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Abstract: This paper presents the parametric modelling process of cantilever soldier pile walls based
on CO; and cost optimization with the Harmony Search Algorithm. The study attempted to fulfil the
geotechnical and structural design requirements and sustainable usage necessities simultaneously.
The variants of the optimum design process are selected as the cross-sectional characteristics of
cantilever soldier piles such as the length and diameter of the pile, and the other design variables are
the reinforcement detailing of the pile such as the diameter and the number of reinforcement bars.
Besides the volume of the concrete, the unit prices of both reinforcement and concrete are evaluated
as another part of the variants. The shear and flexural strength necessities, minimum cross section of
the reinforcing bars and factor of safety values are identified as the constraints of the optimization.
Different objective functions are defined to provide the minimum cost, the minimum CO, emission
and the integrated multi-objective evaluation of cost and CO,. In addition, the type of steel and
concrete reinforcement on the optimum CO, emission is investigated with the use of different material
emission values that are selected from current literature studies. Consequently, the results of the
optimization analyses are interrogated to investigate if the attainment of both minimum CO, and
cost balance can be achieved.

Keywords: cantilever soldier piles; cost optimization; CO, emission optimization; embedment depth;
optimization; frictional soils; harmony search algorithm

1. Introduction

The execution of an excavation at the construction sequence makes it necessary to use retaining
structures to procure support for ensuring lateral forces that are dependent on the excavation depth
and the kind of soil in which it is embedded [1]. Cantilever soldier piles are one of the most preferred
retaining structures that are used to resist lateral earth thrusts. Soldier piles present the advantage of
penetrating through a wide range of soil types, along with the ease of construction. Besides, the labor
costs of soldier piles are significantly lower than other conventional types of retaining structures.
In addition, the design process for all retaining structures remains the same, beginning with the
determination of lateral active and passive earth pressures to control the stability according to the
envisaged dimensions and followed by the fulfillment of structural requirements. Several studies have
been conducted up to the present to determine the lateral earth trust through the excavation and pile
depth based on the soil geotechnical properties and the environmental situations [2—6]. In some of
these studies, the usage of the resemblance of a pile-soil interacted system with beams on elastic soil
is preferred to simplify solutions [4,7-10]. In the application process of these perspectives, stability
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analysis is performed based on the beams on elastic soil assumption to obtain the length and diameter of
the pile, but it is also required to determine the flexural moment and the shear force of the wall system to
complete the structural design. The choice to use reinforced concrete in the design of the pile system is
generally economically advantageous. Therefore, the number and diameter of the required reinforcing
bars and the volume of the concrete have to be also determined. This order of design steps necessitates
an integrated solution to ensure both safety and economy. But current design and application methods
related to the literature studies about the design process of cantilever soldier piles providing both
geotechnical and structural safety and economic saving are missing. Moreover, in addition to this dual
interaction of safety and economy, another significant factor has also been considered mostly in the 21st
century due to the effects of global warming. This important factor is the environmental impacts of
construction materials that has become a major topic of current research. In connection with this, from
the viewpoint of sustainability, construction materials made of reinforced concrete, such as the concrete
and steel, cause larger emissions of carbon dioxide which has destructive effects on the environment
and increases global warming [11]. Therefore, the amounts of structural materials which are used
in the construction process need to be known and projects have to be designed considering carbon
dioxide emissions. However, this necessity makes it difficult to solve the complicated phenomenon of
designing structures. The minimization of cost, ensuring safety and the minimization of CO, emission
do not make for an easy problem to solve because of the usage of discrete design variables in the
related cases. That is why the use of optimization-based methods for modelling cantilever soldier piles
has seemed to be an efficient tool for obtaining the relationship between design safety, cost efficiency
and harmless design. The optimization methods generally identify the structure, relying on the design
variables, automatically calculated and validated the selected type of the structure, and afterwards
redefine the case by the performing process of the algorithm which controls the flow of a large number
of iterations in the investigation of the optimum [12]. Especially meta-heuristic search techniques such
as Genetic Algorithm [13-16], Particle Swarm Optimization [17,18], Firefly Algorithm [19,20], Big Bang
Big Crunch [21,22], Harmony Search [23,24], Bat algorithm [25], Charged System Search [26], Simulated
Annealing [27-29], Flower Pollination Algorithm [30] are advantageous to solve the optimization
problems of retaining structures. Most of these studies focus on the cost optimization schedule of
cantilever retaining wall design problems and none of the studies investigates the optimization problem
of cantilever soldier pile walls. In order to overcome this absence in the present study, initially the
cost optimization problem and the CO, emission problem of piles are taken into account individually,
then the integrated relationship of cost and CO, minimization is investigated with multi-objective
optimization design application. Harmony Search Algorithm, which is adapted from the harmonies of
an orchestra and developed by Geem et al., [23] is used to investigate the three-way interaction of design
requirements [31]. The Harmony Search Algorithm has been used in many optimization problems,
such as real world applications (music composition, sudoku puzzle, timetabling, etc.), computer
science problems (web page clustering, visual tracking, robotics, etc.), electrical engineering problems
(energy system dispatch, photo-electronic detection, power system design, etc.), civil engineering
problems (structural design, soil stability analysis, groundwater management, etc.), mechanical
engineering problems (heat exchanger design, offshore structure mooring, etc.), biomedical and
medical applications (RNA structure prediction, medical physics and etc.) [32]. Besides, the retaining
structure design problem is also investigated by some researchers with the use of the Harmony Search
Algorithm [24,33,34] but the topic of integrated analysis of cost and CO, emissions is not selected as
a case of the studies. Additionally, the cost and CO, emission problem of retaining structures are
studied by several researchers with the use of different algorithms. Aydogdu and Akin [11] performed
optimization analysis with a biogeography-based optimization technique to obtain cost and CO,
emission minimization. Yepes et al. [35] used a Black Hole meta-heuristic algorithm along with a
discretization mechanism depending on min-max normalization. The geometric variables of the
structure and the steel, concrete values were obtained and the results of the analysis were compared
with another algorithm that solved the problem. As a result of this study, it is suggested that the
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solution which minimizes CO, emissions is preferred to use of concrete instead which optimizes
the cost. Villalba et al. [12] identified a methodology for designing reinforced concrete cantilever
earth retaining walls depending on the minimization of CO, emissions with the simulated annealing
algorithm. The design variables of the solution were selected as the dimensions of the retaining wall
system and reinforcement setups. The results of the analysis show that the embedded emissions and
cost are closely related. Aydogdu [36] used a biogeography-based optimization algorithm to check if
it is possible to minimize both cost and CO, emission for reinforced retaining walls. The objective
functions that are used in the study are formed for determining the minimization of CO, emissions
and multi-objective functions are defined by generating a special relationship between cost and CO,
emissions. Eight of the selected design variables are related to the cross-sectional dimensions and five of
the design variables are related to the reinforcement details. In addition to these studies, Aydogdu [36]
investigated the effects of steel and concrete classes on the optimization. Khajehzadeh et al. [37] studied
a new version of the gravitational search algorithm which depends on the opposition-based learning
algorithm to design reinforced concrete walls. Three objective functions are used to relate weight,
cost and CO, emissions. Five geometric variables and three reinforcement designing variables were
selected. A comparison between the newly applied algorithm and a gravitational search algorithm was
made. Numerical examples were conducted to show the viability and accuracy of the used algorithm.
Oztiirk and Tiirkeli [38] tried to find the minimum cost and CO, emissions by using the Jaya algorithm
to design retaining walls with a key section at the bottom. Twelve design variables, including the
dimensions and reinforcement specifications, are defined. Numerical examples have been conducted
to investigate the magnitude of the surcharge load and the effects of soil properties are also studied to
search for the relationship between the minimum cost and CO, emissions.

