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Direct soil water retention curve (SWRC) measurement is laborious, time-
consuming, and expensive. To estimate its parameters, mathematical
models and optimization approaches are applied. In this study, an improved
alternative method to solve the optimization problem was introduced and
developed. To evaluate the efficiency of this method, 12 soil samples with
6 different textures from 9 different regions of the world were used. The
optimization equations were solved using a genetic algorithm (GA) and
standard mathematical models, and the best model was chosen based on
Taylor diagrams, R? and computing time. The Bimodal versions of
Fredlund-Xing (FX-b) and Brooks-Corney (BC) mathematical models
represented the best and poorest findings of this stage, with R? values of
0.913 and 0.825, respectively. Then, the optimization problem is solved
with differential evolution (DE), Salp Swarm Algorithm (SSA), Jaya, and
improved Jaya (I-Jaya) method, and the mean values of R? were obtained
0.919, 0.931, 0.921, and 0.958, respectively. The results indicated a 16%
improvement in the average R?, by selecting the suitable mathematical
model and also using the I-Jaya.

© Authors, Published by Environment and Water Engineering journal. This is an open-access
paper distributed under the CC BY (license http://creativecommons.org/licenses/by/4.0/).
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Introduction

been considered by researchers that have some

The soil water retention Curve (SWRC) has vast
applications in soil and water management
problems related to agriculture, ecology, and
environmental issues. However direct
measurement is laborious, time-consumingg, and
costly. Therefore, mathematical models have
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parameters which must be properly estimated. In
most cases, the objective function is Root Mean
Square Error (RMSE) between measured data
observation points of matric potential- water
content percentage of soil samples and model
prediction. There are several mathematical
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models and many optimization solvers in this
area. Both classic algorithms such as Linear and
Nonlinear Programming and evolutionary
algorithms such as Genetic Algorithm (GA),
Differential Evolution (DE) and, Salp Swarm
Algorithm (SSA) are used for solving the
optimization problem of the SWRC. Both kinds
of mentioned algorithms have their drawbacks.
For example, needing the initial guesses and
depending on tuning parameters are weak points
of NP and GA methods, respectively. In this
research, the aim is to investigate different
mathematical models of SWRC and select the
most appropriate model according to the
statistical indices of R? and RMSE. Therefore,
the I-Jaya algorithm for solving the SWRC
problem without the aforementioned problems
was developed and analyzed.

Material and Methods

The problem-solving process with the I-JAYA
method began with the production of the initial
population of design variables. In this study, the
design variables are the SWRC parameters for
the corresponding mathematical model such as
the Van Genuchten with four free parameters
(VG model). According to the objective function,
its best and worst values as well as
corresponding design variables were selected,
and then the solutions were modified. If the
updated value of the decision variable improves
the objective function, it is replaced with the
previous values, otherwise, the previous values
are preserved. The above processes were
repeated until the best results were attained.

There is a considerable similarity between JAYA
and particle swarm algorithms based on the
efficiency of using the weight coefficient for
solving SWRC problems. Hence, to boost the
convergence speed and efficiency of Jaya, the
algorithm was modified by introducing weight
coefficients (w1 and ®z), which are numerical
values after several trials, and tuning efforts were
obtained as 2.5 for m; and 0.3 for w2. Equations
1, 2, and 3 represent the formulation of I-JAYA.

X[ =X ik JrC‘)1|'1(X  best i -X j‘k,i)iwzrz(x  worst i =X j‘k.i) (1)

joki

If X5 > Ximae © Xiki = X ma )

If X;,k,i <X X;,k,i = Xj,min (3)

j,min "

The weight coefficients accelerate the algorithm
to converge to optimal solutions and keep the
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algorithm from non-optimal responses. In the I-
JAYA algorithm, terms (Xjpesec — |Xjix]) and
(Xjworstk — |Xjix|) are converted 10 (Xjpestx —
Xji)  and  (Xjworstk — Xjix),  respectively.
Equations 2 and 3 are used to guarantee that the
algorithm finds responses in an acceptable set. In
these equations, if the numerical value of a
decision variable is acceptable outside of the
range, its boundary value is replaced. This
technique is used to further involve boundary
values in the solution process.

