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Abstract: Rice husk ash (RHA) is a significant pollutant produced by agricultural sectors that cause
a malignant outcome to the environment. To encourage the re-use of RHA, this work used multi
expression programming (MEP) to construct an empirical model for forecasting the compressive
nature of concrete made with RHA (CRHA) as a cement substitute. Thus, the compressive strength of
CRHA was developed comprising of 192 findings from the broad and trustworthy database obtained
from literature review. The most significant characteristics, namely the specimen’s age, the percentage
of RHA, the amount of cement, superplasticizer, aggregates, and the amount of water, were used
as input for the modeling of CRHA. External validation, sensitivity analysis, statistical checks, and
Shapley Additive Explanations (SHAP) analysis were used to evaluate the models’ performance. It
was discovered that the most significant factors impacting the compressive strength of CRHA are
the age of the concrete sample (AS), the amount of cement (C) and the amount of aggregate (A). The
findings of this study have the potential to increase the re-use of RHA in the production of green
concrete, hence promoting environmental protection and financial gain.

Keywords: rice husk ash; machine learning; waste material; external validation; compressive strength

1. Introduction

Different researchers have suggested different methods to lessen the malignant impacts
of the construction industry on the atmosphere. Some researchers suggested replacing
the natural coarse aggregate in concrete with recycled concrete aggregate, oil palm shell
aggregate, lightweight aggregate, rubber, and so on, while others suggested replacing
natural sand with sugarcane bagasse ash, rice husk ash (RHA), eggshell ash, and other
different types of industrial and agricultural wastes [1–4]. However, it is observed to
be more beneficial if cement is replaced with concrete, as cement is the main culprit in
concrete which affects the environment. The partial replacement of cement with natural
pozzolanic materials, industrial wastes, and agricultural wastes has been a point of interest
for different researchers for the last couple of decades [5,6]. One of the common agricultural
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wastes is RHA, which is highly pozzolanic and contains a high amount of silica content.
RHA is a byproduct of the cultivation of rice. RHA is formed as a result of heating husks
in processing industries in order to process rice paddy. Rice is one of the world’s most
important food crops and is consumed in vast amounts by the global population. As of
2020/2021, it is estimated that 497.7 million tons of rice are produced globally. Therefore,
RHA is prevalent in agricultural nations that produce millions of metric tons of rice annually.
As it includes roughly 85–90% amorphous silica, RHA may be effectively recycled as a
pozzolanic material as opposed to being discarded publicly. The use of RHA in concrete
has been researched by different scientists [7–9]. The research on RHA is mostly conducted
in Agricultural countries as shown in Figure 1. The gathered data is up to April 2022 as
illustrated in Figure 1. The number of publications from India is more than twice that
of any other country on RHA. Most of the research performed on RHA is published in
high-impact Journals as shown in Figure 2. RHA is mainly utilized as a partial replacement
of cement (as Supplementary Cementitious Material) and provides better properties than
normal concrete (concrete without RHA). RHA can be used for many other purposes as
shown in Figure 3, but they are out of the scope of this study. Concrete made with RHA
(CRHA) is reported to be more durable and posseses higher mechanical properties when
compared with normal concrete [9–11]. In addition, the use of RHA in concrete provides
sustainability to the construction industry in two ways. First, it reduces the amount of
cement (C) used, and second, it helps in the disposal of waste RHA. Furthermore, concrete
made with RHA is more economical as some percentage of cement (the most expensive
material in concrete) is being replaced with waste material. The behavior of RHA concrete
is anomalous due to numerous factors, i.e., concrete mix design, amount of RHA used, and
physical properties of concrete ingredients [12–15]. Therefore, the use of RHA requires
prior experimental testing to be used in mega projects. However, the presence of reliable,
trustworthy models and formulas to relate the compressive strength of RHA concrete with
its ingredients may provide ease to construction engineers to use RHA concrete in their
projects. The wide use of RHA concrete may help in reducing the carbon footprint of the
construction industry. The use of modern computing techniques like artificial intelligence
algorithms (AIA) can be used to achieve this objective.
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The use of AIA is rising in every field [16–23]. AIA has distinctive features like pattern
recognition and object recognition, which can be used to solve various engineering prob-
lems [24–30]. However, AIA is generally termed as black-box algorithms (BBA), because it
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does not give an insight into the problem being solved [31,32]. AIA ignores any knowledge
or physical occurrences related to the subject at hand. The majority of ANN approaches
lag in the development of an advanced mathematical formulation for estimating output
based on input factors [33–35]. A correlation between input and output is referred to as
an ANN-based model, and the relationship seems to be either nonlinear or based on a
pre-defined structure [36–38]. To address these challenges, numerous evolutionary algo-
rithms (EA) are being used to simulate concrete features, including genetic programming,
convolutional neural networks (NN), and the model tree algorithm [19,39–41]. The ad-
vantage of EA is that they enable the production of realistic algebraic expressions, as well
as a high degree of generality and prediction capabilities [1,3–6]. A few recent research
have attempted to simulate the characteristics of waste foundry sand concrete using AIA.
Different EA was used to create decision tree structures for the purpose of estimating the
mechanical characteristics of waste foundry sand concrete [42]. Numerous influencing
factors, a robust correlation coefficient, and minor arithmetical errors were obtained for the
constructed models. Nevertheless, parametric research was not possible due to the linear
character of decision trees, which reduces their effectiveness when applied to unknown
data. Similarly, in a recent study, a genetic programming approach was used to estimate the
compressive strength of waste foundry sand concrete [43]. To assess the suggested models’
dependability, parametric, and error, sensitivity analyses were conducted. However, the
gene expression programming (GEP) approach has drawbacks in that it was powerless
to contain a few differing datasets into the model construction process, hence limiting its
application range [44]. To improve the performance of the models, the differing datapoints
required to be eliminated from the set processes. Additionally, genetic algorithms (GA)
program uses a solitary chromosome, and are useful when the relationship between the
targeted and predicted is reasonably basic.

