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Abstract.

This paper presents the results of a monodirectional shaking table test on a full-scale unreinforced masonry cross

vault characterized by asymmetric boundary conditions. The specimen represents a vault of the mosque of Dey in Algiers
(Algeria), reproducing in detail the mechanical characteristics of masonry, and the constructive details including the presence of
some peculiar wooden logs placed within the vault’s abutments. The vault was tested with and without the presence of two steel
bars which connect two opposite sides of the vault. The dynamic behaviour of both the vault’s configurations were studied by
using an incremental dynamic analysis up to the collapse of the vault without the steel bars. The use of an innovative high-
resolution 3D optical system allowed measure displacement data of the cross vault during the shake table tests. The experimental
results were analysed in terms of evolution of damage mechanisms, and in-plane and out-of-plane deformations. Moreover, the
dynamic properties of the structure were investigated by means of an experimental modal analysis.
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1. Introduction

The severe seismic damages and collapse of historical
masonry buildings experienced in several earthquakes all
over the world have highlighted the vulnerability of these
structures. Among the different damage mechanisms, those
affecting vaulted structures are recurrent. The understanding
of vaults collapse mechanisms is fundamental to prevent
damages to architectural and artistic assets and to save
human lives. Moreover, as the vaults are common floor
types of historical masonry buildings, the knowledge of
their strength, stiffness and ductility is crucial for analysing
the behaviour of the whole building (Rossi et al. 2016).

Many studies dealing with the analysis of masonry
arches and vaults are based on the modern theory of limit
analysis developed by Heyman (1966, 1995). The basic
conditions of the theorem’s application are that masonry is a
material with infinite compressive strength, it has negligible
tensile resistance, and no sliding occurs. Therefore, their
failure is mainly related to the geometry of the structures
and it is caused by loss of equilibrium. A thorough literature
of limit analysis methods is provided by Huerta (2004,
2008) and Boothby (2001). Although the knowledge of
masonry arch behaviour is rather developed, the complex
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3D geometry of masonry vaults makes the study of their
structural behaviour more difficult to be analysed. This
challenging issue have been recently faced developing 3D
graphical and analytical limit analysis methods (O’Dwyer
1999, Block et al. 2006, Andreu et al. 2007, Baratta and
Corbi 2010, Fraternali 2010, Tomasoni and D’Ayala 2011,
Angelillo et al. 2013, Block and Lachauer 2014), and finite
element models (Lourenco et al. 1997, Creazza et al. 2002,
Calderini and Lagomarsino 2004, Szolomicki 2009, Milani
et al. 2008, Li and Atamturktur 2014). These studies,
however, have been mainly addressed to linear and non-
linear static analysis, while there is a lack of understanding
of the seismic behaviour of masonry vaults. Recent research
(Rafiee et al. 2008, Van Mele et al. 2012, Mclnerney and
DelJong 2015, Caddemi et al. 2015) has proved the efficacy
of discrete element methods in modelling the heterogeneous
nature of masonry structures and in performing dynamic
analysis with a reasonable computational effort. However,
there is still a need for experimental data to assess the
reliability of discrete element modelling approaches in
simulating the complex 3D behaviour of masonry vaults.
Few experimental studies have actually been carried out in
both static and dynamic field. Some authors (Shapiro 2012,
Quinonez et al. 2010, Van Mele et al. 2012, Rossi et al.
2016, 2017, Calvo Barentin et al. 2017) studied the 3D
collapse mechanisms of vaults by testing 3D printed small-
scale mock-ups under both supports displacements and
loads. Ceradini (1996) analysed a full-scale brick cross
vault and a full-scale of a tuff cloister vault.

The first mock-up, which represented a church nave’s
vault with a span of 7.36 m, was tested by applying an
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Fig. 1 Example of a typical case of cross vaults with
asymmetric boundary conditions in a three naves church (1)
with an annexed cloister (2)

outwards movement of two supports until cracks appeared.
The tuff cloister vault was tested under uniform loads.
Subsequently, two frontal supports were allowed to move
progressively outwards because of the vault’s thrust. Both
the mock-ups were tested again, after their repairing.
Theodossopoulos et al. (2002) analysed a 1:4 scale mock-
up of a cross vault made of wooden blocks and mortar
joints under dead load. The area of the vault’s diagonals
(groins) were then strengthened and the vault tested using
the same loading conditions. In Theodossopulos et al.
(2016) a 1:15 scale model of a pointed barrel vault made in
plaster was subjected to symmetric and asymmetric
horizontal spread and the cracks development monitored.
Fewer studies focused on the dynamic behaviour of vaults.
Ramaglia et al. (2016) performed shaking table tests on a
full-scale model of barrel vault. Similarly, Giamundo et al.
(2016) tested a barrel vault in both unreinforced and
reinforced conditions. Other researchers (Atamturktur et al.
2009, Conte et al. 2011) investigated the dynamic
behaviour of vaults by means of in-situ dynamic tests for
their dynamic characterization.

