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Abstract
Polymer-reinforced fibres are now commonly applied to buildings for structural retrofitting purposes. These
materials add greater tensile strength to structures, at the expense of a slight increase in weight. However,
they also have other disadvantages such as brittle behaviour and lack of water vapour permeability, which
are not desired in the conservation of heritage buildings.
Alternative composite materials embedded in an inorganic matrix are presented, which solve some of the
drawbacks associated with organic matrices. Long steel fibres and basalt textiles are applied to the resistant
core of the inorganic matrix to produce a steel-basalt reinforced mortar-based composite. Firstly, a
mechanical characterization of the individual components and the resulting material was performed.
Secondly, non-strengthened and strengthened real-scale (2.98 m span, 1.46 m high and 0.77 m deep) brick
masonry vaults were tested up to failure, in order to demonstrate the mechanical effectiveness of these
composite materials. Finally, a comparison between two mortar composite materials (steel-strips/basalt-
textiles embedded in a polymer matrix) was performed, with the same real-scale brick-vault failure tests.
The experimental campaign demonstrates that the steel/basalt composite mortar is a feasible alternative,
which is physically compatible with masonry structures, easy to apply and effective for the reinforcement of
brick vaults.
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1. Introduction

Externally Bonded (EB) composite materials are fast becoming the standard solution for structural
strengthening, substituting traditional techniques (reinforced concrete, steel, etc.) that can shorten the
lifespan of the structure and alter its esthetic appearance. Various research works have demonstrated that EB
materials find appropriate solutions and perform well when applied to masonry structures that are at severe
risk of deterioration and collapse over time [1-3].

Fibre Reinforced Polymers (FRP) based on unidirectional sheeting embedded in an organic matrix were
introduced in the 90s. Over the past two decades, the reinforcement of arches and vaults using FRP materials
have provoked great interest and several experimental studies have shown evidence that it is a valid option
for strengthening and/or repairing masonry [4-8], particularly, arched masonry structures [9-12]. Setting the
most interesting advantages of FRP aside, the results obtained so far may hardly be considered satisfactory in
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terms of a lack of ductility, sensitivity to higarperatures, cultural incompatibility (surfacesn€ient and
stony substrates), etc.

The present research is focused on inorganic metrixposites, i.e. Textile Reinforced Mortar (TRMida
Steel Reinforced Mortar (SRM) [13-15], which offadvantageous solutions due to their water-vapour
permeability, applicable over humid substrate (camnsituation in masonry structures), lack of toxic
substances emission in case of fire, fire resistanase-of-application and of removability. Althbuieir
mechanical properties in comparison to organic asites can be less effective, and may require longe
curing periods (weeks), for example, their ovetshaviour makes them an attractive solution for the
retrofitting of masonry structures [16-18]. TRM a®&RM solutions are designed to preserve existing
masonry structures and to prevent brittle failéifer this purpose, constitutive materials of the posite
must be appropriately selected.

The effectiveness of EB reinforcement is highly efegent on the bond between the composite and the
substrate, and the interaction between the matrikthe inner reinforcement. Interface behaviour el
mortar-reinforcement bond are therefore key faciorshe performance of the strengthening technique.
Hence, the most important characteristics of thérimahould be as follows: adequate consistency to
penetrate the textile (dependent on textile denaitg geometry), workability, chemical and physical
compatibility with the substrate, adequate mectarpooperties, low creepage and shrinkage, and {ood
resistance.

Bidirectional textiles (TRM) of a different natufbasalt, glass, hemp, etc.) and unidirectionall dibres
(SRM) are both used in the inner reinforcementhef tomposite. The fibre quantity and the geomdtrica
distribution of the textile, i.e. the spacing oWimmgs and their direction, can be independentlytrodied,
thereby affecting the mechanical characteristicshef textile and the degree of penetration of tloetan
through the mesh openings (cells) [19].

The transmission of effort from matrix to steeld®in SRM is through their adherence between etiwT.o
Long steel fibres and basalt textiles are appleethe resistant core of the inorganic matrix todpice a
steel-basalt reinforced mortar-based compositehéncase of TRM, bidirectional textiles such us BRM
(basalt fibores embedded in the EB matrix) are uguapplied, in order to improve bond behaviour.
Normally, when loads are applied in a single dimetttransversal fibres are designed to maintauing
spacing and to improve the bond between textile rmattix. When the main material is too expensive or
difficult to mesh, longitudinal fibres are placedto an orthogonal mesh composed of an adaptable and
cheap compound. Fig. 1 presents both cases thatuatied in the present paper: cords/strips (méadeeel)
and basalt textile.

This research work investigates BRM and SRM rdtin§j of masonry vaults, among other solutions,cluhi

is novelarea of experimental research. Recent studieseosttlngthening of arches [20-21] and walls [18]
with inorganic-based composites have demonstrdtattheir structural behaviour improves, in ternis o
ultimate load and displacement. However, étle work has been done on arched structuresgthened
with BRM and SRM and further investigation is es&grprior to the development of real applications.
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Fig. 1. Steel cords and strips made of steel V@ft) @nd basalt textile (right).

2. Objective

Our aim is to contribute to the conservation ofstrectural integrityof our historical heritage through an in-
depth study of a reinforcement system for brickltgauThis study seeks to contribute to expanding ou
knowledge on the behaviour of brick masonry vaatid the effectiveness of a reinforcement systeracas
on basalt textiles and steel cords, embedded irgamic matrices, known as Basalt and Steel Reiafbrc
Mortar: BRM and SRM, respectively.

