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Abstract-Artificial intelligence (AI) and statistical methods are
used in various fields and have played a vital role in investigating
the deflection and strain of reinforced green concrete beams
made with partial replacement of recycled concrete aggregates
under sustained loading. The methods used to assess structural
contributors are time-saving and cost-effective compared to
experimental evaluation. This study investigated the numerical
modeling of reinforced concrete beams produced by replacing
50% of coarse natural aggregates with demolished vintage
concrete under sustained loading. Multivariate regression
analysis was used to determine the mathematical equations for
long-term deflection and stress from experimental data of 6, 9,
and 12 months of loading. Three software suites were used for the
regression analysis, namely NCSS, Matlab, and Microsoft Excel.
Six beams were cast using demolished concrete as 50% of coarse
aggregates to test and validate the regression equations, where
three of them were examined for two months of sustained loading
and the other three for three months. The regression results were
in accordance with the experimental observations with a
maximum error of 10.34%. Therefore, the provided regression
equations for deflection and pressure could be used to estimate
the parameters of reinforced concrete beams.

Keywords-Artificial Intelligence (Al); green concrete; long-
term loading; numerical modeling; recycled concrete aggregates;
sustained loading

I. INTRODUCTION

Many structural engineering challenges remain outstanding
although the sector grows its interest in technological solutions
[1]. Most of these problems are hard optimization problems [2],
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making them relatively difficult to resolve, as an increase in the
dimensionality of a problem increases its complexity [3].
Conventional optimization strategies cannot tackle complicated
issues for numerous reasons, especially in the case of the
referred curse of dimensionality. Furthermore, investigating the
use of gradient-primarily based strategies for engineering
problems with neighborhood solutions is time-consuming, as
these methods depend on the region of the initial issue [4]. All
these drawbacks made researchers to extend machine learning
methods consisting of metaheuristic or hybrid methods [5] to
resolve engineering problems. Estimation of concrete
properties, particularly green concrete, before and after
hardening is a key effort to ensure its quality [6]. Green
concrete is preferred as it is environmentally friendly and
preserves the natural constituents of conventional concrete, but
it requires extensive research to determine its behavior under
different conditions. On the other hand, the experimental
assessment of required parameters is not only time-consuming,
but also requires much care, labor, and cost. Moreover, any
inaccuracy in an experimental setup or procedure requires
repetition and modification. Therefore, an alternative tool is
required to avoid these problems. The best option is numerical
analysis, carried out by mathematical modeling of the required
parameters based on experimental data. Regression analysis is
the most widely used method for this purpose [7].

Many concrete manufacturing methods have been proposed
using domestically available substances or waste [8]. The use
of demolished concrete as coarse aggregates in new concrete
could reduce the environmental impact due to the transport of
natural coarse aggregates and the waste dumping in landfills. In
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addition, it could help reduce waste control issues and the
overall cost of the structure. Various proportions of recyclable
aggregates from demolished concrete [9, 10] or plastics [11]
have been investigated in concrete mixtures, examining their
compressive and tensile strength. In [12], a relationship
between the cylindrical and cubic compressive strength of
concrete using recycled concrete as coarse aggregate was
presented, using regression analysis of the experimental
observations of 400 samples. Regression analysis is a process
of predicting the deviation in the dependent variables for the
deviation of the independent variables. This process is
effectively used in civil engineering to determine mathematical
equations for different properties based on experimental
observations. In [13], a regression model was presented
considering the variable workability of recycled aggregate
concrete. In [14], regression analysis was used to model
concrete delivery and placement, while in [15] the cost
estimation of a project was studied using the same method.

