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Abstract. The paper investigates the effectiveness of a modern reinforcement technique based
on a Glass Fiber-Reinforced Mortar (GFRM) for the enhancement of the performances of
existing masonry vaults subjected to horizontal seismic actions. In fact, the authors recently
evidenced, through numerical simulations, that the typical simplified loading patterns generally
adopted in the literature for the experimental tests, based on concentrated vertical loads at 1/4 of
the span, are not reliable for such a purpose, due to an unrealistic stress distribution. Thus,
experimental quasi-static cyclic tests on full-scale masonry vaults based on a specific setup,
designed to apply a horizontal load pattern proportional to the mass, were performed. Three
samples were tested: an unreinforced vault, a vault reinforced at the extrados and a vault
reinforced at the intrados. The experimental results demonstrated the technique effectiveness in
both strength and ductility. Moreover, numerical simulations were performed by adopting a
simplified FE, smear-crack model, evidencing the good reliability of the prediction by
comparison with the experimental results.

1. Introduction

In ancient masonry buildings of European cities, the presence of vaults supporting only their own weight
(shelters) is quite common. These structural elements typically present good strength reserves against
vertical loads but a very low resistance when subjected to horizontal actions, and require, thus, specific
strengthening interventions so to prevent possible brittle failures during earthquakes. Modern
reinforcement solutions, based on composite materials, were introduced in the last two decades, with
the aim to comply both effectiveness and compatibility needs [1]-[4]. In particular, strengthening
techniques based on the application of fibre-reinforced polymers (FRP), made up of synthetic or natural
fibers (carbon, glass, aramid, basalt...) embedded in an inorganic matrix (fibre-reinforced cementitious
matrix - FRCM - and fibre-reinforced mortars - FRM), applied to the vaults intrados or extrados, have
been recently proposed and investigated [5]-[8].

The paper focuses on a compatible FRM strengthening technique consisting in the application of a
reinforcement made of Glass Fibre-Reinforced Polymer (GFRP) meshes embedded in a thin mortar layer
(about 30 mm), anchored to the masonry vault by means of GFRP connectors. Experimental in-plane
and out-of-plane tests, performed by the authors, proved the effectiveness of the technique in
strengthening existing masonry walls [9]-[10]. Moreover, a preliminary numerical study on the
effectiveness of the technique in enhancing masonry vaults subjected to vertical and horizontal loads
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was carried out [11] on the basis of a FE Model developed for masonry walls subjected to out-of-plane
bending [10]. The results showed the potential, excellent benefits of the reinforcement in terms of both
strength and ductility. Moreover, it emerged that the typical simplified loading patterns used in the
literature for the experimental tests on masonry vaults, based on concentrated vertical loads at 1/4 of the
span, are not able to reproduce the actual behavior and the effectiveness of the reinforced elements
subjected to horizontal seismic actions.

Thus, the authors carried out an experimental campaign on full-scale solid brick masonry barrel
vaults aimed to evaluate the actual effectiveness of the technique and to validate the numerical findings.
A specific rig was designed, so to reproduce the pattern of a transversal horizontal load proportional to
the vault self-weight able to represent, through quasi-static cyclic tests, the stress due to horizontal
seismic excitation. In particular, the paper reports and discuss the results of the first three experimental
tests performed: one unreinforced vault, a vault reinforced at extrados and a vault reinforced at intrados.
The three configurations are also analysed numerically, by using the FE model mentioned above, and
the results are compared with the experimental ones, to evaluate the reliability of the predictions.

2. Experimental tests
The sections sums up the samples characteristics, the setup and the main results of the experimental tests
performed on masonry vaults.

Sample characteristics. The experimental tests concerned three masonry barrel vaults with solid
brick units arranged in a running bond normal to the vault surface (thickness 120 mm); the vaults had a
width of 770 mm, a span of 4000 mm and a rise/radius ratio of 0.75 (Figure la). The reinforcement
consisted in a 30 mm thick mortar layer with 66x66 mm* GFRP meshes embedded; L-shaped GFRP
connectors (6 per square meter, 7x10 mm? cross section) were applied by insertion into holes in masonry
and injection of thixotropic epoxy resin (Figure 1b).