The first step was to perform a mechanical charaetton of the materials. In a second step, the
experimental work on masonry arches (constructetth Wie same materials and geometry as in real
structures) was designed, in order to fulfil thibofeing objectives: to characterize the structurahaviour

of non-strengthened vaults and to study the inflteeof the BRM/SRM strengthening system on the
behaviour of the vaults as it relates to the failorode, load bearing capacity and deformation. fimal
step, vaults strengthened with Basalt and Steeif&eied Polymer (BRP and SRP, respectively) westete

to perform a structural evaluation and comparison.

As clearly stated by Dr. Valuzzi et al. [2], EBestgthening composite solutions always increaseltimate
strength of masonry structures, but this increageehgth is not always accompanied by higher dtyctil
Therefore, further research should be conductedssess whether EB composites can prevent brittle
collapse. In line with this objective, the novepast of this present paper is mainly based on ¢thebmation

of three main aspects. Firstly, the constituentenias combined in the studied TRM composites. 8elyo

the structural evaluation focused on two completifierent EB composites (due to their specific rcat):
organic (wet lay-up) vs. inorganic (lime mortar)nd thirdly, the experimental approach appliedhie t
tested vaults: masonry type (erected with matesaats geometry presented in real cases), strudestlay-

out (asymmetric load configuration) and the vauttehsions (full-scale)

The non-strengthened (one case study) and thegttered (the other case study) vaults are separatel
considered due to their different characterisfitgese two vault types have been discussed in tefriaad
(initial linear behaviorand load-bearing capacity) versus deformabilityrtiter discussion and related
experimental work involving analytical and numetiapproaches is an area for future research.



3. Material Characterization
This section describes the mechanical charactenzaf the materials found in the brick masonrycipmens
(component level) and the reinforcement system famite level).

3.1. Masonry: brick, bedding and matrix mortar

The vaults were constructed with solid facing “Ro$8vo - A6R55W” clay bricks (250 x 120 x 55 mm)
from San Marco-Terreal (ltaly). These soft mudksihave two different surfaces: one face is roughd
more porous than the other more refined surfacéothd, 18 bricks -six per test- were used in tregamal
characterization tests. Compressive strength) (ests were based on Standard EN 772-1:2001 [28.
value of the elastic modulus (E) was calculateddoordance with Standard UNI 6556:1976 [23] wHile t
flexural strength ¢f) was performed following the specifications staiedStandard EN 67042:1988 [24].
These mechanical properties are included in Table 1

Table 1. Average mechanical properties of the riaser

fem [MPa] fim [MPa] E [GPa]
Brick 19.8 (2.5%) 3.7 (4.3%) 5.76 (5.2%)
Bedding mortar 7.3 (0.1%) 1.9 (0.12%) 6.11 (24.7%)
Matrix mortar 21.3(7.1%) 5.8 (16.5%) 16
* According to technical data sheet Coefficientvafiation in brackets

The bedding mortar, composed of FEN-X/A, was a mathydraulic lime (from Arte Constructo bbva
company), including a binder and selected aggregaftth a maximum grain size up to 4 mm; it is of
medium to high strength, with a low content of wateluble salts. A mineralogical analysis was penfed
using the powder X-ray diffraction technique, whéme diffractometric measurements were taken uaing
Philips X’Pert Pro MPD pw3040/60 diffractometer gagped with a copper ceramic tube. As can be obderve
in Table 2, the mortar is mainly dolomite and dalccommonly referred to as lime mortar.

Table 2. Mineralogical characterization of beddamgl matrix mortars
Bedding Matrix
mortar mortar

Mineral Phase

Belite [CgSiO] . .
Calcite [CaCQ] eoe eoe
Oxide aluminium and calcium hydrated carbonateMC#,,CO,x24H,0] J .
Quartz [SiQ] . .
Dolomite [CaMg(CQ),] cecee cecoe
Ettringite CaA;2(SQy)3(OH);2x26H,0] . .
Portlandite [Ca(OH] . .
Gypsum [CaSEx2H,0] . .

Black dots indicate the relative abundance of theenal

The mortar used to constitute the strengtheningposite material (SRM/BRM) was HD System TD13K
from Tassullo (ltaly) that is manufactured with hadlic lime mortar to avoid physical-chemical
incompatibilities between the substrate masonry #ral strengthening material. Following the same
procedure as for a bedding mortar, the mineralbgioalysis of the matrix mortar established thaitchief
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constituents were likewise mainly dolomite and italcin terms of mechanical expectations, this arort
should have a low enough stiffness to achieve ehaired ductility of the masonry vaults, in relatiw the
bonding (plastic hinges formation), unlike the EBtrix mortar, the structural response (stiffer vitnar) of
which is needed for its strengthening role in tbenposite. As may be seen in Fig. 2, the compresaich
flexural strengths are almost constant as froma&3& @f age up until the end of the 180 day tesogder

As regards the matrix mortar, some specimens wasteand stored at room temperature and at a claatrol
relative humidity (281 °C and RH 661 %). Three specimens measuring 40 x 40 x 160 mre tested for
flexural strength and, subsequently, six specinmeasuring 40 x 40 x 40 mm were tested for compassi
strength at 28 days, as per standard EN1015-11:28)0The modulus of elasticity was obtained faling
Standard ASTM C 469:2002 [26] from three cylindrispecimens with a size of @100 x 200 mm. All the
results are presented in Table 1. In addition, tal tof three specimens were tested for flexural and
compressive strength at 7, 14, 28, 60, 90 and &86, despectively, to analyze the evolution ofrtkiength

in terms of mortar age.
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Fig. 2. Strength evolution of bedding and matrixtars.

