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Abstract

Fiberreinforced composites with inorganic matrix (FRELhave been recently proposed as a more
compatible and durable routt strengthen masonry structurewith respect to FR$(fiberreinforced
polymers), but theirweathering mechanismis aggressive environmentge still scarcely known

In this paper, bk masonry specimens were reinforced with FRCM simipsle ofgalvanized stedibers
embedded within dydraulic limebased mortay and were subjected to an artificial weathering procedure
designed by the authors, involving capillary water absorptionsattcrystallization cycle&inally direct
shear testavere performed onthe FRCMmasonry joints

To reproduceconditions that may be found in real buildings, sheargesérealso carried ougfter
applyingthe FRCMcompositeon salt laden masonry bitxs

Interfacial debonding behavior was interpretbdsed orthe salt distribution within the masonry joints and

the porosity ofmaterials The permeable matrigid not hinderthe migration of the saline solutiomsed in



some cycleswhich in turn resulted in ngignificant accumulation of salkeneaththe composite strip, and
no microcrack opening in the composite after accelerated weatherBwmecorrosion ofthe galvanized
steel corddn presence ohigh amount othlorideswas dserved irnthe composite

1. Introduction

Masonry structures constitute a large part of the existing building stock in Europe and worldwitli,
particular of heritage buildingsyhichneed to be peserved from natural disasterdeterioration, and
anthropogenicdamagesHistorical masonry buildings, due to their construction technology,
transformationsundergone during timematerials weathering and other factqrare known to be
particulaty vulnerable to seismic events, #ise recentltalianearthquakesilemonstrated[1-5]. To prevent
an extensive damage or even a complete disruption of ancient masonry buittliege earthquakes,
strengtheningnterventionswith fiber reinforced polymer (FRP) composites were introdunede than
two decades agf6]. Strips of composites can lexternally bondedo walls, columnsand archesn an
attempt to modify thefailure mechanism®f unreinforced masonry structureturing earthquakes and thus
increase theseismic resistancé&everal studies have shown thffectiveness oFRRcomposites to
strengthen masonry buildingsrovided that agood adhesiono the substrateis ensuregdwhich is oftera
challengingaskin realstructuresthat are deteriorated7-9]. The possibility to design their shape ditakr
arrangementsone of theadvantage of thistechnology whichallowsto come up with aailored solution
for anexistingbuildingthat requires a structuralpgrade To some extent-RP compositesre satisfactory
also in terms of compatibilityvith the existing masonnpastheir limited weight(when comparegfor
example with steetbased strengthening solutiondpes not significanthalter the overall weight of the
building In addition, given their limited thickness, FRP composites can be applied for exarapih to
extradosor under the plasterwhich is a advantagen hertage buildingsNevertheless, FRPs also exhibit
animportant drawbaclconnected to durability, as therganicresins used ithe matrixare subject to
ageingdue tomoisture, UV radiation, oxygen, temperatysnd other environmentafiactors[10-12].

To overcome tts limitation,strengthening systemisased on inorganic matrices, the-salled fiber

reinforced cemeritious matrix (FRCMyompositeshave been introducefll3-15]. An FRCMsystem



consists of a sheetf fibers embedded in a grout that can be cementitidaased or limebased. The fibers
are usually made of carbon, steel, basalt, glaspolyparaphenylene benzobisoxazoldeuse of an
inorganic matrix allows to overcome some of the drawbackb®fFRB, as thegrout can bemore easily
applied to irregular substrates, is less susceptible to ageing and is permeable to water and water vapor, the
latter being a key issue in histoaienasonry, whichis often characterized by some moistuft®m soil

(rising damp), condensation (due to limited thermal insulation of old walls),-diiven rain or
infiltrations [16, 17] Preventingsuch moisturdrom evaporatingnay result in severe deteriation

patterns or evenn the detachment of scarcely permeable layers from the s@fadchichcould be a hurdle
to the adhesion of theomposite stripghat are appliedo the surface itselfAlso in terms of durability
FRCM composites are expected to provide a betterteng behaviorwhencompared to FRPElowever,
the responseof FRCMompositedo weatheringis still mostly unexplored and there is a strong need for a
better understanding of the possible deteritdi@n mechanisms affectingRCM composites and, even more
important, the FRCMnassmryWa @ a 6 SY Q

