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ABSTRACT: Multi-leaf masary walls are very common inistoricalconstructionsaand havebeen primarily
designed to resistertical static loadsRecent earthquakes have shown their high vulnerability agimsin-
ic horizontalandstaticcompression loaxwhich can easilyproduce the detachment of the different leaauss
determine important damage and catastrophic conseggiémcincreasing interest in the conservation &t
toric masonry constructions has produced a need for new consolidation and retrofitting nwittotlsee aim
of increasinghe mechanical characteristidhe overall structurddehaviourandultimatelythe safety of mu
ti-leaf masonrywall panelsagainst oubf-plane collapse mechanisjmseveral reinforced techniques ha
been investigatedn this paper a new strengthening system which consisthe application of pre-loaded
steel bar enclosedtma fabric protetive bagcase is investigatedThe steebar connector is insertedto a
pre-drilled hole made in the masoniryorder to bond the masonry leaves &mgreventhe detachment du
ing seismic evenidinally cementbasedgrout is injectecat highpressuranside the fabribagcase The aim
is to increase the collaboration between masonry levé$ncrease the watkhpacity The paper initially d-
scribes the reinforcement technique andiéils of application and expected benefitsthe second parthe
paper adresseswo case studieshere this reinforcing method has been recently appiwdmedievatastle
of Laurenzanalocaed inthe southern Italian region @&asilicataanda coevall8"-centuryannexbuilding
neaby theRoyal Palaceof CapodimontéNaples).

1 INTRODUCTION For the outof-plane behaviourof a multileaf

masonry wall panel, the connectiobetween wall
Masonry buildings arextremelycommon in Eun-  leaves is a critical aspe@germann & NewalkdBurg
pean historical urban centres. Natural stones, eadP94,Casolo & Milani 2013)Recent eahigquakes in

availeble from local quarries, and limbasedmor-  Italy have shown the high vulneréiby of multi-leaf
tars were the materials used forasonry assemblage masonry assemblages against horizontal seismic a
for centures tions producing the overturning of the outdooa-m

The overallbehaviourof a masonry construction sonry leaf and the resulting partial atal colapse
is often governed by the quality of the masonigm of the entire masonngtructure Corradi et al. 2002
terial and this depends on many factors, sucth@s Augenti & Parisi 201
compressive ortensile strengtls of components The reinforcement and consolidationrotilti-leaf
(mortar and blocks), blocks shape, number of walmasonry walls constitute an impant task for
leaves andthe gradedvel of connection between achieving anacceptable level of safetfhese wall
them(Binda et al. 2000y alluzzi et al. 2005Cance-  panels may be subjecte not only on their own
la at al. 2012Borri et al. 2015). weight but also tothe possible dynamicsactions

Multiple (double or triple-) leaf masonry walls (produced byearthquake and more rarely, by
have been often used in historicainstructionsand  wind). Figure 1 shows arexample ofan outof-plane
were built using tw or three leavemadeof differ-  collapse mechanism due to teeparation between
ent materials such as stone, rubble or brick masontywo leavesproduced by the Umbrillarche seismic
having little or no connection and possible voiés b events of 19921998
tween them sometimes filled with mortar and rough Doubleor tripleleaf walls (Fg. 2a) are usually
VW R QietdsCorradi et al. 2008)Doubleleaf subjected to two diffemt failure mechanisms.idg=
walls are often uskwhen a thickness of 3 cm ure 2b presentsthe outof-plane mechanism of a
was necessary. For thicknesses bigger tha®05€m  doubleleaf masonry wall subjected to a horizontal
a tripleleaf wall is common. seismic action



—— Figure 2 Leaf masonry wall failurenechanism(a) un-loaded
panel; (b) panel subjectetib ahorizontal loagl (c) panel sb-

Figure 1 Example of separation betweemo leaves of mase ! X .
jected to aconpressiorverticalload.