Traditional strategies for modeling and optimizing
complicated structures require huge amounts of computing
resources. Al-based methods can provide valuable alternatives
to efficiently solve issues in civil engineering [16], while many
studies examined concrete's strength using numerical modeling.
In [17], the age and curing period of concrete were used to
predict its strength, finding correlation coefficients equal to
0.995 and 0.994 for 7 and 28 days of curing and demonstrating
the validity of the model. In [18], a combination of multivariate
regression analysis and neural networks was investigated to
study the strength of concrete with mineral admixtures. The
concrete samples, using fly ash and a blast furnace, were cast
and cured from 3 to 180 days, followed by nondestructive
testing. Laboratory results were used as data for numerical
modeling, and the neural network showed better performance.
However, the combination of both methods was more suitable
for non-linear relationships of the parameters. Numerical
modeling of the relationships between the properties of
demolished concrete, recycled aggregates, and recycled
concrete aggregate and the flexural behavior of amorphous
concrete are some other examples of regression analysis studies
[19-23]. Numerical modeling of several aspects of normal and
recycled aggregate concrete under short-term loading has been
investigated in several studies. However, very few studies are
available on the numerical modeling of concrete behavior when
using green concrete produced by demolished concrete as
coarse aggregates. This study presents a regression analysis of
the deflection and strain of reinforced green concrete beams
under sustained long-term loads (6, 9, and 12 months) [24-26].
NCSS [27], Matlab 2016 [28], and Microsoft Excel 2016 were
used to perform regression analysis, and their results were
compared. To validate the results, 6 RC green concrete beams
were cast and tested. A comparison of the test with the
predicted results showed very good agreement between the two
sets.

II.  METHOD AND ANALYSIS

Regression analysis is a statistical method to estimate a
relationship between two or more variables and can be used to
predict future values from available datasets. The method
mainly depends on a dependent or target variable and

independent or predictor variables. This process requires the
declaration of dependent and independent variables, and then it
fits the data for regression and gives the coefficients of a
mathematical equation along with the statistical analysis of the
data. This study wused a dataset from experimental
investigations of long-term deflection and strain under
sustained load for 6, 9, and 12 months [24-26]. These studies
used reinforced concrete beams cast using 50% replacement of
natural coarse aggregates with demolished concrete. The beams
were tested in frames with a constant central point load
maintained with the help of screw jacks and load cells. The
central point deflection was monitored and recorded on daily
basis. The strain was measured at 11 locations along the central
line (depth) of the beam, and then all these values were
averaged. Six beams were used for each loading duration, three
made from all-natural coarse aggregates (NAB) and three with
an equal dosage of natural and recyclable aggregates (RAB).
Figure 1 shows the plot of deflection in mm of all beams versus
time in days and the proportion of recyclable aggregates (%).
Similarly, Figure 2 shows the average recorded strain in all
beams. Both figures show the results of beams cast with all-
natural and recyclable aggregates on the same axis.
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Fig. 1. Deflection in all beams.

Strain vs %RCA and Time
%1073

Strain

60
%RCA Time

Fig. 2. Strain in all beams.
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At first, a regression equation was produced for deflection,
considering the proportion of recyclable aggregates (0 or 50)
and time as independent variables. Initially, the load was also
considered as an independent variable, but as it was the same
throughout the sustained load duration, it had no impact and
was removed from the list of variables. Similarly, a regression
equation was investigated for strain, In this process, the strain
was considered as the dependent variable while all the other
parameters were kept constant. Although several software
suites are available for regression analysis, this study used
NCSS, Matlab, and Microsoft Excel. NCSS and Matlab have
been widely used for statistical analysis. The coefficients of the
regression equation for the deflection and the strain, generated
by NCSS, along with standard error are given in Tables I and
IL

TABLE L. COEFFICIENTS AND STANDARD ERROR FOR DEFLECTION
USING NCSS
Independent | Regression | Standard | Lower 95% Upper 95%
variable coefficient error conf. limit conf. limit
Intercept 1.519958 0.0067 1.5067 1.5331
Time 0.017779 0.0002 0.0173 0.0182
RCA% 0.002341 0.0001 0.0021 0.0025
TABLE II. COEFFICIENTS AND STANDARD ERROR FOR STRAIN
USING NCSS
Independent | Regression | Standard | Lower 95% Upper 95%
Variable Coefficient Error Conf. Limit Conf. Limit
Intercept 0.001953044 | 3.42x10° 0.00195 0.00195
Time 1.336448%107 | 1.20x107 1.31x107 1.35x10°
RCA%  |2.200535x10° | 6.56x10°® 6.56x10° 2.33x10°

Regression analysis on experimental observations for
deflection and strain in Matlab produced the coefficients of
regression equations given in Table III. Finally, regression
analysis was conducted in Microsoft Excel, and the coefficients
obtained for deflection and strain are shown in Tables IV and
V.