To overcome the drawbacks of AIA, an enhanced modeling approach known as multi-
expression programming (MEP) was utilized to predict the mechanical characteristics, i.e.,
compressive strength of CRHA based on the most influential factors. MEP is unique in
that it can encode many expressions in one computer program [45,46]. To guarantee that
the models are effectively trained, a big database was compiled from the literature and
subdivided into three sets: training, validation, and testing. The effectiveness of the models
is assessed by using statistical error analysis, external validation, and various statistical
analyses to ensure that the models are generalizable and reliable. The article is arranged
as follows: a description of the MEP algorithm, a database of experimental findings, a
modeling approach, results and discussion, external validation, sensitivity analysis, and
lastly, a brief discussion of the conclusion and significant discoveries.

2. Multi-Expression Programming (MEP)

The goal of a machine learning model is to produce a mathematical expression for
output prediction that is accurate and practicable based on a collection of independent
parameters. Koza (1992) suggested the GEP as an evolution of the GA based on Darwin’s
selection concept [47]. It is important to note that the main difference between the two
techniques is that in GEP, fixed-length binary strings are replaced with non-linear parse
trees. Several other types of EAs have been proposed in recent years, with linearity being a
key one. Individuals (chromosomes) can be modeled as variable-length entities in the case
of MEP [48]. MEP simulation output may be characterized as a linear string of instructions
consisting of variables or mathematical operations (functions). Figure 4 illustrates the
procedures involved in implementing MEP [48]. The process of MEP starts with the
initialization of functions and expressions. After that, the chromosomes population is
increased randomly based on the binary selection of the connection functions as shown
in Figure 4b. When the chromosomes population reach a certain point, off-springs are
produced and evaluated with the help of the evaluation function. The process is terminated
when the required fitness value is achieved. The MEP method evolves by creating a
random chromosomal population, selecting two parents via a binary tournament, and
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recombination with a set cross-over frequency, the generation of two offspring through
recombination of the selected parents, mutation of the offspring, and replacement of the
population’s worst individuals with the best are some of the steps followed in MEP. The
process is cyclical and repeats itself until convergence is attained.Materials 2022, 15, x FOR PEER REVIEW 6 of 23 
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Most of the research over the last decade has been on the application of artificial
neural network (ANN) and GEP approaches to model the characteristics of green concrete.
However, MEP has several benefits over comparable algorithms. Typically, a large database
is used to represent concrete characteristics. In GEP, just a cross-over genetic operator is
used, resulting in the generation of a large population of parse trees, increasing simulation
time and requiring a considerable amount of memory [47,49,50]. Additionally, because
GEP’s non-linear structure functions like gene expression patterns, the algorithm has a
hard time proposing a simple mathematical representation for the required attribute. The
integration of linear variants enables MEP to discriminate between an individual’s genotype
and phenotype. Moreover, up to a certain point, the amount of genes on chromosomes
improves the likelihood of GEP success. The model’s usefulness in the construction industry
is limited by overfitting, which manifests itself in the predicted strength qualities in the
construction industry. In fact, MEP is particularly useful when the objective expression
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is uncertain, as in material engineering problems where a small change in a concrete
mix parameter might have a huge impact on the strength [48]. Due to the linearity of
chromosomes and the encoding of numerous solutions in one chromosome in MEP, the
software may search for a larger space for the output prediction. Due to the evident benefits
of MEP over other EAs, accurate models in the field of civil engineering may be developed.
It has been used in several research to forecast different soil properties using physical
properties of soil as input parameter [34], to predict the elasticity of concrete by using
mix design ratios, and to create predicting modeling for concrete columns confined with
thermoplastic fiber reinforced polymer [51]. The present work used the MEP approach to
develop models to predict the parameters of CRHA. Further validation of the model is
made by applying various statistical checks to the model. The availability of trustworthy
models will encourage the use of CRHA in the building sector since it circumvents the time-
consuming testing process necessary for such an unconventional construction material. This
would help to waste reduction, sustainable building, and natural resource conservation.
Additionally, the provided modeling technique will pave the way for correctly modeling
comparable complicated engineering processes.

3. Data Collection

To build a computational equation that properly predicted the compressive strength
of CRHA, a database of 192 data points from the published research was employed (Ta-
ble S1) [52–58]. The CRHA is composed of the same components: OPC, RHA, aggregates
(A), water (W), and superplasticizer (SP). All mixtures obtained from the literature utilized
the same type of cement with identical age of concrete (AS). The correlation matrix for the
inputs and compressive strength (CS) of CRHA is shown in Table 1.

Table 1. Coefficient of correlation (R) for explanatory variables.

AS *
(Day)

C *
(kg/m3)

RHA *
(kg/m3)

W *
(kg/m3)

SP *
(kg/m3)

A *
(kg/m3)

CS
(MPa)

AS (day) 1.00
C30 (kg/m3) −0.11 1.00

RHA (kg/m3) −0.03 −0.22 1.00
W (kg/m3) 0.01 0.08 0.14 1.00
SP (kg/m3) 0.00 0.25 −0.02 0.27 1.00
A (kg/m3) −0.06 −0.24 −0.14 −0.55 −0.21 1.00
CS (MPa) 0.49 0.37 −0.02 −0.24 0.30 0.15 1.00

* AS = age of concrete sample, C30 = cement with 30% replacement, W = water, SP = superplasticizer, A = aggregate.

