a r I Universita degli Studi di Trieste
Archivio della ricerca — postprint

Failure analysis of three rigid block assemblies — A real collapse

resulting in death

Giada Frappa , Margherita Pauletta, Gaetano Russo

Polytechnic Department of Engineering and Architecture, University of Udine, Via delle Scienze 206 — 33100 Udine, Italy

ARTICLE INFO

ABSTRACT

Keywords:

Rigid block assembly
Artefact

Experimental tests
Overturning stability
Maintenance error
Stabilization of connections

The failure analysis of three rigid block assemblies is often necessary to assess the stability of
architectural and historical assets.

An analytical method for the assessment of the overturning stability of assemblies composed by
three rigid blocks fitted atop one on another is proposed. The method takes account of several
load configurations and all possible collapse mechanisms involving the overturning of one, two or
three blocks.

In the category of historical assets fall many holy water stoups with pillar, often realized as
three rigid block assemblies. A great number of holy water stoups disarticulations occurred in
Italy in the last decades, leading, in some cases, to children death.

A 7 years old girl died due to the disarticulation of an historical holy water stoup in the Santa
Chiara Church, in Udine, Italy, caused by the force applied by the girl on the basin.

The stoup is realized as a three rigid block assembly with connections of the type mortise and
tenon both between the basement and the shaft and between the shaft and the basin. In the
connections the presence of mortar is detected. In order to evaluate the ability of the mortar to
stabilize the connections between the three rigid blocks, the mineralogical and petrographic
analyses of a mortar sample are performed. Moreover, a loading test is carried out in laboratory to
obtain an experimental value of the holy water stoup failure load. This value is determined by
applying a vertical force to the outer circumference of the basin.

Then, in order to determine the holy water stoup failure load under an inclined force statically
applied at the top of the basin, the stoup overturning stability is theoretically analysed. The
analysis is performed considering all possible collapse mechanisms of the three rigid block as-
sembly and the variability of the force inclination with respect to the horizontal plane. The
performed analysis is suitable because it confirms that the disarticulation of the holy water stoup
can be caused by a force applied by the kid at the top of the basin.

The presented paper is the first one that analyses the overturning stability of three rigid block
assemblies under external forces which do not depend on the single blocks masses and with
variable direction.

1. Introduction

On 21st November 2019, a 7 years old girl died due to the overturning of an historical holy water stoup, which dated back to 1646.
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The event occurred in the Santa Chiara Church, in Udine, as referred in [1-3]. The failure of the holy water stoup was due to its
disarticulation in the three rigid blocks composing it, under the forces exerted by the girl on the basin. Such an accident and the
consequent manslaughter proceeding occurred in the case study considered herein. In addition to this event, other seven cases of
disarticulation of ancient holy water stoups, realized as three rigid block assemblies, occurred in Italy from 1971 to 2018. These cases
are the following:

- Church of Santissimo Crocifisso, in Bravetta (in the province of Rome) — 1971 [4];

- Church of San Giovanni Battista, in Siniscola (in the province of Nuoro) — 1996 [5];

- Church of Gesii Redentore, in Serre (in the province of Salerno) — 2001 [6];

- Church of the Rosary, in Santo Stefano di Camastra (in the province of Messina) — 2003 [7];
- Church of the Rosary, in Mareno di Piave (in the province of Treviso) — 2014 [8];

- Church of Santi Ippolito e Cassiano, in Alfianello (in the province of Brescia) — 2015 [9];

- Church of Solarolo, in Goito (in the province of Mantova) — 2018 [10].

In all the cases mentioned above, the collapse of the holy water stoups was caused by forces exerted by children, even of early age.
The falling of blocks induced serious injuries to the children and, sometimes, even the death.

Holy water stoups with pillar are artefacts realized as three rigid block assemblies.

The great number of accidents due to holy water stoups disarticulation highlights that this risk is high and, thus, it cannot be
neglected in the safety assessment of places that host them. It also points out the high vulnerability of historical artistic assets realized
as rigid block assemblies, which in Italy constitute a not negligible part of the cultural heritage. It follows that, in order to guarantee
that visitors could enjoy this cultural heritage in safe conditions, it is fundamental to assess its safety respect to all possible collapse
mechanisms that it could be subjected to and which are dangerous for human life. In particular, with regard to holy water stoups, their
overturning stability has to be assessed. For these type of historical assets the static friction coefficient between two consecutive blocks
as well as the lower block and the ground is large enough to hinder sliding between two consecutive blocks and between the lower
block and the ground, as made by Kounadis et al. in [11]. The overturning stability analysis is the basis for a subsequent intervention
aimed to provide them with adequate stability.

