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Abstract

The increasing environmental impact of conventional concrete production necessitates finding new
ways to mitigate this problem, which must improve both the structural performance and the eco-
logical sustainability of construction. This study focuses on topology optimization and the homog-
enized modeling of steel fiber-reinforced concrete (SFRC) beams to enhance structural perfor-
mance. Using the Concrete Damage Plasticity Model (CDPM) in Abaqus for three-dimensional
beam analysis to investigate the performance of SFRC beams under uniform pressure with varying
steel fiber content 0.22%, 0.44%, and 0.89% by volume. Steel fibers with a 1 mm radius and 12
mm length are modeled as embedded, and their interaction with the concrete matrix is simulated.
Topology optimization is performed using Abaqus' TOSCA module, emphasizing reducing strain
energy while keeping to a 30% volume constraint. The results indicate notable enhancements in
material efficiency, crack resistance, and cost-effectiveness, offering important insights into the
sustainable and economical structural design of SFRC. The results suggested that material usage
can be reduced, while simultaneously enhancing load-bearing capacity and fracture resistance, fa-
cilitating the creation of lighter and stronger components with diminished reliance on conventional
concrete steel reinforcement.

Keywords: Topology Optimization, Steel fiber reinforced Concrete (SFRC), Homogenized model,
Concrete Damage Plasticity Model, Abaqus.

1. Introduction

Cement is a dominant material in the construction industry due to its durability and high
binding capability. However, the biggest issue with using cement is that it has greatly contributed
to the production of greenhouse gases, generating up to 8% of the world's total CO2 emissions [1].
Addressing this environmental impact requires novel techniques to mitigate the negative effects of
cement use while preserving its beneficial properties. The Paris Agreement seeks to keep global
temperature rise to well below 2°C over pre-industrial levels, with attempts to keep it under 1.5°C
[2] ; therefore, the building sector must develop solutions to offset the negative impact of this ma-
terial. While cement remains irreplaceable due to its unique properties, its usage can be optimized
through design improvements, low-carbon clinker, and nanotechnology-based replacements. Re-
cycling materials such as fly ash, industrial byproducts, and blast furnace slag further enhances
sustainability. In comparison to traditional cement, these substitutes are more environmentally
friendly and offer superior strength and durability. For example, silica fumes can be used to make
high-strength concrete with certain industrial and agricultural wastes and other pozzolanic
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ingredients [3], [4] Given the crucial need to reduce cement usage, structural design techniques
such as topology optimization provide a viable method for lowering material consumption while
improving mechanical properties.

With advancements in architecture and structural engineering, traditional construction meth-
ods have become less efficient due to their high costs and compromised structural performance. So,
it is necessary to integrate structural engineering with architectural design principles further. One
Promising approach that has been increasingly recognized for its effectiveness is topology optimi-
zation, which is a mathematical approach that provides a shape to the material accordingly while
maximizing the performance of the system, promoting sustainability and cost efficiency, and
providing better results than the conventional trial-and-error approach [5]. Numerous structures
have been designed utilizing topology optimization techniques, including the Airbus A320 wing
bracket, the GE jet engine bracket, the Singapore Sports Hub roof, Siemens gas turbine compo-
nents, and the Qatar National Convention Centre, and a 3D bike printer utilized topology opti-
mization to reduce weight and enhance structural efficiency as illustrated in  Fig. 1. This technique
has also demonstrated versatility across various industries, including architectural design, where it
can provide both structural and aesthetic benefits.

(b)

Fig. 1 illustrates two examples of topology optimization (a) Qatar National Convention Center, an example of
innovative design where topology optimization was applied to achieve both structural efficiency and aesthetic
appeal. and (b) Topology Optimization of Bike design highlights the versatility of this technique in different

fields [16], [17]

