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Abstract

This work investigates the behaviour of unreinforced and reinforced cross vaults subjected to static
shear deformation at the springings through an experimental campaign. An earlier companion paper
discussed the results of a pseudo-static test performed on a 1:4 scaled model, built with timber blocks
and lime mortar, applying shear displacements to two abutments until failure. This paper illustrates
the effects of the same action applied to the same model after extrados reinforcement with Fibre
Reinforced Polymer strips. Crack patterns and displacement evolution are presented and compared
with those of the unreinforced model to evaluate the effectiveness of this seismic strengthening

technique.
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1. Introduction

Historical cultural heritage buildings are often characterized by different substructures that increase
their structural complexity, including masonry arches, vaults (barrel vault, cross or groin vaults) and
domes. Recent Italian seismic events have shown that masonry vaults, together with the facades of
ancient churches, are among the most vulnerable elements [1],[2],[3],[4]. Analysis of the position and
extent of damage in the vaults of churches revealed that, generally, the most critical vaults are those
near the fagade or perimeter walls [5],[6],[7]. In these cases, two of the vault’s four springings are
typically located on a stiff wall, whilst the other two on more flexible columns/walls. This leads to a
strong difference in the lateral stiffness of the supporting structures (walls, piers, columns) that,

during an earthquake, may cause significant global shear action on the whole vault. The pseudo-static



response of the vault induced by these imposed shear displacements at its springings often represents
the predominant cause of damage/failure, overshadowing the dynamic response of the vault itself [8].
Moreover, a systematic collection of vault collapses after earthquakes [9] underlined that the vaults
do not fail from their supports, but from their free height, as they are usually embedded into thick
vertical elements and often filled with rubble material in the corner areas [10],[11],[12],[13].

To preserve significant elements like vaults and not compromise the architectural integrity of
historical buildings, it is necessary to identify reliable yet unobtrusive and reversible reinforcement
techniques, considering the additional demand of retaining the value of decorations that commonly
cover the intrados. Traditional reinforcement techniques used in the past to strengthen the vaults are
generally: metal ties or even arches across the supports, reinforced concrete screeds applied at the
extrados, addition of material fill in the springing areas, placing steel cables alongside the extrados
and construction of new ribs at the extrados [14],[15],[16]. These techniques may guarantee an
adequate increment in strength, stiffness and ductility, but usually, especially the use of the concrete
screeds, violate reversibility and conservation needs for historical monuments. Over the last 20 years,
substantial research has taken place on the use of composite materials to strengthen historical masonry
structures [17], in particular seminal work on portions of walls [18],[19], columns [20],[21], arches
[22],[23], vaults and domes [24],[25],[26],[27],[28], [29],[30],[311,[32].

The benefits from the application of fibre reinforced polymers (FRP) for strengthening of masonry
structures (easy installation, low self-weight and high strength, ability to preserve the initial
geometrical configuration and reversibility) are fully appreciated. For vaults in particular, most of the
experimental evidence has been produced for single-curvature arches or barrel vaults
[22],[23],[24],[25],[26].[27],[28]. Among the parameters investigated (such as length and width of
the strips, angle, type of loading, support conditions, type of fabric) one of the most important is the
location of the FRP (intrados, extrados, or exactly at the expected failure points) as it affects the
collapse mechanism and the ultimate failure load. Only few studies focus on the reinforcement with
FRP of complex forms like cross-vaults or domes [29], [30]. In 2006 De Lorenzis et al. [29] presented
an experimental demonstration on the reduction of the lateral thrust transmitted to the piers by a vault
strengthened with FRP. Avorio, Borri et al. [32], [31], illustrated the application of FRP on the vaults
of the town hall of Assisi and the San Barnaba church in Modena (at extrados). Foraboschi [22]
developed collapse tests on masonry prototypes of brickwork arches, vaults and domes under a
concentrated load, in both unreinforced and reinforced configurations, the latter with various types of
FRP. To the best of the authors’ knowledge, studies of the structural response of a FRP reinforced
cross vault subjected to in plane shear displacements at the springings are not available in the

scientific literature and this important action is investigated in this work.



