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Abstract. Masonry buildings realized in the last centuries are a significant part of the interna-
tional architectural heritage. The optimal design of the retrofit interventions of these buildings
represents a priority and requires the evaluation of their mechanical behavior under static and
dynamic loads. Several mechanical models capable to study masonry structures are available
in literature and are based on Heyman limit analysis approach. These models cannot be easily
adopted within FEM codes. Within this context, a Genetic Algorithm is implemented within a
refinement adaptive finite element model to computational mesh of shell surfaces. The proposed
model researches a ‘safe’ thrust surface of a masonry vault within a design domain, by mini-
mizing the average value of the principal tensile stresses carried by the unreinforced portion
of the material (fitness function). The design domain coincides with either the vault volume, in
the case of unreinforced masonry members, or an external region of the vault in correspond-
ence with the reinforced portions, in the case of the vault strengthened with either Fiber Rein-
forced Polymer or Fabric Reinforced Cementitious composites. The proposed methodology
allows evaluating the structural safety of masonry vault and defining an optimal design of re-
inforcement pattern.
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1 INTRODUCTION

Nowadays, the safeguard of masonry historical constructions represents an international pri-
ority. The evaluation of structural vulnerability of these constructions is the first step to evaluate
their safe and to preserve them over time by means of retrofit/strengthening interventions.

Several mechanical models available in literature are based on either local failure mecha-
nisms [1]-[5] or the Heyman limit analysis approach [6]. With reference to curved structures,
the safe theorem of Heyman has been used to via either continuous [7]-[10] or discontinuous
[11]-[15] approaches. The theoretical approach and the computational burden of such models
makes non easy their implementation in FEM code.

In the recent years, structural optimization problems have been examined by means of ge-
netic/evolutionary algorithms (GA), inspired by Darwin's evolution theory [16]-[19].

This paper presents an advanced numerical model capable to search a ‘safe’ thrust surface
of masonry vaults. It is based on a Breeder Genetic Algorithm (BGA) proposed by the authors
in previous studies and applied to a FEM approximation of the vault geometry via shell ele-
ments [20]. The BGA allows to find a safe thrust surface by moving the FEM nodes of a vault
within a design domain and minimizing the average value of the principal tensile stresses in
unreinforced masonry. The model can be also adopted to the design the vaults strengthened
with fiber reinforced cementitious matrix (FRCM) composites. Numerical results are given for
a cloister vault subject to static and dynamic load combinations.

2 NUMERICAL MODEL

The proposed numerical procedure is formulated within the field of linear elasticity. We

model the masonry framework through a FEM approximation, by using shell elements with
dominant membrane behavior (Figure 1).
Let denote the i-th coordinate of the j-th node, x;;; the lower bound of xi; (corresponding to the
intrados of the vault for unreinforced masonry), x;/"; the upper bound of x;; (corresponding to
the extrados of the vault for unreinforced masonry), x;/”**; control variables ranging in the in-
terval [0,1], &,;.
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Figure 1: FEM modelling of vaults

We search a safe thrust surface of vaults by moving FEM nodes within a design domain,
expressed as follows:
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X = mm+ E”(xmax xi_n_in ) (1)

ij = ij

The search of the safe thrust surface is performed through the BGA [21], by minimizing the
fitness function corresponding to the average value of the principal tensile stresses in unrein-
forced masonry.

More specifically, if we assume n and N (=3 n if all the 3 nodal coordinates govern the r-
adaptation strategy) are the total number of the FEM nodes and the control variables &,j, re-
spectively, we can introduce the m-th “individual” corresponding to the ¢-th generation:

Xy = (Xp 4, oo X3.)m- ()

The BGA find the safe thrust surface by performing the following steps [20]:

1. an initial population of 4 individuals is generated;

2. the p best individuals are selected within the current population of 1 elements;

3. the best individual is retained for the next generation;

4. the remaining A-1 individuals of the next generation are created by means of the Extended
Intermediate Recombination (EIR)[22] and mutation the u best individuals of the current
generation;

5. Steps 2 through 4 are repeated until the value of fitness function is less than a fixed value.

The proposed procedure allows us to approximate the elastic no-tension constitutive model

of unreinforced masonry within a linear elastic FEM analysis [7]-[15].

3 CASE STUDY

We analyze the case study of a tuff masonry cloister vault (Figure 2) subject to static and
dynamic loads.

The cloister vault, as well known, is generated by the intersection more barrel vaults set on
opposite sides of a base polygon. The stress state in this kind of vault is more complex than that
exhibited by groin and barrel vaults.

5058



V.P. Berardi, M. De Piano, G. Teodosio, R. Penna, L. Feo

e o o S N
.........

