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Abstract

The seismic performance of masonry churches is mainly governed by the out-of-plane mecha-
nisms. Among them, the greater seismic vulnerability can be associated to the out-of-plane
mechanism of the fagade. If the masonry quality ensures a monolithic out-of-plane behaviour,
the dynamic analysis of a rigid rocking block allows a reliable estimation of the seismic capac-
ity of the facade, provided that the element boundary conditions are well assessed. In the pre-
sent paper, the literature rocking models are adopted for a vulnerability assessment of
churches’ masonry facades characterized by different geometries. At this aim, fragility curves
are defined by means of the Cloud Analysis approach considering earthquakes recorded in the
Central Italy area to account for the record-to-record variability.
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1 INTRODUCTION

The seismic performance of historic masonry churches is governed by the local out-of-plane
response of the single structural components (i.e., facades, transverse walls, etc.). Among all
the macro-elements, the post-earthquake surveys highlight the greatest vulnerability of the fa-
cade [1]-[6], which dynamic performance is typically characterized by a rigid-body behaviour.

A common methodology for the dynamic simulation of simple overturning mechanisms is
based on rocking motion models where the impacts occurring at the base of the block or against
elements preventing inward rotation (i.e. transverse walls or roofings) are accounted for by
means of a kinetic energy dampening. The dynamic analysis of the “two-sided rocking” —oc-
curring in the case of isolated elements— was firstly studied by Housner [7]. Subsequently, Yim
et al. [8] observed a great sensitivity by the dimensional characteristics of the block or by the
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ground motion shapes, whilst Makris & Roussos [9] found a dependence of the block overturn-
ing on both the earthquake intensity and the pulse length. The first studies on the “one-sided
rocking” —developing if the inward rotations are prevented— were performed by Hogan [10],
lately the issue was more extensively addressed: the energy dissipation phenomena were exper-
imentally and theoretically investigated by Sorrentino et al. [11]-[12], while a different me-
chanical model to study the unilateral rocking motion was proposed by Giresini et al. [13]-[14].
All the theoretical models proposed in the scientific literature were applied to investigate the
vulnerability of different masonry macro-elements, among which the church fagades [15]-[16].
In this paper, the classic rocking models are employed to define fragility curves for five
geometries of masonry church fagades subjected to unscaled ground motions recorded in the
Central Italy area. Aim of the work is the application of a non-linear dynamic procedure, known
as Cloud Analysis [17], in which a structural response parameter (i.e. the maximum rotation of
the rocking block) and the intensity measures of an as-recorded ground motion are fitted in the
logarithmic scale to obtain a linear regression model. The approach was employed for its sim-
plicity and the limited number of required analyses. In the paper, both the two-sided and the
one-sided rocking motion are considered. The obtained fragility curves are finally compared to
evaluate the influence of the geometrical features of the blocks and of the kinematic mechanism
(one-sided or two-sided) on the seismic vulnerability of masonry churches’ fagades.

2 MODEL FOR THE ROCKING MOTION OF A MASONRY FACADE

If the masonry can be regarded as a no-tension monolithic material characterized by an infi-
nite compressive strength, a masonry church fagade can be studied as a rigid block involved
into a rocking motion as a consequence of an earthquake over a certain magnitude.

The analytical model of the rocking mechanism starts from the Lagrange equation and
reaches the formulation proposed by Housner in 1963 [7], if the body deformability is neglected
and the occurrence of rotations without sliding is assumed:

6 = —p? - [sgné - sin(a — 161) + ay (1) - cos(a — [6])] (1

where 0 is the rotation of the block, p?>=(m-g-R)/Is is the dynamic coefficient of the block,
Io=I+m-R* is the moment of inertia about the two centres of rotation (points O and O’ in Fig.
1), I 1s the moment of inertia about the centre of gravity, m and R are the mass and the half-
diagonal of the block respectively, a is the inverse of the block slenderness and ag(t) is the
ground motion acceleration.

The rocking motion starts if the seismic acceleration exceeds the kinematic acceleration aras:

Apy = g tan (2)

and the overturning condition defines the failure when a rotation of the block under the seismic
motion higher than the angle a is attained. This statement may be overcome in the case of forced
oscillatory motion: consecutive contrary pulses can in fact bring the system again in an equi-
librium condition even if the rotation of the block exceeds the angle a.

