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mical of counterfort retaining wall structure with shear key attached at
its base using metaheuristic method. The metaheuristic algorithm is a
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Introduction

A retaining wall is a structure to withstand lateral active pressure of soil or water [1]. A retaining wall consists of
vertical section, commonly known as a stem, and a base slab. There is a specific element beneath the base slab called
a shear key, which enhances the stability of the retaining wall to anticipate lateral force by utilizing passive pressure
below the base slab arising from the active lateral pressure of the soil [2].

In general, the dimension and reinforcement of the cantilever wall (stem) increases with the increase of its bending
moment generated due to lateral pressure of soil. The generated bending moment in the stem can be reduced by
employing counterforts (a vertical walls or slabs) that connect the stem and the base slab of the retaining wall. In
other words, counterforts play an important role in restraining tensile/horizontal force developed in the stem of the
retaining wall [3].

Studies on the optimization of retaining wall can be found in several publications. Kalemci et al. [2] developed a tool
using Grey Wolf algorithm to determine the optimum design of cantilever wall with shear key to increase its
horizontal capacity. The retaining walls with a 3m and 4.5m height of stem were designed to retain embankment
consisting of both cohesive and non-cohesive soils. The optimization process of the two metaheuristic algorithms
proceeded for 30 runs, where each run iterated 1000 times. It is stated that the results of the optimization of cantilever
wall with shear key, developed using Grey Wolf algorithm, agree with other published results using different
algorithms. Oztiirk et al. [4] developed an application using Teaching-Learning Based Optimization (TLBO) and
Jaya algorithms to obtain the optimum cost of a 10-m height counterfort retaining wall with shear key, which is built
in cohesive soil. It is stated that the TLBO algorithm exhibits better performance compared to the Jaya algorithm.
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This research employes metaheuristic approach to optimize a counterfort retaining wall with a shear key subjected
to gravity and seismic loads, which meets all existing constraints while considering safety requirements, and
producing cost-effective solutions. Two metaheuristic algorithms, namely Particle Swarm Optimization (PSO) and
Symbiotic Organisms Search (SOS), are utilized in this study. Both algorithms operate using a penalty function
method to control the existing constraints during the design process, thereby achieving optimal and economical
results while still satisfying safety requirements.

The PSO algorithm is inspired by natural conditions about food chains, such as the social behavior of a group of birds
or insects looking for food. The concept is to mimic the social interaction between individuals in the group to find
the optimal solution to the optimization problem. PSO is computationally efficient because it requires only a few
computing resources to work, so the number of iterations used to produce optimal results is relatively small and fast

[5].

The SOS algorithm uses mutualism, commensalism, and parasitism strategies to simulate interactions in a relationship.
SOS uses simple mathematical operations, and can achieve efficient and effective optimization without the need to
determine parameter tuning like other algorithms so that its performance stability is higher [6]. SOS is also proven
to be able to solve optimization for continuous and non-linear problems on simple to complex problems, so these are
the advantages of SOS.

Previously, the PSO algorithm has successfully aided in the optimization processes within the field of civil
engineering, such as the estimation of the shear strength of reinforced concrete walls using support vector regression
that optimized with the PSO and Harris Hawks algorithms [7]. In addition, the optimization of special concentrically
braced steel frame structures was conducted using metaheuristic methods based on the Indonesian National Standards
SNI 1729:2020 and SNI 7860:2020 [8].

Meanwhile, the SOS algorithm has also successfully contributed to solving optimization cases in the field of civil
engineering. For example, it was applied in the optimization of multi-constraint frames under free vibration and
transient behavior [9]. Additionally, it was used in optimizing the scheduling duration of housing projects using the
line of balance method and metaheuristic methods with consideration for resource leveling [10].

The objective of this research is to provide alternative designs for a robust and economical counterfort retaining wall
with shear key, in a relatively short of time. In addition, the seismic load is considered in this research.

Method

Cantilever retaining walls are designed to withstand all the loads that include gravity load and lateral load generated
by soil pressure. The design of retaining wall is determined by several variables such as geometry/dimension, load
and reinforcement, and geotechnical condition that meet structural safety requirements. Counterfort retaining wall
with shear key is a modification of a cantilever retaining wall to reduce the thickness of the stem and increase its
horizontal stability. In other words, counterfort is beneficial for very high retaining walls (10-12 m) since it reduces
the shear and bending moment at the stem [11].

