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PREFACE

The International Conference on Structural Analysis of Historical Constructions (SAHC)
was first celebrated in Barcelona in 1995, followed by a second edition also in Barcelona
in 1998. Since then, nine subsequent editions have been organized in different
countries of Europe, America and Asia. The SAHC conference series is intended to offer
a forum allowing engineers, architects and all experts to share and disseminate state-
of-art knowledge and novel contributions on principles, methods and technologies
for the study and conservation of heritage structures. Through all its successful past
editions, the SAHC conference has become one of the topmost periodical opportunities
for scientific exchange, dissemination and networking in the field.

During the last decades the study and conservation of historical structures has attained
high technological and scientific standards. Today’s practice involves the combination of
innovative non-destructive inspection technologies, sophisticated monitoring systems
and advanced numerical models for structural analysis. More than ever, it is understood
that the studies must be performed by interdisciplinary teams integrating wide expertise
(engineering, architecture, history, archeology, geophysics, chemistry...). Moreover, the
holistic nature of the studies, and the need to encompass and combine the different
scales of the problem -the materials, the structures, the building aggregates, and the
territory — are now increasingly acknowledged. Due to all this, the study of historical
structures is still facing very strong challenges that can only be addressed through
sound international scientific cooperation.

Taking these ideas in mind, the 12t edition of the SAHC conference aimed at creating
a new opportunity for the exchange and discussion of novel concepts, technologies
and practical experiences on the study, conservation and management of historical
constructions.

The present proceedings include the papers presented to the conference, which was
finally celebrated on September 29-30 and October 1, 2021, in an on-line mode due
to the word sanitary emergency situation created by the Covid-19 pandemic.

The conference included the following topics: history of construction and building
technology; inspection methods, non-destructive techniques and laboratory testing;
numerical modeling and structural analysis; structural health monitoring; repair and
strengthening strategies and techniques; conservation of 20t c. architectural heritage;
seismic analysis and retrofit; vulnerability and risk analysis and interdisciplinary
projects and case studies.

The SAHC 2021 conference has been possible thanks to the large contribution of the
scientific committee and reviewer panel who took care of selecting and review the papers
submitted. The contribution of the different sponsors and supporting organizations is
also acknowledged. Above all, the conference has been possible thanks to all the
authors who have contributed with very valuable papers despite the difficulties caused
by the world pandemic. New editions of the conference are already planned in normal
face-to-face formats which, in the upcoming years, will provide new opportunities for
sharing valuable knowledge and experience on structural conservation, as well as for
keeping alive and fulfilling the purpose and aims of the SAHC conference series.

The Organizing Committee
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SPONSORS

PRO_SAM is a plugin which connects PRO_SAP with SAM II
solver, a powerful tool for pushover analysis of new and existing
structures.

SOLVER RELIABILITY

SAM 1II, conceived by Prof. Magenes, Eng. Manzini and Eng.
Morandi, is a well-known and robust non-linear solver highly
referenced in international literature.

CODES OF PRACTICE
Eurocode 8, Italian codes.
MATERIALS

Unreinforced and reinforced masonry, reinforced concrete and
generic linear materials.

LOCAL FAILURE MECHANISMS

Automatic geometry interfacing with PRO_CineM for kinematic
linear and non-linear analyses.

LINEAR ANALYSIS

Automatic generation of plate and shell linear model from the
equivalent frame.

FREE

PRO_SAM is free for students, scholars or scientific research.

Asdea Software S.r.l. is part of the burgeoning ASDEA brand,
which includes ASDEA S.r.l. and ASDEA Hardware. We are
a software development company staffed with engineers,
researchers, and software developers. Our goal is to provide
innovative software solutions customized for clients and of
original in-house design for numerical simulation and data
visualization. We are the company behind the revolutionary
software STKO (Scientific ToolKit for OpenSees). More than
just a simple GUI, STKO features a Python scripting interface,
meaning that users can customize and program the already
powerful pre and postprocessors as needed, harnessing the full
power of OpenSees.

