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Research Article

Optimization of reinforced concrete beam using hybrid algorithms

with multi-objective function as COz emission and cost

Muhammed Cosut? (¥, Gebrail Bekdas?

2 Department of Civil Enginering, Istanbul University-Cerrahpasa, 34320 Istanbul, Tiirkiye

, Sinan Melih Nigdeli #*

ABSTRACT

ARTICLE INFO

In this study, algorithms with two objective functions are defined considering the
TS500 (2000) (Reinforced concrete structures design and construction rules) and
TBDY (2018) (Turkey Building Earthquake Regulation) standards for rectangular
beam design. These objective functions were determined as COz emission and cost.
Optimizations were performed in MATLAB program using the Hybrid Algorithm of
Teaching-Learning Based Optimization and Jaya Algorithm. In the case of using two
objective functions, cases were created by multiplying the coefficient values found in
the objective function according to the formula with the cost and COz emission values
at different rates in order to prevent CO2 emission which is one of the biggest prob-
lems for the world. In the objective function, each rate used for CO2z and cost is imple-
mented in a manner that increases or diminishes the impact of these values. In this
way, comparisons were made between the cross-section dimensions to be formed
according to not only impact rates but also the reinforcement area to be used, the CO>
emission and cost values that will arise as a result of these. Impact rates are related
to cost and COz rate in the objective function, and the total rate is chosen as 1. Impact
rates for cost are chosen as 0.1, 0.3 along with 0.5, and comparisons between the
results are checked. In addition, recyclable and non-recyclable steel with different
properties were used in separate analyses and the values were compared. Since the
CO2 rate released by the non-recyclable steel is very high compared to the recyclable
steel, the results show that the COz emission value is higher and this causes the ob-
jective function value to increase.
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1. Introduction

Most of the engineering works that have been done
and completed in the past are designed by taking into ac-
count the conditions such as strength and service life.
However, in addition to strength and other required
properties, sustainability studies have begun to be con-
sidered an important design condition for the protection
of nature. One of the biggest reasons for the adoption of
sustainable designs is the increase in the amount of an-
nual COz emissions. While the annual CO2 emission was
around 6 billion tons worldwide before the 1950s, today
this value is measured as more than 38 billion tons (URL-
1 2023) by increasing rapidly. Therefore, the COz emis-

sion reduction process is carried out by different studies
in different engineering fields.

When the construction sector and the buildings are
taken into account, it is explained in the reports that ac-
cording to the data explained above, approximately 38%
of the COzrate is released worldwide. Moreover, that 5%
CO2 is released by cement is computed by IPCC 2006
standard (Kara et al. 2018). For this reason, significant
studies are carried out in terms of both reducing CO:
emissions and reducing costs to realize the most appro-
priate and efficient design in the construction industry.
These studies can be done in different ways. To exem-
plify, these are the use of materials that are less harmful
to the environment and have high durability by increas-
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ing the variety of materials that can be used (Kayabekir
etal. 2020; Li 2011; Habert and Roussel 2009), the avail-
ability of sufficient cross-section dimensions according
to the force affecting the necessary construction element
and the standard of the country where it is located, the
selection of more effective structural systems and the re-
cyclability of the materials used in the construction. As
result of such studies, it contributes to the prevention of
global climate change, reducing the carbon footprint of
buildings, efficient use of resources and increasing effi-
ciency in the project process. In order to control such as
emissions and cost, metaheuristic algorithms have been
used in many areas to reach pertinent design, and the ob-
jective function of a design may contain more than one
variable. Cakiroglu et al. (2021a) have conducted to find
CO2 and cost optimization for concrete-filled steel tubu-
lar columns. In addition, Cakiroglu et al. have used Har-
mony Search (HS) (2021b) and Manta Ray Foraging -
Jaya Hybrid Optimization (2023a) to accomplish CO2
emission for concrete-filled steel tubular rectangular
stub columns. Cantilever shoulder pile retaining walls
which are indispensable to remain steady in the soil have
reached optimal design by using a method of data-driven
ensemble learning (2023b). Cakiroglu and Bekdas
(2022) have analysed CFST stub columns to find the ax-
ial load capacity. In order to display the algorithms how
many iterations they could reach the objective function
in problem as optimization cost, Cosut et al. (2023) have
utilized the algorithms which are Harmony Search (HS),
Differential Evolution Algorithm (DE), Hybrid Algorithm,
Flower Pollination Algorithm (FPA), Jaya Algorithm,
Teaching- Learning Based Optimization (TLBO). Temiir
(2021) has generated a Hybrid TLBO algorithm for the
optimum design of cantilever retaining walls under seis-
mic loads. The type of optimization can be different and
one of them known as multi-objective optimization has
been used many times in the optimization of beams. Ay-
dogdu (2017) has performed multi-objective optimiza-
tion of cantilever retaining walls in terms of cost and COx.
Paya- Zaforteza et al. (2009) have optimized reinforced
concrete frames by using simulated annealing and Span-
ish Code as multi-objective functions related to CO:
emission and cost. Leps and Sejnoha (2003) have used
genetic algorithms to reach the optimum total cost for
steel-reinforced concrete structures. Camp and Assadol-
lahi (2013) used a hybrid algorithm which was a big
bang-big crunch algorithm about optimizing CO2 and
cost in the design of reinforced concrete footings. Kripka
and de Medeiros (2012) studied the cross-sectional op-
timization of reinforced concrete columns at the firstly
cost, after that, they utilized Life Cycle assessment to
reach the environmental effect. Therefore, they have
tried to decrease the amount of CO2 according to cost
[10]. Reinforced concrete structures which were beams
have been optimized by Afshari et al. (2019), and also,
they have focused on the approaches of multi-objective
optimization. Yeo et al. (2015) studied to generate a de-
sign which was about reinforced concrete structures to
minimize COz emission. Joyner et al. (2021) have opti-
mized the buildings according to resilience-based seis-
mic design, and life span performance along with condi-
tional performance have been controlled. Yiicel et al.

(2021) have optimized rectangular beams in terms of
CO2 emission to design an environmentally friendly
structure element; however, Abubakar et al. (2021) have
used genetic algorithms to optimize the design of rectan-
gular beams. Also, machine learning techniques are a
new trend in the prediction of optimum design parame-
ters without rerunning the iterative optimization pro-
cess (Ocak et al. 2013, Aydin et al. 2013).

In this study, the optimization of the rectangular rein-
forced concrete beam in terms of both CO2 emission and
cost was carried out with the hybrid algorithm created
by the synthesis of metaheuristic algorithms using the
MATLAB program. Since two objective functions were
defined in the optimization process, their sum was ad-
justed in certain proportions, the dimensions of the rec-
tangular beam, the required reinforcement area, the cost
and the released CO: values were recorded and the re-
sults were compared according to the determined rate
values. In addition, the differences in the variable and
objective function that occur when steels with different
properties are used were compared.

2. Features and Design of the Beam

Many countries have developed their own building
design and construction regulations over time. These
standards have evolved and developed based on a cer-
tain accumulation of knowledge, laboratory studies, and
experience with destructive natural disasters. As a re-
sult, designs for resilient systems can be developed
against unwanted and destructive situations.

In structural design, beams are widely used as build-
ing elements. These elements not only perform well
against bending moments and shear forces but also trans-
fer loads from slabs to columns. Beams can be designed in
various shapes, such as T-shaped, I-shaped, and L-shaped.
Depending on the desired design, there may be some mi-
nor changes in the calculation formulas. Additionally, the
span length can vary depending on the desired design,
while keeping within certain limits (Dogangtin 2019).

In this study, the design of a rectangular beam (Fig. 1)
is carried out by considering the TS 500 (2000) and
TBDY (2018) regulations, and the necessary equations
for the design are presented.

In the following equations, fua is the tensile strength
of concrete, fox is the characteristic strength of concrete,
fcais the design strength of concrete, fy« is the character-
istic yield strength of steel, fja is the design yield strength
of steel. The depth of the compression block (Eq. 2) is
calculated based on the effective height of the beam (d),
the load affecting the beam, the span, and the concrete
grade used. As a consequence, the reinforcement area
can be found in Eq. (3).

fe fc f
fera = 0.35 X % fea = 1_512,' fya = 1% (1)
_ 2_ _ 2XMg
a=dz+ [d 0.85 X fcq Xb @
M
P 3)
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Fig. 1. Under loading for RC beam.

The adequacy of a beam in resisting shear forces un-
der loading conditions is examined, and accordingly,
the required reinforcement area is selected and placed
at the necessary distance in compliance with regula-
tions. The shear force value provided by concrete is
given in Eq. (4).

0.65Xfcrg XbXd
V., =08x Ttodo 4)

In certain situations and under specific loads, even if
itis calculated that all shear forces of the designed beam
are carried by the concrete (17,.), reinforcement calcula-
tion and placement should be done according to the min-
imum requirements of the regulations. This will ensure

Beam

that the structural element functions effectively under
dynamic loads, preventing damage to the system. V
changing by loading (Q) is the shear force of system.

1000 (5)

The stirrups used to resist shear forces are placed at
different distances in the wrapping and middle regions
(Fig. 2). This is because the beam will be subjected to
maximum shear forces at the column-beam joints, and a
denser and closer stirrup arrangement is required for
the safe transfer of these forces. According to the regula-
tions, the distances between the stirrups to be placed in
these two regions are given in Egs. (6) and (7).

Wrapping Middle Wrapping
Region Region Region
Lc=2*h Ly d¥F Lg=2"h

Fig. 2. Layout of the stirrups.

Vo <3 %X Vy S=2
middle region < V,>3xV, S =% (6)
S$1>350mm S; =350 mm
h
wrapping region (S;) < § g » o ((;8 or 310) (7)
150 mm

For the concrete to be placed homogeneously be-
tween the reinforcements, the horizontal and vertical
net distances between the longitudinal reinforcements
must be at a certain value. These values are determined
by considering the maximum aggregate diameter, which
is 22 mm (D), that can be used in the concrete, constant
and rebar diameter (Eq. (8)).

