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Abstract: The importance of construction in the consumption of natural resources is leading structural
design professionals to create more efficient structure designs that reduce emissions as well as the
energy consumed. This paper presents an automated process to obtain low embodied energy
buttressed earth-retaining wall optimum designs. Two objective functions were considered to
compare the difference between a cost optimization and an embodied energy optimization. To reach
the best design for every optimization criterion, a tuning of the algorithm parameters was carried
out. This study used a hybrid simulated optimization algorithm to obtain the values of the geometry,
the concrete resistances, and the amounts of concrete and materials to obtain an optimum buttressed
earth-retaining wall low embodied energy design. The relation between all the geometric variables
and the wall height was obtained by adjusting the linear and parabolic functions. A relationship
was found between the two optimization criteria, and it can be concluded that cost and energy
optimization are linked. This allows us to state that a cost reduction of €1 has an associated energy
consumption reduction of 4.54 kWh. To achieve a low embodied energy design, it is recommended to
reduce the distance between buttresses with respect to economic optimization. This decrease allows
a reduction in the reinforcing steel needed to resist stem bending. The difference between the results
of the geometric variables of the foundation for the two-optimization objectives reveals hardly any
variation between them. This work gives technicians some rules to get optimum cost and embodied
energy design. Furthermore, it compares designs obtained through these two optimization objectives
with traditional design recommendations.

Keywords: heuristic optimization; energy savings; sustainable construction; buttressed earth-
retaining walls

1. Introduction

The sustainability of infrastructure and buildings has become one of the focal points
of concern in today’s society. Sustainability is defined as ensuring development without
undermining the ability of future generations to meet their needs [1]. To reach that objective
of sustainability, construction designs must be changed to reduce their impact. The impact
of one construction should not only be defined by the amount of materials needed to
realize the final process, service, or activity, but also the energy consumption necessary
to carry out the manufacture of the products or the use of their processes. Some studies
estimate that industry’s energy consumption accounted for 29% of the total global energy
consumption in 2017 [2].

One method used to measure the amount of energy spent in the manufacture of
materials or construction processes is to estimate embodied energy (EE). There are different
methods for obtaining EE. There is still no clear consensus in the scientific community
about which is the best estimation method. Discussion about the methodologies used to
assess EE has been carried out mostly in the building construction field [3–10].
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Ramesh et al. [11] state that EE is the energy associated with each material that makes
up an object. Thus, EE is determined as the amount of the energy used over the lifecycle
of a service or product. Furthermore, for the total EE calculation, Fay et al. [12] consider
the energy needed to support the process under study plus the indirect EE involved in
that process.

ISO 14040:2006 [13] defines the phases of the lifecycle assessment and proposes another
definition for EE. That definition is complicated to use because of omissions and errors
contained in that definition.

The existence of different methods for defining EE stems from a difference between
results obtained for the same evaluation of a service, object, or process. This divergence
depends on the definition that the researcher uses for EE [3–7,11].

The greatest efforts to decrease energy consumption have been made in the area of
building construction. Studies have largely focused on the use and maintenance phase of
buildings, and their outcomes have been widely accepted by technicians in this field [14].
However, many authors state that in the construction sector, the highest energy consump-
tion is produced at the manufacturing stage [11]. The energy consumption at this stage is
produced by the raw material extraction for the processing and the transport of those mate-
rials to the workplace. The impact of the materials needed to carry out one construction can
be managed using the Lifecycle Assessment (LCA) methodology defined by ISO 14040 [13]
as in the study of Zastrow et al. [15]. Other authors have focused their research on the
study of energy consumption: for example, considering the potential of design codes for
lifecycle energy optimization [16] or evaluating the effects of embodied energy reduction
measures [17].

These studies have caused researchers to look for automated procedures [18] that al-
low the attainment of good sustainable solutions, taking advantage of advanced computer
tools [19–21]. For this purpose, researchers have used algorithms to look for economic
or sustainable solutions. These algorithms could be heuristic or metaheuristic given the
complexity of the structural problems that have been raised. These optimization proce-
dures have been applied to structures like concrete frames and buildings with seismic
performance [22,23], composite pedestrian bridges [24], or reinforced concrete columns [25],
among others. According to the optimization criteria, the studies have focused on opti-
mization of different objectives such as cost [26–28], CO2 emissions [22,24], or embodied
energy [29]. EE optimization has been applied to concrete structures [25,30,31], pre-stressed
concrete bridges [32], and tall buildings [33], among other structures; although there are
some studies on EE optimization, more research is required in earth-retaining walls.

