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Lightweight extrados restraining elements for the anti-seismic retrofit of

single leaf vaults

Alessandra Marini*, Andrea Belleri’, Marco Preti®, Paolo Riva®, Ezio Giuriani®
Abstract

Substantial vulnerability of single-leaf vaults has repeatedly been observed in the aftermath of past
earthquakes. Major vault damage or even collapse may follow the onset of mechanisms such as the indirect
bending of the vault crown caused by the unconstrained rocking of the abutments, the shear failure of the
vault lunettes induced by possible differential rocking of the supporting masonries, and the direct
differential bending induced by the inertia forces acting as a uniformly distributed horizontal load along the
vault crown. Unlike other mechanisms, which can be inhibited by traditional global retrofit interventions
aimed at triggering a box-like seismic response of the existing building, limiting direct bending requires
targeted measures on the vault crown. In this paper, extrados lightweight plywood restraining structures
applying passive confinement actions are conceived to delay the onset of the vault direct bending failure
mechanism. The reinforcement is designed as a 3-hinged arch, hinged-constrained at the springing and at

the vault key section to enable small relative displacements of the vault springing, which may follow the
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deformation of any internal ties or roof box structure. The technique is a lightweight and dry solution that
does not require specialised labour; it is reversible and minimally impairs the structure’s integrity, thus
respecting major restoration principles. The effectiveness of the solution is verified through an
experimental study on the behaviour of a strengthened single-leaf vault, also in the case of possible relative
displacements of the abutments. A special pivoting testing frame is conceived to apply cyclic, uniformly
distributed inertia-like forces. The strengthened vault is shown to substantially outperform the response of

an unreinforced single leaf vault, tested in a previous research study.

keywords: single-leaf vault; seismic vulnerability; direct bending; local mechanism, strengthening; passive

confinement; restraining structure; extrados technique; plywood structure.

1. Introduction and research significance

Single leaf vaults, which are widespread over the Italian and southern European territory, are thin vaults
(about 50mm thick) made of a single layer of flat laid bricks, either running longitudinally or in a
herringbone brick pattern (Fig. 1) [1],[2],[3]. Often adopted in residential and religious buildings, single leaf
vaults are usually shaped as barrel, groin, and pavilion vaults and may bridge spans ranging between 3 and

10m (3 + 6m in residential buildings; 6 + 10m as vaulting covering the main nave in religious buildings, [4]).

When adopted as walkable horizontal partitions in residential buildings, they usually feature extrados filling
material, such as tightly packed rubbles or lunettes overlaid by the finishing pavement tiles. Backfill
material or lunettes provide a stabilizing contribution [5]. On the other hand, in the most frequent
applications, such as in churches, single leaf vaults lack any filling material and basically behave like
lightweight false ceilings solely withstanding their self-weight. Unlike heavier masonry vaults that require a
significant vertical stabilising load and are usually located on the building’s ground floor, false ceiling single

leaf vaults may also be located at the upper levels of traditional masonry buildings.

The equilibrium of masonry single leaf barrel vaults is guaranteed as long as the thrust line, associated with
both static and seismic loads, lies within the vault thickness [6, 7, 8, 4, 9]. In single-leaf vaults the thrust line

has a reduced possibility to shift and change within the small vault thickness in order to adapt to different
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unsymmetrical load distributions [4, 10, 11], or possible spreading of the supports [12], unless lunettes or
spandrel walls strengthen the vault extrados against bending actions. In the case of plain single leaf vaults,
the maximum shift can be attained if the structure has a catenary geometry, i.e. if the thrust line overlays
the centroid axis; conversely, in the case of circular geometry, the possibility to shift is further reduced. As a
result, these structures are particularly vulnerable even to low intensity earthquakes. Their extreme
vulnerability has repeatedly been assessed after recent earthquakes, when a significant number of single-
leaf vaults collapsed, regardless of the earthquake intensity and of the level of the global damage to the

structure [13].

In the case of a seismic event, thin single-leaf vaults can undergo three main mechanisms, namely: (a)

indirect differential bending; (b) severe shear distortion; (c) direct differential bending [13].

Indirect differential bending follows an unconstrained rocking motion of the abutment or supporting wall,
which in turn induces the rotation of the vault supports (Figure 2a). Such rotations force differential
bending along the vault crown. In the case of either out-of-phase rocking or differential drift of the
perimeter walls, the relative displacement of the vault springing can also worsen the indirect bending of
the vault crown. Interestingly, indirect bending can be limited or inhibited through global interventions,
such as roof or floor diaphragms, aimed at constraining or reducing the rotation or relative displacement of

the vault springing.

Severe shear stresses and distortion follow the onset of differential rocking along the nave ends.
Differential rocking occurs as a result of the difference in stiffness between the facade and the transverse
arches [13, 14] (Figure 2b). The differential rocking mechanism can be inhibited or confined by adopting a
stiff roof box-structure constraining the perimeter masonries along the edge and limiting the possible shear

distortion [15].