Jewett and Carstensen [6] presented a topology-optimized plain beam using a density-based
approach. Their method incorporates elastic models to address topology optimization challenges
and material safety aspects. The first model utilizes minimal material while ensuring the design
remains robust and efficient. The other model applies the Drucker-Prager criterion to constrain stress
levels. However, this study shows that the stress limit is only applicable theoretically, and it requires
a lot of research for implementation in the real world, as the structure and features are complex and
require pre-processing. Lee et al. [7] demonstrated that optimizing material layouts enhances the
structural performance of high-rise buildings and bridges. Hvejsel and Lund [8] demonstrate the
advancement in topology optimization by using the interpolation SIMP (solid isotropic material
with penalization) and RAMP (Rational Approximation of Material Properties) to allow the multi-
material design, including anisotropic. Linear constraints are employed to ensure that only a single
material is utilized in each segment of the design area. They facilitate advancements in engineering
and materials science by emphasizing the potential to extend the current two-phase problem to
multi-material designs. The study is the key foundation as it addresses the challenges while adapting
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the multi-material topology optimization by addressing penalization, handling of constraints, and 81
adoption of the algorithm. Hafezolghorani et al. [9] carried out studies to enhance reinforced con- 82
crete structures by nonlinear analysis utilizing the SCDP model. The SCDP model is a simplified 83
variant of the CDP model utilized for the analysis of unconfined concrete. This study simplifies the 84
analysis of the nonlinear behavior of concrete in reinforced concrete structures and allows easier 85
and more efficient use of finite elements in structural engineering. Stoiber and Kromoser [10] on 86
concrete construction carried out an extensive quantitative as well as qualitative review of practical 87
and numerical applications and noted the industry lacks advanced modeling and sustainability. Fur- 88
thermore, researchers have explored the integration of FRC with topology optimization to improve 89
its structural efficiency, offering solutions to these challenges. Topology optimization using FRCis 90
a promising technique that enhances sustainability by optimizing material use, improving durability, 91
and expanding design possibilities. It is a technique that is consistent, cost-effective, lightweight, 92
and energy-efficient for architectural designs. Fiber-reinforced concrete is defined as a composite 93
material that contains cement, mortar, or concrete and discontinuous uniform fiber, which helpsto 94
increase tensile strength, reduce shrinkage, and enhance durability [11]. 95
In recent years, researchers have investigated the potential of combining FRC with topology 96
optimization. Matheus et al. [12] conducted extensive research by utilizing the homogeneous model 97
and investigating the linear elastic and elastoplastic properties of steel-reinforced fiber concrete. 98
According to research, it is challenging to completely replace traditional steel-reinforced concrete 99
with fiber-reinforced concrete. This is because of the difficulties associated with consistently dis- 100
persing fibers, which leads to variable performance and the development of weak areas. In elevated 101
constructions, the increased tensile forces render it challenging for fiber concrete to withstand these 102
stresses and preserve structural integrity. They conduct real-world experiments to ensure the stabil- 103
ity, efficiency, and practicality of the design. Li et al. [13] developed a bi-material element that 104
enables structural topology and continuous fiber techniques and addresses diverse issues throughan 105
integrated approach including topology, fiber path, and fiber morphology, offering a cohesive 106
framework for these components. Li et al. [5] worked on a bi-directional evolutionary structural 107
optimization in which more than one material is used, enabling flexibility and efficiency in the de- 108
sign. This work proves that advanced topology optimization is used in real-world projects. The 109
Xiong'an Wings project demonstrates the implementation of multi-material topology optimization 110
through the Bi-Directional Evolutionary Structural Optimization (BESO) approach, resulting insub- 111
stantial cost savings. Tu et al. [14] observed 3D concrete printing that allows the creation of complex 112
structure designs with minimal use of material waste. This technology can construct the structure 113
more efficiently, quickly, and sustainably as it doesn’t require time for curing unlike the conven- 114
tional method, and it reduces the material waste, which makes it more economical. 115
This study employs a nonlinear constitutive model to numerically model the steel fiber-rein- 116
forced concrete (SFRC) components using Abaqus CAE. The Concrete Damage Plasticity (CDP) 117
model is widely used in concrete simulations; however, most research uses simplified or two-di- 118
mensional models, which fail to depict concrete's genuine 3D behavior under stress. Especially for 119
stress states, cracking, and failure processes, underexplored is SFRC beam 3D modeling with the 120
CDP model. This work fills in 3D by analyzing SFRC beams under homogeneous loads. Combining 121
this technique with 3D printing might generate sustainable, reasonably priced, and lightweight 122
buildings that allow creative and environmentally beneficial development. 123