CALSENS develops state-of-the-art fiber-optic sensors and
designs, deploys and operates structural health monitoring
(SHM) solutions to monitor bridges, buildings and vehicles (ships,
airplanes, UAV), among other structures. Our services are based
on constant research and innovation, creating products and
services at the frontier of knowledge.

CALSENS services cover the full process of monitoring. Starting
from the modelling of structural behavior and choice of control
parameters, continuing with the election, design, fabrication
and installation of the sensors and sensing system, until the
processing, interpretation and evaluation of the data.

CALSENS has a multidisciplinary team with a high degree of
expertise in the fields of civil engineering, photonic technologies,
signal processing, materials engineering or computing.
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Kerakoll is the international leader in the GreenBuilding sector,
providing solutions that safeguard the health of both the
environment and the people.

The company mission is embrace and promote GreenBuilding
as the new low environmental impact approach to building and
promote higher quality homes around the world through the use
of eco-friendly building materials and innovative solutions.

Since 1968 - when the Group was founded in Sassuolo- Kerakoll
has been pursuing a clear course of development in Italian and
international markets for building materials, that has taken the
company to the forefront of the GreenBuilding industry and to a
level of technological supremacy famous around the globe.

S.T.A. DATA,founded in 1982 by Adriano Castagnone, civil and
structural engineer since 1978, and pioneer of scientific software
for structural engineering, is composed of more than 20 people,
all highly qualified professionals. Our aim is to offer software
for structural calculation that alallow designers to face everyday
work with simplicity and effectiveness.

S.T.A. DATA offers 3Muri Project, developed specifically for
masonry.

In fact, it is not a generic Finite Element software adapted for
masonry structures; 3Muri Project was born from the specific
research for these structures and captures all the characteristics
to obtain a safe and reliable calculation of historical, exhisting
and new buildings.

IRS is a smart Engineering, Research and Development company
founded by a group of engineers in 1993. IRS Structural Health
Monitoring division designs, develops and integrates automated
systems for mechanical and structural monitoring. Thanks to
technological innovation, advanced modeling and design as
well as professional production and after sales service provide
a complete suite of structural health monitoring solutions.
Monitoring version are both portable version for laboratory tests
and one shot structural assessments and long term and in situ
applications like historical sites, buildings, bridges, dams and
tunnels. IRS is part of a group of companies including Measureit,
with whom provides consultancy and sales of precision sensor
and data acquisition systems.
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Abstract. The study presents an assessment of externally bonded Fibre-Reinforced
GeoPolymers (FRGPs) as strengthening material for masonry structures. Thanks to
their tailored chemical and mechanical characteristics, geopolymer matrices can fulfil the
restoration criteria for Built Heritage (BH) with the benefit of heat-resistant performances
better than those of organic and inorganic matrices used in Externally Bonded Fibre-
Reinforced Polymers (EB-FRP) and Fabric-Reinforced Cementitious Matrix (FRCM)
materials, respectively. This work is built on the outcomes of a previous investigation that
proved the suitability of the developed geopolymer matrix for applications on clay bricks,
revealing a good adhesion to masonry substrates and to embedded reinforcements. The
behaviour of three FRGPs, including either a bi-directional basalt mesh, a bi-directional
carbon mesh or a unidirectional Ultra High Strength Steel (UHSS) fabric, was explored
by means of local tests on masonry sub-assemblages made of soft-mud clay bricks and
hydraulic lime mortar. In overall, 9 single-lap shear tests on single bricks with a bonded
length of 200 mm and 9 three-point bending tests on 2-brick slices, connected by a mortar
joint and reinforced at the bottom face, were carried out. Lastly, the behaviour in alkaline
environments of each reinforcement was investigated through tensile tests on coupons
immersed for 28 days in alkaline solutions simulating the conditions of the geopolimeric
matrices. Results confirmed the interesting potential of FRGPs for strengthening
masonry  elements, highlighting a good performance of steel and carbon
reinforcements. On the other hand, precautions should be taken with basalt meshes that,
as expected, were more sensitive to alkaline environments.

