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Abstract Information
The helicoidal structures can cater to the loads effectively and efficiently without large deflections Received:
or stresses. These structures can even sustain environmental loads without failing. Also, these 14.11.2024

structures can take impact loads without failing. The present work aims to carry out buckling

analysis of bio-inspired helicoidal laminated composite plates using finite element-based model
within the framework of ANSYS. The plate is modeled using SOLID191 finite element (20-node 3D

Received in revised:

08.01.2025

layered structural solid). The present model is validated by comparing the present results with

those available in the literature. Influence of end conditions over the buckling behavior of bio-
inspired helicoidal laminated composite plates is explored. Some new results are also presented
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in the present work, which will serve as the benchmark for future studies.

Keywords: : Buckling, bio-inspired plate, helicoidal plate, finite element

1. Introduction

Laminated configurations are used in constructing various
structures in the fields of civil, automobile, aerospace,
marine, defense industries, etc. as the engineering
properties in laminated structures can be modified by
changing the ply-angle and thickness of each layer [1].
Thus, due to the property of tailorability possessed by
laminated composite structures, these structures can
sustain the loads effectively. Conventionally, the angle
and the number of the ply are chosen randomly and then
analyzed for different conditions under the required
loading conditions.

The arrangement of tissues in the layers in the biological
creatures helps in sustaining the loads in an efficient
manner to which they are encountered. The venation in
the leaves of the trees helps in connecting them with the
branches without encountering large stresses. The
elliptical shape of the shell and the material from which it
is made up help in protecting him from adverse conditions
and prey. The helicoidal structure is present in the various
living organisms and helps in withstanding impact loading
[2,3]. Even the basic life form, i.e., DNA present in the
creatures possesses helicoidal structures. The beetles can

even withstand the puncture load of 23 N in its forewing
area which is much higher than its fighting force [4]
(Figure 1).

Several theories are available in the literature for the
bending, free vibration, and buckling analysis of
laminated composite and sandwich plates under various
loading conditions [5-12]. Mohamed et al. [13] carried
out buckling analysis of 32-layered laminated composite
plate made up of helicoidal scheme using first-order shear
deformation theory (FSDT). Sharma et al. [14] predicted
the bending behavior of helicoidal laminated composite
plates using higher order shear deformation theory. Garg
et al. [15] predicted the free vibration behavior of
helicoidal laminated composite plates using higher-order
zigzag theory. Garg et al. [16] predicted the free vibration
and buckling behavior of helicoidal laminated sandwich
plates using finite element based higher-order zigzag
theory. Sharma et al. [17] predicted first-ply failure load
for cross- and double-helicoidal laminated sandwich
plates. Due to the presence of the helicoidal schemes, the
crack propagation becomes difficult within the laminate
and a higher strength can be achieved.
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Figure 1. The hierarchical structures of the exoskeletons from
Homarus americanus, Callinectes sapidus, and Popillia japonica.
The Helicoidal structural pattern is observed in different regions
of all the exoskeletons [18].

(d) Fibonacci helicoidal

(b) Cross-ply

Figure 2. Different lay-up configurations of (a) quasi-isotropic
(Ql), (b) cross-ply (CP), (c) linear helicoidal (LH), and (d) Fibonacci
helicoidal (FH) bio-inspired laminated configurations employed
during the present study [4].

Singh et al. [18] in their work reported that by adopting
the helicoidal schemes in laminated composite
structures, the buckling strength of the plate can be
increased. From the review work it has been observed
that the influence of end conditions on the buckling
behavior of bio-inspired helicoidal laminated composite
plates is not fully explored. In the present work, an
attempt has been made to carry out the buckling analysis
of laminated composite plates containing bio-inspired
helicoidal scheme using ANSYS. The efficiency of the
present model is demonstrated by comparing the
obtained results with those available obtained by
Mohamed et al. [13]. Several new results are also

reported, which will serve as a benchmark for future
studies in a similar direction.

2. Materials and Geometric Modeling

For modeling the helicoidal bio-inspired 32-layered
laminated composite plate in ANSYS, SOLID191 finite
element (20-node 3D layered structural solid) is employed
as this element is specially used for modeling the
laminated structures. The helicoidal schemes used during
the present study are shown in Table 1 and Figure 2.

The accuracy of the results obtained using the finite
element method (FEM), depends on the number of
elements adopted. Therefore, at first convergence study
is carried out. The material properties used for the same
are: E1/E2 =0pen, E2=E3 =1E6, G12 = G13 =0.5E6, G23
=0.2E6, v12 =v13 =v23 =v32 =0.25, v21 =0.01, v31 =
0.01. The value for a/h = 20 with all edges clamped is
taken during the analysis. The results of the buckling for
the convergence study are presented in Table 2 for
different helicoidal schemes. The present results
converges when the mesh size reaches 24 x 24. Therefore,
in further studies, the same mesh size is adopted. The
present results are in good agreement with those
reported by Mohamed et al. [13] and Garg et al. [16].
Some deviation in the present results compared to those
reported by Mohamed et al. [13] because of the
application of FSDT. FSDT is not able to predict the
behavior of laminated structures effectively as this theory
assumes constant transverse shear stresses across the
thickness of the plate [20].

Table 1. Layup configuration adopted taken from Wang et al [4].
Representation Number of layers Stacking sequence

uD 32 [0°/0°.../0°]

cp 32 [0°/90°/0°/90°/.../0°/90°]
al 32 [0°/45°/90°/-45°)4s
LH 32 [0°/24°/.../360°]s

FH 32 [0°/10°/10°/20°/30°/50°/

80°/130°/210°/340°/190°/
170°/360°/170°/170/340°]
s

Table 2. Validation study on buckling load 1 = 1a?/E,h* of bio-
inspired helicoidal laminated composite plate.
Source ub LH FH

Present (16 x 16) 13.6957 18.2253  17.0588
Present (20 x 20) 12,1025 16.9875  15.8840
Present (24 x 24) 11.8259 15.4124  14.5007
Present (28 x 28) 11.8259 15.4124  14.5007
Mohamed et al. [13] 11.7802 16.2265  15.3801
Garg et al. [16] 11.7480 15.5931 14.9292

3. Results and Discussion

After validating the present model, the new results are
presented in this section on the buckling analysis of
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helicoidal laminated composite plates having different

boundary conditions. The material properties used for the

same are as follows: E1 =131 GPa, E2 = E3 =10.34 GPa,
G12=(G13=6.895GPa, (23 =6.205 GPa, v12=v13=0.22, LH
v23 = v32 = 0.49, v21 = v31 = 0.017. The first buckling
mode shape along with the non-dimensional critical
buckling load are presented in Table 3. The influence of
four different boundary conditions, namely SSSS (all
edges simply supported), CCCC (all edges clamped), CCFF
(edges parallel to X-axis are simply supported and edges
parallel to Y- axis are free), and CFFF (one edge parallel to
X-axis is clamped and remaining three edges are free) on
the buckling behavior of 32-layered bio-inspired
laminated composite plate is studied for the different
layup schemes as reported in Table 1. The maximum value
for the non-dimensional critical buckling load is observed
for CCCC boundary conditions and minimum for CFFF end
conditions as expected. For bio-inspired laminated lay-
ups, the buckling mode shape is slightly different when
compared with the conventional lay-up schemes (UD, CP,
and Ql). Due to the presence of the corrugations, the
crack propagation becomes difficult within the laminate
and a higher strength can be achieved. Because of the
symmetric helicoidal schemes with respect to the middle- CP
axis of the plate, the mode shapes obtained are

symmetric in nature with symmetric end conditions.

7.6236

FH 6.9483

ub 5.2493

8.2359

Table 3. Mode shape and non-dimensional critical buckling load
for square shaped bio-inspired laminated composite plates with
different layup schemes and boundary conditions (a/h = 10).

Non- CCFF al

Boundary Layup Mode shape dimensional

8.678

condition  scheme buckling

load

ub 5.9473

LH 8.5283

S cp 6.3195 FH

6.9050

Ql

7.7598 CFFF uD 1.2803




CCCC

CP

Ql

LH

FH

ub

Cp

al

LH

1.2278

1.2073

1.3756

11.0739

16.6993

16.2983

16.0779

Journal of Ceramics and Composites, 1(1), 2025

14.4713

4. Conclusion

In the present article, buckling analysis of 32-layered bio-
inspired helicoidal laminated composite plate is carried
out using ANSYS. Following important points are noted
down during the present study:

1. Bio-inspired helicoidal laminated composite plate is
found to perform better than the conventional lay-up
schemes.

2. Boundary conditions widely determine the buckling
behavior of bio-inspired laminated composite plates.

3. CCCC ended plate gives maximum value for non-
dimensional critical buckling load, whereas CFFF end
condition gives the minimum value.

4. The mode shape for bio-inspired helicoidal scheme is
symmetric about the diagonal of the square, for UD, CP,
and Ql, the same is symmetric about the mid edge-axis
and diagonals (for SSSS and CCCC boundary conditions).
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Abstract Information
Various problems arise in traditional composites and the gradient of these materials needs to be Received:
controlled for more specific purposes. At this stage, functionally graded materials, which are a 11.12.2024

more specific area of advanced composites, come into play. High strength-to-weight ratio, wear

resistance, thermal insulation, controlled porosity and many other features can be obtained by
using functionally graded materials. A wide variety of functionally graded materials and their
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manufacturing methods are available. In this study, the classifications of properties of functionally

graded materials and manufacturing methods in the literature are examined. The basic principles
for each method are presented. In addition to the advantages and disadvantages of the methods,

the difficulties in the production phase are also examined.
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1. Introduction

Composites, produced by combining two or more
materials, offer versatile properties for various
applications. Conventional composites generally consist
of fibers that serve as reinforcement and a matrix
medium in which these fibers are dispersed. Although
there are lots of advantages, combining different
materials can cause problems such as stresses because of
the differences in thermal expansion coefficients, residual
stresses occurring, and surface incompatibilities after
production [1-3]. Functionally graded materials (FGM)
offer solutions in various fields. FGMs are used in areas by
modifying material properties, such as aerospace,
electronics, military industry, biomedical areas, the textile
industry and more. FGM is produced by gradually
changing the material content in directions. Concrete,
industrial tools, ship hulls, microchips are artificial FG
materials. Bones, bamboo and teeth etc. can be given as
examples of natural FGM structures. Just as the density of
bone increases progressively closer to the joints,
optimizing its structural integrity for higher strength.
Similarly, bamboo demonstrates a gradual transition from
a soft, flexible outer layer to a harder, more rigid inner
core. The primary advantage of FGMs is to eliminate the
stress jumps at interfaces that occur in conventional

composites. FGMs have features such as high strength-to-
weight ratio, the ability to be designed according to the
desired feature, lightness, damping and vibration control,
and resistance to high temperature differences. Despite
their advantages, FGMs face challenges such as complex

manufacturing processes, high costs, and limited
applications.

OCeCeO0e O0Ceee cee®ee®sOCe
®e0Oe® O8O0 O Oeee ®eCe® 8O0
OCOeCcCeO0e OCeOCewe CeCcCeee
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a) b) c)

Figure 1. Variation of a) typical composite, b) single FGM, c)
double FGM [7]

The mechanical properties of an object produced with an
FGM, with the selection of direction or more than one
direction; are defined by volume fraction and material
gradient. Linear gradients promote uniform stress
distribution, while nonlinear gradients can induce more
localized stress fields. The differences in characteristics
between typical composites and FGMs are shown in
Figure 1. In contrast to typical composites, a single FGM

*Corresponding author: burakikinci@sdu.edu.tr (B., ikinci), +90-246-211-1222

This work is licensed under CC BY 4.0


https://dergipark.org.tr/en/pub/jit
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
mailto:burakikinci@sdu.edu.tr
https://orcid.org/0009-0006-9866-9096
mailto:burakikinci@sdu.edu.tr

ikinci

Journal of Ceramics and Composites, 1(1), 2025

can be produced by a single dispersed ingredient or phase
that is not evenly distributed throughout the matrix [4-6].

