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Abstract. This paper presents the numerical study that aitrthe seismic evaluation of the
performance of typical Portuguese “gaioleiro” birlgs. The numerical modeling was
performed with resource to a model of finite eletsean 1:3 reduced scale and it was calibrated
in agreement with experimental results obtainethéntests done in the LNEC 3D shaking table.
With the purpose to define an adequate strategwd@mmic performance evaluation nonlinear
dynamical analysis with time integration and pusht@analyses were carried out. In the dynamic
analysis, each earthquake is composed by two urlated artificial accelerograms compatible
with design response spectrum of EC8. In the pushawalyses it was considered that the
seismic action is simulated through a set of prtopoeal horizontal forces to the mass of
structure and to the*vibration mode according with the direction indstu
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INTRODUCTION

The study of the ancient masonry buildings has bie@ted. Only in the past few
years this issue has been taken in account duentedly, to the increase of the
interest on the preservation of the built patrimoAynong this buildings there is a
considerably quantity of residential buildings, gimally built with insufficient
earthquake resistance or none at all.

The most recent methods of collective seismic etaln are based on the concept
of representative construction of a certain typglégr, with base on its individual
evaluation, esteem the seismic performance ofudlilings included in the typology.

In the present work it was studied the seismicqraréince of the “gaioleiro” type
buildings (Fig. 1). This typology developed betwettie mid XIX century and
beginning of the XX century, mainly in the city afsbon, where are still in use
nowadays.

Typically, these buildings have 4 storeys highhwwalls in masonry and floors
and roof in wood. The exterior walls are, usuaily,rubble masonry with bonding
mortar [1].
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In the whole, the study includes two programs: gpeemental and a numerical;
developed, respectively, by LNEC (National Laboratof Civil Engineering) and by
University of Minho.

FIGURE 1. “Gaioleiros” buildings.

DESCRIPTION OF THE EXPERIMENTAL MODEL

The LNEC accomplished a set of tests in their sigakable, with purpose to study
the seismic performance of this type of buildinigsfore and after strengthening [2].
For that, a prototype of isolated buildings wasirdef. This is constituted by four
storeys, with an interstory height of 3.60 m, twaposite facades with a percentage of
openings equal to 28.6% of the facade area, twosfg walls with no openings,
wood pavements and a gable roof.

Due to the size and payload capacity of the shaldhtp the experimental models
were built to 1:3 reduced scale, in agreement W@tuchy law similitude. The
relations for the different parameters in termsa#le factor are presented in Table 1.

TABLE 1. Scale factors of the Cauchy similitude law [3].
(where, and,, designate prototype and experimental model, resgdot

Parameter Symbol Scale factor
Length L Ly/L=A=3
Elasticity modulus E FE=A=1
Specific mass p pp/pm=A=1
Area A AJA=AP=9
Volume \Y VIV i =23=27
Mass m nym,=2=27
Displacement d Ad=A=3
Velocity v Vp/ViimA=1
Acceleration a da,=1"=1/3
Weight W WYW,=23=27
Force F HF.=2*=9
Moment M M/M =A*=27
Stress c oplomn=A=1
Strain € gplem=A=1
Time t Wt=A=3
Frequency f Jf=1'=1/3




The walls of the experimental model were simuldbgda compacting concrete,
previously study to simulate the typical behavibthe original masonry walls.

In the construction of the pavements, MDF panelmeacted to a set of wood joists
oriented in the direction of the smaller span wased. The panels were cut in
rectangles of 0.57 m x 0.105 m and stapled to tistsj with broken joints of
approximately 1 mm, with purpose to simulate pavarfiexibility.

Finally, the experimental model didn’t include theof due to the difficulties in
their construction in the laboratory.

