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SUMMARY:

Many old buildings located at the Northern partPafrtugal, including Porto historical city centree anade of
one leaf stone masonry walls with large and irragatone blocks. Within the context of the seisasisessment
of existing buildings, a masonry wall with thoseaddcteristics that was meant to be demolished,cuignto
panels and transported to the Laboratory of Eagkeuand Structural Engineering (LESE) of the Facaft
Engineering of University of Porto (FEUP) to betéels The experimental campaign consisted on vértica
compression tests on three panels and shear-casiprdassts on two panels. The compression tests made
first on the walls on their original state and,eaftards, on one of the panels after being injestéh lime
mortar. This last procedure allowed evaluatingittflrence of the internal voids found inside theje in the
mechanical properties of the wall (strength anddweébility). Finally, shear cyclic in-plane tests Wifferent
pre-compression loads were performed to evaluatenmdlls lateral resistance, energy dissipation cigpand
predominant rupture modes. The results obtaineldl this campaign allowed a first estimation of thechmnical
characteristics of such type of stone masonry walls
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1. INTRODUCTION

Most of the buildings constructed until the begmniof the 20th century at the centre of Porto
(classified as world cultural heritage) are madgrahite stone masonry walls with timber floors and
roofs. In general the buildings are long and narneith openings at the front and back facades. The
lateral walls, usually made of one leaf of larganite blocks, 30 to 50cm thick, support the timber
floor beams and roof trusses.

Not many studies have been taken on walls with shemacteristics. In Portugal, experimental tests
were carried out in regular one-leaf granite stdmgk in laboratory environment (Vasconcelos et al
2009). Tests on double-leaf granite masonry wallk bt LESE have also been performed and, in this
case, under different strengthening conditions {&es al, 2010). Studies carried out in Italy akolwv
also evaluating, through experimental and in-sistd, the mechanical properties of multiple-leaf
masonry walls (Corradi et al, 2003; Chiostrini e2803).

Recently, a one-leaf granite masonry wall wasewegéd from a building located at the centre of Porto
to be studied. The wall was part of a building una@eenovation project that involved its demolition
The wall was cut into panels and transported toEESbe submitted to an experimental campaign
that included, first, three compression tests aftdrwards, two shear-compression tests. The presen
work analysis the results obtained in both tests.

2. CHARACTERISTICS OF THE CASE STUDY

The building used as case study was built in 191bis located in the centre of Porto, Portugal. The
building has a rectangular configuration with anplamtation area, of 11.5x30.8mit has an
underground floor (floor -1) plus two floors abadi®or 0 and floor 1) and a sloped roof. The bunlyli
is made of granite masonry walls, timber floor beaand roof trusses covered with ceramic tiles. In



average, the masonry consists of medium to large siones (diagonal length from 50 to 90cm)
arranged on regular alignments with a significamnber of small stones and, occasionally, pieces of
brick (wedges) and mortar joints with variable kmess (0.5 to 2cm), cream colour and brittle
behaviour, Figure 1a) (Almeida et al, 2012). Givka characteristics of the structural elements, the
building was considered representative of the igtone masonry buildings found in Porto region.
When this study took place, the building was underehabilitation project that included the
demolition of a 40 cm thick internal stone masowafl. Therefore, the wall was cut into panels and
transported to the LESE to be tested, Figure 18)cqanAn extensive experimental campaign was then
carried out to characterize the mechanical behawbthe masonry walls and its components. Tests
carried out on granite stone samples measured gressive strength of 60MPa, a modulus of
elasticity of 26 GPa and a tensile strength of 3aMPhe mortar consisted of an air hardening lime
with granitic sand on a volume proportion ratiolo® (lime:sand) and aggregate dimensions between
0.25 and 1mm, giving a compressive strength of radoll MPa. The wall presented large internal
voids that were only perceptible by the observatibthe cross-section after the cut, Figure 1b).
Uniaxial compression tests were performed on tip@eels, two in their original state and one after
injecting the joints with lime mortar. Interestingsults were obtained for the ratio between stiffne
(E) and compressive strengtb.X, which are much different from code standard rexfees or
bibliography proposals (Chiostrini et al, 2003; #iteou et al, 2007; Valluzzi et al, 2001).
Afterwards, two walls were tested under cyclic shead constant compression force. The results of
these tests are presented and discussed in theifudj sections.
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Figure 1.Building in study: (a) texture of the stone masomwal; (b) cutting of the wall and (c) confinement
system for transporting the wall.