The behaviour of a cross vault subjected to shear deformation at the springings has been investigated
in a companion paper by the authors [8]. An experiment was developed on a 1:4 scaled model of a
cross vault with in-plane shear displacement applied by laterally moving two abutments until failure,
keeping fixed the other two. A pseudo-static displacement was imposed and, at each step, the cracks
were recorded in terms of position, extension and opening width. Later, the model was rebuilt and
reinforced through Kevlar aramid fibres and epoxy resin, and tested in the same way. This paper
presents the results of the test on the reinforced model and their comparison with the behaviour of the
previously tested unreinforced model, in terms of the detected crack pattern, the vertical and
horizontal displacements of the transverse and longitudinal ridges, and the final collapse
displacement. The objective is to estimate the effectiveness of this reinforcement technique and the
structural behaviour of the strengthened vault. In addition, the detailed description of the experimental
results may be useful to other researchers when calibrating their own numerical models. A short
evaluation with a non-linear Finite Element Model (FEM) is made finally just to investigate the

capabilities of commercial software accessible by practitioners in simulating the experimental results.

2. The earlier tests on the unreinforced scaled cross vault model

The physical model used throughout this series of tests was built using timber bricks and lime mortar
mix [33]. The geometry of the cross vault is characterised by transverse arches span equal to 0.88 m,
nave arch span equal to 1.10 m, and global rise around 0.76 m (Figure 1a). Subjecting this model
earlier to in-plane shear displacement with no reinforcement highlighted that failure occurred
essentially at 2.7% spread of the nave arch span (Figure 1b). This is in good agreement with results
on similar cases available in the scientific literature [34], [35], [36]. More extensive insight to the

experimental performance of the model can be found at the companion paper [8].
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Fig. 1: (a) The unreinforced scaled cross vault model, (b) extrados crack patterns at the main steps of lateral

4 -
— i —— Slidin
Opening g

displacement of the two front supports [8].

3. The reinforcement of the model

The physical model was rebuilt following the same steps described in the companion paper [8] and
then reinforced with 40 mm-wide Kevlar aramid fibre bands applied on the extrados surface.

To fix the fibres to the timber bricks, a resin mix was prepared with (i) epoxy hardener, (ii) EL2
laminating epoxy, and (iii) fumed silica (introduced as extra material to increase stiffness). A typical
proportion for the application was: three parts of Laminating epoxy, one part of epoxy hardener and
a ratio of 2% - 3% (by weight) of fumed silica. First, two layers (Figure 2a) of a very viscous mixture
were applied to homogenize (fill possible discontinuities) and prime the extrados of the bricks
(provide a base level surface). Then, once dried, after 60-90 minutes, a third layer (Figure 2b) of
epoxy was spread and the Kevlar aramid fibres were immediately positioned. Finally, a fourth layer
of epoxy covered the fibres to obtain final saturation (Figure 2c). All these steps were carried out to
guarantee adherence of the fibres to the structure.

The final result is shown in Figure 3: the fibres are located in the areas of the vault where the largest
number of cracks was detected during the test on the unreinforced model [8]. The ends of the fibre
bands did not reach the springings and the four perimeter arches, to assess the effectiveness of
interventions in actual masonry vaults where the bands are not connected to the perimeter. This occurs
in some vaults that have an incoherent solid fill in the corner areas and vertical masonry walls on the
transverse arches, which prevent the application of reinforcement across them as their architectural

integrity should be preserved by means of light, reversible and non-destructive interventions. Further
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experimental tests are currently under consideration to assess the effectiveness of more invasive
interventions like the removal of the solid fill in the corner areas and the anchorage of fibre bands all

across the opposite perimeter walls.

Fig. 2: (a) First layer, (b) Third Layer, (c) Fourth layer.

longitudinal external wall

pier 4 :- - -I navearch 3-4 :- - -I pier 3
(fixed) | . . 1 : (fixed)
L= webE -°g°’ web F i

L B
7y § o
<] 8o, 2 i
z webD g i
E Im ©
&
o |l longitudinal ridge \@ ué
[ — 9]
E r webC " £
= 2
B
M ]
2
] &
pier1 T < 5 r -| pier 2
(sliding) ! T 1 (sliding)
* navefrch(1-2 1
1
1 | 1
| I —r] »_

-

Vi

(®)
Fig. 3: (a) The reinforced model. (b) Plan view of the model with the fibre bands and the nomenclature of

the structural elements.