Direct differential bending is the result of the distributed seismic actions associated with the vault mass.
Depending on the earthquake magnitude and the vault thickness, direct bending can be as severe as to

cause the structure to collapse, characterised by the onset of a four hinge mechanism [14, 16, 17, 18]
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(Figure 2c). Past experimental and theoretical studies have ascertained the vulnerability of single leaf vaults
with respect to direct differential bending [19]. Practical abaci for the evaluation of the vault collapse
multiplier as a function of the main geometry characteristics were provided, and single leaf vault collapse
was assessed to be triggered by moderate to low seismic actions, corresponding to horizontal accelerations
ranging between 0.04g+0.10g. It is worth noting that, unlike other failure modes, and regardless of the
global mitigation measures reducing the vulnerability of the whole building, this mechanism cannot be

inhibited, unless special targeted interventions are carried out on the structural element.

Figure 1. Typical single leaf vault with herringbone brick pattern.

N

) b
Figure 2. Main vulnerabilities of single leaf vaults undergoing seismic actions: (a) indirect bending following rocking of the
abutments; (b) shear distortion following differential rocking; (c) direct bending of the vault subject to the seismic action associated

with its own mass. In the proposed strengthening approach a) and b) are considered as inhibited by global strengthening of the
structure with roof box structures and focus is placed on the direct bending mechanism of the sole vault.

In order to upgrade the seismic resistance of single leaf vaults, the traditional techniques developed for
the strengthening of masonry vaulted structures are usually addressed. Some adjustments are needed to
account for the reduced thickness of these particular kinds of vaults. For example, attention must be paid
to avoid a significant increase in dead load, which in turn could result in additional seismic actions

anticipating failure; also, care must be paid so as to avoid unsymmetrical load sets.
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Among the possible techniques masonry spandrel walls [14, 16, 20, 21], are worth mentioning. Spandrel
walls are extrados retaining structures conceived to either constrain the deformation of the vault crown, or
enforce a composite structure behaviour that allows the thrust line to migrate within the spandrel wall
height. This intervention allows the substitution of the stabilising backfill material with possible reduction
of the vault mass. As a main drawback, in the case of partial spandrel walls, which do not extend up to the

vault key, problems may arise in the case of relative displacements of the springing.

The seismic retrofit can also be obtained through thin RC extrados slabs, which are usually secured to the
vault ring through either studs, special devices, or by relying on friction so as to enable shear transfer along
the vault-to-reinforcement interface. The resistance of the structure is therefore increased by enforcing a
composite structure behaviour, increasing the thickness of the vault, thus allowing the ideal resisting arch
to adjust within a higher thickness. The solution strengthens the vault with respect to both symmetrical and
unsymmetrical load sets, but nowadays it is discarded as the concrete may induce chemical incompatibility
with the masonry. The use of thin high performance natural lime mortars strengthened with inorganic
fibre mesh can be regarded as an enhancement of the previous technique, ensuring chemical and
mechanical compatibility [22]. As a major drawback, regardless of the material adopted, the vault mass
increases and this may be impairing for single leaf vaults. More importantly, in the case of effective slab-
vault composite behaviour, the thrust line might migrate in the overlaying slab over time, inducing the
possible decompression of the vault crown. Such a situation could be detrimental in seismic conditions,

entailing the risk of debonding and unthreading of bricks from the existing structure [16].

The use of fibre-reinforced polymer strips (FRP) has been also proposed [23]. It has been demonstrated
that FRP retrofit enhances vault strength and ductility by inhibiting the 4 hinge mechanism. Failure of the
strengthened structure may arise due to possible shear failure close to the springing as the technique
enhances the sole bending capacity, while leaving shear strength unchanged [23]. The width of the strips
was shown to affect the ultimate strength of the retrofitted structure. Delamination of the FRP strips may
also govern structural collapse, and may be triggered either by the uneven surface of the vault or by failure

of the bond between the vault and the laminate. Ultimately, loss of transpiration potential may accelerate
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local decay processes over time and durability issues may arise as the binding material has not been tested
against aging. The use of either steel-reinforced grouts (SRG) [24], or inorganic matrix grids (IMG)
embedded in lime-based mortar can be regarded as an alternative to this technique, increasing durability of

the intervention [25, 26].

Intrados and extrados steel ties are usually adopted to withstand the lateral thrust of the vault and to
reduce possible relative displacements of the abutment at the level of the vault impost. This technique

does not affect the direct bending behaviour of the vault.

Lightweight ribs overlaying the vault extrados profile may also reduce vulnerability with respect to direct
bending [18]. The ribbed tubular cross section is made of lime mortar reinforced with inorganic matrix
grids; the inner lightweight core is made of polystyrene elements. No shear transfer is allowed along the
vault-to-rib interface in order to prevent or limit decompression of the vault. This way, the vault self
supports its dead load and the static behaviour is unaltered in service conditions; whereas in the case of an

earthquake, the lightweight rib constrains the vault deformations, thus providing passive confinement.

In this paper, a new strengthening technique for the reduction of the seismic vulnerability of single-leaf
vaults against direct differential bending is presented. Extrados stiff lightweight plywood restraining
structures (resembling extrados centering and referred to as “centering” or “restraining structure” in the
following) that apply passive confinement are specifically conceived to delay the onset of the 4-hinge
failure mechanism of the single leaf vault. The proposed technique is a passive solution, maintaining the
structural role of the vault and providing confinement only if needed. It is a lightweight, dry and cost-
effective solution, whose assembly and positioning does not require any specialised labour. The solution is
conceived as fully reversible and minimally impairing of the structure’s integrity, thus it respects strict

conservation principles.