The compressive strength of cubic specimens was converted to the compressive
strength of cylinders using a conversion ratio of 0.8 [59]. The purpose of this research
was to determine the compressive strength of various CRHA mixtures using MEP. As
input parameters, variables such as the amount of cement (C), the amount of water (W),
amount of RHA, age of concrete (AS), amount of aggregate (A), and dosage of SP were
collected from the literature. Figure 5 depicts histograms for all variables utilized in this
investigation. Additionally, Table 2 has a statistical description of the gathered data. The
mean and median for all AS values were obtained to be 34.57 and 28, respectively. While
the value of skewness is positive for all the variables except for water and fine aggregate.
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Table 2. Statistical description of variables.

Description of Variables AS (Day) C (kg/m3) RHA
(kg/m3) W (kg/m3) SP (kg/m3) A

(kg/m3) CS (MPa)

Mean 34.57 409.02 62.33 193.54 3.34 1621.51 48.14
Median 28.00 400.00 57.00 203.00 1.85 1725.00 45.95
Mode 28.00 400.00 0.00 203.00 0.00 1725.00 47.00

Standard Deviation 33.52 105.47 41.55 31.93 3.52 267.77 17.54
Sample Variance 1123.61 11,124.88 1726.77 1019.71 12.37 71,702.44 307.70

Skewness 0.75 1.55 0.44 −0.42 0.69 −0.74 0.83
Range 89.00 534.00 171.00 118.00 11.25 930.00 88.10

Minimum 1.00 249.00 0.00 120.00 0.00 1040.00 16.00
Maximum 90.00 783.00 171.00 238.00 11.25 1970.00 104.10

Sum 6638.00 78,531.00 11,967.10 37,158.91 640.35 311,330.00 9243.10
Count 192.00 192.00 192.00 192.00 192.00 192.00 192.00

4. Model Development

One of the objectives of this study is to develop a new formulation for the compressive
strength of CRHA using the MEP model. The essential parameters recommended in the
literature were used as input variables. Therefore, formulation of the compressive strength
(CS) of CRHA was assumed using Equation (1) as follows:

CS = f(AS, OPC, A, SP, W, RHA) (1)

In order to develop a strong and generic model, a large number of MEP fitting pa-
rameters must be defined before modeling begins. The relevant variables are chosen in
accordance with prior suggestions and a trial-and-error method. The number of programs
that will develop in a population is determined by the size of the population. It would be
more complex and precise to run a model with a huge population size, and it may take a
long time for the model to converge. The method was begun by assuming a total of ten
subpopulations. Table 3 summarizes the parameters used in the study. All these values
are calculated after running several trials on different combinations as shown in Table 4. It
should be noted that several parameters (like code length, connecting functions) can further
increase the accuracy of the developed model, but they increase the computation time
as well as the complexity of the model. Hence, they were kept at an optimum level. For
simplicity in the final formulations, the function set includes the fundamental mathematical
operations of multiplication, square root, natural log, subtraction, division, and addition.
The number of generations indicates the amount of accuracy that the algorithm should
reach before being terminated. Similarly, the rate of mutation and cross-over indicates the
likelihood that the progeny will experience similar genetic processes. The incidence of
cross-over varies between 50% and 95%. Numerous combinations of these parameters were
tested on the data, and the optimal combination was chosen as shown in Table 4. The final
parameters selected are shown in Table 3. One of the challenges with AI-based modeling is
data overfitting. A model works admirably on the original data, but drastically degrades on
the unseen data. To circumvent this issue, it has been proposed to test the trained model on
an unknown or testing dataset. As a result, the whole database was randomly partitioned
into training, validation, and testing sets. While modeling, the training and validation data
were processed. The validated model is next evaluated on a third dataset, i.e., one that
was not utilized to construct the model. It was assured that the distribution was uniform
across all datasets. The resulting models outperformed the baseline models on all three
datasets. MPX v1.0, a commercially available computer tool, was used to implement the
MEP algorithm [44–46].



Materials 2022, 15, 3808 9 of 22

Table 3. MEP parameter used in making a model.

Parameters MEP

Num of subpopulation 20
Subpopulation size 1000

Code length 50
Crossover probability 0.9

Crossover type Uniform
Mutation probability 0.001

Tournament size 2
Operators 0.5
Variables 0.5

Number of generations 1000
Function set +, −, ×, /
Terminal set Problem input

Replication number 10
Error measure Mean squared error
Problem type Regression

Simplified Yes
Random seed 0

Number of runs 10
Number of threads 1

Table 4. MEP optimal combination.

Trial No. No. of
Subpopulation

Subpopulation
Size

Code
Length

No. of
Generation

Functions
Used R2 RMSE MAE RRSE Time

(Min)

MP1 10 200 20 200 +, −, ×, / 0.9275 71.1 48.03 0.2693 0–2
MP2 20 20 +, −, ×, / 0.9448 62.17 41.82 0.2355
MP3 50 25 +, −, ×, / 0.9454 61.94 45.67 0.2346
MP4 70 25 +, −, ×, / 0.9233 74.09 47.03 0.2806
MP5 100 35 +, −, ×, / 0.9221 74.33 46.89 0.2815
MP6 20 400 35 +, −, ×, / 0.9156 88.17 60.35 0.334
MP7 600 35 +, −, ×, / 0.9496 59.68 41.9 0.226
MP10 40 400 +, −, ×, / 0.9614 53.41 38.12 0.2023 15
MP11 40 600 +, −, ×, / 0.9376 66.01 42.78 0.25 25
MP12 1000 50 +, −, ×, / 0.9298 70.13 43.56 0.2656
MP13 50 1000 +, −, ×, / 0.9362 66.97 45.06 0.2536 45

