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Abstract

To date, seismic vulnerability and risk assessment of cultural heritage is a very discussed top-
ic. Particular attention is paid to existing masonry churches, constructions having relevant
dimensions and realized with traditional techniques based on empirical rules. As demonstrat-
ed by the last earthquakes, these constructions are very vulnerable with respect to the seismic
lateral actions, even if of moderate magnitude. For this reason, numerical simulations on ex-
isting masonry churches have become essential in order to properly predict their seismic re-
sponse, even if highly challenging because of the complexity of the construction details and
involved materials. Among these, the Finite Element Modelling represents a valid tool, allow-
ing to obtain realistic computational solutions with respect to different seismic scenarios.
This paper aims at investigating the global seismic behavior of two existing masonry church-
es located in Italy and in Romania. Non-linear dynamic analyses are performed by means of
3D FEM models, with the aim of investigating the influence of the ground motion vertical
component in the global non-linear response of the churches considered. The numerical re-
sults are illustrated and commented, highlighting the differences between the results obtained
without and with the ground motion vertical component. In a companion paper, local seismic
analyses are carried out on some architectural portions of the case studies considered.
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1 INTRODUCTION

To date, the preservation of historical cultural heritage is a particularly highly discussed
topic in literature. Cultural heritage is very vulnerable to natural disasters due to time-aging,
old construction techniques, and even poor maintenance. History and traditions associated
with cultural heritage are invaluable, and their destruction can compromise information
sources of past societies and ruin cultural icons. Furthermore, the impact that natural disasters
can have on cultural heritage is directly connected to economic losses [1, 2].

Among natural threats, recent seismic events have caused serious damage to existing build-
ings, especially masonry ones, appearing to be very vulnerable to horizontal loads [3]. Exist-
ing masonry buildings represent a large part of the actual cultural heritage in the world. They
are built following empirical construction techniques known as “rules of art”, resulting in a
very high strength to vertical loads, but vulnerability to dynamic actions. Collapse under
seismic action is due to rigid-fragile global behavior of these kinds of structures, characterized
by massive masonry walls, light and flexible diaphragms, structural heterogeneity and low
transversal connections [4].

It follows that it is really important for authorities to assess the seismic vulnerability of the
existing built heritage, considering the number and complexity of masonry buildings, in order
to focus the limited economic resources on the most vulnerable ones, especially if they are
located in earthquake-prone areas [5]. Numerical Finite Element Modelling (FEM) represents
a valid tool for simulating the behavior of existing masonry buildings under seismic action, by
reading the effects of different seismic scenarios considered [4, 6, 7]. Referring to multilevel
methodologies on seismic vulnerability, and indirectly on seismic risk [8], global behavior
evaluation should be intended as a more refined approach to investigate selected case studies
after territorial assessments [9, 10].

This work focuses on the seismic behavior assessment of two existing masonry churches,
located respectively in Italy and in Romania. The preliminary results here presented are ob-
tained carrying out Non-Linear Dynamic Analyses by means of FEM numerical models in-
cluding also the vertical component of the seismic action. Concerning this, recent studies [4,
11, 12], have shown that the vertical component in near-field earthquakes substantially modi-
fies the structural behavior of existing unreinforced masonry buildings.

First, the two case studies and the seismic history of the areas where they are located are
presented. Secondly, the FEM numerical models’ implementation into the MIDAS FEA NX
2024 (v1.1) environment [13] and the assumptions made for performing the analyses are re-
ported. Finally, the first results are illustrated and commented on. Furthermore, local seismic
analyses on some architectural portions of the case studies considered are carried out in a
companion paper [14].

This study presents preliminary findings from ongoing research assessing the seismic vul-
nerability of existing churches, with a comparative analysis carried out for Italian and Roma-
nian masonry churches.