The extrados reinforcement is designed as a 3-hinged arch, hinged at the abutments and with an internal
hinge at the vault key section; such a structural scheme allows the accommodation of small relative

displacements of the vault springing following the deformation of any internal ties or roof box structure.
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The centering simply overlays the existing vault extrados. No shear transfer is allowed along the vault-to-
centering interface in order to prevent or limit the decompression of the vault. This way, in static
conditions, the vault self-supports its dead load and maintains the original compression state. In seismic
conditions, the lightweight restraining structure provides passive confinement by limiting vault

deformations.

The effectiveness of the solution is assessed through an experimental study on the behaviour of a
strengthened single-leaf vault subjected to cyclic, distributed unsymmetrical loads. The performance of the
strengthened vault is then compared to the seismic response of a reference unreinforced single leaf vault,
tested in a past research study [19, 27, 28]. Finally, reliability of the solution is further verified in the case of
possible small relative displacements of the supports, such as those allowed by compatible elongation of

intrados ties.

2. Framework of the study and modelling of the reference structure

The basic hypotheses establishing the framework of the study are described below. Reference is made to
the strengthening of the traditional single leaf barrel vault typology, lacking the backfill material, which
can be commonly found either in churches or in the upper floors of residential buildings, where single leaf

vaults serve as false ceilings.

The single leaf vault is modelled as a series of transverse adjoining vault stripes (“A” in Fig.3a). This
assumption simplifies the actual tridimensional structural behaviour, which should more accurately account
for the longitudinal natural arches developing between the head walls or transverse arches (“B” in Fig.3a).
These longitudinal arches strengthen the structure by laterally confining the transverse vault stripes. In the
following, the beneficial tridimensional confining effects are neglected and reference is made to a single
barrel vault stripe of unit width (Fig.3b). Given that the main objective of the analysis is the design of an
appropriate vault strengthening solution, the assumption of neglecting the tridimensional resisting

contribution is conservative and thus on the safe-side.
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It is assumed that both indirect bending and shear distortion are either substantially limited or inhibited
through global interventions such as roof diaphragms or perimeter ties, and reference is made to the case
of a vault undergoing direct bending only (see the nonlinear spring support at the roof ridge line modelling
the stiffness and strength of the roof box structure in Fig.3c) [15]. Based on this assumption, the sole vault
is modelled in the experimental specimen, and the vault supports are assumed as fixed to the testing bench
(Fig.3c). To accurately represent direct bending conditions, both distributed vertical loads modelling the
dead load and distributed horizontal loads representing the seismic action pertaining to the vault are

considered. Possible small relative displacements of the springing are also considered.

Roofbox,,
structure k

(a) (b) (c)
Figure 3. Modelling steps for the design of the experimental specimen: (a) Tridimensional structural behaviour of a single-leaf vault,
developing transverse (A) and longitudinal (B) resisting arches; (b) simplified modelling of the vault behaviour as a series of
adjoining vault stripes of unit width; (c) focus on the vault ring in the assumption that a roof box structure avoids or significantly
limits the abutment rocking mechanisms.

2.a  Single leaf barrel vault experimental specimen

Based on these assumptions, the experimental masonry vault specimen is a basic single-leaf barrel vault
stripe of unit width (span L=5m, rise f=1.42m, thickness t=52mm); neither backfill material nor lunettes,
providing stabilising contribution, are considered. The single-leaf barrel vault stripe has a polycentric
profile, with the geometric mid axis line approximately overlapping the thrust line associated with self-

weight loads.
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Flat brick arrangement with a running bond masonry texture is considered. In the running bond pattern,
cohesion of the brick-mortar interface is negligible and does not provide a significant contribution to
resistance. The binding lime mortar mix design is calibrated to replicate the mechanical characteristics of
historical brick masonries. Material characterisation tests were performed on specimens prepared during
the construction of the vault and the main material properties are listed in Table 1 (further details in [19,
28]). The vault stripe is embedded at the springings and subject to uniformly distributed vertical and
horizontal loads. The expected collapse mechanism for the unstrengthened vault is characterised by the

onset of four plastic hinges (Fig.4a). The assembled specimen is shown in Figure 5a.
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Figure 4. a) Four hinge mechanism of the bare single leaf vault induced by direct differential bending collapse mechanism, triggered
by the distributed seismic actions associated with the vault mass; b) extrados 3-hinge retaining structure applying passive
confinement actions to the vault extrados; c) idealised static scheme of the retaining structure as a 3-hinge arch undergoing
uniformly distributed load on the leeward beam.