4.1. Shapley Additive Explanations (SHAP)

Even though numerous ML research on concrete structures have attained great accu-
racy in their predictions, the applicability of the ML models receives little consideration.
Numerous research assesses the feature relevance for tree-based models single decision pro-
cess, heuristic techniques, or model-agnostic methods [47,48]. However, these approaches
are frequently impractical and skewed for EML models, particularly those with a signifi-
cant bias. In this study, SHAP is utilized to demonstrate the interpretation of every input
parameter. SHAP is expressed as the mean marginal contribution to a feature value over all
conceivable coalitions, in accordance with the collaborative game theory. In particular, the
SHAP value of a data is the mean prediction rate of samples having the characteristic minus
the mean prediction value of samples lacking the feature. To enhance the interpretability
of a machine learning (ML) model, its output is stated as the linear sum of its input data
multiplied by their respective SHAP values.

To check the performance criteria, Root mean square error (RMSE), coefficient of
correlation (R), mean absolute error (MAE), coefficient of regression (R2), relative root mean
square error (RRMSE), relative squared error (RE), and performance index ρ (Equations
(2)–(8), respectively) have been used in this study.

RMSE =

√
∑n

i=1(xi − yi)
2

n
(2)
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R =
∑n

i=1(xi − xi)(yi − yi)√
∑n

i=1(xi − xi)
2 ∑n

i=1(yi − yi)
2

(3)

MAE =
∑n

i=1|xi − yi|
n

(4)

R2 = 1−
∑n

i=1
(
xj − yj

)2

∑n
i=1
(
xj − y

) (5)

RRMSE =
1
|e|

√
∑n

i=1(xi − yi)
2

n
(6)

RE =
∑n

i=1(xi − yi)
2

∑n
i=1(x− xi)

2 (7)

ρ =
RRMSE

1 + R
(8)

OBJ =
(

nL − nT
n

)
ρL + 2

(nT
n

)
ρT (9)

where, xi and yi are the ith experimental and predicted output values, respectively; and
denote the experimental and expected output values, respectively; and n denotes the
complete number of observations. Lower values of RMSE, MAE, and higher values of
R, and R2, as well as the pre-selected significance value, i.e., alpha (usually 0.05) from F
and t-tests, indicate that the predictive model performs well and has a better accuracy.
Additionally, it implies that the experimental and anticipated values are highly connected.
Additionally, it is worth noting that a R value larger than 0.8, an R2 value nearer to 1, an
RMSE value nearer to or equal to zero, and ρ value (0 to infinity) approaching zero all
contribute to improved model calibration. Unlike the RMSE, MAE is a positive evolution
metric when the original data is relatively smooth [60]. On the other hand, the normalized
mean square error (NSE) runs between 0 and 1.0 (1 inclusive), with 1 regarded as the
best number. Additionally, a significant issue linked with AI systems is overfitting, which
occurs because of extensive training and results in higher mistakes in the testing set. As
demonstrated in Equation (9), the objective function (OBF) is assessed and decreased prior
to selecting the best predictive mode [61]. The OBF is used to evaluate the trained model’s
performance by including changes in the error function (RRMSE) and correlation coefficient
(R). A low OBF value aids in overcoming the issue of overfitting.

4.2. Cross-Validation Using 10 K-Fold Method

Generally, cross-validation procedure is applied using 10 k-fold to decrease the random
sampling-related distortion of training and residual set of inputs. According to the findings
of Kohavi, the ten-fold validation test yields a dependable variance and the ideal computing
time (Kohavi, 1995). This study employed a stratified 10 k-fold cross-validation method
to evaluate the performance of a model that categorizes a given number of data samples
into 10 subgroups. In each of 10 rounds of model development and validation, a separate
data subset is used for testing while the remaining data subsets are used to train the model.
As seen in Figure 6, the test subset is used to validate model precision. The algorithm’s
precision is then reported as the average precision gained by the 10 models during ten
rounds of validation.
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plicity, both sets are combined in the Figure 8. 

Figure 6. K-fold cross-validation algorithm [61].

5. Results and Discussion
5.1. MEP Analysis of CRHA

Appendix A contains the optimized MEP code for compressive strength prediction
of CRHA utilizing specified input variables. The compressive strength of CRHA for the
training dataset is displayed in Figure 7 along with the slope. The optimal location of the
regression line is 45◦, with a slope equal to 1, but it must be closer to 1 for good association.
As shown in Figure 7, the proposed model accurately predicts the compressive strength
of CRHA (R for the entire dataset is 0.97). Additionally, the RMSE, MAE, and the NSE for
estimating the training dataset of compressive strength of CRHA are 3.98, 0.6, and 0.77,
respectively. The near proximity of the points to the ideal fit and the inclusion of most
points within the acceptable confidence interval demonstrates the suggested MEP model’s
validity. As previously stated, R values greater than 0.8 [45] and NSE values near unity
indicate that the suggested models for the compaction parameters function effectively.
Figure 8 shows the compressive strength of CRHA for validation and testing set. For
simplicity, both sets are combined in the Figure 8.
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The created MEP model’s adaptability was further measured by calculating the error
distribution between the experimental and predicted values in both datasets (training
and validation sets). The error pattern for the training and validation sets is depicted
in Figures 9 and 10 for both sets. The deeper red color indicates the greater error levels.
The model’s error value is small, indicating that it successfully simulates the compressive
strength of CRHA. The whole database is displayed with the absolute error in each data
point to see the model’s maximum error percentage, as shown in Figure 10. As can be
observed, the model and predicted outputs are quite near, with an average error of 2 MPa
and a peak error of less than 6 MPa for the compressive strength of CRHA. Additionally,
the frequency of occurrence of maximal error is rather low. It has been discovered that
around 80% of CRHA results estimated compressive strengths have an inaccuracy of less
than 4 MPa.
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5.2. Performance Evaluation of MEP Model

