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Abstract. In many seismically active regions of the world there are large numbers of
masonry buildings. Most of these buildings have not been designed for seismic loads.
Recent earthquakes have shown that many of these buildings are seismically vulnera-
ble and should be considered for retrofitting. Different conventional and unconventional
retrofitting techniques are available to increase the strength and/or ductility of unrein-
forced masonry (URM) walls. This paper reviews and discusses seismic retrofitting of
masonry walls with emphasis on the conventional techniques. Retrofitting procedures are
discussed with regard to a case study: a stone masonry building in Irpinia region, dam-
aged by the 1980 earthquake. The interventions are evaluated by means of finite elements
with a macroelement obtained with an homogenization technique. Linear and nonlinear
procedures are compared, and peculiarities of each procedure are shown.

Keywords: Masonry, homogenization, seismic behaviour, retrofitting techniques.

ISSN:2623-3347 © 2021 The Authors. Published by Eccomas Proceedia.
Peer-review under responsibility of the organizing committee of COMPDYN 2021.
doi:10.7712/120121.8514.19628

626



I. Mascolo, A. Fortunato, C. Olivieri and A. Gesualdo

1 INTRODUCTION

Masonry structures are prone to extensive damage followed by failure and collapse
when subjected to loads resulting from wind, earthquake and other natural or man-made
events. Recent earthquakes and terrorist acts have clearly demonstrated that the develop-
ment of effective and affordable strategies for the analysis and strengthening of masonry
is urgently needed. Many older masonry structures currently in use were in fact designed
and constructed with little or no consideration of these aggressive factors. In addition,
recent changes in seismic requirements have left many URM buildings in need of strength-
ening. In many cases, these natural effects were not considered in ancient time [1]. Very
few masonry buildings have been built in modern times, and knowledge of the related
design methods is no longer part of a civil engineer’s training [2]. Despite a growing
need for rehabilitation and conservation of these structures, understanding of their be-
havior has been declining in the first decades of last century, and the available methods
for assessing them are of questionable reliability. In recent times the strong need of re-
habilitation, together with the development of numerical tools, has improved knowledge
about assessment methods for masonry buildings [3]-[12]. As a response to the challenges
offered by the assessment of URM, several intervention methods have been proposed [13].
Nevertheless the first step toward a complete assessment of an intervention method is the
understanding of constitutive behaviour of both URM and reinforcement [15]-[26].

One of the reliable tools developed in the last years are the homogenization techniques.
The development of these techniques in the field of composite materials has induced a
similar approach in the field of masonry structures, in which the masonry material is the
result of two different elements, spacely arranged in different geometries [27]. Since it
is a key point in the bulk behaviour of masonry, careful attention must be posed on the
behaviour of block-masonry interface [28, 29] and in the spatial arrangement of the blocks.
Differently from fiber reinforced materials, in which a periodic structure can be often
recognized, homogenization of non-periodic structures is a complex process [30]. Based
on classical homogenization methods [31, 32], this paper presents an analysis of a stone
masonry building performed before and after the reinforcement with grout injections.
The basic cell of the omogenized medium is a non-standard one, with stone elements
irregularly arranged in the representative Volume Element (RVE). Elementary load cases
were developed in order to obtain the contitutive bulk parameters of the homogenized
medium [33, 34]. According to the above considerations, the model has been developed
by means of finite element analysis, since a closed form for the homogenization problem
in this case is not available. A numerical finite element analysis was performed on this
existing building taking into account the bulk parameters derived in the homogenization
procedure. The case study is a stone masonry building with simple and irregular shape
in Irpinia (a seismic region of Southern Italy), severely damaged by the 1980 earthquake.