So far, very few studigavestigated these aspects and no guidelines, standamsodes of practice exist
yet on this subjectAlthough some recommendations weissued in the past on the durability assessment
of FRPs, they cannot be extended to FRCM composites, as theoladtsare supposedo be vulnerable to
entirely different deterioration processeghen compared td-RB. In particular, FRC8&re expected not to
suffer from hot climates and solar radiation, but their porosity makes them possibly vulnerable, for
example, to moistureelateddamage assalt crystallization cycleend other processed8-21]. The

presence of salts is very commonhistorial buildings andt is a major cause of damagas highlighted in
the literature (see[22, 23).

In a previous paper by the authdi24], a preliminary expemental campaign was carried otat investigate
the bond behavior of steeFRCM stripappliedto fired-clay brick masonry bloclssibjected tosalt
crystallization cyclesThe study waaimed at contributing to the assessment of the durability of FRCM
systems applied to masonry in presence of salt att@k.presentpaperrepreentsa step forwardwith

respect to thepreviousresearcheffort [24], asit will be explained in Section 2.



2. Background and research aims

In a recent papei24], an experimental proceduréo investigae the salt resistance afteelFRCMomposites

applied to masonry blocks was developed and evaluatethe authors Briefly, theprocedureconsistedof

the following steps:

Seel FRCMstrips embedded in a natural hydraulic lirieased groutwere applied to masonry
blocks(made of6 haltbricks and 5 mortar joints) andfteo cure;

The steel FRCWNhasonry joints wergartially or totally wrappedby means of duct tapdn the
partially wrapped specimensvaporation (and hence salt crystallizatiomps forced tooccur
through theentire top face of the masonry block where the composite strip was apphide in
the totally wrapped specimengvaporation occurred only through the FRCM strip

Four accelerated weathering cycles were performé&dch cycle compriseda phase of capary
absorption of a sodium sulfe decahydratesolution (specimensvere positioned with the FRCM
strip upwards) and a phase of drying (in ventilated oven);

The samdour cycles were performed ingilonizedwater, to assess the role of wettirdrying cytes
aloneon the curingprocessof the FRCM matrix and hence separatethe effect of salfrom the
effectof wateralone

dnglelap shear tess were carried out to assess the bormadpacitybetween FRCM and masgnin
not-weathered(control)andweathered conditions;

The salt distribution and the porositat different locatiorns throughout the specimens were
determined, to investigate the transport mechanisms of the saline solution angossible

deteriorating action.

The research highlightedhat the matrix employed for thdFRCMsystem based omatural hydraulic lime,

allowed the transportof the saline solution through the composjtéeading to the accumulationof

efflorescenceon theexternal surface of the compositather thanthe precipitation ofsub-efflorescenceAs

a consequenceno damageor decreaseof bond capacitywasobservedin the conditionedFRCMmasonry

joints. The water used in the cycles had a slightly beneficial effiethe curingorocessof the hydraulic lime



basedmatrix, which confirmed the importance of analyzing separatelthe effect of salt and waterNo
significant differences were found in thalsdistribution between the partially wrapa and totallywrapped
specimens
Based on theepreliminary results, ithis paper a new experimental campaignundertakenwhich employs
the same experimental setp, to introducesomekey advances
- Amix of sodium sulfate and sodium chloride, more representatiib®talts found in real histort
masonry isused for the saline solution;
- Sxweatheringcyclesare carried out instead of four, in ordéo make the accelerated weathering
more aggressive
- Two entirely newconditionsare considered in thistudy, in order to investigatéhe caseof FRCM
composite strips applied tan existingmasonry structure thais alreadyaffected by the presence of
moisture and saltsyhich isatypical scenario ipracticalapplications

a) steel FRCMstripsare applied tosaltladenmasary blocks, i.e. blocks thakve beenpreviously
subjected to wettingdrying cycles in the same saline solution;

b) direct shear testis performed on watersaturated FRCMmasonry joints(that have been
subjected to wettingdrying cycles in deionized wajerto assess the influence of water in the
materialpores on the mechgical behavior of the composite

