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This paper will present the results of an experimental campaign aimed to study the structural behavior of solid
clay brick masonry arch models strengthened at the intrados with Fiber Reinforced Cementitious Matrix (FRCM).
The arch models’ peculiarities are: i) the presence of the haunching made of hydraulic lime mortar-based
conglomerate, and ii) the geometry that reproduces a 1:2 scaled longitudinal section of a typical Italian rail-
way single span bridge. The arch models are tested, imposing loading-unloading cycles to analyze the effec-

tiveness of the strengthening system. The results are expressed in terms of failure mode, load carrying capacity
and ductility, which shows the increase in the strength and displacement capacity of the strengthened model.
Finally, limit analysis was performed to validate the experimental results and to assess the maximum fiber strain
and the corresponding stress at the peak load.

1. Introduction

In some cases, the load-bearing capacity of railway masonry bridges
in service is not sufficient to withstand the current traffic loads [1-10],
seismic action and the other external loads defined by current Standards
not considered in the design process.

Since these constructions were built more than 100 years ago, the
material is subject to degradation due to weathering, and the structure
suffers damage due to traffic loads or other actions (foundation settle-
ments, seismic events, etc) [11-14].

Considering the architectural and strategical value of these struc-
tures, the necessity to reestablish adequate safety performance arises. If
the restoration to the original structural condition is not sufficient to
achieve this objective, the masonry arch should be subjected to retro-
fitting interventions.

Strengthening systems aim to increase the load-bearing capacity of
the arch to vertical and horizontal loads [15]. Traditional strengthening
techniques involve inserting of transverse prestressed cables, metal or
wooden centering applied to the arch intrados, reinforced and unrein-
forced concrete cover at the extrados or intrados of the arch, applying

tie-rods [16-19]. These techniques can be effective, but they have the
drawbacks of being aesthetically obtrusive or adding a significant in-
crease in weight and stiffness to the structure. Less obtrusive and
higher-performance technologies, such as FRP and FRCM, have been
introduced in the last three decades. These composite systems consist of
a matrix that allows a bond within the substrate and the fiber that is
embedded in it. This solution permits the introduction of a tensile
resistant element that allows the thrust line to exit the arch shape,
allowing an increase in arch strength without significantly changing
mass and stiffness [20,21]. Among the several types of fibers utilized,
experimental campaigns have been conducted on carbon fibers, basalt
fibers, glass fibers, PBO, steel wires and natural fibers. The matrix used
can be either polymer-based (FRP) or cementitious-based (FRCM); these
two systems differ in their compatibility with the support and applica-
tion methodologies [22-28].

To highlight the contribution of the composite system at the local
level, few experimental campaigns have been conducted that apply
distinct types of FRCM to masonry supports, considering arch curva-
tures, highlighting failure modes and system effectiveness [29-36]. The
necessity of studying the behavior of masonry arch bridges under
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controlled laboratory conditions allows for a better understanding of
failure mechanisms, an assessment of the influence of all structural el-
ements, and the provision of empirical data to the academic community
[37,38]. These results can be compared with numerical models to
facilitate their calibration. Experimental laboratory tests were con-
ducted on strengthened arches and vaults to simulate the application of
such a system in practical use. Different geometries and types of
strengthening system have been tested, showing an increase in bearing
capacity and displacement capacity respect the unstrengthened config-
uration [39-51]. In literature, it is possible to find case studies of FRCM
applications to historic buildings, highlighting application methods and
results [51-53]. To predict the contribution of the strengthened struc-
tures, numerical and analytical methods have been developed,
providing static assessment before the composite system is applied in
situ. The main analytical method to assess the capacity of the masonry
arch is the limit analysis that permits to obtain a bearing load value once
the collapse mechanism is defined [54-59]. Through numerical tech-
niques, such as FEM and DEM, it is possible to calibrate the model based
on experimental results and simulate the behavior of the tensile and
bond properties of the strengthening system and the structural behavior
of the whole masonry arch [60-67].