Double FGM requires multiple components or phases [7].
Functionally Graded Materials (FGMs) are characterized
by variations in their composition and microstructural
properties. These variations, which define the material
gradient, can be categorized into four main types: fraction
gradient, shape gradient, size gradient, and orientation
gradient, as illustrated in Figure 2, which depicts different
gradient methodologies explaining material gradient [8].

a)

c)
Figure 2. Different gradient types of FGM: a) fraction, b) shape,
c) size, d) orientation

FGM, in terms of material composition change; It is
divided into three types according to whether it changes
ladder, sudden, and gradually, as shown in Figure 3 [9].

Figure 3. Variation of gradient transition types in FGM: a) ladder,
b) sudden, c) gradual

Composition change of the material can be through
longitudinal or the thickness of the structure as shown in
Figure 4.

b ’b)
Figure 4. Variation of material properties along a) longitudinal
direction, b) thickness direction [10]

Additionally, composition, microstructure, and porosity
are the types FGMs based on grading [6,10]. For FGMs
with porous structure, porosity can be divided into two
different types as shown in Figure 5.

a)

b)

Figure 5. Porous FGM with a) even, b) uneven distribution

In some cases, superior properties need to be achieved,
such as thermal stress. Multi-directional (MD) FGMs are
designed by changing material properties in more than
one direction as can be seen in Figure 6. MD FGMs vary
from simple 1D variations observed in layered structures
like the thickness of a plate, where material properties
gradually transition, to 2D variations like those seen in the
surface of a plate with varying thermal conductivity, and
complex 3D gradients found in advanced components
such as turbine blades with intricate internal cooling
channels, where material composition graded to
withstand complex stress and temperature gradients
[12].

However, the successful realization of FGMs hinges on the
development of advanced manufacturing techniques that
can accurately control the gradient profile and
microstructure.

1
L

Figure 6. A 2D FGM in which material properties are varied in

the longitudinal and thickness direction

This review covers state-of-the-art manufacturing
processes for FGMs, including traditional techniques such
as vapor deposition methods, and powder metallurgy, as
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well as emerging additive manufacturing methods such as

fused deposition modeling. Furthermore, it compares
characteristics of products such as porosity, improved
strength, high cost, production difficulty and more. By
understanding the strengths and limitations of these
techniques, the design and manufacturing of FGMs can be
optimized to meet specific performance requirements
[12,13-15].

2. FGM Manufacturing Methods

FGM manufacturing methods are comprehensively
examined in this section. The strengths and weaknesses
of each approach are analyzed, and the characteristics of
FGM products produced by different methods (such as
porosity, strength, cost, and production difficulty) are
compared to guide the selection of the most suitable
manufacturing process for specific applications [6].

2.1. Vapor deposition methods

Vapor deposition methods are used for coating purposes
to increase material properties, such as corrosion and
wear resistance. While offering precise control over
composition, these methods can be slow and energy
intensive. These methods sometimes produce hazardous
by-products and mostly not suitable for bulk production
[16-19]. A comparison of these methods is shown in Table
1.

2.1.1. Chemical vapor deposition [CVD]

In CVD, a gas or vapor undergoes a chemical reaction on
the surface, forming a solid coating [19]. CVD is widely
used in the electronics industry for thin film deposition. A
schematic of CVD setup is shown in Figure 7.

Furnace

Gas Stream

£

%
Y o
%) %, (5] [ Gas
«@ O ‘{";o‘ i
c

(’ Exhaust

\  Outlet

H
Growth Substrate

% /
[ Furnace ]

Figure 7. A schematic representation of thermal CVP growth of
graphene, taken from [20]

2.1.2. Physical vapor deposition [PVD]

PVD involves deposition onto a surface through physical
reactions. Pure coatings can be obtained using PVD.
Automative and aerospace industries products made by
this method [17]. A schematic of PVD setup is shown in
Figure 8.

Sputtering targets

Figure 8. A schematic representation of manufacturing Ag based
composite prepared by PVD, taken from [21]

2.1.3. Jet vapor deposition (JVP)

In JVD, a carrier inert gas is used to deposit the material.
The vaporized material is directed to the material surface
with a high-speed jet flow. It can be applied in a low
vacuum environment and that allows use of multiple jet
tips, making this method relatively faster [16].

2.1.4. Directed vapor deposition (DVD)

DVD enables the efficient use of electron beams on
various materials, including highly reactive metals. The
gas is delivered by focusing on a specific area. Provides
more controllable and better targeted coverage [18].

2.2. Plasma spray (PS)

PS involves plasma sputtering of metals, ceramics and
polymers. Different types of materials can be deposited
simultaneously with different melters, but obtaining a
homogeneous distribution can be challenging. Polymers,
ceramics and metals can be coated. Additionally, PS can
be combined with vapor deposition and other methods
[20-22].

Table 1. Comparison of vapor deposition methods [16-21]

Method Advantages Disadvantages
VD Suitable for thin films, Complex equipment,
req. low temps. proc. toxic byproduct
High quality coatings, Low deposition. rate,
PVD strong adhesion, low unfit for comp.
cost geometry
Fast coating, suitable Complex equipment
JVD in low vacuum o
conditions energy consumption
DVD Precision coating, high Complex equipment,
efficiency high cost

Table 2 presents an overview of the temperature ranges
and typical precursors employed in various vapor
deposition techniques. CVD is operated within a range of
200-1600°C, depending on the reaction temperature. PVD
has a very broad temperature range, 25-1200°C. JVD is
generally operated between 100-300°C for organic
molecules, and it can increase for inorganics. DVD is
operated between 200-600°C [16-19,23,24].
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Table 2. The comparison of applied temperature range and
precursors of vapor deposition methods

Temperature Range

Method °C) Typical Precursors
CVvD 200-1600 Halides, Metals, Organics
PVD 25-1200 Metals, Ceramics, Alloys
JVD 100-300 Organic/Inorganic Molecules
DVD 200-600 Organic/Inorganic Molecules

2.3. Powder metallurgy (PM)

PM is used in the production of metals with varying
melting points. The method involves combining,
compressing and sintering two or more different
materials, resulting in a porous structure. High cost of
powder, and relatively low strength are drawbacks of this
method. However, it results in fewer defects and cracks.
PM enables the production of metal-ceramic composites,
as well as machine parts and magnetic materials [28-31].
A schematic of PM process is given in Figure 9.

Ethanol (3~5 Wt%) 240~280 kN

\ | H Hha§)l
il B ' L prasese
Mixing and CaCl2 mixture H J 12?)(’)_]%?).0-
Compacting .
— Sintering
dissolution

RN

Figure 9. A schematic representation of manufacturing stainless
steel foam using PM, taken from [32]

Cut steel foam  Steel foam samples

2.4. Self-propagating high-temperature synthesis (SHS)

SHS is a method based on an exothermic reaction
occurring in an ignited mixture. It is applied to ceramics,
metal alloys, and nanocomposites. Metallic foams are
used in the production of ceramic composites and for
surface hardening of metals. Although SHS requires
higher temperatures and longer processing times
relatively, its results are more pure products [26,33-35].

2.5. Friction stir processing (FSP):

FSP is a solid-state processing method used to modify the
microstructure of metal. A tool is immersed into the
workpiece and rotated to generate frictional heat, the
resulting heat and pressure cause the material to deform
plastically, forming a new microstructure with new
properties. FSP offers detailed control over the materials
microstructure, resulting in improving its mechanical
properties, while at the same time providing relatively
less time and low energy consumption. The method is
used in the production of metal and ceramic-reinforced

composites, and graded foams. However, surface defects
on product and wear may occur in the tools used [36-37].

2.6. Casting methods

Casting methods offer ability to produce different shapes
and varying sizes, low tooling costs, and high production
rates, but have limited microstructure control, potential
for defects, and often require post-processing. A general
comparison of casting methods is provided in Table 3.

2.6.1. Centrifugal casting

In this method, molten metal mix is poured into a rotating
mold and subjected to high-pressure centrifugal force.
The material is graded by utilizing the effect of rotation
and the density difference of the materials. It provides
continuous grading, can be applied to cylindrical shapes
and is suitable for large-scale casting [38-40]. A schematic
of centrifugal casting method is given in Figure 10.

Pouring cup

b
Roller

Figure 10. A schematic representation of Centrifugal Casting
setup, taken from [41]

2.6.2. Tape casting

Tape casting is frequently used in the production of
ceramic materials as thin layers. It also enables producing
flat and thin parts over a wide area. It is particularly
effective in the production of gradient materials thinner
than 1 mm [42].

2.6.3. Slip casting

In this method, a pre-prepared liquid poured into a
porous mold. The liquid is absorbed by the mold, leaving
behind a solid layer. This process is often used for
producing complex shapes and large volumes of ceramic
products. Slip casting can be combined with centrifugal
casting method, magnetic field or pressure. Pressure slip
cast ceramics show improved mechanical properties [43].

2.6.4. Gel casting

In this method, a prepared powder is mixed with
monomer solution and poured into a mold. After, the
molded part is rested to be dried and proceeds to
sintering. Viscosity during casting can be changed by
applying heating or cooling during production. This
method is environmentally friendly and can create
complex shaped products [44-46].
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2.6.5. Freeze casting

Freeze casting is used to obtain mostly dense ceramic that
has highly controlled, complex pore structures. Metals,
ceramics, polymers and composites are used in this
method. The drying process of this may be time
consuming. It has applications in energy storage and
biomedical field [47].

2.6.6. Cast-decant-cast (CDC)

CDC based on casting layers with different material
properties on top of each other. Gradient thickness can
be controlled, and the thickness of the layers is limited.
CDCis unsuitable for complex geometry production. Mold
can be used repeatedly [48-49].

Table 3. Comparison of casting methods [34-49]

Method Advantages Disadvantages
Limi lindrical
. Fit for cylindrical imited to cy !nquca
Centrifuga . shapes, specialized
. components, high . .
| Casting . equipment is
production rates
needed
Tape Fit for thin, flat Limited to simple
p' components, thin- shapes, post-process
Casting . . . .
film gradients is required
Fit for complex . .
. Time-consuming,
Slip shapes and large .
. slurry control is
Casting volumes, can be .
s important
combined
Gel Eco-friendly, Fit for Sensitive to
Castin complex shapes, conditions, post-
& controlled viscosity process is required
Time-consumin
Fit for porous ime-co s.u nineg,
Freeze . and specialized
. structures, various . )
Casting . equipment is
materials
needed
Simple, inexpensive, Limited to simple
CcDC controlled layer shapes and gradient

thickness

profiles

2.7. Additive manufacturing methods (AM):

Complex  structured  products and  controlled
microstructure can be obtained by AM which product is
modeled by CAD or CAM. An after process may be
required for these methods. A comparison of AM
methods, and the materials being used for each method,
as well as type of process applied are given in Table 4 and
Table 5, with respect. Some of the AM methods, e.g. FDM,
are slow and energy consuming when considered volume
produced [6,45,50].

2.7.3. Stereolithography (SLA)

SLA uses laser to selectively cure a liquid photopolymer
resin layer by layer. It is able produce 3D complex models.
Only one material can be printed at a time and the
product may need to be supported during the process
[50-52]. SLA is fitting for producing prototypes and

biomedical applications. A typical SLA machine can be
seen in Figure 11.

5 — %S

Figure 11. Components of A typical SLA machine: 1) Printed part,
2) liquid resin, 3) building platform, 4) UV laser source,
5) axis scanning mirror, 6) beam, 7) resin tank, 8) window, and
9) elevation layer-by-layer, taken from [53]

2.7.2. Solid ground curing (SGC)

SGC is curing a liquid photopolymer resin layer by layer
using a projector. It's a laser-based (LB) relatively fast
process but suffers from accuracy issues and material
limitations [50,51].

2.7.3. Liquid thermal polymerization (LTP)

In LTP, layers of heat-sensitive polymers hardened layer
by layer using laser heat. There are few research on this
method in the literature [50,51].

2.7.4. Beam interference solidification (BIS)

BIS uses two laser beams to solidify liquid resin. The
interference pattern of the beams creates a 3D structure
within the resin. This technique is also still under
development and has not yet been commercialized
[50,51].

2.7.5. Holographic interference solidification (HIS)

By exposing the resin to the holographic image, the entire
surface is solidified in HIS. This method hasn’t been
commercialized [50,51].