25

net distance > { 2 (@ = 012) (8)
4 x g

3. Metaheuristic Algorithm

The metaheuristic algorithms which are a compre-
hensive problem-solving method for a variety of prob-
lems have been found and developed over time by in-
spiring natural events (Bekdas et al. 2021). Flower Polli-
nation Algorithms (FPA) (Yang 2012), Jaya Algorithm
(Rao 2016), Teaching-Learning Based Optimization
(TLBO) (Rao 2011) and Bat Algorithm (Yang and Gan-
domi 2014) can be given as examples. These algorithms
which are more effective to reach objective functions
than traditional methods can be used for finding optimal
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solutions. Furthermore, various fields employ the algo-
rithms such as engineering, manufacturing, financial risk
management, artificial intelligence, machine learning,
operation research and management science. All these
fields have some goals such as optimizing CO2 emission,

cost along with weight. Thus, engineers should apply the
objective function according to the priority of the prob-
lem. Objective functions can be generated as single-ob-
jective functions, multi-objective functions as well as
constraint optimization functions.

Fig. 3. The metaheuristic algorithm process.

3.1. Hybrid algorithm

Nowadays, there are several metaheuristic algo-

rithms which have different properties like phase num-
ber, equations and control parameters. In addition, hy-
brid algorithms have been developed over time to facili-
tate the efficient and effective resolution of more com-
plex and comprehensive problems. These algorithms are
obtained by combining two or more algorithms, thereby
improving optimization performance. The ways to com-
bine metaheuristic algorithms (Khajehzadeh 2016) are
sequential hybridization, parallel hybridization and inte-
grative hybridization. In addition, some hybrid algo-
rithms have been combined as TLBO-Jaya (Teaching-
Learning Based Optimization- Jaya Algorithm), GAAP
(Hybrid Ant Colony-Genetic Algorithm), ACO-GA
(Ngatchou et al. 2015) and DE-BBO (Hybrid Differential
Evolution-Biography Based Optimization) which can be
used for complex problems.
In this study, the TLBO-Jaya hybrid algorithm was used
to be completed all requirements. TLBO has two phases
which are known as Teaching (Egs. (9) and (10)) and the
Learning phase. All two phases have different equations
to reach and compare objective functions. In order to
generate a Hybrid Algorithm, equations of the learning
phase are removed by equations of Jaya algorithms,
which are illustrated in Eq. (11). TF is known as the
teaching factor, Xinewis a new value, X;; is a candidate so-
lution’s value, Xiq and Xi» are chosen randomly, X, i

L.gbest 1S
an objective function’s bestvalue, X; 5 isan objective
function’s worst value.

TF = round(1 + rand()) 9)

Xi,new = Xi,j + rand()(xi,gbest - |Xi.]'|) - (TF)Xi,mean) (10)

( AF, < AF,, X;;+randO(Xiq — Xip)
AF, > AF,, Xy;+randO)( Xy — Xia) (11)

Xinew = Xij + rand () (X, gy, = [Xi]) = randO (X g, e = 131

The optimization process should be carried out in a
certain stage, and these stages should be created as com-
plementary and validating each other. This process com-
monly consists of four stages.

e Process 1: Variables, constraints and constants are
determined. Constraints can be specified from stand-
ards, former studies or laboratory results. Constants
consist of material features and cost values. After that,
an initial matrix of recorded data is created.

e Process 2: The best and worst value in the objective
function is selected, and the mean value of the objec-
tive function is computed to be used in the equations.

e Moreover, minimum and maximum values are
checked whether they provide or not. If they do not
provide the limitations, the objective function is pe-
nalized with big values. Therefore, the new solution
matrix is generated.

o After that, the aforementioned processes are found in
phase 2.

e Process 3: The objective function in the new solution
matrix and the initial matrix are compared with each
other, and whichever has the better value is chosen.

e Process 4: The maximum iteration numbers are
checked whether they are totally completed. There-
fore, the optimization process is decided whether to
be continued or not.

Fig. 4 is created to illustrate how the problem can be
solved by using a Hybrid Algorithm which is generated
by using metaheuristic algorithms known as TLBO and
Jaya Algorithm. Flowchart delineates when problem
equations, constants and constraints should be used con-
secutively. Therefore, it is explicitly seen that this chart
enables us to find and recognize easily which sequence it
should be done.

Multi-objective functions are employed for multiple
conflicting objectives that are required to be optimized
simultaneously. Therefore, a multi-objective function
endeavours to reach a set of solutions that are optimal
concerning multiple objectives. These objective func-
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tions can be varied in terms of fields that are engineering
design, portfolio optimization as well as environmental
planning. They are used for minimizing production costs,
minimizing environmental impact, minimizing product

Begin the
Optimization

Decisions of variables,
constraints and constants

Penalise if
results not match the
constraints

Initial solution matrix
is found by using
equations

Teaching phase
(TLBO) equations
are utilised

weight and maximizing production speed. More im-
portant properties are chosen to reach optimum results
so that appropriate design is obtained easily and effec-
tively.

Penalise if
results not match the
constraints

Comparison New
Solution Matnx results
and Initial Solution

Matrix

New solution matrix
is found by using
equations

1
1
1
1 TLBO section
1
|

-

Ifiteraton § === 0~ 292 0200mTmm=m=m=m=m=====-=
number does . Comparison New
not match Controlling Solution Matrix results

iteration
number

Finish the
optimization

and Initial Solution
Matrix

_______________________ -
|
New solution matrix Jaya Algorithm | .
is found by using equations are | Jay\:;:lﬁgglthm
equations utilised !
|
___________ -

Penalise if
results not match the
constraints

Fig. 4. Flowchart for hybrid algorithm.

Multi-objective optimization has not only a single op-
timal solution but also a set of optimal solutions which is
known as the Pareto-optimal set, and it consists of every
potential solution to the problem (Ngatchou et al. 2015).
The optimal set of Pareto is an important concept in
multi-objective optimization because it enables deci-
sion-makers to identify the best compromise between
the different objectives (Martinez-Iranzo et al. 2009).

The cost equations are demonstrated in Egs. (12) and
(13). Cost hinges on some factors which are concrete and
steel cost (C: and Cs respectively), beam length (L), cross-
section of the beam (b and h) as well as reinforcement
area (4s).

Costeoncrete = Ce X L X (b X h — (M)) (12)

106
Ly is recorded as the rebar length, y, is the specific
density of steel.

A .
Zi:l COStsteel = Cs,i X Ls,i XYs X r:; (13)
The COz emission equations are delineated in Eq. (14).
Eco, is the COz emission value for materials, V, is the vol-
ume of concrete.

As
2.C0, =Cc XV, X ECOZ(C) +¥s X 106 X ECOZ(S) (14)

CO2 emission and cost are the main goals to generate
this problem. Thus, Eq. (15) shows the total values of CO2
and cost with coefficients. These coefficients can arrange
the rate of objective function elements, so they enable us

to compare differences between values by changing co-
efficient values. a and f are not chosen as minus values.
frotal = @ X (Costroa) + B X (COy, Tota) (15)

Fig. 5 describes multi-objective function processes
which are related to COz and cost, and they are calculated

as various rates to reach the best solution for desired sit-
uations.

4. Example and Discussion
4.1. Numerical example

In order to apply a sustainable and environmentally
friendly design, the objective function is specified not
only as a cost but also COz emission. These designs are
indispensable and crucial for nature. Therefore, the op-
timization process is done by using metaheuristic algo-
rithms which are generally used for various problems to
achieve desired design values. The design was done as
pertinent not only to standards but also necessary shear
load.

Fig. 6 shows the beam which is used in the numerical
example to reach the objective function. The beam de-
sign variables are found depending on distributed load,
length of the beam, concrete class, cost of materials and
amount of materials’ COz2.

Table 1 illustrates the values which are the variables,
constraints along with constants. Furthermore, cost val-
ues are current values.
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Fig. 5. Multi-objective function example.

Table 1. Numerical example values.

Explanation Symbol Unite Values
Minimum height Amin mm 400
Maximum height Hmax mm 600
Minimum width brmin mm 250
Maximum width brmax mm 400
Compressive strength of concrete fex MPa 30, 40
Length of Beam L m 6
Yield strength of concrete Sk MPa 420
Specific density of steel Vs t/m3 7.86
Clear cover Pc mm 30
Concrete cost per unit volume Cc TL/m3 43}8 mgz ?)gggi
COz emission of concrete values Ccoy kg/m? ig ﬁi: zi;g
?>@12->16300
Steel cost per unit weight Cs TL/ton #10->16600
#8->16750

kN/m

h
L

Fig. 6. [llustration of the beam.

Fig. 7 demonstrates the cost of the materials which
are the concrete classes and different types of steel. @8
and @10 are used for stirrups which are necessary for
shear force, building standards have some studies about
the placement of the clear distance between stirrups.
Also, @12 and bigger than this rebar is used for longitu-
dinal reinforcement.

Fig. 8 provides information about the COz emission of
materials. There are two types of steel which are recy-
cled and not-recycled. These materials impact COz emis-
sion, and it is calculated that not-recycled steel is approx-
imately 5 times higher than recycled ones. Some studies
give information that not-recycled steel’s CO2 emission
changes between 1,800 and 2,000 kg/ton.

4.2. Discussion

According to the numerical example, variables, con-
straints and constants with equations, an appropriate
design is generated in terms of rebar diameters and im-
pact rates of COz and cost in the objective function value.
Impact rates were varied in the cases and these are
named as Case 1, Case 2 and Case 3. Tables 2 to 6 deline-
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ate the results which change according to the diameter
of the rebar. Moreover, three cases are generated to com-
pare the rate results between COz emission and cost.

e (ase 1isa 0.5 rate for costand 0.5 rate for CO2 emission
e (Case 2isa 0.3 rate for costand 0.7 rate for CO2 emission
e (Case 3isa0.1rate for costand 0.9 rate for CO2 emission

For Table 2, Case 1 and Case 2 have the same results ex-
cept for objective functions which are different because of
rate values, whereas Case 3 variables are different com-
pared to other cases. Fig. 9 shows the results of Table 2.

All cases have the same values in Table 3 except for
objective functions. Fig. 10 shows the Table 3 results.

COST (TL)

16,750

16,600

Material

-
-

0 5,000
@8 Steel

10,000 15,000 20,000
@10 Steel B >310 Steel

B C30/37 Concrete [1C40/50 Concrete

Fig. 7. Cost values.

