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SUMMARY:

Half-timbered buildings represent an important drisal heritage in many countries. They are diftuse
various regions for different reasons, among wiiictbeing able to resist seismic actions.

Despite the great popularity of this kind of sturess, few studies are available on their globabb&ur or on
that of their single structural elements. The ainthis paper is to study the behaviour under cyidading of
traditional half-timbered walls, with connectionsaterials and elements dimensions encountered ifitirex
buildings.

Cyclic tests have been performed in order to evalihe performance of distinct traditional retrixfig
techniques of the connections, namely: (1) increpie number of nails at the connection; (2) dsseel bolts;
(3) use of steel plates. The idea is to compar@énfrmance in terms of hysteresis loops and skessment of
the improvements of the cyclic response in ternduatility and energy dissipation.
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1 INTRODUCTION

Half-timbered buildings represent an important diisal heritage in many countries. They are
diffused in various regions for different reasmigsh as availability of materials, to lighten aisture,

low cost and the strength they offer and are useevell as a construction able to resist seismic
actions. This latter issue is the research topayaed here, as half-timbered buildings have been
specifically designated as a seismic-resistandinglin reconstruction plans in many countrieshsuc
as Portugal (Pombalino buildings), Italy (baracdatase), and Greece (in the island of Lefkada). All
these buildings were characterized by an inteirdddr skeleton constituted of vertical and horiabnt
elements and braced with diagonal elements, thealyBt. Andrew’s crosses. This internal structure
aimed at improving the global stability of masormyildings, enhancing their capacity to dissipate
energy under seismic loading. The origin of suchcstires probably goes back to the Roman Empire,
as in archaeological sites half-timbered houseseweund. These constructions later spread
throughout Europe, but also in India, Turkey andhe Americas (USA, Canada, Peru). In each
country different geometries were used, but thernomidea is that the timber frame can resist to
tension, contrary to masonry, thus providing adretésistance to horizontal loads and conferring a
sort of confinement to the masonry structure (Laibgeh 2009).

The aim of this paper is to present a preliminandy on the behaviour of half-timbered walls,
characteristic of Pombalino buildings, considerififferent connections at the base of the walls that
can be found in practice and to choose the bestisolfor an on going experimental campaign that
will interest the study of the cyclic behaviour ahreinforced infill walls and the possible
strengthening solutions of retrofitted half-timberealls.



1.1 Seismic Performance Experience from Recent Earthques

In some recent earthquakes (Turkey 1999, Greec8, 2bdia 2005) the half-timbered buildings
showed a better behaviour than unreinforced masbuoigings (Langenbach, 2007). In fact, this
constructive system is pointed out by several asths one of the most efficient earthquake registan
structure in the world (Langenbach, 2007; Cardasal.e2005; Makarios and Demosthenous, 2006).
Its popularity is not only due to its seismic penfance, but also to its low cost. Half-timbered
structures combine the best features of masonrtiantbr, offering a better overall behaviour of the
buildings under seismic actions.

However, even if practical evidences exist of tlaelequacy to resist to seismic action, the behaviou
of half-timbered walls is not clearly understood d@hus it is important to have a deep insight a@irth
resisting mechanisms under lateral loading. In, fdi$ type of constructive system has not beeartak
into great consideration from the scientific reshacommunity but a great number of historical
buildings are actually half-timbered, which meamat tthe evaluation of its mechanical performance,
particularly to seismic actions, can be valuableorddver, the great variability found in these
buildings in terms of geometry, materials, modificas introduced in the structures make their
seismic assessment a relevant research issuethigittespect, a possibility for the seismic assesgm
of half-timbered walls is the experimental analysighese walls under static cyclic loads aiming at
representing in a simplified way the seismic logdin

In recent earthquakes, such as the ones in 199€aiicand Dizcdeand 2003 (Bingd| this type of
construction demonstrated to be robust under seiantions, being the major damage concentrated at
the contemporary buildings. Approximately, 7% of RC buildings collapsed as opposed to 0,5% of
the traditional structures in the Golcuk distriéi{han and Guney 2000). In the Ozanlar distric%028

of the RC buildings were heavily damaged or cobap$2% were moderately damaged against 24%
of the half-timbered buildings (Giilhan and Giine@@0 An alternative to masonry infill can be found
in bagdadiconstructions, where short rough pieces of tindrerused as infill material. This led to
light weight, seismic resistant, economical struesy but were more disposed to decay (Gulkan and
Langenbach 2004).

