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Introduction are about 40 and 36%EC, 201%), respectively. In
addition, in Europe about 50% of the total energy
The largest part of the European traditional built stock consumption is used for heating and cooling as reported in
consists of masonry buildings and most of these did no{Pohoryleset al, 2020. In order to enhance thenergy
comply with the currenstandards for seismic safety and performance of buildings, a legislative framework has been
thermal efficiency. Specifically, in Italy, there are about 7 established by the EU, which includes the Energy
milion masonry buildings (Pittau et al, 20179. Performance of Buildings Directiy&PBD) (2010/31/EY)
Furthermore, according to the ltalidstitute of Statistics ~ as in(EP, C.E.U.2010 and theenergyefficiency directive
(Formisancet al, 2019 around 57% of the totaksidential ~ (2012/27/EY (EP, C.E.U. 2012 Furthermore, both these
buildings are masonry buildings. In addition, about 90% ofdirectives are amended by the directive on Energy
these are constructed before ningfidistrettaet al, 2019. Performance of Buildingg2018/844/EY (EP, C.E.U.
Based on the data provided by the European2018); _In fact, th_e psh for the thermal performance
Commission(EC, 201%), approximately 75% of the 'etrofitting came with the EPBD.
building realized more thanO5years ago is thermal Given the growing awareness about the
inefficient. In addition, according téMartelli, 2013 ~ €nvironmental impact of buildings, sustainable energy
Basu et al, 2014, about 70% of existing buildings are Management is being a part of the conservation strategy
seismically vulnerable in Italy. Therefore, considering the Of the historical and heritage buildingsdaa part of the
preceding two paragraphs it is patent that a huge part of théesign of the new constructions. Indeed, it can help
masonry buildings needs structural and thermal retrofitting. improve the thermaenergy efficiency and comfort as
The nature and thenvironment around us are hugely expressed byDe Santoliand Ambrosig 2014). Thus, in
affected and influenced by the existing building stock, inorder to obtain the refurbishment, preservation and
terms of energy consumptions and £nissions. Indeed, restoration of historicalral heritage buildings, it is also
this sector consumes arali®6% of the world total energy important to useustainale and ecofriendly materials.
and release®% of the total carbon dioxid@enzaret al, The durability of structures and the comfort of their
2020. With specific reference to Europe, thercenages  occupants depend on material characteristizsinternal
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thermcehygrometric ambient conditions as described in cut or chopped at various sizes, whereas the textile fibers
(Del | @&tak 2012a are used in mesh form and can be obtained by using one

The growing social awareness of building or more kinds of fiber. Figure 1 proposes a
environmental impact(Paris AgreementUNFCCC comprehensivelassification of fibers. Mamade fibers,
2015, the targeted sustainable goals according toobtained from materials like metals, carband glass,
(UN.SDG 2020, the improvement of the seismic present good structural performances. Sehéiberscan
performance required b(EN, 1999 (Eurocoat 8 and be applied in various composite systeragd are
the energyperformance standards likEN ISO 520161, expressedin the sectiondextile Reinforced Mortar
2017 have led the engineers to look for integrated (TRM) and FiberReinforced Polyme(FRP).
retrofitting methods and sustainable materials which can  Recently, the use of natural fibers, derived from both
be used for both thermal and seismic retrofitt{id) plants and animals, is baoing a new trend for
framework 2010/31/EU and 20MBI4/EU). In this sustainable retrofitting of buildings. For instance, sheep
context a key role can be played by fibers and integratedvool represents an effective animal fiber for retrifgt
retrofitting techniques. (Valenzaet al, 2015.

This study presents a stataf-the-art review of Different varieties of plant fibers have been used for
techniques for integrated retrofitting of masonry the same purpose in the last yedrRaw hemp fiber
buildings, with emphasis on those based on the use ofFormisancet al, 2017, hemp fiber mesfMennaet al,

fiber-reinforced composite systems. 2019, flax fibers and fabricg¢Ferraraet al, 2020, jute

(Formisano et al, 2019, palm oil fiber (Raut and
Fiber Classificationsand useof Fiber Gomez 2016, date palm fiber(Benmansouret al,
Reinforced Compositesfor Masonry 2014, banana leaves, reed, palm tree leaves and coconut
Retroﬁtting seedgAl-Zubaidi 2018.