One sample was reinforced at extrados (V02-75-RE) and one at intrados (V03-75-RI); a third
unreinforced specimen (V01-75-NR) was also tested, for comparison.

The normalized compressive strength of the solid bricks resulted equal to 15.7 MPa [12]; an hydraulic
lime mortar (320 kg of binder per m® of mortar) was adopted for the masonry: the average compressive
strength was 2.93 MPa [13], the tensile strength 0.4 MPa [14]. The average thickness of the mortar joints
was 10 mm.

A premixed hydraulic lime and cement mortar was used for the GFRM layers. Experimental tests
evidenced a tensile strength 1.10 MPa [14] and an average compressive strength of 6.90 MPa [13]. The
Young modulus, deduced from testing cylindrical samples, resulted of about 14.4 GPa [15].

The wires of the GFRP mesh (Table 1) had a 3.8 mm? fiber area and are coated with a thermo-
hardening resin (vinyl ester epoxy and benzoyl peroxide as catalyst). The mesh was formed by weaving
twisting fibers wires (wrap) across the parallel fibers ones (weft). The orientation of twisted fibers wires
in vault samples followed the arch direction. The GFRP L-shaped connectors had a fiber cross section
equal to 57.6 mm?.
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Figure 1. Main characteristics of specimens (a) and detail of application of the reinforcement at the vault
intrados (b)

Table 1. Characteristics of GFRP wires or connectors: 4;,; Wire cross
section, Ay fiber area, T tensile resistance and EA axial stiffness.

Atot Aﬁb T EA
GFRP element [mm?] [mm?] [kN] [kN]
Parallel fiber wire 941 3.80 5.62 296
Twisted fiber wire 7.29 3.80 4.49 264
Connector 70.0 57.6 36.01 -

Experimental characterization tests on GFRM layers (900x132x30 mm?®) were performed to evaluate
the global tensile behavior of the reinforcement (Figure 2a). The test setup and results were described
in detail and discussed by the authors in [16]. The curves of the tensile stress ¢ against the strain ¢ are
illustrated in Figure 2b: a first, elastic branch was detected, with stiffness dependent on the Young
modulus of the mortar; then, when the mortar tensile strength was exceeded, a first transversal crack
formed, resulting in a sudden decrease of the load, and then increased again. When the tensile strength
of the mortar is reached once more, a new crack is formed: several cracks (spaced about 130-150 mm)
gradually appeared in the mortar, located, for the most, in correspondence of transversal mesh wires.
Then, the material behaves approximately linearly, with a slope almost parallel to that of the GFRP mesh
alone. It is evidenced that the uncracked mortar among the cracks induced a stiffening of the behavior
of the layer in respect to that of the reinforcement only. The collapse was attained when the tensile
rupture of the longitudinal GFRP wires occurred.
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Figure 2. Tensile tests on GFRM layers: (a) test setup and (b) tensile stress ¢ vs. strain € curves
(tension referred to the dry area of fibers)
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Test setup. The experimental apparatus (Figure 3) was composed of two robust steel frames
connected through some steel transverse elements. Two hollow-piston cylinders (24 kN + 60 mm
stroke), acting horizontally and oriented in the same direction, are applied in the middle of two of these
transverse elements, at opposite sides of the apparatus. The hydraulic jacks were connected in parallel
and activated by a hand pump (700 bar). The testing apparatus was moved and rearranged for each test,
so to avoid to move specimens and damage them. Each vault was built on two H shape steel beams,
simulating the abutments, which were fixed to the concrete basement and bolted at ends to the contrast
frame.

With the aim to reproduce as close as possible a distribution of the horizontal load proportional to
the vault mass, both the actuators were connected to the vault through a pinned frame system composed
of steel plates and pipes assembled by means of knuckle joints and calibrated pins. A sliding guide
system provided the supports for the loading devices, permitting adaptation to the specimen deformation
with negligible friction. Eight loading points were created at each side of the vault; the loading arms
were fixed to the masonry by friction, tightening bolts placed at the lateral ends of steel plates applied
along the masonry thickness.