3. COMPRESSION TESTS
3.1. Testing procedure and instrumentation

Uniaxial compression tests were performed in 3 lgaidentify by PP1, PP2 and PP3. The tests were
performed under displacement control, using the 3ding machine of the Laboratory for Testing
Construction Materials (LEMC) of FEUP. Since thea@la were part of a very long wall, i.e. with in
situ restricted lateral deformation, they werenratg confined by two steel structures tied togetine

2x4 tie rods placed along the wall height and umetnted with load cells (F1 to F4), Figure 2. In
order to ensure a good contact between the walldbsurface and the steel structure, a plastevsle
was placed in the gap and filled in with grout.\Be¢n these sleeves and the lateral steel ressainer
Teflon sheets were inserted in order to reduceetatigj contact stresses between the wall and the
lateral confinement system.

In order to ensure a uniform distribution of thetizal loads, a very stiff beam made of four HEB200
steel shapes was placed on the top of the wall.dBfiermations were measured on each wall facade
through displacement transducers (LVDTSs): two &waording the total vertical deformation (E1, E2),
two others for recording a more local vertical defation (E3, E4) and four to measure the horizontal
deformations along the height (T1 to T4), accounfor a total of 16 LVDTSs.
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Figure 2. Compression test setup: (a) general loading aricliimgntation scheme and (b) wall being tested.

The PP1 and PP2 panels were compressed monotgnipaib a stage considered close to failure and
subsequently unloaded. The assumption of failures made based on the damage state of the panels
and conditioned by the risk of a sudden fragilelagde which could put in danger the whole
equipment. Afterwards, and in order to check tHtuémce in the results of the wall internal voids
found inside the joints, the PP3 panel was testédio phases. In phase one the wall was compressed
with two loading cycles far below the expected regth capacity of the wall. The cycles allowed
evaluating the unloading and reloading behaviguparticular the stiffness of the original wall.érh

in phase two, the joints were injected with grautfitl in the internal voids detected in the walls’
cross-section. This operation was done by techmsc@af a Portuguese external contractor (STAP,
S.A)). After 90 days curing, the wall was agairtadsfollowing the sequence described for PP1 and
PP2, but now with intermediate loading cycles.

3.2. Experimental results
3.2.1 Panels PP1 and PP2

The compression tests allowed quantifying defortitglparameters and lower bounds of strength for
panels PP1 and PP2. Figure 8hpws vertical and horizontal stress-strain cur¥ée vertical strain
refers to the average values registered by thevfeuical longer LVDTs (E1-E2) on the two faces of
the walls. Nevertheless, the results are similahtse of the shorter LVDTs (E3-E4). Moreover, the
comparison of the results given by the LVDTs ontiie fagades showed that no significant out-of-
plane deformation occurred during the tests.

The analysis of the stress-strain diagrams shoatsRR1 and PP2 reached compressive stresses of
3.94 MPa and 2.50 MPa, respectively. Although thwees may point out that a higher strength could
have been achieved (in fact, no signs of strengtitetise were observed on PP2 curves, and only a
light tendency was observed on PP1), the tests stepped before reaching a clear softening curve
branch. As stated above, two reasons enforceddinission: the high level of observed damage
already present for those stress levels and theltfacthe collapse of these structures is vemiyiko

be sudden and fragile, putting easily in dangerwhele testing apparatus. Therefore, the attained
values were assumed as a conservative estimdte obtnpressive strength of the tested panels.

