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Abstract

Composite materials made with textile fibers both with polymeric and cementitious matrices are
often adopted for the retrofitting of masonry arches and vaults. A specific project that analyzes the
performance of ancient masonry arches and vaults strengthened with composite systems has been
recently concluded at Politecnico of Milan. The project involves the experimental evaluation and the
development of numerical and analytical simulations. In this paper the experimental campaign is
described, whereas the numerical validation is provided in an accompanying paper [1]. The tests
were performed in-situ on ancient masonry arches and vault elements. In particular, three barrel
vaults and two arches either unreinforced or reinforced with Steel Reinforced Grout (SRG), Textile
Reinforced Mortar (TRM) and Fiber Reinforced Polymer (FRP) were tested.

The arches had a span equal to 3.30 m, a rise equal to 0.83 m and were built with common Italian
bricks regularly spacing out two bricks laid edge on (thickness of the arch 12 cm) with two bricks
(one over the other) disposed in single leaf. Barrel vaults had the same geometry of the arches but
were made with a single leaf. In all cases, an eccentric vertical load was applied at % of the span and
was increased up to failure. The experimental results on unreinforced structures are compared with
those obtained on the strengthening ones in terms of failure mode, maximum load, stiffness and
ductility.

Keywords: masonry; arches and vaults; Textile Reinforced Mortar TRM; FRP; in situ
experimentation

1 Introduction

1.1 _Problem statement

Masonry arches and barrel vaults are quite widespread all over Europe, especially in Italy. They have
been used for centuries in different kinds of constructions, such as monuments but also in common
residential buildings and bridges, the main advantage is the capability to cover larger spans and carry
relatively heavy gravity loads. The structural stability is guaranteed when thrust lines remain all
inside the thickness. This is a consequence of the fairly good masonry compression strength and the
almost vanishing tensile resistance. In the past, starting from Roman age ongoing the arch design was
essentially based on empirical rules, but what was intuitively correct for vertical loads, i.e. to enforce
masonry working in compression, is unfortunately not very straightforward in presence of horizontal
inertia forces induced by an earthquake. As a matter of fact, in presence of a seismic excitation, the
line of thrust shifts easily outside the arch thickness, resulting into a damage spreading and the
progressive collapse characterized by the formation of a typical four hinges mechanism. Such
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inadequate resistance of arches and vaults under seismic actions is an issue that all engineers at both
professional and academic level have been facing for about 20 years, at least starting from the
collapse of one vault of the S. Francesco Basilica in Assisi during Umbria earthquake (26 September
1997). The need of designing efficient and non-invasive strengthening interventions to masonry
vaults in seismic area appeared almost immediately clear to all technicians involved in the post
seismic reconstruction, but unfortunately conventional retrofitting techniques, such as external
reinforcement with steel plates, surface concrete coating and welded mesh, have proven to be
impractical and time expensive, adding also considerable seismic mass. The utilization of Fiber
Reinforced Polymer (FRP) before and Textile Reinforced Mortar (TRM) only recently appears
particularly effective, because both strengthening technologies may give a significant contribution in
the zones where they are applied in precluding the opening of flexural hinges.
FRP polymers are well known materials made with textile reinforcements and epoxy resins. TRM
materials are composed of two layers of inorganic matrix (lime or cementitious mortar) with
interposed one layer of fiber textile (glass, carbon, PBO, steel or basalt fibers). This system presents
many advantages compared to FRPs as higher moisture permeability, compatibility with the masonry
substrate and reversibility [2]. Both these systems present a larger stiffness incompatible with the
historical masonry substrate, which is much more deformable, but the failure mode of TRM
characterized by a progressive mortar cracking and slippage phenomena of the textile increased the
ductility of the retrofitting structure.

1.2 Previous studies
In the last decade many experimental and numerical studies were performed on masonry arches
reinforced with FRP materials. Several studies [3]-[6], demonstrated the efficiency of this
reinforcement technique, both in terms of the maximum load applied and of displacement at collapse.
In some cases the application of a continuous FRP textile prevented the formation of the typical
hinge-based failure mode and the collapse was caused by debonding of the FRP.
If the reinforcement was applied at the intrados of the arches the collapse was due to the debonding
of the FRP from the substrate and this reason in some cases also the use of FRP anchor spikes was
investigated [5], [7]. In [8] it was shown that the FRP application at the extrados is the most effective
option to increase the strength of the structure; on the contrary when the reinforcement is applied at
the intrados, the ductility of the arch seems slightly increased
In the last years the study of reinforcement of masonry structures was extended to TRM materials,
that present many advantages compared to FRP [9]-[11]. Due to their wide spread in European and
Italian constructions and to the specific mechanical behaviour, an important item is the study of
retrofitting of masonry-arches and vaults [12].
In [13] Borri and co-workers performed a series of tests on masonry arches reinforced with Steel
Reinforced Polymer (SRP) and Steel Reinforced Grout (SRG) materials applied at the extrados or at
the intrados. The experimental results showed that the arches strengthened at the intrados provided a
higher ultimate strength with respect to the one of the extrados reinforced structures. The SRG
system seemed to be more effective than the SRP and provided better bond properties with the
masonry substrate, in particular the maximum strain reached in the test on SRG reinforced arch was
about twice the one reached in SRP reinforced structure.
In [14] masonry arches strengthened at the intrados or extrados with PBO-FRCM systems were
studied. The experimental results were compared with the performance of a FRP reinforcement. The
PBO-FRCM system demonstrated to be effective in increasing the collapse load, with an increment
of about 400% with respect to the un-strengthened element. Also the ductility presented a significant
increment when the reinforcement was applied at the extrados. The comparison between the
structures reinforced with FRCM and FRP systems showed a higher performance of the FRP system
in terms of maximum load. Instead, in terms of ductility, the FRP reinforced arch presented a brittle
failure with a lower ductility value.
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In [15] an experimental investigation on full-scale vaults built in a laboratory and retrofitted at the
extrados with a TRM material was presented. The results showed a significant increment of the load-
carrying capacity and of the displacement. The reinforcement prevented the activation of the typical
four hinges mechanism and the development of cracks at the extrados.