In the current study, the optimization application process of the cantilever soldier pile retaining
walls is investigated with the use of the Harmony Search Algorithm. The geotechnical design of the
cantilever pile system is identified by the beams on elastic soil assumption and the design analysis is
continued in order to supply structural requirements simultaneously. Two different objective functions
are defined to evaluate cost and CO; emission effects on the design individually, and then the integrated
influence of both cost and CO, emission is evaluated with the definition of two other objective functions
in order to obtain an eco-friendly design. The variants of the analysis are selected in relation to both
the cross-sectional properties of cantilever soldier piles and also another relation is defined according
to the reinforced concrete design requirements. Besides, the constants of the analyses are identified
depending upon the related literature sources and manuals. In addition, the excavation depth change
is taken into account and different costs and CO, emission amounts are defined for structural materials.

This study is original in considering the cantilever soldier pile walls that have not been investigated
to a sufficient degree in the literature. At the same time, the eco-friendly design concept of cantilever
soldier piles is attempted primarily in the context of present study. As the result of the study, it is aimed
to reach the applicability of both cost and CO, emission minimization together with the safe design.

2. Design and Methodology

A typical cross section of a single soldier pile is given in Figure 1a. In Figure 1a, z is the depth of
excavation, d is the penetration depth of the pile, L is the total length of the pile, D is the diameter of the
pile. In Figure 1b, the active and passive stress distribution through the pile are shown depending on
the beams on elastic soil assumption. In this study, Rankine’s earth pressure theory is selected to use
for determining the lateral active and passive earth coefficients K, and K, respectively (Equations (1)
and (2)).

K, = tun2(45— %) 1)

K, = tan2(45—|— %) @)
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Figure 1. The cross section of a single soldier pile (a); Lateral forces (b); Application of beams on elastic
soil assumption (c,d).

In Figure 1b, g, represents the external surcharge load, which is converted to Py, lateral surcharge
force, by the multiplication of the g, value with the lateral active earth coefficient. The stability of the
pile wall belongs to the generation of the lateral pressures on both sides of the wall [39,40]. In Figure 1,
Ps; and Py identify the lateral soil reaction forces of the active and passive state, respectively. Based on
the beams on elastic soil assumption, the soldier piles are considered to be located tangentially to form
a continuous wall system and the soil formation which has dominated the project site is identified by
an elastic continuum [8,9,41,42]. The active and passive reactions of the soil formation at a specified
section of the soldier pile are only related to the deformations of the considered part and the reactions are
independent of the deflections which have occurred above and below it [8,9]. Accordingly, the penetration
depth and the location of the pivot point are only related to the equilibrium of forces that are generated
along the embedded section of the soldier pile. The challenging feature of the usage of soil as a continuum
can be defined in relation with the defined soil geotechnical parameters that are measurable and realistic
like the stiffness and strength [4]. The flexural rigidity of the soldier pile is EI and the characteristic length
of the soldier pile is Iy. In Figure 1c a single lateral force and in Figure 1d a moment has been applied at
the edge of the beam.

Hence, the change of the deflection, rotation, bending moment, shear force can be determined
with the use of Equations (3)—(6) respectively by the use of the soil reaction coefficient K.

Pol3 MB
w(x) = ?awp(x) w(x) = ﬁamp(x) 3)
Pol3 Mi3
Qx) = ﬁatp(x) Qx) = ﬁatp(x) 4)
M(x) = PEL?amp(x) M(x) = Ag—lloamm(x) (5)
V() = Pot(v)  V(x) = Tl ©)

Equation (7) is defined to calculate the characteristic length of pile if the coefficient of soil reaction
remains constant through the depth and Equation (8) is used in such cases that the coefficient of soil
reaction is increasing linearly through the depth.

Iy = 4EI/kyt ()

L= 4151/(”’) (8)

X
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The penetration length of the soldier pile is calculated by the multiplication of characteristic
length of the pile by “n” for behaving like a beam supported by elastic soil [8]. Finally, the total
length of the soldier pile can be determined by the sum of excavation depth and penetration depth.
Within this study, based on the application of beams on elastic soil assumption, the Harmony Search
Algorithm is used to model cantilever soldier piles by performing analyses with Matlab software.
This special algorithm is proposed as a meta-heuristic algorithm which is inspired from the musical
process of the investigation for a perfect state of harmony by Geem et al. [23]. This perfect state can be
calculated with the use of an aesthetic standard. The optimization process of the Harmony Search
Algorithm investigates the way to obtain a global solution as a perfect state that can be calculated by
an objective function [43-45]. The usage of the Harmony Search Algorithm can be defined in five steps.
Firstly, a harmony memory starts with the definition of the design constants, the boundary values of
design variables, the maximum iteration number and the specific parameters of algorithms such as the
harmony memory size (HMS), the harmony consideration rate (HMCR) and the pitch adjustment rate
(PAR). A new harmony is concocted from the generation of a harmony vector with the formation of a
random value (rnd(0,1)) within an envisaged range. The upper and lower boundaries (X; jqx, Xi min) of
each design variable (X;) are defined with Equation (9). The motion equation is calculated by the use
of the design constants and variables of the related problem. The solution of the defined objective
function is achieved and the results are stored in the harmony vector. This application is repeatable
directly proportional to the size of the harmony memory. All the harmony vectors are stored in a
matrix that is called the initial solution matrix.

