.12 0.14
Wall Density (%) Period Coefficient, a

Fig. 5: Period Coefficient for Different Wall Density and Floor Areas (left) and for all Cases Sudy
Sructural Models (right)

For a given structural system, the period redua#sincreasing wall density, for a given floor area
and increasing floor area. The record-to-recoraabdity reduces with increasing wall density. The
period coefficient obtained for all the cases stattyctural models, 1250 cases, is shown in Fig. 5
(right) which takes in to account the geometrioodfl area and wall density) and material
uncertainties besides the variability introducedebithquake loading.



Additionally, the derived SDOF system properties ased to develop the equivalent displacement
capacity model, formulated by [11]:

Apg =6k, H+(8,5 -6, Jk,h, (6)

whereAs represents the limit state displacement capaditygpresents total height of the building;
0y and6,s represent drift capacity at yield and post-yi@hit states; hrepresents interstorey height
of the building; kand k are the coefficients to obtain the equivalent hiegj the structural system,
which are used herein to take into account therdetmrecord variability in the displacement
capacity as well and make the model (6) to trefierdint uncertainties explicitly. In the first step
static analyses are performed to obtain the crackyald limit state drift values for all the cases
study models using the shear strength and cradf/gidfness of masonry walls respectively. A
mean value of 0.24% is obtained for crack limitestaith logarithmic standard deviation of 0.16,
min 0.16% and max 0.33%. Similarly, for yield linsifates, a mean value of 0.35% is obtained with
logarithmic standard deviation of 0.15, min 0.2486l anax 0.50%. These values are less than the
experimental results due to the fact that the destedel has wall density of 12.84%. The computed
drift values take into account the geometric valiigh125 cases, for rather broader range of wall
density and floor areas. Using the limit statestititycobtained in the experiment, a mean value of
0.96% and 1.27% are obtained for the major anchpsd limit states respectively. In the next step,
the equivalent displacement obtained through NLT&Ahe vyield limit state are divided by the
corresponding height of the structural model andl drft limit in order to obtain k, for which a
mean value of 0.72 is obtained with logarithmicndt&rd deviation of 0.22. Similarly, the
displacement capacity at post-yield limit statassd to obtaink mean value of 0.8068.

5. Derivation of displacement-based fragility functions

The state-of-the-art and conceptual procedure egbdy [12] for the derivation of analytical
fragility functions is used herein to derive dig@eent-based fragility functions for stone masonry
buildings of Pakistan. In the first step, ContrdllMonte Carlo simulation is used to generate
thousands of SDOF system with different limit stéateechanical properties using the developed
models for periods and displacement capacity, m@sgethe regional variability in the geometric
and material properties as well as the variabitityoduced by earthquake loading. In second step,
linear displacement response spectrum are genevaterh are used to obtain the limit states
probability of exceedance for the considered bngdiypologies. Also, each of the generated
spectrum is analyzed with the median mechanicgbguties to obtain the inelastic displacement
demand on the system. For a given spectrum, thebeuwf buildings exceeding different limit
states is plotted against the displacement demanthat system in order to derive analytical
fragility functions, see Fig. 6.
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6. Conclusions
The paper presents calibration, using experimeantal numerical investigations, of a nonlinear



static analytical displacement-based method, whigés the basic principles of the mechanics of
material and structures, for seismic risk assessmiestone masonry buildings of Pakistan. The
numerical investigation considered 125 cases sR@yprototype structural models which are
analyzed using dynamic analyses with 10 real acmglams in order to derive mechanical models
for the considered building typology taking intacaant the geometric and material uncertainties as
well the record-to-record variability in the caggaevaluation. Controlled Monte Carlo simulation
is used to generate random populations of regidmglding stock and to develop analytical
displacement-based fragility functions which carubed to derive damage probability matrices and
compute socio-economic losses in the region fdt nemp development, public awareness and
community earthquake preparedness planning in eodmitigate the future expected regional risk.

Acknowledgement

The authors would like to acknowledge the suppoovided by the European Commission under
FP7 through the financing of the SYNER-G reseandgm@mmme, under the framework of which
this work has been funded.

References

[1] NASEER A., NAEEM A., HUSSAIN Z., and ALl Q., “Obsexd Seismic Behavior of
Buildings in Northern Pakistan During the 2005 KaghEarthquake” Earthquake Spectra,
\ol. 26, No. 2, 2010, p. 425-449.

[2] CROWLEY H., PINHO R., and BOMMER J.J., “A Probasilc Displacement-Based
Vulnerability Assessment Procedure for EarthquatesLEstimation”Bulliten of EarthquakE
Engineering, Vol. 2, No. 8, 2004, p. 173-219.

[3] AHMAD N., CROWLEY H., PINHO R., and ALI Q., “Displzement-Based Earthquake Loss
Assessment of Masonry Buildings in Mansehra Citgkigtan”, Journal of Earthquake
Engineering, Vol. 14, No. S1, 2010, p. 1-37.

[4] HAZUS-99., “Earthquake Loss Estimation Methodolagyfechnical Manual, FEMA,
Washington D. C., USA, 1999.

[5] ALl Q., and MUHAMMAD, T., “Stone Masonry ResidentiBuildings”, World Housing
Encyclopedia, Earthquake Engineering ResearchtutestiOakland, CA, USA, Report No.
138, 2007 http://www.wor | d-housi ng.net/\WHERepor ts/wh100145. pdf

[6] AHMAD N., CROWLEY H., PINHO R., and ALl Q., “Simgdied Formulae for the
Displacement Capacity, Energy Dissipation, and &ttaristic Vibration Period of Brick
Masonry Buildings” Proceedings of the International Masonry Society, Vol. 11, No. 2, 2010,
p. 1385-1394.

[7] MAGENES G., PENNA A., GALASCO A., ROTA M., “Experiemtal Characterisation of
Stone Masonry Mechanical PropertieBtoceedings of the International Masonry Society,
Vol. 11, No. 1, 2010, p. 247-256.

[8] MCcKENNA F., FENVES G.L. and SCOTT M.H., “Open Systdor Earthquake Engineering
Simulation: Version2.1.0'PEER, 2008 URLhttp://opensees.ber keley.edu

[9] TOMAZEVIC M., “Earthquake-Resistant Design of MaspnBuildings-Innovation in
Structures and Construction Vol. 1, Imperial Caflétyess, London, UK, 1999.

[10] CEN, “Eurocode 8: Design of Structures for Eartheu&®esistance, Partl: General Rules-
Seismic Actions and General Requirements for Bogdj EN 1998-1-3”, CEN, Brussels,
2004.

[11] RESTREPO-VELEZ L.F., and MAGENES G., “Simplifieddeedure for the Seismic Risk
Assessment of Unreinforced Masonry BuildingsThirteenth World Conference on
Earthquake Engineering, Vancouver, Canada, paper no. 2561, 2004.

[12] AHMAD N., CROWLEY H., PINHO R., and ALI, Q. “Deriwon of Displacement-Based
Fragility Functions for Masonry BuildingsFourteenth European Conference on Earthquake
Engineering, Ohrid, Macedonia, paper no. 327, 2010.