The value of the elastic tangent modulus (calcdlatieabout 30% of the maximum strength) can be
determined assuming two types of analysis withia ttassical theory of elasticity, namely: i)
considering the confinement effect (assuming aibigptane stress loading conveying an almost plane
strain state in the cross-section) or ii) neglecsnch effect. The elastic modulus values obtalned
these two analyses were comparable, reaching mdastes 0.22 GPa for PP1 and 0.33 GPa for PP2.
As a matter of fact, the level of lateral confinemestress introduced in the tests that was onlyiabo
6% of the vertical stress at about 30% of the maxinstrength, Figure 3a), played a minor role in the
evaluation of the elastic modulus. Concerning thgorbetween the modulus of elasticity and the
compressive strength, there were found valuesafrar 100, thus far below 700, which is the lower
bound referred by different authors (Chiostrinaet2003; Vintzileou et al, 2007; Valluzzi et aQ®).



The cracking pattern observed during the testsegasntially vertical, more evident halfway up the
wall; the damage became more evident, with locasling and, mainly, with stones’ cracking for a
stress level of about 1.5MPa (Figure 3b).
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Figure 3. (a) Vertical and horizontal stress-strain curvasfB1 and PP2 walls and (b) failure lines of PRdeun
compression load (front and cross-section views).

3.2.2 Panel PP3
a) Original state

The first test on PP3 focused on the evaluatiahefelastic modulus under vertical cyclic loadihg.

the original state, two loading-unloading cyclegavapplied to the confined wall: the first cycle top

a stress of 1.0 MPa (about 1/3 of the maximum sta@plied to panels PP1 and PP2) and the second
up to 1.5 MPa, see Figure 4a).

15 - B 40 -
2™ eycle B
'3 E=0.39 GPa, .~ 35 |
13 o5 =
= > g ——FPP1
= Lt =307 PP2
6 1.0 4 eycle L v ----PP3
3 E=0.36 GPa @ 251 /..
© Py 0 S
o » K !’ o /i
%0871 g=1366Pa 2 P ! G 20 A ‘
2 : & J g Ry’ :
] K g reload b reload 5 15 - H
8051 - E=137GPa E=137GPa: a '/; gy
g ! S o ]
£ 3 £ S q
o / o 7 H
© 03 P h ¥ H
0.5 H 2/f 1
V4 ]
=y 'I
00 v : ¥ : r : . ) 0.0 Foodo . e . . . : . !
00 05 10 15 20 25 30 35 40 00 20 40 60 80 100 120 140 160 180 200 220
vertical strain, € (%) vertical strain, € (%)
(a) (b)

Figure 4. (a) Axial stress-strain diagrams of the first mstPP3 and (b) comparison of the diagrams between
PP1, PP2 and PP3 under the same conditions.

The analysis of the stress-strain diagrams shotsreint stiffness branches during loading. In an
initial state, corresponding to a stress levellwiw 0.2 MPa, the Young modulusy(Evas 1.36 GPa.
Such stress level is consistent with the load yikelhave been applied to the wall during its iifet;

the first branch corresponds to a reloading stageto a stiffer stresgs. strain branch. Once that
stress level was overcome, virgin stress states sugcessively achieved, as exhibited in the dinsk
second cycles, from which low tangent stiffnessigalwere measured, namely 0.36 and 0.39 GPa,
respectively. Similar results were observed for RRd PP2, Figure 4b). As for the unloading and
reloading branches, considerably higher stiffnedses are found, about 1.37 GPa, but similar to the
initial value (E). During unloading, only a small percentage obdefation of the joints’ material and
contact surfaces is recovered (or recoverable)tdude deformability characteristics of masonry,
namely its very high plasticity. At this stage bkttest on PP3, no cracking was observed; only a



slight detachment of mortar was registered.
b) After injection
In order to assess the influence of the wall irdexoids in the panel stiffness, PP3 was then fafgc

with a mortar made of a mixture of air hardeningdj hydraulic lime, sand and water which was
meant to have stiffness and strength characteviskise to those of the walls mortar, Figure 5
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F|gre 5. Injection’ of mortar in PP3 '

After a curing period of 90 days after the injenti®P3 was then submitted to the same loadingycle
of the first test: a first cycle up to 1.0 MPa andecond one up to 1.5 MPa, followed by two other
cycles at 1.5 MPa. Then, the panel was loaded apsteess of 2.6 MPa, unloaded and reloaded twice
and, finally, it was driven to a stage close tdufa, according to the damage level observed on the
walls, Figure 6a).
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Figure 6. Results of PP3: (a) compression stress-strairecafiter the injection and (b) comparison of the
diagrams before and after the injection.

