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Abstract: Reinforced concrete cantilever retaining walls (RCCRWs) are widely used in civil engi-
neering projects as a common type of retaining structure. The design of these structures focuses
on ensuring safety against various failure scenarios and compliance with standard building code
requirements. This research aims to enhance the design process of RCCRWs by developing a specific
code and optimizing it through a metaheuristic-based algorithm. In this study, the cost prediction of
RCCRWs is also investigated through a parametric study involving key variables such as wall height,
seismic zone, backfill material properties, and backfill inclination angle. To achieve this, non-linear
regression analysis is employed to establish an empirical correlation, enabling cost estimation for
optimized RCCRWs. The resulting prediction equation is simple to use, requiring only limited inputs.
Therefore, it can be applied during the initial stages of a project, making a valuable contribution in
determining approximate costs for RCCRW projects.

Keywords: cost prediction; optimization; optimum design; regression analyses; reinforced concrete
cantilever walls

1. Introduction

Reinforced concrete cantilever retaining walls (RCCRWs) are commonly employed in
various civil engineering projects to stabilize natural slopes or artificial cuts in highways,
bridges and other constructions. In the design of RCCRWs, the selection of the appropriate
wall dimensions is crucial since it dramatically affects both the stability and cost. Optimiza-
tion techniques have found extensive applications in different areas of civil engineering,
such as project time—cost estimation [1], risk—cost maintenance strategy [2], optimization
of structures [3-6], damage detection [7] and water distribution network optimization [8].
Numerous studies have been conducted to optimize the size of retaining walls, with the
aim of achieving cost-effective designs [9]. Most of the methods focus on achieving cost-
effective and lightweight RCCRWs through the utilization of various optimization tools.
These optimization techniques often involve metaheuristic algorithms [10], such as the
particle swarm optimization [11,12], modified particle swarm optimization [13], colony
optimization [14], artificial bee colony algorithm [15], genetic algorithm [16], harmony
search algorithm [17], evolution strategy [18,19] and simulated annealing [20,21]. Previous
studies using these approaches consistently identify the wall height as the most critical
parameter for optimizing RCCRWs. On the other hand, some studies show that the soil
properties of the backfill also have a significant effect on the overall cost [15,19]. In a closely
related study conducted by Yepes et al. [21], the cost prediction of RCCRWs was examined.
The authors highlighted that the two most influential parameters impacting the cost of
optimal walls are the sliding behavior and the fill type. Counterintuitively, the bearing
capacity of the soil was found to have minimal impact on the costs of RCCRWs. Instead,
the cost of optimized walls showed a parabolic correlation with the wall height.

Although there have been significant advancements in engineering design proce-dures,
optimizing engineering structures is still a difficult task that requires a multidisci-plinary
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approach. Using different parameters to produce predictive models for optimum cost
prediction of reinforced concrete cantilever walls been extensively studied in the re-cent
literature [22]. There are few studies focused on predicting the costs of retaining walls
using predictive equations, despite the fact that many researchers have investigated the
optimization of retaining walls using different methodologies for specific design input
parameters. This study aims to explore the impact of various parameters on the cost of
RCCRWs. These parameters include the wall height, backfill material properties, backfill
slope, design earthquake spectral response acceleration parameter at short period, and the
equivalent static earthquake reduction coefficient. The goal is to establish an empirical cor-
relation between these parameters and the cost of RCCRWs. To facilitate the optimization
process, a MATLAB code is developed, according to the new Turkish Building Earthquake
Specifications [23] and Turkish Standard Requirements for Design and Construction of Re-
inforced Concrete Structures [24] specific to RCCRWSs. The optimization is performed using
the “exponential big bang-big crunch algorithm”, a metaheuristic optimization method
originally introduced by Hasangebi and Kazemzadeh [25], to attain a cost-effective de-
sign. The investigation involves 1080 different cases generated by using different values
of the mentioned parameters to determine the minimum cost for RCCRWs. The total cost
comprises the expenses of concrete, reinforcement, and backfill materials. Concurrently,
non-linear regression analysis is applied to establish the relationship between the cost and
the corresponding parameters. Finally, a parametric study comprising 180 cases is con-
ducted to compare the actual costs with the predicted costs obtained from the established
correlation. This comparison will validate the accuracy and effectiveness of the proposed
prediction equation in estimating the costs of RCCRWSs under different scenarios.

