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Abstract

The assessment of low-flow in ungauged or poorly-gauged basins where the flow data are unavailable remains a
challenge in many parts of the world. This study aims to address the low-flow assessment in the ungauged sub-basins in
Thailand by regionalizing low flow indices including the base-flow index (BFI), 95th percentile-flow (Q95) and the
annual minimum 7-day moving average flow with a 10-year recurrence interval (7Q10). The framework is demonstrated
through the case study of 25 sub-basins of the Upper Ping River basin with available data from 1995-2014. Performance
of two widely used regionalization methods, the regression and climate adjustment methods are tested and compared.
The accuracy of the methods is assessed by comparing the predicted with the observed low-flow indices calculated in
terms of R%, NSE, and RMSE. The results of the regression method indicate that the method performs best for predicting
7Q10 compared to Q95 and BFI. The best R2, RMSE, and NSE values obtained from the regression model for predicting
7Q10 are 0.95, 0.95, and 0.26 respectively. The results of the climate adjustment method show that the method with a
comparatively long overlap period is found to improve over the regression method. The longest 15 overlap period tested
in this study show that the R?> and RMSE can be improved to almost 1.00 and NSE can be reduced to 0.09. While this
study could offer a way forward improving low-flow estimation and water resources management in ungauged basins,
further study on non-stationarity of the basin is recommended.

Keywords: Climate adjustment, Low-flow indices, Record augmentation, Regional regression, Upper Ping River Basin

1. INTRODUCTION management such as irrigation, water supply, and water
quality and quantity estimations (Eslamian, 2018).

In Thailand, there are more flood studies than drought
or low-flow. The method for low-flow estimation has
been paid little attention. This study focuses on assessing
the techniques for estimating low-flow in gauged and
ungauged sub-basins of the Upper Ping River basin where
the hydrological study is particularly challenging due to
limited available data. A previous study by Visessri
(2014) used BFI as a low-flow index to predict flow in
the Upper Ping River basin. This study introduced other
two low-flow indices (Q95 and 7Q10) that might be
useful for the prediction in ungauged basins. The
objective of this study is to define the applicable method
for low-flow estimation in ungauged sub-basins of the
Upper Ping River basin which is the headwater of the
Chao Phraya basin. If the low-flow in the Upper Ping
River basin can be monitored, it could also reduce the risk
of water scarcity in the Chao Phraya basin.

Water is vital for human living and essential for
environmental, economic, and ecological management.
Due to the growth of the global population, the water
demand for food production and social development
towards better living conditions have also been increasing
(Kundzewicz, 1997). Since the amount of water is limited
especially in the dry year while the demand has increased
higher, this may lead some areas to face the problem of
water scarcity. In order to cope with the problem, the
management of water resources is necessary. In recent
years, water resources management has become more
focused on mid-term and long-term planning for water
demand and conservation management, water transfer,
and diversion (Karamouz et al., 2003). For riparian
countries, monitoring of flow characteristics in the river
basin is the principal for water resources management
responding to the problem of water scarcity. One of the
most essential indicators which are beneficial for flow
characterization is known as “low-flow” which is defined
as “flow of water in a stream during prolonged dry
weather” (Smakhtin, 2001). During low-flow periods,
most stream habitats are reduced in area and and may also
affect biota. Low-flow characteristics information
provides threshold values for different water-based
activities and is required for some water resources
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2.DATA

2.1 Study Area

This study is conducted in the Upper Ping River
basin which is in the northwestern part of Thailand. It
stretches from latitude 17°00°N to 19°48’N and from
longitude 98°05°E to 99°23°E and covers a total area of
26,674 km? with elevation ranges from 195 to 2577 m
a.s.l (meter above mean sea level) as shown in Figure 1.
The west of the basin is mainly mountainous while the
central and the east of the basin are relatively flat. The
major water resource is the Ping River flowing from the
north to the south. The Bhumibol reservoir separates the
upper and lower part of the Ping basin. The basin has a
varied climate with a mean annual rainfall of 1,097 mm
(Sharma & Babel, 2014).
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Figure 1 Elevation of the Upper Ping River basin

2.2 Flow Data and Rainfall Data

Flow data and rainfall data used in this study are daily
series from 25 flow gauges obtained from the Royal
Irrigation Department (RID) and the Department of
Water Resources (DWR) and 43 rain gauges obtained
from RID and the Thai Meteorological Department
(TMD) which have been continuously monitored from
1995 to 2014, respectively. The study period from 1995
to 2014 was selected because it has a relatively small
amount of missing data and sufficiently long records for
low-flow assessment. The rainfall and streamflow time
series from those stations are shown in Figure 2.

2.3 Land Use

Land use is classified into five main different types,
such as Forest (F), Agriculture (A), Urban (U), Open
water (W), and Mixed land-use (M). The major land use

of the Upper Ping River basin is the forest which covers
the area of 21,235 km? or equal to approximately 80% of
the total area. The second majority is agriculture which
covers another 14% of the total area while the urban, open
water and mixed land-use areas show a minor proportion
to the total area. The information mentioned above is
obtained by overlapping the basin boundary with the land
use data of year 2005 obtained from the Land
Development Department (LDD), Thailand. The land use
data of year 2000 are assumed to sufficiently represent
the land use condition and have negligible change over
the entire period of study. This assumption is supported
by the study of Visessri & Mclntyre (2015) which found
that the land use change in the Upper Ping River basin
was not significant enough to cause an impact on the
regionalized flow indices (Visessri & Mclntyre, 2015).

2.4 Soil Type

Based on the soil type data obtained from LDD, there
are thirty-six soil types in the Upper Ping River basin.
However, only four types among the total show the major
value in terms of proportion to the total area. The first
majority is Soil type group 62 which distributes about
70% and can be found almost everywhere in the basin.
The second and third majorities are Soil type group 48
and Soil type group 20 which distribute about 9% and 3%
to the basin, respectively. Another majority which
distributes about 3% to the basin also is Soil type group
29. When considering the soil type of the 25 sub-basins
used in this study, Soil type group 62 remains dominant;
other soil types cover much smaller area.

A summary of the basin characteristics of the 25 sub-
basins used in this study is given in Table 1.

2.5 Low-flow Characteristics

There are three commonly used low-flow indices
(LFI) chosen in this study. They are ninety-five-
percentile flow (Q95), baseflow index (BFI), and annual
minimum 7-day moving average flow with a 10-year
recurrence interval (7Q10).

2.5.1 Ninety-five-percentile Flow (Q95)

Q95 represents flow that is equaled or exceeded for
95 percent of the observation period and can be
determined from the flow duration curve (WMO, 2008).
It can be used for establishing low-flow criteria for stream
standards. Furthermore, it can be used as a reference
streamflow level to differentiate drought flows from
nondroughted flows (Zelenhasi¢ & Salvai, 1987). The
value of Q95 is calculated for all 25 gauges from
continuous daily flow data between 1995 and 2014 and is
assumed to represent the long-term average of Q95.

2.5.2 Baseflow Index (BFI)

BFI is a non-dimensional index that is defined as the
baseflow volume divided by the total streamflow volume.
The values range between 0 and 1. The high index of
baseflow indicates that the river flow can be sustained by

Naresuan University Engineering Journal, Vol. 18, No. 1, January — June 2023, pp. 1-13 2
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the basin during a prolonged dry period (WMO, 2008). In
this study, the BFI is determined using the method of
local minimum as described in (White & Sloto, 1990) for
all the 25 gauges.

2.5.3 Annual minimum 7-day moving Average Flow with
a 10-year Recurrence Interval (7Q10)

7Q10 is determined from the annual series of
minimum 7-day moving average flow at the selected 25

gauges. The average flow for each consecutive 7-day
period is calculated from the daily records, and the lowest
average value for each year represents that year in the
annual series. The 7-day minimum average flows are fit
to a log-Pearson Type III distribution to determine the
recurrence interval for an individual 7-day minimum
mean flow (Riggs, 1972).
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Figure 2 Daily rainfall and streamflow time series
Table 1 Statistical summary of the basin characteristics of the 25 sub-basins used in this study
Acronym Variable description Units Minimum Mean Maximum
%A Percentage of agriculture % 0.01 14.43 31.17
%F Percentage of forest % 64.68 83.78 98.09
%G30 Percentage of soil type group 30 % 0.00 0.84 13.79
%G40 Percentage of soil type group 40 % 0.00 0.25 3.05
%G56 Percentage of soil type group 56 % 0.00 0.01 0.20
%G60 Percentage of soil type group 60 % 0.00 0.07 0.84
%G62 Percentage of soil type group 62 % 63.87 85.48 99.99
%M Percentage of mixed-land use % 0.00 0.42 3.37
%W Percentage of open water % 0.00 0.08 0.54
AMR Annual mean rainfall mm 912.90 1117.43 1305.40
Ar Basin area km? 23.43 1638.54 14536.02
Elmax Maximum elevation m 1251.00 1968.12 2577.00
Elmin Minimum elevation m 195.00 436.44 1024.00
Slmax Maximum slope % 116.25 236.32 441.30
Slmean Mean slope % 2493 31.30 41.82
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3. METHODOLOGY

There are two regionalization methods namely
regional regression and climate adjustment used in this
study because they performed reasonably well, and they
require a few hydrological variables that allow us to test
its applicability in the study area.

3.1 Regional Regression Method

Regional regression is a frequently used method to
develop a relationship between LFI and an ‘optimal’ set
of basin characteristics. The regression in this study is
established wusing stepwise linear regression for
homogeneous  subregions to predict low-flow
characteristics in ungauged sub-basins(Laaha et al.,
2013). As stated in (Nathan & McMahon, 1992), a
common form of prediction equations can be simplified
as Eq. (1).

LFI = f(basin characteristics) (N

3.2 Climate Adjustment Method

The climate adjustment method is one of the methods
to deal with the problem of low-flow estimation from a
short streamflow record. The method consists of two
steps which are the donor site selection and the record
augmentation (Laaha & Bloschl, 2005). Unlike the
regression method that is primarily based on the spatial
relationship between the basin characteristics and LFI,
the climate adjustment method is believed to be able to
account for the influence of temporal variation of the
climate on the prediction of LFI.

3.2.1 Donor Site Selection

In this study, the donor is selected based on the
shortest Euclidean distance between the centroid of the
donor (gauged) sub-basin and the centroid of the subject
(ungauged) sub-basin or it is called the “Nearest basin
method”.

3.2.2 Record Augmentation

Once the suitable donor has been selected, the
predicted LFI at the subject site can be adjusted by
transferring the information from the donor based on two
record augmentation techniques.

In the first technique, the predicted low-flow
characteristic at subject site (QSpred) is adjusted by scaling
LFI calculated from the overlap period of the subject site
(QS,) with the ratio of LFI calculated from the entire
observations period and LFI calculated from the overlap
period of the donor site (QD and QD,). In this study, four
overlap periods of 1-yr, 5-yr, 10-yr, and 15-yr are selected
to test the predictive performance. The predicted LFI at
the subject site can be extrapolated using Eq. (2).

QD
QSpred = QSO X <QD0> (2)

The second technique applies the same principle, but
a weighting coefficient M(r) is included to account for the
robustness of correlation between subject and donor sites.
The predicted LFI at the subject site can be extrapolated
using Eq. (3).

M(r)
05,00 = 05, % (Z) ®

Qb,

where M(r) considers the length of the overlap period in
years (n,), as well as the correlation coefficient (r) of
annual low flows and, can be calculated using Eq. (4).

(ny—3)r3

M(T) = (no—4)r2+1 (4)
3.3 Evaluation of Methods Performance

To define the most applicable method between the
spatial regionalization and the temporal regionalization
methods, the scatter plot between observed and predicted
LFT for each method will be constructed and the statistical
indicators including coefficient of determination (R?),
root-mean-square error (RMSE) and Nash-Sutcliffe
efficiency (NSE) will be calculated to define which
method is the most applicable for this study.

3.3.1 Nash-Sutcliffe Efficiency

The Nash-Sutcliffe efficiency is a normalized statistic
that determines the relative magnitude of the residual
variance compared to the measured data variance. NSE
indicates how well the plot of observed versus predicted
LFI fits the 1:1 line (Moriasi et al., 2007). NSE can be
computed by using Eq. (5).

NSE =1-

n P2
z:l:1(ol Pl) ] (5)

i ,(0;-0)2

where 0; is i*" observed low-flow indices, P; is it"
predicted low-flow indices, O is mean of observed low-
flow indices, and n is total number of observations.

3.3.2 Root-Mean-Square Error

The root-mean-square error is the square root of the
mean of the square of all the errors. It is considered as an
excellent general-purpose error metric for numerical
predictions. RMSE is a good measure of accuracy, but
only to compare prediction errors of different models or
model configurations for a particular variable and not
between variables, as it is scale-dependent (Neill &
Hashemi, 2018). It can be computed by using Eq. (6).

RMSE = |~31,(0; - P,)? (6)

3.3.3 Coefficient of Determination

The coefficient of determination is the criterion
generally used in the linear regression to test the
adjustment of the model (Ait-Amir et al., 2020) and can
be calculated by using Eq. (7).
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Y1 (0,~0)x(P~P) 2 4.1 Low-flow Indices

R = [Jz

where P is predicted low-flow indices

4. RESULTS AND DISCUSSIONS

00 X T (PP

(7 4.1.1 Ninety-five-percentile Flow (Q95)

Figure 3 illustrates the flow duration curves (FDCs)
of the 25 flow stations used in this study. It can be seen
from Figure 3 that FDCs developed from the three located
mainstream stations namely P.73, P.1, and P.67 indicate
much higher flows for overall compared to the others.

The results are divided into three parts including the The Q95 of the 25 flow stations are then determined from
estimation of the observed and regionalized low-flow the FDCs.
indices.
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Figure 3 FDCs of the 25 selected flow stations
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Figure 4 demonstrates the baseflow lines of the 25 that the daily baseflow in the 25 sub-basins has a similar
selected flow stations. Similar to the FDC, the baseflow pattern, but they are different in amount. The BFIs are
line developed from the three located mainstream stations then defined as the baseflow volume divided by the total
namely P.73, P.1, and P.67 indicate much higher flows streamflow volume.
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Figure 4 Baseflow hydrograph of the 25 flow stations
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4.1.3 Annual Minimum 7-day Moving Average Flow with
a 10-year Recurrence Interval

Figure 5 shows the 7-day moving average flow of the
25 selected flow stations. The plot is much similar to that
of the baseflow hydrograph. However, they are different
in terms of quantity. The 7-day minimum average flows
determined from streamflow time series are fitted to a
Log-Pearson Type III distribution to determine 7Q10.
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The result indicates that the three located mainstream
stations (P.73, P.1, and P.67) mentioned above keep
showing higher values. Moreover, station P.75 located
upstream of the three stations is also found to present a
significantly higher value of 7Q10 compared to the
others.

The estimated LFI of all the 25 flow stations can be
summarized as shown in Table 2

—P4A ——P20 P21
060201 060301 060302 060403
060807 060808 061001 |—— 061004
061501

W o
Figure 5 7-day moving average flow of the 25 stations
Table 2 The average LFI of the 25 sub-basins

No. Station Q95 BFI 7Q10 No. Station Q95 BFI 7010
1 P.1 4.60 0.58 10.21 14 060403 0.11 0.81 0.19
2 P.4A 0.12 0.41 0.50 15 060701 0.12 0.60 0.18
3 P.20 0.96 0.57 2.49 16 060804 0.06 0.51 0.12
4 P.21 0.15 0.48 0.41 17 060806 0.21 0.45 0.43
5 P.24A 0.21 0.45 0.52 18 060807 0.88 0.59 1.39
6 P.56A 0.31 0.49 0.83 19 060808 0.22 0.42 0.42
7 P.67 3.44 0.56 7.53 20 061001 0.70 0.73 0.93
8 P.73 0.96 0.53 12.98 21 061004 0.11 0.66 0.18
9 P.75 4.23 0.63 8.58 22 061006 0.10 0.58 0.16
10 P.77 0.01 0.52 1.53 23 061301 0.11 0.73 0.27
11 060201 0.11 0.67 0.23 24 061302 3.48 0.67 4.51
12 060301 0.26 0.65 0.45 25 061501 1.20 0.54 1.82
13 060302 0.11 0.65 0.15

4.2 Regional Regression Method
4.2.1 Correlation between LFI and Each Independent
Basin Characteristics

To investigate the possibility of using the regression
to represent the relationship between the basin
characteristics and the LFI, a matrix of scatter plots
between each basin characteristic and each LFI was
developed, and the correlation coefficient (r) is
computed.