C0O2 Emission

352
|
1,850
Material
Features
376
452
0 500 1,000 1,500 2,000

Recycled Steel (kg/ton) Not-Recycled Steel (kg/ton)
M C30/37 Concrete (kg/m3) MC40/50 Concrete (kg/m3)

Fig. 8. COz emission values.

Table 2. @312 rebar results.

b h Reinforcement Concrete Steel CO2 Objective

Area Cost Cost Emission Function

Case 1 298.67 599.13 678.58 2166.83 1312.85 431.73 1955.71
Case 2 298.67 599.13 678.58 2166.83 1312.85 431.73 1346.12

Case 3 340 521.92 791.68 2146.99 1368.17 429.58 738.14
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Results for @12 rebar

——
2500
c i
© 2000
L
g Reinforcement
2 1500 Area
[N
<I>J X X Concrete
© 1000 Cost
% e Steel
[e) 500 ) n ‘ Cost
>|( ! )k s C02
0
05 0.3 0.1 ———F
Cost rate
Fig. 9. Results for @12 rebar.
Table 3. @14 rebar results.
b h Reinforcement Concrete Steel CO2 Objective
Area Cost Cost Emission Function
Case 1 267.33 541.30 769,69 1741.56 1304.31 354.35 1700.11
Case 2 267.33 541.30 769.69 1741.56 1304.31 354.35 1161.81
Case 3 267.33 541.30 769.69 1741.56 1304.31 354.35 623.50
Results for @14 rebar
2000 b
e——"
c
© 1500
° Reinforcement
§ Area
o 1000 Concrete
> Cost
=
2 X Steel
a 500 Cost
o e C02
0 e F(x)
0.5 0.3 0.1
Cost rate

Fig. 10. Results for @14 rebar.

It can obviously be seen that Case 2 and Case 3 have the ent objective functions which hinge on cost, COz emission
same results, but Case 1 has different results in Table 4. as well as the rate between cost and COz emission (Fig.
Furthermore, all cases and diameters of rebar have differ- 11). That is why they are generally found different values.

Table 4. @16 rebar results.

b h Reinforcement Concrete Steel (.202. Object.ive

Area Cost Cost Emission Function

Case 1 250.00 524.17 804.25 1571.81 1300.50 323.45 1597.88
Case 2 277.36 436.63 1005.31 1446.03 1402 303.21 1066.66
Case 3 277.36 436.63 1005.31 1446.03 1402 303.21 557.69
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Result for @16 rebar
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Fig. 11. Results for @16 rebar.

Table 5 shows the results of @18 rebarand all caseshave  This circumstance is the same as in Table 6. Figs. 12 and 13
the same values, it is just objective functions are different. display the Table 5 and Table 6 results, respectively.

Table 5. @318 rebar results.

b h Reinforcement Concrete Steel CO2 Objective
Area Cost Cost Emission Function
Case 1 250.00 436.89 1017.88 1298.80 1387.80 276.14 1481.37
Case 2 250.00 436.89 1005.31 1298.80 1387.80 276.14 999.27
Case 3 250.00 436.89 1005.31 1298.80 1387.80 276.14 517.18
Results for @18 rebar
i |y
2000
c ey h
2 1
=1 500
8 Reinforcement
E Area
g 1000 Concrete
] Cost
o
— e Steel
.8 500 ‘ * Cost
: = N e CO2
0
0.5 0.3 0.1 ==
Cost rate
Fig. 12. Results for @18 rebar.
Table 6. @320 rebar results.
b h Reinforcement Concrete Steel CO: Objective
Area Cost Cost Emission Function
Case 1 250.00 400.00 1256.64 1180.61 1552.15 258.89 1495.83
Case 2 250.00 400.00 1256.64 1180.61 1552.15 258.89 1001.05

Case 3 250.00 400.00 1256.64 1180.61 1552.15 258.89 506.28
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Results for @20 rebar
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Fig. 13. Results for @20 rebar.

The objective function results that are regarding with di-
ameter of steel and steel types that are recycled and not-
recycled are demonstrated in Fig. 14. It observed that the

differences between recycled and not recycled steel results
can be various compared to cases which are “0.5 x cost +
0.5xCOz2; 0.3 x cost + 0.7 x CO2; and 0.1 x cost + 0.9 x CO2”".

Objective Functions

2500

2000

\

1000

1500 '\-\___,

=== Recycled (0.5)
Not-Recycled (0.5)
Recycled (0.3)
Not-Recycled (0.3)

@@= Recycled (0.1)

Objective Function

@12 P14 P16

500 t;‘

g Not-Recycled (0.1)

P18 @20

Rebar Diameter

Fig. 14. Comparing objective functions.

That the rate of the cost is chosen as 0.5 for recycled
and not-recycled steel has the lowest gap compared to
other cases. When the rate s are compared within them-
selves, different values will be between 3% and 14.4%.

5. Conclusions

Sustainable and environmentally friendly designs are
becoming more and more important day by day. One of
the biggest reasons for this is that the destruction of na-
ture has increased dramatically in the last few years.
Civil engineering, which is one of the fields with a very
high CO2 emission, is at the forefront of the studies car-
ried out and developed. In this context, there are differ-
ent studies such as materials, optimization and recycling
of used materials. In this study, the cost and CO2 emission
optimization for the beam, which is used extensively as
a structural element, is carried out with a hybrid algo-
rithm. Such studies are needed in order to use both envi-
ronmentally friendly and balanced raw materials used in

the world. According to certain material, cost and emis-
sion values, analyses were made by placing the stirrup
and longitudinal reinforcements for the beam both in ac-
cordance with the standards and for the shear force. In
addition to these analyses, a correlation was established
between CO2 emissions and cost by importance coeffi-
cients. With these coefficients, it was ensured that the
CO2 emission value was added to the calculations and
used at a higher impact rate than the cost, and compari-
sons were made. In this way, the reduction of CO2 emis-
sion in the design was provided extra.

Two types of steel were used in the design, one is re-
cycled steel and the other is non-recyclable steel. When
these steels are used, analyses were made according to
the COz values they emit to nature and the values were
recorded. While no difference was observed in the design
variables in general, it was observed that there was an in-
crease in the CO2 emission value. When cases and steel
types were compared among themselves, values between
objective functions were found between 3% and 14.4%.
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ABSTRACT

ARTICLE INFO

Fiber-reinforced composites are one of the most used construction materials. Nowa-
days, some types of fibers like steel, carbon, glass and basalt are commonly used in
these composites. However, the production of these fibers consumes natural re-
sources and a high amount of energy. Researchers have started working on natural
fibers to reduce commonly used fibers productions’ drawbacks for more sustainable
composites. However, the effect of natural fibers on the properties of cement-based
composites -especially fracture energy- still needs further research and comparing
with the behavior of commonly used fibers. In this study the effect of hemp fiber on
the mechanical properties and fracture energy of cement-based fiber-reinforced
mortar mixtures was investigated. The results were compared with those of the bas-
alt fiber-reinforced mixtures. The results showed that the flexural strength and frac-
ture energy improved with the use of hemp and basalt fiber compared to the fiber-
free mixture. The flexural strength increased up to 10.7% and 19.6% with the inclu-
sion of hemp and basalt fibers, respectively. The mean peak load and fracture energy
of hemp fiber-reinforced mortar was higher than those of the fiber-free mixture by
32.2% and 17.9%, respectively. The corresponding values for basalt fiber addition

Article history:

Received 26 July 2023
Revised 14 August 2023
Accepted 24 August 2023

Keywords:
Hemp fiber
Basalt fiber
Fracture energy
CMOD

Cement mortar

60.8% and 146.4%.

1. Introduction

Concrete is the most commonly used construction
material in the world (Jianbing et al. 2022). Despite
providing much superiority, concrete has several disad-
vantages, such as low tensile strength and brittleness
(El-Abbasy 2022). Fibers can be used to overcome these
issues and improve properties such as ductility, tough-
ness, and durability in cement-based building materials
(Vairagade and Dhale 2023). To enhance properties of
concrete, it is possible to use various types of fibers like
steel, glass, polypropylene (Li et al. 2022), PVA, basalt,
etc. (Zhao et al. 2016). However, it is known that the pro-
duction of these types of fibers results in various draw-
backs, like carbon emission, and the consumption of dif-
ferent types of resources (Chen et al. 2023).

Nowadays, various types of natural fibers are being
used to enhance some properties of concrete due to their

characteristics such as low cost, sustainability, renewa-
bility (Abdalla et al. 2022), unlimited availability, biodeg-
radability, recyclability (Suardana et al. 2011) as well as
low density, high acoustic damping and reduced indus-
trial fuel expense (Ahmad and Zhou 2022). Interest in
natural fibers is expected to increase in the coming years
(Sullins et al. 2017).

Hemp is a well-known plant species and industrial
hemp is used in different sectors like textile, food, auto-
mobile, biofuel and construction (Grubesa et al. 2018).
The main components of hemp fiber are cellulose, hemi-
cellulose and lignin (Stevulova et al. 2022). Studies are
carried out on the use of fibers obtained from the hemp
plant in the production of fiber concrete. Although there
are limited studies in the literature, the findings revealed
that using hemp fiber in fiber-reinforced concrete is pos-
sible. Li et al. (2006) investigated the effect of aggregate
size, mixing method, length and amount of hemp fiber on
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some physical and mechanical properties of hemp fiber-
reinforced concrete. For this purpose, 10, 20 and 30 mm
long fibers were used in different dosages and a total of
30 concrete mixtures were produced. Researchers re-
ported that it is possible to increase the flexural tough-
ness up to 143.6%, 30.3% and 57.4%, respectively, by
using hemp fiber in concretes with 20, 14 and 7 mm max-
imum size aggregates.