The optimization process of counterfort retaining wall with shear key in this research is carried out using
metaheuristic method. In general, the optimization includes several aspects such as optimal shape, maximizing
structural stability, minimizing bending moment, and optimizing the slope angle. The optimization process requires
information that include variables, constraints, and objective functions. The solution that obtained from the
optimization is in the form of variables, which represent the most economical retaining wall design.

The design variables used in the optimization process is presented in Figure 1. The range of design variables is limited
by the upper and lower bounds, which are the maximum and minimum values of the design variables to be
randomized. The ranges of the geometrical variables are based upon the recommendation given by SNI 8460:2017
[12]. A range of reinforcement area is applied to reduce the search field and improve the possibility of finding the
optimal solution. By using both ranges of values recommended by SNI 8460:2017 [12] for the geometrical variables
and a range of values for the reinforcement area, it will ensure that the optimal solution lies in these ranges.
Constraints are used to ensure that the design results of the optimization process fall into the specified specifications.
Table 1 shows the upper and lower bounds used in the design process. The constraints used in the optimization
process can be seen in Table 2.

Civil Engineering Dimension
Vol. 26, No. 2, September 2024: pp. 151-159



Budi, G.S., Chandra, J.G., Ongkowardhana, B.S., and Husada, W. | 153

X9 X10 X9

| |
[f—0 &1
[ |
| |
| C| s C| |
B
| U E U
N| M N
%T T
i E s 57
| R L R
-
[® B e
I R =
I T |
I I
4 | I
EEL SLAB [ |
- ms ' HEELSLAB |

E%Emo TRS | |
xi .

CROSS SECTION LONGITUDINAL SECTION
Figure 1. Modeling of Counterfort Retaining Wall with Shear Key

Descriptions:

X, = total base width [m]

X, = toe projection width [m]

X = stem thickness at bottom|[m]

X, = stem thickness at top [m]

Xs = base slab thickness [m]

X = distance of the front shear key from the front of toe slab [m]

X, = width of the base shear key [m]

Xg = height of the base shear key[m]

Xy = counterfort thickness [m]

X0 = Distance between counterforts [m]

Ry = area of the horizontal reinforcement of the toe, per unit length of the wall [mm?]

R, = area of the horizontal field reinforcement of the stem, per unit length of the wall [mm?]
R, = area of the horizontal support reinforcement of the stem, per unit length of the wall [mm?]
R, =area of the vertical field reinforcement of the stem, per unit length of the wall [mm?]

Rs = area of the vertical support reinforcement of the stem, per unit length of the wall [mm?]
Rg = area of the horizontal field reinforcement of the heel, per unit length of the wall [mm?]
R, = area of the horizontal support reinforcement of the heel, per unit length of the wall [mm?]
Rg = area of the vertical field reinforcement of the heel, per unit length of the wall [mm?]

Ro = area of the vertical support reinforcement of the heel, per unit length of the wall [mm?]
Rig = area of reinforcement of the shear key, per unit length of the wall [mm?]

Table 1. Upper Bound and Lower Bound

Parameter Lower Bounds Upper Bounds

X, (m) 0.4H 0.7H

X, (m) 0.4H/3 0.7H/3

X5 (m) H+48%, +4‘;8X4 0.1H

X, (m) 0.3 0.1H

X5 (m) H/12 H/10

X4 (M) 0 X, —X;

X, (m) 0 0.5

Xg (m) 0 0.5

Xq (m) 0.2 0.2

X1 (m) 0.3H 10H
R, (mm?) 235.62 (3D10) 28,148.67 (35D32)
R, (mm?) 235.62 (3D10) 28,148.67 (35D32)
R; (mm?) 235.62 (3D10) 28,148.67 (35D32)
R, (mm?) 235.62 (3D10) 28,148.67 (35D32)
Rs (mm?) 235.62 (3D10) 28,148.67 (35D32)
R¢ (mm?) 235.62 (3D10) 28,148.67 (35D32)
R, (mm?) 235.62 (3D10) 28,148.67 (35D32)
Rg (mm?) 235.62 (3D10) 28,148.67 (35D32)
Ry (mm?) 235.62 (3D10) 28,148.67 (35D32)
R,y (mm?) 235.62 (3D10) 28,148.67 (35D32)

Note: H is the height of the stem
Civil Engineering Dimension
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Table 2. Constraints and Failure Mode

