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SEISMIC PERFORMANCE OF STONE
MASONRY BUILDINGS USED IN THE
HIMALAYAN BELT

Qaisar Ali*, Akhtar Naeem Khan', Mohammad Ashraf', Awais Ahmed,
Bashir Alam®, Naveed Ahmad, Mohammad Javed, Shahzad Rahmanh
Mohammad Fahim', Mohammad Umar*

Rubble-stone masonry structures are abundantlydfannthe Asian countries
along the Himalayan range. Such structures arellyscanstructed in dry-stone
masonry, or are constructed in mud mortar, whickeedhem susceptible to damage
and collapse in earthquakes. In order to studgdiemic behavior of these structures,
dynamic shake table tests on three reduced scal#ergtone masonry models were
conducted. The models comprised a representatiieobduilding, a residential
building and a model incorporating simple cost-effee features in the form of
horizontal and vertical reinforced concrete elemmeifihis paper presents the results
of shake table tests carried out on rubble-storsomrg buildings including: damage
pattern, capacity curves, damage limit states a&sgpanse modification factors of
these structures. Test data indicates that seigmitormance of rubble-stone
masonry structures can be significantly improved ibgorporating cost-effective

features such as vertical members and relativahybrizontal bands.

INTRODUCTION

Stone masonry buildings constitute a substantialigo of the total building stock of the
areas of Asian countries such as, Afghanistan,sRaki India, Nepal and Bhutan, which fall in
the Himalayan belt. Based on the combination diedéht systems of walls, roof and floors, a
variety of stone masonry buildings exist in thegentries. The main construction techniques and
structural features of these buildings are howéaiely uniform throughout the Himalayan belt,

even though the area is inhabited by people frdfardnt cultures and civilizations.
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Peshawar, Pakistan



The most common construction type in these areasistoof two wythes random-rubble-
stone masonry walls in dry or mud mortar as showiigure 1, with flat earthen or pitched
galvanized iron sheet roof. The seismic performarfcnese buildings in the past earthquakes
has been considered to be quite poor (EERI, Wortdisthg Encyclopedia, 2008). Such
buildings are therefore believed as one of the reesimically vulnerable structures. Collapse of
such structures featured prominently in the Kashgairthquake of October 08, 2005 that left
about 80,000 people dead and around 3.5 milliondghess (Ali. Q et al. 2005; Naseer et al.,
2010).

Since stone is an abundant and easily availablstieanion material compared to burnt clay
bricks and concrete in these areas, stone masaiidyigs are bound to remain natural choice of
the general populace of these areas for the faubkeduture. Moreover, under the prevailing
economic conditions of these areas, the chancegpdfcing stone by an alternate building

material are low.

Different experts and agencies over the years hecs@mmended a number of strengthening
features to improve the seismic performance ofestoasonry buildings (IAEE 1986; IS 13828
1993 and Tomazevic M 1999), the most common recamdet and adopted features consist of
provision of horizontal bands and/or vertical elatsemade of Reinforced Concrete (RC) or
timber. These recommendations, by and large, asedban intuition, lessons learned from the
past earthquakes, engineering judgment and/orddniesearch results derived from studying
similar structures. A classic example of the usénafizontal and vertical timber elements for
improving seismic performance of stone masonrydimgs from one of the remote northern
areas of Pakistan, Gilgit, is shown in figure 2stdiy has shown that these features significantly
improve the seismic performance of conventionatloam-rubble-stone masonry buildings (Ali Q
and Muhammad T 2006). The scientific quantificatad the performance of these structures is

however still lacking.

There exist enough experimental and numerical ssudh seismic performance of buildings
made from unreinforced brick, block and dressedestoasonry (Gulkan P.et.al 1979 ; Mann W
1982; Calvi G M 1996 ; Tomazevic M 1999 ; Ali Q aNdeem A 2007), however, studies on
random rubble-stone masonry in dry masonry construor using mud mortar are quite limited
(G. Vasconcelos et.al. 2006).



The present investigation discusses the resulisreé shake table tests conducted on rubble-
stone masonry structures found in abundance iNdréhern Areas of Pakistan and in the rest of

the Himalayan belt. The three models tested comgbtise following:

1. Arepresentative school building:
2. Aresidential building:
3. A model incorporating simple cost effective seisifgatures in the form of horizontal

and vertical reinforced concrete elements.