Moreover, the variation in strength as a functidmortar matrix age (between 28 and 180 days), kwhic
almost maintained a constant flexural strength .(Rg was also determined. It can be seen how the
compressive strength increased by almost 35% fi®@no 280 days of age; additionally, the matrix rapes
required possessed a higher stiffness than thargedtbrtar under compression and flexural loadinigich
would be necessary for strengthening purposes.

3.2.Reinforcement cores of composite: basalt textikd steel strip

The key properties of the reinforcement cores efstiengthening mortar-based composite are chawstte
in the present section: steel (cords and strips) laesalt (roving and textile), of the TRM composite
(SRM/BRM).



Steel wires (Fig. 1) were used to form cords thrat assembled in a polypropylene grid to form wisat i
commercially known as Low Density Steel strips [2Ifje unidirectional cords consist of three twistezkl
filaments coated in bronze (used in the manufaatiezitomobile tire reinforcements).

The basalt is spun from selected basalt rocksrpeged and melted at high temperatures (1400°GalBa
fibres are a non-toxic and completely inert matesidh a low humidity absorption rate and excell&eat
resistance; showing good natural adhesion to adbraage of binders, coatings and matrices (limetansr
for example). Basalt fibres, the common mecharpcaperties of which are given elsewhere [28-29, ar
mainly constituted by several oxides: $i{B4%), ALOs; (17%), CaO (6%), R©s (7%), among others. Table
3 presents the basic theoretical specificationsttier basalt rovings and the steel cords providedhby
manufacturers, from the point of view of a specé#pplication, while the specific test results aneven in
Table 4.

Table 3. Mechanical characteristics of steel cartts basalt rovings

Property Basalt roving Steel cords
Ultimate tensile strength [MPa] 3080 3200
Tensile elastic modulus [GPa] 95 206
Ultimate tensile strain [%0] 3.15 1.6
Design thickness [mm] 0.053 0.075
Design Area [mr 0.053x8 0.481
Weight of the dry sheet [gfh 200 600
Density [g/cni] 2.8 8

The steel (cords and strips) and basalt (rovings testile) strengthening solutions were mechanjcall
characterized in the laboratory by means of uniaeiasile tests (seven samples in each test). Tessts
performed on 100 mm wide and 600 mm broad-specimesisigle steel cords and basalt rovings (Fig. 3).

Fig. 3. Tensile test lay out: A) basalt roving;Bsalt textile; C) steel strip; D) SRM/BRM; E) déta



The test results, which refer to sixteen steel €@m twelve basalt rovings, are summarized in€rdtand
displayed in Fig. 4. Tests were performed on a SichEOOkN universal testing machine model, with
automatic displacement control and a load measurepnecision of over 0.3% for reading up to 1kNvé&e
specimens of one steel cord and seven steel stgps tested in accordance with internal proceduhéch
was based on Standard ASTM D5034-95(2001) [30] tarmdprevious tests reported in the literature [13,
31]. The testing machine displacement rate was Inmmmaccording to results obtained by Dr. Gar8i2] [

All the information was compiled with an MGC-Plusia Logger at a frequency of 5Hz.

Table 4. Main mechanical results under elastic ielna in reinforcement tensile tests

Material f.[N] o [MPa] & [%0] E, [GPa]®
Steel cord 1219 (2%) 2535 (2%)  1.90 (8%) 133 (8%)
Steel strip 23734 (8%) 3165 (8%) 2.20 (12%) 144 (8%)

Basalt roving 240 (19%) 565 (19%) 0.80 (21%) 71 (5%)
Basalt textile 2680 (22%) 505 (22%) 0.80 (21%) 63 (4%)
o= f, / (0.481);%6,= f,/(0.075x100):%,= f, / (0,053%8);*¢,= , / (0,053%100):°G,/¢;
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Fig. 4. Tensile test of steel cords/strips and Ibagaing/textile.

Failure was caused by stress concentration inlémeps, as is usual in high strength-low ductilityeds, due
to the high strengtlralue of steel strip. It explains why the ultimddad value of the material was never

reached. Hence, the results were only valid forsdwant elasticity modulug ] of the material, calculated
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as the rate between the average value of the maxitansion stresss() and its respective straia). The
high scattering of the basalt stress-strain va{absve 20%), as opposed to the steel stress-s@hies (on
average 10%) should be underlined.

The absence of any coating on basalt roving/textitéch would have enhanced the effectivenessldhal
fibres included in each roving [13], and the norferm load distribution in the textile width, exphathese
lower values (over 20%) in comparison to the supppecifications in Table 3, apart from the lasgatter
registered (at ultimate loads, but not under aaséhaviour, as shown in Fig. 4), especially in tiddile
specimens (the large number of rovings increasectoblem).

The high loads recorded in the steel-strip tesB3KN) were a precaution against any possible Idss o
adherence force between the steel cords and the&amm@n the contrary, the basalt textiles developed
tensile strength that was on average 10% lower tt@basalt roving and 6 times lower than the siids.