It can be seen that a great deal of work has been done in the area of wall optimiza-
tion [34–40] due to the importance of these structures for civil engineers. However, there
is a lack of knowledge in the area of earth-retaining wall optimization with an EE opti-
mization objective. Because of this, this study focuses on work in EE reduction using a
metaheuristic optimization procedure, which considers the embodied energy as the sum
of the energy consumed during the lifecycle of a service or product using a cradle-to-gate
analysis. The EE considered for analysis is consumed EE because raw material is extracted
until the wall is constructed. It is not necessary to carry out maintenance on these types
of structures.

In this paper, the study focuses on looking for an automated optimization process to
obtain a sustainable design of buttressed walls considering an EE optimization strategy.
To reach this goal, a hybrid simulated annealing algorithm with a mutation operator was
applied. Furthermore, the results of this study were contrasted with the cost optimization
to obtain the relations between the two objective functions. In addition, the results of
both energy and cost optimization procedures were compared to Calavera’s buttressed
earth-retaining wall design recommendations [41]. This study gives technicians involved
in civil engineering and wall construction rules to obtain optimum sustainable EE designs
for buttressed earth-retaining walls.
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2. Proposed Optimization Problem

The problem in this study is to optimize two single objectives: the economic cost (C)
and the embodied energy (E), considering material production, formwork, earth-fill, and
excavation. Equations (1) and (2) allow us to evaluate the total cost and embodied energy
of the construction. The unit price pi and energy ei, which are the price and the energy
linked with each construction unit (r), are multiplied by the unit’s measurements (mi)
resulting from the optimization procedure. These equations must be minimized to satisfy
the constraints problem by Equation (3). The embodied energy data take into account a
cradle-to-gate analysis. This means that the energies consumed for every process consider
the activities of extracting the raw materials, processing, manufacturing, and the transport
of the materials to the construction site. Moreover, the cost takes into account the materials
(concrete, reinforcing steel, and formwork) and other activities and elements required to
evaluate the total cost of the construction. Data of prices and energy consumption in Table 1
have been collected by the BEDEC database of the Institute of Construction Technology
of Catalonia [42]. Table 1 includes all prices and embodied energy for every construction
unit. It is assumed that to produce reinforcing steel, the ratio of recycled scrap steel is
approximately 40% and the manufacturing process is carried out by an electric arc furnace.

C
(→

x
)
= ∑r

i=1 pi·mi

(→
x
)

, (1)

E
(→

x
)
= ∑r

i=1 ei·mi

(→
x
)

, (2)

G
(→

x
)
≤ 0, (3)

Table 1. Prices and embodied energy values of the construction units [42].

Unit Energy (kW·h) Cost (€)

Earth movement
m3 of backfill 78.32 14.12

m3 of backfill over the toe 76.52 12.52
m3 of earth excavation 44.65 10.56

Foundation
kg of steel B400 10.39 1.11
kg of steel B500 10.39 1.13

m3 of concrete C25/30 413.28 90.74
m3 of concrete C30/37 439.51 99.44
m3 of concrete C35/45 457.05 119.48
m3 of concrete C40/50 477.98 122.5
m3 of concrete C45/55 484.49 125.45
m3 of concrete C50/60 492 127.93
m2 of cleaning concrete 24.8 9.28

m2 of formwork 6.56 23.83
Stem

kg of steel B400 10.4 1.29
kg of steel B500 10.4 1.31

m3 of concrete C25/30 427.78 101.99
m3 of concrete C30/37 454.01 110.69
m3 of concrete C35/45 480.32 130.73
m3 of concrete C40/50 511.72 133.84
m3 of concrete C45/55 524.48 136.91
m3 of concrete C50/60 535.74 140.98

m2 of formwork 86.57 53.26

This study has developed a method to produce optimal structural solutions for but-
tressed earth-retaining walls for cost and energy requirements. The variables of the problem
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are discrete to adjust the procedure to reality, and vector x contains the design variables
that describe the geometry of the wall and the reinforcing steel and concrete grade.