This paper presents the results obtained from an experimental
campaign aimed at investigating the behavior of masonry bridges
strengthened by means of an FRCM system applied to the arch intrados.
The vault geometry was selected to simulate, at a 1:2 scale, a 6-meter
span masonry bridge strengthened with a single layer of FRCM. The
literature contains numerous studies that examine the effect of
strengthening system on stand-alone masonry arches. In this work, in
addition to scaling the typical dimensions of arches used in masonry
bridges, the effect of haunching made of hydraulic lime-based
conglomerate was considered. In the context of understanding the
contribution of each element, this study aims to provide insight into the
phenomenon; however, it represents an intermediate step toward a
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comprehensive analysis. Future studies will be necessary to account for
the presence of the infill and all structural components not considered in
the current experiment. The results are presented as load-displacement
curves, a discussion of the collapse mechanism and a comparison be-
tween the strengthened and unstrengthened case, highlighting the
contribution of fiber in global and local mechanical behaviors. An
analytical evaluation considering the finite strength of the masonry and
the constitutive law of strengthening system in a simplified approach is
illustrated, with the aim of validating the experimental results and of-
fering a tool for simplified evaluation of the contribution of the
strengthening system.

2. Experimental program
2.1. Specimens’ description

The experimental program was conducted to investigate the struc-
tural behavior of intrados FRCM - strengthened masonry bridges. For
this purpose, two solid brick arch models with a span of 299 cm, an arch
rise of 132.21 cm, an arch thickness of 25 cm and a depth of 51 cm were
built in accordance with traditional procedures by experienced masons
(see Fig. 1) to reproduce in 1:2 scale a single-span railway arch bridge.
The haunching of Italian railway masonry bridges, as evidenced by
extensive experimental campaigns (conducted by some of the authors),
in many cases consists of a stiffned conglomerate. That is why the
haunching in the arch models was realised with a mortar-based
conglomerate made of the hydraulic mortar used for the arch joints
and aggregates with a maximum diameter of 16 mm. The arch instead
was made of solid fired-clay bricks (25 x12 x 5.5 cm®) and natural hy-
draulic lime mortar (with maximum aggregate diameter less than 2 mm)
and it was composed of 67 staggered courses, where the radial joints had
a thickness of 10 mm at the intrados and about 21 mm at the extrados.

The two arches were built on two rigid reinforced concrete footings
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Fig. 1. Geometry of the masonry arch, a) front and b) side c) stretched intrados.
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Fig. 2. Masonry arch texture.

supported by ribs. After 28 days of maturation (in wetted condition of
the masonry), the haunchings were cast and, after an additional 28 days,
the unstrengthened arch model (UM) was tested while the other arch
model (SM) was strengthed with a 1 centimiter layer of FRCM applied
onto arch intrados and then tested after the FRCM maturation (28 days).
The FRCM strengthening system used consisted of one layer of a carbon
bidirectional fabric (in dry form) and two 5 mm thick layers of a
cementitious matrix. The textile had longitudinal and transversal bun-
dles spaced at 17 mm on center as it is detailed in Zampieri et al., 2023
[36]. The same type of spike anchors used in the experimental campaign
presented in Zampieri et al., 2023 [36] were inserted in the arch intrados
following the scheme reported in Fig. 1c to increase the connection
between masonry and strengthening system.

The strengthening system was applied onto the arch intrados
considering the following steps:

— Masonry surface preparation and water saturation of the surface
prior to FRCM application,

— Drilling the arch intrados (Fig. 1c),

— Dust removal inside the holes and application of the spike anchors by
means of epoxy resin (Fig. 3a),

— Application of the first layer of the mortar,

— Application of the FRCM reinforcement (Fig. 3(b)), shaped as a single
strip with dimension equal of the arch intrados surface.

— -the anchors were fanned out (by means of epoxy resin) and then the
second layer of mortar was applied (Fig. 3c).

2.2. Materials characterization

The compressive tests are performed on the bricks (UNI EN
772-1:2015), obtaining an average value of 42.51 MPa (st.dev
=3.89 MPa). The mortar adopted in the masonry joints was hydraulic
lime-based. Standard compressive tests and three-points bending tests
performed on 160x40x40 mm? prisms (UNI EN 1015-2-2007) provided
the average compressive strengths of 4.77 MPa (st.dev =0.51 MPa) and
the average flexural tensile strength of 1.85 MPa (st.dev =0.17 MPa).
The haunching material has the same composition of the conglomerate
adopted for the mortar joints, and its compressive strength is evaluated
on cubic specimens following the UNI EN 12390 —1:2002, obtaining
12.13 MPa of compressive strength (st.dev =0.97 MPa).