The remainder of this paper is organized as follows. In Section 2, the details of the
design of the cantilever retaining walls are presented. Section 3 covers optimum design
modelling. Regression analysis for cost prediction has been elaborated in Section 4. Finally,
the concluding remarks have been provided in Section 5.

2. Design of Cantilever Retaining Walls

In the first part of the design, the preliminary dimensions of the RCCRW can be
defined by using the wall height (H) and base width (B), according to Bowles [26], TS
7994 [27], and ACI 318 [28] as shown in Figure 1, and Table 1. Alternatively, the base
width (B) can be determined as a function of the height. Using these sketches as a guide,
the dimensions are selected, and the most cost-effective design is achieved through the
conventional trial-and-error approach. This involves considering both internal and external
stability conditions. For the cantilever wall to be safe and effective, it must not slide or
overturn, and it should be safe in terms of bearing capacity to avoid failure. Once these
external stability requirements are satisfied, the structural design must ensure that the
cantilever wall is able to satisfy internal stability requirements [29,30].
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Figure 1. Preliminary dimensions for RC cantilever wall used in the designs.
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Table 1. Recommended preliminary dimensions for RC cantilever walls in different references.

Reference a b B
TS 7994 [27] 20-30 cm 0.33B 0.4H-0.7H
ACI 318 [28] 8-12 inch 0.33B 0.4H-0.6H
Bowles [26] 20-30cm 0.33B 0.4H-0.7H

In order to assess the external stability of the cantilever walls, several checks are con-
ducted, including those for overturning, sliding and bearing capacity. For static conditions,
the external stability analysis involves using the conventional factor of safety. On the
other hand, for seismic conditions, the analyses are based on ultimate limit states. The
dimensions and the loads acting on the RCCRW with a sloping backfill are depicted in
Figure 2. In this figure, all the forces related to the static condition are shown. Here, W1, W,
and Wj are the weights of sections 1, 2 and 3 of the reinforced concrete retaining wall, Wy
and W5 are the weights of the backfill acting on the heel of the wall, and W is the weight
of the backfill acting on the toe of the wall. In addition, P, is the force resulting from the
active earth pressure due to the backfill, and Py and P, are the forces resulting from the
passive earth pressures in front of the toe section of the wall and on the base shear key,
respectively. P, and P, are calculated by using Equations (1) and (2), and the force Py is
generally neglected due to safety considerations. On the other hand, 7,,;,, and g4 are the
minimum and maximum bearing stresses acting on the base of the wall.
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Figure 2. (a) Main geometrical parameters used in the design of an RC cantilever wall, and (b) the

forces acting on it.

In the seismic analyses, the total force acting on the wall (P;) due to the backfill is
calculated by using Equation (3). The additional seismic force (APg) to active pressure,
which is the difference between the total force and active force, is calculated by Equation (4).
These analyses allow for a comprehensive evaluation of the external stability of cantilever
walls under seismic conditions.

1
Py = 57a(H +dtan B)*Ka 1)
1 ! /
Py = 37D ?Kp +20,D 2, /K, @)
1
Pt = Ku(l + kv) |:§"}’d(H + dtan ﬁ)2:| (3)

Apae:Pt_Pa (4)
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Here, 4, v and ¢, are the moist unit weight of the backfill soil, base soil and cohesion of
the base soil, respectively. In addition, H is the height of the retaining wall, D' is the height
of the base shear key, § is the inclination of the backfill slope in degrees, and d is the heel
part of the base of the RCCRW under the backfill (as shown in Figure 2). The coefficient of
active earth pressure for the backfill (K,, Equation (5)) must be calculated if its inclination
is less than or equal to the difference in degrees between the friction angle of the backfill
(@') and the pseudo static earthquake coefficient (8, Equation (8)). Otherwise, it must be
determined by using Equation (6) (for the static conditions, 6 = 0). In Equation (7), K is the
passive earth pressure coefficient used to calculate the passive forces acting on the cantilever
wall, and ¥ and J, are the inclination of the back of the stem with respect to the horizontal
axes and the angle of friction between the cantilever wall and the backfill soil, respectively.
On the other hand, Spg in Equation (9) is the design earthquake spectral response acceleration
parameter at a short period, and k;, and k; in Equations (9) and (10) are the horizontal and
vertical equivalent static earthquake coefficients, respectively. In addition, r is the equivalent
static earthquake reduction coefficient. It can be taken as 1.5 or 2.0 for the walls having a
maximum displacement of 80Sps (mm) and 120Spg (mm), respectively.