This paper focuses on the study of the seismic behaviour
of unreinforced masonry cross vaults, which are typical
covering of churches aisles, and floors of porticos. The plan
in Fig. 1 shows two typical examples of cross vaults found
in churches aisles and porticos. In this context, cross vaults
are frequently characterized by asymmetric boundary
conditions and a relevant difference in stiffness between the
supports, which are walls on one side, and arcades on the
other side. The general purposes of the paper are to study
the dynamic behaviour of masonry cross vaults with
asymmetric boundary conditions and to identify their main
collapse mechanism. The study was carried out by testing a
full-scale model of a masonry cross vault on a shaking
table. The mock-up represented a vault of the Mosque of
Dey in the Citadel of Algiers.

2. Description of the vault’s prototype

The Mosque of Dey was the private mosque of the king
of Algiers built inside the Palace of the Dey. The palace
was located in the Citadel of Algiers that was erected as a
refuge and headquarter since the Ottoman occupation (16th
century). During the 16th and 19th centuries, the palace
passed through several construction phases that
unfortunately are not well known.

The plan and the section of the mosque are shown in
Figs. 2(a)-(b), respectively. Ten cross vaults and five small

SECTION AA

(b)
Fig. 2 Plan (a) and section AA’ (b) of the Mosque of Dey. In
grey, the vault’s prototype considered for the design of the
full-scale mock-up

domes run along the 20 m square perimeter of the mosque.
The cross vaults were supported, on one side by a 36 cm
thick external wall, and, on the other side, by marble
columns, causing a significant relative stiffness between the
two opposite sides. The columns also support a set of
pointed arches that define a central area covered by an
octagonal dome. All the vaulted structures are made of fired
clay bricks assembled with lime mortar.

The cross vault prototype taken as reference for
designing the full-scale model is that indicated in grey in
Fig. 2(a). A picture of the structure is shown in Fig. 3(a).
The plan and the sections of the prototype are illustrated in
Figs. 3(b)-(d). The cross vault is one brick layer in
thickness. It has an almost square plan (3.50x3.60 m?) and a
semicircular directrix. Its total height is around 5.65 m. The
pointed arch is reinforced by a couple of wooden ties,
shown in Fig. 4(a). An interesting constructive detail is the
insertion of wood logs of Thuya, a typical wood of the Atlas
mountain region, between the vault’s springing and the
column. As shown in Fig. 4(b), the wood elements are
arranged in three layers perpendicular to each other and
each made of three logs. Some studies (Abdessemed-Foufa
2012, Abdessemed-Foufa et al. 2015) mention that this
constructive technique was used as a seismic isolator
system during post-earthquakes reconstructions of historical
buildings in various Algerian cities. The same system was
used beneath columns of other buildings of the Citadel, as
shown in Fig. 4(c).
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Fig. 3 Vault’s prototype for designing the full-scale mock-up (a); plan (b), sections A-A’ (¢) and B-B’ (d) of the cross vault’s

prototype

(b) ©

Fig. 4 Pointed arch reinforced with a couple of wooden tie (a); constructive technique of the wooden logs at the arches
springing (b); wooden logs at the base of a column of one building of the Citadel (c)

Traditional earth bricks with lime and earth mortar
joints with poor mechanical characteristics were used to
build both the walls and the vaults. The bricks long side is
around 25+35 cm, while their height is usually modest
(around 3+3.5 cm). On the contrary, mortar joints are rather
thick, having more or less the same dimension of bricks’
height or even more.

