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Abstract

The seismic vulnerability of unreinforced masonry structures is a relevant topic as they stand
for one of the most typical building typologies in the world. Despite the effort carried out by
researchers, further experimental campaigns can help to increase the level of knowledge on
the most frequent collapse mechanism and to suggest the most adequate reinforcement tech-
nique for the specific case. In this context, we address here a study on a mixed construction
technique, in particular a type of building with masonry walls and concrete slabs, the so-
called “Placa” buildings. Such buildings are typical of the Lisbon region and were mainly
erected from 1930 to 1960. In this period, there was low awareness about the effects of add-
ing heavy slabs to the global and local behavior of masonry structures. The seismic vulnera-
bility of such structures is high, which is relevant in a medium-high seismic hazard region
such as Lisbon.

An experimental campaign will be performed at the University of Minho. The set-up compris-
es a U-shaped brick wall tested subjected to an out-of-plane load and three tests are planned
to perform: an unreinforced and two (different) reinforced configurations.

In this paper, sensitivity analyses concerning the unreinforced wall are shown. The primary
goal is the identification of the correct set-up that would allow the exploitation of the energy
at the orthogonal connection without leading to undesirable rocking phenomena of the wall.
In such a way, the subsequent application of the reinforcement will have a major role in vul-
nerability reduction.

Keywords: “Placa” buildings, brick walls, out-of-plane, micro-modeling, concrete damage
plasticity.
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1 INTRODUCTION

Masonry structures are one of the most typical building typologies all over the world. Despite
their great efficacy for sustaining gravity loads, they may suffer severe damage when subject-
ed to horizontal loads coming from destructive events like earthquakes [1][2][3]. In recent
years, several efforts were made to reduce the seismic vulnerability of such structures [4][5].
Indeed, not only for historical structures, but also for schools [6], hospitals and palaces that
assume strategic importance during possible emergency management. Many of these build-
ings are relatively recent and can present a mixed technology, in which both masonry brick
walls and reinforced concrete slabs are combined. A remarkable example of such construction
typology is represented by the so-called “Placa” buildings, typical of the urban expansion of
Lisbon in the period from 1930 to 1960.

In the progressive trend of introducing the reinforced concrete as the main structural element,
the “Placa” buildings are characterized by brick walls, which stand as structural elements and
reinforced concrete (RC) slabs. However, such a combination was realized in a period of in-
sufficient awareness of the consequence of adding heavy concrete slabs (if compared to the
timber ones) for the local and overall response of the buildings. Many deficiencies, along with
inadequate construction details, can be typically found in “Placa” buildings, namely: 1) inter-
nal structural irregularities, ii) limited capacity of the vertical elements against shear forces
and bending, iii) a low number of vertical elements, iv) interruption between floor slabs and
masonry walls affecting the rigid diaphragm behavior. All these aspects, combined with the
increase of inertia loads because of concrete slabs, might lead to a marked seismic vulnerabil-
ity, enhanced by the relevant seismic exposition of Lisbon.

An experimental campaign has been planned to investigate the local structural capacity of
such buildings. The primary focus is the investigation of the out-of-plane capacity of the brick
masonry walls that rarely have enough resistance against forces acting perpendicular, causing
local collapse mechanism. Three U-shaped brick walls will be tested by applying a uniform
pressure on the internal side of the wall (as done in [7]). The first configuration (unreinforced
wall) will serve as a reference for the two subsequent reinforced configurations. To get a
damage pattern that resembles what is observed in “Placa” buildings, particular care has been
addressed in the design process of the experimental set-up. Indeed, in order to define the most
effective strengthening solution and provide a fair comparison, the damage should spread
mainly at the connection with the orthogonal walls. For this reason, it is necessary to avoid, or
significantly postpone, any rocking of the U-shaped wall. In such a way, the improvements
ensured by the reinforcement technique will be more noticeable. To this end, this paper sum-
marizes distinct hypotheses for the geometry, load and boundary conditions on the unrein-
forced configuration. Damage patterns and load-displacement curves are presented in order to
provide a comparison of the results.

2  EXPERIMENTAL PLAN: AN OVERVIEW

In this section, the experimental plan is exposed in each step. I will include: i) material char-
acterization tests, ii) test on one scaled unreinforced configuration, iii) test on two different
scaled reinforced configurations. Regarding the firsts, masonry wallets with an English-bond
arrangement (the same as the U-shaped walls) have been built and will be tested according to
the recommendations given in EN 1052-1:1998 [8] and EN 1052-2 [9]. In particular, 3 wallets
will be tested under compression and 3 wallets under diagonal compression in order to define
the in-plane behavior. The out-plane behavior will be investigated by testing 5 wallets under
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horizontal flexural tests and 5 wallets under vertical flexural tests. Along with these tests, a
mechanical characterization of the mortar will be provided.