In [16] the authors presented the results of a series of destructive in-situ tests performed on existing
masonry arches strengthened with FRCM systems with different configurations. The results showed
an increment in the load-carrying capacity and in the deflection of the reinforced structures: The
reinforcement systems did not prevent the formation of four hinges.

The previous papers presented an experimental set-up with the arch structure fixed at the abutments
and subjected to a concentrated vertical load applied at about a quarter of the span. In [17] a different
test set-up was proposed where the load was horizontally applied by two manual pump that
distributed the load in eight sections in order to simulate a horizontal action proportional to the vault
mass. The tests were performed on vaults retrofitted with FRCM materials applied in different
configurations to analyze the response of these elements subjected to seismic excitation and
understand the actual behavior of the reinforcement.

1.3 Objective of the research

The retrofitting of ancient masonry arches and vaults was investigated in this project. The paper
presents the results of a detailed in-situ investigation on three barrel vaults and two arches either
unreinforced or reinforced with Steel Reinforced Grout (SRG), Textile Reinforced Mortar (TRM)
and Fiber Reinforced Polymer (FRP). The arches were originally built with common Italian bricks
regularly spacing out two bricks laid edge on with two bricks (one over the other) disposed in single
leaf. One of the two arches is tested unreinforced, whereas the second is reinforced with an SRG
constituted by an inox grid embedded into a layer of lime mortar. Barrel vaults, having the same
geometry of the arches, are single leaf structures and they are tested either unreinforced or with
alternatively an extrados FRP and TRM reinforcement. In all cases, an eccentric vertical load placed
at ¥4 of the span is increased up to failure. The experimental results on unreinforced structures are
compared with those obtained on the strengthening ones in terms of maximum load, stiffness and
ductility. The reinforcement systems were very effective and modified the typical collapse model.

2 Experimental investigation

2.1 Geometry of the tested elements
The in situ experimentation was performed on a ribbed barrel vault belonging to an ancient masonry
building located in the countryside close to Novi Ligure (north-west of Italy) and originally built at
the beginning of the last century. A peculiar characteristic of such structure, also typical of many
other coeval buildings in the same region, is that the basement and the ground floor walls (where the
vault was located) are made with adobe and gravels. A section of the building is sketched in Figure
la.
Prior experimentation, the ribbed barrel vault (Figure 1b) was transversally cut in order to isolate the
arch ribs to obtain from the unribbed part three tile barrels (Figure 1c).
The arches are 250 mm wide, with a span equal to 3.30 m and a rise equal to 0.83 m. The tile vaults
have the same dimensions, exception made for the width that in this latter case is equal to 300 mm.
Arch and vault thicknesses are respectively 120 and 60 mm. The arches were built with common
Italian bricks with dimensions 250x120x55 mm and 10 mm thick mortar joints, regularly spacing out
two bricks laid edge on with two bricks (one over the other) disposed in single leaf. The geometry is
reported in Figure 2.
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Figure 1: Geometry of the building [in mm]. —a: section. —b: existing ribbed vault. —c: the structural elements
(vaults and arches) after the cutting
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Figure 2::Geometrical properties [mm]: -a: masonry arch. —b: masonry vault

The structural experimental investigation was carried out on two masonry arches and on three
vaults, as summarized in Table 1 and depicted in Figure 1-c. The first arch, hereafter called U_A, is
un-strengthened, whereas the second one (SRG_A) was reinforced with a Steel Reinforced Grout
SRG at the extrados. The first vault is again un-strengthened, whereas the remaining two were
reinforced with a CFRP system (FRP_V) and with a Textile Reinforced Mortar (TRM_V) coat at
the extrados composed by a lime mortar and a glass fiber grid. This layout was chosen in order to
analyze and compare the efficiency of three reinforcement systems constituted by two very different
matrices (epoxy resin and lime mortar) and three textile materials (carbon, glass and steel). Due to
the higher mechanical properties of the steel textile, the SRG was applied on the arch, that
obviously presented a greater mechanical behavior.