Eq. (1) can be employed for any simple out-of-plane mechanism, on the condition to
properly account for the dissipative phenomena taking place at each impact. Therefore, at the
theoretical level, the difference between the one-sided and two-sided rocking behaviour is re-
lated only to the kinetic energy damped due to the different boundary conditions. The issue can
be assessed considering the velocity reduction experienced by the element after each impact
during the two-sided or the one-sided rocking motion.
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FIGURE 1. Models of the rocking block (the geometrical features are expressed by the base B, the height H, the
radius vector R, the angle o, the center of gravity G): a) initial position; b) two sided model; ¢) one sided model.

In the case of two-sided motion (Fig. 1), the behaviour is governed by the rotation 6 around
the two corners O and O’, those alternatively become the centers of block rotation. After each
oscillation, the element comes back into the vertical position and an impact on the base occurs.
Such rebound effect implies a reduction of the kinetic energy after the impact, with a consequent
energy damping. According to the model proposed by Housner in 1963 [7], the reduction in
angular velocity due to an impact of infinitesimal duration can be evaluated by means of the
velocity reduction factor ean2s, given by the ratio between the velocities experienced by the
block after and before the impact. By imposing the conservation of the angular moment about
the center of rotation before and after the impact, the velocity reduction factor can be evaluated
for a rectangular block as:

Canas = 1 — Esinza (5)

With Eq. (5) the initial conditions after each impact can be evaluated and the amplitude of
the oscillation during the rocking motion can be still estimated by using Eq. (1). The higher the
velocity reduction factor, the smaller is the energy loss due to impact and consequently the
damping of the rocking motion of the element.

When the rocking motion is admitted only in one direction, as shown in the Figure 1, the
block will oscillate around the corner O, and after reaching the maximum rotation it comes back
again to its initial position and will impact to the restraint, which prevents the rotation around
the opposite corner. In this case the motion is defined one-sided rocking. The influence of the
sidewalls on the rocking motion can be studied according to Sorrentino et al. 2011 [12]. In this
model the transverse wall is modelled as a fixed restrain. Admitting that there is a little gap
between fagade and transverse walls, after the first impact against the base, the block experi-
ences an infinitesimal counter-clockwise rotation and a subsequent impact against the upper
corner. The latter condition involves an initial change in the rocking hinge and a rotation rever-
sal of the element: the clockwise rotation around O will cause a third impact, against the base,
after which the block has returned to vertical position. According to this approach [12], the
analytic transversal velocity reduction factor for the one-sided rocking motion ean, s, is:

2

3 i 2 3 2
€anis = (1 —Esm a) (1 —Ecos a) (6)
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Of course, in the case of one-sided rocking the velocity reduction factor is smaller than the
two-sided ones, due to the higher dissipation occurring at each impact.

3 DYNAMIC ANALYSES

The seismic performance of typical Italian masonry churches’ fagades or portion of them
have been investigated by means of rocking dynamic analysis. The overturning conditions of
masonry churches’ fagades, involved in earthquake events, is here evaluated with reference to
five rigid blocks. In table 1 are reported the principal features of the investigated elements:
typology, height (H), base (B), slenderness 4 = H/B, kinematic accelerations a;» (minimum
acceleration that causes rocking). With the first set of geometries (1, 2 and 3), the incidence of
the variation in slenderness is investigated. For the second set (1, 4 and 5), it is analyzed the
influence of the base dimension fixed the slenderness. The selected geometries are subjected to
the unscaled natural ground motions described in the following.

Geometry Typology Height | Base 2 arm
[-] [-] [m] [m] | [-]  [m/s’]
F1 Facade of small church 6 0.6 10 0.98
F2 Intermediate facade between 1 and 3 4.5 0.6 7.5 1.31
F3 Facgade of uppermost story 3 0.6 5 1.98
F4 Facade of big church 12 1.2 10 0.98
F5 Plane belfry 3 0.3 10 0.98

TABLE 1. Principal features of the walls: typology, height, base, slenderness and kinematic acceleration.

With the aim to simulate the performance of the Apennine Churches stricken by the Central
Italy seismic sequence, 89 natural accelerograms recorded during the last twenty years in the
Central Italy area are considered to account for the record-to-record variability.

89 time-histories characterized by magnitude between 4 and 6.5 has been collected into a
database; according to [18], moment magnitude ML lower than 3.5 are excluded. The adopted
database covers intervals of peak ground acceleration (PGA) up to 1g, peak ground velocity
(PGV) up to 0.85 m/s, Housner Intensity (HI) up to 2.8 cm and Arias Intensity (Ia) up to 7 m/s.