2 CASE STUDIES

The selected case studies are two existing masonry churches. The first one is named “Saint
Francis of Assisi Church” (in Italian “Chiesa di San Francesco d’Assisi” — Figure 1a) and lo-
cated in Matera, a city in the Basilicata Region, in the south of Italy. The current Italian Seis-
mic Hazard Map provides the point-by-point seismic hazard over the entire national territory,
expressed by means of the expected maximum horizontal acceleration. For the whole munici-
pal territory of Matera, with a probability of exceedance of 10% in 50 years on rigid and flat
soil, the seismic hazard map provides a horizontal ground accelerations in the range of ag =
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0.100g to ag = 0.175g. Specifically, rare events of modest magnitude have been observed in
proximity of the city, while the local effects of some earthquakes originating in more distant
seismic areas appear more relevant. The most critical episodes affecting the municipality of
Matera are those of 1845, 1978 and 1990, all classified by the MCS4 scale between grade VI
and VII [15].

The second analyzed case study is the “Jesus Resurrection Church” (in Romanian “Biser-
ica Invierea Domnului” — Figure 1b), located in the municipality of Belint, in the north-
western Romanian region of Banat, on the border with Hungary and Serbia. The Banat region
suffered more than 600 earthquakes since 1773, and six of them had a magnitude ranging be-
tween Mw = 5.0 and Mw = 5.7. This region is characterized by shallow earthquakes of crustal
type, with focal depths between 1 and 35 km and epicenters in the entire Banat region. It was
also observed that in the last earthquakes the vertical component was not negligible [4, 16, 17].

The current Seismic Hazard Map adopted in Romania refers to the expected maximum
ground acceleration for a mean return period of 225 years (20% in 50-year probability of ex-
ceedance). In particular, for Belint municipality where Jesus Resurrection Church is located,
the expected ground acceleration corresponds to ag = 0.15 g [16, 17].

a) b)

Figure 1: Plan and main fagade pictures of: a) Saint Fransis of Assisi Church in Matera; b) Jesus Resurrection
Church in Belint.
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2.1 Saint Francis of Assisi Church in Matera

Saint Francis of Assisi is a Catholic church made of regular masonry of squared blocks in
local calcarenite stone, improperly called “tufo”. It was built between the 13th and 17th centu-
ries, with a gradual extension from an initial layout coinciding with the present belfry. The
single-nave environment was built as the first extension, then chapels were gradually added
on the left side, embodying four spans of the existing convent, and finally five chapels on the
right side were built. The current configuration dates back to the 17th century and the subse-
quent Baroque process was implemented in the original Romanesque layout during the 18th
century [ 18], as visible from the main fagade and interior stucco works. The actual plan of the
church can be enclosed in a rectangle measuring about 22 m by 37 m.

The church is characterized by walls from 0.80 m to 1.70 m thick, realized according to
core-and-veneer masonry where two layers are interposed by a cavity filled with incohesive
material and connected by transversal blocks. The central nave is covered with a ceiling made
of metal girders and clay planking built in the 20th century to replace an existing wooden
floor and to mask the original wooden truss roof, which still exists [18]. All the other envi-
ronments are covered by 0.25 m thick vaults differing in shapes and dimensions, belonging to
the two big families of cross vaults and pavilion vaults.

As to the conservation state, materials degradation due to capillary rising and infiltration
from the roofs is mainly observed; nevertheless, some short vertical cracks on the apse and
belfry walls and on the lower part of the triumphal arch piers are registered. Furthermore, the
belfry environment is affected by several cracks probably due to overloads, and for safety rea-
sons a wooden shoring system was constructed.

On the main facade, the outer left wall and the apse wall, an undocumented intervention is
observed, consisting of the mortar injections within the masonry. This intervention was sup-
posed to consolidate the masonry and improve its mechanical performance [19].

2.2 Jesus Resurrection Church in Belint

Jesus Resurrection is an Orthodox church made of local clay bricks. It is an isolated church
with a single-nave rectangular plan (which can be enclosed in a rectangle measuring 11.30 m
by 28.80 m) with a circular apse, whose year of construction dates back to 1797.

The perimeter walls are made of plain brickwork and vary in thickness from 0.70 m to 1.70
m. The nave is covered by a system of 0.30 m thick ribbed vaults alternated with depressed
arches. The main fagade has a characteristic bell tower centrally placed, terminating in a
wooden spire above the belfry. The roofing of the nave is made of a system of wooden pseu-
do-trusses and planking, giving it a very pronounced slope. Both the roofing of the nave and
the belfry are finished with galvanized sheet metal covering.