E |  seeeeas sy
_
. R e T T T T
N I i i e e e e e e N R 8]
{Hrr 1
Llllllllllllllhl
NN\ 4%
NINININ VaVd Va4V
NINININV LV VLV
\N\NNNNNVVV VYV
\NNINNV VLV
£ A\NNNV VIV
n /1 1IN\
< VAVAYAZAN NN
VIV 11NN
/ / NN
Va4 V4 V4 NININN
a4 SNINT\
45m

Figure 2: 3D, front and top views of the finite element modelling

The examined vault is characterized by the constant thickness of 0,25 m and its geometry is
depicted in Figure 3.
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Figure 3: Plan and section of the cloister vault.

The masonry framework is modeled by means of the CSI SAP90 FEM software. The mesh
consists of 441 nodes and 800 triangular shell elements with dominant membrane behavior,
since bending thickness is fixed equal to 1/5 of the membrane thickness.

We assumed the physical and mechanical properties of the materials, reported in Table 1 (y4
= specific weight of masonry, y, = specific weight of filling material, E» = Young modulus of
masonry). The basis of the cloister vaults is restrained by fixed hinge supports.

We consider two static case studies: cloister vault subject to its self-weight; cloister vault
subject to the dead and live loads.

We also examine the vault under the load combination obtained by vertical and seismic
loads. The seismic action is modeled according to static approach suggested in European Stand-
ard EN 1998-1 [23].
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V1 Y2 Enm
[kN/m?] [kN/m?] [MPa]
15,00 10,00 1500,00

Table 1: Physical and mechanical properties of the materials.

Finally, we propose an optimized strengthening intervention with FRCM composites of the
vault.

We denote ‘RTS’ the Reference Thrust Surface corresponding to the midsurface of the clois-
ter vault, ‘MTTS’ the Minimum Tension Thrust Surface obtained via the proposed numerical
procedure.

Within numerical simulations, the fitness function is applied to unreinforced masonry; the
relocating of FEM nodes of the unstrengthened masonry is allowed along the Z-axis of the
Cartesian frame within the vault volume [20].

Plots of maximum and minimum principal axial internal forces are given in the following,
referred to the RTS and the MTTS.

3.1 Self-weight

Firstly, we apply the numerical model to the vault subject to its self-weight. Starting from
the FEM analysis on the RTS and the MTTS (Figure 4), the maximum and minimum internal
axial forces acting on midsurface of shell elements are obtained (Figure 5).

In terms of local stresses, the maximum and minimum principal stresses on the RTS are
equal to Gmax = 3,04 X 102 MPa and omin = -4,40 X 10> MPa, respectively, as well as the average
value of the tensile principal stresses is equal to Gave= 3,73 X 10 MPa.

The results obtained by considering the MTTS highlight the maximum principal stress (Gmax
= 8,24 x10* MPa) and the average value of the tensile principal stresses (Gave = 5,35 x 1071
MPa) are significantly smaller than that obtained by the RTS, and the minimum principal com-
pressive stress given by the MTTS (6min = -4,08 X 102 MPa) is almost unchanged compared to
that given by the RTS.

Figure 4: RTS and MTTS configurations.
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Figure 5: Top views of the unreinforced vault subject to its self-weight.
3.2 Dead and live loads

Let us examine the vault subject to the following static design load combination, LCs:

LCg = G4 + (62,1 + Gz,z) +Q (3)

where:

G, is the dead load due to the self-weight of the vault;
G,,1 1s the dead load due to the weight of the filling material;
Gy, is the dead load due to the permanent overload and it is assumed equal to 3,00 kN/m?;
Q is the live load ad it is fixed equal to 4,00 kN/m?.
The FEM analysis on the RTS and the MTTS (Figure 6) gives the maximum and minimum
internal axial forces acting on midsurface of shell elements (Figure 7).
The corresponding maximum and minimum principal stresses on the RTS are equal to Gmax

=1.03 x 10" MPa and 6min = -1,40 x 10"! MPa, respectively, as well as the average value of the
tensile principal stresses is equal to Gave= 1,26 X 10 MPa.

Figure 6: RTS and MTTS configurations

The MTTS allows to point out the maximum principal stress (Gmax= 7,20 X 10> MPa) and
the average value of the tensile principal stresses (Gave = 3,01 X 10 MPa) are significantly
smaller than that obtained by the RTS, and the minimum principal compressive stress given by

the MTTS (Gmin = -1,42 X 10! MPa) remains almost unchanged in magnitude compared to that
given by the RTS.
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Figure 7: Top views of the unreinforced vault subject to dead and live loads.