According to Iqbal et al. [43], the database-to-input ratio should be at least three for
good models and preferably greater than five for perfect models. The ratio is substantially
greater in this research, at 32. Table 5 exhibit the statistical parameters for the validation
and training sets for the MEP model. These results demonstrate that the models have been
trained efficiently and that there is a strong correlation between expected and experimental
output with low error levels. The MAE, RMSE, and RE values for the training set of the
MEP model are 3.067, 3.843, and 0.047, respectively, while the values for the validation
phase are 2.317, 3.406, and 0.048. The statistical measurements are nearly the same for the
validation and training sets, demonstrating a greater capability for generalization and the
ability to predict trustworthy outcomes for previously unknown data. As seen in Table 5,
the ρ of the MEP projected model approaches zero (zero for ideal model). The OBF values
of 0.04 adequately solved the issue of data overfitting.

Table 5. Statistical indictors for training and validation set.

Indicators Training Validation

R2 0.976419 0.971378
R 0.988139 0.985585

RMSE 3.843116 3.406354
MAE 3.067433 2.317413

RRMSE 0.079188 0.072075
RE 0.047253 0.048581
ρ 0.03983 0.0363

OBF 0.04

5.3. External Validation

External validation of the MEP model was also examined, owing to its substantially
improved efficiency, which is shown in Table 6. As per literature, at least one regression
slope line (k or k′) going through the origin must approach one [62]. The performance
indices must have values less than 0.1. For the situation of optimal moisture content, the
requirement of additional external validation, namely, Rm > 0.5, is met [63–65]. Additionally,
the squared correlation coefficient (R′2o) between the estimated and experimental datasets,
as well as the correlation coefficient (R2

o) between the experimental and estimated values,
must approach one [66–68]. As seen in Table 6, the suggested MEP model meets nearly
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all the stated requirements, which is consistent with the findings of existing literature and
recommendations [69–72].

Table 6. External validation of data.

S. No. Equation Condition MP Suggested
by

1 R =
∑n

i=1(xi−xi)(yi−yi)√
∑n

i=1(xi−xi)
2 ∑n

i=1(yi−yi)
2

R > 0.8 0.98 [63–65]

2 k =
∑n

i=1(xi×yi)

x2
i

0.85 < k < 1.15 0.975
[62]

3 k′ = ∑n
i=1(xi×yi)

y2
i

0.85 < k′ < 1.15 0.976

4
Rm = R2 × (1−

√∣∣R2 − R2
0

∣∣
where

R2
o = 1− ∑n

i=1(yi−xo
i )

2

∑n
i=1(yi−yo

i )
2 , xo

i = k× yi

R′2o = 1− ∑n
i=1(xi−yo

i )
2

∑n
i=1(xi−xo

i )
2 , yo

i = k′ × xi

Rm > 0.5 0.856 [66–68]
R2

o
∼= 1 0.989 [69–72]

R′2o ∼= 1 1.000

5.4. 10-K Fold Cross Validation

A desired level of accuracy is required for the validity of prediction models. The 10
K-fold cross-validation method is used to ensure the accuracy of the model by shuffling
the available data. By using this technique, the bias associated with a random sampling
of training data set is minimized. This technique divides the experimental data samples
into ten equal subsets and utilizes the nine subsets for developing and shaping the strong
learner. Meanwhile, the last subset is utilized to gauge the validity of the developed
model. The validation process repeats for ten times, and at the end, the average accuracy is
obtained from the ten times repetition. The generalization performance and the reliability
of the model are well represented by 10 K-fold cross-validations [65]. The cross-validation
tests for individual MEP model are represented in Figure 11. The results of 10 K-fold cross-
validations are assessed by using the coefficient of determinant, R2 (regression tool) along
with MAE and RMSE (statistical error tools) as shown in Table 7. In Figure 11, fluctuation
in the value R2 is observed for the 10 K-fold validation of different ML techniques, but still,
a high level of accuracy is maintained in each fold. The accuracy of the cross-validation
was also assessed in terms of MAE and RMSE and is given in Figure 11, respectively. The
average value of MAE for is 4.2 MPa, respectively, as shown in Figure 11.
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Table 7. Statistics for K-fold Validation.

MAE RMSE R2

4.47 5.4 0.919

4.209 7.68 0.91

4.71 5.82 0.86

2.97 4.14 0.91

1.60 2.71 0.95

11.1 15. 0.89

2.99 3.45 0.90

4.04 5.21 0.87

3.30 4.22 0.89

2.97 2.73 0.93

Figure 11 shows the RMSE values of 10 K-fold validation and gives an average value
of 5.7 MPa, respectively. The results of the 10 K-fold cross-validation method reflect the
accuracy and reliability of the concerned developed models.