2. Methodology 124

The present research uses a homogeneous method to assess and optimize beams by modeling 125
concrete and fibers as unitary materials with integrated attributes. The finite element analysis pro- 126
gram Abaqus is used to model, evaluate, and optimize the structural component due to its complete 127
capabilities and computational efficiency. Steel fibers are employed as a reinforcing componentin 128
the material design to achieve the strength requirements. 129
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2.1 Properties of Steel Fibers (SF)

The use of steel fibers in concrete leads to an increase in the material resistance of concrete
and a reduction in cracking as compared to plain cement concrete. Also, it improves the global
stability and bearing capacity of structures [15] . The response of SFRC varies with the fiber's
percentage of volume fraction in the concrete mix. The classification fraction percentage can be
classified into 3 categories: low volume fraction mix has steel fibers <1%, which helps to reduce
shrinkage cracks; moderate volume fraction ranges between 1% to 2%, which increases the tough-
ness and dynamic resilience of materials; and high-volume fraction has steel fibers >2%, which
causes strain-hardening and leads to high-performance materials [10]. In this study, low-volume
fractions with 3 various ratios were used to compare the results and enhance accuracy. The fibers
with a 1 mm radius and 12 mm length have an elastic modulus of 20000 MPa, shear strength of
480 MPa, and Poisson’s ratio of 0.3. Each beam has a varying volume of fibers, which includes
37699.11 mm3, 75398.22 mm3, and 150796.45 mm3. The different volumes are achieved by chang-
ing the number of fibers to explore the relationship between the structural responses.

2.2 Material Properties of Concrete

Researchers have employed diverse concrete models to depict concrete; in this instance, the
Concrete Damage Plasticity (CDP) model is utilized to simulate concrete qualities, effectively
yielding intricate outcomes through the integration of damage behavior and plasticity. The model
effectively captures structural deterioration, including tensile cracking and compressive crushing,
providing a detailed representation of failure mechanisms under various loading conditions." This
model also provides a link between the real and numerical properties of concrete [18] . The CDP
model relies on the following stress-strain relationship:

o=0-d)o.+ (1 —d)o, €]

The stress ¢ in concrete is determined by the damage variables for compression dc and tension
dt, which scale the compressive stress oc and tensile stress ot, respectively. These damage variables
account for the material degradation under different loading conditions. The model depicts the be-
haviors of concrete as uniaxial tension and uniaxial compression in Error! Reference source not
found. below.

(b)

(@) -
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Fig 2. Stress-strain behavior of concrete under (a) uniaxial compression and (b) Uniaxial tension. [21]

The following table summarizes the key mechanical and physical properties of the concrete
used in numerical analysis, including values for the dilation angle, eccentricity, and other material
properties that define the concrete's behavior under stress.

130

131
132
133
134
135
136
137
138
139
140
141
142
143

144

145
146
147
148
149
150
151
152
153
159
154
155
156
157
158
160

161
162

163
164
165
166
167
168
169



Proceedings of 2™ International Conference on Climate Change and Emerging Trends in Civil Engineering 2025 5 of 12

170
Table 1. Parameters for the Concrete Damage Plasticity (CDP) model used in numerical analysis. 171
172
Dilation angle Eccentricity Fbo/feo K Viscosity Parameter
38 1 1.12 0.666 0.001
173

The dimensions of the concrete beam of 150x150x750 mm as shown in Fig.2 Geometry en- 174
sures a precise representation of a functional beam for structural analysis. Additionally, the prop- 175

erties are summarized below in a tabular form: 176
177
Table 2. Concrete properties are the same for each trial. 178
179
Volume of con- Elastic Modulus of Con- Poisson’s ratio  Tensile Strength
crete (Vm) crete (Em) (we) (ft, matrix)
16875000 26600 0.2 3
180
2.2.1 Properties of Steel-Fiber Reinforced Concrete (SFRC) 181

Approaching the beam design with a homogeneous material perspective for simulation prop- 182
erties of both concrete and steel fibers are combined to ensure accuracy, the following formulae are 183

used to calculate the combined properties: 184
V.= /i (2) 185
Vi + U,
E.=f*E+(1—-f)E,A 3) 187
186
ve=frvp+ (1= oy (4) 188
ft = fematrix T K * [ * fi fiver (5) 189
190

