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Abstract

As the trend of retaining wall construction in Egypt continues to grow, it becomes necessary to find ways to reduce their
construction costs. There are various types of retaining walls such as cantilever, counterfort, buttressed, and tied back walls.
All these types have two elements in common; namely, the stem and the base. The cost of a retaining wall depends primarily
on its material, and secondarily on excavation and backfill works. In this study, a new model is implemented in MATLAB to
create the optimal design of the cantilever retaining wall elements. The design model is coupled with the shuffled complex
evolution algorithm, developed at the University of Arizona (SCE-UA). This developed framework is applied to an existing
model previously used by other researchers to demonstrate its efficiency and obtain the best economical solution. The results
proved that using the SCE-UA method provides superior outcomes compared to those of other algorithms.
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Introduction

In irrigation canals, there are several constructions such
as barrages, culverts, syphons, and aqueducts. It is highly
required to build upstream and downstream wing walls for
all of these constructions to reduce water head loss. Moreo-
ver, an abutment is needed to carry the bridge constructed
on a water stream. Abutments are kind of retaining walls
designed and constructed to resist the lateral pressure of soil
and transfer the bridge reaction to the base (Shenouda et al.,
2018). Besides, similar to retaining walls, the wing walls are
usually designed structurally (Bowles, 1988). Therefore, the
most important problem to solve is the minimization of the
cost of the retaining wall structures.

There are four types of retaining walls: (i) gravity walls,
which rely on the mass of the structure to resist overturning
(Younan, 1986). These walls are characterized by their great
practicality of production (Giinday, 2021). (ii) cantilever
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walls, rely on the bending strength of the cantilevered slab
above the base (Younan, 1986). Such walls are commonly
used to support soil, coal, ore piles, and water (Ghazavi &
Bonab, 2011). Generally, cantilever walls are constructed of
reinforced concrete for heights up to about 7-10 m. Above
these heights, counterfort walls are typically more economi-
cal (Hazra & Patra, 2008). Additionally, buttressed walls
economize their design (Garcia et al., 2020). (iii) counterfort
walls, are restrained from overturning by the force exerted
by the mass of earth behind the wall (Younan, 1986). (iv)
buttressed walls, transmit their thrust to the soil throw but-
tresses projection from the front of the wall (Younan, 1986).
This type can not be used as a wing wall because it will
impede the flow of water and cause an increase in water head
loss. Therefore, retaining walls may be designed by using
gravity, cantilevered, buttressed, and cellular types (Wei &
Zhou, 2004).

In general, for the design of any type of retaining wall, an
engineer must know the basic parameter of the unit weight,
angle of friction, and cohesion of the soil retained behind
the wall and the soil below the base slab (Das & Sivaku-
gan, 2018). Knowing the properties of the soil behind the
wall enables the engineer to determine the lateral pressure
distribution that has to be designed for (Das & Sivakugan,
2018). Consequently, an engineer must assume some of
their dimensions. Such assumptions, proportioning, allow
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the engineer to check trial sections of the walls for stability.
If the stability checks yield undesirable results, the sections
can be changed and rechecked (Das & Sivakugan, 2018).
There are two phases in the design of a conventional retain-
ing wall. In the first phase, with the known lateral earth pres-
sure, the structure as a whole is checked for stability. Then,
it is examined for possible overturning, sliding, and bearing
capacity failures. In the second phase, each component of
the structure is checked for strength, and the steel reinforce-
ment of each component is determined (Das & Sivakugan,
2018). Naturally, this takes much time and effort. Therefore,
the algorithms are used to address this issue and come to the
optimal solution in terms of cost and design.

Due to the importance of wing walls and their impact on
their surroundings, Saribas and Erbatur (1996) presented a
detailed study, a prepared computer program (RETOPT),
on the optimum design of reinforced concrete cantilever
retaining walls using the cost and weight of walls as
objective functions. However, the increment value was too
small and as a result the variables contain decimals up to
thousandths which is not applicable in any site. Later, an
application of a simulated annealing (SA) algorithm was
proposed for the minimum cost design of reinforced concrete
retaining structures where the optimum walls showed a good
parabolic correlation (Ceranic et al., 2001) and (Yepes et al.,
2008). Another methodology was presented to find the
optimal design of concrete retaining wall using Ant Colony
Optimization (ACO) algorithm (Ghazavi & Bonab, 2011)
where they neglected the cost of secondary steel. Thus, an
attempt was undertaken using three heuristic optimization
algorithms for automatic design and cost minimization of
reinforced cantilever retaining walls (Pei & Xia, 2012).
However, the inclined backfill surface should be considered.
The seismic response of the retaining walls was investigated
using the well-known Mononobe-Okabe analysis method
to define the dynamic lateral earth pressure (Kaveh et al.,
2013).

It is observed that the charged system search (CSS)
method is quite robust and efficient for optimal design
of cantilever retaining wall (Kaveh & Behnam, 2013).
Contrary to expectation, the increase of the vertical
component of the earthquake had a reverse effect on the
design of the retaining walls (Kaveh & Khayatazad, 2014).
Sheikholeslami et al. (2014) developed a novel optimization
method; namely, a hybrid firefly algorithm with a harmony
search technique (IFA-HS), to obtain the optimal cost
of the reinforced concrete retaining walls satisfying the
stability criteria. Besides, the optimal design of retaining
walls was achieved by utilizing improved harmony search
(HIS), colliding bodies optimization (CBO), and democratic
PSO (DPSO) under static and dynamic loading conditions
(Kaveh & Soleimani, 2015). Temiir et al. (2018) compared
between teaching learning based optimization (TLBO),
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biogeography-based optimization algorithm (BBO), and
grey wolf optimizer (GWO) to optimize the cantilever
retaining walls. According to the results, the best method for
minimizing the objective function is TLBO. Moreover, the
particle swarm optimization PSO algorithm was successful
in finding the optimum solutions rapidly and consistently
in all design cases (Moayyeri et al., 2019). Kalemci et al.
(2020) showed that the gray walf optimization (GWO)
algorithm is a competitive optimization method for an RC
cantilever retaining wall with the shear key design. Another
algorithm called Plasma Generation Optimization (PGO),
indicated the superiority of the PGO algorithm for the
optimal design of reinforced concrete cantilever retaining
wall structures (Kaveh et al., 2021). According to the
numerical investigations, recent algorithms such as TLBO,
FPA, and JA are generally the best at finding the optimum
values with the least deviation (Yiicel et al., 2021).