The results show that r of the Q95 ranges from -0.30
to 0.74. The %W and Slmax are the descriptors with the
highest r equal to 0.74 and 0.63, respectively. The r of the
BFI ranges from -0.48 to 0.50. The Elmin and Slyean sSeem
to be most informative in predicting BFI with r equal to
0.50 and 0.49, respectively. For the 7Q10, r ranges from
-0.57 to 0.91 where the Ar, %W, Slma, and %G62 are
descriptors with relatively high r equal to 0.91, 0.90, 0.77,
and -0.57, respectively. A few descriptors with high r
values suggest the possibility of using the regression as
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the LFI can be explained by some of the informative basin
characteristics.

4.2.2 Regression Equations
Based on the stepwise regression approach with the
allowable p-value of 0.05, only three standardized basin
characteristics namely proportions of agriculture (%A),
forest (%F), and open water (%W) show a significant
relationship for predicting the Q95. The regression
equation which relates the three descriptors to the
predicted Q95 is as shown in Eq. 8. The presence of the
three sub-basin descriptors tends to increase the value of
Q95 in each sub-basin. The result indicates that the
regression equation yields a better R? and NSE of 0.78
with a moderate RMSE of 0.51 as shown in Figure 6(a).
Q95,r¢q = 2.20%A4 + 2.63%F + 1.18%W (8)
In the prediction of BFI, there are three standardized
basin characteristics namely minimum elevation (Elmin),
mean slope (Slmean), and proportion of soil type group 60
(%G60) which share substantial contribution to the
prediction. The regression equation which relates the

three basin characteristics to the predicted BFI is as
shown in Eq. 9. The presence of Elnin, and Slmean tends to
increase the amount of BFI while the presence of %G60
tends to decrease the amount of BFI in each sub-basin.
The result shows that the equation yields a moderate R?
and NSE of 0.58 with a high RMSE of 0.70 as shown in
Figure 6(b).
BFlyroq = 0.43Elyn + 0.37Slpean — 0.34%G60 9
The regression equation for predicting 7Q10 consists
of four standardized basin characteristics namely area
(Ar), proportions of agriculture (%A), forest (%F) and
open water (%W) as shown in Eq. 10. The presence of the
four descriptors tends to increase the amount of 7Q10 in
each sub-basin. The result indicates that the equation
yields a high R? and NSE of 0.95 with a low RMSE of
0.26 as shown in Figure 6(c).

7Q10,,0q = 0.61A7 + 0.74%A + 0.90%F + 0.58%W (10)
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Figure 6 Predicted LFI estimated from regional regression method plotted versus Observed LFI estimated from overall 20-yr period: (a) Q95, (b)
BFI, (c) 7Q10

To test the reliability of the regression model, the
regression method was applied separately to calibration
(2000-2014) and validation (1995-1999) periods. The
regression method gives acceptable performance for Q95
and 7Q10 but not BFIL. For Q95, the values of R?, NSE,
and RMSE are similar for both calibration and validation
periods. When moving from calibration to validation
period, a drop in performance of the 7Q10 is caused by
an outlier. While further investigation of the outlier
should have been done, it is beyond the scope of this
study. The regression equation for BFI shows the worst
performance for both calibration and validation periods.
The results of reliability test are provided in Figure 7 and
it can be concluded that the regression model is applicable
for predicting low-flow indices but with variable
performance.
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4.3 Climate Adjustment Method

The climate adjustment method can be applied using
different overlap periods. The effects of different overlap
periods with different base years are investigated in the
prediction. A sample of the Q95 which is predicted from
various overlap periods of 1-yr, 5-yr, 10-yr, and 15-yr
with the base year of 1995 is assessed using both
augmentation techniques and can be plotted versus the
observed Q95 estimated from the overall 20-yr period as
shown in Figure 8. The results indicate that the
appropriate length of overlap period is necessary for the
prediction to obtain a reliable result. The figure clearly
shows that for the overlap period of 1-yr, the prediction
using the 1% technique performs better than the 2"
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technique. However, for the overlap period of 5 years or
more, the 2™ technique shows better performance overall.
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Summary results
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Figure 7 Performance of the regression model in calibration and validation periods
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Figure 8 Adjusted Q95 estimated from: (al) 1-yr (1995), (a2) 5-yr (1995-2000), (a3) 10-yr (1995-2005), (a4) 15-yr (1995-2010) records using 1
technique plotted versus Q95,5 estimated from overall 20-yr period; and Adjusted Q95,4 estimated from: (b1) 1-yr (1995), (b2) 5-yr (1995-2000),
(b3) 10-yr (1995-2005), (b4) 15-yr (1995-2010) records using 2™ technique plotted versus Q95 estimated from overall 20-yr period
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Figure 9 shows the summary of the method
performance for the prediction of Q95 using both
techniques with different overlap periods and base years.
In the 1* technique, for 1-year overlap period, the method
shows unsatisfied performance with very poor statistical
indicators. For 5 years, the method yields R? range from
0.42 to 0.92, NSE range from -0.33 to 0.90, and RMSE
range from 0.43 to 1.58. For 10 years, the method yields
R? range from 0.72 to 0.97, NSE range from 0.69 to 0.96,
and RMSE range from 0.28 to 0.77 while for 15 years,
the method yields R? range from 0.89 to 1.00, NSE range
from 0.89 to 0.99, and RMSE range from 0.25 to 0.62.
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In the 2™ technique, for 5 years, the method yields
R? range from 0.67 to 0.98, NSE range from -1.02 to 0.96,
and RMSE range from 0.27 to 1.95. For 10 years, the
method yields R? range from 0.90 to 0.98, NSE range
from 0.79 to 0.97, and RMSE range from 0.25 to 0.62
while for 15 years, the method yields R? range from 0.98
to 1.00, NSE range from 0.96 to 1.00, and RMSE range
from 0.09 to 0.27.

The summary of the BFI and 7Q10 is as shown in
Figure 10 and Figure 11, respectively.
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Figure 9 Summary of climate adjustment method performance of two augmentation techniques for Q95
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Figure 10 Summary of climate adjustment method performance of two augmentation techniques for BFI
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Figure 11 Summary of climate adjustment method performance using 1* techniques for 7Q10
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Figure 12 Performance of the 2™ technique of the climate adjustment method in calibration and validation periods
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Figure 12 shows the results of reliability test when
the 2nd technique of the climate adjustment method is
used for calibration and validation period. The method
can yield a reliable performance since the values of R?,
NSE, and RMSE in validation period are comparable to
those of the calibration period. This supports the
applicability of the climate adjustment method for
estimating low-flow indices in ungauged basins.

5. CONCLUSIONS

The assessment of low-flow in ungauged basins
remains a challenging issue especially for developing
countries where the flow gauging network is limited.
Regionalization using the regression and climate
adjustment methods was found to be applicable to the
prediction of low-flow in the Upper Ping River basin
which is the study area. Generally, the climate adjustment
method outperforms the regression method as it yielded
better values for performance indices. The improved
performance obtained from the climate adjustment
method is probably due to being contribution from the
consideration of the variation in climate over 20 years of
the study period. The longer overlap period used for
climate adjustment, the better the performance. However,
the marginal increase in the performance is less seen
when using the overlap period longer than 10 years. The
2" technique of the climate adjustment method where the
weighting coefficient was applied further improves the
performance over its 1% technique. The framework
demonstrated in this study could be used as a guideline to
regionalize low-flow indices and estimate streamflow in
other ungauged basins with similar climate regime and
hydrological context. This would help address the issue
of water scarcity and improve water resources
management in ungauged basins.
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Abstract

The benefits of black sesame have long been recognized, and black sesame has been used for consumption, cosmetics
for hair and skin care, and medication. One process used to produce high quality black sesame oil is the cold pressed
process, where temperature is controlled to be lower than 60 °C throughout the process. However, this process results in
a lower yield than extraction by solvent. Therefore, with the aim of enhancing efficiency, this study is examining the
impact of a microwave pretreatment on the output of cold pressing black sesame oil. The experiment tested three
conditions, with different microwave wattages and pretreatment durations, while temperatures were controlled slightly
below 60 °C under all conditions. The effects of microwave pretreatment on seed color and weight loss profile of black
sesame were studied. Tocopherol, one of the significant compounds of sesame oil, was also examined. It was found that
under all conditions, microwave pretreatment increased yields from black sesame cold pressing by 8% relative to pressing
with no pretreatment. In addition, higher y+ tocopherolin levels were found in the black sesame oil extracted after the
pretreatment process, and the highest y+f tocopherol levels were found after using low microwave wattage with a longer
duration of pretreatment. It was also found that the weight loss rate of black sesame seed increased as the microwave
power was increased. Besides, as compared to the non-activated one, 180 W sesame seed showed the highest value of
color difference.

Keywords: Cold Pressed Oil, Sesame Oil, Tocopherol, Cold Press Extraction, Microwave Pretreatment

1. INTRODUCTION lower temperature in production, especially during the
cold- pressed process where temperature is kept below
60 °C. However, mechanical press oil extraction results
in a large quantity of remaining oil in the seed waste,
indicating low production efficiency. Therefore, applying
a pretreatment method prior to extraction aims to reduce
the quantity of leftover oil in the seed waste. One of the
pretreatment processes conducted to successfully extract
most of the oil from the seeds is to use microwave
radiation to activate the seeds prior to oil extraction. For
example, the production efficiency of purslane seeds that
; ] have undergone 400 W microwave radiation is increased
(Sankar et al., 2006). Black sesame is a rich source of 0 g0/ oceeini et al., 2017). Gac aril activated by 630
nufrition with high levels of biologically 'actlve W microwave radiation results in the most efficient
compoupds, g as omega-3, tocopherol, sesamin, and production and the highest preservation of beta- carotene
sesamolin (Rangkadilok et al., 2010; Gharby et al., 2017; and lycopene levels (Kha et al, 2013). In Chilean

](Zi).oglgruer. d et al, . 2Q§1)' dA,ddl(tilofnally’ sesammo(i hazelnut extraction, 400-600 W microwave radiation
1iuCOSI & ;m dar;mm ant elm2le(:)2 O'r](;m sesa;nez Os2ele significantly increases production efficiency relative to
cake, was studied (Nantarat et al., s Bometal, )- hazelnut extraction without microwave activation

0il extra}ctlon by_ solv§1n tfrls onelof the r(rilostHe ffective (Uquiche et al., 2008). Pretreatment of rapeseed using
processes of extracting oil from plant seeds. However, 800 W microwave radiation can increase extraction

thlsl.procfeshs h.%is m(eimy d1s£a1fi\;1ar.1taiges, %specmlly ftﬁe efficiency relative to rapeseed that has not undergone
gpahltyo the o1 pr(zi fts’ WhICH 15 Jower d ecau}sle ofthe pretreatment (Wroniak et al., 2016). In addition,
1gh temperature and the numerous procedures that must activation of rice bran by microwave prior to oil

be applled durlﬁlg e})l(traciltlor(li. .Mechamcall pres(si f(‘)ll extraction has been shown to be more efficient than
extraction, on the other hand, is commonly used for activation using steaming, but less efficient than

extra'tctmg plant oil, is simpler, and can Pmduc? higher activation using hot air (Thanonkaew et al., 2012).
quality oil products. One reason for this is that it uses a

Black sesame is a plant with economic value. It is
widely consumed, especially in Asia where black sesame
has been used for medicine and cosmetics for some time.
There are reports of the grain’s medicinal benefits, such
as its antioxidant and anti-inflammatory properties, as
well as its capacity to lower lipid levels in the blood.
There is also evidence that consuming black sesame oil
for 45 days can reduce hypertension and lipid
peroxidation, while helping to increase the antioxidant
status of hypertensive patients between 35-60 years old
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The findings from the aforementioned studies provide
evidence for microwave radiation’s impact on activating
black sesame seeds prior to using them in a cold-pressed
process and for the relative efficiency of oil production
when using activated seeds compared to seeds that have
not been activated. Since tocopherol is a significant
compound of sesame oil, the present study also measured
the amount of tocopherol in cold-pressed black sesame oil
where the microwave pretreatment method had been
applied and compared it to levels found in oil from
unprocessed seeds. Therefore, the purpose of this study
was to determine how the microwave pretreatment of
black sesame affected its yield and tocopherol content.
Additionally, the variation in color of microwave-
activated sesame was also investigated.

2. MATERIAL AND METHOD

The black sesame used in this study originated from
raw sesame grown in Thailand. The sesame was kept in a
sealed plastic bag and had never been opened before the
experiment. The material was kept in storage with a
controlled temperature of 25-30 °C. The procedure
required the use of an oil pressing unit, which was a
cylinder-shaped iron device with a 20-mm inner
diameter, a 30-mm outer diameter, and a 70-mm height.
The underside had 13 drainage holes, each hole with a 1-
mm diameter. The outer part of the tube was equipped
with a 220V 150W band heater, used to heat up the
cylinder as shown in Figure 1. Temperature
measurements and the operation of the heater were
controlled by the type K thermocouple with PID
Temperature Controller (MaxWell, MTB series). A
universal testing machine (UTM: Housefield: H50KS)
was used as the starting power of the oil pressing.

For evaluating the weight loss profile of microwave
pre-treatment, 10 grams of sesame seed were placed into
an 800-W microwave for 360 seconds. Using a digital
balance, an Ohaus balance with 0.01 g precision, the
weight of the sesame was measured every 30 seconds for
360 seconds. The effects of microwave radiation at three
different intensities were studied: 100, 180, and 300
watts. The color of the sesame was then measured using
a WR-10QC handheld colorimeter, CIELAB L*a*b*
colorimeter system. The color difference between
activated and non-activated sesame was computed using
the equation below.

AE = /(L — L3)* + (a — a3)* + (b — by)* (1)

Where
AE is the colour difference,
L* is the lightness coordinate,
a* 1is the red/green coordinate, with +a*
indicating red and -a* indicating green,
b* is the yellow/blue coordinate, with +b*
indicating yellow and -b* indicating blue.

(b)

Figure 1 Cold pressed piston-cylinder set (a) drawing (b) cylinder set
(c) cylinder set with electric heater

Ten grams of black sesame were baked and activated
by microwave radiation. An 800 W 2450 Hz microwave
was used, with electric power and duration set at 100 W-
330 s, 180 W-150 s, and 300 W-60 s, respectively. The
black sesame activated using this method had a
temperature slightly lower than 60 °C, which is the
controlled temperature required for the cold pressing
process. Subsequently, the treated black sesame was
loaded into the cylinder equipped with a nylon filter,
and the press speed of the UTM machine was set at
1 mm min"'. The press of the UTM was paused for 10 min
and the amount of sesame oil produced from the process
was measured. Each different condition was tested 3
times with the pressing temperature at 60 °C and the
pressure at 70 MPa throughout the experiment.

Tocopherol levels in the treated sesame oil were
measured using an HPLC machine and then were
compared to the amount of tocopherols already known to
be in a standard sample. The measurement process was
initiated by dissolving the extracted sesame oil with
isopropanol. After that, it was filtered through a 0.45-
micron filter and injected into the HPLC machine,
SHIMADZU (Japan) model Class-VP with specifications
Detector: RF-10A XL Fluorescence Detector (EX 290
and EM 330 nm) Ultra C18, 5 um, 25 cm x 4.6 mm
(Restek).

3. RESULT AND DISCUSSION

Figure 2 depicts the weight loss profile of black
sesame after microwave pretreatment for 0 to 360
seconds. It has three different microwave power levels:
100, 180, and 300 W. The weight loss rates of 100, 180,
and 300 W appear to be consistent from the beginning to
180s:0.027,0.061, and 0.111 % per second, respectively.
After that time, the graphs' slopes are somewhat reduced
t0 0.027,0.033, and 0.025 % per second, respectively. As
the microwave power level increased, it produced a
higher value of the pressure difference between the
surface and the inside of the seed, resulting in a higher
weight loss rate (Younces et al., 2016).
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Figure 2 Percentage of remaining weight after microwave radiation

Figure 3 shows the color of black sesame after
microwave pre-treatment. For 100 W microwave
radiation, the L*, a*, and b* values were found to be
13.71, 0.55, and 0.17, respectively. In comparison to the
as-received sesame, the L* wvalue, lightness, was
somewhat enhanced while the ¢* and b* values were
decreased. These values were 13.22, 0.8, 0.09 for 180 W
and 14.64, 0.35, 0.31 for 300 W, respectively. According
to the calculations, when the microwave power increases,
the color difference values, AE, increase. When compared
to non-activated sesame, the AE values for 100, 180, and
300 W sesame were 0.29, 0.32, and 1.25, respectively.