3. Design of the full-scale masonry vault’s model

The design of the full-scale model was done studying
carefully the geometry of the structure, the stereotomy of
the blocks, mechanical characteristics of materials,
boundary conditions, and constructive details. Some special
measures were taken to meet requirements and limitation
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Fig. 5 Design of the full-scale mock-up: plan and elevations

Fig. 6 Wooden scaffolding of the pointed arch (a); view of the masonry cross vault’s scaffolding from the top (b) and bottom

(©

that will be explained in the present section.
3.1 Geometry

The full-scale model of the cross vault was built at the
shaking table laboratory of the ENEA Casaccia Research
Centre in Rome. Overall dimensions and details of the vault
were obtained from the technical drawings shown in Figs.
3-4 and from direct observations of the structure. However,

some changes of the geometry had to be done on the basis
of technical limitations of the experimental setup and of the
shaking table characteristics. Compared to the vault’s
prototype, the plan of the physical model was smaller
(3.00%3.00 m?) and it was 2.20 m in height. The mock-up
was built over a reinforced concrete frame 3.50x3.00 m? in
plan. The frame aimed to move more easily the vault from
the place where it was built over the shaking table. Fig. 5
shows the plan and the elevations of the 0.12 m thick vault.
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Fig. 7 Building of the vault’s support within the thickness of the arch spandrel (a); detail of the bricks arrangement along the

cross vault’s diagonals (b); detail of the abutment (c)

The marble columns were not built as their influence on the
dynamic response of the vault wanted to be avoided.
Moreover, reducing the model’s height meant a significant
weight reduction that was needed to not exceed the limit of
the table (10 tons, see more detail in Section 5). However,
the structures had still to be lightened by substituting a
portion of the masonry wall with a reinforced concrete
frame with two steel diagonal bracing to restore the original
stiffness. On the side A, the two abutments, supporting both
a 0.24 m thick pointed arch and the vault, were linked by a
wooden tie of section 0.08x0.08 m2 The geometry and
features of the abutments, such as dimensions and
arrangement of the wooden logs, replicated as accurately as
possible the real ones. The logs placed orthogonal to the
side A were 0.08 m in diameter, while the others were 0.06
m. The four corner supports of the cross vault were built, on
the side A, within the arch spandrel, while, on the side C,
within the thickness of the wall. On the contrary, the edge
of the vault’s webs was not interlocked with the spandrel
and the wall, but it was just placed side by side to them.

The vault’s model was tested with and without the
presence of two steel longitudinal bars that link the wall C
with the arch spandrel (hereinafter called wall A). The two
models were called vault with ties (WT) and vault no ties
(NT) hereinafter.

3.2 Material

The characteristics of masonry intended to simulate a
masonry with weak joints similar to the Algerian masonry.

®)
Fig. 8 Positioning of the last bricks in the key of the vault’s web (a); stressing of the key bricks using wooden shims (b);
pouring of the space between bricks with liquid mortar (c)

Regarding the bricks, fired clay bricks of size
0.035x0.12x0.25 m?® were used, while the joints were
around 0.25 m thick. Physical and mechanical
characteristics of mortar were established based on
available data of the historical Algerian mortar. The mortar
elements were clay, small pieces of bricks, gravel, sand,
lime, and pozzolana. The final mechanical properties were
determined by performing compression and three-point
bending tests, according to UNI EN 1015-11:2007
indications. The final compression strength fm was equal to
3.74 MPa, and the tensile strength Tm equal to 1.18 MPa. In
order to characterize the mechanical properties of masonry,
both a triplet and a prism, built assembling clay bricks of
size 0.035x0.12x0.25 m? and the mortar, were tested. The
masonry joint’s shear strength determined from the triplet
test was 0.015 MPa. The compression test was performed
on a masonry prism of 0.25x0.25x0.50 m3. The value of the
compressive strength was of 4.4 MPa and elastic modulus
of 327 MPa.

3.3 Building process and boundary conditions

The model was built on a reinforced concrete frame that
was moved on the shaking table once the vaulted structure
was entirely built. Huge efforts and accuracy were required
to build the wooden scaffolding and supporting structures.

The supporting structure used to build the pointed arch
is shown in Fig. 6(a), while Figs. 6(b)-(c) illustrate the cross
vault’s scaffolding from the top and the bottom,
respectively. Fig. 7(a) shows the building process of the
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Fig. 9 Moving of the vaulted structure from the building place to the shaking table (a); steel strand cables placed at both sides

of the r.c. frame built within the wall C

vault’s supports that consisted in building them within the
thickness of the arch spandrel. The same thing was done in
the opposite side where the supports were built within the
walls thickness. On the contrary, the rest of the vault (from
the springing to the key) was completely disconnected from
both the wall and the arch spandrel, being simply built close
to each other. Particularly attention was paid in arranging
bricks along the diagonals. Bricks were cut appropriately,
studying ancient master builders’ solutions observed in
historical cross vaults and described in previous works
(Gurrieri 1999, Cangi 2005), to allow the interlocking
between the vault’s webs (Fig. 7(b)). Fig. 7(c) shows the

