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Abstract—Historic religious buildings located in seismic ase
have developed different failure mechanisi@snulation of failure
modes is done with computer programs through aimesal dynamic
analysis or simplified using the method of faillmecks. Currently
there are simulation methodologies of failure mobtased on the
failure rigid blocks method only for Roman Cathaticurches type.
Due to differences of shape in plan, elevation aodstruction
systems between Orthodox churches and Catholicchbsy for the
first time there were initiated researches in tegetbpment of this
simulation methodology for Orthodox churches. lis tarticle are
presented the first results from the researchies.theoretical results
were compared with real failure modes recorded ratOathodox
church from Banat region, severely damaged by qaskes in
1991.Simulated seismic response, using a computer progased
on finite element method was confirmed by crackeragarthquakes.
The consolidation of the church was made accordimgthese
theoretical results, realizing a rigid floor contieg all the failure
blocks.

Keywords—Dinamic analysis, failure mechanism, rigid block
seismic simulation.

|. INTRODUCTION

HE seismic behavior of historic buildings in thisripd in
majority of cases is studied with a computer safev
They simulate very good the seismic response obtlidings
in elastic lineal domain and in nonlinear domaiheTumeric

Therefore, the development of a simple model, able
determine the ultimate state for complex masonmycsires, is
a very expected methodology by the designers.Adrapid
efficient method for simulation of the responseboildings
with complex shapes in ultimate limit state was aeleped
after examining the cracks after the earthquakecbmelusion
that often failures occur by formation of collapeechanisms
involving all the buildings or only some part okth. In this
case computational models use some rigid body macro
elements and the discontinuities are concentratdyg along
the borders of these elements.

II. CALCULATION MODELSOF MASONRY BUILDINGS FOR
SEISMIC DESIGN

A current trend in seismic design is the incogtion of

Sperformance-based design methodoldgythis methodology,

every building is designed to have the desired |$e\af
seismic performances corresponding to differentcigipe
earthquake ground motion. To achieve this goalstiela
analysis is insufficient, because this cannot stadlly predict
the forces and deformations during earthquakesladtie
analytical procedures become necessary to idetitfymode
of failure.

Inelastic time-history analysis is the most ist& approach

simulation of themasonry does not respect any hypothesir evaluating the building performances. Howevétis

(isotropy, elastic behavior, homogeneity) assumad other
materials. In these conditions, elastic models idengg a

homogenized continuum, can give an indication oe thconsidered. As a compromise,

mechanical behavior in the undamaged range andmgrbe
used to detect the weak parts of the structurett@ngositions
of to come cracks. For ultimate state, nonlineadet® using
complex finite elements, based on plasticity theanyd
considering the joint and interface elements to ehdtie
planes of weaknesses, can be used only for simpkonny
elements, being inadequate to model a full stractur
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inelastic analysis is too complex and time-consugrim the
design of most buildings, especially if the spahiahavior is

a simplified procedure
commonly accepted is the pushover analysis, where a
sequence of inelastic static analysis is perforfioech set of
monotonically increasing lateral loads. For thetdrisal
masonry buildings, the pushover methodology is daated
by the definition of mechanical properties of thatermials,
definition of constitutive laws for decayed matésisand
structure rigidity degradation due to the cracksnfation. The
behavior of a masonry building is presented in Eigln the
first stage, the building works as a compact eldnuaitil the
first fissures. In this field, the building’'s masgncan be
characterized as an elastic medium with heterogeneo
properties. The first fissures produce a reducihguilding’s
rigidity, but the elastic behavior is not modifieery much. At
superior level of load, the fissures are turned inystem of
cracks, which began to affect very much the bugdin
behavior. The increasing of load produces a loedlre,
where the first very important damage of buildincears as
seen in Fig. 1.  Behavior of masonry arch foeralt load in
the ultimate limit, a collapse mechanism is formedhich,
finally, generates the building failure. In the rfra of
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performance-based design philosophy, until the &ion of A.Modeling masonry building by rigid blocks

crack system, the building works without importalstmage The use of theory of rigid blocks to determine lingt of