Table 1. Average mechanical properties of brick units, mortar, masonry and plywood panels
Solid Clay Brick [data provided by the supplier]

Young’s modulus ~ 8000 MPa
Poisson’s coefficient 0.15 -
Weight density ~17 kN/m?®
Horiz. compressive strength >6 MPa

Mortar [NHL: 7.5% - Lime putty: 8.5% - Aggregates 1.5mm: 34%
- Aggregates 3mm: 34% - H20: 16%]

Young’s modulus 661 MPa
Weight density ~21 kN/m?®
Compressive strength 1.87 MPa
Tensile strength 0.20 MPa
Masonry
Initial Young’s modulus 4006 MPa
Initial Poisson’s coefficient 0.10 -
Weight density ~18 kN/m®
Compressive strength 3.37 MPa
Tensile strength 0.07 MPa
Brick-to-mortar interface cohesion 0.04 MPa
Brick-to-mortar interface initial friction 29.25 .
angle ’
Brick-to-mortar interface residual friction 28.36 .
angle ’

Plywood Panels

Young’s modulus > 4000 MPa
In-plane flexural strength > 40 MPa
Poisson coefficient 0.3
density 13.8 Kg/m®
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2.b  Extrados lightweight restraining structure

The single leaf vault specimen stripe is strengthened against direct differential bending mechanism by
means of two lightweight restraining structures, pinned to the abutments, applying passive confinement
to the vault extrados (Figure 4b). In static conditions the vault is subjected to the self-weight without
interfering with the restraining structures, whereas in seismic conditions the vault is contained by the
restraining structure. The leeward portion of the vault is confined and only the windward part, having
approximately half of the initial span (L* in Fig. 4b), can undergo the four hinge mechanism. As a result the

seismic vulnerability is significantly reduced.

The extrados reinforcement is designed as a 3-hinged arch, hinged-constrained at the masonry abutments
by the vault supports, and at the mid-span, by the vault key section. Such a hinge location allows for small
relative displacements of the abutments at the vault springings. Note that no in-plane shear distortion of
the vault is considered given the hypothesis of roof diaphragm, inhibiting any relative displacement of the
abutments in the direction parallel to the extrusion line of the vault. Furthermore, the hinges at the
springing and at the vault key are located below the centering centroid axis, as close as possible to the
extrados of the vault (Fig.5b and Fig. 6). Such a hinge location minimises the distance between the vault
centroid axis and the centering. This in turn reduces the relative displacements of the two structures in the
case of either unsymmetrical load conditions (such as in the case of an earthquake) or in the case of
spreading supports, thereby limiting the impairment caused by dynamic impacts induced by actual seismic

loadings.

Given the low self-weight of the considered type of single leaf vault, inertia forces are indeed very small
and fairly “light” strengthening structures are effective in delaying the onset of a possible failure
mechanism. For the proportioning of the cross section of the restraining structure, for the sake of simplicity
and on the safe side, the total design horizontal inertia forces pertaining to single leaf vault(Fs=m,S,4, where
m, is the vault mass and S,4 is the pseudo acceleration at the vault springing, Fig. 4b) can be preliminarily

assumed to be loaded onto the strengthening structure, which is idealised as a 3-hinge arch undergoing



234

235

236

237

238

239

240

241

242
243
244
245

246
247
248
249

250

251

uniformly distributed actions along the leeward beam ( ps= F/L*, where L*=0.5Lgs/cosa. and tano=2fzs/Lgs,
Fig. 4c). The restraining structure can be designed by enforcing that the maximum deflection (w) of the
leeward beam be sufficiently smaller than the vault thickness (s), i.e. w<fs with [ possibly ranging
between 1/100+1/500. With reference to Figure 6b the preliminary value of the flexural stiffness of the

strengthening structure can be obtained:

where pg, = ps/sena.

355 2500 355 2500 3

Prestressing bars
(2 x 20kN)

790 790

5
200 200

2416 T

970

a)
Figure 5. Side view and geometry of a) the bare vault stripe and b) of the strengthened vault with extrados 3-hinge wooden
centering.

Plywood
panels

£

Stud to fix to vault
abutments

Y —

‘! o) - i.‘ | - )

Figure 6. Detail of the centering components and of the hinge location. Wooden wedges forcing contact between the vault and the
retaining structure are displayed in b) and c).

In the experimental test, two restraining structures made of 30mm thick plywood panels, braced together

along the extrados edge to avoid buckling, are proposed (Figures 5b and 6). Assuming both $=1/200 and an



252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

acceleration equal to 0.5g, by considering s=50mm, E=4000MPa, L*=2.66m, o =27°ps; =0.5-
(0.05m - 1,0m - 18kN /m3) /sina = 1kN /m, it yields: J > 3.26:10°mm*, corresponding to two elements of

400mm in height (assuming constant cross-section for each element).

It is worth noting that other materials could have been used as long as stiff and lightweight restraining
structures, with the envisioned 3-hinge static scheme, were obtained. Therefore either steel, GFRP or
wooden truss-works, XLAM panels, etc. could have been used instead. The side view and geometry of the
strengthened structure are shown in Figure 5b. Initial contact between the centering and the vault is
enforced through thin wooden wedges (Fig.6), whereas no shear transfer is allowed along the vault-to-
centering interface, except for the minor friction at the wedges, in order to prevent or limit possible vault
decompression. Alternatively, a thin layer of mortar could be used to enable initial contact, whilst friction

along the interface may be inhibited through interposition of a thin cellophane sheet.

3. Experimental test set-up

A special swinging testing bench, which was conceived during a past research program aimed at assessing
the seismic vulnerability of single leaf vaults, was used [27]. The testing bench was conceived to impose
uniform horizontal acceleration; the inertia forces along the vault crown are replicated by equivalent quasi-
static uniformly distributed forces, whereas no dynamic effects are taken into account (details are
summarised later, and further discussed in [19]). The testing bench is made of a rigid steel deck hanging
from a vertical frame fixed to the ground (Fig. 7a). The steel deck rigidly rotates both clockwise and
counter-clockwise about a pivot point A. Deck rotations are induced through a mechanical transmission

system, actuated by an electromechanical jack.

