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SUMMARY:

A method to assess the vulnerability of unreinfdrogasonry building aggregates is presented. Thiplgied

methodology relies on the discretization of thelsvahto macro-elements, which model roughly thepliane
non-linear behavior (rocking and shear crackingeath masonry panel, through plastic hinges. Eahisv
divided into deformable piers and spandrels, cotakthrough rigid links. The macro-element is coded the
open source finite element software OpenSees. Téat gossibilities of this program enabled us tadgt
methodically the vulnerability of a few charactédduilding aggregates. The consequences of Setygres of
heterogeneities in the cluster have notably beeesiigated. The influence of the connections betvasiacent
buildings is also studied, the possibility of poumgbeing especially considered.
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1. INTRODUCTION

Masonry is widely used for construction in mosttleé world. A wide variety of buildings can be
classified under this terminology: for instance,qmments made of dimension stone, common houses
made of bricks or recent buildings made of condodieks can all be described as masonry structures.
Most of these buildings are considered to be quiiherable to earthquakes. The Haiti 2010
earthquake illustrates well that fact: indeed, ifigh death toll of that event is strongly relatedhe
vulnerability of the unreinforced masonry buildingse most common structures in that country.

Masonry structures are often gathered in clustaatably in historical city centers, where old
historical buildings are often mixed with more necand stronger structures. The interactions betwee
these adjacent buildings must be carefully considlevhen studying their vulnerability, the dynamic
response of a building being often strongly affddig the presence of adjacent structures.

The 1999 L’Aquila Earthquake was a good illustnatad the vulnerability of old city centers: thelol
masonry buildings of this Italian town where sesigudamaged by this earthquake.

In this study, we analyze the group behavior o§éhaggregates through the modeling of the masonry
buildings with macro-elements. First, our methodgldor simulating the dynamic behavior of
masonry structures is presented. Then the dynasfiauior of various clusters is considered. The
presence of heterogeneities in size or in mechhprogerties in the cluster is notably investigated
Finally, the influence of the connections betweaildings in the aggregate is also analyzed.

2. GENERALITIESABOUT MASONRY BUILDINGS

2.1. Complexity of modeling masonry structures

The masonry walls are heterogeneous structuresctnatot be directly modeled with the tools



developed for the reinforced-concrete structure$adt, these structures should be considered de ma
of a complex composite material, which shows angfisopanisotropic behavior.

Moreover, these structures can show complex magpisaon-linear responses, varying a lot from a
situation to another depending on geometrical amthanical parameters. These responses are
difficult to model in methods such as the finiteraknt method, especially because of the cracks,
which generate discontinuities in the deformatiefdf

D’'Ayala and Speranza (2002) have classified thenngiobal failure mechanisms that common
masonry buildings may suffer. These mechanismslepected in Figure 1: depending notably on the
load, the connection between the buildings anatiagacteristics of the structures, the main facdde

a building can be damaged in many different waysis| the extension of cracks in the masonry can
free the rotation or the sliding of parts of thdlsv&com the structure, which could lead to a wig¢ of
failure mechanisms.
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Figure 1. Failure mechanisms for masonry buildings, D’Ayatal &peranza (2003)

However, when these global failure mechanismstaélto the propagation of cracks on the whole
facade, are prevented, some local failures malyagippear, mostly in piers and spandrels. A good
illustration could be seen in Figure 2.



Figure 2. Diagonalcracks (shear failures, surrounded by the red binethe spandrels of a masonry building in
I’Aquila. The global failure mechanisms of the fdezhave been prevented through the iron ties, alydacal
failures are observed (source: Calderoni et al9p00

2.2. Assessing the vulnerability of masonry structures

This chapter is not an exhaustive review of alldifeerent approaches which have been developed to
assess the vulnerability of masonry buildings, ibatmply shows the different possibilities thatvea
been considered by the authors before settingaumtthodology of the study.

2.2.1.Limit state analysis

This type of analysis does not rely on numericahuations to predict the static behavior, via
pushover analyses, or the dynamic behavior, via-tiistory analyses, of the assessed structure. It i
based on analytical formulas settled down by douilm considerations. Its application for the
assessment of masonry buildings have been espeitigistigated and developed by D’Ayala and
Speranza (2002). It considers a wide set of feag@lures (see Figure 1) with all the possibleueal
for the crack angle. For each configuration, theximam horizontal load for which the potentially
moving block is still in equilibrium is computed.h&n, the failure mechanism predicted by this
method is determined by an optimization procedure.