The key parameter in the equations are fiber volume fraction determines the proportion of 191
fibers within the composite material. V,; combined elastic modulus quantifies overall stiffness con- 192
sidering fiber modulus and matrix modulus E.; combined Poisson’s ratio v, is influenced by Pois- 193
son’s ratios of fiber vy and matrix v,,, affecting deformation characteristics; combined tensile 194
strength f; is derived from matrix tensile strength f; ;,q¢ri, and fiber tensile strength f; ¢ipe,, de- 195
fining tensile resistance; and k Represents the interaction factor, essential in determining the me- 196

chanical properties of steel fiber-reinforced concrete (SFRC) as modeled in the given equations. 197
E
E
g
G & i 750 mm ¥
150 mm
(a) (b)
198
Fig.2 (a) The cross-sectional geometry of the SFRC beam, (b) Dimensions 150 mm x 150 mm x 750 mm. 199
Table 3. Mechanical properties of steel fiber-reinforced concrete 200

Steel fiber (%0) 0.22 0.44 0.89
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Elastic modulus (MPa) 26986.6 27371.4 28135.8
Poisson’s ratio 0.20 0.20 0.20
Tensile strength (MPa) 3.80 4.60 6.19

2.2.2 Nonlinear Finite Element Modeling

A Finite Element Analysis (FEA) tool Abaqus is employed for the numerical modeling of
beams and property simulation owing to its superior and precise analysis capabilities. The steel
fibers are first modeled and incorporated into the concrete via the explicit fiber modeling technique.
The outcomes of this model are subsequently verified against a homogenized method in which
concrete and fibers function as a singular material entity. The beam is depicted through three-di-
mensional solid components. Although Abaqus is widely used for finite element analysis, it is im-
portant to acknowledge potential numerical errors that may arise, especially when modeling com-
plex composite materials like steel fiber-reinforced concrete (SFRC). These errors may result from
factors such as mesh discretization, element type selection, or convergence issues during nonlinear
analysis. However, numerical errors can still influence the precision of stress and strain outcomes,
particularly in areas of high-stress concentration or where material properties exhibit sharp gradi-
ents. Validation through experimental data and sensitivity analysis would further help mitigate
these errors and improve model reliability.

For the random dispersion of fiber in a concrete matrix A custom Python script was written
using the Abaqus Scripting Interface [19]. This technique provides an even spatial distribution of
fiber initiation locations within the beam volume. Fiber orientations were randomized utilizing
spherical coordinates, with the azimuthal angle () varying from 0 to 2 and Theta from O to m,
resulting in a completely random three-dimensional orientation. A minimum separation of 2.5 mm
(2.5 times the fiber radius) was mandated between fibers to prevent implausible overlap. The Py-
thon script utilized for fiber production ensures full repeatability and a random seed was established
using np. random. seed (0) at the commencement of the script. After the creation of distinct fibers,
all fiber instances were consolidated into a singular component (‘Fibers Only") inside the Abaqus
assembly utilizing the Instance from Boolean Merge function. This creates a unified 'Fibers Only'
part within the assembly, representing the complete fiber reinforcement ready to be combined with
the concrete matrix. Steel fibers are represented as truss elements; their mechanical parameters,
including elastic modulus and tensile strength, ensure precise modeling of their role in the compo-
site material's strength and stability. Fig.3 (a) illustrates the random configuration of fibers within
the concrete beam, and these fibers are embedded through interaction within the concrete.

i
|
T

(a) (b)

Fig.3 Random orientation of fibers (a) and fibers embedded in the beam (b), illustrating the distribution and
alignment of fibers within the beam structure.