2.1. Design Variables and Parameters

The design variables and parameters must be defined to describe the constructive
solution, which are the variable and fixed data, respectively. Table 2 shows the 20 variables
that define the buttressed wall design. Table 3 indicates the descriptions of the parameters
and their values. Furthermore, Figures 1 and 2 show the geometric variables represented
in an outline and Figure 3 shows the reinforcement variables. The fill considered [43]
corresponds to granular soils with more than 12% of fines (GM, GC, SM, SC, in accordance
with the Unified Soil Classification System) and fine soils with more than 25% of coarse
fraction soils (45 mm or less). The soil is characterized by 30◦ of an internal friction angle
and a density (γ) of 20 kN/m3. The foundation soil maximum bearing capacity considered
was 0.3 MPa [43].

Table 2. Discrete design variables description.

Variable Unit Description Step Size Lower Bound Upper Bound

ft cm Footing thickness 1 H/14 H/6
st cm Stem thickness 1 25 224
tl cm Toe length 1 20 819
hl cm Heel length 1 20 2019
bt cm Buttress thickness 2.5 25 172.5
bd cm Distance between buttresses 5 320 800
fck MPa Concrete compressive strength 5 25 50
fyk MPa Steel yield strength 100 400 500

R1 to R10 (n) Reinforcement number of bars 1 2 17
R11 to R12 (n) Reinforcement number of bars 1 4 10
R1 to R12 (Ø) mm Reinforcement diameter 6, 8, 10, 12, 16, 20, 25, 32

Table 3. Parameters of the buttressed wall.

Parameter Value

Maximum bearing capacity σadm 0.3 MPa
Fill slope β 0◦

Foundation depth h 2 m
Uniform load on top of the fill q 10 kN/m2

Wall-fill friction angle δ 0◦

Base friction coefficient µ tg 30◦

Safety coefficient against sliding γfs 1.5
Safety coefficient against overturning γto 1.8

Load safety coefficient γG 1.35
Concrete safety coefficient γc 1.5

Steel safety coefficient γs 1.15
External ambient exposure IIa
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Usually, the amount of steel increases with the wall height and decreases with the
increase in bearing capacity and cohesion of the ground. Taking all design variables and
combining them, a solution space is created. These variables are linked to the geometry of
the wall, the reinforcement amount, and the concrete and steel grades. Variables are the
same as in the study of Molina-Moreno et al. [44]. On the one hand, the variables related to
the geometry of the wall are (Figures 1 and 2): footing thickness (ft), stem thickness (st),



Appl. Sci. 2021, 11, 1800 6 of 16

toe (tl) and heel (hl) lengths, buttress thickness (bt), distance between them (bd), angle of
buttresses (α), fill slope (β), and foundation depth (h). On the other hand, the variables
related to the reinforcement position and amount are R1 to R12 (Figure 3).

Variables R1 to R4 are related to the flexural bending of the stem, R1 to R3 resist the
main bending moment, while R4 acts as a bending reinforcement at the bottom of the stem.
The reinforcement related to the resistance of the thermal effects and shrinkage are the
longitudinal bars represented by R5. The buttress needs a longitudinal reinforcement that
materializes with the R6 reinforcement. R7 and R8 represent the reinforcement area of the
bottom of the buttress. R9 and R11 are the bottom and upper footing reinforcement bars
and R12 is the shear reinforcement one. R10 is the reinforcement that resists the longitudinal
effects on the footing.

2.2. Structural Analysis

The placement of buttresses, usually at the back of the wall, means that the slab can
be modelled as a continuous slab on supports. The placement of the buttresses on the
inner part allows the rigidity of the joining system against flexural bending stresses to
be the necessary one. In this way, the upper part works as a T-shaped section. The wall
works as a section with a variable edge in a bracket where the edge is maximum in the
area where the stem joins the foundation. The structure becomes hyperstatic because of
the constraints suffered by both the stem and the foundation due to the existence of the
buttresses. The buttress was calculated in the same way as a cantilevered T-beam and the
sections were checked at different depths. Horizontal deflection is similar to a continuous
slab supported on pillars because of the reduced dimensions of the cross-section of the
stem of the buttresses. In the structural analysis, the buttress was considered to work as
the web of a T-beam with a depth that varied in relation to the depth of the wall.