ry due to seismic action

Consequently, theapacity of the wall to resist Pinho et al. (2015) tested rubbteulti-leaf store-
horizontal loads is smaller whaompared with the Masonryspecimens reinforced wittinc-coatedsteel
one of a wekconnectedmasonry wall Multi-leaf ~ fieS andby applyinga GFRP gridreinforcedlime-
masonry walls exhibitisadvantagealsowhen si- basedplaster.Results highlight an increase of the
jected tohigh compressiofoads this could again ~ Shear strength of approx. 20086émpared with the
producethe detachment of the tweaves and the Unreinforced spemens. _ N
failure of the wallFig 2c). This paper descrilsea new imovativereinforce-

Binda et al. (2006) carried out an experimentafnenttechnique,used to improve the global beka
campaign andlsodeveloped a model in order to-j !0Ur of poor qality masonrymade ofdifferent wall
vestigate the loattansfer mechanism in muleéaf leaves sometimesuilt in adifferent time, chareter-
masonry walls. ized by weak level ofconnectionor bonding be-

In the lasttwo decadeddifferent strengthening tween them. The system proposed is particularly
techniqus have been proposed in order to improveswtable forfair-faced masory walls, because itl-a
the connetion between wall leavesSeveral e- |0ws keepingthe fair-faced aspecand consisted in
searchers have studied the behaviour ofrthati- the insertion ot steel transversal connector diil-
leaf masonry wadl reinforced by grout injections N the masonry panel. Thiteel elementis inserted
(Tomazevicet al. 1991,Silva et al. 2014 This into aspecial fabric sleever bagcase which is able
method consists in fillinghe voics and cracks & (0 expand and adapt ighape tahe surface of the
tween theleavesusing a inorganic grouttypically hc_)le. Before injecting the grout inside the sleeve
cement or limebase. Vintzileou & Tassios (1995 With a small nylon tube, the steel bean bepre
and again Vintzileou& Miltiadou-Fezans(2008) loadedin tensionwith astandardorque wrench
tested in comression tripldeaf masonnpanelsbe- Some of the authomsf this studyhaveinvestiga-
fore and after the jaction. Results showed a sigini  ©d in the pastthe effectiveness o& similar ren-
cantincrease of the masonrgechanical properties forcementtechniqueby laboratory ad in-situ tests
This reinforcing methodis not effective forwalls ~ (Borri et al. 2012)Two casestudieswill be alsoil-
with a low index of voidsdue to the difficulty for lustrated, discssed and commented this paper
the grout to spread inside the walls the medieval Laurerana Castle and thgpat house

Another method to increase the level of bonding?uilding ofthe Capodimonte Royal Palace.

between the leaves is to insert transversal cannec
ors. This method is not new. Atrtificial (Reinforced
concrete) onatural (stones or brick$)ansversal le 2 DESCRIPTION OF THEREINFORCEMENT
ementshave been used in the p&ststrengthemnul- TECHNIQUE
ti-leaf walls. . . L
Oliveira & Lourengo (2006) used twdOmm The_strengthenlng syster(rlFlg_. 3) consists in a ste_el
diameter GFRP (Glass Fiber Reinforced Polymer) bar inserted in a mesh fabric sleg¢bagcase). This
bars to connect muiteaf masonry specimemsade ~ 'S injectedat high-pressure(3-5 atm, depending on
in labaatory. By testing these in compression, athe quality 6 the masonry material) using fagh-
strength increaseof approx. 71% was measured Strength cemerbased gout The fabric sleeve
compared with the unreinforced speens. avoids unexpected and often damagisgattering
Valluzzi et al. (2004) testeskveral tripldeaf ma- ~ and wastefulness of the grooétween the masonry
sonry panelsin compression aftehaving applied a !eavesand mcreasesthe level of connectiorof the
transersalconfinemeat usingtwo different types of Injected material to the masonry surface throughout
steel ties.Results of the laboratory tests also show!s éntire length.
the effectieness of the reinforced technique in terms
of reduction of the panels horizontal deformations