This detailed fiber geometry, generated by the Python script, serves as the input for the Abaqus
finite element model. During the simulations, the meshing of a 3D 8-node linear brick element
(C3D8R) is utilized to model the concrete beam, while the steel fibers are modeled using 2-node
linear 3D truss components (T3D2). in which the fibers are depicted as distinct phases inside the
matrix. Finer meshes are preferred to obtain precise results, as Fig.4 Represents the beam with an
8 mm mesh size with a uniform loading of 5x10° N/m?2.
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241
Fig.4 (a) Applied pressure over the beam and (b) meshing of the beam, showing the loading conditions and 242
discretization for finite element analysis. 243
244

To assess the response of the SFRC beam Fig.4 Represents the uniform pressure applied over 245
the SFRC beam to assess its response.  The material properties of the beam are obtained from the 246
composite characteristics of the concrete and the implanted steel fibers. Following the completion 247
of the explicit fiber modeling, the findings are confirmed by comparison with those obtained from 248
the homogenized model, concrete and fibers act as a unified substance. This validation guarantees 249
the reliability of the approach for further research. 250

2.2.3 Material Topology Optimization 251

This topology optimization process for the beam may be beneficial, as optimized regions are 252
replaced with 3D-printed low-strength concrete to meet architectural requirements. This research 253
utilized the TOSCA module alongside Abaqus which focuses on minimizing the strain energy of 254
the structure while adhering to a volume constraint, hence optimizing the material arrangement 255
under defined boundary conditions and applied loads. Employing penalized interpolation of ele- 256
ment relative density, the Solid Isotropic Material with Penalization (SIMP) model, with a finite 257
element-based optimization approach, effectively differentiates solid as (1) and void as (0) regions 258
by estimating material stiffness. The stiffness of each component is determined by its density and 259
a penalty factor, set at 3, which inhibits intermediate densities from achieving a discrete topology. 260
The penalty factor guarantees that material stiffness corresponds with actual structural circum- 261
stances by deterring intermediate densities. The SIMP model, with its ability to blend multiscale 262
approximation and numerical homogenization, felt like the perfect approach for this study. It ena- 263
bled us to identify the ideal material layout, striking a balance between structural efficiency and 264

design constraints. 265
266
/ﬂ ’-. "~
_ Y | I
i F \ -
? e e - / L
1 L
Element RVE
—
O P AN Topology Optimization
axt 267
268
Fig.5 Schematic of Multiscale topology optimization [10] 269
270

Under the uniform pressure loads, maintained a 30% volume constraint of the original design 271
area, ensuring the process stayed practical and precise. This guarantees material efficiency while 272

preserving structural integrity. TOSCA's homogenized methodology streamlines the process by 273
supposing isotropic material qualities, enhancing computational efficiency, and recognizing con- 274
straints in accurately representing anisotropic effects, including fiber alignment or directional 275
stresses. Subsequent research may Encompass evaluations under various loading situations to en- 276
hance the validation of the methodology. Fig.5 Depicts the multiscale topology optimization of the 277
beam. 278

Discretization achieved by minimizing strain energy (c), as: 279
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280
n
minc(x) = UTKU = Z(xi)puiTkiui (6) 281
i=1
V(x) < vf (7) 282
0< Xmin < X <1 (8) 283
284
Here in the U and K, there are global displacement and global stiffness matrices respectively, 285
and u;jand k; are the element displacement and stiffness respectively. x is the relative density of 286
elements (design variable), n is the number of discretized elements, p represents the penalty factor, 287
Vo, and V(x) show design domain volume and material volume respectively, and vs suggests the 288
volume fraction. 289
The flow chart below gives an overview of the methodology followed here 290
291
SFRC properties
Homogenization of élastic and strength properties
Numerical model development (mesh analysis and Concrete Damage
optimization parameters) Plasticity (CDP)model
Topology optimization model validation (density
distribution)
292
293
Fig 9 Flow chart of the SFRC beam modeling and topology optimization process using the Concrete Damage 294
Plasticity (CDP) model. 295
2.2.4 Validation of the Homogenized Approach 296