TABLE IIL. COEFFICIENTS FOR DEFLECTION AND STRAIN USING
MATLAB
. Regression coefficient
Independent variable Deflection Strain
Intercept 1.5309459 0.0019583
Time 0.0025159 | 1.8728203%10°
RCA% 0.0022354 | 2.1973138%10°
TABLE IV. MS EXCEL REGRESSION RESULTS FOR DEFLECTION
- Regression | Standard | P- o o
Description coefficient error value Lower 95% | Upper 95%
Intercept | 1.531000785 | 0.001403289 | 0 1.528249712 |1.533751858
Time 0.002515843 | 7.07153x10°[ 0 0.00250198 |0.002529707
RCA % |0.002234576 | 2.66382x10° | 0 | 0.002182353 [0.002286799
TABLE V. MS EXCEL REGRESSION RESULTS FOR STRAIN
. Regression | Standard P- o o
Description coefficient error value Lower 95% | Upper 95%
Intercept |0.001958191|1.23844x10°] 0 0.001955763 |0.001960619
Time |1.87426x10°/6.24082x10°| 0 | 1.86202%10° |1.88649%10°
RCA % |2.19487x10°| 2.3509x10® | 0 | 2.14878%10° |2.24096%10°°

The regression coefficients obtained from NCSS were used
to write the regression equations for deflection and strain in (1)
and (2), respectively:

6 = 1.530946 + 0.0022354 X RCA + 0.0025159 x T

€ =0.0019583 + 2.19731379 X 107® X RCA
+ 1.8728203 X 107® X T

ey
©))

where J represents deflection, ¢ denotes strain, RCA is used for
proportions of recyclable aggregates (0 for 0%, 50 for 50%,
etc), and T is time in days. Similarly, the coefficients given in
Table III, obtained from regression analysis in Matlab, were
used in (3) and (4):

6 = 1.5309459 + 0.0022354 X RCA + 0.0025159 X T (3)

€ =0.0019583 + 2.1973138 X 107% X RCA

+ 1.8728203 x 1076 X T @

Similarly, the regression coefficients given in Tables IV
and VI obtained using Microsoft Excel can be used for the
respective regression equations for strain and deflection. These
equations were used to predict the deflection and strain values.
To further validate the performance of the equations, six beams
were cast and cured for 28 days. The proportion of recycled
aggregates in the beams was 50%. Three beams were tested for
2 months of sustained load, and the other three were tested for
3 months. The load and loading mechanism was maintained the
same with the test results used to develop the regression
equations. Figure 3 shows the loading system.

Fig. 3.

Loading system.

III.

Several statistical parameters were computed and compared
in regression analysis to check the authenticity of the process.
The R-square value is one among them and is presented along
with the standard error in Table VI. The R-square values
obtained from the regression analysis by NCSS are equal to
0.953 and 0.9496 for deflection and strain. This shows that
about 95% of deflection and 96% of strain predicted values are
around the mean value. The normal probability plots of
deflection and strain are shown in Figures 4 and 5. Both figures
also verify that the vast majority of data points fall in a close
band, indicating a good agreement of predicted and test values.

RESULTS AND DISCUSSION

A similar observation was made for the R-square value
obtained from the Matlab regression analysis. Similarly to the
above, Microsoft Excel R-square values were equal to 0.9645
and 0.9525 for deflection and strain. These values also show
that about 96% of the data points are close to the mean.
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Additionally, the p-value for all variables computed by the
software was nearly zero. Both R-square and p values show the
validity of the developed regression equations.

TABLE VL SUMMARY REPORT

Software NCSS MATLAB EXCEL

Depe‘ndent Deflection | Strain | Deflection | Strain | Deflection | Strain
variable
R? 0.9530 | 0.9496 0.951 0.9642 | 0.9645 |0.9526
Adj R? 0.9527 | 0.9496 0.951 0.9642 | 0.9645 |0.9526
Standard 8.66x 4.12x%
error 0.0022 107 - - 0.0467 10°
Normal Probability Plot of Residuals of D
. ="
-20 hd
Fig. 4. Normal probability plot of deflection (NCSS).