The structural checks carried out were those indicated in the Spanish regulations
and recommendations [45,46]. The ultimate limit states of shear and bending and the
serviceability limit state of cracking were verified. The hyperstatic structure testing method
used was that by Huntington [47]. All limit states were calculated taking into account a
uniform overload on the slope surface [41]. The wall earth pressures were calculated from
the characteristics of the backfill and the surface loads. The forces used for the calculation
of the stem were: horizontal ground thrust, elevation weight, heel weight, toe weight,
surface load, and passive resistance exerted by the ground on the toe. The stresses on the
buttresses were calculated according to the horizontal pressure of the ground in the stem
and the spacing between buttresses.

The effects of bending moment and shear in the stem are reduced by the effect of the
buttresses placed at a distance (db). The top of the stem works as a cantilever, while the
lower part is coerced by the embedding in the foundation at the base of the buttresses.
Equations (4) and (5) give the value of the bending moments that appear in the middle
section between buttresses:

M1 = −0.03p1db(H − f t), (4)

M2 = −0.0075p1db(H − f t), (5)

In Equations (4) and (5), p1 represents the pressure in the contact zone of the stem
with the footing, M1 is the bending moment in this zone, and M2 is the maximum bending
moment produced in the stem slab. Equation (6) shows the value of the shear resistance at
the connection of the stem to the footing if the value of the distance between buttresses is
less than half the height:

s = 0.4p1db (6)

The distribution of pressures due to flexural stresses between the different stem spans
can be considered trapezoidal [47]. The maximum value of these stresses is at the top
of the foundation. The bending moment is one of the constraints that conditions the
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cross-sections and can therefore be used to define the thickness of those sections. Vertical
bending moment is neglected in Huntington’s calculation method [47].

For the bending check of the T-cross-sections, the effective width was obtained, as
indicated in the Model Code [48]. The expressions to evaluate the mechanical strength
of the sections were obtained from Calavera [41]. In these expressions, the restrictions
imposed by the Spanish Structural Concrete Code [46] were considered. In addition to
the resistance checks of the sections, the overturning and sliding of the wall were also
checked. On the one hand, to satisfy the overturning condition, the favorable moments
must be greater than the unfavorable ones, considering an overturning safety factor of
1.8 for frequent events. On the other hand, the sliding verification consists of a comparison
between the frictional force produced by the weight of the wall elements and the earth on
the toe and heel added to the passive resistance generated by the terrain in the toe area
compared with the horizontal reaction produced by the terrain at the back of the wall.

All checks were performed per linear meter of wall. The section strength checks
carried out were bending and shear. In addition, the verification module itself checked the
compliance of minimum reinforcement amount in accordance with the recommendations
of Calavera [41] and, finally, checked that the reaction in the ground was less than two
times greater than the bearing capacity.

2.3. Optimization Algorithm

The optimization algorithm applied in this work was a hybrid simulated annealing
(SA) algorithm. The algorithm was selected from the study by Yepes et al. [49] and
modified using a mutation operator (SAMO2). This algorithm allows a combination of
the advantages of the diversity of genetic algorithms with the good convergence of SA.
The SA algorithm, proposed by Kirkpatrick et al. [50], simulates the formation of crystals
to reach optimum solutions. The parameter that controls the probability of acceptance of
higher cost or EE solutions is the temperature (T). This parameter starts with an initial
value T0 and, as the algorithm generates solutions, the temperature decreases, allowing
less acceptance of higher cost or EE solutions. The initial value of the temperature is
determined by the procedure proposed by Medina [51]. The probability of acceptance, Pa,
depends on the temperature and the increment between the new and old solution, ∆E.
This function (Equation (7)) proposed by Glauber [52] can reject better solutions. On the
other hand, the promotion of diversity is introduced in this algorithm by the generation
of new solutions through a mutation operator. Holland [53] studied the search for good
solutions by introducing the concepts of selection, crossover, and mutation in a mutation
operator. Soke and Bingul [54] combined the two algorithms effectively. Figure 4 illustrates
a flowchart of the SAMO2 process.

