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Abstract:

Introduction/purpose:This study evaluates the structural performance of
masonry walls made from recycled plastic bricks under monotonic and
cyclic loading. The purpose was to investigate the feasibility of using
recycled plastic bricks as an alternative for masonry construction, focusing
on their structural viability and potential environmental benefits.

Methods:A simplified micro-modeling approach in Abaqus was employed
to simulate the behavior of these walls. The plastic bricks were represented
with solid elements, while the mortar joints were modeled through cohesive
interactions. The numerical model underwent validation through a mesh
sensitivity analysis and was subjected to vertical compression followed by
horizontal loading.

Results:The findings indicated a reduction in strength compared to
traditional masonry materials. However, the study successfully captured the
structural response and damage evolution of masonry walls under the
specified loading conditions. Despite the reduced strength, the structural




viability of recycled plastic bricks was strongly affirmed, and the behavior
observed under load conditions was particularly informative.
Conclusions:The investigation underscored the potential of plastic
composite bricks in contributing to sustainable building practices. The
outcomes validated the feasibility of incorporating plastic bricks into
construction, highlighting their environmental benefits and sustainable
implications. This study advanced the field of sustainable construction
materials by demonstrating the practical application and benefits of using
recycled plastic bricks.

Key words: finite element analysis, plastic bricks, masonry wall, in-plane
loads, in-plan cyclic loads.

Introduction

Masonry is one of the oldest and most used building materials
throughout the world because of its rich history spreading over hundreds
of years. It has been used widely among various cultures and regions of
the world in construction. Masonry is made up of filled units, like bricks,
stones, or blocks, with mortar. These units, in their turn, can consist of
different materials and possess some mechanical characteristics
(Abdelmegeed, 2015; Lourengo, 1998). This great variety of constituents
is what makes it that masonry becomes heterogeneous in nature; thus, the
properties and contents of the masonry vary (Bucknall, 2020; Ellen
MacArthur Foundation, 2017).

This study answers a clarion call across the globe on the
management of plastic waste, coupled with the demand by the building
and construction industry on materials sustainable to the ecosystem. The
structural performance under cyclic loading is still quite poorly appreciated
in the in-plane, though the potential for applications of recycled plastic is
recognized (Rashid et al, 2019; Ramos Huarachi et al, 2020; Desai, 2018).

The use of plastic bricks made of recycled PET, HDPE, and others is
potentially applicable in masonry structures according to several studies
(Pacheco-Torgal et al, 2018). Certainly, such kind of materials serves the
purpose of waste reduction, rather characterized by qualities like
improvement in thermal insulation and reduction of overall construction
cost. However, the mechanical behavior and the structural integrity when
the masonry structures are built with the help of such sophisticated
materials do remain underexplored areas requiring suitable research
(Lamba et al, 2022).

Composite materials, blending polymeric matrices with ceramic
particles, have seen broad application across industries, leveraging the
strengths of both components (Abdelhak et al, 2018). Another avenue

Moulai Arbi, Y. et al, Evaluating the structural performance of masonry walls incorporating recycled plastic bricks under monotonic and cyclic loading, pp.1306-1344



@VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2024, Vol. 72, Issue 3

explored involves bricks comprising plastics like PET, PP, or HDPE mixed
with sand, clay, or brick powder, with studies varying proportions to
optimize mechanical and thermal properties. For instance, Kurian et al.
experimented with thermocol, plastic, and sand mixtures, observing no
water absorption and achieving a peak compressive strength of 11 N/mm?
with 25% plastic content (Kurian et al, 2016). Similarly, Kulkarni et al.
investigated the compressive strength of HDPE and PP bricks, resulting in
strengths of 11.19 N/mm? for HDPE and 10.02 N/mm? for PP, comparable
to the 10.5 N/mm? strength of first-class conventional bricks (Kulkarni et
al, 2022). Singhal & Netula combined melted PET, LDPE, HDPE, and PP
with stone dust, achieving a water-resistant material boasting a
compressive strength of 5.6 N/mm? (Mahmoudi, 2014, 2015; Singhal &
Netula, 2018).

Youcef et al. examined the reinforcement of brick particles in a PET
matrix. Four unique samples, designated C1, C2, C3, and C4, were
examined as part of the study. PET constituted a different weight
proportion in each sample, ranging from 70%, 65%, 60%, and 55%,
respectively. To test the performance of these samples as reinforced
composites, their mechanical properties were evaluated. The results
showed that compared to the other compositions, the C1 sample produced
better results. Therefore, the analysis and potential applications of the C1
sample will be discussed in more detail in the following sections of this
study (Moulai Arbi et al, 2023).

Recent literature in numerical tests focuses more on understanding
masonry wall behavior under various conditions, spanning experimental
and numerical analysis. Celano et al. (2021) focus on the in-plane
resistance and design formulations, Choudhury et al. (2020) explore
unreinforced masonry components against seismic loads, Radni¢ et al,
(2012) offer a comprehensive numerical model for static and dynamic
analyses. Koocheki & Pietruszczak (2023) innovate with artificial neural
networks for analyzing large structures. However, these studies primarily
focus on traditional materials, and the incorporation of innovative materials
like plastic bricks in numerical simulations remains largely unexplored,
indicating a potential area for future research in enhancing sustainability
and material innovation in masonry construction.

The present numerical study focuses to further explore this avenue
and open a way for exploration to be carried out in the case of plastic bricks
made up of sand and PET (Polyethylene Terephthalate), providing a
different avenue for exploring sustainable materials in construction.

This study helps in deciding the possibility of integrating plastic bricks
made from sand and PET (Moulai Arbi et al, 2023), into the masonry wall




using computer software (Abaqus/CAE) (Dassault Systems, The
3DEXPERIENCE platform, 2017) to create a 3D computer model of the
masonry wall using plastic bricks instead of the conventional masonry unit.
To confirm accuracy, this model is compared to a previous numerical
model (Abdulla et al, 2017) and an experimental model (Mojsilovi¢ et al,
2009). Python is an open-source programming language used in Abaqus
products for customization and scripting (Van Rossum, 1995).

Numerical modeling approaches

Several numerical modeling methods have been developed to
simulate the behavior of masonry in both linear and nonlinear states. The
most common are the discrete element method (DEM) (Rafiee & Vinches,
2013), the limit analysis (Roca et al, 2010), the applied element method
(AEM) (Pandey & Meguro, 2004), and the finite element method (FEM)
(Zhai et al, 2017). As it has been mentioned, the numerical model is based
on the finite element method and implemented in the Abaqus software,
used within the presented work.

The approaches used in masonry by the finite element method
generally fall into two categories: micro-modeling and macro-modeling
(Abdulla et al, 2017). It chooses the appropriate one depending on the
level of accuracy and complexity that is sought. To the extent that the
micro-modeling technique is done in detail, the simulation has individual
units and mortar as continuous, interfacing with discontinuous elements
between units and mortar.

