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ABSTRACT

The timber framed masonry building is a constructive technology, mixing the mechanical properties of masonry
and timber frames, once adopted as an EarthgRakestant solution inogne earthquakprone countriesThe
constructive bases on the origin of the timber framed masonry buildings were lost through the centuries and
different national or regional variations can be found. Only in the XVIII century, these traditional systems found
some sort of codification, iRortugal before and afterwards in Southern Italy, in both cases as part of the massive
reconstruction process that followed catastrophic earthquakes that occurred in those countries at that time. This
constructive technology, that mixes the mechanicapgmoes of masonry and timber frames, is reasonably
described in literature by different authors, but nonethelesavhstigationsabout their actual seismic behaviour

are stil scarce and lack integratiofihe main goal of the present work is to compghesPortuguese "Pombalino”

system, namely the regional variation that occurs in Vila Real de Santo Anténio @l8authern Portugal), and

the Calabrian "Baraccata" systefiwo case studies were chosen aftdraa technical and architectural survey,

two structural models were developed in 3Muri softwanederive the capacity curveBhe seismic vulnerability
assessment was conductactording to the NMethodof the Eurocode &0 as to investigate their expected
seismic performance and to compare #slts obtained. The work presented in this paper focuses on the seismic
behaviour of these constructive technologies, leading to the inference if these traditional systems can still be used
today.

Keywords:Timber framed masonry buildingeonlinear staic analysis mixed structuresPombalino building
CasaBaraccata

1. INTRODUCTION

Theinterchangeof the experiences has allowed to learn from the past destructive earthquake's events
and to accumulate knowledge in order to improve the looastruction system#\s a result, some
similarities in the use of specific seismic resistantuiies can be observed in seismggions across the

world. In this context,the constructive methgdknown as timbr framed masonry buildings, were
developedand many regionabr nationalvariations can be recognizeConceived to bepecifically
resistanto seismicevents adapedto the local surroundingnd using local materials, these buildings
constitute a heritage of priceless valBeme of these can loefined as traditional, proving effective in
resisting past seismic events, like the example of Mileto Bishop's Palace in VV (Calabria, Italy).
However, in some countries, these techniques are still used today and often they were preferred to
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reinforced oncrete constructions, as the case of the new houses built, according to the traditional dhayjji
dewari and taqg constructions, after the 2005 earthquake in Kashmir, in the North of Pakistan.

11VvVi | a Real de Santo Ant - -ni o: Pombalino building

The massive reconstruction following td&55Lisbon earthquakeled by the Marquis de Pombéhe

Prime Minister of that time, from which the Pombalino buildings took their pamaenotircumscribed

to Lisbon Another notable example, contemporary te tlisbon case, was the Vila Real de Santo
Anténio (VRSA) city plan, dated 1774Some similar urban and architectural solutionthtse ofthe
buildings in Lisbon can be recognized such as the use of wood for the rafters and trusses of the roof, in
the floors and in the stairs, and thee ofvaulted ceilings in the ground flooFhe external walls were

in rubble stonenasonryas alsahe walls between the adjoining constructiagehlewalls, which rose

up to 80 cm above the rotdvel to avoid the spreadf fire, aswell asin Lisbon. Strip foundations,
about0.25 m larger than the thickness of the ground floor walls, were used in VRSA, unlike the
foundation system, used in Lisbon, characterized by a large embankment (constituted by the debris of
the buildngs destroyed by the quake), a wood grid, and the vertical wooden pilatggeached.5 m

deep TheVRSA buildings had usually one or two storeys, differently from Lisbioet, lhad four storeys

plus attic However, the real innovationf the Pombalinosystem's technique was sructural
arrangementknown as "Gaiola" in Portugal, made of the inner walls,theaol | ed Afandnt al o
wooden floors These wallshad specific structural function,bracing and thereforamproving the
behaviour of thentire bilding under the seismic action.

Figure 1i Photos taken during a site survey: Features of the timber frames in the
Alfandega building (VRSA, AlgarveRortuga)

Nevertheless, thisystem ofterwasnot presentn all the buildings i'vVRSA. An exampleof timber
frames can be found in the Alfandega building, sidevingows, as can be seen in thigufe 1. While
the Gaiolasystemwith the same features of thésbon case can be recognizan the first floorof the
Torredo Sul in VRSAtodaythe currentocation of the Arquivo Histérico Municipal Anténio Rosa
Mendes After the demolitionthe recovery and restoration were conductentoading © the original
design As is usual for these traditional buildings,itheriginal layouthasbeen subjeetdby numerous
alterations.