(d)
Fig. 10 Identification of the markers and the accelerometers in (a) side A, (b) side C, (¢) side B and (d) side D

abutment with the wooden logs. The abutments were built
on Teflon sheets so that they could slide in y, while their x
displacement was prevented by a steel element. On the
opposite side, the reinforced concrete frame was built and
the masonry wall erected. The final building step was the
“locking” of the vault with key blocks (Figs. 8(a)-(c)). The
key bricks were placed in the middle of each vault’s webs
and then, they were stressed by means of wooden shims, as
shown in Fig. 8(b). After this, a liquid mortar was poured
through the joints (Fig. 8(c)). Once the mortar dried, the
vault acquired its stability and it could transfer loads to its
supports. Two steel longitudinal bars not pre-tightened were
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Table 1 Specifications of the shaking table

Dimension [m] 4x4
Degree of Freedom 6

Frequency range [Hz] 0-50

Max velocity [m/s] 0.78

. harmonic 49

Max acceleration [m/s?] .

impulse 78

Max displacement [mm] 250

Mass of tested object [tons] 10

placed at the top of the structure allowing for the possibility
of easily being removed.

The vault’s mock-up was later moved from the place
where it was built to the shaking table using a harness
system, as shown in Fig. 9(a). In order to prevent
deformations of the wall C (and consequently of the whole
structure) in x, a system of steel strand cables was anchored
to the ground on both side of the masonry wall C (Figs.

9(b)-(c)).

4. Shaking table tests
4.1 Testing setup

The dynamic tests were performed at the ENEA
Casaccia Research Centre in Rome. The shaking table was a
6-degree of freedom system of size 4x4 m and the
maximum specimen mass was 10 tons. The shaking table
specifications are indicated in Table 1. Beside traditional
accelerometers, the data were acquired from an innovative
high-resolution 3D optical system, named 3DVision and
tests were remotely shared within the DySCo (Structural
Dynamic, numerical Simulation qualification tests and
vibration Control) virtual laboratory (De Canio et al. 2013,
2016). The displacement data of the cross vault during the
shake table tests have been acquired by the ENEA light-
based displacement monitoring system provided with 9 near
infrared (NIR) digital cameras (De Canio et al. 2016). Up to
67 spherical wireless retro-reflecting markers have been
applied at selected points of the vault (see Figs. 10(a)-(d))
to reflect the NIR radiation of the cameras. Four DV camera
were also used to record synchronized movies. Moreover,
the 3D-motion can be monitoring in real-time using a
graphical interface that link time histories of the tracked
markers with CAD drawings of the structure. Markers were
coded with two letters: the first one is A, B, C or D
corresponding to the name of the vault’s side; the second
letter is A, R or L that indicates the markers on arches,
those on their right, and those on their left, respectively.

The shaking table was equipped with a 3-axial
accelerometer (acc0) to measure the actual input applied to
the table. Further 3-axial accelerometers were placed at the
top of the wall A (accl, Fig. 10(c)), at the top of the wall
(acc2 in Fig. 10(d)), at the key of the arch of the side B
(acc3, in Fig. 10(c)), and at the key of the pointed arch
(acc4, in Fig. 10(a).
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Fig. 11 Target acceleration time history (a); comparison
between the acceleration (b) and displacement response
spectra (c) of the target input and the input actually
measured on the table on sequence Rnd 1

4.2 Input acceleration

Tests were performed by applying the North-South
component of the ground motion registered during the 21
May 2003 Keddara earthquake (ked_NS) along y direction.
The target acceleration time history is shown in Fig. 11(a).
Figs. 11(b)-(c) show the target acceleration and the
displacement response spectra, respectively, compared with
the response spectra of the input actually measured on the
table. The signal was normalised and rescaled to the site of
the Citadel of Algiers according to the uniform hazard
response spectrum (UHRS). Tests were performed at
increasing value of Peak Ground Acceleration (PGA) of
0.05 g. The actual acceleration applied to the table, named
Peak Table Acceleration (PTA), was measured with the
accelerator accO.
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Table 2 Set of acceleration input considered for testing the
vault WT

Sequence PGA [g] PTA[g] Damage
Rnd 1 0.01 - characterization
ked NS 0.05 0.05 0.065 no damage
ked NS 0.10 0.10 0.172 very light damage
Rnd 2 0.01 - characterization
ked NS 0.15 0.15 0.262 very light damage

Table 3 Set of acceleration input considered for testing the
vault NT

Sequence PGA [d] PTA[g] Damage
Rnd_3 0.01 - characterization
ked_NS_0.10 0.10 0.173 very light damage
ked_NS_0.15 0.15 0.226 light damage
ked_NS_0.20 0.20 0.318 heavy damage
Rnd_4 0.01 - characterization
ked NS 0.20 0.25 0.398 collapse

Besides the real history accelerogram, a signal obtained
from a multiple-frequency random excitation was given to
the table (Rnd). Tables 2-3 show the set of inputs applied to
the model WT and NT, respectively, indicating the values
of PGA, PTA and the level of damage detected after each
test.