2 THE STRUCTURAL MODEL
2.1 Homogenization

It is well known that the mechanical characteristics of masonry should be detected in
order to define the constitutive laws of the material for the mathematical model assump-
tions. Nevertheless all the parameters defining these characteristics cannot be measured
on site. The only parameters that can be measured at the moment on site are the modu-
lus of elasticity, the Poisson ratio in the direction parallel to the bed joints, the value of
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the stress at onset of cracking on the external face of a wall. A masonry wall has in fact
different properties along different axes according to the units texture and the directions
and geometry of the mortar joints. To evaluate the different properties according the
directions, an homogenization procedure has been performed to describe masonry as a
composite medium in terms of macro or average properties so that it can be assumed to
be an homogeneous material. The first problem to solve was the choice of RVE, i.e. the
minimum material to evaluate the macro-parameters of masonry. In the case of periodic
structure of masonry it is in general a simple problem to consider the basic cell as RVE.
In Southern Italy irregular stone masonry is widely diffused, so that basic cells are not
simple to recognize. In this paper an iterative method, based on test windows, was taken
into account [35, 36] considering a linear elastic behaviour for both mortar and stone
units. A 3D model was built for the RVE (Figure la), performig linear and non linear
analyses and considering two different types of bonding between the mortar and the stone
unit:

1. perfect bonding: in this case a bulk linear elastic behaviour for masonry was ob-
tained as a result;

2. unperfect bonding: in this case an unilateral frictional contact with Mohr-Coulomb
constitutive law for the interface mortar-stone unit was taken into account. A
nonlinear elastic bulk behaviour was obtained for masonry.

(b)

Figure 1: Representative volume element (a), discretized stone units (b) and mortar
matrix (c).

In Figures 1 the discretized model of the basic cell is shown: it is a 110x150x60 cm
block in which 20 irregular stone units are embedded in a mortar matrix. The spatial
distribution of the stones is irregular too. A finite element analysis was performed on
the block, in order to evaluate the mechanical bulk properties to be employed in the
numerical analysis of the entire building. Both the constituents were considered isotropic
elastic [37]. Their mechanical properties are reported in Table 1.

A picture of the discretized basic cell is represented in Figure 2a. Numerical analyses
have shown that negligible changes in the mechanical homogenized parameters were ob-
served in masory panels with larger dimensions with respect to the chosen one, so that
the above block can be considered as a representative volume element.

Several sensitive analyses were carried out on different, more chaotic spatial distribu-
tions of stones in a masonry panel having the same bulk dimensions, as that reported in
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Material Elasticity Modulus Poisson coefficient  Friction coefficient
Stone 6000 MPa 0.23
Mortar 2500 MPa 0.20

0.60

Table 1: Values of mechanical parameters.

Figure 2: Discretized masonry block: basic cell (a) and tentative discretized cells (b).

Figure 2b. The analyses have shown that a transversal isotropic behaviour can be recog-
nized in these last cases. The symmetry axis is that one orthogonal to the medium plane
of the masonry panel. The anisotropic case has been chosen for the case study, both for
the similarity of the stone arrangement with the real case and for the generality of the
constitutive behaviour.

2.2 Numerical analysis

The results of the analysis performed by means of the ANSYS program [38] on the
masonry block are shown in the following. Standard CONTA173 and TARGE170 were
used to model the unperfect bonding, while elements SOLID45 were used to discretize
both mortar and stone units.

Different load conditions were analyzed in order to obtain the compliance tensor for
the homogenized medium. The stiffness tensor was obtained as the inverse matrix of
the compliance one. As a syntesis of the results, the stiffness tensor for the homogenized
medium is given in the two analyzed cases, with or without frictional contact. The stiffness
tensor in the elastic case without frictional contact is reported in Tables 2a. As it can be
seen, the stiffness matrix of the material modelled without frictional contact corresponds,
as expected, to that of an orthotropic material, so that the symmetry of the matrix is
preserved.

No interventions (MPa) Grout injections (MPa)
10928 1826 1790 0 0 0 18043 2256 2213 0 0 0
1826 6812 1321 0 0 0 2256 10584 1514 0 0 0
1790 1321 5492 0 0 0 2213 1514 8875 0 0 0
0 0 0 2045 0 0 0 0 0 3802 0 0
0 0 0 0 1938 0 0 0 0 0 2780 0
0 0 0 0 0 1488 0 0 0 0 0 2570

(a) (b)

Table 2: Stiffness elastic tensor (no frictional contact).
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In this case, in fact, the existence of an elastic potential can be demonstrated. Table 2
refers to the constitutive model of the block without interventions, while Table 2b reports
the same data in case of grout interventions.