1.2 Calabrian reconstruction process arttie origin of the Baraccata system

The Calabria Region, in Southern Itafifso has beeaffectedby many destructive seismic events in

the pastln 1783 from the beginning of February to the end of Maeckgismic sequenaecurred in

that region The following reconstruction process, under the Bourbon Government, saw as possible
constructivesolution a techniguethe so-called Baraccatasystenmthat consisted in the use of masonry
reinforced by timber frames, probably inspired by the Roman Opus Cratithenbuildings had to be

of usually two floors, with external walls with double paraliehber framesas a skeleton for the
masonryand inner walls with a single timber framesually covered with finishing material and wood
rips, likethe frontal wallsystem n Pombalino buildingsThe foundation systemvascharacterized by
stacks of oaks well laith the ground, covered by masonry plate to preséwmm the humidity of the

soil. Some of these lgger stacksise up to the top especially in the cosef the building As well
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described and showed in the Tables Il and lll, at the end of the manpsdighed byG. Vivenzioin
1783 this construction method required a high amount of timber elements amdrame carpenter
difficulty in connections execution and consequently a high cost. Due to these réasa@ysiem was

usedespeciallyin public buildings and hesocalledir educed Bour bon systemo,

frame, was spreadrlhis technique enforced at the reconstruction stage, then was progressively
abandoned after some decades.

As can be read irhé Repor{Freeman 19329f the Italian Royal Committee of 1909 ¢the Messina
Reggio Earthquakén what concernthe timber frame dwellingbuilt under the Bourbon Government
known as Baraccatdwas highlighted as the system proved very successful after several seisrs¢ even
so much that it was recommended for the reconstruction protiessGallico Reconstruction Plan
(1911) was an exampleshere the same method with only slight changes was addfgeatver, in
Gallico and in many other cities for a long time after th@8L8atastrophic event, the reconstruction
process was not totally implementéshllico was as a slum and the only masonry buildings belonged
to the richest families, or were public buildings

1.3The case studiefPombalinovs Baraccata
1.3.1 Pombalin@ase study in VRSA

The case studyuilding, thatis part of the Pombalinoorein Vila Real de Santo Abhio (Figure 2)
presents two storeydus attic(Figure 3)in the block in front of the main square of the céynd one
only storey on the othaides.

|
‘ | Pombalino core limit

|:| Pombalino case study

Figure2i Planimetry view of VRSA Scale 1:500@here it is highlighted the limit of the Pombalino historical
core (dated. 774 and the case studnalyzed

The height is approximately 6.8 m until the last flooitijaut the height of the roof). it rectangular
shape in plan, the building presemallted ceilings in the ground flaastrip foundationstimber floors
and roof rafters and trusses.

After the onsite surveyof the building and an interview with a technical employee of the VRSA
municipality, the plan views bthe building have been drawBomeof thedimensionsand the layout
organization were modified froitine drawingsincluded in thePlano de Pormenor de Salvaguarda do
Ndcleo Pombalino d¥RSA’, after a personal detection ancemterpretation of the original layout of
the buildinggiven thatthe buildingwas charaterized by numerousodificationsin plan and elevation.

" Detailed Plan of protection of the Pombalino core of Vila Real #eAfténio, SGU (Urban
managemenf VRSA)
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Figure3 - Photo of the main facade of the Pombalino building in fadnbe Praca Marques de Pombal in VRSA

The current plan view of ground floor and first floor are presented in Figure 4 and Figure 5, respectively.
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Figure5 - Plan View of the first floor of thedmbalino case studwith the red dot highlighting the selected
node 7, as control node of the structuirethe 3Muri threedimensional model to derive the capacity curves

A structural modelvas developed in 3Musoftwaré (Figure 6) where the values of the mechanical
characteristics of theaterials and the dimensiowgre introduced.

The thickness of the external walls decrsagith height, in fact in the first floor arabout0.12 m less

than theground flodd s w70 rn)sTheortarused in the walls waer lime.

In what concerns the masonry types, rulgtésme masonry with schistexternal walls) andolid brick
masonry(inner walls), i was decided to use the mean value of the two, a maximurmaunghum,

present in the ItaliaNormativeé.