and the safe occupancy and operational usage can H&orical building has the potential to becomeoaverful tool
considered.In this field the damage control isrtt@n task of i engineering practice. In particular, this aptoavoids the
design. The field until the local damage is thecpreory se of sophistical and time-consuming nonlinedtefielement
phase of the structure failure, while the formatadra global technique. The applicability of this theory to maso
collapse mechanism represents the ultimate lindtestin  gtryctures modeled as assemblage of rigid blockesdoting
many cases, between local failure and the limittesta through joints depends on some basic hypothesisirowed

considered in EUROCODE 8, the masonry structur@¥ieh py jn-site observations and experimental results :

until the formation of crack system can be consdeas the
range ofdamage limitation stagewhile the behavior near to
formation of collapse mechanism as thgmate limit state.
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Fig. 1 Behaviour of a masonry triumphal arch

It is well known that masonry structure analységjuires
nonlinear modeling accounting for the low tensikpacity
and the consequent cracking phenomena. It is webwi
though that such models cannot be used in the afasery
complex structural systems characterized by latgeber of
degree of freedom. In the same time, it is veradjethat the
methodologies required for the two limit statesfatifvery
much. While for damage limitation state on can theeelastic
analysis (with or without considering some fissiomat
effects), for the ultimate limit state, the methlmdry must be
very different. Therefore, analyzing the behavibhistorical
buildings, it is need to be adopted a two step guiace as
shown in Fig. 1.

i. Global behavior analyses for damage limit statethim
linear elastic range, through a complete and rdfif
Method- 3D model. This analysis can give indicasiam the
global behavior in the undamaged range and can astigct
the weak part of the structure and the positiortcotome
cracks. In the same time, it can be use to haveatidn about
the efficiency of some strengthening methods.

ii. Global behavior analyses in the ultimate limittesta
using the Collapse Mechanisms Method, considering t
structure composed by some rigid body macro-elesneith
discontinuities concentrates only along the borddrshese
elements, resulted due to seismic action. This ouetlogy is
based on the observation in situ or on the modateerning
the cracks system of a damaged building, leadirgydollapse
mechanism. This analysis is very useful to esthinig the
most efficiently strengthening method.

i. limit loads occur at small displacemens® the linear
theory can be used.

ii. masonry has no tensile strength.

iii. compression and shear failure at the joints ariepity
plastic.

iv. hinging failure at joint does not consider the effects of
local crushing.

The seismic collapse load corresponding to thienate
load is determined using a cinematic method. Ia thethod
the following steps must be considered:

i. establishment of the horizontal and vertical loaplied
to the structure.

ii. establishment of possible collapse mechanisms Her t
structural system.

iii. determining for each mechanism element the vertical
forces and the position of these forces.

iv. imposing the collapse mechanism of horizontalueirt
displacements;

v. determining the compatible virtual displacementdach
element of the mechanism.

vi. using the principle of the minimum of total potexhti
energy (composed by internal and external patte
amplification of factors for horizontal forces, cesponding
tothe all established collapse mechanisms, aermeted.

vii. The collapse mechanism for the ultimate linttes
is the minimum value of the determined amgdifion
factors. This methodology was successfully applfed
determining the collapse mechanisms and ultimatet li
state forces for buildings [1], [3] [4] and Ranesque
churches presented in Fig. 2 [5], [6], [7]. and @rtodox
Churches was developed also in Romania [2], [103}]
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Fig, 2 Romanesque churches. Masonry rigid block [5]
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Il.  SeismiCc BEHAVIOUR OF ROMANIAN ORTHODOX Windows can then be introduced in the cylindricaver
CHURCHES enabling architects to create interior light effectThe

The buildings of Romanian Orthodox churchestaged on Surrounding infilled and exterior masonry walls cals
the Byzantine style, being characterized by thengisi contnbu'ge to carry out the loads, forming veryidigorner
pendentives and dome on pendentives as in Fig.rBust be Pendentives as in Fig. 5.
pointed that the main structural characteristicByzantine
architecture is the use of pendentive domes, dome o
pendentives, and tower on pendentives. This isusigay of
adjusting the circular form of a dome or tower tsquare
plan. The pendentive dome is derived by trimmersides of
a circular dome over a square plan as in Fig. 4.The
pendentives dome enables to transfer the total dbdlde roof
to the four corners of the building.