Cantilever type retaining walls, which retain earth by a
wall cantilevering up from a footing, are the most common
type of retaining walls in use today. They are classified as
“yielding” due to their ability to rotate freely (about the
foundation) as a result of the lack of any lateral restraint.
Cantilevered retaining walls are generally made of masonry
or concrete, or both (Brooks & Nielsen, 2010).

The previous studies have shown the importance of an
accurate design of cantilever retaining walls (CRW). The
present study describes a methodology for the optimal
design of CRW, where the design model is coupled with a
shuffled complex evolution algorithm, which has never been
used in the field of structural design of CRW.

Materials and methods
Optimization simulation technique

The simulation—optimization technique is developed to
obtain the nearest optimum design of CRW. The cost of
CRW is estimated based on 8 variables using the simulation
model. The SCE-UA is used to optimize the 8 parameters
for the minimum cost. Both the simulation and SCE-UA are
integrated into one framework as illustrated in Fig. 1.

Cantilever retaining walls design model

The main elements of a cantilever retaining wall are the
base, i.e., toe and heel, and the stem. The stem of the
retaining wall must be capable of withstanding the earth
pressure applied to it. The active earth pressure coefficient
is calculated using Rankine’s earth-pressure theory for
a vertical back face of wall and can be calculated using
Eq. (1). The base of the retaining wall, i.e. the toe and
the heel, must be capable of supporting both weight of
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the stem and the force resulting from the earth pressure bT
acting upon it without (i) overturning or soil failure, (ii) o] B

sliding of the whole construction, (iii) undue settlement
(Younan, 1986).

K = cosp cosf — \/cos2p — cosZg X AS.(-,,H
‘ cospf + 4/cos2f — cos?¢ M \

Consider the retaining shown in Fig. 2 with the height \ ¢)
of h,,,, top width of the stem,b;, bottom width of the
stem, b,,,,,, the thickness of base, £, main reinforcement h Y
of stem,A,,;, secondary reinforcement of stem, A’ ., wall

top reinforcement of the base,A ,, bottom reinforcement
of the base,A g, shrinkage steel area,A's, the height of soil
in front of the wall,D, the inclined angle of the soil,f, the A
angle of repose of the soil,¢, the specific weight of soil,y, sT
the cohesion, the angle of repose and the specific weight
of soil underneath the base,c, d)/ andy/, respectively.

Description of the structural design
for cantilever retaining walls elements

stem

th_w‘I- b bhe’T-l
J

- b -
Description of the stem design technique d)
For designing the stem, its top width, bottom width, »Y
and main area steel should be determined. The stem is ,
subjected to lateral loads only. The lateral load comes from C

earth pressure and can be calculated using Eq. (2).
Fig.2 Retaining wall cross section
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Pastem = Z PfCOSﬂ (2) Mslem = Pf ny X COSﬂ (5)
f=1 f=1

where Py is the horizontal earth Force (kN), f is the lateral
: . . M

load number, and P,,,, is the horizontal component of the A . = - stem (6)

active earth pressure acting on the stem (kN), P, should JXfs X (bsiem — 0.07)

be less than both of the allowable shear force, V,, Eq. (3)

and the allowable shear friction V,, (Eq. 4); Shear friction _ 14

. " . Asminw =—_—X bstem @)

is governed by ACI 318- Art. 11-7-5 with a 55 percent Iy

reduction for using the alternative design method use o .

¢ = 0.85in Eq. 4 (ACI Committee 318, 1992) and (Bowles, ~ Where M, unit is kNm, j = 0.880, f = 170, 000kPa and

1988).
A 3)
Vi = (B = 0.07) X 22 X 1000

V, = 0.55 X (0.2¢)f. X by,,)/1000 4)

stem

where fC’ is the compressive strength of concrete (MPa), the
unit is kN for V, and V,, and meter for b,,,,.

To determine the main steel quantity, the moment about
critical section shown in Fig. 3 (M,,,), (kNm) should be
determined using Eq. (5). Stem main steel is on the backfill
side of wall (Bowles, 1988). The main area of steel, A,
can be calculated using Eq. (6) and it should be more than
A minw EQ. (7). Since the stem face is exposed, it is required
to place temperature and shrinkage (T and S) of steel
bars perpendicularly on the main steel (Bowles, 1988),
which is neglected in the comparative model and thus not

considered.

Critical section for

stem

-

Fig.3 Details of the stem
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fy = 400MPa (Bowles, 1988).
Description of the base design technique

A retaining wall may fail in any of the following ways: (i) it
may overturn about its toe, (ii) it may slide along its-base,
(iii) it may fail due to the loss of bearing capacity of the soil
supporting the base, (iv) it may undergo deep-seated shear
failure, (v) it may go through excessive settlement (Das &
Sivakugan, 2018). This paper illustrates the method of
analyzing a retaining wall for overturning, sliding stability,
and bearing capacity failure only. The paper focuses on
water retaining structures such as abutments and wing walls,
which shall be designed to be safe against overturning about
the toe of the footing, against sliding on the base, and for
bearing capacity (Chikute & Sonar, 2019). All of these are
required to determine the base height,h,,,, width, by, top
reinforcement,A 7, and bottom reinforcement,A 5.