The study is aimed not only at assessing thend capacity of the FRCMmasonry jointssubjecta to
accelerated weatherindyut also to investigate the mechanismof salts migration and accumulation across
the specimensand to contribute to the development of a standé@edlaboratory method for this purpose.
3. Materials and methods

3.1. Materialsand specimens

Nineteen masonry blocks were manufactunedh six halfbricksjoined byfive 10 mmthick mortarlayers

(Fig. 1a). Theominal dimensions of the blockgere 125mm x 120mm x 380 mm.
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(mixture of sodium chloride and sodium sulfate) or deionized wé&@@nensions in mm.

The bricks used were commerdyahvailablesolid firedclay brickswith the following dimension®5 mm x
120mm x 250 mm Twenty cylinder®f nominal dimensions equal to 50 mm (diameter) x 50 mm (length)
were cored from five bricks. Out of twenty cylinders, seven were used to determine the tensile strength of
bricks, through splitting tests, while thirteen were usedtatainthe compressive strength of bricks,
according tcEN 7721 [25]. The tensileand compressivestrengths of bricksresulted equal to 3.16 MPa
(CoV42%9 and20.3 MPa (CoxL.7%), respectivelyThe mortar employed for the joints W& drymix
commercialy available mortarbased on natural hydraulic lim{®HL 3.%and classified as M5 according to
EN 9982 [26], as reported it KS Y I y dzF I O d@¥EMM&EamouRtlofivater fe&oB8dinded by
the manufactuer (17.6 wt.%)was used tanixthe mortar. Three 40nm x 40 mm x 160 mm prismsof

mortar werecast, in order to determinés flexural and compressive strengtlater they were cured for

28 daysaccording to EN 10%31[28]. The flexural and compressive strengtasultedequal to2.8 MPa
(CoV4.8%) andl2.7MPa (Co¥5.3%), respectively

After the masonry blocke/ere curedin laboratoryconditionsfor one month steelFRCM stripwere

appliedto oneface ofl15 blockgFig. 1a)Prior to applying the FRCM strjjppéocks were soakenh water for
7



45 minutes to preventhe depletion of water fromthe compositegrout. The application of the composite
was carriecdout using the materials anthe stepsbelow:
- Alayer(thickness 4 mm, width 50 mm, length®Bmm) of mortar wasappliedto the bonded area
of one block surfaceThe thickiess of thelayerof mortarg & n YY & LISNJ GKS Yl
recommendation Acommercialy availabledry-mix naturalhydraulic limebased mortafNHL 3.5)
with quartz sand, class M15 according to EN-29%5], was usedlts flexural and compressive
strengths were determined on thregrisms cast from the same batcf#0mm x40 mm x 160mm)
according to EN 1031 [28] after they were cured for 28 days, and resulted equad fo MPa
(CoVA0.14%) and 13.5 MPa (Ge8/7%), respectivelyThe mortar used for the composite is referred
G2 & WY rethdidtldf @ the pApetd & &dconfusionwith the mortarused for thejoints;
- Asteelfiber sheet(width 50 mm, length 635 mntonsistingn a unidirectionakheet male of
ultra-high stength galvanized steebrds, fixed to a secondaB/mm-spacediberglass micromesh
wasapplied and delicately pressed into the firsatrix layer The crossectional area of the cogjl
equivalent thicknessand number of cords per unit width of the sheet are equal to 0.538 mm
0.084 mm and 0.157/mm, respectivdly | OO2 NRAy 3 G2 G KS [29)thedehsied i dzNB
strength, ultimate strainand modulus of elasticity of the steel fibeaee 3000 MPg 2% and 190
GParespectivelyFibers were left bare outside the bonded arfeaa length equal to 35 mm;
- Asecondd mm-thick layer ofmatrix wasapplied ontothe steelfiber sheet The total thickness of
the FRCM composites resulted equaBtam.

Thefinal configuration of the steel FR@Gkasonry joints iseported in Fig. 1a.

