ASSOCIAZIONE NAZIONALE ITALIANA DI

INGEGNERIA SISMICA

ANIBIS

XVIII GONVEGNO ANIDIS

L’ingegneria sismica in Italia
ASCOLI PICENO 2019

Italian National Association of Earthquake Engineering

15-19 Settembre

Seismic assessment of a masonry church using rigid block limit analysis and
continuous finite element modelling

Marialaura Malena?, Francesco Portioli®, Raffaele Gagliardo®, Giovanni Tomaselli?, Lucrezia Cascini®, Gianmarco
de Felice?

2 Dipartimento di Ingegneria — Universita degli Studi Roma Tre, Via Vito Volterra 62, 00146 Roma, Italy

b Dipartimento di Strutture per 1’Ingegneria e I’Architettura — Universita di Napoli “Federico 11", via Forno Vecchio 36, 80134
Napoli, Italy

Keywords: Italian churches fragility; cultural heritage; earthquake damage; post earthquake investigation

ABSTRACT

The aim of this study is to compare the results obtained from discrete and continuous modelling approaches
in the assessment of the church of San Nicolo in Capodimonte (Genova, Italy) when subjected to horizontal
loads induced by seismic actions. The discrete model is a three-dimensional model made of rigid blocks
interacting by no-tension, frictional contact interfaces. The continuous model is a homogenized anisotropic
finite element model, formulated in the framework of multi-surface plasticity and implemented in a FE
code by means of a minimization algorithm. The comparison between the two modelling approaches was

carried out in terms of failure mechanism, deformed configuration and lateral load capacity.

1 INTRODUCTION

The response of historic masonry structures
under seismic events is usually affected by local
failure mechanisms which typically involve both
in-plane and out-of-plane collapse modes. The
assessment of the seismic capacity related to these
failure mechanisms can be carried out using
different strategies. A variety of modelling
approaches was proposed in past decades (Roca et
al. 2010, de Felice et al 2017). Among those,
discrete rigid block models and continuous finite
element models represent two different
alternatives that are commonly used for the
prediction of local failure mechanism in historic
masonry structures (de Felice and Giannini 2001),
(D’Ayala and Speranza 2003), (Sorrentino et al.
2017), (Ordufa and Lourengo 2005), (Sab et al.
2007), (Angelillo et al. 2010), (de Felice et al.
2010), (Marfia and Sacco 2012), (Portioli et al.
2014), (Roselli et al. 2018).

Considering the uncertainties that typically
affect the structural knowledge of historic
structures, numerical models should be as simple
as possible and based on few mechanical
parameters. In the meantime, the model should be

refined enough to be able to capture the failure of
masonry under tensile load, taking into account the
anisotropic behavior, at least in terms of failure
condition. Accordingly, the model should be
validated on the basis of its capacity in
reproducing the damage pattern under different
boundary and loading conditions both, in-plane
and out-of-plane.

In this perspective, the aim of this study is to
compare the results obtained from a discrete rigid
block model and a continuous finite element
model, in order to evaluate potentialities and
limitations of both approaches when applied to the
analysis of the collapse mechanisms of the same
case study.

The first model adopted is a discrete element
model for three-dimensional limit analysis, which
describes masonry as an assembly of rigid blocks
interacting by no-tension, frictional contact
interfaces (Portioli et al. 2014). The application of
the proposed model to full-scale historic buildings
still represent a challenging task, both for
computational reasons and geometric modelling
issues. On the one side, considering the large
number of blocks which are comprised in a real
structure, the solution procedure of the underlying



optimization problem should be formulated to save
CPU time. On the other side, efficient tools and
algorithms for the generation of spatial rigid block
models involving complex bond patterns should be
developed to facilitate users’ application and
implementation (Portioli et al. 2014), (Cascini et
al. 2018).

The second model adopted is a nonlinear three-
dimensional finite element model (de Felice and
Malena 2019) representing masonry wall as an
elasto-plastic homogenized Love-Kirchhoff plate
with an associated flow-rule. The model was
formulated in the framework of multi-surface
plasticity and implemented in a FE code by means
of a minimization algorithm directly derived from
the Haar-Karman principle. The model allows to
carry out path-following analyses and provide the
capacity curve derived from pushover analysis,
expressing the variation of the collapse load
multiplier as a function of a control point
displacement.

The case study considered is the church of San
Nicold in Capodimonte (Genova, Italy). The
comparison between the two modelling
approaches was carried out in terms of failure
mechanism, deformed configurations and capacity
against increasing lateral loads.