The wooden floors are constituted by joistith a section 00.11 x0.10 n?, that run every 0.50 nand

the pavementvith a thickness 00.04 m The woodt y pe 6 s mechani cal arkar act e
12 GPa as the Younthed®sissadoatou! us and 0.2 as

8 3Muri Commercial Version 11.0.0.9 distributed by S.T.A. DATA s.r.|
9NTC2008 and Circolare 2 Febbraio, 2009617, table C8A.2.1
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Figure6i Threedimensional model developed in 3Muri software

The 3Muri softwareallows to generate a model, where the geometry of the structural elements and of
the openings are introduced, from a .dxE fppreviously draw. Then each wall is automatically
discretized and the equivalent frame for each wall is defiRiggire 7)

X

Figure7 i Discretization view of the wall #t characterize the main facaafghe case study in VRS@EMuri)

The wallsaredefinedinto discrete macrelementgFigure?), represented by deformable masonry piers
(orange colour)spandrel bams(green colour) andgid nodeglight blue colour) indicatingthe areas

of the masonry that are typically less subject to earthquake damagareandbetweerthe piers and
spandrel beams.

1.3.2 Baraccata case study

Villa Isabellais an example oBaraccatabuilding, located in CalabriéGallico Superiore, RC, Italy),

built in 1911 and still existingviost of the buildings in Gallico Superiore weogally destroyed by the

1908 Reggio and Messina earthquake.was followed by thereconstruction phase, which was
characterized by an urbahan of the areadated1911, of which the buildinganaly®dis also part of
(Figure 8) The building, with rectangular shajpeplan has dimensions about 22 m in the long side and
12 min the sharside.It presents two floors, with the ground floor characterized bydompartments
symmetrically distributed on the sides of the stairs and another rectacguipartmentor the entire
length of the house, overlooking the garden to the East Bluelayout of the building has been
subjecedto many alterations, such as the presence of the concrete pillars in the ground floor, constructed
by the Trapani family, the original owners. However, in the present work, one refers to the original
layoutselected for analysigigure 9 and Figure 10)
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Figure8 - Planimetry view of Gallicphighlightingthe Baraccata case study

The external wallarecharacterized by masonry supported by timber frames, where the pillars and the
beams, with differensections, run around the perimeter of the openings and of the walls, and St
Andrewds <cross el ements Shere iwére aso etters Ivertisakt timbec t ur e’
elements, in some modules, with section about 5 x5 that strengthen each module of the frames, in

the middle. While the inner wallgresentSt Andr ewds cross ti radeenal el e me
covering and a finishing material.
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Figure9 - Plan View of the ground flaoof the Baraccata case study in Gallico
The mortarused in the wallss air lime. The ground floor is characterized by stone masonry external
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walls with thickness betweend® i 0.57 m, the first floor instead presents brick masomayls with
thickness betweenb1 0.43 m.

As it is known from sources, codifications and the evidence of still existing buildings, the wood used
for theBaraccata system is chestnut or oak, locally available. Also for this case study is the same, but
in the 3Muri model it was chosen to use the C.22 Softwood according the UNI EN2BBR, for all

the wooden elements, to consider the ndisadvantagoussituation with regard to the characteristics

of wood. About the wooden floors, they are constituted bynisewith section 00.14 x 0.16 nf,
sufficiently connected to the perimeter walls, run e\@®s9 m, and wood pavement with a thickness of

0.4 m.

The foundation system presents instead a masonry plates, with stacks of oaks well laid in the ground,
this because the wooden elements otherwise would have been more exposed to the humidity of the sail,
and would therefore be more susceptiblddterioration

€

Figure D1 Plan View of the firsScale 1:20Qvith thered dot highlighting the $ected node 57as control node
of the structurgin the 3Muri threedimensional model to derive the capacity curves

The 3Muri Software's configuration allows also to discretize the wooden frames that reinforce the
masonry walls in the mesh generated fitbethreedimensional model of the structufiégure 11)

N3__ n104 _ n101__ n146 n148 N49 n143 n141__ n84 NS4 _n138 n135 _n129 N64 n130 n128  n114 N68 ni115  n120 n122 N6

*mmm VANPA AN A

Figure 1L T Discretization view of the main fagcade of the Pombalino case study in the 3Muri model

Sq all the frames that characterize B&raccata building, foexterior walls, as well as for inner walls

were draw directly in the walls' elevation vigwn their real position, setting also geometry dimensions
and mechanical characteristics of the elements and their eccentricity regard the thickness of the wall.
The vertical and horizontal elements have a secti@6fx0.15 nt, and the diagonal elements, in the

first floor, too. Instead, the diagonal elements in the downstairs present a se@tidwdf.15 nt, while

the horizontal and vertical elements weteracterized by different sectiornkhe wooden frame is
located at the centre of the wall so that it is covered both internally and externally by masonry, since it
has variable thickness between the ground floor and the first(fapire 12)