The mechanical properties of masonry were assessed through the
compressive testing (UNI EN 1052-1) of 3 representative masonry
prisms of dimensions 500x500x1 10mm®. An average compressive
strength of 9.46 MPa (st.dev =1.34 MPa), an average elastic modulus of
9300 MPa (st.dev =2267 MPa) and peak strain 3.43 %o (st.dev =4.16e-
5) were obtained. In addition, cohesion and friction angle were also
determined to be ¢ =0.15MPa and ¢ =0.598 rad, respectively,
through the methodology that will be the subject of a future publication.

The FRCM composite used in the present experimental study is made
of bidirectional fabric and inorganic matrix constituted by a pozzolanic
cement-based matrix.
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Fig. 3. Application of the strengthening system: a) Application of the spike
anchors; b) application of the first layer of mortar and the fiber strip; c)
application of the second layer of the matrix.

The fiber used is a carbon fiber non-impregnated with the equivalent
thickness in both directions of t = 0.065 mm and with a mass density
p=110 g/m%

Mechanical properties of the FRCM composite were investigated
thorough the mechanical characterization of the constituent materials.
Experiments executed in a previous work by the authors [36] also
included the characterization of tensile and shear bond strengths be-
tween the FRCM and masonry by means of pull-off and single-lap shear
tests.

The average tensile strength and elastic modulus of the carbon fiber
were obtained by tensile tests (ASTM D3039) and were respectively
equal to 1325 MPa (st.dev =101.13 MPa) and 208 GPa (st.dev
=23.35 MPa).

The matrix compressive and flexural tensile strengths were investi-
gated on 160x40x40 mm?® prisms (UNI EN 1015-2-2007) and were equal
to 31.69 MPa (st.dev =2.32 MPa) and 6.67 MPa (st.dev =0.73 MPa),
respectively.

Single-lap shear tests were performed on specimens having the same
radius of curvature of the intrados of the arch specimen tested. An
average debonding stress of 648 MPa (st.dev =141.8 MPa) was derived
from these tests.
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b)

Fig. 4. a) Unstrengthened and b)
bridge specimen.
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2.3. Test setup

An experimental campaign involved two masonry arch models with
the same properties: one was tested in the unstrengthened configuration
and one was strengthened at the intrados with one layer of carbon FRCM
composite.

The specimens were built directly on rigid supports, able to restrain
the horizontal displacement of the springings of the arch. The contrast
element was anchored to the rigid floor slab before each test, ensuring
that the contrasting horizontal and vertical displacement was null. The
stiffness of the reaction frame system was designed to be significantly
higher than the stiffness of the masonry arch bridge.

Each model was subjected to a vertical loading-unloading cycles
applied at 780.7 mm from the left springing (1/4 of the span) and
distributed transversely to the arch by means of a rigid steel beam. A
wooden element, appropriately cut for obtaining a triangular section,
was interposed between the steel beam and the arch extrados. The
loading-unloading cycles, which increased in amplitude every three
cycles (see Fig. 6) starting from 0.1 mm and going up to 9 mm, were
imposed under displacement control using a 500 kN capacity actuator
equipped with a 100 kN load cell. A preload of 1.5 kN (about the 5 % of
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the unstrengthened arch capacity) was applied in load control before
imposing the displacement cycles.

During the tests, vertical displacements in some points of the arch
were measured by means of 6 LVDTs (Fig. 5); in particular aligned to the
imposed load were placed one LVDT per side, P; south side and P, north
side, to investigate the displacement imposed by the actuator and
eventually any transverse asymmetries. 8 LVDTs are applied on the
haunching to register the relative tangential and normal displacements
between the haunching and arch at the haunching-arch interface
(Fig. 5). Finally, one LVDT (P7) was applied to the rigid support to
investigate the horizontal displacement of the structure.

For the strengthened vault, 8 strain gauges were fixed to the central
string of the carbon fiber mesh with the aim of measuring the punctual
tensile strains of the fiber. The application position of the strain gauges is
derived from the presumed kinematic mechanism that is supposed to
occur. In particular, two strain gauges were inserted in correspondence
of the point of load application since a hinge opening at the extrados was
expected at this position as witnessed by numerous experimental cam-
paigns with similar setups.

Fig. 5 reports the position of the utilized instrumentation to the
strengthened specimen; the unstrengthened specimen differs from the
lack of strain gauges applied to the strengthening system.