Check against overturning

Figure 4 shows the forces acting on a cantilever retaining wall
based on the assumption that the Rankine active pressure is
acting along a vertical plane AB drawn through the heel of
the structure. P, is the Rankine passive pressure which can be
calculated using Eq. (8).

1 / :
P, =3 XK, Xy X D*+2¢ /K, xD (8)

where K, is Rankine passive earth pressure coefficient which
can be calculated using Eq. (9) as shown in Fig. 2.

1+ sing ©)
P71 = sing
Firstly, The factor of safety against overturning, FS,,, about

point O, in Fig. 4 may be calculated using Eq. (10) and should
be more than 1.5.

FS,, = — (10)
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Wv b€€+bS€ﬂ’l+b0€ )
‘ o = B ¥ P ¥ o) _ (14)
X LL 2
] . Check for sliding along the base
wow, 2P, sinf o
N . For a wall to be safe against sliding, the factor of safety
i , (FSg;) must be greater than 1.5 which can be expressed by
F P. Eq. (15).
P cosp
P Fg
7 al FSg = ——"——
TL'T P, cosp y, ij:l P,; X cosp (15
s ;
‘ Y, where Fy, is the resistance force and can be calculated using
P, Eq. (16)
, 4
Y
0 > 2, S
0 Goee Fr= Y W,x tan<§ X ) +B xc +P, (16)
i=1
. b,l.;l- b\,,'l,..'_ bhﬁ where B , the effective width of floor,
- b | = (bheel + bstem + bTue - 26)
7

Fig.4 Check for overturning, assuming that the Rankine pressure is
valid

where M, is the moment results from forces tending to
overturn about point O, which can be calculated using
Eq. (11), and M}, is the moment results from forces tending
to resist overturning about point O, which can be calculated
using Eq. (12)

2
MO:ZPajxcosﬁij 11

J=1

5 2
My = Z W, x X; + ZPaf X SiNB X (bpees + bygem + bpye) + P, X Y,
i=1 j=1
(12)
where P ; is the active earth pressure acting on the wall, Y,
is the vertical length between the active earth pressure and
the lower level of the base, W; is the soil and wall weights, X;,
bpeers brpe and Y, are all illustrated in Fig. 4.

Secondly, the location of the resultant summation of verti-
cal load on the base, Zle W,, must be inside the middle third
of the base width. This is achieved when the eccentricity, e, is
less than one sixth of the base width and the value of X is more
than one third of the base width. The value of X and the eccen-
tricity can be calculated using Egs. (13) and (14), respectively.

X = (13)

Check for bearing capacity failure

The vertical pressure transmitted to the soil by the base slab
of the retaining wall should be checked against the ultimate
bearing capacity of the soil (Das & Sivakugan, 2018). The
shape of the vertical pressure transmitted by the base slab
into the soil is shown in Fig. 4. The values of ¢, and g,,,,
can be calculated using Eqs. (17) and (18).

Zi] W; < 6e )
AToe = Gmax = - x| 1+ 17
" (Bheet + Bytem + broc) (Bheet + Bytem + brac) an
5
G =g = Z,-=1 i % (1 6e
heel — 9min = -
(bheel + b.\'tem + ane) (bheel + bstem + bToe)

(18)

The value of gy, should not exceed one-third of the
ultimate capacity of the soil, g,, which can be calculated
using Eq. (19) (Meyerhof, 1963).

’ 1 o

q,=¢ Nchchi + ququFqi + Ey BNyFdeyi (19)
where:

q =effective stress at the level of the bottom of the
foundation = y' D

Fy F 4, F 4= depth factors and can be calculated using
the following equations (Hansen, 1970):

D ! . U D
F,=1 +O.4Equ =1+ 2tang (1 — sing )EFyd =1
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F, F,;, F,=Load inclination factors and can be calculated
using the following equations (Hanna & Meyerhof, 1980):
N, N,, N,= soil bearing capacity factors. N, was originally
derived by (Prandtl (1921), N, was presented by Reissner
(1924), Caquot and Kerisel (1953), and Vesi¢ (1973) gave the

relation for N, as the following equations:

To determine the top and bottom reinforcement, the
moments at critical section shown in Fig. 5 (Myp,Mpor),
(kNm) should be determined using Eqs. (23) and (24). The
bottom steel is on the toe side and the top steel is on the heel
one. The top reinforcement, A ; and bottom one, Az can be
calculated using Egs. (25) and (26), respectively. Moreover,
each of them should be more than A, » Eq. (27).

N, = tan? (45 + %)g”‘ﬂ"“" N, = (N, = 1)cot¢' N, = 2(N,, + Dtang 5
1
Mpop= Y W, Xx;+b2  Xhyo X Vre X = = froel X X
The most important check, after the previous three Tor ; i 2% T Oheet 7 Mpase YR 2 5 Treer X T
checks, is the check of shear force at the two faces of the 23)
stem as illustrated in Fig. 5, i.e. the toe face, f; = |f7,, — W,|, ) 1
M = — h, . l
(Eq_ 20) and the heel one, f2 = |Z§’=1 Wi _fheel (Eq 21). BOT fTue X XTpe bToe X Npase X Yre X ) 24)
They should be less than the allowable concrete force of the
floor, V (Eq. 22).
bpeer + Dyrem
fToe = [( <b -ieb Yj_ b ) X (qToe - Qheel)> + Gheel + QToejl X bToe/2 (20)
heel stem Toe
_ Oneet 2 b1/2 @1
fheel - bh [+ b + bT X (QToe - Qheel) + Gheel X heel/
ee stem oe
, Mrop
Ve Agq = (25)
Vc = (hbase — 007) X T x 1000 (22) J Xfx X (hbase - 007)
where . is the compressive strength of concrete (MPa), the A= Mgor 26)
unit of V.., fr... free: 1S KN and the rest of dimension param- BT jx Sy X (hyae — 0.07)
eters are in meters.
1.4
W, AsminB = f_v X hbase (27)

|

Critical section for

Critical section for

Fig.5 Check for the shear strength of concrete
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where M, unit is kNm, j = 0.880, f, = 170, 000kPa and

£, = 400MPa (Bowles, 1988).