The Steel Reinforced Grout (SRG) was constituted by two layers of inorganic lime mortar (5+5
mm) and one layer of steel textile. The uniaxial textile was made by cords, about 6 mm stepped,
each of which obtained by twisting 19 wires, the total cross section area being equal to 0.607 mm?,
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see Figure 3-a. Being the width of the arch equal to 250 mm the cross section of the steel textile was
25.5mm’.

The textile reinforced mortar (TRM) system consisting of two main elements, namely an inorganic
lime mortar and a glass fiber grid. The textile was a balanced grid with fiber yarns disposed in two
orthogonal directions at a nominal distance of 20 mm. The equivalent fiber thickness was 0.048 mm
in both directions, see Figure 3-b. The width of the vaults was equal to 250 mm and 15 yarns were
regularly positioned in the longitudinal direction of the vault. The total transversal area of the ‘glass
fibers was 12.0 mm”.

The FRP system consisting of a unidirectional carbon fibers textile was applied using an epoxy
resin. The carbon textile had an equivalent thickness of 0.165 mm and a weight per unit area equal
to 319.2 g/m’, see Figure 3-c. The reinforcement width was equal to 100 mm, so the total transversal
section of the carbon fibers was equal to 16.5 mm®.
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Flgure 3: Textile geometries. —a: steel textile. —b: glass fibers grid. —c: carbon textile.

Table 1: experimentation carried out at a structural level and corresponding labels utilized.

Structure Reinforcement system Name Structure Relnforcemgnt
geometry [mm] | area [mm~]
Arch Unreinforced U_A 3300x250x120 -
Steel Reinforced Grout SRG_A 3300x250x120 25.5
Unreinforced UV 3300x300x60 -
Glass Textile
Vault Reinforced Mortar TRM_V 3300x300x60 12.0
Carbon Fiber
Reinforced Polymer FRP_V 3300x300x60 16.5

2.2 Mechanical characterization of the components

A mechanical characterization of the masonry and of the reinforcing systems was performed. The
single components were separately characterized and the tensile and bond properties of the systems
were investigated. The knowledge of these properties is essential to evaluate the mechanical
behaviour of the reinforcement system and to evaluate the main design parameters. The tensile tests
are important to understand the strength and the elastic modulus in the elastic phase, the cracking
behaviour, the adhesion between textile and matrix and the development of slippage phenomena.
The bond tests are essential to study the adhesion between reinforcement system and substrate,
between textile and inorganic matrix and evaluate the typical failure mode, that may be very
different in each system.



Revised version, modifications highlighted in color YELLOW

2.2.1 Masonry properties

The mechanical properties of the clay bricks were investigated according to [18]-[20]. Eight
compressive tests produced an average compressive strength equal to 10.7 MPa and an average
elastic modulus equal to 2016 MPa. The tensile strength was evaluated equal to 0.8 MPa with a
Brazilian test. The original mortar was lime based, it was not possible to directly identify its
mechanical properties.

A masonry specimen cut from the unreinforced arch was tested in compression to determine the
mechanical properties of the masonry. In Figure 4a a sketch of the masonry element analyzed is
represented; the dimensions and the tests set-up are reported in Figure 4 b. The compressive load
was applied in the longitudinal direction of the arch. Two mortar layers were applied on the upper
and lower sides of the sample to distribute homogeneously the load and regularize the geometrical
imperfections. Four vertical LVDTs were applied on the mortar joint to estimate the elastic modulus
of the mortar (Figure 5a). The test was performed under displacement control; the load was
monotonically applied at a rate of 5 mm/min.

______________________________

Arch intrados 1
i : Masonry element
] analyzed
-a
_Compressiveil 1 1 1 l

284

— LVDTs :
o — e Mortarlayer—g—g/é-lly A, *é
Sttt tt =
tttttrttt 5 5
- <

b -c
Figure 4 — Test set-up. —a: Masonry element analyzed; -b: sample front view (extrados side); -c:
Sample lateral view

The failure (Figure 5b) showed the development of a crack between the vertical mortar joint and the
bricks, after that the load-displacement curve showed a lower slope; when the maximum load was
reached, the brick failed in compression with the detachment of a brick layer.
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Figure 6 shows the load-displacement curve. The displacement represents the average of the four
vertical measurements recorded by the LVDTs applied on the mortar joint. The collapse load
corresponds to a compression stress equal to about 3.5 MPa. The elastic modulus of the mortar
varies between 306 MPa and 337 MPa.

Figure 5 — Test on masonry element: -a: Test set-up; b- Failure mode
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Figure 6 — Load — Displacement curve
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2.2.2 Properties of the composite components

The knowledge of the mechanical properties of the dry textile both in the case of FRP or TRM
composites is essential to qualify the reinforcement system in the design process. For this reason,
several tests on dry yarns extracted from the textile were conducted.

Tensile tests were performed on samples composed of a single yarn and steel cords according to
[21][22]. Tests were carried out using a testing machine with a maximum load capacity of 2 kN.-In
order to avoid local damage of the specimens, fiberglass tabs were bonded to the ends of the
specimens. The tests performed on dry glass yarns presented a premature failure that involved only
some filaments, for this reason the yarns were impregnated with an epoxy resin that guaranteed an
more homogeneous stress distribution.