2.7.6. Fused deposition modelling (FDM)

FDM extrudes molten materials layer by layer to create
3D objects. This process is commonly used to produce
lightweight structures. Widely used in aerospace,
automotive, and biomedical applications [48,49]. FDM
has lesser precision compared to SLA [54-56]. A modified
schematic of FDM 3D polyether ether ketone (PEEK)
printer is given in Figure 12.

10
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modified and taken from [57]
2.7.7. Material jetting [MJT]

MIJT deposits tiny droplets of liquid material onto a build
platform. These droplets, typically photopolymer resins,
are cured with UV light to form solid structures [58].
Widely used in biomedical applications and investment
casting. A schematic of MJT is given in Figure 13.

‘ Support Material

‘ Build Material

UV Curing Lamp

" Print Heads

— Object being fabricated

;r”/

'

Levelling Blade Build Platform

Elevator

Figure 13. A schematic representation of MJT, taken from [59]
2.7.8. Binder jetting [BJ]

BJ selectively deposits a liquid binder onto a powder bed
to create a 3D object. Binder jetting relies on a binding
agent to adhere the particles together. It is not suitable
for structural parts [58]. BJ is used to produce large cast
molds and low-cost metals.

2.7.9. Selective laser melting (SLM)

In SLM, a high-powered laser is used to fuse metal powder
layer by layer. This technology is increasingly being used
to fabricate porous metal implants, which mimic the
structure of natural bone and promote better integration
with body [60]. SLM is widely used for automative and
aerospace, printing metal alloys. A schematic of SLM is
given in Figure 14.

Scanner

Laser system

Powder roller

Part under

Powder delivery _ fabrication

system’

Powder
a) bed
Powder
delivery piston
Fabrication
piston
—_— Scanning
orientation
Solidified ™ ) Powder of
aser sinterin
material g current layer

Ll
XL
XX

3D ¢

Unsintered powders in previous layers
Figure 14. A schematic representation of a) SLM and b) closer
look to laser-substrate region, taken and modified from [62]

2.7.10. Selective laser sintering (SLS)

SLSis a time and cost saving manufacturing process where
a laser beam is used to selectively fuse powdered material
under the melting point, mostly polymers, layer by layer
then creating a 3D object such as detailed automative and
aerospace parts. Due to sintering, the product has a
porous structure, and the mechanical strength of material
is lower in SLS than in SLM. [61,62].

2.7.11. Laser cladding (LC)

LC is based on melting metal powder with a high-powered
laser and depositing it onto a substrate layer by layer. LC
is mainly used for surface modification, repair, and
coating applications of ceramics, metals and composites
[63,64]. A schematic of LC setup is given in Figure 15.

LASER BEAM

/OWDER STREAM

(3D STRUCTURE) MELTING ZONE

TOTAL HEIGHT
SUBSTRATE
\N\D“A

LAYER (SINGLE CLAD)

Figure 15. A schematic representation of LC setup, taken from
[64]
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Table 4. Comparison of AM methods [50-52,58,60,61]

Method Advantages Disadvantages
Detailed surfaces, High cost, limited
SLA . . .
biocompatible materials volume
. N ial
SGC Fit for large parts 0 commercia
use
LTP Fit for large p?rts, fast Less accuracy,
production
Fit for complex .
. . No commercial
BIS geometries, high
. use
precision
HIS Fit for large surfaces, fast No commercial
production use
Slow production,
FDM Desing flexibility, low cost poor surface
quality
Fit f | .
oo bghcos o
MIT gea » Nl producing, low
precision, variety part
strength
shapes
Fit for large parts, fast Low detailing, post
BJ production., extensive processing might
materials, low cost need
Fit for complex . .
High |
SLM geometries, high e c:rstt,sizlrzlted
strength, porosity P
Fit for complex Unfit for complex
SLS geometries, extensive geometries, slow
materials, high strength producing
. . High cost,
Surface coating-repair, 's .
LC ) porosity,
wear resistance .
inaccuracy
Poor surface
LENS Fit for complex quality,
geometries, porosity manufacturing
defects
sps Rapid process, low High cost, limited
sintering temps. product size
Eco-friendly, size Narrow material
LOM [ .
flexibility, low cost choice
High cost, high
EBM Pure product, high energy
strength consumption,
relies on powder
Infiltrati Fit for thin layer Production
on production, high strength difficulty
D .
Electros High precision, high . egrac?atlon,
L . dissolution, low
pinning tensile strength

strength

2.7.12. Laser engineered net shaping (LENS)

LENS uses a high-powered laser, melting metal powder
and depositing it layer by layer to create a 3D object. LENS
allows for the direct fabrication of complex shapes with
high precision. Powder characteristics, thermal properties
and laser absorption influences the process. Larger
volume can be produced with LENS, compared to SLM
LENS is also used for repair and doesn’t require post-
processing [65]. A schematic of LENS given in Figure 16.

Shielding gas

Carrier gas

—C ] G

______

____________

Argon gas Motion controller

Powder feeder

|
|
|
|
Motion control :
|

Powder feed system

___________________

Figure 16. A schematic representation of LENS, taken from [66]

2.7.13. Spark plasma sintering (SPS)

SPS conjoins powdered materials with high density in a
very short time and at low temperatures. Electricity is
used to create sparks, and bonds are formed between
materials. It is used to produce ceramics, metals, and
composite materials [61]. High strength and high-wear
resistance machine parts and materials can be produced.
A schematic of SPS is given in Figure 17.

Uniaxial Pressure Metallic FGL Filled by Ceramic

Graphite Upper Punch

Bulk Ceramic

Pulsed DC

Increase Ceramic Percent
2134 [BIN 3seaIdu|

Vacuum Chamber
& Water Cooling

Graphite Lower Punch SN

Uniaxial Pressure

Figure 17. A schematic representation of ceramic-metal
composite produced by SPS, taken from [67]

2.7.14. Laminated object manufacturing (LOM)

2D and 3D objects can be produced by LOM, layering
sheets of material, and then cutting away the excess
material. LOM relies on adhesives for bonding and widely
used producing polymer, metal and paper laminates [68].

2.7.15. Electron beam melting (EBM)

EBM uses electron particle beam to melt powder metals,
fusing the melted powder into a solid layer. It requires
minimal post-processing [69]. EBM is being used in
automative, aerospace and biomedical industry. A
comparison between composite material produced using
EBM and SLM is given in Figure 18.

Beam-based AM methods exhibit a range of processing
temperatures and power levels depending on the energy
source and material. SLA uses UV light to cure liquid resins
at ambient temperatures and very low power. LENS and
SLM are used for melting metals, operate at high
temperatures (higher than 1000°C) and utilize high-power
lasers in the near-infrared spectrum. SLS operates at

12
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sintering temperatures below the material's melting
point. LOM, bonds sheet materials at much lower
temperatures. EBM, distinct from the laser-based
processes, utilizes a high-power electron beam to melt
metal powders in a vacuum, operating at elevated
temperatures [6,45-52,54,55,58].

a) \ /

AN e A * < W K b1 SubN “A'h

Figure 18. Comparison of microstructures for Ti-6Al-4V
produced using a) EBM and b) SLM. (Arrow tips indicate
columnar grain boundaries), taken from [70]

2.7.16. Infiltration

This method is used to create ceramic matrix composites
by filling the pores of a ceramic preform with a molten
metal. It is usually used for metal-ceramic composites.
Oxidation and interface reactions may occur [71,72].

2.7.17. Electrophoretic deposition (EPD)

Charged particles suspended in a liquid are deposited
onto an electrode under the influence of an electric field.
EPD is used for producing automative parts and
conductive ceramic and coatings, with a continuous
gradient [25]. A schematic of EPD setup is given in Figure

ety ety
oinlE

T 1
coating .. | ; coating
posiively clrged particle negatively charged particle

Figure 19. A schematic representation of a) cathodic and
b) anodic EPD setup, taken from [73]
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2.7.18. Electrospinning

Electrospinning uses a high voltage to draw a liquid
substance into fibers that can be controlled at the
nanometer scale. Biomedicine, nanofiber reinforced
composites, electronics and optical devices are
manufactured by this method. It is a relatively simple
method [74-77]. A schematic of the electrospinning setup
is given in Figure 20.

Dope solution

Syringe

Injectionpump

~Taylor Cone

L High

Voltage Electro-spun fiber

membrane

Collector plate {7—

Chamber

Figure 20. Schematic representation of electrospinning setup,
taken from [78]

Table 5. Materials and process types of AM methods

Method Materials Process Type
SLA Ponmgr, ceramic, LB
composite, hydrogel
SGC Polymer LB
LTP Polymer LB
BIS Polymer LB
HIS Polymer LB
FDM Polymer, composite, Thermal Extrusion
ceramic, hydrogel
MJT Polymer Material jetting
Metal, pol N
BJ etal, po .ymer Liquid binding
ceramic
SLM Polymer, r'petal, B
ceramic
sLs Polymer, ceramlc, LB
composite
LC Metal LB
LENS Metal, cerémlc, LB
composite
SPS Metal, ceramic Electricity forming
Paper, polymer, .
LOM per, poly . Adhesive usage
metal, ceramic
EBM Metal Electron beam
Infiltration Metal, ceramic Injection molting
EPD Polymer, ceramic, Electric field
metal
Electrospinning Polymer, ceramic, High voIta.ge-spin
composite forming
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3. Classification of FGM Manufacturing Methods

Extensive research has been conducted on FGM methods
in literature, exploring their potential for diverse
engineering applications. The type of process (solid,
liquid, or deposition) affects the final product's properties
based on the heat, pressure, and forces involved during
manufacturing. To begin, a general comparison of
methods based on state of product during process is
shown in Figure 21 [6,8-11,24,25,50-52,55,58,68,71].
Solid states contain powder materials whereas liquid

state includes molten.
State

EPD
CVD, PVD, CVL,| || Centrifugal 1 BJ
CVsS Casting
SLA, LP, SGC,
LTP, BIS, HIS 1 SHS
Plasma Spray | H Gel Casting
FDM
H SPS
HFreeze Casting
Electrospinning| || PM
H Tape Casting
MJT 8 LOM
H Slip Casting
Infiltration 4 FSP
= CcDC
SLM, SLS, LC,
LENS, EBM

Figure 21. Classification of FGM manufacturing methods based
on products state during process

As can be seen from Table 6 modified from [6], a
comparison of FGM manufacturing methods based on
FGM products size can be made. Bulk methods are most
suited for process 3D objects, while thin methods, known
as coating techniques, are inappropriate for creating
structural designs [6,25,45]. Bulk and thin film methods
can be combined and used to create components with
optimized performance.

Additionally, based on the number of process steps,
equipment requirements, and the degree of control over
the microstructure and composition gradient,
classification of methods are concluded, as shown in
Figure 22 [109-140].

Lastly, another classification of manufacturing methods is
conventional methods and additive methods.
Conventional methods include casting, vapor deposition,
SHS, and PM, whereas other methods are referred to as
additive, as shown in Figure 23.

Table 6. Manufacturing methods based on size of FG product

Size Methods
CVD, PVD, JVD, DVD [27]
Plasma Spray [79,80]
EPD [81,82]
LC [39]
Centrifugal Casting [83,84]
Gel Casting [85,86]
Freeze Casting [86]
Tape Casting [87,88]
Slip Casting [89-91]
CDC [92,93]
SLM, SLS, LENS, EBM [60,61,65]
SLA, LP, SGC, LTP, BIS, HIS [96,97]
MIT [6,7]
BJ [6,7]
FDM [98-100]
Electrospinning [100,101]
Infiltration [71,72]
SHS [33,34]
SPS [102]
PM [28,103]
LOM [104]
FSP [105,106]

Thin

Bulk

- FDM
| Centrifugal | CVD, PVD,
Casting JVD, DVD -
Electrospin
[ Tape | Plasma ning
Casting Spray
Infiltration
H Gel Casting | H EPD
SHS
H Slip Casting | H LC
SPS
|| Freeze || SLM,SLS,
Casting LENS, EBM
SLA, LP, SGC M
H CDC [ LTP, BIS, HIS
LOM
H M]T, BJ
FSP

Figure 22. Relative complexity of methods
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Figure 23. Conventional and additive methods, taken and
modified from [6,8-11,19,21,120,125]
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4. Conclusion

This review has comprehensively explored the diverse
manufacturing techniques of FGMs, which is a unique
approach to material design by enabling tailored
properties within a component, mitigating interfacial
stresses and enhancing mechanical performance
compared to conventional composites. Applications of
FGM span diverse fields, including aerospace, electronics,
and biomedicine. This review examined a range of FGM
manufacturing methods which selection of the
appropriate method depends on the desired material
properties, geometric complexity, production volume,
and budget.