SCE-UA algorithm

The shuffled complex evolution — University of Arizona
(SCE-UA) method is a general purpose universal
optimization evolutionary programming technique that
connects the strengths of the simplex procedure with the
concepts of controlled random search, competitive evolution,
and complex shuffling (Qingyun Duan et al., 1992).
Synthesizing these concepts creates not only an effectual
and robust but also a further responsive and adept SCE-UA
algorithm. The use of deterministic plots of the SCE-UA
algorithm allows direct utilization of response surface infor-
mation to guide the search. The durability and flexibility
are constituted apiece use of random elements. The inherent
clustering approach guides to ultimate promising zone of the
search space. In addition, the use of the systematic complex
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purpose helps to guarantee a relatively strong search that is
guided by the structure of the objective function (Qingyun
Duan et al., 1992).

The SCE-UA technique has been successfully put in
an application of conceptual rainfall-runoff models and
proved to be a cost-efficient and effective technique, which
performed consistently in all test functions and can be
construed as a guideline for most applications (QY Duan
etal., 1993). Additionally, the technique was found to surpass
other optimization algorithms due to its use of multiple
complexes rather than a single simplex, especially when the
level of parameterization is increased (Thyer et al., 1999). In
addition, the SCE algorithm is well suited to address water
supply network and infrastructures problems (AWAD
et al., 2003; Nunoo & Mrawira, 2004), (Nunoo & Mrawira,
2004). It is used in optimizing management models in the
hydrogeology field such as the configuration of groundwater
resources as well as the prevention and management of
groundwater contamination (Wu & Zhu, 2006). Moreover,
the SCE algorithm is adopted for optimizing reservoir
operations, where the results show that the SCE algorithm
is an efficient tool for optimizing complex systems (Le Ngo
et al., 2007). Through computational studies employing
well-known examples from literature, the effectiveness of
the SCE applied to the reduced multidimensional knapsack
issue is confirmed. The method worked well in locating
solutions that required little processing time and were close
to ideality (M. Daniel Valaddao Baroni & F. M. Varejao,
2016). Using SCE technique in the topic of biomass waste
pyrolysis, which shows that the optimized kinetic parameters
estimated by the SCE algorithm, is potentially promising in
evaluating the biomass waste pyrolysis (Liu et al., 2020).
Coupled SCE method with a multi-layer perceptron (MLP)
to estimate the dissolved oxygen (DO) using the data of the
Klamath River Station, Oregon, US, accomplished this task
by simpler configurations and can be satisfactorily used for
future applications (Moayedi & Mosavi, 2021). Finally,
to verify the effectiveness of the proposed SCE based
controller, several well-known algorithms have been tested
under various operating conditions. The results confirm
the superiority of the proposed SCE algorithm among the
competing algorithms (Hachana et al., 2022).

However, this algorithm has never been implemented in
the field of structural design of CRW. Hence, the current
study is considered to be the first attempt in this direction.

Objective function, constraints, variables
and SCE-UA formulation

In this study, a Cantilever Retaining Wall (CRW) model
implemented is utilized in MATLAB to design all CRW

elements. The model follows the previously mentioned
descriptions.

The objective function minimizes the total cost of the
CRW elements where

4
minimize — Costcpy = Z VE; X CE; (28)
J=1

where Cost gy is the total cost of the CRW elements ($)
with j elements, which are the stem, its main steel area,
the base, its top and bottom steel area, VE; is the volume of
the element (m?), and CE; is the cost of unit volume of the
element ($/m?). .

The constraints, tabulated with their limits in Table 1, are
listed as follows: (1) the horizontal component of the active
earth pressure acting on the stem, P, Eq. (2), should be
less than both of the allowable shear force,V,, Eq. (3) and the
allowable shear friction,V,,, Eq. (4). (2) The main area steel
of stem,A,, ;;» Eq. (6) should be more than A ., Eq. (7).
(3) The factor of safety against overturning,FS,,, Eq. (10)
should be more than 2. (4) The location of the resultant sum-

ov?

mation of vertical load on the base, Zle W;, must be inside
the middle third of the base width. (5) The factor of safety
against sliding,FSg; , Eq. (15) must be greater than 1.5. (6)
The value of g7, Eq. (17) should be less than one-third of
the ultimate capacity of the soil,g,, Eq. (19). (7) The shear
forces, fr,, — Wy, (Eq. 20) and ¥ W, — f,..; Eq. (21) as
shown in Fig. 5 should be less than the allowable concrete
force of the floor, V, Eq. (22). (8) The top and bottom rein-
forcement of the base,A,;, A, should be more than A
Eq. (27).

