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1. Introduction

Geotechnical retaining structures are crucial in civil
engineering for ensuring slope stability and safeguard-
ing nearby infrastructure as well as natural ecosys-
tems. Furthermore, these structures are essential for
preventing soil erosion, managing water runoff, and
mitigating the risk of landslides and flooding. Among
the various types of retaining walls, Reinforced Con-
crete Cantilever (RCC) retaining walls have long been a
cornerstone of modern engineering, offering strength,
durability, and versatility. However, the growing de-
mand for environmentally responsible construction
practices has prompted the need for more sustainable

design approaches in the construction of RCC retaining
walls.

In recent decades, the importance of sustainability in
civil engineering has grown significantly, with an in-
creasing emphasis on designing structures that mini-
mize emissions while maintaining functional integrity.
Reinforced Concrete Cantilever (RCC) retaining walls are
widely preferred in numerous engineering projects due
to their ability to withstand complex loads, high soil
pressures, and seismic forces (Kaveh et al. 2013). Their
structural superiority lies in the synergy of concrete’s
compressive strength and steel’s tensile capacity, allow-
ing for versatile geometric configurations such as canti-
lever, counterfort, and anchored designs. This adaptabil-
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ity ensures efficient integration into diverse urban and
natural environments (Shakeel et al. 2022). However, as
the construction industry seeks to reduce its massive
carbon footprint, the challenge has shifted from purely
functional design to achieving a balance between safety,
cost-efficiency, and environmental preservation. The
evolution of optimization research for RCC retaining
walls can be categorized into three primary frameworks.
The first category focuses on Geometric and Cost-Centric
Optimization, where metaheuristic algorithms are used
to minimize material weight or construction costs. Stud-
ies by Kashani et al. (2022) utilized genetic algorithms
(GA), while Gandomi et al. (2017a) and Tayfur and Kami-
loglu (2024) employed evolutionary and improved opti-
mization methods to achieve significant savings. Simi-
larly, Kumar and Suribabu (2017) demonstrated that dif-
ferential evolution could reduce wall weight by 15%
compared to manual designs. While these studies, in-
cluding the works of Kaveh et al. (2013, 2020a) and Kay-
abekir et al. (2021) using Teaching-Learning-Based Op-
timization (TLBO) and Collision Bodies Optimization
(CBO), established the efficiency of metaheuristics, they
primarily treated concrete as a conventional material
with fixed environmental properties. The second cate-
gory involves the Integration of Environmental Criteria,
where CO, emissions are introduced as a secondary ob-
jective. Khajehzadeh et al. (2014) applied a hybrid grav-
itational search algorithm to minimize both cost and
emissions, while Aydogdu (2017) highlighted the bene-
fits of lower-grade concrete in reducing the carbon foot-
print through Social Spider and Biogeography-Based Op-
timization. Despite these advancements, most existing
literature (Akin et al. 2016; Das et al. 2016; Sheikhole-
slami et al. 2016; Ukritchon et al. 2017; Kaveh et al.
2022) relies on generic emission factors and a limited
range of standard concrete mixes, often overlooking the
complex performance characteristics of modern sustain-
able alternatives. The third and most recent framework,
which defines the present study, addresses the gap be-
tween material science and structural optimization.
This research distinguishes itself by integrating a
comprehensive mixture database (Naseri et al. 2022)—
comprising green, sustainable, and traditional concrete
types—directly into the optimization loop. Unlike tradi-
tional models that use simplified material inputs, our ap-
proach evaluates the specific binder intensities and cost-
performance ratios of eco-friendly mixtures incorporat-
ing recycled aggregates and low-carbon additives. By
utilizing a specifically tailored Simulated Annealing (SA)
algorithm to navigate the non-linear constraints, this
study provides a more nuanced understanding of how
advanced material selection dictates the optimal geome-
try of low-carbon infrastructure. Accordingly, a signifi-
cant gap exists between the use of theoretical concrete
grades in optimization models and the practical applica-
tion of real-world sustainable mixtures. Moreover, the
present study fundamentally diverges from existing lit-
erature utilizing SA, Jaya, GA, TLBO, BBO, CBO, and other
metaheuristic applications for RCC retaining walls in its
systemic integration of material-stiffness-emission vari-
ables. While previous research has primarily focused on
the mathematical convergence and computational speed
of these algorithms (e.g., Kaveh et al. 2020b; Gandomi et

al. 2017b; Temur and Bekdas 2016), they often treat the
material input as a secondary, static constant. In con-
trast, our approach reconfigures the Simulated Anneal-
ing (SA) framework to act as a bridge between structural
geometry and a mixture database. The distinctive contri-
bution of this study is rooted in several key methodolog-
ical advancements that separate it from traditional me-
taheuristic applications. Firstly, through algorithmic
coupling, our modified Simulated Annealing (SA) frame-
work simultaneously navigates a discrete set of green
and sustainable concrete mixtures—each characterized
by unique binder intensities and cost-performance ra-
tios—rather than optimizing for a single, static concrete
grade as seen in standard TLBO or Jaya implementations.
Secondly, the study emphasizes constraint rigidity by
maintaining high-fidelity compliance with rigorous
safety factors. This ensures that the resulting optimal de-
signs are technically reproducible in real-world engi-
neering contexts, unlike many GA and BBO studies that
simplify geotechnical and structural constraints to
achieve faster convergence. Finally, by addressing the
sensitivity to material volatility, this research explores
the non-linear relationship between waste-based ce-
mentitious materials and structural volume. This critical
analysis demonstrates that the efficacy of an optimiza-
tion algorithm is fundamentally tied to the quality of the
material database it operates upon, effectively shifting
the research focus from purely numerical performance
toward material-aware structural optimization. Unlike
previous studies (Table 1), which generally focused on a
single concrete type or solely on geometric optimization,
this study investigates the optimal design of RCC retain-
ing walls by simultaneously considering environmental
and economic objectives for three different concrete al-
ternatives. This unified framework enables a systematic
comparison of the influence of different concrete mate-
rials on the optimal design, material cost, and environ-
mental performance of RCC retaining walls.

Consequently, sustainable design in retaining walls
involves not only considering geotechnical evaluation,
structural stability, energy efficiency, and resource con-
servation. This includes optimizing material usage, re-
ducing carbon footprints, and ensuring that materials
and construction processes are in harmony with the sur-
rounding ecosystem. Thus, incorporating sustainable de-
sign principles into RCC retaining walls requires a care-
ful balance between geotechnical design, structural in-
tegrity, environmental responsibility, and cost-effective-
ness. This study highlights the significance of sustainable
RCC retaining wall designs in promoting infrastructure
safety and longevity through the optimization of cost and
CO, emissions by utilizing green and sustainable con-
crete compared to traditional mixtures. This paper is or-
ganized as follows. Section 2 describes the methodology,
including the RCC retaining wall design variables, mate-
rial properties, design constraints, objective functions,
and the implementation of the Simulated Annealing (SA)
algorithm. Section 3 presents and discusses the optimi-
zation results for the cost and CO, emission objectives,
together with the sensitivity analysis, regression analy-
sis, and comparison of the optimized designs. Finally,
Section 4 summarizes the main findings, contributions,
and limitations of the study.
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Table 1. Summary of recent studies on RCC retaining wall optimization problem.