While the detailed micro model in Figure 1a predicts accurate results,
the computational requirements limit its use to relatively small masonry
components (Petracca et al, 2017). This seeks to decrease some of the
pitfalls involved in much more complicated and comprehensive micro-
methodologies by adopting a simple and manageable micro-modeling
strategy, as presented in Figure 1(b).

In the macro-modelling technique, masonry is modelled as a
homogeneous material; see Figure 1(c), without separating individual
pieces and mortar. The material attributes are generated with the
characteristics of the averaged masonry constituents by a series of
continuous elements defining a masonry construction in its entirety
(Lourengo, 2002). It is intended to solve somewhat larger and more
complicated brick structures, focusing generally on behavior but may not
be able to capture detailed failure modes.
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Figure 1 — Finite element modeling approaches (a) micro-detailed model (b) simplified
micro-model (c) macro model (Koocheki & Pietruszczak, 2023)

Engineers can safely simulate potentially dangerous or destructive
loads and failure scenarios using the finite element analysis (FEA)
(Dassault Systems, The 3BDEXPERIENCE platform, 2017), allowing them
to understand how a system behaves physically at any given time.

It has several advantages, including increased accuracy by examining
all potential physical constraints that could affect the design and designers'
ability to assess how stresses in one component affect materials in other
related parts, leading to better design quality. Early testing during the
development phase, where virtual prototypes replace the lengthy and
costly process of physical prototyping allows designers to quickly model
multiple ideas and materials. The FEA software facilitates the construction
of higher-quality products in faster design cycles and with reduced material
usage, increasing productivity and revenue. Modeling the interior and
exterior of the design will provide more in-depth information about
important design factors. This helps designers understand how key
elements affect the overall structure and locate potential weak points.
Models are efficiently used as one single model can be used to test
multiple physical events or failure types. Calculations are fast and initial
investment cost low. There is an access to previously collected
experimental data that can be used to perform parametric analysis on new
models based on previously tested models (Magomedov & Sebaeva,
2020).

It is important to consider the choice of bond pattern when creating a
masonry wall model. The stretcher bond, English bond, Flemish bond, and
header bond are four distinct bond patterns that need to be considered
(see Figure 2). Rows of headers are arranged in header bond with a half-
brick offset. Similar to header bond, stretcher bond uses stretchers instead
of headers, with the joints in each row centered on a half-brick above and
below. By alternating rows of stretchers and headers, where the joints




between the stretchers align with the headers of the lower row, English
bond is achieved. In contrast, Flemish bond alternates the arrangement of
stretchers and headers in each row, with the stretchers in each row
centered on the headers of the lower row, giving the bond a distinctive
appearance (Debnath et al, 2023).

In this simulation, the stretcher bond serves as the reference point, as
indicated in reference (Abdulla et al, 2017).

Figure 2 — Masonry bonds, (a) Stretcher bond, (b) Header bond, (c) English bond, (d)
Flemish bond (Abdulla et al, 2017)

Five basic types of failure in masonry are represented in Figure 3. The
first failure, as shown in Figure 3.a, is considered primarily as a tensile
failure, while the second failure is considered a sliding failure by shear, as
shown in Figure 3.b. Failure involves shear and diagonal cracking in Figure
3.c, besides masonry crushing failure. Last is the failure marked with
cracks, as shown in Figure 3.e. This section focuses on how the
computational model was undertaken, providing much detail on how to
model the mortar between the two bricks precisely. The model
performance is compared with earlier computations and experimental
studies reported in the literature for comparison of the present results with
those published (Debnath et al, 2023).

~__

(@) (b) ©
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Figure 3 — Failure mechanisms a) tensile failure at the brick-mortar interface, b) shear
failure by sliding at the brick-mortar interface, c) diagonal cracking of masonry, d)
masonry crushing, and e) tensile cracking between the brick and mortar (Lourengo &
Rots, 1997; Sarhosis & Lemos, 2018; Sarhosis et al, 2015)
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Methodology description

A simplified micro-modeling technique is used in this study to
approximate the three-dimensional responses of masonry specimens.
These specimens undergo cyclic loading in the plane controlled by
displacement as well as uniaxial compression. Both uniaxial and cyclic
tests use displacement in the horizontal direction. Using the finite element
modeling (FEM) analysis, the model is constructed in the commercial
software Abaqus using solids and interaction surfaces. An application of
the damaged plasticity (CDP) concrete model is performed to represent
the behavior of masonry components. This model created with Abaqus is
capable of reproducing plastic bricks and other quasi-brittle materials,
such as the plastic bricks used in this case (Dassault Systems, The
3DEXPERIENCE platform, 2017). Using a surface-based cohesive
property, the mortar and the interface between the mortar and masonry
units are modeled. This interaction model allows for expressing cohesive
connections with thin interfaces (Nela & Grajcevci, 2019).

The modeling approach employed 8-node linear brick (C3D8R)
elements to represent the mortar unit, facilitating the capture of complex
behaviors within the bricks. Cohesive elements (COH3D8) were utilized to
model mortar layers and interfaces, enabling detailed analysis of
delamination and crack propagation at brick-mortar joints. Plastic bricks
were initially modeled using a linear elastic material model, transitioning to
a damage plasticity model to account for post-yield behavior and plastic
material characteristics. Similarly, the mortar was described with a
damage plasticity model calibrated for its relatively brittle failure and lower
tensile strength. Boundary conditions involved support at the base in all
directions, with vertical pre-compression loads applied first to simulate
self-weight and overhead loads, followed by lateral in-plane loads or cyclic
lateral displacements to mimic seismic or wind forces. This sequential
loading approach, starting with vertical pre-compression followed by lateral
loading, reflects realistic loading conditions and facilitates accurate
predictions of stress distribution and failure modes in masonry walls.

Cohesive surface based model for joints

Mathematically, this interaction is encapsulated by an elastic stiffness
matrix denoted by "K". This matrix serves as a crucial representation,
articulating the linkage between the tensile forces, represented by "t", and
the separation vectors, denoted by "§". The elements within the stiffness
matrix "K" are meticulously defined to govern the said relationship, thereby
facilitating a precise correlation between the tensile forces exerted and the




resultant vectorial separations. This relationship is succinctly delineated
through Equation (1).

Furthermore, the stiffness matrix "K" embodies a pivotal role in the
predictive modeling of joint behavior under various loading conditions,
offering insights into the mechanical integrity and the failure mechanisms
of the joints in question. By delineating the parameters within the matrix
"K", researchers and engineers are enabled to simulate and evaluate the
structural response of the cohesive interfaces under scrutiny, thus
providing a robust framework for the assessment and optimization of
material and joint performance within a myriad of engineering applications.

o (ty) [Kem O 07
t={ts}= 0 Kes 0= K& (1)

In Equation (1), the terminologies "n", "s", and "t" delineate the normal
and shear orientations across the two principal axes. The notation utilizes
a single overbar to signify vectors, whereas a double overbar denotes
matrices. The stiffness parameters can be articulated through the elastic
or shear moduli pertaining to the individual elements and the dimension of
the mortar layer, as elucidated in Equations (2) and (3), following the work
of Lourenco (1998). Within these equations, "m" and "u" serve to identify
the mortar and the unit, correspondingly.