The penalty function is used based on the magnitude of
error in meeting the constraints. The eight variables are lim-
ited by their lower and upper limits as tabulated in Table 2.
The overall procedure is outlined above, containing the
SCE-UA algorithm and the model of the CRW. This proce-
dure is coded into MATLAB.

sminB

Table 1 Details of constraints

Item Limit Item limit

P stemKN) <V, X > %
<V, by < %

Agyai(em®) 2 Agmimo Si(kN) <V,

FS,, >1.5 FHKN) <V,

Iroe <0.333 Ag(cm”) > A,ins

;SSL >15 A gcm?) > A, s
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Table 2 Details of variables

Item Symbol lower limit upper limit
Top width of the stem by 0.25m 0.50 m
Bottom width of the stem Dyiom 0.25m 1.00 m
main reinforcement of stem Agar 6.00cm®  38.00 cm?
thickness of base Npase 0.40 m 1.00 m
width of the floor at the toe part by, 0.70 m 1.50 m
width of the floor at the heel part b, 0.70 m 2.00 m
Top reinforcement of the base A 11.00 cm?  38.00 cm?
Bottom reinforcement of the base A 11.00 cm®  38.00 cm?
Table 3 Input parameters

Item Unit Symbol  Value
The height of stem m Ry 4.50
Yield strength of reinforcing steel MPa e 400
Compressive strength of concrete MPa f. 21
Surcharge load kPa LL 30
Backfill slope degree f 15
Internal friction angle of retained soil ~ degree ¢ 36
Internal friction angle of base soil degree ¢’ 34
Unit weight of retained soil KN/m®  y 17.5
Unit weight of base soil kN/m® 18.5
Unit weight of concrete KN/m®  yee 23.5
Cohesion of base soil kPa c 100
Depth of soil in front of wall m D 0.75
Cost of steel $/kg Coroel 0.40
Cost of Concrete $/ m* C 40

concrete

Case study

The case study is a retaining wall studied by Ghazavi and
Bonab (2011). The height of stem, #,,,, is 4.50m, the top
width of the stem, b is 0.25m, the bottom width of the stem,
b 15 0.251m, the main reinforcement of stem, A,,,,; 15 59
cm?/m, the thickness of base, £, is 0.40m, the width of the
floor at the toe part,by,, is 1.143m, the width of the floor at
the heel part, b,,,, is 1.385m, the top reinforcement of the
base, A ; and the bottom reinforcement of the base, A g are
all equal to 14 cm?/m, the height of soil in front of the wall,
h‘,7 is 0.75m, the inclined angle of the soil, f is 15°, the angle
of repose of the soil,¢ is 36°, the specific weight of soil, y
is 17.50 kN/m?, and for the soil underneath the base, the
cohesion, ¢, is 100kPa, the angle of repose, cl)', is 34° and
the specific weight, 7', is 17.50 kN/m?. In order to clarify all
the information about the case study, all the data have been
placed in Table 3.
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Results and discussion

In the model, i.e., the newly developed CRW model, there
are 8 variables to be optimized (n,,, = 8). In the SCE-UA,
after several initial runs, the number of complexes is selected
to be 2. The remaining values are selected based on their
equations as follows:

The number of complex populations is
(m=2n,,+1=17) and the number of sub-complex
populations is (g = n,,, + 1 = 9).

SCE-UA is applied to minimize the objective function of
Eq. (28). The number of function evaluation is not fixed for
all generations. The number of function evaluations also cor-
responds to the best solution obtained from any generation
in CRW model. The optimal value of the objective function
through the relation between generation number,ng, and the
total cost of the CRW for every number of complexes, nc, is
shown in Fig. 6. In general, it is obviously seen that for the
smaller the nc, the more difficult it is to reach the objective
function, i.e., the minimum total cost. For more clarification,
where nc = 1, the model reaches the minimum total cost at
generation number, ng, equals to 14,118. Where nc = 2, the
model reaches it at ng = 5791, where nc = 10, the generation
number is 1880. However, where nc = 90, the model reaches
the minimum total cost at generation number equal to 1385.
Figure 7 shows that where nc = 30, 40 and 50, the model
reaches the minimum cost at ng = 6624, 3044 and 2425,
respectively. Nonetheless, ng fluctuated from 1880 to 6624
where nc =2, 10 and 20. Talking about saving time, nc = 60
showed the minimum time for reaching the minimum cost,
i.e. in 26 s. It is noteworthy that the maximum time for the
model to reach the optimal solution is 360 s where nc = 100
(Figure 8).

The number of complexes is set to 60 and the number of
generations is set to 235, bearing in mind that any increase
in the number of generations will not improve the optimum
solution. The number of function evaluation in these genera-
tions is 870,413 (Fig. 9).

The newly developed CRW model using the SCE-UA
technique is applied to the case study. Tables 4, 5, and
6 illustrate that the model nearing optimal solution are
itemized as follows:

i. The optimal top width of the stem (b;) is equal to 0.30
m and the bottom width of the stem (b,,,,) is equal
to 0.60 m (Table 5). These values are attributed to
the limited values of the horizontal component of the
active earth pressure acting on the stem,P,,,,, Eq. (2),
the allowable shear force,V,, Eq. (3) (Table 4), and
the allowable shear frictionV,, Eq. (4) (Table 4). In
comparison to (Ghazavi and Bonab (2011) study, the
value of the top width of the stem (b;) in the present



Asian Journal of Civil Engineering (2024) 25:4027-4039

4035
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Fig.7 The relation between number of complexes and generation
number

ii.

study is slightly bigger than this value for (Ghazavi
and Bonab (2011); In contrast, the value of bottom
width of the stem (b,,,,) is equal to about two and
a half times the this value for (Ghazavi and Bonab
(2011).

The main wall reinforcement, A, is equal to 21.75
cm? Eq. (6) (Table 5). This value is more than A
Eq. (7) (Table 4). This value is much less than (Ghaz-
avi and Bonab (2011) value, the main wall reinforce-
ment in the present study is much less, as it is equal
to 36% of (Ghazavi and Bonab (2011) value. This is
the main reason for the cost difference between them
(Table 6).

600 800 1000 1200 1400 1600
Generation Number
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100 { }
90 ( J
80 { J
g 70 o
%;L 60 @
g 50 { J
g 0 { J
30 ( J
20 (
10 L }
0 LX)
0 50 100 150 200 250 300 350 400
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Fig.8 The relation between number of complexes and time

iii.