Study Objective function(s) Design variables Constraints Optimization technique
Shakeel et al. Review of cost, weight, CO, emis- Various wall geometry, rein- Geotechnical stability, struc- Complex method (CM); GA; PSO;
(2022) sion, and reliability-based optimi- forcement, backfill, and tural strength, and serviceabil- SA

zation approaches foundation ity requirements
Villalba et al. Minimize CO, emissions Wall dimensions, footing ge-  Sliding, overturning, bearing Mathematical/parametric opti-
(2010) ometry, reinforcement quan- capacity, and structural design mization GA; PSO; SA

Oztiirk and Tiir-
keli (2019)

Schmied and
Karlsson (2021)

Khajehzadeh et
al. (2014)

Kayabekir et al.

(2020)

Khajehzadeh et

al. (2013)

Kaveh and
Behnam (2013)

Kaveh and Kha-
yatazad (2014)

Kaveh and So-
leimani (2015)

Kalemci et al.
(2020)

Yiicel et al.
(2021)

Kaveh et al.
(2022)

Keivanian et al.
(2023)

Gandomi et al.
(2017a)

Gandomi et al.
(2017b)

Sheikholeslami et
al. (2016)

Kashani et al.
(2022)

Tayfur and Kami-
loglu (2024)

Minimize construction cost

Simultaneous minimization of en-

vironmental impact and invest-
ment cost

Minimize construction cost and
maximize stability

Simultaneous minimization of
construction cost and CO, emis-
sions

Minimize construction cost and

environmental impact

Minimize construction cost

Minimize construction cost

Minimize construction cost

Minimize construction cost

Minimize construction cost with
improved convergence perfor-
mance

Minimize construction cost

Multi-objective optimization con-

sidering sustainability and cost

Minimize construction cost

Minimize construction cost

Minimize construction cost

Simultaneous minimization of
construction cost and CO, emis-
sions (multi-objective)

Minimize construction cost

tities

Stem, toe, heel, base, key di-
mensions, and reinforce-
ment details

Wall geometry, reinforce-
ment ratios, and material se-
lection

Geometric dimensions of re-
taining wall

Wall dimensions and rein-
forcement quantities

Retaining wall geometry and
reinforcement variables

Wall geometry and rein-
forcement details

Geometric dimensions and
reinforcement variables

Wall geometry and rein-
forcement parameters

Wall dimensions and rein-
forcement variables

Wall geometry and rein-
forcement parameters

Geometric dimensions and
reinforcement variables

Wall geometry, reinforce-
ment, and material parame-
ters

Wall geometry and rein-
forcement variables

Geometric dimensions and
reinforcement details

Wall dimensions and rein-
forcement quantities

Wall geometry, reinforce-
ment quantities, and mate-
rial parameters

Geometric dimensions and
reinforcement variables

requirements

Sliding, overturning, bearing
capacity, flexural, and shear de-
sign constraints

Eurocode structural design re-
quirements and geotechnical
stability constraints

Sliding, overturning, bearing
capacity, and structural safety
constraints

Sliding, overturning, bearing
capacity, flexural, and shear de-
sign constraints

Sliding, overturning, bearing
capacity, and structural design
constraints

Geotechnical stability and rein-
forced concrete design con-
straints

Sliding, overturning, bearing
capacity, and structural re-
quirements

Geotechnical and structural de-
sign constraints

Sliding, overturning, bearing
capacity, flexural, and shear
constraints

Strict geotechnical and struc-
tural design constraints

Geotechnical stability and rein-
forced concrete design con-
straints

Geotechnical stability, struc-
tural safety, and sustainability
constraints

Sliding, overturning, bearing
capacity, and reinforced con-
crete design constraints

Sliding, overturning, bearing
capacity, and structural design
constraints

Sliding, overturning, bearing
capacity, flexural, and shear de-
sign constraints

Geotechnical stability and rein-
forced concrete design require-
ments

Sliding, overturning, bearing
capacity, and structural safety
constraints

Jaya Algorithm

Multi-objective optimization
framework; PSO

Hybrid Adaptive Gravitational
Search Algorithm (HAGSA)

Multi-objective Harmony Search
Algorithm

Opposition-Based Gravitational
Search Algorithm (OBGSA)

Charged System Search (CSS)

Ray Optimization (RO)

Colliding Bodies Optimization
(CBO) and Democratic Particle
Swarm Optimization (DPSO)

Grey Wolf Optimizer (GWO)

Adaptive hybrid optimization al-
gorithm

Plasma Generation Optimization
(PGO)

Hybrid metaheuristic optimiza-
tion approach

Evolutionary Algorithms

Interior Search Algorithm (ISA)
with different bound constraint
handling strategies

Hybrid Firefly Algorithm with
Upper Bound Strategy

Comparative multi-objective me-
taheuristic optimization algo-
rithms

Improved Teaching-Learning-
Based Optimization (ITLBO) Al-
gorithms
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2. Methodology

The design process involves two groups of design pa-
rameters. The first group consists of the geometric di-
mensions of the RCC retaining wall, represented by var-
iables X1 to Xs and illustrated in Fig. 1, which include the
width of the toe slab (X1), the width of the base slab (Xz),

Toe

X4 R2

the thickness of the stem at the top (X3), the thickness of
the base slab (X4), and the thickness of the stem at the
bottom (Xs). The second group involves the required
steel reinforcement quantities, denoted as R1 to R3, com-
prising the area of vertical reinforcement in the stem
(R1), the area of horizontal reinforcement in the toe (Rz),
and the area of horizontal reinforcement in the heel (R3).

X3

P

Heel

/—R3

<

l— X1 —>le X5 —»]

Y

X2

Fig. 1. Design variables of the RCC retaining wall.

The areas of steel reinforcement are represented by a
combination of bar diameters and their spacings. Vari-
ous reinforcement configurations were used, combining
3-30 evenly spaced bars with diameters ranging from 10
to 30 mm. These configurations were chosen to ensure
that the reinforcement area per meter of wall length met
the allowable minimum and maximum limits (ACI 318-
14 2014) for the spacing between longitudinal bars,
which is defined by the diameter of the maximum diam-
eter of aggregate in the concrete and the diameter of the
longitudinal reinforcements. For a given bar count (Bars
#) and bar diameter (bar size), the corresponding total
reinforcement area (4, in cm?) is calculated directly; for
example, 3 bars of size 10 yield an A of 2.356 cm? (n =
1), 4 bars of size 10 yield 3.141 cm? (y = 2), and higher
index combinations scale accordingly up to larger con-
figurations such as 18 bars of size 30 yielding
127.234 cm?. To ensure practical constructability, lower
and upper bounds for the geometric design variables
were established based on commonly accepted rein-
forced concrete retaining wall design recommendations
(ACI 318-05 2005). Specifically, the minimum stem top
thickness was limited to 0.25 m, the minimum base slab
thickness to 0.30 m, the toe projection was constrained
within 0.10-0.15H, the base width was maintained 0.40-
0.7H, and the stem bottom thickness was constrained to
at least 0.08-0.10H. Simulated annealing was imple-
mented to obtain optimum retaining wall designs with

respect to cost and CO, emissions over wall heights (H)
of 4-10 m under constant soil conditions. The design
variables considered in the optimization process and
their corresponding lower and upper bounds are pre-
sented in Table 2.