As highlighted in (Bambach 2020, some of the
Composite systems ar e :bamterdl amd marmad® fibens ive bednp dorapareds in
Fibers and mortar. The former can be grouped into terms of stresstrain relation The former (jute, hemp
natural and mamade fibers. In gneral, they are used in and flay have nonlinear stresdrain response, while the
the form of either raw fibers or fabrics. Raw fibers are latter(carbon and glagsnainly behave linearlyFig. 2).

Fibers
\ Natural fibers ‘ ( Man-made fibers —
Animal fibers Plant fibers Mineral fibers Organic fibers Inorganic fibers
From ol [Fromithe Fromseed  From leaf From fruit Syrthetic Retenerated
sericteries hair bulb inner bark l l l fibers fibers
Silk Wool etc, Flax Abaca ) Basalt Asbestosis Acetate Carbon
Hemp iz (manilla) Coir Viscose Glass
Jute sisal Lyocell Metallic
Kenaf etc, etc,
Ramie
etc,
1 i [ I —
. - ] olyurethane
PO'YISIEVS Polyamide Polyacrylonitrile Polyolefins and othe fibers
Polyethylene ’\T*onngs
terephthalate Ar):)?natic Acrylic Polyethylene
polybutylene i modacrylic polypropylene
terephthalate p(a?,smi ds)

Fig. 1: Classification of fibers, elaborated frofAmaral et al, 2018;Deopuraand Padaki, 201®8Barbosaet al, 2004;Sabaet al,
2014;Saleenet al, 2029
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Fig. 2: (a) Natural andb) manmade fibers compositertanate (Bambach2020
Classification of Masonry Retrofitting Kaid-Harche (2020 used gypsum and natural fiber

Techniques retama monosperma to create composipaster
reinforcement materiakig. 4.

Structural retrofitting is aimed at protecting masonry  Furthermore,(Mustafarajet al, 2029 have used
buildings from external loads and, in particular, from polypropylene fiber for the reinforcemeptirpose in
seismic actions. The choice of strengthening method andnasonry Fig. 5.
strateg|es{|_mprovmg d_uctlllty or strength_ml_gm depend Ferrocement
on the building location and characteristics and on the

available budgetFig. 3). Ferrocement is a mixture of cement mortar and
It is possible to classify masonry retrofitting reinforcement elements, without any coarse aggregate

according to the following criteria (Sakthiveland Jagannatha@011). Figure 6 for typical

ferrocement retrofitting schem@Vanget al, 2019.

i) Techniquesused for retrofitting(See thesection Ferrocement is commonly used in the construction
Masonry Retrofitting Techiqueg sector(Nedwell and Swamy 1994). It has been found

i) Type of fibers (see the sectiorFibers used for that when it is put on the structure surfaces, it can
Masonry Retrofitting significantly enhaoe both the ifplane and oubf-plane

iii) Purposeof the retrofitting Structuralor thermal  capacity(Lizundia et al 1997, as well as lateral load
performance improvement(see the section CapaCIty(Ashrafet al, 2012;Ali Shahet al, 201-6
Masonry Retrofitting Structural and Thermal gpotcrete Sprayed
Performance Improvement
Shotcrete is a technique in which concrete, or mortar, is

Masonry Retrofting Techniques directly sprayed on the stiuce to enhance its strength
. capacity (Warnar 1996. In addition, it helps dissipate
Reinforced Plaster seismic energy, as stated (8habdiret al, 2018. A good

1 example for masonry application of shotcrete is reported by

Plaster is a composite material where clay, cement, . ;
P y r(Elgawadyet al, 2006 that have retrofitted botsides of a

lime, gypsum etc. are mixed with water, sand or othe ; )
reinforcing materials like fibers. masonry wall using shotcrete process as presenkégd in.

Plaster is used for both structural and thermal Banthia (2019 reports that there are prlmarllly two
retrofitting of masonry. Trmitionally, plaster is enriched processes that can be used for shotcrete retrofitiing
with steel bar and a thin layéElgawadyet al, 2004. wetprocess and the diprocess. In the former case,
New type of structuralimechanical and thermal shotcrete is readip use as a concrete mixture, while in
retrofitting plastering materials have been developed in:ﬂggggzgfast(:rrt]giti\;\ilgtes,rr:wsix?ggeed separately along with
the last yearsBasaranet al. (2013 have prepared two Shot }[/ inf i '” h and b
types ofreinforcing plasters using sand, Portland cement olcrele reinforeements usually -are mesh and bars
and fibers. Polypropylene and the steel fibers have beel‘Shab_dln et al, 201. _Actually, also filler or binding
used as additives for masonry structural reinforcement, materials like hep fibers (Yun et al, 2019 and

Very interestingly, have developed olifiber based S|I|cal_:ume.(Army, 1993 can be used in the shotcrete
clayeyplaster with improved insulatingapacity. It is a ~ SPraying mixture.
bio-based plaster prepared with clay, sand and olive The application of shotcrete in masonry, has been
pruning waste fibergleaves and branchesAizi and mentionin (Wanget al, 2018 andFig. 7.