SWRC are established using the corresponding
relations and parameters introduced by Brooks
and Corney (BC) and, Van Genuchten with four
and five free parameters (VG4, VG5), and the
bimodal versions adopted from Fredlund and
Xing (FX) and, Kosugi. To select the best
mathematical model, using the genetic algorithm
method for each soil sample. Then, the
optimization problem was solved for all
mathematical models, and the statistical index R?
and computational time were selected to select
the best mathematical model. The problem of
optimizing the estimation of SWRC parameters
for the mathematical model was solved by using
GA, DE, SSA, and JAYA algorithms as control
methods as well as the I-JAYA method
developed in this research. The performance of
different optimization methods has been
compared using R? and RMSE values, which are
criteria for measuring modeling accuracy. The
closer R? is to number one, the more accurate the
model is.

Results

Using the index of average execution time,
coefficient of determination (R?), and the results
of the Taylor diagram, Fredlund and Xing
method (FX-b), with R? = 0.932 and Brooks and
Corney with R? = 0.825 showed the best and
worst mathematical models, respectively. The
highest and lowest computational volume is
related to the Kosugi method in bimodal mode
(K-b) with mean-time t = 25s, and Brooks and
Corney method with t = 5s, respectively. The
Van Genuchten models in bimodal mode (VG4-
b, VG5-b) also have a coefficient of
determination of 0.844 and 0.8905, respectively,
which indicates the desired capability of these
models despite the low computational volume
with an average of less than t = 9 s. It should be
noted that the average computational time of
these models is approximately 8.52 s, which is
comparable to the computational cost of other
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mathematical models. Then, to optimize the
SWRC parameters, GA, DE, SSA, and Jaya
algorithms were used as control methods as well
as the Improved Jaya method.
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Fig. 1Average values of R? and computational time of
different mathematical models of SWRC for soil
samples obtained from optimization by the GA

The performance of different optimization
methods using R? and RMSE values, which are
criteria for measuring modeling accuracy, have
been compared (Table 1).

The model's accuracy improves when R?2
approaches 1. The mean values for GA, DE,
SSA, JAYA, and I-JAYA methods are 0.913,
0.919, 0.931, 0.921, and 0.958, respectively. The
performance of the SSA method is better than the
JAYA method which by making changes in the
JAYA method and upgrading it, led to better
performance of this method than the JAYA
algorithm and other methods. These changes do
not make much difference in the computational
volume and have even reduced it. Also, the
average RMSE for the above methods is 0.206,
0.103, 0.053, 0.036, and 0.0199, respectively,
with the I-JAYA method having the lowest error
rate.

Table 1 Statistical indices of R? and RMSE for the different optimization methods and soil samples

Soil’s I-Jaya Jaya SSA DE GA
Code R? RMSE R? RMSE RMSE R? RMSE R? RMSE
1012 0.926 00.0548 0.904 0.01318 0.913 0.00866 0.905 0.01101 0.902 0.04720
1132 0.953 0.00125 0.922 0.00197 0.934 0.00336 0.923 0.00418 0.935 0.01390
1240 0.967 0.00985 0.966 0.02207 0.948 0.03264 0.952 0.06960 0.903 0.09076
1260 0.982 0.00013 0.943 0.00014 0.946 0.00017 0.936 0.00038 0.853 0.00119
2100 0.970 0.05780 0.962 0.03964 0.947 0.33300 0.948 0.32129 0.917 0.66345
3140 0.960 0.08797 0.921 0.24468 0.935 0.29766 0.922 0.47110 0.952 0.38101
3270 0.948 0.00458 0.912 0.01161 0.928 0.01399 0.915 0.03387 0.943 0.03376
3272 0.965 0.00258 0.934 0.00326 0.945 0.00427 0.935 0.02104 0.948 0.01622
4470 0.942 0.01366 0.898 0.03304 0.914 0.02290 0.899 0.11334 0.883 0.06715
4480 0.980 0.00099 0.891 0.00114 0.930 0.00057 0.898 0.00217 0.869 0.00095
4490 0.970 0.00266 0.886 0.00192 0.922 0.00743 0.892 0.00421 0.930 0.01324
4500 0.935 0.04538 0.911 0.07560 0.915 0.05791 0.908 0.39258 0.926 0.46283
Average 0.958 0.019 0.921 0.036 0.931 0.0530 0.919 0.103 0.913 0.206
Conclusions and Xing (FX) and Brooks and Corney (BC)
To obtain SWRC, mathematical models and with average coefficients of determination 0.932
optimization techniques were used with and 0.825 showed the highest and the lowest