In the 2003 earthquake that interested the isldrnidetkada, Greece, some RC buildings collapsed,
whilst none of the traditional half-timbered buiigs present on the island collapsed and damages
were less relevant than those observed in modeitdirmgs (Makarios and Demosthenous, 2006).
Damages to the infill walls mainly interested thélli and the interfaces between infill and timber.

A good behaviour of half-timbered buildings wasamied even during the 2005 Kashmir earthquake
in India (Langenbach 2009), during which earthquséme damages occurred to buildings were the
original structure was modified or maintenance p@ar.

1.2 The Portuguese Example — half-timbered Pombalino wis

The example that is of most interest in this stigdthat of the reconstruction of Lisbon Downtown
after the 1755 earthquake which destroyed that parthe city. The new regulations for the
reconstruction of the city introduced by MarquesPdenbal included a building of usually five storeys
with a stone masonry ground floor and an interinalbér frame structure (named gaiola in Portuguese,
which means cage) for the upper floors (Figure 1a).

The gaiola was linked to the external masonry wialteugh the timber floor beams, to which it was
connected. A lot of variations are met in the catioas used here because construction technique
varied based on the carpenter and during the yearstruction became less rule abiding. A minimal
timber skeleton was present also in the externaomy walls. The framing of the gaiola was
characterized by the typical St. Andrew’s cros$egure 1b), which provided a bracing effect to the
structure. The walls were filled with rubble or diimasonry. The internal half-timbered walls
originally did not participate in the bearing oéthertical loads of the structure, the load beaviatjs



were the external masonry ones, but subsequematédtes or changes in use of the structure could
have altered this condition.

(b)

Figure 1. Examples of gaiola pombalina: (a) general floongl&oias 2007); (b) detail of half-timbered wall
(http://eventos.fct.unl.pt/cirea2012/ 2012)

The types of connections and the dimensions ofthss sections of the elements varied, depending
on the period in which they were built and the picacof the carpenter. In general, overlapped,
dovetail, or simple contact connections were usdidien two elements, with the addition of nails to
secure them in place (Mascarenhas 2004). Cros®reotaried between 8x10cm, 10x12cm and
15x12cm. Approximately a hundred years after tiiroduction, Pombalino buildings evolved to
Gaioleiro ones, which lost the internal timber skeh.

2 EXPERIMENTAL CAMPAIGN ON HALF-TIMBERED WALLS

Aiming at getting a detailed insight on the cydiiehaviour of Portuguese half-timbered walls, an
experimental campaign has been designed on masiladyand unfilled half-timbered walls under
static cyclic tests. In fact, only reduced expernitaéresults are available in literature (Vascoosedt

al. 2012, Meireles and Bento, 2010). Here, prelaninresults are presented on walls aiming at
validating the test setup.

Half-timbered wall specimens were prepared accgrtindimensions found in existing buildings in
Lisbon. All the connections between the verticattpand the beams are overlapped ones, as well as
the connections between the two diagonals of theABtrew's crosses, whilst the connections
between the diagonal and the main frame are sioguigact ones (see Figure 2a).
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Figure 2. Wall specimens: (a) connections used; (b) dimessidrelements in cm




The walls were built in real scale, with realistioss sections for all the elements (see Figure&b)
factor that influences the behaviour of the wadl¢hie connection between the vertical posts and the
bottom beam. A variability is met in existing builds: (1) the post could be considered continuous
between one storey and the next, connecting twbeiinelements with appropriate connections (for
example a scarf joint); (2) they could be discambuns and independent between two contiguous
storeys; (3) at times, they could even be in diffiépositions, connected to the base beam of tHe wa
with half-overlapped connections. These variatilmusto a possible different behaviour of the wall,
depending on how “strong” and fixed the base of wad was. Thus, three configurations for the
connections between the base beam and the poses emsidered, namely: (1) overlapped
connections with a single nail inserted; (2) ovgpled connections with multiple nails inserted; (3)
steel plates inserted in the connections with leolts screws.