X = Xi,min + rnd<01 1)'(Xi,max - Xi,min) (9)

In the next step, the iteration process is started and the new harmony vector is generated.
The algorithm rules are applied for the acquirement process of the new harmony vector by using two
different choices. The upper and lower boundaries are used as boundaries to generate the design
variables randomly in the first choice or for the second choice, it is possible to use a new vector that
can be generated with the use of a selected vector (X; ,;7) from the matrix of solution (Equation (10)).
During the loading process, the new values (X;,.,) are formed randomly by the multiplication
difference of the pitch adjusting rate (PAR) and the design variable limits.

Xi,new - Xi,old + rnd(O, 1)'PAR '(Xi,mux - Xi,min) (10)

The HMCR value is used to obtain the new vector by the selection of the appropriate way of
solving the equation. As a result, the generation of a random value occurs and if the HMCR value
becomes larger than the random value, the first choice is selected; if not, the second choice is applied.
The fourth step includes the comparison of the new vector with the vectors that are stored in a solution
matrix. Interrelating with the objective function, a new vector is used instead of the existing vector on
condition that the next vector is better than the existing one. If not, the current form of the solution
matrix is saved. The minimum value of the solutions is selected to evaluate the best one through
the comparison of the values attained from the objective function. The constraints of the design
are also considered in the comparison process. Besides, the number of the violations is controlled
and the solution including the minimum violation is chosen to be the best even if violations of the
design constraints exist. The last step is the control of the stopping criterion. Iterations are stopped if
the satisfaction of the stopping criterion is supplied. Different ways are used to define the stopping
criterion, but in the context of the study, it is calculated as the maximum iteration number.

In order to solve the cantilever soldier pile problem, three design parameters are defined.
The diameter of the soldier pile (X;) is the selected variable that is in relation to the cross-section
dimension, and the diameter of the reinforcing bars and their numbers (X;, X3) constitute the variables
that are in relation to the reinforced concrete. The variables of the soldier pile wall design are given in
Table 1. The requirements of the reinforced concrete design are defined based on American Concrete



Sustainability 2020, 12, 5906 6 of 24

Institute design code (ACI 318-05) [46]. This code suggests to model equivalent rectangular compressive
stress distribution. The use of this suggestion leads to determining the moment capacity of the cross
section of the pile. The flexural moment is represented by M,,, the shear force is V,, the area of the
reinforcing bars is As and the diameter of the reinforcing bars is ¢p,.

Table 1. The variables of the cantilever soldier pile design.

Symbol Description of Parameter
Variables n re‘l atlog to X1 Diameter of soldier pile (D)
cross-section dimension
Variables in relation to Xy Diameter of reinforcing bars of soldier pile (¢p)
reinforced concrete design X3 Number of reinforcing bars of soldier pile

The design constraints that are used in the solution of the cantilever soldier pile wall problem are
given in Table 2.

Table 2. Design constraints of the solution.

Description Constraints
Flexural strength capacities of critical sections (Mg) g1(X): Mg > My
Shear strength capacities of critical sections (Vq) g2(X): Vg =2V,
Minimum reinforcement areas of critical sections (Agmin) 83(X): As > Agmin
Maximum reinforcement areas of critical sections (Agmax) 84(X): As < Agmax

This study is focused on four main aims of the design process of cantilever soldier piles:

i.  The stable design of cantilever soldier pile walls;
ii. ~ Cost minimization-based design of cantilever soldier piles;
iii. CO, emission minimization-based design of cantilever soldier piles;

iv.  Both cost and CO, minimization-based design of cantilever soldier piles.

The difference reveals the need to define purposive objective functions to obtain accurate results.
Therefore, in the context of this study, four different objective functions are used.

The first objective function aims to design the pile wall system with dual integration of both
stability and cost minimization. The suggested first objective function consists of four main variants
such as the unit cost of the concrete C¢ ¢st, the volume of concrete V,, the unit cost of reinforcing bars
Cs,cost and the unit weight of reinforcing bars W;. The mathematical expression of the first objective
function can be determined by Equation (11).

fcost(X) - Cc,cost‘vc + Cs,cost'ws (11)

The second objective function aims to design the pile wall system with dual integration of both
stability and CO, emission minimization. The proposed second objective function includes four main
variants such as the CO, emission caused by the production process of unit volume of concrete C, ¢y,
the volume of concrete V., the CO, emission caused by the production process of a unit weight of steel
Cs o2 and the unit weight of reinforcing bars W;. The mathematical expression of the second objective
function can be determined by Equation (12).

fco?. (X) = Cc,coZ'Vc + Cs,coZ‘Ws (12)

The third objective function aims to design the pile wall system with a three-way integration of
stability and cost and CO, emission minimization. The suggested third objective function includes
four different variants such as the weight multiplier of cost &cst, the weight multiplier of CO, emission
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Eco2, the cost of the design f,s+ and the CO, emission which is obtained in cases when the cost of the
design is f.,». The weight multipliers are selected at 0.5 for this study to reflect an equal participation
rate of both cost and CO, emission. This function has been proposed in a way that allows to compare
the cost and CO, emission amounts expressed in two different units. The mathematical expression of
the third objective function can be determined by Equation (13).

fag(X) = &cost ln(fcost) + &2 ln(faJZ) (13)

The last objective function aims to design the pile wall system with a three-way integration of
stability and cost and CO, emission minimization as the third objective function. This function is taken
as an example from the studies of Aydogdu and Akin to simplify comparisons [11]. The suggested
fourth objective function includes two non-negative weights considering both cost (£cost) and COp
emission (Ecpy) which are taken as 1 for this study. The mathematical expression of the fourth objective
function can be calculated by Equation (14).

fug(X) = écostfcost + éCOZfCO2 (14)

3. Parametrical Analyses

In order to exemplify the optimization process of cantilever soldier pile walls, which are embedded
in pure frictional homogenous soil formation, parametrical analyses were performed with the use of
the Harmony Search Algorithm. The investigations are focused on the changes of cost, CO, emission
and their interaction with arbitrarily selected various excavation depths. The design of the cantilever
soldier piles has changed according to the excavation depth as expected. The integrated alteration
of relationships was also studied by using the different unit costs and CO, emissions of the concrete
and steel materials. The aim was to find the interaction if it would be possible to ensure both cost
saving and minimum CO, emissions with the same design dimensions which provide geotechnical
safety and fulfil the structural requirements simultaneously. The design variables and the constants
of the envisaged cases are shown in Table 3. The depth of excavation was selected to be between
4-12 m, depending on the application limits of cantilever retaining structures in projects and based on
national and international sources [47-50]. The piles were embedded into pure frictional homogenous
soils in which they had a shear strength angle of 30° and the unit weight of the soil was 18 kN/m3.
The characteristic length of the pile was determined with the use of the coefficient of soil reaction
which was selected to be 200 MN/m? [1].

