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Abstract
The recycling process of construction and demolition waste, which started with brick pieces and brick dust used in the
production of binder thousands of years ago, gained momentum after the second world war. Nowadays, the recycling activities
of waste materials are sustained much more effectively by developing technology, machinery, and equipment. The obtained
material by recycling waste concrete is called recycled concrete aggregate. And it has been stated in many experimental,
analytical studies in the literature and more than one international material code that the recycled concrete aggregate, which
meets specific material criteria, is an alternative to natural aggregate. This current study is carried out to give a different
perspective and contribute to the literature on a not researched topic. Therefore, within the scope of this recent study, the
structural topology optimization of structural members was performed by the isoline topology design method. The concrete
properties of these members are considered with the natural concrete and the recycled aggregate concrete with four different
recycled concrete aggregate ratios (25%, 50%, 75%, 100%). Besides, the structural topology optimization was performed by
considering multi-material and single-material properties under similar loading conditions. As a result of the optimization
process, the quantified optimization shapes indicated that the structural optimization behavior of multi-material structural
members exhibits different optimization behavior depending on the recycled concrete aggregate ratios. However, considering
the single-material situation, it is observed that the structural optimization behavior of structural members is similar for all
concrete types. Finally, comparing the optimization shapes of natural concrete members with the recycled aggregate concrete
members indicated that the structural topology optimization process applied to structural members incorporating natural
concrete is also valid for recycled aggregate concrete members. In addition, a brief life cycle assessment of waste concrete
was also carried out in this comprehensive study to emphasize the importance of recycling activities.

Keywords Column · Corbel · Isolines topology design · Natural aggregate · Optimization · Recycled aggregate · Recycled
aggregate concrete · Reinforced concrete · Structure

List of symbols

Astotal The total area of main reinforcement

Asw The area of web reinforcement
a The distance between the load application

point and the RC column edge face
bw The web width of member
d The effective depth
Ec The modulus of elasticity of concrete
Es The modulus of elasticity of steel
f c The concrete compressive strength
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f cu The ultimate concrete compressive strength
f ck The characteristic concrete compressive

strength
f ct The concrete uniaxial tensile strength
f sy The yield strength of reinforcing bar
h The depth of member cross-section
i The recycled concrete aggregate coefficient
s The recycled concrete aggregate coefficient
εco The strain value corresponding to the maxi-

mum concrete compressive strength
εcu The ultimate concrete compressive strain
Pd The applied load
σ x, σ y, τ xy The normal stresses and shear stress
Vcr The crack shear strength of concrete
Vc The shear strength of concrete
Vrmax The maximum shear strength
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k The constant fix ratio
εs*, εC* The tensile and compressive maximum strains
ρs, ρC The unit weight of tension and compressive

material
k1 The constant fix ratio between stresses
σ s*, σC* The tensile and compressive maximum

stresses
σ i The criterion value at the i node
σ e The criterion value at each element
σ e

i The nodal criterion value for each element
Ne The number of elements
Ve The volume for each element
Ni The number of nodes
σ The design criterion like Von Mises stress

(σvM)
ξ e The design fraction inside the element
FGR The Fixed Grid ratio
KI , KO, KB The element stiffness matrices for an element

inside, outside and boundary
Ke The element stiffness matrix
Vi The design volume in the ith iteration
V0 The initial volume
Vf The final volume of the optimized structure
ni The total number of iterations

1 Introduction

The construction industry is one of the leading industries that
play a critical role in developing and developed countries.
The primarymaterial of the construction industry is concrete.
With the developing technology, concrete finds many usage
areas in the world [1–3]. Nowadays, most of the structures
are constructed from concrete with conventional methods.
However, concrete is not material with eternal life. There-
fore, it is essential to eliminate the waste concrete that has
completed their life. In addition, regional and global wars,
natural disasters (especially earthquakes), restoration works,
urban transformation programs can be stated as the factors
that cause concrete to turn into waste materials [4, 5]. The
waste concrete resulting from these effects through the 4Rs
rule: Reduce, Recycle, Reuse, and Resell or Rebuy have been
eliminated very quickly and effectively from the beginning
of the 2000swith increasing knowledge, experience,machin-
ery, and equipment. As a result of recycling and reuse (waste
treatment) activities, millions of tons of waste concrete are
eliminated in European countries by contributing to coun-
tries’ society, environment, and economy (Fig. 1).

Recycled concrete aggregates (RCA) are obtained from
the recycling activities of construction and demolition waste
concrete. With increasing awareness of RCA in the produc-
tionof newstructures, the number and scopeof related studies
have reached a significant level in recent years [1–3, 6, 7].