The wall reached a compressive stress of abolBa The test was not driven through the softening
range of the response curve for safety reasonscaimparison of this result with the average values
obtained for PP1 and PP2 tests shows a strengthase of about 60%. The tangent modulus of
elasticity for the first and second loading cyclesached values of 0.93 GPa and 1.09 GPa,
respectively, corresponding to an increase of abh@8%0, when compared to 0.36 GPa in the original

state. In this case, the ratio between the stiffrzesl the strength correspondsbe=185%0_, a value

still far below the one proposed by other auth@higstrini et al, 2003; Vintzileou et al, 2007;
Valluzzi et al, 2001).

Although the wall had already been subjected t® stiess level, the value of the elastic modulus wa
lower than that recorded during unloading and ilua stages of the original wall (1.37 GPa).
Indeed, the injection changed the walls internapprties and the wall got new characteristics. d¢oti
that the walls response curve shows an envelopgegHairly consistent with that of a virgin wall.
Concerning the unloading and reloading curvesyéabkalts shows stiffness increase leading to Young



modulus of 1.90 GPa. Table 1 summarizes the expetahresults, where the compressive stress in
the original state is the average values measurdtPd and PP2.

Table 1.Results of compression tests before and aftertiojec

(Gc)or 2 (Gc)af 2 ( ) / ( ) Eor (Gpa) s (Gpa) Ef/ Eor
O O
(MPa) | (MPa) dATI | 4stioad | reload| load | reload| %load | reload
3.22 5.40 1.67 0.36 1.37 1.0 1.90 2.7$ 1.40

 Lower limit of compressive strength;
or — original state;
af — after injection.

4. SHEAR COMPRESSION TEST

In-plane shear compression tests aim at evaludtiegbehaviour of structures under horizontal
earthquake type actions, namely assessing theliaime lateral resistance, energy dissipation capaci
and predominant failure modes. In this researclo, wall panels identified by PG1 and PG2 were
tested. These panels were cut from the same wBIP&f PP2 and PP3.

4.1. Testing procedure and instrumentation

The apparatus for the shear compression testsstedsin two hydraulic jacks attached to stiff steel
reaction frames, in order to impose the vertica harizontal loads. The vertical load was applied o

a steel beam positioned at the top of the specimender to ensure a good load distribution, Figure
7a). The specimen was free to rotate at the top. fidrizontal displacements were imposed by the
horizontal actuator attached the same distributieam at the top of the specimen; for achieving a
correct force distribution and transference aldmg $pecimen, transverse steel beams were placed at
each end of the wall, connected by steel rods.speeimen was blocked against out-of-plane motion
through spherical hinges sliding along two lat&edms.
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Figure 7. Shear-compression setup: (a) general loadingrastdiimentation scheme and (b) wall being tested.

In order to record vertical, horizontal and outptdine displacements, the specimens had a complex
and dense instrumentation, with a total of 41 LVIR2Rd one tiltmeter, as illustrated in Figure 7dje T
two specimens are 1.6 m long, 2.5 m high and OHiok.t corresponding to height/width ratios of
about 1.5. The panel PG2 was tested with a conséatital stress of 0.4 MPa (a value based on the
estimated vertical load at the basement of a Sdldmuilding, a typology found in many buildings in
Porto centre) and PG1 with 0.8 MPa, in order tduate the structural response for much higher load
levels. Before the main test, and since the vértarae should be applied before any horizontaljoa
the wall was loaded in the vertical direction feliag single loading-unloading cycles up to the ¢arg
vertical stress. This allowed evaluating the corsgign behaviour, in particular the Young modulus.