All of the models were constructed on reduced soélé:3 and were subjected to actual
acceleration records from past earthquakes. Therpaygsents test results including: damage
pattern, capacity curves, damage limit states a®gpanse modification factors of these
structures. The test data indicates that seisnioeance of rubble-stone masonry structures

can be significantly improved by incorporating least modifications.

DESCRIPTION OF TESTED MODELS

Reduced scale stone masonry models are named SWPLagd SM3. All the tested models
were single story with a single room. The sizelbfrdels was 1500 mm x 1200 mm according
to a scale factor of 3 for a prototype size of 4500 x 3600 mm. The thickness of the walls of
model SM1 was 150 mm and that of models SM2 and 3M8 125 mm corresponding to
prototype wall thicknesses of 450 mm and 375 mrpeaetsvely. The walls of the models were
named as W1, W2, W3 and W4. In each case, walleldl\W3 were the long walls having door
and window openings whereas W2 and W4 were thel sbiort walls. Since the strength of
stones and mud mortar could not be reduced, simptel similitude principles as given in table
1 were followed in the reduced scale modeling.

The attributes of model SM1 were set to represeatconstruction type of typical public
buildings, especially schools and basic healthoarts used in the highly seismic Northern areas
of Pakistan. Statistics show that about 18000 dctloitdren died as a result of partial or total
collapse of 7669 schools, mostly consisting of Siyfde stone masonry buildings, in the
Kashmir Earthquake of October 08, 2005 (Asian Dawelent Bank & World Bank 2005).
These buildings were typically constructed in 456 rthick, two wythes Coursed Random

Rubble (CRR) walls using half dressed stones placeckment sand mortar without vertical



elements and/ or horizontal bands except roof béhd.stones are dressed on the bed and outer

sides but all the other sides remain undressed.rddfein most cases was Reinforced Concrete

(RC) slab. Model SM1 was therefore constructedaitain most of the characteristics of such

school buildings in order to investigate their sets performance. Table 2 shows the

characteristics of the prototype and the scaledain8¥1 and figure 3 shows the construction

details of the model.

Table 1. Similitude requirement for simple model

Physical Quantity Relationship Scale factor
Length (L S, = Lpllwm 3.0C
Stress, Strength S = fplfu 1.0C
Strain €) S.=eden 1.0C
Specific Mass) S =pepwm 1.0C
Displacement (¢ Sq=ddduy=5 3.0C
Force (F S=Fd Fy=5°S 9.0C
Time (t S =tolty = SV(S. S/ S) 3.0C
FrequencyQ) So=Qd Qu=1/5 0.3¢
Velocity (v) S, =Vvivy =V(S. S/ S) 1.0C
Acceleration (e Sa = play =Si/(S. S)) 0.3:

Table 2. Model SM1 parameters

Parametel SM1
Prototype Model
Stone masonry wa 450 mm thick coursed random rut 150 mm thick coursed random ruk
Stone Half Dresse Half Dresse
Mortat Cement sand mortar havi Cement sand mortar  havi
compressive strength of 4.0 MPa  compressive strength of 4.0 MPa
Concrete Concrete having compressive streni Concrete having compressive stren

of 17.0 MPa

of 17.0 MPa

Reinforcemen

Mild steel laving yield strength c
280 MPa

Mild steel having yield strength
280 MPa

Vertical element

No vertical elemen

No vertical elemen




Horizontal banc Continuous roof band; 150 mm thi Continuous roof band; 50 mm thi
horizontal band reinforced with 4horizontal band reinforced with 4, 3.0
10.0 mm longitudinal bars and 3.0nm longitudinal bars and 1.0 mm

mm stirrups @ 150 mm centre ttirrups @ 50 mntentre to centre

centre
Roof 150 mm thickRC slal 50 mm thickRC slal
Opening D: 1050 mm x 2700 m D: 350 mm :900 mn
D: Door W: 900 mm x 1350 m W: 300 mm x 450 mi

W: Window

Model SM2 was constructed to represent a typicahestmasonry building used for
residential purposes. These buildings consist &f i@ thick two wythes Un-coursed Random
Rubble (URR) stone masonry walls, constructed wittnes placed in mud mortar and flat
wooden roof with mud overlay. These buildings witie main cause of loss of life and property
in the Kashmir Earthquake (Ali Q. et al., 2005