The sixteen loading points were provided with loading cells (3 kN), to monitor the applied load.
Moreover, the global load was measured through a pressure transducer. Potentiometer transducers, fixed
on steel supports independent to the experimental apparatus, surveyed the vertical and the horizontal
displacements of seven points, per each side of the vault. The measurement equipment was connected
to an electronic acquisition unit interfaced with a computer, permitting a real-time monitoring of the
loads-displacements story.

The tests were carried out imposing a cyclic variation of the horizontal load between two opposite
values that were gradually increased during the test (step amplitude £1 kN, rate =~ 35 N/s) up to reaching
the first cracking load. Then, the tests were prosecuted at displacement control, on the basis of the
horizontal displacement monitored at the crown section (step amplitude 10 mm, rate 0.5 mm/s).

o Pinned frame system
Coupled steel frames [m———

Hydraulic jack '%

= | . Sliding guide system

gl H-shape beam|

Figure 3. [llustration of the test setup

Test results. The results of the three tested samples are illustrated in Figure 4a, 5a and 6a in terms
of F;-d;, curves, representing horizontal load against the horizontal displacement measured at the crown
section. Schematizations of the crack patterns just before collapse, for both loading directions, are also
reported: the thick symbols distinguish cracks in masonry, which induced the formation of a hinge,
thinner labels indicate partial cracks which involved the mortar layer only. The diffusion of the cracks
in the plaster is indicated with a jagged line.
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In the unreinforced vault VO1-75-NR (Figure 4a), the formation of the first crack (“Na”’) emerged at
the extrados near the right skewback, at about -1.5 kN, and caused a stiffness reduction. Similarly, a
crack emerged at the extrados of the left skewback, at about +2.6 kN (“Np”). Another crack formed at
the extrados, in correspondence of a right haunch section (“N¢”), for a load of +3.7 kN. Then, in the
next cycle, the suddenly opening of three cracks occurred at about -3.8 kN: one at the extrados, at left
haunch (“Np”), and the other two at intrados, at left skewback (“Ng”) and at crown section (“Nr”"). These
three hinges, together with the hinge “N4”, determined the formation of the vault failure mechanism and
the immediate collapse. The maximum horizontal displacement of the crown section reached just before
the collapse was -0.8 mm. The position of the cracks is also schematized in the F-d, graph in Figure 4a.
It is observed that the cracks developed almost entirely along a single mortar joint, mostly at the block-
mortar interface (Figure 4b-c).
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Figure 4. Sample V01-75-NR: (a) experimental P;-d; curve with indication of the cracking section and
detail of the opening of cracks (b) "Np” and (c) "Ng” at the end of the test

In the vault strengthened at the extrados, V02-75-RE (Figure 5a), a first crack in the mortar layer, at
the extrados of the right haunch, occurred at about +6.0 kN (“E”), without causing appreciable
deviations from linearity of the load-displacement curve; similarly a crack in the mortar layer at the left
haunch emerged at about -10.0 kN (“Eg”). Cracks then opened also at the intrados of the left (“Ec”, at
+10.0 kN) and right (“Ep”, at -12.0 kN) haunches, inducing a visible stiffness reduction of the sample.
At the increasing of the imposed displacement, cracks opened also in correspondence of the two
skewbacks (“Er” and “Eg”, at d; = +10-15 mm, and “Ey” and “E;”, at J, = -10-15 mm). However, the
sample collapse not yet occurred: in fact, the GFRP mesh across the cracks in the mortar layer (“Ea”
and “Eg”) opposed to the cracks opening and did not permit the formation of the hinge. Actually, at the
increasing of the displacement, a sequence of additional cracks, almost equally spaced, formed in the
mortar layer, at the haunches (Figure 5b). Moreover, the formation of 2-3 sequential intrados cracks in
the masonry, at haunches, accompanied by the closing of the existing cracks in the vicinity (starting
from “E¢” and “Ep”), was observed (Figure 5c). The load increases very little at each cycle, but a large
increase of displacement was possible, due to the presence of the GFRP reinforcement embedded in the
plaster. The maximum load attained -14.1 kN, in correspondence of a horizontal displacement at the
crown section of -82.2 mm. Then, the rupture of the GFRP twisted wires occurred in correspondence of
a haunch section, inducing the abrupt decrease of the resistance and the vault collapse (Figure 5b).