3.3 Seismic loads and strengthening with FRCM strips

Let us examine the vault subject to the following dynamic design load combination, LCpyx:
LCDyn =F+ Gl + (GZ,l + GZ,Z) + II)Z,lQ (4)

where:

E is the load due to the seismic excitation along the X-axis of the Cartesian frame (Figure 8);
G, is the dead load due to the self-weight of the vault;

G,,1 1s the dead load due to the weight of the weight of filling material;

G, is the dead load due to the permanent overload and it is assumed equal to 3,00 kN/m?;
Y, 1 1s the combination coefficient and it is assumed equal to 0,80;

Q is the live load ad it is fixed equal to 4,00 kN/m?.

The effects of the seismic excitations are modeled by means of horizontal forces according
to a conventional static approach to seismic actions on the buildings (European Standard EN
1998-1). The seismic forces are set 50% of the vertical forces.

The maps of the maximum and minimum internal axial forces acting on midsurface of shell
elements are shown in Figure 9. The maximum principal stresses on the RTS and the MTTS
are equal to Gmax = 3,50 X 10! MPa and omax = 1,50 X 10" MPa, respectively; the minimum
principal stresses on the RTS and the MTTS are equal to Gmin = -4,28 X 10! MPa and omin = -
5,28 x 10°! MPa, respectively; as well as the average values of tensile principal stresses are
equal to Gave = 4,00 X 10® MPa and cave= 2,65 X 10 MPa, respectively.

It is worth noting that, also in this simulation, a relevant reduction of the maximum tensile
principal stresses (56 %) can be obtained by considering the MTTS as an alternative configu-
ration to the RTS.
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Figure 8: RTS and MTTS configurations.

17N
AV
W77
ille
Lo

SNPY8

SAPY8
RTS: maximum pr1n01pa1 internal forces [N/m]

A
JEHHL\-__
QRN N
N\ a1
(/1] NS
/171 VAHH\‘
17
[

uvavavava
W e

SAP9D
MTTS: minimum principal internal forces [N/m]

MTTS maximum pr1nc1pa1 internal forces [N/m]

Figure 9: Top views of the unreinforced vault subject to seismic loads.

The FEM analysis on the MTTS has highlight, close to the vault basis, the principal tensile
stresses are comparable to the tensile strength of tuff masonry (1,00 X 10! MPa) and the corre-

sponding principal directions are roughly horizontal.
Therefore, a strengthening intervention with external unidirectional FRCM strips (Figure 10)

1s proposed. The mechanical properties of the used composites are given in Table 2.

Figure 10: 3D views of the reinforced vault (the FRCM strips are applied on the blue surface).
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Carbon fiber Cementitious Matrix
Tensile strenght 4800 MPa  Compressive strenght > 20.0 MPa (after 28 d)
Young modulus 240 GPa  Flexural strenght > 3.5 MPa (after 28 d)
Density 1.82 g/em®  Young modulus > 7000 MPa (after 28 d)
Ultimate strain 1.8 %

Table 2: Mechanical properties of FRCM.

The composites are assumed to be effective under pre-existing loads by applying a preten-
sion in the strips via mechanical anchoring devices. The debonding failure modes and the com-
posite bucking phenomena [24]-[36] can not occur in the strengthened vault, due to the use of
such devices and the selective application of the FRCMs in correspondence with the vault re-
gions subject to tensile stresses. The fiber orientation of the FRCMs is assumed to be parallel
to the vault basis.

4 CONCLUDING REMARKS

An advanced numerical model able to approach the equilibrium problem of unreinforced and
reinforced masonry vaults has been shown. This model allows to approximate the no-tension
membrane (thrust surface) behavior of masonry through an elastic analysis of the masonry re-
ferred to a Minimum Tension Thrust Surface. Such a surface is obtained via a r-adaptive finite
element featuring linearly elastic shell elements with dominant membrane behavior. The mov-
ing of the FEM nodes is governed by a Breeder Genetic Algorithm within a design domain and
minimizing the average value of the principal tensile stresses in unreinforced masonry.

A cloister vault subject to several load combinations, both static and dynamic, has been stud-
ied in depth. The proposed model applied on the Minimum Tension Thrust Surface have given
the tensile stresses significantly smaller than that obtained by means of the FEM analysis on
the midsurface of the vault. The vulnerable portions of the vault have been found by means of
the proposed model and a selective and optimized FRCM reinforcement has been designed.

The proposed approach may represent a useful tool to evaluate the vulnerability of existing
curved masonry structures and to design optimal reinforcement patterns.

We address future extensions of the methodology here proposed to strengthening techniques
involving a large variety of composite materials [69]-[76].
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