2.1 Test Setup and Instrumentation

Cyclic tests were performed on half-timbered wa#iing a reaction wall to which a hydraulic actuator
was attached, which applied the horizontal disptees® to the walls (Figure 3). The actuator was
connected to the reaction wall and to the top bé&amugh two-dimensional hinges that allowed
vertical displacement and rotation of the top boraethe wall. Three hydraulic jacks applied the
constant vertical pre-compression on the postsN2&k each post) and could follow the horizontal
movement of the walls by means of rods attacheadddop of the jacks and connected to hinges fixed
at the bottom steel beam. The walls were restratetie bottom using steel angles and plates that
fixed the bottom beam of the walls to a steel bednch was connected to the reaction floor.
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Figure 3. Test setup used in the experimental campaign (difoea in cm)

Out-of-plane movements were prevented by meandesf sollers attached to an external frame
securing the top beam of the walls. This system nex®ssary because, due to the asymmetry of the
connections and the slenderness of the wall specimat-of-plane movements can occur for this
structural element.

2.2 Test Procedure

A cyclic test procedure was adopted following staddISO DIS 21581, adding more steps in the
procedure in order to better capture the highly-iimoear behaviour of the walls. Due to limitatioofs
the test equipment, the cycles were introduced wiginusoidal law (Figure 4), but no significant
alterations were found in the tests when compar@dhers performed previously with linear cycles.

Two different test speeds were adopted: for digptants up to 10% of the maximum one an average
speed of 0,05mm/s was used; for higher displacesnargpeed of 0,35mm/s was adopted. The cyclic
tests did not reach the ultimate displacementregthduring the monotonic test (101,34mm), but only
90% of this displacement, but it proved to be sidfit for the wall to fail under cyclic loading.
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Figure 4. Time-displacement history imposed at the top ofutladls

3 CYCLIC TEST ON UNREINFORCED HALF-TIMBERED WALL

Static cyclic tests can simulate in a simple wayghismic loading and provide important information
on the overall mechanical behaviour and shearteegie of walls subjected to seismic actions. Cyclic
test results performed on half-timbered walls vdiffierent connections configurations at the base of
the wall are here presented and a discussion ofgleeral behaviour is reported.

3.1 Original Unreinforced Condition

As aforementioned, a cyclic test was performedtanwall in its original condition. As it is often
found in existing timber frame walls and as planiatally, the first configuration represents the
initial condition, where the bottom connections fwadly one nail, and the possible continuity of the
post between two contiguous storeys was not coreside

The behaviour of the wall with this configuratioor the bottom connections was characterized by a
clear flexural resisting mechanism. This can belyateduced from the typical S-shape of the
hysteretic graph of the wall shown in Figure 5ae Tiysteretic curves of each cycle are characterized
in the descending branch by two easily distinctisteps”, were the wall is reacting more to the
displacement applied. These “steps” occur becdespdsts have a tendency to uplift, first the kter
one and then the central one, and when in unloatiegwall the connections close, i.e. the posts
lower, the change in stiffness in the unloadingnbhaoccurs. The lateral posts uplift as much as
50mm and the central one reaches an uplift of 22mm.

The wall fails when the bottom connections are atgie to work anymore when they are pulled and
the detachment of the posts from the bottom bearoriplete.
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Figure 5. Wall with original bottom beam/ post connectiores liysteretic curves; (b) flexural behaviour of the
wall during the test.




The rocking behaviour of the wall is evident frohe tdeformed shape of the wall (Figure 5b). The
whole wall has a tendency to rotate around a migtioint at the bottom corner of the wall, as it
typically happens also in masonry walls with a fieat behaviour.

3.2 Additional Nails

To better understand the influence of the levealaftinuity in the bottom connections, additionalsa
were added to the three bottom connections, imgettie nails not only perpendicularly to the cross
section, but also transversally (Figure 6a), ineortb oppose more resistance to the out-of-plane
opening of the connections. The total number ofsnai each bottom connection was now 6 nails.
Traditionally, a total number of two or three naitsuld be found in each connection, but considering
that the nails used in this study were smallerremtgr number was used. The idea was to avoid the
considerable high uplift of the vertical posts.