43



Arnas Majumdeet al / Interndional Journal of Structural Glass and Advanced Materials Resea2¢h\&flume 5 41.67
DOI: 10.3844/sgamrsp.201.41.67

Seismic
stren_gthening

Increase strength

3
g

Increase strength
and ductility

Requifed seismic performance

Strength

Increase ductility,

Existing building

Ductility )

Fig. 3: Strategies for seismic retrofittif§eretti, 2019

T LT

et

11T

-

T T

et
0

TTTIT
it
13
Tt

Fig. 6: Ferrocement retrofitting schenfi@/anget al., 2018
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Fig. 4: Preparationof composite plastefAizi and KaidHarche
2020

Fig. 5: Polypropylene fibetMustafarajet al., 2020 Fig. 7: Shotcrete graying proceséWanget al,, 2018
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Application ofFiber Net fiber net reinforcemenffor example RP, TRM), this
type of connector as in is very important because it

A quite common approach for masonry retrofitting is n,ance the stability of the wall and helps to grip the
the application of a reinforcing net on the external wall g0 1esh on the two external sides.

surfaces. This net can be obtained using FRP or directly
open fabric made of varioudnds of fiber rovings, as Reinforced MortaRM) with Metallic Cross Strips

cited in(Osko.ueiet al, 2018 Dong et al (2019 have retrofitted UsRenforced
for x:z?;?;%znae]I'S(fgiﬁ?oPcaévnielgstgdgpmypmpylene net Masonry(URM) walls wi_th mortar and cross steel bars that
"o are placed diagonall{Fig. 13). Single and doubltaced
Grout and Epoxy Injection URM walls were strengthened and tested applying
low-cyclic load keeping the vertical load constant. The

Grouting is a process where any filler materials is improvement in shear capacis around 38.2%.
injected into the stmtural element that needs
retrofitting. The injecting materials mainly used are
cement(Vintzileou and Tassios, 199%and limebased
mortar(Almeidaet al, 2012).

As stated bylisfeld et al, 2016, through this process
the masonry walls can be retrofiteand restored,
keeping originality of the wall and improving the
structural performance.

Vintzileou et al (2015 have used the process of
grouting to retrofit a masonry building with natural
hydraulic limebased grout, after a seismic excitation in
an eyerimental testin (Christou and Elliotis 2016
(Fig. 9), demonstrated the installment of the grout
through rubber tubes in the wall.

Thelnsertionof a Reinforced Concre{®RC)
o ) Fig. 8: Polypropylene netfMustafarajet al., 2020
As reported in(Mistrettaet al, 2019, improvement

in seismic energy digsation capacity and ductility of
the structure can be also achieved through Reinforced
ConcretgRC) frames insertion.

Horizontal ConnectorgDiatong

Horizontal connectors, also known as transversal
connectors or diatons, are structural elements inserted
orthogonally into the masonry wall to connect its two
external surfaces and to strongly improve its shear
resistance. Traditionally, various types of horizontal
connectors made of timber, bamboo, reed and stones
have been used all around the world as hggited by
(Ortegaet al., 2017.

For modern masonry buildings, more advanced
transversal reinforcement elements or diatons are also usddd- 9: Groutingthe installment of the grout through rubber
(Mistrettaet al, 2019 (Figs. 10 and 1) They are made of tubes in the wal(Christouand Elliotis, 2015
two plastic anchoring parts that hold a fiber mesh or a
combination of stainlessteel micro cords and plastic mesh.
In addition, a specific mortar is injected inside the mesh in
order to create a real reinforced mortar transversal beam.

Mustafarajet al (2020 have created the transversal
connectors with by vapping the fiberglass around the
GFRP bar, as ifig. 12.