Comak et al. (2018) examined the effect of hemp fiber
dosage and length on the mechanical properties of ce-
ment mortar mixtures. 6, 12, 18 mm long fibers were uti-
lized at three dosages of 1, 2, and 3% by volume. It was
determined that the flexural strength increased in the
range of 1.2-16.9% with fiber inclusion. Another finding
of the study was that, in mortars containing 6 mm and 12
mm long fibers, the flexural strength improved as the fi-
ber content increased, while the opposite situation was
observed when 18 mm long fibers were used. In a similar
research Ruano et al. (2020) conducted a study on the
flexural behavior of sugarcane bagasse and hemp fiber-
reinforced mortars. The load-CMOD relationship of the
mixtures was determined and the researchers stated that
the flexural toughness increased with the hemp fiber ad-
dition. Zhou et al. (2017) explored the effect of the treat-
ment of hemp fiber on some properties of concrete and
stated that with the treatment, the 28-day compressive
and tensile strength, as well as the critical stress intensity
factor, critical strain energy release rate and fracture
toughness were affected positively. Kaplan and Bayraktar
(2021) reported that the flexural strength of cement mor-
tar increased with the inclusion of hemp fiber of 5, 10 and
20 mm length and 1, 2, 3% by the weight of cement.

Basalt fibers are produced with lower energy con-
sumption than commonly used fiber types such as steel,
glass, and carbon. They also have advantages such as
high tensile strength, good durability, and corrosion re-
sistance (Al-Rousan et al. 2013). The basalt fibers are
widely utilized at different civil engineering applica-
tions, and it is known that these fibers improved me-
chanical properties of concrete (Zhou et al. 2023). Kabay
(2014) investigated the effects of 12 and 24 mm long
basalt fibers inclusion with 0.07% and 0.14% dosages by
volume on the properties of concrete mixtures produced
with two different water/cement ratios (0.45 and 0.60).
The researcher stated that with the addition of basalt fi-
bers, the fracture energies of concretes prepared with
0.45 and 0.60 water/cement ratios increased up to
112.6% and 140.2%, respectively. In addition, the flex-
ural strengths of concrete were improved up to 10.4%
and 15.9% with fiber usage. Arslan (2016) investigated
the effect of basalt fiber dosage on fracture energy of
notched beam concrete specimens having a water/ce-
ment ratio of 0.5. The fibers were used at 0.5, 1, 2, and 3
kg/m3 dosages, and fracture energies were calculated
with crack mouth opening displacements (CMOD). The
researcher reported that with basalt fiber addition, flex-
ural strength and fracture energy increased up to 25.4%
and 28.6%, respectively, and the optimum fiber dosage
for fracture energy was 2 kg/m3. In a similar study, Kizil-
kanat et al. (2015) investigated the effects of basalt fiber
dosage on the properties of concrete. The fibers were
used at 0.25%, 0.50%, 0.75%, and 1% by volume, and the

strength and fracture properties were determined. The
researchers stated that basalt fiber increased the split-
ting tensile strength, flexural strength, peak load, and
fracture energy. With the increase in fiber dosage, the
fracture energies continuously improved and became
51% higher than the fiber-free mixture at 1% dosage.

In spite of several studies, the effect of natural fibers
on the fresh properties, sorptivity, strength and fracture
energy of cement-based composite still needs to be com-
pared with those of the commonly used fibers like glass,
steel, basalt, carbon, etc. This study determined the ef-
fect of hemp fiber on flow diameter, unit weight, water
absorption, coefficient of sorptivity, compressive and
flexural strength as well as fracture energy of the cement
mortar mixtures. The experimental work was divided
into two different phases. Firstly, the effect of the fiber
type (basalt or hemp), fiber dosage (0.125, 0.25, 0.5, or
1% by volume), and fiber length (6 or 18 mm) on fresh
properties and mechanical strength were investigated.
After that, the selected hemp-fiber and basalt-fiber rein-
forced mixtures were subjected to 3-point bending test,
and the fracture energies of samples were determined
using the force-crack mount opening displacement rela-
tionship. The results showed that the mechanical prop-
erties and fracture energies improved with the use of
hemp fiber compared to those of the plain (fiber-free)
mixture. However, basalt fibers were much more effec-
tive on these properties.

2. Materials and Method
2.1. Materials

CEM142.5R type Portland cement, tap water and CEN
standard sand conformed to TS EN 196-1 standard were
used in the production of mixtures. Besides, to achieve
acceptable workability, a commercial polycarboxylate-
based plasticizer was utilized. The chemical composition
and some properties of cement are given in Table 1. In
the preparation of fiber-reinforced mortar mixtures,
commercial basalt fiber 13-20 pm in diameter, 4000-
4500 MPa in tensile strength, 88 GPa in modulus of elas-
ticity, and natural hemp fiber was used. The specific
gravities of basalt and hemp fiber were 2.80 and 0.85, re-
spectively.

The preparation process of the hemp fibers and the
image of the fibers are shown in Figs. 1 and 2, respec-
tively. The dried hemp bundles were provided (Fig. 1a
and 1b), the hurds were manually separated from the
bulk (Fig. 1c), and bundle of fiber were obtained (Fig. 1-
d). Then hemp fibers were cut to 6 and 18 mm by hand
(Fig. 2).

SEM micrographs of fibers with different magnifica-
tions are given in Fig. 3. The diameter of basalt fibers was
around 20 pm. On the contrary, the geometry of hemp
fiber was irregular and generally extended in two direc-
tions. The widths of hemp fibers were more than their
thicknesses, and the width of fibers varied from fiber to
fiber from 10 pm up to 1000-1500 pm. Moreover, the
surface of hemp fiber was significantly rougher than that
of the basalt fiber.
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Table 1. Chemical composition and some properties of cement.

Compound % (by weight) Mechanical properties

Ca0 63.06 Compressive strength

Si02 18.53 7 days 38.4 MPa
Al;03 5.21 28 days 47.2 MPa
Fe203 3.65

MgO 1.01 Physical properties

Naz0 0.48 Specific gravity 3.11
K20 0.64 Initial setting time 210 mins.
SOs3 3.20 Final setting time 315 mins.
Free CaO 0.91 Blaine specific surface area 3420 cm?/g
Loss on ignition 2.94

Insoluble residue 0.10

Fig. 1. Preparation of hemp fibers:

(a),(b) Hemp fibers with hurds; (c) Cleaning fibers from hurds; (d) Hemp fibers before cutting.

Basalt fiber

Fig. 2. Photos of fibers.
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2.2. Method

Mixtures were prepared with an automatic mortar
mixer. Firstly, sand, cement and fibers were dry mixed at
62.5 rpm for 60 seconds. Water and plasticizer were
combined and added to the bowl. The mixer was oper-
ated for 90 seconds at 62.5 rpm. The material adhered
to the wall of the bowl was scraped within approxi-
mately 15 seconds, then the mixer was run for another
90 seconds at 125 rpm. The fresh mixtures were
poured into the molds in two layers, and each layer was
compacted by a jolting table with 25 jolts. Samples
were stored in laboratory conditions for 24 hours,
demolded after this time, and cured for 27 days at the
curing pool. All hardened mortar tests were performed
at the age of 28 days.

40 mm x 40 mm x 160 mm prismatic specimens were
used to determine the coefficient of sorptivity, water ab-
sorption and unit weight. Besides, notched specimens
(50 mm x 50 mm x 240 mm), with a 10 mm notch height
and 3 mm notch width, were prepared for the fracture
energy tests. The compressive strength tests were car-
ried out on the broken portions of the specimens after
flexural strength tests. Three specimens were used for
all tests carried out in the study (except compressive
strength which was done on six specimens), and the av-

500 pm

Fig. 3. SEM images of fibers: (a),(b) Basalt fiber; (c),(d),(e) Hemp fiber.

erage values were reported. The flow diameter, coeffi-
cient of sorptivity, compressive and flexural strengths
were determined in accordance with ASTM (C1437,
ASTM C1585, ASTM C349 and ASTM C348 standards, re-
spectively. Fracture energy tests were carried out using
a 3-point bending test setup with a displacement-con-
trolled device. The rate of loading was 0.01 mm/minute,
and the crack mouth opening displacements (CMOD)
were measured with a clip-on gage. A strong adhesive
was used to connect metal blades to the samples' bottom
surfaces, and clip-on gage was attached to the sharp
edges of knifes. The experimental setup and sample ge-
ometry are shown in Fig. 4. When the peak load dropped
by 95%, the test was ended. The graphs of the force-
CMOD relationship were drawn, and the fracture energy
was calculated using Eq. (1) with the suggestion of Rilem
(1985). However, instead of force-deformation curves,
force-CMOD curves were used.

GF — W0+Zlg50 (1)

In this equation, Wy, mg, 6o and A represent the area
under force-CMOD curve (N-mm), the weight of the spec-
imen between the supports (N), the maximum crack
opening (mm) and area of the midspan cross-section of
the specimens without notch (mm?), respectively.
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20 mm

4

200 mm

20 mm

v

Clip-gage D  Steel knife

Fig. 4. Fracture energy test setup, geometry of specimen and detail of notch.

2.3. Mixtures

The experimental study is divided into two different
phases. The compressive and flexural strengths of the fi-
ber-free mixture and fiber-reinforced mixtures were de-
termined at the first stage. The length and dosage of fibers
were the selected variable parameters. In this regard, a to-
tal of 16 fiber-reinforced mortar mixtures were prepared
with two fiber types (basalt and hemp), two fiber lengths
(6 and 18 mm) and four fiber dosages (0.125, 0.25, 0.50

and 1% by volume). In addition to the reference mixture,
two mixtures were selected for each fiber type regarding
the flexural strength test results for the next phase.

In the second stage, the fracture energy, coefficient of
sorptivity and water absorption capacity values of the
selected mixtures were determined, and the effect of fi-
ber inclusion on these properties was evaluated compar-
atively. The proportions and some properties of mix-
tures are given in Table 2, and the designation of the mix-
tures is explained in Fig. 5.

Table 2. Ingredients and some properties of mixtures.

Ingredients (g)
Mixture
Cement Sand Water  Plasticizer ~ Hemp fiber Basalt fiber

Control 450 1350.0 225 2 - -
HS-0.125 450 1348.3 225 2 0.96 -
HS-0.25 450 1346.6 225 2 1.92 -
HS-0.50 450 1343.3 225 2 3.83 -
HS-1.0 450 1336.5 225 2 7.67 -
HL-0.125 450 1348.3 225 2 0.96 -
HL-0.25 450 1346.6 225 2 1.92 -
HL-0.50 450 1343.3 225 2 3.83 -
HL-1.0 450 1336.5 225 2 7.67 -
BS-0.125 450 1348.3 225 2 - 3.12
BS-0.25 450 1346.6 225 2 = 6.24
BS-0.50 450 1343.3 225 2 = 12.48
BS-1.0 450 1336.5 225 2 = 24.96
BL-0.125 450 1348.3 225 2 = 3.12
BL-0.25 450 1346.6 225 2 = 6.24
BL-0.50 450 1343.3 225 2 = 12.48
BL-1.0 450 1336.5 225 2 - 24.96
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Fig. 5. Designation of mixtures.