4. The reinforcement material properties

Experimental tests were performed for the mechanical characterization of the materials used for

strengthening the cross vault.

4.1. Tensile test on the fibre

To assess the tensile strength of the fibre as impregnated with resin, three bands of fibres rolled into
epoxy were tested in direct tension. Each band was 140 mm-long and 40 mm-wide and its thickness
was around 0.2 and 0.3 mm. Thus, the transverse section of each specimen was about 10 mm?. Steel
tabs were used to hold the fibres during the test. The displacement was recorded through a LVDT
with a base length equal to 60 mm. Table 1 gives the main results of the three tensile tests. An average
strength of about 1200 MPa, a Young modulus of about 38 GPa and a maximum displacement of

about 2 mm were obtained.

Table 1: Maximum tension load, strength and Young modulus obtained in the three tension tests.

Max displacement
Max load Strength Young modulus
Test Number [mm]
[kN] [MPa] [GPa]
(base length = 60 mm)
Test 1 11.83 2.17 1183 32.7
Test 2 12.06 2.14 1206 33.8
Test 3 11.12 1.44 1112 46.3
Average 11.67 1.92 1167 37.6

4.2. Bonding test on the fibre-timber interface

To test the adherence strength of the fibre-timber interface, two specific specimens were prepared
and tested. A fibre band was glued with epoxy to both sides of a 35 mm-wide timber brick and was
put in tension until failure. The bonding area of each glued interface is equal to 2275 mm?. Table 2
gives the main results of the two bonding tests. The failure mode of the shear test specimens was
debonding of the fibre strip from the timber substrate with a thin epoxy-impregnated layer of timber
included. An average adherence strength of about 1 MPa was obtained.

Table 2: Maximum bonding load and adherence strength obtained in the two bonding tests.

Max load Adherence strength
Test Number
[kN] [MPa]
Test 1 4273 0.94
Test 2 5112 1.12




5. The experimental test on the fibre-reinforced scaled cross-vault model

The setup and the procedure of the experimental test on the fibre-reinforced scaled cross-vault model

are the same as the unreinforced one, see the companion paper [8]. Briefly, 5 mm steps of lateral

displacements were applied on piers 1 and 2, by keeping fixed piers 3 and 4, thus introducing a shear

deformation in the vault specimen (see Figure 3). A Total Station recorded the spatial displacements

of selected extrados points (longitudinal and transverse ridges, transverse arches, nave arches, and

webs A, B, C and H).

The crack pattern was observed on the extrados and the intrados after every spreading increment. In

order to simplify the comprehension of the cracks' development, different colours are used for each

step and thicker lines are adopted to represent the width of each crack (Figure 4). The detailed

description of the cracking pattern is as follows:

at the 5 mm stage of shear displacement, only cracks at the extrados were detected. The first,
small, cracks initiated along the edge 3-4 and the transverse arches. A small fracture at the
extrados appeared in the nave arch 1-2 near pier 1;

the crack pattern at 10 mm showed the spreading of the perimeter cracks along the arches,
while new cracks formed between the nave arch 1-2 and the two front webs A and B.
Additional cracks appeared between voussoirs on the extrados of the nave arch 1-2. The
diagonal rib 1-3 displayed the formation of two small hinges at the extrados with opening
detectable at the intrados. From these first steps, it is clear that the cracks concentrated in the
unreinforced portions of the model;

at 20 mm, small cracks appeared at the extrados in both corner areas close to the sliding piers
1 and 2 (Figure 5a). The first cracks appeared at the intrados in web B and C close to the rib
1-3 where the fibre-bands ends. One of the existing extrados cracks in the left-hand side of
the nave arch 1-2 increased until one voussoir started to slide downwards with respect to the
adjacent one (Figure 5b);

at 30 mm, the cracks along the wall edge 3-4 propagated and reached the two corner areas,
involving also a small crack at the extrados of web D. The sliding voussoir of the nave arch
1-2 continued to move, followed by the whole left-hand side of the arch. At the intrados new
cracks appeared between web A and the nave arch 1-2, and between web H and transverse
arch 2-3;

at 40mm, the detachment between the lower voussoir of the nave arch 1-2 and pier 1 increased.
The cracks in the unreinforced corner areas increased both in their width and in their number.