Injection device Fabric sleeve

Table 1. Mechanical characteristics of the grout as declared by
the producer.

|- PRy v Wrp— ; .ﬁ\).#

Steel bar

Mean compressive  Mean flexural <RXQJTV PI

strength strength [N/mm?]
[N/mm?] [N/mm?]
51.5 4.5 28000

Figure 3 Anchor withfabric bagcase

The reinforcementechnique can be used equally2.3 Grout

on regularly shape(perfectly cut stonemasonry, or
brickwork) wallsor irregular (rubbleor pebblestone
masonry walls made of natural stone blocks ofiva
ous sizes and shegp.

Thereinforcingsystem is based on the use ai-m
terials easy to find on theonstruction market
(threated steel bars, fabric beases, cemesitased
grout) and it is describedin the following paa-

graphs.

2.1 Steel bar

The nominal diameter and the materigroperties
can beselectedaccordingthe application (type of
masonry, acting static loads, wall thickness, etc
Standard bar diameters are between 16 and 20
The bar is usually threated to improve bonding wit
the grout and allow the application thfe preload.

In order to apply a horizontal compressginesson
the masonry, steelab can be prédoadedin tension
by tightening of the free part of the anchge.In
this applicationsteel bar used are characterizechby
design tensilailltimate and ield strength of 750 and
650 N/mn7, respectivelyIn order to guaranteeuth-
bility of the intervention stainless steel AISI 334
usuallyusedto manufacture the element.

2.2 Fabric bagcase

The fabric bagcaseis manufacturedvith a partia-

lar fabric sleevecapable to expand and adapt itself

to the hold] Surface and irregularities. THiabric of
the caseis made ofa particular porous membrane,
speciallydesigned tdhold the grout. The fabric bag
casecharacteristicalsoallow an effective mechan
cal bondto the masonrysubstrate, moreover the
grout can leaks superficially, because of thesgate
porousness, and act as a dweamhtact binder with
the original masonryFigure 4shows different pha
es of the grout injection in tHegcase
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Figure 4. Different phases ofhe grout injection othe fabric
bagcase

m

The materialusedfor the injectionis acommaecially
available high-strengthcementitiousgrout specially
designedo be injected into the fabric bagse The
injection materialis a readyto-usegrout cortaining
graded aggregates and otheonstituats which,
when mixed with water, produces grout that exhibits
no shrinkageTable 1shows the mechanical chara
teristics of the grout injected into the spekcoding

to the producer data sheet

3 PROCEDURE FOR REINFRCING A
MASONRY WALL

')The procedure foreinforcing a masonrwall panel
rtﬁ‘sing the system suggested in theperis carried

ut in the following stages:

xdrilling the masonry panel using a machine
equipped with diamond bit¢Fig. 5a), which
work only with rotation movements in order to
avoid pecussion and vibration effects on the
masonry. kble | Mameter ievaluatedhccoding

to the anchors size: it is usually about three
times the steel bar diametdt is important to
use the correct borehole diameter order to
guaratee an easy insertion & the archor
equipped withfabric bagcase moreoverthe
adherence surface is strictly influenced by the
drilling diameer;

=S

d =50-60 mm
‘:’ CEEIY device
= O = @ Steel bar
DD - DD - (0= 16-20 mm)
L 38> @) 3 Se> b)

Figure 5. Reinforcement mcedura: (a) drilling the masonry
(b) application of the anchor in the drilled hole.