3. Tests results

This section reports the results of the experimental tests performed
on the unstrengthened arch and the arch strengthened with the FRCM
system, in terms of deformed shape, load-displacement curve, and
analysis of damage occurring during the test. The specimens were
monitored during testing by the authors with the help of cameras to
detect cracks, detachments or other damage and to be able to collocate
these events in the load-displacement curve. The load-displacement
curves shown below refer to the load recorded by the acquisition sys-
tem and the average displacement values measured by the two LVDTs
positioned at the point of load application, (P1 and P2) (highlighting not
the displacement impressed but the displacement that occurred in the
arc).

3.1. Unstrengthened specimen

The maximum load recorded is 32.39 kN, obtained at the first cycle
of 3 mm imposed, at 0.86 mm average displacement recorded by the
two LVDTs P1 and P2. About 0.4 mm of residual displacement is
recorded in this cycle. The peak load values recorded in the other two
3 mm imposed cycles are about 25.3 kN and 24.6 kN. In these cycles, it
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is possible to observe stiffness degradation in the load-displacement
curve due to the activation of the 4-hinge mechanism (Fig. 7) at the
peak load. In the first cycle of 6 mm imposed, an increase in load is
shown, with maximum value of 28.15 kN recorded at 3.37 mm. In this
cycle 4.9 mm of maximum recorded displacement is reached while
maintaining 0.4 mm of residual displacement.

Next cycles show a further reduction in stiffness in the initial loading
section and a change in slope at about 2.5 mm recorded until the
maximum load of about 22.6 kN and 20.9 kN and, when an increase in
residual displacement is recorded, up to 0.65 mm even if the maximum
displacement remains constant. The last load cycle of the test, with
9 mm imposed-displacement, shows a similar behavior to the previous
two cycles in terms of initial stiffness, change of slope and maximum
load (20.73 kN) but differs in the post-peak phase, in which there is a
decrease in the recorded load up to 18.1 kN at the maximum recorded
displacement of 7.98 mm. The test was stopped because of the decrease
in the load respect to the peak of about 45 %.

Fig. 9 shows the damage stages of the vault and Fig. 8 places these
stages in the load-displacement curve. The first crack (A1) was detected
between the arch and the west haunching during the first cycle with
1.5 mm of imposed displacement. The peak load coincides with the
opening of 4 hinges mechanism (B1); the westernmost hinge is localized
by cracks between bricks and mortar joints from courses 15 to 17 and by
a crack along the bricks from course 14 to 15, indicative of a high
compression state. The other hinges at this stage are represented by
crack openings between the brick and mortar joint and between the
haunching and support. During the first 6-mm cycle imposed by the
actuator, sliding along the cracks parallel to the pre-existing mortar
joints at the westernmost hinge is detected. The shear strength of the
involved section is affected by the high compression, resulting in a
combined failure of sliding and crushing. In the unloading phase of the
first 6-mm cycle, the masonry affected by sliding returns to its initial
position. In the next 6-mm cycles, such a loading-unloading behavior
recurs. In the final loading cycle, a crack opening between the mortar
and the brick between course 34 and 35 is detected. In this cycle, the
sliding displacement described above increases in amplitude and, in the
unloading phase, the masonry does not return to its original position,
thus showing plastic displacement. A total of 22 loading-unloading cy-
cles were performed.

3.2. Strengthened specimen
The test performed on the strengthened arch shows the linear

behavior in the first load cycles, in which a maximum of 0.9 mm of
displacement is imposed, reaching a value of about 17 kN. During the

Fig. 7. Deformed shape of the unstrengthened arch at the load peak: activation of the principal mechanism (B1).
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Fig. 9. Damaging of the unstrengthened arch, during the test.

