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Abstract. The Moroccan medina is characterized by clay-brick masonry
edifices, which can be structurally vulnerable because of their limited
seismic resistance. Therefore, some kind of intervention is sought to
improve the structural performance of these traditional buildings. This paper
presents a numerical investigation of the behavior of masonry walls under
gravitational, compressive, and cyclic lateral loads, using an explicit finite
element model following the simplified micro-approach. The numerical
results prove that the shear response can be impacted by stress redistribution
despite the lateral loading being primarily in the vertical di-rection. Thus,
this study is foundational for future studies on seismic vulnerability and
retrofitting of masonry construction.
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1 Introduction

Many places in the world have traditional masonry buildings because they are a legacy of the
past and are often less expensive. In Morocco, they make up a large part of the built
morphology and represent the culture of the area. The Moroccan medina is full of clay brick
masonry buildings, and since they often have very little seismic resistance due to limited
modern reinforcement techniques, renovation is needed to improve the structural integrity of
these historically important buildings. Earthquakes such as the devastating 1960 Agadir
earthquake highlight the systematic need to retrofit unreinforced masonry (URM) buildings
in Morocco [1] [2].

Globally, Many masonry structures around the globe were standing before seismic codes
were even introduced, and this directly increased their susceptibility to seismic loading.
Research has also shown that URM buildings are especially prone to failure [1], even in an
earthquake when they have no means of resisting tensile strength and poor lateral stability
systems, which provide non-destructive approaches and sensitivity of preserving heritage
structures [3][4].
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New innovations in strengthening methods also include advanced materials such as Fiber-
Reinforced Polymers (FRPs) and Fabric-Reinforced Cementitious Matrix (FRCM), which
are increasingly being employed in recognition of their efficient strengthening potential and
preservation of the aesthetics of historic buildings [3] [5] [6] [7]. Additionally, experimental
studies indicate that the application of steel plates can significantly enhance the resistance of
earthen structures to seismic loads and, therefore, it is critical to consider the properties of
clay-brick masonry in the retrofit-ting of earthen structures [8][2].

It is essential to understand the behaviour of clay-brick masonry subjected to different
loads in order to develop sound retrofitting techniques. The use of sophisticated numerical
modelling and analytical methods enables better predictions of the behaviour of masonry
walls while taking into account the inherent variability of the masonry material [8][3]. By
applying those techniques globally, accordingly, there is the potential to enhance the seismic
performance of masonry constructions and at the same time preserve their cultural value.

i
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Fig. 1. failure modes of masonry wall under vertical and horizontal loads (based on [1])

2 Behavior of Masonry Structures Under Forces

Masonry structures have different responses to loads because of the physical proper-ties of
the materials and the ways in which the structures have been built. The performance of
masonry walls responding to seismic forces are based on their general shear capacity and the
flexural capacity of the walls. Experimental studies show that unreinforced masonry (URM)
walls cannot resist shear and typically fail because of low tensile capacity, whereas reinforced
masonry structures can better carry lateral loads, if properly designed [9][1]. Overall, the
incorporation of reinforcements has proven to be successful in improving the resiliency of
masonry under vertical and lateral forces[3]. Understanding the behavior of masonry under
various forces is important to ensure safe and durable structures. However, this becomes
increasingly important in situations where risk exists of failure of masonry, such as with
exposure to seismic loading. Accordingly, it is essential that reliable analysis and modernized
and appropriate design codes are used to provide increased levels of safety when designing
masonry.

3 Seismic Strengthening of Masonry Structures

3.1 Traditional Reinforcement Methods

This section presents traditional techniques of strengthening masonry structures.
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e Tying Elements. This method connects walls and floors to improve structural integrity
during earthquakes by distributing seismic loads to structural elements that form a box-
like response to lateral loads. This method usually consists of connecting masonry walls
and floors using ties in steel or reinforced concrete at the floor level [3][10].

e Mortar Replacement (Repointing). A traditional method fixing damaged mortar. Old
mortar is taken out and replaced with stronger mortar. This technique is only effective
on damage that is limited to joint areas [3].

e Grout Injections. A traditional effective method for stone masonry walls intro-duces
grout into wall voids to create a cohesive structure that performs better un-der seismic
loads [3].

o Concrete Jacketing. A classic method where reinforced concrete sleeves around
masonry added around masonry to ameliorate strength and ductility (see
fig 2)[3][11][12][13][4].