5.5. Explanation Using MEP Model

A detailed explanation of the machine learning model, as well as the feature correla-
tions and interactions, is performed. To begin, better global depictions of feature impacts
are created by aggregating local descriptions from the SHAP tree integrator over the whole
dataset. Figure 12 illustrates a SHAP summary graphic in which each mark corresponds
to a single data point in the dataset. The dots along the x-axis represent the effect of each
feature values on the compressive strength of CRHA prediction. The marks are heaped
together to demonstrate the density of several dots landing at the same x-axis point. Ac-
cording to Figure 12, the top three characteristics that have the most effect on compressive
strength of CRHA prediction, in order of importance, are the age of concrete (AS), the
amount of cement (C), and the amount of aggregate (A).
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Figure 13 illustrates the feature reliance on the machine learning model in further
depth by evaluating every single value in the dataset independently. On the x- and y-axes,
the feature values and their related SHAP values are shown. The plots are additionally
enhanced by feature interactions (shown by color bars) that indicate the combined influence
of many features. One must keep in mind that SHAP values do not indicate causal linkages
but rather characterize the model’s behavior. A greater SHAP value implies that the
model is attempting to forecast higher compressive strengths from the associated feature
values. Similarly, a SHAP value less than zero indicates that the model is seeking to
reduce the predicted compressive strength. These microscopic representations demonstrate
interactions between various feature pairs impact the related SHAP values, which correlate
to the comparable compressive strength values.
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Historically, AIA were mostly viewed as black boxes that served as a significant
barrier between research and practice [73–75]. Because of AIA’s lack of explainability and
credibility, practitioners avoid it [75]. However, due to the improved predictability and
explainability of the MEP model described in this study, it may be used by a broader
range of experts to make some real-world judgments. This amount of data regarding the
composition versus strength connection of concrete enhances one’s comprehension of the
concrete’s nature and the optimization of the concrete mixture.

5.6. Sensitivity Analysis

Figure 14 demonstrates that each parameter is crucial for predicting the compressive
strength of CRHA. According to sensitivity analysis, cement and age have a significant part
in the total contribution to compressive strength, which is greater than fifty percent. Age
of concrete (AS) provides around 29.47 percent, whereas cement quantity (C) contributes
approximately 27.93 percent. The remaining four factors, namely RHA, water (W), SP, and
aggregate (A), contribute about 8.26%, 12.85%, 13.49%, and 7.99%, respectively.
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6. Conclusions

Experts have been examining several AIA techniques for predicting the compressive
strength of CRHA as feasible alternatives to the highly time-consuming and costly experi-
mental compression testing. However, little effort has been made to improve the predictive
powers and explainability of these commercial AIAs, which function as a significant barrier
between research and practice, since practitioners avoid adopting AIA owing to their lack
of understandability and reliability. To address this, an MEP model is employed to increase
the predictability of the compressive strength of CRHA’s. Advanced AIA principles such
as model pipelining, model optimization, and feature selection via cross-validation are
employed to help in the generation of more accurate models to forecast the compressive
strength of CRHA. A comparison of the findings demonstrates that the created model
generates the most precise prediction when compared to previously published models over
the last two decades.

It is proved that the created MEP model generates verifying data (not available in the
current literature) regarding the feature impacts, dependencies, and interactions with the
compressive strength of CRHA. The core concept of this study was to explain a prediction
model by calculating the contribution of each feature to the prediction of CRHA’s compres-
sive strength. In addition, the relationship between different variables affecting the strength
of CRHA is calculated using SHAP analysis. It was discovered that the most significant
factors impacting the compressive strength of CRHA are the age of concrete (AS), amount
of cement (C), and the amount of aggregate (A). Furthermore, the dependency factors and
relationship between different variables may help in future research to make a novel CRHA
mix design as per the requirement of the site without compromising on cost, mechanical
properties, available time, and availability of the mix ingredients.

Future Recommendation

The CRHA can effectively replace OPC concrete. Recommendation: comprehensive
research of CRHA that includes more parameters. Including more input parameters and
expanding the database can yield more trustworthy results for more generic expressions.
These parameters should include resistance to acid attack and high temperature, sulphate
and chloride resistance, and corrosion. For additional predictions, sophisticated techniques
such as particle swarm programming and ensemble methods can be utilized.
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ML approaches can be used with heuristic methods, such as the whale optimization,
ant colony optimization, and PSO, for improved outcomes. These procedures may then
be compared to those utilized in this investigation. In addition, MEP is an expanded and
enhanced version of GEP. It is necessary to apply and analyze Honeybee algorithm to
overcome the limits of ensemble algorithms.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15113808/s1, Table S1: A database of 192 data points based
on the literature review and the published data to build computational equation for predicting the
compressive strength of CRHA [52–58].

Author Contributions: Conceptualization, M.N.A., K.K. and M.F.J.; Data curation, M.F.J. and D.Y.Z.E.;
Formal analysis, M.F.J. and D.Y.Z.E.; Funding acquisition, M.N.A., K.K., M.G.Q., M.I.F. and M.I.;
Investigation, M.N.A.; Methodology, K.K., M.F.J. and D.Y.Z.E.; Project administration, M.N.A.;
Resources, M.N.A., K.K. and M.W.A.; Software, M.F.J. and D.Y.Z.E.; Supervision, M.N.A.; Validation,
M.F.J., A.A.A. and M.W.A.; Visualization, M.G.Q., M.I., M.W.A., A.A.A. and M.I.F.; Writing—original
draft, M.N.A., K.K. and M.F.J.; Writing—review & editing, M.N.A. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the Deanship of Scientific Research, Vice Presidency for Grad-
uate Studies and Scientific Research, King Faisal University, Saudi Arabia [Project No. AN000163].
The APC was funded by the same “Project No. AN000163”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used in this research has been properly cited and reported in
the main text.