Table 3.Model SM2 parameters

Parameter SM2
Prototype Model

Stone masonry wa 375 mm thick U-coursed randor 125 mm thick U-coursed randor
rubble rubble

Stone Undresse Undresse

Mortat Mud Mud

Concrete Concrete having compressive stren Concrete having compressive stren
of 2.70 MPa of 2.70 MPa

Reinforcemen Mild steel having vyield strength « Mild steel having yield strength i
280 MPa 280 MPa

Vertical confining Only at corners; 270 mm squ: Only at corners; 90 mm sque

elements reinforced with 4, 10.0 mm reinforced with 4, 3.0 mm

longitudinal bars and 3.0 mm stirruptongitudinal bars and 1.0 mm stirrups

@ 150 mm centre to centre @ 50 mmcentre to centre




Horizontal banc

Only above opening Only above opening
150 mm thick horizontal band50 mm thick horizontal band
reinforced with 4, 10.0 mmreinforced with 4, 3.0 mm

longitudinal bars and 3.0 mm stirruptongitudinal bars and 1.0 mm stirrups

@ 150 mm centre to centre @ 50 mmcentre to centre

Roof Flexible flat woodenroof with 150 Flexible flat woodenroof with 5C mm
mm thick mud overlay thick mud overlay

Opening D: 1050 mmx 2100 mn D: 350 mm x 700 mi

D: Door W: 900 mm x 1200 m W: 300 mm x 400 mi

W: Window

It was observed

walls were constructed with half dressed stonescamient mortar, the defect free erection of

during the construction of model2Siat, unlike model SM1 where the

miniature scale URR walls in mud mortar was verffidilt. Therefore, while constructing

model SM2, vertical

confining elements having vew strength concrete of around 2.7 MPa

were introduced at all the four corners. Thoughhstanfining elements normally do not exist in

actual buildings, they were needed in the modeitmid damage to the fragile URR walls during

lifting and placing of the model on the shake taBlach wall of the model was erected in a

number of lifts and concrete was poured in the ioomd elements incrementally after

completion of each portion of wall. No continuousikontal bands were provided in the walls.
The roof was flexible, flat wooden roof with thickud overlay, instead of RC slab. Table 3

shows the characte

ristics of the prototype andsttaded model SM2 and figure 4 shows the

construction details of the model.

Table 4. Model SM3 parameters
Parametetr SM3
Prototype Model
Stone masonr 375 mm thick Ur-coursed randor 125 mm thick U-coursed randor
walls rubble rubble
Stone Undresse Undresse
Mortat Mud Mud




Concrete

Concrete having compressive strer Concrete having compressive stren
of 10 MPa of 10 MPa

Reinforcemen

Mild steel having ield strength o Mild steel having yield strength «

280 MPa 280 MPa

Vertical Type 1. Only at corners270 mm Type 1. Only at corners; 90 m

confining square reinforced with 4, 10.0 mnsquare reinforced with 4, 3.0 mm

elements longitudinal bars and 3.0 mm stirrupsongitudinal bars and 1.0 mm stirrups
@ 150 mm centre to centre. @ 50 mncentre to centre.
Type 2: 75 mm x 270 mm (75 mniType 2: 25 mm x 90 mm (25 mm
along the length of the wall)along the length of the wall)
reinforced with 2, 10.0 mmreinforced with 2, 3.0 mm
longitudinal bars and 3.0 mm stirrupsongitudinal bars and 1.0 mm stirrups
@ 150 mm centre to centre. @ 50 mm centre to centre.

Horizontal At sill, lintel and roof leve At sill, lintel and roof leve

bands 75 mm x 270 mm (75 mm along th&5 mm x 90 mm (25 mm along the
height of the wall), reinforced with 2,height of the wall), reinforced with 2,
10.0 mm longitudinal bars and 3.8.0 mm longitudinal bars and 1.0 mm
mm cross-tie. @ 150 mm centre toross-tie. @ 50 mm centre to centre.
centre.