Table 3. The design constants and the design variables.

Symbol Definition Value Unit
h Depth of excavation 4 to12 m
fy Yield strength of steel 420 MPa
fe Compressive strength of concrete 30 MPa
Ce Concrete cover 30 mm
Esteel Elasticity modulus of steel 200 GPa
Econcrete Elasticity modulus of concrete 23.5 GPa
Vsteel Unit weight of steel 7.85 t/m°>
Y concrete Unit weight of concrete 25 kN/m?3
Cc Cost of concrete per m3 50, 75, 100, 125, 150 $
Cs Cost of steel per ton 700, 800, 900, 1000, 1100 $
q Surcharge load located adjacent the top of the pile 10 kPa
B Backfill slope angle 0 °
¢ Shear strength angle 30 °
Y Unit weight of soil 18 kN/m?3
D Diameter of pile 0.3-2 m
Op Diameter of reinforcing bars of soldier pile 14-40 -
n Number of reinforcing bars of soldier pile 6-20 -
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In addition, it was assumed that an infinite uniformly distributed load (surcharge load) should be
applied to the top of the backfill side. The magnitude of the surcharge load was selected to be constant
(10 kPa) for all the conducted example cases. The unit costs of the structural materials were also selected
as changeable. The unit cost of the concrete per m3 was selected at $50, $75, $100, $125 and $150 and the
unit cost of the steel of the reinforcing bars per ton was selected at $700, $800, $900, $1000 and $1100.

Besides, the CO, emission amounts were also selected as different values based on literature
sources [22,51,52]. The selected different emission values were used to perform analysis with the use of
objective functions 2, 3 and 4. Based on these values, three different cases were arranged. The variable
CO; emission values and their references are listed in Table 4. Yeo and Potra [51] proposed to use a
CO; emission amount of 376 kg for concrete which has 30 MPa strength and suggested to use a CO,
emission amount of 352 kg for recycled types of steel with 420 MPa strength. Paya et al. [52] proposed
to use 3010 kg for the CO, emission amount of steel and the CO, emission amount of 143.48 kg for
concrete (HA-30) which has 30 MPa strength. The selected amounts of emissions approximately
represent the upper and lower boundaries of the available amounts used in the literature studies.

Table 4. Unit rates for CO, emissions of structural materials.

Material Class Case 1 Case 2 Case 3
Concrete C30 376 143.48 143.48
Steel 5420 352 3010 352

4. Result and Discussion

Depending upon the mentioned parametric analysis details, a great number of numerical analyses
were performed with the Harmony Search Algorithm. The results of the analyses are divided into three
main parts according to the solutions of objective functions to provide expression integrity. The first
part of the analysis includes the solutions of objective function 1 to discuss the effects of cost on the
design. The second part of the analysis combines the solutions of objective function 2 to discuss the
CO, emission effects of retaining piles and to show the effects of CO, emission on the design of piles.
Furthermore, three different cases are conducted in order to examine the effects of the change of CO,
emission amounts. The third part of the analysis includes the solutions of both objective function 3 and
4 to present the integrated relationship between design, cost and CO, emissions to ensure a sustainable
design. Consequently, a total of 2251 analyses were performed to query the necessities of design to
attain an eco-friendly solution. The results are illustrated with graph systems and C; represents the
total cost of the pile system for unit width, D is the diameter of the pile, z is the excavation depth, L is
the total length of the pile, C. is the unit cost of the concrete per m?, C is the unit cost of the steel per kg,
¢ is the diameter of reinforcing bars, # is the number of reinforcing bars for all the illustrated graphs.

4.1. Design and Minimum Cost Relationship

Equation (11) is used to examine the relationship between the changes of design according to the
cost of materials. The results are arranged to discuss the change of unit costs of structural materials
in the design. Figure 2 is illustrated to present the effects of concrete unit cost change in the design.
Therefore, the unit cost of the steel is assumed to be constant at $700 and the unit cost of concrete is
increased step-by-step. In Figure 2a, the change of total cost via the change of excavation depth is
shown according to the increment of unit cost of concrete. The increase of the concrete costs raises the
total cost of the pile system as expected. The increase of the concrete cost by three times more than the
smallest cost value leads to increasing the total cost of the pile wall system two times more than the
smallest cost obtained within this study. As a result, it is obvious that the unit cost of the concrete
is directly proportional to the total cost of the system. Besides, it is clear to see that the increase of
the excavation depth also induces the increment of the total costs. Figure 2b represents the change of
total pile length against the increase of excavation depth. The increase of excavation depth requires to
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lengthen the pile due to the stability requirements. Figure 2c shows the change of pile diameter against
the change of total pile length. In such a case it would be true to say that the stability requirements can
be ensured by both lengthening and enlarging the pile section if the increase of the excavation depth is
possible. In addition, a linear increase can be seen from Figure 2 which increases the ratio of both the
diameter and the length of the pile.

0 2000 4000 6000 8000 o =2 =

4+ Hc.t(s) B2 EEEESEZESG D (m) 0.0 0.5 1.0 L5 2.0
R
59 41‘][‘]!“!‘1["1\1!\1 6.8 103
6 ] Cs=700 $ 6 j: Cs=700 $
7 Objective Function 1 U 8.8 4 £ Objective Function 1
-~ '3 8 368 107 {___06]
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= E 15 ]
1] N = 16 14.5 16.5 1.1
) 18 16.5 1
E SN 18.4 | .
12 20 Cs=700 § 18.4L | R L3
jective 2 204 .
Ce=50 . C=T5§ 27 Objective Function 1 20.4 | ] L
B (L — Ce=125§ 24 224 24 17|
Cc=150% -
(@ (b) (9

Figure 2. (a) The change of total cost against the excavation depth and concrete cost; (b) The change of
total pile length against the excavation depth; (c) The change of pile diameter against the pile length.