The output of black sesame oil from the seeds that had
undergone microwave-pretreatment extraction and the
common seeds that had not undergone activation was
34.50-37.67% by weight. The yields from the black
sesame seeds that had wundergone microwave
pretreatment at 100 W-330 s, 180 W-150 s, and 300 W-
60 s showed a significant difference from yields from
common seeds without microwave pretreatment, with a
significance level at 95% at about 8% higher than
common seeds, shown in Figure 4. The reason for
increased yield may be the vaporization of seed moisture
after microwave treatment. This causes an increase in
pressure in the seed interior, leading to cell wall and
membrane disruption, which facilitates the oil passage
and affects the oil yield (Bose et al., 2020).

However, when comparing among the three
microwave-pretreatment  conditions, no statistical
difference (P < 0.05) was found. The findings from this
study are consistent with research in Chile (Uquiche et
al., 2008) which found that activating hazelnuts by 400W
and 600W microwave radiation prior to mechanical
pressing for oil extraction increases yields from those of
hazelnuts that have not undergone pretreatment. This is
because the cell membrane of the seed is altered by the

microwave radiation, which heats up the object from the
inside. The present findings also relate to other studies
(Wroniak et al., 2016; Bakhshabadi et al., 2017) which
mention the use of microwave pretreatment resulting in
membrane disruption and in an increase in oil extraction
yields.

L= 13.71
a= 0.55
b= 0.17

3

Figure 3 Sesame seed color after microwave pre-treatment
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Figure 4 Increase in yield of pre-treatment sesame oil
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High performance liquid chromatography separates
the components of a liquid mixture by injecting the
mixture into a stream of solvent flowing through a
column packed with a separation medium. As the sample
components separate from one another while flowing
through the column, the detectors deliver a voltage
response as a function of time, which is called a
chromatogram. The moment each peak appears identifies
the sample constituent with respect to a standard. The
present study found y+f tocopherol in every sample
without o and & tocopherol, as presented in Figure 5. This
is consistent with other studies conducted in Thailand
(Rangkadilok et al., 2010) which have reported that both
types of tocopherols cannot be found in most black
sesame. In Figure 5, when comparing tocopherol levels
between the black sesame seeds that underwent
microwave pretreatment at 100 W-330 s, 180 W-150 s,
and 300 W-60 s with the controlled sample, or the
common seeds that had not undergone microwave
pretreatment, it was found that the seeds that had
undergone microwave pretreatment had  higher
tocopherol levels than the controlled sample. The seeds
that underwent pretreatment at a low wattage and for a
longer time (100 W-330 s) had the highest tocopherol
levels, followed by pretreatment conditions of 180 W-150
s and 300 W-60 s, respectively. These levels were higher
than those observed in the corresponding controlled
samples (20.33%, 17.47%, and 3.20%, respectively).

This result is consistent with a previous study on
microwave pretreatment of kana rapeseed, which
indicated that after a 7-min microwave treatment, o-
tocopherolis levels decreased while y and & tocopherolis
levels were found to be higher than rapeseed that had not
undergone microwave treatment (Wroniak et al., 2016).
Research on Sea Buckthorn leaves also found that y
tocopherol levels in microwave-dried samples were
higher than those of samples which had undergone the
conventional drying method (Gornas et al., 2014).

10{ Power 100 W
[ Time 330's

Voltage (v)

25 10 115 20 25 20
Time (min)

25 S0 75 100

10 Power 180 W
Time 150 s

Voltage (v)

=
E=

25 50 75 100 125 150 115 2(50 as %0

Time (min)

10 r Power 300 W
Time 60 s

Voltage (v)

004

25 S50 15 100 125 150 115 20 25 %0
Time (min)

Figure 5 Tocopherol analysis result of pre-treatment sesame oil

4. CONCLUSION

This study investigated the impact of microwave
pretreatment of black sesame on the seed’s yield and on
tocopherol levels in sesame oil extracted using the cold
pressed process. The temperature was controlled to
remain below 60 °C throughout the process. The study
found that this method can be applied prior to pressing oil
from sesame in order to increase the yield from pressing.
In terms of levels of the tocopherol compound, the study
showed that pretreatment at all tested electrical powers
and durations was able to increase the yield from the cold
pressing process about 8%, with no statistically
significant differences between the different conditions of
pretreatment. Regarding levels of y+f3 tocopherol in the
cold pressed oil, using the microwave at a low wattage
and with longer pretreatment duration at a temperature
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under 60 °C yielded the highest levels of tocopherol,
20.33%, compared to other pretreatment conditions.
Besides, the sesame seed that underwent 180 W of
microwave treatment showed the highest value of color
difference.
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Abstract

Rotary Draw Bending (RDB) is a common process in the tube bending industry but the problem of springback often
occurs. When the clamp die part is released after the bending process, the bent tube will spring back as a result of the
material deforming. Several studies have attempted to determine the factors of springback but there is no convincing
empirical evidence to establish a relationship between the input and output factors of the tube bending process variables
in springback problem. In this research, the factors affecting the springback angle by the Taguchi method in bending
seamless tubes ASTM A-210 Gr. Al, outside diameter 44.45 mm, were established. The Taguchi method is used for
medium carbon seamless tubes for steam boilers. The four factors that were considered included wall thickness, bending
radius, dwell time and bending angle. The results showed that all factors have a significant influence on the springback
angle in the tube bending process, and each factor affects the springback angle differently. The factors that affect the
springback angle the most are Bending Radius with an impact of 43.01%, Bending Angle 25.16%, Wall Thickness
16.05%, and Dwell Time 15.78%. As well, the time-dependent springback principle has a significant effect on the
springback response in tube bending.

Keywords: Springback Optimization, CNC Tube Bending, Taguchi Method, ASTM A-210 Gr. Al, Seamless Steel

Tube

1. INTRODUCTION

NC Mandrel-Less Rotary Draw Bending (RDB) is the
most commonly used metal tube bending machine today.
When the clamping parts in the RDB are removed, the
shape of the tube will be restored and springback
inevitably occurs. The actual geometry of the tube
bending will deviate from the design requirements. This
directly affects the forming accuracy and the quality of
the metal tube. Therefore, accurate springback prediction
is the key to springback compensation and control.
Springback factor analysis, mechanism and law of
springback and predicting springback have been
extensively researched (Zhou et al., 2021). The process
involves factor inputs and the responses between these
inputs are complex. However, there has been no
convincing empirical proof for establishing the
relationship between the input and output factor variables
in the tube bending process relevant to springback
(Podder et al., 2020).

Several studies have investigated springback from
bending tubes. Mentella et al. (2008) developed a new
method for a feasibility study and the determination of the
loading curves in the RDB process by controlling some
of the main tooling parts, namely boosters and pressure
dies. The main factors that were considered were
thickness, outer diameter, bending radius and bending

angle. Jiang et al. (2010) studied the coupling effects on
the springback angle of the material properties and the
bending angle during numerically controlled bending of
a titanium alloy tube TA18. Yang et al. (2010) studied the
role of friction in the bending behaviors of thin-walled
tube in RDB with a small bending radius. Ho-Seung
Jeong et al. (2012) conducted a predictive study of the
springback angle during the bending process of Inconel
625. By applying Elastic Theory to predict the bending
moment and springback of the tube, Mei Zhan et al.
(2016) created an analytical model for tube bending
springback that considered different parameter variations
of titanium alloy tubes. Borchmann et al. (2020) studied
the influence of the stiffness of the machine axes on the
formation of wrinkles during RDB by finite element
method (FEM) simulations that considered the stiffness
of each machine axis. Huifang Zhou et al. (2021) studied
springback angle prediction of circular metal tube
considering the interference of cross-sectional distortion
in mandrel-less rotary draw bending by distinguishing the
variables affecting springback.

2. PROBLEM DESCRIPTION

Several studies have attempted to study the factors
that influence the occurrence of springback and the input
variables influencing springback are still important for
future research. One factor related to springback is the
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time dependence which has been the subject of various
studies. Daxin and Liu (2010) studied springback and
time-dependent springback of 1Cr18Ni9Ti stainless steel
tubes under bending. Jun Ma et al. (2020) studied the
influence of natural deterioration Pre/Post-Aging of
springback in bending Al-Mg-Si alloy tubes using the
time-dependent principle to study the springback angle.
However, these studies relied on the time condition
before and after forming only but did not consider the
time factor during the manufacturing process as shown in
Figure 1. This alloy can improve its mechanical
properties when it is heat treated and in the aging process.

Al-alloy
Materials

= Manufacturing=>  Delivery == ;\sw‘mbl:\’
and Service

\ A
- 5 2

Natural aging after
forming (Post-NA)

Natural aging before
forming (Pre-NA)
%—/

Springback variation during forming process
and geometry accuracy variation of deformed parts

Figure 1 The influence of natural deterioration Pre/Post-Aging of
springback. (Ma et al., 2020)

The time-dependent springback phenomenon has
been experimentally observed in aluminium (Wang et al.,
2004), stainless steel tubing (Daxin and Yafei Liu., 2010),
high-strength steel (Lim et al., 2012), pure titanium sheets
(Hama. et al., 2017), and Al-alloy (Ma et al., 2020). The
mechanisms underlying the time-dependent springback
are stress relaxation and creep behavior driven by the
residual stress in the deformed materials (Ma et al., 2020).

The objective of the current study was therefore to fill
the research gaps remaining from previous tube bending
springback studies by studying other important factors,
including the time-dependent factor, in the manufacturing
process and the use carbon steel material. The predictions
relevant to seamless steel tube bending for steam boiler
applications are included in this comprehensive study.

3. EXPERIMENTAL DESIGN

In this study, metal tube bending experiments were
conducted with the design of the experiments following
the Taguchi method. The various factors affecting the
springback angle were identified.

Table 1 Chemical composition and mechanical properties of
ASTM A-210 Gr. Al

Chemical Composition

C Mn P S Si
0.27% 0.93% 0.035% 0.035% 0.10%
Mechanical Properties
Tensile Strength Yield Strength Hardness

415 MPa 255 MPa 79 HRB

3.1 Overview of the experimental method
The experimental equipment and tools included the
Herber 76 CNC TB Bending Machine without the use of

a mandrel is illustrated in Figure 2. This was necessary
given the outer diameter-to-thickness ratio in the range of
7-10 mm (OD/t<20) (Ma et al., 2020). The material used
was medium carbon seamless steel tube ASTM A-210 Gr.
Al. OD = 44.45 mm medium carbon steel tube. The
chemical composition and mechanical properties of these
materials are shown in Table 1.

3.2 Design of experiment

Experimental design and analysis by the popular
Taguchi Method. The method that was adopted in the
current research followed an orthogonal array type L27
(3%, 27 bending operations were included in the process.
The input factors were wall thickness, bending radial,
dwell time and bending angle. The response factor was
the springback angle. The level of these factors uses 3
level in the tube bending process is illustrated in Table 2.

Table 2 Description of the influence factors.

Level
Input Factors Low Medium High
[A] Wall thickness (mm) 4.57 5.59 6.10
[B] Bending radius (mm) 76.2 114.3 152.4
[C] Dwell time (s) 0 3 6
[D] Bending angle 60° 90° 120°

In the calculation of the signal-to-noise ratio for the
springback angle, where the springback angle is small,
the impact of the input factors is small. Therefore, in this
case, smaller is better, and the calculation is as follows:

Tyi
S/Ns = —10log {2} (1)
where S/N; is the signal-to-noise ratio characteristic
value where smaller is better, y; is the sum of

observations at level i, and n is the number of
observations.

Figure 2 Herber 76 CNC TB Bending Machine.

3.3 Measurements Method

The springback angle of metal tube workpieces were
checked with a Mitutoyo CMM model Beyond Apex 707.
The angle A9 is calculated as follows (Ma et al., 2020).
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A6 =0, — 6, )

where A@ is the springback angle, 6, is the targeted
bending angle and 6, is the actual angle.

4. RESULTS AND DISCUSSION

Noise Ratios in the case of Small-the-Better is shown in
Table 3 and the average S/N Ratio of the level of the
various factors affecting the springback angle are shown
in Table 4.

Table 3 The average S/N Ratio of springback angle factor

. . . Input Factors
The Taguchi method was followed in the design of Level A B C D
these experiments. 1 -1801 | -1846 | -17.28 | -17.09
4.1 Results of the Taguchi experiment L27 (3%) 2 _17.39 17.54 217.63 _18.06
The results of the experiments on the orthogonal array 3 -17.40 -16.80 -17.89 -17.66
L27 (3%), performed according to the experimental plan, Delta 0.62 1.66 0.61 0.97
are shown in Tables 3 and 4. The springback angle A0 Percent 16.05 43.01 15.78 25.16
was calculated using Equation (2) and the Signal-to- Rank 3 1 4 2
Table 4 The L27 test matrix and measured springback angles
Bending Input Factors Responds factor
A B C D A0 (degree) A0 (Signal-to-Noise Ratios)
1 4.57 76.2 0 60 7.93 -17.99
2 4.57 76.2 0 60 8.02 -18.08
3 4.57 76.2 0 60 7.97 -18.03
4 4.57 114.3 3 90 8.27 -18.35
5 4.57 114.3 3 90 8.39 -18.48
6 4.57 114.3 3 90 8.41 -18.50
7 4.57 152.4 6 120 7.58 -17.59
8 4.57 152.4 6 120 7.45 -17.44
9 4.57 1524 6 120 7.61 -17.63
10 5.59 76.2 3 120 8.19 -18.27
11 5.59 76.2 3 120 8.33 -18.41
12 5.59 76.2 3 120 8.26 -18.34
13 5.59 114.3 6 60 7.15 -17.09
14 5.59 114.3 6 60 7.19 -17.13
15 5.59 114.3 6 60 7.16 -17.10
16 5.59 152.4 0 90 6.85 -16.71
17 5.59 152.4 0 90 6.91 -16.79
18 5.59 152.4 0 90 6.82 -16.68
19 6.10 76.2 6 90 8.92 -19.01
20 6.10 76.2 6 90 8.87 -18.96
21 6.10 76.2 6 90 8.95 -19.04
22 6.10 114.3 0 120 7.14 -17.07
23 6.10 114.3 0 120 7.08 -17.00
24 6.10 114.3 0 120 7.21 -17.16
25 6.10 1524 3 60 6.49 -16.24
26 6.10 152.4 3 60 6.39 -16.11
27 6.10 152.4 3 60 6.31 -16.00

Considering the average S/N Ratio of the level and

various factors affecting the springback angle, as shown
in Table 3, it can be concluded that the bending radial
factor (B) affects the springback angle the most. This
factor had an impact as high as 43.01%. The bending
angle (D) contributed 25.16% to the springback angle,
the tube wall thickness (A) 16.05% and the least impact
factor was dwell time (C) at 15.78%. Also, it was
noticed that the tube wall thickness factor and the
stopping time factor were similar percentages with only
a 0.27% difference.

Figure 3 shows the residual plots for the springback
angle that were examined and were found to be

normally distributed with a linear distribution plot and
a normal histogram. It can also be concluded that the
fitted values are normally distributed. When verifying
the independence of the data it was found that the
distribution of fitted values has an independent
distribution pattern. The pattern cannot be predicted
with certainty which shows that the error values are
independent of each other.

The mean value of the main effects plot for S/N
ratios shown in Figure 4, showed that the lowest tube
wall thickness factor was 4.57 mm., the mean of S/N
ratios was -18.01, but when the tube wall thickness was
increased to 5.59 mm, the mean of S/N ratios was -
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17.39, where the original value was +0.62, and the
springback angle increased. The minimum bending
radius factor was 76.2 mm, and the mean of S/N ratios
was -18.46. When the bending radius was increased to
114.3 mm, the mean of S/N ratios was -17.54, an
increase of +0.92, and when the bending radius was
increased to 152.4 mm, the mean of S/N ratios was -16.80,
a further increase from the lowest factor of +1.66. Also,
when the lowest Dwell time factor was 0 seconds, the
mean of S/N ratios was -17.28 and when the dwell time
was increased to 3 seconds, the mean of S/N ratios was
-17.63, a decrease of -0.35. Increasing the dwell time to
6 sec, the mean of S/N ratios was -17.89, down from the
lowest factor of -0.61.