In the literature, overturning stability of structures made by three rigid block assemblies is dealt in very few research works [11-12]
and it is always analyzed under horizontal dynamic actions, simulating earthquake excitations. Among these works, in [11] the
overturning stability is studied assuming that friction forces, between consecutive blocks and between the lower block and the ground,
are large enough to prevent sliding mechanisms. Instead, in [12] the overturning stability is studied considering coupling with sliding.
Nevertheless, in light of the above, the collapse of three rigid block assemblies may be caused also by load conditions different from
those involved by ground motions, as occurs for many architectural and historical assets. In particular, the failure of these assets can be
caused by forces exerted by people, even of little magnitude, as those exerted by kids. Consequently, the overturning stability should be
evaluated considering all possible actions that can be exerted by people. The analysis should take account that the actions mentioned
above may be applied in any point or area of the three rigid block assembly and that their direction is unknown.

The aim of this research is to propose a method to perform the overturning stability analysis of three rigid block assemblies often
constituting the structure of historical assets, under static load conditions (Fig. 1). The presented paper is the first one that analyses the
overturning stability of three rigid block assemblies under external forces which do not depend on the single blocks masses and with
variable direction.

d,
2 44—
= o ”//, do Bl
L7 // + ]1.‘0
r . OFW;I
Iz,
. hyp
- I
a1
W,
B [ B2
+ B3
K
Y

Fig. 1. A three rigid block assembly under the force T applied at one of the top corners.



2. Method for the overturning stability analysis

The analytical assessment of the overturning stability of assemblies composed by three rigid blocks fitted atop one on another
consists in the formulation of the rotational equilibrium equations of the assembly, under external forces and under different hy-
potheses of disarticulation mode, as made in [12]. The proposed method takes account of several load configurations and all possible
collapse mechanisms of the three rigid block assembly under a force T statically applied at one of the top corners of the upper block
(Fig. 1). In particular, with respect to the assembly represented in Fig. 1, the possible collapse mechanisms are:

1) the overturning of only the upper block B1 around point O,

2) the rigid body overturning of the assembly composed by the upper and the middle block, B1 and B2 respectively in Fig. 1, around
point B, and.

3) the overturning of the whole assembly composed by blocks B1, B2 and B3, as a rigid body, around point K.

The failure analysis must take into account all the three mentioned mechanisms. The arising mechanism depends on the dimensions
and the weight of the three blocks as well as the construction details of the connections between them. Thus, the method application to
a specific case requires that the above mentioned parameters relative to the case are taken into account. In particular, in order to
properly model the kinematic behavior of rigid block assemblies, an accurate geometrical and dimensional survey of connections is
fundamental. The assessment of connections rigidity allows to properly evaluate their ability to warrant the blocks rotation around
point O, or B, or K.

In the overturning stability analysis of the assembly under the inclined force T it is assumed that the centroid axes of the three
elements of the assembly are aligned with each other.

It is assumed that no linking elements are present in the connections and that rotations and upward vertical displacements of the
upper block relative to the middle block and of the latter relative to the lower block are allowed.

Since the inclined force T is applied to the upper block, B1 in Fig. 1, it has to be checked, for each considered value of the inclination
angle, a, of T from the horizontal plane, if it involves the overturning mechanism of one, two or three blocks.

2.1. Mechanism 1: One block overturning

One block overturning collapse mechanism consists in the upper block rotation around point O (Fig. 1), which belongs to the
boundary of the contact surface between the upper and the middle blocks.

The forces involved in the rotational equilibrium of the upper block are T and the self-weight Wg;, as shown in Fig. 1. The rotational
equilibrium equation of the upper block around point O is expressed as follows.

Wg1 @ dp = Tcosa @ hyp + Tsena e (dy — do) (@9)]

where dg is the distance between point O and the upper block vertical axis, hyo is the lever arm of the horizontal component of force
T with respect to point O and dj is the distance between the force application point and the assembly vertical axis.

2.2. Mechanism 2: Two blocks assembly overturning

The rotation of the upper and middle block assembly as a rigid body occurs around a point B belonging to the boundary of the
contact surface between the middle and the lower blocks (Fig. 1).

The rotational equilibrium of the upper-middle blocks assembly is governed by the applied force T and the self-weights of the upper
and middle blocks, Wg; and Wgy, respectively (Fig. 1). The rotational equilibrium of the assembly with respect to point B (Fig. 1)
provides the following equation.

(Wgy + Wy, )edy = Tcosa  hyp + Tsena o (dy — di) 2)

where djp is the distance between point B and the assembly vertical axis and hyp is the lever arm of the horizontal component of force
T with respect to point B.

2.3. Mechanism 3: Whole assembly overturning

The rotation of the upper, middle and lower blocks assembly as a rigid body occurs around a point K belonging to the boundary of
the contact surface between the lower block and the floor (Fig. 1).