Figure 3 reflects the number and diameter of the reinforcing bars used to construct the pile wall.
This case is prepared for arbitrarily selected constant values of unit costs of concrete and steel. The unit
cost of the concrete is selected at $50 and the unit cost of the steel is assumed to be $700. In Figure 3a, except
for 7-8 m excavation depth, the increase of the diameter of the reinforcing bars against the excavation
depth or the pile length can be seen. In Figure 3b, there cannot be seen a direct linear relationship between
the depth of excavation and the number of the reinforcement. But it can be said that 7-8 m excavation
depths may generate a boundary length for ensuring the stability requirements. The number of the
reinforcing bars remains the same until the length of 12.6 m (8 m excavation depth) but the diameter
of the bar increases unexpectedly. After this boundary length the diameter of the reinforcing bars has
increased linearly, and the number of the bars has stayed approximately the same. This condition may
occur depending on the optimization process of the pile design. Some literature sources and manuals
have pointed to a special situation about the applicable length of the cantilever pile walls [1,2,46,49,50].
The applicable length of the cantilever soldier pile walls is generally suggested to be between 4-8 m,
excluding the penetration depth. The deeper excavations need additional supporting systems such as
struts, due to the huge increase of lateral soil thrust. But nowadays, the increase of pile application studies
and project requirements makes it necessary to use cantilever soldier piles for deeper excavations. In such
a case, the adequate resistance and safety degree of the system can be ensured by increasing the structural
resistance with the used materials’ increased strength.

 (mm) 0 10 20 30 10 n oo 10 20 30 40
68 | 14 Co=700 3 68 | 6] o700 s
8.8 18] Objective Function 1 85 6] Objective Function 1
07 ] <7 107 130 Ce=30'3
184 ] 32 184 7:'
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2.4 20 | 224 jl

(a) (b)

Figure 3. (a) The change of the diameter of reinforcing bars against the total length of pile; (b) The
change of the number of reinforcing bars against the total length of pile.
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Figure 4 represents the change of the diameter and number of reinforcing bars against the depth
with the unit cost of the concrete. The unit cost of the steel is assumed to be constant for these
analyses. The increase of the excavation depth increased the required material volume. So, the piles are
lengthened and enlarged with the deepening of the excavation depth. The increase of the unit cost of
the concrete has not got a significant influence on the number and diameter of the piles except for the
depths between 7-9 m. The diameter of the reinforcing bars is increased suddenly at the depth of 8 m,
but the number of the reinforcing bars still remains the same. This is the same situation as in Figure 3.
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Figure 4. (a) The change of the diameter of reinforcing bars against the excavation depth with the unit
cost of concrete; (b) The change of the number of reinforcing bars against the excavation depth with the

unit cost of concrete.

In order to evaluate the effects of the unit cost of the steel bars, similar type analyses have been
conducted as in the above section. In these analyses, the unit cost of the concrete is assumed to be
constant at the amount of $50. In Figure 5a, the total cost change is evaluated with the change of the
excavation depth and the unit cost of the steel. The axes of Figure 5a are selected to be identical to
those in Figure 2a to ease comparison. The effect of the steel cost change is less effective than the cost
change of concrete. It is because that the necessary volume of the concrete has to be bigger than the
steels according to the structural design requirements. In addition to these, in this study, the assumed
change of the concrete materials unit cost rate is bigger than the change of the steel materials cost rate.
This condition is also effective in the result of this search but it is not an unexpected situation that the
most influential parameter of the total cost is the cost of the concrete material. Figure 5b illustrates
the total length of the pile against the excavation depth, and Figure 5c shows the diameter of the pile
against the total pile length. The change of the total pile length and diameter remains constant with
the change of the unit cost of the concrete material. The increase of the unit cost of the steel has not got
an influencing effect on the pile dimensions.
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Figure 5. (a) The change of total cost against the excavation depth and steel cost; (b) The change of
total pile length against the excavation depth; (c) The change of pile diameter against the pile length.
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Figure 6a,b is drawn to present the change of the reinforcing bar diameters and numbers against
the total pile length. The unit cost of the steel is assumed to be constant at the highest value of the
selected costs ($1100). Different combinations of the unit prices of steel and concrete are also tested
and finally the results show that the change in the steel unit cost has no effect on the reinforcement
design. The direct demonstration of this result can also be seen in Figure 7.
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Figure 6. (a) The change of the diameter of reinforcing bars against the total length of pile; (b) The
change of the number of reinforcing bars against the total length of pile.

The change of the reinforcing bars’ diameter and number against the excavation depth with
the change in unit cost of steel are given in Figure 7. Although the increase in the costs of the steel
material, the number and diameter of the reinforcing bars still remain approximately the same as
the smallest excavation depth analyses. However, it is a significant point to focus on the “increasing
diameter-decreasing number” change at the 8 m excavation depth. Previous studies of the authors
have also verified that the 8 m excavation depth constitutes a boundary condition for geotechnical
stability. Geotechnical stability conditions cannot be obtained for excavation depths bigger than 9 m in
geotechnical analysis, but in this study, the use of optimization algorithms provides an opportunity
to utilize both geotechnical and structural stability necessities together and ensures that the wall can
resist lateral forces with reinforced concrete design details [53]. Besides, it is a crystal clear fact that the
optimization analysis gives more optimistic results.
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Figure 7. (a) The change of the diameter of reinforcing bars against the excavation depth with the unit
cost of steel; (b) The change of the number of reinforcing bars against the excavation depth with the
unit cost of steel.

4.2. Design and Minimum CO, Emission Relationship

Equation (12) is used to investigate the relationship between the changes of design according to
the CO, emission amounts of the structural materials. Equation (12) represents objective function 2 of
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this study and this objective function is independent of the costs of the structural materials. The results
of the analyses are arranged to discuss the change of CO, emission variation in the design. In the
context of this part, three different cases are analyzed depending on the differences of CO, emission
amounts for both steel and concrete.