1 INTRODUCTION
Existing masonry buildings and Built Heritage (BH) require a permanent maintenance
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process to withstand the effects of hazardous natural events and mitigate their effects. This can
be accomplished by devoted activities of restoration and structural repair adopting traditional
and innovative materials and intervention techniques [1-3]. In the last three decades, the use of
Externally Bonded Fibre Reinforced Polymers (EB-FRPs) has grown to be one of the reference
interventions for existing buildings and for BH [4—6]. The main advantages of EB-FRPs that
fostered their widespread application on existing structures, including also those belonging to
the BH, are for instance: their ease and flexibility of application, their fast curing and the related
ability in carrying tensile stresses in few hours or days, low weight in comparison to many
traditional materials (e.g. steel rods/plates), the high tensile strength and stiffness-to-weight
ratio, enhanced fatigue and endurance in aggressive environments [3,5,7]. Nevertheless, FRPs
have some compatibility and removability issues with existing and BH masonry structures,
mainly due to the adoption of organic matrices [3,8]. In the last decade, research has
investigated the replacement of organic (e.g. epoxy) with inorganic matrices made of cement
or lime-based mortars [9—13]. The combination of fibres, usually in the form of meshes, with
inorganic matrices is currently often labelled with the acronym of Fibre Reinforced
Cementitious Matrix (FRCM) [14,15], acronym that also covers for cement-free matrices,
while in several former publications the acronym Textile Reinforced Mortars (TRM) was
used [3,11,13]. Advantages of FRCMs over FRPs include: better compatibility with masonry
substrates and traditional craftsmanship, reversibility, better behaviour under high temperatures
and lack of toxic vapours in case of fire, resistance to Ultra-Violet (UV) radiation, water-vapour
permeability, applicability over moist substrates, greater deformability and potential lower
cost [3,6,8,12,13]. Moreover, inorganic matrices appear particularly suitable for applications to
masonry structures, where the bond strength of epoxy matrices can hardly be entirely used due
to the inherent mechanical characteristics of the substrate, and for a better compliance with
restoration criteria, especially when cement-free matrices are adopted [3,6,12,13].
Nevertheless, traditional lime-based inorganic mortars compatible with BH often show low
adhesion to masonry substrates and between the FRCM layers [3,6,13]. To overcome this issue,
geopolymers were studied as possible efficient and compatible inorganic matrices for existing
masonry substrates and BH [16]. Indeed, geopolymer can meet the dedicated restoration
requirements of BH, thanks to their typical chemical composition and porosity which are similar
to that of clay bricks [16], while delivering physico-mechanical performances exceeding those
of the best inorganic matrices used in FRCMs [16,17].

Geopolymers are relatively recent and emerging inorganic cement-free binders that present
a combination of the best characteristics of ceramic and cement-based materials [16,17].
Moreover, they have a clear advantage over EB-FRPs and FRCMs as non-inflammable and
heat-resistant matrices for inorganic composites designed to reach temperatures of
1000°C [16,18]. Geopolymers are inorganic quasi-fragile materials produced from
aluminosilicates typically activated with alkali hydroxide and/or alkali silicate solutions
[16,17]. Several aluminosilicate or calcium-aluminosilicate raw materials can be used, such as
dehydroxylated aluminosilicate clay mineral (e.g. metakaolin) and industrial by-products
resulting from high temperature processes such as fly ash or ground blast furnace slag, among
others [17]. They are also materials suitable for a greener economy, since they can be derived
from by-products or from the recycling of industrial waste materials, and they can be produced
with up to ten times lower CO, emission than Portland cement [17,19]. Geopolymer grouts and
mortars can be obtained by charging the geopolymer binder with sand or fine
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aggregates [16,17].