3. Results and Discussion
3.1. Flow diameter and unit weight

Figs. 6 and 7 illustrate the flow diameter and unit
weight values of mixtures. As seen from the figures, the
flow diameter and unit weight of the fiber-free mixture
was the highest, as expected. Irrespective of fiber type
and length, raising the dosage of fiber from 0.125% to
1% resulted in a gradual decrease in flow diameter. The
reductions due to basalt fiber addition were higher than
that of hemp fiber addition. This phenomenon is proba-
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Control HS

50.25%

bly due to basalt fiber's high surface area/volume ratio.
The mixtures with 1% fiber inclusion had the lowest
flow diameter in each series. Increasing the fiber dosage
also decreased the fiber-reinforced mixtures' unit vol-
ume weight. This situation was more considerable in the
mixtures including 1% fiber.

3.2. Compressive and flexural strength

The flexural and compressive strength values of mix-
tures are given in Figs. 8 and 9, respectively. As seen
from the figure, irrespective of the fiber type and length,
0.125% fiber inclusion did not have a meaningful effect
on the flexural strength due to insufficient fiber dosage.
The results were similar with the addition of 0.25%
hemp fiber. 1% fiber-reinforced mixtures in all series
had the lowest flexural strength values due to their low
workability. Hemp and basalt fiber reinforced mortars
containing 0.5% long and 0.5% short fibers have the
highest flexural strengths in their series, with 6.2 and 6.7
MPa, respectively. These mixtures were selected for the
water absorption, sorptivity and fracture energy tests.
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Fig. 6. Flow diameters of the mixtures.
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Fig. 7. Unit weights of the mixtures.
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Fig. 9. Compressive strengths of the mortar mixtures.

On the other hand, test results revealed that fiber in-
clusion had a negative effect on the compressive
strength. The compressive strength of hemp fiber-rein-
forced mortars was 12.7-28.5% lower than that of the
reference mortar. Besides, at lower dosages, the basalt
fiber inclusion did not significantly affect the compres-
sive strength. However, with the increase in fiber dosage,
both flow diameter and strength decreased progres-
sively probably due to the effect of basalt fiber's high sur-
face area/volume on workability and consequently on
compactibility of the mixtures. Uygunoglu et al. (2022)
investigated the effect of PVA fiber content on the prop-
erties of cement-based mortar. The researchers re-
ported that the compressive and flexural strengths in-
creased with the addition of 2% fiber but at higher dos-
ages it had a negative impact on the mechanical proper-
ties. The fact was attributed to the workability and place-
ment issues caused by the increasing fiber dosage. In a
similar study, Sahan et al. (2021) examined some prop-
erties of polypropylene fiber-reinforced concretes. The
researchers reported that the flexural and compressive

strengths increased compared to those of the control
sample at the optimum fiber dosage of 0.22%; beyond
this dosage, the strength decreased.

3.3. Fracture energy

The force-deflection and force-CMOD curves of three
specimens of each mixture are given in Figs. 10 and 11,
respectively. The peak load, maximum deflection, maxi-
mum CMOD values and the area under the curves in-
creased with fiber inclusion. In this respect, the inclusion
of basalt fiber had a higher positive effect than that of the
hemp fiber.

The peak load, deflection corresponding to the peak
load and fracture energy values are given in Fig. 12. With
the addition of hemp and basalt fiber, the mean peak
load increased by 32.2% and 60.8%, respectively. Alt-
hough the hemp fibers enhanced the peak load and frac-
ture energy, the amount of increase was considerably
lower than that of the basalt fibers.
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Fig. 11. Force-CMOD relationships of the samples.

Similarly, mean deflection values corresponding to
the peak load of hemp and basalt fiber-reinforced mor-
tars were 10.9% and 97.5% higher than that of the con-
trol sample, respectively. Compared to that of the refer-
ence mixture, the deflection corresponding to the peak
load of the fiber-reinforced mixes was greater. The role
of fibers in increasing the first cracking point and their
bridging effect upon crack propagation is obvious. Fiber
inclusion increased the fracture energy too, and the fact
was more pronounced with basalt fiber addition. The in-
crement rates were 17.9% and 146.4% for hemp and
basalt fiber addition, respectively. Ruano et al. (2020)
also reported that the flexural toughness of concrete im-
proves with hemp fiber addition. It is known that fibers
transfer the load and show a bridging effect on the frac-
ture surface, resulting in delaying the connection of the

cracks (Bencardino et al. 2010) with the mechanisms of
debonding, bridging, pull-out and failure (Abbas and
Khan 2016). During the fracture energy test, the bridging
effect delaying the crack propagation was obvious. At the
end of the test, visual observation on the fracture sur-
faces of specimens revealed the debonding of the fibers
and probably fracture of some of them. Arslan (2016) re-
ported that with the use of basalt fiber, the fracture en-
ergies of fiber-reinforced concrete increased by 6.8-
28.6% depending on the fiber dosage. In a similar study,
the increment rate of the fracture energy with basalt fi-
ber inclusion was stated to be in between 3-51% (Kizil-
kanat et al. 2015). According to a study on fiber-rein-
forced self-compacting concretes, Gultekin et al. (2022)
stated that it is possible to increase the fracture energy
with basalt fiber addition up to 30.4%.
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3.4. Water absorption and sorptivity

Water absorption and coefficient of sorptivity of the
mixtures are given in Figs. 13 and 14, respectively. Water
absorption increased by 12% and 4.8% with the inclu-
sion of hemp and basalt fibers, respectively. The fact is
probably due to the reduced workability with the addi-
tion of fibers. In addition, hemp fiber also absorbs water
due to its porous structure. The addition of basalt fiber
did not have a significant effect on the water absorption
capacity. Nevertheless, hemp fiber-reinforced speci-
mens had the highest water absorption capacity. How-
ever, fiber inclusion reduced the coefficient of sorptivity
by 20% and 55% for hemp and basalt fiber, respectively.

Wang et al. (2021) marked that the addition of fiber to
face slab concrete increased the total porosity and frac-
tion of larger pores, but reduced the fraction of smaller
pores. In this study the effect of basalt and hemp fibers
on the capillary water absorption was clearly seen. The
increase in water absorption and decrease in coefficient
of sorptivity suggested that the addition of fiber
changed the pore structure of the cement mortar. It is
thought that with the inclusion of fibers, the fraction of
larger pores (arisen from insufficient compactibility and
responsible for water absorption) increased, however,
the amount of smaller pores (arisen from crack treat-
ment effect of fibers and responsible for sorptivity) re-
duced.
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4., Conclusions

This study investigated the effects of inclusion of
hemp and basalt fibers on the fresh properties, mechan-
ical strength and fracture energy of fiber-reinforced ce-
ment-based composites. For the materials used and tests
applied, the following conclusions may be drawn:

e With the inclusion of fiber, mortar flow diameters de-
creased, and the fact became clearer at higher fiber
dosages. As a result of the decreased workability
(compactibility) with fiber inclusion, the unit weight
of composites decreased progressively. In this regard,
the negative effect of basalt fiber addition on flow di-
ameter was higher than that of the hemp fiber.

¢ The effect of fibers on flexural strength was negligible
at lower dosages (0.125 and 0.25%). In terms of flex-
ural strength, the optimum fiber dosage was 0.5%. It
was possible to increase flexural strength up to 10.7%

and 19.6% with hemp and basalt fiber addition, re-
spectively. Unlike flexural strength, fibers decreased
the compressive strength. However, the reduction in
compressive strength was negligible in the low dos-
age basalt fiber-bearing mixtures.

Fibers enhanced the peak load, the deflections corre-
sponding to the peak loads and fracture energy of the
mixtures. From fracture energy viewpoint, positive
effect of the basalt fiber was more than that of the
hemp fiber. The fracture energy of hemp and basalt
fiber-reinforced composites was higher than that of fi-
ber-free mixture by 17.9% and 146.4%, respectively.
Hemp and basalt fiber inclusion reduced the coeffi-
cient of sorptivity by 20% and 55%, respectively.
However, the water absorption of fiber-reinforced
composites was higher than that of the plain mixture.
This probably occurred due to the change in the pore
structure.
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ABSTRACT

ARTICLE INFO

With the demand increased in construction activities within the last century, several
scientific research studies have been focusing on different aspects of construction
and demolishing wastes, while considering the severity of environmental problems
that they cause. This work presents the results of out an extensive literature survey
in order to provide an overview on the hazards and handling methods of construction
and demolishing wastes. Results of this literature review indicate that landfilling has
been the most commonly used method, even though the recycling of the construction
and demolishing wastes was found out to be the most environmentally-friendly so-
lution. It was observed that groundwater and soil may be heavily affected by the
leaching constituents of landfilled construction wastes. On the other hand, using
these wastes in the form of recycled concrete aggregates was observed to eliminate
these hazards. The results of literature survey pointed out that the use of demolished
concrete wastes as recycled concrete aggregates could be widely adopted by con-
struction sector only if the resulting concrete is of satisfactory quality. Hence, infor-
mation on different quality aspects of concrete made of recycled concrete aggregates
are presented systematically as a clear guide in this work, to verify its feasibility as
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an environment-friendly waste elimination method.

1. Introduction

The change in the life of modern society yielded vari-
ous types of wastes that affect the nature in different
scales if not managed adequately. Several studies in the
previous literature had investigated the effects of vary-
ing wastes on the nature in general as well as on ground
water specifically (Ozkarova et al. 2019; Ahmed et al.
2019; Rezende et al. 2019). Besides numerous waste
types and sources, construction and demolishing wastes
have also observed to be increased as a direct result of the
significant increase of population worldwide from 1.5 bil-
lion up to 7.5 billion within this century (Xiao 2018). The
increase of world population leads to higher demand of
certain types of structures made up with varying con-
struction materials. This increase in the construction ac-
tivities also lead to an increase in demolition processes;
hence generation of higher quantities of construction and

demolition (C&D) wastes has been inevitable. With its
continuously increasing quantities, C&D wastes and their
consequent environmental hazards has become a signifi-
cant problem worldwide (Alakara et al. 2022).