This method is very interesting because it tak&s ¢onsideration several failure mechanisms that ar
usually not considered by other methodologies €f@mple the out of plane failures). Nevertheldss, i
has some important drawbacks: for instance, theamjm interaction between adjacent buildings and
the spatial heterogeneity of the load within theildimgs is difficult to take into account.
Consequently, we preferred to use a different neetbothis study.

2.2.2.Discrete element method

The discrete element method has been extensivelg tw the study of granular mediums. The
studied medium is discretized into elementary pavtich can show discrete behavior. This
methodology brings also very interesting results foodeling masonry structures, which are
discretized into bricks and mortar (see Lemos 2887 example). Although these models are
computationally intensive and also require a lopadparation time, they can be extremely valuable
because they can predict accurately the collapseagbnry structures, and even the successive steps
of the failure. Nevertheless, the method has nehhesed in this study, because of its complexity an
because it seems not really adapted for modeligignioidels of several buildings.

2.2.3.Macro-elements and Equivalent frame models



Discretizing the walls of masonry structures intany elements with the finite element method is

quite inefficient because of the complex damagé¢éepad: then an option to realistically model these

macro-scaled failures could be through the useoof-lmear macro-elements. This idea has been
already investigated and developed by many researcbee for example the methods used in Tremuri
(developed by Lagomarsino et al, from 1997), in Sfidveloped by Magenes et al, from 1998) or in

MAS3D (developed by Braga et al, from 1990).

In most of these methods, only a few local failorechanisms are considered, the assumption being
that the global failure mechanisms are prevented byitable design. A good example is the macro-

element developed in Tremuri, which only considbesrocking effects, which are concentrated in the

extremities of the panel, and the shear effectsclwhre located at the center of the element (see
Figure 3).

(a)

Figure 3. Masonry in-plane failure modes considered in thenm&lement of the frame-equivalent models of
Tremuri: flexural-rocking (a), shear-sliding (b)dadiagonal-cracking shear (c) (source: Tremuri Mdnu

A few approximations are usually made in these «infl models: the deformation suffered by the
walls are assumed to be only concentrated in piedsspandrels, whereas other part of the wall are
considered rigid: A frame equivalent representatibmvalls can then be considered, the piers being
the columns and the spandrels the beams (see Fgupaother important approximation is that the
global structure is assumed to behave as a boxigid floor acting as diaphragms), the out-ofpda
behavior of masonry walls being neglected.

Despite these simplifications, this method is stileful, because it can bring a rough overviewhef t
evolution of the deterioration of the elements laf structure during an earthquake, and is not only
focused on the ultimate state (possibility to rtmtis and dynamic analyses). Another advantage of
that method is that the study of mixed reinforcedarete-masonry structures is quite easy, because
these other elements are easily modeled with tiit felement method. Finally, because of the small
number of element necessary to model a building thedrelatively small computation time, this
approach is particularly suitable for the studyrafsonry aggregates. That is why we decided totuse i
in this study.

3. METHODOLOGY DEVELOPPED
3.1. Description of the macr o-element
The masonry walls are modeled with non-linear beaphsmns: a very simple elasto-plastic element

has been coded in the open source software Open¥kesnon-linear behavior is triggered by
conditions over the bending moments at both sidebenelement, and by conditions over the shear



force. When the moment at one side of the beanhesaits ultimate value, a hinge is formed at that
end. Moreover, we made the assumption that theittomaver the shear force triggers hinges at both
ends. The damage softening effect is considerednwldoading: the tangent stiffness is then
decreased to the secant stiffness value (see Hyure

M

Figure 4. Moment curvature relationship of the macro-elenoamsidered in this study. The same curve applies
also for the shear behavior (shear force - drifveu

The ultimate moment (Egn. 3.1) is computed withftrenulas of Calvi and Magenes (1997), which
were derivated from equilibrium consideration ahasonry panel at its limit state.