~(b)

Figure 6. Additional nails inserted at bottom connections

For this test, nail pull-out was significant anehgiiing was much more evident than in the previous
test. All the nails had the tendency to pull-oug(ffe 6b) and the hysteretic loops (Figure 7a)varg

flat for low forces, a behaviour which is assodiatéth pinching, i.e. the behaviour associatedh t
nails which, tearing off the timber, create a fpa¢h that gives almost no resistance to the nail.

In this case, failure also occurs when the bottormections do not work anymore, with the nails not
being able to secure the connection.

100
754
50
254

Load [kN]

-25 -]
-50 -

75 A —— add nails

-100

T T T T T T T
-100 -75 -50 25 0 25 50 75 100
Displacement [mm]

@)

Figure 7. Wall with additional nails at the bottom connecto(a) hysteretic behaviour of the wall; (b)
deformation of the wall during testing

The wall was able to reach slightly higher loadsewltompared with the original solution, with an
increase in maximum load of 7%. The behaviour efwhall is still flexural. In fact, the posts ardlst



uplifting, even though with at a lower grade, wighmaximum uplift of 36mm, corresponding to a
decrease of 30% if compared to the original sofutio

3.3 Reinforced bottom connections with steel plates

In order to try to reduce clearly the uplift of thests and obtain a shear behaviour as pure aiblegss
commercial steel plates were inserted at the bottormection on both sides of the wall. Since the
overlapped connections have 3 shear planes, ichasen to modify the commercial plates inserting,
apart from the screws connecting the steel platihdatimber elements, a bolt that ties together the
connection, avoiding the out-of-plane movements faglging against the uplift. In fact, using simple
screws to secure the plates would not have predgh&uplift and the screws would have broken in
shear.

(b)
Figure 8. Strengthening of base with steel plates: (a) fetaht vertical separation; (b) back side horizontal
separation; (c) deformation of steel plate aftst te

The plates were able to secure the posts to treedidke wall, allowing a minimal uplift (5mm), sie
the steel of the plates allowed an elongation d¥ 1@igure 8c). The hysteresis loops are still
characterized by pinching (Figure 9a), but thistitme behaviour is predominantly a shear behaviour.
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Figure 9. Wall with reinforced base: (a) hysteresis loopthefwall; (b) deformation of the wall during tegfin

The constraining of the bottom connections allowexrlwall to gain in terms of ultimate load, which
increased of 43% when compared to the originalteoiuThe steel plates deformed in the linear range
and the nails and bolts only experienced slighbmeftions, preventing the uplift of the posts.
Moreover, with this solution, the connections at rheight were the ones more involved in resisting
the shear stresses, so now the damages are caedrdt that height and the failure occurred at the
lateral connection at mid height, in correspondeidbe overlapped connection.



4 COMPARISON AMONG THE BEHAVIOURS AND ADOPTION OF A'S OLUTION

In order to choose the best solution for the wadicimen to use in the experimental campaign thiat wi
study the cyclic behaviour of unreinforced halftbened wall specimens and subsequently that of the
same walls retrofitted, the behaviour of the walith different posts-to-base beam connections was
studied and compared.

The different behaviour of the base connectionsbeannderstood analysing a typical hysteresis loop
for each test. Figure 10a shows the hysteretic loopesponding to an applied horizontal
displacement of 50.61mm, which in all tests coiasigvith the cycle at which the maximum load was
reached. It can be noticed how the loop of theimaigsolution reaches a lower load, but has a
comparable stiffness at that cycle as well as daimlissipated energy, i.e. the energy enclosdten
loop. The solution with additional nails and theeawith the steel plates reach a higher load and hav
smoother unloading path, since the vertical updiftower than that of the original solution (Figure
10b), but the uplift begins for all solution at theeme applied displacement. The wall specimensavith
more efficient base connection present a highesi lefrpinching, which tends to reduce the dissigate
energy.
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Figure 10.Wall behaviour with different bottom connections) typical hysteresis loop; (b) vertical uplift of
lateral bottom connection

The walls with only nails in the connections prasefiexural behaviour. This can be deduced also by
the deformation of the wall. Actually, if one codeis the horizontal displacement of the wall at
different heights (Figure 11a shows the progressgten top displacement of 50mm), it can be seen
how walls subjected to a flexural behaviour exhéblinear trend of the horizontal displacement with
the height of the wall, whilst the wall specimernhwihe reinforced base exhibits a non-linear pregre
of the lateral displacement, meaning that the igadeforming in shear.
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Considering the energy dissipated by each wallndutthe cycles (Figure 11b), the original specimen
has almost a linear trend, while the other two igumétions have an exponential trend. In terms of
values, there are no great differences, but thikypsint out some characteristics of the walls.