The specimen was assembled on the steel deck. Pre-stressing clamps and anchoring bars were installed to
fix the vault abutments to the deck to avoid their possible relative rotation. This way, the load distribution
following the rotation of the deck can involve only the direct differential bending mechanism of the vault

ring.
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For increasing the tilting angle of the deck (0), increasing distributed relative horizontal loads act on the

vault ring: in the tilted position, the gravity acceleration (g) can be decomposed, with respect to the
specimen tilted local axes (x,y), into two orthogonal vectors, resulting in both vertical ay(e):g-cose and
horizontal a, (0)=g-sin0 relative accelerations applied to the vault ring (Fig.7a). For each deck tilting

angle, the horizontal-to-vertical acceleration ratio a.(0) can be defined as:

ay(0) gcosd

For 0° < 6<+30°:
0.00-g < a,(0) <0.50-g;
1.00-g 2 a,(0)20.87-g;

0.00 < (6) < 0.58.

By For-30°< 0<0°:
Q(H 77777777777777777 : —7 Z5 -0.50-g < a,(6) < 0.00-g;
. T 0.87-g < a,(6) <1.00-g;
-0.58 < () < 0.00.
a)

. &
~ mechanical
transmission system

LA

referepce dy3
polystirene arch

b)

Figure 7. a) View of the swinging testing frame: in the tilted position, the gravity acceleration is decomposed into
two components of horizontal ax(0) and vertical ay(6) relative accelerations; clockwise and counter-clockwise
maximum rotations and extreme values of relative accelerations and horizontal-to-vertical acceleration ratio are
shown; b) instruments set-up.

The horizontal acceleration component in the tilted local reference axis system a,(0), replicating distributed
seismic acceleration, ranges between 0 and 0.5g for deck tilting angles approaching the maximum testing
frame rotation capacity, equal to = 30°. Unlike seismic conditions, in which the dead loads are kept

constant and the sole horizontal loads replicating the earthquake actions are varied, in the experimental
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tests the relative vertical acceleration component a,(0) slightly reduces for increasing values of the tilting
angle 0. Specifically, the vertical load reduction ranges between 0 and 13.4% for tilting angles varying
between 0° and 30° degrees. In the case of unstrengthened single-leaf vaults, in which collapse is triggered
at very small tilting angles [27], the vertical load variation is negligible. In the case of strengthened vaults,
the variations of the vertical component of the load could be more significant, being at most equal to

13.4%.

It is worth noting that, although the electromechanical jack is operated with displacement-control, the
experimental test is carried out in load-control. The rotation imposed to the steel deck corresponds to a
relative acceleration, and thus to a force, acting on the specimen. Accordingly, no evidence of the post-
peak behaviour of the vault can be obtained with the conceived experimental test set-up. The post-peak
behaviour results in a loss of equilibrium and, consequently, in an uncontrolled accelerated motion of the
vault parts. In order to stop the post-peak motion of the vault the wooden formwork adopted for the vault

construction was maintained with a gap of 15mm from the vault intrados throughout the test.

The vault ring differential deflection was monitored by means of 10 linear variable displacement
transducers pinned between the vault mid axis and a rigid polystyrene arch fixed to the specimen
abutments (Fig. 7b). The tilting angle of the testing bench was monitored by means of two single-direction

accelerometers fixed to the specimen abutments and directed as the relative horizontal axis.

By rotating the testing bench, cycles with increasing inclination were imposed to the deck either up to

failure or to achieving the maximum rotation capacity of the testing bench (0 = +30°= £0.52rad).

4. Experimental test results and discussion

Two tests were carried out. In Test 1 the strengthened single leaf vault was subject to uniformly distributed
horizontal load cycles of increasing amplitude. In Test 2 the same load history was applied after forcing a
relative displacement of the vault abutments, simulating the small elongation of the vault span, which may

still occur after the preliminary global intervention enabling the box structure behaviour has been carried
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out (see chapter 2). Test results were compared with those obtained in a past experimental test carried out

on the unstrengthened specimen (Test 0 in the following, Fig. 5a), [19, 27].

Test 1 and 2 load histories are presented in Figure 8. Both tests were interrupted due to exceedance of the
rotation capacity of the testing frame 6 = 0.52rad, corresponding to a horizontal relative acceleration of
about 0.5g. The load history applied to the bare single leaf vault stripe (Test 0) is reported for useful
comparison. It is worth noting that the performances of the strengthened specimen substantially exceeded

the response of the bare single leaf vault, which showed early failure for 6 = 0.12rad in Test O (red cross).

0,5
TEST 0: early failure of the
0,4 + unstrengthened vault

o ﬁm\ﬂ/\/\/\/\/\/\
T ERATANARIN

TEST 1and 2

0,1

0,0

0 [rad]

¢
0,1 1
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Figure 8. Imposed rotation history applied to the unstrengthened (Test O, solid grey curve; the red cross represents the early failure
of the specimen) and to the strengthened specimens (Test 1 and Test 2, solid blue curve: the tests were interrupted due to
exceedance of the maximum rotation capacity of the testing bench).

