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ABSTRACT

Many people live in adobe masenry (AM) constructions in sarthquake areas even if most of the
exisfing constmuctions are not enginested, thus prope to seismic damage. Therafore, seilsmic
refrofifting of existing AM stroctures is a critical issue. In this stody, experimental resals of
diagonal compression tests on 21 adobe masonry wallets, before and after the mstallation of
textile reinforced mortar (TEA) vwith either hemp or glass fibres, are presented. Hemp-TEM is
found to be more effective than glass-TEM in improving the shear capacity of AM, showing a
mean increase noshear strength and doctility of 253% and 260% in hemp-TEM-strengthened
wallets and 12% and 100%: in glass-TREM-strengthened wallets. The hemp textile allowed
commpatibility of the TEM to the masonry subsirate, preventing premanrs debonding and lecal
failare. Exparimental results are commpared to existing data on TEM systemns made of vegetable
fibres, evidencing a significant capacity enhancement throngh flax- and hemp-TEM systems.

Kevwords: Adobe masonry; Hemnp fibres; Experimental tests; Textile reinforced mortar; Shear
behaviour; Ductility.



1 INTRODUCTION

Adobe masonry (AM) is one of the oldest and most widely used system for civil buildings and
historical stmactares since 3000 B.C., even in seismic couniries lecated in Latin America, Africa,
India, Eastern Asia and Southern Europe [1-3]. Approximately, 15% to 17% of the weorld's
popualation lives in earthen stmactures, which represent, in scime regions, up o 40% of the
exisfing buildimgs, especially mn subnrks of high-density urban centres of developing coumtriss
4.5]. Indeed, this solution is often pursued by anderprivileged people who success in obtaining
a low-cost dwelling, not saldom erected by residents themselves without any quality contrel [6].
Furthenmore, such a simuctaral typelegy is characterized by high seismic vulnerability that
dramatically emerged over and over throughont recent history, frequently causing huge loss of
life [7-10]. Principal reasons lie in the combination of heavy inertia masses and low mechanical
strength, which is much lovrer in tension than in compression, which can produce sudden failure
mdes under earthguake loading. Neonetheless, it is noted that the quasi-brittle behaviour of the
earthen material and its ductility depend on the specific minetalogical properties at the micro-
scale, interaction’adhesion betwean el=ments at both meso- and macro-scales, and the type of
fibre reinforcement [11].

Within this framevwork, during last four decades many researchers from all over the world
were mainly mvolved i the complex challenge of (i) studying and, eventually, improving the
constrection mmaterials, and (i) identifying soengthening selutions able to combine cost
efficiency and performance effactiveness by means of specific experimental activities. Main
results from a literanure review on these topics are dealt with in the following section, with the
aim to highlight the research significance of the present stody.

1.1 Literature review

The term ‘adobe masonry” underlies traditional non-enginesrsd production practice of
bricks and mortar a5 well as constraction technigques. Bricks are mostly made by mixing native
soil and natural fibres according o local methods, whereas mud mortar with similar
compasition is used for jeints. Mumereus research smdies are available in the literature on main
aspects deeply affecting material mechanical response, such as soil mineralogical properties,
water and fibre contents, stabilizers, production and curing steps [11-27]. Binici et al. [11]
invastigated the mechanical properiies of mmd bricks made with different combinations of
fibrows waste materials and stabilisers. Those researchers concluded that, depending on the
matriz-fibre mterface, fibrows materials were able 1o improve the compressive strength of bricks.
The effect of fibre length and fibre fraction on shrinkage, compressive strength, flexural
strength, and shear strength was investigated m [12], comsidering four different soil
classifications with chopped barley sttaw. Flexural strength increased as fibre fraction increases,
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whereas enhancement of comprassive strength was observed for a fibre fraction lower than 1.5%
added to clayey siliy soil and clay sandy soil. Achenza and Fenn [13] found that stabilization of
earthen elements by means of natural polymers had a beneficial effect on their mechanical
performance due to reduction of porosity. A notable influence of fibre length on the post-
fractare response of earthen material with wool fbres under large deformations was found in
[17], whereas a crucial dependence of mechanical response on the rate of loading was proved in
[20] with refersnce to hemp-fibre addiction. A comprehensive study om the influence on
uniaxial performance of adobe bricks depending on multiple variables, such as water and fikre
confent n the mixniwe, srain rate, soil constiments, and oaring conditons, was addressed
throngh experimental and nummerical smdies by Li Piand and his co-authors [24-27]. Those
reszarchers found that high fibre contenfs can cause panperization of mechanical response of
adolbe materials duoe to enhancement of porosity. Moreover, high sensitivity to leading rate
depending on water confent was revealed and meodelled by means of proper rate-dependent
numerical madels.

The effectivensss of different remofiting techniques has been addressed in literamre mainly
via experimental {seismic) shaking table testing on reduced-scale prototypes. Meli et al. [7]
carried out an experimental study on the efficiency of different soengthening methods by means
of seismic shaking tests on reduced-scale adebe houses. Those researchers idemtified in the
weldad mesh reinforcement the more viable solufion, althouzh a deeper mvestigation was
needed. Techmical procedures for seismic performance upgrading of monumental adobe
structures were proposed in [2] based on the results of shakdng table tests on both small-scale
and large-scale prototypes reinforced with horizontal sivaps and bond beams. The effectivensss
of plastic mesh reinforcement was assessed by Blendet ot al. [28] through shaking fable tests on
a full-zcals physical model of an adobe building. The unreinforced specimens suffered brittle
failare, whereas the reinforced ones developed a satisfactory seismic response, allowing the
suthors to state that the best solufion was representad by mesh placed on both sidss of the walls
installed with mud plaster. Alternative low-cost strengthening tachnigues based oo mabber straps
a5 post-tensioning system on the wall wera investigated through shaking table tests en 1:10
scale masanry house in [20], proving to be 3 viable selution. Dewling and Samali [30]
developed lovw-cost, low-tech reinforcement systems for adebe stractures. Different selutions
were applied to U-shapad adobe walls subjectad to seismic loading. Test results indicated that a
major mprovement in stmactural performance was achisved using 3 grid system made of
external'internal vertical and horizontal reinforcemant (2., bamboe canes or wires connecied
1o each other by ties placed m pre-drilled heles), and a timber mng'crewn beam that restraimed
movemsant and enhanced the selsmic resistance of the structure. Charleson [31] proposed
seismic strengthening of earthen houses using straps out from nsed car tires, delineating a



promising trade-off betwean very limited cost and seismic performance enhancement based on
the results of shaking table tests. Shaking tests on a full-scale adobe housing profotype were
performed m [32]. The damaged prototype was repaired by injecting cracks with 3 mad groat
and tested again under the same dynamic moticns. Test results indicated that the repairing
technigue was not adequate because only a reduced part of the original strength and stiffness
were restored. Therefore, crack injection was found to require combination with strengthening
systemns. Torrealva [33] performed shaking tabls tests to imvestigate the efficiency of biaxial
zeogrids placed on both sides of adebe walls, connected fo each other through wall thickness,
and plastered with earthen mortar. That strengthening system drastically reduced the seismic
vulnerability of earthen specimens. A similar study was presentad in [34] wherein the effect of
shaking orientation on response of specimens was also investigated, before and afier
strengthening with geogrids. Test results showed a considerable reduction of the seilsmic
vulnerability of adebe wall stroctures. The efficiency of combined repair-strengthening
technigues an & full-scale adobe dwelling was experimentally smdisd m [35] by means of
shaking table tests under savere excitations. The as-built configuration was iniially subjected to
test, Then, the damaged model was subjectad 10 both sealing of cracks via mmd grout injection
and swrengthening by an extemnal reinforcemsnt made of a cheap nvlon rope mesh extemally
bonded to the walls, and subsequently re-tested That combined regofit technigue prevented
excessive stuffmess degradation and swmength, Seismic behaviouwr of wnoremmforced and
polypropylens (PE)-band refrofitted two-story masonry stactures was evaluated through
shaking table tests on reduced-scale specimens in [36]. The strucmre remofitted with PP-band
meshes showed a performance enhancament.