All theFRCMmasonry jointsvere curel undera wet clothat room temperature irthe laboratory, so in

moist conditionsjn order to avoid a premature water evaporation from the matrix and abovalmost
completehardeningof the compositeFor this reason, a curing time of 1 month was considered adequate
for the mortar selected It is noteworthy that thematerialsused in the present study (brigkmortarjoints

and FRCMysten), as well as th&imensions of thenasonryjoints were the samedoptedin [24], for the

sake oftomparison
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Fig. 2. Scheme of the FR@Msonry joint labels, construction, composite application, weathering cycles, and material testing.



3.2. Accelerated weathering method

On the basis of past experimentalsults publishedby the authord30, 31], two types ofweathering
conditionswere selected hamelysixwetting-dryingcycles irsaline solutioror in deionized waterln all the
FRCMmasonryjoints, aduct tape was applied to thiour lateral faces of the specimens (Fig),lin order
to make evaporation occur through the top surface (the emavhichthe compositewas appliedl The
configuration with total wrapping24] was dismissed, as moeaningfuldifferencesin the resultsvere
found with respect to the partial wrapping configuration

Figure 2 showsa scheme of the specimen labels, construction, composite application,tondg
procedures, as well all testing conditions.

The first type of cyclesompriseda wetting phase im saline solutiorfollowed bya drying phasen the
wetting phase, the specimens wepartiallyimmersedin anaqueous solutiorat labtemperature
(20°C+2°Q)f sodium chloride, NaCl (2 wt%), and sodium sulfate decahydrat8NBOHO (8 wt%)Fig.
1b), with a solution head of 20 mnBased on preliminary tests, two days were considesefficientto
obtain a reasonably complete satuia of the specimens. The wetting phase was followed by a drying
phase in a ventilated oven at 80 for three days. In three days, the specimeiassnot completely dryout,
but only a small amount of residual moisture was present and it was considered tdo lomder the
absorption of water in the following wetting phase. The duration of the wetting and drying plimseand
three days, respectively) wahosen tocompromise between thattainment of thedesired
saturation/drying level and theeed of a reasonablest duration. Thosespecimens that were subjected to
sixcycles in the saline solution are nam&ALTW4 specimens).

Thisprocedureis different from gveral poins of view from the main standard test the resistancef
porous materialgo salt crystallization, i.€EN 1237(32], RILEM M®&.1[33], and RILEM M&2 [34].
These standards suggest the use of highly aggressive saline solutions (4dditfb sulfate in EN 12370
[32], 10 wt% sodium sulfate and 10 wt% sodium chloride in RILEM.MS3] and saturated sodium
sulfate solution in RILEM M&2[34]) and in some casalso highly aggressive cycles (e.g., total immersion

followed by oven dryig at 105°Gn EN 1237032]). Therefore the accelerated weathering leads to the

10



failure of the materials in a number of cycles that depends on the material under testing and is not
reportedin the standards (only EN 123[@2] indicates a maximum numbeif @5 cycles, but also adds that
failure may occur ifiewer cycles)No relationship betweethe number of cycles and the number of years
of real exposure conditioris givenin the standardsand EN 1237(B2] clearly states that iaims at
assesmgthe relative resistancef stone to saltsln this workthe aimisnot to perform extremesalt
crystallization cyclethat could lead to a severe damage of the FRCM composite to the point that its
adhesion to the substrate is compromiséthe acceleratedveatheringprotocolwas designedo

reproduce in a relatively short period of time, damaging salt crystallization cacldsachieveealistic
concentratiors of salts in the masonry jointse. amounts that can be found in real histatibuildings[35,
36]. Thus alower concentration of salta/ith respect to the amount suggesteid the standards (2 wt%
sodium chloride and 8 wt% sodium sulfate decahydrate) and a lower temperature for oven drying (60 °C)
were selected

The secondtype ofcyclescomprised avetting phase irdeionizedwater and a drying phase in oveRig. 2
The specimenwere partiallyimmersedin deionizedwater (water head 20 mmat lab temperature
(20°C+2°Cpr two days.The wetting phase was followed bydeying phase in a ventilated oven at &for
three daysThe specimens that were subjecteddixcycles in wateraref | 6 SWATERRS specimens).
Asit was mentionedn Section2, the cycles in water resulted essential to detagbssible enhancemeruf
the matrix curingwhich in turn allowed tseparatethe effect of waterfrom the effect of salts. In fact, the
alternation of water imbibition and moderately high temperature may alter the mechanical properties of
the matrix by ehancing its curingR4].