Generally, these horizontal connectors improve the
outof-plane bending and dplane shear resistance
(Siddiqui et al, 1996. In case of the application of a Fig. 10 Transversal diaton
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Fig. 11: Mortarinjection in thediatons cavity

(b)

(b)

Fig. 12 GFRP bar and fiberglass sheet wrapped to use agrig. 13: RC reinforcement scheme, taken fr@Donget al,
horizontal connectafMustafarajet al, 2020 2019
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TextileReinforced Morta(TRM) Tuff masonry walls were retrofitted with a
. . . . Cementbased Matrix-coated alkali resistant Glass grid
The Teth'.Ie Relnf?rc_ed MortarTRM) is obtained g tem(CMG + TMR) as reported byProtaet al., 2008.
embeddmg iber textilgFig. 14) in an inorganic mat_r[x. During the experiment different combination of innovative
TRM is also known as FabrlReinforced Cementitious

Cementitious MatrixGrid CMG are created and applied on
Matrix (FRCM) and TextileReinforced ConcretélfRC) as one or both sides of the tuff masonry wall PP
stated by(Kouris and Triantafillou, 2018 It is usually '

i o . . Babaeidarabasdt al (2014 have used layers &iber
applied on existing masonry structures to improve the'rReinforcedCementitious Matrix RCM with carbon and
mechanical characteristics. Many examples of this

technique can be found in the literature. mgrstgrr]riecq;ing::gtivg:fsmem to retrofit six unreinforced
A typical use of Basalt_ fiber mesh in retrofitting Akhoundiet al (2018ab) have also used textile glass
masonry wall is presented kig. 15. fib h bedded i tar 1 trofit the brick
Fossettiand Minafo (2016 have strengthened brick Iber meshes emvedded In mortar fo retront the bric

masonry column with Basalt Fib&einforced ma_SI_ORnI\;lM ny If;dne;db_ kwork walls h b d
Cementitious Matrix(BFRCM) Fig. 16 and steel wire strengthened brickwork walls have been teste

collaring with two different types of mortar. The first PY (Bermatetal, 2013. The walls were retrofitted with
type of mortar was prepared with hydraulic lime and Various combinations of TRM. They use various

sard, whereas the other one was composed with Portlan@@mbinations of single layer of glass fiber grid and
cement, hydraulic lime and sand. Portlandbased mortar, glass &b grid and limebased

Papanicolaouet al (2011 have retrofitted various mortar and carbon fiber grid and pozzetzased mortar.
masonry wallgbrick shear walls, beawolumn type walls ~ They also tested two wall samples, with double layered
and beam type wa)lsising five different types of textiles fiber grids embedded into lirdgased and Portlaroased
(Carbon, Basalt, flass, Polyester fiber and Polypropylene mortars. Other two sample walls are additionally
ne). C-FRCM was also tested IQ}}aeIIaet al, 2010 retrofitted withsix and nine fiber grid connectors.
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Fig. 17: Carbon mesh retrofitting masonry walls

De Santiset al (2019 the walls were tested
unreinforced and then the tuff and stone walls are
repaired and retrofitted on both sides with Steel
Reinforced Grout (SRG) strips and Basalt Textile
Reinforced MortafBTRM), respectivelyand thereafter
these walls were tested again.
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For the first one, a unidirectional Ultra High
Tensile Strength Ste¢UHTSS) textile was put on the
masonry wall, whereas for, BTRM retrdfitg, the
bidirectional basalt mesh was applied all over the
stone wall with transversal connectors. For botbesa
lime-based mortar was used.

To achieve the static and seismic retrofitting of
masonry wall(Fig. 17) (Bischof and Suter2014 have
sprayed a mortar mixture on single and applied
bidirectional coated carbon mesh strips.

Gattescoet al (2015 used five types of GFRP mesh
along with three different types of mortars in various
combinations to retrofit four different types of masonry
walls. The tansversal and longitudinal fibers impregnated
in resin have been crisscrossed to form the GFRP mesh.

Furtadoet al (2020 have retrofitted masonry walls
made of hollow clay horizontal bricks, by using
polypropylene mesh and stronGlass Fiber mesh
(GFRB along with M5 class mortar for plasterirgnd
steel connectors to anchor the textile mesh, &gi8c

Righettiet al (2016 have used GFRP grids with two
different dimensions along with lime based or cement
baaed mortar, teeinforce the historic Msonry,Fig. 19.

In (Barducci et al, 2020, FiberReinforcement
Cementitious Matrix(FRCM) is applied on a brick
substrate. The composites were prepared using basal
textile fiber coupled with four different mortar matrices.

Fibersusal for Masonry Retratting
Fiber Reinforced PolymgFRP)

All man-made or natural fiber reinforced with plastic
or polymer matrix material can be defined as Fiber
Reinforced Polymer or FRP, the nomenclature
commonly known among the professionals.