In seismic analyses, the design value of the resistance (R;) is calculated by Equation (11)
using the characteristic resistance (Ry) and the partial resistance factor (yr). The partial
resistance factor values for bearing capacity (yry), is suggested as 1.4, whereas it is rec-
ommended as 1.1 and 1.4 for sliding resistance (yg;) and passive earth resistance, (vrp)
respectively [23].

_ R

TR
The retaining wall is checked against overturning for static considerations first. Overturning
occurs due to the unbalanced moments, and the factor of safety against overturning is
calculated by using the ratio of summation of the resisting moments (Mg) to the summation
of the driving moments (M) with respect to the toe of the cantilever wall, as shown in
Equation (12).

R; (1)

M
Fsoverntrning = ﬁ >25 (12)

In the assessment, the moments caused by the weight of the cantilever wall, backfill
material and the vertical component of the earth pressure establish the resisting moments.
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On the other hand, the moment due to the backfill earth pressure is taken as the driving
moment. In the calculations, the moments with respect to the backfill on the toe slab and
the moments due to the passive resistance in front of the wall are neglected to be on the
safe side. The minimum factor of safety against overturning is taken as 2.5.

For the seismic condition, the following equations are used:

Rier = [Wix1 + Waxz + Waxs + Wyxy + Wsas] (1 — ko) + Pao(B) + APseoxs  (13)
H’ H’
Ejev = [Wiy1 + Waya + Wayz + Wayys + Wsys] (ki) + Pay <?) + APgep <7) (14)

R
Tieo = o (15)
di

ev

Here, W; is the weight of the associated section, and x; and y; are the corresponding
moment arms with respect to the toe. Py, and P, are the vertical and horizontal components
of the active earth pressure, respectively. Furthermore, AP, is the vertical component of
the additional seismic force acting at an H’/2 distance from the bottom of the wall [21]. The
ratio of the resisting moments (R,,) to the driving moments (E,) with respect to the toe
of the wall must be equal or greater than the partial resistance factor (yggep = 1.3) [21].

The evaluation of the sliding criterion represents a significant aspect of the external
stability assessment. By analyzing the forces acting on the cantilever wall (Figure 2), both
the resisting and sliding forces are determined. In addition, the passive resistance (with
a factor of safety 2) due to the base shear key that is under the base slab is taken into
consideration. The factor of safety against sliding (FSgjizine in Equation (16)) is defined as
the ratio of the horizontal resisting forces (Fg in Equation (17)) to the horizontal driving
forces (Fp in Equation (18)). To satisfy the criterion FSgjizine > 1.5, a thorough assessment of
the wall’s external stability is achieved through a comprehensive analysis of the resisting
and sliding forces and the incorporation of passive resistance from the base shear key.

TFp
FSidine = =— > 1.5 16

sliding SFp — (16)

Fr = ZV tan(k1@;) + B(koco) + Pp (17)
Fp = Py, (18)

Here, 2.V is the total vertical force acting on the base, B is the length of the base, k; and
ky are the reduction coefficients for the internal friction angle and the cohesion between the
foundation soil and the cantilever wall, respectively, and @, and c; are the shear strength
parameters of the foundation soil.

The safety check against sliding under seismic conditions is made. The resisting forces
that are defined as the design friction resistance (Ry, in Equation (19)) and the design
passive resistance (Ry;) are calculated (Equations (20) and (21)). Then, the total horizontal
sliding forces (Vy, in Equation (22)) acting on the wall foundation is compared with the
horizontal resisting forces by using Equation (23). These assessments enable the detection
of possible sliding issues and facilitate the adoption of appropriate countermeasures to
maintain the stability of the wall.

Accy

Ry, = (19)
‘ YRh
Rpk

Ry = _pr (20)
YRp

1
Ry = Kp(1 ko) 574 (D + D')? 1)
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Vi = Py, + APen + (W1 + Wp + W3 + Wy + Ws) ky, (22)
Vi < Ry +03Ryy (23)

In order to check the bearing capacity, the maximum and minimum pressures under
the base of the cantilever wall are calculated by using Equation (24). It is expected that
the minimum pressure go(,;,,) will be greater than zero, while ensuring that the maximum
pressure qo(uqay) remains below the bearing capacity of the foundation.