Fibre Reinforced GeoPolymer (FRGP) is the combination of a geopolymer grout with fibre
meshes or fabrics, similarly to Fibre Reinforced Cementitious Matrix (FRCM) [16]. Several
studies were done on geopolymer fibre composites as final product made with both short
fibres [20—22] and multiple laminated layers of fabrics [18,23,24], fewer investigations exist on
FRGPs for retrofitting structural elements, and most investigations focused on strengthening
Reinforced Concrete (RC) beams [25-28]. Whereas, very little contributions on the use of
FRGPs as strengthening materials for existing masonry structures are present [16,29]. The
mechanical models and the design procedures available for FRCMs [14,15,30,31] can be
adopted owing to the inherent quasi-fragile behaviour of the geopolymeric matrix. Lastly, for a
successful application of FRPs, their durability should be evaluated. Geopolymers have already
shown good resistance towards acid and alkaline environments [16,17]. Therefore, the main
durability issue is connected to the endurance of the fibres when embedded in a geopolymeric
matrix, which provide an alkaline environment that might result corrosive for certain
reinforcements as glass or basalt fibres [32,33]. Indeed, this is a common issue for the glass
fibre laths embedded in lime or cement plasters and for any fibre mesh embedded in the
cementitious matrices of FRCMs [34].

In this framework, the behaviour of three FRGPs was explored by means of local tests on
masonry sub-assemblages made of soft-mud clay bricks and hydraulic lime mortar. The three
FRGPs embedded a bi-directional basalt mesh, a bi-directional carbon mesh and a
unidirectional Ultra High Strength Steel (UHSS) fabric, respectively. In total, 9 single-lap shear
tests on single bricks with a bonded length of 200 mm and 9 three-point bending tests on 2-
brick slices, connected by a mortar joint and reinforced at the bottom face, were carried out to
evaluate the bond behaviour and the flexural strengthening performances of the three FRGPs.
Lastly, the behaviour in alkaline environments of each reinforcement was studied through
tensile tests on coupons immersed for 28 days in alkaline solutions, tentatively simulating the
pore solution of the geopolymeric matrices.

In this paper, the experimental results about the materials, the durability, the bond behaviour
and the flexural behaviour of the strengthened masonry sub-assemblages are presented and
discussed. Results confirmed the untapped and interesting potential of FRGPs as strengthening
materials, highlighting a good performance of steel and carbon reinforcements. On the other
hand, precautions should be taken with un-sized basalt meshes that, as expected, were more
sensitive to alkaline environments.

2 MATERIALS AND METHODS

Low-strength 250 x 120 x 55 mm? soft mud clay bricks, intended to simulate a typical
historical masonry unit, were adopted. Their average performance (coefficient of variation —
CoV — in brackets) was 17.7 N/mm? (6.2%) in compression and 4.43 N/mm? (10.3%) in
bending [35], whereas their apparent density was 1.63-10° kg/m? (1.0%).

The mortar forming the joint of the 2-brick slice bending specimens was a commercially
available pre-mixed cement-free pozzolana lime mortar with siliceous sand aggregates,
category M15 according to Eurocode 6 [36], with a 28-day average strength of 14.7 N/mm?
(2.5%) measured according to standard EN 1015-11 [37].

The geopolymer matrix, extensively described in [16], was prepared with metakaolin and
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ground granulated furnace slag as solid precursors, and sodium silicate with molar ratio
Si02/Na20 of 1.5 and concentration of 41.3% as liquid activator. The binder embedded fine
siliceous sand and wollastonite as inorganic aggregates, resulting in a grout with density of
2.0-10° kg/m® (1.0%), after hardening. The cylinder compressive strength was 44.6 N/mm?
(3.0%) and the splitting resistance was 4.4 N/mm? (7.1%) in average, measured on cylindrical
specimens with diameter of 35 mm and aspect ratio of 2.

The geopolymer matrix was coupled with 3 types of fibre reinforcements, either a
unidirectional steel fabric or two balanced bidirectional fibre meshes, i.e. carbon or basalt, thus
generating three Fibre-Reinforced GeoPolymers (FRGP).