first cycle of 1.5 mm imposed, a nonlinear behavior is registered with a
degradation of stiffness and an increase in residual displacement up to a
value of 0.25 mm versus 0.77 mm of maximum displacement detected.
In the cycle with the next higher amplitude, the specimen manifests a
local peak at 28.99 kN and 0.85 mm corresponding to the activation of
the 4-hinge mechanism, which leads to a decrease in the global stiffness,
until the peak value of the cycle of 44.80 kN at 1.90 mm of recorded
displacement. The peak load of the test was recorded at 2.39 mm and is
equal to 53.86 kN. In this cycle, after the peak load, there is a decrease in
the recorded load and a constant-load behavior until the recorded
displacement value of 4.77 mm. The residual displacement value is
1.57 mm. The next two cycles, which have the same imposed displace-
ment amplitude of the peak load cycle, show in the loading phase a
change in slope of the load-displacement curve at about 2 mm recorded,
and reach the load of 39.5 kN and 37.6 kN respectively. The first cycle
with the maximum displacement amplitude shows a behavior similar to
the previous two cycles in the loading part up to a displacement of
5.28 mm, at which follows firstly a decrease and then an increase in the
recorded load up to the peak of 40.3 kN. A second decrease in load is

detected until reaching the maximum displacement of 7.88 mm with a
load of 38.12 kN. The residual displacement in this cycle is 3.08 mm.
The last two cycles replicate the second and third cycles of previous
displacement amplitude, showing a lower stiffness and slope change at
about 4 mm.

Fig. 12 shows the damage stages detected in the strengthened arch
during the test and, in Fig. 11, these main stages are indicated in the
load-displacement curve.

Similarly to the test performed on the unstrengthened arch, the first
crack (A2) is detected between the arch and the haunching on the west
side at the first 0.9 mm imposed displacement cycle. In this case, a crack
is also formed in the haunching in the area near the point of load
application where the haunching section is thinner. During the first
3 mm imposed cycle, the opening of the 4-hinge mechanism with similar
configurations to those observed for the unreinforced arch (B2) can be
noted and a crack between the arch and the strengthening system ap-
pears from course 23 to course 30. This step is visualized in the load-
displacement curve as a change in global stiffness. From this step to
the peak load, which occurs in the first 6 mm imposed cycle (B*2), the
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fiber is active and contributes to the overall response of the structure. At
the peak, debonding of the strengthening system and widening of the
crack between the arch and the strengthening system occurs. The
westernmost hinge shows cracking between the arch and the strength-
ening system at courses 12 and 13. In the first 9-mm imposed
displacement cycle, sliding (C2) occurs at the interfaces between courses
13 and 14. Consistently with the test on the unstrengthened arch, high
compressive forces are localized in the westernmost hinge, leading to
brick failure detected on the north side. In the unloading phase, the
portion affected by sliding does not return to its initial position, but
instead residual displacement is recorded.

4. Discussion of results

In this section, the results obtained during the experimental tests are
presented and analyzed by comparing the detected displacements, load-
displacement graphs, deformed configurations and kinematic mecha-
nisms highlighted by the two vaults. The contribution of the strength-
ening system is presented by illustrating the deformations developed by
the fiber during the peak load.

4.1. Comparison between the unstrengthened and the strengthened arches

Fig. 13 shows the comparison between the unstrengthened arch and
the FRCM- strengthened arch in terms of the load-displacement curve.
The initial stiffnesses, highlighted in the unstrengthened specimen as the
curve before the peak load (B1) and in the strengthened specimen as the
section before the change in slope that occurs at about 28 kN (B2), are
almost equal. The explanation is that, in the elastic phase where the
hinge mechanism has not yet formed, the strengthening system does not
affect the stiffness of the structure and the overall response is equal. The
B1 and B2 stages occur at an average detected displacement that is
almost equal (0.85 mm for the strengthened and 0.86 mm for the
unstrengthened). In terms of the recorded load, the values of these two
conditions are comparable (28.99 kN vs 32.39 kN). For the strengthened
arch, the B2 point indicates fiber activation, which allows the vault to
reach the peak load value at a detected displacement of 2.39 mm.

With regard to the recorded peak force, attention is drawn to the
ratio between the two maximum load values of 1.66, which can be
interpreted as the index of strengthening system effectiveness in the
arch. It is important to clarify that these results are obtained from a 1:2
scale bridge, and the extrapolation of their effectiveness to full-scale
bridges may not be linear. In particular, the phenomenon of ’scale ef-
fect’, which has not yet been extensively studied in the literature, can
occur when the dimensions of the arch model vary. In this work is
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Fig. 13. Comparison between the results of the unstrengthened and strength-
ened arches.
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possible to observe a less pronounced strengthening system effect
compared to the tests performed on small scale stand-alone masonry
arches [30]. This is due to two factors: differences in geometric ratios
and dimensions, and the effect of haunching, which increases the normal
stress within the arch.