XV 6e
q0(min,max) = B (1 =5 E) (24)

In the above equation, ¢ is the eccentricity.

The determination of the necessary reinforcement for tension, shrinkage, temperature
changes and transverse aspects of the stem, base and base shear key of the RCCRW (reinforced
concrete cantilever retaining wall) is carried out for internal stability analyses [24,26,29,30].

3. Optimum Design Modelling

Geotechnical stability and structural strength are the two primary criteria considered
in the design of RCCRWs. This study comprises the development of a MATLAB code to
design a RCCRW, incorporating parameters such as wall height, foundation soil properties,
backfill and reinforced concrete characteristics, and seismic parameters. In this study,
retaining walls, located on similar ground conditions, are constructed with a back stem
inclination of 90° to the horizontal axes are investigated. The friction angle between the
wall and the backfill material is taken as zero. All the details of the input data are provided
in Table 2. Design constraints used in the code are depicted in Table 3. The code is further
integrated with a previously developed optimization algorithm [25], aiming to minimize
the cost of the wall. This optimization is achieved through an objective function that
takes into account the costs related to concrete, reinforcement, and backfill materials. The
corresponding objective function can be stated as follows:

C(X) = VeoncreteCeoncrete + Vbackfillcbackfill + WreinforcementCreinforcement (25)

where Vi ocrete and V;mkﬁ” are the total volume of the concrete and backfill soil, respectively,
and Ceoncrete and C backfill are the cost per unit volume of the concrete and backfill soil,
respectively. Wiginforcement 18 the total weight of the reinforcements, and Cyeinporcement is the
cost per unit weight of the reinforcements. The costs used in the analyses are given in
Table 4.

The penalty function method, in which each design constraint is viewed as a penalty
if the required criterion is violated, is used in the analyses. In the parametric studies, only
the solutions having zero penalties for all constraints are accepted.

The design variables for the RCCRW consist of the geometric dimensions of the wall.
As is shown in Figure 2, these dimensions are listed as follows: a: the width of the stem at
the top, b: the toe part of the base, c: the width of the stem at the bottom, d: the heel part of
the base, h: the thickness of the base, and D': the height of the base shear key. In this study,
the geometric design variables are modelled as a set of discrete values. Lower and upper
limits for the discrete design variables are given in Table 5.

Table 2. Input parameters.

Input Parameters

Data

Height of the wall (H)

3,4,5,6,7,and 8 m

Slope of the backfill (8)

0°,10°,15°,20° and 25°
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Table 2. Cont.

Input Parameters Data
Inclination of the back of the stem with respect to the horizontal 90°

axes (V)

Angle of friction between cantilever wall and backfill soil (5,) 0°
Internal friction angle (®;) and unit weight (4) of backfill 30°, 18 kN /m?; 35°, 19 kN /m?; 40°, 18 kN /m?
Depth of soil in front of the wall (D) 1m
Internal friction of foundation soil (¥;) 25°
Cohesion of foundation soil (cp) 70 kPa
Undrained shear strength of foundation soil (cy) 250 kPa
Soil site class ZC
Reducti{)n coefﬁcient for internal friction angle between 0.88
foundation soil and RCCRW (k1)

Reduction coefficient for cohesion between foundation soil and 0.55
RCCRW (kp)

Allowable bearing capacity of the soil (q,) 800 kPa
Design bearing capacity of the soil (g¢) 1600 kPa

Design earthquake spectral response acceleration parameter at
short periods (Spg) and locations

0.419 (Konya), 0.447 (Ankara), 0.646 (Antalya), 0.845 (Erzurum),
1.184 (Kahramanmaras), 1.333 (Izmir)

Equivalent static earthquake reduction coefficient () 1.5and 2.0
Compressive strength of concrete 30 MPa
Unit weight of the concrete 24 KN/m3
Yield strength of steel 420 MPa

Table 3. Design constraints.