Pa =
1

1 + e
∆E
T

(7)

The parameters used in this study in relation to cost optimization were the follow-
ing: length of Markov chains of 25,000, cooling coefficient of 0.90, simultaneous variable
changes per movement of 5%, and number of unimproved Markov chains of 1. The algo-
rithm stopped when the temperature was lower than 5% of the initial temperature. For
energy optimization, the parameters used were length of Markov chains of 25,000, cooling
coefficient of 0.95, simultaneous variable changes per movement of 3%, and number of
unimproved Markov chains of 1. To obtain the value of these parameters, a tuning was
carried out. The parameters were obtained by a tuning process to obtain those which gave
good results for all calculated wall heights, reducing deviation of the results in terms of
energy consumption up to 2.26% for a 12 m wall height.



Appl. Sci. 2021, 11, 1800 8 of 16Appl. Sci. 2021, 11, x FOR PEER REVIEW 8 of 17 
 

 
Figure 4. Optimization process flowchart. 

The algorithm was programmed in MATLAB® and run using Intel® CoreTM i7-3820 
CPU with 3.60 GHz. The computing time needed to run the algorithm and to obtain one 
solution was five minutes. In this study, we calculated nine walls for each height and ob-
jective function considered [43]. 

3. Results of the Parametric Study 
In this parametric study, we have considered one linear meter of wall as a unitary 

reference value. Because of this, we have considered the variation of the main parameters 
in relation to the wall height for this unitary reference value. This study was performed 
for wall heights between 6 and 15 m with an increment of 1 m between them. The limits 
set for wall heights were set in accordance with those used in the article by Molina-
Moreno et al. [44], reducing the values of heights to those whose results converged for the 
algorithm used for the optimization. The results between the energy and cost optimization 
were compared for different variables. Furthermore, we analyzed the influence of the con-
crete and reinforcing steel amounts for the two different objective functions. All the values 
gathered on the figures are the average values of the nine iterations carried out for each 
point. 

Figure 5 shows the trend of the values of cost, comparing energy and cost optimizations. 
As expected, energy optimization shows higher cost values compared with cost optimization. 
The embodied energy optimization objective function gives the values of cost adjusted to a 
parabolic curve, C = 36.644 H2 − 299 H + 1834.1, with a correlation coefficient of R² = 0.9998. In 
the same way, the embodied energy values obtained by embodied energy optimization adjust 
to E = 176.15 H2 − 1845.9 H + 8916.5, with a correlation coefficient of R² = 0.9992, as shown in 
Figure 6. The increase in the cost and the emissions related to the increase in the wall 
height are not linear and increase faster as the height grows. 

Figure 4. Optimization process flowchart.

The algorithm was programmed in MATLAB® and run using Intel® CoreTM i7-3820
CPU with 3.60 GHz. The computing time needed to run the algorithm and to obtain one
solution was five minutes. In this study, we calculated nine walls for each height and
objective function considered [43].

3. Results of the Parametric Study

In this parametric study, we have considered one linear meter of wall as a unitary
reference value. Because of this, we have considered the variation of the main parameters
in relation to the wall height for this unitary reference value. This study was performed
for wall heights between 6 and 15 m with an increment of 1 m between them. The limits
set for wall heights were set in accordance with those used in the article by Molina-
Moreno et al. [44], reducing the values of heights to those whose results converged for the
algorithm used for the optimization. The results between the energy and cost optimization
were compared for different variables. Furthermore, we analyzed the influence of the
concrete and reinforcing steel amounts for the two different objective functions. All the
values gathered on the figures are the average values of the nine iterations carried out for
each point.