observational data of 12 soil samples with 6
different textures from 9 various locations of the
world from the UNSODA database, and the
following results were achieved:

1. To select the most suitable mathematical
model of SWRC, using the genetic algorithm and
Taylor diagram, the Bimodal version of Fredlund
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accuracy, respectively.

2. To optimize the SWRC parameters, a new |-
JAYA algorithm was developed for the
Biomodal version of the Fredlund and Xing
mathematical model. In 12 evaluated samples,
the mentioned algorithm presented more
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consistent results with the measured points than
GA, DE, SSA, and JAYA algorithms.

3. The I-JAYA algorithm minimizes the values
of the objective function to a better value than
the control algorithms.

4. When compared to the other four methods
used, the I-JAYA algorithm performed better and
had a higher coefficient of determination than the
JAYA, SSA, DE, and GA algorithms.

The results of this study can be used in a
practical way to optimally estimate the
parameters of SWRC. It is also suggested that
using data and the results of this research and
using Artificial Neural Networks (ANN)
methods and combining them with the

Environment and Water Engineering

optimization methods including the I[-JAYA
method. Then we can analyze the data to
estimate the hydraulic coefficients of the soil in
the unsaturated state.

Data Availability

The data used in this research are taken from
UNSODA which is publicly available and
the results of this research are presented in
the paper.
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Table 1 properties of soil samples used in this study
Bulk Particle
Row Code Density Density n Ksat Osat N Texture Location
1 1012 1.4 266 044 207 - 30 LoamySand  UMon Slj’gﬁgs' AL,
2 1132 177 - - 0415 0352 13 Sarl‘_déri'ay Blackstone, VA, USA
Hanford, Richland,
3 1240 1.7 2.82 - 389 - 30 Sand WA, USA
Hanford, Richland,
4 1260 1.54 2.57 - 77.8 - 12 Loam WA, USA
5 2100 17 2.7 - 370 0374 7 sand ICRISAT, Sadore,
Niger
6 3140 1.58 - 0.64 - 0.458 33 Sand Dickey Co., ND, USA
7 3270 144 ) ) i 0443 18 Sandy Clay Bundoora,_vlc.
Loam Australia
8 3272 161 - - - 0425 18  Clay Loam Bundoora, Vic.
Australia
9 4470 1.7 2.65 0.35 430 0.2 46  Sandy Loam Bouake, Ivory Coast
10 4480 1.6 2.7 0.4 120 029 43 Sand Bambey, Senegal
11 4490 15 2.7 0.44 276 0.22 60 Sand N. Diol, Senegal
12 4500 1.65 2.7 0.389 150 0.3 156 Sandy Loam Bambey, Senegal
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Fig. 2 Calculation of R?and computational time of different mathematical models of SWRC resulting from
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Table 2 Statistical indexes of R? and RMSE for the different optimization methods and soil samples