Shotcrete coating

- - _—

Steel mesh

I
|
N
N
I
u
|
|

Anchors for the
shotcrete

Fig. 2. Detail for single-sided concrete jacketing with Anchors (based on [3]).

e Local Reconstruction: Involves removing damaged bricks and mortar and replacing them
with compatible materials to restore wall integrity [3][5][14].

Fig. 3. Before (left) and after (right) a local reconstruction.

o Steel Reinforced Plaster (SRP): An analytical approach to retrofitting masonry
structures, where SRP is applied to enhance performance, addressing the configuration of
connectors and material properties. It involves a plaster layer mixed with steel
reinforcement, typically in the form of grids or meshes. The main components of SRP
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include Cementitious Mortars or Concrete, Steel Reinforcement Grids/Meshes and
Connectors [4].

3.2 Modern Reinforcement Methods
This section presents modern techniques of strengthening masonry structures.

o Fabric-Reinforced Cementitious Matrix (FRCM): This method uses composite
materials for reinforcement (see fig.4), focusing on lightweight and high strength. The
FRCM systems utilize an inorganic matrix instead of an organic one, which enhances
performance in moist and high-temperature conditions. This method involves applying a
mortar matrix reinforced with fibers, which are usually anchored to the masonry substrate
with 4-6 anchors per square meter [3][5].
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Fig. 4. FRCM system with the arrangement of mechanical connectors (front cross-section and side
view) (based on[3])

¢ Fiber-Reinforced Plastic (FRP) Systems: Modern FRP methods are lightweight, quick
to apply (see fig. 5), and combine different fiber types embedded in a polymeric matrix
for efficient strengthening of masonry [5][7][15].
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Fig. 5. Systems of FRP reinforcement applied on masonry walls.

o Centercore Technique: This innovative method involves introducing a reinforced
grouted core into existing walls, significantly enhancing their stiffness and strength
without compromising the structure’s historical integrity [16][17].

4 Choice of Reinforcing Method

Although there are various methods for the strengthening of masonry structures, challenges
remain, particularly with respect of existing building codes and standards, which may not
adequately address the unique properties of masonry [8]. Additionally, retrofitting existing
structures without compromising their historical value continues to be a major concern
among engineers and architects.

Thus, the choice of the most appropriate retrofitting method should should ac-count for
structural requirements, the architectural significance of a structure, environmental factors,
and economic considerations. Advances in material technology and structural modeling are
leading to opportunities for better and less invasive solutions to extend durability and the
resilience of masonry to seismic events [18][4].

5 Numerical Simulation of Masonry Structures

There are multiple modeling techniques available, each focusing on different aspects of the
complex, heterogeneous properties of masonry (see fig.6). One important approach is
detailed micromodeling (DMM), in which individual masonry units and mortar are modeled
as continuum elements with its unique constitutive laws, connected through interface
elements. This technique has proven effective in estimating the in-plane and out-of-plane
response of masonry [19][20][21][22]. Instead, simplified micromodeling (SMM) offers a
more computationally efficient method in which one can average behaviours over larger
scales, and is useful for larger assemblies as highlighted in [23]. Macromodeling is yet
another technique, which is a simplification of masonry representation focusing on whole
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structural response rather than detailed individual component or level of interaction as
discussed in [18] [24]. Moreover, the combination of these methods, such as micromodeling
with multiscale techniques, has shown some potential to enhance accuracy while remaining
efficient, and there-fore has become a common approach in the current literature as noted in
[22]. The variety of modeling techniques highlights the progress in numerical simulation of
masonry, which aids in understanding masonry behavior in extreme conditions and helps
improve design and retrofitting possibilities.
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Fig. 6. (a) detailed Micro-model; (b) simplified Micro-model; (¢) Macro-model (based on [23])

6 Simplified Micromodeling of Masonry Wall Behavior

This paper focuses on modeling a masonry wall that consists of 13 rows of solid clay bricks
with the following dimensions: 230 mm (length) * 76 mm (width) * 110 mm (depth). There
is a mortar thickness of 10 mm that uses a mix of 1:1:6 cement:lime:sand, which permits
practical interaction between masonry units. A rein-forced concrete beam (1200 mm (length)
* 86 mm (width) * 110 mm (depth)) is at the top of the wall, which serves an important
structural function. (see fig.8).