Acknowledgments: The authors acknowledge the support from the Deanship of Scientific Research,
Vice Presidency for Graduate Studies and Scientific Research, King Faisal University, Saudi Arabia
[Project No. AN000163]. The authors extend their appreciation for the financial support that has
made this study possible.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

RHA Rice husk ash
MEP Multi-expression programming
CRHA Concrete made with rice husk ash
SHAP SHapley Additive exPlanations
OPC Ordinary Portland cement
AIA Artificial intelligence algorithms
BBA Black-box algorithms
EA Evolutionary algorithms
GA Genetic algorithm
NN Neural network
GEP Gene expression programming
SP Superplasticizer
C Amount of cement
W Amount of water
A Amount of aggregate
AC Age of concrete
CS Compressive strength
RMSE Root mean square error
R Coefficient of correlation
MAE Mean absolute error
R2 Coefficient of regression
RRMSE Relative root mean square error
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RE Relative squared error
ρ Performance index
OBF Objective function
NSE Normalized mean square error

Appendix A

pg[0] = x[0];
pg[1] = sqrt(pg[0]);

pg[2] = x[1];
pg[3] = x[3];

pg[4] = exp(pg[1]);
pg[5] = pg[1] × pg[2];
pg[6] = pg[4] / pg[3];
pg[7] = pg[0] + pg[3];
pg[8] = pg[2] − pg[7];

pg[9] = x[4];
pg[10] = pg[8] × pg[9];
pg[11] = pg[10] + pg[5];
pg[12] = pg[1] × pg[0];
pg[13] = pg[8] + pg[11];

pg[14] = pow(pg[1], pg[9]);
pg[15] = pg[13] − pg[12];

pg[16] = sqrt(pg[15]);
pg[17] = x[2];

pg[18] = pg[6] + pg[8];
pg[19] = pg[9] × pg[17];
pg[20] = pg[12] / pg[18];
pg[21] = pg[19] + pg[18];

pg[22] = sqrt(pg[11]);
pg[23] = pg[5] / pg[21];

pg[24] = sqrt(pg[14]);
pg[25] = pg[24] × pg[4];
pg[26] = pg[6] − pg[20];
pg[27] = pg[22] / pg[25];
pg[28] = pg[26] / pg[23];
pg[29] = pg[16] − pg[27];
pg[30] = pg[29] + pg[28];
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Malazdrewicz, S. A comparative study for the prediction of the compressive strength of self-compacting concrete modified with
fly ash. Materials 2021, 14, 4934. [CrossRef] [PubMed]

24. Band, S.S.; Janizadeh, S.; Chandra Pal, S.; Saha, A.; Chakrabortty, R.; Melesse, A.M.; Mosavi, A. Flash flood susceptibility modeling
using new approaches of hybrid and ensemble tree-based machine learning algorithms. Remote Sens. 2020, 12, 3568. [CrossRef]

25. Band, S.S.; Janizadeh, S.; Chandra Pal, S.; Saha, A.; Chakrabortty, R.; Shokri, M.; Mosavi, A. Novel ensemble approach of
deep learning neural network (DLNN) model and particle swarm optimization (PSO) algorithm for prediction of gully erosion
susceptibility. Sensors 2020, 20, 5609. [CrossRef] [PubMed]

26. Shabani, S.; Samadianfard, S.; Sattari, M.T.; Mosavi, A.; Shamshirband, S.; Kmet, T.; Várkonyi-Kóczy, A.R. Modeling pan
evaporation using Gaussian process regression K-nearest neighbors random forest and support vector machines; comparative
analysis. Atmosphere 2020, 11, 66. [CrossRef]

27. Shamshirband, S.; Mosavi, A.; Rabczuk, T.; Nabipour, N.; Chau, K.W. Prediction of significant wave height; comparison between
nested grid numerical model, and machine learning models of artificial neural networks, extreme learning and support vector
machines. Eng. Appl. Comput. Fluid Mech. 2020, 14, 805–817. [CrossRef]

28. Taherei Ghazvinei, P.; Hassanpour Darvishi, H.; Mosavi, A.; Yusof, K.B.W.; Alizamir, M.; Shamshirband, S.; Chau, K.W. Sugarcane
growth prediction based on meteorological parameters using extreme learning machine and artificial neural network. Eng. Appl.
Comput. Fluid Mech. 2018, 12, 738–749. [CrossRef]

29. Torabi, M.; Hashemi, S.; Saybani, M.R.; Shamshirband, S.; Mosavi, A. A Hybrid clustering and classification technique for
forecasting short-term energy consumption. Environ. Prog. Sustain. Energy 2019, 38, 66–76. [CrossRef]

30. Farooq, F.; Ahmed, W.; Akbar, A.; Aslam, F.; Alyousef, R. Predictive modeling for sustainable high-performance concrete from
industrial wastes: A comparison and optimization of models using ensemble learners. J. Clean. Prod. 2021, 292, 126032. [CrossRef]

31. Azim, I.; Yang, J.; Javed, M.F.; Iqbal, M.F.; Mahmood, Z.; Wang, F.; Liu, Q. feng Prediction model for compressive arch action
capacity of RC frame structures under column removal scenario using gene expression programming. Structures 2020, 25, 212–228.
[CrossRef]

32. Iqbal, M.F.; Javed, M.F.; Rauf, M.; Azim, I.; Ashraf, M.; Yang, J.; Liu, Q.F. Sustainable utilization of foundry waste: Forecasting
mechanical properties of foundry sand based concrete using multi-expression programming. Sci. Total Environ. 2021, 780, 146524.
[CrossRef] [PubMed]

33. Iqbal, M.; Zhang, D.; Jalal, F.E.; Faisal Javed, M. Computational AI prediction models for residual tensile strength of GFRP bars
aged in the alkaline concrete environment. Ocean. Eng. 2021, 232, 109134. [CrossRef]

34. Jalal, F.E.; Xu, Y.; Iqbal, M.; Jamhiri, B.; Javed, M.F. Predicting the compaction characteristics of expansive soils using two genetic
programming-based algorithms. Transp. Geotech. 2021, 30, 100608. [CrossRef]