In certain developing countries, C&D wastes can un-
fortunately be disposed even directly on the ground in a
totally unregulated and uncontrolled manner. Fig. 1 il-
lustrates such an inappropriate disposal of construction
and demolition wastes that was done in a developing
country, possibly in an illegal way; avoiding the control
of local authorities.

Figs. 1(a-b) provide a common example and a visual
evidence of the possible variety and the mixed nature of
construction and demolishing wastes. This fact makes
environmental problem caused by C&D wastes a com-
plex one; requiring a thorough understanding of its com-
ponents, and their individual effects on nature before
concluding on the optimum way the manage them.
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Fig. 1. Uncontrolled disposal of varying types of construction and demolition wastes in nature:
(a) Plastics and tiles; (b) Asphalt and concrete.

1.1. Factors affecting C&D waste generation

Construction materials vary according to the coun-
tries that they are produced and to the construction tra-
ditions that they may have. In the USA, timber is a very
conventional construction material; while in the UK for
example, brick is used very widely. All construction ma-
terials have life cycle; first their raw materials are quar-
ried from natural sources to in order to manufacture the
exact construction material with the desired qualities to
be used in the construction industry.

It is a matter of time until the structures made up of
these produced construction materials have to be re-
moved due to various reasons. Reaching the end of their
designed lifetimes, any premature performance failure,
or sometimes the demands to construct more modern
structures could be the reasons for demolishing these
structures and hence, construction and demolishing
wastes are generated.

A noteworthy study published in 2023 presented the
data on the estimated construction and demolishing
wastes quantities worldwide and reported that EU gen-
erates more than 820 million of tons of annually (Soto-
Paz et al,, 2023). Among EU countries, France and Ger-
many are observed to generate the highest C&D wastes
quantities with the reported estimated values of 246 and
200 million of tons annually. Other significant waste
quantities are reported for United States and China, be-
ing as 534 and 1130 million tons annually, respectively
(Soto-Paz et al., 2023).

Additionally, numerous studies have been carried out
previously in order to determine the type and the quan-
tities produced by different countries. The results of
these studies are for sure critical for the process of de-
termining the optimum waste disposal and management
methods, taking in to consideration of both environmen-
tal and economic aspects, that would cover the needs of
the countries of concern (Martinez et al. 2010; Li et al.
2019).

In their study, Pellegrino and Faleschini (2016) have
reported the annual construction and demolition waste
quantities produced in various European countries with

a remark on the year of their inclusion to European Un-
ion (EU). Their data indicated that the countries that
have been included to EU at earlier ages are generating
higher quantities of construction and demolishing
wastes, when they are compared to other countries
which have been included to EU more recently.

This finding could be due to the economic growth
reached by elder European countries that might have re-
flected to their construction activities as well. However,
it should be considered that the population of each coun-
try and hence, the total demand for construction activi-
ties, also are expected to play a great role on the exact
quantity of the annual construction and demolition
waste generation resulted.

Hence, each country may need to study the problem
to a different extent; considering the type of waste gen-
erated and the total generated quantities of waste in or-
der to determine the magnitude of the threat posed to
their local environment, as well as the protective meas-
urements and waste handling strategies.

1.2. C&D wastes as a source of hazardous materials

Previous studies focusing on the hazardous materials
coming from construction and demolition wastes were
observed to report leachate information mainly for a va-
riety of mixed waste types such as; a mixture of concrete,
asphalt, wood, plastic, glass, paintings, sealing agents etc.
Hence, it is typical to see a list of concentration of these
aforementioned elements together for a given waste
case.

Previous studies report that construction and demo-
lition wastes cause contamination by releasing hazard-
ous materials such as heavy metals like Arsenic (As),
Lead (Pb), Cadmium (Cd), Chromium (Cr), Copper (Cu),
Mercury (Hg), Nickel (Ni), Zinc (Zn), Calcium (Ca), Mag-
nesium (Mg), And Antimony (Sb); Also, Chloride (CI),
Fluoride (F), Sulphate (SO4), and phenol (Galvin et al.
2012; Butera et al. 2014).

The related literature also reports regulations that
specify the allowed concentration limits of these men-
tioned potentially hazardous materials in the landfill
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leachates (EU Council 2003). Exceeding these limits in
such a case of waste disposal is regarded as a potential
threat to environmental balances in general.

In general, a lack of detailed information on the indi-
vidual leachate results for each type of wastes; that
would serve to identify the exact impact of that type of
waste only to environment. On the other hand, concrete
which is a very popular construction material is ob-
served to be studied with an additional focus in the re-
lated literature, unlike many other construction materi-
als that may end up being wastes. In these specific stud-
ies, concrete leachate is reported to lead to release of
various materials like chloride, sulphate, and mainly cal-
cium hydroxide in the soil. The effects of calcium hydrox-
ide and other concrete leachates on nature will be dis-
cussed in further detail in the following sections.

2. C&D Wastes Handling and Management Methods

Numerous studies have been carried out in order to
determine the optimum C&D wastes management
method within three commonly used C&D waste man-
agement methods. The commonly used methods for
managing construction and demolishing wastes are
known as landfilling, incineration, and recycling. The ef-
ficiency of the waste management methods was dis-
cussed in these studies based on criteria such as cost re-
duction for both transportation and raw materials, and
reducing the impact of the construction and demolition
wastes on the environment. Fundamental information
about these three C&D waste handling methods are pre-
sented in the below subsections.

2.1. Landfilling as a handling method for C&D wastes
and consequent hazards

This method could be considered as the simplest, but
not necessarily the most efficient, method among others.
Landfilling is a waste disposal method where wastes are
buried within the ground. As the wastes seemingly dis-
appear, this method became popular and widely used es-
pecially in certain countries.

Landfilling is done by initially excavating destination
location and in the bottom of the cavity formed at that
location leachate collecting mechanism installed, and
then filling with waste and cover the cavity with instal-
lation of gas vent It is known that by landfilling method
of waste management, the adverse impacts of waste
leachate on environment cannot be avoided fully. Land-
fills are expected to be designed to not to have a nega-
tive impact on the surrounding environment; yet, they
still do, as reported in studies (Malek and Shaaban
2018). Landfilling activities are known to cause nega-
tive effects especially on the quality of soil and ground-
water. This impact is caused mainly by leaching of haz-
ardous materials from landfilled materials such as con-
crete, asphalt, wood, gypsum drywalls that are common
C&D wastes, yielding a source of heavy metals and other
chemicals permeate to soil (Plaza et al. 2017; Saxe et al.
2007).

After construction and demolition wastes are dis-
posed into landfills, they will be exposed to the certain
surrounding environmental factors. Water presence and
percolation mainly causes leachate of the waste compo-
sitions. When it rains the rainfall permeate through the
cover layer of the landfill, reaching the debris beneath.
Rainfall water will react with materials of the debris
causing these materials to leach into soil and then carry-
ing them to groundwater. Hence, groundwater, which is
a vital source for human activities, would also be con-
taminated eventually with these hazardous materials.
Evidently this would cause negative effects on drinking
water sources, as well as on agricultural activities and on
the obtained crop qualities (Di Palma and Mecozzi 2010;
Powel et al. 2015).

In their work, Powel et al. (2015) studied the effect of
leachate minerals from construction and demolition
waste landfills from 91 landfilling sites in Florida, USA,
which contained wood, concrete and gypsum drywalls,
on the quality of up-gradient and downgradient ground-
water. Results obtained from the analysis of samples col-
lected semi-annually for 10 years from these landfill
sites showed that various materials like dissolved solids
of sulphate, chloride, iron, ammonia-nitrogen and alumi-
num exceeded allowed concentration limits in ground-
water and therefore, posed a threat on the surrounding
nature and human activities around.

A study in Algeria took place in order to assess the im-
pact of demolition debris buried 5 years ago on the qual-
ity of groundwater. The soil beneath the landfilling site
was Marly-Calcareous with permeability of (10-2 m sec!
to around 10-¢ m sec1). Analysis of leachate results from
the landfill site showed high Chemical Oxygen Demand
“COD” (1136 mg/L 02) and Biological Oxygen Demand
“BOD5” (200 mg/L 0O2). COD is a parameter indicating
the measure of pollutants in water and deleterious
wastes in aqueous form (Hu and Grasso 2005). Higher
quantities of COD detected in water is reported to lead
further negative environmental impacts (Hach 2023).
Being another importer water quality parameter, BOD is
known to facilitate the assessment of the effect of dis-
charged waste water on the environment exposed to the
wastes (Real Tech 2017); hence, higher BOD implies in-
creased effects on the environment. Furthermore, leach-
ate in this mentioned study showed pH value of 7.65
with heavy metals concentrations beyond national limits
except for Zinc (Zn). For groundwater, three wells in the
parameter of the landfill were considered as piezome-
ters. Analyzing of the quality of water in these piezome-
ters showed a pH value of 6.88; while for heavy metals
concentrations were acceptable except for Zinc (Zn)
with (0.779 mg/L). Also, a bacterial contamination was
found in the groundwater by total coliforms (1100/100
mL) (Benmenni and Bemrachedi 2010).

Construction and demolition wastes debris can also
cause emission of hydrogen sulide H:S sourced from
gypsum drywalls debris. HzS has a serious effect on pub-
lic health including eyes problems as well as cases coma
if one is exposed to high concentrations (Lim et al. 2016).
When debris is exposed to water such as rain from envi-
ronment surrounding landfill, calcium and sulphate are
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released. With no presence of free oxygen, sulphate-re-
ducing bacteria produces hydrogen sulphide H-S that is
released into the surrounding atmosphere causing
harmful effect on the surrounding environment and res-
idents (Lim et al. 2016).

Buildings wastes occupy 20-40% of cities’ waste, and
carbon dioxide emissions produced were 7% of the total
CO2z emissions which has a major role in global warming
(Xiao 2018).

Debris leachate causes mobilization of various metals
such as iron, manganese, nickel, and arsenic could lead
to change of characterizations of soil due to alteration of
the equilibrium within. Furthermore, metals could mo-
bilize from soil to groundwater in the surrounding envi-
ronment of a construction and demolition waste landfill.
Metal mobilization is toxic and causes soil to be unsuita-
ble for agricultural activities.