Normal Probability Plot

Standardized Residual

Versus Fits

.
8
6.5 7.0 7.5 8.0 8.5

Fitted Value

Standardized Residual
o

Figure 3 Residual plots for the springback angle.
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s \
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Figure 4 Mean of main effects plot for S/N ratios

Considering the fourth factor, the minimum bending
angle factor of 60 degrees had a mean of the S/N ratios
of -17.09. When the bending angle was increased to 90
degrees, the mean of the S/N ratios was -18.06, a
decrease of -0.97. Then, when the bending angle was
increased to 120 degrees, the mean of S/N ratios was
-17.66, down from the minimum factor of -0.57.

The results of the analysis of each factor affecting
the springback angle to the lowest value at Ai|BC;D»
are tube wall thickness factor at 4.57 mm, bending

radius factor at 76.2 mm, stopping time factor at 6 sec
and bending angle factor degree at 90 degrees.

Table 5 ANOVA of the springback angle

Source | df SSA MSA | F-Value | P-Value

A 1 1.2630 | 1.2630 9.91 0.005
B 1 9.4323 | 9.4323 74.02 0.000
C 1 1.3613 | 1.3613 10.68 0.004
D 1 0.9988 | 0.9988 7.84 0.010

Error 22 2.8034 | 0.1274
Total | 26 | 15.8587
S =0.356966, R-sq. = 82.32%, R-sq. (adj) =79.11%

The analysis of variance (ANOVA) in Table 5, at the
significance level of 0.05, showed that the main factors
were tube wall thickness, bending radius, dwell time
and bending angle, at p < 0.05. It was shown that these
four main factors significantly influenced the
springback angle in the tube bending process. In
addition, the reliability of the data is R? = 82.32%, R?
(adj) = 79.11%, so R? > 80%. Therefore, the values
obtained are reliable. for use in further research. The
regression equation can be created as follows:

Yag = 10.657 — 0.34x; — 0.019x, + 0.0917x; +
0.00785x, 3)

where yA® is the response of the springback angle, x; is
the tube wall thickness, x, is the bending radius, x5 is
the dwell time, x, is the bending angle.

4.2 Discussion

1. Experimental design and analysis by Taguchi
Method is a popular method, and can determine the
relationship of variables influencing the springback
angle of ASTM A-210 Seamless Cold Drawn Medium-
Carbon Steel Tubes Grade ASTM A-210. Gr. Al. If
used in mass production, factory plant, production
engineering or other engineering processes, the Taguchi
Method will increase the efficiency of the work.

2. The main effect of all 4 factors, namely Wall
Thickness, Bending Radius, Dwell Time, and Bending
Angle, influence the value of the springback angle in
significant tube bending process at 0.05. These findings
will be useful in future research of factors such as the
stress on the material, tube diameter, material type, and
bending speed.

3. The factors that affect the springback angle the
most are Bending Radius with an impact of 43.01%,
Bending Angle impact 25.16%, Wall Thickness
16.05%, and Dwell Time 15.78%. It was also observed
that the tube Wall Thickness factor and the Dwell Time
factor were similar percentages, with only a 0.27%
difference. If other factors are studied, as discussed in
Item 1, the relationship between each factor may have
different significance.

4. For the influence of the low effect of springback
factor level when considering all 4 main factors, it can
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be concluded that the wall thickness of the tube must be
low. The bending radius must be low. Dwell time takes
a lot of time. and the bending angle must be high.

5. Time-dependent in addition to considering before
and after the manufacturing process, when considering
in the manufacturing process, especially the forming
process, for example, controlling the time during the
material forming process can also help with the
springback angle. In the future, if the time-dependent
factors are further studied, all three processes of pre-
forming, forming and post-forming should be included
in the study. The details of the behavior of the material
can then be more validly obtained.

5. CONCLUSION

In this research, the factors affecting the springback
angle by the Taguchi method in bending seamless tubes
ASTM A-210 Gr. Al, outside diameter 44.45 mm, were
established. The experimental equipment and tools
included the Herber 76 CNC TB Bending Machine
without the use of a mandrel. This was necessary given
the outer diameter-to-thickness ratio in the range of 7-
10 mm (OD/t<20). The Taguchi method is used for
medium carbon seamless tubes for steam boilers. The
four factors that were considered included wall
thickness, bending radius, dwell time, and bending
angle. The results showed that all factors have a
significant influence on the springback angle in the tube
bending process, and each factor affects the springback
angle differently. The factors that affect the springback
angle the most are Bending Radius with an impact of
43.01%, Bending Angle impact of 25.16%, Wall
Thickness 16.05%, and Dwell Time 15.78% percent.
As well, the time-dependent springback principle
proved to exert a significant effect on the springback
response in tube bending.

The results of this research can be used for further,
such as springback angle prediction from regression
equations to compare with other methods such as
machine learning, another input factor affecting the
springback angle value, another response factor related
to tube bending such as ovality, has deserve further
study.
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Abstract

This paper presents the procedure to determine the suitable applied voltage in the ohmic heating process for
pork steak preparation combined with conventional grilling. The electrical, physical, and chemical properties parameters
that are investigated. During the ohmic heating process, not only the temperature rises and duration time for each cooking
level examined, but also the ampacity required of the equipment in the process is considered. In the experiment, meat
samples with cross-section areas: 4 X 2, 4 X 3, and 4 X 4 inch? with a thickness of 0.5 inches were tested by an alternating
current (AC) voltage source: 20, 25, and 30 V at a frequency of 50 Hz within 300 seconds. The criteria for selecting the
suitable voltage were the rate of temperature rise of the meat sample must increase linearly for all 3 sizes of meat before
the pre-boiling temperature, the maximum load current did not exceed the copper wire ampacity, and the duration time
used between each adjacent stage of meat cooking was chosen to be longer. From the experiment results, the appropriate
voltage for the steak cooker's default setting was 20 V for the following reasons: 1) The rates of temperature increase
were linearly proportional for all 3 sizes of meat samples as well-done or internal meat temperature reached 71 °C and
within 300 seconds. 2) The maximum load current of the applied voltages at AC 20 V was the lowest current (7.43 A).
3) The duration time used between each adjacent stage of meat cooking of AC 20 V was the longest time compared to
others. Thus, the steak’s cooking level can be easily managed. After the ohmic heating process, the steaks'
physicochemical properties (pH, moisture, drip loss, cooking loss, water holding capacity (WHC), shear force, and color)
were evaluated. The steaks did not approach the dangerous toxicity level, and the cooking time was nearly half that of
conventional grilling.

Keywords: Alternating Current (AC), Suitable Voltage, Ohmic Heating, Steak Preparation Machine, Physicochemical
Properties, Cooking level, Cooking time

1. INTRODUCTION on type, size, and shape. Therefore, the electrical
conductivity of meat should be homogenous. The
quantity of electrical current that flows through food is
determined by the electrical resistance of the whole piece
of meat. The electrical resistance varies with meat size,
shape, and overall electrical conductivity. The electrical
conductivity in meat consists of (1) muscle and the
structure of the junction between connective tissues and
muscle stripes, (2) Fat content retards temperature rises
and results in unequal heat distribution between fat and
muscle tissues (Shirsat et al., 2004a; Mahapatra et al.,
2007; Damez and Clerjon, 2013), and (3) Moisture
content and the concentrations of other intrinsic
chemicals like salt and acid have a role in ohmic heating.
The amount of salt or acid acts as a catalyst for ionization,
with additional ions greatly increasing the electrical
conductivity of the meat (Chen et al., 2022). When acid
or salt are introduced, the rate of temperature change is
increased (Marcotte and Trigui, 2000). Additionally, the
inner water content influences the overall electrical
conductivity by approximately 70%. As the temperature

At present, ohmic heating is widely used in food
processing and quality improvement. Preheating,
cooking, pasteurization, and sterilization are all examples
of these processes (Yildiz-Turp et al., 2013). Compared
to other heating systems, ohmic heating allows for a quick
temperature rise while saving energy. Ohmic heating is a
process that results from the dissipation of heat caused by
the passage of electric current through the food's
resistance. To achieve a rapid temperature increase, the
ohmic heating methods must account for the kind of food
with low electrical resistance (Richa et al., 2017).

Generally, the ohmic heating is employed in muscle
food to increase meat quality, accelerate the cooking
process, and extend shelf life. However, due to the
heterogeneous structure of the meat and the varying
electrical conductivity of each piece of meat, a wholesale
cut of meat was inappropriate for ohmic heating on an
industrial scale. Consequently, the heat generated in each
component differs (Shirsat et al., 2004). Nevertheless, in
steak production, meat samples were categorized based
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of the meat increases, the electrical conductivity of the
meat also trends to increase (Shirsat et al., 2004).

Following the ohmic heating process in meat,
softness, color, and toxicity are important factors to
consider. The softness of the food can be measured by
shear force or juiciness measurements. Zell et al. (2010)
found that in the case of ohmic heating by applying a
voltage to a high temperature for a short time (HTST), it
will be very tough and less juicy than in the case of a low
temperature that takes a long time (LTLT). But it was also
found (Jung et al., 2022) that LTLT was softer than
conventional heating methods because of large cooking
losses. Bozkurt and Icier (2010) found that the fat content
of the meat did not affect the color values. Nonetheless,
ohmic heating provides brighter colors and a more
homogeneous appearance of the color than conventional
heating, which provides a stepped appearance of the color
depending on the amount of heat radiated. The last part
deals with food toxicity, which is induced by corrosion
from metal to food contaminants, with the amount of
corrosion varying depending on the type of metal utilized.
Platinum, titanium, or food-grade metal coatings are
recommended (Jun et al., 2007; Wang and Farid, 2015).

Generally, the electrical power sources in the ohmic
heating process consist of alternating current (AC) and
direct current (DC) sources. For both electrical power
sources, the increase in temperature followed the same
trend. In the case of DC ohmic heating, an oxidation
reaction occurred in the anode electrode region.
Consequently, the anode side of the meat has a higher
internal temperature than the other side. In addition,
residual metal and gel formation occurred at both
electrodes during the DC ohmic heating process (Sriruwat
et al., 2019). Therefore, AC ohmic heating is a better
choice than DC ohmic heating. Sriruwat et al. (2020)
studied the relationship between the input voltage and
heat generated in pork meat by an AC ohmic heating
process at voltage levels of 20, 25, and 30 V; cross-
section areas of 4 X 2,4 X 3, and 4 X 4 inch? with 0.5 inch
thickness. The result shows that the rate of temperature
change was linear within 3 minutes, but the temperature
could not be increased to 71 °C (well-done) except at 30
V (4 X 2 inch?) before becoming a quadratic curve.

Based on the aforementioned above, AC ohmic
heating with a voltage between 20 and 30 V can be used
to enhance the internal temperature of a steak in less time
and that was softer meat than conventional grilling. To
maintain a linear rate of temperature rise while
controlling the input voltage in order to cook all sizes of
meat to a well-done. The leanest meat, the simplest
control, the duration time, and the electrical effect must
be considered.

Therefore, this paper aims to investigate the suitable
voltage for the ohmic heating process determined by the
temperature rise, the duration time between each adjacent
stage of meat cooking, and the maximum current. The
pork samples have a cross-section area of 4X 2, 4 X 3,
and 4 X 4 inch? with 0.5 inch thickness. The applied AC

voltage level is 20, 25, and 30 V at a frequency of
50 Hz within 300 seconds. Furthermore, after the heating
process, the experiments are shown their cooking time
and quality of ohmic heating including pH, moisture
content, drip loss, cooking loss, water holding capacity
(WHC), shear force, and color.

2. THE EFFECT OF PHYSICAL
AND ELECTRICAL FACTORS IN TEMPERATURE RISE

The increase in temperature during the ohmic heating
process is generated by the input of electrical energy (W, )

into the meat, which is transformed into heat energy (7, )

and heat loss to the surrounding ( & ), as represented by
Equation (1). In addition, the electrical power is
proportional to the current passing through it and the
overall electrical resistance of the meat. Therefore, as the
voltage rises, the temperature rises as well, changing the
structure of the meat and, as the muscle structure changes,
altering the rate at which the temperature rises.

We=W,+e
IRt =mC AT +¢ (1)

where W, is electrical energy (J ), W, is thermal energy
(J ), I is electrical current ( 4 ), R is electrical
resistance (Q ), ¢ is the duration of time for the ohmic
heating process (s), m is mass (kg ), C, is the specific

heat capacity of a substance (J/kg°C), and & 1is heat
energy loss (J).

The electrical resistance is proportional to the
electrical conductivity, cross-sectional area, and distance
through which the current passes, as represented by
Equation (2).

R= (2)

1!
o A
where A is the cross-sectional area ( m’ ), [ is the

thickness ( m ), and o is the electrical conductivity
(S/m).

As the temperature of a protein increases, its structure
changes, resulting in a change in its overall electrical
conductivity. When the temperature rises, connective
tissue and muscle fibers contract more, resulting in water
loss. It has been found that the meat's water is extracted
from the intercellular gaps of the muscle fibers, resulting
in a rise in the meat's overall electrical conductivity
(Cross H.R. et al. 1986). Furthermore, Equation 1 shows
that the thermal energy is mass dependent. Therefore, the
increase in weight due to water has a significant effect on
the rate of temperature rise.
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3. MATERIALS AND METHODS

3.1 AC ohmic heating system

Figure 1(a) shows an ohmic heating system that
includes a variable transformer ranging from 0 to 230 V,
an ohmic cell, and measurement equipment. The ohmic
cell is composed of parallel pads made of stainless steel
316L with 4.50 X 4.50 inch? and a thickness of 0.04 inch
that is enclosed in a plastic box 4.72 X 4.72 X 1.18 inch3.

A digital multimeter, Fluke model: Fluke-115 was
used to measure the voltage drop and current, and
temperature using a digital clamp meter, HT model:
HTO9015 by placing K-type temperature probes at places
T1 and T2, each measuring 0.5 inch from the edge of the
meat, as seen in Figure 1 (b).

Variable transformer

i T
H

230 Vac

@

e

S
|
7 Zl
Sample
(b) s | /22
Tl 12
— Tk

0.5inch ' ! 0.5 inch '
Figure 1 (a) AC ohmic heating system including variable transformer
and (b) ohmic cell with temperature probe installed

3.2 Pork meat samples

Generally, the conductivity of pork meat after the
slaughter at 90 minutes was in the range of 3.50 —
5.00 mS/cm, and at 24 hours after the slaughter, it was in
the range of 5.00 — 8.00 mS/cm (Runowska et al., 2010).
Pork meat typically contains 53% water, 26% protein,
21% fat, and less than 1% carbohydrates. where the
sirloin portions are low fat (4%).

Pork meat (sirloin) from municipal slaughterhouses in
Phitsanulok Province has been butchered within the last
24 hours. The muscle line was cut into a cross-section
with 4X 2,4 X 3, and 4 X 4 inch?, thickness 0.5 inch, and
average weight (80, 115, and 150 g). The storage
temperature was around 25 °C, with an initial pH of 5.5
to 5.7.

3.3 The experiment procedure

In order to find the suitable voltage, AC voltages of
20, 25, and 30 V were compared on all 3 sizes of meat
within 300 seconds. The experiment was repeated 5 times
and the mean was calculated. The electrical and
temperature results were analyzed according to the
following steps:

1. Collect the data and plot the rate of temperature
change with respect to time, the maximum current used at
each voltage level, and measure the duration time at the
adjacent cooking level.

2. Analyze the temperature change of each voltage
level by choosing the voltage level that maintains a linear

rate of temperature rise, which provides the longest
duration time and appropriate current for the design of the
equipment in ohmic heating.

After obtaining the suitable voltage, an examination
of ohmic heating with grilling was conducted utilizing the
Association of Official Analytical Chemists (AOAC)
method in order to evaluate various chemical and
physical properties such as pH, moisture content, drip
loss, cooking loss, WHC, shear force, and color. The
AOAC is a widely recognized and respected source that
provides reliable chemical and microbiological methods
and consensus standards, which are adopted by various
international organizations as harmonized reference
methods. Subsequently, the data were analyzed utilizing
the Statistical Package for the Social Science (SPSS), and
mean values were compared utilizing Duncan's new
multiple-range tests. Additionally, a comparison of the
cooking times of ohmic heating with grilling to
conventional grilling was conducted at five different
cooking levels, while maintaining the same temperature,
and residual metal was measured using an Atomic
Absorption Spectrophotometer (Thai Industrial Standards
Institute 1378-2559).