Epicentral Distance | PGA | PGV | 14 H;
ID Station Date Time
[km] [g] |[m/s]| [m/s] | [cm]
MZ30, Amatrice 30/10/2016 | 06:40:18 27.2 048 | 048 | 1.54 | 1.22
T1201, Domo 30/10/2016 | 06:40:18 22.6 048 | 0.87 | 2.24 | 2.12

Table 2. Seismic Characteristics of the Selected Natural Ground Motion.

In order to analyze the sensitivity of the selected masonry churches’ fagades on the shape of
the natural ground motion, two records with the same peak ground acceleration were selected.
Consequently, the other seismic intensity measures (Peak Ground Velocity, PGV, Arias Inten-
sity, Ia; Housner Intensity, Hi) differ as reported in Table 2. In Figure 5 the time-histories of
the selected ground-motions are shown.
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FIGURE 2: Selected ground-motions (the second one is shifted by 35 seconds).
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FIGURE 3: Seismic response of fagades GEO1 involved in the two-sided rocking motion: a) MZ30, earthquake
rocking-inducing; b) T1201, earthquake overturning-inducing; ¢) MZ30, earthquake rocking-inducing; d)
T1201; earthquake overturning-inducing.
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The seismic response of the fagades in two-sided rocking motion characterized by slender-
ness A=10 (F1) subjected to the MZ30> (Fig.3a) or to the T12012 (Fig.3b) earthquakes is firstly
investigated. It is important to observe the different response of the facades to the earthquakes:
the MZ302 time-history induces the rocking motion, while the T12012 ground motion —charac-
terized by higher PGV, Arias Intensity and Housner intensity— causes the failure of the element,
1.e. the block overturning. Similarly, the one-sided seismic response of the facades with A=10
(GEO1) to the MZ302 (Fig.3c) or to the T12012 (Fig.3d) ground-motions shows the dependence
of the facade performance by the earthquake’s shape.
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FIGURE 4: Two-sided seismic response of all fagades subjected to MZ302: a) influence of the slenderness A for
b=0.6; b) influence of the base b for A=10, and subjected to T1201,: c) influence of the slenderness A; d) influ-
ence of the base b.

Finally, the results obtained by the parametric analysis are represented. In Figure 4 the in-

fluence of both the fagcade slenderness and thickness on the dynamic response in two-sided
motion is represented. It can be noted that increasing the slenderness (Fig.4a and Fig.4c) the
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rocking motion is delayed, due to the different value of the kinematic acceleration ary. Addi-
tionally, once the rocking motion begins, stockier blocks with similar slenderness (F2 and F3)
are characterized by similar responses, while the slender block collapses under the heavier
earthquake (T12012). With equal slenderness (Fig.4b and Fig.4d) the stabilizing effect due to
the base dimension is clear: smaller the base, higher is the block rotations. Therefore, the block
with the smaller base (F5) can collapse also under the lighter earthquake (MZ30>).
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FIGURE 5: One-sided seismic response of all facades subjected to MZ30,: a) influence of the slenderness A for
b=0.6; b) influence of the base b for A=10, and subjected to T1201,: c) influence of the slenderness; d) influence
of the base.

Concerning the one-sided rocking response, a similar trend can be observed (Fig. 5). Never-
theless, the dynamic response in the one-sided can be more dampened than the two-sided rock-
ing, depending on the ground motion shape as well as for the dissipative effect of the impacts
against the sidewalls. In detail, the rocking motion is delayed increasing the slenderness (Fig.5a
and Fig.5¢c), and the slender block collapses under the heavier earthquake (T12012) once the
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rocking motion begins. Moreover, with equal slenderness (Fig.5b and Fig.5d) the dimension of
the base has a stabilizing effect on the dynamic response: smaller the base, higher the rotations.

4 PROBABILISTIC SEISMIC ANALYSIS

The vulnerability of the selected masonry churches’ facades is assessed by estimating the
conditional probability P that the seismic demand D (measured with a specific engineering de-
mand parameter, EDP) is higher than its capacity C for a given value of a seismic intensity
(IM). Conventionally, the capacity C is derived by the results of incremental dynamic analysis
(IDA) or multi stripe analysis (MSA). In the present work, instead, the Modified Cloud Analysis
[17], an innovative and at the same time simple approach, is employed. The effectiveness of
the proposed approach has been already established in other structural applications [19].

The structural fragility obtained by a modified cloud analysis in order to include the “col-
lapse cases” [17] can be expressed as the probability that D exceeding the unity for a given IM:

)

In e—(a0+a1 In(IM)) 1
P(EPD > 1|IM) = CD( m”“”) :

lglnD|lM 1+ e—(a0+a1 In(IM)) + 1+ e—(a0+a1 In(IM))

where @ is the standardized Gaussian cumulative distribution function (CDF), and #pjm and
ppim are the conditional median and logarithmic standard deviation (dispersion) of the natural
logarithm of D given /M for the No Collapse data. Based on the Cloud Analysis, these two
parameters are obtained by performing a logarithmic linear regression on the No-Collapse data.