EyEm
I @
o GyGy
KSS - Ktt - hm(Gu _ Gm) (3)

The quadratic stress criterion is useful for the initiation and
progression of damage as it indicates the onset of joint degradation,
particularly under mixed mode loading. When the quadratic stress ratios
of masonry joints reach a value of 1, this condition is considered fulfilled.
Equation (4) in Abaqus illustrates the mathematical formulation of this
criterion (Abdulla et al, 2017).

(tn) g ts 2 tt 2_
(i) + () (=) - @
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In this study, the critical shear stress for joints is regulated by the
Mohr-Coulomb failure criteria, and the tensile strength of the joints
determines if they undergo tensile cracking.

There are two popular methods for monitoring damage progression:
one based on energy and the other on separation. The Benzeggagh-
Kenane (BK) formulation is specifically used in the energy-based approach
of this study for damage evolution. Equation (5) provides more information
on this BK formulation and how it is implemented in Abaqus.

Gshear L
Gyc + (Gyc — Gyo) ( Gy ) = Grc (9)

The parameter known as the Exponent, denoted by 7, delineates the
behavior of the joint, with a value of 2 signifying a brittle characteristic. In
essence, an elevated value of n indicates a heightened fragility of the
assembly, elevating its vulnerability to abrupt and significant failure.

The energies associated with distinct failure mechanisms within the
joints are categorized as Gshear and GT. Gshear amalgamates the
energies pertinent to mode Il (out-of-plane shear) and mode Il (in-plane
shear) failure modes of the joint. Concurrently, the energy associated with
mode | (tensile) failure mode is integrated with Gshear to constitute GT.
These parameters are instrumental in elucidating the joint's response
under diverse loading conditions.

lllustrated in Figure 4 is the cohesive behavior of the joints, effectively
showcasing the varied reactions of the joint under different loading
scenarios and the influence of parameters such as n, Gshear, and GT on
such behavior.

Regarding stiffness degradation, it is observed in structural
simulations that the stiffness of elements tends to diminish in response to
damage or fracture, potentially leading to convergence challenges within
the simulation. Convergence is achieved when an analysis yields a stable
solution. However, pronounced stiffness degradation may complicate the
convergence process, thereby introducing numerical difficulties in the
simulation (Nela & Grajgevci, 2019).
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Figure 4 — Traction-separation model for joints (Abdelhak et al, 2018)

Compressive behavior

The Concrete Damage Plasticity (CDP) model uses stress-strain data
for compression to characterize the material behavior under compressive
pressures. The elastic strain (€o.®), which represents the strain in the
undamaged material (according to Equation 6), is subtracted from the total
strain (E€:) to determine the crushing strain. The model can simulate a
reduction in stiffness to represent the material's response when subjected
to compression and eventually reaching the crushing point by including a
compression damage parameter (dc).

£ = & - 28k (6)

where £§, = ¢,

0
a damage parameter that, under compression conditions, varies from 0
(indicating no weakening) to 1 (indicating total weakening or failure).

Based on the relationship shown in Equation (7), Abaqus software handles

this by automatically translating inelastic strain into plastic strain (efl).

Here, "c" specifically represents compression. This procedure explains the
degree of damage that the material undergoes and explains how it
plastically reacts to compression.

dc O

1
‘ (1 - dc)E_O (7)

— ¢in
& =& —
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Tensile behavior

The Concrete Damage Plasticity (CDP) technique uses a softening
curve to represent the tensile behavior. This curve illustrates how a
material reacts to failure or cracking. In CDP, the deterioration of the elastic
modulus (Eo) of the material is what causes this post-failure behavior.

This post-failure behavior is the result of the relationship between the
post-failure stress and the crack strain (££*). According to Equation (8), the
crack strain is determined as the difference between the elastic strain (i
and the total strain (&), where the elastic strain (§!) reflects the strain in
the undamaged material.

The model takes into account the decrease in stiffness that occurs
when the material starts to crack under stress by including a tension
damage parameter (dt). The tension damage parameter ranges from 0
(indicating no loss of strength) to 1 (indicating total loss of strength or
failure). This feature helps us understand how the material reacts to
tension while considering the degree of damage it has undergone.

et = e - el ®)

where &8, = 0/E,.

However, another method of modeling tensile behavior uses fracture
energy (Gi) to describe the decrease in strength after cracking (as seen in
Figure 5). Based on the provided fracture energy data, there is a linear
loss of strength in this model upon fracture. The fracture energy and the
tensile strength (ot) of the material are used to calculate the crack
displacement (uw), which indicates the point where the material completely
loses its strength. The subscript "t" specifically refers to tension in this
case.

at.
aw

Uy = 2G, /0y

\
\

9

t i
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Figure 5 — Post-failure fracture energy curve (Abdelhak et al, 2018)




The effective stress concept in the CDP model relates the actual
stress o to the effective stress & through ¢ = (1 — d)& where d is dc or dt.
The stress-strain relationship for the damaged material is given by o =
(1 -d)E(e —¢,), with E as the undamaged Young's modulus, € as the
total strain, and ¢, as the plastic strain. The evolution of dc and dt can be

defined as functions of equivalent plastic strains, €5, and €, , respectively,

often calibrated with experimental data, where €, = %(1 —d.) and €, =

%(1 — d;). These relationships illustrate how damage evolves and
influences the structural integrity under various loading conditions.

Masonry wall model

The units interact both linearly and nonlinearly considered in this
three-dimensional finite element micromodel developed. For this, a
consistent strategy based on surface modeling was adopted that would
model how the joints were interacting. Discretizing nodes into surfaces and
with a finite sliding formulation defined contacts between the neighboring
masonry blocks. In the present model, specifically, the behavior of hard
contact was implemented, wherein the pressure was transmitted between
the surfaces in contact with each other in such a way that there is no
penetration of tensile stress and transmission of tensile stress through the
contacting surfaces. This resembles quite closely the behavior of the
masonry unit surfaces in practice. They tested the validity of the proposed
model by comparing its results to the experiments presented by (Mojsilovi¢
et al, 2009).

The tests were, therefore, carried out to evaluate the masonry
behavior under in-plane cyclic loading (in in-seismic loading conditions)
and in-plane monotonic loads. The tested walls had a nominal thickness
of 110 mm, a length of 1200 mm, and a height of 1200 mm (see Figure 6).
The walls were made of plastic bricks with the following dimensions:
length: 230mm, height: 76mm, and thickness: 110mm. The mortar joints
had a thickness of 10 mm, and the cement, lime, and sand were mixed in
a ratio of 1:1:6. There were a total of 14 rows of bricks, with 5 bricks per
row, arranged in a common bond pattern in each wall.