Within the scope of these studies, while previously onlyRCA
and the characteristics of recycled aggregate concrete (RAC)
produced with RCA have been investigated [3, 6–8], dif-
ferent performance values of significant structural members
with different scales containing RAC are now being inves-
tigated [3–11]. Furthermore, many international documents
are stating that these RCA and RAC are alternative products
to natural aggregate (NA) and Natural aggregate concrete
(NAC) [3, 7, 11].

When designing reinforced concrete (RC)members, these
members are generally divided into two regions. These are
B and D regions [12–15]. Region B is where Beam and
Bernoulli’s hypotheses are valid, and region D is called
disturbed or discontinuous [12–15]. For the D regions, the
stress distribution is non-linear, and Bernoulli’s hypothe-
ses are not valid. Therefore, the design and analysis of
B-regions of structural members such as beams, columns,
slabs constructed by NAC or RAC can be designed and ana-
lyzed according to conventional sectional methods [16, 17].
However, it is not appropriate to design and analyze themem-
bers with D-region (with small span-to-depth ratio structural
members) using conventional sectionalmethods [18, 19]. For
instance, short corbels generally grouped into double short
corbels (DSC) or single short corbels (SSC) are structural
members that have a discontinuity in both load and geometry
and transfer the loads on them to RC columns and RC shear
walls. Therefore, it is clear that these members should not
be designed according to the Bernoulli hypotheses that the
plane section remains plane after loading, and the transverse
clamping stresses are neglected as in conventional RC the-
ory [18–21]. It should also be noted that these members are
designed region-based rather than section-based, like deep
beams [22, 23]. Furthermore, the main reinforcement details
resist flexure and shear effects in these members, while the
secondary controls the crack widths [23].

There are some methods in the literature for the design of
structural members with D regions. One of them is the strut
and tie method (STM). The STM is a method that considers
the truss analogy method first proposed by Ritter [24] and
Mörsch [25, 26]. This method was later modified by some
researchers [27–30]. Furthermore, this method is currently
used and recommended by different international structural
documents to design D regions [12–15]. Although the STM
is considered a simple method for designing D regions of
structural members, the main handicap of this method is the
difficulty of iteration for the designing of these members [31,
32].

When designing structures, the main target of struc-
tural engineers is always to design structural systems, both
economically and structurally safe [33]. One of the devel-
oped methods for responding to these demands of structural
engineers is the structural optimization method. This com-
putational design method makes it possible to find optimized
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Fig. 1 Treatment of waste
concrete (index 2004 � 63) [5]
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structures through numerical analysis. There have been three
different types of structural optimization methods in the
literature: size, shape, and topology optimization used by
many researchers for structural optimization, which elim-
inates several difficulties in STM. While many structural
optimization methods are in the literature, the topology
optimization method is the most general form of structural
optimization. Because topology optimization aims to design
the structural members without manipulating the size and
shape of these members’ components, this method provides
a numerical iterative procedure that automatically redis-
tributes the material within a reference design surface under
appropriate boundary conditions to optimize the structural
members. Therefore, the topology optimization method has
gained significant popularity since 1980.And thismethodhas
been used by many researchers for structural optimization
[34–41]. Besides, there are some digital topology optimiza-
tion methods for designing the structural members, such as
computer-aided design, formation, generative, performance,
and integrated compound models.

On the other hand, while there are many methods
for implementing topology optimization effectively for
structural optimization, the mathematical-based procedures:
homogenization, solid isotropic microstructure with penal-
ization, level set method, and growth method for truss struc-
tures [42–45], and the heuristic-based procedures: sequen-
tial element rejection and admission, fully stress design,
computer-aided optimization, soft kill option, evolutionary
structural optimization, bidirectional evolutionary structural
optimization, and isoline/isosurface topology design are
widely used [45]. In this study, the isoline/isosurface topol-
ogy optimization (ITD) method was used. The ITD method
is a heuristic-based digital performance model since the
structural members are optimized according to the desired
performance. Although the material removal and addition
procedure play a critical role infinding the optimal design, the
ITDmethod designs the structural members using the isosur-

faces and the vonMises stress option via integrated procedure
up to the desired volume fraction. It should also be noted
that while the ITD method has been used for many years to
design structural members incorporating NAC, according to
the author’s best knowledge, this method has not yet been
used for structural members containing RAC. And this is
the first time that the structural topology optimization results
of structural members incorporating RCA are reported in
detail in a paper. Therefore, there is a significant research
gap in the literature on this research area. And this study
contributes to the literature to address the scarcity of techni-
cal information about this topic. This comprehensive study
investigates the structural topology optimization behaviors
of the multi-material and single-material RACmembers (RC
single short corbels and columns) assumed to be produced
with 25%, 50%, 75%, and 100% RCA. And the obtained
structural topology optimization results of RAC members
are given in comparison with the optimization results of the
NAC member. Finally, a brief life cycle assessment of waste
concrete was also carried out in this comprehensive study to
emphasize the importance of recycling activities.