The three sets of regression coefficients have very minor or
ignorable differences, showing the similarity of the capabilities
of these suites for the purpose. The regression equations were
then used to predict the deflection and stress of the concrete
beams and compare them to the experimental results. Table VII
shows the error in the computed values. It can be observed that
the maximum error in deflection computations is about 12%,
whereas in stress is about 10%, proving the validity of the
regression equations. The regression analysis cannot only save
from the experimental procedures but additionally provides
results in little time. To further verify the validity of the
equations, six reinforced concrete beams were prepared and
tested with the same conditions. Table VIII shows the
variables, numerical results, and experimental observations.

Normal Probability Plot of Residuals of S
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Fig. 5. Normal probability plot of strain (NCSS).
TABLE VIL ERROR % IN PREDICTED VALUES OF DEFLECTION AND
STRAIN
Deflection Strain
Description Maximum Minimum Maximum Minimum
(%) (%) (%) (%)
NCSS 12.30248 -6.03898 10.107397 -4.82636
MATLAB 12.348812 -6.09497 10.0916 -4.84347
Excel 12.30491 -6.0357 10.29922 -4.85232

It may be noted that almost the same deflection results were
produced by all three equation sets. The same strain value was
calculated using the regression equations of NCSS and Matlab,
whereas a slightly higher strain value was calculated using the
strain equation developed by Excel. The percentage difference
with the other two regression models was about 2%, which is
negligible. In comparison to the findings with the average
values of test results of the beams loaded for 2 months, it was
observed that the regression value of deflection was about
11.8% higher than the average test results. The difference in
strain for the beams was recorded as equal to 2%. The
difference between regression and average test observations of
deflection and strain for reinforced concrete beams loaded for 3
months was recorded equal to 1% for both parameters.
Therefore, it can be concluded that the regression equations
predicted very well the long-term deflection and strain of the
reinforced green concrete beams under sustained load, even
beyond the data set.

TABLE VIII. DATA AND RESULTS FOR TEST BEAMS
# Variables Deflection Strain

T | RCA | Lab | NCSS | MATLAB | EXCEL Lab NCSS MATLAB | EXCEL
B1 | 60 40 1.58 0.00211
B2 | 60 40 1.59 | 1.7713 1.7713 1.7713 0.00212 | 0.002159 | 0.002159 | 0.002164
B3 | 60 40 1.59 0.00211
B4 | 90 40 1.83 0.0022
B5 | 90 40 1.85 | 1.8468 1.8468 1.8468 0.0023 | 0.002215 | 0.002215 | 0.002219
B6 | 90 40 1.85 0.0023

IV. CONCLUSION

This study used regression analysis to investigate the
numerical modeling of deflection and strain under sustained
long-term loads of reinforced green concrete beams, using

three software suites, namely NCSS, Matlab, and Microsoft
Excel. The experimental results of 6, 9, and 12 months of
loading were used as input variables to develop regression
equations for deflection and strain. It was observed that all
software suites used developed almost similar regression
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equations. The use of regression equations to predict the
parameters showed good agreement between the two sets with

a maximum error of 12.34%.

Further validation of the

regression equations was performed by casting and testing six
additional reinforced green concrete beams. The numerical
results of these beams were observed to be 12% higher than the
experimental results. Therefore, the regression equations may
be confidently used to predict the deflection and strain of
proposed beams under long-term loading.

(1]

(2]

(3]

(4]

[3]

(6]

(71

[8]

(91

[10]

(1]

[12]

[13]

REFERENCES

V. Plevris and G. C. Tsiatas, "Computational Structural Engineering:
Past Achievements and Future Challenges," Frontiers in Built
Environment, vol. 4, Apr. 2018, https://doi.org/10.3389/fbuil.2018.
00021.

P. Mohapatra, K. Nath Das, and S. Roy, "A modified competitive swarm
optimizer for large scale optimization problems," Applied Soft
Computing, vol. 59, pp. 340-362, Oct. 2017, https://doi.org/10.1016/
j-as0c.2017.05.060.