5. Discussion

The practical application of FGMs is direclty linked to
advanced production methods. Each method has
advantages and disadvantages. AM methods are
promising FGM manufacturing methods that have
excellent design flexibility and ability to create complex
geometries. However, AM also has limitations, including
relatively slow processing speeds and high energy
consumption. Therefore, future research should focus on
optimizing process parameters, developing innovative
energy-efficient techniques for example, exploring hybrid
manufacturing approaches, and adopting a life-cycle
assessment perspective for FGM products to promote
sustainable manufacturing practices. This will facilitate
wider application of FGMs in varying industrial sectors.
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Highlights
e In this study, water absorption values of pyrite were e With this study, the negative effect of pyrite on mechanical
obtained. values was determined.

e Also, the effects of pyrite on compressive strength were
investigated.

Abstract Information
Despite the two centuries that have passed, concrete still maintains its place at the top as a Received:
building material. Although it has different strength and performance characteristics than when 31.12.2024

it was first discovered with the developing technology, it can be said that it is still the most studied

building material today. For this reason, researchers are investigating various materials that can Received in revised:

improve the performance of concrete and at the same time can be recycled as waste. In this study, 17.01.2025
the effect of substitution of pyrite mineral rocks obtained from copper mines into concrete as fine

aggregate on the compressive strength and water absorption values of concrete specimens was Accepted:

investigated. For this purpose; 2.5% and 7.5% by weight of pyrite aggregate was substituted for 22.01.2025

sand and crushed sand aggregate in the concrete design mix. A total of 9 concrete cube specimens
of 100x100x100 mm were produced for 3 series together with the reference specimens and the
averages of 3 specimens were used as data after 28 days of curing. The data obtained show that
as the pyrite aggregate substitution rate increases, the water absorption rate increases by 0.41%,
and the compressive strength decreases by 21.32%.

Keywords: Concrete, compressive strength, pyrite, water absorption, sustainability, innovative materials

1. Introduction

Concrete is widely used in roads used for the
transportation of pedestrians and vehicles, in the
production facilities of enterprises such as food,
chemistry, pharmaceuticals that work on industry, in
recreation areas where people spend their leisure time, in
recreation areas around the buildings used for education
and training. Since concrete is a low-cost and durable
building material compared to other building materials,
its use is constantly increasing [1].

However, concrete is not without its drawbacks.
Researchers have sought to address these issues,
exploring innovative solutions to enhance the material's
performance and sustainability. One of the key challenges
is the low tensile strength of concrete, which can lead to
cracking and deterioration, particularly in structures
subjected to bending or pulling forces. Additionally, the

production of Portland cement, a primary ingredient in
concrete, contributes to significant greenhouse gas
emissions, underscoring the need for more
environmentally friendly alternatives [2].

Conventional concrete has disadvantages such as low
tensile strength, poor surface strength and rapid crack
development during cracking. The performance of
concrete depends on its material composition, internal
structure and degradation mechanisms in the service
environment. Pavement concretes used for any purpose
are subjected to compressive, bending stresses as well as
abrasion forces in the environment in which they serve.
While the flexural strength of the concrete pavement
plays an important role when designing such materials,
the design of pavements used on airport runways focuses
more on impact strength [3].
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Concrete pavements on concrete roads with heavy traffic
load, shopping malls, vehicle fuel stations, storage and
industrial sites deteriorate in short periods of time due to
the abrasion and impact forces to which they are
exposed. In order to prolong the surface deterioration of
concrete pavements exposed to continuous abrasion,
concrete surface improvement processes are used in
addition to the use of high-strength concrete and fiber
concrete applications.

Pyrite, a naturally occurring mineral with a distinct
golden-yellow hue, has gained attention as a potential
substitute for traditional concrete in construction
applications. Composed of iron and sulfur, pyrite exhibits
unique properties that make it a promising alternative,
particularly in terms of its mechanical and water
absorption characteristics [4, 5].

Substituting pyrite for concrete could yield significant
gains in terms of circular economy and sustainability.
Pyrite is a mineral obtained from mineral deposits and can
contribute to concrete in terms of strength and durability
by using it in concrete. In addition, since pyrite is a heavy
aggregate source, it can be used in the construction of
imaging units of hospitals for radiation attenuation effect
[6-8].

Research has shown that the integration of pyrite into
concrete can significantly enhance its performance.
Replacing natural sand with iron tailings, a byproduct of
pyrite mining, has been shown to improve the
compressive strength, splitting tensile strength, and
elastic modulus of the resulting concrete mixture, making
it a more durable and reliable building material [9].
Moreover, the use of pyrite-based concrete has been
found to have a lower corrosion rate and decreased
susceptibility to acid erosion, further enhancing its
durability and longevity [9].

The utilization of industrial waste materials like pyrite in
concrete production aligns with the growing emphasis on
sustainable and eco-friendly construction practices. By
incorporating  these alternative  materials, the
construction industry can reduce its reliance on natural
resources, minimize waste, and contribute to a more
environmentally conscious built environment [10].

Pyrite, a naturally occurring mineral composed of iron and
sulfur, has garnered the attention of researchers and
engineers in the field of concrete construction due to its
potential to influence the mechanical and physical
properties of this widely-used building material. There are
some studies in the literature for this purpose. The
researchers found that the addition of pyrite led to a
significant increase in the compressive strength of the
concrete, with the optimal replacement rate being
around 10% [11]. The other study investigated the use of
pyrite as a fine aggregate in concrete, reporting that the
inclusion of pyrite improved the density and reduced the

porosity of the concrete, contributing to enhanced
durability [12]. Demirci [13] studied heavy concrete with
pyrite aggregates with s/w 0.4, 0.5 and 0.6, and concluded
that as the s/w ratio increases; modulus of elasticity,
compressive strength and absorption coefficients
decrease. Salguero et al. [14] produced concretes by
substituting some of the fine aggregate with pyrite in
order to create a new design by replacing fine aggregate
in concrete design and conducted research on concretes.
They obtained a compressive strength value of 56.44 MPa
in concrete specimens using pyrite and 41.03 MPa in
reference specimens without pyrite and stated that pyrite
is suitable for use in concrete [14].

The use of pyrite in concrete instead of fine aggregate will
add financial value to the pyrite mine by reducing waste
costs and contributing to the aggregate sector. In the light
of the literature research, there are studies on pyrite
substitution in concrete, but it is understood that the
scope of these studies is not sufficient to fully elucidate
the changes caused by the substitution of pyrite in
concrete. For this purpose, this paper presents the results
of compressive strength and water absorption values
obtained as a result of experimental studies.

2. Material and Methods

CEM 1 42.5 R type cement was used for concrete design.
The pyrite used was obtained from the copper mine.
Waste pyrite rock was crushed to coarse aggregate sizes
in a jaw crusher. It was then sieved through a 4 mm sieve
and converted into fine aggregate. Table 1 shows the
percentages of pyrite passing through the sieve after
granulometry analysis. Figure 1 shows the granulometry
curves of the aggregates used in the mixture and the
mixture.

Table 1. Pyrite aggregate sieved (%) values
Sieved size (mm) Sieved material (%)

4 100

2 76.2

1 47.1

0.5 18.7

0.25 3.2

0.125 0.8

0.063 0.0

Pan 0.0

120
100 |
80 1
60
40
2
0 —

0 00630125025 05 1 2 4 8 112 16 224 315

Figure 1. Granulometry curves of aggregates and mixed

The physical properties of aggregates used in concrete
design are given in Table 2 [15]. Also, data on the physical
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properties and density values of the pyrite mineral are
given in Table 3.

Table 2. Physical features of aggregates

5 § .3 3 o
S 25 859 253 6%
S Y- 8¢S S og s5¢5
S o€y o %S
S S Sw¥ Sm-o 4R
s O © o0 %) <
» < <
z
Specifi
pectiic 531 248 262 2.69 4.74
Weight
Water 106
Absorption ’ 4.48 1.48 1.13 0.60
2
(%)
Moisture
Content 9.46 2.53 0.44 0.45 0.00

(%)

Concrete design calculations were made to meet the
strength criteria of C40/50 class [17]. The water/cement
ratio was 0.45 and the slump was 4 cm. Concrete mixtures
were prepared with a pan type mixer. The specimens
were filled into 100x100x100 mm molds (Figure 2.) The
concrete specimens were subjected to curing in lime-
saturated water at room temperature of 20 °C until the
28th day.

Table 3. Pyrite aggregate sieved (%) values

Explanation Properties
Chemical Composition FeS,
Crystal arrangement Cubic

Usually cubic, octahedral,

Crystal Shape pyritohedral crystalline

Hardness 6-6.5
Specific Gravity 5-5.028
Color and Transparency Metalli(c)sarzzseyellow,
Line Color Greenish black
Brightness Metallic

After the sample cured for 28 days in accordance with TS
EN 1097-6 standard, the water absorption amount was
removed from the curing pool, the water film around it
was wiped with a cloth and the saturated dry surface
mass was weighed (W1), these samples were weighed
again (W2) after they were kept in a 40 °C oven until they
reached constant mass (Figure 3) and the water
absorption values of the samples were measured
according to Equation 1.

Wa=(W1-W2)/W1x100 1)

In Eq. 1, Wa is the sample water absorption percentage,
W1 is the saturated dry surface mass and W2 is the oven
dry mass.

Figure 2. Prepared cube samples

The compressive strengths of the 100x100x100 mm cube
specimens with 0%, 2.5% and 7.5% pyrite fine aggregate
ratios were calculated according to Eqg. 2 in accordance
with TS EN 12390-2 standard [18] (Figure 4).

Fc=Px a® (2)

Figure 3. Air-dry weighing and dry-tube weighing

In Eq. 2, Fc is the compressive strength (N/mm?), a is the
specimen edge length (100 mm), P is the maximum force
at fracture (N).

Figure 4. Compressive strength measurement device

3. Result and Discussion

Water absorption and compressive strength values
obtained from 100x100x100 mm concrete specimens
with PCO, PC2.5 and PC7.5 pyrite fine aggregate content
are shown in Figure 5. PC abbreviates concrete cube
samples with pyrite mineral. The compressive strength
values given in Figure 5 are the average strength values of
3 specimens measured on the 28th day. The use of 7.5%
pyrite aggregate resulted in a 21.33% decrease in the
compressive strength and a 21% increase in the water
absorption value of the PC7.5 specimens compared to the
PCO specimen.
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Figure 5. Compressive strength and water absorption values for
reference and concrete samples with pyrite

Guo et al. [19] substituted pyrite wastes into concrete and
investigated their effect on compressive strength. They
showed that the compressive strength increased when
the substitution rate was between 0-20%, while the
compressive strength decreased between 20-40%.

In their study, Ustabas et al. [6] determined that as the
pyrite fineness increased, the specific gravity decreased
and the amount of water absorption increased. They
observed that pyrite concrete had higher compressive
strength than normal concrete at varying water/cement
ratios. When the values in this study are compared with
the values in the study of Ustabas et al. [6]; it is seen that
the use of pyrite contributes positively to the compressive
strength, while it has a negative effect on the compressive
strength of conventional concrete.

Although direct concrete substitution studies with pyrite
are limited, a study by Wang et al. [20] on the use of
copper wastes with high sulfur content in cementitious
filler pastes showed that compressive strengths generally
increased with going up sulfur content, depending on the
curing time. However, while the sulfur content of the
wastes used was maximum 30.7%, the general sulfur
content of pyrite mineral was above 40%. Due to this
difference, there may be a difference between the
present study and the compressive strengths.