2 Materials andMethods

2.1 Material Properties of Structural Members

The necessary material properties of NAC and RAC to be
considered within the scope of the study were obtained from
the modified Hognestad [46] model proposed by Saribas
[47]. Not to mention the fact that before any experimental
or analytical studies on RCA, it is critical to determine the
characteristics of RCA. After determining the characteris-
tic properties of RCA, it is another essential point to know
the stress–strain relationship of RAC. Knowing the stress–s-
train relationship of concrete contributes to understanding the
behavior of the structural member. In this study, the stress–s-
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Table 1 i and s coefficients according to RCA ratio

Mixture RCA ratio (%) i
coefficient

s
coefficient

NAC 0 1.00 1.00

RAC25 25 0.95 0.95

RAC50 50 0.90 0.80

RAC75 75 0.85 0.75

RAC100 100 0.80 0.70

train relationship of RAC was determined for different ratios
of RCA. Concrete compressive strength (f c) in the stress–s-
train relationship is defined as in Eq. (1). The value of the
s coefficient in this equation changes according to Table 1,
depending on the RCA ratio. The modulus of elasticity (Ec)
in the same relationship is defined as in Eq. (2). And the
i coefficient in this equation changes according to Table 1,
depending on the RCA ratio. For instance, 50% by weight of
RCA is used in new concrete, s and i coefficients in Eqs. 1
and 2 are considered 0.80 and 0.90, respectively.

It should also be mentioned that the ascending branch
of the stress–strain relationship of RAC is regarded with
a second-order parabola as in the Hognestad [46] model
(Eq. (4)). In this curve, the axial strain (εco) corresponding
to themaximum concrete compressive strength is considered
by Eq. (3). And the ultimate concrete compressive strength
(f cu) is defined as in Eq. (5). In addition, the maximum ulti-
mate strain (εcu) is regarded as 0.0040. All parameters of
the stress–strain relationship of RAC are valid for normal
concrete strength.

fc � s × 0.85 fck (1)

Ec � 12680 + i × 460 fc (2)

εco � 2 fc
Ec

(3)

σc � fc

(
2εc
εco

−
(

εc

εco

)2
)

(4)

fcu � 0.85 fc (5)

In this current study, f ck is considered as 35 MPa. The
stress–strain relationships obtained according to this value
are given in Fig. 2. Concrete parameters of NAC and RAC
members obtained from the modified model are shown
in Table 2. In these relationships (Fig. 2), NAC, RAC25,
RAC50, RAC75, and RAC100 represent the stress–strain
curves obtained by the modified Hognestad [46] model of
the concrete produced with NA and different RCA ratios
(25%, 50%, 75% and 100% by weight of RCA). As seen in
Fig. 2 and Table 2, as the RCA ratio in RAC increases, both
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Fig. 2 Stress–strain relationships of NAC and RAC
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the f c and the Ec decrease. While the f c and Ec of NAC are
negligibly higher than the RAC25, these two parameters of
NAC are substantially higher than those of RAC50, RAC75,
and RAC100. It should also bementioned that although RCA
is used at different ratios in new concrete, the stress–strain
curve of RAC is not different from the NAC stress–strain
curve [3, 6, 47–50].

Furthermore, the unit weight values of theNAC andRACs
are given in Table 2. As seen in this table, different unit
weights were considered for NAC and RAC. It is mentioned
in the literature that the unit weight of RAC is generally
lower than that of NAC [3, 7, 11]. Therefore, the unit weight
values of 2400 kg/m3 and 2300 kg/m3 were used for NAC
and RAC (RAC25, RAC50, RAC75, RAC100). On the other
hand, the B420C, which was defined in the Turkish Seismic
Design Code (TSDC) [51] as the reinforcing steel, has been
considered as a reinforcing bar. The stress–strain curve of
this reinforcing bar is given in Fig. 3, and yielding stress
(f sy), modulus of elasticity (Es), and unit weight (ρs) of this
reinforcing bar are given in Table 2.
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Table 2 Material properties of structural members

Specimens f c (MPa) f cu (MPa) Ec (MPa) ρc (kg/m3) εco f sy (MPa) Es (GPa) ρs (kg/m3) k1 k