The parameter ao and a1 have been instead evaluated through the logistic regression model
applied to all records, distinguishing 1 or 0 depending on the collapse attainment or not [17].

The EPD assumed for the rigid block is the maximum normalized rotation, i.e. the ratio of
the maximum rotation Omax attained during the dynamic rocking analysis for each ground mo-
tion and the overturning limit condition o= tan(B/H), corresponding to the loss of equilibrium.

Therefore, the EDP can assume the following values: the element is stationary (non-rocking),
|Omax| /& = 0; the rocking motion is enabled, 0 <|Oma|/@ < 1;the element fails (rocking overturn-
ing), |Omax| /¢ > 1. A percentage of the rocking blocks overturn, in such a case the EPD attains
an arbitrarily large value |Omax| /& — 0. The remaining dynamic analyses terminate without
overturning, and finite (nonzero) values of |Oma| /@ are observed.

In this study, the fragility curves at limit state corresponding to the rocking overturn, is de-
veloped. The Figure 6a illustrates the obtained fragility curves at collapse for the facades with
different slenderness given /M=PGA. As already observed by the outcomes of dynamic anal-
yses, slender facades are more vulnerable with respect to the squatter one. The Figure 6b illus-
trates the probability of overturning for the facades with different value of B. Although the
slenderness of the fagades is the same, the fragility curve shows an increment in collapse prob-
ability decreasing the base dimension. It is worth to note that the fragility curves obtained with
the Cloud Analysis for the facades F1, F4 and F5 are comparable to those obtained by Lago-
marsino et al. [20] performing the conventional IDA; therefore, the Cloud Fragility approach is
reliable for the fragility assessment of elements involved in the two-sided rocking motion.

Concerning the one-sided rocking motion, the fragility curves given IM=PGA are evaluated
considering a set of 178 ground motion, 89 in positive direction and 89 in negative direction.
In detail, Figure 6c illustrates the probability of overturning for the fagades with different slen-
derness A. It is worth to note that the obtained fragility curve for F1 (slenderness A=10), is
similar to that obtained by Giresini et al. [15] by adopting the conventional IDA approach,
therefore the Cloud Fragility is feasible also for the one-sided rocking.
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As already observed for the two-sided case, the fagade vulnerability increases with increas-
ing the slenderness. Considering the fagades with the same slenderness and different base (Fig.
6d), the greater vulnerability decreasing the base can be observed, as for the two-sided motion.
Comparing the fragility curves for one-sided and two-sided case, in the case of the one-sided
rocking motion the fragility curves show higher mean and standard deviation with respect to
the two-sided oscillation.
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FIGURE 6. Cloud fragility in the two-sided motion: a) influence of the slenderness; b) influence of the base,
and Cloud fragility in the one-sided motion: c) influence of the slenderness;d) influence of the base.

The presented fragility curves are developed adopting the PGA as IM, because it is in general
the most used /M for various structural typologies. Nevertheless, the PGA is not always the
most efficient /M for the analyzed structural typologies [14][21][22][23]. In particular, the most
efficient /M can be different for the case of two-sided oscillation with respect to the one-side
oscillation as already observed in previous studies Further developing will be devoted in eval-
uating the fragility curves for the most efficient /M for each rocking motion.

S CONCLUSIONS

The goal of this study is the estimation of the fragility curves at collapse for masonry church
facades through a Cloud Analysis. At this aim, numerical nonlinear dynamic analyses,
performed according to classical literature models, has been performed by applying more than
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89 unscaled records of past earthquakes occurred in the area stricken by the 2016 Central Italy
Earthquake. Therefore, the effects of record-to-record variability on the dynamic response was
considered. Five different facade geometries were considered, defined observing the masonry
churches’ facades recurrent in the Central Italy. The obtained fragility curves, that are in line
with those derived by other authors adopting different numerical approaches, clearly highlight
the influence of the geometry on the seismic vulnerability of fagades. Even if it is not
meaningful to simply compare the fragility curves for the two-sided and the one-sided rocking
motion, since the most efficient seismic intensity measure parameter differ for the two
kinematic mechanisms, it should be noted the higher vulnerability for the one-sided compared
to the two-sided rocking motion for higher values of PGA. This aspect, already observed by
other authors in the past, requires a deeper investigation.
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