35. Jalal, F.E.; Xu, Y.; Iqbal, M.; Javed, M.F.; Jamhiri, B. Predictive modeling of swell-strength of expansive soils using artificial
intelligence approaches: ANN, ANFIS and GEP. J. Environ. Manag. 2021, 289, 112420. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jclepro.2022.131285
http://doi.org/10.1016/j.asej.2021.09.020
http://doi.org/10.1016/j.matpr.2020.02.870
http://doi.org/10.1080/19942060.2020.1734094
http://doi.org/10.3390/su12010177
http://doi.org/10.1016/j.conbuildmat.2021.124762
http://doi.org/10.1080/19942060.2019.1627676
http://doi.org/10.1109/ACCESS.2020.3015966
http://doi.org/10.3390/w14060947
http://doi.org/10.3390/ma15010058
http://doi.org/10.3390/ma14174934
http://www.ncbi.nlm.nih.gov/pubmed/34501024
http://doi.org/10.3390/rs12213568
http://doi.org/10.3390/s20195609
http://www.ncbi.nlm.nih.gov/pubmed/33008132
http://doi.org/10.3390/atmos11010066
http://doi.org/10.1080/19942060.2020.1773932
http://doi.org/10.1080/19942060.2018.1526119
http://doi.org/10.1002/ep.12934
http://doi.org/10.1016/j.jclepro.2021.126032
http://doi.org/10.1016/j.istruc.2020.02.028
http://doi.org/10.1016/j.scitotenv.2021.146524
http://www.ncbi.nlm.nih.gov/pubmed/34030334
http://doi.org/10.1016/j.oceaneng.2021.109134
http://doi.org/10.1016/j.trgeo.2021.100608
http://doi.org/10.1016/j.jenvman.2021.112420
http://www.ncbi.nlm.nih.gov/pubmed/33831756


Materials 2022, 15, 3808 21 of 22

36. Zha, T.H.; Castillo, O.; Jahanshahi, H.; Yusuf, A.; Alassafi, M.O.; Alsaadi, F.E.; Chu, Y.M. A fuzzy-based strategy to suppress the
novel coronavirus (2019-NCOV) massive outbreak. Appl. Comput. Math. 2021, 20, 160–176.

37. Zhao, T.H.; Khan, M.I.; Chu, Y.M. Artificial neural networking (ANN) analysis for heat and entropy generation in flow of
non-Newtonian fluid between two rotating disks. Math. Methods Appl. Sci. 2021. [CrossRef]

38. Zhao, T.H.; Qian, W.M.; Chu, Y.M. Sharp power mean bounds for the tangent and hyperbolic sine means. J. Math. Inequalities
2021, 15, 1459–1472. [CrossRef]

39. Ghalandari, M.; Ziamolki, A.; Mosavi, A.; Shamshirband, S.; Chau, K.W.; Bornassi, S. Aeromechanical optimization of first row
compressor test stand blades using a hybrid machine learning model of genetic algorithm, artificial neural networks and design
of experiments. Eng. Appl. Comput. Fluid Mech. 2019, 13, 892–904. [CrossRef]

40. Joloudari, J.H.; Hassannataj Joloudari, E.; Saadatfar, H.; Ghasemigol, M.; Razavi, S.M.; Mosavi, A.; Nabipour, N.; Shamshirband,
S.; Nadai, L. Coronary artery disease diagnosis; ranking the significant features using a random trees model. Int. J. Environ. Res.
Public Health 2020, 17, 731. [CrossRef]

41. Mahmoudi, M.R.; Heydari, M.H.; Qasem, S.N.; Mosavi, A.; Band, S.S. Principal component analysis to study the relations between
the spread rates of COVID-19 in high risks countries. Alex. Eng. J. 2021, 60, 457–464. [CrossRef]

42. Behnood, A.; Golafshani, E.M. Machine learning study of the mechanical properties of concretes containing waste foundry sand.
Constr. Build. Mater. 2020, 243, 118152. [CrossRef]

43. Iqbal, M.F.; Liu, Q.F.; Azim, I.; Zhu, X.; Yang, J.; Javed, M.F.; Rauf, M. Prediction of mechanical properties of green concrete
incorporating waste foundry sand based on gene expression programming. J. Hazard. Mater. 2020, 384, 121322. [CrossRef]
[PubMed]

44. Farooq, F.; Amin, M.N.; Khan, K.; Sadiq, M.R.; Javed, M.F.; Aslam, F.; Alyousef, R. A comparative study of random forest and
genetic engineering programming for the prediction of compressive strength of high strength concrete (HSC). Appl. Sci. 2020, 10,
7330. [CrossRef]

45. Chu, H.H.; Khan, M.A.; Javed, M.; Zafar, A.; Khan, M.I.; Alabduljabbar, H.; Qayyum, S. Sustainable use of fly-ash: Use of gene-
expression programming (GEP) and multi-expression programming (MEP) for forecasting the compressive strength geopolymer
concrete. Ain Shams Eng. J. 2021, 12, 3603–3617. [CrossRef]

46. Fallahpour, A.; Wong, K.Y.; Rajoo, S.; Tian, G. An evolutionary-based predictive soft computing model for the prediction of
electricity consumption using multi expression programming. J. Clean. Prod. 2021, 283, 125287. [CrossRef]

47. Zou, Y.; Zheng, C.; Alzahrani, A.M.; Ahmad, W.; Ahmad, A.; Mohamed, A.M.; Elattar, S. Evaluation of Artificial Intelligence
Methods to Estimate the Compressive Strength of Geopolymers. Gels 2022, 8, 271. [CrossRef]
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