1.1 Rigid block model for limit analysis

The adopted Rigid Block (RB) model
represents historic masonry as an assemblage of
rigid blocks interacting at the interfaces. A no-
tension, frictional behaviour with infinite
compressive strength is assumed at contact
interfaces (Portioli et al. 2014). The calculation of
the load factor a expressing the magnitude of
lateral loads promoting the collapse is obtained
from the solution of the static (i.e. lower bound)
formulation of the limit analysis problem. The
limit analysis problem is formulated in terms of
second order cone programming, as follows:

max o
st.  Ac=f,+af, (1)
ceC

In the above optimization problem, the first
constraint represents equilibrium  conditions
between internal static variables associated to
contact interactions and external loads. The static
variables are the internal forces acting at contact
points, located at the vertexes of each interface.
Those are collected in vector ¢ and include the

shear force components and the normal force at
each contact point, acting along the tangent and
normal direction to contact interface. External
loads applied to the centroid of rigid block are
expressed as the sum of dead loads fp and live
loads f; multiplied by the collapse load factor o.

1.2 Homogenized model for finite element
analysis

The adopted Finite Element (FE) model is an
elastic perfectly-plastic homogenized plate model
for the path-following finite element non-linear
analysis of masonry walls subject to both in—plane
and out-of-plane loads (de Buhan and de Felice
1997), (de Felice et al. 2010), (Amorosi et al.
2014), (de Felice and Malena 2019). According to
the above referenced works, the elastic domain is
assumed to coincide with the macroscopic strength
condition defined in (Sab 2003), (Sab et al. 2007),
derived by a homogenization procedure applied to
a thin and periodic heterogeneous plate, made of
3D infinitely resistant blocks connected by Mohr-
Coulomb interfaces obeying an associated flow
rule. The model is formulated in the framework of
infinitesimal ~ multi-surface  rate-independent
plasticity. The macroscopic elastic domain
assumes the following form:
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where N, M and E, x are the vectors collecting the
in-plane and the out-of-plane stresses and the
strains, while f'(t) are the following m=8
independent planes, intersecting in a non-smooth
way:

fi2 = Hy Ny, +1goN,, i(:l-"'lub tg¢) N,

@)

3
—h[c+cﬁ]§0 %
tg¢
1 hc
f¥*=N,+—N, ——<0 4
22 tg¢ 12 tg¢ ()
_ 2 hc
f56:N22iEM22—@SO
©) ©)
- 2 2
f78:(p"'q)sziHMll_H(q_p)Mzz
6
_h(p+q)c<O ©)
tgg

with:



_t9g b _tg i (bY
p_:ub 4h | Hy 1+(4h) 0

The elastic domain depends explicitly on the
cohesion ¢, the friction angle ¢ of the joints, the
aspect ratio p;, = Qf of the blocks, where a is the

height and b the width of the blocks, and on the
thickness h of the plate. It is anisotropic as a
consequence of the arrangement of the blocks
within the assembly and unbounded in the
direction of compression. For further details, the
readers can refer to (de Felice et al. 2010), (de
Felice and Malena 2019).

2 THE CASE STUDY

The numerical case study under investigation is
the church of San Nicolo di Capodimonte
(Camogli, Genova, Italy). A long single nave, of
about 18 meters, is crossed by a transept 14 meters
large (Fig. 1). A chapel and a bell tower are located
in the transept next to the apses. The bell tower is
about 17.0 m height while the nave is 14.0 m
height.

A rigid block model and a finite element model
were generated to investigate the structural
behaviour of the construction under increasing
lateral loads.

The discrete rigid block model of the church is
made of 5.161 blocks and 49.976 contacts (Fig. 2)
The average block size is 570 x 900 x 275 mm. The
unit weight of masonry blocks for numerical
simulation is 18.0 kN/m® and the friction
coefficient at block interfaces is 0.6.

The 3D finite element model of the church is
made of 64.993 shell elements for a total of 33.300
nodes. Boundary conditions were applied
restraining horizontal and vertical displacements
for all the nodes at the ground level. In accordance
with the discrete model, the height a and the width
b of the blocks were set equal to 275 and 570 mm,
respectively, while the friction coefficient and
cohesion were posed equal to 0.6 and to 0.0.

In a first step the building is analyzed under the
vertical load deriving from the own weight. The
total weight of the church is around 18.500 KN.
Then, after the application of the self-weight, the
seismic action is applied as a uniform distribution
of lateral loads proportional to the weight,
increasing up to the failure condition.
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Figure 1. Geometry of the case study.