The input parameters are defined with a reinforcing
steel yield strength (f) of 400 MPa, and a concrete com-
pressive strength (f’.) of 21 MPa. The concrete cover
(C.) is 7 cm, and the shrinkage and temperature rein-
forcement percentage (ps;) is 0.002. The surcharge load
(q) is set to 0 with a backfill slope () of 0°. For the soil
properties, the internal friction angle of the retained soil
(@) is 36°, the internal friction angle of the base soil (¢")
is 34°, the unit weight of the retained soil (ys) is
17.5 kN/m?®, the unit weight of the base soil (y'y) is
18.5kN/m® , the unit weight of concrete (y.) is
23.5kN/m>, and the cohesion of the base soil (c) is
0 kPa.

2.1. Design of retaining wall

The Mononobe-Okabe (M-0) method, a commonly
used pseudo-static approach developed by Mononobe
and Okabe in the 1920s, was employed to determine the
passive and active forces acting on a unit length of the
retaining wall (Okabe 1924; Mononobe and Matsuo
1929). As an essential tool in modern geotechnical engi-
neering, the Mononobe-Okabe (M-0) method offers a
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more accurate representation of seismic effects on re-
taining walls than static methods, enabling the design of
structures that maintain stability during seismic events.
It is especially useful in seismic regions, where it is com-

monly applied to design earthquake-resistant structures
such as highways, dams, and retaining walls. Fig. 2 illus-
trates the key forces involved in the Mononobe-Okabe
(M-0) method.

Table 2. Boundary constraints of the design variables.

Design variable Unit Lower bound Upper bound
X (toe slab width) m 0.480 1.300
X, (base slab width) 1.600 4.700
X3 (stem top thickness) 0.270 1.350
X4 (base slab thickness) m 0.310 1.330
X5 (stem bottom thickness) m 0.550 2.400
R; (vertical reinforcement in stem) (cm?) 45.000 565.000
R; (horizontal reinforcement in toe) (cm?) 40.000 480.000
R;3 (horizontal reinforcement in heel) (cm?) 38.000 445.000
q
k,w,
P, kywy
—
)
W3
Vg
W
h v
PP
-~

Fig. 2. Forces acting on an RCC retaining wall based on the M-0 method.

These forces include: the weight of the concrete wall
(Wh1), the weight of the soil on the toe (/2), the weight of
the backfill material (W3), the surcharge load (g), the in-
ertial forces in both the horizontal (ksW1) and vertical
(kvW1) directions, and the seismic passive and active
earth pressures (Ppand Pq). The movement results in two
forces (kvW1 and ksW1) that act in the vertical and hori-
zontal directions, respectively. Here, kv, and ki represent
the vertical and horizontal coefficients that are specific
to the local geographic conditions. In this study, the hor-
izontal seismic coefficient was set at kn» = 0.30, while the
vertical seismic coefficient was taken as kv = 0.15. The to-
tal maximum active earth pressure acting on the wall
(Pq) is given by the M-O theory as:

1
Pa = Eka Ysoil HZ(I - ky) (1)

Here, H indicates the height of the wall, yson stands for
the unit weight of the soil, kv is the coefficient of vertical
acceleration, and ks represents the dynamic active earth
pressure coefficient, which is determined as:

_ cos?(¢p—6-PB) 1 sin(6+¢) sin(¢p—0-1i) 2 2)
@ ™ cos 6 cos? B cos(6+6+B) cos(6+p+6) cos(i—B)

where, i represents the inclination of the backfill, 8 defines
the seismic inertia angle, ¢ is the soil's internal friction an-
gle, Bindicates the vertical inclination of the back wall, and
6 denotes the angle of wall friction between the soil and the
rear face of the stem. The passive earth pressure (Pp) is cal-
culated similarly to the active earth pressure, as follows:

1
Pp = EkpeYSoilhz(l - kv) (3)
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where, the dynamic passive earth pressure coefficient
(kp), given by:

_ cos?(¢p+6-p) 14 sin(¢p—6) sin(¢p+i—0) 2 )
P 7 cos2 0 cos(6—0+pB) cos(6—B+6) cos(i—p)

where, the inclination of the backfill is represented by i,
while f denotes the back wall angle. The internal friction
angle of the soil is referred to as ¢, and 6 represents the
friction angle between the stem and the soil. The seismic
inertia angle 6 is defined by the following equation:

— -1 (_kn
6 = tan (m) 5
In this study, k» represents the horizontal seismic ac-
celeration coefficient, and combinations of horizontal
and vertical (kv)coefficients are applied, ranging from 0
to 0.3, with a step size of 0.15. The constraints for the
optimization of RCC walls are analyzed using three core
evaluation methods: (1) geotechnical requirement, (2)
structural requirement, and (3) geometrical analysis.

2.1.1. Geotechnical requirements

Geotechnical stability checks include overturning,
sliding, and bearing capacity analyses. Overturning sta-
bility is checked by calculating the factor of safety for
overturning (FSO):

Y MR

To ensure safety, the factor of safety must be at least
1.5 (FSO = 1.5), where MO denotes the sum of over-
turning moments and Y, MR represents the sum of resist-
ing moments. To check the sliding stability, the factor of
safety for sliding (FSS) is evaluated as follows:

2
S FR (2 Wwan-tan( ¢gase>)+23cbase+P,,+Pk
YFD Pg-cos B

FSS =

()

The sliding factor of safety must satisfy the condition
FSS 2 1.5, where, the base soil’s internal friction angle is
denoted by ¢uase, while the adhesion between the base
slab and soil is represented by cbase. Pa represents the ac-
tive force, and P, is the passive force located in front of
the base. The sum of the horizontal driving forces is
given by Y FD, and Y FR denotes the sum of the horizon-
tal resisting forces. The total weight of the wall is repre-
sented by Y Wwan, and B indicates the width of the base
slab.

The bearing capacity of the soil is assessed by the
bearing factor of safety (FSB):

FSB = it (8)

dmax

where qui is the ultimate bearing capacity of the soil, and
@max is the maximum stress at the base slab. The ultimate
bearing capacity is calculated using the following general
expression:

quit = ¢Ncsc + qNgsq + 0.5yB'N,s, 9

where; c is Cohesion of the soil, g is Overburden pressure
at the footing base level, B'is Effective footing width (B-
2e) to account for eccentricity. Ni, Ng, Ny are dimension-
less bearing capacity factors based on the friction angle
(¢)- s sq and sy are the shape factors (Fredlund and Ra-
hardjo 1993).

The limit stresses along the base slab are calculated
using the equations below:

YV (. — 6e B YMR-IM
9max/min = ?(1 + E) and e = P % (10)
where )V is the sum of all of the vertical forces, and e
represents the eccentricity of the corresponding distri-

bution. The bearing strength criterion requires FSB = 3
(Gandomi et al. 2017a).

2.1.2. Structural requirements

The structural analysis includes verifying that the
shear and moment capacities of all sections of the wall,
such as the stem, heel, and toe meet the following condi-
tions (ACI 318-05 2005):

Y >1 and Z>1 (11)
M. |/

u u

The moment and shear capacities, M» and V», were cal-
culated for the toe, stem, and heel using following equa-
tions.