Roof Flexible Flat Wooden Roof wit150 Flexible Flat Wooden Roof witl50
mm thick mud overlay mm inch thick mud overlay

Opening D: 1050 mmx 2100 mn D: 350 mm x 700 mi

D: Door

W- Window W: 900 mm x 1200 m W: 300 mm x 400 mi

Model SM3 was constructed by making improvementsiadel SM2. The objective was to
investigate the extent of beneficial effect of immwrating minimal low-cost design
improvements upon the earthquake resistance ofe steasonry structures. Three horizontal
reinforced concrete bands, each 25 mm thick (75formprototype) with two longitudinal steel
reinforcing bars and cross ties, at sill, linteawoof level were introduced in the model. The

width of bands in each case was equal to the vatithe wall. Moreover, two types of vertical

confining elements were provided in this model,chhare described as follows.



Type-1 confining elements of 90 mm square (270 rompfototype) size reinforced with
four 10.0 mm longitudinal bars and closed ties,ilsinto the one provided in model SM2, were
provided at corners. Type-2 confining elements Bfni2m x 90 mm (75 mm x 270 mm for
prototype) size reinforced with two longitudinalraand cross ties were provided around the
door. Table 4 shows the characteristics of thegbype and the scaled model SM2 and figure 5

shows the construction details of the model.

SHAKE TABLE MODEL SETUP AND TESTING METHODOLOGY

The reduced scale models were tested in the EaftleqiEngineering Center at the
Department of Civil Engineering, University of Engering & Technology Peshawar, Pakistan.
The shaking was applied through a 1500 mm x 1500omendimensional shake table capable of
applying excitation horizontally in one directionlp. The models were constructed on 125 mm
thick concrete pads. The model and pad assemlsythe lifted and carefully mounted on the

shake table and firmly secured with the help ofdol

The North-South (N-S) component of El Centro 1948 &obe 1995 records were used as
input excitation. In order to satisfy the similiidequirement of simple model, the time duration
of the original records were compressed by a dealer of 3.The characteristics of the original

and compressed records are given in table 5.

Table 5: Characteristics of original and compressed eartkeuecords used in shake table tests

Input Excitation Record Peak Ground Predominant Excitation Duration
Acceleration, Period (sec)
PGA (9) (sec)
Original 0.319 0.20 30

El Centro 1940,
N-S Component

Compressed 0.319 0.067 10
Kobe 1995, N-S Original 0.833 0.36 30
Component Compressed 0.833 0.12 10

The models were subjected to ground motions byrpesively increasing the amplitude of

the earthquake shaking. The El Centro record wed irsthe initial test runs followed by Kobe



record in the final test cycles. The response efrttodel was captured through accelerometers
and string pot displacement transducers. All gawga® connected to a data acquisition system
and the data was recorded at a sampling frequen2§0Hz. The signal data was processed for
base-line correction and noise removal by emplogogerworth Band Pass Filter. Two video

cameras installed at different locations were usedcord damages to the walls during the test.

The model SM1 was subjected to shaking along tmgdr walls W1 and W3. Three
accelerometers, one at the top and two at the hodtied four displacement transducers, two at

the top and two at the bottom were connected tonbeel as shown in figure 3.

The models SM2 and SM3 were mounted on the shdie tuch that the direction of
shaking was along one of the diagonals of the nsoestudy both the in-plane and out-of-plane
responses of the models. Two accelerometers, onieeatop and other at the bottom of the
models and four displacement transducers oneeadbdttom and three at the top were used to

capture the response of the models as shown urefgd and 5.

SHAKE TABLE TEST RESPONSE OF THE MODELS

DYNAMIC CHARACTERISTICS

In order to determine the damping and the fundaahéime period of the models, the models
were subjected to a low amplitude impulse excitatiefore carrying out shake table tests.
Damping and fundamental time period were then detexd using the free vibration response of

the model.

Table 6. Dynamic characteristics of stone masonry models

SM1 SM2 SM3
Period(s 0.07 0.0¢ 0.0¢
Damping¢ (%) 5 7 6

Table 6 gives the fundamental time periods and dagngatios of the three models, SM1,
SM2 and SM3. It can be observed from the table daatping ratio and fundamental period of

the three models are almost the same.



Moreover it can be seen by comparing tables 5 arttiaé predominant period of the
compressed input motions and fundamental periodseotested models are fairly close to each
other. Therefore, it was expected that the inpuaitatton would have critical Earthquake loading

effect on the tested models.