Test 1: results and discussion

Test 1 horizontal-to-vertical relative acceleration ratio a(0) versus vault horizontal displacement (dy;3)
curves are shown in Figure 9a and compared to the curve obtained in Test O for horizontal displacement

(dy3) in Figure 9b.

During Test 0 the unstrengthened vault exhibited an abrupt loss of stiffness following the development of
each new plastic hinge. Unlike in typical masonry macro-block rocking motions, the initial stiffness was not
recovered upon load reversal and the expected flag-shape behaviour was not monitored. This was caused
by the difference in the “as-built” and the “catenary” profile: the thrust line exceeded the central core of
inertia even in the static condition and the cracks did not close upon load reversal, thereby explaining the

unrecoverable loss of stiffness.
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In the strengthened vault the structural behaviour was elastic throughout the test and no onset of
kinematic mechanism was observed even for loads 4 times greater than the loads triggering failure in Test 0
[29]. LVDTs were removed for horizontal-to-vertical relative acceleration ratio a(0) =0.48 and the test was
carried out until the rotation capacity of the testing frame was reached (thus for o(0)uax=0.58). The
maximum horizontal-to-vertical relative acceleration ratio obtained in Test 1 is quite remarkable and larger
than the possible seismic demand associated to the seismic hazard of most of the Italian territory at the life
safety limit state, unless the vault would be unrealistically located on quite high floors. It is worth noting
that such seismic accelerations are unlikely to be withstood even by retrofitted historical buildings
featuring a box-structure behaviour; this means that following the seismic event, thanks to the retrofit, the

single leaf vault is expected to no longer be the most vulnerable structural element of the construction.

Figure 9 also shows that the retrofit remarkably increased the stiffness of the vault, with a consequent
reduction of the maximum displacement (dy,3 was smaller than 1mm in Test 1, whereas it was
approximately equal to 3.5mm in Test 0). Such a result is encouraging and coherent with the limited
displacement capacity of these structures. In this particular application, reduced displacements are
favourable for the conservation of possible stuccos and frescoes often found at the vault intrados. Based on
these remarks the proposed technique proved to be an effective solution in increasing the seismic response

of single leaf vault.

Figure 10 shows the evolution of the deformed shape of the vault induced by the differential deflection
following the increasing clockwise rotation in Test 1. The deformed shapes are magnified by 100.
Displacements are very small, always smaller than 2 mm, including at tilting angles approaching the
rotation capacity of the testing frame. For increasing clockwise rotations, the left part of the vault pushes
on the plywood restraining structure, whereas the right part slightly detaches from it; however relative
displacements of the restraining structure and the vaults were almost negligible throughout the test. The
monitored deformation is coherent with the expected structural behaviour (Fig. 4b). To emphasise the
effectiveness of the retrofit in preventing the onset of the differential bending mechanism, the maximum

deformation of the unstrengthened vault in Test 0 is also plotted in Figure 10, capturing the deformed
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shape of the bare vault prior to collapse. Displacements are higher by almost 1 order of magnitude with
respect to the displacements measured in Testl. Finally, a side view of the testing apparatus and the vault
specimen is shown in Figure 11 for rotations applied approaching the testing frame rotation capacity (6=-

30° = 0.52rad; a=-0.58). No evidence of the onset of failure mechanisms is observed.
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Figure 11 — Side view of the testing apparatus and the vault specimen (6=-30° = 0.52rad; a=-0.58)

Test 2: results and discussion

In Test 2 a target horizontal settlement Ax=10mm was applied to the left abutment of the vault (Figure
12a). The testing bench was modified appropriately, by introducing a bolted device at the deck head, to

enable manual application of the envisioned relative displacement of the abutment.

It is worth noting that, although the free rocking of the abutment is assumed to be substantially limited by
preliminary global interventions (see chapter 2), a minimum elongation of the vault span could still occur as
a consequence of either the deformation of the possible transverse ties, or due to the slight out-of-phase
rocking of the abutments enabled by the offset between the roof box structure eave-line and the vault
springing. In the first scenario, with reference to a vault with a 5m net span, the target settlement
replicates the loosening of a tie experiencing a tensile strain of about 2%., where 2%. may be assumed as
the design strain in the proportioning of new ties, made of good quality steel conceived to withstand
tensile actions without yielding. In the second scenario, with reference to a wall height of 5m, the selected

Ax may represent a 1%o out-of-phase drift of the abutments.

In the test, progressive detachment of the plywood restraining structure from the extrados of the vault was
monitored for increasing applied settlement at 12 selected locations (A to N in Fig.12a). The relative

displacement (d in Fig.12b) of pairs of homologous points (L and L’) was measured through miniature
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measuring rods fixed to the vault extrados and a grid paper glued to the restraining structure side (Fig.

12b).

location L

N A I I ko] [ 1 La 11

a)

Figure 12 — a) Relative horizontal settlement applied to the specimen, and additional instrument set-up monitoring the detachment
of the restraining structure form the vault extrados at 12 locations (A to N); b) detail of the measuring rod fixed to the vault
extrados and the reference grid paper glued to the restraining structure to capture the possible relative displacement of the

homologous points Land L.