4. Conclusion

In this study, pyrite rock from copper mines was
processed into fine aggregate and substituted into
concrete cube specimens at 2.5% and 7.5% by weight. In
this study, which was carried out to determine the effect
of pyrite mineral on the mechanical and physical
properties of concrete specimens, the following
conclusions can be drawn in the light of the data obtained
from the compressive strength and water absorption
tests.

i. When pyrite fine aggregate was used in concrete mix,
water absorption increased by 0.02% in PB2.5 sample
compared to PBO reference sample.

ii. When pyrite fine aggregate was used in concrete mix,
compressive strength decreased by 12.00% compared to
PBO reference specimen.

iii. While the water absorption value of the PB7.5
sample increased by 0.41%, the compressive strength
value decreased by 21.32%.

iv. The use of pyrite decreased the compressive strength
of conventional concrete with increasing substitution
rate, while increasing the water absorption values of the
specimens.

Although there are many parameters for the usability of a
mineral in concrete, the results of the tests give us clues
that pyrite can be used in concrete. However, the limits of
this study include compressive strength and water
absorption tests as mechanical and physical tests. In
future studies, the study team plans to investigate the
physical properties of pyrite specimens such as mass loss
and wear length; SEM-EDS analysis for micro mechanical
properties; and algae and mossing for durability
properties. For upcoming studies, the durability
properties of pyrite concrete (fire and acid resistance,
etc.) may be interesting topics to investigate.

The sustainability and durability of the building material
used against external influences is important in terms of
extending the economic life of industrial buildings in
terms of both housing for life and the continuation of
production. Fires, which are an indirect effect of today's
global warming, can have devastating effects both
economically and socially. In this context, it is essential to
discover innovative materials and minerals that improve
the strength and durability properties of building
materials against external influences such as acid and fire
effects, or to emphasize the importance of those already
available, in order to prepare the ground for future
studies.
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Highlights
e Corner radius significantly affects FRP confinement e Higher aspect ratios reduce the impact of corner radius on
efficiency. strength.

e lLarger corner radii enhance strength and ductility in RC e FRP confinement is most effective in square sections with
columns. rounded edges.

e Stress concentration at sharp corners lowers confinement e Sharp corners limit FRP confinement effectiveness
efficiency.

Abstract Information
The corner radius significantly influences the axial compressive behavior of rectangular reinforced Received:
concrete columns externally confined with FRP jackets along their lengths. Fiber reinforced 10.01.2025

polymer sheets are among the most efficient techniques for enhancing both the strength and
ductility of reinforced concrete columns; however, their effectiveness depends on the geometry
and edge sharpness. Sharp corners increase stress concentrations and reduce the effective

Received in revised:

28.01.2025
confinement area. This paper analytically investigates the structural behavior of rectangular
columns confined with fiber reinforced polymer jackets that experience non-uniform stress Accepted:
distributions at the corners under axial compression. A series of rectangular reinforced concrete 28.01.2025

columns with varying corner radii were analyzed using reliable analytical models to evaluate the
effects on the effective confinement factor, stress-strain response, and axial load capacity. The
results reveal that edge sharpness significantly affects the axial compressive behavior of confined
rectangular columns. Sections with smaller corner radii behave similarly to unconfined columns
and exhibit limited effectiveness from fiber reinforced polymer confinement. Finally, the study
concludes that the corner radius is directly proportional to the enhancement of strength and
ductility in confined rectangular reinforced concrete columns, playing a critical role in their axial
load-carrying capacity.

Keywords: Corner radius; CFRP sheets; RC columns; strength; ductility; confinement; axial
behavior

1. Introduction

Reinforced concrete (RC) columns are the most critical
components in structural engineering, as they support
axial compression loads, with or without flexural
moments. However, these columns often experience
deterioration due to various factors, such as seismic
events, aging, environmental influences, and increasing
loading demands, necessitating effective retrofitting and
strengthening methods. The application of fiber-
reinforced polymer (FRP) confinement has emerged as an
effective technique for enhancing both the load-carrying
capacity and ductility of existing RC columns over the past
three decades [1-3]. The effectiveness of FRP sheets
varies depending on the geometry of the columns. FRP is

more effective for circular sections, where uniform stress
distribution along the section enhances performance [4].
For rectangular columns, the effectiveness depends on
parameters such as the aspect ratio and corner radius.
The corner radius plays a crucial role in the confinement
mechanism, as sharp corners in rectangular or square
cross-sections result in stress concentrations, reducing
the efficiency of FRP confinement in improving the
structural behavior of columns. Additionally, the
maximum confinement stress in rectangular sections
typically occurs at the corners [5, 6].
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Several experimental and analytical studies have
evaluated the influence of corner radius on the structural
behavior of fully CFRP-wrapped rectangular and square
RC columns under pure axial compressive loads. Wang
and Wu [6] conducted a series of experimental tests on
108 CFRP-wrapped square short RC columns. Their
experiments, which involved various corner radii,
revealed that the corner radius is directly proportional to
the increase in axial compressive capacity. They found
that sharp corners have little effect on the enhancement
of column strength but significantly contribute to an
increase in ductility. Al-Salloum [7] studied the influence
of edge sharpness on the compressive behavior of square
concrete columns retrofitted with FRP, both
experimentally and analytically. Based on his findings, the
flattening of the edges of square cross-sections plays a
crucial role in delaying the failure of the composite.
Furthermore, the effectiveness of FRP has a direct
relationship with the corner radius.

Jiang et al.[5] introduced a new methodology to analyze
the influence of FRP sheet confinement in square RC
columns. They conducted numerous experimental tests
and presented a new perspective on the efficiency of FRP
jackets. Wei and Wu [8] evaluated the effect of cross-
sectional aspect ratio on the structural behavior of
rectangular RC columns strengthened with FRP jackets.
Based on their experimental results, they found that the
confinement ratio of sections decreases as the aspect
ratio increases. Additionally, they proposed a new stress-
strain model for rectangular RC columns fully confined
with FRP. Shayanfar and Barros [9] conducted research on
a design-oriented model for circular and non-circular FRP
RC columns. They proposed a new design-oriented stress-
strain model that is applicable to both circular and
rectangular RC columns. Lam and Teng proposed a simple
design-oriented stress-strain model for RC columns with
rectangular cross-sections wrapped externally with FRP.
This model predicts the compressive behavior of columns
under pure axial load.

The objective of this study is to evaluate the effect of edge
sharpness on the axial behavior of rectangular sections
externally confined by CFRP sheets using analytical
methods. While most research has focused on circular
columns, and many experimental studies have been
conducted on rectangular columns, limited attention has
been given to the analytical assessment of corner radius
effects. This gap in the existing literature underscores the

Table 1. Properties of cross-sections and materials

need for a comprehensive analytical investigation into
how edge sharpness influences the load-carrying capacity
and ductility of CFRP-confined RC columns. This paper
seeks to address this gap by providing a more detailed
analysis of the efficiency of edge sharpness in enhancing
FRP confinement for rectangular columns.

2. Material Properties

FRP composite RC columns consist of three primary
materials: plain cement concrete, reinforcing steel, and
FRP jackets, each with distinct mechanical properties.
Concrete is a complex material known for its high
compressive strength but low tensile strength, making
compressive strength a critical parameter for structural
engineers. Under pure axial loads, concrete exhibits
elastic-plastic behavior, and its elastic modulus varies
depending on factors such as compressive strength,
aggregate properties, and age.

Hognestad [10] proposed a parabolic model to describe
the stress-strain behavior of unconfined concrete under
pure axial compression, as presented in Table 1. In this
study, the unconfined concrete has a compressive
strength of 25 MPa, and its mechanical behavior under
pure axial compression is illustrated in Figure la. Steel
reinforcement, commonly known as rebar, is used to
provide sufficient tensile strength in combination with
concrete in RC columns. The high tensile strength of steel
compensates for the tensile weakness of concrete,
enhancing both the strength and ductility of reinforced
concrete columns. In this paper, Grade 60 mild steel with
specified structural properties is used, and its mechanical
behavior under pure tensile stress is depicted in Figure 1c.
FRP is a composite material characterized by high tensile
strength, lightweight properties, and excellent durability,
created by combining carbon fibers with a polymer matrix
[1]. It is widely employed in retrofitting RC columns due
to its advantageous mechanical properties. When applied
to RC columns, FRP enhances confinement, thereby
improving the load-bearing capacity and ductility of the
columns. In this study, the FRP sheets have an ultimate
tensile strain of 1.6% and an elastic modulus of 220 GPa.
The tensile mechanical properties of the FRP are shown
in Figure 1d. The relationships between stress and strain
for concrete, steel bars, and FRP composites are detailed
in Table 1 according to various analytical models,
illustrating their structural behavior under axial loads.

Concrete Longitudinal steel FRP sheets Cross-sections
Feo Ec Eco cc dp t Es & nxtr bxh
(Mpa)  (Mpa) (%) (mm) (mm) (Mpa) (Mpa) (Mpa) (%) (mm) vr (mmxmm)
25 23500 0.2 25 16 420 2x10> 2.2x10° 1.6 3x0.135 0.95 300x300 300x450 300x600
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Figure 1. Stress-strain curves: (a) unconfined concrete under compression, (b) unconfined concrete under tension, (c) steel

reinforcement under tension, (d) CFRP sheets under tension

3. Methodology

This study investigates the influence of corner radius on
the behavior of rectangular cross-section RC columns
externally confined with FRP jackets under uniaxial
compression using an analytical approach. All column
cross-sections are fully wrapped with FRP consisting of
three plies, each with a single-layer thickness of 0.135
mm and a tensile elastic modulus of 220 GPa. The
mechanical properties of the materials are assumed
constants for all cross-sections: the unconfined
compressive strength of concrete is 25 MPa, and the
yield tensile strength of the longitudinal reinforcement
bars is 420 MPa. Based on a review of the literature,
several reliable and well-established analytical models
for predicting the axial compression behavior of FRP-
confined rectangular RC columns are selected to
examine key parameters, including the cross-section
aspect ratio, corner radius (edge sharpness), material
properties, and FRP ply thickness, and their effects on
the strength and ductility of the columns.

The relationship between the corner radius ratio and
the shape factor, which represents the effective
confinement area, was extensively evaluated and

illustrated using graphical representations. For more
comprehensive results, three rectangular RC columns
with dimensions of 300 x 300 mm, 300 x 450 mm, and
300 x 600 mm—corresponding to aspect ratios of 1,
1.5, and 2, respectively— as shown in Figure 2 were
analyzed with varying corner radii of 0, 30, 60, 90, 120,
and 150 mm. Additionally, stress-strain curves for all
cross-sections with the three aspect ratios were plotted
and compared across different corner radii using
analytical models. The mechanical properties of
materials, including the compressive strength, elastic
modulus, and strain corresponding to the peak strength
of unconfined concrete; the elastic modulus, tensile
yield strength, and diameter of longitudinal steel
reinforcement; and the elastic modulus, ultimate
strain, and single-layer thickness of the FRP jacket,
along with the cross-sectional dimensions, are
summarized in Table 1.
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Table 2. Summary of stress-strain relationships for concrete, steel reinforcement, and FRP sheets
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Figure 2. a) Square confined RC columns with various corner radius, b) relationship between normalized strength with corner radius
ratios, c) rectangular FRP wraps RC columns with various aspect ratio

3.1. Proposed models for stress-strain prediction
3.1.1 ACI 440.2R-08 confinement model
For rectangular reinforced concrete columns externally

confined solely with FRP, a predictive model was
proposed by Lam and Teng [13]. This model has been

adopted by the ACI Committee [2] for FRP-confined
concrete, as illustrated in Figure 3, and can be computed
using the following expressions:

E —E )
£e )
o, = af,

f,tEs =& <e <¢g,

2
& =>0<¢ <g

(1)
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&:1+3.31//ka0><& (2)
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2nE t.o,
— ff S (3)

N

Where, oc and & represent the compressive stress and
strain of concrete, respectively, while E: and £2 denote
the slopes of the first and second branches of the stress-
strain curve, 6. refers to the unconfined compressive
strength of concrete in a cylindrical test ¥is an additional
reduction factor, set to 0.95. Furthermore, oz and Es
represent the ultimate tensile strength and elastic
modulus of the FRP, respectively, and b/h describes the
aspect ratio of the rectangular cross-section.