In our study, the scale ratio used for the test specimens is 1:1,
meaning that the models are full-scale. The choice of full-scale specimens
ensures that the results are directly applicable to real-world scenarios,
providing a more accurate representation of the behavior and performance
of masonry structures under various loading conditions. Utilizing full-scale
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specimens eliminates the need to account for scaling effects, which can
introduce additional variables and potential inaccuracies in the analysis.

\

76mm|

1200 mm

. —— 1200 m/

Figure 6 — Numerical model of the masonry wall.

Properties

In this illustration, the response of the wall to seismic conditions and
in-plane loads reproduced above is modeled using Abaqus software, as
described earlier. It had simplified brick micro-modeling assembling
techniques with the mortar taken as an interaction parameter. Both
cohesive behavior and damage behavior are included in these interaction
characteristics.

Table 1 shows the properties of the plastic bricks. The designed
geometric shapes for the plastic bricks were done in the 3D modeling
environment. The bricks were represented as solid objects in order to best
represent the characteristics of the designed objects. It can be obtained
from the table that the characteristics of the plastic bricks are 1660
kg/m3for density, 2771 MPa for Young's modulus, and 0.3 for Poisson's
ratio (Moulai Arbi et al, 2023).

Table 1 — Properties of the plastic bricks (Moulai Arbi et al, 2023)

Density (kg/m?3) Young's modulus (MPa) Poisson's ratio
1660 2771 0.3




In this study, the Drucker-Prager model describes the plasticity
characteristics found on the mechanical menu. In the same menu, more
specifically in the plasticity zone, was the Drucker-Prager model. The
model is designed with a friction angle of 36 degrees, a flow stress ratio of
1, and a dilation angle of 11.3 degrees, as shown in Table 2. It also
hardens at 14.18 MPa on Drucker-Prager F. et al. (Abdulla et al, 2017)
identified mortar properties, which are presented in Tables 2 and 3.

Table 2 — Properties of Drucker-Prager (Abdulla et al, 2017)

Friction angle (B) Flow stress ratio (R) Dilation angle (y)
36 1 11.3

The described construction technique delineates a masonry wall
comprising 14 rows of bricks. This approach eschews the portrayal of
mortar as an independent entity, opting instead for a detailed crafting and
assembly of each brick. Within the Abaqus software framework, the
attributes of the mortar find their representation through interaction
properties.

The mechanical menu's normal behavior category specifies a friction
coefficient (u) of 0.75 (Raijmakers, 1992). Furthermore, the model
incorporates cohesive behavior, encompassing the parameters Knn, Kit,
and Kss as delineated in Table 3. These parameters, Knn for the normal
direction stiffness, Kss for the shear direction stiffness, and Kit for the
secondary shear direction stiffness, collectively articulate the stiffness
properties of the mortar.

Table 3 — Joint interface properties (Abdulla et al, 2017)

Knn (n/mm3) Kss (n/mm?) Kitt (n/mm3)
63 25 25

Table 4 outlines the parameters for mechanical behavior, selecting
the tension damage option and assigning it a threshold of 0.2 MPa, as
detailed in the literature (Abdulla et al, 2017). The chosen framework for
damage analysis is the Benzagagh-Kenan model, with a specified value
of 2 signifying a tendency towards brittle characteristics, in accordance
with the findings in (Benzeggagh & Kenane, 1996).

For the first and second shear modes, the designated rupture energy
is 0.04 N/mm (Lourengo, 2002), whereas the energy for normal rupture is
established at 0.012 N/mm (Angelillo et al, 2014).
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Table 4 — Properties of the masonry wall (Abdulla et al, 2017).

Friction coef Tension tymax B-K Gic (N/mm) Giic (N/mm)
(M) (MPa)
0.75 0.2 2 0.012 0.04

In the Concrete Damage Plasticity (CDP) model used in Abaqus, the
parameters w, and w; are dimensionless factors representing the
reduction in stiffness due to damage under compressive and tensile
loading, respectively. Specifically, w, is typically set to 0.9 and w; to 0.7,
indicating that the stiffness in compression and tension is reduced by 10%
and 30% respectively when the material is fully damaged. These
parameters are integrated into the model through effective stress
relationships: ¢ = (1 — d. w,)&, for compression and o = (1 — d. w; )&, for
tension, where &, and &, are the effective stresses. The damage
parameters d. and d; evolve based on equivalent plastic strains, reflecting
the material's degradation and ensuring accurate simulation of cyclic
loading behavior.

Meshing module

Meshing, a pivotal step in the finite element analysis, entails the
subdivision of a structure into myriad diminutive elements. These elements
are individually computed, and aggregating their computational outcomes
yields the structure's final analysis result.

This analytical process bifurcates into three principal segments: pre-
processing, processing, and post-processing. During pre-processing,
based on the chosen analytical framework, be it modal analysis or
structural static analysis, the requisite element type is determined. This
stage involves the establishment of nodes, allocation of material
properties, application of boundary conditions and loads, and the
fabrication of elements by linking them with nodes (Kumar, 2022).

The processing phase unfolds within the computational domain,
where the software undertakes the resolution of the boundary value
problem, subsequently presenting the results for user review.

In the post-processing phase, the analyst evaluates the derived
results, focusing on metrics such as temperature variations,
displacements, durations, stresses, strains, and natural frequencies
(Magomedov & Sebaeva, 2020).

A mesh sensitivity investigation was conducted to ascertain the
optimal mesh size for an accurate stress analysis in a masonry wall
subjected to numerical evaluation. The initial analysis utilized a mesh




configuration of 7 X 2 X 3 elements per masonry unit, mirroring the unit's
dimensions of 110 mm in thickness, 76 mm in height, and 230 mm in
length, as depicted in Figure 7a. The subsequent analysis increased the
mesh density by employing a 7 X 4 X 3 element arrangement for each unit,
effectively augmenting the element count, as illustrated in Figure 7b. The
final phase of the analysis quadrupled the element number from the initial
setup by adopting a 7 X 4 X 6 element scheme for each unit, as shown in
Figure 7c (Abdulla et al, 2017).

a b [

Figure 7 — Mesh sizes used in masonry units.

In the mesh module depiction of the complete masonry wall assembly,
as showcased in Figure 8, the configuration with a 7 X 2 X 3 elements
mesh comprises a total of 8,136 nodes and 3,600 elements. This detailed
representation underscores the intricate network of computational points
and structural components that constitute the analytical model of the wall.