7



Figure121 Features of the timber frames present in the walls in the first floor, that characterize the 3Muri model

In somewoodenframes in the wallslo not presentiagonal elements, and in particular, in the ground

floor of the short side§/-Direction) of the building there are very felhmportant to guarantee tiex
behaviouybasic under the seismic acti@ne the inner wallthat are also characterizeddiyengthening

with timber framesA common feature, for all the types of frames, is that are always present at the
corners of the building, in correspondence of the openings and at the intersection between the inner
walls and the external walls. The distanetween timber pillars that compose the frames is never less
than one meter as prescribed both in the normative provisions and in the manuals, dbanatcitega
buildings.

2. NONLINEAR STATIC ANA LYSES OF THE CASE STUDIES
2.1 The N2Method

A relatively simple norlinear method, the N2 method, was used to evaluate the seismic vulnerability
assessment of the case studieshis section, the application of the method for the Pombalino building
is presented in detailhis seismic analysis techniquerppced in EC8nd describedtep by stefin

the Annex B of the Eurocode (8EN 200%), develops combining the pushover analysis of a multi
degreeof-freedom model (MDOF) and the response spectrum analysis of an equivalentsigle
of-freedom system (SDOF). The pushover analyss carried out on the 3Muri software, under
conditions 6 constant gravity loads and monotonically increasing horizontal loads.

2.2 The comparison of the capacity curves

Thepushovercurve or thebase shedr (contro) top displacement relationship, giwelear indications

of the nonlinear response of the stturesIn the software's computation, two types of load distributions

were examined, according to the Eurocode 8, the first one proportional to the masses and the second
proportional to the product of the masses with the deformation correspondingtst tibriation mode.

The 3Muri Software drew theushovercurves relatively to the control node of the structuiedjcated

with a red dot in the plan views of thest floor of the buildingstespectively the Node 7 for Pombalino
building (in the follavi ng graphs it named as fiPB) and the
the graphs ABBO) .
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Figure137 Comparison between thishovercurves of the buildingabout the xDirection

In theN2-Methodit is necessaris to transformthe MDOF systento an equivalent SDOgystem The

bilinear idealization of the curves is defined by some parameters such as the mass m*, the stiffness k*,
the period T=*, t he tr ans fybandnthe yielk wisplacamenttdthat G , t he
characterize thequivalent singlalegreeof-freedom system. All the values, obtained in the 3Muri
Software's computation, were subsequently verified accordinthe expressiongcludedin the

ANNEX B?°,

2.3 The determination of the target displacement of the MDOF system

The capacity curves of the SDOF system represent the behavior of the structure, which is compared
the following steps with the seismic demand, defined by elastic response speth@adnceleratiori
displacemen(A-D) format

Type 1, xDirection PB First Mode

6.00

5.00 ®— Bilinear curve
__4.00 —@— Sde(T) ; Se(T)
E )
o 3.00 ——T
n

2.00 ee —@— det*

1.00 . dt*

0.00 o dy”

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 —e—du*

d* (m)

Figure 14i Graphic determination of.d related to the First Mode distribution, short period rafige< T¢)

About the Pombalino buildingt is recommendedh the Portuguese Annex of EE8he use of two
types of spectrm: Type 1 (corresponding to a scenario fafaway earthquake) and Type 2

10 ANNEX B EC8, B.2 Transformation to an equivaléingle Degree of Freedom (SDOF) system
NP EN 19981 2009
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(corresponding to a scenario of nearby earthquakie¢. parameter of the reference peak ground
acceleration on type A groundgais included in the Portuguese Annex of EC8 NA, and for VRSA are
respectivelyl.5 m/s’ to the Type 1 seismic action and hi7s’ to the Type 2 seismic action. Instead,
regard to the Baraccata case stuithg design ground acceleratiop depeng on the latitude and
longitude of the reference sjteportedn the Table 1 of the Annex B, ND08and the corresponding
valuefor Gallicois 2.395m/s’.