Five tests were performed for each textile. The obtained average values and .the coefficient of
variations of mechanical properties are reported in Table 2.

Two matrices were considered. In particular, lime mortar was used to prepare the SRG and TRM
systems, whereas the FRP system was made with epoxy resin. Table 3 shows the main mechanical
properties and the corresponding standards used to evaluate them.

Table 2: Textiles mechanical properties.

Material weight per unit area | Tensile strength | Elastic modulus
[kg/m?] [MPa] [GPa]
1379.20 15291
Steel 781.3 (5.08%) (2.13%)
1442.49 7543
Glass 2234 (11.42%) (6.21%)
Carbon 319.2 5580%* 252%

*data from data sheet

Table 3: Mechanical properties of the mortars

Material Tensile strength Compressive Flexural strength | Elastic modulus
atetia [MPa] strength [MPa] [MPa] [GPa]
EN 1015 -11 EN 1015 -11
EN 12390-6 EN 2190 EN 13412 EN 14580
Lime mortar - 7.48 3.16 6.08
Epoxy resin 30.82°% 65-97 * > 2000 * 2.89%

*from technical data sheet

2.2.3 Mechanical properties of TRM and SRG reinforcing systems
An adequate characterization of the TRM and SRG composites requests a series of tensile and
debonding tests of the system bonded on a specific masonry substrate. As highlighted in [23], these
two tests are requested even for the homologation procedure of the materials.

For a complete characterization of the composite system, the following parameters must be
determined: tensile behaviour, stress corresponding to the elastic phase and at failure, adhesion
between textile and matrix, adhesion between the reinforcement system and the substrate, typical
failure mode, debonding strength.

It is known that this results often present a great variability of the mechanical properties associated
with different failure modes. A large Round Robin experimental campaign to analyze different fiber
textiles and composite systems was recently performed [24]-[28]. For each material the influence of
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the following parameters was investigated: textile geometries, textile and matrix mechanical and
bond properties, test set-up, specimen preparation and curing phase.
o Tensile tests

The typical stress-strain behavior of TRM and SRG under tensile tests is a tri-linear curve. The first
phase represents the uncracked state in which the slope of the stress-strain curve is characterized by
the elastic modulus in tension of the matrix. The second phase corresponds to the formation of
cracks. In this phase there is a significant decrease of the stiffness. The length of this part of curve
depends on the quality of the bond between the textile and the matrix and on the textile ‘geometry,
see for instance [29]. In the third phase, the only resistant element in the composite is the textile,
therefore the slope of the curve should reflect the elastic modulus of the dry textile. This typical
behavior is discussed in some detail for instance in [30][31].

Recommendations for the execution of direct tensile tests are proposed in [32]. According to this
procedure a series of tensile tests was carried out. The samples were prismatic with rectangular
cross section, constituted by 2 layers of mortar with a total thickness equal to 9 mm and a layer of
textile. The width was equal to 50 mm and the length was 400  mm. Fiber reinforced tabs
(dimensions 60 x 50 x 2 mm) were applied at the two opposite edges of the samples using epoxy
resin. The two extremes of the specimens were fixed into the clamping wedges of a standard testing
machine. The normal pressure applied in the gripping area by the wedges was such to prevent the
textile from slipping out of the mortar matrix. The samples were tested after a curing period of
about 50 days.

A testing machine with a load capacity of 100 kN was used with displacement control at a rate of
0.1 mm/min in the first phase and equal to 0.3 mm/min in the third phase. An extensometer with a
gauge length of 200 mm was applied in the central area of the specimen in order to measure the
strains.

In the following, the results of the tests performed are briefly described. For each material a series
of five tests was performed.

For TRM samples, the failure was characterized by the appearance of one or two cracks in the
length of the specimen and by fibers tensile failure. The stress-strain curves showed a tri-linear
behavior in which the second phase exhibited negative slope due to the formation of few cracks. It
could be noted that the stiffness of the third phase is similar to the elastic modulus of the dry textile.
In the first phase both the matrix and the textile are subjected to the load, but due to the low cross
section area of the textile (eg: Atexiile=2.4 mm2; Aporear = 500 mm2; Agextite / Amortar =0.0048) it is
possible to assume that the mechanical properties of this phase (elastic modulus and maximum
stress) are very similar to the ones of the matrix.The elastic modulus of the first phase (6.50 GPa)
could be compared to the one of the mortar while the stiffness of the third phase (78.9 GPa), in
which the matrix is completed cracked, is comparable to the elastic modulus of the textile. The
maximum stress reached at failure is lower with respect to the tensile strength reported in Table 2
due to the failure mode that was characterize by a slippage phenomenon. The collapse is due to
slippage between textile and matrix and to the final failure of the external filaments of the yarns.
The typical telescopic failure mode was noted; only the sleeve filaments were impregnated by the
mortar while the internal ones presented a slippage due to the pull-out force.

This behavior was highlighted also in [28], that compared tests performed by many laboratories on
different TRM systems with glass fiber textiles.