The unidirectional steel fabric (STL) was composed by Ultra High Strength Steel (UHSS)
strands, mounted on a mesh support, approximately 6 mm spaced apart. The datasheet reports
a characteristic tensile strength of 3070 N/mm?, an average elastic modulus of 190-10°* N/mm?
and an equivalent thickness of 0.075 mm.

The carbon reinforcement (CAR) was a bidirectional balanced mesh made of uncoated yarns,
having a centre-to-centre spacing of about 9 mm, with a surface density of 200 g/m?. It has a
characteristic tensile strength of 2500 N/mm?, an average elastic modulus of 230-10°* N/mm?
and an equivalent thickness of 0.048 mm, according to its technical datasheet.

The basalt reinforcement (BAS) was a bidirectional balanced mesh made of un-sized yarns,
having a centre-to-centre spacing of about 8 mm, with a surface density of 300 g/m?. It has a
characteristic tensile strength of 1735 N/mm?, an average elastic modulus of 90-10°* N/mm? and
an equivalent thickness of 0.053 mm, according to its technical datasheet.

The experimental program herein presented envisaged 3 types of tests, specifically: (1) direct
tensile tests carried out on coupons of fibres, either in pristine state or subjected to a 28-day
conditioning in 3 different alkaline solutions; (ii) single-lap shear tests performed on FRGPs
longitudinally applied to single bricks; and (iii) 3-point bending tests executed on specimens
made of 2-brick slices bonded by a mortar joint, either unreinforced or with the FRGP applied
to the bottom surface.

2.1 Tensile tests on fabric coupons

Either single strand, in the case of steel, or 2-yarns coupons, in the case of carbon and basalt,
were tested in tension in a 25 kN electro-mechanic universal machine. Specimens were 380 mm
long to allow a free length of about 280 mm after the application at each end of 2 aluminium
tabs (or sleeves in the case of steel) 50 mm long, glued with epoxy resin, which were clamped
by the test machine. Carbon and basalt yarns were impregnated with a small amount of epoxy
resin to load uniformly the yarns and obtaining the full resistance of the mesh, thus preventing
or limiting possible uneven distribution of stresses inside the reinforcement.

Tests were carried out either on pristine samples of reinforcements (CO condition) or on
fibres immersed for 28 days in 3 alkaline solutions to investigate their possible degradation in
environments simulating the possible pore solution of the geopolymer matrix. C1 consisted in
a 5% aqueous solution of NaOH (corresponding to 1.25M), as provided by the standard
ASTM E2098/E2098M [38]. Aqueous solutions of either sodium (the same used as binder
activator) or potassium silicate were adopted for C2 and C3. The formulation of the potassium
silicate had a molar ratio SiO2/K20 ~ 1.5, equal to the silica/sodium one, with a solid matter
concentration of 46.0%. Silicates were dissolved in water to achieve the same concentration of
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Na (or K) atoms of the C1 solution. At least 4 samples for each type of reinforcement and
conditioning solution were tested. After the immersion, fibres were rinsed and dried to measure
the weight loss by means of an analytical balance.

ff

L4

H\ '
‘(a) -

Figure 1: Samples of steel (a) and basalt (b) reinforcement for tensile tests, and a coupon ready for testing (c)

2.2 Single-lap shear tests

Specimens consisted in a single brick with the FRGP applied longitudinally onto the wider
surface (Fig. 2a) with a bonded area 200 mm long and 60 mm wide, delimited by masking tape
during casting. A protruding portion extending for about 220 mm beyond the edge of the brick
was used for the connection to the test machine. The reinforcement was embedded inside the
geopolymer matrix for the whole length, except in the case of steel strands that were kept bare
beyond the edge of the brick. The area of the reinforcement varied according to the type, since
the FRGP included either 8 steel strands, 5 carbon or 7 basalt yarns to achieve the desired width.