The above-mentioned experimental tests confirmed post-earthquaks damage assassmments
highlighting that AM tmildmgs frequently suffer local faillure modes [37], inchnding out-of-
plane mechanizsms of load-bearing walls and separation between orthepenal walls at building
corners, due fo poor selsmic defailing (insffective connections betwesn orthogonal walls and
lack of rigid floor systemis). Less frequoently, in-plans failore modes have besan observed,
generally related to a box-type global response of the building. which may effectivaly activate if
local failore modes ars prevented. In such a case, the mmprovement of shear strength and
displacement ductility of AWM walls apainst in-plane lateral actions becomes of paramount
importance. Thuas, both in-plane strength and ductlity of walls sipnificantly contribates to the
seigmic response of the whole structure, so the mitigation of selomic vulnerability sheuld be
based on prevention of local mechanismos and improvement of swch capacity features.
Wonetheless, fewer experimental stadies focnsing on the in-plane mechanical behavieur of
unreinforcad and strengthened real-scale AW walls and wallets under static loading have been
found i literature. Cyclic test on real-scale adobe walls were carmied owt in [38], firstly in the



as-puilt configuration; then, injection of hydranlic lime grout and application of synthetic mesh
incorporated in the plaster were exeqated. The sohation proved to be very effective, restoring
imitial sfiffness, mcreasing lateral strength and dwctility, and aveiding brittle failure modas.
Turanli aond Saritas [39] presented an experimental investigation on the use of stmaw fibres,
additves {i.e., flv ash) and plaster mesh by diagonal compression testing of adobe wallets.
LSpecimens vwere divided into three groups with adobs blocks having different sodl mixture, with
and withont mesh in mertar bed joints. Experimental results highlightad that the sdditon of
either straw fibres or fly ash inte adobe blocks enhanced the mechanical performance of wallets,
whereas the use of cheap plaster reinforcement mesh in mortar bed jomts ncreased both
strength and energy absorpiion capacity. Figuerede et al. [40] carred out cyclic tests on real-
scale walls that were repaired through lime oo injections inte cracks and vrere strengthened
via synthetic mesh fixed to the wall. Such a retrofit seluton significantly improved the seismic
performance of the adebe walls. Uniaxial compressive response of Chinese traditional adobe
blocks and masonry prisms different for clay-silt contents was ovestigated m [19]. Masonry
strength was not very sensitive to maortar soength and equal to abour half of block strength
Diagonal compression tests on twelve identical vmremforced AN wallets were carried out in
[41]. Sliding shear failare was observed with high dispersion of results in terms of both shear
strength and soain, Static cyclic tests on an unreinforced half-scale adobe building were
performed m [42] undl significant cracking damage was observed. Then, cracks were injected
by clay-based grout composed of the same soil of the AM materials and re-tested. Grouting
proved to be & repair technigue capable of partly restoring the initial stiffness and load-bearing
capacity of the AWM building. even if some technological issnes weare identified m the realization
due to small width of cracks.

1.} Research significamce

In recent years, research studies on ssismic volnersbilicy assessment of earthen buildings
have imcreased alse n Italy, where such constmactions represent a non-negligible pertion of the
exisfing building stock in several regions [15, 43). Among Ifalian regions, Sardinia island is
currently characterized by the largest nuanber of earthen dvrellings, which represented the
majority of the earthen constractions untl the middle of the last century [44] and were usually
made of adobe masonry. Sardinian adobe bricks vwere obtained by pressing a mixture of soil
water, and stravw, into specific prismatic formvroris and then exposed to namral drving (ie.,
combinad air-sunshine action). Stabilization of the adobe bricks” mixture was ensured by dung
and urine in the past, whereas, more recently, cement and'or lime were added [1]. From a large-
scale point of view, adobe structures in Sardinia vwere constrocted based on traditional practice
rales without any design Cmly in the last decade, adobe tnildings located in Sardinia have been
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designed according to recent Italian code provisions [43—47] mcleding simplifisd safety checks
1o earthquake actions.

The presemt study is part of a broad research programme focusing on assessment and
mitigation of the seismic valnerability of existing Sardinian adobe buildings [3, 44, 48-50]. The
mitigation sirategy is hersin dealt +ith at structaral component scale by means of an
experimental campaign consisting in diagonal compression tests on AM wallets, before and
after the insfallation of a strengthening system based on externally bonded textile reinforced
mortar (TEM). Such imvestization aimed at the evaluation of the srengthening efficisncy of
TEM on the in-plane response of AM walls, partionlarly in terms of stength and ductlity,
which represent key parameters for seismic performance of the whele building, provided that
local mechanisas (e g., due o scarce commections of consacutive walls) are prevented. Tvo
different solations for mortar reinforcement are considered as follows: (1) an innevative hemp-
varn grid, made of namral low-cost sustamable fibres and characterized by neon-mdustrial
produoction resulting in high variability of mechanical properties; (2} commercial glass-fibre
meshes, which are nsually adopied for masonry smactures due to their good performance and
moderate cost, as well as the availability of several desizn puidelines [31-53]. The viability of
both hemp- and glass-texfile remforced morfar (here abbreviated as H-TEM and G-TEDM,
respectively) as soengthening system for adebe masonry stmactures is discussed in the following.
After that the experimental programme is described, test results are presented and compared to
those available in the literafure, allowing some usefiul conclusions to be drawn.

1 EXPERIMENTAL PROGRAM

The experimental programme consisted of diagonal compression tests on both unreinforced and
strengthensad AM spacimens. Major metivatons behind this kind of tests to investigate the
shear-compression behavionr inchided the minimal dismrbance due to handling of spacimens,
limited cost and duratien for set-up preparation, ability to provide wvaluable estimates of
mechanical properties wsed in analytical models (2 g [34]), and possible comparison with an-

site tests parformed on existing masenry constructions.

2.1 Materials

The constiment materials, namely adobe bricks and mmd mortar, adopted for constmaction
aof AM wallets were already used in past studies whersin mers defailed mformation abowt
characterization procedurss can be found [44, 48] According to traditional Sardinian
construction practice, adobe bricks were obtained by mixing native soil with water and straw
fibres, following a completely non-mdusirial manufacmring process based on the Sardinian
workers’ expertise. Density and water content of the soil used for bricks were 2.68 g/iom® and
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by weight: 26 0% of clay and silt (grain diameter d, <0 0.075 man), 70.1% of sand (0.073 mm <
d, < 2.75 mim) and 3% of gravel (4.75 mm = 4, < 75 mm), in mne with the typical ranges of that
region. Accordingly, seil was classifisd as clayey-silty soil. Water and soil were firstly mixed,
then randomly oriented straw fibres with different dimensions were addad. Subsequently, some
water or soil was introduced, based on the mixture appearance evaloated by the mamufacturer.
Begarding straw fibres, a typical range of the fractien by weight in Sardinia is [0.5%, 3.0%],
whereas the maximuom fibre length is 100 mm. For the adopted adobe bricks, on average, straw
fibres had diamater equal to 3 mmm (with ceefficient of variation CoV = 7%3), 70 mm length
(CoV = 34%) and 0.64% percentage by weight (CoV = 21%). The final shape was achieved by
filling a prismatic wood fommvwark characterized by internal grooved surface. The mixmare was
pressed by hand until a certan degree of commpaciion was reached, alse in this case without any
measurement. The et brick was left to dry to the sun. The resulting adobe bricks (see Figure 1a)
had a mean wnit weight of 1630 EN/m’ with CoV = 2%. Mud mortar, used for both TASOOrY
joints and TEM matrix, had the same soil composition of earthen bricks bat withoat fibres, as
typically made in Sardmian adebe maseury [B, 44, 48], Mevertheless, a different amount of
water was added during mixing operations until 2 20% optimal water content by volume was
reached, in mne with wend from the literatre [19].