Design Constraints Failure Mode

FSoverturning,static

—1>0 Overturning check (static)
2.5 ~
FSstidingstatic Sliding check (static)
15 —
Gmin,static = 0 Bearing capacity check (static according to allowable stress design)

Gmaxstatic = Gall

Bearing capacity check (static according to allowable stress design)

TRdevup _ 1>0 Overturning check (seismic, vertical component of seismic loading in upwards direction)
1.3 N
'mdf%';o“m -1>0 Overturning check (seismic, vertical component of seismic loading in downwards direction)

Vth,duwn < Rth + O'SRpt,down

Sliding check (seismic, vertical component of seismic loading in downwards direction)

Qmax1,static < g

Bearing capacity check (static according to TBDY [23] with 1.4 G* + 1.6 H* load combination)

Amin,static > 0

Bearing capacity check (static according to TBDY [23] with 1.4 G + 1.6 H load combination)

Amax12,static <q:

Bearing capacity check (static according to TBDY [23] with 0.9 G + 1.6 H load combination)

Gmin12,static = 0

Bearing capacity check (static according to TBDY [23] with 0.9 G + 1.6 H load combination)

Gmax2,seismic < qt

Bearing capacity check (seismic according to TBDY [23] with G + H + E* load combination)

Gmin2,seismic = 0

Bearing capacity check (seismic according to TBDY [23] with G + H + E load combination)

*G, H and E are dead load, horizontal load due to lateral earth pressure and earthquake load, respectively.
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Table 4. Basic prices used in the present study.

Cost of reinforcement (Cyeinforcenent) 0.38 USD/kg
Cost of concrete (Ceoncrete) 32.0 USD/m?
Cost of backfill (Cpyekfinr) (P = 30°; 74= 18 kN/m?) 17.5 USD/m3
Cost of backfill (Cpacifin) (Pa = 35°; 74= 19 kN/m?) 18.0 USD/m?>
Cost of backfill (Cpakfin) (P = 40°; 4= 18 KN/m3) 18.5 USD/m3

Table 5. Lower and upper bounds of design variables.

Design Variable Lower Bound (m) Upper Bound (m)
a (width of the stem at the top) 0.2 0.3
b (toe part of the base) 0.10 H 0231 H
¢ (width of the stem at the bottom) 0.08 H 0.1H
d (heel part of the base) 0.08 H 0.1H
h (thickness of the base) 0.07 H 0.10H
D’ (height of the base shear key) 0 2

4. Regression Analysis for Cost Prediction

For six different locations in Turkey (Konya, Ankara, Antalya, Erzurum, Kahraman-
marag and Izmir) with varying seismic parameters (Sps values) ranging from 0.419 to
1.333 for different earthquake reduction coefficients (r values) of 1.5 and 2.0, a parametric
study of RCCRWs is conducted. The study involves commonly used heights for the walls,
specifically 3, 4, 5, 6 and 7 m, and considering different backfill materials and various
backfill slope inclinations (8 = 0°, 10°, 15°, 20° and 25°). For each location, by taking other
variables (r, H, @; and f) into consideration, 180 different cases are analyzed and in total
1080 data points have been produced.

A total of 1080 different cases are analyzed using the developed code. In each case, the
optimization process runs the design code 50 times, aiming to find the most economic and
safe design for each configuration. The results obtained from these runs are then utilized
in regression analysis to predict the cost of the RCCRW based on height, backfill material
properties, backfill slope, design earthquake spectral response acceleration parameter at a
short period (Spg), and the equivalent static earthquake reduction coefficient (r).

Linear regression analyses were initially performed to establish an empirical relation-
ship. However, the results revealed that the relationship between the cost and the other
parameters is not linear. Consequently, non-linear regression analyses were carried out
using another developed code. These analyses involved predicting the cost (i) based on the
parameters height (x1), Sps (x2), @4 (x3), ¥ (x4) and B (x5). The best equation was determined
through a trial-and-error process, with the aim of finding the equation that provides the
most accurate fit to the data and effectively predicts the cost of the RCCRW considering the
specified parameters.

The proposed regression models’ validity is verified using two criteria: the coefficient
of determination (R?) and the root mean squared error (RMSE). Through trial and error,
the regression model that yields the highest R? value and the minimum RMSE value is
identified. A value of R? equal to one signifies that the dependent variable is predicted
without any error, indicating a perfect fit of the model. Additionally, when the RMSE
approaches zero, it indicates that the model provides highly accurate estimations. Hence,
in this analysis, the selected regression model will be the one that exhibits the highest R?
value, indicating a strong correlation between the predicted cost and the actual cost, as
well as the smallest RMSE value, indicating precise estimations of the cost for the RCCRW
based on the given parameters.
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The derivation of linear and non-linear equations with only one variable (height of
the wall, x1) was the first step. However, the obtained equations showed relatively low
R? values (ranging from 0.692 to 0.703) and relatively high RMSEs (ranging from 123 to
125). In the subsequent stage, the equations were improved by including the variables
mentioned earlier. The R? values for the equations become significantly higher than the
previous ones since five variables provide more information about the cost than a single
one. Some of the equations that are used to find the best relation are shown in Appendix A.
Ultimately, Equation (26) was identified as the most accurate equation for predicting the
cost of an RCCRW, achieving an R? value of 0.9336 and an RMSE of 58.3. These values
demonstrate a robust correlation between the predicted cost and the actual cost, with
relatively precise estimations.