OBSERVED DAMAGES AND COLLAPSE PATTERN

The cracks and resulting damages experienced byeln®&d1 are shown in figure 6. The
figures are still images taken from one of the sidameras to capture damages to walls W1 and
W4. Unfortunately the camera installed on the otside of the model to capture damages to
walls W2 and W3 could not record damages due tdumetioning of the camera. It can be seen
in the figure that in the in-plane wall W1, the cka extended diagonally between the corners of
the window and corners of the wall, whereas indbeof-plane solid wall W4, a crack at mid
height emerged along the length of wall. A craldoappeared at the interface of the roof band
and the walls. The cracks kept on widening withreased shaking. The propagation and
widening of the cracks around the openings antieatorners of the model in the in-plane walls
and the cracks at the interface of roof band antswampletely detached the out-of-plane walls
from the rest of the structure. Consequently, theod-plane walls started vibrating like a
cantilever wall resulting in their collapse, folled by collapse of the in-plane walls and
ultimately resulting in collapse of the model. Thweerall damage pattern of the model shows that
as there were no vertical and/or horizontal corced¢ments except for the roof band, once the
cracks initiated there was no mechanism in the ind@atercept the cracks and thus the cracks
propagated and widened enough to cause rapid sellaithe model. This behavior of the model
indicates that though the use of cement sand mantastone masonry buildings may be
beneficial, it alone without horizontal bands anertical confining elements would not be

sufficient for considerable improvement in the bquake resistance of stone masonry structures.

The damages observed in the model SM2 are showigure 7. As the model was excited
along the diagonal, all the walls were simultangowssibjected to in-plane and out-of-plane
actions. In the wall W1, the diagonal cracks in ther between the openings and the crack
between the bottom corner of the window and cooidhe wall are typical cracks due to in-
plane mode of shaking. The out-of-plane damag&edonall W1 occurred in the form of stone

falling due to disintegration of stones from thetjpm of the wall above the openings. The wall



W2 got damaged primarily due to out-of-plane shgknesulting in partial collapse of the upper
middle part of the wall. Damage to wall W3 initidtdue to diagonal cracks on one side of the
opening. However, unlike wall W1, as the lintel Bamas not continuous in this wall, the cracks
travelled upwards and downwards towards the correagsing further damage to the wall.
These cracks coupled with out-of-plane shakindghefwall precipitated the complete collapse of
the wall well before the collapse of other wallstbé model. The collapse of wall W3 also
caused partial collapse of the roof. The wall Wffesed damages in the form of stone falling
from upper part due to out-of-plane shaking in anga similar to wall W2. The damage pattern
of model SM2 indicates that vertical confining ebts without enough horizontal bands would

not be sufficient to significantly improve the daytiake resistance of such structures.

The model SM3 was also excited diagonally. The dmwabserved in the model SM3 are
shown in figure 8. The wall W1 behaved very welirieplane shaking, however, as the vertical
elements around the door were curtailed at thellistvel and were not extended up to the roof
of the model, the wall above the lintel level cp8ad in an out-of-plane direction. The out- of-
plane shaking also caused dislodging and fallingtohes from the upper portion of wall W2.
Wall W3 did not get damaged except for an appasikling at the interface of lintel band. Some
stones fell down from upper portion of wall W4 inreanner similar to wall W2. Apart from
these observed damages, unlike models SM1 and 8iM@¢l SM3 did not undergo complete
collapse and survived the earthquake excitatiore pérformance of SM3 model is therefore
considered to be much better that that of modeld 8Ml SM2. The incorporation of vertical RC
elements and RC horizontal bands helped improvimggstructural response of the model. In
addition to introducing box-like structural behavio the model, these elements also divided the
walls into small portions resulting in more resista to out-of-plane collapse. The smaller these
wall portions are, the less the damage they willesience. Furthermore, the damage pattern of
the model indicates that the distance between éngcal confining elements is also important
for preventing out-of-plane collapse of walls.

SEISMIC CAPACITY IN THE FORM OF BASE SHEAR COEFFICI ENT vs. DRIFT RATIO

The data obtained during shake table test was gsedeand the results obtained were
converted to prototype response according to timdikide requirements of table 1. The input

and response acceleration values were multipliedOI38 to obtain the prototype values.



Therefore all values mentioned hereinafter pertairthe relevant prototypes of the models.
Moreover as models SM2 and SM3 were subjectedakist along one of the diagonals, the net
resultant response of models SM2 and SM3 along diagonal was resolved into two

components to obtain the relevant in-plane respals®g walls W1 and W3.