Y. Sun, T. Yang, and Z. Liu, "A whale optimization algorithm based on
quadratic interpolation for high-dimensional global optimization
problems," Applied Soft Computing, vol. 85, Dec. 2019, Art. no. 105744,
https://doi.org/10.1016/j.as0c.2019.105744.

H. Gupta, P. P. Bansal, and R. Sharma, "Development of high
performance hybrid fiber reinforced concrete using different fine
aggregates," Advances in concrete construction, vol. 11, no. 1, pp. 19—
32,2021, https://doi.org/10.12989/acc.2021.11.1.019.

C. C. Ruiz, J. L. Caballero, J. H. Martinez, and W. A. Aperador,
"Algorithms to measure carbonation depth in concrete structures sprayed
with a phenolphthalein solution," Advances in concrete construction,
vol. 9, no. 3, pp. 257-265, 2020, https://doi.org/10.12989/acc.2020.
9.3.257.

B. A. Memon, M. Oad, A. H. Buller, S. A. Shar, A. S. Buller, and F.-R.
Abro, "Effect of Mould Size on Compressive Strength of Green
Concrete Cubes," Civil Engineering Journal, vol. 5, no. 5, pp. 1181-
1188, May 2019, https://doi.org/10.28991/cej-2019-03091322.

A. H. Buller, A. Memon, A. S. Buller, and Irum Naz Sodhar, "Modeling
Fire Effect of Reinforced Recycled Aggregate Concrete Beams by
Regression Analysis," International Journal on Emerging Technologies,
vol. 12, no. 1, pp. 97-102, 2021, https://doi.org/10.13140/RG.2.2.29740.
39048.

B. B. Mukharjee and S. V. Barai, "Performance assessment of nano-
Silica incorporated recycled aggregate concrete," Advances in concrete
construction, vol. 8, no. 4, pp. 321-333, 2019, https://doi.org/10.12989/
acc.2019.8.4.321.

M. Oad and B. A. Memon, "Compressive Strength of Concrete
Cylinders using Coarse Aggregates from Old Concrete," in Abstract
Proceedings of 1st National Conference on Civil Engineering (NCCE
2013-14), Apr. 2014.

S. A. Shohana, M. I. Hoque, and M. H. R. Sobuz, "Experimental
investigation on hardened properties of recycled coarse aggregate
concrete," Advances in concrete construction, vol. 10, no. 5, pp. 369—
379, 2020, https://doi.org/10.12989/acc.2020.10.5.369.

M. Ashok, P. Jayabalan, V. Saraswathy, and S. Muralidharan, "A study
on mechanical properties of concrete including activated recycled plastic
waste," Advances in concrete construction, vol. 9, no. 2, pp. 207-215,
2020, https://doi.org/10.12989/acc.2020.9.2.207.

A. H. Buller, M. Oad, and B. A. Memon, "Relationship between Cubical
and Cylindrical Compressive Strength of Recycled Aggregate Concrete,"
IJIRMPS - International Journal of Innovative Research in Engineering
& Multidisciplinary Physical Sciences, vol. 7, no. 2, pp. 14-19, Apr.
2019, https://doi.org/10.17605/0SF.I0/QKIJU6.

P. Chopra, R. K. Sharma, and M. Kumar, "Predicting Compressive
Strength of Concrete for Varying Workability Using Regression
Models," International Journal of Engineering and Applied Sciences,
vol. 6, no. 4, pp. 10-22, Dec. 2014, https://doi.org/10.24107/ijeas.
251233.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

P. Dunlop and S. Smith, "Estimating key characteristics of the concrete
delivery and placement process using linear regression analysis," Civil
Engineering and Environmental Systems, vol. 20, no. 4, pp. 273-290,
Dec. 2003, https://doi.org/10.1080/1028660031000091599.

G. H. Kim, S. H. An, and K. I. Kang, "Comparison of construction cost
estimating models based on regression analysis, neural networks, and
case-based reasoning," Building and Environment, vol. 39, no. 10, pp.
1235-1242, Oct. 2004, https://doi.org/10.1016/j.buildenv.2004.02.013.