NAC 30.0 25.5 26,365 2400 0.00228 420 200 7850 4.98 0.66

RAC25 28.3 24.1 25,030 2300 0.00226 420 200 7850 5.22 0.65

RAC50 23.8 20.2 22,533 2300 0.00211 420 200 7850 5.50 0.62

RAC75 22.3 19.0 21,404 2300 0.00208 420 200 7850 5.65 0.60

RAC100 20.8 17.7 20,344 2300 0.00205 420 200 7850 5.79 0.59

2.2 Background of Isolines Topology Optimization
Method

While the engineer’s intuition and experience are at the
forefront for structural design, this situation has changed
with the topology optimization method. Although there
are many methods for structural optimization of structural
members, these methods can be divided into two groups.
The first is mathematical-based [42–45], and the other is
heuristic-based [45]. In this comprehensive study, the ITD
method (via liteITD), an iterative redistribution algorithm,
was used for the structural topology optimization of NAC
and RAC members. The redistribution procedures of the
ITD method compose of four parts. First of all, the design
criterion distribution obtains. Secondly, the Minimum Crite-
rion Level (MCL), as shown in Fig. 4, is related to the new
structural boundary determines. Furthermore, the MCL is
determined by Eq. (6) for each iteration. Thirdly, all regions
of the design field remove. Finally, this design modification
requires reevaluating the remaining structure to recalculate
the design criterion distribution [45, 52–56].

Vi � Vo + (V f − Vo)
i

ni
(6)

In Eq. 6, Vi is the design volume in the ith iteration, V0

is the initial volume, Vf is the final volume of the optimized
structure, and ni is the total number of iterations.

Thematrix is given in Eq. (7) is used to calculate the struc-
tural members’ element stiffness matrix (Ke). KI , KO, and
KB are the stiffness matrices for an element inside, outside,
and on the boundary. ξ e is the design fraction inside the ele-
ment, FGR is the Fixed Grid ratio, commonly set in the range
of 10−6 to 10−4 [45, 52–56].

Ke �
⎧⎨
⎩

KI

Ko � KI × FGR

KB � KI ξ
e + Ko(1 − ξe)

if ξ e = 1.0
if ξ e = 0
if 0 <ξ e <1.0

(7)

The criterion value (σ i) at the i node and the criterion
value (σ e) at each element (e) are considered by Eqs. 8 and
9, respectively. In these equations, σ e

i is the nodal criterion
value of each component, Ne is the number of elements, Ve

is the volume of each element, Ni is the number of nodes.
Furthermore, the design criterion (σ ) like Von Mises stress
(σ vM ) is considered by Eq. 10. In which σ x, σ y, and τ xy are
the normal stresses and shear stress, respectively [45, 52–56].

σi �
∑Ne

e�1 σ i
e

× Ve∑Ne
e�1 Ve

(8)

σ e �
∑Ni

e�1 σ i

Ni
(9)

σ � σvM �
√

σ 2
x + σ 2

y − σxσy + 3τ 2xy (10)

The interaction of an isoline with a triangular cell is given
in Fig. 5. The values (1) and (0) at the corner points of this tri-
angular cell indicate that the criterion values are higher and
less than that of the MCL, respectively (Fig. 5a, d). When
the values of this triangular cell at the corner point are (0)
and (1) or (1) and (0), the MCL isoline intersects with these
edges (Fig. 5b, c). It should also be noted that the structural
boundary changes when the MCL is changed, and this mod-
ification affects the criterion distribution. Hence, before the
next iteration begins, an iterative process of reanalysis and
material redistribution is performed until the change in field
volume, subsequent limit adjustments are less than that of the
minimum volume change limit (1%) (Eq. 11) [45, 52–56].

�V (%) �
[

Vi
Vi−1

− 1

]
× 100 (11)

2.3 Optimization Algorithm of Isoline Topology
DesignMethod

In this study, the ITD algorithms consisting of 11 steps are
performed as in Fig. 6. As seen in this figure, firstly, define the
structural member such as design and non-design fields, the
total number of materials, material properties for each mate-
rial, load, and support conditions. Secondly, define the finite
element mesh properties. Thirdly, define the isoline topology
design parameters such as a design criterion, volume control
weighting factor, final design volume, total number of itera-
tions, and minimum volume change limit. Fourthly, perform
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Fig. 4 The structural boundary
is defined by the intersection of
the minimum criterion level
(MCL) with the criterion
distribution [45]
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a fixed grid finite element analysis. Fifthly, determine the tar-
get volume for every material type. Sixth, calculate the MCL
value for everymaterial type. Seventhly, extract the boundary
of the structural element and distribute the different materi-
als. Eighth, when the percentage volume change is greater
than the minimum limit of volume change, go to step nine;
otherwise, go to step ten. Perform a fixed grid finite element
analysis of the design domain and go to step seven. Tenth,
when the total number of iterations has been reached, go to
step eleven, otherwise update the design volume, increment
the iteration number by one and go to step four. Eleventh,
finish the design process [45, 52–56].