Different expressions were ustacalculate lte target displacement of the structurerdlated to tk
SDOF system for each analysis. It depenls the structue is on the short period ranggh T* < Tc
(Figure 14, or on a medium and long period ran@@ O )T as in the Figure 15yhere T is the
characteristic period of the ground motion and T* is the period of the equivalent SDOF. system

Type 2, xDirection PB First Mode

6.00

5.00 ®— Bilinear curve
~ 4.00 —@— Sde(T) ; Se(T)
x
|_
2 3.00 —e—T*
n L

1.00 o— dt*

0.00 « o dy*

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
——du*

d* (m)

Figure 151 Graphic determination ofed related to the First Mode distributiomedium and long period range
(T*O o

Thedisplacement demand, or the target displacement of the-degjteeof-freedom model (MDOF)
(dy) is given by:

0 wzd p

wheredi is the transformation factor angd the target displacement of the SDOF system
The inal step is to compare thdtimate displacement, dand the target displacementrdlated the
distribution load patterns considerédtcording to the Eurocode Bie safetyis verifiedif:

Q Q C

The results obtained ftine Pombalino building are presented in the following section, together with the
resultscorrespondingo the Baraccata Building

3. BARACCATA CASE STUDY AND COMPARISON OF RESULTS

The N2 method was also used for the seismic assessment of the Baraccata building and the final results
are herein presented and compared to the ones obtained with the Pombalino. Bithildindpased on
Equation 2, theafetyverifications for all the analyses were conducted.

The results obtained were depicted and compared in the Tables 1 and 2, related to both the directions of
the seismic action applied, respectively, consideringtalsdwo types of spectrum.

Figures 16 and 17 show the damage distribution regarding the ultimate displaceimeheddirection

for the Baraccata and Pombalino buildings, whereas Figure 18 represents the damage pattern for the
ultimate displacement,af the Pombalino building in the y direction and Figure 19 the same for the
Baraccata building.
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Table 1.Comparisorbetween the results in theDirection

w-Direction DIStII’(I)lZ;L(I;Ion d: (cm) du(cm)  du/dk Virllfclicatlin
u/ Ut
1°Mode 0.65 1.43 219 Yes
Baraccata building
Masses 0.49 1.50 3.04 Yes
_ First Mode Type 1 248 1.62 0.65 No
Pombalino
First Mode Type 2 1.58 1.62 1.03 Yes
Case study Masses Type 1 2.28 162 071 No
Masses Type 2 147 1.62 1.10 Yes

52 N21

XX X

>4.
al

Figure I7 i Damage state in thmalf frontal facade of the PB-Rirectionat d,, Masses Distribution load

Ng - 71 . 73 - (1) N
2 H v . %

Figure B17 Damage statg-Directionat d, of the PBfagadeMasses Distribution load

Analyzing the damage state of theildings,it can be seehow it is important the usamber frame, to
strengthen the masonry. In the damaged vi@igures 1619) are represented in light yellow colour
the parts of the masoncharacterized by shear damage, in strong yellow colour by shear failure, in pink
colour the bending damage, in light blue colour the miet®tethe tension failure and finally in green
colour the undamaged parts of masoiiitye analyses of the overékhavour of the structure showed
how both the buildings are vulnerable to the s®gisactions, especially in thelirection (Table 2and
Figures 18 and 29In thePombalino case studihe results oboth the analyseselated to Type 1 and
Type 2 of sesmic action do not fulfill the safety requirementk what concernshe Baraccataase
study, the safetyis not verifyin y-Direction, possibly due to th@appropriatedispositionof timber
elementsleading to bending failure, shovimredand sheardilure, shown in yellowFigure 19 (in the
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right).

Figure191 Damage statg-Directionat d, of the BB fagadesviasses Distribution load

Table 2.Comparisorbetween the results in theDjrection

N Distribution Verification
-Direct d d dv/d

y-Direction load r(cm) dy(cm) u/ak dJd:. 1

1°Mode 1.72 1.87 1.09 Yes
Baraccata building

Masses 1.49 131 0.88 No
FirstMode Type 1 3.10 1.63 0.52 No
Pombalino FirstMode Type 2 175 1.63 0.93 No
Case study Masses Type 1 240 131 0.55 No
Masses Type 2 1.64 131 0.80 No

4. FINAL REMARKS

Thecase studiesvidenceconfirm that these traditional constructive methsiusuld offer some degree

of earthquake resistance in the case these structures had not been subjected to major modifications and
deterioration Some of the rules on which they were basedte"codified" as far as th&VIII century,

and some of the underlying principles (existence of bracing in both directions, increased connection
between the structural elements, etc.) are still considemaddern codedt can be seen by the results

that the BB are subjected to a more demanding seismic action and canxshillrection verify the

results. It is interesting to see ttihe BB building present a stiffer but also weakeicapacity curve,
whencompared to th€ombalino buildingThe ductility issimilar for both buildingsThe Pombalino
buildingdoesnot verify thesafety requiremenia most cases, highlighting its higher vulnerability when
compared to thBaraccata building
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