4. RESULTS

4.1 Procedure for determining the suitable voltage level

110 -
100 +
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)
8
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40 +
30 +
20 T
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Figure 2 Relationship between temperature (°C) and time (s) of all meat
sizes when applying (a) 20 V, (b) 25 V, and (¢) 30 V

The relationship between temperature and time of all
meat sizes during ohmic heating at different voltages was
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presented in Figure 2. The rate of temperature rise prior
to 71 °C was found to be constant at all voltages, except
AC 30 V 4 X 2 inch? as shown in Figure 2(c). The
increase in conductivity and the nonlinear rate of
temperature rise during the pre-boiling period were
caused by the impact of water leaking from the cell
membrane due to the high voltage drop. As water began
to evaporate, the electrical conductivity gradually
decreased. After the temperature rises to 100 °C, the
temperature remained constant and gradually decreased.

Table 1 presents the rate of temperature rise and
maximum operating current for consideration of the
ohmic cooking time. At AC 20 V, the temperature rise
rate was between 0.16 and 0.19 °C/s, and the maximum
operating current was 7.43 A. This was lower than at AC
25 V and 30 V, where the temperature increase rate was
between 0.22 and 0.34, and 0.34 and 0.45 °C/s,
respectively, at maximum currents of 10.42 and 12.49 A.

In addition, the duration time between each adjacent
stage of meat cooking was compared in Table 2. At AC
20 V, the cooking time was the longest of all voltage
levels. Comparing each size of the meat, it was found that
the largest size had the longest temperature rise time. This
is because the specific heat capacity of water is greater
than that of muscle (Muthukumarappan et al., 2019). The
specific heat capacity is the amount of heat absorbed per
unit mass of a material when its temperature increases by
1 K or 1 °C. Therefore, at the same voltage level, the
overall specific heat capacity of large meat is higher than
that of small meat. When the duration time between each
adjacent stage of meat cooking was obtained from the
fitting curve in the initial to well-done temperature.

The results of the experiment indicate that at AC
20 V, the temperature can be increased to 71 °C, a well-
done state, providing a consistent temperature increase
for all 3 sizes of meat. This voltage level also has the
longest cooking time and the lowest maximum current.
Therefore, we selected 20 V as the suitable voltage for the
pork steak preparation machine. Figure 3 shows a
comparison of cooking time between ohmic heating with
grilling and conventional grilling, demonstrating that
ohmic heating with grilling requires less time than
conventional grilling. Additionally, the cooking time at
the well-done was approximately half that of a
conventional grilling.

8.00
7.00 +
6.00 +

5.00 -

4.00 1

Time (min.)

3.00 1

2.00 L

1.00 +

0.00

4.2 Chemical, physical, and residual metal on the ohmic
heating process in combination with grilling

Table 3 shows the chemical changes during ohmic
heating combined with grilling. The pH of the meat
tended to become slightly acidic after ohmic heating,
which occurs as a result of the breakdown of muscle cells
that releases intracellular fluid. In cases that involve a
great deal of damage (well-done), the pH is significantly
different from other cooking levels (p<0.05).

In addition, the cooking loss was low at the medium
and medium well levels, since there was substantial water
loss prior to heat storage. This resulted in a low residual
water value in the meat for low-temperature storage. In
terms of water holding capacity, the well-done level was
found to be lower than the other levels, due to the large
volume of water discharged at the start. Consequently,
each value was substantially different from the others
(p<0.05).

Table 4 shows the shear force and color values during
cooking. The shear forces of the medium well and well-
done meats were observed to be significantly low as pork
meat becomes tender at a higher temperature. In terms of
color values, rare meat was the brightest because the
surface browns as the temperature rises, while medium
rare and medium meat had the highest redness values
among the different cooking levels. As a result, each
value was substantially different from the others
(p<0.05). L* represents lightness, a* represents relative
to the green (-a*) — red (+a*) opponent colors, and b*
represents relative to the blue (-b*) — yellow (+b*)
opponent colors.

Table 5 shows the metal residues on pork steaks
treated with ohmic heating and grilling. Manganese,
chromium, and iron were analyzed using an Atomic
Absorption Spectrophotometer (Thai Industrial Standards
Institute  1378-2559). The findings indicate that
permissible levels of heavy metals had no adverse effect
on the health or appearance of the steak product.

Rare Medium rare

Medium
Cooking level

Medium well ‘Well-done

Ohmic heating and Grilling B Grilling

Figure 3 The relationship of cooking time (min) at different cooking levels of two heating processes.
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Table 1 The rate of temperature rise and the maximum current during the ohmic heating process

Voltage level dT/dt (°C/s) Imax(A)
V) 4 X2) (@AX3) @X4) @@GX2) (@AX3 @4X4
20 0.19 0.17 0.16 6.96 7.43 7.24
25 0.34 0.25 0.22 9.53 10.40 10.42
30 0.45 0.35 0.34 10.47 10.49 12.49

Table 2 Duration time between each adjacent stage of meat cooking

Duration time between each adjacent stage of meat cooking (seconds)

Cooking  Temperature 20V 25V 30V
level Q) @ X 4 X 4 X 4 X 4 X @ X 4 X 4 X 4 X
2) 3) 4) 2) 3) 4) 2) 3) 4)
R-MR 60-62 11 12 13 6 8 9 4 6 6
MR -M 62-65 16 18 19 9 12 14 7 9 9
M-MW 65-68 16 18 19 9 12 14 7 9 9
MW - WD 68-71 16 18 19 9 12 14 7 9 9

Note: R is rare, MR is medium rare, M is medium, MW is medium well and WD is well-done.

Table 3 Chemical properties of pork steaks treated with ohmic heating and grilling (initial pH 5.68, oil temperature 180 °C, furnace

temperature 240 °C)
. pH Moisture content Drip loss Cooking loss WHC
Cooking level (after trial) (%) (%) (%) (%)
Rare 5.99+0.06 68.24+0.88 11.09+£2.45% 14.83+0.892 75.35+4.87*
Medium rare 6.10£0.182 66.42+4.20 9.10+1.46? 12.62+1.20° 43.51£1.50°
Medium 5.99+0.012 67.03+0.42 7.90+0.34% 10.47+0.79¢ 28.42+1.134
Medium well 5.93+0.06% 66.65+0.61 10.21+£2.352 6.31+0.854 42.10+1.02°
Well-done 5.87+0.05° 68.06+1.34 5.27+0.96" 4.90+0.97¢ 34.89+0.20°¢

Note: Vertically different characters showed a statistically significant difference at (p< 0.05)

Table 4 Physical properties of pork steaks treated with ohmic heating and grilling (initial pH 5.68, oil temperature 180 °C, furnace

temperature 240 °C)
. Shear force Color value
Cooking level (keF) e o b
Rare 7.32+0.392 68.85+0.55¢  7.26+0.31° 21.52+2.00°
Medium rare 7.68+0.63% 61.54+0.36° 8.36+0.332  23.23+1.69°
Medium 4.97+0.70° 59.60+0.259  8.60+0.16* 25.96+0.832
Medium well 4.5140.26° 62.35+£0.26°  7.18+0.50°> 21.99+0.71%
Well-done 4.38+0.31° 62.76+0.13Y  6.30+0.26° 26.63+0.442

Note: Vertically different characters showed a statistically significant difference at (p< 0.05).

Table 5 Metal residues on pork steaks treated with ohmic heating and grilling

Residual metal type (ppm)

Cooking level
Mn Cr Fe
Rare 0.06+0.08 0.03+£0.05 0.07+0.00
Medium rare 0.00 0.074+0.02 0.08+0.06
Medium 0.11+0.03 0.04+0.02 0.13+0.01
Medium well 0.02+0.03 0.03+0.03 0.14+0.06
Well-done 0.10+0.08 0.06+0.04 0.24+0.10
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5. CONCLUSION

This paper presents a procedure for selecting the
suitable voltage of power supply in ohmic heating
processes for household pork steak preparation machines
at different cooking levels. This paper also considers the
tenderness, color, and residual metal when used in the
cooking process. Based on the proposed selection
procedure in material and methods, it was determined that
AC 20 V is the suitable voltage for a pork steak
preparation machine, as the temperature can be raised to
71 °C (well-done) for all 3 sizes of meat while
maintaining a constant rate of temperature rise throughout
300 seconds. the maximum current did not exceed the
copper wire ampacity, and the duration time between
each stage of meat cooking was the longest. According to
the chemical and physical experimental results, the shear
forces of medium well and well-done meats were
observed to be significantly low. In terms of color values,
rare meat was the brightest color, while medium rare and
medium meat had the highest redness values among the
different cooking levels. The cooking time for well-done
steak was half that of a conventional grill, and the amount
of heavy metal contained in pork meat was within
permissible limits and has no negative impact on the
health or appearance of the steak product. In addition, the
suitable voltage-selecting procedure of ohmic heating
combined with grilling can be used in the design of
electrical power supplies for other sizes and types of
meat.
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Abstract

The knowledge of polymer-modified concrete has been well established and employed in real field applications for
over a decade. On the other hand, research on polymer-stabilized soil is still limited. Therefore, this study aims to evaluate
the performance and durability of polymer-stabilized soil for pavement applications. This study used the same polymer
types for concrete modification as soil stabilizers. Two types of polymers used in this research are the Styrene Acrylic
(SA) polymer and Styrene-Butadiene Rubber (SBR). The engineering performance, water absorption, and durability tests
were conducted to characterize the polymer-stabilized soils. Preliminary results reveal that the strength and durability of
polymer-stabilized quarry by-product soil can be improved by the proper dosage of polymers and cement. However,
stabilized soil with the polymer alone cannot resist moisture damage at an early age; these are indicated by the dramatic
drops in CBR values of the soaked specimens. Therefore, the stabilized soil requires little cement to gain its early
strength. The test results indicate the possibility of employing polymer-stabilized cemented soil as road pavement
materials. Besides the strength improvement by 21% to 29%, the polymer additives also enhanced the durability and

reduced the water absorption rate of the cemented soil.

Keywords: Polymer-stabilized Pavement Materials, Quarry by-product, Durability, Water Absorption

1. INTRODUCTION

Stabilizing soil with chemical and mechanical
additives is becoming more widely used for road
pavement constructions. Among these methods, adding
cement to enhance the performance of pavement
materials seems to be the most common and simply used
procedure. The strength and stiffness of pavement
materials can be greatly improved by adding a small
amount of Portland cement to the material mixtures.
However, the cement-stabilized pavement materials are
still susceptible to moisture damage (Erlingsson et al.,
2017; Jitsangiam and Nikraz, 2012) and fatigue failure
(Jitsangiam et al., 2016).

Currently, the pavement materials that successfully
prevent damage from moisture ingress are unavailable
(Jitsangiam and Nikraz, 2012). An innovative pavement
material with water-resistant properties is required to
protect the road structure from moisture damage. The
water-resistant ~ or  'hydrophobic'  behaviors  of
geotechnical materials were discovered by Tillman et al.
(1989). Polymer additives also increase the water
repellent of treated soils (Raucah et al.,, 1993).
Consequently, polymer additives are becoming more
widely used for pavement material stabilization in recent

years. The polymers are added to the soils for two main
purposes which are (1) to improve the strength and
stiffness (Ates, 2013; Azzam, 2014; Baghini et al., 2016;
Iyengar et al., 2013; Naenini et al., 2012; Rezaeimalek et
al., 2017a),

and (2) to enhance the long-term performances and
reduce moisture susceptibility (Al-Khanbashi and
Abdalla, 2006; Cameron et al., 2016; Orts et al., 2007;
Liuetal., 2017; Rezaeimalek et al., 2017b). However, the
polymer types evaluated in the previous research are
unavailable worldwide. Moreover, Thailand's polymer
applications for soil stabilization are still limited and
rarely encountered. In-depth research is, therefore,
required for the future development of hydrophobic road
pavement materials in the country.

Liquid polymers have also been popularly used to
improve the waterproof ability and workability of
concrete for more than a decade (Ohama, 1998). Wang et
al. (2016) listed the major types of polymer latex
popularly used for enhancing concrete properties: butyl
benzene latex (SBR latex), styrene-acrylic emulsion (SA
latex), neoprene emulsion (CR latex), polyvinyl chloride-
vinylidene chloride emulsion (PVDC latex), etc. In
previous research, natural latex was not recommended to
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be used as the concrete modification because of its
incompatibility. The polymer latex for concrete
modification has been extensively used in Thailand;
therefore, they are very easy to find and purchase at a
reasonable price. Accordingly, the possibility of
employing these concrete-modify polymers as soil
stabilizers should be assessed.

This research aims to study the engineering
performances, moisture susceptibility, and durability of
soil enhanced by polymers for road pavement
constructions. The Thailand Department of Highways
(DOH) specifications were used as the criteria in this
research. Moreover, the quarry by-products soil was
targeted for modification and enhancement.

2. MATERIALS AND METHODS

2.1Materials
2.1.1 Parent material

Presently, manufactured aggregates from the quarry
are the main sources of road construction materials in
Thailand. In the quarry process, waste aggregates from
the production line were usually screened out and
stockpiled in the quarry area. This material is usually
traded at a low price for the landfill purpose; because its
gradations and some engineering properties do not satisfy
the pavement design criteria. However, the physical
properties of this quarry by-product soil (i.e., Atterberg
limits, Los Angeles abrasion, and soundness) are aligned
with the values required by the specifications. Table 1
illustrates the physical and engineering properties of the
quarry by-product soil, which was employed as the parent
material for stabilized soil in this research. This selected
quarry by-product soil is classified as limestone

Figure 1 presents the gradation of the selected quarry
by-product soil determined from the sieve analysis test
(ASTM C136). It can be seen from Table 1 and Figure 1
that, based on the DOH specifications, the quarry by-
product soil is not suitable for road base and subbase
materials.
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Figure 1 Particle size distribution (PSD) of quarry by-product soil
compared with the gradations required for road base and subbase

2.1.2 Cement
The 'Portland cement type I' is recommended as the
stabilizing agent for cement-stabilized pavement

materials (both base and subbase materials) by the DOH
specifications. The selected cement must be certified by
the Thai Industrial Standard (TIS) No. 15 — Portland
cement. However, the 'mixed cement types,' according to
TIS No. 80, may be employed as the stabilizing agent for
road subbase. In this research, only the Portland cement
type 1 was chosen to prepare the polymer-stabilized
cemented soils.

2.1.3 Liquid polymers

Two types of liquid polymer were employed as the
main stabilizing agent in this research - (1) the SA and (2)
the SBR of which important information about these two
polymers is summarized in Table 2. Both types of liquid
polymers are commonly used for concrete modification
purposes. The SA and SBR provide excellent strength,
environmental protection, and enhanced workability of
the modified cement mortar (Aggarwal et al. 2007). It
means that both liquid polymers are readily available in
the markets. These liquid polymers were targeted and
selected as the soil-modifying agents in this research.

Table 2 Properties of liquid polymers used in this research

Poly- Total ITonic
Y Form Type pH Solid
mer Nature
(%)
sa | Huid pipersible | 7.0-90 | 54-56 | Anionic
Polymer
sBR | LU pipersible | 85110 | 45-47 | Anionic
Polymer

2.2 Methodology and Test Methods

This research intends to modify the quarry by-product
soil with liquid polymer and use it as the pavement
material in Thailand. Therefore, the engineering
properties of polymer-stabilized soil were compared with
the values recommended by the DOH specifications (see
Table 1). The research methodology was established for
evaluating the modified soil's performances and
properties, as shown in Figure 2.

Materials Selection
(Aggregates, Polymers, and Cement)

Aggregate Tests
(compare to the standard requirement)

!

Modified Proctor Tests
(determine OMC and MDD of the mixtures)
I

Polymer-stabilised
soil

Polymer-stabilised
cemented soil

UCS! tests

Capillary rise tests &
Wetting-drying tests
[

UCS? & CBR tests

Capillary rise tests
Remarks: UCS! - submerged in the water bath for
Test result analysis 2 hours prior to the UCS test.

UCS? - test without submerging in the
water bath.