Very rigid
COmers

Fig. 5 Rigid corner pendentives, including the sunding walls

The typical plans of Orthodox churches are preskin Fig.
6: rectangular nave with one lob and three-lobedntinlike
the Catholic churches, the Romanian Orthodox clagdcre
relative small in size. The main typical Romaniathodox
churches are the three-lobed plan. This form paysucial
role in the improving the church behaviour durinige t
earthquakes, because it reduces the distance bestiffiaess
centre and centre of gravity on the longitudinaisanf
symmetry [8].In some cases, some churches were provided
with buttresses in order to reduce the distancesdsst these
two centers.
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Fig. 4 Pendentives and dome and tower on pendantive
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Additionally, the top dome enables to transfertttal load : . ~
of the roof to the four corners of the building.eTtop of the Fig. 6 Typical rectangular and tree-lobed plans [8]
pendentive can be trim to introduce another domepnThe
additional dome can further be raised to introdmcglindrical
tower between the pendentive dome and the addittmmae.

Very many damaged churches were recorded duréwy
and 1986 Vrancea earthquakes and 1991 Banat eakibsju
Among the hundreds of damaged churches during these
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earthquakes, Fig. 7 presents the Borzesti (rectangan)
and Cozia (three-lobed plan) churches [2].

Fig. 7 Damage of Borzesti and Cozia churches du®1@ Vrancea
Earthquake [2]

Analyzing the occurred system of fissures and @atks
very clear that the spatial collapse mechanisnoiisiéd by a
longitudinal fracture and multiple transversal ftaes which
round the pendentives, due to the great rigidittheke ones.

In addition, cracks occurred at the base of towdre
cracks start always from the windows, due to redudgidity
in these zones. Considering the system of fractitrés very
clear that, in the ultimate limit state, the chwgliorm a block
system, working independently each other’'s asgn &i

The blocks are formed by the wall delimited by tiwdows
and the corresponding corner pendentives. Duegséismic
actions, the blocks rotate around a basis axiss Mdtation is
equilibrated by the gravity loads, mainly due te thasonry
weight.

The ration between overturning and stabilizing ésrgives
the possibility to determine the ultimate limit ¢ this one
being the minimum of all the values [12], deterndirier each
block [5].

Fig. 8 Blocks system in ultimate limit state [2]

In the Banat region, the earthquake of 1991 grasluced
significant damages to some churches made of b#iolong
these damaged churches is the one of St. Georgadiay in
the village Manastirea, Timis County. It is attelste the
sixteenth century and was originally built as a &yne

church. The present form dates from the years 179%

when the church was transformed into a baroque one.

Currently it is declared a historical monument.

Hall-type church building is covered with briekches and
wood framing. The church has two towers: the Weswdr
and East Tower in Fig. 9 and Fig. 10.

Fig. 9 The two towers of the church

MNOKTH

SOLTH

16,40
20,85

Fig. 10 Horizontal section

Unveiling of foundations in the altar area and iorik
facade revealed that there are no cracks in thadfion.
Because the distances to the two poles are 15 kmi@km as
in Fig.11, this earthquake fits the category of i€eptral
earthquake" which is characterized by:

i. Very short periods of vibration (below 0.2 to 0}y
in which case the massive masonry structures arst mo
affected.

ii. Pulse action, the first cycle is the most powerdxt
alleviating considerably.

iii. Components perpendicular to the fault rupture hee t
most important and have vertical components arestirae
size as the horizontal ones.

According to the seismic Romanian norm P100/1-2006,
maximum acceleration (peak ground acceleratiorthefland
is 0.16g.
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|' Fig. 13 Mechanism blocks
] "“!'!1 Brick walls are 75 cm thick, reinforced with bripKlars in

= :‘*——"— front of the roof arches. Masonry structure hasraitudinal
fﬁ;,.; tem symmetry, except the West side where the presditbe stair
has introduced an asymmetry characterized by waills a
thickness of 40-45 cm. The window openings on tter apse

In these circumstances, taking into account thetippsof 5 reduced thickness of the wall under the windbrage
the church to the two poles, the church’'s mairoaddirection  caysed cracks in Fig. 14.

is longitudinal. Given the longitudinal asymmetry the

church, the west is much stiffer than the east. démter of
rigidity of the structure is moved to the west. the same
time, taking into account the different stiffneggte stair area
on the opposite side, the center of rigidity is ein north.
Rotation of the church from the center of rigidigyshown in
Fig. 12. It can be noticed that the round wall nextltar is the
most stressed, being the farthest from the cemtégidity.