The solution with a reinforced base dissipated &gy for low values of drift, when the behaviour
of the wall is still mainly linear for this wall,na then the dissipated energy tends to increase at
higher rate than that of the other solutions, uatiure is reached in the wall, so that the enehgyps
slightly and then it starts increasing again asnh regains some resistance.

For the wall with additional nails, the same tréndbserved; the linear part interests higher \sahfe
lateral drift, so at the beginning the wall is gisging less than the original solution, and thertte
behaviour becomes non-linear. This configuratissigates slightly more energy, since, even though
the hysteretic curves have similar strength arffhesis, the loops for the wall with additional saflor
higher displacements, are larger and have a smod#szending branch, since the uplift is lower.
Notice that the increase on the fixity degree @& Hottom connections influences considerably the
unloading branches of the hysteresis diagrams,hwisiassociated to the decrease of the uplift ®f th
post from the bottom beam and to a more reducetketent of the connection.

In terms of ductility, which can be obtained frome tilinear idealization of the envelope curvethef
walls (Figure 12), ductility is higher for the oirgul solution (5.88), while for the wall with adidibal
nails the value of ductility was of 3.13 and foethne with the reinforced base was 2.20. These
changes happened because the wall with the origolation presents a higher initial stiffness and
lower loads.
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Figure 12.Envelope curves of three proposed solutions

Considering the overall behaviour of the walls dhd traditional connections found in existing
buildings, and considering that the walls testelll bé then retrofitted and strengthened, the choice
made was to maintain the original solution of theeinforced half-timbered wall with only one nail i
each overlapped connection. The behaviour of tHeisva clear flexural one, while the walls should
behave as shear walls, so their full seismic c@paginot taken advantage of. But it has to benake
into consideration that the gain in terms of ultientbad and energy dissipation are significant only
when compared to the results of the specimen \wélsteel plates inserted at the bottom connections,
but this configuration could be considered alreadstrengthening solution, since various existing
buildings present weak connections at the basheoflbor, being the posts discontinuous. So in this
study, it was chosen to admit the flexural behavmfuthe half-timbered walls and to try to improve
their performance in the strengthened solution.iBhas to be pointed out how, just by changing the
connections of one level of the wall greatly altéssoverall behaviour and grants a more active
participation of the wall in the shear absorptiémhe structure.

It also has to be pointed out that for all threafigurations the masonry experienced little damaged
with separation in the interface between timber magdonry and with cracks at the corners, where the
masonry was falling out due to the pulling outla# nails in the diagonals.



5 CONCLUSIONS

The cyclic behaviour of traditional half-timberediNg was studied in terms of the influence of the
connections on the global behaviour of the walkdiiional connections in existing half-timbered
buildings presented great variations, so the chaidbe best connection representing reality isarot
easy one. The base connections chosen were tlit@tratloverlapped connection and two alterations:
one adding more nails and one adding steel platédalts to fix the posts to the bottom beam. The
difference in the behaviour regarded mainly thdieal uplift of the posts and the behaviour which
went from flexural to shear. The solution with datdial nails did not significantly alter the behawr

of the wall, whereas the steel plates granted gradtimate load and energy dissipation, but lower
values of ductility. Moreover, considering that tlells will be subsequently retrofitted, the sabuti
with still plates was disregarded, as it could eaaly considered a strengthening solution, sirate n
in all the existing buildings the studied conneasicwould be considered fixed. The main result és th
understanding of how the connections of half-tineldewalls at the bottom level control the overall
behaviour of the structure and should be the fpoait in every study concerning half-timbered walls
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