During the tests on SRG specimens, the development of two or three cracks was noted and the cords
failed close to the main crack. In some cases, the failure is limited to some cords while one or two



Stress [MPa]

Revised version, modifications highlighted in color YELLOW

were subjected to slippage phenomena. Due to this failure mode, the maximum stress reached (1276
MPa) was slightly lower than the tensile strength of the dry textile. The last phase of the tests was
characterized by a lower stiffness due to the yielding of the steel cords. The elastic modulus of the
first phase (7.47 GPa) could be compared to the one of the mortar and to the one reached in the tests
on TRM system that was constituted by the same matrix. The stiffness of the third phase (172.2
GPa) was comparable to the elastic modulus of the dry textile.

In [30] a similar behaviour was described. The failure was due to the rupture of few lateral cords
without sliding or telescopic failure. In some cases, the recovery of the elastic deformation of the
steel cords caused the detachment of small parts of the mortar.

In Table 4 the average results of the main mechanical parameters and the coefficients of variation
are reported. The parameters were derived dividing the loads by the section of the textile: Only for
the first phase, in which the mortar is un-cracked, the tensile stress (o7;) and the elastic modulus
(E7) were also referred to the composite cross section, in order to compare these values with the
mechanical parameters of the mortar.

Figure 7 shows the stress-strain curves obtained for the TRM and SRG reinforcement systems.
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Figure 7 - Tensile stress-strain behavior. —a: TRM. —b: SRG.

®  Bond tests

The bond properties of TRM and SRG systems were also investigated in the literature. Few data
referred to systems composed by glass textile are available. On the contrary the SRG systems were
deeper analyzed.

An experimental campaign including pull-off and shear tests was performed to investigate the bond
properties of the TRM system applied on masonry.

Three pull-off tests were performed, according to [33], on masonry elements extracted from the
vault after the collapse of the structure. In two cases the part of reinforcement subjected to the
perpendicular load was applied on the brick; in one case also the mortar joint of the masonry
substrate was included. In the first configuration a maximum stress of 0.17 MPa was reached, in the
second one the adhesion properties were lower with a maximum stress of 0.05 MPa. In all cases the
failure was located at the interface between the substrate and the TRM system. This failure shows a
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good adhesion between the two mortar layers of the reinforcement. Due to the poor mechanical
properties of the lime mortar, the failure was adhesive, see [34].

Five shear tests were performed according to [32]. The TRM system was applied on masonry
elements constituted by five bricks and four mortar joints. The bricks were characterized by an
average compressive strength equal to 20 MPa, the matrix was a M5 lime mortar.

The reinforcement was applied on the larger face of the element, the bond length and width were
equal to 260 mm and 100 mm respectively. A part of textile with a length of 300 mm remained not
impregnated and was used to connect the upper part of the sample to the testing machine.

An uniaxial testing machine with a load capacity of 250 kN was used. The samples were located in
a rigid frame in order to avoid any displacement and rotation during the tests. At the end of the dry
textile two FRP tabs were glued and the tabs were clamped in two steel plates connected to a
spherical joint. The tests were performed under displacement control at a rate equal to 0.2 mm/min.
Two linear variable displacement transducers (LVDTs) were located on the masonry surface close
to the edge of the bonded area to measure the slip between the textile and the matrix. The points of
the LVDTs were positioned on a thin aluminum plate that was attached to the textile transversal
yarn adjacent to the beginning of the bonded area. In Figure 8 the test set-up and the typical failure
mode are reported.

The failure mode was characterized by textile slippage within the mortar matrix; in some cases
some cracks appeared on the external mortar layer. Some external filaments of the yarns failed
during the slipping while the internal ones slipped because not well impregnated by the matrix. This
telescopic failure mode was similar to the one described for the tensile tests.

The average maximum peak stress in the textile was equal to 335 MPa, with a minimum value equal
to 314 MPa and a maximum of 350 MPa and the correspondent average slip was equal to 0.64 mm
(Figure 9). Obviously, due to the failure mode, the maximum stress was very low when compared
to the textile tensile strength.
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o .Sp.herical 1 Textile -T =1
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A LVDTs
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Bricks Failure mode : mortar cracking
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Figure 8: Shear test on TRM system. —a: test set-up. —b: failure mode
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The bond properties of SRG systems  applied on masonry structures were investigated in
[24][35][36]. The tests performed on a SRG system similar to the one involved in this project were
characterized by failure at the interface between textile and matrix or by textile slippage whitin the
mortar layer. The maximum stress reached in the textile varied from 600 MPa to 800 MPa.

2.2.4 Mechanical properties of FRP reinforcing systems
A series of tensile tests were performed on 8 FRP samples. Mechanical parameters were computed
according to [37].

The samples were cut from a panel made with three layers of carbon textile and epoxy resin. The
nominal dimensions of each specimen were 250 x 20 x 2 mm. At the extremities of the samples,
GFRP tabs were glued in order to guarantee an homogeneous stress distribution. A testing machine
with a load capacity of 100 kN was used under displacement control at a rate of 1 mm/min. An
extensometer with a gauge length of 50 mm was applied in the central area of the specimen and it
was removed when a load equal to half of the failure load was reached. An almost linear elastic
behavior up to failure was recorded.

The average maximum stress reached (Table 4) was equal to 4174.3 MPa and the average elastic
modulus was 258.8 GPa, with a coefficient of variation equal to 5.6% and 2.5% respectively.