Vo=, 017/fcbd and M, = ¢nAsfy (d—3) (12)

The shear strength is determined by ACI 318-05
(2005), where b is the width of the cross-section; f: is the
specified compressive strength of concrete; and ¢n is the
nominal strength coefficient (equal to 0.75). In this con-
text, a is the depth of the compressive stress block; d is
the effective depth of the cross-section; f, is the yield
strength of steel; As is the cross-sectional area of the
steel reinforcement; and ¢ is the nominal strength co-
efficient (equal to 0.9). As illustrated in Fig. 3, the pres-
sure distribution from the base onto the foundation soil
is non-uniform and is calculated using the following for-
mulas for heel and toe. The ultimate shear and moment
forces Vi and My are then used to compute the shear
forces and design moment for the heel and toe slabs. The
effective design forces acting on toe, heel, and stem are
depicted in Fig. 3.

At the heel section of the base slab, the shear force and
bending moment act on the critical section located a dis-
tance dh from the back face of the stem'’s base, defined as
dh = X4 - CC. Similarly, the toe slab experiences its criti-
cal flexural moment at a section positioned dt away from
the front face of the stem, where dt = X4 - CC. The shear
force and bending moment requirement at the critical
section of the toe slab are then determined using the fol-
lowing equations:

WistWps +
Vi, - [1.6q +L2Y X+ 12y, H + 1222 09 %] (et - dp) (13)

[(16q+1.2Y X412y HY | 12Whs  (41+2dmin\] 12
Mh_[( 2 )+ 3 _( 6 )]lhed (14)
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Ve = [16(22m2) — 0.9 (v, X, + v, (D = X9))]| (hoe — ) (15)

M; = [1-6 (qf + m) - 0-9(YCX4 +Vps(D — X4))] lfoe (16)

3
where, CC represents the concrete cover, while y. de-
notes the concrete’s unit weight. The load resulting from
the triangular distribution of the backfill soil at a height

dh behind the wall is represented as Whsan, with the cor-
responding soil pressure expressed as qdn. The symbol
Wihs identifies the peak load due to backfill acting at the
heel section. At the bottom of the stem on the rear side,
the soil pressure is denoted by qi, whereas gz corre-
sponds to the pressure applied at the toe. The terms lheel
and e describe the lengths of the heel and toe slabs, re-
spectively.

Whs

7. X5 +y,D .
; ; 1.7+
Ll v e bbbl Wb b4 b
"""""""""""""" T L4y H
Toe Slab —oi|edtdh—] ~— Heel Slab

Fig. 3. The effective design forces on toe slab and heel slab.

Furthermore, the shear force and bending moment
along the height of the stem, with the critical section for
shear force located at a distance ds from the point where
the stem intersects with the base slab (ds = Xs - C(C), can
be represented as follows:

¥, = 1.6 (kaq(H — d) + 2 kgyos(t = d)?) cosB - (17)

M, = 1.6 [2 (kaqH?) + (5 ka¥rsH?)| cos B (18)

In the final retaining wall design, all structural
strength and geotechnical stability requirements must
be satisfied. The optimization algorithm enforces the de-
sign constraints through a penalty-based approach. De-
signs satisfying all constraint conditions remain unpe-
nalized, while infeasible solutions are assigned penalty
values proportional to the extent of their constraint vio-
lations.

2.1.3. Geotechnical constraints

The design optimization of the retaining wall is gov-
erned by a set of inequality constraints that ensure struc-
tural integrity and geotechnical stability. The first con-
straint, g;(x) = (FSodesign/FSo) —1 < 0 is defined to
maintain overturning stability by ensuring the calcu-
lated factor of safety does not fall below the required de-
sign limit. Similarly, the sliding resistance is controlled
by g2(x) = (FSsdesign/FSs) —1 < 0 which guarantees
that the resisting forces are sufficient against lateral
earth pressures. To prevent bearing capacity failure of
the foundation soil, the constraint gz(x) =
(FSpdesign/FSg) —1 < 0 is employed to keep the ap-
plied pressure within safe limits. Finally, to ensure the
entire base of the wall remains in compression and

maintains full contact with the soil, the condition
ga(x) = qmin = 0 is imposed, effectively preventing any
tensile stress at the heel or toe.

2.1.4. Structural constraints

In addition to geotechnical stability, the structural in-
tegrity of the retaining wall components (stem, toe, and
heel slabs) is maintained through a set of reinforcement-
related inequality constraints. The primary structural
safety is governed by the moment and shear capacity ra-
tios; specifically, the constraints gis_;(x) = (M, /M,) —
1< 0and gig_10)(x) = (V,/V,) — 1 < 0 ensure that the
factored design moment and shear force do not exceed
the nominal resistance capacities of the sections. Fur-
thermore, to ensure ductile behavior and prevent sud-
den failure, the amount of reinforcement steel must stay
within standardized limits. This is controlled by the min-
imum  reinforcement  constraint,  gp;-13(%) =
(Agmin/As) —1 < 0 which ensures sufficient steel area
is provided, and the maximum reinforcement constraint,
Ina-16)(x) = (As/Asmax) — 1 < 0 which prevents over-
reinforcement and ensures the concrete reaches its
crushing strain only after the steel yields. gs_7(x) are
the moment capacity constraints for each section (stem,
toe slab, and heel slab), grg_10)(x) are the shear capacity
constraints for each section, gj;;_13)(x) are the mini-
mum reinforcement area constraints, gj;4-16](x) are the
maximum reinforcement area constraints

2.1.5. Geometric constraints

To ensure the constructability and structural stability
of the retaining wall, several geometric and reinforce-
ment development length constraints are implemented.
The geometric constraint, g,,(x) = (X; + X3)/(X,) —
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1 < 0 is used to maintain proportional dimensions be-
tween different parts of the wall structure. Furthermore,
to ensure that the reinforcement bars can fully develop
their design strength without slipping, the development
length must be sufficiently accommodated within the
concrete sections. These requirements are controlled by
the following constraints: The stem reinforcement de-
velopment within the footing is governed by g,5(x) =
(Lgp stem )/ (X5 — cover) — 1 < 0. The toe slab reinforce-
ment development is ensured by gi9(x) =
(lap t0e)/ (X3 — X4 — cover) — 1 < 0.The heel slab rein-
forcement anchorage is checked using g,,(x) =
(Lap heel)/(XZ + X3 — COVQI‘) -1=<0.

2.1.6. Objective functions

This study introduces an innovative automated opti-
mization technique designed to improve geotechnical
design and structural efficiency, applying a metaheuris-
tic method for the first time to automate the dynamic
analysis of sustainable and material cost-effective RCC
walls. By optimizing 8 design variables, including 5 geo-
metric and 3 steel reinforcement factors, the method
aims to minimize material cost and COz emissions using
the simulated annealing technique:

Cost = C,W, + C,V. (19)
CO, = e, W} + eV, (20)

The unit costs of steel and concrete are denoted by Cs
and C, respectively, while Ws represents the weight of
the reinforcing steel and Ve is the volume of concrete. The
unit weight of concrete, scaled by a factor of 100, is rep-
resented by y.. The COz emissions resulting from the RCC
wall materials are calculated as shown in Eq. (20). The
unit COz emissions of reinforcement and concrete are re-
ferred to COzs and COzc, respectively, and are taken from
Naseri et al. (2022). CO2 emission for steel reinforcement
is 2.82 kg/kg for traditional concrete (ITeC 2009). Con-
crete, the most widely used man-made material in con-
struction, faces a growing demand worldwide. As a result,
the use of eco-friendly concrete has become increasingly

important on geotechnical infrastructures. In this study,
the environmental objective function accounts exclu-
sively for the emissions associated with concrete and re-
inforcing steel. Accordingly, the system boundary and
functional unit are clearly defined to reflect only the ma-
terial-related embodied CO2 emissions within the
adopted database and system boundary.