D =90 mm v

Injection

Drilled
hole

xthe reinforcement made ofthe steel barsuyp-
plied with the speciafabric bagcase is assen-
bled onsite, and therappliedinside the holes
(Fig. 5b). The connection between the different
parts is obtained with full strength couplers and
special turnbuckles inase of tendons designed
to contain the drift of pushg elements such
arch and vaults;



4 FIELDS OF APPLICATION AND EXPECED
BENEFITS

As alreadystated the proposed reinforcemetadc-
— == nigue is suitable for muHeaf masonry panels
S /\{ | Reaction ste mainly stonemasonry wallsit complies with the
[Eg[)[ ”:7% element aﬂerg,mD values underlying the protection of historical il
\ Q;N\~:7 injection ) ingS:
—oel (a) Sl x30RQJ O DNtEVtheQriaterigls used have a
high resistance to chemical and physical aggre

Figure 6 Reinforcement procedure&) pre-stress of the steel

bar using a torque wrench which applied load@actionsteel sion;,
element (b) grout injection x3FRPSDWLEOH" ZLWK SUHVHU\
material, as it is able to adapt and integrate pe

xhe steel bar, installed inside the haten be fectly inside the wall;
pre-loadedusing a torque wrendfrig. 6a); a re- xntended to integrate the structure without $ran
action steel frame is used to keep applied the forming it.
pre-load. The possible advantages from the mechanical
xgrout istheninjected through the plastic imje  point of view are:
tion deviceat high-presure valuesheween 3 mproved the transversal connection between
and5 bas (Fig. &). The value of thegrouting the differentmasonry leavesf the wall;
presure depends otine quality of the masonry ximproved the monolithic behaviour against out
andon the vertical compression stress acting on  of plane mechanism produced by horizontal
it at the level of the application of the contuec loads(Fig. 8a);

For good quality masonry walls subjected to xmproved the monolithic behaviour againstiim
high compression stress, it is possible to use a tual horizontal detachments caused by high
high pressure value. TheHIIHFWLYH D Q EdRRridssdn load$ig. &);
length is another aspect to consider: this-d xmproved mechanical characteristics in terms of
pends on the thickness of the wdlhe injection compressive and shear strength.
should bedone gradually until the anchor id<fu
ly injected;
xafter the injetion grout iscured for 28 days;
xthe reactionsteel elementised to pe-load the
reinforcing baiis removed;
xmasonryjoints arerepointed orboth sides of the
drilled hole (Fig. 7). The reinforcing inteven-
tion is completely invisible.

Transversal

/ connectors

(b)

Figure 8 Leaf masory wall behaviour expected after therrei
forcement:(a) panel subjectedo a horizontal load (b) panel
subjected to a compression vertical load.

The reinforcemenhas been designexnsideing
Figure 7. Restoring of the nwonry on both sides of the drilled the overturnm_g meChamSm of the monolithiesmn-
hole. ry wall andusinga theoreticalapproach to evaate
the collapse load factR U . The overtuning mo-

As a resultof these operations, each lezffthe ~Ment(Mg) causing theotation of the wallabout
wall is connected tahe adjacent oneUpon can-  thehingeAis:
pleting the operations described above the system is ) (1)
perfectly incorporated into the wall but not visible
from outsde respecting the original fair faced of the The resistingmoment (M), withstandng the pan-
strengthened buildingnd capable of improving the g rotation is givenby the following:
panel mechanical characteristics (compression
strength, shear strength, monolithic behaviour and )
improving against out of plane failure mechanism).



In Figure 9a, W is the weight of the masonmyall
panel andyg is the distance of thes D Q eedtfpid
from hinge inA andsis thewall thicknessFy is the
vertical load due to the pesence of floor or roof
andh, anddy are the vertical and horizontal distan
es from thepoint of application ofoad to the point

5.1 Laurenzana @stle

The castle is located on the clifbp of thevillage of
Laurenzana in the southern Italian regiomBasilica-
ta It was built approx. around 1150 after tNer-
mans conqueston a previous Logobard fortress
The catle (Fig. 10 was concedetb Basilian monks

A. Ps is the vertical load due to the weight of theas hemitage For a time, it was occupied by Muslim

floor above the masonry wall afdand d are the
vertical and horizorl distances from thiead to the
point A. Combining equations (1) and),the cad-
lapse tload factor is equal to:

3)

(a) (b)

Figure 9.0verturning mechanism: (a) monolithic masonry wall.
(b) doubleleaves masonry wall.