_ 1.5959H3 + 336.76 H?S ps + 431.52
~ —1.5241 4 0.61585@; + 7.6664Spgr — 0.20718

(26)

Here, C is the cost in USD, H is the height of the wall in meters, and p and @, are the
slopes of the backfilling and internal friction angle of the backfill in degrees, respectively.
Sps and r are the design earthquake spectral response acceleration parameter at a short pe-
riod and the equivalent static earthquake reduction coefficients, respectively. The equation
mentioned above can be utilized to estimate the approximate cost of RCCRWs constructed
on soil with a high bearing capacity. This is because the cost of the walls is not affected
by the parameters of the base soil shear strength [15,21]. In such scenarios, the equation
provides a reliable and efficient means of predicting the cost of the RCCRWs, without the
need to consider the specific characteristics of the base soil shear strength.

Figure 3 displays the comparison between the predicted costs of 1080 RCCRWs, ob-
tained from Equation (26), and their actual costs, calculated using the developed code.
Additionally, Figure 4 presents a comparison between the calculated and predicted costs.
The results indicate a satisfactory correlation between the cost values predicted by the equa-
tions and the actual values, with an R? value of 0.93. The developed code for the optimum
design of RCCRWs s is executed 180 times for validation purposes. In these analyses, the
data set given in Table 6 is used to find and compare the actual and predicted costs of RC-
CRWs. The cross-validation results are illustrated in Figures 5 and 6, which further confirm
that the actual and predicted costs of the RCCRWs are acceptable, with R? values of 0.91.
Opverall, these findings demonstrate the reliability and accuracy of the prediction equations
in estimating the costs of RCCRWs, both in the original dataset and during the validation
process. In fact, further research is required to use novel machine learning techniques for
developing predictive models for different civil engineering applications [31-33].
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Figure 3. Actual and predicted costs versus number of cases.
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Figure 4. Comparison of actual and predicted costs.

Table 6. Utilized data for the validation.

Input Parameters Data
Height of the wall (H) 3.5,4.5,5.5,6.5and 7.5 m
Slope of the backfill (B) 12.5°,17.5° and 22.5°
Inclination of the back of the stem with respect to the horizontal axes () 90°
Angle of friction between cantilever wall and backfill soil () 0°

30°, 18 kN/m3
Internal friction angle (®;) and unit weight (y4) of backfill 35°,19 kN/m?

40°, 18 kN/m?
Depth of soil in front of the wall (D) 1m
Internal friction of foundation soil (®;) 25°
Cohesion of foundation soil (¢p) 70 kPa
Undrained shear strength of foundation soil (cy) 250 kPa
Soil site class ZC

Reduction coefficient for internal friction angle between foundation soil and RC

cantilever wall (k;) 0.88

Reduction coefficient for cohesion between foundation soil and RC cantilever wall (k;)  0.55

Allowable bearing capacity of the soil (g,;) 800 kPa

Design bearing capacity of the soil (g;) 1600 kPa

Design earthquake spectral response acceleration parameter at a short period (Sps)

. 0.419, 0.447, 0.646, 0.845, 1.330 and 1.1840
and locations

Equivalent static earthquake reduction coefficient () 1.5and 2.0
Compressive strength of concrete 30 MPa
Unit weight of the concrete 24 kKN/m?

Yield strength of steel 420 MPa
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Figure 5. Actual and predicted costs versus number of cases for validation.
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Figure 6. Comparison of actual and predicted costs for validation.