The prototype capacity curve of all three modelthamform of Base Shear Coefficient (BSC)
vs. drift ratio is presented in fig 9. Drift rati® the ratio of top lateral displacement to height
the model and is expressed as percent drift. THe BSletermined as the ratio of base shear to
the total weight of model. Base shear is calculdtgdmultiplying the maximum response
acceleration at the story level with the storey snasorey mass being taken equal to sum of the

mass of roof and half of the mass of walls.

The advantage of comparing capacity in the formB&C instead of Peak Ground
Acceleration (PGA) is that it provides a uniformarsard for comparing performance of
structures subjected to varied testing regimes,tansl similar structures tested anywhere in the
world can be conveniently compared without givipgafic importance to input excitation and
PGA. As BSC is a function of response acceleratibich is further a product of amplification
factor and PGA, the BSC will depend on the proadi@mplification factor and PGA. The value
of amplification factor depends on how closely frequency of input excitation matches with
the frequency of the model. In the case of a clostch, there will be good amplification
producing higher response acceleration and damapmgnodel at less PGA. In other case if
there is less amplification due to poor match, thadel will keep on taking higher PGA to
produce similar degree of damage. However as B&germtls on the product of amplification
factor and PGA, the BSC in both cases would be stiti@ same.

Figure 9 compares the responses of models SM1 BI#lt& SM3 in terms of BSC versus
drift. It can be seen that seismic resistance ofleh&M3 is much higher than those of models
SM1 and SM2 and that BSC of models SM1 and SM2esponding to various drift ratios is
almost similar. It can also be seen that BSC ofadbels is nearly equal up to a drift ratio of
0.07 % indicating that the models have suffere@meery minor damages during this stage with
no substantial reduction in their stiffness. Howewdterwards from 0.07 to 0.6 % drift ratios,
the BSC corresponding to same drift ratio for maslel3 is much higher than those of models
SM1 and SM2 indicating that models SM1 and SM2 heaxperienced moderate to major



damages during this stage resulting in sharp ss8ndegradation. The models SM1 and SM2
have reached their peak capacity at drift rati@mund 0.6 % corresponding to BSC of 0.17
whereas model SM3 reached its peak capacity dtrdtib of 0.78 % corresponding to BSC of

0.28. It is worth mentioning that the values oftdhatios reported here do not necessarily include
the drifts obtained from structural displacemeniydsut they may also contain some localized

vibration effects mainly due to rocking of wallspecially at test runs close to failure.

The amplification factors for the models determirfiesn the test data are reported in figure
10 which shows that amplification factor decreas@h increase in drift ratio. The reason for
this trend is very obvious. Initially the models reéhaving low periods closely matching with
the dominating period of the input motions. Howetlez period of the models increased with
decrease in stiffness after the models sufferedadasresulting in relatively less match and low
amplification factors. For practical range of dntios, however, an average value of 1.6 is

reported.

DAMAGE LIMIT STATES AND ELASTO-PLASTIC IDEALIZATION
Keeping in consideration the observed damages apdcdy curves given in figure 9,
damage limit states for the prototypes of all medat recommended in table 7. The table shows
that drift ratios and BSC corresponding to all thdamage limit states for models SM1 and SM2
are nearly equal whereas these values are arodhdflthose reported in the same range for
model SM3.

As already mentioned, there was a major differdmeteveen the damage pattern of model
SM1 and models SM2 and SM3. In the model SM1, tiaeks appeared around openings, at
corners and at interface of RC roof band and wallsch then ultimately caused the collapse of
the model similar to any brick or block masonryusture with masonry units placed in cement
sand mortar and RC roof. In the models SM2 and SM3he walls consisted of random-ruble
masonry placed in mud mortar, the collapse in trenfof stones dislodging and falling from
upper parts of the out-of-plane walls due to inadée bond between stones was the main cause
of damage. The damage limit states in the model &Mltherefore governed by initiation and
widening of cracks leading to total collapse olisture, whereas they are mainly governed by

out-of-plane collapse of walls in the form of stdaking in the models SM2 and SM3.