Uniaxial compression and three-point bending tests were carried out to assess mechanical
properties of both adobe bricks and mmd meoriar. Specifically, compressive standard tests [35]
were performed on § (for mortar) and 36 {for bricks) cubic specimens, from which mean vahies
of compressive strength () equal to 0.50 MPa (CoV' = 14%) and 1.08 MPa (Co'V = 36%) ware
derived hean Young's modubus (E) associated with a siress level of 1/3F was found equal to
40 MPa (CoV = 40%) and 143 MPa (CoV = 47%) for mortar and bricks, respeciively. The
obtained performance in compression is partially not n mne with findings of several studies
from the literamre [24, 27, 30, 36]. As mentioned above, bricks and mertar are characterized by
similar mixing, except for straw fibre inchision that characterizes only the bricks. According to
those smdias, the presence of straw fibres in the mixmire of adobe bricks reduces their strenpgth
and stiffness dos to the sipnificant ncreass in material betsrogenaity, with wesk interfaces in
tha so0i] marrix. As a result, compressive strength tends to decrease by increasing fibre content
MNevertheless, in some cases, fibres addiction canm result imte & commpressive strenpgth
enhancement, essentially depending on seil composition [12]. This was the case of the material
nzad in the present study, as confirmed in previews investigations on the same material [44],
which is typical of Sardinia. A further possible reason for such result may lis in the fabrication
process that includes a pressing phase of the soil-wrater-fibres mixmre withm the woeoden
formwork, acting in the direction of a petentially dacreasing number of voids, hence improving
interlayer bond. Standard three-point bending tests on specimens with size 40=40x 150 mm’, in



compliance with the European standard EN 101 3-11 [57], were camied out for the evalnation of
tensile properties. Spechmens representative of brick material were sampled fom the criginal
units, whereas they were moulded into standard formwork for mertar characterization. A tofal of
8 tests were performed on mud mortar and 3§ tests on adobe bricks. It is noted that & larger
numrber of experimental tests ware systematically conducted on bricks in ordar to properly take
inte account the further source of varlability in mechanical response due to straw fibres with
respact to mud mortar. On average, tensile strength () of adebe bricks wras 0.58 MPa (CoV =
36%3) whereas a lowar valae (f = 045 MPa with CoV = 20%:) was obtamed for mud mortar, as
expected due to the absence of fibre reinforcement.

The glass fibre reinforced polymer (GFEP) zrid was a biaxial alkali-resistant glass coated
net with approximately 25 mm spacing, 225 g-‘m: unit vreight, aud 1.77% ultimate strain (Figura
1%). The grid was coated with a mixture based on 8 medified acrylic polymer. The mechanical
properties, particularly Yeung's modalos and tensile strength, wrere provided by the supplier in
terms of mean values E = 1276 MPa and f = 72000 MPa, respectively. It is noted that the
supplier of the glass fbre grid did not provide dispersion measures of relevant properties.

The other reinforcing grid (Figare 1c) was a bidirectional 20=20 mm’ mesh of hemp cords
impregnated with a low-viscosity epoxy 1esin, according to the on-site procedurs described in
Section 2.2, The production precess aleng with the experimental assessment of main
mechanical properties for the zingle cord are described in detail in [38]. The single smand was
obtained by twisting three hemp vams, resulting in 3 final cord size of 3=400 tex. The dry hemp
cords in their final twisted configuration were manufactured and supplied by Stabilimento
Militare Produzione Cordami (Agenzia Indusirie Difesa, Italy). The final resin content of each
impregnated hemp cord was approximately T0% in volome. Given that the derivation of the
actual sivess for the hemp cord is not straightforward due to its dismeter variability cansed by
resin nmpregnation, the tensile strangth of the grid was experimentally obrained in terms of force
per unit length of remforcement. equal to 20 EN/m (CoV = 15%). Sonilarly, Young's modulus
of the impresnated hemp cord was derived from data on the dry cord by assuming values of
volumetric resin fraction that ranged betwesn 6300 MPa and TO00 MPa

Table 1 summarizes the main mechanical properties of all materials wsed i this study
Specifically, the mean wvalue and CoV of compressive strength (), tensile strength () and
Yenng's modubug (E) are provided.
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Table 1 — Mechanical properties of materials.”

Material . (MPa} S (MP2) £ (MPay*t*
Adobe bricks 108 056 143

[36%a] [36%] [40%3]
Mostar .50 0.45 44

[14%] [20%] [47%a]
Hemp prid - 20 ENfm*++ f500-T000

- [15% [ra]
Flass grid - 1375 T2000

[ma] [ma]

¥ Faluer in rquare brackers are the cogfficient of varianon of the mechamical praparraz, if availahla.
% Foung's modnius ar ene-rhivd o the peak smengm.
®¥2x Tensile siremgth of the oid in revms gf farce per et length af reifarceniens,

2.1 Description of specimens

Orverall, twenty-one wallets were manufaciured and fested. All specimens were made of straw
fibre-reinforced adebe bricks (200=200=100 mm’ in size) and mud meortar jeints with thickness
equal to 10 mum. Mertar had the same compeosifion of adobe bricks but without fibres. The
wallets consisted of twro-leave adobe masonry with noming bend configuration and tofal size of
410=1230=1230 mm’ {Figure 2).

After fabrication, the specimens were egually divided inte three differemt groups. The
former was compeosad of unreinferced masonry wallets (BB series) and was tested withowt
any strengthening svstem to simulate the as-built mechanical behavioar. The second group of
spacimens (HTEM series) was characterized by double-side swrengthenad wallets with H-TEM,
whereas the third zroup of specimens (GTEM series) consisted of double-side G-TEM
strengthensd wallets,

The application of the TREM system (Figure 3) to each adebe wallet was carried owt
according to the following steps. After the external faces to be strengthened were moisienad a
first mortar layer (with thickness aqual to 10 min) vwas applied and then the grid was placed and
lightly pressed aver fresh mortar. Finally, the face was finished by covering the grid with a 10-



mm-thick szcend layer of mortar. The total thickness of TEM system on each face was then
aqual to 25 mmn.
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Figure ! - Geomery and lavout of vimreinforced specimens: () frental and ransverse sections
and () pictore.
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Fizure 3 — Schematic representation of TEM sirensthening systems.

Concerning the installation of the strengthening meshes, commercial glass-fibre grids were
directly embedded in the mertar without any preparation; conversely, the hemp-fibre grids
required a rigorons on-site fabrication. A 1300=1300 mm” wooden frame was firstly assemblad.
Then, nails wers hammered on it with 20 mon spacing aleng both warp and weft directions,
acting as support and guide for all the on-site hand-mads grids. Thus, starting from the hemp
yvarn, the workers were able to manufachure the mesh by fixing and stretching the cord on the
installed nails. Finally, a superficial coating with environmentally sustainable epoxy resm was
applied, mn order fo prevent fibre degradation and o crease matrix-grid bond [59]. After curing,
the grids were cut into square sheets of 12301230 mm” and installed. Accordingly, each wallet
was strengthened on each side through a single mesh withour any everlapping nor mechanical
connaction between TEM matrix (ie., mad mertar) and zrid. Main steps of the above-described

procedure are summarized in Figure 4.
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Figare 4 - Hand-made arrangement of H-TRM zrid.