4.2 Input acceleration

Tests were performed by applying the North-South
component of the ground motion registered during the 21
May 2003 Keddara earthquake (ked_NS) along y direction.

The target acceleration time history is shown in Fig.
11(a). Figs. 11(b)-(c) show the target acceleration and the
displacement response spectra, respectively, compared with
the response spectra of the input actually measured on the
table. The signal was normalised and rescaled to the site of
the Citadel of Algiers according to the uniform hazard
response spectrum (UHRS). Tests were performed at
increasing value of Peak Ground Acceleration (PGA) of
0.05 g. The actual acceleration applied to the table, named
Peak Table Acceleration (PTA), was measured with the
accelerator accO. Besides the real history accelerogram, a
signal obtained from a multiple-frequency random
excitation was given to the table (Rnd).

Tables 2-3 show the set of inputs applied to the model
WT and NT, respectively, indicating the values of PGA,
PTA and the level of damage detected after each test.

4.3 Tests results

The seismic behaviour of the vault in both the
configurations (WT and NT) was examined qualitatively by
observing the main damage mechanisms, and quantitatively
by analysing the records obtained by the 3DVision system
(displacements and accelerations of the markers) and the
accelerometers.
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Fig. 12 Very light damage detected after the last test
(PTA=0.262 g) on the vault WT: detailed view of the
intersection between the vault and the wall A (a); top view
of the crack pattern (b)

4.3.1 Damage and collapse mechanism

The development of damage was detected through
qualitative visual inspections after each sequence of tests on
both the configurations, WT and NT. It is worth to be noted
that, the damage detected after the sequence of tests on the
vault WT was very light (see Table 2) and in most of the
case cracks were almost invisible to naked eyes. After the
test ked_NS_0.15 (PTA = 0.2629g), a very thin crack at the
extrados of the vault WT, along the intersection between the
vault profile and the arch spandrel on side A was just barely
visible (Fig. 12(a)). A map of the detected crack pattern is
shown in Fig. 12(b).

Concerning the tests on the vault NT, after the test
ked NS 0.10 (PTA = 0.173g), no damage was detected,
excepting the very thin crack already identified after the
previous tests on the vault WT. The damage slightly
worsened during the test ked NS 0.15 (PTA = 0.2269),
with the development of a thin crack along the intersection
between the vault and the wall C (Fig. 13(a)) and the
widening of the crack between the vault and the arch
spandrel (Fig. 13(b)-(c)). The damage level was light and
caused by a physiological detachment between the vault and
the walls that, as explained in Section 3.3, were not built
together as a whole, but they were just juxtaposed. No
damage, indeed, were detected at the level of the vault’s
supports, as illustrated in Fig. 13(d). After the following test
sequence, ked NS 0.20 (PTA=0.318 g), the gravity of
damage increased (Fig. 14(a)-(b)) and a new very thin
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Fig. 13 Damage detected after the test ked_NS_0.15 (PTA = 0.226g) on the vault NT: detailed views of the intersection

between the vault and the wall C (a); the wall A (view from side B) (b); the wall A (view from side D) (c); and top view of
the crack pattern (d)
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Fig. 14 Damage detected after the test ked_NS_0.20 (PTA = 0.318g) on the vault NT: detailed views of the intersection

between the vault and the wall C (a); the wall A (view from side B) (b); the middle of the vault’s profile from side D (c);
and top view of the crack pattern (d)



66

Michela Rossi, Chiara Calderini, Ivan Roselli, Marialuisa Mongelli, Gerardo De Canio and Sergio Lagomarsino

crack, parallel to the other two and passing through the
vault’s key, was detected (even though scarcely visible at
naked eyes) at the intrados (Fig. 14(c)). This crack pattern
revealed the activation of a three hinges mechanism of the
vault. However, no damage was surveyed at the level of the
vault’s supports, as shown in Fig. 14(d). The collapse of the
vault occurred abruptly during the test ked NS _0.25
(PTA=0.398 g). The failure mechanism was characterized
by the overturning of the side A and the development of
four hinges mechanism (three hinge on the vault and one
hinge at the base of the abutments) along the x direction, as
shown in Fig. 15. A sequence of images of the failure up to
collapse is illustrated in Fig. 16.