Fig. 11 The dlstances to the earthquake poles

Fig. 12 Rotation of the church

Under these conditions, considering the presence o
openings, masonry has a tendency to separate liot&sbby
splitting of arches above the openings thus forminige Fig. 14 Cracks at the eastern wall
blocks. The most stressed is block 4 of the eastethwhere
are the largest lateral deformations in Fig. 13.

The cover in the central area is made of two doomelsrick
pendants resting on arches. One of the vaults stgppdower
with circular section. Rectangular bell tower sactis being
supported on one side of the church walls, ancheropposite
side of a brick arch that has no tie to the begigreind shows
cracks. Under the bell tower windows, X cracks winend
on the South and North facades, damages chardictesfs
seismic actions in Fig. 15.
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Fig. 15 Cracks at bell tower

The East Tower is circular and is supported onntiigdle
dome pendants. The tower has the upper closureviault
made of bricks and has no significant cracks.

ii. Because the greatest damages were recorded iratiee n
and apse altar, a special attention was given eésettareas.
They were divided into blocks 1, 2, 3 and 4.

iii. There were not made calculations to determine dak p
ground acceleration for the tower named block Sabse the
vertical stabilization forces are bigger in thigar The tower
has developed cracks in the plan of the masonty shape
and after earthquakes did not recorded any displants from
verticality as shown in Fig.15. So there is no wayrecord
values of the peak ground acceleration smaller thanpeak
ground acceleration of blocks 3, 4, 5.

iv. In its calculations they neglected the effect afraeight
because they have very low values.

v. In neither the calculations there was not givenwaaight
to the circular tower of the nave area becauseas wor
participating in the failure mechanism. At faillstocks 2 and
3 was taken in calculation the weight of the archies walls
and the pendants.

vi. The church has no metal tie to prevent the oventhwd
the outside walls.

Examining the sizes of the cracks after the eadkguin
1990 the followings are found:

i. The biggest cracks are developed in the eastelmexzt to
the altar, in full compliance with the structurasiies outlined
above in Fig.8.

ii. Next, most important, are the cracks from the Ilseurt
wall, the northern being much less cracked;

iii. Asymmetrical turning tendency can be seen on thiswa
of the western tower, south wall is much more ceacthan
the northern, while at the western and easternsyahacks
were insignificant;

Eastern Tower, not being bounded by land and moving
freely with the dome, has minor cracks. Inside dmeirch
there are cracks at the top of the vaults becardes don't
have ties for taking vertical loads in Fig. 15.

|
J

Y

Fig. 17 St. George church, blocks system in ultenhiait state

vii. Separately was calculated the weight, the posttiothe
center of gravity for each wall, arch, vault fromfailure
block. Determined position of the center of gravitgd of
mass for the entire failure block on a 3D modeinding.
viii. The overturning seismic force outside the wall was
applied in the center of gravity of the failure ¢io

ix. The equilibrium relation between overturning moment
and stabilisation moment was written for each failblock in
relation to point A from the wall as shown in Fitg. It is
located at the outer end wall. According to [6] treportion
ratio between the overturning moment and the stalibn
moment of the transfer block is called seismic ficeht and
is noted byl It has subunit value and represents the
maximum value of ground acceleration for which bedding
collapse that occurs outside of the plan of thaurfaiblock.

aximum seismic acceleration of ground in the Mdeasof

t. George is 0.169g, 90 max fiei= 0.16g/g = 0.16A values
calculated by theoretical modeling for each failbkeck were
compared with this value @f .y e Blocks with a value dt