Both arches show a decrease in the recorded load after the peak
phase, which is followed by a load-almost-constant section up to about
5 mm of detected displacement. After this value, the load decreases and
both specimens reach 8 mm of detected displacement although with
different loads: 18.1 kN for the unstrengthened arch and 38.1 kN for the
strengthened one (ratio of 2.1). This difference in residual load is due to
the contribution of the fiber, which is also active in the post-peak phase.

In Fig. 14, the displacements detected by the vertical LVDT applied
to the unstrengthened and strengthened arch are presented. It is possible
to compare the deformed configurations at the peak load point (B1 and
B*2) and at the post-peak peak (C1 vs C2). These points were chosen to
highlight the complete activation of the 4-hinge mechanism; indeed, as
it can be observed in the graph, the displacements are consistent with
the mechanisms described above. The displacement values are
expressed as a ratio with respect to the maximum displacement detected
for each specimen at both steps considered. The configuration at the
peak load for the two specimens is different: in the case of the
unstrengthened specimen, the LVDT P5 shows a relative value of 0.05
while, for the strengthened arch, this is equal to 0.38. This fact indicates
how, for the unstrengthened arch, the peak load coincides with the
activation of the 4-hinge mechanism; meanwhile, the strengthened arch,
before the peak load has already fully formed the 4-hinge mechanism. In
the post-peak phase, the two configurations overlap, highlighting that
once the mechanism has fully developed, the structures exhibit the same
behavior.

The unstrengthened arch exhibits at the peak load, as already stated,
a 4-hinge mechanism, deforming according to the representation in
Fig. 16 in the loading phases and closing the hinges in the unloading
phases. With the shear-compression sliding phenomenon, coinciding
with the C1 damage phase, the above mechanism evolves into a 3-hinge
mechanism and a roller.

Stage D1 coincides with the opening of a crack between course 33
and 34 between the mortar joint and the brick and with the closure of
the hinge between the 24th and the 26th blocks. In this phase, the
slippage of the west -side block stops and a hinge can be identified in the
slippage joint section at the extrados, in a position shifted inward to the
arch for the residual slip that occurred. The new mechanism that is
formed is a 4-hinge mechanism, in which the easternmost hinges and the
hinge between courses 41 and 42 remain unchanged from the main
mechanism, while the central hinge between block 33 and 34 results at
the intrados.

The mechanism manifested by the strengthened arch at the peak load
is, as for the unstrengthened arch, a 4-hinge mechanism (Fig. 17). The
fibers can be considered active at the intrados of the 23rd/25th block
hinge due to the opening of the hinge. At the easternmost hinge, it is not
possible to observe the activation of the tensile fiber since, in this
experimental campaign, the anchorage between support and strength-
ening system was not considered. The secondary mechanism C2 exhibits
sliding in the westernmost hinge section as for the unstrengthened case,
evidencing in strengthening peeling in the 12th /13th blocks.

Fig. 18 shows the location of the strain gauges, which are applied to
investigate the punctual strain in tension of the carbon fiber during the
test. Since the fiber contributes to the overall behavior of the structure
when tensile strain occurs at the intrados of the vault, the results high-
lighted by strain SG3 and SG4 are considered relevant. The strains in
compression, which show smaller values than those observed in tension,
are therefore not significant for the purpose of investigating the me-
chanical behavior of the fiber since the fiber can be considered not active
in compression. Fig. 19 presents the crack pattern at the intrados of the
arch at the load application location, detected between the two strain
gauges mentioned above. The fact that SG3 shows a higher strain value



P. Zampieri et al.

Configuration at Peak-Load
T T

Relative displacement]-|

@

200 250

Positon|em)

® Vertical LVDTSs

Relative displacement]-]

Engineering Structures 323 (2025) 119215

® Vertical LVDTs

7]

Configuration at Post-I

unk|

@®

W Swengthened ()

PR PR~ S 4

_-__.@-_-_.-_-_-__-_'

1 1
40 450

100 150 2008 250 300 150

Position[cm]

Fig. 14. Comparison between the vertical displacements registered by the vertical LVDTs at the peak load (left) and in the post peak phase(right) for the
strengthened and unstrengthened arch, expressed as the ratio of the vertical displacement and maximum amplitude of the vertical displacement registered for the
specimen at the phase selected. The steps represenfor the unstrengthenedarch are B, and C, reffering to Fig. 8 meanwhile B*; and C; for the strengthened ne referring

to Fig. 11.