The optimal values of by, and b,,,,, are 0.70m for each.
They are less than those in (Ghazavi and Bonab (2011)
model (Table 5). The selection of dimension affecting
the value and location of the resultant summation of
vertical load on the base which, in turn, affects each
of the following: (1) the factor of safety against
overturning Eqgs. (10), (2) the factor of safety against
sliding Eq. (15). They are equal to 1.7278 and 6.8792,
respectively. They achieved values above 1.5 each as
required, (Table 4), (3) the relative between g,
Eq. (17) and ¢, Eq. (19) equals to 0.0316, achieving
values less than one-third as required (Table 4), (4)
shear force at the two faces of the stem Fig. 5
(Table 4), i.e. the toe face, f; = |fz,, — W4/, Eq. (20)
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Fig.9 The relation between number of complexes and total popula-

tion

and the heel one, f, = |Zi3:1 W, = froer| EQ. (21) are

equal to 3.5749kN and 2.0846kN, respectively,
achieving the values less than the allowable concrete
force of the floor, V, Eq. (22) (Table 4). The large
conflict in designing the CRW is the total weight com-
ing from the super structure (21‘5=1 W,), that leads to
(1) increasing the resistance force, Fj, Eq. (16), which
raises the factor of safety against overturning, F'S,, and
sliding, F'Sq; , Egs. (10, 12, and 15), and (2) increases
the pressure transmitted by the base slab into the soil,
G710 and gq;,,,; (Eqs. (17) and (18), which must be less
than one third of the ultimate bearing capacity of the
soil,g, Eq. (19).

Table 4 Output set of constraints

Item Value of the item Limits of constraints
P omkN) 9.2914 < (V, = 22.5150kN)
< (V, = 120.1328kN)
Agan(em?) 21.7564 > Ay = 21.00cm?)
FS,, 1.7278 > 15
X 0.4915 >4
by ~3
< =
-2
£ 0.0085 <!
by =6
FSg, 6.8792 >15
e 0.0316 <0333
Gu
F(KN) 3.5749 < (V, = 14.0323kN)
FH(KN) 2.0846 < (V, = 14.0323kN)
Ag(cm?) 17.90 > Aginp = 14.00cm?
A glcm?) 19.00 > A,inp = 14.00cm?

@ Springer

Table 5 Output of variables

Item Symbol Ghazavi Present Study
and Bonab
(2011)
Top width of the stem by 0.25m 0.30 m
Bottom width of the stem byom 0251 m 0.60 m
main reinforcement of stem A,  59cm? 21.75 cm?
thickness of base Ppse 0.40 m 0.40 m
width of the floor at the toe b, 1.385m 0.70 m
part
width of the floor at the heel b, 1.143 m 0.70 m
part
Top reinforcement of the A 14.00 cm? 17.90cm?
base
Bottom reinforcement of A 14.00 cm? 19.00 cm?
the base
iv. The values of top reinforcement, A and bottom one,

A p are equal to 17.90 cm? and 19.00 cm?, respec-
tively, Eqs. (25 and 26) Tables 4 and 5). They are
greater than the minimum reinforcement Az
Eq. (27) (Table 4). Although the values of top bot-
tom reinforcement in the current study are higher
than the values in the study of Ghazavi and Bonab
(2011), the cost of reinforcement in the current study
is lower than that in the study of Ghazavi and Bonab
(2011), because the length of reinforcement in the pre-
sent study is less than the length of reinforcement in
(Ghazavi and Bonab (2011) study. This length of top
and bottom reinforcement is the floor length (b;) and
can be calculated from the summation of b, b7, and
bj.o;- The length of floor equals to 2.00m and 2.771m
in the present study and (Ghazavi and Bonab (2011)
study, respectively (Table 7).

Table6 A comparative study for the cross-sectional area of the
retaining wall

Item Cross-sectional area
of the retaining wall

Present Study 2.825 m?

Ghazavi and Bonab (2011) 2.239 m?

Table7 A comparative study for the reinforcement volume of the
retaining wall

Item Reinforcement
volume of the
retaining wall

Present Study 13,370 cm®

Ghazavi and Bonab (2011) 30,440 cm®
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Table 8 A comparative study for the Output of objective function

Item Symbol  Ghazavi and Bonab Present Study SCE
(2011) Model
Total Cost  Costepy  201.185$ 165.293 $

Considering the chosen design elements, the optimal cost
(objective function) decreases from 201.185 $ in the Ghazavi
and Bonab (2011) model to 165.293 $ in the present model.
In other words, the cost for the optimal solution using the
Ant Colony (AC) Optimization method was 21.70% more
than that in SCE-UA method (Table 8).

Figure 10a and b show the impact of the CRW's elements
on the total cost of the AC and SCE-UA methods. It could be
easily identified that for both of the techniques, the stem had
the greatest proportion of cost (~67%), followed by the floor
(~33%). Further analyzing these figures, one could notice
that the cost of the stem without reinforcement for SCE-UA
method (818) approaches the cost of floor reinforcement for
AC method (85$). Furthermore, the cost of top and bottom
reinforcement of the floor for the two models is very close
(23.8$ for AC and 21.55% for SCE-UA), while the rest of
costs of AC are much higher from the costs of SCE-UA.

The above analysis shows that the cost of the optimal
solution using SCE-UA methodology is less than that with

140.00
120.00 mAC

100.00
80.00
60.00

40.00
20.00 H H II—I
0.00 - — - —

PCwall PC
floor
CRW's elements

The Cost (S)

Aswall AsT,B  Stem Floor

(a) Impact of the cost of each CRW element ($)

an AC methodology, mainly because of the reduction in stem
reinforcement cost.