The rotational equilibrium of the three blocks assembly is governed by the applied force T and the self weights of the upper, middle
and lower blocks, Wg;, Wg2 and Wps, respectively (Fig. 1). The rotational equilibrium of the assembly with respect to point K provides
the following equation.

(Wp1 + Wgy + Wps)edy = Tcosa @ hyg + Tsenat o (dy — di) 3)

where dx is the distance between point K and the assembly vertical axis and hag is the lever arm of the horizontal component of
force T with respect to point K.



3. Case study

In this study the overturning stability of the holy water stoup of Santa Chiara Church, under a statically applied force, is analysed as
case-study. This holy water stoup is composed by three marble elements named as basement, shaft and basin, as shown in Fig. 2(a). The
connections between the basement, A in Fig. 3, and the shaft, B in Fig. 3, and between the shaft and the basin, C in Fig. 3, are of the type
mortise and tenon. The surfaces of the mortises and the tenons are covered by mortar.

The weight measurement and the geometrical and dimensional survey of the three elements was carried out by the Mechanics of
Materials Laboratory of the University IUAV of Venice. The weights of the basement, the shaft and the basin are equal to 1313.1 N,
513.9 N and 2335 N, respectively. The main dimensions of the holy water stoup elements are shown in Fig. 2. In this figure and in the
following description the dimensions of the tenons and the mortises include the covering mortar layer.

During the accident, caused by the disarticulation of the holy water stoup, the three elements got separated from each other, as
shown in the photo in Fig. 3, taken after the accident.

3.1. Basement-shaft connection

In the lower connection between the basement and the shaft, the mortise is at the top of the basement and the tenon is at the bottom
of the shaft.

The mortise (in Fig. 2(b)) is defined by a cylindrical hollow, of diameter 152 mm and depth 33.4 mm, having a stone prominence
with circular segment plan-form, indicated with a red arrow in Fig. 4. The prominence protrudes from the bottom plane surface of the
hollow and leans against its vertical surface. The length of the straight side of the stone prominence, measured on the bottom plane
surface of the hollow, is equal to 68 mm.

The prominence of the mortise imposes the presence, in the shaft bottom tenon, of a cylindrical-conical indentation having a
complementary shape to that of the prominence.

The mean values of the tenon diameter and height are equal to 148 mm and 35.9 mm, respectively. The length of the straight side of
the tenon indentation, measured on the bottom plane surface of the tenon, is equal to 86 mm.

From the comparison between the mortise and tenon diameters (Fig. 5), it is deduced that between the tenon and the mortise there
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Fig. 2. Geometric and dimensional characteristics of the holy water stoup: assembly front view (a), basement plan view (b) and shaft front view (c),
dimensions in mm.



Fig. 3. Location of the holy water stoup elements on the floor of Santa Chiara Church after the accident.

Fig. 4. Stone prominence of the basement mortise.

is a diametrical play of 152 — 148 = 4 mm.
Comparing the tenon height and the mortise depth, it is derived that, between the ring around the mortise on the top of the
basement and the ring around the tenon at the bottom of the shaft (Fig. 3), there is a vertical gap equal to 35.9 — 33.4 = 2.5 mm.
Moreover, on the basis of Fig. 5, it can be observed that there is also a play between the tenon and the prominence of the mortise
equal to about 8 mm.
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Fig. 5. Section of the basement-shaft connection in the plane containing the contact surface between the tenon and the mortise.

3.2. Basin-shaft connection

In the top connection, between the basin and the shaft, the tenon is at the top of the shaft and the mortise is at the bottom of the
basin. The connection is conceived similarly to that between the basement and the shaft.

With regard to the tenon, the mean values of the diameter and height are equal to 155.7 mm and 39 mm, respectively.

The mortise is defined by a cylindrical hollow, of diameter 162 mm and depth 33.1 mm, having a circular segment plan-form stone
prominence protruding from the top plane surface of the hollow.

From the comparison between the tenon and mortise diameters, a diametrical play of 162 — 155.7 = 6.3 mm between the tenon and
the basin mortise is derived.

Fig. 6. Force application on the holy water stoup during the loading test.



Comparing the tenon height and the mortise depth, it can be found that, between the ring around the tenon at the top of the shaft
and the ring around the mortise at the bottom of the basin, there is a vertical gap equal to 39 - 33.1 = 5.9 mm.

4. Laboratory tests and discussion of test results

In order to accurately model the kinematic behavior of the holy water stoup, some experimental tests are carried out. In particular,
to evaluate the ability of the mortar to hinder relative displacements between the basement and the shaft and between the shaft and the
basin, the mineralogical and petrographic analyses of a mortar sample taken from the holy water stoup are performed.