Load [kN]

Toad [EN]

10 5 0 5 10 5

Displacement [mm)|

60 : . g
P1,P2 s
3 PG

4+

20

10

20

Displacement fmm)|

Fig. 15. Displacement registered by the vertical LVDT for the unstrengthened arch (left) and strengthened one.

than SG4 is due to its closer proximity to the crack with respect to the
other one.

Multiplying the strain of SG3 at the load-peak condition by the elastic
modulus of the fiber results in a stress of about 434 Mpa. Considering the
telescoping effect, the fact that SG3 is not precisely on the hinge crack,
so the strain gauges didn’t register the maximum strain value at the peak
load, the stress value obtained results close to the average maximum
stress (648 Mpa) obtained from the adhesion tests [36].

Fig. 20 reports the relative displacements between the arch and the
haunching detected by the specific LVDTs vs the load recorded during
the test. The only relevant displacements are the ones obtained from L3,
positioned normally with respect to the interface, and the L7, positioned
parallel to it, both placed near the westernmost hinge that developed
sliding mechanism. In the Fig. 21 the displacements are compared to the
average displacement detected by LVDTs P1 and P2, expressed during
the test time. The reported data confirm the structural behavior antici-
pated in the previous chapter. These LVDTs start to detect the
displacement in both normal and tangential directions at the B2 damage
phase, coherently with the activation of the 4-hinges mechanism. In

these cycles, it is possible to observe a peak of the displacement detected
by the haunching-arch LVDTs at the maximum imposed displacement
and a plastic displacement of 0.24 mm for both strain gauges. In cycles
where 6 mm of displacement is imposed, the displacements of L3 and L7
increase in amplitude. The tangential displacement reaches 2 mm and a
residual displacement of 0.74, maintaining the same behavior for these 3
load cycles; the normal displacement increases at each peak both the
maximum value and the residual value, indicating the forewarning for
the sliding mechanism. In the 9 mm imposed displacement cycles, the
tangential displacement trend remains almost unchanged from the
previous phase while L3 records peaks up to 10 mm with a maximum
residual displacement of 8.47 mm, due to the complete activation of the
sliding mechanism.

5. Design procedure of FRCM strengthened masonry bridges
Knowing the positions of the hinges in the condition when the

structure starts its kinematic mechanism (which, in the present case,
coincides with the peak load), through limit analysis, it is possible to
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Fig. 16. Simplified visualization of the principal mechanisms for the unstrengthened arch B1, C1, and D1 referring to the load -displacement curve in Fig. 8.

obtain the limit load. Having defined the collapse mechanism presented
in Fig. 22, it is possible to obtain the virtual displacement diagram in
order to calculate the limit load value, in the hypothesis that sliding
between blocks is not permitted.

Starting from the simplified stress-strains diagrams shown in the
(Fig. 23 top), the limit analysis is conducted under the additional

10

assumption that the materials exhibit rigid-plastic behavior. The
assumption for the masonry is the use of a constitutive law in
compression with zero tensile strength resistance. Meanwhile the FRCM
composite results active exclusively under tension, developing the
maximum stress of ac* , where a is a amplification coefficient and ¢ * is
the maximum stress observed in the shear lap tests. Therefore, the force
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configuration at the extrados and intrados hinges can be derived (Fig. 23

bottom). The additional contribution provided by the FRCM composite

can be observed in the hinge located under the load application point.

The opening of the arch at the intrados allows the development of tensile

forces in the FRCM composite, enabling the activation of the fibers.
Applying the Virtual Work Theorem:

Le=1;
EWibk + AP 6p = EMpdp; + ZMcAp, 1)
Where:

i=1,2,.n.

j=1,2,m.

r=1,2,,n+m.

n = number of hinges with active fibers.

m= number of hinges with inactive fibers.

r = m+n = total number of hinges
MFi = TF (Si — 2dl + a) TF = AFao* (2)
MCr = Nr(dr) N; :fmsr (2dr) (3)

From Eq. 1 derives AP once known f;, and a ¢*.
Imposing FEX = F!A, where FEX is the maximum value obtained

experimentally and F-4 is the value obtained from the procedure just

11

described, derives the value of a equal to
a=1.16

The coefficient alpha is greater than 1, which can be considered a
positive result. As demonstrated by other studies in the literature, the
maximum deformation observed in tests on reinforced elements is
generally greater than the failure stress and strain obtained from direct
shear tests.