Recently (from 2014 to 2020) the church was subjected to restoration, which involved the
foundation waterproofing, the replacement of fixtures, plasterwork, roofing and drainage sys-
tem, and the filling of sub-vertical cracks occurring on the transept and nave walls, in corre-
spondence of the openings.

3 PRELIMINARY FEM ANALYSIS

The preliminary FEM models of the two churches are obtained with solid meshes by
means of MIDAS FEA NX 2024 (v1.1). The masonry material is implemented with the Con-
crete Smeared Crack Model (CSCM), by considering compression, tension and shear stress-
strain relationships, as reported in Table 1. In the CSCM the compressive behavior is simulat-
ed with a typical elasto-plastic isotropic model, having parabolic hardening and softening
branches. As for the tensile behavior, the cracks are simulated by regulating the stress and the
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stiffness at the integration point, without reconfiguring the mesh. The tension function has an
exponential softening. Furthermore, the model takes into account the material damage and the
cracks opening. Finally, after cracking the shear stiffness is reduced by a shear retention fac-
tor B (assumed equal to 0.05).

Compression function Tension function Shear function

€y

€ €3 , ElasticModulus

BG

Table 1: Functions considered for masonry smeared crack model [16].

As regards the Saint Fransis of Assisi Church, only masonry elements are modelled, ac-
cording to the numerical values reported in Table 2. Vaults filling, ceilings and roofs are con-
sidered only as load applied on vaults or on walls, depending on the case. As for the Jesus
Resurrection Church, all masonry and wooden components are modelled following parame-
ters reported in Table 3, except the nave roofs, that are considered only as load applied on
perimetral walls. Both churches are assumed to be fully fixed to the ground.

Non-Linear Dynamic Analysis, also indicated as Non-Linear Time History Analysis
(NTHA), is implemented considering: for the Saint Fransis of Assisi Church the accelero-
grams of the Irpinia earthquake occurred in 1980 (Figure 2a); for the Jesus Resurrection
Church the accelerogram of the Banloc earthquake occurred in 1991 (Figure 2b). Time Histo-
ry is carried out till 3.15 sec, with an increment of 0.05 sec per each analysis step. Figure 2a
and Figure 2b report the vertical component recorded, too.

The performed preliminary analyses on the two churches are: NTHA by applying the ac-
celerogram along only the horizontal X direction (NTHA X), and the NTHA by simultane-
ously applying the accelerograms along the horizontal X direction and the vertical Z direction
(NTHA_X+Z).

Calcarenite stone masonry properties
Model type: Concrete smeared crack - Isotropic

0 Density (kg/m®) 1800
E Normal elastic modulus (N/mm?) 2256
G Tangential elastic modulus (N/mm?) 902.4
Vv Poisson’s ratio 0.25
fc Compressive strength (N/mm?) 3.84
fi Tensile strength (N/mm?) 0.384
G¢ Compressive fracture energy (N/mm)  6.144
Gt Tensile fracture energy (N/mm) 0.011
h Mesh size (mm) 500

Table 2: Saint Francis of Assisi Church: squared stone blocks masonry mechanical properties [20, 21, 22].
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Brick masonry properties Softwood properties

Model type: Concrete smeared crack - Isotropic  Model type: Elastic - Isotropic

0 Density (kg/m®) 1800  © Density (kg/m3) 290
E Normal elastic modulus (N/mm?) 2350 E Normal elastic modulus (N/mm?) 7000
G Tangential elastic modulus (N/'mm?) 940 G Tangential elastic modulus 440
v Poisson’s ratio 0.25 h Mesh size (mm) 300
fc Compressive strength (N/mm?) 235

fi Tensile strength (N/mm?) 0.235

G Compressive fracture energy (N/mm) 3.760

Gt Tensile fracture energy (N/mm) 0.007

h Mesh size (mm) 300

Table 3: Jesus Resurrection Church: brick masonry and softwood mechanical properties [16].

| —Vertical - direction —X - direction | | —Vertical - direction —X - direction |
0.20
0.15
0.10
0.05
0.00
-0.05 -
-0.10
-0.15
-0.20 -

Acceleration [g]
Acceleration [g]

Time [sec]

Figure 2: Earthquake accelerograms registered during the earthquakes of: a) Irpinia, 1980; b) Banloc, 1991.