2.3 Test set-up, instrumentation and loading procedure

The masonry specimens were subjected to diagonal compression tests by means of the
portable closed system schematically depicted in Figure 3a. The compression lead applisd along
the diagonal plane of the wallet is the reaction force to the elongation of the hvdraulic jack due
to the double conirast. In ordsr to prevent local siress conceniration in specimen cormers
(resulting in possible premature crushing of the wallet), steel lpading shoss were interposed
bermaen the hydranlic jack and the specimen on ons side, as well as between the specimen and
the conirast system on the opposite side (as suggested m [G07). The absence of a gap betwaen
spacimen and steel shoe was guarsnteed by filling with fast-setting, shrinkage-fres mortar. The
loading system was directly applied to the specimen into place of erection and, once installed, it
was self-bearing (hence with no need for external supporting structhares) and ready fo use. To
allerar this, each specimen was erected on a rigid support block with proper height abave ground.
In line of principls, the support bleck provides balance to salfoweight of the specimen hence
penerating some state of normal (compressive) stresses within the spechmen. However, it is
expected that those stresses do net sipnificantdy influence the mechanical behaviour of the
wallet in the region of interest {Le the central part of the specimen), also due to the lack of
vertical contrast on top of the specimen. Furthermaore, to avold eventual panel-suppart friction
affecting overall deformations, several layers of lovw-density foam material vwere interposed
berween the specimsan and the support block., A picture of the installed system is shown in
Figure 5b. The experimental set-up was selected because it strongly reduces distarbance of the
specimen due to handling and transportation to laboratory, which a particalarly relevant issue
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for adobe masenry. Furthermore, the portable loading system was able to notably reduce efforts
and time for testing execution and preparation, thus allowing both laboratory testing and on-site
testing of existing masenry strucmres.
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Figure & — Experimeantal set-up adopted for diagonal compression tests: {a) identification of

components and (k) pichare of specimen

The tests were carried out by applying diagonal compression with displacement confrol at a rate
of 0.0]1 mim's untl approximately 25% drop was observed with respect to the maximum
recorded load on the post-peak softening branch of the force—displacement diagram. The testing
machine was characterized by significant loading capacity (i.e., 500 EN) and total stroke of =75
mm. In addition to the global confrel of the applied displacement and load, a proper
instrumentation sat-up was installed on each side of the wallet to measure the relative in-plane
displacements along specimen diagonals (i.e., shortening and extension). Such a system was
compased of four linear variable differential mansformers (LVIDNTs) with gange length g = 400
mm. More in detail, two LVDTs were installed on each side accerding fo the scheme reported in
Figure $a. The displacements parallel to compression loading were tagged as 4X) and A% on
sides #] and #2, respectiively, in line with the nofation n ASTM ES519-15 standard [§0].
Similarly, perpendicular displacements were tagged as A7) and AY ..

2.4 Data processing

The experimental response can be thoroughly wmderstood through shear stress and shear strain
{r— 7} acting in the cenfre of the wallet properly derived from force and displacement vahies
recorded by the instrumentfation system. Specifically, force readings were processed according
to RILEM TC 76-LUM guidelines [§1] (abbreviated as RILEM hereinafter) and ASTM E519-



15 stamdard [80] (abbreviated as ASTM), which are based o different theoretical modals fior the
interpretation of diagomal coonpression tests. The RILEM zuidelines make use of the Frocht's
salutieon for a homogenecus slastc isetmopic shell [62], assuming a non-uniform flow of shear
stresses along the loaded diagonal plane of the wallet. Conversely, the ASTM standard assumes
a pure shear condition, resuling in a uniform distribution of shear stresses which (in absolate
value) narn ot to be principal tensils and compressive siresses. Based oo these assumpfions,
shear sirasses (Tnim, Tisny) I the centroid of the wallet were obtained through Eqs. (1) and (2},
respactively, for the fwo fest interpretation maodels [63], where: F is the value of the racerded
diagonal compressive load cormesponding to the impoesed displacement; and A4 is the zross
section area of the specimen. Such an area was computed according to the ASTM standard, as
reported in Eq. (3), whese: w, &, 1 are respeciively the width, height, and total thickness of the

specimen; and » is aqual to 1 because the specimens had a solid cress section.

F 4]
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The average value of the displacements separatsly read by the LVDTs (ie., parallal and
orthogonal to the compressive load) installed on both specimen sides were divided by the zage
lengzth (g}, in order to obtain axial strains £, and £, along shortening and extension directions,
respectively (see Eqs. (4) and (3)). The nominal average shear strain () of the specimen at each
displacement step of the test was then computed as the sum of the afore-mentioned strains (as
expressad by Eg. (6)).

o, + A%, (4
E, - iz
AY, +A4Y, (%)
™
Ve +E

P TR, ()

Finally, for each fest, the ry relationship betwresn chear stress and shear sirain was
abtained for both BILEM and ASTM models from the experimental records processed
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according to Eqs. (1) — (&) Based oo each —p diagram, the main capacity features of the wallat
were defined as fiollows:
= ... peak shear stress according to the selected zuidelines (i.e., sither RILEM or ASTM);
= . cracking shear sramn, assumed to be o, =007,
= 1. elastc shear strain, asswmed fo be associated with oo
= (7, elastic shear modulus, defined as &= 1./ 7%
» (7 initial shear modulas, defined as secant modulns associated with 0.250,..;
=y, nliimate shear strain, correspendng to a 20% siress drop on the post-peak sofiening
branch of the v—y diagram.
Accordingly, for each response curve (), three performance levels (PLs) were identified
as depicted in Figure &, namsly: cracking onset (PLL), comesponding to (7. 1.0 peak strength
(PL2), comesponding 10 Ty, and ultimate it state (PL3), associated with p.

Lz

FLI : Crkang
FLI : Mbaimsmm shews
FLE : Lhimmie Lirsil Slake
-
Ie Vinern Ya 1

Figure 6 — Shear soess versus shear strain diagram and performance levels,

The ductility factor p. accounfing for energy dissipation capacity of the wallst was
computad as the ratio of the ulimate shear strain to the elastic shear stram (1e. p. =3, ). It is
ernphasised that the definition of the ducrtility facter is wot univecal as evidenced by various
approache: currently available in the literature for the identification of both elastic {3) and
ultimate (3,) limit shear strains. The lattar stram is nsually associated with a shear stress drop
afual to 15-20%, whereas a significantly higher variability in the definitien of the limit alastic
strain is observed. In some cases, v was associated with the peak shear strass [58, 64], assuming
that the spacimen no longer behaves elastically afier peak shear strength is reached In other
stadies (e.g., [65]1), r. is defined through a bilinear idealization of the r—r diagram by assuming
aqual areas belowr the experimental and idealized response curves. As reported above, i the
presant study the elastic shear sirain is assumed as comesponding to 7 = 0.71,,,, and tha
ductility factor is assessed accordingly. Indeed, as descibed in the following section, the
response curves were characterized by high dispersion among specimens in terms of shear sirain
during the post<racking phase, particularly in relation fo PL2, 0 2 more robust assessment of
experimental ductility capacity was obtainad
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3 EXPERIMENTAL RESULTS