Considering its lightweight ral strength, the FRP
composites are widely used in civil engineering
applications, like new construction or retrofitting. See
(Smits 201§ for bridges,(Shamsuddoh&t al, 2013
for underwater steel pipelinéBuchanand Chen2007)
for concrete and masoy structures.

In addition, FRP are rust proof and have high
strengthto-weight and stiffnesto-weight ratios, as
highlighted by(Masuelli 2013.

The Glass Fiber Reinforced Polym@FRP, Basalt
Fiber Reinforced PolymeBFRP and Carbon Fiber
Reinfaced Polymer(CFRB, represent the main FRP
groups(Fig. 20 and mostly used for masonry retrofitting.

Figure 21 presents the constitutive laws of different
fibers in comparison with common steel used for rebars.

While automotive is still the main appli¢an field ©
of FRP, they are acquiring more and more importance

also in the construction sectokig. 22 and all the g 15 (3 and (b) GFRP retrofitting, (c) steel connectors
values are approximated. (Furtadoet al,, 2020
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@ (b)

Glassfiber sheet

Fig. 20: Fiber Sheet§Zhaoet al, 2017)
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Fig. 22: Fiber Reinforced PolymdFRP) composites global market, elaborated fr@ivR (2017

Actually, in recent years the use of natural fibers for the Glass fibers are predmantly used to prepare the early

masonry retrofitting has become a new trend to improver R pgng theapplication of GFRP to masonry retrofitting
the constructios sustainability.Codispotiet al (2015 is becaning quite common

have studied mechanical properties of Natural FRPs In (Marcari et al, 2007, tuff masonry walls were

made from natural fibers like Jute, Hemp, Flex and Sisal, . . ’ . .

whereas (Srinivasababtet al, 2009 hav% studied the prepared with tstorically mortar and retrofitted with
! " GFRP fixed on the walls with epoxy glUgivarajaet al

okra, sisal and banana fiber reinforced polyester. (2013 have strengthened burnt clay brick masonry walls
GlassFiber Reinforced PolymefGFRP Masonry  with GFRP externally, glued with epoxy resin.
Retrofitting Solid clay brick masonry sample walls were
retrofitted with externally bonded uniaxial and biaxial
Glass fiber, also known as fiberglass, is made of micro GERP fabrics ifMahmoodand Ingham2011). GFPR
fibers of glass combined with a plastic matfMasuelli  application requires first the surfaces smoothing, then the
2013. The glass fibers can be categorized into short fiberapplication of a primer epoxy coat. After this it is
particles, yarns angxtiles. As stated i(Bakiset al, 2002 possible to apply the epossaturated glass fabrich&n
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the glass fiber anchors are placed inside the predrilled
holes in order to apply others Glass fabric layer.

Kuzik et al (2003 have retrofitted eight concrete
brick samples with different dimensions but same type
and taracteristics of GFPR sheet.

Silva et al (2008 reported the use of polyurea and
GFRP to retrofit the walls. The concrete and clay masonry
walls were prepared with the application of Portland
cementsand mortar. Different GFRP grid reinforced
polyurea layouts, in either vertical or tmmmtal direction
and singleand doublesided layouts were used.

Stratford et al (2004 used the GFRP sheets to
retrofit two different type of masonry walls, made of
clay and concrete bricks. GFRP sheets are fixed on the
surfaces with epoxy adhesive.

Kalali and Kabir(2012 have used GFRP and epoxy
to retrofit a simulated Iranian style traditional wall
constructed with solid clay bricks and cement mortar and
both sides have been reinforcé&ily. 23.

Basalt Fiber Reinforced Polym¢éBFRP Masonry
Retrofitting

Basalt fibers are obtained from the volcanic stone
(Mahltig and Kyosey2018. The physical and mechanical
performances of the basalt fiber is superior to the ones of
glass fibers according {®ajaket al, 2019.

Zhou et al (2013 tested and retrofigd solid clay
bricks walls with Basalt Fiber Reinforced Polymer
(BFRP analyzing the mechanical performances pre and
post the damage tests. (bei et al, 2014, BFRP was
used to retrofit the wall specimen with opening using
mixed coriigurations. BFRP wasttached to the wall
using TGJ FRPpecial adhesive.

Fig. 23 Various schemes of the GFRP strengthened test
specimengKalali and Kabir 2012
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After some orsite tests on wall samples inside a mounted rectangular bars to retrofit solid clay brick
historical masonry building;,Tempesta2018 suggested  masonry walls.
to retrofit the building using BFRP and transversal Papanicolaolet al. (2011) have used one and two
element system, that provides grip to the basalt fiberlayered carbon FRRsonded with epoxy resin to retrofit
strip and stability to the structure. clay brick and stone block walls.