4 RESULTS DISCUSSION

Preliminary results obtained from NTHAs on the two case studies are reported in this sec-
tion. NTHAs are preliminary conducted along the horizontal X direction, without (NTHA_X)
and with the vertical seismic action (NTHA X+Z). For brevity, per each NTHA the following
results are shown:

¢ The maximum relative displacement along the positive X direction (indicated as +TX).
e The minimum relative displacement along the negative X direction (indicated as —TX).
e The maximum axial principal stress (indicated as S-PRINCIPAL A).

e The minimum axial principal stress (indicated as S-PRINCIPAL C).

The crack status of the church at the end of NTHA.

4.1 Saint Francis of Assisi Church in Matera

In Table 4 results carried out for the NTHA X and NTHA X+Z analyses are reported. As
for the maximum and minimum relative displacements, a reduction can be observed in dis-
placement once the Z component is considered. On the other hand, there is an important in-
crease in tensile axial stresses and a more extensive crack pattern in the NTHA X+Z analysis
compared with NTHA X. Finally, it can be deduced that the portion of the church most in-
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volved is the upper part of the fagade. Moreover, the tensile and the compressive strengths (f;
=0.384 N/mm?; fn = 3.84 N/mm?) are both exceeded.

NTHA_X

NTHA_X+Z

REL DISPLACEMENT
T, mm

+1.574922a+002
0.2%

+1.089202e+002
0.2%

+0,1709532+001

o

z

¢

.110133e+001
6.9041532+001

0.2%

0.2%
+5.737576e+001

+8.6167148+000
2.6%

NTHA X max displ +TX =+ 157.49 mm

REL DISPLACEMENT
Tx, mm
-;}D.DDDDDDE+DDD
o
,326034e-001
%
\581729e-001

21.3%
6,629654e-001
1%

1%
9,551799e-001
o

-5,239348e+001

NTHA_X min displ -TX = - 52.39 mm

SOLID STRESS
S-PRIMCIPAL A , Mfmm~2

Z +7.9813542-001

¥ 4%
* +1.757735-001

%
+1.327044e-001

2,

2
1.079321e-001

37%

" 9.05626%-002

i
+1.260446e-002

NTHA X max S-P. A=+ 0.798 N/mm?

SOLID STRESS
S-PRINCIPAL C, Mfmm~2

7319930032
37 4%

436287e-002
21.1%

\975935e-002

17.1%

6.616691e-002
12.3%

.931384e-002

-1,326065e+001

NTHA X_min S-P. C = - 13.26 N/mm?

REL DISPLACEMENT
Z TX, mm
Df+1‘2588409+002

o
+8,455717e+001
o

+6.927912e+001

0.2%
] 6.0449072+001

+1,238684e+001
0.9%
+3,781702e+000

NTHA X+Z max displ +TX = + 125.88
mm

+0,000000e+000
Z 19.3%

o
.543841e-001

.098378e-001

16.3%
7,335810e-001

22.8%

3;‘60 1083e-001

1.3%
-4,88822%+000

0.5%
-8,656687e+000

0.5%
-1,304260e+001

-4,196045e+001

NTHA X+Z min displ -TX =-41.96 mm

SOLID STRESS
S-PRINCIPAL & , Mfrm~2

+1.029132e+000
1%
+2,467330e-001
3.8%
+1,767390e-001

o

b
1.427716e-001
3.6%
1.187946e-001
o

NTHA X+Z max S- P. A=+ 1.029 N/mm?

SOLID STRESS
SPRINCIPAL C , Nfmm~2

-2 ,604142e-003
51.7%

3. 76084 1e-002
27 1%

59‘0325419-002

13.3%
1.611255e-001

3.5%
3,182784e-001

1.6%

-1,159473e+001

NTHA X+Z min S-P. C = - 11.59 N/mm>
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[F] Partially open
- [nading
Fartially opan

- unloading
[G7] Fully open

- [nading
Fully open

- unloading
Closed
[ Mo crackyet

Y

NTHA X Crack status at 3.15 sec

[F] Partially open
- loading
Fartially opan

- unloading
[G7] Fullyopen

- loading
Fully open

- unloading

Closed
[ Mo crackyet

NTHA_ X+Z Crack status at 3.15 sec

Table 4: Saint Fransis of Assisi Church: NTHAs without (X) and with vertical component (X+Z).