3.3.Mortar based composite
With the purpose of analyzing the tensile behaviofithe global mortar composite SRM/BRM, seven
single-ply steel strips and seven single-ply basatile specimens, of 600 mm in length, with assro
sectional area of 100 mm x 10 mm, were cast. Thabkshed test set-up and geometry of the specimens
were based on previously published works [33-3d]uiding two by the authors [13, 27]. The samplesewe
prepared in plywood formworks and, after castinge fourteen specimens were held in a saturated
atmosphere for seven days, and were then store2llfdays in a controlled environment £18C and RH
601 %). All the specimens were tested between 28dmdhys of age.
The internal layer (800 x 100 mm) was positionethim middle of the cross section. Since high loadse
expected in this test, special considerations waen in the design of the specimens and in therag
system for the test (Fig. 3, sketches D and E).SRM/BRM specimen geometry was not very long ared th
anchorage length might have been insufficient wichglippage. Therefore, extra strips/textile athbends
(length 100 mm) of the internal reinforcement wéslgled over (180°) and immersed in the fresh mortar
Due to this action, the failure of the specimen wasmoted in its central position (210 mm, as iathd in
Fig. 3D).
The SRM/BRM tensile specimens were placed in tinees8chenk 100kN testing machine with a controlled
load under a deformation rate of 0.5 mm/min. Thi®wheation of the central position (210 mm lengtrgsw
measured by means of four Novotechnik TRS 100 aigphent transducers (Fig. 3), obtaining several
stress-strain curves under the uniaxial tensile ésspresented in Fig. 5.
The tensile behaviour of the inorganic matrix cosifes differed from that of the polymeric matri¢ERP),
due to the brittleness of the inorganic matrix; witeénate tensile strain of these materials beioigsaderably
smaller than that of the fibres. The organic coritpesherefore presented an elastic behaviour upeo
point of failure, as long as the elastic behaviotithe fibres continued up to failure. Neverthelebe
inorganic matrices cracked before the maximum rstodithe strip was reached. The effectiveness ef th
reinforcement was therefore evident when the mataxted to develop cracks. After cracking, thesilen
stress within the cracked cross-section was caemidely by the filaments (Fig. 3).
As previously observed by Dr. Larrinaga et al. [23] and others [14-15], under pure tension lo#ads,
TRM non-linear stress-strain curves could be didideo three stages, which follow the “cracking reid
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stage | § , ¢ andE)) ended at the point when the first crack appe§peglcracking stage); stage # oy
i) ended when no further cracks were observed (pteltracking stage); and, finally, stage B};(,en and
E,; measured as the slope of that stage), when tlok paterns stabilized and the tensile loads irsa@a
(post-cracking stage). Therefore, as shown in Egudr and 5, there was a degree of load transfer fine
matrix to the steel strip and the basalt textilbew the first cracks appeared in the specimens;haduie
represented by short drops in the loading valugbeftress-strain graphs. A summary of the maulte
from Figure 5 are presented in Table 5.
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Fig. 5. Stress-strain behaviour in uniaxial tentek of.

Textile slippage within the matrix was consider€te failure mode of the SRM specimens was caused by
cracking and debondingf the composite. At a certain strain level (aroun#%), the deformation of the
composite has a negative effect on the cohesidmeafortar, which could no longer be deformed, behe
rupture of the matrix and the internal slippagéhef steel reinforcement. The ultimate load of tinigp $3165
MPa, according to Table 4) was therefore nevertred¢being the maximum value about 50%). The areas
for strengthening the vault and arch in the rettiofjy process were usually quite large and theeiwise
strain is low, therefore, the cracking observedhia uniaxial tensile test was not likely to develag is
confirmed in the following section (tested vaults).

Table 5. Main mechanical results under elastic ieloain TRM tensile tests
Materia fin [N] on [MPa] o, [MPa] £ [%] & [%0] ey [%0] E [GPa]3 Ey [GPa]
SRM 12853(14%) - 1714(14%) 1.20(23%) - - 142(15%) -
BRM 3173(13%) 598(13%) 442(39%) 0.04(30%)0.60(35%) 1.40(22%) 1105(17%) 26.7(4%)
15,= f, 1 (0.075%x100)%0,= f, / (0,053x100)"> E, = 6/¢,

Unlike SRM, the BRM failure mode was quite differémterms of strength (lower values), ductilitya@es
I, I and 11l and less ultimate strain were cleaidgntified) and stiffness (higher at the pre-ciagkstage).
With regard to the BRM-based composites, the custesv considerable scatter (values up to 39%). This
effect could be caused by the lack of internal frecement (only one textile layer), contrary to the
application of several textile layers [35]. Despite scatter, the slope at stage Il};JEemained similar in
most of the specimens as it is showed in Fig. 5.
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When compared with internal reinforcement, the ggeeking stage performance of SRM was the same in
terms of stiffness (E= E), but was 46% lower in terms of strength ¥> ;) and had a higher scatter.
Unlike the BRM, stages Il and Ill were not clearbcorded (omitted in Table 5). A remarkable obsrma

is the practical absence of stage Il in some ofgbecimens. The Young's moduli varied as the strain
increased, stage Il was non-linear and therefgreMas not observed. The crack pattern developedhgluri
the first steps of the third stage, as observedbylLarrinaga [35]. Hence, load absorption by tHeM5
composite started earlier than in the BRM seriagngeresting feature for a material expected tokvas a
strengthening solution.