Conclusions

This research presents the applicability of designing
cantilever retaining walls (CRW) using shuffied complex
evolution algorithm, developed at the University of Arizona
(SCE-UA). A comparison is drawn between SCE-UA and
Ant Colony (AC) Optimization algorithms to determine the
optimum cantilever retaining wall design criteria. Moreover,
this comparison illustrates in full detail how the model
works and its relation to the SCE-UA algorithm.

For the CRW used in the present study, a significant
change of stem reinforcement could be achieved. Comparing
both algorithms, the SCE-UA showed better results over
the AC method in the form of lower optimal cost (objective
function). The cost for the optimal solution using SCE-UA
method was 21.70% less than that in the Ant Colony (AC)
Optimization method. The SCE-UA provided good solutions
for the studied case.

In conclusion, the developed framework can assist
decision-makers in selecting the optimal methodology for
designing cantilever retaining walls.

80%
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mAC OSCE =
% 60%
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© 50%

<
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(b) Impact of the cost of each CRW element (%)

Fig. 10 Impact of the cost of each CRW element (Absolute and Percentage)

@ Springer



4038

Asian Journal of Civil Engineering (2024) 25:4027-4039

Author contributions Irini M. made the MATLAB program using the
algorithm mentioned in the manuscript. Momen drew the figures and
review the MATLAB program. All authors wrote and reviewed the
manuscript.

Funding The authors received no financial support for the research,
authorship, and/or publication of this article.

Declarations

Conflict of interest The authors declare that they have no known com-
peting financial interests or personal relationships that may appear to
influence the work presented in this paper.

References

ACI Committee 318, S. B. C. (1992). Building Code Requirements for
Reinforced Concrete (ACI 318-89)(Revised 1992) and Commen-
tary-ACI 318R-89 (Revised 1992).

Awad, H., Kawamura, A., Jinno, K., & Kuno, Y. (2003). Evolutionary
computing techniques for optimal pressure regulation in water
distribution networks. Proceedings of Hydraulic Engineering, 47,
865-870.

Bowles, J. E. (1988). Foundation analysis and design. McGraw-Hill
Book Company Limited, England, Inc. Fifth edition.

Brooks, H., & Nielsen, J. (2010). Basics of retaining wall design. HBA
Publication, 11

Caquot, A., & Kerisel, J. (1953). Sur le terme de surface dans le calcul
des fondations en milieu pulvérulent. Proc. 3rd Int. Conf. on Soil
Mech. and Found. Eng., Zurich (Switzerland), 1, 336-337.

Ceranic, B., Fryer, C., & Baines, R. (2001). An application of simu-
lated annealing to the optimum design of reinforced concrete
retaining structures. Computers & Structures, 79(17), 1569-1581.

Chikute, G. C., & Sonar, I. P. (2019). Techno-economical analysis of
gabion retaining wall against conventional retaining walls. Dimen-
sion, 300(450), 900.

M. Daniel Valadao Baroni and F. M. Varejao. (2016). A shuffled com-
plex evolution algorithm for the multidimensional knapsack
problem using core concept. Paper presented at the 2016 IEEE
Congress on Evolutionary Computation (CEC).

Das, B. M., & Sivakugan, N. (2018). Principles of foundation engi-
neering. Cengage learning.

Duan, Q., Gupta, V. K., & Sorooshian, S. (1993). Shuffled complex
evolution approach for effective and efficient global minimiza-
tion. Journal of Optimization Theory and Applications, 76(3),
501-521.

Duan, Q., Sorooshian, S., & Gupta, V. (1992). Effective and efficient
global optimization for conceptual rainfall-runoff models. Water
Resources Research, 28(4), 1015-1031.

Garcia, J., Marti, J. V., & Yepes, V. (2020). The buttressed walls prob-
lem: An application of a hybrid clustering particle swarm optimi-
zation algorithm. Mathematics, 8(6), 862.

Ghazavi, M., & Bonab, S. B. (2011). Optimization of reinforced con-
crete retaining walls using ant colony method. Geotechnical Safety
and Risk ISGSR, 2011, 297-306.

Giinday, F. (2021). Study for system identification of the gravity wall
model with automated machine learning. 6th International con-
ference on advances in mechanical engineering Istanbul, 20-22.

Hachana, O., Meghni, B., Benamor, A., & Toumi, 1. (2022). Efficient
PMSG wind turbine with energy storage system control based
shuffled complex evolution optimizer. ISA Transactions. https://
doi.org/10.1016/j.isatra.2022.05.014

@ Springer

Hanna, A., & Meyerhof, G. (1980). Design charts for ultimate bearing
capacity of foundations on sand overlying soft clay. Canadian
Geotechnical Journal, 17(2), 300-303.

Hansen, J. B. (1970). A revised and extended formula for bearing
capacity.

Hazra, S., & Patra, N. R. (2008). Performance of counterfort walls with
reinforced granular and fly ash backfills: Experimental investiga-
tion. Geotechnical and Geological Engineering, 26(3), 259-267.

Kalemci, E. N., ikizler, S. B., Dede, T., & Angin, Z. (2020). Design
of reinforced concrete cantilever retaining wall using Grey wolf
optimization algorithm. Structures. https://doi.org/10.1016/j.
istruc.2019.09.013

Kaveh, A., Akbari, H., & Hosseini, S. M. (2021). Plasma generation
optimization for optimal design of reinforced concrete cantilever
retaining wall structures. Iranian Journal of Science and Technol-
ogy, Transactions of Civil Engineering, 46, 1177-1200. https://
doi.org/10.1007/540996-020-00566-8.

Kaveh, A., & Behnam, A. (2013). Charged system search algorithm
for the optimum cost design of reinforced concrete cantilever
retaining walls. Arabian Journal for Science and Engineering,
38, 563-570.