Figure 8 — Comprehensive Mesh Structure of a Masonry Wall Model: 7 X 2 X 3 Element
Configuration
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Figure 9 reveals that across all tested scenarios, the outcomes
regarding failure modes and the elastic and plastic behaviors remained
consistent. This analysis underscores the minimal sensitivity of the
proposed model to variations in mesh granularity. Consequently, the
adoption of coarser mesh configurations is feasible, offering the benefit of
substantially decreased computational demands.

The computational time associated with each mesh configuration was
a paramount consideration, given the extensive nature of our simulations.
The finest mesh (7X4X6 elements) needed 110 minutes, which was the
highest computational investment. On the other hand, the intermediate
mesh (7X4X3 elements) required 80 minutes, and the Ilowest
computational investment of 50 minutes was for the coarsest mesh
(7X2X3 elements).

Rationale for mesh selection

The decision to opt for the coarsest mesh configuration (7X2X3
elements) was based on key findings from the sensitivity analysis. The
results showed comparable accuracy across mesh densities, indicating
that finer meshing would not significantly improve accuracy. Additionally,
the coarsest mesh offered significant computational efficiency, with a
reduction in computational time from 110 to 50 minutes, facilitating wider
model utilization for large-scale parametric studies without proportional
increases in computing resources.

This configuration struck an optimal balance between computational
manageability and detail, ensuring sufficient capture of nuanced structural
behavior, including crack initiation and propagation, critical for assessing
wall strength under various loading conditions.

The applied actions, whether load or displacement, to the model
during the numerical analysis were made successively. This indicates that
the applied actions were actually gradually imposed actions on the model,
as it may relate to the load or the displacement control.
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Figure 9 — Comparison between different mesh sizes.

Loads

Figure (10) shows a schematic of the experimental setup carried out
in the investigation of the performance of masonry walls under horizontal
cyclic loads in structural engineering. The test specimen itself, usually a
masonry wall built from individual bricks or blocks, is at the heart of this
system. The latter then serves to carry out a simulation of the real-life
stresses, from which the wall might suffer during its service life. An
actuator, a high-end device used to apply controlled loads or
displacements, applies horizontal forces.

This actuator can apply the required load with not only the static, but
also dynamic and cyclic loads that can be produced by environmental
conditions, such as earthquakes or wind. Sensing devices are placed at
strategic points on the wall and the actuator for measuring response to the
loads. These sensors may be strain gauges, displacement transducers, or
load cells to get real-time information of the recorded stresses, strains, and
deformations at the wall.

The numerical work attempts to replicate the conditions of loading
imposed on the masonry wall with realism inside the simulated
environment. From the corresponding physical tests, the horizontal and
cyclic loads are applied on the walls of masonry having the same
characteristics (Rezapour et al, 2021).
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Figure 10 — Experimental masonry wall under loads

In-plane loading

The wall received a controlled vertical compressive load from the top
of the beam. After setting the compressive load, it restricted the upper
beam's vertical movement. Subsequently, it applied a gradual and
monotonic horizontal load to the wall through the upper beam (Figure 11).

Executed in two stages, the numerical analysis first introduced the
initial vertical compression load. The second phase proceeded under the
identical boundary conditions as the experiment, but it added restrictions
to prevent out-of-plane vertical and horizontal displacements and rotations
at the top of the wall around all axes. Throughout this phase, the approach
maintained the vertical compressive stress while incrementally applying
the horizontal load in the plane under displacement control (Abdulla et al,
2017).

Horizontal force Vertical stress

]

Figure 11 — Brick wall with loading in the plane




In-plane cyclic loading

In the numerical simulation detailed in Figure 12, the wall was
subjected to a sequence of loading phases, beginning with a vertical
compression load applied from the top, whereupon the vertical movement
of the upper beam was restricted. This initial stage, termed the pre-
compression phase, involved maintaining a constant vertical stress before
transitioning to the second stage. During this subsequent phase, the wall,
now stabilized under displacement control, was subjected to progressive
cyclic horizontal loads within the plane. This methodology encapsulates a
comprehensive approach to evaluating the structural response of the wall
under varying load conditions, thereby enabling a detailed analysis of its
behavior in a controlled numerical environment (Abdulla et al, 2017).

In-plane cyclic load Vertical stress

4 efa

Rl

Figure 12 — Masonry wall subjected to cyclic loading in the plane

The study encompassed 19 loading cycles on a specifically selected
wall, which had been subjected to an initial vertical stress of 0.7 MPa.
Figure 13 illustrates the detailed load distribution patterns exerted on the
wall top. This wall, uniquely identified within the experimental setup as A3-
1, stood as the focal point of our investigation, offering insights into the
stress response and structural behavior under the applied loading
conditions (Magomedov & Sebaeva, 2020).

Data points (x, y) were collected using OriginLab (2020) and
subsequently imported into Abaqus for analysis. These data, derived from
cyclic loading experiments, are compiled and presented in Table 5. It
displays the outcomes and patterns observed from the loading cycles.
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Figure 13 — Displacement loading history (Magomedov & Sebaeva, 2020)
Results

In-plane loading

The graph in Figure 14 presents a comparison of the numerical results
between two types of masonry walls: one constructed with plastic bricks
and another from a study by (Abdulla et al, 2017), which presumably uses
traditional masonry materials.

As the horizontal displacement increases, both lines show an initial
steep incline, indicating that the load capacity increases with displacement
up to a certain point. This portion of the curve represents the elastic
behavior of the materials where the deformation is proportional to the load
and is recoverable.

However, as the displacement continues to increase, both lines
plateau and exhibit peaks, representing the maximum load capacity of the
walls. Beyond these peaks, the lines fluctuate and generally trend
downwards, indicative of the walls experiencing damage and undergoing
inelastic deformation, where the bricks are likely to have yielded or the
mortar have cracked, leading to a decrease in load capacity.

The results showed consistency and good agreement in terms of
failure modes. It is interesting to note that the masonry wall constructed
from plastic bricks has a lower horizontal load capacity compared to the
masonry wall developed by Kurdo F. et al. For example, in Kurdo F. et al.'s
study, the maximum load for the masonry wall was 55.40 kilonewtons
(KN), while the maximum load observed for the masonry wall using plastic
bricks reached 39.10 KN (Abdulla et al, 2017).
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Figure 14 — Horizontal load-displacement comparison

Table 5 represents a quantitative summary of the horizontal load
capacities for the two numerical models of masonry walls subjected to
incremental horizontal displacements.