Fig. 16 Cracks at arches

IV. MODELING MASONRY BUILDING BY RIGID BLOCKS
ROMANIAN ORTHODOX CHURCHESSF. GEORGEBIRDA

Based on the modeling of seismic behavior of Chafct.
George Birda, Timis County, Romania, based onlikerty of
transfer mechanisms, the following assumptions weade:

i. The church was divided into rigid blocks based o
observations recorded after earthquakes crack&idnBanat
area since 1991. Transfer blocks are shown in FHg.based
on 3D drawing. Global system of axes is shown @ ED.
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< ) max field @re most vulnerable because they will fail and wil M VXV, XY, 4y, XV, Xy,
A=—rs =177 N 27 V2 2
cause the collapse of the structure. For St. Geblgeastery M v (1)
was calculated value for blocks 2, 3 and 4. o y XV xz
Because the most damaged transfer block after 1991
earthquakes is block 4, in Figure 18 are preserted TABLE Il
dimensions and position of the center of gravitg &#me point SEISMIC COEFFICIENTCALCULATION FORBLOCK NUMBER 4
of application of seismic force. There are only teenters of |N°- s M k?\l x MkS'\TXG z Mk?\TZG
gravity for masonry and bolt and one for the entiteck 2. ©¢"" mem m mom m
The Name of symbols used in Figure 18 are showrabie I.
1 20 325 650 0.7 455
TABLE |
2 20 347 694 187 12938
SYMOLS AND UNITS TOTAL 3597 7194 584.8  4.84 3482
Symbol .
Name Masurment unit
G elemen weight kN -
S the total seismic force kN /]4 0168 )
X,Y,Z distances M . . . . .
M. overturning moment KN In _Flg. 19 and Fig. 20 are shpwn the dlmer_15|orp§r_m, Fhe
Ms stabilization moment kNm positions of the center of gravity and the pointapplication
y specific weight of masonry 20 kN/m? of seismic force for failure blocks 2 and 3 in 3Bocdinates.
v total masonry volume m There are five centers of gravity for each failoteck caused
A seismic coefficient b ” d d h \V; | f t bl t |
CG center of gravity of the transfer y wa ', omes and arches. va l_JeS or stabiiza
block overturning moments are presented in Tables |l Eaddle IV.
The values are presented in (3) and (4).
24 s 202
,.- :3;
\ /B
g
g
8
g
78,38 |
279,18
478,13
Fig. 19 Dimensions in plan and positions of centérgravity for
block 2
TABLE Il
SEISMIC COEFFICIENTCALCULATION FORBLOCK NUMBER 2
No. v \% G X Ms=xG z Mo=2zG
elemen kN/m* m® kN m kNm m kNm
t
1 20 6360 1272 122 1552
2 20 155 31 275 825
3 20 2,66 107 3.3t 358¢
4 20 1,80 36 198 712
5 20 56.62 1132  1.04 1177
TOTAL 126.25 2578 3167 465 11988
Fig. 18 Dimensions in plan and positions of centérgravity for 1 = 3167KNm _ 0264 3)
block 4 R P
1198¢kNmr

For failure block 4, who was the most damaged after
earthquakeA is determined with (1) [9]. Calculations are
presented in Table Il. The valuejofs calculated in (2).
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185,56

B0

285,11

Fig. 20 Dimensions in plan and positions of centérgravity for

building in the ultimate limit state. With this mimation, you
can easily determine building solutions to be takefore an
earthquake emergency only in the most vulneraldasaof the
building to avoid collapse of the historic building
The theory of mechanisms of failure developed gpknand
fast calculation method that has been verified bynerical
analysis for the Catholic Church of Roman type.dpplying
the same principles of modeling and calculatioe, ttreory of
yielding mechanisms was verified too for Baroqueh®uox
Church of St. George Orthodox, Birda, Banat Region,
Romania. The study showed a good concordance betwee
theory Mechanisms of failure and the damaged stracfter
the Earthquakes of 1991.
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Comparing relations (2), (3), (4) it is observeaih

i.  24<A<)sz although the theoretical modeling, predicts tha[t7]

the limit state will be achieved by the collapseblufck 4, that
will yield before blocks 2 and 3 for the same vahfethe

seismic force. This damage is confirmed by the é&éyg
masonry rupture of the apse area.
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