The case in which frictional contact is taken into account is different: an unsymmetric
constitutive matrix is the result of the dissipative behaviour due to the unilateral fric-
tional contact. In this case, in fact, the dissipation cannot assure the existence of an
elastic potential function for the material behaviour, which corresponds to a symmetric
constitutive matrix.

The above symmetry cannot be observed in fact in the case of frictional contact, shown
in Tables 3a. In this case too Table 3a refers to the constitutive model of the block without
interventions, while Table 3b reports the same data in case of grout interventions.

As it can be seen, the homogenized material shows more deformability in the case of
frictional contact with respect to the perfect bonding.

No interventions (MPa) Grout injections (MPa)
7672 17146 9367 2525 8983  —4854 14142 8850 8506 4406 1390 —9051
o878 5702 6188 2216 4771 —4891 5787 8842 5505 2761 2247 —4273
2478 5783 3875 3464 3464 —181 4415 4274 6642 1632 1052 —4991

—128 —208 —146 —1091 —1091 181 —-109 —-101 =207 566 ) 1806

53 73 50 617 617 —53 35 52 37 21 653 —105

—11 2 —12 58 58 711 -4 10 -1 12 47 6908
(a) (b)

Table 3: Stiffness elastic tensor (frictional contact).

This can be explained with the possibility of relative displacement between mortar and
stones, due to chosen model of friction, which involves unilateral contact. To complete the
set of data obtained by the homogenized procedure performed, the elastic bulk parameters
in the two cases analyzed are reported in the following Tables 4a and 4b.

No interventions  Grout injections No interventions  Grout injections
E, [MPa) 10928.07 18 043.00 E, [MPa] 7453.99 14067.99
E, [MPa] 6812.06 10584.03 E, [MPa] 5091.56 8753.76
E. [MPa] 5492.05 8875.00 E. [MPa] 3629.77 6695.40
Vyz 0.21 0.18 Vya 0.41 0.39
Vey 0.13 0.11 Vzy 0.47 0.43
Veg 0.27 0.22 Vag 0.41 0.39
Vpz 0.14 0.11 Vez 0.46 0.43
Uy 0.19 0.14 Vay 0.42 0.38
Vyz 0.16 0.12 Vyz 0.44 0.40
Ggy [MPa] 2045.57 3802.74 Gyy [MPa] 800.19 1204.02
Gy- [MPa] 138.68 2782.28 Gy. [MPa) 661.33 1277.46
G., [MPa] 1488.61 2574.19 G.z [MPa] 697.49 1387.34
(a) No frictional contact (b) Frictional contact

Table 4: Mechanical parameters.

In the two cases examined the elastic modulus increase is significant, while a less
significant decrease can be observed in the Poisson coefficients. The expected overall
increase of stiffness in the injected homogenized medium with respect to that without
interventions is confirmed.
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2.3 Structural analysis

A stone masonry building in Irpinia was chosen as a case study. It was built in 1930,
with a planar L shape, and sort of regularity in the z-direction, being x and y the directions
of the two external walls of the building (Figure 3a) and z the vertical one.

(a) (b)

Figure 3: Pictures of the building with reference axes (a)-(b). Discretized model of the
building (c).

The stiffness in the y-direction is higher to that in the x-direction as it can be seen in
Figure 3b. The masonry walls were modelled with the bulk properties examined above,
while floors and roofs were considered as plate elements with high in-plane stiffness (Fig-
ure 3c). The homogenized properties evaluated in the previous sections have been con-
sidered as the properties of the building masonry walls. The numerical analysis was per-
formed by means of the numerical code ANSYS, with tethraedral four-node solid elements
SOLID45.