Figure 8a illustrates the results of Case 1 and represents the change of CO, emission against the
total pile length. The increase of the total pile length leads to an increase in CO, emission amounts
depending on the excessive volume of the materials used for construction. The change of the total pile
length against the excavation depth is also given in Figure 8b. In such a situation, it will be true to say
that the increase trend of pile length reflected the increase ratio of CO, emission.

23 4
i Cc= 508 E

\ Cs=700$ 21 4
Objective function 2 19 1
Case number 1 E

‘ (MPa)

Concrete 30 = 15 1
Steel 420 2 [55] 5
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BL=9.5m BL=112m BL=112m EL=129m 5 10 15
1-147m BL=16.6m @L=19.5m mL=22.1m z (m)
(@) (b)

Figure 8. (a) The change of CO, emission amount against the total pile length; (b) The change of total
pile length against the excavation depth.

Figure 9 shows the change of CO, emission amounts against the pile diameter and total length of
the pile. In Figure 9a—c, they are arranged with the use of the same numerical values on the axes to
ease the comparison. In Figure 9a—c, the results of Case 1, Case 2 and Case 3 are evaluated, respectively.
In addition to all of these, in Figure 9, the lateral axes of the graph represent the excavation depths
between 4 and 12 m, respectively. In Figure 9a, the increase of the excavation depth causes the diameter
of the pile to enlarge. The enlargement of the pile in such a case that the excavation depth is 12 m
occurs approximately five times more than the lower boundary of the diameter design, although the
increase of the excavation depth is three times bigger than the beginning depth. The increase ratio of
the total pile length is directly proportional to the increase of the excavation depth. The increase of the
excavation depth is three times more than the beginning depth which causes the total pile length to
rise at 12 m excavation, three times more than the pile length obtained for 4 m excavation. In other
words, the relative difference ratio between the lower and upper boundaries of excavation depth
is the same as the relative difference between the acquired values of the total pile length. The CO,
emission amounts which are determined for 4 m and 12 m excavation depth respectively are 1007.0
and 11549.6 kg. The increasing amount of CO; emissions is not a one-dimensional problem so the
increase ratio of the CO, emission does not progress like the increase ratio of the pile length or the pile
diameter. Therefore, the high rate of increase of CO, emissions may be related to the total volume
of the pile and the materials that are used to construct the structure. In Case 1, the amount of CO,
emissions of concrete materials used the biggest value of the selected ones and, in contrast, the amount
of the CO, emission of steel material used the smallest value of the selected ones. The second selected
amount of emissions of steel material is 3010 kg and this value is approximately 8.5 times larger than
the first one. It is thought that the relative differences between these two values are caused by the
content of the steel. Recycled steel is used for low emission values in the studies of Yeo and Potra [51].
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Figure 9. The change of CO, emission amount against the pile diameter and total length (a) Case
number 1; (b) Case number 2; (¢) Case number 3.

In Figure 9b, the lowest amount of emissions for the concrete material and the highest amount
of emissions for steel are used. The relative difference between the lowest and highest values of
the emission for concrete material is nearly 2.5. The second value of the concrete CO, emissions
is smaller than the first one. In such a case, it can be seen that the diameter of the pile is affected
after 4 m excavation depth when a comparison is made with Case 1. In Case 2, the diameter of
the pile has increased, but on the contrary the length of the pile has decreased according to Case 1.
In Case 3, the lowest values of the CO, emission of both the concrete and the steel materials are
used. Although the amount of the CO; emission of concrete material in Case 1 is bigger than the
amount used in Case 3, the diameter of the pile nearly remains the same for both cases. However,
especially for the excavation depths equal to and smaller than 9 m, the total length of the pile increased
in Case 3. The decrease of the CO, emission of both structural materials leads the total emission to
reduce significantly. The relative difference between the emissions of Case 1 and Case 3 shows the
effect of concrete CO, emission fundamentally. The decrease of the concrete emission in half leads to
a reduction of the total emission value at nearly the rate of 50% for 4 m excavation depth. Besides,
the decrease of the concrete emission in half leads to a reduction of the total emission value nearly at
the rate of 43% for 12 m excavation depth. The relative difference between the emissions of Case 2 and
Case 3 shows the effect of steel CO, emission fundamentally. The decrease of the steel emission at a
1/8 ratio leads to a reduction in the total emission value of a structure nearly at the rate of 44% for both
4 and 12 m excavation depths.

In Figure 10, the change of pile length, number and diameter of reinforcing bars against the depth
of excavation are given. Figure 10a—c is illustrated for 5, 7 and 10 m excavation depths, respectively.
On the other hand, the unit costs of the concrete and steel material are assumed to be constant at $50
and $700, respectively. The increase of the excavation depth causes to raise the diameter of reinforcing
bars, but this condition is not acceptable for the number of reinforcements. The number of reinforcing
bars remains the same for 5 and 7 m excavation depths, but when the excavation depth passes 7 m,
the number of the reinforcing bars raises unexpectedly.
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Figure 10. The change of pile length, number and diameter of reinforcing bars against the depth of
excavation (C. = $50 and Cs = $700) (a) z = 5 m condition; (b) z = 7 m condition (c); z = 10 m condition.

In Figure 11, the change of pile length, number and diameter of reinforcing bars against the depth
of excavation is given. The unit costs of the concrete and steel material is assumed to be constant at
$150 and $1000. The comparison of Figures 10 and 11 shows that the change of material costs affects
neither the dimensions of the wall nor the reinforcement requirements.
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Figure 11. The change of pile length, number and diameter of reinforcing bars against the depth of
excavation (C, = $150 and C; = $1000) (a) z = 5 m condition; (b) z =7 m condition; (c¢) z = 10 m condition.