Afterwards, the vertical force was kept constand éime shear test started. The test consisted in
applying increasing cyclic top displacements (thogeles for each displacement level) until failure.

4.2. Experimental results
4.2.1 Failure mechanisms

Masonry walls subjected to in-plane loading maysene three different failure modes which can
appear isolated or combined: sliding shear, diagshear cracking and flexural. The occurrence of
one mode over another depends on several parantge@anel geometry (texture, cross-section and
height/width ratio), the boundary conditions, thertical load and the mechanical characteristics of
their constituents (mortar, blocks and joints) (Baevic, 1999). Sometimes, a mixed flexural and
shear behaviour occurs.

By assuming the mechanical properties obtained F@1l and PG2 panels, namely 3MPa for
compression strength, 0.03MPa for tensile streragid cohesion (determined through diagonal
compression and sliding tests), together with bamaoefficienta = 1, shear ratio b = 1.5 and
estimated friction coefficient of 0.40, the comnmexpressions found in (Tomazevic, 1999) indicate a
the diagonal cracking failure mode. In fact, théufea modes found in the shear tests for PG1 an2l PG
were similar. Nevertheless, the final damage in R@% more severe than in PG2. In particular,
damage started with the detachment of the coveriodar, being followed by mortar joint cracks at
the panel mid height due to stones’ sliding. Pregjkely, the cracks extended through mortar joints
and stones along the panel height, putting intadenge the failure lines. Once completely formed,
these lines separated two volumes of stones, wieblaved as independent rigid blocks. The rotation
of these blocks lead to compressive stress coratantrat the wall base, causing toe crushing, which
was found more evident in PG1, due to the highellef vertical force. Figure 8 illustrates thedin
state of the two tested panels and Table 2 pretienesxperimental results from the shear comprassio
tests on PG1 and PG2, including the observed &iwwdes and the horizontal force capacity.

b)
Figure 8. Final state of the specimens: a) P@] € 0.8MPa) and b) PG = 0.4MPa).

Table 2. PG1 and PG2 shear compression test.

Panel| H.(kN) | Failure mode

PG1 | 121 diagonal cracking/rocking

PG2 | 71 diagonal cracking/rocking

Figure 9represents the lateral deformation of PG2 (whick similar for PG1) for both sides and the
different levels of imposed top displacements. Sitite beginning of the test, both panels showed a
weak connection between stone blocks, leading ® dhserved discontinuities on the lateral
deformation. This fact generated important permangeformations that increased for higher
amplitude displacement levels. Based on the defiilmmanalysis, one could conclude that the areas
with higher concentration of damage were locatedhat mid-height of the panel, confirming the
observations made during the test.
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Figure 9. Lateral deformation of PG25§ = 0.4MPa).
4.2.2 Lateral resistance and displacement capacity

The hysterical behaviour of a masonry wall undetlicjioading can be represented by an idealized
bilinear envelope and, to do so, different proceduare reported in the literature (Tomazevic, 1999;
Magenes et al, 1997; Eurocode 8). In general tetimee limited states need to be identified in the
horizontal force-displacement curve: the crack timorresponding to the stage where the first
significant cracks (k, d.,) appear, the maximum lateral resistance,,fHand the final lateral
displacement (gl).

According to the Italian Code (OPCM 3274, 2003 theference adopted in this analysis, the bilinear
curve is obtained by making equal the energy betwbe experimental envelope curve and the
idealized bilinear curve up to the ultimate displ@ent (¢), which corresponds to the point where
strength degradation is equal to 20% @f,HIn some cases, the maximum displacemgptid used
instead of @ namely when the walls are characterized by arairocking mechanism with no
significant degradation of the masonry (Vasconcetcs, 2009).