P. Lu, S. Chen, and Y. Zheng, "Artificial Intelligence in Civil
Engineering," Mathematical Problems in Engineering, vol. 2012, Dec.
2012, Art. no. e145974, https://doi.org/10.1155/2012/145974.

M. F. M. Zain, S. M. Abd, K. Sopian, M. Jamil, and A. I. Che-Ani,
"Mathematical regression model for the prediction of concrete strength,"
in Proceedings of the 10th WSEAS international conference on
Mathematical methods, computational techniques and intelligent
systems, Stevens Point, Wisconsin, USA, Jul. 2008, pp. 396-402.

U. Atici, "Prediction of the strength of mineral admixture concrete using
multivariable regression analysis and an artificial neural network,"
Expert Systems with Applications, vol. 38, no. 8, pp. 9609-9618, Aug.
2011, https://doi.org/10.1016/j.eswa.2011.01.156.

A. H. Buller, M. Oad, and B. A. Memon, "Flexural Strength of
Reinforced Concrete RAC Beams Exposed to 6-hour Fire — Part 2: Rich
Mix," Engineering, Technology & Applied Science Research, vol. 9, no.
1, pp. 3814-3817, Feb. 2019, https://doi.org/10.48084/etasr.2494.

A. H. Buller, B. A. Memon, and M. Oad, "Effect of 12-hour fire on
Flexural Behavior of Recyclable Aggregate Reinforced Concrete
Beams," Civil Engineering Journal, vol. 5, no. 7, pp. 1533-1542, Jul.
2019, https://doi.org/10.28991/cej-2019-03091350.

A. S. Buller, F.-R. Abro, T. Ali, S. H. Jakhrani, A. H. Buller, and Z. Ul-
Abdin, "Stimulated autogenous-healing capacity of fiber-reinforced
mortar incorporating healing agents for recovery against fracture and
mechanical properties," Materials Science-Poland, vol. 39, no. 1, pp.
33-48, Mar. 2021, https://doi.org/10.2478/msp-2021-0009.

E. Ekinci, 1. Tirkmen, and E. Birhanli, "Mechanical and durability
characteristics of GGBS-based self-healing geopolymer mortar produced
using by an endospore-forming bacterium," Journal of Building
Engineering, vol. 57, Oct. 2022, Art. no. 104944, https://doi.org/
10.1016/j.jobe.2022.104944.

A. H. Buller, M. Oad, B. A. Memon, and S. Sohu, "24-hour Fire
Produced Effect on Reinforced Recycled Aggregates Concrete Beams,"
Engineering, Technology & Applied Science Research, vol. 9, no. 3, pp.
4213-4217, Jun. 2019, https://doi.org/10.48084/etasr.2764.

M. Oad, A. H. Buller, B. A. Memon, and N. A. Memon, "Impact of
Long-Term Loading on Reinforced Concrete Beams Made with Partial
Replacement of Coarse Aggregates with Recycled Aggregates from Old
Concrete," Engineering, Technology & Applied Science Research, vol.
9, no. 1, pp. 3818-3821, Feb. 2019, https://doi.org/10.48084/etasr.2498.
M. Oad, A. H. Buller, B. A. Memon, N. A. Memon, and S. Sohu, "Long
Term Impact in Reinforced Recycled Concrete Beams Under 9-Month
Loading," Engineering, Technology & Applied Science Research, vol. 9,
no. 3, pp. 4140-4143, Jun. 2019, https://doi.org/10.48084/etasr.2697.

M. Oad, B. A. Memon, A. H. Buller, and N. A. Memon, "Flexural
Behavior of RC Beams Made with Recycled Aggregates Under 12-
Month Long Term Loading," Engineering, Technology & Applied
Science Research, vol. 9, no. 5, pp. 4631-4635, Oct. 2019,
https://doi.org/10.48084/etasr.3013.

NCSS, "Statistical Software | Sample Size Software | NCSS." NCSS.
Available: https://www.ncss.com/.
Mathworks, "MATLAB - MathWorks.".
mathworks.com/products/matlab.html.

Available: https://www.

www.etasr.com

Buller et al.: Investigating the Deflection and Strain of Reinforced Green Concrete Beams Made with ...