The stress-strain relationship proposed by Lam and Teng
[13] is illustrated in Figure 3. This curve consists of two
different mathematical functions: parabolic and linear. It
is applicable to RC columns confined solely with external
FRP sheets and does not account for the effects of stirrups
or hoops.

Ey

1

P F--
c i Unconfined
! i concrete
Ecif |
g €¢ 0.003 Eccu

&
Figure 3. Lam and Teng [13] model for FRP-confined columns

According to the recommendations of the ACI code, the
ultimate tensile stress of FRP jackets is calculated using
the following expression.

o, =Ee, =E k&, (4)

Here, & represents the rupture strain of FRP wraps,
while kedenotes the FRP strain efficiency coefficient,
with a value for kg = 0.586 as recommended by Lam
and Teng [13]. Additionally, k= and k» are the shape
efficiency factors, whose values depend on the effective
confinement area and the aspect ratio. For circular cross-
sections, ks equals 1, while for rectangular shapes, it can
be determined using the following equation.

2
AL

0.5
A (h
’ &[bj ©

Where Ac/Ac represents the effective confinement area
ratio, which is directly related to the corner radius. The

effective confinement area for an FRP-confined
rectangular cross-section is shown in Figure 4. This ratio
increases with a larger corner radius and is expressed as
follows [2]:

B o[ PNy 2
1_{(hj(h 2r.) +(bj(b 2r.) }_

2 _ - )
A 1-p,

The maximum compressive strain in FRP-confined
concrete, &, Which represents the ductility of the
column, can be determined using the following
expression [2].

f e 0.45
1.5+12kb—’[£J <001 (8)

gC (o]

gCCU = gCO

co

Unconfinéd-
- area

Effective-
confinement area

g
Figure 4. Effective area of confined rectangular column (Lam and
Teng [13])

Here, Ae denotes the effective confinement area of the
section, Acrepresents the total cross-sectional area of the
concrete, and Ag is the gross cross-sectional area of the
column with rounded corners which is obtained as
follows. Additionally, Rcis the corner radius, and ggrefers
to the longitudinal steel percentage of the column.

A, =bh—(4— )R (9)
The maximum theoretical axial load capacity (Ps) of an
axially loaded RC column fully confined with FRP wraps

along its entire length can be determined using the
guidelines provided in ACI-440.2R-08 [2], as follows:

P, =a|0.85f, (4, —A)+A,f | (10)

Where a is the accidental eccentricity reduction factor,
with @=0.8 for tied columns and a=0.85 for spiral
columns; As represents the total area of longitudinal
steel, and £, denotes the yield tensile strength of the
reinforcing steel.
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3.1.2 Wei and Wu model

The two-branch unified simple confinement model
proposed by Wei and Wu [8] consists of a parabolic curve
in the first segment and a straight line in the second
segment. This model is applicable to confined FRP RC
columns with circular, rectangular, and square cross-
sections. In the first segment of the curve, the initial slope
corresponds to the elastic modulus of unconfined
concrete E¢, while the slope at the transition point
remains consistent across both segments. The model can
be expressed in the following general form:

-E.¢
Ecgc+f°#gf —>0<¢ <¢,
fe= € (11)

E, =2 to (12)

The transitional stress £, and strain & values can be
determined using the following equations:

o 0.68 h -1
fo —fco +O43(;j (zj f, (13)
g, = (fo +fcu +Ecgcu)_\/(f02:_fcu +Ec5cu)2 _gfoEcgcu (14)

c

The lateral confining pressure F is determined using the
following expression:

b b (15)

fi

The maximum confined compressive stress and strain of
FRP-wrapped RC columns are calculated using the
following equations:

0.4 0.73 -1
Ju g5, 2.7(£J [ij (ﬁ] (16)
fCO b fCO b

0.75 0.62 -1 -0.3
S 174 12[i] []‘3—"} (Oﬁr + o.64j (ﬁj
o Jeo Jeo b b

(17)

&, =0.000937% £, (Mpa) (18)

Where fou and & represent the ultimate confined
compressive strength of concrete and its corresponding

Table 3. Shape factor and peak confined strength

strain, respectively; £ denotes the lateral confining
pressure; f3o refers to the peak compressive strength of
concrete with a value of 30 MPa; b and A are the smaller
and larger dimensions of the cross-section, respectively;
feo and & indicate the peak strength and strain of
unconfined concrete, respectively; and £-and £ are the
slopes of the first and second branches of the stress-strain
curve, respectively.

3.1.3 Wu et al. model

They propose a two-part stress-strain relationship for RC
columns confined with FRP sheets that is suitable for
rectangular cross section. The first branch follows the
parabolic law, and its slope is same as well as elastic
modulus of unconfined concrete and the second portion
of stress-strain curve is linear, and model is given by the
following expressions [14]:

1
fi= Epfff (19)
2(b+h)t;
= 20
Py bh (20)
f; = £, (1+0.0008atk; 4, ) (21)
& =&, (1+0.0034ak, 1, ) (22)

where, Frand & represent the transitional stress and the
corresponding strain, respectively; Fe; and & denote the
ultimate confined stress and strain of the concrete,
respectively; and pr is the volumetric ratio of FRP sheets
to the concrete cross-section.

4. Analytical Study
4.1. Effect of corner Radius

Numerous experimental and analytical studies have
investigated the structural compression behavior of
rectangular RC columns retrofitted externally with FRP
jackets, focusing on the factors influencing confinement
effectiveness [5-7, 15]. One crucial parameter is the
corner radius, which directly affects the axial compressive
behavior of confined columns. This parameter plays a
significant role in the distribution and concentration of
lateral confining stresses at the corners, the shape factor,
and the peak confined compressive strength and strain of
the concrete.
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A confined rectangular RC column cross-section with fully
wrapped FRP is presented in Figure 5a. This figure
illustrates the confinement effectiveness of FRP-wrapped
rectangular RC columns, highlighting the influence of the
rounded corner radius. The external FRP sheets are
depicted by the thin black outline around the cross-
section.

The central region, shown in white, is the most effectively
confined area, experiencing the full benefits of FRP jacket
confinement. This region undergoes uniform stress
variation due to lateral confining pressures. In contrast,
the hatched areas near the rounded corners represent
unconfined zones, where confinement effectiveness is
reduced because of the rectangular geometry, especially
when the corner radius is small or sharp. A larger corner

unconfined area '}BE stress concentration

i ¢ points
/i T
/ Ul
%

FRP jacket

o~

(a) (b)

Figure 5. Rectangular cross-sections: a) Area of confined and
unconfined concrete, b) distribution of lateral pressures.

g b

The distribution of lateral confining pressure og;exerted by
FRP sheets on a rectangular FRP-wrapped RC column,
along with the locations of stress concentration points, is

radius enhances confinement efficiency by increasing the
effective confinement area, distributing lateral stresses
more evenly, and reducing stress concentrations along
the sides [16].

The confinement efficiency of rectangular columns
wrapped with FRP depends significantly on the corner
radius and the aspect ratio. Circular cross-sections, which
can be viewed as a special case of rectangular sections
with large corner radii, offer uniform confinement since
the entire concrete area benefits from the FRP wraps. In
comparison, rectangular sections demonstrate lower
confinement effectiveness, particularly at corners with
small radii. Increasing the corner radius substantially
improves the confinement of rectangular cross-sections
[17].

illustrated in Figure 5b. The FRP jackets provide lateral
confinement to the concrete, enhancing its peak
compressive strength and ductility. Stress concentration
points, indicated by red circles, experience higher stress
levels due to the sharp curvature of the FRP, which can
lead to premature failure of the FRP wraps. Lateral
confining pressure, represented by black arrows pointing
inward, is most significant near the rounded corners. This
pressure is generated by hoop stresses within the FRP
sheets, which resist the lateral expansion of the concrete
under axial compressive loading [16].

The shape factor Kais defined as the ratio of the effective
confined area Ae to the total concrete area Ac for
rectangular FRP-wrapped RC columns. It depends on the
cross-sectional dimensions, aspect ratio, rounded corner
radius, and the percentage of longitudinal steel

32



Noorzad and Dilmag

Journal of Ceramics and Composites, 1(1), 2025

reinforcement [2, 9, 15]. The expressions used to
calculate the shape factor and peak confined strengh, as
proposed by various analytical models, are presented in
Table 3.

4.2. Impact of aspect ratio

Various column cross-sections, including rectangular,
square, and circular configurations, are illustrated in
Figure 6. The confinement efficiency of FRP wraps is
evaluated for each section type based on corner radius
and aspect ratio. Rectangular cross-sections, the most
used in RC structural columns, typically have an aspect

__ J

General shape of rectangular RC
column and h/b>1
Figure 6. Rectangular cross sections and its special shapes

4.3. Results of parametric study

The relationship  between maximum  confined
compressive strength and the ductility of concrete is
illustrated in Figures 7a and 7b for three confined
rectangular cross-sections with varying rounded corner
radii. According to the figures, the confined peak strength
of concrete exhibits significant variation with different
aspect ratios.

The column with dimensions 300 x 300 mm and an aspect
ratio of 1 demonstrates a higher maximum stress

Special shape of rectangular
RC column h/b=1 and 2R./b<1

ratio greater than one. Their confinement efficiency
improves as the aspect ratio decreases and the corner
radius increases. Square cross-sections are a specific case
of rectangular sections, characterized by an aspect ratio
of one and a corner radius ratio ZRc/b<1. The efficiency
of square sections is primarily influenced by the degree of
edge sharpness. Circular cross-sections, another special
case of rectangular sections, have both an aspect ratio
and a corner radius ratio of one. These sections are
particularly well-suited for FRP wrapping, as stress is
uniformly distributed across the entire cross-section,
making all areas effective in resisting confinement forces
[22].

Special shape of rectangular RC column
h/b=1and 2R./b=1

compared to the other two columns. Conversely, the
section with dimensions 300 x 600 mm and an aspect
ratio of 2 shows lower confined stress at the same corner
radius. As shown in Figure 7b, the ultimate confined strain
of concrete remains relatively unaffected by changes in
aspect ratio. Consequently, the aspect ratio significantly
impacts the axial strength of confined FRP-wrapped RC
columns, thereby influencing the effectiveness of the
corner radius. Furthermore, as the cross-sectional aspect
ratio increases, the influence of the corner radius
diminishes [23].
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Figure 7. Relationship between strength and ductility with corner radius for various aspect ratio, (a) normalized peak strength with
corner radius, (b) maximum confined strain with edge corner, (c) normalized strength with corner radius ratio, (d) normalized strain

with corner radius ratio

The normalized peak stress and strain, defined as the
ratios of peak stress and strain to the unconfined stress
and strain of concrete (Fue/Feo and Exc/Eco), are shown in
Figures 7c and 7d, respectively, as functions of the corner
radius ratio for various aspect ratios. The figures indicate
that the corner radius significantly influences square
cross-sections, improving confinement efficiency;
however, its effect diminishes as the aspect ratio

Table 4. Results of the analytical parameters

increases.  Additionally, for ultimate confined
compressive strain, the aspect ratio does not
substantially affect the effectiveness of the corner radius,
as depicted in Figure 7d. The analytical results presented
in Table 6 and Figure 8 demonstrate the influence of
varying corner radii on the peak compressive strength
(Fzc) and ultimate strain (&) of rectangular RC columns
strengthened with FRP jackets.