The first cracks in sample V03-75-RI, enhanced with GFRM at the intrados (Figure 6a), formed at
about +11.0 kN: two at the extrados, at right haunch (“I5”) and at the left skewback (“Is”), and the other
one at intrados, at the left haunch (“I¢”). Similarly, at -11.0 kN, two cracks at the extrados, at left haunch
(“Ip”) and at the right skewback (“Iz”), and at intrados, at the right haunch (“Ig”), appeared; moreover,
an intrados crack at left skewback (“If”) occurred. At the increasing of the displacement, the cracks
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diffusion was observed in the mortar layer, at the right haunch, since the GFRP mesh prevented the
opening of crack “Ig” (Figure 6b). In the next loading cycle (at J» = -12 mm), a crack opened at the
intrados, on the right skewback (“I;”’), and the cracks diffusion in the mortar layer was observed at the
left haunch. The sequential formation of some other extrados cracks in masonry (2-3), in the vicinity
“I»” and “Ip”, was observed (Figure 6¢). The peak load reached -11.6 kN; the collapse was reached at
about -9.5 kN (d, =-96.7 mm), when the GFRP twisted wires broke abruptly at the right haunch (Figure
6b). Actually, in the positive loading direction, an evident sliding occurred at one spring section (left)
during the test, once a passing-through slot opened at the skewback, due to cyclic loading: this did not
allow to exploit entirely the resistant contribution of the FRM layer, resulting in a lower post-cracking
resistance. Differently, the sliding at the right spring section, for the negative direction, resulted quite
restrained, thus an higher post-cracking load resulted.
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Figure 5. Sample V02-75-RE: (a) experimental P;-J; curve, (b) top view of the mortar cracks and of
the GFRP mesh failure of the left haunch, at collapse, and (c) detail of the sequential cracks formed in
masonry, at right haunch
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Figure 6. Sample V03-75-RI: (a) experimental P;-J; curve, (b) bottom view of the mortar cracks of the
right haunch, at collapse, and (c) detail of the sequential cracks formed in masonry, at left haunch

It is observed that in both tests on reinforced vaults some horizontal sliding occurred at the springer
section when the cracks formed at skewback, so an additional device was added to stop this sliding,
because in the vault in a building this displacement is not allowed due to the connection with the
abutments.
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A consistent resistance capacity increase emerged from the comparison of the results: the ultimate
load was 3.8 times and 3.1 times that of the unreinforced vault, respectively, for V02-75-RE and V03-
75-RI1. Moreover, very large improvements in terms of displacement capacity were obtained: the
ultimate horizontal displacements at crown section resulted, respectively,103 and 121 times greater than
that of the unreinforced vault. The diffusion of parallel cracks emerged in the GFRM layers is in
accordance with the typical behavior of reinforced elements subjected to tension, as was already
observed both from tensile tests on GFRP reinforced mortar layers [16] and four point bending tests on
GFRM reinforced masonry walls [10]. No detachment of the mortar layer was observed up to the
collapse of the vaults.

3. Numerical simulations

The software Midas FEA (2016, ver 1.1) was utilized to simulate the behavior of the three masonry
vaults tested experimentally (see section 2). In this first numerical simulation only monotonic loading
was considered. The characteristics of the model, the numerical findings and the comparison with the
experimental results are reported in the following.