Although the central reinforced part of the vault was completely undamaged, the failure
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mechanism of the model started forming, defined by the dislocation of the voussoir of the
nave arch 1-2 and the hinge on the intrados of the diagonal rib 1-3 (Figure 5c);

- for the successive displacement stages (45 and 50 mm) more damage occurred, especially in
the unreinforced corner areas, but still the central strengthened portion of the vault remained
undamaged (Figure 5d);

- at 55 mm, i.e. the last stage before collapse of the whole vault, the unreinforced corner area
around pier 1 (webs B and C) started to collapse, involving voussoirs of the transverse arch
1-4 and the diagonal rib 1-3 (Figure 5e). In addition, one voussoir of the transverse arch 2-3

fell down (Figure 5f).

After this, the central strengthened portion of the vault was completely detached, found itself without

supports and fell down. Table 3 summarises the main effects observed in the test.

Table 3: Summary of the main effects on the vault model.

Shear displacement of the
Effects on the vault model

abutments

0 mm -

5 mm First crack formation along the perimeter

10 mm Formation of small cracks in diagonal rib and nave arch

20 mm Initiation of major cracks in the unreinforced corner area around piers 1
and 2

30 mm Extension of the previous cracks

40 mm Strong extension of all the existing cracks and development of new cracks
in the unreinforced corner areas

55 mm Partial collapse of the unreinforced corner area around pier 1

60 mm Total collapse of the model
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Fig. 5: (a) Extrados cracks in the corner area close to pier 2. (b) Downwards sliding of the voussoir at the
left of the keystone of nave arch 1-2. (c) Intrados cracks in the corner area close to pier 1. (d) Undamaged
strengthened portion of the vault (webs B and C). (e) Collapse of the unreinforced corner area around pier

1. (f) Collapse of one voussoir of the transverse arch 2-3.

6. Displacement results and their comparison between the unreinforced and
reinforced models

In this section, the displacements of the reinforced (R) vault model are discussed and compared with
those of the unreinforced (UNR) one. Only the most significant stages of the imposed shear
displacement are discussed, namely 20, 30 and 40 mm, since 20 mm marks the initiation of major

cracks and 40 mm is the last step before partial collapse, so no measurements were taken thereafter.

6.1. Vertical deflections of the transverse ridge

Figure 6 shows the vertical deflections of the transverse ridge with respect to the initial horizontal
configuration (R - solid lines and UNR - dotted lines). In the reinforced case, after an initial general
downward settlement of maximum 2 mm at the 5 mm, 10 mm and 20 mm stages of shear
displacement, the global behaviour looks quite asymmetrical for the 30 mm and 40 mm stages. The
points close to the back wall show small downward deflections, whilst the points close to the nave
arch show large upward displacements up to 2 mm at the 30 mm stage and 5 mm at the 40 mm stage.
The front portion, where the imposed shear-displacement is applied, lifts up.

The comparison of the two models, indicates that in the unreinforced case the behaviour is basically
symmetrical across the ridge and the maximum deflection is reached at the keystone (around 12 mm).

On the contrary, in the reinforced case the behaviour is almost asymmetrical and the most significant
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deflection, although much less here (6 mm, i.e. half of the UNR maximum), is reached by the point

on the nave arch.
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Fig.6: Comparison of the vertical deflections of the transverse ridge for the unreinforced and reinforced

models.

6.2. Vertical deflections of the longitudinal ridge

Figure 7 shows the vertical deflections of the longitudinal ridge with respect to the initial horizontal
configuration at selected displacement stages. In the reinforced case, as already observed for the
transverse ridge, also the longitudinal ridge displays an initial downward displacement (again up to 2
mm) at the first stages (up to the 20 mm stage) and does not show a constant trend during all stages.
At the 30 mm and 40 mm stages, the longitudinal ridge slightly rises; the maximum value is about 4
mm. It is evident that the displacements of the reinforced model are smaller than in the unreinforced
model. The latter shows a clear symmetrical uplift of the central portion of the vault, up to 14 mm,
whilst the former an upward movement of its portion closer to the transverse arch 2-3 around 2 — 4

mm.