Also, when groundwater shows high concentrations
of hazardous metals, this causes serious problems to
public health and agricultural activities depending on
such water sources (Di Palma and Mecozzi 2010; Wang
etal. 2012; Hartwich and Vollpracht 2017).

A six-months study on C&D wastes landfills was made
by Weber et al. (Weber et al.2002), which reported con-
centrations of soluble ions in the leachate like calcium
and sulphate were predominant ions. Also, for heavy
metals, it was showed that metals like arsenic, alumi-
num, copper, manganese, and iron were found. Arsenic
concentrations exceeded the primary water quality lim-
its. The greater impact in the secondary standards was
recorded by manganese followed by iron, concluding
that the problem is that generally C&D wastes landfills
are unlined, unlike Municipal Solid Waste “MSW” land-
fills.

Moreover, when construction and demolition waste
debris containing masonry and partially carbonated con-
crete, it was reported to have leaching of sulphate and
chlorides, which have an effect on pH level of the soil and
groundwater in the surrounding environment. This var-
iation of pH level also leads to deplete agricultural prop-
erties of soil and properties of groundwater since plant
roots cannot live in high or low pH levels and groundwa-
ter will not be drinkable by surrounding settlements res-
idents depending on such water source (Galvin et al.
2012; Butera 2014). Furthermore, uranium could natu-
rally occur in the environment and with presence of cer-
tain ions from leachate of construction and demolition
wastes depending on the source materials like type of ag-
gregates used such as granite. Uranium can mobilize into
groundwater in elevated concentrations that leads to
harmful health effects compared to other leachate mate-
rial elevated concentration (Letman 2018).

A study prepared by Minnesota Pollution Control
Agency showed a high concentration for both human and
environmental standards of heavy metals like Arsenic,
Boron, and Manganese. These three metals come mainly
from concrete, steel reinforcement, and Chromated Cop-
per Arsenate “CCA” treated wood (Chiles 2019).

Zhang et al. (2017) studied arsenic leaching tendency
and effects in construction and demolishing debris land-
fills and the relation it has with the content of gypsum
drywall within the wastes. This study reported that with

the increase of sulfides up to a certain threshold value,
the arsenic concentrations detected were decreasing
and after that threshold value, even though the sulfides
kept increasing the previously decreasing arsenic con-
centration started to exhibit an increasing trend (Zhang
etal. 2017).

On the contrary, a study about landfilling of arsenic
treated wood wastes in various C&D wastes unlined
landfills and its impact on groundwater quality in Flor-
ida, USA. Results of the study showed that there is no ev-
idence of hazardous mobilizing of arsenic into ground-
water. This study suggested that the limited mobilization
of arsenic could be due to the soil characteristics. Also,
insolubility of wood as they are usually dumped in large
pieces that makes the exposed surface for leachate is
lower (Saxe 2007).

Another study stated the effect of diversion of wastes
from construction and demolition activities on the sur-
rounding environment including groundwater quality.
Also showing that by applying C&D wastes diversion
techniques, the impact on the surrounding environment
and contaminating of groundwater will be reduced. Fur-
thermore, applying C&D wastes diversion techniques
has an economical effect by reducing the costs of han-
dling and transportation, as well as avoiding regulatory
issues, creating markets, with preservation of non-re-
newable virgin materials (Smith and Bishop 2005).

Undoubtedly demolished concrete is one of the most
commonly found source of C&D wastes too. Previous
studies point out calcium hydroxide as one of the major
leachates of waste concrete affecting ground water and
soil negatively. Calcium hydroxide yields in high alkalin-
ity; hence more calcium hydroxide concentration in
landfill surrounding soil will lead to higher pH value;
which has negative effect on the vegetation existence
and hence the animal existence. Furthermore, calcium
hydroxide leachate can reach the groundwater which
will also leads to increase the pH level that will affect the
quality of groundwater (Hartwich and Vollpract 2017).

The information gathered from the previous studies
clearly indicate that leachate from construction and
demolition waste landfills leads to mobilization of heavy
metals and other hazardous materials into soil and even-
tually into both surface and groundwater. Mobilization
of these hazardous materials will negatively affect the
vegetation cover hence the animals depending on these
plants to survive. Furthermore, agricultural activities
will also be negatively affected since they depend on wa-
ter sources that will be contaminated with hazardous
materials from nearby landfills that will eventually has
an effect on public health and food supplies in agricul-
tural communities.

Additionally, a recent study points out the increasing
problem due to the scarcity of urban lands that could be
for being used for landfilling (Chen et al. 2021). In this
study, elimination of C&D wastes through sea filling has
been defined as an emerging treatment method for
wastes. However, the same study also states that there is
lack of knowledge on the consequences of sea filling and
therefore more research should be done on the environ-
mental impacts of using sea filling treatment method for
the elimination of C&D wastes (Chen et al. 2021).
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2.2. Incineration as a handling method for C&D
wastes

This method mainly consists of the action of burning
wastes in facilities called “Combustors”. It consists of
two stages: the first stage is carried out with the initial
burning “Chamber” (700°C) and then secondary burn-
ing “Grate” (980-1090°C) is employed in the second
stage. This method has high application and opportunity
costs with toxic pollutants emissions and high waste of
energy and it is also applied to combustible wastes
only. On the other hand, this method leads to reduce
volume of wastes by 95% and mass by more than 85%,
and in the case of being equipped properly, they can
work as energy generators. Also, this method is known
to require less space than it is required by landfills and
it is reported that soil and groundwater contamination
can be prevented in this way (Kumar and Ankaram
2019).

However, it should be noted that the applicability of
this handling method for construction and demolishing
wastes remains limited. Only some types of C&D wastes
could be eliminated by incineration. Timber and certain
types of plastics could be counted in incinerable cate-
gory, where demolished concrete as well as bricks and
tiles could not be eliminated directly with this technique
(Rhyner 1998; Kiigiikvar et al. 2014)

2.3. Recycling as a handling method for C&D wastes:
Special focus on recycled concrete aggregates
application

A common way of recycling method used for con-
struction and demolishing wastes is through reusing

them as “recycled concrete aggregates” in the manufac-
ture of new concrete elements. This method is known to
reduce the cost and unlike landfilling and incineration,
recycling has no harmful impact on the environment

Results obtained in the surveyed previous research
studies have shown that recycling method for managing
the construction and demolition wastes is the optimum
method in cases of cost reduction, reducing environmen-
tal impact, and preserving raw materials (Ortiz et al.
2010; Marzouk and Azab 2014; Ulubeyli et al. 2017; Gal-
vez-Martos et al. 2018; Shafiqul Islam et al. 2018; Abdel-
tawab-Abuellella and Elmalky 2023).

Wastes from demolished concrete buildings can be
re-used in the form of recycled concrete aggregates
(RCA). For this purpose, the demolished concrete ele-
ments are crushed into smaller fractions, separated from
other undesired contaminations and added in to new
concrete mixtures as a replacement to natural aggre-
gates. In this way, the use of natural (i.e. quarried) aggre-
gates can me decreased, supporting the protection of
natural resources as well.

Fig. 2 illustrates summarized information about the
life cycle of concrete as a construction material and re-
gaining construction and demolishing wastes as recycled
concrete aggregates. C&D waste treatment plants can be
fixed or mobile, depending on the required services.
Both types of treatment plants can receive and process
all types of construction and demolition wastes.

Fixed treatment plants can process higher amounts of
debris than mobile plants. However, they have some dis-
advantages such as their need to be installed in author-
ized closed areas; hence, debris transportation costs
might become an issue since the fixed plants could be lo-
cated far from the demolition site.

Production of
concrete constituent
materials by using
raw resources

Mixing constituent
materials and
concrete
manufacture

Concrete structure
construction

Structure in service
mm=p during its designed life
and maintainances

Recycled concrete
aggregates of
varying size groups

|

Secondary
Crushing and
Gradation

1

|

Completion of service
and demolishing memp  andfilling

!
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|
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impurities

—
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Crushing and size
reduction

Fig. 2. Concrete life cycle and recycling.

Mobile treatment plants have the advantage of reloca-
tion ability; that can process debris directly onsite with-
out needing extra transportation cost of debris.

On the other hand, they have lower rate of debris pro-
cessing, since they are usually smaller than fixed treat-
ment plants and they need extra labor for reinstalling on
each desired site. In any case, general steps followed by

both types of plants are very similar (Pellegrino and Fa-

leschini 2016) and are as listed below:

¢ Crushing

¢ Separation of ferrous elements

e Screening

¢ Decontamination and removal of impurities (e.g. soil,
glass, plastic, etc.)
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Countries investing in recycling are mostly developed
countries and the quantities of concrete recycling vary
from one country to another (Tam et al. 2018).

A crushed old concrete fraction that is going to be used
as RCA, involves the old and damaged mortar from the old
concrete attached to old natural aggregates. The porous
and damaged character of the old adhered mortar within
RCA is reported to be likely to yield some adverse effects
on the performance of the new concrete to be manufac-
tured (Juan and Gutierrez. The extent of the negative ef-
fects of adhered mortar within recycled concrete aggre-
gates, determines the success of RCA use in new concrete
and the general feasibility of its application as a sustaina-
ble environmentally friendly waste elimination method.

3. Viability of RCA Use for New Concrete
Manufacture as an Environmentally-Friendly Waste
Elimination Method

Elimination of C&D wastes in an environmentally
friendly way by converting them into a concrete constitu-
ent material only could be widely accepted and sustainable
if new concrete mixes containing RCA can meet the perfor-
mance criteria required for engineering applications. In
general, concrete’s mechanical properties and quality is
known to depend greatly on the type and quantity of ce-
mentitious materials water and aggregates that are used

(Akpinar and Khashman 2017; Khashman and Akpinar
2017; Al-Gburi et al. 2022). Hence, if the quality of the RCA
and the performance of the new concrete containing it are
monitored in detail, then the potential performance prob-
lems are suggested to be overcome by taking necessary
concrete mix design precautions (Paul 2017).