Model characteristics. The numerical model is schematized in Figure 7a. A bi-dimensional model
was adopted, so to simplify and accelerate the analysis; the influence of edge effect in the stress pattern
was assumed negligible. A “smear-crack model” and a “total strain crack” criteria were assumed [17],
with four-node plane strain elements employed for both the masonry and the mortar of the GFRM layers:
the mesh dimension was about 1/10 and 1/3 of the global layer thickness, respectively; the mesh width
was 60 mm. For plane elements, a nominal thickness of 66 mm was considered, that is the influence
area of a single GFRP wire. The GFRP twisted wire was modelled by means of truss elements placed in
the mortar thickness (mesh length 60 mm); the influence of the perpendicular GFRP wires was
neglected. A fixed constraint was considered in correspondence of the skewbacks; however a horizontal
linear spring (K = 10000 N/mm) was introduced, so to account for small adjustments of the vaults
support system, monitored experimentally. However, these displacements resulted negligible for the
reinforced samples. Pinned-nodes frames were introduced so to equally distribute the applied load
among the eight loading points. The numerical simulations concerned nonlinear static analysis: at first,
the vault self-weight acting in the vertical direction was applied, then the horizontal action was
incremented step-by-step. The Newton-Rapshon iterative method was applied, with energy convergence
criteria (percentage tolerance fixed to 107).

The materials were considered homogeneous and isotropic. The specific weights were 18 kN/m®, for
the masonry and 20 kN/m?® for the mortar of the reinforcement. The mechanical characteristics of the
masonry referred to previous experimental investigations carried out by the authors, concerning
compressive tests and out-of-plane four point bending tests on solid brick masonry [10]: in particular,
an elastic-plastic behavior in compression, with Young modulus £,, = 5054 MPa and strength f.,,=9.3
MPa was considered; in tension, an elastic-brittle behavior, with strength f;,, = 0.4 MPa (flexural tensile
strength with respect to an axis parallel to bed joints) was adopted. The Poisson ratio was assumed equal
to 0.25. The perfect adhesion between the coating and the masonry was assumed, as no slip emerged in
experimental tests. The Young modulus and compressive resistances of the mortar were those obtained
from the experimental characterization tests (see section 2). An elastic-plastic behavior in compression
(ultimate strain ,c = 3.5 %g0) and a Poisson ratio v = 0.2 were considered. An elastic-brittle behavior
was assigned to the GFRP wire (stiffness and tensile limit according to Table 1). The tension stiffening
of the mortar between cracks was taken into account by modifying the mortar softening relationship so
to fit the experimental test results on reinforced mortar layers (Figure 2b). In particular, the tensile stress-
strain curve considered for the mortar was drown in Figure 2b, as difference between the global behavior
of the reinforced mortar coating and that of the GFRP wire. The ultimate displacement of the reinforced
mortar coating corresponded to the load related to the wires rupture.
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Figure 7. Numerical simulations: (a) schematization of the numerical model and comparison
between numerical and experimental capacity curves of vaults (a) VO1-75-NR, (b) V02-75-RE and (c)
V03-75-RI

Numerical results and discussion. In the numerical modelling of the unreinforced vault (Figure 7b)
an initial linear elastic behavior emerged; then, the sequential opening of four cracks in correspondence
of the skewbacks and of the haunches occurred, as the masonry tensile resistance at intrados or extrados
was exceeded. The formation of the four hinges (according to the sequence indicated in Figure 7b)
induced the vault collapse. The numerical capacity curve is compared with both branches (positive and
negative) of the experimental backbone curve: a good accordance of the results emerged, both in terms
of resistance and displacement capacities.