12



T T T T T T T T T T
o 20 mm stage R
o 30 mm stage R

14 _‘ ............ A + 40 mm stage R -

A 20 mm stage UNR

30 mm stage UNR

A
A 35mm stage UNR

s,
0
",
%
",
A
*,
e,
*,
e,

Vertical displacement [mm]

o o
o o

-4 Il Il Il Il Il Il Il Il Il Il Il Il Il
-600 -500 -400 -300 -200 -100 0 100 200 300 400 500 600

Distance from the keystone [mm]
Fig. 7: Comparison of the vertical displacements of the longitudinal ridge for the unreinforced and

reinforced models.

6.3. Horizontal displacements of the transverse ridge

It is important to study also the horizontal displacements of the transverse ridge with respect to the
initial horizontal configuration, as a more direct effect of the in-plane shear displacement (Fig. 8). In
general, the ridge seems to follow the imposed shear movement with larger displacement of the points
close to the nave arch, up to 20-25 mm at the 30 mm and 40 mm stages, as expected due to the fact
that this area is spreading. The recorded values of the displacements indicate that, at the first stages
of shear movement (5 and 10 mm), the displacement of the transverse ridge is larger than the one
imposed at the springings, whilst at the last stages (20, 30 and 40 mm) the displacement at the top is
of the same order of magnitude as the imposed one at the bottom. The deformed shape clearly displays
a hump, which is most probably due to the opposition provided by the compressed diagonal rib 2-4
and the surrounding webs D and E (Figure 9).

The difference (around 5 mm) between the lateral displacement of the last point of the transverse
ridge at y= -500 mm (as measured from the keystone) and the second last point at y= -300 mm is
consistent with the cracks that started developing at the 10 mm stage between the nave arch and the
reinforced vault (Figure 4). All the more reason, the same consideration applies for the other side of
the vault close to the back wall, which immediately detached from the reinforced vault even from the
5 mm stage (Figure 4): a final 10 mm difference can be observed between the points at y= +500 mm

and at y= +350 mm from the keystone.
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Figure 10 compares the horizontal displacements of the transverse ridge for the two models. In both
cases, the general lateral movement follows the imposed displacements at the springings with the
largest displacements in the front side (nave arch), where a maximum value of around 25 mm was
achieved. However, in the unreinforced case, the lateral movement is basically characterised by a
global rotation of the transverse ridge towards a final diagonal configuration before the total collapse
of the vault. On the contrary, in the reinforced case, the reinforcement makes the whole webs move
as a block and the lateral movement is mainly described by a lateral (almost uniform, as compared
with the unreinforced case) global translation that can occur due to the detachment of the bricks from

the back wall and the frontal nave arch.
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Fig. 10: Comparison of the horizontal displacements of the transverse ridge for the unreinforced and

reinforced models.

6.4. Horizontal displacements of the longitudinal ridge

Figure 11 shows the horizontal displacements of the longitudinal ridge at selected shear displacement
stages. In the reinforced case, the deformed shape consists of a roughly uniform translation towards
the back wall. In more detail, the left portion of the longitudinal ridge moves slightly more than the
right portion, maybe due to the fact that webs D and E are compressed and thus may shorten in plan.
This last observation is also consistent with the hump characterising the deformed shape of the
transverse ridge, detailed in Figure 9. The comparison of the two models indicate that in the
unreinforced case the lower stiffness of the vault allows larger deformations to happen, so the left
portion of the ridge moves towards the back wall and the right one opposite, with high concentration
of strain and damage around the key-stone. On the contrary, in the reinforced case, the higher stiffness

of the vault provided by the fibres make the ridge move together towards the back wall.
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Fig. 11: Comparison of the horizontal displacements of the longitudinal ridge for the unreinforced and
reinforced models.