Figure 11 shows the elasto-plastic idealized @unfethe models. The curves were derived
from equal energy principle (Magenes and Calvi }98ith modification in the ultimate drift
ratio based on visual observation of the tests.oAding to the equal energy principle, the yield
strength is taken as 90% of the measured peakgsitrefihe ultimate drift is taken as the point
where the yield strength degrades by 20 % or medspeak strength degrades by 28 %. The
ultimate drift found by this approach was foundle too high as compared to the actual
degradation in the peak strength noticed from tbaal observation of damages. Therefore the
point of ultimate drift was fixed from observed dages in the models. Such a point in each case
was however found to fall in the vicinity of theipbof intersection of the lines joining the flat
portion of elasto-plastic curve and the descenthiragch of experimental curve. Consequently,
drift ratio corresponding to this intersection pgoivas taken as the ultimate drift for all elasto-

plastic curves.

Table 7: Drift ratio (%) and BSC corresponding to differglamage levels

Damage
Model Parameters . Levels
Immediate . .
o Life Safety Collapse Prevention
ccupancy
Drift Ratio (%, 0.1% 0.4 0.€
BSC 0.06 0.1 0.17
SM1 Stage just prior t Minor to moderate Further widening o
Damage minor cracks in walls. cracks in walls and atcracks. Stage prior to
Condition the interface of roof collapse.
and walls.
Drift Ratio (%) 0.1 0.3 0.6
BSC 0.05 0.1 0.17
SM2 Stage just priorto Initiation of stone Further stone fallin
Damage initiation of stone falling and minor to and stage prior to
Condition falling. moderate damage topartial collapse of
walls. roof
Drift Ratio (%, 0.2f 0.€ 13
BSC 0.1 0.2 0.28
SM3 Stage just priorto Initiation of stone More damage t
initiation of stone falling and minor to walls by stone falling.
Damage .
> falling. moderate damage toRoof and RC
Condition .
walls. elements remained

intact




RESPONSE MODIFICATION FACTOR “R”

Two different techniques have been used to comRut® the models in order to take care of
the inherent uncertainties in the definition of Fhe first approach is based on the energy-
balance criterion using the classical analyticatiglpas given in equation 1.

R=\2u-1 whereﬂzj—“ (1)

y
Where y represents the displacement ductility, represents the ultimate displacement

capacity andl, represents the yield displacement. The energy-balarterion is used due to the

fact that the fundamental time period of the pngiet of tested models lies on the constant
acceleration part of the design spectra of Builddugle of Pakistan, Seismic Provision (BCP S-
P2007, adopted mostly from UBC-97). The same ambrdaas been used also by other

researchers (Tomazevic and Weiss, 2010).

The second approach, as given in equation 2, isdbas incremental dynamic analysis
(IDA) of inelastic structure following the early gposal of Kappos (Kappos 1991),
recommended and employed elsewhere (Elnashai andeBeck, 1996; Mwafy and Elnashai,
2002) and which is also used recently (@lal., 2012; Zafar and Andrews, 2011;).

_ PGA,
R= PGA, (2)

PGA, represents the target PGA of ground motions causiegcollapse of structure and

PGAy represents the target PGA causing the yieldinp®ftructure.

A single degree of freedom (SDOF) system is desigvieh similar stiffness and strength for
case study structures. Seismic masses are thegnedsio the model in order to simulate the
fundamental vibration period of structures. A noelir Takeda type rule (Otani, 1974), with
unloading stiffness as proposed by Emori, K., ackdh8brich (Emori, K., and Schnobrich, 1978)
, iIs used for IDA which is also used elsewhere rfonlinear dynamic time history analysis
(Ahmadet al., 2010, Menon and Magenes, 2011).



A suit of ten natural accelerograms are employednpatible to the BCP (2007) elastic
design spectrum for stiff soil (Type D of NEHRPsddication). A demand chart was developed
between different target PGA and ductility demarkdclv was then interpolated to compute PGA
at yielding and ultimate limit states of the moddigure 12. The characteristics demand chart
i.e. the 16th percentile value which has 84 perchances of exceedance, is used to compute R.
The values of R resulting from these approachesgaren in table 8, which shows that an
average estimate of 1.5 may be used for models &d1SM2 and a value of 2.0 may be used
for model SM3.