In additionto the specimendescribed abovgan four masonryblocks the composite was not appliadd

the blockswere subjected to the same cyslim salne solutioncarried out for SAL-BpecimensAfter six
cycles, the efflorescence and the crumbling fragmemesenton thetop surfaceof the blocls were
removed using a steel brusBubsequentlythe steelFRCM composite was appliadd cured following the
same procedure describad Section 3.Tor the otherspecimensFig. 2 This set oFRCMmasonry joints

namedWPOSTPwas usedo investigae the bond capacityf the FRCM compositeghenapplied to an

11



already weathered surface, i.e. to a sd#tmagedmasonry In fact, FRCM composites are aftemployed
to strength historial masony that hasbeen exposed durinigs lifetime to different weathering processes,
which possibly led tgalt accumulation.
Finally,an additional aspect was studied in the present campaign. In ordgetermineif the presence of
moisture inthe pores of the specimer(smasonry and compositehay affect the FRCAMubstrate bond
behavior,four out of the eight WATER specimens were testeusing the singldéap setup immediately after
the cycleswere completedi.e. in dry conditionsf( I 6 SWATERRRMwhile the otherfour were
immersedin waterafter the cyclesuntil constant weightvas reachegdand finally testedi.e. they were
0§SAaGSR Ay al Gdz2NJ G SR 202 t/TRé rdle\o rgoisture dn thidoSdfcap&cRywa®’2 | ¢ 9 w
considered worth of investigation, as highlighted in previous sty@®89].¢ KS &8zF FREs W& | RRS
all specimens that were tested in dry conditions.
Three steel FRCGIhasonry joints (lbeled¥ w-9 @ ) wre considered as contrepecimensand not
subjected to any conditioning.
3.3. Direct shear test
As illustrated in Fig. 2, at the end of the accelerated weathering cyclepealimens were subjected to
direct shear testsspecificallysinglelap shear test. In Fig. 3, photo of an FRCMmasonry jointat the
beginning of the test is showfor the sike of brevitythe experimental sejup will not bereported herein,
asa complete description of thiest configurationis available if24,40-42]. The mainfeaturesof the set
up and testing procedurare brieflysummarizedelow.

- Atensile force was applied tbe composite stripwhich was grippethrough a 75 mrdong epoxy

tab by the head o1 100 kN capacitgervahydraulic universal testing machine
- The FRCMmasonryjoints were restrained between twthick steel plates conected by four
instrumentedthreaded rods
- Two vertical LVDTdinearvariabledisplacementransformer9 were employed to measure the

relative displacement between the composite stfgbose to the top edg of the bondedareg and

12



the adjacentmasonry surfaceThe displacementseasured by the LVDase indicated ag. and
Oo. Theglobal slipg is the average of these two measunents

- Two horizontal LVDTs were appliéathe back of thespecimenand reacted off the face of the
block opposite to the surface where the composite was appiiedrderto monitor the out-of-
plane displacerant and/or rotationsof the specimen during the test due to the eccentricity of the
applied load43];

- All tests were conducted at a constant global slip rate equal to B84 until failure.

Fig. 3. Experimental test sap: FRCMnasonry joint at the beginning of the doeshear test. Two
vertical LVDTs are employed to measure the relative displacement between the composite strip and
the adjacent masonry surface.