Table 5 — Numerical data of the wall under in-plane loading

Horizontal 0|05 1 1.5 2 2.5 3 3.5 4
displacem
ent (mm)
Horizont | Plastic 0|212 | 298 |31.8 | 349 | 36.3 | 36.6 | 30.8 | 32.1
al loads | bricks 7 2 6 4 0 7 4 9
(Kn) (Abdullaet | 0| 27.7 | 428 | 462 | 493 | 52.7 | 55.4 | 37.3 | 43.1
al, 2017) 5 1 4 3 5 0 5 5

Figure 15 depicts a comparison between the experimental results of
a traditional masonry wall and the numerical simulations for plastic bricks
walls, examining their behavior under horizontal loading (Vargas et al,
2023). The numerical simulation closely mirrors the trend exhibited by the
experimental results, demonstrating good agreement in terms of the
overall shape and peak values of the load-displacement curve. Initially,
both lines ascend steeply, indicating a linear increase in load with
displacement, characteristic of the elastic behavior of the wall where
deformation is recoverable upon load removal. As displacement continues,
both curves reach a peak point. The convergence of the two curves
validates the numerical model, confirming that it is a reliable predictor of
the experimental wall's behavior (Raijmakers, 1992).
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Figure 15— Comparison between the numerical and experimental results

Table 6 presents a comparative analysis of the load capacities
between a numerically modeled plastic brick masonry wall and an
experimentally tested wall composed of traditional bricks across a range
of horizontal displacements. The table reveals that at every displacement
point, the traditional brick wall exhibits a superior load capacity compared
to the plastic brick wall, with a pronounced difference at the peak load point
52.93 kN for the traditional brick wall versus 36.30 kN for the plastic brick
wall at 2.5 mm displacement.

This comparison highlights the divergence in structural performance
between the two materials, emphasizing the higher load-bearing efficiency
of traditional bricks over their plastic counterparts.

Table 6 — Data results of the numerical and experimental work

Horizontal 0|05 1 15 2 2.5 3 3.5 4
displacem
ent (mm)
Horizont | Plastic 0212 | 298 | 318 | 349 | 36.3 | 36.6 | 30.8 | 32.1
al loads | bricks 7 2 6 4 0 7 4 9
(Kn) Experimen | 0 | 33.5 | 475 | 494 | 513 | 52.9 | 49.1 | 46.8 | 43.7
tal results 1 3 2 6 3 4 9 0




The disparity in load capacity between the plastic brick masonry wall
and a traditional masonry wall can be attributed to distinct material
properties and the interaction between components within the wall system.

Plastic bricks generally exhibit a lower modulus of elasticity compared
to traditional masonry materials, which contributes to a reduced capacity
to withstand loads before deforming. The compressive strength of plastic
bricks also tends to be less than that of traditional bricks, leading to a
decrease in overall load-bearing capability (D’Altri et al, 2020). The
bonding between plastic bricks and mortar is typically weaker than that of
traditional brick-and-mortar joints, which can result in a lower horizontal
load capacity for walls constructed with plastic bricks. Unlike traditional
masonry materials, which are often brittle, plastic materials are more
ductile, meaning they can undergo more extensive deformation under
load, a characteristic that can lower the peak load capacity of a wall due
to the material yielding at lower stress levels.

In Figure 16, "STATUSXFEM" represents the extent of fracturing
within the individual elements of the masonry wall model. A full fracture
within an element is indicated by a status value of 1, while a status of 0
signifies an absence of cracking. The values falling between 0 and 1
denote varying degrees of partial element fractures. The inception of
tensile fractures was noted at the base of the wall as the loading
commenced, which precipitated the compression and subsequent buckling
of the wall lower regions. This sequence of stress response gave rise to
diagonal fracturing that propagated between the blocks, leading to further
cracking within the blocks themselves.

The depicted diagonal crack pattern corresponds to one of the
observed failure modes in experimental settings, known as diagonal
failure, which is a common mode of failure in masonry structures subjected
to lateral forces (Ponte et al, 2019). Additionally, the analysis revealed both
vertical and horizontal slippage occurring among the plastic brick units,
contributing to the overall degradation of the wall structural integrity under
stress (Ghiassi et al, 2012; Zhang et al, 2023).
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Figure 16 — Failure pattern of the masonry wall

In-plane cyclic loading

Cyclic loading graphs are instrumental in analyzing the dynamic
response of structures, such as walls, during seismic events (Xia et al,
2024). The graph in Figure 17 representing force over time is derived from
the numerical simulation of the plastic brick wall that subject a masonry
wall to cyclical loading, mimicking the push-pull effects encountered during
an earthquake. It charts the force exerted on the wall, measured in
exponential units, as it oscillates over time.

By synthesizing data from the displacement loading history in Figure
12 and data from force loading history in Figure 16, a hysteresis loop can
be constructed (Krtini¢ et al, 2023), which is a powerful tool for visualizing
the energy dissipation and the cyclic stiffness degradation of the wall under
seismic loading (Figure 17).

A hysteresis loop graph exhibits the relationship between load and
displacement for each cycle, highlighting the wall energy dissipation
capacity, an essential factor in seismic design. This capacity is crucial for
quantifying how a structure absorbs and releases energy, which directly
impacts its ability to withstand and recover from earthquake-induced
stresses. The required computational time for the masonry wall under
cyclic load is 130min.
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Figure 17 — Force loading history

The hysteresis graphs in Figure 18 provide a side-by-side evaluation
of the experimental and computational responses of a masonry wall
subjected to cyclic loading. In the comparison, it is noteworthy that the
experimental model withstood a higher peak for horizontal force, reaching
45.53 kilonewtons (kN), in contrast to the numerical model, which peaked
at 34.20 kN.

This discrepancy suggests that the numerical model predicted an
earlier onset of horizontal slides along the lower course of the masonry
units. The predominant failure mechanism in the simulation was horizontal
cracking along the lower mortar joints. Furthermore, vertical slippage was
a prominent feature at the base of the wall in the simulation data(Rahim et
al, 2024).

The sequence from A to D in Figure 19 illustrates the escalating stress
response of a masonry wall subjected to cyclic loading, as depicted by the
von Mises stress distribution. The panel A shows initial stress at the wall
base. As the cyclic loading progresses, the panels B and C reveal a
significant increase in stress towards the center, signaling higher stress
levels likely leading to material deformation. The panel D exhibits the
culmination of stress throughout the wall, with the most intense stress (red
areas) indicating failure.
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Figure 18 — Comparison between numerical and experimental cyclic loading in the plane.
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Figure 19 — Stress response of the masonry wall under cyclic loading
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The four panels, labeled A to D, in Figure 20 depict the displacement
progression of a masonry wall subjected to cyclic loading, revealing the
deformation pattern and identifying the areas where sliding occurs
between the brick units. The panel A starts with minimal displacement, and
as the panels progress to D, there is a significant increase in displacement
magnitude, especially evident in the lower sections of the wall.

The panel B shows the beginning of sliding in the bottom line of units,
indicating a shift in the structural integrity of the wall. In the panel C, the
beginning of diagonal failure occurs, suggesting increased stress
concentration within the masonry structure.