The progress of damage throughout tests sequences was
analysed not only by qualitative visual inspections but also

K

Fig. 16 Collapse mechanism of the vault NT for the seismic input of PTA=0.398 g, with the overturning of the side A and
the development of a four-hinge mechanism on the vault
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Fig. 19 Cumulative MRD results of tests in the vault WT (a) and NT (b)

by using the Markers Relative Displacements (MRDs)
technique based on the 3DVision data analysis (Roselli et
al. 2015). The NIR cameras allowed the detection of cracks
that cause MRDs greater than 0.1-0.2 mm. Three classes of
damage were defined on the basis of crack’s thickness (0.5-
1 mm, 1-5 mm, and higher than 5 mm), following damage
thresholds described in the Italian regulations (OPCM
2017).

The number of residual cracks (openings) after each test
sequence are shown in Figs. 17(a)-(b) for the vault WT and
the vault NT, respectively. The maximum numbers of
cracks that occurred throughout tests (dynamic cracks) are
shown in Fig. 18(a) (vault WT) and Fig. 18(b) (vault NT).

For the vault WT, a light damage occurred as early as in
the ked NS_0.05 test. After the application of the input of
PTA equal to 0.065 g, one crack 0.5-1 mm thick developed
(Fig. 17(a)). However, in dynamic conditions, more than
one crack (two openings 0.5-1 mm thick and five openings
1-5 mm thick) developed throughout the test, as shown in
Fig. 18(a). With increasing the PTA (ked NS _0.10 and
ked_NS_0.15), no residual cracks were measured at the end
of each test, while in dynamic conditions, there were two
openings 0.5-1 mm thick and four openings 1-5 mm thick.

For the vault NT, no residual cracks were recorded up to
the test with PTA equal to 0.318 g (ked_NS_0.20), when
three openings 0.5-1 mm thick and four openings 1-5 mm
thick occurred (Fig. 18(b)). Despite the lack of residual
cracks, five cracks of thickness 0.5-1 mm opened during the
test ked_ NS _0.10 (PTA = 0.173 g), while three cracks of
thickness 0.5-1 mm and three of thickness 1-5 mm opened
during the test ked NS _0.15 (PTA = 0.226 g). During the
test of PTA equal to 0.318 g, two cracks of thickness 0.5-1
mm and six of thickness 1-5 mm developed.

Figs. 19(a)-(b) illustrate the cumulative MRDs, which
provides the incremental growth of permanent deformations
throughout the tests. In general, it can be observed that the
vault WT was subjected to initial deformations, mainly
localized at the level of the wooden logs (Fig. 19(a), BA10-
BA12) and associated to an outward movements of the wall

A (Fig. 19(a), BRU-BLU). These small deformations
occurred from the first test of PTA=0.065 g and remained
basically constant throughout the three tests.

On the contrary, the vault NT exhibited the main
deformations starting from the tests of PTA 0.226 g. As
shown in Fig. 19(b), displacements are mainly associated to
the increasing outward movement of wall A (BRU-BLU)
and to the development of the hinges on the vault, in
particular: BA7-BA8 (hinge at the level of one springing),
BA-BA7 (hinge on the vault’s crown), and BA4-BL4
(hinge at the level of the other springing).

4.3.2 In-plane and out-of-plane deformations

The markers displacement data provided by the 3D
Vision system were used to calculate: i) the deformation of
the vault in the xy plane (in-plane horizontal drift, Fig.
20(@)); ii) the in-plane shear deformation of the wall A in
the yz plane (in-plane vertical drift, Fig. 20(b)); and iii) the
displacement profile of the wall A in the xz plane (Fig.
20(c)).

The vault’s in-plane shear deformation was analysed by
calculating the relative displacements dy between the
markers ALU-CRU (side B), and ARU-CLU (side D), as
shown in. Fig. 20(a). The trends of the drift dy/L, with L
equal to the distance between the mid plane of the wall C
and of the wall A are illustrated in Figs. 21(a)-(b) for the
vault WT and NT, respectively.

In the model WT, the drift of side B was slightly bigger
than of side D for the first two tests (PTA equal to 0.065 g
and 0.172 g). In the last tests (PTA=0.262g), the in-plane
response of the vault was almost symmetric, with a drift
value of 0.07% in both sides. The same behaviour is
observable in Fig. 22(a) that shows the vertical in-plane
deformation of the wall A expressed in terms of the vertical
drift dy/H, with H the distance between the markers ALU
and AL1. The response was modestly asymmetric for the
first two tests and symmetric for the last test. This small
asymmetry was ascribable to local movements at the level
of the abutments caused by settlements of the wooden logs,
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which may not have been executed exactly the same way.
The maximum in-plane vertical drift was equal to 0.08% (in
both sides).