BRM tensile strength was quite similar from thensligoint of the textile and the composite, the ugiien
measured deformation was quite low in comparisah 8RM (Fig. 5). The BRM early moduli at the post-
cracking stage (f) were over 40 times less stiff than its pre-cragkbne (B). These results suggest that the
optimistic specifications of the basalt textile ratacturers (Table 3) are not realistic (Table 4hjok is a
key point for several reasons. Firstly, BRM is casgd of denser basalt rovings which implies that th
whole fibre surface will not be completely wettedthe matrix (mortar paste). Secondly, the behavafa
composite in a brittle matrix (mortar) implies thie fibres are held in the matrix solely by thegance of
friction. Thirdly, as a result, when the matrix rasmpletely cracked (stage Ill), only a part of thieole
basalt fibres are stressed working.

A key contribution of the uniaxial tensile teststlie possibility of obtaining the Young’s Moduli tfie
composites, which identifies the starting point limaid absorption such as a masonry strengthenistgray

in SRM mortar based composite (pre-cracking stagel) at the post-cracking stage Il (habitual wogkin
conditions in their masonry strengthening behayiour

4. Masonry vaults

4.1.Vault construction

A total of six barrel vaults (generated from a segtal arch) were built, using clay bricks and limertar or
bedding mortar (described in section 3.1) the atarsstics of which are similar to those observedortars
commonly found in heritage structures. A 10 mmiHiayer of lime mortar was used in the joints. The
geometry and dimensions of the vaults shown in &igcluded the load application line point at aqer of
the span (width or deep vault equal to 0.770 mm).

Load

Deep =0.770 mm

application

330

'

2980
3700

Fig. 6. Test lay-out and dimensions of the vaults.
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Two vaults remained non-strengthened (R1 and R2lewhe others were strengthened, on the extrados,
with externally bonded (EB) solutions: BRM, BRP, Rand SRP. The objective of this experimental
campaign was as follows: (i) to characterize baraeilt behaviour and to contribute to wider knovgeaf
strengthened and non-strengthened arched masonptuses; (i) to analyze the effect of EB reinfedc
mortar as a feasible strengthening solution; aifijltd undertake a comparison between the stresgtiy
options, separately assessed and compared witiothstrengthened ones.

The vaults were constructed in an environment wittontrolled temperature and at a set relative Hityni
RH [44 to 58}1 % and [17 to 22.5]+1°C.

The SRM and SRP strengthening solution (Fig. 7)sisted of two 120 mm wide with a measured final
strengthening thickness of Hhd 3 mm, respectively, with one ply of embeddeglsstrip. In the case of
SRM, a first 120 mm-wide layer of mortar was applavering the whole length of the vault, after ethi
the steel strip was positioned in the mortar andally, covered with the final mortar layer. Good
impregnation of the fibres was ensured throughloeitwthole process. Concerning the SRP, in thefleste,
three consecutive primer layers of SRP were applied, in order torionp the adherence of the organic
(resin) matrix and the brick substrate. Afterwartth® application of the matrix took place, the ksttgps
were placed upon it and, once again, covered Witsecond resin matrix.

Four spike-anchors were wrapped around the enchdi strip in both cases, SRM and SEER. 7) to
prevent debonding at the abutments. These anchosssted of steel cords inserted into a pre-drifietd in
the brick that was filled with a bi-component epagrylate styrene-free resin (MOEPSE-W from Index®)
acting as a chemical anchor. Half of the lengtkhefspike-anchors was introduced into the brick;dther
half was spread outside the brick over the strips.

N Bgp ¥
SRP execution

[ 3 \l‘—*’

Fig. 7. SRM (left) and SRP strengthened vaultsideta

The BRM and BRP (Fig. 8) were applied to the otimer vaults in a similar way. In both solutions, 207
mm-wide basalt ply eventually covered the wholdase of the barrel vaults with the strengtheningtem
that was around 15 and 3 mm thick, respectively.

The BRM lay-out firstly had a base mortar layerinprove adhesion and to protect the substrateylooh
the matrix mortar was applied. Afterwards, a 770 miche basalt ply was applied to cover the wholdaxg
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of the vault. Subsequently, a second layer of mosi@s applied, ensuring that the textile was pdsfec
embedded and covered. Additionally (as in SRM),rdmeaining four spike-anchors were also impregnated
with the mortar matrix so that they wrapped thealigdy at the springers.

Once the eight spike anchors had been placed itigggsapplication of the BRP strengthening systeegan
by applying three consecutive primer layers. Whengrimers had dried, a first layer of the resirrinavas
applied in a very fluid stage, in order to perrhi¢ torrect soaking of the basalt fibres (subsetyuapplied
to the 770 mm wide basalt ply covering the wholdeme of the vault). Finally, a second resin malaiyer
was coated, ensuring that the basalt textile waeqé/ embedded in the resin matrix. The remairfimgy
spike-anchors were also impregnated with the epesin (wrapped around the basalt ply at both sprsjg
An arched masonry structure is stable under a giwad condition provided that the thrust line, whic
represents the internal forces at every crossesgcts kept inside the central core (central thifdthe
thickness). When the thrust line moves outsidecthdral core, the formation and consequent opeoiirey
crack takes place and a plastic hinge is formed.dfipearance of successive hinges forms a mech#drasm
triggers the collapse of the structure [36]. Thkifa of the arch occurs when four hinges are fatme

Fig. 8. Details of BRP and BRM strengthened vaults.

The strengthening system serves to absorb theldessess that the arch would not have otherwise
withstood. Thus, the thrust line can lie away frtme thickness of the arch, increasing its deforfitgbi
capacity, and delaying its collapse. In the caseiofforced vaults, four failure mechanisms shdbktefore

be considered: masonry crushing, sliding at thegdsn debonding of the reinforcement due to forces
perpendicular to the surface and reinforcementidaigga[20-21, 37-39].