In the Fig. 2 is presented the experimental moellting from the scale factor.
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FIGURE 2. Experimental model (dimensions in meters): (a)egahview; (b) geometrical
proprieties; (c) plant; (d) pavements (section AA)

DESCRIPTION OF THE NUMERICAL MODEL

The numerical model was accomplished in the ElesEmtites software Diana [4],
by using shell elements for the simulation of thallsvand MDF panels, and three
dimensional beam elements in the simulation ofwbed joists, based on the theory
of Mindlin-Reissner (Fig. 3). In the supports, otie translation degrees of freedom
in the base were restrained.

Concerning to the geometrical proprieties, the miwakmodel was accomplished
to the 1:3 reduced scale as the experimental n{edgl2).

In the connection between the pavements and theormaswalls only the
translation degrees of freedom were considered athies.



Proprieties of the finite
elements mesh :

- 5816 finite elements:
- 1081 beams elements;
- 4736 shell elements;
- 75880 degrees of freedom;
- 15176 nodes.

(b)
FIGURE 3. Numerical model: (a) finite elements mesh; (b)gragnts.

In the calibration of the numerical model the vilma modes and others quantities
measured in the tests were used [5].

The Fig. 4 shows, in a global way, that the nuna¢maeodel simulates correctly the
damage existent in the experimental model with @mpate connection between
pavements and walls, where the facade damage domiem in the ¥ floor is
highlighted.
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FIGURE 4. Damage comparison between the model: (a) numgendl(b) experimental.

As result of the calibration process it was obtditiee material proprieties of the
numerical model. However, it was aim of alteratiomamely in what concern to the
total mass of the structural system. In this whg, model used in the numerical study
included, besides the self weight of the structusldments considered in the
experimental model, the live load and the self Wedaj the partitions walls, claddings
and roof. These additional actions were considenglitectly, at the level of the floors
with resource to the MDF panel’s specific masseaske.

In the Table 2 presents the material proprietieso@ated to the elastic linear
behavior. The reduced value of the MDF panel’s gosirmodulus is due to the
pavements constructive process (broken joints).

The Fig. 5 shows the first vibration modes, in thensversal and longitudinal
directions.



TABLE 2. Materials elastic linear proprieties of the numarimodel.

Young’s modulus Poisson’s Specific mass
[N/mm?] ratio [Kg/m?|
Walls 779 0.2 1910
MDF panels 1-3" floor 240 0.3 5427
MDF panels 4 floor 240 0.3 4047
Wood joist 12000 0.3 580

4.42 Hz 9.02 H .
(a) (b)
FIGURE 5. First vibration modes in the: (a) transversal dimn; (b) longitudinal direction.

In the numerical model only the nonlinear behawbrthe masonry walls was
considered, based on the constitutive model of &itains, usually knows by Total
Strain Crack Model. It was accessed in their dafinj a parabolic stress-strain
relation for compression, where the compressivength,f;, is equal to 779 N/mm
and the respectively fracture ener@, is equal to 1.25 N/mfmm. In tensile, an
exponential tension-softening followed by a lingansion-stiffness was accessed,
where the tensile strength, is equal to 125 N/mfand the fracture energ@, is
equal to 0.125 N/mfimm. The crack bandwidtth, was determined in function of
element areaA (Equation 1). In the shear behavior, the sheantien factor equal to
0.001 was accessed.

h=+A. (1)

The dampingC, was simulated with resource to the viscous dagpinRayleigh,
which presents as a linear combitaion between thsspM, and of stiffnesK,
matrixes (Equation 2). The constanteg2.18) ands (0.00044) were determinated
with resource throught the results obtained indyr@amic indentification.

C=aM +pK )

NONLINEAR DYNAMICAL ANALYSIS

The nonlinear dynamical analysis with time inteigratvas done with resource to 3
earthquakes, composed, each one, for 2 uncorredatiéidial accelerograms.