6.1 Cohesive Elements

The joints between the blocks and the mortar are modeled using cohesive elements with zero
thickness (see fig.8). This approach greatly reduces the cost of computation. Thus, it meets
the criteria for frequently being used in numerical studies [16].

Fig. 7. Masonry wall simplified micro-model.

6.2 Material Properties

The definition of material properties is one of the most critical components in representing
the behavior of the wall of the material which experiences various forms of loading. This
study establishes the elastic modulus, Poisson’s ratio, crushing strengths of both brick (the
clay bricks) and mortar based on [23] which are aligned with experimental results in the
literature.
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6.3 Loads Application
In this study, two sequential loading steps were considered:

o Step 1: Involves applying gravity loads to represent the self-weight of the masonry wall
and reinforced concrete beam, in addition to considering an axial vertical load that would
characterize an external axial load.

e Step 2: Introduces horizontal cyclic loading, which represents dynamic effects such as
those induced by seismic activity or repeated service loads.
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Fig. 8. Masonry wall under applied loads.

6.4 Results and Discussions

The numerical results provide a detailed understanding of the behavior of the masonry wall
under sequential loading conditions.

e Von Mises Stress: As illustrated in fig.9, the stress distribution reveals critical areas of
the initiation of failure phenomenon. In the first step of loading, the highest stress
concentrations appear at the lower corners and along the mortar joints. This observation
agrees with the findings of [23], where stress localization in masonry structures was
observed because of joint discontinuities and material heterogeneity. In the second cyclic
loading step, stress redistributions occur, with increased concentrations along diagonal
parts and potential crack paths. This behavior is similar to previous studies on cyclically
loaded masonry walls, where repeated loading generates progression of damage, and leads
to stiffness degradation [23] [25].

Fig. 9. Distribution of the Von Mises stresses during the loading history
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o Displacement and Crack Propagation: Fig. 10 illustrates the displacement of the
structure. It shows a significant accumulation of deformations in the lower left region. The
propagation of large displacements in these areas is accompanied by potential cracking
and localized masonry unit detachment, as observed in experimental cyclic loading tests
[26]. In [27], the diagonal cracking pattern induced by cyclic loading is consistent with
the stress distribution. Stress redistribution results show that the shear response can be
affected by stress redistribution under cyclic loading in the horizontal direction. The effect
of cyclic loading in shear joint separation and subsequent failure is progressive in nature.

Fig. 10. Distribution of the displacements during the loading history

7 Conclusions

This study is a numerical investigation of the behavior of a masonry wall under gravity,
compressive, and cyclic loadings using an explicit finite element model with cohesive
elements. The key findings conducted are summarized as follows:

e The lower corners and vertical regions displayed stress localization indicating an evident
progressive degradation mechanism from cyclic loading, analogous to experimental
observations in [26].

e Cyclic loading significantly directed the pattern of internal stress redistribution, which
ultimately resulted in progressive degradation in stiffness and more rapid crack extension,
coinciding with previous observations in [28].

e Displacement results indicated the early manifestation of cracking and specific unit
separation, which coincided with damage profiles in previous studies on cyclically loaded
masonry walls [1].

e The cyclic loading produced stress concentrations in diagonal areas, close to the lower
edges and along mortar joints, leading to a progressive degradation mechanism rather than
a direct shear failure. Displacement results confirm an accumulation of deformation over
time, which can lead to joint separation and local instabilities, as found in [1].

o The study highlights the need to investigate long-term effects of cyclic loadings, as well
as reinforcement strategies to prevent progressive masonry damage.

Given the limitations of the current model, future works should focus on studying
reiforcement techniques such as FRP strengthening to improve masonry shear resistance [29].
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