6.5. Discussion

Figures 1b and 4 compare the crack patterns of the vaults in the unreinforced and reinforced
configurations. It is clear that, in the unreinforced model, the cracks are almost uniformly distributed
over the vault surface, whilst, in the reinforced one, the cracks developed only in the corner areas and
no cracks occurred in the central portion of the vault where the fibres were placed.

Table 4 summarises the main effects observed on the two models and provides dimensionless shear
displacement levels (with respect to the nave arch span 1.10 m) that can be useful as an indication of
damage limits in real cross vaults. Both models reach the total collapse condition at about 5.5% of
the longitudinal span (60 mm shear displacement). However, the way they reach the final collapse is
completely different. On the one hand, the unreinforced model reaches partial collapses of the webs
at about 3% of the longitudinal span (35 mm), thus indicating that (i) collapse is gradual (due to
damage distribution all over the vault surface) and (ii) partial collapses associated with the falling of
some blocks can occur thus compromising the safety conditions. On the other hand, the reinforced
model maintains an undamaged central portion right until total failure, with the first partial damage
(5%) of the corner unreinforced portions (close to the piers) appearing just before the total collapse
(5.5%), thus indicating that (i) collapse is sudden (due to the final detachment of the central reinforced
portion from the perimeter) and (ii) no blocks fall from the vault until shear displacement exceeds the
5% value of the longitudinal span.

This comparison clearly highlights the effectiveness of the fibre bands in the zones where they are
placed and the criticalities in the unreinforced zones. This suggests that a more extensive intervention

that would envisage fibre bands well anchored across all the perimetric edges may improve the
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performance even more, by avoiding the development of mechanisms characterised by hinges in the

springings [37].

Table 4: Comparison of the main effects on the unreinforced and reinforced vault models.

o/ T .
. Shear . o Dlmensml}less shear Monitored effects on Monitored effects on the
displacement | displacement (with respect . .
the unreinforced model reinforced model
stage to the nave arch span)
0 mm 0 - -
4 -5 mm 0.4% Formation of small cracks Flrs.t crack formation along the
perimeter
Initiation of small cracks in | Formation of small cracks in
10 mm 0.9% . .
area diagonal rib and nave arch
e . Initiation of major cracks in the
Initiation of major cracks .
20 mm 1.8% . unreinforced  corner  area
in webs B, C, F and G .
around piers 1 and 2
30 mm 7% Extension of the major Extensmn 'of the major cracks
cracks in the unreinforced corner areas
Strong extension of the existing
35-40 mm 3.2% - 3.6% Partial collapse of web F | Cracks and development of new
cracks in the unreinforced
corner areas
Partial collapse of the | Partial collapse of the
55 mm 59, model: total collapse of | unreinforced  corner  area
’ webs B and C (around pier | around pier 1
)
60 mm 5.5% Total collapse of the model Total collapse of the model

7. Finite Element modelling of the reinforced vault

Several advanced computational techniques have been developed to reproduce the response of arch
and vault masonry structures, including Limit Analysis, Trust Network Method, Finite Element (FE)
Method and Discrete Element Method approaches [38], [39], [40], [41], [42], [43], [44]. Since the
purpose of this section is to explore the reliability of methods directly accessible by practitioners,
embedded already in all-purpose commercial software, results obtained with a basic FE model are
here presented.

The FE model used for the numerical non-linear analysis of the reinforced vault is the same as the
one developed for the unreinforced vault (Figure 12a), described in the companion paper [8] and the
Abaqus® [45] software was used. To represent the FRP reinforcement strips on the extrados surface,
truss elements, characterised by the geometric and material properties described in sections 3 and 4,
were added to the shell elements of the webs, by making reference to the nodes of the mesh and trying
to match at best the exact location of the reinforcement strips (Figure 12b). The shearing deformation
was applied with staged displacements imposed in piers 1 and 2 along the negative X direction until