3.1 Experimental mechanical response

The results of the diagonal compression fests, processed according to both BILEM and
ASTM meodels, are shovwn in Figure 7 i tenms of shear stress versus shear strain {—) diagrams
for all the specimens distinct in the three series URM, HTEM and GTEM. The mean value and
CaoV oof the main capacity features of wallets, as defined above, are summarized in Takle 2. The
ehaviour of the URM specimens was characterised by a pseudo-elastic branch, which was
essentially linear up to the maximum shear stress, followed by a softening branch up o failure.
Although a very similar elastic bebaviour was observed on all specimens, the post-peak
sofiening response was by contrast considerably scattered. More specifically, URMI and URMS
spacimens were characterized by a guite limited plastic branch with & ductility factor (u;) equal
o 9.2 and 11.8, respectively, as comparad to the remamimg specimens which showed a more
important plastic capacity, characterized by u, ranging between 15.7 and 20.5. In the case of
UBMY7 specimen, a wvery high ductility was recorded (u =289). On average, the URM
spacimens ware characterized by a ductility factor equal to 17.1, even if this result is affected by
& relatively high dispersion (Co%W = 41%:). It is worth noticing that, as mentioned above, the
shear siran (Ju,) corresponding to the peak shear stress (r,.) was affected by very high
dispersion (Co%V = 114%), due to different damage svolution ameng specimens. The same was
not recordad for strengthened specimens. For this reason, the ductility factor suggested for the
UBM serfes thonld be more properly characterized through the rangs [9.2, 28.9] rather than
mean and Col', hence resulting in & unifermly distributed randean variabls. Conversely, a small
dispersion {CoV" = T%) in the peak shear strass () was found, highlighting msan valuess aqual
to 0.133 MPa and 0107 MPa according to BILEM and ASTHM formulations, raspectivaly. The
same standards prodoced mean valoes of inital shear modulus (&) equal to 230 MPa and 183
MPa, with Co'V" = 33%. Finally, the mean elastic shear modalos (G2 was equal o 125 MPa
(RILEM) and 1001 MPa (ASTM) with Co%V = 13%. All H-TEM strengthenad specimnens
exhibited 3 similar elastic-plastic responss, with a pronpounced post-cracking ascending branch
{hardenmg behavieur dus to TEM) up to the peak shear siress and a significant post-peak
softening with guite limited slope (soff stoength degradation). Data processing according to
EILEM provided the followmg mean values: T, = 0.167 MPa; &, = 265 MPa; G. = 95 MPa.
Conversely, the ASTM formmlation lad to the follewing mean values: T, = 0.134 MPa; &, =
213 MPa; &, = 76 MPa. The dispersion of such results was expressed by CoVs equal to 13%, 32%
and 22%, respectively. As regards the ductility capacity, very high performance was obtained
with mean vahie of the ductlity factor equal to §1.4 and gquite moderate dispersion (CoV =
22%3), ranging between 412 (HTRMS specimnen) and 72,3 (HTEM4 specimen).
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Fizure 7 — Shear siess versus shear stain diagrams for URM. H-TEM and G-TEM specimens
according te RILEM TC 76-LUM (a. c. &) and ASTM E519-07 (b, d. £).

A similar response was observed also on G-TEM strengthensed specimens, characterized by

a pseudo-elastic branch up to peak shear stress, with a slight post-cracking hardening, and a
zradual post-peak softenimg up te failure. In this case, the RILEM formulation led to the
following mean capacity features: 7, = 0.148 MPa; & = 375 MPa; G. = 169 MPa, whereas

data processing according to ASTM providsd the following results: r, = 0120 MPa; &, =
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MPa; G = 138 MPa. A mean ductility factor of 382 and CoVV' = 19% were derived. Specifically,
six of the seven specimens evidenced a ductility factor ranging betwesn 322 (GTREM4
specimen) and 398 (GTEMS specimen). Omly in the case of GTEMI] specimen, a ductility

factor of 51.6 vwas achisved.

Table } — Main capacity faamres of nureinforced mnd strengthened adobe wallets*.

Specimentype ., T &, stndard G, G, T
(*a) (%) (%) =) (MPa}  (MPa}  (MPa)

URM 00F 033 137 171 RILEM 230 175 0133
[15%]  [L14%] [53%]  [41%] ASTM 135 101 0.107

[33%]  [13%]  [7%]

HIRM 0.13 133 757 Al4 RILEM 265 85 0.167
[23%]  [35%]  [13%] [22%] ASTM 213 6 0.134

[(32%]  [22%] [13%)

GTRM 008 077 138 381 RILEM 375 169 0.149
[20%]  [42%]  [23%] [19%] ASTM 300 136 0.120

[39%]  [19%]  [14%

¥ Falues i square brockes are rhe cagficient gf variafian fCa¥) af the mechmnical properiies.

Az expected, test results in temms of shear strengih (.. and elastc medulus (&, G2
derived via the rwo considered moedels (1.2, RILEM [§1] and ASTM [80]) are systemarically
different. Since the adepied test set-up was expected to produce a neglipible effect of
compressive stregses within the central part of the specimen, further processing of experimental
data, presentad hereinafter, was carried out according te ASTM standard.

1.0 Dnscwssion of results and irends

Response t—) carves were affected by sizmificant dispersion within experimental groups,
resulting in substanal differences in waller mechanical performance. This was parficularly
evident in terms of ductlity factor and for UBM series. That variability can be related to several
sources of uncertaintes. Specifically, a key aspect statstically affecting masonry mechanical
response is the combination of material properties variability with assemblage inhomaoganeity
[65]. Indeed, fallure of masonry wallets subjected to diagonal compression test is generally
zoverned by tensile strenpth of bricks locared along mansverse direction in the central parm
Actually, the mechanical behavieur of masenry in diagonal compression may be regarded as a
series system having the overall strength conditioned upon the strength of the weakest elament
(sea Fipurs 8) considering both tensile strength and brick location as random variables. Further
statistical variability is introduced by the presence of the TRM system, which is charactarized
by randeon variables such as mesh and matrin fensile strength, nen-standardized fabrication

procedure of meshes {especially for H-TEM). and gecimetrical inaccuracy deriving from the
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installation precess of TREM. With the aim to draw out soone general rends regarding AW
mechanical bebavicur and TEM strengthening effects, the response vanability must be take into

account. Therefore, statistical analysis of the recorded stress—sirain samplas was carried out.

. Waakns! Drick
=3 Inwvolved bricks
= Db bricks

Figure 8 — Series system representative of URM wallet subjected to diagonal compression

First of all, recorded shear stresses conditionad wpon shear strains were assumed o be
normally distrbuted randoin vardables, allewing the computation of statistical stress—sirain
curves coresponding o 16" so™ {median} and g4 percentiles of the above-mentioned
conditional stress. Figure @ shovs a graphical comparison between such ordered statistics of the
{1~} experimental response for URM, H-TEM and G-TREM specimens, respactively. All curves
were arrested 1o the ulimate shear swain () comesponding o a 20% stress drop with respect to
the peak shear srenzth, and the area swrounded by 16™ and 54" curves of each series was
evidencad The scatter (5.) of the stress values was assessed as ratio of the difference berwreen

84™ and 16" values (™, ') to the median value (1) given the shear strain {7}, as reported in Eq.
(7} for the f-th series.
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Figure 9§ — Statistical T diagrams of URM. G-TEM and H-TRM specimens in terms of 16", 50" and
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84" percentiles of conditional shear smess. according o ASTM standard.