Figure 5 shows the trend of the values of cost, comparing energy and cost optimiza-
tions. As expected, energy optimization shows higher cost values compared with cost
optimization. The embodied energy optimization objective function gives the values of cost
adjusted to a parabolic curve, C = 36.644 H2 − 299 H + 1834.1, with a correlation coefficient
of R2 = 0.9998. In the same way, the embodied energy values obtained by embodied energy
optimization adjust to E = 176.15 H2 − 1845.9 H + 8916.5, with a correlation coefficient of
R2 = 0.9992, as shown in Figure 6. The increase in the cost and the emissions related to the
increase in the wall height are not linear and increase faster as the height grows.
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As we can see in Figure 7, the trend of cost and energy are both linear if we compare
energy with cost obtained for each optimization, this conducts us to the conclusion that
both optimization objectives are linked. If we look at the slope of the cost optimization line,
its value corresponds to 4.54, this means that a cost reduction of €1 produces a saving of
4.54 kWh of EE.

Figure 8 displays the embodied energy associated with the amount of steel and
concrete obtained by the embodied optimization process. As shown, the energy wasted
by concrete is lower than steel from 6 to 9.5 m; from this height, the energy consumed by
the concrete exceeds steel. This is due to the fact that concrete is capable of resisting the
stresses up to a certain height of the wall, and after that point, it is necessary to largely
increase the amount of steel to support the stresses. This energy consumption change is
produced at the same time in the stem and foundation. The amount of concrete is always
greater in the stem than in the foundation; however, if we focus on steel consumption, a
change around 13.5 m of wall height can be observed, where the steel in the stem starts to
be greater than the steel in the foundation.
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It is important to obtain pre-dimensioning rules to obtain the reinforcement by each
cubic meter of concrete and the volume of concrete used to build one meter of wall. In
Figures 9 and 10, this data is shown for stem and footing due to the dependence of the
results from the foundation on the characteristics of the terrain. As shown in Figure 9, the
trend of the reinforcement ratio is parabolic to cost and embodied energy optimizations:
the embodied energy optimization adjusts to Rs = −0.1853 H2 + 6.5067 H − 4.755, with a
R2 = 0.9781 for the stem, and Rf = −0.3959 H2 + 13.978 H − 52.406, with a R2 = 0.9403 for
the footing. The expression used to obtain the global reinforcement ratio for 1 m of wall
is parabolic and adjusted to R = −0.2165 H2 + 8.502 H − 19.618, with a R2 = 0.9818. All
adjustments have a good correlation coefficient, assuring a good prediction of the amount
of reinforcing steel per cubic meter of concrete. In addition, the volume of concrete is
shown in Figure 10: the trend of adjustment is parabolic, as in the case for reinforcing
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steel, with the expression of concrete volume for the embodied energy optimization being
Vcs = 0.0433 H2 − 0.3137 H + 2.2213, with a R2 = 0.9984 for the stem, and Vcf = 0.0881 H2 −
1.294 H + 5.8902, with a R2 = 0.9969 for the footing. The expression of the global volume of
concrete adjusts to Vc = 0.1313 H2 − 1.6074 H + 8.11, with a R2 = 0.9989. You can observe
that the embodied energy optimization gives a higher value of concrete volume than the
cost optimization in contrast with the reinforcing steel amount, where the embodied energy
gives a lower amount. Both optimizations have resulted in a concrete compressive strength
of 25 MPa (C25/30) and B500 steel grade for all cases studied. This is because the cost
and energy consumed increase as the resistance of the concrete increases and, therefore,
varying the geometry and modifying the quantities of materials gives better results than
varying the characteristic resistance of the concrete.
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Once the cost, energy, and the amount of materials were obtained, the geometrical
variables obtained by the optimization procedures were studied to analyze the variations
between cost and energy results. The largest differences between the geometrical variables
were produced in the stem thickness (st) and in the buttress distance (bd), while the dif-
ference between the foundation geometry obtained by the two optimization objectives
is negligible, giving both optimization objectives the same values. Figure 11 shows the
values obtained at the stem thickness (st). It can be observed that, from 6 to 11 m, the
stem thickness obtained is 0.25 m for the two optimizations, but from 11 m of wall height
upwards, the embodied energy optimization takes on a parabolic trend equal to st = 0.0028
H2 − 0.0607 H + 0.5809, with a R2 = 0.9533. The cost optimization shows higher values of
stem thickness from 9 m upwards compared with the embodied energy expression. The
values obtained from the optimization take the lower limit imposed by the constructive
facility of these types of structures; from this point, a greater thickness of wall is needed
to resist the efforts. Figure 12 displays the results for the buttress distance, showing that
the embodied energy optimization takes lower values for the buttress distances. A shorter
distance allows a reduction in the flexural moments and, as a consequence, the need for
reinforcing steel at the expense of increasing the concrete amount. This result shows how
embodied energy optimization allows us to reduce the amount of reinforcing steel to reach
a lower amount of total embodied energy. The expression of the linear trend obtained
is bd = 0.0567 H + 2.4546, with a R2 = 0.4435. Furthermore, the results obtained by this
optimization have been compared with the Calavera recommendations [41] in Figure 13;
as can be seen, the cost optimization is inside the area defined by the geometrical limits
defined as the buttresses distance by Calavera (H/3 to H/2), while the energy optimization
is only inside from 6 to 10 m.