3 RESULTS OF THE COLLAPSE
MECHANISM ANALYSIS

Two different directions were considered for
the horizontal loads: the transverse direction (x-
axis in Fig.2), parallel to the transept, and the
longitudinal direction (y-axis in Fig.2) parallel to
the nave. In Figs. 2 and 3, the crack pattern
obtained with the rigid block model and the plastic
strain pattern provided by the finite element
model, are reported.

For transversal seismic loading (Figs. 2a, 3a),
the collapse mechanism involves the in-plane
failure of the main facade and of the triumphal
arches, through the formation of diagonal cracks,
while the longitudinal walls remain almost
undamaged.



b)

Figure 2. RB model of the church: crack pattern and
corresponding failure mode for lateral load applied along the
transversal x-axis (a) and longitudinal y-axis (b).

For longitudinal seismic loading (Figs. 2b, 3b),
both models predict the overturning of the main
facade together with a portion of the sidewalls.

The failure load multipliers are 0.221 and 0.210
in x direction, and 0.237 and 0.229 in y direction,
respectively for the associative solution of RB
model and for the FE model. The non-associative
formulation of the RB model returns 0.201 and
0.224 values for load multipliers, in the case of
lateral loads in x and y directions. It is worth noting
that the results obtained from RB and FE models
are in a good agreement, both in terms of failure
mode and collapse load multiplier, when the
associative formulation of the RB model is
considered. With reference to this last case, a
discrepancy in the failure load multiplier of about
5.3% and 3.5%, is observed along x and y
direction, respectively. For the RB model, it is
shown that the difference of associative and non-
associative collapse load multipliers is up to 10
percent.

b)

Figure 3. FE model of the church: plastic strain field at
failure for lateral load applied along the transversal x-axis (a)
and longitudinal y-axis (b).

In Figs. 4 and 5, the plot of the load multiplier
vs. the displacement at the control point provided
by the FE model is represented, for both
transversal and longitudinal lateral loads. In both
cases, the control point was located on the top of
the facade, where the maximum displacement was
achieved. The threshold represented by the failure
load multiplier of RB analyses are represented as
well.

A sensitivity analysis to the variation of the
friction coefficient and block aspect ratio is finally
carried out. For both models, a change in the
friction coefficient directly affects the value of the
collapse load multiplier, without significant
changes in the collapse mechanism configuration.
When changing the aspect ratio of the blocks a
change in the inclination of the cracks and in the
plastic strain localization is detected. For instance,
by adopting blocks having the same height, but
splitting in half their base, the crack pattern under
transversal lateral load (Fig. 6) is characterized by



an almost vertical crack above and below the rose
windows, while in the previous case the crack
exhibits a diagonal trend from the upper left corner
up to the lower right corner of the facade (Figg. 2-
3). The reduction in the collapse load factors due
to the change in the shape of the blocks is equal to
about 30.4 and 33.5 percent, for the FE and the RB
model, respectively.
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Figure 4. Comparison between RB and FE results in terms of

load factor vs. lateral displacement, for horizontal loads in
transversal (x-axis) direction.
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Figure 5. Comparison between RB and FE results in terms of
load factor vs. lateral displacement, for horizontal loads in
longitudinal (y-axis) direction.

4 CONCLUSIONS

A discrete rigid block model and a continuous
finite element model of an ancient masonry church
were generated in order to compare the outcomes
of different modelling approaches when masonry
IS schematized as an assemblage of infinite
resistant units interacting by means of Coulomb
frictional interfaces.

The comparison between the numerical results
of the two models was carried out in terms of
failure modes and deformed configurations, as
well as in terms of lateral loads promoting the
collapse.
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Figure 6. Failure pattern under transversal load: a) Cracks in
the non-associative RB model (o._non-assoc. = 0.161) and b)
plastic strain distribution predicted by the FE model for the
reduced block size (o._c = 0.167).

A good agreement between the  failure
mechanisms was observed, confirming the ability
of the discrete and the continuous models to
capture the ultimate behavior under either in-plane
or out-of-plane loads.

Both models are based on few mechanical
parameters, namely the friction coefficient and
masonry bond pattern. It should be noticed that
more accurate models are available in the literature
succeeding in a more accurate description of the
nonlinear behavior of masonry. However, the use
of such models generally requires many data
inputs that are hardly available in the actual
practice. In this perspective, the nonlinear models
presented in this study might represent a good
compromise among accuracy of results, necessary
input data, and computational cost.

It is worth noting that in both approaches, the
failure mechanisms are directly provided by the
analysis and not a-priori defined, as it required in



current seismic provisions. Accordingly, both
numerical approaches represent promising tools
for the analysis historic masonry buildings under
earthquake loading.
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