40 mm.
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Figure 13 shows the vertical displacements contour maps for the reinforced vault, whilst Figures 14a

and b provide comparison between these data and the experimental ones. It can be noticed that:

for large shear displacement stages (e.g. 30 and 40 mm), the qualitative response (upward
movement of the points close to the nave arch) and the order of magnitude (around 5 mm) of
the vertical displacements of the transverse ridge are well captured (Figure 14a). The vertical
movements of the points close the back wall receive the effects of the boundary conditions
(fixed restraints on the back perimeter arch, as per Figure 12), whilst the real vault experienced
small downward movements;

for large shear displacement stages (e.g. 30 and 40 mm), the qualitative response (upward
movement) of the longitudinal ridge is captured (Figure 14b). From a quantitative point of
view, due to the relatively small values of these displacements, this numerical model is not
able to provide the order of magnitude;

as it could be easily expected due to the unavoidable randomness of the real vault response to
small displacement action, for the 20 mm stage, the numerical model cannot reproduce the
experimental response at that stage but does simulate the qualitative response at larger

displacements for both the transverse ridge and the longitudinal ridge.

1117704
1777221

(a) (b)
Fig. 12: (a) 3D-view and (b) plan view of the numerical model of the vault without and with FRP

reinforcement.
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Fig. 13: Contour map of the vertical displacements [m] in the FEM reinforced model (40 mm lateral

displacement stage).
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Fig. 14: Vertical displacements of (a) the transverse ridge and (b) the longitudinal ridge for the reinforced

model: FEM numerical and experimental results.

The non-linear analysis using the Concrete Damage Plasticity model allows the tension damage

variable (DAMAGET) contour plots to be obtained for the different shear displacement applied. Two

illustrative plots are reported in Figure 15. The numerical results are in good agreement with the

damage detected in the corner areas, capturing the damage occurred in the unreinforced lower part of

the left front webs, as highlighted in Figure Se. However, the numerical model indicates damages

along the longitudinal ridge close to the key-stone that were not observed in the physical test. This

may be due to the size and the shape of the shell elements near the keystone, that create a singular

point characterised by sharp edges that may provoke stress concentrations in the numerical model. In

the real vault model, the keystone is characterised by smooth curvatures (compare Fig. 2b with Fig.

12a).

CAMAGET

SMEG, (fraction = -1.0)

(Avg: 75%)
+1.000e+00
+9.000e-01
+&.000e-01
+7.000e-01
+6.000e-01
+5.000e-01
+4.000e-01
+3.000e-01
+z.000e-01
+1.000e-01
+0.000e+00

Fig. 15: Non-linear static damage contour plots in the FEM model.

20



8. Conclusions

This research work describes a pseudo-static test which constitutes the second step of an experimental
campaign aimed at understanding the structural response of a cross-vault subjected to in-plane shear
displacements at two springings, an action that represents the predominant earthquake effect on such
structures, overshadowing the other effect represented by the dynamic response of the vault itself.
The first step was concerned with a test developed on a bare 1:4 scaled cross-vault made up of timber
blocks and lime mortar. This second step is focused on the same model reinforced through FRP strips
on the extrados surface. The rationale behind the application of shear action lies in the higher
vulnerability observed in the vaults near the facade or along the perimeter walls which are supported
by structures characterised by different lateral stiffnesses.

Cracking patterns, vertical and horizontal displacements of the longitudinal and transverse ridges and
collapse displacements have been recorded during the tests. A companion paper presented the results
for the unreinforced model, whilst this paper presents the results for the reinforced one.

The two models show a similar collapse displacement, roughly around 5.5% of the nave arch span,
but a completely different structural response. For the unreinforced model: collapse is gradual assisted
by partial collapses (blocks falling from webs) observed starting from 3% spread of the longitudinal
span. For the reinforced model: collapse is sudden and no damage is observed in the reinforced
portion until total collapse.

Thus, from a seismic strengthening point of view, the application of the FRP reinforcement on the
exposed surface of the vault extrados short off the springings (which would have included the removal
of the rubble fill in real cases) allows the performance of the vault for low-moderate shear actions
(i.e. frequent earthquakes) to improve, but does not affect the performance of these vaults under
strong shear actions (i.e. rare earthquakes). In order to increase the effectiveness of this strengthening
technique under stronger motions, an intervention that sees fibre bands well anchored to all the

perimetric edges may be considered. A third test with this solution is currently under consideration.
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