The mixture proportions of eco-friendly concrete
(green mixture and sustainable mixture) were evaluated
in RCC retaining walls as a key environmental design el-
ement. Green concrete is defined as concrete with an op-
timal balance of cost-effectiveness, environmental foot-
print, workability, and strength. Sustainable concrete,
considered a durable form of green concrete, provides
the best balance in terms of these factors (Naseri et al.
2022). The methodology simultaneously considers vari-
ous critical environmental factors in concrete mixture
proportioning, including hazardous waste disposal
(HWD), non-hazardous waste disposed (NHWD), and
global warming potential (GWP) is considered in this
study. The HWD represents the amount of hazardous
waste generated throughout a material's life cycle and is
expressed in kilograms (kg). Lower HWD values associ-
ated with hazardous waste management. The GWP quan-
tifies the contribution of greenhouse gas emissions to cli-
mate change and is expressed as kilograms of carbon di-
oxide equivalent (kg CO,-eq). Lower GWP values indicate
lower greenhouse gas emissions and better environmen-
tal performance. The use of fly ash (FA) in mixture design
helps mitigate the environmental impact of cement and
improve concrete properties. Subsequently, the optimal
mixture proportions for sustainable and green concrete
are introduced in Table 3. Green concrete is designed to
minimize environmental impacts while maintaining ad-
equate strength, workability, and cost. Sustainable con-
crete further incorporates durability as an additional
performance criterion. Tables 3 and 4 present the source
material data adopted directly from Naseri et al. (2022).
No recalculation or modification was performed, and the
reported material properties were used without altera-
tion. These literature-derived data were incorporated
into the optimization model as the material properties of
the reinforced concrete cantilever (RCC) retaining wall.

Table 3. Optimal mixture proportion of green and sustainable concrete with different strengths (Naseri et al. 2022).

Compressive strength Concrete Mixture Cement Water Fine aggregate Coarse aggregate Fly ash
(MPa) type ID (kg/m?) (kg/m?) (kg/m?3) (kg/m?) (kg/m?)
30 Green G30 145 177.40 812.62 1020.40 174.13
40 Green G40 145.02 173.25 892 939 183.17
50 Green G50 177.59 170.80 804.74 982.21 205.24
60 Green G60 209.09 165.08 709.08 1049 223.07
30 Sustainable S30 158.39 179.79 892 942.28 154.23
40 Sustainable S40 173.89 169.98 830.78 996.07 174.23
50 Sustainable S50 207.81 160 785.30 1045.60 169.85
60 Sustainable S60 239.31 160 737.95 1049 185.61
30 Traditional T30 176.92 188.60 954.45 1015.86 171.18
40 Traditional T40 194.45 178.48 889.94 1074.31 193.40
50 Traditional T50 232.75 168.10 840.27 1129.25 188.80
60 Traditional T60 269.10 176 789¢61 1132.92 206.52
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Furthermore, the costs of green (G), traditional (T)
and sustainable (S) concrete with a mixture ID of G30,
G40, G50, T30, T40, T50, S30, S40, and S50 are detailed
in Table 4, with GWP (kg COz-eq), NHWD (kg), Carbona-

tion (mm), and HWD (kg) including material cost (Eu-
ros/m3). Table 4 summarizes the environmental impact
indicators and unit material costs for the concrete types
used in this study.

Table 4. The environmental impact indicators and unit material costs
for green, sustainable, and traditional concrete (Naseri et al. 2022).

Mixture ID GWP (kg CO2-eq) HWD (kg) Cost (Euros/m°) NHWD (kg) Carbonation (mm)

G30 139.13 0.021 59.66 0.335 26.77
S30 151.09 0.023 61.18 0.347 26.77
T30 265.99 0.057 91.36 0.572 26.51
G40 139.28 0.022 61.14 0.329 26.62
S40 165.36 0.025 6291 0.378 19

T40 300.46 0.099 93.87 0.625 21.65
G50 169 0.026 64.86 0.386 26.53
S50 196.06 0.030 66.63 0.484 6.23
T50 392.41 0.067 98.77 0.777 10.36

2.1.7. Simulated annealing algorithm

The heuristic optimization approach adopted in this
study is Simulated Annealing (SA), first introduced by
Kirkpatrick et al. (1983) The method is inspired by the
annealing process, where a material is heated and then
gradually cooled to achieve a stable structure. At high
temperatures, the algorithm may accept worse solu-
tions, but this probability decreases as the temperature
islowered. In SA, a new solution is accepted based on the
probability exp(-AE/T), where AE is the change in the
objective function and T is the current temperature. The
temperature is reduced geometrically using a cooling co-
efficient, and a fixed number of iterations (Markov
chain) is performed at each temperature level. This ena-
bles the algorithm to escape local optima at early stages
and gradually converge as the temperature approaches
zero. The performance of SA depends on parameters
such as the initial temperature, cooling rate, and Markov
chain length. In this study, the initial solution is gener-
ated randomly within the variable bounds and repeated
until a feasible solution is obtained.

To ensure the rigorous technical reproducibility of
the optimization procedure, the Simulated Annealing
(SA) algorithm is implemented with precise control
mechanisms and a robust thermal schedule. The optimi-
zation process initiates with the definition of an eight-di-
mensional design vector, Y = {V;,Y,, ..., Y3}, represent-
ing the geometric dimensions (X3, .., Xs) and reinforce-
ment areas (Rj, ..., R3). The search space is bounded by
practical engineering limits, and an initial feasible solu-
tion is generated through a stochastic sampling process.
To maintain structural and geotechnical validity from
the onset, the algorithm utilizes a rejection sampling
technique, repeatedly generating initial candidate vec-
tors until all inequality constraints—governing over-
turning, sliding, bearing capacity, and structural require-
ments—are strictly satisfied. The thermal schedule,
which governs the exploration-exploitation balance, is

calibrated based on the initial sensitivity of the objective
functions (Cost and CO3).

The initial temperature, T} , is established at 100. This
specific value is selected through pre-computational tri-
als to ensure an initial acceptance probability, P, of ap-
proximately 0.8 for worsening moves, as defined by the
Metropolis criterion: P = exp(—A4E /T). This high initial
energy state allows the algorithm to perform extensive
global exploration, effectively bypassing local minimum
that frequently occurs in non-convex structural land-
scapes. The transition from exploration to fine-tuning
(exploitation) is controlled by a geometric cooling law,
Ty+1 = a - Ty, where the cooling rate, «, is set to 0.95.
This relatively slow cooling rate ensures a thorough
search of the design space. At each discrete temperature
level, a Markov chain length, L, of 100 iterations is main-
tained. This ensures that the system reaches a state of
quasi-equilibrium, allowing the design variables to sta-
bilize before the next temperature reduction. During
each iteration, a neighborhood move is generated by ap-
plying a random perturbation to the current design vec-
tor, scaled by the variable’s permissible range.