4.3. Design and Minimum Cost and Minimum CO, Emission Relationship

The interactive relationship of optimum design, minimum cost and minimum CO, has been
defined with the use of two different objective functions. The first objective function is expressed
mathematically by Equation (13) and the second objective function is expressed mathematically by
Equation (14). In the context of this study, the aforementioned first function is represented by objective
function 3 and the previously mentioned second function is represented by objective function 4.
The generation reasons of objective function 3 and objective function 4 are related to the evaluation
process of the interaction between the total cost and CO, emission. This interaction is defined by
authors in a special way with the use of objective function 3. It is a well-known issue that the total
cost and the CO, emission values do not have the same units. So, it will be complicated to state
these notions with a total sum. In order to eliminate these unit problems of the notions, it has been
thought to determine a log-based equation. In the solution process of objective function 3, the cost
and CO, emission values are logarithmically stated (In) and weight multipliers are used to calculate
the ultimate sum. Besides, the aim of objective function 4 is the same as that of objective function 3.
But the statement way of objective function 4 is differentiated from objective function 3. Non-negative
weights are multiplied by the pure values of both cost and CO, emission to determine the result of
objective function 4. According to Aydogdu and Akin [11] these non-negative weights are assumed to
be equal to 1.0. In this study, the assumption of Aydogdu and Akin is approved to conduct all of the
envisaged cases. The results of objective function 3 and objective function 4 are attained for both Case 1,
2 and 3 respectively. The acquired results of objective function 3 and 4 are examined with the use of
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special constant values of material costs to ease the understandability. In Figure 12, the relationship
between the total cost and CO, emissions is investigated according to the cases and the unit cost of the
concrete and steel are assumed to be $50 and $700, respectively. These cases are arranged based on
different CO, emission values for both steel and concrete as mentioned above. The total cost of all the
cases has remained the same because the cost of the whole system was minimized depending on the
optimization process and the cross section of the pile was not changed according to the changes of the
emission values. The minimization process of the cross section leads the pile to generate minimum
CO; emission as known. In this connection, it is important to construct the structural systems with
the materials which are environmentally friendly. Figure 13 represents the change of both the cost
and CO, emissions depending on the cases for a different couple of cost values of concrete and steel.
The material cost of the concrete is assumed to be $150 and the cost of the steel material is assumed
to be $1100. The comparison of Figures 12 and 13 shows that the change in material cost has no
effect on the values of CO, emission but highly raises the ultimate costs of the system. As a result,
the contribution of the total cost value in the interacted effect of both cost and CO, emission is increased
based on the increase of material costs. Especially in the third case, the effect of the cost becomes bigger
than the effect of CO, emission based on the use of smallest emission values in the solution of the
objective function.
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Figure 12. The relationship between the total cost and CO, emission (C. = $50, Cs = $700).
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Figure 13. The relationship between the total cost and CO, emission (C. = $150, Cs = $1100).

Figure 14 is given to evaluate the relationship between the pile diameter, pile length and the CO,
emission value with the use of constant material costs (C, = $50, Cs = $700) based on the solution of
objective function 3. The increase of the total length of the pile causes an increase in the CO, emission
values as expected. The increase of the pile diameter happens at a slower rate as the increase of the pile
length because of the dimensional constraints and structural requirements. Within Case 2, the increase
of the emission of steel while the decrease of the emission of concrete balances each other and the
total emission values are not changed too much in comparison with the Case 1. However, in Case 3,
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the decrease in both material emission values leads to a reduction in CO, emissions approximately in
half in comparison with the other cases, although the material dimensions remain the same.
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Figure 14. The relationship between the length and diameter of the pile and CO, emission (C. = $50,
Cs = $700) (a) Case 1; (b) Case 2; (c) Case 3.

Figure 15 shows the relationship between the number and diameter of reinforcing bars and CO,
emissions for different excavation depths. The costs of the materials are also assumed to be constant
(Ce =$50, Cs = $700) and evaluations are conducted for all the cases in Figure 15. The numbers and
diameters of the designed piles remain constant for the cases suggested for the same excavation depths.
However, the comparison of Figure 15a,b shows the increase of excavation depth from 5 m to 7 m
leading to an increase in the diameter of the reinforcing bars; however, in such a case the number of
the bars remains the same. The comparison of Figure 15b,c presents that an increase of the excavation
depth from 7 m to 10 m leads to an increase in the number of the reinforcing bars but the diameter of the
bars remain the same. The comparison of Figure 15a,c shows that the increase of excavation depth from
5 m to 10 m leads to an increase in both the diameter and number of reinforcing bars. This sequence
also represents the logic of the optimization process. It is first tested whether the required strength can
be met by the increase of the diameter of reinforcing bars to remain the total cost constant, because
in the context of this study the cost differences that can occur depending on the diameter of the bars
are not taken into account. In case the structural strength requirements cannot be achieved with the
increase of the depth of excavation, it is attempted to provide them by increasing both the diameter of
the reinforcement and the number of reinforcements. This situation causes an increase in both cost
and CO, emissions significantly. In addition to these, the direct proportional relationship of both the
excavation depth-pile length and CO, emissions can be distinguished through the comparison of the
subdivisions of Figure 15.
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Figure 15. The relationship between the number and diameter of the reinforcing bars and CO, emission:
@z=5m;(b)z=7m;(c)z=10m.

In Figure 16, the results of the objective function analyses are shown. The solution of objective
function 4 is based on the studies of Aydogdu and Akin [11]. The arithmetic values of the cost and
CO; emissions are directly multiplied with the non-negative weights that are assumed to be 1.0 in the
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context of the paper of Aydogdu and Akin. The same assumption is used to perform the optimization
process of the present study and Figure 16 is compiled to understand the change in total cost and CO,
emission values based on the depth of excavation, and it also reveals the contribution ratios of cost
and CO, emission to the ultimate sum. In Figure 16, the contribution of total cost is smaller than the
contribution of the CO, emission for all cases. However, the effect degree of total cost to the ultimate
sum is changed depending upon the cases. The rate of contribution of the total cost to the ultimate
sum is determined at 32% maximum for Case 1 (Figure 16a), 21% maximum for Case 2 (Figure 16b),
42% maximum for Case 3 (Figure 16¢).
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Figure 16. The change of total cost and CO, emission based on objective function 3 (C. = $50, Cs = $700)
(a) Case 1; (b) Case 2; (c) Case 3.

In Figure 17, the change of pile diameter and length is shown in relation with the cost and CO,
emission values for all envisaged cases. The pile diameter and length remain approximately the same
for all the cases and the change against the excavation depth remains constant too. This situation
causes the acquisition of a constant minimum cross section and ensures the minimalistic approach
to design. As a result of using constant values for material costs, the total cost is protected and only
the change of the CO, emission values of materials becomes important in the evaluation process of a
sustainable design. The logic of the design process is similar for all the solutions conducted by four
different kinds of objectives.