Figure 2 Research methodology
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2.2.1 Modified Proctor tests
A series of modified Proctor tests (or modified

compaction test) were performed in this research to
determine the optimum moisture content (OMC) and the
maximum dry density (MDD) of the admixtures. The
specimen preparation and the test procedure proceeded
according to ASTM D1557 (ASTM, 2012)

Table 1 Engineering properties of quarry by-product soil

Engineering Test standards Tested Re: ded values from DOH* Standard
properties (unit) values Base Subbase Cement-stabilized Cement-stabilized
(DH-S 201) (DH-S 205) Base Subbase
(DH-S 204) (DH-S 206)

Liquid limit (%) ASTM D4318 20 <25 <35 <40 <40
Plastic limit (%) ASTM D4318 24 - - - -
Plastic index (%) ASTM D4318 4 <6 <11 <15 <20
CBR (%) ASTM D1883 5.4 > 80** > 5% - -
LAA (%) ASTM C131 24 <40 <60 <60 -
Soundness (%) ASTM C88 2 <9 - - -
USCS Group ASTM D2487 SW - - -
MDD (kN/m?) ASTM D1557 22 - -
OMC (%) ASTM D1557 8.2 - - -
UCS (MPa) ASTM D1633 0.14 - > ].72%%* > 0.69%**
Remarks: * Thai department of highways.

** 95 percent of MDD obtained from modified Proctor test.

*** 7-day specimens molded by water equivalent to OMC (OMC was determined from a modified Proctor test).
Abbreviations: CBR: California Bearing Ratio

LAA: Los Angeles Abrasion

USCS: Unified Soil Classification System

MDD: Maximum Dry Density

OMC: Optimum Moisture Content

UCS: Unconfined Compressive Strength

The air-dried soils were scattered all over the mixing
tray to prepare the polymer-stabilized soil specimens.
Then, the defined amount of liquid polymer was evenly
added to mix with the dry soil. The polymer-soil
admixtures were hand-mixed until they became
homogeneous.

The assigned amount of cement was thoroughly
mixed with the air-dried soil in the mixing tray to prepare
the polymer-stabilized cemented soils. Then, the liquid
polymer was poured and mixed with the cement-soil
admixtures. After that, the similar mixing process with
the polymer-stabilized soil was continued until the liquid
polymer was nicely blended with the cement-soil
admixture. The mixing process after adding liquid
polymer should be completed within 2 — 3 minutes. The
limited mixing time was established to avoid the
cementitious bonding developed at an early age. After the
admixtures were ready, the modified Proctor tests were
commenced immediately.

The primary strength test in this research reveals that
2% cement by weight of dried soil was enough to improve
the compressive strength of the quarry by-product soil.
The improved strength values attained the DOH
requirement for the cement-stabilized subbase (greater
than 0.69 MPa as specified in Table 1). For achieving the
strength required for the cement-stabilized base, 3% of
Portland cement is needed. Therefore, for primary
investigation and economical purposes, the cement
quantity equivalent to 2% by weight of dried soil was
chosen to prepare the polymer-stabilized cemented soil in
this research.

2.2.2 Unconfined compressive strength (UCS) test

The UCS values of the polymer-stabilized and
cemented soil were determined according to ASTM
D1663 (ASTM, 2000). The DOH specification required
the strength of the 7-day specimens to be greater than
1,724 kPa and 689 kPa for the cement-stabilized base and
subbase, respectively. For preparing the 7-day specimens,
the compacted specimens were wrapped in the cling wrap
to prevent moisture loss and placed in the controlled
temperature chamber at 23+1.7 °C. Before the UCS test,
the specimens were submerged in the water bath for 2
hours (required by DOH standard). The water was
drained from the specimen for 15 minutes before
commencing the UCS tests. However, the polymer-
stabilized specimens (both SA-stabilized and SBR-
stabilized) dissolved and crumbled in the submerged
water after 30 minutes; therefore, the water-submerging
process was only performed with the polymer-stabilized
cemented specimens in this research.

According to the specification (DH-S 204 and DH-S
206), the required UCS should be determined from the
specimens compacted at OMC. However, the effects of
molded moisture content on the UCS of stabilized soil
were also investigated in this research; accordingly, the
UCS test was measured from the specimens prepared
from different moisture contents.

2.2.3 California bearing ratio (CBR) test

In this research, the CBR testing procedures complied
with ASTM D1883 (ASTM, 2016). Based on the DOH
specifications, the crushed rock base and aggregate
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subbase should have the minimum CBR values of 80%
(for asphalt pavement) and 25%, respectively. For
preparing the CBR specimens, the compacted specimens
were left in the steel mold for seven days before the
testing commenced. This process was performed to
ensure a similar curing condition with the specimens
prepared for the UCS test. In this research, the CBR
values were only determined from the polymer-stabilized
specimens.

2.2.4 Capillary rise test

Many researchers performed capillary rise tests to
assess the water absorption potential of the compacted
specimens. In this research, the Australian Standard, AS
1141.53 (Standard Australia, 1996), was used to evaluate
the water absorption behavior of the polymer-stabilized
soil and polymer-stabilized cemented soil specimens. For
this test, the 7-day specimens were placed in the
aluminum trays with the water filled up to 10-mm height
(see Figure 3). The water height absorbed by the
compacted specimens was then measured at the specified
times and recorded for 72 hours (3 days). The capillary
rise (C.R.) values at different times of measuring can be
calculated based on Eq. (1)

Figure 3 Water absorption and capillary rise tests

CR (%)= = x 100 (1)
where h is the height of the capillary rise, and H is the
initial height of the specimen. The capillary rise test is not
compulsory for stabilized road pavement design;
however, the CR value of the stabilized pavement
material is generally limited to 25% of the specimen
height (Kodikara et al., 2003). Previous research
demonstrated that the results from CR test might
unappropriated  describe the  moisture  ingress
characteristics of field material (Kodikara et al., 2003);
accordingly, the CR test results were only used for the
comparison purpose in this research. The moisture
ingress behavior of the quarry by-product specimens, the
cement-stabilized specimens, the polymer-stabilized
specimens, and the polymer-stabilized cemented soils
was evaluated in the next section.

2.2.5 Wetting and drying test

The wetting and drying test is commonly used to
evaluate cemented soil's wet and dry durability (Wen et
al., 2014). The testing procedure according to ASTM
D559 (ASTM, 2015) was performed in this research.

Twelve cycles of the wetting and drying process for every
specimen were completed to investigate the weight loss
of the test specimens. Only the weight losses of polymer-
stabilized cemented soils were determined and evaluated
in this research because the polymer-stabilized soils and
quarry by-product soil cannot endure the submerging
water process.

Based on ASTM D559, the wetting process was
performed by submerging the specimens in the water for
5 hours before drying. Then, the specimens were
transferred to the oven at the controlled temperature of
71£3 °C for 42 hours. After the drying process was
completed, one of two replicated specimens was brushed
with the wire scratch brush, as shown in Figure 4. Finally,
the weight loss of each specimen was calculated and
recorded. The process of wetting and drying is continued
for eleven more cycles. Therefore, the test requires at
least one and a half months. Eq. (2) illustrates the weight
loss calculation at every wetting and drying test cycle.

Weight loss (%)= % x 100 )
where A is the original dry mass minus final dry mass,
and B is the original dry mass.

Col pactedspeém S

Figure 4 Wetting and drying test

3. TEST RESULTS

3.1 Modified Proctor test results

Figure 5 presents the results of the modified Proctor
test performed in this research. The OMCs of the
polymer-stabilized soils (both SA-stabilized and SBR-
stabilized soils) are less than those obtained from the
quarry by-product soil and the cement-stabilized soil. On
the other hand, the OMCs of the polymer-stabilized
cemented soils were higher than those determined from
the quarry by-product and cement-stabilized soil. The
maximum dry densities of all materials vary between 21.5
and 22.5 kN/m’.

3.2 UCS test results

The UCS test results of the soil specimens and the
modified soil specimens are presented in Figure 6. The
UCS values of the quarry by-product soil and the quarry
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by-product soil stabilized by 2% of cement were also
provided in Figure 6 as the reference.

The UCS test of quarry by-product soil was conducted
instantly after the compaction process of the test specimen was

completed (without submerging the specimen into the water
bath). The compressive strength of the compacted quarry by-
product specimen is 0.14 MPa.

24.0
OMC% MDD (kN/m)
by-product:
- @ Quarry by-products a2 2.0
& 2% Cement 8.0 25
mE P O SA-stabilized soll 5.0 220
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= . & : 6.0 225
b A SA-stabilized cemented soil a5 215
g 2 stabilized d sal
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=
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o
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Figure 5 Modified Proctor test results
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Figure 6 The UCS test results

This UCS value was averaged from 3 replicated specimens
molded at OMC. On the other hand, the 2% cemented soil
specimens were cured for seven days before testing. The
average UCS value of 2% cemented soil is 1.36 MPa. Similar to
the quarry by-product soil, it was determined from 3 replicated
specimens molded at OMC.

Figure 6 shows that compressive strengths of the polymer-
stabilized soil and polymer-stabilized cemented soil are greater
than the value required for cement-stabilized road subbase (0.69
MPa) when an amount of water equivalent to OMC was used to
mold the specimen. However, the strength tests of polymer-
stabilized soils were performed without submerging the
specimens into the water bath for 2 hours. There would be a
reason that the strength of SBR-stabilized cemented soil (1.75
MPa) is mostly equivalent to the strength of SBR-stabilized soil
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(1.73 MPa). However, the strength of SA-stabilized cemented
soil (1.65 MPa) is 68% greater than that of SA-stabilized soil
(0.95 MPa). The great difference between USC values observed
from SA-stabilized soil and SA-stabilized cemented soil
required further investigation. The water suction force highly
influences the compressive strength of unsaturated soil (Kohgo
etal., 1993; Leroueil and Hight, 2013). Therefore, suction force
may contribute to high strength values obtained from the
polymer-stabilized specimens; since the polymer-stabilized
specimens were tested without a water-submerging process, the
degree of saturation was low (Nusit et al. 2016).
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3.3 CBR test results

For the road base and subbase soils, DOH
specifications require the CBR values equivalent to 80%
and 25%, respectively (see Table 1). In this research, the
CBRs were determined from the polymer-stabilized soils
only. There would be because the CBR test is not
mandatory for the cement-stabilized road base and
subbase soils (see Table 1). Table 3 illustrates the results
of the CBR test obtained from this research. The different
ratio (%) in Table 3 is defined by Eq. (3)

Table 3 CBR test results

Road base Moisture CBR (%) Different Swell
or subb tent (Compaction degree, %) ratio** index
materials (%) Soaked Unsoaked (%) (%)
26.1 100.1
34 (91.8) ©1.8) 74 13
sst/;iuzed 5.4% 30.0 83.2 (97.3) 64
soil ) 96.4) ) : i
7.4 79 47.4 (94.1) 83
) (94.3) ) ) 0.2
4.2
3.8 ©2.4) 59.9 (91.6) 93 o1
SBR- 15.8
stabilized 5.8* . 96.2 (95.2) 84
soil 95.2) 0.6
59.3
7.8 ©97.8) 88.0 (94.7) 33 0.9
Quarry  by- 5.4
product soil 8.3* (95.4) 6.6 (98.2) 18 0.9
Remarks * Moisture contents equivalent to OMC were used to mold
the specimens.
** Calculated based on Eq. 3.

. . CBR -CBR
Difference ratio (%)= —uuoaked’="soaked y 1()() (3)
CBRunsoaked

In Eq (3), CBRoaked is the CBR of soaked specimens,
and CBRunsoaked 18 the CBR of unsoaked specimens. The
different ratio (%) value indicates a high level of water
sensitivity; the CBR of the test specimen may
dramatically reduce if the specimen is submerged in the
water.

3.4 Capillary rise test results

The capillary rise (CR) test results are presented in
Figure 7 - 9. Figure 7 illustrates the CR development of
polymer-stabilized soils compared to the results obtained
from the quarry by-product specimens and the 2%
cement-stabilized specimens. The CR test results of SA-
stabilized cemented soil are presented in Fig. 8, while Fig.
9 shows the CR development measured from SBR-
stabilized cemented soil molded at different moisture
contents.

It can be seen from Figure 7 that the SA-stabilized soil
absorbed water slower than the other specimens. The
absorbed water took more than two days (48 hours) to
reach the top of SA-stabilized specimens. The 2%
cement-stabilized specimen shows Dbetter water
susceptibility performance than the quarry by-product
specimen. However, the capillary rise test of cement-
stabilized soil was completed after 16 hours. Similar
absorption behavior of cement-stabilized material was

discovered in the previous research. Kodikara et al.
(2003) observed that the capillary rose to the top of the
specimen height is normally encountered if the optimum
binder content was used to prepare that specimen. The
optimum binder content is defined as the minimum
amount of cement required to increase cement-
stabilized materials' strength to the specification values.

T SBR-stabilized soil (OMC)

L SA-stabilized soil (OMC)

100

——Quarry by-product

t - --2% Cemented soil
0

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72
Time (Hours)

Figure 7 The CR development of the polymer-stabilized soils

The SA-stabilized cemented soil displays superior
water susceptibility performance, as indicated by Figure
8. The minimum value of CR (84%) at 72 hours was
obtained from the SA-stabilized cemented soil molded at
OMC. Table 4 presents the compaction degrees of the
capillary-rise-test ~ specimens.  For  SA-stabilized
cemented soil, the CR values at the same measuring times
increase with the decreases in compaction degree. At
about the same degree of compaction, the specimens
compacted by water equivalent to the wet-side of
optimum absorbed water slower than the specimens
molded by water equivalent to the dry-side of optimum.
The SBR-stabilized cemented soil behaves similarly to
SA-stabilized soil, as demonstrated by Figure 9.
However, the water rises in SBR-stabilized cemented soil
developed faster than those measured from the SA-
stabilized cemented soil.

SA-stabilized cemented soil (OMC-4%)
— SA-stabilized cemented soil (OMC-2%)

100 - —
+" < SA-stabilized cemented soil OMC+4%)

//4/
% SA-stabilized cemented soil
P (OMC+2%)

T~ SA-stabilized cemented soil (OMC)

CR (%)

— Quarry by-product

== =2% Cemented soil

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72
Time (Hours)

Figure 8 The CR test results of SA-stabilized cemented soil at
different compacted moisture contents
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Table 4 Compaction degree of the capillary-rise-test specimens

1 Quarry by-product OMC 0 21.65 08.4
2 2% cement-stabilized soil OoMC 7 22.32 99.2
3 SA-stabilized soil OMC 7 21.52 97.8
4 SBR-stabilized soil OoMC 7 21.67 9623
5 SA-stabilized cemented soil 4.5% (OMC—-4%) 7 20.12 93.6
6 SA-stabilized cemented soil 6.5% (OMC—-2%) 7 20.81 06.8
7 SA-stabilized cemented soil 8.5% (OMC) 7 21.05 97.9
8 SA-stabilized cemented soil 10.5% (OMC+2%) 7 20.68 96.2
9 SA-stabilized cemented soil 12.5% (OMC+4%) 7 20.38 048
10 SBR-stabilized cemented soil 4.5% (OMC—-4%) 7 21.22 943
11 SBR-stabilized cemented soil 6.5% (OMC-2%) 7 21.51 95.6
12 SBR-stabilized cemented soil 8.5% (OMC) 7 22.09 982
13 SBR-stabilized cemented soil 10.5% (OMC+2%) 7 21.71 9.5
14 SBR-stabilized cemented soil 12.5% (OMC+4%) 7 21.11 03.8
SBR-stabilized cemented soil (OMC-4%) 100 >
SER:stabiltesd comented sull (OMC2%0) O 7.5% SA-stabilized cemented soil /
100 ; = @ 0L 0 §5%SA-stabilized cemented soil /
5 40 ° 9.5% SA-stabilized cemented soil ’,.'