The test setup (Fig. 2b), designed for a universal electro-mechanic machine, was the same
already adopted in several former researches [6,39]. It consisted in two steel plates 50 mm thick
connected by 4 threaded bars, two of which fastened to the bottom head of the test machine.
The specimen was inserted between those plates, taking care to alignments and contacts, and
the protruding reinforcement was glued with quick setting resin to a steel part connected to the
upper head of the test machine by means of a ball joint. Four potentiometers were used to
monitor displacements, two positioned at the beginning of the bonded length, one in the middle
and one at the unloaded end of the FRGP. Tests were carried out in displacement control, with
arate of the movable loading beam progressively incremented from 0.3 mm/min to 1.2 mm/min
in the last stages of the tests. Load and displacement values were recorded by an external
acquisition system at 10 Hz.

Three specimens per type of reinforcement were tested, for overall of 9 samples.

2.3 Bending tests on 2-brick specimens

Three-point bending tests were carried out on specimens made of 2 slices, about 32 mm
thick, cut from single bricks. Those slices were longitudinally aligned and connected by a
10 mm mortar joint, thus obtaining samples approximately 510 mm long (Fig. 3a).
Subsequently, the FRGP was centrally applied to the bottom side, extending for about 330 mm.
The reinforcement comprised 3 strands or yarns for each type of fibre. The geometry of the
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specimens was a trade-off between representativeness and materials availability.

A 50 kN electro-mechanic universal machine equipped with a commercial setup for bending
(Fig. 3) was used. The span between the bottom supports was 380 mm, slightly greater than the
length of the FRGP. Contacts between sample and steel supports were improved by small
rubber inserts. Tests were carried out in displacement control, with a rate of the movable loading
beam of 0.5 mm/min. Load and displacements were recorded by the embedded data acquisition
of the universal machine.

Three specimens per type of reinforcement were tested, for overall 9 samples. In addition, 3
unreinforced specimens were tested twice at 0.1 mm/min with a 2.5 kN load cell, repairing the
failed joint with epoxy resin and testing again the same specimen to measure also the resistance
of the strongest mortar-to-brick interface.

FRGP

(a)

(a) (b)

Figure 3: Sketch of a 3-point bending specimen, with dimensions in mm (a) and sample ready for testing (b)

3 RESULTS AND DISCUSSION

3.1 Tensile tests on fabric coupons

Failure was generally as expected, with a fibre tensile rupture localised inside the free length
between the anchoring, in some cases close to the tabs. Although few specimens showed an
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irregular failure, due to slippage problems at the connection with the test machine or to an
imperfect alignment, at least 4 suitable results were included in calculations.

The average tensile strengths f; a1, grouped by fibre and conditioning type, are listed in
Table 1 together with their coefficient of variation (CoV). Measured values of weight loss are
shown in Figure 4a, whereas tensile strength retentions are shown in Figure 4b.

Steel strands were substantially not affected by the alkaline environment, with a strength
loss always lower than 3% that can be considered within a common experimental variability,
despite a weight loss that exceeded 3% in two cases, probably due to the loss of the protecting
coating without impairing the resisting cross-section. Carbon fibres presented a strength
retention of about 93% in sodium hydroxide and sodium silicate solutions and were slightly
more sensitive to potassium silicate solutions as proved by a lower strength retention of about
86%. Conversely, they showed the lowest values of weight loss of about 0.2—-0.3%. Finally, as
expected, the un-sized basal fibres showed the worst degradation, with a strength loss of about
25% in silicate solutions and 45% in sodium hydroxide solution, with a weight loss comprised
between 0.7-1.9% (the lowest was measured in NaOH). Strength conversion coefficients for
aggressive environments proposed by the Italian guidelines CNR DT200R1 [40] (0.85 for
carbon and 0.50 for glass fibres) and CNR DT215 [15] (0.70 regardless of the fibres type),
compared to the present experimental results, appear reasonably close where applicable. As
observed in [32], there is no apparent correlation between weight loss and strength retention.