The simulation of the vault reinforced at extrados (Figure 7c) evidenced an initial linear stiffness
higher than that of the unreinforced one, due to the thicker cross section and the higher Young modulus
of the mortar of the coating, in respect to that of masonry. At first, sequential cracks occurred at the
spring sections (the former at intrados, the latter at extrados); then, a crack formed at the tensed intrados
of a haunch, when the masonry tensile strength was attained, inducing the formation of the third hinge.
The tensile resistance of the mortar was attained at the tensed extrados of the other haunch, but the GFRP
wires prevented the crack opening and the formation of another hinge. Very large horizontal
displacements at keystone section were attained. As the displacement J; increased, the formation of new
hinges, at the intrados of an haunch, occurred in the masonry, below the first one. The collapse of the
vault occurred in consequence of the tensile rupture of the GFRP wires at the opposite haunch. A
diffusion of the plasticization in a wider area of mortar layer emerged. Actually, the numerical capacity
curve attained to higher values of both resistance and ultimate displacement; however, the trend of both
branches of the experimental backbone curve was reproduced with quite accuracy by the numerical
model. Small differences in the GFRP wires tensile strength and in the positioning of the mesh inside
the mortar thickness could have anticipated the collapse. Moreover the progressive damage accumulated
during cycles causes a lower envelope curve with respect to the monotonic one. Such a damage is
however quite limited.
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Similarly, the cracks formation in the vault reinforced at intrados (Figure 7d) started from the
skewbacks, then extended at one haunch, where the masonry cracks at the tensed side (extrados), and
affected the mortar coating (at the intrados of the other haunch). A diffuse plasticization occurred in the
reinforced mortar coating at the increasing of J;. New hinges formed in masonry at the extrados of a
haunch, in the vicinity of the first one. The collapse of the vault occurred in consequence of the tensile
rupture of the GFRP wires at the opposite haunch, at intrados. It is observed that the numerical capacity
curve fitted quite well the trend obtained experimentally, when the negative loading direction is
considered. Differently, the experimental values of the post-cracking load resulted lower than the
numerical prediction; in fact, as already evidenced in section 2, an evident sliding at one spring section,
in the positive loading direction, emerged during the test.

In general, it can be observed that the simplified numerical simulations, based on a bi-dimensional
model and on a monotonic, nonlinear static analysis, are able to reproduce with quite good accuracy the
experimental performances of both unreinforced and reinforced vaults.

4. Conclusions

The paper investigates on a modern strengthening technique for masonry vaults consisting in the
application of a reinforcement made of glass fibre reinforced polymer (GFRP) meshes embedded in a
thin mortar coating (about 30 mm) anchored to the masonry vault by means of GFRP connectors. In
particular, the results of a first set of experimental tests carried out of full-scale masonry vaults
(thickness 120 mm, arch span 4000 mm, arch rise/radius = 0.75), subjected to horizontal quasi-static
cyclic loading, so to check the effectiveness of the strengthening technique on masonry vaults were
summarized and the reliability of a simplified numerical model developed by the authors to simulate the
vaults behavior was checked. A particular attention was devoted to the design of the experimental test
setup, able to reproduce the effect of a horizontal load distributed proportionally to the vault mass and
acting cyclically, in the vault transversal direction. In fact, a previous numerical study presented by the
authors evidenced that simplified loading patterns commonly adopted in the literature for experimental
investigations, based on concentrated loads, are not suitable for the evaluation of the actual behavior of
reinforced vaults.

The results of three tests on masonry vaults were presented and compared: one unreinforced and the
other two strengthened using the considered GFRM technique applied at the extrados or at the intrados.
The results evidenced the excellent performances attributable to the reinforcement application: a
resistance increase ranging from 3.1 to 3.8 and a displacement capacity close to one hundred times
greater than that of the unreinforced one were obtained. In particular, it is worth note that the high
ductility obtained is due to the presence of the GFRP reinforcement embedded in the mortar layer, which
guarantees a significant resisting moment once the mortar cracks.

The behavior of the three experimental sample was then simulated numerically, using a simplified
bi-dimensional smear-crack model based on monotonic, nonlinear static analysis. The characteristics of
the materials were derived from experimental characterization tests. The experimental and numerical
results were compared in terms of capacity curves expressing the global horizontal load against the
horizontal displacement at the crown section. Though the analysis were based on a monotonic loading,
a good accordance between experimental and numerical findings emerged.

In general, test results provided very useful and original information on the effectiveness of the
reinforcement technique, highlighting also some important aspects, such as the correct design of the
connection of the reinforcement to the abutment, which will be taken into account in the continuation
of the study. Other three specimens, with a different rise/radius ratio (0.5), are going to be tested, so to
enlarge the experimental database and extend the validity of the numerical predictions. Moreover, a
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more detailed numerical model, accounting for the effect of cyclic loading in the material degrade is in
progress, so to provide more refined results.
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