Table 8. Response Modification Factors

Structure Type Methodology
Equal Energy IDA Recommended
SM1 1.91 1.87 1.5
SM2 1.70 1.61 1.5
SM3 2.49 2.36 2.0

USE OF STONE MASONRY BUILDINGS IN VARIOUS SEISMIC Z ONES

According to the Building Code of Pakistan, Seismiovision (BCP SP-2007), the base
shear for low period structures can be calculatedguequation 3 (equation 5-30.5 of BCP-
SP2007, equation 30.5 chapter 16 of UBC-97) asvdali

V =BSC x W (3)
BSC = (2.5 GI/R) 4)
W = Weight of the structure
C, = Seismic coefficient depending on seismic zone
| = Importance factor
R = Response modification factor

The current version of BCP SP-2007 recommendshiiédings be designed for ultimate or
collapse prevention level based on seismic deman@sponding to the seismic zone where the

building is located. The Lralues for different seismic zones in the ordeingfeasing seismic



demand from zone 1 to 4 with zone 1 as the lownseizone and zone 4 as the most severe
seismic zone are given in table 5.17 of BCP SP-2QflFle 16-Q, chapter 16 of UBC-97.
Therefore taking relevant,values, importance factor “I” equal to 1.0, ancegual to 2.0 for
model SM3 and 1.5 for models SM1 and SM2 as detexthin the previous section, the
resulting demand BSCs corresponding to each seigome for the models are given in table 9.
The collapse level experimental Base Shear Coeffic(BSG) as reported in table 7 are
reproduced in table 9 to determine the use of thss@ctures in various seismic zones
corresponding to ultimate or collapse preventioreleThe data presented in table 9 indicates
that typical SM1 and SM2 stone masonry structuagshe recommended for use in zones 1 and
2a but not in the higher seismic zones. Similatbne masonry buildings constructed according

to SM3 characteristics can be recommended forrugenes 1, 2a, 2b and 3.

Table 9. Seismic performance of stone masonry structurgatious seismic zones

SM1 & SM2 SM3
Level of Demand Demand
Zones seismic Ca BSC = BSC. Seismic BSC = BSC. Seismic
hazard 2.5CJI/IR Performance 2.5GJI/R Performance
(R=1.5) (R =2.0)
1 Low 0.06 0.10 OK 0.08 OK
Lower
2A moderate 0.12 0.20 OK 0.15 OK
Upper
2B moderate 016 027 017 NG 020 028 oK
3 High  0.24 0.40 NG 0.30 OK
Very
4 high 0.32 0.53 NG 0.40 NG

CONCLUSIONS AND RECOMMENDATIONS

» The performance comparison of models SM1 and SMRates that although the use of
cement sand mortar in stone masonry buildings nmaybéneficial, it alone without
horizontal bands and vertical confining elementauldanot be sufficient for substantial
improvement in the seismic capacity of stone masstructures.

* The performance comparison of models SM2 and SMBcates that vertical RC
elements placed only at corners without horizobgadds would not appreciably improve

the seismic performance of stone masonry structures



» The damping ratio of stone masonry structures dosignificantly vary with type of
masonry construction and it can be approximatdtgriaas 5 % for almost all types of
stone masonry structures.

* The horizontal bands at the sill, lintel and ra®fdl substantially enhance the capacity of
the structure by introducing box effect in the stue.

» More number of horizontal bands even though if tAeyas thin as 75 mm are proved to
be more efficient than single thick horizontal baerdy. 75 mm thick horizontal bands
provided at sill, lintel and roof level will enhamthe capacity of the structure much more
than single 150 mm thick lintel or roof band.

* SM1 and SM2 type stone masonry structures candxtinszones 1 and 2a but cannot be
used in zones 2b, 3 and 4.

* SM3 type stone masonry structures can be usechieszb, 2a, 2b and 3.

» The details of horizontal band and vertical comfgnielements to be provided in SM3
type stone masonry structures are given as follows:

a. Horizontal bands: 75 mm x 270 mm (75 mm along tegt of the wall),
reinforced with 2, 10.0 mm longitudinal bars an@ 81m cross-tie. @ 150 mm
center to center. These bands shall be providsill dintel and roof level.

b. Vertical confining elements:

I. Type 1 confining element: 270 mm square reinforestth 4, 10.0 mm
longitudinal bars and 3.0 mm stirrups @ 150 mmeeiat center.

ii. Type 2 confining element: 75 mm x 270 mm (75 mmglthe length of
the wall) reinforced with 2, 10.0 mm longitudinalrb and 3.0 mm stirrups

@ 150 mm center to center.
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Figure 6. Damages and collapse of model SM1
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