2.4 The Optimality Criterion for Structural
Optimization of Structural Members

Equations (12) and (13) proposed by Dewhurst [57] were
used for the optimality criterion of the structural optimiza-
tion design of structural members. According to this relation,
when the structural members have a constant fixed strain
ratio, an optimal layout of maximum stiffness-minimum
volume/weight is obtained [45, 52–57]. As stated before,
when the material characteristic of a structural element to be

designed is known, the optimization analysis of this element
or structure is carried out quickly and realistically. Thus, the
stresses in the relevant area are calculated clearly during the
optimization process, and all negative stresses are expanded
with the coefficient k (Eq. 12). Eventually, these stress fields
are then used for optimization. It should also be mentioned
that depending on the analysismethod; it may bemore appro-
priate to study with stresses rather than strains. Therefore,
when the strain-dependent equation (Eq. 12) is converted to
stress-dependent using the modulus of elasticities, the coef-
ficient k1 is obtained (Eq. 13) [45, 52–57].

k � ε∗
s

ε∗
c

�
[
ρs Ec

ρcEs

]0.5
(12)

k1 � σ ∗
s

σ ∗
c

�
[

ρs Es

ρcEc

]0.5
(13)

In which k is the constant fix ratio between strains in the
optimum structure, εs* and εc

* are tensile and compressive
maximum strains defining optimal structure layouts, Es and
Ec are the modulus of elasticities tensile and compressive
members, ρs and ρc aremass, weight, or cost per unit volume
of tension and compressive members, k1 is the constant fix
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Fig. 5 The marching triangles
(MT) algorithm at four different
topological states [45]
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ratio between stresses in the optimum structure, and σ s
* and

σ c
* are tensile and compressive maximum stresses in the

optimized structure.

3 Structural Parameters of NAC and RAC
Members

When the distance between the load application point and
the RC column edge face (a) is less than the height of the
beam (d), these structural members are called short corbels
(a/d ratio between 0.5 and 1.0). As stated before, single
short corbels have discontinuities both in loading and geo-

metrically [19, 54]. Therefore, they are not suitable to be
designed according to the conventional RC theory. In this
comprehensive study, the structural optimization of single
short corbels and columns was performed using the ITD
method. It should be noted that the type of used finite ele-
ments was the four-node plane stress quadrilateral element
with four Gauss integration points. The dimension, bound-
ary, and loading conditions of these members (dimensions in
meter) are seen in Fig. 7. This figure shows that the cross-
sections of columns and corbels are 600×400mmand 400×
600 mm, respectively. Furthermore, it is seen in this figure
that NAC, RAC25, RAC50, RAC75, and RAC100 represent
the structural members incorporating NA and different RCA
ratios (25%, 50%, 75% and 100% by weight of RCA).

Furthermore, whether the dimensions of the single short
corbels were sufficient or not was checked according to
TS500 [58] (Table 3). And the equations suggested by ACI
318 [12] were used for the RC design of these members. The
calculated data for both the dimension control and the RC
design is presented in Table 3. In addition, the typical rein-
forcing cage of corbels is seen in Fig. 8. As seen in Table
3, the dimensions of these corbels are more than sufficient
for the applied load condition. Besides, the columns are con-
sidered as fixed support at both ends. As seen in Figs. 7 and
Fig. 9b, the concentrated load (500 kN) is applied on the
corbels 450 mm from the column face. And these members
were divided using the square finite element meshes with
15×15 mm (Fig. 9a).

On the other hand, the axial load-moment interaction
relationships of the RC columns were obtained through
a fiber-analysis approach using the XTRACT 3.0.8 [59]
computer program. In this axial load-moment analysis, the
stress–strain relationship of concrete in compression was
modeled considering the modified Hognestad Model [46]
(Fig. 2). Furthermore, the behavior of confined concrete (core
concrete with stirrup confined) was considered by Mander
Model [60] based on the characteristics of the transverse
reinforcement, dimensions of the cross-section, and uncon-
fined concrete features. Steel reinforcing bars in tensionwere
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Fig. 7 Dimension, boundary,
and loading conditions of the
single short corbels and columns
(dimensions in meter)
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Table 3 Reinforced concrete design of single short corbels

Specimens bw (mm) h (mm) d’ (mm) d (mm) f c (MPa) f ct
(MPa)