After determining the optimal material distribution using topology optimization, it is essential 297
to verify whether these optimized designs perform effectively under applied loads. Directly mod- 298
eling SFRC as a composite material is computationally expensive due to the complex fiber-matrix 299
interactions. Instead, a homogenized approach is used to simplify numerical analysis while ensur- 300
ing accuracy. This study's results confirm the efficacy of the homogenized approach for modeling 301
steel fiber-reinforced concrete beams subjected to applied pressure. A finite element analysis was 302
performed on a beam exposed to a uniform pressure of 0.5 MPa to evaluate the accuracy of the 303
simplified homogenized method in comparison to composite modeling. The displacement findings 304
derived from both methods were examined across incremental time steps. The displacement values 305
derived from the homogenized approach nearly correspond to those produced by the composite 306
modeling method, as illustrated in Fig.6 The results reveal an insignificant variation in displace- 307
ment over all time intervals, suggesting that the homogenized method can accurately forecast the 308
structural response of the beam under the designated loading conditions. 309
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This validation confirms that in steel fiber-reinforced concrete, the simplified homogenized 310
approach provides a consistent and computationally effective replacement for the composite mod- 311
eling technique. This finding is interesting as it preserves structural analysis's precision while low- 312
ering computing costs. By viewing concrete and steel fibers as a single material with integrated 313
characteristics, the homogenized approach simplifies the modeling process and becomes a practical 314
choice for large and complex simulations. 315

0.1

0.08

0.07 —&— Homogeniozed approach
0.06 Composite modelling
0.05

0.04

0.03 /
0.02 /

Displacement (mm)

0.01 /
W =
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Step time (s)

316

317
Fig.6 Validation of Results 318
3. Results and Discussion 319

The analysis of the steel fiber-reinforced concrete (SFRC) beam under loading conditions was 320
conducted using the Concrete Damage Plasticity (CDP) model in Abagus. The beam was subjected 321
to a uniform pressure load of 0.5 MPa, and the resulting stress distributions were evaluated to assess 322
the structural behavior. The Von Mises stress distribution highlights the regions of high-stress con- 323
centration, primarily near the supports and edges of the beam, where the maximum stress reached 324
approximately 17.19 MPa. These areas are critical for structural integrity, as they bear most of the 325
applied load and are at a higher risk of yielding or failure. Conversely, the low-stress regions, indi- 326
cated by the blue zones, exhibit minimal contribution to the overall stiffness and are less significant 327
in the structural performance of the beam. The maximum principal stress analysis further provides 328
insights into the tensile and compressive forces acting on the beam. The tensile stresses, represented 329
by positive values, reached a peak of 3.56 MPa in areas under tension, which are more susceptible 330
to cracking. The compressive stresses, represented by negative values, were observed to reach - 331
19.72 MPa, predominantly in the lower portion of the beam where compressive forces dominate. 332
This stress distribution aligns with the expected behavior of concrete, which performs better under 333
compression than tension. The results confirm that the critical tensile zones coincide with the high- 334
stress regions observed in the Von Mises stress distribution, emphasizing the need for proper rein- 335
forcement in these areas. 336

Overall, the analysis validates the beam’s ability to withstand the applied loading conditions 337
while highlighting the importance of maintaining the material in high-stress regions to ensure struc- 338
tural stability. The stress patterns also demonstrate the efficacy of the CDP model in accurately 339
capturing the nonlinear behavior of concrete under combined tensile and compressive stresses. Here 340
Error! Reference source not found. Shows Optimized model results at the different fiber content. 341
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Fig. 8 Stress distribution in beams with varying fiber content. (a) von Mises stresses before topology optimi- 346
zation, (b) principal stresses before topology optimization, (c) 0.02% fiber content von Mises stresses, (d) 347
0.02% fiber content principal stresses, (e) 0.04% fiber content von Mises stresses, (f) 0.04% fiber content 348
principal stresses, (g) 0.06% fiber content von Mises stresses, and (h) 0.06% fiber content principal stresses. 349
Increasing fiber content reduces crack propagation and decreases the deflection in the beam. 350
351

This improvement had an immediate effect on sustainability by lowering the amount of ce- 352
ment used and CO2 emissions, which would save the material. Because of these improvements, 353
SFRC beams are better for the environment and cheaper than other building products. This is be- 354
cause it lowers the cost of building and keeps the longevity. The incorporation of fibers transforms 355
concrete's brittle nature, enhancing its ductility. The suggested method can be used in some real- 356
world situations. In a modern world where the trend for high-rise buildings is increasing day by 357
day, the use of lightweight constructions, industrial flooring that must be extremely crack-resistant, 358
and new architectural parts made from 3D printing all benefit greatly from optimized SFRC beams. 359
Meeting the needs of contemporary building techniques while integrating Design optimization en- 360
ables the optimal use of materials that would be sustainable for the environment. 361