5. distribution depending on the shear strain ) was almost uniform within the experimental
zroup. Om average, its value was equal to 26%, 39%, 25%, respectively for URM, H-TEM and
G-TEM specimens; hence, the most dispersed results were recorded for the adobe masonry
specimens swengthensd with the H-TEM system. It is noted that similar findings were reported
in [41]. By observing the percentile curves, some general trends mayv be identfied conceming
the gverall mechanical behaviour shown by the different seriss. A sipnificant post-peak shear
strength degradation can be noted in the case of wnreinforced specimens, the —p response of
which evolved along a steeper post-peak curve. Comversely, both H-TEM and G-TEM adobe
wallets showed a post-peak softening that was considerably more gradual as well as a
pronounced bardening phase prior to peak stress condition. Both TEM strengthening systems
prodoced an imcrease in shear strength (r_ ) with respect to unreinforced condition; hovrever,
due to sipnificant dispersion, & further statistical analysis was required to extrapolate a proper
performance comparison. A similar issue affected also, and particularly, ductility factor (u), for
which even wider ranges of variability were obtained within the experimental proups. Therafore,
a different statistical approach was followed, based on the one-way analysis of variance
(ANOVAY procedurs, aimed st evaluating if the differemce in terms of both strength and
duwctility betrreen the three experimental groups (namely, UBM, H-TRM and G-TEM) was
statistically significant and then could be addressad to the variable strangthening-nystem gffect
ar, conversely, the same was dus to other uncertainty sources. To this aim, ductility factar (o)
and strength (1...) values determined for the specirnens of the three series were assumead as three
mntually independeant samples extracted from normally distributed populations. Then, according
o ANOVA the variance heniegen and within the groups was computed and herein denoted as
55, and 55, respectively. The so-called F-factor was thus calonlated according to Eq. {3):
F_%ﬁ (%)
ziven the extermal and internal degrees of freedem {(df, and 45, respectively) defined as df.=5—
1 and & = m — 5, with » equal to the total number of u, {or ) values and 5 = 3 (i.e, the
number of samples). By assuming a significance level p = 005, F was compared to the test
value F' from Fisher's table. The main results of ANOVA for shear ductility and sirength are
summarized in Based on the results of ANOVA F-resr, the so-called mull Foporhesiz
(corresponding fo very similar mean values among samples) was rejectad. Therefors, the
difference in terms of gy and omar berveen groups was statistically simificant and, in other
words, general trends on the mechanical behaviour exhibited by the three series can be derived
from thedir respective mean values. Accordingly, the efficiency of each of the two analvsed TEM
systems in terms of shear srength gain with respect to the unreinforced condition was evaluared

1%



via a synthetic factor (er) defined as ratio of the stmengthenad to vwnrenforced mean values of
peak stress. Strength enhancement was significant especially m the case of H-TEM
strengthenad specimens, for which er was equal to 1.25, whereas a lovwer gam was identified for
the more conventional seluton with G-TEM (et = 1.12). Similarly, the efficiency of TEM
systerns in tenms of ductility capacity was expressed through a synthetic parameter (gu) obtained
by dividing strengthened to un-strengthened duwctility factor () mean valwes. H-TEM
strengthenad specimens exhibited a ductility capacity three tfimes higher than URM ones, with
g equal to 3.6, whereas the mere conventional seloton with G-TEM system seemmns to provide
less efficiency (an = 2.2). Definitely, the capacity gain was parficularly significant in terms of
ductility which, as known, represents a key capacity featre for earthquake-resistant strociires.
Indeed, ductile strengthened walls contibute to the inelastic redistoibuton of seismic demand
thronghout the stracture, so the higher is their ductlity the larger are both displacement and
enerzy dissipation capacities of the sirengthened masonry structare. Conversely, a lower
improvement is observed on shear streagth, the increase of which can hevwever be useful for
selsmic uperading. H-TREM system provided higher perfonmance than its G-TEM counterpart,
probably dus to the lower level of mechanical comparttbility betrreen high-performance glass
mesh and mnd mortar {i.e., TREM marmix).

Table ¥ and Tabla 4, respectively,

Baszad on the results of AWOVA F-resr, the so-called nud! yporhaziz (comresponding to very
similar mean values among samples) was rejected. Therafore, the differemce in terms of y and
[, Detwesn groups was stafistically sigmificant and, in other werds, general trends on the
mechanical behavieur exhibited by the three series can be derived from their respective mean
values, Accordingly, the efficiency of each of the two analysed TEM systems in terms of shear
strength gain with respect to the unreinforced condition was evaluated via a synthetic factor (6.
defined as ratio of the strengthenad te unreinforced mesn valoes of peak soess. Strength
enhancement was significant especially in the case of H-TRM stengthened specimens, for
which e, was equal to 125, whersas a lower gain was identifisd for the more conventional
salution with G-TEM (e, = 1.12). Somilarly, the sfficiency of TEM systems in terms of ductility
capacity was exprassed through a synthetic parameter (g,) obtainsd by dividing srengthened to
un-strangthensd ductlicy factor (o) mean valoes. H-TRM strengthened specimens axhibited 3
dwetility capaciny three tfimes higher than URM ones, with &, egual ta 3.6, whereas the mors
convantional sohition with G-TEM system ssems to provide less efficiency (e, = 2.2
Drefinitely, the capacity gain was particularly significant in terms of ductility which, as known,
represents a key capacity feature for earthguake-resistant stactures. Indesd,  ductile
strengthenad walls confribute to the inelastic redistribution of seismic demand throughout the
structure, so the higher is their ductlity the larger are both displacement and energy dissipation



capacities of the strengthensd masonry stracture. Cooversely, & lower improvement is observed
an shear strength, the mcrease of which can however be useful for seismic upgrading. H-TEM
systemn provided higher perfonmance than its G-TEM counterpart, probably due to the lower
level of mechanical compatibility between high-performance glass mesh and mud mortar (i.e.,
TR matrix).

Table 3 - Main results of the ene-way ANOVA test i terms of ductility factor {u.).

Source 33 ar I3 F F F-rest
Batmaen (B) SRR 4 2 0.05 370234 36823 F=F
Within () 1430.2 18
Toml EENER: 20

Table 4 — Main regnlts of the ans-way AWNOWVA test in terms of shear strensth {r_ 0.

Source (33 d’ I3 F F F-tazr
Betmeen (B) 0.0023 2 0.05 6.7797 36813 F=F
Within {) 0.0030 13
Totral 0.0053 20

The experimental shear stiffness degradation with the shear stram was fmally addreszed in
thiz smdy. Specifically, the relationship betwesn the normalized secant shear madulus (&) of
the adobe masonry wallets and pommalized shear strain (7)), the latter assumed fo be
corresponding fo a shear swrass value egual 1o 0,51, is reparted in Figura 10, for all test series.
It is noted that the graph is stopped to a shear strain ratio %y = 31, for the sake of clarity. As
expected, & very steep degradation of the secant shear modulus is observed with tha
displacement demand on the wallet, which is consistent with the rapid development of damage
{early cracking) due to poor mechanical behaviour of both bricks and mortar. The same frend is
abserved also for strengthened wallets, which however reached higher values of . As known,
the strengthening effect of the reinforcing mesh increases up to the attainment of peak strength,
when the damage state is anyvmore extensive and irreversible. In nonlinear nomerical analysis of
AN structares under seismic loads based on either distributed plasticity macro-elament models
[64] or finite element macro-medels [67-70], a relationship expressing the shear stiffness under
increasing shear strain can be particularly useful to acconnt for shear srength degradation dus to
the displacement demand on a given wall beyond cracking onset. Therefore, a statistical fitting
af the experimental &G, — p%, curves was carried out herein, A negative-power decreasing rend
described by Eg. (7) provides the best-fitting results for the post-cracking phase, with a
coefficient of datermination & = 0.087.
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Figure 10 - Secant shear modalns versus shear strain normalized to their elastic estimates.