Figure 13 displays the evolution of the relative displacement for increasing imposed horizontal settlement.
As expected, persisting contact of the retaining structure and the vault at the key and springing sections is
observed during the settlement application. Provided that the strengthening system is characterised by a
reduced rise-to-span ratio with respect to the vault (Fgs/Lgs<f/L, Fig 4), for the given applied horizontal
settlement, the restraining structure is expected to undergo slightly larger vertical displacement at the key,
thereby maintaining contact with the vault extrados and guaranteeing its restraining action. Along the
intermediate sections, the different shape of the two systems causes slight relative detachments, which are
symmetrical in relation to the key section and quite small, being at most equal to 0.75 mm in 3 points for
the target horizontal displacement of 10mm. The reinforcement 3-hinge static scheme therefore proved to
enable small relative displacements of the abutments. Table 2 shows the relative displacements between

the restraining structure and the vault extrados after the application of the lateral settlement Ax.
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Figure 13. Relative displacements between the restraining structure and the vault extrados for increasing the imposed lateral
settlement Ax. Note that the centering is considered as fixed in the undeformed initial shape, whereas it actually undergoes a
kinematic mechanism during the application of the lateral displacement; therefore the diagram does not represent the deformed
shape of the vault but rather the evolution of the relative detachments of the vault and centering system throughout the
application of the lateral displacement (see also Table 2).

Table 2. Relative displacements (in mm) between the restraining structure and the vault extrados after the imposed lateral
settlement Ax.

AX A B C D E F G H | L M N

10mm 0 -0,125  -0,375 -0,25 -0,75 -0,25 0,25 -0,75 -0,75 -0,25 -0,125 0

The same rotation history of Test 1 was then applied to the strengthened vault. At each rotation reversal
step, the test was paused to allow surveying of the measuring rods, as well as the possible crack pattern,
while the LVDTs system continuously captured the deformation of the vault profile. Test 2 was also stopped

due to exceedance of the maximum rotation capacity of the testing bench.

Figure 14a shows the vault and extrados centering maintaining contact at the key and springing sections
throughout the entire counterclockwise rotation cycle. The leeward vault portion (segment B-C-D-E) tends
to move closer to the reinforcement with increasing inclination, recovering the detachment resulting from
the application of the horizontal relative displacement at the abutments. Contact is restored at a tilt of
about -20°, thereby for acceleration ratio a =-0.36. At the maximum inclination (8 =-30°), upward contact
actions are exerted by the vault on the strengthening structure. Simultaneously, the windward segment of
the vault (segment H-I-L-M) progressively detaches from the reinforcement up to an inclination of -15° (a =
0.27), with an average of about 1.5 mm and a maximum detachment of nearly 2mm at point | (Figure 13a).

Beyond -15° rotations, the trend is reversed and the gap decreases; such a response is due to the upward
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thrust applied by the vault (downward restraining action) at points B, C, D, E, F, resulting in an upward
displacement at points H, I, L. When the rotation angle is decreased from 6 =30° to 0°, the vault and
restraining structure shift back to their initial position (Initial condition being: 8 =0°, Ax=10mm). No
permanent displacements are measured. Cracks first develop at the key and springing sections at deck
rotations of about 8=20°+25°; crack widths are at most equal to the tenth of a millimetre for 6=30°, and
close when restoring the initial conditions. Table 3 shows the relative displacements between the

restraining structure and the vault extrados as measured during counter-clockwise rotation.

A similar behaviour is observed in the case of clockwise rotations applied to the strengthened vault (Figure
14b). The abnormal relative displacements recorded in points A, B, C, D are caused by a local additional
clockwise rotation of the left abutment. Such a local rotation has a maximum value of 2° when the deck
approaches the rotation capacity of the testing bench, and disappears when the initial conditions are
restored. The local rotation of the abutment is caused by the impairment of the base restraint of the
abutment following the revision of the testing frame to allow for the application of the horizontal
settlement, and results in slight undesired indirect bending of the vault crown. Abnormal relative
displacements in points A, B, C, D are clearly visible for global rotations larger than 6>20° (a > 0,36), and
maximum at 6=30°, when 8mm detachment is observed in point B. Such a results shows that although the
contact between the vault and the strengthening structure is partly lost as a consequence of the possible
relative horizontal displacement of the abutments, the reinforcing element still exerts its restraining
function and contains the flexural deformations of the vault in the case of a seismic event. Table 4 shows
the relative displacements between the restraining structure and the vault extrados as measured during

clockwise rotation.

Figure 15 shows the maximum deformation of the vault at both clockwise and counterclockwise peak
rotations, measured through the LVDTs system (Fig. 5b). It is worth noting that the deformed shapes are
not symmetrical because of the unexpected local rotation of the left abutment observed while applying the

clockwise rotation. The hairline crack patterns are displayed in Figure 16. Throughout the test, no direct



461 bending failure mechanism was activated. As in Test 1, displacements were small throughout the test and

462 compatible with the conservation of possible frescoes and stuccos.
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465 Figure 14 — Maximum relative displacements between the centering and the vault extrados during a) counterclockwise and b)
466 clockwise rotations (displacements are magnified 100 times, see also Table 3 and 4).