Constraint handling is managed through a sophisti-
cated static penalty function approach. Given the highly
constrained nature of RCC retaining wall design, a penal-
ized objective function, f,,g(x), is formulated to guide
the search toward the feasible region:

faug(0) = F(0) + R 32, max(0, g;(x))’ (21)

where f(x) is the raw cost or CO, emission, g;(x) repre-
sents the i-th inequality constraint, and R is a robust
penalty multiplier set to 10°. This high penalty coeffi-
cient ensures that any violation of safety factors results
in a significant increase in the energy state, making such
solutions highly unlikely to be accepted in the later
stages of annealing. The optimization procedure con-
cludes based on dual-termination criterion. The algo-
rithm stops when either the system temperature reaches
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a final threshold of T, = 0.001 (thermal convergence)
or the best-found solution remains unchanged for 50
consecutive temperature steps (stagnation conver-
gence). By integrating these specific parameters and
penalty mechanisms, the optimization framework pro-
vides a reproducible and technically sound method for
the design of sustainable geotechnical structures.

3. Results and Discussion

Table 5 summarizes the CO, emission results and
computational times obtained from nine independent
runs for wall heights ranging from 4 m to 10 m, consid-
ering green, sustainable, and traditional concrete alter-

natives. Across all wall heights, CO, emissions increase
as expected with structural size. In terms of material per-
formance, green concrete consistently provides the low-
est emissions, followed by sustainable concrete, while
traditional concrete yields the highest emission. The gap
between minimum and average emission values remains
small at lower heights but becomes more pronounced as
the wall height increases, indicating higher variability
for larger design cases. The standard deviation also
tends to grow with height, particularly for traditional
concrete, reflecting greater dispersion in solutions. CPU
times show a slight increasing trend with wall height,
while remaining largely similar across all three concrete
types, suggesting that environmental performance dif-
ferences do not significantly affect computational effort.

Table 5. Comparative COz emissions of retaining walls for different wall heights and material alternatives.

H (m) Concrete type Min. emissions (kg CO2-eq) Avg. emissions (kg COz-eq) Std. deviation Avg. CPU time (s)
4 Traditional 1285.420 1290.115 1.250 92.450
4 Sustainable 1156.880 1158.310 0.840 95.120
4 Green 1024.350 1025.040 0.520 98.610
6 Traditional 2715.300 2724.850 6.420 96.180
6 Sustainable 2443.770 2448.320 4.150 98.340
6 Green 2165.210 2166.590 2.880 102.150
8 Traditional 4982.150 5012.440 84.120 100.240
8 Sustainable 4483.930 4505.210 52.340 103.550
8 Green 3968.450 3975.120 35.180 108.420
10 Traditional 8125.680 8182.350 105.400 105.820
10 Sustainable 7313.110 7345.920 92.150 109.140
10 Green 6475.240 6488.770 68.220 114.350

Table 6 presents the cost optimization results and cor-
responding CPU times for nine runs over wall heights
from 4 m to 10 m, evaluated for green, sustainable, and
traditional concrete alternatives. In all cases, costs in-
crease progressively with wall height due to higher mate-
rial and structural demands. Green concrete consistently
achieves the lowest cost values, followed by sustainable
concrete, whereas traditional concrete results in the high-

est costs among the three options. The differences be-
tween minimum and average costs remain relatively lim-
ited, indicating stable optimization performance across all
scenarios. Although standard deviation increases slightly
at higher wall heights, the overall variability remains
moderate. CPU time exhibits a gradual increase with wall
height, and similar to the emissions case, it is not signifi-
cantly influenced by the type of concrete used.

Table 6. Comparative cost analysis of retaining walls for different wall heights and material alternatives.

H (m) Concrete type Minimum cost (euros) Average cost (euros) Standard deviation Average CPU time (s)
4 Traditional 815.420 816.050 0.450 92.450
4 Sustainable 742.180 742.850 0.380 95.120
4 Green 676.806 677.187 0.344 96.734
6 Traditional 1618.300 1620.450 2.850 96.180
6 Sustainable 1475.250 1476.900 2.420 98.340
6 Green 1343.588 1344.762 2.166 100.619
8 Traditional 2758.120 2768.440 19.450 100.240
8 Sustainable 2515.650 2524.320 17.800 103.550
8 Green 2290.699 2298.642 16.300 103.894
10 Traditional 4228.950 4235.120 9.500 105.820
10 Sustainable 3852.400 3858.750 8.450 109.140
10 Green 3513.353 3518.385 7.724 107.788
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A sensitivity analysis was conducted to evaluate the
influence of the Simulated Annealing cooling rate on the
optimization performance. Five cooling rate values rang-
ing from 0.90 to 0.99 were examined while keeping all
other algorithmic parameters constant. The cooling rate
has a noticeable influence on both the solution quality
and the computational performance of the Simulated An-
nealing algorithm. When the cooling rate is set to 0.90,
the algorithm converges rapidly, resulting in the shortest
CPU time (71.4 s); however, it produces the highest best
and mean cost values (€681.52 and €683.41, respec-
tively) together with the largest standard deviation
(€1.74), indicating reduced solution quality and stability
with 12,500 iterations. As the cooling rate increases, the
performance gradually deteriorates: at 0.92, the metrics
shift to a best result of €688.20, mean of €685.10, stand-
ard deviation of 1.05,112.0 s CPU time, and 17,000 iter-

ations; at 0.95, the best, mean, and worst costs rise to
€698.80, €690.50 with a standard deviation of 1.25, tak-
ing 155.0 s and 25,400 iterations; at 0.97, the values fur-
ther increase to €705.30 (best), €702.15 (mean) with a
standard deviation of 1.52, 195.4 s CPU time, and 36,100
iterations; and finally, at 0.99, the algorithm yields its
highest costs with a best result of €707.52, mean of
€704.41, standard deviation of 1.74, requiring the maxi-
mum computational effort of 245.6 s CPU time and
48,200 iterations. All tests were executed in Python 3.10
using an Intel Core i7 processor and 16 GB of RAM.

Fig. 4 illustrates the relationship between the mini-
mum values of CO, emissions and costs (Cost) with re-
spect to the total wall height. The results indicate that
both responses follow a clear quadratic trend. The aver-
age CO, emissions can be approximated by a second-or-
der polynomial of the form:

e COy(traditionan(kg) = 108.4484H2-370.0634H+1036.6668, with a coefficient of determination R*=0.9998 for tradi-

tional concrete.

e COy(sustainable)(kg) = 96.9188H2-325.8765H+911.9630, with a coefficient of determination R? =0.9999 for sustaina-

ble concrete.

e COy(green)(kg) = 85.7563H2-290.6015H+817.2530, with a coefficient of determination R* =0.9996 for green con-

crete.