Moreover, to determine the failure load of the holy water stoup under a vertical force applied on the outer circumference of the
basin, a loading test on the holy water stoup reassembled in the configuration before the collapse is carried out.

4.1. Mineralogical and petrographic analyses of the mortar

The analyses performed by the Laboratory of Ancient Materials Analysis of the University IUAV of Venice on the mortar sample
show that the mortar is highly porous and it has a low aggregate amount. Moreover, it is found that the aerial lime constituting the
mortar was not adequately cured and, thus, it results of poor quality. The mortar results particularly friable to the touch.

The results of the mineralogical and petrographic analyses of the mortar sample show that the mortar has a very low strength. Its
strength is so low that it was unable to hinder relative displacements and rotations between the basement and the shaft and between
the shaft and the basin, even under low forces. This leads to a not monolithic behavior of the holy water stoup. This conclusion, based
on experimental results, is relevant since it identifies in the mortar ancientness a weak point of failure for all historical holy water
stoups which have never been subjected to restoration interventions.

4.2. Loading test

The loading test is performed by the Mechanics of Materials Laboratory of the University IUAV of Venice. During the test a
downward vertical force F is applied on the outer circumference of the basin, as it can be seen in Fig. 6 and represented in Fig. 7.

After the holy water stoup collapse on 21st November 2019, the shaft and the basin were found lying on the floor area opposite to
the basement curved side adjacent to the stone prominence of the mortise, as it can be seen in Fig. 3. Also the kid was found, by the
rescuers, in that floor area. It can be derived that the overturning of the shaft and the basin was caused by a tensile force applied by the
kid on the basin side facing the stone prominence. For this reason during the loading test the force is applied at a point of the basin
outer circumference above the stone prominence of the basement mortise.

The test is aimed at determining the value of the vertical force F involving the overturning of the holy water stoup. During the test
the force F is gradually increased and the basin rotation around point O (Fig. 7) lying on the contact surface between the basin and the
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Fig. 7. Forces involved in the basin rotational equilibrium during the loading test (dimensions in mm).



shaft is observed, as shown in Fig. 8. The value of F that caused the basin overturning is equal to 513.9 N. At the end of the test, while
the basin (block B1 in Fig. 1) has fallen, the shaft (block B2 in Fig. 1) is standing on the basement, in its original position.

The distance do of the rotation point O of the basin from the holy water stoup centroid axis, indicated with red dash-dot line in
Fig. 7, can be obtained by solving the rotational equilibrium equation of the basin under the failure load obtained from the test, which
can be derived from Eq. (1).

The forces involved in the overturning stability of the basin are the applied load F and the basin self weight W;. Thus, for the
considered case-study, Eq. (1) provides.

W, .dOIF.(dp—do) 4)

where dr is the distance of force F application point from the basin centroid axis. This distance is equal to 412 mm, as shown in
Fig. 7. Introducing the values of F and W}, equal to 513.9 N and 1313.1 N, respectively, and the value of drin Eq. (4), it is obtained that
do = 74.3 mm.

Since the mean value of the shaft top tenon diameter is equal to 155.7 mm, the radius mean value of the top tenon is equal to 78
mm. Being dp smaller than the tenon radius, it follows that the rotation point O belongs to the top surface of the shaft top tenon. This is
possible because the top surface of the shaft top tenon is not flat, but it is blunt along the edges. Thus, the perimeter line points of the
rounded top surface of the shaft top tenon are at a lower altitude than the inner points of the surface.

5. Overturning stability analysis of the case study

The equilibrium analysis is made considering those configurations of the applied external force which are consistent with the
observed collapse mechanism.

The equilibrium analysis of the holy water stoup is based on an accurate geometric and dimensional survey of the connections
between the three rigid elements and on the results obtained from a static loading test carried out on the stoup in laboratory.

From the loading test it is obtained that the application of a downward vertical force tangent to the outer circumference of the basin
involves the overturning of only the basin. Conversely, the collapse mechanism occurred on 21st November 2019 consists in the
overturning of the shaft and the basin, as shown in Fig. 3. To have this type of mechanism, necessarily the initial act of motion that
triggered the collapse has to be a rigid body rotation of the assembly composed by the basin and the shaft around a point B at the base of
the shaft bottom tenon, actually unknown. In the initial act of motion the basin and the shaft rotate as a monolithic assembly,
remaining integral each other. From the above it follows that, to involve the overturning of the shaft and the basin, a downward
inclined force T applied at the top of the basin (point A in Fig. 9) has to be considered.

In particular, the horizontal component of T has to be high enough to cause the overturning of both the shaft and the basin, and not
only of the basin around point O.