The perpendicular bond properties of the FRP system applied on masonry elements were
investigated using pull-off tests while the shear bond properties were analytically estimated.
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The most common phenomenon influencing the effectiveness of the FRP repair of masonry
structures is debonding of the reinforcement system from the substrate. This typical failure mode
was experimentally highlighted by many experimental researches, see for instance [38]-[41].

FRP systems quite similar to the one used in this project applied on a masonry substrate were
characterized by a maximum debonding strength ranging between 700 MPa and 950 MPa.

On the other hand, the maximum transferable load between the textile and the substrate could be
also analytically estimated, taking into account the specific mechanical properties of materials
analyzed. In [42] a formulation based on the mechanical properties of bricks and reinforcement is
proposed to compute the fracture energy and the maximum transferable load.

According to this bond strength model the maximum stress reached in the FRP is equal to 378.8
MPa. This value is lower than the ones obtained in the literature probably because of the low
mechanical properties of the ancient bricks of the substrate. Considering the reinforcement area
applied on the masonry vault, the maximum load transferable by the FRP reinforcement was 6.25
kN.

Three pull-off tests were carried out according to [33] on masonry elements extracted from the vault
after the collapse of the structure. A maximum stress of 0.20 MPa was reached. In all the cases the
failure was cohesive and located in the substrate.

Table 4: Tensile tests on TRM and SRG systems.

Tensile test Shear test
Material E, E; o1 Oro oy Oyield E 071 O deb
[GPa] [GPa] [MPa] [MPa] [MPa] [MPa] [GPa] [MPa] [MPa]
TRM 1213.39 78.90 414.71 312.56 595.26 i 6.50 2.08 335
(19.3%) (9.7%) (9.8%) (12.7%) (14.0%) (21.4%) (9.4%) (9.2%)
SRG 654.77 172.22 361.40 314.10 1493.15 | 1293.08 7.47 3.54 600—8007
27.5%) | (15.7%) | (12.3%) | (12.3%) (5.5%) (6.6%) | (27.1%) | (12.4%)
258.80 417431 s
FRP (2.5%) - . - (5.6%) - - - 378.8

* From literature
** Analytically computed according to [42]
* % . .
Note: E ; and oy were computed with respect to the cross section area of the mortar.

2.3 In-situ experiments: test set-up

The two arches and the three vaults were subjected to a concentrated vertical load applied at a
distance of 556 mm from the left abutment (approximately one fourth of the span). The load was
applied using a hydraulic manual jack connected to a load cell with a maximum capacity of 100 kN.
The jack was located on a contrast beam. In Figure 10 the test set-up is shown. A hole in the arch
allowed the connection of the jack with a contrast element located at the extrados with a steel bar
(Figure 10-b). The load was monotonically applied but a series of two or three load-unload cycles
were applied before reaching the collapse of the structure in order to equally distribute the load and
to evaluate possible residual deformation in the structure.

The test on the unreinforced barrel vault (U_V) was not performed with a hydraulic jack, because of
the very low carrying capacity expected. A series of masses having weight equal to 0.07 kN and
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0.04 kN were manually added on a plate in order to apply a small increasing concentrated load
positioned at one fourth of the span of the vault.

Four displacement transducers were used to measure the vertical displacements. As showed in
Figure 2 two instruments were installed at about one fourth of the span (on both sides to eventually
monitor torsion) and one in the middle, in correspondence of the crown. Due to non perfect
regularity of the structure and to the different location of the bricks, the position of the LVDTs was
not exactly the same in the different tests. In Table 5 the location of the LVDTs is reported as the
angle with respect to the horizontal line. The arch and the vaults were represented as‘a bow of
circumference with a radius equal to 1995 mm, the angle were computed with respect to the
diameter of the circumference.

During the tests, a visual inspection was also performed in order to identify cracks in the mortar and
in the substrate, hinges formation and debonding phenomena.

Table 5 — LVDTs location

LVDTs
Structure d d d a
U_A 117.06 89.07 66.55 66.55
SRG_A 117.06 89.07 66.55 66.55
U_V 113.98 89.78 66.01 66.01
FRP_V 113.98 90 66.01 66.01
TRM_V 113.98 90 66.01 66.01

-b
Figure 10: details of the test set-up. —a: contrast beam. —b: contrast element at the extrados. —b: steel bar
used to applied the load and vertical displacement transducers

2.4 Experimental results
In Table 6 a synopsis of the most important experimental results obtained is reported and includes
maximum loads, the correspondent displacement, stiffness and ductility factor. The stiffness was
evaluated in the linear part of the load-displacement curve recorded at the loaded point (average
between the displacement recorded by LVDTs &, and &, ) without considering the influence of the
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first non-linear branch. A ductility factor was computed as the ratio between the displacement
reached at the maximum load and the one corresponding to the linear elastic limit determined from
the load-displacement curve [14]. Also in this case the average between the displacement recorded
by LVDTs ¢, and J, was considered. In the case of the barrel vault, the collapse happened

immediately after the application of the last mass, for this reason the displacements reported in
Table 5 are referred to a load of 0.35 kN and not to the maximum load. In Figures 11, 12 and 16 the
load-displacement curves were reported.