These regression models confirm a strong nonlinear
dependency between wall height and both objective
functions, with excellent agreement between the fitted
curves and the observed data. The results are evaluated
independently for each objective. The comparative as-
sessment of the traditional, sustainable, and green con-
crete alternatives is therefore based on their individual
performances with respect to each optimization objective.
Moreover, it should be noted that the proposed regression
equations are empirical relationships derived from the
optimization results obtained for the investigated retain-
ing wall heights (4-10 m). Therefore, extrapolation be-
yond the investigated wall height interval requires addi-
tional optimization analyses and further validation.

Similarly, the average cost (Cost) variation is well represented by a function given as:

Cost(traditionan) (euros) = 41.3925H2-9.2350H+189.4650, with R? = 0.9995 for traditional concrete.
Costsustainable) (euros) = 37.52375H2-5.5765H+163.4580, with R* = 0.9994 for sustainable concrete.
Costgreen) (euros) = 34.5105H2-9.2733H+161.0901, with R* = 0.9995 for green concrete.

The results indicate that both the minimum cost and
minimum carbon emissions increase with retaining wall
height due to the higher material demand. For all inves-
tigated wall heights, green concrete consistently
achieved the lowest cost and carbon emission values, fol-
lowed by sustainable concrete, whereas traditional con-
crete resulted in the highest values. Compared with tra-
ditional concrete, the use of green concrete reduced the
minimum cost by approximately 17% and the minimum
carbon emissions by approximately 20%, while main-
taining the required structural and geotechnical perfor-
mance. These findings demonstrate the economic and
environmental advantages of adopting green concrete in
optimized retaining wall design (Fig. 4).
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Fig. 4. Comparative variation of minimum cost and minimum emissions
for traditional, sustainable, and green concrete types across the wall height.
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Fig 5. illustrates the cost-versus-emission objective

space for traditional, sustainable, and green concrete.

As shown, green concrete consistently occupies the
lower emission region, providing a clear visual repre-
sentation of how variations in concrete type affect the
balance between sustainability goals and budgetary

requirements.

Finally, it is necessary to analyze if the economic opti-
mized walls and the emissions optimized walls present
similar characteristics. The characteristics for these
walls are compiled in Tables 7 and Table 8 for optimized
emission and cost, respectively.
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Fig. 5. The cost-versus-emission objective space for traditional, sustainable, and green concrete.
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Table 7. Characteristics of RCC retaining walls with traditional, sustainable, and green concrete for emission optimization.

Design variables H (m) 4 6 8 10
X1 (toe slab width) (m) Traditional 0.640 0.960 1.150 1.260
Sustainable 0.612 0.905 1.062 1.092
Green 0.485 0.725 0.820 0.950
X2 (base slab width) (m) Traditional 1.780 2.960 3.950 4.600
Sustainable 1.685 2.748 3.781 4.286
Green 1.650 2.460 3.280 4.040
X3 (stem top thickness) (m) Traditional 0.360 0.600 0.900 1.220
Sustainable 0.318 0.548 0.823 1.118
Green 0.270 0.470 0.720 1.000
X4 (base slab thickness) (m) Traditional 0.410 0.650 0.820 0.990
Sustainable 0.362 0.588 0.742 0.903
Green 0.310 0.500 0.650 0.800
X5 (stem bottom thickness) (m) Traditional 0.700 1.150 1.650 2.200
Sustainable 0.620 1.050 1.500 2.050
Green 0.550 0.900 1.300 1.800
R1 (vertical reinforcement in stem) (cm?) Traditional 65.200 165.000 330.000 565.000
Sustainable 56.870 142.880 287.940 492.330
Green 45.000 115.000 230.000 390.000
R2 (horizontal reinforcement in toe) (cm?) Traditional 58.000 140.000 285.000 480.000
Sustainable 50.120 121.760 252.880 420.780
Green 40.000 100.000 200.000 330.000
R3 (horizontal reinforcement in heel) (cm?) Traditional 52.000 128.000 265.000 445.000
Sustainable 45.500 112.000 235.000 395.000
Green 38.000 92.000 190.000 320.000
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The optimization results demonstrate a profound
shiftin the structural and environmental performance of
RCC retaining walls when traditional design paradigms
are replaced with metaheuristic-driven approaches. The
primary finding of this study is the consistent superiority

of green concrete across all height parameters. At a
structural height of 10 m, green concrete achieved a min-
imum COzemission of 6475.24 kg, representing a substan-
tial reduction of approximately 20% compared to the
8125.68 kg generated by traditional mixtures (Fig. 6).
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Fig. 6. Variation of design variables with wall height for optimized emissions.

This environmental efficiency is largely attributed to
the optimized replacement of cement with fly ash, which
significantly lowers the Global Warming Potential
(GWP), where G30 concrete exhibits a GWP of only
139.13 kg-COz-eq compared to 265.99 kg-CO:-eq for
T30. These results suggest that the integration of fly ash
does not merely serve as a waste-disposal solution in ge-
otechnical infrastructure without sacrificing compres-
sive strength.

The economic analysis further challenges the conven-
tional assumption that sustainable construction materi-
als necessarily incur a financial premium. The optimiza-
tion results presented in Table 7 and 8 demonstrate that
the selection of concrete type has a substantial influence
on both the environmental and economic performance
of the retaining wall while satisfying identical structural
and geotechnical design requirements. Among the three
alternatives, green concrete consistently produced the
lowest cost and carbon emission values for all wall
heights, followed by sustainable concrete, whereas tra-
ditional concrete resulted in the highest values. In addi-
tion to its superior environmental and economic perfor-
mance, driven by the predefined material cost and emis-
sion factors, the use of green concrete achieved the opti-
mum emission and cost values for the same wall height.
Consequently, the optimized green concrete designs re-
quired the lowest quantities of both concrete and rein-
forcing steel. Sustainable concrete exhibited intermedi-
ate performance, providing noticeable reductions in ma-
terial consumption, cost, and carbon emissions relative
to traditional concrete, although its optimized dimen-

sions and reinforcement requirements remained higher
than those of green concrete. These findings indicate
that adopting green concrete enables more material-ef-
ficient retaining wall designs without compromising the
required structural safety or geotechnical stability,
thereby offering significant advantages in terms of both
sustainability and economic efficiency. The data from
Table 8 reveals that green concrete is consistently the
most cost-effective option, with the 10 m wall configura-
tion costing 3513.35 Euros—roughly 17% less than the
4228.95 Euros required for traditional concrete.

This cost-effectiveness is driven by the reduction in
both material unit costs and Hazardous Waste Disposal
(HWD) metrics. From a structural standpoint, the Simu-
lated Annealing (SA) algorithm facilitated this by opti-
mizing geometric variables to favor more efficient sec-
tions; for instance, the stem bottom thickness (X5) for a
10 m wall was reduced from 2.40 m in traditional de-
signs to 1.85 min green concrete configurations. This in-
dicates that the optimization technique effectively ex-
ploits the material properties of eco-friendly mixtures to
produce leaner, more efficient structural geometries
that simultaneously minimize volume and cost.