3.4. Materials characterization: salt distribution and material porosity
After the direct shear tests were performed, samples of material were collected by chisel fragmentation
from each type of specimen (RERY, WATEBRY, WATERET, SALDRY and POPRY).
Firstly, the distribution of chloride and sulfate in the specimen was investigated by taking fragments from
four different locations in the masonry blocks, Fig. 4: two locations were in the brick and two in the matrix,
since the mortar joints are expeed to play a minor role in the salt distributiord]2 In particular, brick

samples were taken just beneath the top surfatéwo locations [abelled BL and BC as in Fig.)4hat
13



correspond, respectively, to the center and edge of the FRCM strigoGatons were choseto

investigate if the composite might have caused an undesired accumulation of salts in the brick region
beneaththe composite itself, which could possibly lead to the composite detachment. Moreover, samples
of the composite matrix wie collected from the internal layer of the matrix, i.e. underneath the fibers (M
CINT), and from the external layer, i.e. above the fibersGBXT), in order to check if tlsgeel fiber sheet

itself created a barrier to the capillary flow of the salg@ution. All the fragments were collected far from

the edges. Particular care was used to remove the surface efflorescence, when present.

Soluble salts, in terms of anions, were determined on the fragments by grinding to powder (<0.075 mm),
extraction wih deionized boiling water (electrical conductivity <Orf), filtration by blue ribbon filter, and
final ion chromatography, IC (in a Dionex-I080, equipped with lon Pac AG14A guard column and lon Pac
AS14A inorganic anieexchange column kept at 3@ measuring cell temperature 3%&). Results are the
average of two samples for each location. To obtain a representative result, these two samples were
extracted from two different FRClshasonry joints for each type of specimen.

Mercury intrusion porosimey, MIP (Porosimeter 2000 with a Fisons Macropore Unit 120) was carried out
to investigate the effect of sattrystallization cycles, in terms of salts accumulation fanchation of micre
cracks in the materials after the cyclés particula, sincethe failure ofthe specimens occted inside the
composite (athe interface between the fibers and the mafyiMIP was conducted amatrix samples

collected from thdocationM-GEXTreported inFig. 4 Forthe sampla extractedfrom SALIDRY

specimes, MIP was carried out also after the removal of the salts (desalination) by poultice, using a mix of
deionized water and cellulose pulp and applying it all around the fragmenttaftexpplication of a sheet

of Japanese paper.

14
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Fig. 4. Samplinipcation for material characterization (M = matrix, B = brick, L = lateral sampling

location, C = central sampling location, EXT = external layer, INT = internal layer).

4. Resultsand discussion

4.1. Visual observation of the FRGIasonry joints before tle direct shear test

Figure 5 shows someselectedspecimens at the end of the conditioning proced(8& cycle) Imagesof the

WATERNET specimens are not reportddr the sake obrevity, since they were subjected to the same

cycles othe WATEFDRYspecimensWATERDRYspecimers, Fig. 5a and, exhibit a slighformation of

whitish efflorescencen the surface bthe composite while noefflorescence is visible dhe bricksanda

negligibleamounton the mortar joints The formation osuchefflorescence has to be ascribed to salts that

were already present in theriginalmaterials of the blocks anaf the compositematrix, solubilizedoy

water and transported by the capillary flowp to the top surfaceof the specimen

As expected, the effloszenceormation ismuch more evidenin the SALIDRYspecimers (Fig.5¢c and g.

The whitishsalts layer ishicker andmore continuousand, interestingly,its formation is not uniformly

distributed over thetop surface but rather saltsaccumulatedn the central parof the specimenmear

and on top otthe composite(Fig. 5¢ Thisnon-uniform distributionsuggests thathe paths, whichthe

saline solution followed durinigs capillary rise from the bottom to the topf the specimenswere not
15



uniform due to he presence of the strigfhisphenomenonis confirmedby the efflorescence observed on
the POSDRY specimerat the endof the 61 cycle before the compositevas appliedFig. 5e and)f When
the composite is not presenefflorescencas clearlydistributed over theentire top surface of the block

and ro preferential paths were followely the capillary risehenceevaporation and salprecipitation
occurred uniformlyoverthe surfaceln Fig. 6a, the POIRY specimens after the removal of the superficial
efflorescence with a steel brush and before #ygplicationof the compositeare shown.