Pd (kN) Vcr (kN) Vc (kN) Vrmax
(kN)

bw ×h As,total Asw

NAC 400 600 50 550 30.0 1.92 500 274 219 1452
√

5φ20 4φ12

RAC25 400 600 50 550 28.3 1.86 500 266 213 1370
√

5φ20 4φ12

RAC50 400 600 50 550 23.8 1.71 500 244 195 1152
√

5φ20 4φ12

RAC75 400 600 50 550 22.3 1.65 500 236 189 1079
√

5φ20 4φ12

RAC100 400 600 50 550 20.8 1.60 500 228 183 1007
√

5φ20 4φ12

assumed to behave in an elastic–plastic manner with strain
hardening based on the B420C rebar (Fig. 3). The geometric
ratio of longitudinal reinforcement is 1.27%. And the thick-
ness of the concrete cover is 40 mm. In addition, the number
of fibers of RC columns cross-section is 570 (Fig. 10a). The

obtained axial load-moment relationships of NAC and RAC
columns (NAC_col, RAC25_col, RAC50_col, RAC75_col,
and RAC100_col represent the columns incorporating NA
and different RCA ratios: 25%, 50%, 75% and 100% by
weight of RCA) are presented in Fig. 10b. Reinforced con-
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Fig. 9 Design properties of corbels and columns; a mesh properties,
b ready specimen for analysis

crete columns are often subjected to axial loads and bending
moment effects in extreme conditions (earthquake, impact
effects, etc.) to shear effects. Therefore, the axial load-
moment relationships of RC columns are vital. It is seen
in this Fig. 10b that while the axial load-moment carry-
ing capacities of NAC_col and RAC25_col columns are
approximately similar, and the axial load-moment carrying
capacities of the columns decrease as the RCA ratio in the
new concrete increases. It should also be noted that the reduc-

tion in the columns’ axial load and moment capacities is
similar.

4 Optimization Results and Discussions

Structural topology optimization results of multi-materials
members (reinforced concrete members) obtained by per-
forming the ITD methods are presented in Fig. 11. It should
also be stated that these optimization resultswere obtained by
considering the 50 iterations, 30% objective volume fraction,
and 2% minimum volume change. The red and blue fields in
this figure represent the tension and compression regions,
respectively. It is seen in Fig. 11 that the structural topology
optimization shapes of the NAC and RAC25 members are
similar. In addition, it can be concluded from Fig. 11c that
the structural topology optimization pattern of the RAC50
specimen is identical to NAC and RAC25, but the tensile
region of this member is negligibly larger than that of these
two specimens. Again, although the optimization patterns of
the RAC75 and RAC100 members are almost similar, it is
seen inFigs. 11e-f that the compressive region of theRAC100
corbel is higher than that of the RAC75 corbel. Furthermore,
it is observed from Fig. 11 that the compressive regions of
both RAC75 and RAC100 specimens are higher than that of
the other three specimens (NAC, RAC25, RAC50) because
of the low modulus of elasticity and concrete compressive
strengths. It should also be noted that the structural members
are exposed to similar loading conditions; those with low
concrete compressive strength andmodulus of elasticity need
more concrete regions to give the same response to the current
load as the other specimens (NAC, RAC25, RAC50). There-
fore, the concrete compressive regions of these specimens are
larger than that of their counterparts. Besides, the previous
studies have stated that incorporating RCA up to 35% in new
concrete does not affect the behavior of both RAC and the
member containing RAC. Furthermore, the critical threshold
for the ratio of RCA substituted to this RAC is 50%. It should
also be mentioned from Fig. 11 that the bar element numbers
of the RAC25 and NAC members are similar. At the same
time, the RAC50 corbel is negligibly different from these
two members (Fig. 11a-c). However, RAC75 and RAC100
specimens showed completely different features from these
three specimens regarding bar elements. This situation sup-
ports the presented results in the literature and reveals that
the ITDmethod is an effectivemethod for structural topology
optimization. Finally, comparing the optimization shapes of
multi-material NAC members with the multi-material RAC
members indicated that the structural topology optimization
process applied to single short corbels and columns incorpo-
rating NA is also valid for single short corbels and columns
containing RCA. Furthermore, the structural topology opti-
mization process of the members from initial structure to
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Fig. 10 Cross-sectional analysis of RC columns, a fibers properties, b axial load-moment capacities of RC columns

final optimized structure for different iterations is presented
in Fig. 12.

The structural topology optimization method designs the
structural members according to more than one material and
loading conditions.Within the scope of this study, in addition
to the analysis of RC members by considering two different
materials (concrete and reinforcement) groups, an analy-
sis of single-material (only concrete) corbels and columns
containing only NAC or RACwas also conducted. The struc-
tural optimization results of these single-material structural
members are given in Fig. 13. As seen in this figure, all
single-material members (NAC, RAC25, RAC50, RAC75,
RAC100) have the same structural optimization shapes.
Therefore, it is mentioned from these results that RCA does
not affect the single-material optimization process. Besides,
in the single-material structural topology optimization pro-
cess, the concrete performs until it is completely crushed and
there is no material (such as reinforcement) to assist.