Table 6: Experimental results

Structure Collapse load | Displacements at collapse [mm]** | Stiffness | Ductility
Frax [KN] ds d ds dy [N/'mm] | factor [-]
U A 2.08 2.36 2.16 -3.89 -3.58 1281.74 3.25
SRG_A 8.83 0.71 0.49 -3.53 -3.32 /| 4187.61 1.85
Uuyv 0.39 -0.42*% | -5.69*% | -6.41* | -437* 324.24 -
FRP_V 1.54 4.54 4.42 -5.89 -6.02 344.72 1.60
TRM_V 2.17 2.54 4.40 -3.67 -4.08 1181.82 3.19

* the displacements are referred to a load equal to 0.35 kN
** negative values represent downward movements

2.4.1 Unreinforced (U_A) and SRG reinforced arch (SRG_A)

In this section the results obtained for the unreinforced and reinforced arches are described and
analyzed.

The unreinforced arch exhibited a collapse mechanism with the classic formation of four alternative
hinges, two at the intrados and two at the extrados. In Figure 11 the experimental curves are
reported, together with the vertical displacement recorded by each of the four LVDTs plotted with
respect to the applied load.

The first hinge appeared at the extrados, under the concentrated load, at a load approximately equal
to 1.9 kN and even the second hinge appeared at the extrados in correspondence of the right
abutment. When the second hinge appeared the load started to decrease, with a first vertical drop
and a subsequent fast decreasing branch characterized by a significant increment of the vertical
displacement. In this phase also the third and fourth hinges appeared. The third one located at the
intrados in an-almost symmetrical position with respect to the first one, with an angle 0=98° with
respect to the horizontal line. The last hinge appeared at the left abutment with a complete
detachment from the left springing.

Figure 12 shows the experimental load-displacement curves obtained for the arch reinforced with
the SRG system (SRG_A). Five loading-unloading cycles were applied during the elastic phase,
with a maximum residual displacement equal to 0.35 mm. The stiffness of the re-load phase was
very similar to the initial one, namely equal to 3938.9 N/mm.

The presence of the SRG reinforcement slightly modified the collapse mechanism of the arch. A
first hinge appeared at the loaded section when the maximum load was reached. The test continued
with a slow decrease of the load and an increment in the vertical displacement, a second hinge
appeared in correspondence of the left abutment. Collapse was characterized by a complete
detachment of the abutment element from the lateral wall, with concentrated masonry crushing in
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the loaded section. Only at collapse, a local debonding of the reinforcement from the substrate
occurred near the right abutment. No meaningful damages of the SRG were observed (Figure 13).

In Figure 14 where the arch was represented as a bow of circumference with a radius equal to 1995
mm, the order of the hinges appearance and the corresponding angle respect to the horizontal line is
reported.

2.
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Figure 11: U_A unreinforced arch, load-displacement behavior.
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Figure 15: Comparison between unreinforced (U_A) and reinforced (SRG_A) arches. —a: load-displacement
curves. —b: load, stiffness and kinematic ductility comparison

In Figure 15 a comparison between the tests performed on the unreinforced and reinforced arches is
reported. The maximum load reached on the unreinforced arch was increased by 4 times by the
contribution of SRG system. On the opposite, the application of SRG caused a relevant increment in
the stiffness of the structure, roughly by a factor 3. The ductility of the reinforced structure seems to
be lower, but it should be considered that the elastic phase of the unreinforced structure was very
small, whereas SRG_A exhibited a behavior almost linear up to the peak load. In the decreasing
phase the reinforced structure was able to keep a high load —fairly constant- for larger displacement
values, which demonstrates the satisfactory ductility of the system.

2.4.1 Unreinforced vault (U_V), FRP and TRM reinforced vaults (FRP_V and TRM_V)
The unreinforced vault exhibited a collapse mechanism with the classic formation of four
alternative hinges, two at the intrados and two at the extrados.
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The failure of the masonry vault U_V occurred suddenly, as expected in correspondence of small
displacements and just after the maximum load was reached. The first hinge appeared at the
extrados, under the concentrated load, the second one at the intrados in a symmetrical position, with
an angle a=105° respect to the horizontal line. The third and fourth hinges appeared at the left and
right abutments.

Figure 16 shows the load-displacement curves of the vaults reinforced with FRP (Figure 16-a)‘and
TRM (Figure 16-b) systems.

The FRP_V showed a linear elastic behavior up to the maximum load, after a first drop in the load
the test continued with a decrease in the applied force and an increment of the displacement, in
particular in the section where the load was applied. In this phase a loading-unloading cycle was
applied, the structure presented a residual deformation corresponding to 60 mm in the section
subjected to the load and to 27 mm at the opposite quarter of the span. As expected, the second load
cycle was characterized by a lower stiffness compared to the elastic one (27 N/mm against 344.72
N/mm) of the first cycle.