Figure 9b shows the overturning mechanism dor
doubleled masonry panel. Ae collapsezload fac-
toris given here hy

(4)

5 CASE STUDIES ON THEAPPLICATION OF
THE REINFORCEMENTTECHNIQUE

In this seadbn two real case studiegn which the
above defined reinforcemertechnique hasbeen
used are describedTwo different historic masonry
buildings have been reinforced with the aboee d

forces from Africa. By the middle of the %Zenu-
ry, the castle wasisedby the Swabian rulers, then
the Angevins, thethe Aragonee.

After 1454, it becama feudal property ofliffer-
ent aristocraticfamilies. In 1483, the owner, Ra
mondo Orsini Del Balzo, began converting it into a
residence. It then passed to the families of the Dukes
of Belgioioso, who owned it till the early 1800rhe
castle was inhabited until the early decades of the
twentieth century and its abandonment was emph
sized after the Second World War with severat co
lapses such as the west fagcade and the rdbis.
castleis listed in the ltalian inventory of cultair

property.

Figure 10 Laurenzana castle.

The existing walls are made of barely cut ston
masonry bonded with a weak (pulverulent) lime
based mortar, ofh damaged from excessive water
action. The walls are made of 3 adjacent masonry
leaves (tripldeaf walls) with a tal thickness var
ing between 10@nd 169 en. The strengtheningn-
terventionhas interested tse massive walls, which
are located near theain entrance of the si#e (Fig.

11). The masonry mangement is shown in Figure
12. Stones with larger dimension of approx. 35 cm
were used together with smaller pinning stones,
needed to increase the stability of larger stones. The
three masonry leavesme weakly conneceéd to each
other. In order to increase the transversal catina

of the different layers the technigdescribed in the
previous paragraphsas been choice by thethors.
Twenty eight connectors GBOS -B0 P cheacte-

ized by steel bawith nominal diameter of 20 mm

scribed technique in order to improve their mechan have been placed in a hole with diameter of 60 mm

cal behaviour angreserve them from possiblerda
age and failure.

while the both sides of the hole were chandzrtel
by a diameer of 90 mm (Fig. 18) to allow the pre
stress of the bar.



Figure 11 Main entrance of the castle where tt@nnectors
have been applied

Figure 12 Masonryarrangementf the Laurenzana castle.

(@) (b)

Figure 13 (a) Geometry of the of the holrilled in the maso-
ry (dimension in mm)(b) pre-stressing otonnectors

Transversal
connectors

Figure ¥. Arrangement of the position of the connectors.

order to avoidvibration and percussion effects on
the masonnpanels.The anchors, supipd with the
special sock, arestalled insidethe holes and pre
stressed witt8.92 kN using atorque wrenchwhich
applied load on reaction steel elentse (Fig. 1d)
and the grout has been injected inside the sock with
a pressurediween 3.0 and 3.5 bar.

Finally, the grout was cured for 28 days, thecrea
tion steel elements were removed and the both sides
of the hole have beerstored.

5.2 Goat house of #tnRoyal Palace of Capodimonte

The goat house of the Royal Palace of Capodimonte
is a stonemasonry construction made in the same p
riod of the Royal Palace. Theuse is located inside
the Capodimonte park. In 1738, Charle$ dfidered

the construction othe Capodimonte hill which has
been completed in 1840 by FerdinandHlg. 15.

The building is listed in théalian inventory of cur

tural property of national gnificance

Figure 15 View of the goat house nearby the Royal Palace of
Capodimonte.

Figure 16 Tuff masonryarrangemenbf the goat house of the
Royal Palace of Capodimonte.