£ Fcc(Mpa) Eccu (%)
€ \ —_
»n {Q N — = - _ o S5 %o — <
g Ry ST < 335 £ 2% £ gS¥ ¢ 23 ¢ E% <
g . S 33 R 2= R I~ R 33 S R R
3 Qe 2 s 2 S e = s
0 29.19 0 28.15 0 31.33 0 0.60 0 1.27 0 2.09 0
o 0.1 3216 1017 3195 1350 3342 667 0.78 30 134 551 203  -2.87
? 0.2 3445 1802 3645 2945 3551 13.34 0.93 55 143 12,60 195  -6.69
= 0.3 36.13 23.77 3966 40.88 3760 2001 1.0 666 153 2047 188  -10.05
« 04 3722 2751 4293 5250 39.68 2665 1.10 833  1.63 2834 181 -13.39
0.5 37.63 2891 4582 6277 4177 3332 12 100 173 3622 174 -16.74
0 29.21 0 26.46 0 28.53 0 0.61 0 1.17 0 1.86 0
° 0.1 3219 1020 2822 6.65 2980 445 079 2951 122 427 182  -2.15
$ 0.2 3450 1811 3030 1451 3107 890 093 5246 131 1196 177 -4.84
= 0.3 36.19 23.89 3210 21.32 3233 1332 104 7049 140 1966 173  -6.99
« 0.4 3728 2763 3373 2747 3360 1777 110 8033 149 2735 169 -9.14
0.5 3771 29.10 3525 33.22 3487 2222 113 8525 157 3419 1.65 -11.29
0 25.66 0 25.51 0 27.04 0 0.58 0 1.08 0 1.73 0
o 0.1 2602 140 2686 529 2794 333 070 2069 115 648 170 -173
8 0.2 2631 253 2807 10.04 2884 6.66 0.80 3793 123 13.89 1.67  -3.47
) 0.3 2654 343 2911 1411 2974 998 0.88 5172 131 2130 164  -5.20
« 04 2670 405 3006 17.84 30.65 1335 094 6207 139 2870 161 -6.94
0.5 2680 444 3093 2125 3155 1668 097 6724 147 3611 159  -8.09
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The analysis examines three confinement models: ACI
440.2R-17 [2], Wei and Wu [8,14], and Wu et al. [14]. As
the corner radius ratio (Rc/b) increases from 0 to 0.5, the
models show notable variations in performance. Larger
corner radii reduce stress concentrations at corners,
enhancing confinement efficiency, which leads to
improvements in both strength and ductility. Among the
models, ACI 440.2R-17 [2] provides conservative
estimates, particularly for columns with higher aspect
ratios, while the Wei and Wu model predicts greater gains
in Fcc and Eccu, reflecting improved confinement
behavior. The Wu et al. model [14], although accounting
for geometric factors, tends to overestimate peak
strength, especially in smaller sections. The ultimate
strain proves more responsive to changes in corner
radius, underscoring the role of FRP in enhancing
ductility. For design purposes, the Wei and Wu model
strikes a balance between accuracy and safety [24].

Furthermore, a comparative analysis of peak confined
strength and ductility for columns with aspect ratios of
300 x 300 mm, 300 x 450 mm, and 300 x 600 mm reveals
that ACI 440.2R-17 [2] often underestimates confinement
effects for smaller aspect ratios but overestimates them
for larger ones. In contrast, the Wei and Wu [8] model
offers more balanced and realistic predictions,
particularly in capturing the influence of corner geometry
on peak compressive strength.

The effect of the corner radius ratio on the shape factor,
or the effective confinement area ratio, is illustrated in
Figures 9a and 9c, based on various confinement models
and corner radii. According to Figure 9a, rounded corners
improve the effective confinement area of rectangular
cross-sections, particularly for sections with smaller
aspect ratios. For evaluating the shape factor, five
analytical models were utilized, including the ACI 440.2R-
17 [2] proposed model, Lam and Teng’s [13] model, Al-
Salloum and Youssef's model [7], the FIB 2019 [21]
proposed model, and the model by Youssef et al. [18] and
Pimanmas and Saleem [19]. As shown in Figure 9c, four of
these models closely agree, while the Pimanmas and
Saleem model diverges significantly for larger corner
radius ratios. The relationship between the confinement
area and cross-sectional aspect ratios is presented in
Figure 9b for three corner radius ratios. It is evident that
larger corner radius ratios and smaller aspect ratios
significantly enhance the effective confinement area.
Additionally, the impact of edge sharpness on the
theoretical axial load capacity of RC columns is
investigated and shown in Figure 9d. The axial
compression load capacity of FRP-wrapped rectangular
RC columns is directly proportional to the corner radius
[23,24].

4.3.1. Stress-strain curves

The stress-strain curves of FRP-confined rectangular
reinforced concrete (RC) columns with varying cross-
sectional aspect ratios (e.g., 1, 1.5, and 2) and corner radii
(e.g., R=30 mm, 90 mm, and 150 mm) are compared
with those of unconfined concrete, as illustrated in
Figures 10a, 10b, and 10c. Unconfined concrete
demonstrates brittle compression behavior,
characterized by a sharp peak stress followed by a rapid
decline and limited axial strain. In contrast, FRP-wrapped
RC columns exhibit significantly enhanced compression
performance, including increased maximum strength and
greater ductility. The confinement efficiency in
rectangular cross-sections improves with larger corner
radii, which critically influence the axial stress-strain
response. Analytical curves show that the R=30 mm
configuration yields lower peak axial stress and reduced
ductility compared to larger corner radii. The R=90 mm
and R=150 mm configurations substantially enhance
both strength and ductility, with the R=150 mm
configuration achieving more uniform stress distribution
and reduced stress concentrations at the corners. This
leads to higher peak confined compressive strength and
improved ductility. These findings emphasize the
importance of incorporating rounded corners to enhance
confinement efficiency and mitigate stress
concentrations in FRP-confined rectangular RC columns.

The axial stress-strain behavior of FRP-wrapped RC
columns with dimensions of 300 x 300 mm and an aspect
ratio of A/b=1, including a corner radius ratio of
Rc/b=0.1, is illustrated in Figure 10d using three
analytical models: the ACl recommended model [2], the
Wei and Wu model [8], and the Wu et al. model [14]. The
curve generated by the ACI model exhibits lower initial
stiffness compared to the other two models, although the
differences in ultimate strength are minimal.

Conversely, the Wu et al. model overestimates ductility
relative to the other models. While its overall behavior is
similar to that of the Wei and Wu model, the transitional
point between elastic and plastic behavior differs. The
Wei and Wu model represents an intermediate response
between the ACI and Wu et al. models, with results
closely aligned to both. The initial slopes of the ACI and
Wei and Wu models are identical, corresponding to the
elastic modulus of unconfined concrete, £. All three
models provide comparable predictions for the ultimate
confined compressive strength of concrete, confirming
their reliability for modeling rectangular cross-sections.
Each model comprises two mathematical branches: an
initial parabolic segment followed by a linear portion. This
study primarily emphasizes the AClI model, with many
parameters derived from its formulations.
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Figure 8. Relationships between peak confined stress and strain for various aspect ratios based on three confinement models.
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Figure 9. (a) Relationship between confinement area ratio with corner radius ratio, (b) shape factor and aspect ratio, (c) shape factor
and corner radius ratio, (d) nominal axial load capacity and corner radius

According to Figure 10, the effectiveness of the corner
radius in rectangular FRP-confined RC columns is
influenced by the cross-sectional aspect ratio. For smaller
aspect ratios (e.g., b/h=1), the impact is pronounced,
leading to significant increases in both strength and

ductility. As illustrated in Figure 10a, the maximum stress
and strain exhibit considerable differences. However, for
larger aspect ratios, such as A/b=2, the influence of the
corner radius is less pronounced, as shown in Figure 10c.
In this case, the stress and strain values for the three
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corner radii are similar, indicating that the effect of the
corner radius diminishes as the aspect ratio increases.

50

6, (N/mm?)

20

£ (x10%)

1) 10 20 30 40 50 60 70 80 90 100 110 120

(a)

6, (N/mm?)

30

20

s RC=30mm

w—Rc=00mm 300
10
s RE=15 O
8
= Unconfined °
£ (x10%)
o
0 15 30 a5 60 75 %0 105 120 135
(c)

6, (N/mm?)

30

20

= RC=30mm

— Re=00mMmM 300
10 ——Unconfined o
2
=—=Rc=150mm

£, (x109)

1 13 25 ET 49 61 73 85 97 109 121 133 145

R/b=0.1

6, (N/mm?)

£, (x107)

o 15 30 45 60 75 90 105 120 135 150 165 180 195

(d)

Figure 10. Stress-strain curves based on corner radius, (a) square RC column, (b) rectangular section with aspect ratio of 1.5, (c)
rectangular section with aspect ratio of 2, (d) comparison of stress-strain based three models

5. Conclusions

This paper presents a comprehensive analytical
investigation into the influence of corner radius on the
axial compressive behavior of rectangular reinforced
concrete (RC) columns wrapped with fiber-reinforced
polymer (FRP) jackets. The findings highlight the
significant impact of edge sharpness on confinement
efficiency, which directly affects both the strength and
ductility of RC columns subjected to pure axial loads. The
study evaluates rectangular cross-sectional shapes with
aspect ratios of 1.0, 1.5, and 2.0, along with six corner
radii (0, 30, 60, 90, 120, and 150 mm). Established
analytical models are utilized to examine key parameters,
including the shape factor, maximum confined
compressive strength, confined strain capacity of
concrete, and nominal theoretical axial load capacity. The
results indicate that edge sharpness plays a critical role in
determining the stress distribution and overall
performance of FRP confinement. Larger corner radii
improve confinement efficiency by reducing stress
concentrations at the edges and expanding the effective
confinement area, leading to higher peak compressive
strength and enhanced ductility in rectangular sections.
Conversely, sharp corners restrict the distribution of
lateral confining stresses, thereby diminishing the
effectiveness of FRP wraps. The influence of corner radius
is most significant in square cross-sections with an aspect
ratio of 1.0, where it markedly affects axial strength
capacity. In contrast, for rectangular sections with higher

aspect ratios, its impact decreases as stress distribution
becomes less sensitive to edge geometry. Among the
analytical models evaluated, the Wei and Wu [8] model
provided a well-balanced prediction of both strength and
ductility, demonstrating strong consistency with
improved confinement behavior across various corner
radius.

The ACI 440.2R-17 [2] model yielded conservative
estimates, particularly for columns with smaller corner
radii, while the Wu et al. [14] model tended to
overestimate strength, especially for columns with lower
aspect ratios. These variations highlight the critical need
to select an appropriate analytical model tailored to
specific geometric configurations and loading conditions
when designing FRP-confined RC columns. When the
corner radius reaches 150 mm, a square section exhibits
confinement behavior similar to that of a circular section,
offering enhanced performance due to the uniform
distribution of lateral stresses at the corners. This finding
underscores the advantages of rounding corners to
maximize the effectiveness of FRP wraps in retrofitting
and strengthening applications. Additionally, the results
show that the shape factor—defined as the ratio of the
effective confinement area to the total cross-sectional
area—increases significantly with larger corner radii,
particularly in square and low-aspect-ratio rectangular
sections. In conclusion, this study emphasizes the critical
role of corner geometry in the design and retrofitting of
rectangular RC columns with FRP confinement.
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Abstract

Information

Cage fishing is a sustainable production method that enables the controlled rearing of fish
populations through cage systems established in inland waters or seas. Threats such as increasing
environmental pollution, global warming, and irresponsible hunting negatively affect marine
populations. This method offers significant advantages in meeting the need for seafood in a
controlled and healthy way. To benefit from cage fishing effectively and healthily, the necessary
conditions must be provided optimally, thus creating a suitable environment. However, the
performance of cage systems is directly affected by environmental conditions, requiring designs
to be analyzed under environmental effects. This study examined the designs of stable floating
structures that ensure cage systems remain stable in the desired position and serve as a safe
platform in situations requiring intervention. Floating structures with different geometric designs
used in the application were analyzed using the finite element method under varying current
speeds (0.5 m/s, 0.7 m/s, 1 m/s), and the results were compared. ANSYS Workbench, a software
program based on the finite element method, was used during the analyses. In this context, it
aims to provide information that can guide design decisions before implementation to prevent
problems that may occur with the data obtained.
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1. Introduction

Although not as ancient as land-based farming, the
history of aquaculture dates back to 3000 years ago.
However, it is less developed than as land farming and
contributes less to production. With the development of
technology, aquaculture, in other words cage fishing, has
also developed in the last 50 years and has contributed to
commercial changes and developments in aquaculture. It
can be said that these changes and developments were
caused by factors such as population growth, increased
welfare, urbanization, and increased demand for
aquaculture protein sources.