4.2 Vault testing lay out

The tests were performed at the same location wthereaults had previously been constructed, bynseé

a load application jack suspended from an adjustaistallic framework (Fig. 9). Abutment displacenen
was constrained by two metallic profiles locatetath abutments and tied with four rods.
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The vertical and horizontal displacement (causedheyappearances of plastic hinges and fissuréisein
reinforcement) slightly affects the original testogetry. For this reason the load was applied on a
sufficiently wide base (large) and through theacif a platen, continuously controlling its vealidescent
(Fig. 9). The load was positioned at one quarteéhefspan and was applied over the whole uppeaceidf
the affected voussoirs (linearly applied on the Mhault width) to provoke failure. The test coniéa up
until failure, using displacement control. The iegtspeed began at 0.3 mm/min and, afterwards, ten
registered displacement reached 10 mm, was in@ddas®6 mm/min. The applied load was measurecdusin
a 50 kN capacity S9M force transducer from HBM.

As shown in Fig. 9, during the tests, both the Zamtal and vertical displacements of the 5 vouss@is,
#20, #32, #44 and #61, as indicated in Fig. 6) wecerded using Linear LVDTs sensors. Data acdoisit
(software MGCplus from HBM) of the information weecorded at a frequency of 10 Hz, in order to obtai
an accurate picture of the failure moment. Besidestinuous visual inspections were carried ouinduthe
tests, for the control and recording of hairlin@oks, the formation of hinges, failure modes, &ie
experimental results are summarized in Table 6oantiched in Fig. 10.

Table 6. Summary of the experimental tests resdil#pplied load vs. vertical displacement in vours#a0

Voussoirs Nr. Linear Load Maximum Load Measured

| | Velrtical | VTrticaI Failure

Vault g .. nds - i - the s Load Displacement Loa Displacement
1‘H|nge 2"Hinge 3"Hinge 4 'Hinge [kN] i ﬁne load  [KN] in Iﬂne load Mode
[mm] [mm]

R1 22-23  35-36 6-7 61-62 3.0 0.28 4.5 0.9 Mechanism
R2 26-27 45-46  59-60 6-7 4.3 0.30 - - Mechanism
SRM 19-20 61-62 40-41 2-3 5.8 0.24 20.4 50.0 Mechanism
SRF 21-22 1-2 5.7 0.40 221 42.8 Joint sliding
BRM 19-20 3940 61-62 2-3 104 0.20 22.1 2.3 Mechanism

BRP 21-22 61-62 2-3 43-44 6.35 0.46 27.0 39.7 Mechanism
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The displacements summarised in Table 6 are thé&cakeones, as measured on voussoir #20 (Fig.r6), o
which the vertical testing load was applied, follogvsimilar procedures described in previous wdrkshe
authors [16-17].

4.3 Vaults testing results

In the non-strengthened vaults, from the first peakl (linear load stage), every vault is a différstructure
due to its particular sliding process, hinge foiorahistory, etc., which means that a structurahgarison
between the vaults is not strictly possible. Newveldss, the present investigation is mainly focused
examining the structural improvements, in termsladd-bearing capacity and ductility, due to the
application of different externally bonded strerggting solutions. R1 vault collapsed due to the &dirom of
four hinges that turned the structure into a meigmar(Fig. 10), observing load swings as a resulthef
settlements of the voussoirs, due to irregular lings of the bonding mortar. The sequences of the
appearance and the location of the hinges aremieska Table 6.

It should be noted that the back side of vault Bd & slightly delayed deflection compared to itsifrside,

in the back where a smaller number of cracks agpetiran the front; this non-uniform behaviour (athe
noted in other tested vaults) justifies the vieattthese barrel vaults not may be considered sianglees.
This fact could be due to: 1) a crack between wmiugel-35 already existed before the test; andr2nitial
slight deflection in the right haunch. Vault R1aafsiled with no large deformations (when companéith
strengthened ones), recording a total displacen{square root of horizontal and vertical square
displacements) of 6.0 mm at the collapsing loaetpdis final collapse configuration is presented-ig. 10
and the almost simultaneous appearance of all sisigeuld be noted in R2.

=

]

S
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Because of multiple failures during the testinggoess (load misalignments and interruptions in data
collection from some of the LVDTSs), the results R could only be considered up until its lineadstage

in Table 6 (omitted in Fig. 11).

With regard to the SRM strengthened vault, anahtitiial was performed to check the test configorgt
because of the higher loads that the SRM strengtheaults were expected to withstand in companigitim
the R1 and R2 vaults. This initial test finishedenhthe first hinge (Voussoirs #19-#20) appeared and
second hinge was expected at the right hauncheofdhlt, where a lot of cracking became visible.

Once the test set up was verified, the loadinghefuwault resumed until its final failure (Fig. 1@he first
trial yielded valid results that determined thestfipeak load and the characteristics of the litedraviour
response of the vault (Table 6): 5.8 kN vs. 0.24 omder linear loads and 20.4 kN vs. 50.0 mm under
maximum loads.

In the case of SRP-vault, the load at the firskpeas 5.7 kN while the maximum load was close thN\22at
the same time a linear and total displacement efldd application point was recorded of 0.40 a2® 4
mm, respectively. As may be noted, in comparisoth \8RM, the SRP solution resisted hinge formation,
although all mortar joints were cracked. Failureswhue to sliding at the load application point vahic
provoked the rupture of fibres. It is worth undeirig that both vaults showed similar behaviour uridear
loading stages and not so very different from neinforced vaults.