On the other hand, it has been stated in the literature
that the conventional behavior (stress–strain, load–displace-
ment, moment–curvature etc.) of NAC and RAC structural
members are similar, even if the ratio of RCA in the new
concrete increases. Therefore, the single-material structural
members generally have the same optimization shapes since
the concrete performed until crushed. Furthermore, compar-
ing the optimization shapes of single-material NACmembers
with the single-material RAC members indicated that the
structural topology optimization process applied to members
incorporating NA is also valid for RAC members. And the
structural topology optimization process from initial struc-
ture to final optimized structure for different iterations is
presented in Fig. 14.

5 Life Cycle Assessment of the RCA

The ratio of construction and demolition wastes, mine and
quarry wastes generated by economic activities and house-
holds in total waste is approximately 63% (Fig. 15, Table 4)
[5]. About 70% of the waste consists of waste concrete or
materials used in aggregate production [1–4]. Therefore, it
is crucial to eliminate the construction and demolition waste
concrete with environmentalist methods.

Although more than one method has been developed in
recent years to eliminate the construction and demolition
waste concrete, the most effective of these methods is 4R:
Reduce, Reuse, Recycle, Rebuy or Resell. It has been dis-
played by statistical data that there are significant decreases
in the amount of waste concrete originating from the con-
struction sector of European countries that apply this method
(Fig. 1).

This section of this paper provides a brief overview
of RCA’s life cycle assessment (LCA), which is used as
aggregate in newly built structural members. Life Cycle
Assessmentmethod,which is a technique for evaluating envi-
ronmental impacts of a product or process over its entire
life cycle, estimates materials, energy resources, and eco-
logical emissions activities in a sector or economy. Since
the construction sector in Turkey did not have the LCA
database, a similar database for Greenhouse Gases (GHGs)
data and Conventional Air Pollutant (CAP) data of the con-
struction sector for using the LCA were benefitted from the
"eiolca.net" [61] database. And the Economic (Eco) data of
the construction sector was obtained from local suppliers.

There are two ways for the life cycle of construction and
demolition waste concrete. The first way is to recycle the
waste concrete and reuse the recycled material as a sustain-
able product. The second way is to dispose of the waste
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Fig. 11 Structural topology optimization shapes of themulti-material structuralmembers obtained by performing the ITDmethod; aNAC,bRAC25,
c RAC50, d RAC75, e RAC100
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Fig. 12 Structural topology
optimization process from initial
to final optimized structure for
different iterations; a 1 iteration,
b 5 iterations, c 10 iterations,
d 15 iterations, e 20 iterations,
f 25 iterations, g 30 iterations,
h 35 iterations, i 40 iterations,
k 45 iterations, l final structure
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Fig. 13 Structural topologyoptimization shapes of the single-material structuralmembers obtained byperforming the ITDmethod; aNAC,bRAC25,
c RAC50, d RAC75, e RAC100
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Fig. 14 Structural topology
optimization process from initial
to final optimized structure for
different iterations; a 1 iteration,
b 5 iterations, c 10 iterations,
d 15 iterations, e 20 iterations,
f 25 iterations, g 30 iterations,
h 35 iterations, i 40 iterations,
k 45 iterations, l final structure
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Fig. 15 Waste generation by economic activities and households (%
share of total waste) [5]

concrete in the landfill area and cover the top of the waste
concrete (Fig. 16).

When the construction sector chooses to recycle and reuse
the waste concrete, the concrete is substantially generated
by urban transformation programs; as done in the study, the
industry achieves substantial economic benefit, as seen in
Fig. 17. Furthermore, the first way is the significant effect
on reducing Greenhouse gases and conventional air pollu-
tant parameters in the sector (Figs. 18 and 19). On the other
hand, if the industry chooses the second way, which consists
of the disposal of the waste concrete to the landfill area, the
method causes environmental, economic, and social prob-
lems. Even in a small-scale study conducted within the scope
of this paper that unless the waste is recycled and reused as
a sustainable material, the significant effects of Greenhouse
gases and conventional air pollution occur in our society, as
seen in Figs. 18 and 19.

6 Conclusions

This paper presents the results of an optimization study
conducted on full-scale single short corbels and columns
to investigate the effects of RCA on structural topology
optimization behaviors. Particular attention was paid to the
impacts of single-material and multi-material conditions on
the characteristics of optimization behavior. The following
conclusions can be drawn from the global optimization per-
formance of the structural members:

1. The multi-material RAC25 and RAC50 members exhib-
ited similar structural topology optimization behavior to
the NAC member. The RAC75 and RAC100 members
behaved differently from their counterparts. Because, as
the RCA ratio in the new concrete increases (in this case,
both the concrete compressive strength and the mod-
ulus of elasticity decrease), these members’ structural
topology optimization behavior may change under simi-
lar loading conditions.