(OMC)
SBR-stabilized cemented soil (OMC:

s0il (OMC+4%)
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---2% Cemented soil

0t N " s
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=3
s
%
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>
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36 40 44 48 52
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Figure 9 The CR test results of SBR-stabilized cemented soil at
different compacted moisture contents

3.5 Wetting and drying test results

Figure 10 presents the wetting and drying test results

of SA-stabilized cemented soil. The test

results of SBR

stabilized cemented soil are demonstrated in Figure 11.
Each mixture contains two replicate specimens; one was
brushed after the drying process, while another was only
gone through the wetting and drying process. Therefore,
the weight loss due to the wire scratch brushing is the
different values of weight loss between 2 replicated
specimens (see Figure 11)
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Figure 10 Wetting and drying test results of SA-stabilized
cemented soils

Figure 10 indicates 10% to 100% weight losses
of SA-stabilized cemented soil. A hundred percent weight
loss represents a completed specimen failure in this
research. Both specimens molded by 7.5% of SA
collapsed after the 1st cycle of the wetting process cycle

9

[e} 7.5% SBR-stabilized cemented soil
o 8.5% SBR-stabilized cemented soil
L] 9.5% SBR-stabilized cemented soil
Brushed specimens

Unbrushed specimens

Cumulative Weight Loss (%)

2 3 4 5 6 7 8 9 10 11 12
Number of test cycles (Cycles)

Figure 11 Wetting and drying test results of SBR-stabilized
cemented soils
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However, the specimens molded with 9.5% of SA
survived the 12-cycle test. The final weight losses of
these specimens were 12% for unbrushed specimens and
43% for brushed specimens. The huge shifts in weight
loss came from two main reasons (see Figure 12); (1) the
specimen was broken after the drying process, and (2) the
specimen was broken after the wetting process.

Figure 12 The specimen broken after (a) drying process,
and (b) wetting process

The weight losses of less than 10% were observed
from the SBR-stabilized cemented soil, as shown in Fig.
11. From the test results of this research, the SBR-
stabilized cemented soils showed predominant durability
performance compared to the SA-stabilized cemented
soils. The greater UCS wvalues of SBR-stabilized
cemented soil may be the reason for better durability. For
the SBR-stabilized cemented soils, the weight loss of
brushed specimens differed from the unbrushed
specimens from 1% to 5%. Moreover, all SBR-stabilized
cemented specimens completed the 12 cycles of the
wetting and drying process.

The weight losses of polymer-stabilized cemented
soil increased concerning the wetting and drying cycles
and the amount of liquid polymer added. Similar weight
loss behavior can be inspected from both SA-stabilized
and SBR-stabilized soil.

4.DISCUSSION

Table 5 summarises the test results evaluated in this
research. The compressive strengths measured from the
SA-stabilized and polymer-stabilized cemented soil
attain the stabilized base specification strength criteria.
Based on the UCS criteria, the 2% cemented and SBR-
stabilized soil may be used as the stabilized subbase soil.
However, only the SA-stabilized soil has CBR values
higher than the subbase specification. The low CBR value
determined from the soaked specimens is the most
concerning issue in this study. The CBR of polymer-
stabilized soil seems severely sensitive to moisture
ingress, indicated by the different ratios in Table 3.

The capillary rise test illustrates that SA polymers can
be used to reduce the water absorption rate of the
stabilized soil. It also helps to decrease the capillary rise
of the cement-stabilized soil. The compaction degree also
greatly affects the water absorption behavior of the
polymer-stabilized cemented soil. However, from the
wetting and drying test, the SBR-stabilized cemented soil
has the best durability performance among the test

specimens. This excellent improvement may result from
the increased strength of SBR-stabilized cemented soil.

Table 5 Test results determined in this research compared
with the DOH specifications

UCS (MPa CBR (%) Final
CRto weight
. . DOH . DOH the max. loss from
Types L esl'l I;OH sub- lels: . ';()H sub- | height** | wet-dry
vesults | base | to | results ase | o | Tieary | testees
(%)
Quarry by- 0.14 5.4 16 NA.
product soil
2% cement-
stabilized soil 136 A, : 16 NeA
Sastabilized 0.95 30 64 NA.
= >1.72 >0.69 >80 >25
SR ibiliced 173 15 16 NA.
soil
Shstabilised 1.65 NA. >72 100
cemented soil
SBR:stabilised 175 NA. 64 8.1
cemented soil
Remarks ¥ CBR values of soaked specimens.
#% Specimens molded by water equivalent to OMC.
#x% Values determined from brushed specimens (molded by water equivalent to OMC).
N.A. — Not Available.
5.CONCLUSIONS

This research aims to improve the quarry by-product
soil with SA and SBR polymers and employ the modified
soils as road pavement materials in Thailand. The
mandatory tests, i.e., physical property tests, UCS tests,
and CBR tests, were performed along with the capillary
rise test and wetting and drying test. The test values were
then compared with the criteria issued by the Thailand
department of highways. The key findings of this research
are illustrated below;

e The increase in strength of the polymer-cement
stabilized soil from the cemented soil at equivalent
cement content causes the stabilized soil to employ
as the stabilized road base materials. In addition,
polymer additives may be substituted by the amount
of cement added to the stabilized soil to obtain
appropriate strength. The polymers, therefore, may
be an environmental-friendly additive for soil
stabilization in the future.

* The CBR of the polymer-stabilized soils is very
sensitive to the increase in the degree of saturation.
The CBR of soaked specimens reduced greatly from
the unsoaked CBR, demonstrated by the different
ratios in this research.

e The water absorption rate of the quarry by-product
soil and the cement-stabilized soil can be reduced by
adding the polymer equivalent to the OMC. The SA-
stabilized cemented soil presents a superior
performance in water absorption reduction. In
addition, the compaction degree significantly
influenced the water absorption behavior of the
polymer-stabilized cemented soil. The specimens
molded by the polymer on the optimum wet-side
behaved differently from those molded by the dry-
side.

* The study used the weight losses from 12 wetting and
drying test cycles to compare the durability
performance of polymer-stabilized cemented soil.
The wetting and drying test results of the polymer-
stabilized soil and the quarry by-product soil were
unavailable since both types of soil dissolved in the
water during the 1st wetting cycle. According to the
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test results of this research, the SBR-stabilized

cemented soil displayed the best durability

performance. The increased amount of stabilized
polymer reduced weight loss during the wetting and
drying test.

Based on the test results, the SA-stabilized and SBR-
stabilized cemented quarry by-product soil can be used as
the road-stabilized subbase. The benefits of adding
polymers to the cement-stabilized soil include; (1)
increasing the UCS by 21% to 29%, (2) reducing the
water absorption rate, and (3) enhancing the durability
performances of cement-stabilized soil.
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Abstract

This paper is an electric motor battery monitoring system using Multiple Linear Regression. This proposed system
can display battery parameters based on internet of things that afford its values of the voltage, current, and the remaining
charge capacity in a real-time scenario. Also designed electronic hardwires and data storage system are illustrated. This
article concerns an electric car battery status system with Multiple Linear Regression. The prototype consists of a
microcontroller, current sensor module, voltage divider circuit, and MCP3008. The data of power batteries can be
displayed on a smartphone and stored in the cloud server database. Eventually, this system can also be used to study

battery characteristics throughout its lifespan.

Keywords : Battery Monitoring System, Multiple Linear Regression, Internet of Things

1. INTRODUCTION

Recently, Electric-drive vehicles are relatively new to
the U.S. auto market, so only a small number of them
have approached the end of their useful lives. As electric-
drive vehicles become increasingly common, the battery-
recycling market may expand Thailand and around the
world have been facing environmental problems due to
the increase in population, economic and social
development, and the number of cars, which is causing
the use of fuel to increase while energy is limited and
scarce. The current energy consumption impacts the
environment since engine combustion produces noise and
air pollution, which also contributes to global warming
and harms human health. Due to these worries, many
countries, including Thailand, have prioritized that issue.
There are policies and measures relating to the use of
renewable energy. Because of this, automakers are
focusing on utilizing renewable energy. As a result, the
car has been created and is powered by electricity. To
contribute to lowering pollution that harms both the
environment and consumer health. Electric cars are a new
alternative becoming increasingly popular in many
nations (Jung at all., 2015). To meet the present needs, it
has created many electric cars. Both high and low
production costs, however, there is still a drawback in that
inexpensive electric cars cannot display crucial status.
The Internet of Things was applied to study the electric
car battery status. It displays the battery power value
while in use and sends it to Google Sheets every 3
seconds. However, there is still an error in that the wrong
value is caused by the storage period and some data not
being recorded, causing the measured value to differ from

the actual value; when used continuously, this makes
estimating battery power difficult. Recently, the multiple
linear regression method has been proposed to apply for
approximating battery power (Feng at all., 2017) and it
can further to analyze the battery health (Zhang, 2019).

In this paper, current (A) and voltage (V) were
collected from research on the internet of things electric
car battery status system. In addition, the Z-score was
utilized to exclude the aberrant data (Abdullah at all.,
2014) and (Hegde at all., 2015). Obviously, online
monitoring is a key player for observing lead acid battery
(Badawy at all., 2020) and (Kale at all., 2022). The
method of multiple linear regression and the study of
additional battery data will aid in analyzing battery power
and its subsequent application in an electric car battery
status system with multiple linear regression.

2. BATTERY STATUS SYSTEM PROCESS

2.1 Battery

Lead acid battery has been applied for electric
vehicles, since it is low cost, safe, and reliable comparing
with other batteries. Basically it can transform chemical
energy into electrical energy by using a galvanic cell with
an anode, a cathode, and an electrolyte solution that can
be either recharged or charged (Pavlov, 2011). Batteries
consist of many small battery cells, which are connected
in either series or parallel connection. For example, figure
1 shows a 48V DC supply as using 12V battery within
series connection that electric cars usually use the 48V

supply.
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Figure 1 Battery connection

Figure 2 illustrates the utilization of the lead-acid
batteries while supplying at different currents (Pavlov,
2011). For the first stage, the lead-acid batteries can
basically deliver to electric load as linear characteristic.
For example, when batteries are used to supply to load 0
— 10 minutes, it can supply as the linear transition period.
Therefore, battery can be predicted easily. However, after
10 minutes, batteries can perform as nonlinear transition
period. It is difficult to forecast battery capacity this usage
time. Moreover, the battery system monitoring is required
emergency a low-voltage warning system to inform to
users as soon as possible.

Voltage (V) -

»

2 6 101520 40 100 140 200 400 600 800 1000 2000

Discharge Time (minutes)

Figure 2 VRLA battery usage at different currents

2.2 The Internet of Things

The Internet of Things (10T) electric car battery status
system is a system that can display battery parameters.
The battery's voltage, current, and remaining charge
capacity are shown in real-time. Additionally, battery
power information may be shown on a mobile device and
kept in the cloud server database. The main components
of the prototype system are a Wemos D1ESP8266
microcontroller board, a current measurement module to
measure the battery current during operation, a voltage
divider circuit to measure the battery voltage during
operation, and an MCP3008 IC to convert analog signals
to digital signals and amplify the status input.

Figure 3 illustrates the system and the correlation
between the prototype's devices. During operation,
electric cars are constantly in motion; therefore,
transmitting the battery consumption data while in use is

necessary. Consequently, the prototype sends real-time
information to users through a portable Wi-Fi hotspot and
sends the power usage status to a prepared Google Sheet.

Current sensor

Cloud server
module |
3
l '~
e
: McPa00n]  te—s | YomOSOL o)) WIFI
Battery ESP8266 |

J
I ), J
Voltage divider Blynk

circuit

Smartphone

Figure 3 System components showing the battery usage of electric car
3. CASE STUDY

The program structure and operating system can be
described according to this flowchart as shown in Figure
4 and also considering figure 1 that Wemos D1ESP8266
microcontroller board mainly performs the processing of
battery power by using C programming. It begins by
obtaining the parameters from the electric motors current
sensor module. The battery voltage divider circuit accepts
a voltage of 48 volts and then it can be reduced to the
desired rating.

Calculate the current, voltage and percentage of the battery
from the values provided by the current and voltage module

I

Send data to cloud server and blynk every 3 seconds. ]

Notfy via Line
application

No

Battery 75 %
yes/no

No Battery 50 %

yes/no

No Battery 25 %

yes/no

Y ;
Cancel Battery 10 % Notify every |
notification yes/no 2 seconds

No Battery 5 %

yes/no

No

Battery 0 %
yes/no

Figure 4 Prototype system program flowchart
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The MCP3008 digitalizes the current and voltage. The
microcontroller uses the parameters mentioned above to
calculate the remaining battery power, transmitting the
data to the cloud server database every 3 seconds and to
the Blynk application, which calculates the remaining
power percentage for example 100, 75, 50, and 25
percent, respectively. Send notices to LINE application
when the specified level is reached. If the power drops
below 10 percent, send a continuous (emergency) notice
to the LINE application every 2 seconds to notify the user
of the impending further charge. However, if there is no
power left in the battery, the battery status display will
stop processing, and it will resume functioning once the
battery power is restored.

This study results can be summarized as follows. The
WeMos D1 ESP8266 WIFI module, which is mounted in
the car, captures various data. A prototype electric car
with an Internet of Things battery status system has been
tested. Figure 5 shows a cast study path in Naresuan
University Phitsanulok, Thailand. The measured values
can be transmitted to the Google Sheet. In addition, the
result will send a notice to the LINE application to inform
users of the remaining battery power and battery
percentage in the Blynk application.

¢«

15 ny1, FENEINATIN
v AN AW U SA TN ST

MRS Q 6 nu

AunieAds

21 nu

18 nu

Q

3nu

33 &

»oogle
Figure 5 The path for testing the electric car's battery status system
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Figure 6 Battery usage status in prototypes is stored in Google Sheet

Consequently, the research findings show the battery
power while using it, and the system sends the data to a
Google Sheet every 3 seconds, as seen in Figure 6, and
plots the remaining battery percentage. As shown in
Figure 7, the test was conducted with different loads
(current) with controlled values of roughly 2.35 and 6.25
A, respectively. Also the research record operation time,
voltage, charge current and discharge current, so the data
is of interest to academics. Therefore, the battery status
system functions with a sensor.

Voltage

51 ‘

o \\

49

18 < \\_\
\ Current2.35A

45

Current 6.25 A

2 e —p—1—T1—1—T—T—T—1> % Baltery
100% 90% 80% 70% 60% 50% 40% 30% 20% 10% 0%

Figure 7 The graphs show the remaining percentage of batteries

4. MULTIPLE LINEAR REGRESSION MODEL

This paper is for predicting battery power of the
electric car with different transition periods. The Multiple
Linear Regression model is planned to apply for the
prediction. The standard Multiple Linear Regression
equation can be expressed as follows:

v =PBo+PX1+Bo X2+t PpXnt+e (D)
Main parameters of battery, for example, voltage,
charge current and discharge current affect the battery

power prediction. Consequently, the battery status system
for electric car has the following equation:

Y=o+ PLX1+ o X2+ B3 X3+¢€ 2
By 10 pg is an unknown parameter known as the
regression coefficient. ¢ is the random error and the

predicted variable for the battery power of electric car.
The independent variables X1 to X3 are the voltage,

charge current, and discharge current, which influence
battery power. The regression mentioned above model
has been defined.

Battery = —409.257 + 9.844 X 1 - 0513 2 +0.322x 3 (3)
Data for battery power predictions include the
following: voltage, charge current, and discharge current.

The regression model described above (3) has been
established.
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Table 1 Descriptive statistical results of continuous variables

Ba:ﬁery Voltage | Discharge | Charge

Count 24857 24857 24857 24857
Mean 79.58 49.62 2.69 1.08
Std 27.07 2.74 2.981 0.61
Min 0.00 -0.24 0.00 0.00
max 100.00 53.97 12.65 2.29

8

1

The following section will introduce the data required
for model testing with JupyterLab (Ochkov at all., 2022).
As shown in Figures 7, 8, and 9, JupyterLab is typically
used for continuous variables with a linear correlation
between data.
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Figure 7 Correlation between voltage and battery power
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Figure 9 Correlation between charge current and battery power

Figure 7 illustrates the correlation between voltage
and battery power, which can be determined by
comparing battery power with three factors influencing
forecasts. Figure 8 demonstrates the correlation between
discharge current and battery power, while Figure 9
explains the correlation between charge current and
battery power. According to the analysis above,
JupyterLab is applied to multiple variables. Analysis of
linear regression can be expressed as the following
multivariate linear regression equation.

Table 2 Summary of model assessment

R Square Mean Absolute Error | Mean Square Error

0.966 2471 25.071

According to the multivariate linear regression
equation, we estimate that the accuracy of test data and
predictions is approximately 96.60 %. The inaccurate
value may be caused by the storage period. Some data,
such as the first, second, and third seconds, are not
recorded. The load is always not constant; the measured
data may be incorrect compared to the value that should
be measured.