The geometric configuration of the walls has been defined to represent a typical fagade and
corresponding transversal walls of a ‘Placa’ building. As mentioned, bricks are arranged accord-
ing to an English-bond arrangement with dimensions 250mmx120mmx60mm. The initial geomet-
ric dimensions of the set-up are: 3.24m of facade wall length, walls’ height of 1.40m, transversal
walls’ length of 1.20m and thickness of 0.25m. However, as it will be clearer in the next Sections,
such initial assumption resulted to not be sufficient for avoiding a rocking of all systems. So, a
slight modification of such configuration is later justified.

,,,,,,
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o
Top View 2ayer

Figure 1 Frontal view (top) and top view (bottom) of the planned configuration.

The plan includes two different strengthening solutions are planned to be carried out: i) an an-
chored system between facade and transversal walls; ii) a textile reinforced mortar on the outer
facade eventually coupled with the anchored system. In order to provide a further reference, the
unreinforced wall will be reinforced after the damage and led to the collapse.

3 NUMERICAL STRATEGY: A MICRO-MODELING APPROACH

In the current prediction stage of the experimental campaign, a detailed heterogonous ap-
proach has been picked to reproduce accurately the failure modes. In such an approach, the
bricks and mortar joints are modeled separately with contiguous 3D elements. No interfaces
are interposed between them and the non-linear mechanical properties are exclusively lumped
at the joints, addressing only elastic properties to the bricks (as done in [10—12]). Such simpli-
fication is reasonable as the good mechanical properties of bricks and the weak capacity of the
mortar. Specifically, the mortar intended to be used in the tests is characterized as Mortar$5,
with a compressive strength equal to 5 MPa. All the analyses are carried out in the FE-based
software Abaqus and non-linearities are addressed through the already available constitutive
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model Concrete Damage Plasticity. In such a way, it is possible to input a differential behav-
ior in compression and tension and define a specific softening law. In this predictive stage, a
tensile strength equal to 0.2 MPa has been addressed to the mortar along with fracture energy
of 0.02 N/mm. Regarding the mesh, taking advantage of the symmetry of the setup, a half
wall has been modeled. The average size of the 3D brick elements is around 10-20 mm lead-
ing to an overall number of nodes around 140000.

Figure 2 Model in Abaqus of half wall and mesh detail.

The analyses are carried out by applying a perpendicular uniform pressure on the internal
side of the main wall in order to simulate the load transferred from the airbag that will be used
in the experimentation (same procedure followed in [7]). In this way, the analyses are all per-
formed under load control and the arch-length algorithm is employed for obtaining the soften-
ing response of the structure. Fixed boundary conditions are imposed at the bottom of the wall
where a mortar layer (with the same mechanical properties used for the joints) is posed.

4 NUMERICAL RESPONSE OF THE U-SHAPED URM WALL: PARAMETRIC
ANALYSES

The sensitivity (in terms of geometry, pre-stress level and boundary conditions) numerical anal-
yses that will be shown in the next Sections are applied only at the unreinforced masonry case.
Indeed, the main goal of the present work is the definition of the correct set-up with the view of
applying different strengthening techniques on the same configuration in a subsequent step.

The first parametric analysis concerns the amount of pre-stress that is necessary to impose on
the side walls in order to avoid or postpone any rocking phenomena. In Figure 3a it is provided a
comparison of the load-displacement curves related to different values of the imposed pre-stress.
The control point is picked exactly at the top middle of the wall (red circle in Figure 1). It is im-
portant to highlight that the global loads to which reference is made are related to the half speci-
men. As it is noticeable, the U-shaped wall tested with no pressure on the top of the side walls is
characterized by a marked softening behavior. However, as shown in Figure 3b, such behavior is
associated with a rocking phenomenon that is not desirable. The softening branch is strongly re-
duced at the increase of the pre-stress applied, reaching a plateau when a pre-stress of 100 kPa is
considered. In fact, in Figure 3c, it is possible to appreciate the reduction of the damage at the bot-
tom of the wall. However, its extent is still too clear and further sensitivity analyses are required.
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Figure 3 Load-displacement curves related to the wall in its original configuration by applying different values
of pressure (a); damage configuration of the wall without pre-stress(b); damage configuration of the wall sub-
jected to a pressure of 100 kPa (c).