2. The optimization results revealed that the structural
topology optimization behavior of the single-material
RAC members is similar to this of the NAC member.

3. The obtained structural topology optimization relation-
ships of RAC members, optimized through the ITD
method, were in good agreement with the NAC member.
These results also mention that the structural topol-
ogy optimization process applied to structural members
incorporating NA is also valid for structural members
containing RCA.

4. Furthermore, it should also be concluded from these
results that the ITD method is effective for structural
topology optimization of NAC and RAC structural mem-
bers.

5. The LCA study, which emphasized the importance of
using recycled aggregates, revealed that recycling, reduc-
ing, and reusing construction and demolition waste
concrete is vital for countries’ sociological and environ-
mental conditions.

Although this study covers a wide range of research
parameters, there is an obvious need for further studies
to reach more general conclusions on the use of recycled
aggregates sourced from concrete waste to optimize new
structures.
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Table 4 Waste generation by
economic activities and
households in EU (% share of
total waste) [5]

Countries Mining and
quarrying

Manufacturing Energy Construction
and
demolition

Other
economic
activities

Households

EU 26.6 10.6 3.4 35.9 15.4 8.2

Belgium 0.1 24.9 1.2 33.5 33.1 7.2

Bulgaria 82.4 2.0 10.0 0.1 3.1 2.4

Czechia 0.2 14.6 1.5 41.7 26.7 15.3

Denmark 0.0 4.7 5.1 56.0 17.8 16.4

Germany 2.2 13.9 2.3 55.5 16.8 9.2

Estonia 29.5 18.8 32.3 9.5 7.6 2.4

Ireland 14.2 24.7 1.1 13.6 35.1 11.4

Greece 56.4 11.8 7.6 5.0 9.2 10.1

Spain 17.1 9.9 2.4 27.6 26.5 16.5

France 0.4 6.6 0.4 70.2 13.7 8.7

Croatia 12.0 8.9 1.3 22.7 31.7 23.3

Italy 0.8 16.5 1.3 35.3 28.7 17.5

Cyprus 6.6 16.3 0.1 45.8 14.5 16.8

Latvia 0.1 21.7 2.5 17.5 25.7 32.6

Lithuania 1.6 37.2 2.1 8.8 30.3 20.0

Luxembourg 0.0 6.9 0.1 81.2 9.7 2.1

Hungary 1.0 14.3 11.2 33.2 25.4 14.9

Malta 1.6 1.0 0.0 78.8 11.2 7.4

Netherlands 0.0 9.6 1.1 70.0 13.3 6.0

Austria 0.1 8.7 0.8 74.4 9.3 6.7

Poland 36.7 17.0 10.7 9.7 20.6 5.3

Portugal 0.2 19.0 1.1 8.8 38.1 32.8

Romania 88.0 3.9 3.4 0.3 2.4 2.1

Slovenia 0.2 20.2 11.8 8.1 51.9 7.8

Slovakia 2.2 27.5 7.9 4.4 39.8 18.2

Finland 74.9 6.7 1.0 12.3 3.5 1.6

Sweden 74.7 3.7 1.4 8.9 8.0 3.2

Iceland 0.0 24.4 0.0 3.9 31.5 40.2

Liechtenstein 1.6 1.5 0.0 88.6 1.6 6.7

Norway 1.2 12.8 1.5 40.0 27.4 17.1

Montenegro 27.4 3.7 27.6 11.3 8.6 21.4

Macedonia 14.2 46.6 0.5 3.1 35.6 0.0

Serbia 75.6 2.9 14.7 1.1 2.1 3.6

Turkey 17.9 – 26.1 0.0 7.1 28.9

Bosnia 8.2 28.1 48.1 1.8 0.2 13.6

Kosovo (1)
(2)

93.5 2.0 3.4 0.1 0.0 1.0

(1) 2016, EU: European Union
(2) This designation is without prejudice to positions on status, and is in line with UNSCR 1244/1999 and the
ICJ Opinion on the Kosovo Declaration of Independence
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Fig. 16 Two ways for the
construction and demolition of
waste concrete
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Fig. 17 The direct economic
impact of the materials on LCA
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Fig. 18 The Greenhouse gases
emission of the construction
sector (CO2: Carbon dioxide,
CH4: Methane, N2O: Nitrous
oxide, GHGs: Greenhouse
gases)
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Fig. 19 The conventional air
pollutant of the construction
sector (CO: Carbon monoxide,
NH3: Ammonia, NOx: Nitrogen
oxides, PM10: Particulate
matters less than 10 microns,
PM2.5: Particulate matters less
than 2.5 microns, SO2: Sulfur
dioxide, VOC: Volatile organic
compounds)
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