5. Conclusions

In the context of optimum design of RCCRWs, the aim is to obtain the most cost-
efficient result while satisfying all the stability and strength requirements. Although,
many researchers have studied the optimization of retaining walls for given design input
parameters by various methods, there is a limited number of studies focused on the cost
prediction of retaining walls by prediction equations. This study introduces a preliminary
cost estimation model for RCCRWs, comprising a non-linear regression equation derived
from data obtained from 1080 runs of the code, along with an optimization algorithm
capable of designing the most economical and safe solution. In this parametric study, the
costs of the optimized retaining walls are determined based on the height, backfill material,
slope of the backfill, and seismic parameters of six distinct locations in Turkey. In these
regions, the seismic parameter, Spg, varies between 0.419 and 1.333. Different earthquake
reduction coefficients (1.5 and 2.0) and commonly used wall heights, ranging from 3 to
7 m, are considered. In addition, various backfill materials and a spectrum of backfill slope
inclinations (8= 0°, 10°, 15°, 20°, and 25°) are taken into account. This approach resulted
in 180 scenarios for each of the six locations that has yielded a total of 1080 data points.
Taking into account the limitations explained in the relevant sections of the study, the model
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developed in this work serves as an efficient cost prediction tool for RCCRWs and it can
be used by project stakeholders. One can obtain useful information for decision-making
in retaining wall projects with minimum data input. The derived empirical correlation,
influenced by the aforementioned limitations, can also be used in preliminary design stage
as well as estimating the approximate cost of RCCRWs.
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Appendix A Optimum Cost Prediction Equations for RCCRWs

Optimum Cost Prediction Equations Coefficients R? RMSE
by 109.97
y=bxi+b 0.692 125
by —261.83
by 9.4876
¥ =b1x2 +byxy + b3 by 5.6016 0.703 123
b3 —2.5049
by —0.057882
y = byx3 + bpx® + byx; + by b2 10443 0.703 124
b3 0.64107
by 5.5175
by 109.96
by 234.38
b3 —239.47
y = byxy + boxy + bgets®s by 0.018085 0.844 89.2
by 5.6016
b3 234.4
by —192.92
by 6.7046
¥ =b1x3 + byxyxp + by by 45.246 0.866 82.8
b3 —81.542
by 7.1319
Y = b1x2x + byxy + b3 by 46.237 0.873 80.7
b3 —103.48
by 11.36
_ blx% + bzx%xz + b3 by 166.36 0.894 7.6
byxs b3 1223.1

by 0.68944
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Optimum Cost Prediction Equations Coefficients R? RMSE
by 54.515
_ M’W by 766.55 . N
bax3 b 5830.9
by 0.097745
by 12.838
bixd 4 byxdxg + by by 190.03
T by tbsxy bs 1384.8 0.897 72.6
by 6.8859
bs 0.57985
by 10.311
b1x3 + byx3xy + by by 194.94
T bt bl bs 1151.4 0.873 80.6
by 25.544
bs —0.000407
by 12.287
b1x3 + box2xy + bsxpxy + by by 9%
- by + x3 b3 5580.4 0.907 68.9
by 12.132
bs —2817.4
by 6.0086
by 489.23
4 .
bs —12.661
be 0.46634
by 1.2322
_ WLW by 71169 . .
baxs ™ b 104.28
by 13.011
by —28.528
by 1410.9
_ i +hoxdin + li6xx2x4 + b3 b3 1838.4 0900 e
by + b5 ™ by 109.52
bs —282.57
be —3289.7
by —3.7238
by 137.69
0127 + bpxxy + b bs —257.09
- b41+1b5x3_2*'21+2b6x2jc4 b ey 0.915 65.9
bs —20.572
be 1.9764
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Optimum Cost Prediction Equations Coefficients R2 RMSE
by 1.6723
by 681.9
N % :Z jffj:s 0.921 635
bs 1.2399
be 16.613
by 5.7444
by 1204.2
b + byx3xy + bs + by b3 —946.66
T byt bsxa + beroxy by —-19.053 0.926 61.4
bs 2.2516
be 28.185
b7 178.52
by 0.2089
by 45.171
b1x3 + byxdxy + b3 bs 57.508
Sy b5 + beXaxy + byXs by 2.6324 0.924 62.3
bs —4.2695
be 1.0337
b7 0.0978
by 0.8448
by 39.688
b33 + bya2xy + b3 bs 878.35
b+ bse® + Bexata + by by 1.7347 0.916 655
bs 3.4529
be —68.343
by —6.3053
by 1.5959
by 336.76
bix3 20 1 bs 431.52
Y= bt 1&7);: fﬁiﬁij ¥ 27;(5 by —1.5241 0.934 583
bs 0.6158
be 7.6664
b7 —0.20705
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