Padaluet al (2019 have applied BFRP composite Recently, (Alecci et al, 2019) have used carbon
wrap in various codiigurations aloag with epoxy to FRP and twecomponent epoxpased matrix, to
retrofit unreinforced masonry. A Rlirectional basalt repair previously tested and consequentlyndged
fabric has been used for this purpo$tadaluet al masonry walls.

(2020 have used epoxy resin to fix the BFRP to . - .
reinforce masonry wall. In this case also, the authors'\latural Fiber Retrofitting (Plant and Animal

have used bilirectional wesed fiber. Sourcep

Carbon Fiber Reinforced Polymer (CFRP The natural fibers are extracted from both plants
Masonry Retrofitting and animal sources. In the literature it is possible to

find several applications of natural fibers retrofitting
Carbon fiber is an organic fiber with @B micranetes that improve the structural and thermal insulation

diameter It is also known as graphite fibewhen there is  performance bmasonry.

more than 99% of carbdviasuelli 2013. It is a long chain Codispotiet al (2019 have developed a very extensive

of molecules tie together by carbon atoms, as stated irstudy to understand the mechanical performances of

(Bhattand Goe2017) and according téWu et al, 2020 it Natural Fiber Reinforced PolymeiidFRP), with the aim to

can be fabricated by fibrillation of acrylic resin. s_trengthen masonry. The authors have c_hosen natural fi_bers
CFRP is light and strong as stated (Masuell; like Jut_e, Sisal, Hap and Flax. Epoxy resin, polyester resin

(2013 and due its mechanical propertignigh strength, (_organlc naturg ce.mentfree mortar_ made Wlth pozzolana

excellent creep level, resistance to chemical effects, |OV\}|me and_ natural siliceous aggregatu?rganlc natqr)athat

conductivity, low density and high elastic modylusis are typically used for the matrix composites. The

suitable for new and historical masonry buildings NFRFepoxy NFPR""yeSte“and NFRCM were manutaured .
o . for mechanical tests. The tensile strength and Young's
retrofitting (Glnaslaret al., 2014).

Carbon fiber was commercialized &8  a n d CEgzldgulus of the tested fiber€odispotiet al (2015 also

hiah h il d4.in th . sthtddl that Flax fiber is the mosttahie for
higher cost, the CFRP was mainly used in the aviation,,q s cturingcomposite martia)sand useful for structural
industry until 1980, but currently given its lower cost and its

’ s > strengtheningin terms of strength and stiffnéss
excellent mechanical performance, it is widely used also in Rzt and Gomez2016 have shown the way to e
the building construction secttvlouritz, 2012. use the fibrous wastes derived from the oil palm

In the literatire there are many civil structural production process, as building materials. Main recycled
applications of CFPRRahmanand Ueda(2016 have ingredients which have been added to with mortar element
used unidirectional CFRP fibers to retrofit masonry. to create themixture, are the residue of oil palm dry
They adopted a wet layup procedure where -two biomass and the fruit bunche_s of the palm oll plan'y, which
component epoxy resin is mixexhd a primer layer is ~ are treated and transformed into usable products like Palm
first applied wherethe composite is to be bonded, Ol Fly Ash (POFA. The Oil Palm FiberOPH also
defined by(Lee, 2011). Epoxy putty(filler) have been d(_arlve from the same source of PQFA and weneeth
used to fill the cavities on the wall to have smootherW'th the mortar to fabricate the experimental samples.

. . . ) Furthermore (Benmansouet al, 2014 have mixed

surface for fiber application. Fiber strip was fully pal

. ; _ m fibers with cement and sand with the aim to
saturated using resin and thereafter applied on the wall.