N

l N
Mu=7(1_

0.85fmlt)

(3.1)

The ultimate shear stress is based on the Mohre@dukriteria. The same formula (Egn. 3.2) as used
in Tremuri macro-element is used (see Tremuri MBnua

Vy= lcompressedtfvo + uN (3.2)
M|
lcompressed = 3(2 - T) (3.3

» |is the width of the pier,

e tisthe thickness,

* Nis the axial compressive action,

* Mis the moment at the lower extremity,

* fnis the average resistance in compression of trsemng,

» fywis the shear resistance of the masonry withoufpcession,
» uis the friction coefficient (herg=0.4).

3.2. Modeling awhole masonry building

A typical 3-bay masonry building has been considerethis study, with one door at the front and
windows at the rear. Because the macro-elementadsd in OpenSees, many already implemented
tools where available for the study. For instatice,floor has been modeled with shell elementso Als
the very flexible interface of OpenSees enabledtausest several cluster configurations without
important modifications. In fact the command filetleorizes to create the geometry and the
connectivity through high-level scripting tools,r fexample via “for loops™ we could often easily
swap from one configuration to another by simplydifiong a variable.



Figure 5 illustrates the typical building considkia the study. Offset nodes are used to connect th
piers and spandrels. Table 3.1 shows the promsietiesen for the masonry panels.

The thickness of the walls has been consideredaainsver the height of the building, but the masse
of the floors have been gradually decreased withihebecause it seemed more realistic to us.dt fa

the considered second floor weight is 20% lowet tha weight of the first floor and the third floor

(when it exists) 30% lower than the weight of thstffloor.
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Figure5. From left to right: front, rear and plan view ogttypical masonry buildings considered in this gtud
The red dashed lines in the left drawing repredenframe modeling of the facade, discretized pi¢ws
(green elements) and spandrels (purple elemertiggelelements are connected through rigid links.

Table 3.1. Main properties of the masonry walls.

Property Symbol Value Unit
Young's modulus E 1.4e9 N/m?
Post yield ratio (E yield= p*E) p 0.5

Compressive strength fm 3e6 N/m?
Shear strength fuo 5e4 N/m2
Thickness of the wall t 0.4 m
Friction coefficient 1 0.4

4. RESULTS

4.1. Regular pattern of identical buildings

The building presented in part 3.2 has been used &ementary unit for creating various aggregates
of identical buildings. The buildings were connekctberough rigid link, constraining both translation
and rotations. The aggregate were solicited byaathguake of PGA of about 0.2g, in the horizontal
direction parallel to the main fagade: the timedng solicitation has been scaled up to that value
because with that level of excitation, the singléding shows heavy but still realistic damage.

Our simulations showed that the aggregates witherboildings are stronger, probably because they
are stiffer: fewer elements are damaged when timebeau of buildings is increased. Obviously, the
rigidity of the aggregate does not increase lineaith the number of building added. For instarine,
this specific case, the fundamental period increé®en 10.7 Hz to 12.4Hz when the first building is
added, but then increases more slightly to 12.91&htl Hz when aggregates of 3 and 4 buildings are
formed. Consequently, we could expect that for giarthe vulnerability of a cluster of six buildings
will not be much lower than the vulnerability otluster of five buildings.

Globally, with the geometric configuration and theechanical properties considered, the weakest
elements seem to be the spandrels, which alwaydu@ito shear mechanism.



The consequence of the dynamic load on the singjldibg was that all its spandrels were heavily
damaged and the piers of the ground floor, espgdla 2 central piers, underwent important rocking
failure. On the contrary, when aggregates of sévewildings were excited, the only damaged
structures were the left-most and right-most omésch underwent slighter damage on their central
spandrels.

4.2. Buildings of different heights

We have studied the effect of the height differelne®veen two adjacent buildings in a cluster. bt,fa
because of the discontinuity in the facade heitjie,top floor of a higher building suffers incredse
deformation and then damage because, contraryetmtier floors, it is not strengthened by the
adjacent buildings. The photo of Figure 6, takeh’'Aquila after the 1999 earthquake illustratessthi
fact: the highest building seems intact excepttfiar left pier and the spandrel of the highest floor
which are heavily damaged.