The next sensitivity analyses are focused on the possibility to impose further constraints. In
Figure 4 it is provided a qualitative overview of the results obtained. In particular, in Figure
4a the back face of the side wall is constrained. This hypothesis can be implemented by em-
bedding the back portion of the lateral wall in U-shaped steel beams (a similar setup can be
found in [13]). In such a way, the rotation of the side walls is prevented and the damage
spread mostly at the connection as required. A similar result can be achieved by imposing a
steel beam above the top back corner of the lateral walls. As it is noticeable in Figure 4b the
damage pattern can be superimposed to the previous case. These strategies are highly efficient
but, on the other hand, the control of the load attained by such constraints might be compli-
cated.

In Figure 4c¢-d it is shown an attempt of modifying the boundary conditions at the base of
the wall. In Figure 4c, the first layer of brick and mortar is furtherly constrained, but in such a
way the rocking trend is only delayed. In Figure 4d, a different hypothesis has been made. In
this case, the central wall is considered only supported at the base (a layer of sand can serve
the purpose) leading to a single curvature bending moment. However, the damage pattern is
concentrated mainly at the connection at the base of the walls
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Figure 4 Boundary condition applied at the back face of the side wall and related damage pattern (a); boundary
condition applied at the top of the side wall and related damage pattern (b); boundary condition applied at the
bottom (fixing two layers of bricks) of the side wall and related damage pattern (c); boundary condition released
at the bottom of the main wall and related damage pattern (d).

(a

From the previous analyses, it seems evident the necessity to change the original geometric
configuration presented in Section 2. So, a parametric analysis is conducted on the length of the
main wall and side walls. These lengths are increased to 25 cm (model “SWL_25cm” that stands
for Side Wall Longer of 25 cm) and to 50 cm (model “SWL_50cm”). The main wall is modified
by adding 80 cm and 120 cm (model “402_SWO”) that stands for the main wall of 402 cm
and the Side Wall Original and model “442 SWO”). Also, a combination of both modifica-
tions is provided in the models “402 SWL 25cm™ and “442 SWL 25cm”. In all the cases a
vertical pre-stress of 20 kPa is imposed.

In Figure 5 the global responses of all the models are reported. It is interesting to notice the
strong enhancement that the extension of the side walls can provide (Fig. 5a). From a compar-
ison of the capacity curves, the outcomes are very similar to the one obtained when a vertical
pre-stress of 100 kPa is imposed. However, comparing the damage pattern (Fig. 6a-b), the
rocking behavior is much less evident. Moreover, no evident differences can be noticed
among the curves related to the models SWL 25cm and SWL_50cm but as shown in Figures
6a and 6b the damage at the base of the side wall is almost absent in this case. This might
have huge relevance when the reinforced configurations will be treated.

Figure 5b provides the results related to the extension of the main wall (also in combina-
tion with an extension of 25 cm of the side walls). It is quite evident how increasing the
length of the side walls is much more effective than extending the longitudinal dimension of
the main wall. Moreover, this strategy would require much more material for the construction
of the walls without leading to further improvements (see the comparison of the damage pat-
tern in Figure 6a and Figure 6¢).
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Figure 5 Load-displacement curves related to the original setup by changing the length of the side walls (a);
Load-displacement curves of the original setup by changing the length of the main and of the side walls.

(a) (b) (©)

Figure 6 Damage pattern of the model SWL 25cm (a); Damage pattern of the model SWL 50cm (b); Damage
pattern of the model 442 SWL 25cm (c¢).

5 CONCLUSIONS

The paper summarizes preliminary analyses conducted on an unreinforced brick masonry wall.
The main scope was the definition of the correct set-up in terms of geometric configuration, the
load applied and boundary conditions for upcoming experimental tests that will be performed at
the facilities of the University of Minho in Guimaraes.

The experimental campaign will focus on the seismic vulnerability and possible strengthening
solutions for building realized with a mixed technology: masonry walls and RC slabs. The so-
called “Placa” buildings are a typical example of such configuration, and particularly vulnerable
as mainly spread in the Lisbon region. In order to resemble this structural typology, a U-shaped
brick wall has been conceived. Several parametric analyses have been carried out to highlight the
parameters that have more influence on both the global behavior and collapse mechanism. The
different proposed scenarios revealed the necessity to adapt the initially planned configuration to
prevent any rocking mechanism of the structure that would be undesirable. In fact, the occurrence
of such a collapse mechanism would prevent the spread of damage at the connection between
transversal walls, which will the point of more interest when defining the strengthening solutions
will be discussed. In the upcoming numerical analyses concerning the reinforced scenarios, the
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composite materials might be added using a detailed micro-modeling [10][14] or through a sim-
plified approach [15]. Whereas, the anchors might be introduced explicitly in the model or
through truss FEs [7] avoiding an increase in the computational demand.
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