The aim of the analysis of the holy water stoup overturning stability presented in the following is to determine the values of T,
statically applied at the top of the basin, involving the overturning of the shaft and the basin, for several values of the inclination angle,

Fig. 8. Basin overturning observed during the loading test.
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Fig. 9. Static scheme considered in the basin overturning collapse mechanism.

a, of T from the horizontal plane.

The range of a values involving the rotation of both the shaft and the basin is unknown. Thus, the values of T are determined in the o
range from 0° (horizontal force) to 90° (vertical force), considering angles multiples of 5°. As said above, for a = 90°, it is observed that
the overturning of the only basin takes place. Thus, in the determination of T, both the collapse mechanisms 1 and 2, i.e. the over-
turning of the shaft and the basin as well as the overturning of the basin alone, have to be considered. Moreover, it is checked that
mechanism 3, involving the whole assembly overturning, is characterized by ultimate loads higher than those involving mechanism 1
or 2.

Since the connections are not axisymmetric with respect to the holy water stoup centroid axis, the failure load values depend on the
location of force T application point at the top of the basin (point A). In order to compute the force that the kid had to apply to the basin
to involve the holy water stoup disarticulation really occurred, point A is assumed to be located in the vertical plane orthogonal to the
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Fig. 10. Static scheme considered in the shaft-basin assembly overturning collapse mechanism (dimensions in mm).



rotation axis of the shaft and the basin during the collapse (Fig. 10), over the stone prominence in the basement mortise. For brevity,
this plane is, in the following, named shaft and basin overturning plane.

On the basis of the mineralogical and petrographic analyses results, it is assumed that connections’ geometrical plays evidenced in
Sections 3.1 and 3.2 can be recovered without stress onset. Consequently, as regards the kinematic of the rigid blocks, it is considered
that rotations, horizontal and upward vertical displacements of the basin relative to the shaft and of the shaft relative to the basement
are allowed.

5.1. Mechanism 1: Basin overturning

Basin overturning collapse mechanism is that observed during the loading test previously described with reference to Fig. 7, and
consists in the basin rotation around point O. Since the inclined force T is applied to the basin (Fig. 10), it has to be checked, for each a
value considered in the analysis of the holy water stoup overturning stability, if it involves the basin overturning than the shaft-basin
assembly overturning.

The forces involved in the rotational equilibrium of the basin are T and W, as shown in Fig. 9. Writing Eq. (1) for the considered
case study, the rotational equilibrium of the basin around point O is expressed as follows.

W, ® dp = Tcosa @ hyo + Tsena o (dy — dp) 5)
5.2. Mechanism 2: shaft-basin assembly overturning

The rigid body rotation of the shaft-basin assembly occurs around a point B belonging to the boundary of the contact surface
between the shaft bottom tenon and the basement mortise (Fig. 10). Assuming that the centroid vertical axes of the shaft and the
basement are aligned, the contact surface coincides with the green hatched area in Fig. 5.

By the visual inspection of the holy water stoup elements at the site of the accident (see Fig. 3), two scratches on the upper surface of
the basement, near the stone prominence of the mortise, are detected (Fig. 11). In particular, referring to Fig. 11, the scratch circled in
green is caused by the friction between the shaft and the basement on the compression side, and the scratch outlined with a yellow
rectangle is due to the collision of the shaft with the basement, during the collapse.

Moreover, still on the upper surface of the basement, at the opposite side of the stone prominence, damages on the hollow surface
and on the ring around the hollow are detected. In particular, as it can be seen within the red outline in Fig. 11, marble split-up is
observed. The damage is caused by the push action of the shaft bottom tenon against the lateral surface of the basement hollow, during
the shaft rotation throughout the collapse mechanism.

In parallel, in the lower part of the shaft, at the location overlapping with that of the basement scratch outlined with a yellow
rectangle in Fig. 11, a scratch is observed, which is outlined with a yellow rectangle in Fig. 12. Moreover, in the bottom tenon of the
shaft, at the location overlapping with that of marble split-up in the basement, circled in red in Fig. 11, a chipping is ascertained, which
is circled in red in Fig. 12.

In Fig. 12, joining the centroid of the chipping (point E in Fig. 12) and the scratch centroid (point D in Fig. 12) with a segment (red
in Fig. 12) on the bottom surface of the shaft bottom tenon, it is observed that the segment passes through the centre C of the circle
circumscribed around the tenon.

The drawn segment, DE, locates, on the contact surface between the shaft tenon and the basement mortise, the trace of the shaft and
basin overturning plane.