Kaveh, A., Kalateh-Ahani, M., & Fahimi-Farzam, M. (2013). Con-
structability optimal design of reinforced concrete retaining walls
using a multi-objective genetic algorithm. Structural Engineering
and Mechanics, 47(2), 227-245.

Kaveh, A., & Khayatazad, M. (2014). Optimal design of cantilever
retaining walls using ray optimization method. Iranian Journal
of Science and Technology. Transactions of Civil Engineering,
38(C1+), 261.

Kaveh, A., & Soleimani, N. (2015). CBO and DPSO for optimum
design of reinforced concrete cantilever retaining walls. Asian J
Civil Eng, 16(6), 7151-774.

Le Ngo, L., Madsen, H., & Rosbjerg, D. (2007). Simulation and optimi-
sation modelling approach for operation of the Hoa Binh reservoir
Vietnam. Journal of Hydrology, 336(3-4), 269-281.

Liu, H., Chen, B., & Wang, C. (2020). Pyrolysis kinetics study of
biomass waste using shuffled complex evolution algorithm. Fuel
Processing Technology, 208, 106509.

Meyerhof, G. G. (1963). Some recent research on the bearing capac-
ity of foundations. Canadian Geotechnical Journal, 1(1), 16-26.

Moayedi, H., & Mosavi, A. (2021). Hybridizing neural network with
multi-verse, black hole, and shuffled complex evolution optimizer
algorithms predicting the dissolved oxygen.

Moayyeri, N., Gharehbaghi, S., & Plevris, V. (2019). Cost-based opti-
mum design of reinforced concrete retaining walls considering
different methods of bearing capacity computation. Mathematics,
7(12), 1232.

Nunoo, C., & Mrawira, D. (2004). Shuffled complex evolution algo-
rithms in infrastructure works programming. Journal of Comput-
ing in Civil Engineering, 18(3), 257-266.

Pei, Y., & Xia, Y. (2012). Design of reinforced cantilever retaining
walls using heuristic optimization algorithms. Procedia Earth and
Planetary Science, 5, 32-36.

Prandtl, L. (1921). Uber die Eindringungs-festigkeit (Harte) plastischer
Baustoffe und die Festigkeit von Schneiden. Zeitschrift fur Ange-
wandte Mathematik und Mechanik, 1, 15-20.

Reissner, H. (1924). Zum erddruckproblem. Paper presented at the
Proc. 1st Int. Congress for Applied Mechanics.

Saribas, A., & Erbatur, F. (1996). Optimization and sensitivity of
retaining structures. Journal of Geotechnical Engineering, 122(8),
649-656.

Sheikholeslami, R., Khalili, B. G., & Zahrai, S. (2014). Optimum cost
design of reinforced concrete retaining walls using hybrid firefly
algorithm. International Journal of Engineering and Technology,
6(6), 465.


https://doi.org/10.1016/j.isatra.2022.05.014
https://doi.org/10.1016/j.isatra.2022.05.014
https://doi.org/10.1016/j.istruc.2019.09.013
https://doi.org/10.1016/j.istruc.2019.09.013
https://doi.org/10.1007/s40996-020-00566-8
https://doi.org/10.1007/s40996-020-00566-8

Asian Journal of Civil Engineering (2024) 25:4027-4039

4039

Shenouda, I. M., Fleifle, A. E., Awad, H. M., & Younan, N. A. (2018).
Simulation-optimization model for the hydraulic and structural
design of barrages-regulators in Egypt. Journal of Irrigation and
Drainage Engineering, 144(12), 04018034.

Temiir, R., Kayabekir, A. E., Bekdas, G., & Nigdeli, S. M. (2018). Grey
wolf optimizer based design of reinforced concrete retaining walls
considering shear key. International Journal of Theoretical and
Applied Mechanics, 3, 93-98.

Thyer, M., Kuczera, G., & Bates, B. C. (1999). Probabilistic optimiza-
tion for conceptual rainfall-runoff models: A comparison of the
shuffled complex evolution and simulated annealing algorithms.
Water Resources Research, 35(3), 767-773.

Vesic¢, A. S. (1973). Analysis of ultimate loads of shallow foundations.
Journal of the Soil Mechanics and Foundations Division, 99(1),
45-73.

Wei, X., & Zhou, M. (2004). Handbook of retaining structure design.
Beijing: China Building Industry.

Wu, J., & Zhu, X. (2006). Using the shuffled complex evolution global
optimization method to solve groundwater management models.
Paper presented at the Asia-Pacific Web Conference.

Yepes, V., Alcala, J., Perea, C., & Gonzalez-Vidosa, F. (2008). A
parametric study of optimum earth-retaining walls by simulated
annealing. Engineering Structures, 30(3), 821-830.

Younan, N. A. (1986). Problem - based design textbooks in civil engi-
neering: Irrigation Structures "Printed and bound in Egypt by:
DELTA PRESS CENTER".

Yiicel, M., Kayabekir, A. E., Bekdas, G., Nigdeli, S. M., Kim, S., &
Geem, Z. W. (2021). Adaptive-hybrid harmony search algorithm
for multi-constrained optimum eco-design of reinforced concrete
retaining walls. Sustainability, 13(4), 1639.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer



	Simulation–optimization model for the structural design of cantilever retaining walls
	Abstract
	Introduction
	Materials and methods
	Optimization simulation technique
	Cantilever retaining walls design model

	Description of the structural design for cantilever retaining walls elements
	Description of the stem design technique
	Description of the base design technique
	Check against overturning
	Check for sliding along the base
	Check for bearing capacity failure

	SCE-UA algorithm
	Objective function, constraints, variables and SCE-UA formulation
	Case study

	Results and discussion
	Conclusions
	References