The panel D shows a pronounced displacement pattern that closely
resembles the diagonal tension failure observed in experimental studies
(Figure 21), characterized by a distinct diagonal crack pattern within the
wall. This failure mode is indicative of bricks sliding past each other,
leading to a loss of cohesion in the masonry structure and the formation of
cracks along the lines of maximum shear stress. The final panel D,
mirroring the experimental diagonal tension failure mode, reflects a critical
state where significant displacement leads to structural failure.

Tagie o1
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Figure 20 — Displacement progression of a masonry wall under cyclic loading
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Figure 21 — Diagonal tension failure mode (Choi et al, 2023)

In addressing the comparative analysis between our numerical
models and the experimental data, our investigation reveals a nuanced
correlation that underscores the utility of numerical simulations in
replicating the complex behaviors of masonry walls constructed with
recycled plastic bricks under in-plane loading. The numerical results
showcased in "Table numerical data of wall under in-plane loading" and
the experimental findings presented in "Table data results of numerical and
experimental work" elucidate a substantial degree of concordance,
particularly in capturing the trend of load capacity against displacement.
Despite the observed quantitative discrepancies, such as a lower peak
load capacity in numerical predictions (36.67 kN for numerical vs. 49.14
kN experimentally at a 3 mm displacement), the numerical model
effectively mirrors the overall shape of the experimental load-displacement
curve. This indicates that the model adeptly captures the essential
mechanical response of masonry walls, albeit with conservative estimates
of peak strengths. Notably, the early onset of nonlinear behavior in
numerical simulations compared to experimental observations suggests
model sensitivity to material property assumptions and boundary
conditions, highlighting areas for refinement. The critical examination of
failure modes, where numerical analysis predicts horizontal cracking along
lower mortar joints akin to experimental results, further validates the
relevance of the model in simulating real-world phenomena. This
qualitative agreement emphasizes the potential of the model as a
predictive tool, albeit necessitating adjustments in material




characterization and enhanced detailing of the brick-mortar interface to
amplify its accuracy and predictive power.

Conclusion

The numerical modeling study presented here offers a critical
exploration into the structural performance of masonry walls utilizing
recycled plastic bricks subjected to both in-plane and cyclic loading
conditions. The analysis, conducted through a simplified micro-modeling
approach in Abaqus, provides a foundational understanding of the
mechanical behaviors and failure mechanisms associated with this
innovative construction material. The study's findings elucidate a lower
load-bearing capacity of walls constructed with plastic bricks when
compared to their conventional counterparts, alongside an earlier onset of
damage under cyclic loading scenarios. Notably, the emergence of
horizontal cracking along lower mortar joints and the observation of
diagonal failure modes and sliding, particularly at the wall base under
cyclic loads, underscore the distinct structural responses of these
materials under stress.

The practical significance of this research lies in its contribution to the
broader field of sustainable construction practices. By demonstrating the
feasibility of employing recycled plastic bricks in masonry wall
construction, this study paves the way for their consideration in non-load-
bearing applications and highlights their potential in contributing to waste
reduction and environmental sustainability in the construction industry.
Furthermore, the nuanced understanding of failure mechanisms and load-
bearing behaviors garnered through this numerical modeling offers
valuable insights for the development of design guidelines and the
optimization of plastic brick formulations to enhance their structural
performance.

In conclusion, while recycled plastic bricks present a reduction in
strength compared to traditional masonry materials, their incorporation into
construction projects represents a viable path toward achieving more
sustainable building practices. The outcomes of this research not only
advocate for the innovative use of waste materials in construction but also
lay the groundwork for future investigations aimed at refining the structural
capabilities and application scope of plastic bricks, thereby reinforcing the
imperative of sustainability in the built environment.
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Resumen:

Introduccién/objetivo: Este estudio evalua el desempefio estructural de
muros de mamposteria hechos de ladrillos de pléastico reciclado bajo
cargas monotonas y ciclicas. El propdsito fue investigar la viabilidad del uso
de ladrillos de plastico reciclado como alternativa para la construccion de
mamposteria, enfocandose en su viabilidad estructural y posibles
beneficios ambientales.

Meétodos: Se empled un enfoque de micro modelado simplificado en
Abaqus para simular el comportamiento de estas paredes. Los ladrillos de
plastico se representaron con elementos solidos, mientras que las juntas
de mortero se modelaron mediante interacciones cohesivas. EI modelo
numérico fue validado mediante un analisis de sensibilidad de malla y fue
sometido a compresion vertical sequida de carga horizontal.

Resultados: Los hallazgos indicaron una reduccion de la resistencia en
comparacion con los materiales de albafiileria tradicionales. Sin embargo,
el estudio capturd con éxito la respuesta estructural y la evolucion del dafio
de los muros de mamposteria bajo las condiciones de carga especificadas.
A pesar de la resistencia reducida, la viabilidad estructural de los ladrillos
de plastico reciclado se afirm¢ firmemente y el comportamiento observado
bajo condiciones de carga fue particularmente informativo.

Conclusion: La investigacion subrayé el potencial de los ladrillos
compuestos de plastico para contribuir a las practicas de construccion
sostenible. Los resultados validaron la viabilidad de incorporar ladrillos de
plastico en la construccion, destacando sus beneficios ambientales e
implicaciones sostenibles. Este estudio avanzé en el campo de los
materiales de construccion sostenibles al demostrar la aplicacion practica
y los beneficios del uso de ladrillos de plastico reciclado.

Palabras claves: andlisis de elementos finitos, ladrillos plasticos, muro
de mamposteria, cargas en plano, cargas ciclicas en plano.

OueHka CTPYKTYPHbIX XapaKTepUCTUK KNagKku Kupnuya u3s
nepepaboTaHHOro NnacTmka Npu MOHOTOHHOM Y LIMKITMYECKON
Harpyske
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Pesrome:

BeedeHue/uernsb: B OaHHoOM uccriedosaHuu oyeHusaromcsi
CMpyKmypHble Xapakmepucmuku KUpuYHbIX cmeH us
nepepabomaHHO20 racmuka npu MOHOMOHHOU U UYUKIUYecKol
Hazpyske. Llenbto uccnedosaHus Oblno U3yHeHUE 803MOXHOCMU
ucrnonb308aHUsA Kupruya u3 nepepabomaHHOZ0 rjiacmuka 8 kKadecmee
anbmepHamuebl Kupru4HoU Kradke. B cmambe ocoboe eHumaHue
ylensanocb cmpykmypHoU ycmodyugocmu U [OMeHyuarbHbIM
3KO/102UHECKUM MPpeuMyLecmeam niaacmuKogo20 Kupnuya.