The FRCM system was designed based on the results obtained from
direct shear tests (single shear lap tests) to achieve a structural capacity
increase of over 60 %. However, the limitations of this strengthening
system concern the potential fatigue behavior of masonry bridges
strengthened with FRCM, a phenomenon that has not been extensively
studied and for which there is insufficient academic literature. This type
of strengthening system significantly enhances the flexural strength of
the arch; however, the increase in the shear strength of the arch pro-
vided by it is negligible. Consequently, in cases where failure mecha-
nisms involve sliding phenomena, the effectiveness of the FRCM may be
limited [68,69]. It is, therefore, recommended to verify that the arch
being strengthened does not develop shear collapse. Since in the
strengthened arch occurs changes in the trend of the pressure line
respect to the unstrengthened vault, it is possible to have high shear
forces. Therefore, a shear check is performed in a simplified way in each
section to verify that before the maximum load is reached at the
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Fig. 19. Crack pattern on the intrados under the point of application of the load
and position of the strain gauges SG3 and SG4 at the B2 * damaging phase.

activation of the mechanism, shear collapse does not occur. The shear
strength is given by:
Vrp = uN; +Vj “4)

Where p is the friction coefficient and V), is the cohesive strength.
If for every section:

12

The limit load obtained from the previously illustrated procedure is
confirmed; otherwise, Tr is reduced until the condition is assured.

6. Conclusion

This paper presents and discusses the results obtained from an
experimental campaign aimed at investigating the effectiveness of
FRCM strengthening system applied to the intrados of masonry vaults.
For this purpose, two vaults with the same geometrical dimensions, one
unstrengthened and the other strengthened with FRCM system
composed of carbon fiber and cementitious matrix, were produced and
tested through quasi-static load cycles with eccentric loading. In order to
reproduce the real behavior of masonry bridges present in the Italian
railway network, the haunching is introduced as a conglomerate and the
span was fixed of about 3 m.

The experimental results indicate an increase in load-carrying ca-
pacity of approximately 1.66 with respect to the unstrengthened case,
without variation in the initial stiffness, and an increase in the residual
load carrying capacity of 2.10.

The experimental behavior of the arches is characterized by the
formation of the typical 4-hinge mechanism, which is followed in both
cases by the sliding of a previously cracked section that leads to the
evolution of the mechanism into 3-hinges and a roller. The
unstrengthened arch shows, at the last load cycle the rotation, of the
block subject to slip and the closure of a hinge, a phenomenon that re-
establishes the 4-hinge mechanism with a variation compared to the
previous hinge configuration.

LVDTs monitoring vertical displacements along the arch enable the
confirmation of the visually observed collapse mechanisms. LVDTs
placed at the interface between the arch and the haunching that detect
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the relative displacements between these two elements, allowing in the
case of the strengthened arch to accurately characterize the sliding
mechanism described above. The strain gauges applied in the
strengthening system allow to detect fiber strains and confirm the degree
of fiber efficiency, which results comparable to the output obtained from
the previously executed experimental campaign aimed to investigate the
behavior of FRCM system applied to strengthened curved masonry
specimens [54]. In particular, the fiber shows its best effectiveness in the
hinge under the load application point, on which intrados tensile strain
occurred. Due to the time and cost constraints, it is not possible to
produce a large number of arch models. Consequently, it is not feasible
to estimate the variance of the results obtained. However, in this case,
the results derived from the analytical approach are useful in providing a
certain degree of reliability to the experimental outcomes.

The just-mentioned conclusions confirm that the FRCM system is a
valid technique for the strengthening of masonry bridges, as it can
provide a significant increase in terms of load-carrying capacity. How-
ever, further investigations are required in order to replicate the appli-
cation in situ of this system. In particular, the presence of abutment will
permit to extend the application of the FRCM system under the base of
the arch and to cover the intrados of the arch-support hinge developed in
the present experimental tests (easternmost hinge). This peculiarity will
permit to introduce another point of activation of the fiber, hypotheti-
cally increasing even more the load carrying capacity of the bridge.
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