The artificial accelerograms were generated witdouece to EC8 design response
spectrum of the type 1 [6], for zone of Lisboa, & 1.5 m/$), with damping
coefficient, &, equal to 4.3% (estimated in the dynamic iderdtfan) and a type A
soil. These present, on 1:3 reduced scale, a thietion of 6 s, which 3.33 s
correspond to the intense phase, af@# on average, equal to 4.51 fa/s



In the Fig. 6 is presented the maximum values ef¢imsile principal strainsy, for
the different earthquakes. Through this, it wasfieet that the facades if"4loor and
the base of structure are the zones of largest gaiwancentration, where a high level
of damage in the"4floor’s piers is highlighted.
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FIGURE 6. Tensile principal stains (outside surface): (ajrepiake 1; (b) earthquake 2;
(c) earthquake 3.

Unlike to the typical structures of concrete, thalgsis of results at the level of the
floors isn’t enough to identify correctly the zones largest damage. Hence, the
maximum displacement and the maximum drift in tlhgnanentL1, using all its nodes
in the finite elements mesh, are presented in ipe7 Through this representation is
verified that the maximum displacement (about 16)rtake place in the™floor pier
and that the maximum drift (higher than 1%) hapipe#i” floor and in the base.
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FIGURE 7. Results in the sectidnl according to the facade orthogonal directionnfaximum
displacement; (b) maximum drift.

Concerning to the evaluation of the behavior atdtmecture base, it was defined,
along the time, the relation between the load facip (Equation 3) and the
displacement at the top of structure. The contofithe relation referred previously,
for the different earthquake and directions ares@néed in the Fig. 8. Thus, is verified
that maximum values of are 0.2 and 0.65 in the transversal and longialdin
direction, respectively.

1= > horizontal forces
> vertital forces
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FIGURE 8. Contours of the relation displacement ¢fbor) vs.load factor (base) according the
direction: (a) transversal; (b) longitudinal.

PUSHOVER ANALYSES

In alternative to the dynamic analysis were acc@shpl pushover analyses,
which, beyond of the physical nonlinear, the geoiwatnonlinear was considered. In
this type of analyses the seismic action was censdthrough a set of horizontal
loads, applied independent directions, proportiof@lto the structure mass; (b) to the

1% vibration mode according the direction in study.

The pushover analysis proportional to the structuess presented a maximum
load factors uppermost than dynamical analysis thedcrack patterns are different

from the presented in Fig. 6.

In the Fig. 9 the results of the pushover analyseportional to the i vibration
mode according to the transversal and longitudiiraction are presented.
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FIGURE 9. Capacity curves and tensile principal strains efiashover analysis in the: (a) transversal

direction; (b) longitudinal direction.



Concerning the maximum load capacity, in the push@nalysis proportional to
the vibration modes, is verified that the maximuoad factor approaches the
dynamical analysis values, what reveal that eveniththe dynamical analysis the
structure base is presented in their limit loadacity. However, the crack patterns
only simulate correctly the damage at the lowerezohthe structure (Fig. 8 and 9).
Hence, the damage at the upper storeys has aisagmifcontribution from the
remaining vibration modes.

In an attempt to explore all the pushover analysegortional to the %l vibration
modes in the two principal directions, an adappushover analysis was done, where
the horizontal loads were applied simultaneousiythe relation 100% and 30% in
longitudinal and transversal directions, respetyivand updated as function of the
damage. However, this analysis didn't present img@nzents in terms of final results.

CONCLUSIONS

Through the developed study it was verified that bluildings of “gaioleiro” type
with appropriate pavement-wall connection, undesmsie action (Lisbon and soil of
the type A) are in the limit of their load capacityr a safety factor equal t01.0,
conclude that this type of buildings should be aoh seismic strengthening
interventions.

Concerning the typical pushover analyses (propuatido the mass or to thé'l
mode) was concluded that these don’t simulate ctiyréhe total damage of the
structure, showing that vibration modes with fregties above the*1mode, in the
two orthogonal directions in plant, have significazontribution for the global
behavior, couldn’t be depreciated.
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