In the BRM strengthened vault, the first plastioge appeared in voussoirs #19-#20 (testing loaa) ates
worth mentioning that the basalt textile fibres &éroken in the area of the second plastic hingdI€T6),
which justifies the very low deformation of the BRMult, owing to premature textile failure (thigpast
was verified by testing an additional BRM vaultsuking, as before, in a similar low ultimate dem@ment

at loading point). Despite its higher stiffness @nlihear loads (10.4 kN vs. 0.20 mm vertical dispiment),
this vault formed 4 hinges and its failure mode a8® a mechanism (Fig.10). Furthermore, detachment
the left abutment appeared. It seems that the wemde of both brittle elements (matrix mortar aaddit
reinforcement) leads to a brittle tensile failufettee TRM in the second hinge and a general faiafréhe
vault with low deformations, as in R1. However, theel of the maximum collapse load is excellerft. {2
kN) and the stiffness of the global structure (slapthe linear initial loading Fig. 11 detail)tiee highest of
all the tests.

The main results of the BRP strengthened vaultlizezvise shown in Table 6. Note that some bricks
(voussoirs) fell out: #22 at the intrados, #21 aanhe others in the #40 to #43 voussoirs, whichespond
with the first and fourth hinges areas. Besides,dbtachment of the BRP strengthening compositetand
first, the third and the fourth bricks in the vooiss close to the hinges should be noted.

Finally, it is interesting to underline how all ttested vaults had a similar deformation valuegieerage of
0.31 mm) under a linear loading stage, which méhatthe vaults had similar ductile responses dfter
strengthening composites started working.

4.4. Discussion
The effectiveness of the retrofitting solutions atédsed in the preceding sections, mainly in termis o
additional load-bearing capacity and improved diigtiwvas analyzed in the experimental campaigg. EL
presents the structural behaviour of the vaultanegns of the load vs. vertical displacement lathatoad
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application point (voussoir #20). The SRM curveresponds to its second loading cycle, so it is craige

with the other tested vaults, and it also showauttimate bearing capacity.
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Fig. 11. Load vs. vertical displacements at logaliaation point.

Additionally, some of the horizontal and verticasglacements (voussoirs #3, #20, #32, #44 and #61)
three of the tested vaults are presented in Figintthe data are reported until the collapse ¢ftRgain a

better understanding and for an effective comparisiween the reinforced and the non-reinforcedtsiau
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Fig. 12. Horizontal vs. vertical displacementseatorded voussoirs.

From the content of Table 6 and Fig. 11, it magaie that every vault is a different structure,suese of its

particular failure mode (mechanism or joint slidiniginge history, EB solution applied, etc. The taan-
strengthened vaults (considered as a single grsh)ld therefore be compared with the four stresmgd

vaults, (also a unique group), and only the limesponse, load-bearing capacity and final deforfityaloif

both groups of vaults may be discussed.

16



Any comparison between the SRM/SRP and the BRM/BRBps of vaults would not yield reliable results
due to their different strengthening configuratiomterms of composite geometry (strip vs. textitepterial
properties (basalt vs. steel) and strengthening laad capacity (different cross sections). Soraparison
may only be made between SRM vs. SRP and BRM vB.BR

In general terms, all the vaults (strengthenedramdstrengthened) reproduced the first hinge (adwader
the area of load application) and second hingepedf at the same branch; with the exception of¢oend
hinge in the SRP vault (see Table 6), the failuoglenof which was completely unlike the other vautigler
analysis. The differences observed on the third taedfourth hinges could have been caused by inhere
heterogeneities in the quality of the masonry orshght geometric variations in the constructiord ars
order of appearance probably is random.

In the linear load-displacement law, the SRM/SRE BRM/BRP externally bonded vaults resisted over
50% and 300%, respectively (averaging higher lottd®) the non-strengthened vaults. On the contvetly,
reference to the maximum achieved linear displacénfading point), the behaviour of both the
strengthened and the non-strengthened vaults wites sjmilar, except in the BRP vault with the highe
linear compliance (lower slope). Pre-cracking (stagnder pure tension loads) of the EB composiietans
caused a similar ductile behaviour in the vaults.

It is worth noting that the ultimate loads capadityhe non-strengthened vaults strongly improvedter 5
times, in terms of their load-bearing capacity, erbey had been strengthened by any one of the four
solutions. The final (overall) deformability (ondtt in Fig. 11) of the strengthened vaults at tHéapse
stage presented a ductility that was over 40 tihigker than the non-strengthened ones. This washeot
case of the BRM vault. The BRP vault had a betierctiral response than the BRM vault, in terms of
achieving a higher load-bearing capacity and oVdrattility.

The above improvements in the strengthened vaialisirg stage at the highest loads and displacespent
implies that the strengthening system absorbedethsle stresses that the vault would otherwisehawe
withstood, thus avoiding or postponing the formataf the kinematic mechanism. The trust line can li
outside the thickness of the arch, thus increasingad resistant capacity and deformability.