As referred above, point B belongs to the boundary of the contact surface between the shaft tenon and the basement mortise. Given
that the shaft and the basement were found lying on the floor area facing the stone prominence of the basement mortise, it is derived

Fig. 11. Scratches and marble split-up at the upper surface of the basement.
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Fig. 12. Trace identification of the shaft and basin overturning plane on the lower surface of the shaft bottom tenon.

that point B lies on the straight side of the tenon indentation. Since point B belongs to the shaft-basin assembly overturning plane, it
follows that point B is located at the intersection of the overturning plane with the straight side of the tenon indentation, as shown in
Fig. 12. The distance between points B and C, dpc, is found to be equal to 64 mm.

The rotational equilibrium of the shaft-basin assembly is governed by the applied force T and the self weights of the basin and the
shaft, Wy, and W, respectively (Fig. 10). Writing Eq. (2) for the considered case study, the rotational equilibrium of the assembly with
respect to point B (Fig. 10) is expressed by the following equation.

(W, + W,)edgc = Tcosa @ hap + Tsena o (dy — dpc) 6)

5.3. Mechanism 3: Whole assembly overturning

The rotational equilibrium of the whole assembly is governed by the applied force T and the self weights of the basin, the shaft and
the basement, Wy, Wy and Wy, respectively. Writing Eq. (3) for the considered case study, the rotational equilibrium of the assembly
with respect to point K is expressed by the following equation.

(Wy+ W, + W;)edy = Tcosa ® hyg + Tsena o (dy — dx) 7)

6. Results

The values of force T involving the holy water stoup instability are calculated for each of the three collapse mechanisms described
above.

Table 1

Values of force T obtained considering the basin collapse mechanism, for o values between 0° and

90°.
o T o T
©) (N) ©) N)
0 558.2 50 378.4
5 511.7 55 381.3
10 475.7 60 387.3
15 447.6 65 396.6
20 425.6 70 409.4
25 408.8 75 426.6
30 396.0 80 448.7
35 387.0 85 477.2
40 381.1 920 513.6
45 378.3
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6.1. Ultimate load for mechanism 1

Being the height mean value of the shaft top tenon equal to 39 mm, as reported in Section 3.2, from Fig. 9 it is derived that hyp =
311 mm.
Eq. (5) is solved for a values multiples of 5°, in the range from 0° to 90°. The values obtained for T are reported in Table 1.

6.2. Ultimate load for mechanism 2

Being the mean value of the shaft bottom tenon height equal to 35.9 mm, from Fig. 10 it is derived that hyg = 847 mm. Still from this
figure, it can be seen that dqy = 412 mm.
Eq. (6) is solved for the same «a values considered in the resolution of Eq. (5) and the values obtained for T are reported in Table 2.

6.3. Ultimate load for mechanism 3

From the geometrical dimensions of the basement shown in Fig. 2(b) it is derived that, in the overturning plane observed in situ, the
distance between point K and the assembly vertical axis, dk, is equal to 234 mm. From Fig. 2(a) it can be seen that hyx = 1170 mm.

Eq. (7) is solved for the same «a values considered in the resolution of Eq. (5) and Eq. (6), and the values obtained for T are reported
in Table 3.

6.4. Failure loads

For each of the considered a values, the failure load is given by the lowest of T values obtained from the three overturning collapse
mechanisms, and reported in Table 1, Table 2 and Table 3. Comparing these tables it can be observed that the values of force T
involving mechanism 3 (whole assembly overturning) are much higher than those involving mechanism 2 (shaft-basin assembly
overturning) and mechanism 1 (overturning of the basin alone). In particular, the ratio between the ultimate load of mechanism 3 and
the higher ultimate load of mechanisms 1 and 2, for @ = 0°, is equal to 832.4 N/558.2 N = 1.49, and for a = 90°, is equal to 5236.0 N/
524.1 N = 9.99. For this reason, for the determination of the failure loads, only the ultimate loads involving the basin overturning,
reported in Table 1, and those involving the shaft-basin assembly overturning, reported in Table 2, are considered in the following.

In Fig. 13, the T values from these tables are diagrammed versus a. From Fig. 13 it is observed that, for 0°< a < 85°, the values of
force T involving the overturning of the shaft-basin assembly are lower than those involving the overturning of the basin alone. It can
be concluded that the application of a force T at point A at the top of the basin, belonging to the shaft and basin overturning plane
observed in situ, involves the overturning of the shaft-basin assembly whatever the inclination angle, q, is, for a values between 0° and
85°.

Moreover, it can be observed that, by considering a values between 0° and 90° with an increment of 5°, only for @ = 90° the collapse
mechanism involved by force T coincides with the basin overturning. In this case the failure load coincides with that derived
experimentally from the loading test.

Still from Fig. 13, it can be observed that the minimum force value for the shaft-basin assembly overturning mechanism, equal to
198.7 N, is attained for a = 20°. This is the most dangerous inclination at which one can apply the force T, in the considered case.