A completely different efflorescendadistributionwith respect to SALDRY specimengasobservedn the
POSIDRY specimer{kig. 6b and)dn which the cycles were performed, then the composite was applied
and cured for one month, ahfinally the shear test was carried oun fact, efflorescences distributed over
the entire top surface hencenot only in the central parhear and on top bthe compositeasin the SALT
DRY specimen{fig. & andd). Thecuring of the compositén moist conditions (undea wet cloth, which
wasnecessaryo achiewe the development othe mortarstrength,seems to have caused the dissolution of
the salts irnthe masonry blockand theirtransport towards the top surfacauring thefinal drying in this

way also the composite exhibited a marked salts accumulation

It should be noted thator all specimens thatinderwentthe cyclesn saline solution (SAtORY ad POST
DRY), some flaking of the bricks wésially observetut no detachmenibr powderingof the composite

was visible.
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Fig. 5. Photos of selected WATERY(a,b) SALDRY(c,d) and POSDRYe,f) specimens at the end of the

conditioning procedure (6cycle) and before the shear test was performed.
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Fig. 6. Photos of selected PG3RY specimens: a) at the end of the conditioning procedureatiad

removal of the superficial efflorescence with a metal brushand c) after curing of the composite and
before the shear test.

4.2. Direct shear test
Results from the direct shear test are collected in Fig. 7. Globag, elpthe average of the tw
measurementsga andgs, recorded during the test by the two vertical LVDTSs is reported in the horizontal
axis, while the applied load@measuredby the load cell of the testing machine is plotted in the vertical axis.
In Table 1, a summary of the resufor all specimens is reported.
Afrequentfailure mode of the singkap shear tests was interlaminar debonding, i.e. the fibers slipped
with respect to the matrixAs the slippage of the fibers progressed, the matrix was damaged and eventually
separation between the internal and external layers of matdgurred The internal layer of matrix
remained attached to the substrate (failureaate A in Fig. 8 and Table 1) J44hile the external layer

detached and the fiberin some casesemained baded to the external layemwhile in other cases the
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external layer detached from the fiber&dditionalfailure modes were observehd areclassified in Fig. 8.
In particular, REPRY specimens showed a type B failure mode: i.e. the slippage of treddmenred,
however a portion of the internal layer of the matrix detached from the substrate. Type C failure mode (i.e.
debonding of the FRCM strip from the masonry substrate) occurred for one specimen, as listed in Table 1. It
should be noted that deboridg with cohesive fracture of the support, which is a typical failure mode for
FRP composites, was not observed for any specif@nsake of completenessshould be noted thain
other experimental campaigns dealing with direct shear tests on stedMFR&Sonry jointshat employed
the same materialsan additional failure mode was obsedyé.e.the rupture of the fibers [4D However,
this type of failure did not occuor anyof the specimes of the experimental campaignmerein presented
The differences in failure modes are reflected in differegpliedload-global slip curves. In fadhe
response of direct shear testannot berepresentedby a single curvebut ratherby four types ofresponse
(type 1, 23and 4 Fig. 7a

All curves show amalmost linear behavior at low load valuésr increasindoadvalues a nonlinear
behavior followswhich corresponds to the formation of micavacks in the matrig-ig. 7a. After the

linear part, the behavior of the specimedspendson several factas asdescribed below

The firsttype of curve(type 1lin Fig. 7ais characterized by a load drop followed by an alrasizontal
branch until the end of the tesThe load drop corresponds to the coalescencthefmicro-cracks into a
macra-crack at the interface between the two layers of matrix. phepagationof the macrocrack at the
interface occurred at an almost constant loddhis behavior can be identified for specimens-RRI¥1,
REFDRY2 (Fig. 7b) WATERY1, WATERDRY3, all SAL'DRY specimenandPOSIDRY2 specimenThe
global sliprange 1, @) that definesthe horizontal part of the curyecorrespondgo the progression of the
interfacial macrecrack towards the fre@ndof the compositgi.e., the end of thdonded areaopposite to
where the load was appliedJhe constant loadyhichis calculated as the average load betwegmand g,

is indicated a® and represents the debonding load, bond capadityload-carrying capacityd is reported

in Table 1 for each specimen together with its average for each groupType 1 curve might feature an
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