Constraint Requirement Description
SFy desi
g1 (x) Safety against overturning % <1
0
: SFS design
92(%) Safety against lateral shear —r <1
s
. . . SFB design
g3(x) Safety against bearing capacity —r <1
B
SF, i
ga(x) Safety against earthquake-induced overturning % <1
OE
SF. i
gs(x) Safety against earthquake-induced lateral shear % <1
SE
SF i
ge(x) Safety against earthquake-induced bearing capacity % <1
BE
97(x) Base slab uplifted Gmin = 0
gs(x) Toe moment M—d <1
n
d
Jio-121(x%) Stem Moment i <1
n
Ir13-16/(%) Heel Slab Moment M_d <1
n
Ip13-16](%) Heel Slab Moment 49
n
g17(x) Shear toe 4o
Va
9[18,19] ) Stem shear —<1
n
919,201 (%) Slab heel shear 7‘1 <1
n
d
Jr217 (%) Slab heel shear 4o
n
d
9[21] x) Slab heel shear A <1
n
A .
Jr21-291(%) Minimum reinforcement % <1
S
A
Jiz0-381(%) Maximum reinforcement SA’”‘” >1
S
l
J39(x) Development length of horizontal reinforcement of the toe a <1
Xl - Xz - CC
l
Gao(x) Development length of the vertical support reinforcement of stem X a - <1
5~ tc
l
9a1(x) Development length of the vertical support reinforcement of the heel d <
Xl - Xz - X3 - CC
l
Gaz2(%) Development length of reinforcement of the shear key a <
XS - 2 X CC
Where:
SFo gesign = overturning safety factor limit given by SNI 8460:2017 [12]
SFy = overturning safety factor
SFs gesign = sliding safety factor limit given by SNI 8460:2017 [12]
SFs = overturning safety factor
SFg gesign = bearing safety factor limit given by SNI 8460:2017 [12]
SFg = bearing safety factor
SFoE design = overturning safety factor limit with earthquake load given by SNI 8460:2017 [12]
SFog = overturning safety factor limit with earthquake load
SFsp qesign = sliding safety factor limit with earthquake load given by SNI 8460:2017 [12]
SFsg = sliding safety factor limit with earthquake load
SFgE qesign = bearing safety factor limit with earthquake load given by SNI 8460:2017 [12]
SFgg = bearing safety factor limit with earthquake load
min = minimum soil reaction [kKN/m]
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M, = driving moment [KNm]

M, = nominal moment capacity [KNm]

V4 = driving shear [KN]

|4 = nominal shear capacity [KN]

Ag min = maximum reinforcement area [mm?]
Ag max = maximum reinforcement area [mm?]
A = reinforcement area [mm?]

ly = required development length [mm]
X, = total base width [mm]

X, = toe projection width [mm]

X = stem thickness at the bottom[mm)]
Xs = base slab thickness [mm]

Cc = concrete cover [mm]

The boundaries used in this study refer to Geotechnical specification SNI 8460:2017 [12], Structural Concrete for
Building specifications SNI 2847:2019 [13], and Rankine Theory for calculating the lateral earth pressure on the wall.
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Figure 2. Flow Chart the Optimization of Counterfort Retaining Wall with Shear Key
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Formulation that describes a value of the goal of the optimization process, which is called objective function, in this
study is the cost optimization, as presented in Equation 1.

fobj = V.Cc + wiCs (1)
Where:
v = concrete volume per unit length of the wall length [m3]
C. = concrete material cost per unit volume [Rp/m?3]
Wy = mass of steel reinforcement used per unit length of the wall [kg]
Cs = steel material cost per unit mass [Rp/kg]

The optimization process, namely PSO and SOS, in this research was developed using MATLAB R2019b. The
algorithm performs iteration until the result meets all the specified constraints. If the results do not meet the
constraints, the algorithm will provide a penalty function. Initially, the PSO and SOS algorithms execute the input
data, then work using random variables to obtain a result that meets the constraints. The iteration process stops when
the number of iterations set in the input parameter is reached. Details of the optimization process is presented in
Figure 2.

Results and Discussion

PSO and SOS algorithms require initial settings in the form of inputting several parameter values. The setting
parameters used include particle weight (w) that set at 0.5 and constant ¢; and ¢, are both set at 2. The soil parameters
used for the base consist internal friction angle (¢ vase) 0f 0°, density (yvase) of 18.5 kN/m?, and cohesion (¢B) of 125
kPa. For the retained soil, the input internal friction angle (f) is 36°, soil density (yan) was 17.5 kN/m?, and the
cohesion (cF) is 0 kPa. Meanwhile, the groundwater level in this study is not taken into account. Other input parameters
are presented in Table 3.