The development of cage systems has been progressively
modernized over the last 50 years, along with the
development of the salmon farming industry. In this
regard, cages have been designed to create protected
areas in onshore waters. The designed cages were made
of wood steel, and plastic [1]. Cage fishing can be done in
different environments, such as inland waters and seas.
Factors such as wave amount, water temperature,
current strength, and wind intensity vary in inland waters
or seas. In this case, the cage and fastening systems to be
installed must be designed carefully, considering the
specified factors [2]. Today, cage systems used in
aquaculture are generally seen as fixed, floating,
submersible, and underwater systems. Each of these
systems has its advantages and disadvantages. The most
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widely used system worldwide is the floating cage system
due to its versatility and flexible design options [3]. Cage
systems are used in different structures and different
ways. Mesh net bags can be expressed in various ways,
such as being flexible or rigid, the way the net is woven
according to the shape of the taut net bag, or whether it
is knotted. Depending on their swimming position, they
are grouped into underwater swimming and surface
floating cage systems. In addition, their applications and
uses are common in circular, square, and polygonal
shapes. The purpose of cage systems is to maximize the
water mass in the existing resource storage [4]. The
elements that make up truss systems generally consist of
three main groups. These are: net cage, a net bag whose
open part remains above the water; Floating collar,
elements that provide swimming around the system; and
Mooring systems, a mooring system that connects the
system to the land or the bottom. These elements
primarily operate under the influence of current.

There are many studies on cage systems. Some studies
that have contributed to the literature are summarized
below. Li et al. (2013) investigated the dynamic responses
of floating fish cages to horizontal waves and currents
using ABAQUS software and observed large geometric
deformations and movements in the buoys and nets, and
emphasized that the friction forces in the nets can
significantly affect the dynamic movements of the buoy
[5]. Liu et al. (2019) evaluated the structural strength and
failure of the floating collar of single-point mooring fish
cages based on the finite element method and stated that
static analysis, vibration analysis and fatigue analysis of
FEM can be preferred as reliable ways to evaluate the
structural strength and failure for the floating system [6].
In their study examining fluid-structure interactions in
cage-based aquaculture, Xu and Qin summarize studies
showing how ocean environmental loads can affect
offshore aquaculture cages and fish swimming behavior
[7]. Chen et al. (2022) used numerical and experimental
methods to study the fluid-structure interaction (FSI)
problem of a wedge structure with stiffeners colliding
with water during the free-falling water ingress process,
and comprehensively analyzed the impact response
results obtained by numerical simulation and
experiments, including displacement, velocity,
acceleration, impact pressure, deformation, structural
stresses, and total forces on the wedge, taking into
account the hydroelasticity effects under different free-
fall height conditions [8]. Shaik et al. (2023) analyzed the
hydrodynamic behavior of open-net offshore fish cages of
single, double and quadruple cage systems exposed to
regular sinusoidal waves with Ansys software. The
analysis results concluded that the four-cage system
performed better than other cage configurations [9].

Before analyzing the floating collar system with FEM, the
model geometry must be created accurately in the
digitized environment. In this stage, the most suitable

Veigas et al. (2024) investigated the hydrodynamic
behavior of a cage exposed to a steady current using a
fluid-structure interaction model. As a result of the study,
they stated that there were decreases in flow within the
network and downstream, consistent with previous
experimental findings and research, and that knotted
networks gave better results than knotless networks in
line with mechanical analysis [3].

The analysis of the behavior of the floating collars of the
open sea fish cages, which are the subject of this study,
when exposed to the current effect was made using the
finite element method. The floating collars are connected
to the mooring systems to ensure the net cage is stable in
and above the water. Floating collars are produced in
various shapes and sizes according to needs and design
conditions. In general, the most common floating collar
shapes are circular and angled. In the study, two different
floating collar designs, circular and quadrangular, were
made and modeled.

The data obtained as a result of the study is intended to
provide valuable data to designers regarding the design of
floating collars, one of the most important elements of
cage fishing systems, and their positioning according to
the direction of the current.

2. Materials and Method

This study conducted a Fluid-Structure Interaction (FSl)
simulation using ANSYS Fluent. FSI simulation is a method
that combines the effects of hydrodynamic loads on the
model with structural mechanics. The loads calculated in
Computational Fluid Dynamics (CFD) are transferred to
the mechanical model (FEM) for this combination. This
simulation (FSI) is an approach that integrates the effects
of hydrodynamic forces on the structure with structural
analysis. The forces obtained with the help of simulation
were transferred to the Finite Element Model (FEM) used
for structural analysis. Analyses of the systems were
performed based on the finite element method.

The Finite Element Method (FEM) is an influential
numerical analysis method used to perform complicated
physical and mechanical problems in engineering
applications. This method allows a system with a complex
geometry to be easily analyzed by breaking it down into
smaller and easier-to-solve finite elements. FEM is a
method that has proven its reliability in terms of
interdisciplinary analyses. Researchers have examined
nanoscale analyses [10, 11], biomechanical studies [12-
15], and complex engineering problems [16-18] with this
method and presented their results to the literature.

geometry representing the system is created, and the
most optimal finite element types are selected when
creating the mesh structure. Specifying the appropriate
finite element type and size greatly affects the
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correctness of the analysis results. The mesh structure is

enhanced using the selected element types, and the
material properties of the model are defined. Then, the
loading and boundary conditions to be imposed on the
system are specified. After all these steps are
accomplished, the FEM analysis of the model is
conducted. The findings of the FEM analysis enabled the
detection of critical factors that should be considered in
the design of Floating Collar systems and aimed to guide
the pre-implementation process.

2.1. Geometry

The floating collars of the systems were designed with a
height of 1 meter and a width of 1.11 meters to fit the grid
element (Figure 1a). For the floating collars to act as a
floating structure on the water, 4 independent hollow
pipe geometries with a wall thickness of 2 mm were
created. These pipes were connected with the help of
another geometry on top, and a hollow structure was
designed. A three-dimensional circular floating system
was formed by rotating around a 5 m diameter axis.
Similarly, a three-dimensional angular floating system
was formed by moving it around axes of 5x5 m (Figure 1b,
c).

To successfully simulate the flow of water in CFD analysis,
a flow field surrounding the model must be defined. This
flow area should allow water to move freely around the
floating collar system. The correct application of
boundary conditions in the analysis is also important to
represent the physical behavior of the flow in the most
realistic way (Figure 2).

Figure 1. a) Cross section of floating collar models, b) circular
floating collar system, c) angular floating collar system

2.2. Mesh structures

The models were transferred from AutoCAD to ANSYS
Fluent for finite element analysis, and a separate meshing
process was performed for each model. To obtain realistic
and reliable results, great attention has been paid to
correctly selecting the dimensions of the finite elements
that comprise the mesh structure and using the
appropriate finite element types. Each finite element is
defined in this direction by a tetrahedral (tetrahedron)

element with eight nodes for the mesh configuration.
These finite elements suit displacement and rotational
movements in the x, y, and z axes. The number of nodes
and elements of each system are summarized as follows:
The circular floating collar system has a total of 50633
nodes and 167616 finite elements, and the flow field
designed by the geometry of the circular floating collar
system has a total of 165929 nodes and 912552 finite
elements (Figure 3). The angular floating collar system has
136863 nodes and 489283 finite elements; the flow field
designed by the angular floating collar system geometry
has 387075 nodes and 2128071 finite elements (Figure 4).
Additionally, each mesh structure is modeled to have
isotropic, homogeneous, and linear elastic properties.

(b) 0o | — ]'a;/ B 6000(m)

1500 4500

Figure 2. CFD analysis models a) circular floating collar system,
b) angular floating collar system

000 150000

3000,00 (mem)

750,00 225000
Figure 3. Mesh structures of the circular floating collar system
and flow fields
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Figure 4. Mesh structures of the angular floating collar system
and flow fields

2.3. Material
conditions

properties, boundary and loading

The mechanical properties of the materials for the
floating collar systems and flow areas were specified in
compliance with the literature. All the materials
identified are such that they are isotropic, homogeneous,
and have linear elastic properties, and were appropriately
assigned to each site. The mechanical properties of the
material used in the present study are provided in detail
in Table 1.

Table 1. Material properties

Density Young Poisson's
(kg/m?)  MOdUuS(E) o)
(MPa)
High-Density
Polyethylene 950 1000 0.46
(HDPE)

Before proceeding to the finite element analysis, the
model's boundary conditions were determined, and
simulations were performed for various loading
scenarios. At first, CFD analyses were conducted to
determine the pressure values generated by the fluid on
the models. During the CFD analyses, no deformation
analysis was conducted on the models; only the pressures
generated on the surface of the models depending on the
flow velocity were calculated. In the analyses, the "water-
liquid" material was selected from the Fluent material
database, and the constant viscosity for this material was
defined as 0.001003 kg/(m-s), with a density of 998.2
kg/m3. Within the scope of the study, the models were
analyzed under three different flow velocities (0.5 m/s,
1.0 m/s, and 5.0 m/s).

Analyses were performed under these defined boundary
and loading conditions. The maximum stress and
deformation values exposed to the floating collar systems
were calculated and registered.

3. Results and Discussion

In this section, the results of mechanical analyses of
floating collars designed in two different geometries
under the boundary conditions explained in the previous
section will be examined. As a result of the analyses, total
deformation, equivalent (von Mises) stress, and
equivalent strain values were obtained, and the obtained
values were compared (Table 3-5). Images of the analysis
results are given in Figure 6.

Table 2. Pressure magnitudes (MPa) obtained from CFD analysis
and transferred to mechanical models

0.5m/s 1.0 m/s 5.0m/s
Circular collar  0.00021509  0.00085873 0.021361
Angular collar  0.00022346  0.00088937 0.022065

sonvur

Statc Prasaire
870602
ATe02
414002
1810002
512001
28402
5162002
7890002
982002
12180
A1 g5

1Pa]

Figure 5. Pressure distributions calculated for 1.0 m/s flow
velocity in CFD analysis

The CFD analysis calculated the pressure distributions
formed by the fluid effect on the models, which
influenced the models in the mechanical analysis. The
magnitudes of the pressures obtained from the CFD
analysis and transferred to the mechanical model are
given in Table 2 and shown Figure 5.

43



Ozdemir et al.

Journal of Ceramics and Composites, 1(1), 2025

Figure 6. Analysis result images obtained from circular and angular floating collar under 0.5 m/s current speed.

Table 3. Total deformation values obtained as a result of the
analysis (mm)

Table 5. Equivalent strain values obtained as a result of the
analysis

Flow velocities

Flow velocities

0.5m/s 1.0 m/s 5.0m/s 0.5m/s 1.0 m/s 5.0m/s
Circular collar 0.14904 0.56775 14.264 Circular collar 8.0422x10>  0.00032092 0.0080186
Angular collar 0.35591 14.237 35.996 Angular collar  6.7738x10>  0.00027116  0.0067562

When Table 3 is examined, the deformations occurring in
both models increase as the flow velocity increases. The
deformation occurring in the angular model was much
larger than in the circular model. This difference can be
explained by variations in the surface areas directly
exposed to the flow and the fixation areas.

Table 4. Equivalent (von Mises) stress values obtained as a result
of the analysis (MPa)

Flow velocities

0.5m/s 1.0 m/s 5.0m/s
Circular collar 0.079305 0.31645 7.9069
Angular collar 0.066548 0.26639 6.6375

When Table 4 is examined, it is seen that the obtained
stress values increase with the flow velocity. The stress
values obtained for the angular collar are slightly smaller
than the values obtained for the circular collar.

When Table 5 is examined, it is seen that the obtained
strain values increase with the flow velocity. The strain
values obtained for the angular collar are slightly smaller
than the values obtained for the circular collar.

4, Conclusions

As a result of the analysis, it was seen that there was no
harm in the use of both models. The stress and strain
values for the angular collar were slightly lower than
those for the circular collar, indicating a slightly better
performance.  Angular  floating  collars  placed
perpendicular to the flow direction were subjected to
more stress effects under liquid influence than circular
floating collars. This situation can be solved by adjusting
the position of the floating collar according to the flow
direction. However, the deformation value for the angular
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collar was significantly higher, particularly in the upper
parts of the collar. Despite this, it does not pose a threat
to the overall structural integrity. Although both models
show approximately the same reactions under loads, the
angular model provides slightly more space, which makes
it slightly more advantageous. In addition, the analysis
results showed that the use of HDPE for collar production
was quite suitable.
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