It is noteworthy that, in relation to the geometric and weight properties of the holy water stoup, the collapse mechanism and the
most dangerous inclination of the applied force can change.

7. Discussion of results

From the analysis of the case study it is obtained that the collapse is caused by mechanism 2. The occurrence of mechanism 2,
instead of mechanisms 1 and 3, is confirmed by the fact that, after the accident, both the shaft and the basin were found lying on the
floor, while the basement was in its original position. In particular, the shaft and the basin were lying in front of the basement curved
side facing the stone prominence in the basement mortise, as referred in Section 5.2. This position of the elements is compatible with
that caused by mechanism 2.

In order to check the suitability of the performed analysis in the evaluation of the failure loads for the considered case-study, it has
to be assessed if the obtained load values could be applied by the kid who produced the stoup overturning, in relation to her build. With
this aim, the values of force T reported in Table 2 are compared with the kid’s weight, equal to 265 N. Actually, when someone hangs
on a support with his arms vertically arranged, the force sustained by the arms is equal to the person’s weight. Accordingly, it can be
stated that a person, even a kid, is able to bear and, hence, apply, a traction force equal to his/her weight. From the comparison with
the kid’s weight, it is observed that the failure loads obtained for 0°< a < 60° are lower than 265 N. Thus, it can be concluded that the
performed stability analysis is able to confirm that the disarticulation of the holy water stoup could be caused by a force applied by the
kid at the top of the basin, under static load conditions. This discovery is very important, because low forces, as the one applied by the
kid, can be applied also by elderly or disabled people who can lean against the basin to have a support, or even by adults who, during
Mass, can lean against the basin.

Moreover, comparing the lowest ultimate load involving mechanism 3, equal to 832.4 N (Table 3), with the kid weight, it can be
derived that the kid alone was not able to involve the holy water stoup overturning (mechanism 3). From this result it can be drawn
that providing a monolithic behavior to the assembly, by stabilizing the connections between the rigid blocks, is of the greatest
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Table 2
Values of force T obtained considering the shaft-basin assembly collapse mechanism, for a values
between 0° and 90°.

o T o T
©) ™) ©) )
0 215.3 50 224.9
5 208.7 55 236.6
10 203.9 60 251.6
15 200.8 65 270.9
20 199.4 70 295.8
25 199.4 75 328.4
30 201.0 80 372.4
35 204.2 85 433.8
40 209.0 90 524.1
45 215.9
Table 3
Values of force T obtained considering the whole assembly collapse mechanism, for a values between
0° and 90°.
o T o T
©) ) ©) )
0 832.4 50 1088.7
5 824.1 55 1182.7
10 822.2 60 1305.4
15 826.5 65 1468.8
20 837.4 70 1693.9
25 855.1 75 2018.5
30 880.4 80 2520.8
35 914.4 85 3390.3
40 958.7 90 5236.0
45 1015.7
600,0
500,0
400,0
T 3000
N]
200,0
100,0
0,0
0 10 20 30 40 50 60 70 80 90 100

al’]

Fig. 13. Force T values versus a, for the basin (dashed line) and the shaft-basin assembly (continuous line) overturning collapse mechanisms.

importance in order to avoid assembly disarticulation. In fact, connection stabilization makes possible only the occurrence of
mechanism 3 that requires very high forces, at least of 832.4 N, which are not compatible with a single person action and, in particular,
with accidental actions exerted even by an adult.

8. Preventive actions against stoups failure

To determine if preventive actions against stoups overturning mechanisms need to be adopted, the ultimate loads obtained from
each mechanism has to be compared with adequately safe limit values. In particular, for « = 0° (i.e. horizontal load), the values of T can
be compared with that prescribed by UNI EN 13374:2019 [13] for temporary edge protection systems at the ultimate limit state. This
value is equal to 450 N.

For a = 90° (i.e. vertical load), the upper bound can be taken equal to the weight of a human being with stocky build, which can be
assumed equal to 900 N. This condition is the one that occurs when a person with this build hangs on the basin with his arms vertically
arranged.

For 0°<a < 90°, the horizontal and the vertical components of the ultimate loads T obtained from mechanisms 1, 2 and 3 must be
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lower than 450 N and 900 N, respectively.

By comparing the values of T for « = 0° and a = 90° obtained from mechanisms 1 with the respective limit bounds, it can be
assessed if the connection between the basin and the shaft need to be stabilized. Analogously, when the values of T obtained from
mechanisms 2 for @ = 0° and a = 90° are lower than the respective limit bounds mentioned above, the connection between the
basement and the shaft need to be stabilized. Similarly, if the values of T obtained from mechanism 3 for « = 0° and a = 90° are lower
than the respective upper bounds, in order to avoid mechanism 3, it is necessary to anchor the basement to the ground.