Table 3. Input Parameters for Counterfort Retaining Wall Case Study with Shear Key

Input Parameter Symbol Input Value
Stem height (m) H 10
Concrete Cover (cm) cc 7
Surcharge Load (kPa) 0 20
Backfill Slope (°) B 10
Backfill Soil Friction Angle (°) (0] 36
Base Soil Friction Angle (°) Dbase 0
Backfill Soil Unit Weight (kN/m?) Yhu 17.5
Base Soil Unit Weight (kN/m?) Yhase 18.5
Base Soil Cohesion (kPa) cB 125
Backfill Soil Cohesion (kPa) cF 0
Depth of Soil in Front of Wall D 0.5
Steel Unit Weight (kN/m?) s 78.5
Concrete Unit Weight (kN/m?) Ye 23.5
Steel Yield Strength (MPa) 1 400
Concrete Compressive Strength (MPa) fe 25

The optimization results, in the form of the final cost, for the both algorithms of SOS and PSO obtained after thirty
(30) runs are summarized in Table 4.

Table 4. The Best Results of Optimization of Counterfort Retaining Wall Structure with Shear Key

Subject PSO (Rp) SOS (Rp)
Best (Rp/m!) 24,525,850.19 23,956,617.73
Worst (Rp/m') 35,912,845.30 25,831,324.00
Median (Rp/m!) 26,974,742.70 24,405,457.67
Average (Rp/m?) 26,898,545.24 24,436,104.20
Std. Deviation (Rp/m') 2,136,661.22 503,180.24
Coeff. Variation (%) 7.94% 2.06%

Table 5 shows the detail comparison of the optimization results of the counterfort retaining wall structure with shear
keys design, obtained from the PSO and SOS algorithms process.
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Table 5. The Detail Comparison of Optimization Results Obtained from the PSO and SOS Algorithms.

. PSO SOS
Variabel (Best) (Best)
X1 7.00 6.82
X2 1.66 1.67
X3 0.75 0.68
X4 0.54 0.47
X5 0.89 0.91
X6 0.00 6.43
X7 0.50 0.39
X8 0.43 0.44
X9 0.20 0.20
X10 6.69 5.48
R1 2556.86 2593.98
(D16 —78.64) (D16 —177.51)
R2 3166.03 1274.41
(D16 -63.51) (D16 —157.77)
R3 1567.90 1327.63
(D16 —128.24) (D16 —151.44)
R4 1462.98 1226.81
(D16 —137.43) (D16 —163.89)
RS 1453.42 1226.21
(D16 —138.34) (D16 -163.97)
R6 2555.04 2593.09
(D16 —78.69) (D16 —77.54)
R7 2555.35 2594.46
(D16 —78.68) (D16 —77.50)
RS 2554.35 2593.09
(D16 -178.71) (D16 —77.54)
RO 2553.08 2594.00
(D16 —78.75) (D16 -77.51)
R10 2553.01 2593.09
(D16 —78.75) (D16 -77.54)

The results show that SOS algorithm exhibits coefficient of variation of 2.06% compared to that of 7.49 resulted
from PSO. In other words, the SOS algorithm exhibits better performance in the process of optimizing the counterfort
retaining wall structure with shear keys, compared to that of PSO algorithm. The most optimal result of the design
performed by PSO and SOS algorithms is presented in Figure 3 and Figure 4, respectively.
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Figure 3. Retaining Wall Structure Design based on PSO Algorithm
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Figure 5 shows the rate of convergence of both algorithms on the optimization of the counterfort retaining wall structure
with shear keys using input parameters presented in Table 3.
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Figure 5. Convergence Graph of Median Run Results in the Case of Counterfort Retaining Wall with Shear Key
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It can be seen in Figure 5 that the rate of convergence of the SOS algorithm is faster than that of PSO, where the
lowest cost (or the best result) can be achieved in smaller number of iteration.

Figure 6 shows the rate of convergence process of the two algorithms. The curve generated from the SOS algorithm
almost constant from about 300" iteration compared to that generated based on the PSO algorithm, which still decreasing
up to 1000™ iteration. Based on the results presented in Figure 5 and Figure 6, it can be stated that in this research,
the SOS algorithm is faster than that of the PSO algorithm.

Conclusions

Based on the results of the analysis, it can be concluded that the metaheuristic method using the SOS algorithm
produces the most optimum result in terms of the material cost of the counterfort retaining wall with shear key. In
addition, the SOS algorithm is relatively faster in achieving the optimum result (as indicated by the rate of convergence)
compared to the PSO algorithm.
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