To investigate this phenomenon, 2 aggregates ofl8ibgs each have been excited by an acceleration
of PGA 0.2g. Contrary to the first aggregate, thatl building of the second aggregate was one
floor higher than the other buildings. Except fréimat difference, the buildings presented the same
geometry and opening layout as in the previousspart

The results of the simulation were as expectedthIpiers of the last story were all heavily daethg

in the central building of the second aggregateredeer, our model showed that even the 2 sides
buildings were impacted by the height differencke 2 central piers of the ground floor of each side
building were slightly damaged in the second cadthough it did not happened with the first
aggregate. Moreover, the spandrels were more daimagkee second case.

Figure6. In plane damage of third story due to differenghés of adjacent buildings after the 1999 earthquak
in L’Aquila (source: Calderoni et al, 2009).

4.3. Presence of a stronger building in the aggregate

One of our assumptions was that a strengthenedithgibdjacent to weaker buildings could have
negative effects on the behavior of buildings cltsé in the aggregate. To investigate this idea,
tested two new configurations similarly laid outb@ldings in a row, with modified properties fdret
center building. In both configurations, the stingarameters of the masonry (compressive and shear
strengthf,, andf,,) were increased so that any non-linear behavigrévented. Moreover, in the



second configuration the Young’s modulus of theanag was also increased (E multiplied by 5).

With the stiffened centered building, we noticedttthe side buildings can withstand higher level of
excitation, probably because the whole clusteigidified by the center building. In the other case
observed that the center building is as expectédamaged, because of its increased strength, dut w
did not notice any modification of the damage layiauhe side buildings.

It is possible that our models are too simple twufoon these kinds of problem or that the efferts a
not very important in that geometric configuratidarther investigation would be necessary to clear
the doubts.

4.4, Weak connections. pounding effect

The walls between two adjacent buildings could bal wonnected or not. In this second case,
pounding effects between adjacent walls may hapgech could damage them, and even damage the
other adjacent walls (for instance the facade)mbdel this behavior, uniaxial non-tensile connetdio
have been used between each adjacent wall.

The same mechanical properties (Young's moduluscanapressive strength) as the one used in the
macro-element have been considered for those ctongc The consequences of the pounding
failures (crushing of pounded bricks) were not stigated in this study: the idea was just to chéck
the connections reach or not the compressive straxighe masonry.

As in the precedent parts, a cluster of 3 adjaleaidings has been considered (see Figure 7).daror

to trigger the pounding effect, the central buighras been strengthened (Young’s modulus multiplied
by 1.7), so that all the buildings don’t move iraph.

E=1.4e9 N/m? E=1.7x1.4€9 N/m? E=1.4e9 N/m?
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Figure7. Cluster of 3 adjacent buildings considered to itigase the effect of weak connections.

The effects of the weak connections have been figadsd by the authors very partially, because
these non-tensile connections brought a lot of peeted convergence issues. Nevertheless, we were
able to run several simulations and some commentdcbe made: unexpectedly, the damage
monitored with the weak connections was a littkesbghter than the damage observed with the rigid
links. Moreover, under the acceleration load (tiise PGA 0.09g), the maximum stresses in the
connection were about 100 times smaller than tinepcessive strength of the weaker building: in that
configuration and with this solicitation, a comsee failure of the pounded wall is very unlikely,
because other in-plane failures will probably hapfiest.

5. CONCLUSION

A very simple non-linear modified beam-column maelement has been developed and coded into
OpenSees for modeling the piers and spandrels ofasonry fagade. Despite this very simple
approach, we were able to study some interestipgcss of the global behavior of aggregates of
masonry buildings. We saw that when buildingsgamiped into clusters, their vulnerability is often
lower because they are strengthened by adjacedirigs. However, the effect of these clusters is no
always favorable, especially when the building aggte presents heterogeneities. We noticed for



instance that height difference between adjaceifdibgs could have significant consequences on the
vulnerability of the structures. We also noticeattiour methodology does not highlight negative
effects of a stronger building in an aggregate thistconclusion must be carefully considered bseau
of the simplicity of the model. Finally, a methoa take into account weak connections has been
presented, but the idea should be more developget tsteadier conclusions.

To conclude, this methodology is suitable for stogyaggregates. Nevertheless, the macro-element
still need to be improved in order to get moreafall results, for example by trying to consider afut
plane failure mechanisms, and should be more direfalibrated, for instance by comparison with
discrete element method models.
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