Soil’s I-Jaya Jaya SSA DE GA

Code —mr  RMSE R’ RMSE R’ RMSE R. RMSE R’ RMSE
1012 0926 00.0548 0.904 0.01318 0913 0.00866 0.905 0.01101 0.902 0.04720
1132 0953 000125 0922 000197 0934 0.00336 0923 000418 0.935 0.01390
1240 0967 0.00985 0.966 002207 0.948 0.03264 0952 0.06960 0.903 0.09076
1260 0982 000013 0943 000014 0.946 0.00017 0936 0.00038 0.853 0.00119
2100 0970 0.05780 0962 0.03964 0947 0.33300 0.948 032129 0917 0.66345
3140  0.960 0.08797 0.921 0.24468 0.935 0.29766 0.922 0.47110 0.952 0.38101
3270  0.948 0.00458 0912 001161 0928 001399 0.915 0.03387 0.943 0.03376
3272 0.965 0.00258 0.934 0.00326 0.945 000427 0.935 002104 0.948 0.01622
4470 0942 001366 0.898 0.03304 0914 002290 0.899 0.11334 0.883 0.06715
4480 0980 0.00099 0.891 000114 0.930 0.00057 0.898 0.00217 0.869 0.00095
4490 0970 0.00266 0.886 000192 0.922 0.00743 0.892 0.00421 0.930 0.01324
4500 0935 0.04538 0911 007560 0.915 0.05791 0.908 0.39258 0.926 0.46283
Average 0958 0.019 0921 0.036 0931 0053 0919  0.03 _ 0.913 _ 0.206

s JAYA i, & o IFAYA by, g 0 Skee
Zhang et o,ls SUl5e8 sloimgh 4 Cans Suied
S gie slayal il (2, Hskies; al. (2018)
wi,sSl s Van Genuchten (1980) Jue jl S o
oolitul Gilize il A b SL 4ises 3 55, » SSA
@ Comd SSA 10,681 g 0 Slas (S bl . woges
aesis |y S azls RETC (g gnsals’ asli, 5 PSO 4 DE

Syl cdllas pol> gl

Sl yably sl ot b olie 20 (1) Jgoz 59
>, (Fredlund and Xing 1994) _sb, Jae
Gl sladiges sl CailagSs povie FX-D) 42950
I- i, S5 wloas &)l 5 aculxe S il
039>l 5o ilwane sl (iives L JAYA
Maggie ) DE «Guo et al. 2009) GA ;351 Jolis
Wang ) JAYA , (Zhang et al. 2018) SSA (2017
5ol b as awlie vals lgcas (et al. 2018

S dilisee sladiges slp IFAYA ig, 5l Jols FX-D ol Joe slo el b aige polis -¥ Jsax
Table 3 Optimal values of FX-b mathematical model parameters, obtained from the I-Jaya algorithm for the soil

samples

Soil’s 0, 0 oy ny ms Wi [ n, m; W,
Code %) %)

1012 0.014 0.230 0.038 4.26 0.93 1.17 5.88 8.32 11.0 0.18
1132 0.275 0.336 0.086 2.83 1.66 0.61 0.08 2.09 1.00 0.71
1240 0.081 0.231 0.088 2.95 1.69 1.19 0.05 2.56 3.74 0.05
1260 0.140 0.206 7.160 6.99 10.30 0.01 0.01 3.03 2.46 3.35
2100 0.034 0.216 0.033 2.78 2.06 0.36 0.02 3.72 1.75 1.26
3140 0.118 0.322 3.398 6.81 10.17 0.01 0.02 3.60 1.65 1.42
3270 0.322 0.469 0.730 1.17 1.50 2.54 0.59 1.38 1.14 1.07
3272 0.309 0.452 0.124 2.11 1.46 0.65 0.38 0.51 0.67 0.68
4470 0.090 0.217 0.016 4.55 1.39 0.50 0.02 0.97 0.91 0.33
4480 0.031 0.229 0.015 2.86 2.04 1.48 6.43 8.34 11.8 0.07
4490 0.015 0.199 6.023 8.01 10.93 0.06 0.02 3.36 2.33 1.25
4500 0.068 0.245 1.075 2.14 2.73 0.27 0.02 2.71 1.26 151
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