. . produce and test new building insulating material.
Arifuzzamanand Saatciogl(2012 have conducted Interestingly, (Valenzaet al, 2015 have @veloped

experiments on a masonry wall retrofitted with double the mortars or plasters by using the sheep wool fiber
layered epoxy bonded CFRP sheets. The sheets wergixed with cement matrix. These authors have pointed

placed parallel and perpendicular to the bed joint. out that the waste wools might be used for this
Marcariet al (2007 also have used the grid andsso  purpose. Till date the hemp as natural fiber
GFRP strips and epoxtg retrofit tuff masonry walls. reinforcement material has been used both w (eut

As mentioned by(Hemeda 2018, the circular in piece$ as well as in mesh fornFormisanoet al
masonry stone columns can be structurally retrofitted(2017) have prepared mortars and bricks reinforced
against the seismic load using the CRPRiates. He  With hemp fibers and hemp shives respectively.
reports on the cases of a historical churci @ther Menna et al (2019 have focused their work to
monuments reinforced in this waylahmoodand Ingham  retrofit both tuff and clay masonry walls with the
(2011 have used pultruded CFRP plates and-sedace application of hemp fiber composite grid along with
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Pozzolanic and liméased mortar. The twisted hemp structural,thermal andntegrated retrofittingActually, the
yarns were impregnated in a flexible epoxy resin. In thisthermal insulation improvement due to the retrofitting
case the connecting L and T shape ties are also made ¢felds to the reduction of energy consumptions usethéo
several longitudinal hemp fiber cords strengthen and  building climate control.

hold the fiber mesh applied on the wall. _The integrated retrofitting represents the cases in
concrete and mortar retrofitting in the literature. Wal are enhanced by the fibers. A classification of
Recently, the usability of jute fibers along with lime fibers based on their different retrofittingeuhas been

mortar have studied byFormisanoet al, 2019 and  Proposed inrablel.

recently (FerrandezGarciaet al, 2020 have fabricated If natural f|pers are used.t'o improve _the mortar
the cement panels using recycle jute fibers from jutePerformances, fiber size and mixipgrcenage influence
bags, potato starch and Portland cement the results. In partular both structural and thermal

The olast " terial d fib it performances results are inversely proportional to
1€ plaster or mortar materials and Mhers miXIUre 5. gther and this phenomenon has been observed in
consistency and therefore their usalilis usually (Raut and Gomez 2016, for palm oil fiber, in

verified by the standard shakitgbletests as reported (Benmansouret al, 2014 date palm fiber and in

in (Rautand Gomez 2016 Formisanoet al, 2017, (valenzaet al, 2015 for sheep wool fiber. The correct
2019. In addition, other physical properties are yse of fiber in masonry retrofitting not only can improve
studied like Bulk density ir{Rautand Gomez 2016);  the structural performance of the masonry structures but
the water absorption i{Benmansar et al, 2014 it can also improve its thermal insulation and boost the
Raut and Gomez 2016 Formisanoet al, 2019 and  thermal performance of the building as whole.

the apparent porosity ifRautandGomez 2016). The plant and animal based natural fibers ability, to

The characteristics of building materials reinforced work as insulating materials depend on the capability to trap
with natural fibers directly depend on the size and thethe air in the fiber cavity, inside it or in the fibers matrix,
amount of the fiber used in thmixture, as discussed in notably in the case of fiber insulation panels, for example
the Section Masonry Retrofitting Structural and  the sheep wool fiseinsulation pane{Ahmedet al, 2019
Thermal performance improvement and formation of compact insulating layers in cases where
. . fibers are mixed with binde(¥alenzaet al, 2015.

Various FiberMesh Layouts When naturamineral fiber like basalt or mamade

In order to complete the fiber retrofitting inorganic fibers like glass and carbon are used &5 6iR
description, it is important to present a synthetic in textile form as TRM, these fibers can also |anu_ence
review of the possiblealouts. the overall heat transfer due to fchelr presence in th_e

In the literature it has been found that the application ofstructure, whereas to have a dgdlcated Improvement in
the fiber mesh or net and its size, usable numbers and ththe thermal performance, these fibers must be used along

layout combinations for masonry retrofitting can vary \t,ﬁlttakr‘mgﬁzr[ro?i?t?rg ”;ssu'rsélbr}ginn(gg;lr?ettoal azcglleeve the
depending on the mechanical performance that to be ting, '
A synthetic scheme of the possible masonry

achieved from the reinfoement. Figure 24 presents a i~ \ . X
syntheticreview ofthe possible cofigurations. retrofitting purposes of fibers is presentedrig. 27.