467
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Table 3. Relative displacements (in mm) between restraining structure and the vault extrados as measured during counter-

469 clockwise rotation
0 A B C D E F G H | L M N
-30 0 0,375 0,25 0,5 0,125 0,25 0,75 -0,5 -0,875 -1 -0,125 0
-25 0 0,375 0,25 0,5 0 0,25 0,75 -0,5 -0,875 -0,75 -0,125 0
-20 0 0,375 0,25 0,25 0 0 0,25 -1,25 -1,25 =1 -0,125 0
-15 0 0,125 0,25 -0,25 -0,25 -0,25 0,25 -1,25 -1,75 -1 -0,125 0
-10 0 -0,125 0 -0,25 -0,5 -0,25 0,25 -1 -0,75 -0,25 -0,125 0
470 -5 0 -0,125 -0,25 -0,25 -0,75 -0,25 0,25 -0,75 -0,75 -0,25 -0,125 0
471 Table 4. Relative displacements (in mm) between restraining structure and the vault extrados as measured during clockwise
472 rotation
0 A B C D E F G H | L M N
5 0 -0,125 -0,75 -0,5 -0,75 -0,25 0,25 -0,75 -1 -0,25 -0,125 0
10 0 -0,5 -1,125 -1,25 -1,25 -0,25 0,25 -0,25 -0,75 -0,25 -0,125 0
15 0 -2,125 -2,75 -2,25 -1,75 -0,25 0,25 0 0 -0,25 -0,125 0
20 -0,75 -2,875 -3 -2,25 -1,5 -0,25 0,5 0,5 0,25 0 -0,125 0
25 -1,75 -6,125 -4,75 -2,25 =i 0 0,5 0,5 0,25 0 -0,125 0
30 -2,75 -7,875 -5,75 -2,5 -0,5 0,25 0 0,5 0,25 0 -0,125 0
473 0 0 -0,125 -0,375 -0,25 -0,75 -0,25 0,25 -0,75 -0,75 -0,25 -0,125 0
474
1500 ay,
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(R e e e e AN R N R R R R R R R R R R R R N R R R R R R R R Y|
S 8 s 8 3 0 8 8 2 S I
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476 Figure 15 — Maximum deformed shape for counterclockwise and clockwise rotations (displacements are magnified 100 times).
477
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478 Figure 16 — Schematic representation of crack location.
479
480 5. Concluding remarks
481  Traditional global retrofit interventions aimed at triggering the box-like seismic response of existing
482 buildings, including perimeter ties and floor and roof diaphragms, may be ineffective in inhibiting other
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local failure mechanisms. In the case of existing structures with vaults, such global interventions cannot
prevent the onset of direct differential bending of any masonry vaults, induced by the inertia forces
associated the pertaining masses acting as a uniformly distributed horizontal load along the vault crown. In
the case of single leaf vaults, the direct differential collapse mechanism can be triggered by earthquakes of
very low intensity, as repeatedly evidenced by recent earthquakes showing completely collapsed vaults in

buildings with negligible crack patterns elsewhere.

In this paper, focus is placed on thin barrel masonry vaults conceived as lightweight false ceilings, lacking
lunettes and extrados backfilling material, and thus solely withstanding their self-weight. Such a typology is
quite common in churches, where single leaf vaults frequently cover the main nave, the apse and the side

chapels.

Lightweight plywood restraining structures are proposed to delay or inhibit the onset of direct
differential bending. The restraining structures are designed to apply passive confinement to the vault
extrados. The reinforcement is conceived as a 3-hinged arch to allow the accommodation of possible small
relative displacements of the vault springing, which may follow the small deformation of internal ties or
roof box structure. The solution stems as a passive solution, in which confinement is provided only if
needed. No shear transfer along the vault-to-restraining structure interface is allowed in order to avoid
possible vault decompression, which may be particularly detrimental in seismic conditions. The proposed
extrados restraining structure technique is a dry and cost effective solution, whose assembly and
positioning does not require specialised labour. The shape of the restraining structures is usually tailored
based on the geometry of the existing vault; however, possible small irregularities of the vault extrados can
be compensated through positioning of thin wedges. The technique is consistent with the restoration

principles of durability, full reversibility, and minimal impairment of the structure’s integrity.

An experimental study allowed the assessment of the effectiveness of the proposed technique; further
evidence emerged through comparison with the seismic response of a reference unreinforced single leaf

vault tested in a past research study. A special pivoting testing frame was conceived to replicate distributed
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horizontal accelerations in a quasi-static way. The test was stopped due to exceedance of the rotation
capacity of the testing frame. Throughout the test the strengthened single leaf vault substantially
outperformed the bare vault behaviour in terms of both stiffness and strength. The extrados centering
inhibited the onset of the failure mechanism for all the explored tilting angles of the testing bench, up to
accelerations of around 4 times greater than the acceleration triggering early failure of the unstrengthened
vault. At such accelerations, further mechanisms and different structural elements may be critical for the
existing building. It is worth noting that a significant increase in the structure stiffness was also observed,
which entails smaller displacements of the structure. Reduced maximum displacements are beneficial for

the preservation of possible stuccos or frescoes on the vault intrados.

An additional test was carried out to assess the effectiveness of the strengthening in the case of
loosening of possible intrados ties; in this case, a horizontal relative displacement of the abutment was
applied. The effectiveness was confirmed and also in this case the test was stopped due to exceedance of
the rotation capacity of the testing frame. Although the contact between the vault and the strengthening
structure was partly lost as a consequence of the applied horizontal displacement, the reinforcing element
still exerted its restraining function and contained the flexural deformations of the vault up to significant

tilting angles.
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