The model NT exhibited a higher asymmetry of the
response between the sides B and D. During the test of
PTA=0.318 g, the in-plane horizontal drift of side B
(0.104%) was 50% bigger than the drift of side D (0.068%),
as shown in Fig. 21(b). However, considering the in-plane
vertical drift, the drift of side B was similar to the drift of
side D for the first test, and it was smaller during the
following tests, as shown in Fig. 22(b). The main reason
was that the horizontal in-plane deformation was also
affected by some torsional behaviour that increased the drift
between ALU and CRU.

The displacement profiles of the wall A were created
based on the relative displacement in x of the markers
indicated in Fig. 22(c). Figs. 23(a)-(b) illustrate the
displacement profiles for each test of the vault WT and the
vault NT, respectively. The black curves indicate the
displacement profile of side B, while the grey curves
represent the displacement profile of side D.

The vault WT (Fig. 23(a)) exhibited an asymmetric
response. In particular, the displacement measured on side
B were higher than those on side D. It is worth noting that,
however, this difference in drift is related to relatively small
deformations produced by low PTA and may be affected by

any imperfections in stiffness between the two sides of the
vault and any initial adjustment of the mock-up, especially
at the level of the wooden logs where deformations were
mainly concentrated. The higher value of displacement (0.9
mm) were measured in BA10 (just above the abutment)
during the first test (PTA=0.065 g). This value was just 0.1
mm lower than the highest maximum displacement that was
achieved by the marker BRU during the last test
(PTA=0.265 g).

On side D, displacements show a more regular profile,
increasing with the markers’ coordinate z and with the
seismic input.

The displacement profiles obtained by the three tests of
the vault NT (Fig. 23(b)) present a symmetric behaviour on
average. The maximum displacement achieved before the
collapse (PTA=0.318 g) was of 5.2 mm and measured in
BLU. This value was four times higher than that measured
in the previous test (PTA=0.226 g).

The deformed shapes of the vault NT in both the xy and
the xz plane are shown in Figs. 24(a)-(b), respectively.

5. Dynamic identification

The analysis of the dynamic identification tests allowed
determining the modal frequencies and the main dynamic
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parameters of the structure through the application of the
Frequency Response Function (FRF). In particular, the
dynamic of the wall A subject to overturning was analysed.

5.1 Experimental modal analysis

The dynamic behaviour of the vault WT and NT was
examined by analysing the data acquired during the four
random white noise tests before and after the seismic tests.
Velocity and acceleration of each marker were estimated by
numerical differentiation of the displacement data, as well
as the estimation of the dynamic properties of the vault
based on the input and output displacement Frequency
Response Function (FRF)d-d (Transmissibility Function) of
each marker with respect the reference point AC2 (see Fig.
11). The data processing procedure for the first and second
derivatives of the displacement data was based on the
Savitzky-Golay (SG) smoothing filter, with a six order
fitting polynomial degree and 0.1 sec moving window
width.

The graphs in Fig. 25 show the Transmissibility
Function (FRF)d-d of the markers at the points ALU and
ARU (top of the wall A), in the x and y direction, during the

test Rnd_1 (vault WT). The graphs in Fig. 26 show the
(FRF)d-d at the same markers during the test Rnd_4 (vault
NT). The graphs show also the Synthetic FRF (S_FRF)
obtained using a 3DOF modal model, calculated as Eq. (1).

N
FREsync(f) = ) H,
r=1 (1)

i (1 - 17%) . Zcrl‘r
A- 222+ 4402 A-2272+ (zmr)Z]

The dynamic models of the wall A are described by the
parameters in Tables 4-5, where fr are the first three critical
frequencies (r=1, 2, 3), S_FRFr are the corresponding peak
values of the Synthetic Transmissibility Function, { r are
the -3dB estimated a-dimensional damping, Hr are the
Modal Constants, and 1_r=¢f r.

The Power Spectral Density (PSD) of the displacement
data describes their frequency composition in terms of the
Root Mean Square (RMS) value in the frequency domain.
Therefore, the integrated PSD within the frequency range
describes the energy growth at each frequency, and the
steps at the first three resonant frequencies are proportional
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to the modal participation coefficients. Figs. 27(a)-(b) show
the PSD of the displacements at the wall A control points
(ALU and ARU at the top, AC1 and AC2 at the bottom)
and the associated frequency contributions to the RMS
value of the displacement time histories. This allows
estimating the modal participation factors, and consequently
the modal mass participation to calculate the spectral
acceleration activating the collapse kinematics of the wall
(De Canio et al. 2015).