5% 120%
ESTL-G mCAR BAS

mSTL-G mCAR

BAS

4% 100%

X
"
[e2]

80%
3%
60%
2%
40%

weight loss (%)
strength retention (%)

1% 20%

0% 0%
C1 C2 Cc3 C1 C2 Cc3

(a) (®)

Figure 4: Weight loss (a) and tensile strength retention (b) measured on conditioned fibres

Table 1: average tensile strength in pristine condition (C0O) and after treatment in alkalis, with CoV in brackets

. CO - ft,avg Cl - ft,avg C2 - ft,avg C3 - ft,avg
Specimen N/mm? N/mm? N/mm? N/mm?
STL 3125 (0.5%) | 3033 (2.4%) | 3053 (1.9%) | 3086 (0.7%)
CAR 2854 (7.9%) | 2675 (9.7%) | 2663 (4.3%)| 2464 (9.7%)
BAS 1845 (3.2%) | 1013 (6.3%) | 1367 (7.5%) | 1434 (6.8%)

3.2 Single-lap shear tests

Failures were substantially different for each type of FRGP. Steel strands failed in tension
in 2 specimens (Fig. 5a), while in one case a partial debonding, about 2/3 of the bonded length,
occurred (Fig. 5b). Carbon yarns generally slipped inside the matrix (Fig. 5c¢), with minor signs
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of tensile failure in the most external fibrils and several cracks in the protruding FRGP, about
25-30 mm spaced apart. On the other hand, basalt yarns showed a rather clear tensile rupture
with no remarkable sign of slippage (Fig. 5d).

Results, in terms of failure mode, maximum load Py and maximum stress omax, are given
in Table 2, together with the exploitation coefficient #s7 calculated as the ratio of g and the
fibre tensile strength f; ., measured in pristine conditions (CO0). As expected, the effectiveness
of the FRGP was in all cases lower than 1, confirming that shear tests, although excluding bond
failures, cannot achieve the reference strength of the fibre reinforcements when embedded in
inorganic matrices. Nonetheless, in the case of steel, the exploitation was not lower than 0.8,
thus suggesting that steel strands are less sensitive to this type of test. Carbon fibres slipped at
values comprised between 0.41 and 0.47, while basalt failed at 0.23 and 0.32, cracked specimen
excluded. Similar exploitation coefficient nsr are currently obtained for optimal FRCM
systems [6,12,13,34].

(d)

Figure 5: Failure modes of shear tests: (a) tensile failure and (b) partial debonding of steel FRGP; (c) slippage of
carbon fibres and diffuse cracking of the matrix; and (d) tensile failure of basalt mesh

Table 2: results of single-lap shear tests

. . . Pmax O max
Specimen Main failure N N/mm? Nst
ST-STL-1 | tensile break 12764 2966 | 0.95
ST-STL-2 | debonding 9214 2141 | 0.69
ST-STL-3 | tensile break 10678 2481 | 0.79

ST-CAR-1 | tensile break/slippage | 3271 1140 | 0.44
ST-CAR-2 | tensile break/slippage | 3480 1213]10.47
ST-CAR-3 | tensile break/slippage | 3030 10571 0.41

ST-BAS-1 | tensile break (*) 804 2710.15
ST-BAS-2 | tensile break 1285 433 10.23
ST-BAS-3 | tensile break 1737 58510.32

* specimen cracked during handling before the test

3.3 Bending tests on 2-brick specimens

The failure of the 3 unreinforced specimens was always located at the mortar-brick interface
(Fig 5a). They were tested twice, the second time after repair of the failed joint, and showed a
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remarkably variable resistance comprised between 37 and 129 N, corresponding to a bond
strength, calculated as the ratio of maximum bending moment and section modulus, comprised
between 0.22 and 0.81 N/mm?. The average strength of the weakest joint of each specimen was
0.41 N/mm?, while the average of the strongest ones was 0.62 N/mm?.

In the case of steel FRGP, failure was due to a shear crack of the brick that started close to
the end of the reinforcement (Fig 5b), after a wedge-like cracking of the portion beneath the
applied load. Carbon FRGP failed due to slippage of the fibres (Fig 5¢), whereas basalt FRGP
broke in tension (Fig 5d), in all cases in correspondence of the main crack that opened at the
mortar-brick interface.