The SRM/BRM/BRP strengthening solutions postponiedé formation while the SRP solution prevented
its formation, which meant that the eventual falunechanism was due to sliding between voussos [4
near the keystone. The SRM/BRM strengthening mastatems allowed us to predict the point at whineh t
future hinges would form, evidence of which weri ttracks that appeared on the mortar surfaceaferst
matrix than the polymeric one). Besides, in a farttomparison between the SRM and the SRP vaultis, b
presented a slightly better structural behaviouterms of regularity in the experimental laws @d and
displacement, than the BRM/BRP vaults, which dgwetbhigher shifts in their load vs. deformatiorelin
than the formers.

With regard to the strengthening lay-out, it shaoédunderlined that debonding of the strengthestrigs
ends could have occurred as they were not extealded) the abutments. However, no detachment of the
strengthened vaults was observed in the area heabtutments during the testing. This fact impied the
bonded area and spike-anchors at the abutmentssuéfieient to guarantee adherence between both the
strengthening and the substrate. A shear test batwlee brick work and the composite material would
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provide more information on the bond behaviour,chhtias previously been studied in [41-43], althoiigh
lies outside the scope of the present research.

Future research is needed to increase practitmordidence and to reduce the safety factors agsdcigith
these strengthening technologies. However, it cbaldstated that, the load-bearing capacity incresse
significant in all the strengthening patterns, dastrmating that the EB solutions are highly effeetiat
strengthening brick masonry vaults subjected tosynmetrical vertical loads.

To perform a numerical analysis of the tested gaigltbeyond the scope of this paper, although iaddit
comments and initial results are included, basedh@ study and previous works [44]. The majorify o
research has focused on novel masonry strengthaoiugons based on the FRP formulae [10, 45, 46]
which, nowadays, continues to be necessary (fample to investigate their adaptation to masonnyltéa

in greater depth.

The previous experience of the authors is basdtiense of the FE model and the DBS_ROOF tool @51,
the rigidblock methods applied by the graphic statics amdsibftware programmes are unable to model
reinforcements. In view of previous results for teetrados strengthening modelling, the FE model
reproduces the behaviour of arched structures iacaeptable manner, but especially in the earlgifga
stages (linear loading behaviour). However, in vidvwigher loads, and because of the high displaocésn
achieved in masonry structures, is quite compleahtiain a feasible agreement between experimenthl a
analytical results (load vs. displacement laws). &@ample, the type of contact defined by commeéfeia
software is unable to guarantee adhesion (aboeetairt load value) between the vault substratetaadEB
strengthening solution.

Table 7 includes some results from the applicatbrspecific non-commercial software for vaults and
arches, so as to approximate the present reseawdrds an initial analytical baseline. The analtic
approach was conducted using Ring 3.0 — LimitStditieh is based on the rigid block analysis mettibd,
most widely used method for masonry arches andts/alit evaluates the ultimate load of the striectur
using the principle of virtual works, which assuntieat the material behaves in a perfectly plastit @gid
way. As all masonry includes internal discontiresti(mortar joints), the rigid blocks method is adjo
approach that enables the location of the structdeformation to be simulated. After specifying the
geometry and materials of vaults, Ring 3.1 retdinesload factor, which gives rise to a thrust liaegent to
the thickness of the vault at four points (the ¢hitine).

Table 7. Comparative results between experimestahwalytical approaches

vault Maximum Load Measured [KN] Failure
Tested Ring 3.0 software Mode

R1 4.5 1.19 Well predicted

SRM 20.4 24.2 Well predicted

BRM 22.1 22.4 Well predicted

The results show good agreement in the collapderpabf three analysed vaults and in the load bgari
capacity of those strengthened with TRM compositéswever, Table 7 shows a high difference (over
400%) in its load bearing capacity in referencado-reinforced barrel vaults.

18



1 Conclusions

It is well known that masonry structures presertesrely complex bonds between their materials. For
example, the volume ratio of mortar/brick stronglifects their structural deformability [48]. Furthe
experimental research is therefore recommendedyaiimg the same materials and structural configuma
found in our heritage monuments, which forms théraaea for future research work by the authors.

The present research has shown that Steel andtBasaiforced Mortar (SRM/BRM) and Polymer
(SRP/BRP) are effective externally bonded compasitetions for masonry barrel vault retrofittingher
experimental campaign has shown that the four ceitgpanaterials are effective solutions for the
strengthening intervention, as they enable the mmgsstructure to carry substantial tensile stresses
prevent brittle failure. The structural respondesterms of load and deformation capacity, wereatjye
increased (except for the final displacement of BfRM vault that was similar to the displacementtioeé
non-strengthened vaults) and were similar to thasained with the strengthening solutions basedion
organic matrix (SRP/BRP). Moreover, the SRM/BRM avatapour permeability, applicable over humid
substrate, its lack of toxic substance emissioing, reésistance and ease of application and remiityabi
unlike SRP/BRP, should also be highlighted. Assailteit has been demonstrated that SRM/BRM islia va
alternative solution for the retrofitting of masgrvaults, where the use of traditional strengthgripstems
are limited, even though its mechanical performasc®t as efficient.

In addition, a spike anchorage system was intradiuceprevent premature debonding of the externally
bonded composites around the vault abutments, whicbnsidered an important issue. No debondirthef
strengthening materials (neither SRP/BRP nor SRNUMBRas observed in the presence of normal stresses
in that area, which underlines the effectivenegshefproposed solution. Nevertheless, the drilihgoles in
many protected heritage buildings or structures oftgn be prohibited and alternative proceduresessmnt

a further area of research. Additional strengthgréxperiments involving numerical analyses are also
planned, similar to the briefly described approachthis paper using Ring 3.0 software rather than
conventional FE software.
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