3.1} Description of the observed damage

Most of unreinforced specimens were characterized by the development of similar cracking
patterns and fallurs modes (see Figurs 117 with wide passing-through diagonal cracks. Due to
the similar compositien of mud mortar and adobe bricks, cracks were partially stair-stepping
and mvalvad both joints and bricks. As expected, diagonal tension failure mede occurred due to
stress conceniration along the tensile principal direction. Such shear failure mechanisms led to a
rather poor post-peak softening response with limited ductile behavicur, except for TURM7T
spacimen that suffered cracks mostly in adobe bricks. The damape ohserved on the wallets
strengthenad with the two different TEM systerms was considerably different Cracking pattern
developed on H-TRM wallets was almost uniform over the entire spacimen series. Dizgonal
cracks appeared on both wallet sides aleng the compressed diagenal which globally follewed
tha stair-stapped direction of the inner unreinforced adobe masonry (Figure 11x). As the crack
width increased, the herap grid gradually reached its ultimate strain up to fracture (Figure 110
Mo pramatare debonding betwesn the hemp grid and mertar, neither local fallurs of the prid
was ohserved. Tensils stress of the net masonry was fransferred through the matrix to the
hamp chords progressively up to their faihare. That behavieur was enabled by the propertias of
hamp grid, the limited stiffness of which vwas comparable to the moertar stiffness. The H-TEM
strengthening system proved to be particularly effective due to ifs cempatibilicy with both
matmix and masonry, leading to considetable increass in strength and, particularly, ductlity
capacity of the wallat
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Figore 11 — Typical crack patterns: aureinforced masenry specimens at failare oo sides A (a) amd B
ib): H-TEM sirengihened specimens at failare (c) and detail of the grid nupnae (d); G-TRM
strengthened specimens at failurs with local debonding details on sides A {2) and B (£).

Conversaly, the damage evaolution obserad oo G-TEM strengthened specimens highlighted
& local detaching of the strengthening system with delamination and debonding phanomena
during the post-peak phase. Initial cracks develaped along the loaded dizgonal and imcreased
thair width umel lacally the glass prid was not able to followr the matrie dsformation, then
resuling m a local failure of the G-TEM system (Figure 11). 5uch a phenomenon was mainly
due to the insufficient mechanical compatibility between glass mesh and nmd mortar. Finally,
no out-of-plane defonmations were visually identfified on the strengthensed specimens after the
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tests. It is also emphasised that oo local failure of masenry close to the steel shoss was observed,
even though a significant siress conceniration was mnduced at those lecations by compressive

leading.

4 COMPARATIVE ANALYSIS

In order to deeply mvestigate the strengthening performance of H-TREM for adobe masonry
walls, A comparative analysis was carried out in this smdy. To this aim, experimental studies on
the assessment of the in-plane shear behaviour of masoury wallets strengthened with vegetabla-
fabric TEM were reviewsd. Due to the high novelty and wmconventionality of such a
strengthening technique, coby three research works were found in the literature [58, &4, 71].
Menna et al. [38] investugated the influence of H-TEM systems on the in-plane shear behavioar
of masenry wallers, made of both Meapolitan yellow i (WY T) and clay bricks. Two different
mortar tvpes were considered for the matrix, i.e., pozzelanic and natural hydraalic lims (WHL),
for a toral of 12 masenry walleis subjected to diagonal compression tests. An anchor system
consisting in five T- or L- shaped hemp ties was installed on each side of the specimens in order
1o avoid possible local failure, Ferrara et al [84] pressnted the results of an experimental stdy
on the shear capacity of wallets stmengthened by fore TEMs characterised by different amounts
of flax mesh Three series of three masonry specimens with clay brick and WHL moertar were
tested under diagonal compression in unremferced, single-laver and deuble-layer strengthened
configpurations, respectively. In this latter case, the owter laver was completely overlapped fo the
inner laver, after the application of an intsrmediate mortar laver. Raelevant properties of
spacimens weare collected in a proper experimental database and testing resulis were analysad
Mearcedes et al. [T1] performed sliding shear cyclic tests on 10 masenry wallets made of clay
bricks and WHL martar. Cementitions marrix was used for the TEM systamn and three different
mesh typologies made of glass, cotton and hemp fibres were mvastigated. Each spacimen was
strengthensd on each side thromgh a single mesh without any overlapping nor mechanical
connection.

Experimental data collsctsd from the selected studies sre outlined in Tabls 3. In lins of
principle, a direct comparisen betvween the collected test resnlts and those presentad in this study
is possible for few tests of Table 5. In fact, hemp reinforcing meshes wera applisd only by
Menna et al. [58] on all specimens and by Mercedss ef al. [T1] on tvwo specimeans. Meverthelass,
in the laiter study, experimental results were obtained fom cyclic shear tests according to a test
procedure derived from ASTM E2126 sftandard [72]. so the comparison is not straightforvard.
Conversely, Farrara et al. [64] considered only flax grid as TEM remforcement. Therefors, with
reference to the experimental results reported m [53]), & comparison of perfonmance exhibited by
the H-TEM stengthening system when applisd to different masonry fypologies is carmied out

heraimn. haim ouicomes are summarized in Table 6.



Table 5 — Main properiies of specimens considered in the database.

Sgurce Spec. ID Masonry type* TEM typs Wallet size {mm)
Bricks Moertar Tewtile Matmx I«Huy

Menna et al. [58] NYT-PL WYT P+HNHL - - 1300 12300 250
MNYT-P2 KYT P+NHL - - 1200 1200 250
NYT-HFC _PT 1 WYT P+WHL Hemp P 1200 1200 280
MNYT-HFC_PT 2 WYT P+WNHL Hesmp P 1200 1200 280
NYT-HFC MW 1 X¥YT F+NHL Hemp XNHL 1200 1200 320
NYT-HFC MW 2 NYT P-+NMHL Hemp KNHL 1300 1200 320
C-Pl Clay P+NHL - - 1200 1200 250
C-P1 Clay P+NHL - - 1200 1200 250
C-HFC_PT_1 Clay P+WNHL Hsmp P 1200 1200 280
C-HFC _PT 2 Clay P+WNHL Hemp P 1200 1200 280
C-HFC_MW_1 Clay P+MNHL Hemp NHL 1200 1200 320
C-HFC_ MW 2 Clay P+MNHL Hemp NHL 1200 1200 320

Marrades eral [T1] WL Clax NHL - - 1000 B0 123
WH2 Clay  NHL - - 1000 =00 128
W] Clay  NHL - NHL 1000 900 148
W2 Clay  NHL - NHL 1000 900 148
WHI Clay  NHL Hemp NHL 1000 900 148
WH2 Clay  NHL Hemp NHL 100 200 148
Wil Clay  NHL Cotion WHL 1000 200 128
w2 Clay  NHL Cotion WHL 1000 900 128
WGl Clay  NHL Glass  WHL 1000 900 148
WGl Clay  NHL Glass  WHL 1000 900 148

Ferrara et al. [64] Usw-1 Clay  NHL - - 1030 L1030 120
Usw-2 Clay  NHL - - 1030 1030 120
Usw-3 Clay  NHL - - 1030 1030 120
5W-1L-1 Clay  NHL Flax NHL 1030 1030 130
SW-1L-2 Clay  NHL Flagx WHL 1030 1030 130
SW-1L-3 Clay  NHL Flax NHL 1030 1030 130
SW-2L-1 Clay  NHL Flax NHL 1030 1030 134
SW-2L-2 Clay  NHL Flax NHL 1030 1030 134
5W-2L-3 Clay  NHL Flagx WHL 1030 1030 138

¥ NTT - Nempatiton Fallow Difit NHL - Natwral Hydrawlic Lime; P - Peczelame

Table § — Comparizon of mean performance of H-TEM system on different masenry nvpologies®.