4.2 Jesus Resurrection Church in Belint

In Table 5 results carried out for the NTHA X and the NTHA X+Z analyses are reported.
As for the maximum and minimum displacements, a reduction can be observed in displace-
ment once the Z component is considered, too. On the other hand, there is a modest increase
in axial stresses and a slightly more extensive crack pattern in the NTHA X+Z analysis com-
pared with NTHA X. Finally, it can be deduced that the portion of the church most involved
in this case is the bell tower. Cracks occur at the bell tower base, on the opposite side of the
facade, since the tensile stress (NTHA X max S-P. A = + 0.284 N/mm?; NTHA X+Z max
S-P. A =+ 0.287 N/mm?) exceeds the tensile strength (f: = 0.235 N/mm?).

NTHA X

NTHA X+Z

REL DISPLACEMENT
+1 64387 0e+000

+9 S73141e-001
48064 3e-001
S 18317 1e-001
".0142979-001

1
+0.0000008-+000

NTHA_ X max displ +TX =+ 1.643 mm

REL LISPLACEMENT

" I +DD0I0N0=+000
-E 4 4534042-002

9 4420026-002

23:4 } 410793e-001

Lo1an41e-001

3 D026874e-001

4 540260001

7 4603336001

1 1521 108+000

-1.336497+000

2 024 74e+000

2.4107302+000

2.6%
-4,221301e+000

NTHA X min displ -TX =-4.221 mm
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REL DISPLACEMENT

- W

+1.460022e-+000

+8,5963332-001
+6,452091e-001
4.577399e-001
3.4443389 001

- 1 3876782001
1 B10584e-001
9.1%

o 2 S76799e-001

4 355166e-001

o 7 210543e-001

1017048000
2.5%

-1,298792e+000

o 1 95127%e+000

2 348314e+000

4, 10055 1e+000

NTHA X+Z min displ -TX =-4.109 mm
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SOLID STRESS SOLID STRESS
z S-PRINCIPAL & , Nfrorm 2 S-PRINCIPAL & , N/mm~2

\/q 5 f+2 .845652e-001 15 !+2 \8775848-001
®
—- +8.067323e-002 +8.053468e-002
-gf -gf
+5 376026e-002 +5.822569e-002
2.5%

4676326002 4,641914e-002

ot

3.8724889 002

3‘ 864842002

Yo
+1.662760e-005

NTHA X max S-P.A=+0.284 N/mm?  NTHA X+Z max S- P. A=+ 0.287 N/mm?

SOLID STRESS
S-PRINCIPAL C, Nfrmm~2 g%'ﬁlﬁ’ugﬂzﬁsﬁ Mfmme2
'
-1.929311e-005 -1.916040e-005
19.5%

4.4%
8 658261003
1 201868=-002
11.9%
1.830296e-002

10.6%
.104376e-002

k)

1 490501e-002
1 728076e-002
2 105210e-002

-2.4603619-002
?2.8719 14e-002
?3.3551199—DD2
f'3.‘382‘577E{IEI2
f4 834599=-002

Eu 287040e-002 5 857743e-002

Yo - |
-3.810931e-001 3 8259662001

[F] Partially open [F] Partially apen

A - loading - loading
[FT] Partially open Partially open
- unloading - unloading
| [@] Fullyopen [0] Fullyopen
- loading - loading
/Z [G7] Fullyopen Fully open
- unloading - unloading
%/k [C] Closed - Closed

|:| Mo crack yet

|:| Mo crackyet

NTHA X Crack status at 3.15 sec NTHA X+Z Crack status at 3.15 sec

Table 5: Jesus Resurrection Church: NTHAs without (X) and with vertical component (X+Z).

5 CONCLUSION

In this work, preliminary results on the seismic behavior of two existing masonry churches
located in Italy and Romania have been shown. Non-Linear Time History Analyses have been
conducted by without and with the vertical component, in order to highlight how this compo-
nent may affect the horizontal response during an earthquake. Preliminary results show that,
by considering the vertical component, an increase in the axial stresses and the extent of the
crack pattern are obtained. In the future, it is intended to further investigate the seismic behav-
ior of these two case studies by also considering the horizontal Y component of the accelero-
gram and its combination with the vertical one.
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