In the following a discussion about the displacements results is provided, in order
to assess the reliability of the method proposed. Figure 4a presents the distribution
of displacements for an earthquake loading along x-direction in the case of orthotropic
behaviour. The constitutive model without frictional contact was taken into account. As
it can be seen, the displacement evaluated at the top of the building is about 0.4 cm,
better represented in Figure 4b. If the seismic loading is directed along the y-direction,
the maximum displacement at the top of the building is about 0% of the previous, as
expected according to the building geometry (Figure 4c).

The reduction of the displacement amount due to the contribute of grout injections in
the case of orthotropic behaviour is represented in Figure 4d and 4e. As it can be seen,
there is a similarity of overall behaviour of the structure, with increased stiffness due to
the injections. The analysis performed and shown above involves orthotropic behaviour
with a stiffness matrix in which the non-zero terms are derived from the stiffness matrix
developed in the case of frictional contact. The isotropic model could not represent the
behaviour of the real case study, as it can be seen in the following table, in which the
results of a finite element analysis, involving both isotropic and orthotropic behaviour,
has been reported.

Tables 5 and 6 show that an elevate stiffness can be recognized in the isotropic case,
so that the maximum displacements in the four load cases examined for the isotropic
behaviour are about 15% of the displacements obtained in the corresponding orthotropic
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(a) Total displacements for earthquake (b) Displacement x-direction for earth-
x-loading (no interventions, orthotropic quake x-loading (no interventions, or-
behaviour) thotropic behaviour)
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(¢) Displacement y-direction for earth- (d) Displacements x-direction for earth-
quake y-loading (no interventions, or- quake x-loading (with grout injections,
thotropic behaviour) orthotropic behaviour)

DMX =.158027
FMX =.156027
0

017336
L034673
.05z0o09
.080345
086682
.104018
.121354
L138601
L156027

000NN NEN

(e) Displacements y-direction for earth-
quake y-loading (with grout injections,
orthotropic behaviour)

Figure 4: Results.

ones. Usually the isotropic models represent the different behaviour according the load
directions only with reference to structural geometry, without considering the influence
of the material geometry.

A similar finite element analysis has been performed and the displacements in the same
four load cases for the orthotropic behaviour have been compared in three different cases:
no interventions, grout injections and connections between the two wythes. This last case
has been considered to evaluate the influence of transversal connections in masonry. In
general, a good quality masonry presents different leaves with transversal connections,
made in general by overlapped stones or long regular stones transversally placed. In the
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Isotropic case Orthotropic case

x-direction-x-loading 0.057 0.390
y-direction-y-loading 0.035 0.201
Absolute x-loading 0.058 0.396
Absolute y-loading 0.037 0.216

Table 5: Maximum displacements in the elastic cases, no interventions (cm).

No interventions Grout injections Steel connections

x-direction-x-loading 0.390 0.267 0.280
y-direction-y-loading 0.201 0.146 0.147
Absolute x-loading 0.396 0.271 0.284
Absolute y-loading 0.216 0.156 0.157

Table 6: Maximum displacements in the intervention cases, orthotropic behaviour (cm).

cases in which the leafs that constitute the wall are not connected, a retrofitting connection
is needed. Traditional interventions involve the placement of transversal stones. Recently
local interventions by means of steel bars have been considered. Due both to the cost and
to the difficulties connected with the insertion of the bars, usually these last interventions
are taken into account if the portion of the masonry wall requiring a retrofit intervention is
limited. The analyses show that the performance of the building subjected to a retrofitting
intervention made with grout injections is comparable with that of a good quality masonry
building.

3 CONCLUSIONS

The geometric and physical-mechanical characterization of the masonry texture is a
key point in the homogenization of historical buildings. The numerical homogenization
analysis can be focused as a standard procedure to identify the fundamental parameter
to correctly model a masonry structure. The outcomes of the proposed approach point
out that the anisotropic analysis is accurately formulated and are strongly influenced by
the modeling parameters. It has also been shown that isotropic analysis provides different
results from the anisotropic one.
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