3.1 Limitations of the Homogenized Approach 362

While a computationally efficient method for modeling steel fiber-reinforced concrete 363
(SFRC) is provided, several limitations must be recognized. The homogenized model presumes 364
isotropic material characteristics, considering the concrete matrix and steel fibers as a singular co- 365
hesive material. This assumption streamlines the modeling process but neglects the possible varia- 366
bility in material properties at multiple scales, such as microstructural variations in concrete or fiber 367
bonding characteristics, which may result in disparities between the model and actual material be- 368
havior. Furthermore, the model inadequately represents the intricate interactions between the steel 369
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fibers and the concrete matrix, especially with the bonding behavior. This interaction is crucial for 370
the entire performance of SFRC, particularly under tensile loading or shear stress, and is essential 371
for accurately forecasting crack propagation and fracture resistance. The homogenized technique 372
assumes that fiber orientation is random or isotropic; nevertheless, in practical applications, fibers 373
often align in specific directions due to the casting process or other factors. This alighment can 374
significantly affect the material's performance, particularly in load-bearing applications where 375
aligned fibers improve strength in particular directions. An anisotropic homogenization method, 376
which accounts for directional variations in fiber behavior, would yield more accurate predictions 377
in these cases. Furthermore, the model may neglect microstructural defects, such as vacancies, mi- 378
cro-cracks, or irregular fiber distributions, which can significantly influence the mechanical prop- 379
erties of SFRC, especially under high-stress conditions. Another limitation of the homogenized 380
method is its inability to include the multi-scale properties of SFRC, where the material's behavior 381
at the microscopic (fiber) level influences its macroscopic (beam) performance. A thorough multi- 382
scale modeling approach could bridge this gap by combining local fiber dynamics with global 383
structural behavior to produce more accurate and realistic predictions. The homogenized model 384
presumes a reasonably homogeneous fiber distribution; but, in reality, fiber dispersion may be non- 385
uniform, resulting in localized discrepancies in mechanical characteristics across the beam. This 386
non-uniformity may lead to discrepancies in the performance across various regions of the beam, 387
necessitating resolution in subsequent models via a more comprehensive depiction of fiber distri- 388
bution and its influence on structural behavior. future research should concentrate on validating the 389
homogenized technique across various loading circumstances and creating anisotropic homoge- 390
nized models to accommodate the directional discrepancies in fiber behavior. Furthermore, exper- 391
imental testing may be performed to identify failure processes such as fiber pull-out or stress con- 392
centrations, which are intrinsically averaged in the homogenized model, hence enhancing the mod- 393
el's predicted accuracy and dependability. Integrating these elements into forthcoming research 394
would yield a more thorough comprehension of SFRC's practical performance and strengthen the 395
validity of the homogenized modeling methodology. 396

4. Conclusion 397

This study demonstrates the considerable potential of topology optimization in the develop- 398
ment of sustainable construction using steel fiber-reinforced concrete (SFRC) beams. Through in- 399
tentional material allocation aligned with structural requirements, we noted significant reductions 400
in material usage along with preservation and, in some instances, enhancements in the beam's load- 401
bearing capacity and crack resistance of the optimized beam. Using a verified homogenized model 402
that incorporates the Concrete Damage Plasticity Model allows one to find a reliable and efficient 403
method for examining SFRC behavior. The results emphasize the need to consider the unique char- 404
acteristics of SFRC, particularly fiber content, in Design optimization. Each SFRC mix resultsina 405
distinct ideal design, emphasizing the need for a personalized approach. This paper recognizes the 406
limits of fundamental material models and the need for additional experimental validation, partic- 407
ularly under complicated loading scenarios, while also giving significant insights into the applica- 408
tion of topology optimization to SFRC of 3D beams. The findings presented here improve the com- 409
prehension of SFRC design and construction, facilitating the creation of lighter, stronger, and more 410
environmentally sustainable structures. The ongoing advancement of sophisticated modeling tech- 411
niques, alongside experimental research and innovative fabrication technologies such as 3D print- 412
ing, aims to fully realize the potential of SFRC and transform the construction industry. 413
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