Memodsi: Ana modenuposaHus nogedeHusi KUpnu4YHoU cmeHb! 6bir
ucronb308aH yrnpouweHHbIU Nodxo0 K MUukpomodenuposaHuro 8 Abaqus.
lMnacmukosbie kupnuyu bbiniu npedcmassieHbl 8 8UAOE MOHOTUMHbIX
3/1eMEHMOo8, 8 MO 8PeMsI KaK webl Mex0y HUMU 6biriu cModennuposaHsb!
C MOMOWMbIO KO2€3UOHHBbIX 83aumodelicmauli. YucneHHass mooderlb
npowsia sanudayuro ¢ MOMOWbI0 aHanu3a 4yecmeumesibHocmu cemku
u bbina nodsepeHyma eepmukasibHOMY Cxamur ¢ rocredyroulel
20pu30oHmMasbHoU Hagpy3Kou.

Pesynbmamei: Pe3ynbmamsbi uccredosaHusi ceudemesibecmeyom o
CHWXEHUU  MPOYHOCMU M0  CPaBHEHUr C  mpadulyUOHHbIMU
mamepuanamu 0515 Knaoku. Tem He MmeHee 8 xo0e uccriedogaHusi bbina
yCcrewHo 3achukcuposaHa CMPyKmMypHasi peakuyusi U 380s1oUust
rnoepexoeHull  KUPMUYHbIX CMeEH 1pu ornpedesieHHbIX YCrioeusiX
HaepysKku. Hecmompsi Ha CHUXeHue [po4YHOCMU, CMpPYKmMypHas
ycmodyueocmb Kupru4a u3 nepepabomaHHo20 rnacmuka b6bina
ybedumenbHo nodmeepxdeHa, a nogedeHue, Habnwdaemoe 8
ycrosusix Hagpy3ku, 6b1r10 0CO6eHHO UHGhOPMamueHbIM.

Bbigoobl: B xo0e uccrnedosaHusi ebisierieH rnomeHuuar nnacmukogoao
Kupruya u3 KoMro3umHbsix Mamepuarios 0718 codelicmeusi 3Koro2u4HOMY
cmpoumenscmgy.  Pesynbmamel  uccriedogaHusi  nodmeepdusnu
uenecoobpa3Hocmb  UCMOb308aHUSI  M/1aCMUKOB020  Kupruya 8
cmpoumernscmae, MoO4YEPKHY8 €20 3KOoro2uYeckue rnpeumywecmsa u
ycmoudueocme. [aHHoe uccriedogaHue eHocum 6onbwoll ekriad 8
obrniacmb uccriedogaHull 06 3KO/I02UYECKU HUCMbIX CMPOUMESIbHbIX
Mamepuanax, OeMOHCMPUPYsl — MPaKmMu4yeckoe  puUMEHeHUe U
npeumywiecmea  UCMONb308aHUSI  Kupruda U3  nepepabomaHHO20
rnnacmuka.

Knroyesble criosa: KOHEYHO-3MIEMEHMHbIU aHanu3, MiacmuKkosbil
Kupnud, Kupriu4Has Knaoka, Hagpy3ka & [1/10CKocmu, Uuknu4deckas
Hacpy3Ka 8 I/iocKocmu.




I'IpoueH:MBal-be NnoHallawa CTPYyKType 3naosa o uurnm og
peuunknupaHe nnactmke nogq MOHOTOHUM U LUUKITNYHUM onTepehel-beM

Jycyg Mynaun Ap6un@, Hypedu+r Mamyau®, Myxamad BeHtaxap®

2 YHuBepautet ,Myctaca Ctamboynun”, JlabopaTopuja 3a kBaHTHY (O13NKY
maTtepuje n Matematuyko mogenupawe (LPQ3M),
Mackapa, HapogHa Jemokpatcka Penybnuka Amxup,
ayTop 3a Npenucky

6 Yuusepantet y Canam ,Jp Mynau Taxap”, TexHOMOWKM dakynTeT,
[enapTmaH 3a rpafeBMHapCTBO U XMapaymnuky,
Caupa, HapogHa Oemokpatcka Penybnvka Armxup

OBNACT: mawunHcTBO, rpahleBuHapcTBO
KATEFOPWJA (TUM) YNAHKA: opurHanHu Hay4yHu pag,

Caxxemak:

Yeod/uurn: Y pady ce aHanusupajy nepgopmaHce cmpykmype 3udaHo2
3uda 00 peyuknupaHux MIacmMuYyHUX yuzama nod MOHOMOHUM U
uuknuyHuM onmepehewem. Ljurb je 6uo da ce ucriuma mozyhHocm
Kopuwhera yuenu o0 peuyuknupaHe rniacmuke Kao 3ameHa 3a 3udaHy
KOHCMPYKUUjy, C ¢hOKYCOM Ha 00pXKUBOCM CMpYKmMype u rnomeHyujanHy
Kopucm 3a XXUBOMHY CPeOUHY.

Memode:3a cumynayujy noHawara o08aksux 3udosa KopuwheH je
rojeGHocmassbeHuU rpucmyn Mukpomooernosara y Abakycy. lnacmuyHe
yuane rpedcmasrbeHe cy MoMohy yepcmux eriemeHama, 00K Cy criojesu
00 manmepa ModeriogaHu Mymem KOXe3UOHUX uHmepakyuja. Hymepudku
molen je eanudupaH romohy aHanuse ocemrbugoCcmU Mpexe U
rnodepeHym je eepmukariHoj KOMIpecuju, a 3amum XOPU3OHMasHOM
onmepehery.

Pesynmamu: Pe3ynmamu yka3yjy Ha cMarbugare Yepcmohe y 00HOCY Ha
mpaduyuoHanHe  Mamepujaie 3a  3udarme.Mehymum, odzoeop
cmpykmype 6uo je ycrniewaH, Kao u eeosyuyuja owmehera 3udaHux
3udosa nod odpeheHum ycrioguma ormepehema. YNPKOC CMaHEeHoj
ugpcmohu, cmpykmype 00 yuearna 00 peyukiupaHe rnnacmuke rokasasne
Cy ce Kao u3800rbUBe, a HUX0B0 roHaware rod ycrosuma ornmepeherba
Kao eeoma dobap u38op uHgopmayuja.

Bakrbyyak: Ucrumusarbe je rokasano Oa KoOMriosumde uyuane 00
nnacmuke umajy rnomexuyujan 0Oa OorpuHecy 00pXugoj epaldmsu.
Pesynmamu cy nomepdurnu moayhHocm yapahuearsa rnnacmuyHux yuanu
y KOHCMpYKUUje, npu Yemy je HaznaweHa Kopucm 3a XU8OmHy cpeduHy u
odpxxueocm. Takofje, yHarnpeheHa je obnacm odpxueux epalje8UHCKUX
Mamepujana jep je romeplieHa npakmu4Ha rfpumeHa U Kopucm 00
Kopuwhera yuenu 00 peyukupaHe niacmuke.

Krby4He peyu: aHanu3a KOHa4yHUX efleMeHama, yuane 00 rniaacmuke,
3udaHu 3ud, onmepehera y pasHu, YUKIU4YHa onmepeherba y pasHU.
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