The presence of empty spadike window, doors  Stryctural Retrofitting
etc) in the masonry walls makes the structure vulnerable ] ]
towards the seismic everasdthe damage due to these ~ The manmade fibers have been predimantly used
activities coull be minimized by retrofitting the walls ~ for many years for structural retrofitting. Some of the

with FRPs(Fig. 25). examples are highlighted below.
The horizontal connectors are used in both FRP and GFRP retrofitted masonry walls as reported in
TRM retrofitting, some schemes are shownFig. 26.  (Sivarajaet al, 2013, were subjected to shodble

The number of horizontal connectqdiatong may vary  tests, exposed to a simulated earthquake event. It has
depending on the type and sizethé used fiber mesh been observethat the total seismic energy withstanding
andalso on the personal choice and as studied and testechpacity of the GFRP retrofitted sample is almost 20 times
in (Giresiniet al, 2020 to ensure an optimum grip of greater than the one of similar Aatrofitted sample.
the composite to the masonry. Stratford et al (2009 tested all the masonry walls
- subjected to a combination of vertical amgplane shear
Masonry Retrofiting Structural and Thermal load. The performance improvements are patent also in this
Performance Improvement case 65% Increase in loadapacity for the GFRP
Another way to desdse the various applications of strengthened clay walls, 38 and 63% for the concrete walls
masonry retrofiting with fibereinforced composite (lower value due to faulty production procedss reported
systems is to distinguish the purpose of the retrofitting. by the authorspo change in the stiffness and deformation
Indeed, the various fibers have beested and used for capacity of the specimens have been observed.
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Table 1: Fiber use irmasonryretrofitting

Type of fiber used

Thermal retrofitting
Thermal conductivity tests

Structural retrofitting

Mechanical tests

Structural tests

Possible integrated retrofitting

Jute

1. FerrandefGarciaet al
(2020

2. Formisancet al (2019

Hemp

1. Formisancet al (2017
2. Mennaet al. (2019

3. Sasstet al (2019

Oil Palm
RautandGomez(2016

Date Palm
Benmansouet al (2014

Sheep Wool
Valenzaetal. (2019

Banana, Reed, Palm
and Coconut
Al-Zubaidi(2018

Use of Garbon, Glass,
Basalt and Metal (Stee) as
1. TRM or 2. FRP materials
See sections

* Glass FibeReinforced PolymefGFRP

masonry retrofitting

* Basalt Fiber Reinforced PolyméBFRP)

masonry retrofitting

* Carbon Fiber Reinforced Polymer
(CFRP masonry retrofitting

* Structural retrofitting

1. Recycled Jute Fibéwaste
jute bag} + Portland cement
+ Potato Starch

1. Hemp shives + Hydrated lime

+ with and without cement
2. Concrete blocks made of
hemp shiveglower % +
hydrate lime + pozzolanic
material + hydraulic binder

Fiber + Palm Oil Fly Ash +
cement + Sand

Fiber + cement + sand
* better with lower fiber %

Fiber + Portland cement
* better with lower fiber %

Fibers + Prtland cement + Sand

* better with lower fiber %

1. Recycled JutEiber (waste
jute bagy+ Portland cement
+ Potato Starch

2. Plaster block madef Fiber
(of various sizes+ lime binder

1. Mortarmade of Fiber +
Hydrated lime

2. Brick-made of, Shives +
Hydrated lime + silicaand
+ volcanic sand

3. Concrete blocks made of
hemp shiveghigher % +
hydrate lime + pozzolanic
material + hydraulic binder

Palm Oil Fly Ash + cement
+ Sand

Fiber + cement + sand
* better with higher fiber %

Fiber + Portland cement
* better with higher fiber %

Fibers + Portland cement + Sand

* better with higher fiber %

1. Neapolitan yellow tuff and
solid clay bricks both sides
strengthened withlemp Fiber
Conposite

(HFC) and using botlpozzolanic

and limebased mortar

1. Textile Fabric + Mortar
2. FRP mesh + Epoxy
(adhesive, putly

1. Right choice of fiber size
andpercenage might satisfy
both thermal and structural
retrofitting

1. Concrete blocks made of
hemp shivegoptimum size
and % + hydrate lime +
pozzolanic material +
hydraulic binder

Right choice of fiber size
andpercenage to satisfy
both thermal and structural
retrofitting

Right choice of fiber size
andpercenage to satisfy
both thermal and structural
retrofitting

Right choice of fiber size
andpercenage to satisfy

both thermal and structural
retrofitting

Right choice of fiber size
andpercenage to satisfy

both thermal and structural
retrofitting

Can be achieved, when used
with thermeinsulating mortars
andor other insulation
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® © (h)

Fig. 24 Different FRP layout$a) and (b) Vertical bending coiiguration;(c) Shear cofiguration;(d) Complete cofiguration; (€)
and(f) Simple hybrid cofigurations;(g) and(h) Complex hybrid cofigurations

@ (b)
(© (d)
(® )

Fig. 25 Masonry wall structure with hollow space in the middle and FRP retrofitting schemes
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