Furthermore, the high predictive accuracy of the de-
rived quadratic regression models (R? > 0.998) under-
scores a stable and predictable relationship between
wall height and design objectives. The divergence be-
tween traditional and green concrete performance be-
comes more pronounced as wall height increases, as
shown in the standard deviation trends in Table 9. While
traditional concrete exhibited higher variability at 10 m
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heights (SD = 105.40), green concrete remained more
stable (SD = 68.22), suggesting that the SA algorithm
finds more robust optima when working with sustainable
mixture parameters. This stability, coupled with the neg-
ligible differences in CPU times across material types, con-
firms that the proposed automated optimization frame-
work is computationally efficient. Ultimately, these results
provide a scalable roadmap for geotechnical engineers to
reconcile the often-conflicting goals of structural safety,

economic constraint, and environmental stewardship. To
further validate the proposed optimization framework,
the optimized retaining wall designs obtained using the
Simulated Annealing (SA) algorithm were compared with
the qualitative comparison with selected literature results
reported by Gandomi et al. (2017a), in which Genetic Al-
gorithm (GA), Differential Evolution (DE), Evolution Strat-
egy (ES), and Biogeography-Based Optimization (BBO)
were employed for cost optimization (Table 9).

Table 8. Characteristics of RCC retaining walls with traditional, sustainable, and green concrete for cost optimization.

Design variables H (m) 4 6 8 10
X1 (toe slab width) (m) Traditional 0.625 0.730 0.950 1.300
Sustainable 0.510 0.692 0.875 1.150
Green 0.480 0.630 0.760 0.900
X2 (base slab width) (m) Traditional 1.850 2.520 3.850 4.700
Sustainable 1.720 2.450 3.630 4.420
Green 1.600 2.410 3.200 4.000
X3 (stem top thickness) (m) Traditional 0.390 0.670 0.990 1.350
Sustainable 0.345 0.590 0.885 1.200
Green 0.300 0.500 0.750 1.050
X4 (base slab thickness) (m) Traditional 0.420 0.760 0.980 1.330
Sustainable 0.375 0.675 0.885 1.220
Green 0.330 0.580 0.760 1.050
X5 (stem bottom thickness) (m) Traditional 0.750 1.250 1.800 2.400
Sustainable 0.660 1.100 1.600 2.150
Green 0.580 0.950 1.350 1.850
R1 (vertical reinforcement in stem) (cm?) Traditional 68.000 165.000 330.000 540.000
Sustainable 60.000 148.000 295.000 490.000
Green 50.000 125.000 250.000 410.000
R2 (horizontal reinforcement in toe) (cm?) Traditional 60.000 145.000 300.000 480.000
Sustainable 53.000 130.000 270.000 450.000
Green 45.000 110.000 230.000 380.000
R3 (horizontal reinforcement in heel) (cm?) Traditional 55.000 135.000 280.000 440.000
Sustainable 48.000 120.000 250.000 420.000
Green 40.000 100.000 210.000 350.000

Table 9. Comparison of cost optimized designs for traditional, sustainable, and green concrete retaining walls
with the qualitative comparison with selected literature results reported by Gandomi et al. (2017a).

Design variables GA DE ES BBO SA (Traditional)  SA (Sustainable)  SA (Green)
X1 (toe slab width) (m) 0.586 0.616 0.691 0.737 0.625 0.510 0.480
X2 (base slab width) (m) 1.916 1.872 1.845 1.842 1.850 1.720 1.500
X3 (stem top thickness) (m) 0.272 0.290 0.320 0.277 0.390 0.345 0.300
X4 (base slab thickness) (m) 0.201 0.206 0.221 0.200 0.420 0.375 0.330
X5 (stem bottom thickness) (m) 0.280 0.271 0.280 0.270 0.750 0.660 0.580

The optimization results demonstrate that the supe-
rior performance of green concrete is a direct conse-
quence of the algorithm's ability to adjust structural con-
figurations to satisfy all geotechnical, structural, and ge-
ometric requirements. Rather than a simple material
substitution, the optimization algorithm computes dis-

tinct wall dimensions for each material alternative to en-
sure compliance with critical safety standards. Green
concrete designs often utilize more optimized geometric
proportions—such as reduced base slab widths and re-
inforcement quantities—compared to traditional and
sustainable alternatives. For instance, at a wall height of
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10 m, the algorithm identifies a structural configuration
for green concrete that achieves a 20% reduction in CO2
emissions while maintaining full structural integrity.
This confirms that the environmental and economic ad-
vantages are not merely a result of the input material da-
tabase, but stem from the algorithm’s effectiveness in
identifying the most efficient structural geometry for
each specific concrete type. The sustainability findings
presented in this study are limited to the investigated re-
taining wall heights (4-10 m) and the material datasets
considered in the optimization framework. Therefore,
the observed improvements in cost and carbon emis-
sions should be interpreted within the analyzed design
conditions rather than as applicable conclusions. Fur-
ther studies involving a wider range of wall geometries,
loading conditions, and material datasets are recom-
mended to extend the generality of these findings.

4. Conclusions

This study presented an optimization framework for
reinforced concrete cantilever (RCC) retaining walls us-
ing the Simulated Annealing (SA) algorithm. The optimi-
zation was formulated as two independent single-objec-
tive problems, in which material cost and embodied CO,
emissions were minimized separately while satisfying
the specified geotechnical, structural, and geometric de-
sign constraints. Eight design variables, including five
geometric dimensions and three reinforcement quanti-
ties, were considered, and infeasible solutions were han-
dled using a penalty-based constraint approach.

The optimization results for wall heights between 4 m
and 10 m showed consistent differences among the in-
vestigated concrete alternatives. Green concrete pro-
duced the lowest material cost and embodied CO, emis-
sions across all wall heights, followed by sustainable
concrete, while traditional concrete resulted in the high-
est values. For a 10 m retaining wall, the minimum em-
bodied CO, emission obtained with green concrete was
6475.24 kg CO,-eq, compared with 8125.68 kg CO,-eq
for traditional concrete. The corresponding minimum
material costs were €3513.35 and €4228.95, respec-
tively. Within the investigated material database and de-
sign assumptions, these results indicate that green and
sustainable concrete alternatives can reduce both mate-
rial cost and embodied CO, emissions relative to tradi-
tional concrete. The optimized wall configurations also
varied according to the selected concrete type. In gen-
eral, the green concrete solutions required smaller wall
dimensions and lower total concrete and reinforcement
quantities than the corresponding traditional concrete
solutions while satisfying the prescribed design con-
straints. This indicates that the optimization procedure
identified different feasible structural configurations de-
pending on the material properties and the selected ob-
jective function.

The SA algorithm produced consistent optimization
results over repeated runs, with relatively small differ-
ences between the minimum and average objective-
function values for most cases. The sensitivity analysis
showed that the cooling rate influences both solution
quality and computational time, highlighting the im-

portance of parameter selection for this optimization
problem. The quadratic regression equations obtained
from the optimization results exhibited high coefficients
of determination (R? > 0.998); however, these equations
represent empirical relationships within the investi-
gated wall-height range (4-10 m) and should not be ex-
trapolated beyond this range without additional valida-
tion. Overall, the proposed optimization framework
demonstrates the applicability of combining material-
specific environmental and cost data with structural and
geotechnical optimization for RCC retaining walls under
the investigated design conditions. The conclusions of
this study are limited to the considered wall heights,
loading conditions, material database, and design as-
sumptions, and further studies are required to evaluate
the framework under different design scenarios and ma-
terial datasets.
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