In Figure 18, the change of the numbers and diameters of the reinforcing bars is given together
with the change of related total cost and CO; emission for all cases. It is clear that in Figure 18, since
the main logic in the purpose functions is to achieve the smallest amount of CO, emissions integrated
with minimum cost, changes in the diameter and number of reinforcements occur in piles of the same
diameter and length in order to ensure geotechnical stability and fulfil structural strength requirements.
The number and diameter of reinforcing bars affect the content of the reinforced concrete design and,
therefore, the relationship between the minimization processes of the CO, emission. The optimization
process includes minimizing the emission with the balance of the wasting materials hence a visual rate
between the selected number and diameter of the reinforcing bars cannot be obtained in all cases.
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Figure 17. The change of pile diameter and length against total cost and CO, emission (C. = $50,

Cs = $700). (a) Case 1; (b) Case 2; (c) Case 3.
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Figure 18. The change of the diameter and number of reinforcing bars against total cost and CO,
emission (C. = $50, Cs = $700) (a) Case 1; (b) Case 2; (c) Case 3.
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5. Conclusions

Within the context of this study, the Harmony Search Algorithm is used to calculate the
minimization relationship between the cost and the CO, emissions for the cantilever soldier pile wall
systems via the performance of four different objectives. Therefore, 2251 parametrical analyses were
conducted to examine the appropriateness of the use of the Harmony Search Algorithm for the design
process of the cantilever soldier pile walls. The piles are assumed to be embedded in a constant type of
pure frictional soil formation and Rankine’s earth pressure theory is used to calculate the lateral earth
trust caused by the soil mass. The design of the cantilever pile system is performed with the use of
beams on elastic soil assumption and the pile diameter is selected as one of the variants of the analyses.
The embedment depths in relation with the envisaged different excavation depths are also investigated
at the design step of the analyses. Four different objective functions are prepared to survey the
minimization process between optimum design, minimum cost and CO; emission. The first function is
defined to search for the effects of the minimum cost quest against optimum dimensions. The second
function is performed to acquire the most environmentally friendly solution for the construction of
retaining structures. The third function is prepared to search for the appropriateness of the use of the
cost and CO, emission minimization target together with the optimal dimensions. The last function is
arranged to investigate the compatibility of the cost and emission by utilizing a well-accepted study of
the literature.

The results of the analysis demonstrate that the most effective factor of the design of cantilever
soldier piles is the depth of excavation. The diameter and the length of the pile is identified directly
by the excavation depth. Therefore, the most significant factor of cost minimization has to be the
selection of proper cross section of pile to resist the lateral earth trust caused by the envisaged depth.
The increase of the depth of excavation also induces an increase in the length of the pile. This condition
directly leads to an enhancement of the volume of construction materials and the increment of the CO,
distribution caused by both concrete and steel. The outcomes of the study present the mentioned ordered
relationship between design-cost and emission with the use of graphical comparisons. The comparisons
are special due to the use of cantilever soldier piles as the investigated structure.

Figure 19 was created to search for the results of different objective functions in relation to the
change of the total cost against excavation depth. The abbreviation OF is used to identify objective
functions in the illustrations of the design. In Figure 20, the results of the objective functions are
presented according to the CO, emission values.

In Figures 19 and 20, the costs of the materials are assumed to be constant in all the cases taken
into consideration (C, = $50, Cs = $700) and objective functions 2—4 are investigated with consideration
of the envisaged 3 different cases. It is a clear situation that only the consideration of CO, emissions
in the objective function with a high emission value of concrete leads to an increase in the total cost
of the construction. The increase of steel emission value cannot affect the design. This means that
the procurement of lower CO, emissions can be possible by using higher amounts of steel material.
The increase of the pile depth in relation to the depth of excavation causes the objective functions
to evaluate the same cost value depending on the achievement of the same cross section to ensure
stability. The relative difference between the costs obtained by the performance of different functions is
also decreased based on the increase of excavation depth. Considering Figure 20, it can be said that the
minimum emission value of CO, is obtained in the third cases of all envisaged objective functions.
Case 3 is differentiated from others by the use of low emission values of the construction materials.
Besides, the comparison of the other emission values exhibits a similar trend for the same excavation
depth. The use of objective function 1, in other words, the use of only a material minimization process
in the design, tends to exhibit similar emission values with the other objective function solutions for
Cases 1 and 2. This is an important result that has to be taken into consideration in the selection of
construction materials. The acquisition of an environmentally friendly design for sustainable usage
also necessitates the selection of materials that are especially harmless to living beings. Otherwise,
the use of special optimization techniques cannot ensure the minimization of CO; emissions.
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Figure 20. The CO, emission values against the excavation depth via different objective functions

(C. = $50, C; = $700).

Figure 21 is also compiled to search for the results of different objective functions in relation with
the change of the total cost against excavation depth. In Figure 22, the results of the objective functions
are presented according to the CO; emission values. In Figures 21 and 22, the costs of the materials are
assumed to be constant in all the cases taken into consideration (C. = $150, Cs = $1100) and objective
functions 24 are investigated considering the envisaged 3 different cases. The outcomes of the study

are similar to the analysis conducted for the situation evaluated in Figures 19 and 20.
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Figure 22. The CO, emission values against the excavation depth via different objective functions
(Cc = $150, Cs = $1100).

It can be seen from the comparison between Figures 19 and 21 that the relative difference between
the total costs decreases with the increase of the costs of the materials. But the cost increases of the
materials are not equal. The rise of concrete cost is three times the first cost of the concrete, but the rise
of steel is only by 60%. This non-proportional increase of the cost of the concrete causes costs to hit
their peak because the volume of the concrete that is used to construct the pile seems to be a more
significant factor for the emission and cost than steel weight. As a result, the significant point of the
analysis conducted to search for the harmony between the cost and CO, emissions shows that the
design of cantilever soldier piles, also considering the minimization process of CO, emissions, does
not have a material effect on the optimum cost of the pile wall system. Hence, it is admissible to use
the objective function that considers the relationship of both cost and emission at the design stage of
the cantilever soldier piles.
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Consequently, this study focuses on the optimal design details of the cantilever soldier piles
considering the sustainable design requirements. The number of studies related to the sustainable
design of the cantilever soldier piles is really limited in the literature. Therefore, it is thought that this
study compensates for a major deficiency in the design process of piled retaining systems. Besides,
the significant and effective factors of design are addressed throughout the conducted optimization
analyses to show the attainment of both cost and CO, emission minimization. Thus, this paper can be
beneficial for both engineers and researchers to develop new insights into obtaining both cost-effective
and eco-friendly design approaches.
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