Results are listed in Table 3 in terms of failure mode, maximum load P and maximum
stress omax.sh, the latter calculated through a section analysis based on the assumption of a stress-
block 0.8-x high, being x the neutral axis depth. The exploitation coefficient 7zr was calculated
similarly to the case of #s7. Steel-reinforced specimens could not attain a fibre effectiveness
close to shear test samples, due to the earlier shear failure of the brick. In the case of carbon
FRGP, which also showed one shear failure mode, the exploitation #sr of 0.41-0.44 was
comparable to 7s7. Conversely, basalt FRGP reached relatively high values of #sr (0.60 and
0.71), more than twice the #sr of ST-BAS-2 and ST-BAS-3, probably thanks to the reduced
number of yarns and to the bending specimen that allowed an evener stress distribution. Similar
exploitation coefficient #sr are currently obtained for optimal FRCM systems [6,10,13,34].

Figure 5: Failure modes of bending tests: (a) joint failure of unreinforced specimens; (b) brick shear failure in
case of steel FRPG; (c) slippage and partial rupture of carbon fibres; and (d) tensile failure of basalt mesh

Table 3: Results of 3-point bending tests

. . Prmax Gmax,sb
Specimen Failure N | N/mm? neT
BT-STL-1 | brick shear 1289 15911 0.49
BT-STL-2 | brick shear 1425 1799 | 0.56
BT-STL-3 | brick shear 1515 1919 | 0.59

BT-CAR-1 | slippage 1218 12571 0.44
BT-CAR-2 | slippage 1119 1170 | 0.41
BT-CAR-3 | slippage / brick shear | 1199 1258 1 0.44
BT-BAS-1 | tensile break (*) 321 4341 0.24
BT-BAS-2 | tensile break 798 1114 ] 0.60
BT-BAS-3 | tensile break 927 13021 0.71

* mortar joint cracked before the test, probably due to drying shrinkage of the FRGP
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4 CONCLUSIONS

The paper presented an assessment of the adhesion and durability properties of FRGPs as
strengthening material for masonry buildings. The FRGPs were made of an eco-efficient and
heat-resistant geopolymeric matrix that has a chemical composition and porosity similar to that
of soft-mud clay bricks simulating a typical historical masonry unit. Therefore, the matrix is an
interesting inorganic bonding agent for the implementation of removable and compatible
composites suitable, not only for exiting masonry buildings, but also for BH. The three FRGPs
studied were reinforced either with a bi-directional balanced basalt mesh, a bi-directional
balanced carbon mesh or a unidirectional UHSS fabric.

The adhesion and mechanical performances of the three FRGPs were investigated by means
of local 9 single-lap shear tests on single bricks with a bonded length of 200 mm and 9 three-
point bending tests on two brick slices, connected by a mortar joint and reinforced at the bottom
face. The exploitation coefficients derived from the shear and the bending tests are in
accordance with the best performances currently obtained by the FRCMs. Nonetheless, FRGPs
are provided with an undoubtedly more innovative inorganic matrix.

On the other hand, further studies are necessary to investigate the durability of the FRGPs.
In fact, the behaviour in alkaline environments simulating the pore solution of the geopolymeric
matrices highlighted the possibility of undesired corrosive outcomes on the fibres, especially
when they are un-sized (or they lost part of the sizing) as the basalt mesh used in this paper.

The results confirmed the untapped and interesting potential of FRGPs. In particular, The
FRGPs reinforced with the carbon mesh and the UHSS fabric shown interesting result as
potential inorganic composites suitable for strengthening exiting masonry buildings and BH.

Acknowledgements. Several industries provided free of charge part of the materials used in
this research: Fidia s.r.l. (Perugia, Italy) the basalt mesh, Kerakoll s.p.a. (Sassuolo, Italy) the
Ultra High Strength Steel fabric, BASF CC Italia (Treviso, Italy) the carbon mesh and the
pozzolana lime mortar, San Marco Terreal Italia (Noale, Italy) the soft mud clay bricks.
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