Properties of both fresh and hardened concrete mixes
containing recycled concrete aggregates, and their dura-
bility characteristics have been investigated by numer-
ous researchers in order to evaluate their performance
in comparison with conventional concrete mixes. A sum-
mary of these investigated concrete characteristics and
the regarding performance of RCA-containing concrete
mixes are presented in Tables 1 and 2, by providing the
references of the previous research works encountered
in the related literature.

These previous works provide detailed information
on the experimental procedures that they have used in
order to provide insights on the concepts selected con-
crete characteristics that they have focused. The codes
and standard procedures that they have followed for ma-
terial and sample preparations, as well as the test meth-
ods used for each parameter of interest varied in certain
cases; however, their main findings about the concrete
characteristics mentioned in given Tables 1 and 2 were
observed to be in harmony. Bar charts presented in Fig.
3 have been prepared based on the experimental data
presented in the references mentioned in these tables.

Table 1. RCA-containing concrete properties in comparison with conventional concrete.

Performance of RCA-
containing concrete

Concrete
characteristics

References presenting supporting experimental evidence

Compressive
strength

Splitting tensile
strength

Elastic modulus

Workability

Permeability

Lower compressive

strength

Lower split tensile

strength

Lower elasticity

Lower workability

Higher permeability

(Wang et al. 2012; Duan and Poon 2014; Paul 2017; Abdel-Hay 2017; Bulatovic et al. 2017;
Pedro et al. 2017; Dimitriu et al. 2018; Gonzalez-Fonteboa et al. 2018; Hao et al. 2018; Hayles
etal. 2018; Rao et al. 2018; Sharkawi et al. 2018)

(Thomas et al. 2013; Duan and Poon 2014; Pedro et al. 2017; Gonzalez-Fonteboa et al. 2018;
Hao etal. 2018; Thomas et al. 2018; Akhtar and Sarmah 2018; Dimitriu et al. 2018)

(Thomas et al. 2013; Qi et al. 2017; Gonzalez-Fonteboa et al. 2018; Hao et al. 2018; Thomas et
al. 2018; Amorim Junior et al. 2018)

(Abdel-Hay 2017; Hayles et al. 2018; Thomas et al. 2018; Pedro et al. 2018; Bravo et al. 2018;
Dimitriou et al. 2018)

(Thomas et al. 2013; Xuan et al. 2017; Gonzalez-Fonteboa et al. 2018; Thomas et al. 2018; Guo
etal. 2018; Pedro et al. 2018)

Table 2. Response of RCA-containing concretes to durability problems in comparison with conventional.

Durability
problem

Response of RCA-
containing concrete

References presenting supporting experimental evidence

Higher deteriorations

Freeze and thaw . . R
Higher ice expansions

Guo et al. 2018)

Alkali aggregate
reaction

Higher reactivity

Higher expansions al. 2018

Higher carbonation

Carbonation - al. 2018)

Higher chloride

Chloride attack .
penetration

Higher expansions

Sulphate attack . . .
Higher deterioration
- Similar to conventional
Abrasion
; concrete up to 50%
resistance

replacement

(Pedro et al. 2017; Gonzalez-Fonteboa et al. 2018; Hao et al. 2018; Amorim Junior et al. 2018;
(Johnson and Shehata 2016; Delobel et al. 2016; Gonzalez-Fonteboa et al. 2018; Beauchemin et
(Thomas et al. 2013; Pedro et al. 2017; Gonzalez-Fonteboa et al. 2018; Bravo et al. 2018; Guo et
(Duan and Poon 2014; Ismail et al. 2017; Xuan et al. 2017; Pedro et al. 2018; Gonzalez-Fonteboa

etal. 2018; Hao et al. 2018; Thomas et al. 2018; Akhtar and Sarmah 2018; Qi et al. 2017)

(Pedro etal. 2017; Xuan et al. 2017; Bravo et al. 2018; Guo et al. 2018)
(Gonzalez-Fonteboa et al. 2018; Rao et al. 2018)

(Pedro et al. 2017; Gonzalez-Fonteboa et al. 2018)
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Fig. 3. Effect of % RCA inclusion on concrete properties:
(a) Effects on compressive strength; (b) Effects on splitting tensile strength;
(c) Effects on slump; (d) Effects on permeability coefficient.

Figs. 3(a) ad (3b) demonstrate the effect of %RCA in-
clusion on compressive and split tensile strength devel-
opment (28-days) of concrete mixtures. Bars of each
color represents concrete mixture results at a particular
research study. Reported 50% and 100% RCA inclusions
in comparison with the control mixtures in correspond-
ing studies are demonstrated in each bar chart. When
bars of each mix (of each study) is compared with re-
spect to increasing percentage of RCA inclusion, it is ob-
served that increased RCA contents yielded lower
strength values. One should keep in mind that comparing
strength values of the same RCA% from different studies
could be complex, since each study had used different
mix design parameters including w/c, cement contents,
aggregate contents and so on, in addition to employing
different cement types selected for their own studies.
Fig. 3(c) demonstrates that the increase in the RCA inclu-
sion yielded decreasing tendencies in the observed
slump values. Part indicates that the increase in RCA
content of the concrete mixtures yielded higher permea-
bility coefficient of the samples.

RCA particles are produced from old and damaged
and hence demolished building wastes. Each RCA parti-
cleincludes traces of old aggregates as well as old mortar
adhering it, both coming from the old and demolished
concrete. Hence, these particles are known to be deteri-
orated as well; they might have defects and micro-cracks
(especially within the old mortar within RCA) due to ag-
ing. Hence, they are known to possess lower quality com-

pared to natural aggregates. All these drawbacks of RCA
particles’ quality affect the strength performance of the
new concrete mixture that they are used within as well.
RCA particles are also known to possess lower density,
higher porosity and higher absorption in general. These
would yield more water demand and reduced slump (if
water content in the mix is constant). These qualities of
RCA particles also are known to yield higher permeability
tendencies in concrete mixtures if additional measures,
such as increasing the cement and mineral additive con-
tent in the mix, are not taken (Derki 2019; Tayeh et al.
2020; Akpinar and Al-Attar 2021; Wangetal. 2021; Wang
et al. 2023). All these characteristics and tendencies re-
ported in the related literature are in parallel with the
demonstrated tendencies in Fig. 3. More detailed discus-
sions on the exact mechanisms that yielded the observed
behaviors that are presented in parts a, b, c and d of Fig-
ure 3 are presented in the corresponding references
cited in Table 1 and Fig. 3, considering the test set ups
and specific materials and mix designs employed in each
case of RCA use in concrete mixtures.

At a first glance, information presented in Tables 1
and 2, as well as in Fig. 3, might imply that RCA-contain-
ing concrete happens to possess definitively a lower
quality when mechanical characteristics and its durabil-
ity performance are compared to conventional concrete
made only with natural aggregates. However, the contin-
uing advancements in construction sector and the avail-
ability of various possibilities regarding the concrete ad-
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ditives and admixtures that can be included to concrete
mixtures supplementary through a careful concrete mix-
ture design process, enable the engineers to manufac-
ture RCA-containing concretes with improved proper-
ties that are suitable for structural purposes (Xuan et al.
2017; Wangetal. 2017; Dimitriu at al. 2018; Akpinar and
Al-Attar 2021).

Addition of pozzolanic materials such as silica fume,
fly ash and blast-furnace slag, as cement additives, as
well as using concrete admixtures such as superplasti-
cizers have been reported to increase concrete density,
compressive and flexural strength behaviour of RCA-
containing concretes (Xuan et al. 2017; Guo et al. 2018
Thomas et al. 2018; Gonzalez-Fonteboa et al. 2018). Us-
ing such additives and admixtures were also reported to
enhance impermeability of concrete and hence the dura-
bility characteristics of the concrete buildings in the
cases where RCA was used (Chahal 2013; Pedro et al.
2018; Muhammedemin 2018; Derki 2019). In this way,
the use of RCA in concrete manufacture can still be con-
sidered as a potentially effective method of elimination
of C&D wastes, besides being an environmentally-
friendly solution, minimizing the hazardous effects of
these wastes on nature.

4. Conclusions

Conclusive remarks attained as the result of literature
review carried out on more than sixty studies on the con-
struction and demolishing wastes’ characteristics, their
impacts on groundwater and environmental, as well as
their handling methods are presented below:

e The total quantity and the type of the construction
and demolishing wastes generated by each country
are determined by factors such as; their level of eco-
nomic growth, population, total demand in construc-
tion activities and on the type of conventional con-
struction materials that they use.

e Landfilling is reviewed as a widely used waste man-
agement method; however, leachate of hazardous ma-
terials from the landfilled wastes cannot be elimi-
nated or kept under control fully.

e When landfilled, mixed types of construction and de-
molishing wastes have reported to cause leachate of
potentially hazardous materials including heavy met-
als like arsenic, lead, cadmium, chromium, copper,
mercury, nickel, zinc, calcium, magnesium, antimony,
chloride, fluoride, sulphate and phenol that directly
affects both soil and groundwater. International asso-
ciations have been observed to make positive at-
tempts to provide guiding information on the allowa-
ble concentration limits of these reported potentially
hazardous materials.

e The listed leachates were observed to exceed the de-
fined healthy limits in numerous studies. As a result,
bacterial contaminations, highly toxic effects and se-
vere pH changes in groundwater were reported. Con-
sequently, these highly hazardous effects on ground-
water were reported to be reflected on soil, agricul-
tural activities, vegetation and animal life, besides its
direct implications on potable water that is vital for
human life.

o Alack of systematic information was observed on the
surveyed literature regarding on the exact type of
hazardous material likely to leach from each individ-
ual type of construction and demolition waste, since
majority of the studies handled always mixed types of
wastes.

e Being one of the most commonly used construction
materials, concrete wastes effects on nature have
been observed to be reported more insightfully
within the surveyed previous studies. Results of these
studies reported that leachate of calcium hydroxide
from concrete and cement mortars mainly affects the
pH level of soil and ground water and this causes neg-
ative effects on the natural vegetation, agricultural
soil’s quality and the on the quality of the groundwa-
ter resources.

e Recycling is reviewed as the most environmental-
friendly waste management solution by the majority
of the surveyed studies.

e Re-using demolished concrete wastes in the form of
recycled concrete aggregates to be used in manufac-
ture of new concretes is regarded as an effective solu-
tion for the problem of construction and demolishing
wastes’ elimination from nature.
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