Residual

204 — dRMSwall A |

R wee d_PSD wall A

68%
<oo (68%)

0 Ll b i S
0.1 1 10 100
Freq [Hz]

(o) NT

When comparing the frequencies obtained from the test
on the vault WT and those on the vault NT, it can be
observed that, although the longitudinal steel bars should
constitute a constraint in x, their removal cause a reduction
of the frequency which is higher in y (mode 1, from 5.32 Hz
to 1.18 Hz) than in x (mode 1, from 2.59 Hz to 1.18 Hz).
The main reason can be ascribable to a not negligible
flexional stiffness of the bars that also inhibited the
activation of the in-plane mechanism of the vault. However,
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Table 4 Test Rnd_1 (WT), dynamic model of the wall A

Table 5 Test Rnd_4 (NT), dynamic model of the wall A

r fr S_FRF; & Hr r fr S_FRF; & Hr
1 2.59 5.06 0.04 -0.45 1 1.18 4.44 0.08 0.89
2 5.13 9.87 0.02 -0.40 2 6.26 6.2 0.01 -0.2
3 7.28 4.44 0.01 -0.14 3 6.84 16.5 0.01 0.22

when the longitudinal bars were removed, the mechanism in
X prevailed.

Considering the FRF results of the vault WT (see Fig.
25), the first and the second modes correspond to the modes
1 and 2 in x, with a frequency of 2.59 Hz and 5.13 Hz,
respectively. The second mode’s frequency value was close
to the frequency of the mode 1 iny, equal to 5.32 Hz.

The highest frequency had an equivalent value (7.28 Hz)
in both the directions. Analysing the FRF results of the
vault NT (see Fig. 26), it can be observed that the first mode
frequency of 1.18 Hz is equal in both directions. The second
mode was the mode 2 iny (3.52 Hz) and the third mode is
the mode 2 in x (6.26 Hz).

6. Conclusions

The paper investigated the dynamic response on a
shaking table of a brick masonry mock-up of a cross vault
simulating one of the cross vault in the Mosque of Dey in
Algeri. The tests were performed by applying the NS
component of the Keddara earthquake along y direction.
The value of the PGA was progressively increased by
0.05¢g. Two different setup were tested: in the first case,
the vault was equipped with a couple of steel bars at the top
of the walls (vault WT) and in the second, the bars were
removed (vault NT). The use of a 3D optical system
combined with displacement data processing permitted an
accurate understanding of the damage mechanism and the
dynamic behaviour of the mock-up during the tests. The
results were discussed in terms of development of damage
using the Markers Relative Displacements (MRDs)
technique based on the 3DVision data analysis,
displacements/deformations, and collapse mechanism.
Moreover, an experimental modal analysis allowed to
determine the modal participant coefficients concerning
both vault WT and NT. Conclusions can be summarized as
follows.

*The vault NT collapsed during the last test with a PGA

equal to 0.25 g corresponding to a peak table

acceleration equal to 0.398 g. The main mechanism of
collapse was the out-of-plane response of the side A of
the model (wall A overturning) and the development of

a four-hinge mechanism of the vault.

*In the vault WT, the maximum cumulative MRD were

measured between markers BA10 and BA12 above the

abutments (0.79 mm) and between markers BLU and

BRU at the top of the wall A and the wall C (0.81 mm).

eIn the vault NT, the maximum cumulative MRD

(excluding the test at collapse) were measured between

markers BA7 and BAS8 at the level of the formation of an

arch’s hinge (2.44 mm) and between markers BLU and

BRU at the top of the wall A and the wall C (5.96 mm).

eIn the vault NT, the in-plane deformation was
reasonably symmetric because of the presence of the
longitudinal steel constraints at the top of the model,;
however, modest difference between the relative
displacement dy of side B and side D occurred because
of local settlements of the wooden logs at the abutments.

In the vault NT, the in-plane deformation was not

symmetric mainly because of the prevailing of some

torsional effects.

The absence of the longitudinal steel bars led to a drop
of the stiffness not just in x, but also in y direction. The
frequency of the first mode in x decreased from 2.59 Hz to
1.18 Hz, while the first mode in y decreased from 5.32 Hz
to 1.18 Hz. This result is ascribable by a not negligible
flexural stiffness of the bars that constrained the
development of an in-plane deformation of the vault WT.
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