The stability of stoups with pillar realized as three rigid block assemblies, with tenon and mortise connections, can be obtained by
casting anti-shrinkage mortar in the mortise, filling the whole space between the mortise and the tenon. Otherwise the stability of
connections can be provided by stainless steel threaded bars or studs placed in the holes realized in the three elements. In particular,
with regard to the basement-shaft connection, a stud with diameter of about 3 cm can be embedded in each element and the bond
between the stone elements and the stud can be guaranteed by epoxy resin or mortar. While, with regard to the shaft-basin connection,
a pre-tensioned threaded bar can be anchored into the shaft and placed into the through hole realized in the basin.

In alternative, a single threaded bar anchored into the basement can be passed through the holes realized in the shaft and the basin.
The bar is then pre-tensioned and the nut emerging from the basin is covered by a cap or mortar layer.

Finally, to avoid the overturning of the whole assembly, the anchoring of the basement to the floor can be obtained by casting anti-
shrinkage mortar between the basement and the floor, or by a threaded bar, anchored into the floor, passing through the hole realized
in the basement.

9. Conclusions

The present study highlights, for the first time, the importance of the structural problem of stability of rigid block assemblies, as
well as the various factors influencing their overturning.

On the basis of the above, the following conclusions are drawn:

1) Overturning stability of three rigid block assemblies, as are some historical assets, can be analyzed considering the three possible
collapse mechanisms.

2) Historical artistic assets, as holy water stoups, may be characterized by high structural vulnerability. The great number of ac-
cidents due to disarticulation of holy water stoups realized as rigid block assemblies highlights that the collapse risk of these historical
structures is high. For this reason, holy water stoups has to be treated as any other permanent and/or temporary structure open to the
public, with the safety requirements imposed by the related legal obligations, in particular the adequate safety against failure and
overturning.

It is derived that the overturning stability of these stoups has to be adequately assessed by those responsible for the safety
assessment of churches or other places where they are located, in order to adopt adequate safety measures.

3) The case study discussed in this research highlights the importance to assess the safety of architectural and historical objects
respect to all possible collapse mechanisms which can be dangerous for human life, to guarantee that visitors could enjoy the cultural
heritage in safe conditions.

The holy water stoup considered in the case study was not protected against external forces by barriers or other safety measures that
could avoid the contact with people.

4) In the case of objects realized as rigid block assemblies, it is fundamental to ascertain that linking materials are able to stabilize
the connections between the rigid blocks and provide a monolithic behavior to the assembly. Consequently, the age of construction
plays an important role. In particular, mortar ancientness represents a weak point of all holy water stoups that have never been
subjected to restoration interventions.

5) In order to properly model the kinematic behavior of rigid block assemblies, an accurate geometrical and dimensional survey of
connections is fundamental. For the considered case-study, the geometrical and dimensional survey of tenons and mortises shows the
presence of vertical gaps and diametrical plays in the basement-shaft and shaft-basin connections. As a consequence, rotations,
horizontal and upward vertical displacements of the basin relative to the shaft and the shaft relative to the basement can occur.

6) If tenons and mortises are not axisymmetric with respect to the holy water stoup centroid axis, the position of the rotation point
in the basin and in the shaft-basin assembly overturning collapse mechanisms depends on the location of the external force application
and force direction.

7) A general analytical method for the overturning stability analysis of three rigid block assemblies, composed by three blocks fitted
atop one on another, is proposed. The method allows to calculate the ultimate loads of assemblies with respect to all possible over-
turning collapse mechanisms, for different load configurations, described by the inclination angle of the load, @, from the horizontal
plane. For each of the considered a values, the failure load coincides with the lowest ultimate load obtained from all the collapse
mechanisms 1, 2 and 3. This load is the lowest value of the three curves representing the ultimate load in function of « for each collapse
mechanism.

8) The method used for the overturning stability analysis of the considered case-study is general, since, considering both the basin
and the shaft-basin assembly overturning collapse mechanisms, varying the angle of inclination «, it provides the lowest force able to
involve the holy water stoup disarticulation. Thus, the proposed method represents a simple and practical tool for the overturning
stability assessment of holy water stoups with pillar under static load conditions.

9) Regarding the collapse mechanism of the stoup under study, the shaft-basin assembly overturning in the considered case-study
occurs for the range of force inclination a between 0° and 85°. Otherwise, for inclination of 90° the basin overturning occurs. For a
stoup with different geometry and weight of the three blocks the a range in which the basement-shaft assembly overturning occurs can
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(2023) 107001 result different.
It follows that, to assess the overturning stability of the rigid block assemblies, the failure load has to be determined in the most

unfavourable load configuration.
10) Some proposals of preventive actions against failure are shown.
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