In 1861 afterthe Italian unification, the Royal Pa
ace passed to the House of Savoy. In the early 20th
century, the palace became the residence of the
Dukes of Aosta and later, in 1920 it became the
property of the Italian state. Finally, from 1950 it has
been used as museum.

The length of the bars varied between 960 and The goat house is a two storey buildimgade of
1650 mm and the mutualsdance in the horizontal tuffstone masonry walls and vaulté-ig. 16). Tuff
and vertical direction between the connectors wawas the typical stone of the areaming from local
around 1500 mm and they have been placedcin aquarries Doubleleaf wall panels were used when a

cording with the geometry in Figure 14 he holes

have been drilled witldrilling machines with -

thicknesgesbetween 46 and 55 cmasrequired For
larger thicknesses (between 57 and 103 comy-

mondbits that work only with ra@tion movement in pletely disconnectedriple-leaf masonryhave been



used during the construction phasal walls were tion steel elemenivas remowed and the surface of
assembled using barely cut tuffstone bonded with hole repoited with new mortar to be invisible.
very weak limebased mortar anéxternally plas-
tered.

The ground floorwas used for housing the ian
malswhile the first floor as residencéor the fam-
ers.In order to increase the transversahigection of
the two disconnected layers, the same technique used (@) (b)
in the previous building has been considered.

16mmdiameter steetonnectors (type GBOS 46 Figure 19 (a) View of a hole realized on the goat house dbuil
50 P) have been us¢Big.17a)to bond the masonry ing; () Geometry of the of the hotdrilled in the masonry (d
leaves together total of 78 50mrrdiameter hats ~ MeNsiorsin mm).
were drilled on the building perimeter wall§o d-
low the application of a tensile plead on the steel
bar, holes were enlarged near thall surface to a
diameter of 90 mm (Fig. 18). The length of the bars
varied between 420 and 990 mm dependinglee
thickness of the wall panels and the cetdreentre
distance in the horizontal and vertical directict b
tween the connectors wappaox. 2000 mm. Figure
18 shows the arrangement in the neetist fagcadeA (@) ()
professional nowercussion rotary hammedrill e 20 (a) Insertion of the steel batb) preload applia-
with an active vibration antrol systemand a 90 jon.
mm-diameter diamond core drill bits hole cutter
wereused to drill the holes (Fig. 19

(@) (b)

Figure 21 (a) Grouting operation; (b) the reinforcement during
(@) )(b curing time.

Figure 17 (a) 16 mmdiameter steel connector before irtigm,;

(b) hole countersinking
6 CONCLUSIONS

This paper describes an innovative techniqueder r
inforcing historic masonryvall panels.The metiod
Is intended mainly formulti-leaf stonemasonry
walls, often subjeted to catastrophic owff-plane
mechanisms when stressed with horizontalaanic
actionsor serious verticatompressiorstaticloads

By applying a threadedl16 or 20mradiameter
steel bar inserted o a fabric bag casejected at
high-pressureusing a high-strength cemertbased
Figure 18 Arrangemenbf the canectors. grout it is possible to increase the collaborati@ b

tween adjacent masonry leavés order to improve

The steelbars suppied with the special fabric bag thelevel ofconnection between the different maso
case, ar¢heninstalled insidehe holes (Fig. 28). A ry leaves, bfore injecting the grout materjalhe
tensilepre-load of 7.84 kN was alscappliedusing a  steel barcan be alsgprelloadedusing astandard
standardtorque wrenchlt was possible to keep the torque wrencland. This will produce a tensile stress
steel bars under loading usingreaction steel el  in the steel baand a subsequent horizontal congare
ment(Fig. 2(). Finally the cemenrbased gout has sive stress in the masommaterial
been injected inside the fabric begseat presure The main result is the improvement of thenco
of 2.5 bar (Fig. 24). The grout vas cured for 28 nectionbetween the masonry leaves.isban highly
days (Fig. 2b). At the end of this periodhe rea-

Transversal
connectors
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