Masoury type  Unreinforced specimens H-TEM strengthened sperimens Performance ratios
Traru Hyn Taa He. Twars ' Taany  Mpo'Mpa
(MPa) ) (MPa) -} (-) )
NYT 0.33 1.0 073 4.6 13 4.4
Clay 0.1% 1.0 094 12.8 54 128
Adobe 0.13 17.0 017 6140 13 LR

¥ Shear rirezs valuss obraied accarding ro fal].
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Comparison between the performances of different fypes of masenry wallats first shovws
that unreinforced AM is much more ductile than tuff stone masonry {T3M) and clay brick
masonry (CBM). Strengthening masoary with vegetal TRM results in a higher ductility mcrease,
particularly m the case of CBM. Neverthelass, the ductility of strengthened AM is much higher
than that of the ather two fypes of soengthened masonry. On the contrary, TEM strengthening is
less affective in increasing strength of adobe masonry compared to the other two masonry fypes.
In order to assess the efficiency of H-TEM, perfonmance ratios defined as ratio of strengthened
to unreinforced mean values of peak shear stress (1, /T, ) and ductlity factor (., /w. ) are
detennined and reported in Table 6. Overall, the H-TEM system is characterized by higher
strengthening effectivensss when applied to either TE3M or CBM with respect to AM, both in
termis of strength and ductility. In defail, the strength Inproyement (Toe: Toae) Was equal to 2.3
and 5.4, respectively for TSM and CBM, whereas the ductility facter (p) was 4.8 and 19.5
times that related o unreinforced masonry, As concerns adobe masonry, coaversely, a guite
limifed strength enhancement was obtained (7., T, = 1.3}, whereas the performance ratio of
ductlity factor (u,, (. ,) equal o 3.6 was in tume with the result obtaimed for T3M specimens.
The reasons for such results could be related to the different matrix nsed, with low-perfonmance
mnd mertar applied in the pressnt study opposad to WHL and pozzolanic mortars adopted for
mamix in [55]. Furthermeore, it is worth nofice that experimental results reported in [29] ae
referrad to a TEM system comprising also specific connection devices (hemp ties) potentially
able to enhance the strengthening efficiency.

Finally, from the analysiz of experimental results reported in [33] and [64]. interesting
findings can be derived dealing with strengthening performance of TRM systems reinforced
with flax grids compared o hemp meshes applisd 1o CBM wallets. The application of a single
laver of flax-TEM to CBEM wallets produced an average imcreass in shear siength of
approximately 2.2 times, whereas a higher ephancement in ductility was ebtained (o Ju =
4.0). Therefore, flax-TRM was able to provide similar strengthening performances bath in tenns
of shear strength and ductility compared to H-TRM. Also in this cass, the role of the matrix
seems not neglizible and more experimental data on TEM systems with the same matrix and

different reinforcements are needed to achieve comprebensive results.

§ CONCLUSIONS

Within the context of a broad resesrch propramme on seismic wminsrability assessment and
mitigation of existing adobe builldings, the affectiveness of a strengthening system based on the
application of TEM cn the external sides of adobe masonry wallets in improving their m-plans
shear machanical performance has been experimentally investizated in this study. Specifically,



diagonal compression fests, suggested by relevant techmical codes especially for existing
masonry struchares (see, 2., [73-75] amoagst others), were carried out on fanty-one AN
wallets. Fourteen specimens were strengthened with two TEM solutions, namely, an innovative,
non-industrial, hemp-fibre (H) grid and a commnercial glass-fibre () mesh, whereas identical
mud mortar was nsed.

Mechanical response in terms of shear strains and shear stresses, the latier processed
according to both RILEM and ASTM standards, has been provided for all tested specimens that
consisted of three series (each inchuding seven wallets), namely UBRM, H-TEM and G-TRM,
discussing the detected damage. Diagonal tension failure mode was observed on unreinforced
specimens, with wide passing-through diagonal cracks, partially stair-stepping and invelving
both joints and bricks due to the similar composition of muwd morar and adobe bricks.
Mechanical behaviour was characterized by lomited shear smength and rather poor post-peak
softening response. Marroted diagonal cracks developed on adobe wallets strengthened with H-
TEM following the stair-stepped direction of the inner wmremforced adobe masonry. The hemp
zrid gradually reached its nltimate sram up 1o fracmre, and ne premamre debonding neither
local faihurs was obsarved.

Measured mechanical responses of wallets belonging to each experimental group was
characterized by large dispersion. Therefore, with the aim to extrapolate robust general rends, a
statical processing of experimental records was carried out. Specifically, one-way ANOVA was
applied to both ductlity factor and shear strength values measured for the thres indspendent
samples (ie. URM, H-TREM and G-TEM) and results confinmed the statistical sipnificance of
the general tremds relsted to mesn values. Accordimgly, the H-TRM strenpthening system
proved to be particularly effective, resuliing info a shear strength increase of approximataly 25%
and an average ductility capacity enhanced by a factor of approximately 3.8, Conversely, G-
TEM stoengthened specimens showed often local detaching of the TRM system with
delamination and dsbonding phencomena occwred during the post-peak phase. The shear
strength of the G-TREM soengthensd wallets mcreased by 12% on average whersas the mean
dwetility facter was about twice that related to unremforced adobe masonry. Therafore, both
strengthening solutions were abls to improve the in-plane shear capacity of the adobe masonry
wallets, partcularly in terms of ductilicy, the latter being & key featre for energy dissipation
under earthquake shaking. Experimental results alse showsd that the H-TEM system iz more
affective than its G-TEM counterpart becanse the latter strangthening system is affacted by a
poor mechanical compatibility betmreen high-performance glass mesh and poeor mmd mortar. If is
further noted that the effectivensss of the strengthening systems was significant even though no
fransverse connsctions (2.g., FRP fies) through the thickness of the masenry wallets were
installed.



Ta assess the effectivensss of TEM systems based on vegetable fibres when applied to
wraditional masonry wallets, a database of experimental shear tests oo clay brick or mff stons
masonry wallets available in the literature was properly collected and 3 comparison of the
results was carried out. The application of H-TBEM provided comsiderabls imprevements in
termis of shear strength, with averags performance ratios equal to 2.3 and 5.4 for clay brick and
mff stowe masenry, respectively. By confrast, ductility capacity was mcreased of 4.6 thmes for
muff stone masonry and of approximately 20 fimes for clay brick masonry, Flax-TEM increased
shear sirength and duactility of clay brick masonry by factors equal to 2 and 4, respectively,
similarly to H-TEM, revealing significant strengthening capacity. It is worth noting that these
findings were abtained for different mortar typologies, which definitely play a key role.

In swmomary, this stody shows the possibility to obfain a considerable reduction of seismic
vulnerability of existing adobe masonry stmuctures by means of sustamable and cheap TEM
systemn made of mod mortar and hemp fibres, more effective than classical expensive glass
fibres. Mevertheless, particular care should be taken regarding manufactaring phase in order to
reduce the quite large dispersion of mechanical properies. However, it mast be specified that
such & beneficial effect on the seismic performance of AM buildings may be obtained provided
that local failare modes are properly prevented by improving censtruction defails (eg.,
mechanical conneciions ameng walls or floors).

Potental developments of this smady could focus on the following issues: (i) the influence
of mechanical connections to further improve the bond performance of the case-study TRM
strengthening system; (ii) the experimental asssssment of the TEM strengthening system on
full-scale load-bearing walls {with or without openmmgs): and (iii) the shakimgz table testing
andor mumerical seismic response simulation of AM buildings, before and after the application
of the TEM strengthening system. This latter part of smdy would allew evalusting the
effectivensss of the TREM strenpthening swstem to prevent local failure meodes fypically
observed on existing AW builldmzs and to mcrease the global resistance of the structure.
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