From a 10 m wall height, energy optimization takes lower values from the distance
between buttresses. In addition, the comparison between the footing thickness obtained
by this optimization procedure and the values provided by Calavera [41] were compared.
Both the optimization with an energy objective and a cost objective give values of H/20,
while the limits imposed by Calavera are between H/12 and H/10, as shown in Figure 13.
These footing thickness results are similar to those obtained by Molina-Moreno et al. [44],
who also obtained values lower than those in the recommendations by Calavera.
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Finally, the footing geometrical variables are displayed. The difference between the
cost and embodied energy optimization is almost indiscernible. The toe length (tl) remains
constant at 7 m and then it has a linear trend equal to tl = 0.2114 H − 1.3387, with a good
correlation coefficient of R2 = 0.9935. Something similar occurs to the heel length (hl), which
remains constant at 9 m of wall height and from this point onwards, adjusts to a linear
expression equal to hl = 0.67 H − 4.2098, with a R2 = 0.9798. The results of the analysis
show that the main difference between the cost and the embodied energy optimizations is
produced in the geometry of the stem and buttresses, which generate a difference in the
amount and distribution of materials.

4. Conclusions

In this paper, cost and embodied energy optimizations were applied to a buttressed
wall. The results of the two optimizations were compared to determine the differences
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between cost and energy optimum designs. The optimization algorithm used in this study
was a hybrid simulated annealing with a mutation operator.

The EE optimization shows, as expected, a lower EE amount at the expense of a small
increase in cost. In light of this, it can be said that there is a clear relation between the
two-optimization objectives. If EE is considered as an objective function, a slightly higher
cost will be obtained for each of the wall heights, but it will always be linked to a cost
reduction due to the connection between the two optimization objectives. A cost reduction
of €1 produces a saving of 4.54 kWh of EE. Focusing the study on material amounts, it
was observed that EE optimization gives lower amounts of reinforcing steel and greater
amounts of concrete from 6 to 9.5 m. This variation of material amounts compared with
cost optimization is produced because of the reduction of the stem thickness and the
buttress distance, which allows a reduction in the flexural moments in the stem for EE
optimization. If the comparison is focused on buttress distance, it can be noted that the
values obtained by the cost optimization are inside the area defined by the geometrical
limits imposed on the buttress distance by Calavera (H/3 to H/2). The energy optimization
is only inside the limits from 6 to 10 m and, from 10 m on, lower values are obtained. The
geometrical variables of the footing are roughly equal for both cost and energy optimum
design, with differences so slight that they can be disregarded. If the design obtained by
the optimization procedure is compared with the recommendations published by Calavera,
it can be observed that the values of footing thickness are lower than those imposed by
the author. The values obtained for the footing thickness are H/20, while the design limits
proposed by Calavera are H/12 and H/10.

This paper not only showed a comparison between two optimization criteria, but also
provided rules of pre-dimensioning for engineers and other technicians working in civil
engineering. The study allows engineering to attain embodied energy optimum designs by
applying the expressions obtained from the results of the optimization. This paper helps to
establish a good design for an earth-retaining buttressed wall and opens the door to other
researchers who will develop automated designs to reduce the impact of these structures.
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