Both wall panels, PG1 and PG2, were tested forem®ing cyclic horizontal displacements up to
failure, Figure 10. The stiffness, the maximumtaltéorce and its degradation were evaluated based
on the force-lateral displacement curves and tattirdtalian code as reference (OPCM 3274, 2003).
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Figure 10.Lateral force vs horizontal displacement curvesdp PG1 ¢, = 0.8MPa) and
b) PG2 @p = 0.4MPa).

The shear cracking response is more evident in RP@tcracking response was characterized by
moderate hysteresis behaviour and pos-peak withehignergy dissipation and evident strength and
stiffness degradation. The PG2 panel showed generderate hysteresis behaviour, but with lower
strength degradation. Moreover, after the pos-pesponse the PG2 was governed by rocking
response. This behaviour is typical of wall panelth low vertical load when compared to the
masonry compressive strength (Tomazevic, 1999).

The envelopes were drawn over the curves in FifiQrand assuming the contours for tfie 2 and

3 cycles. Thus, three envelopes were obtained fuin daection. Figure 11 shows the results for the
1% cycle. In this analysis, it is assumed that tispldicement gis equal to the displacement.d since



no significant degradation of load happened in hgdhels. In conclusion, six envelop and bilinear
curves were found for each tested wall panel, wtittbwed getting a final equivalent bilinear
diagram for PG1 and PG2. In particular, the eqeivaklastic displacement g corresponds to the
average of the displacements the equivalent final displacementegto the minimum value of the
displacementséind the equivalent lateral force dJto the average of the forceg, Higure 12 Table

3 summarizes the main results. The elastic stiffrmesl ductility were obtained by equations (4.1 an
(4.2), and the drift by the ratio between the maximtop displacement and the height of the wall.
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Figure 11.Force-displacement envelops for PG1 and PG2 fotycle.
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For this wall the ultimate load Hs around 90% of H.« 91% for the PG1 and 93% for the PG2. This
relation fits the proposal by Tomazevic, #0.90H,,x (Tomazevic, 1999). The values reached for the
secant stiffness {k confirm the clear dependency of the masonry shehaviour on the installed
compression level, as obtained also by other asith@. the increase ot kith the increase of the
compression loady (Vasconcelos et al, 2009). The identical failurede observed in both walls led
to the same ductility value for PG1 and PG2. Finathe ultimate lateral drift assumed values in
agreement to those pointed out by (Magenes e®al)ifor brick masonry walls failing in shear.
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Figure 12.Bilinear diagrams for PGlg§ = 0.8MPa) and PG4 = 0.4MPa).

Table 3.Values used in the bilinear diagram, for PG1 an@.PG

Panel H, der Ke de H, Hmax Omax Drift u

(kN) (mm) (KN/mm) (mm) (kN) (kN) (mm) (%)
PG1 75.5 4.65 16.26 6.02 97.8 1078 14.88 0.68 2.39
PG2 47.9 6.16 7.69 8.24 63.3 68.42 20.97 0.B4 2155




5. CONCLUSION

This work aimed at contributing for a better knodge of one leaf stone masonry walls made of large
and irregular stone blocks, a structural elemeat ith present in many buildings of the Northernt par
of Portugal, including the Porto historical cityntee. The available information on this type of iwés

still very scarce, demanding more investigationvétheless, this first experimental study using
specimens from a real construction allowed assgs#i® main geometrical and mechanical
characteristics of these walls. In particular]ldwed concluding about the low walls’ strengthoamd

3 MPa, and the even lower stiffness, which givesm@ssion stiffness to strength ratios of about 100
thus much lower than the values referred in theegdrbibliography. Moreover, the improvement of
the walls’ stiffness and strength capacity afterrtarinjection allowed concluding that the large
amount of voids found inside the joints was pdstiedsponsible for the low strength of these walls.
As for the shear-compression behaviour, the wallsved some ductility, around 2.5, and capacity for
dissipating energy. The more important damage aveas located in the wall’'s mid-height, being the
failure mode controlled by the formation of twodid blocks” separated by a diagonal cracking,
which developed mainly through the joints.
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