The failure mode was characterized by the formation of a first hinge in correspondence to the
applied concentrate load, that corresponds to the drop in the load carrying capacity. The FRP
prevented the appearance of the hinge at the extrados at the opposite quarter of the span. The second
hinge appeared at the left abutment with a complete detachment. The test continued with an
increment of the displacement up to the collapse that was caused by the detachment from the right
abutment and the debonding of the FRP reinforcement in the right part of the vault.

In Figure 17 the order of the hinges appearance and the correspondent angle with respect to the
horizontal line is reported, the vault was represented as a bow of circumference with a radius equal
to 1995 mm. The structural element and.the reinforcement system were not well connected to the
abutment, that could not prevent a-bending phenomenon, for this reason the collapse was not
correlated to the typical formation of four hinges. Figure 18 shows the failure mode.

The test performed on TRM.V was characterized by four loading-unloading cycles. The first two
cycles were performed in the elastic phase and no relevant residual displacements were measured
(the maximum residual-displacement after the second unload was equal to 0.22 mm). The first hinge
appeared in correspondence to the applied load, at a load approximately equal to 1.8 kN. Then, a
new unloading-loading cycle was applied and the maximum residual displacement observed was
equal to 0.65 mm. The last load phase exhibited a lower stiffness equal to 451 N/mm. At a load
equal to 2.1 kN the second hinge appeared at the extrados at about 34 of the total span (a=106°), and
the reinforced mortar cracked. After a drop in the load, the test continued with a relevant increment
in the vertical displacement. The structure collapsed for the formation of other two hinges at the
abutments. The glass textile collapse in correspondence of the second hinge due to slippage
phenomena and tensile rupture of the external filaments of the yarns (see Figure 19).
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Figure 17: Order of the hinges opening @ reinforced vault; b- FRP reinforced vault (FRP_V); c-TRM
reinforced vault (TRM_V)
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-b
Figure 19: Failure mode of TRM_V. —a: hinges appearance. —b: TRM collapse.
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Figure 20: Comparison between unreinforced (U_V) and reinforced (FRP_V and TRCM_V) vaults. -a:
Load-displacement curves. —b: Load, stiffness and ductility comparison.

In Figure 20 a concise comparison among the experimental results obtained for the unreinforced
and reinforced barrel vaults (i.e. UV, FRP_V, TRM_V) is reported. The peak load reached was
increased by 4 times using FRP reinforcements and by 5.5 times reinforcing with TRM. The TRM
system presents a better behavior also in terms of ductility, that was equal to 1.6 for FRP_V and 3.2

for TRM_V. On the opposite, the application of the TRM resulted into a relevant increment in the
stiffness of the structure.

3 Conclusions

The present project analyzed the performance of ancient masonry arches and vault strengthened
with composite systems. The work involves the experimental evaluation and the development of

numerical and analytical simulations. In this paper (the numerical validation is discussed in [1]) the
experimental campaign was described.

The insitu experimentation was performed on a ribbed barrel vault belonging to an ancient masonry
building located in the north-west of Italy. Prior to experimentation, the ribbed barrel vault was
transversally cut in order to isolate the arch and to have three vault elements. One arch and one
vault remained unreinforced, instead the second arch was reinforced with a SRG system applied at

the extrados, the second and third vaults were strengthened with FRP and TRM composite
materials.

The mechanical properties of the masonry were determined with a compression test on a masonry
element extracted from the arch after the collapse. Moreover the compressive and tensile strength
and the elastic modulus of the bricks were experimentally evaluated.
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A complete experimental characterization of the three reinforcement systems was performed. First
of all the mechanical properties of the components materials were investigated. After that the tensile
and bond properties of the systems were analyzed. The results of this characterization are useful to
calibrate the mechanical properties involved in the simulations described in the second part of the
project.

The reinforcement systems were very efficient. In particular, the maximum load reached on the
unreinforced arch was increased by 4 times by the contribution of SRG system, even if the
application of the SRG caused a relevant increment in the stiffness of the structure. In the
decreasing phase the reinforced structure was able to keep a high load —fairly constant- for larger
displacement values, which demonstrates the satisfactory ductility of the system.

Also the maximum load reached in the tests on the vaults increased significantly. The peak load
reached was increased by 4 times reinforcing with FRP and by 5.5 times reinforcing with TRM. The
TRM system presents a better behavior also in terms of ductility, that was equal to 1.6 for FRP_V
and 3.2 for TRM_V. On the opposite, the application of the TRM resulted into a relevant increment
in the stiffness of the structure. The FRP systems modified the typical failure mode, because FRP
prevented the appearance of the second hinge at the extrados at the third quarter of the span. The
second hinge appeared at the left abutment and the collapse was caused by the detachment from the
right abutment.

In the second part of the project [1], described <in-detail in an accompanying paper, such
experimental results will be compared with a straightforward but advanced lower bound limit
analysis code, ex-novo implemented just for the present experimental interpretation. Such approach,
within the hypotheses of classic limit analysis, allows to account for both the limited masonry
compressive strength and shear sliding. In particular, it will be addressed how the hypothesis of no-
tension material (thrust lines) is physically adequate in the unreinforced case, but provides rather
conservative results, whereas in_presence of reinforcement the assumption of a four hinges
mechanism for the collapse can'be quite debatable, leading to an unsafe prediction of the ultimate
load carrying capacity.
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