4. CONCLUSION

This paper is positively a battery monitoring system
using the Multiple Linear Regression technique for
predicting battery status. Also internet of things (1oT) is
applied for either recording or displaying battery capacity
of an electric car. The prototype consists of a
microcontroller, current sensor module, voltage divider
circuit, and MCP3008. The data of power batteries can be
displayed on a smartphone and stored in the cloud server
database. However, some errors have been found in MAE
and MSE values, for example, the values have not yet
approached 0, which is considered an error. The evidence
is from the MSE values that have significantly high
tolerances. Since MSE are less tolerant of outliers, which
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are an anomaly, the model must be able to detect them.
As a result, there was an error in processing, which was
used as a solution for further improvements.
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Abstract

Resistance Spot Welding (RSW) is an important technology that has extensively been applied in the automotive
industry. The advantages of this technology are quick and efficient for joining two pieces of metal together. The minimum
number of spot welds without decreasing strength has gained much attention from researchers in recent years. In this
research, the finite element (FEM) method and the Genetic Algorithm (GA) were proposed to optimize the Spot-welding
spacing on automotive aluminum alloy parts. The simulation model was developed to analyze the von Mises stress
generated by the side collision on the parts. According to the Insurance Institute for Highway Safety (I11HS) collision test,
the computational experiment was designed that the diameter of the steel pipe 180 millimeters perpendicularly collided
with the workpiece at the velocity of 14 meters per second to study the maximum stress of the workpiece. This numerical
simulation cooperated with the GA for optimizing the spot-welding spacing under the lowest von Mises stress distribution
criteria. From the experimental results, it was found that The GA presented the optimal spot-weld spacing on an
automotive part. It could reduce the number of spot welds, weld belong-time, and power consumption by 10%. These
results demonstrate that the proposed GA is a promising approach for the spot-weld spacing optimization for the
Automotive part.

Keywords: Resistance spot welding (RSW), Finite Element Method (FEM), Genetic Algorithm (GA), Equivalent Von

Mises stress, Pareto-based Approach.

1. INTRODUCTION

Spot welding technology is widely used in the
automotive which is very popular for connecting car parts
using sheet metal and for assembling parts in n parts of
the structure that are prone to damage because of fatigue
under fluctuating loads, according to the physical
characteristics of the parts. (Ertas & Sonmez., 2011) The
study found that cars one vehicle has a total of 4,800 spot-
type resistance spot welding or over 80 percent of the total
number of welding. Furthermore, it is expected that the
number of connection points will increase in the future of
cars significantly (GeiBler & Hahn, 2011), which welding
will increase the weight of the car and the cost of the
department Related to welding. That means it will
directly affect the total cost, Therefore, the design is to
determine the appropriate distance of the welding point to
have the smallest number of welding points under the
specified conditions. Without reducing the strength of the
welding point, therefore, it is something that researchers
attach importance to the study and analysis to improve the
quality of the welding point and modernize the
production system in the automotive industry.

To address this, many studies in the literature have
focused on the optimization of the spot weld distribution
using a Meta-Heuristic. And (Zhang & Taylor, 2001)
present the optimization problem of a spot-welded
structure under fatigue life consideration using the

umbrella model considered valid for fatigue life
prediction. Besides, (Chae, Kwon, & Lee, 2002)
purposed an h-version of adaptive meshing for spot
welding locations in shell structures developed. In 2009
(Ertas & Sonmez, 2008) study is to develop a procedure
to maximize the fatigue life or the load-carrying capacity
of spot-weld joints by minimizing the maximum stress

using finite-element analysis software. In addition

(Wang, Basu, & Leiva, 2003) presents the design
optimization procedure for automobile welds based on
the sizing optimization technique to reduce the number of
welds and save the cost, while the rigidity requirements
are satisfied (Hasegawa, Sasaki, Uehara, & Kawamo,
2007) purposed a meta-heuristic method such an integer
optimization method on the discrete type, by using hybrid
meta-heuristics for optimization of spot-weld positions,
likewise (Hu et al., 2022) present a method of multi-signal
fusion to obtain the integrated signal a method of multi-
signal fusion to obtain the integrated signal. However,
The spot welding sequence has a notable effect on the
geometrical variation of the final assembly (Tabar,
Waérmefjord, & Sdderberg, 2018). Various researchers
proposed a multi-objective optimization of the process
parameters, through the GA. (Kemda, Barka, Jahazi, &
Osmani., 2022) presents the non-dominated sorting GA
for minimizing production times and energies through the
optimization of process parameters in resistance spot
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welding (RSW). And (Pashazadeh, Gheisari, & Hamedi,
2016).

RSW is a very fast process, and many factors effected
to quality of the welds such as pressure, cycle time, and
so on. To find the optimal number of RSW, Itis necessary
to know the behavior of a spot-welded structure under
dynamic loads is strongly influenced by the number and
locations of RSW. This paper proposes a method of GA
to optimize the RSW spacing on an automotive aluminum
alloy body part under the lowest von Mises stress
distribution criteria.

2. THEORY AND PRINCIPLES

RSW is an old process that is still being used in
welding metal welding in the automotive industry for use
in the mass production of automobiles (Salem, 2011).
This type of connection method is a low-cost, fast, and
convenient way to create automatic welds (Ambroziak &
Korzeniowski, 2010), this type of welding process
depends on 3 main factors heat, pressure, and time.

‘ Electrode force

. .. Electrode
Faying surface

Metal sheet

f Electrode force

Figure 1 The resistance characteristics of resistance spot welding.
(Mali & Inamdar, 2013)

Figure 1 shows the welding of two sheet materials by
holding two pieces of welding. Then put pressure on the
electrode. So that the current flows through both materials
to connect this type of welding appears line in the middle
welds. Between the two sheets of material, calling gasket.
Nowadays the resistance spot welding method. Using to
welding solid workpieces. To increase the strength and
reduce fatigue of those parts. And it is the main technique
used to weld. The metal parts of the car's body frame. The
most in the Current car manufacturing industry. (Gould,
2012) From the survey, the vehicle requires hundreds of
robot units for welding. They spot thousands of points
from different departments. Resulting in used production
time and energy costs.

Figure 2 shows the number of welding types of
vehicle type sedan, which was found to have a total of
6,000 welding points and there is resistance spot welding
of 4,800 welding points of the total number of welding,
which is calculated as a percentage of 80 of the total
number of welding points.

W wald points

W structural
adhesive

O lining

4000 adhesives

H MIG joints

3000 H MIGMAG
welding

& 1aser joints

H laser welding

H total

Figure 2 The making of the welded different types of cars.
(GeiBler & Hahn., 2011 )

2.1 Genetic Algorithm

GA is a way to find the answer to optimize the
response. That is the principle of the theory of evolution
was Charles Darwin. (Zhao, Li, Sun, & Mei, 2009) In the
past, the genetic method was used to represent the answer
in binary. But now to solve a complicated. Biological
theories explain the evolution of life through the
mechanism of nature. Selection And heredity are the
principle and guidelines for work to develop to be the best
answer. Figure 3, shows genetic methodologies, the best
answer instead of the binary method (Talbi, 2009).

1) Initial
population

(]

2) Selection
population

5) Check
termination

3) GA operation
~crossover
-mutation

( Fsn )

4R

Figure 3 Genetic methodologies.

This is an algorithm the best for solving multi-
objective optimization methods. (Al-Mukhtar & Doos,
2013) That is popular and has a good answer percentage
of 90. The goal of the method is to approximate the value
of the group of true Pareto optimal Solutions. (Jones,
Mirrazavi, & Tamiz, 2002) After the development of the
Multi-Objective GA in the ANSYS software is the Goal,
the direct optimization. And the advantage is suitable for
problems with multi-objectives.

2.2 FEM

To design engineering parts, we should first know the
carrying capacity of those parts before designing. The
FEM is so used as part of the technology for calculating
industrial production, by applying a ready-made program
for calculating various values. Nowadays car
manufacturers use computer software technology to
analyze automotive engineering. Problems allowing
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engineers to improve the quality of parts. With the finite
element technique through CAE., It is a method that tests
the strength of structural parts. That is popular and
reliable in recent years because it can be faster than the
actual test. And can reduce the cost of the actual test. The
method is a numerical analysis technique for finding the
approximate answer to partial differential equations with
integrals is a mathematical method that is applied as a
program to calculate engineering values such as stress
and strain, etc. In designing engineering parts, in design
engineering parts, first important know is the load
capacity of that part before proceeding with the design.
The principles of FEM will start by dividing the problem
area into smaller parts called elements (Element) and then
considering each element one by one to create an equation
for each element the equation created must be consistent
with the differential equation of the problem. Then, the
value of each element together as a system for the series
is bringing all the elements incorporated to make the
shape of the real problems. The general procedure of the
FEM consists of 6 steps as follows; (ibid.)

Step 1 Dividing the shape. (Figure 4)

Step 2 Selecting the estimation function within the
elements that are based on the problem studied.

Step 3 Create an equation for sub-elements.

Step 4 then brings each element's compound into a
large set of equations.

Step 5 Apply conditions in a large set of equations to
solve unknown equations.

Step 6 When calculating the values, these values are
then taken using to find other engineering values such as
stress or strain.

| | Node

Figure 4 Break the shape of the problem into elements.

2.3 Response Surface Methodology Techniques (RSM).

There are statistical and mathematical techniques
used in the design Analyze The experimental. Results for
development and improvement to increase efficiency by
studying the variables related by having the objectives.
To find the suitability for that result. (Montgomery, 2012)
Consideration of the response variable must start. By
considering the variables that result from finite element
analysis such as the deformation value or the stress of the
system caused by various inputs etc.
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3. EXPERIMENT AND IMPROVEMENT

Figure 5 shows the research methodology of this
research

Assigning criteria

Direct optimization

Design of experiments —‘
# el
-

Response surface ‘

l

Sensitivity analysis

Parameterization

FE analysis

Geometrical model —

Boundary condition
Mesh condition
Explicit Dynamic analysis i [

l Optimization
Output

Figure 5 Research methodology

3.1 Automotive body part.

The experimental materials were the B-pillar
reinforcement component that is available in all types of
cars as illustrated in Figure 6

Figure 6 B-pillar reinforcement parts.

The parts are made of Aluminum Alloy 6061-T6. (S.
Klimek., 2008), the thickness of 1.2 mm. The diameter of
the welding is set according to the standards of The
American Welding Society (AWS) and is equal to 4/t
where t -thickness of the material. Table 1 shows The
properties are mechanical of Aluminum Alloy 6061-T6

Table 1 Mechanical properties of Aluminum Alloy 6061-T6
used in the experiment

Item Crash | Ultimate | Yield | Elongation
Test (MPa) | (MPa) (%)
Temper T6 Min 337 286 13.6
P Max 340 288 13.9

Table 2 The parameters of RSW
Welding Condition
Aluminum Force (kN) Current (kA) | Time (ms)
6061 4.5 8 20
49
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3.2 FEM and Explicit Dynamic.

This research considered the parameters of RSW by
referring to Table 2 and the location of RSW is divided
into 6 lines as shown in Figure 7

Figure 7 Welding on the B-pillar part.

Each line is defined with 3 parameters (Table 3):
1) Start point; SPn
2) Endpoint; EPn and
3) The Number of spot welds; NPn

Table 3 Parameters resistance spot welding of the B-pillar
parts

Name Definition Original
value(mm)
SP1 start point linel 20
SP2 start point line2 20
SP3 start point line3 20
SP4 start point line4 20
SP5 start point line5 20
SP6 start point line6 20
EP1 endpoint line 1 20
EP2 endpoint line 2 20
EP3 endpoint line 3 20
EP4 endpoint line 4 20
EP5 endpoint line 5 20
EP6 endpoint line 6 20
NP1 Number of spot welds linel 3
NP2 Number of spot welds line2 9
NP3 Number of spot welds line3 5
NP4 | Number of spot welds line4 3
NP5 Number of spot welds line5 7
NP6 Number of spot welds line6 3

Aluminum tube 180 mm in diameter made from
aluminum alloy running into the center of B-pillar parts
at a speed of 14 meters per second as illustrated in Figure
8

[ Fixed suppor [ Standrd Eah Graviny: 20066 ms"

(D 'T
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Figure 8 The 2 pipes running into the center of B-pillar parts.
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3.2.1 Schedule for mesh.
The researcher determined the construction of the
mesh as follows;
. Set the method of creating Mesh as an Adaptive
. The element size is the default
. Physical preference: Explicit
. Quality mesh = High smoothness
. Growth rate = 1.2
. Transition = slow
. Element order = Linear
. Initial size seed = Assembly
. Span angle center = coarse
Once all the settings have been configured, the
program can create the mesh. (Figure 9)

O©CoOoO~NOOITA, WN -

0500
[ —— L —
0250 7s0

Figure 9 Mesh of parts.

3.3 Using GA in Structural Optimization

After creating the FEM model, the next step is to set
up the optimization model. GA is introduced to determine
the optimal spacing of RSW. In this research, the
parameters in genetic search required by (Gatzi,
Uebersax, & Konig, 2000) can be summarized in Table 4,
which were searched for various structural problems with
ANSYS software and found that the solution was
effective.

Table 4 The parameters of GA

Parameters Value
Initial population 100
Selection population 50
Crossover probability 0.98
Mutation probability 0.01

To generate the offspring and fitness function can be
calculated by equations 1 and 2, respectively;

offspringl = a X Parentl + (1 — a) X Parent2
offspring2 = (1 — a) X Parentl + a X Parent2 (1)
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Fitness function: Minimize o, (Vonmises Stress)
FX) = (f1(0), f2(x), -, fin(x)) ()
Subject to
giX) <0 j=1.23
Xl<X;<Xx'i=123
Where
fi(x) - Design component function
g (x)- the weight of the parameter
X} - The upper bound of the design variable vector.

X}* - The lower bound of the design variable vector.
There are 2 conditions to stop the calculation as follows:

1) A Pareto percentage constraint is not more than 70
percent.

2) The value of the objective function initially did not
change or there was a large change in the data according
to the convergence stability percentage stop condition to
find the initial constant based on the mean and standard
deviation of parameters in the range of data export.

4, RESULTS

4.1 Analysis of experimental finite elements pre-
application genetic.

Experiment with FEM to get the maximum total
stress. That occurs on parts with spot resistance from both
experiments results as follows;

4.1.1 6061-T6 Aluminum Plate Parts.

Figure 10 shows the distribution of total stress that
occurs in a sheet equal to 424.93 MPa Appear is the total
stress higher than the stress at the yield point. Resulting
in the middle parts becoming deflected and deformed.
With the total stress values from the experiment.

R
Type: Equivalent (von-Mises) Stress
Unit:Pa

Time: 1.0002¢-004

Cycle Number: 0
S/6/20185:39PM

42493e8 Max
3777168
330508

Figure 10 The result of finite element experiment plate parts.
4.1.2 B-pillar part

Figure 11 shows the result of total stress Resulting
from the collision speed of two hollow pipes. And using
welding parts parameters in Table 3 the maximum total
stress is 302.09 MPa

M
Type Equiaient dowt-Miled) Sess
UnikFs

Tama: 777560005

Cyche Numben 5783
1202561 5%

LONAeS Max
163538
2 3ad

| 20182
L5733k
13426e8
L0078
enaze!
135667
0 Min

Figure 11 The result of finite element experiment B-pillar.

4.2 Analysis of experimental results with multiple-
purpose genetic algorithm.

Bring the value maximum total stress of 2 cases, for
the process of finding the appropriate distance between
the junction points of the part as follows;

4.2.1 Aluminum Plate Parts 6061-T6.

This section brings the total stress to the optimization
process using a multi-purpose GA and the experimental
results of finding a suitable value. (Table 5)

The optimization process takes approximately 10
minutes to process. The answer converges design point
343 (Table 5) with the calculation details. Choose the
candidate answer 1. Figure 12 shows the convergence
conditions which consist of the Pareto percentage graph
and the Convergence stability percentage graph. The
Pareto percentage graph begins to converge to design
point 150 and the Convergence stability percentage
design point 300. After that, there is no change or no
change. Answer developed.
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Table 5 Suitable values of aluminum plate parts 6061-T6

Name SP1 (mm) SP2 (mm) EP1 (mm) EP2 (mm) NP1 NP2 oyy (MPa)
1 2.04 2.04 2.04 2.04 2.04 2.04 169.71
2 2.7673 6.04 2.12 4.7067 3.64 3.1829 -
3 3.4945 4.04 2.2 7.3733 5.24 4.3257 -
4 42218 8.04 2.28 2.9289 6.84 5.4686 -
5 4,9491 3.04 2.36 5.5956 8.44 6.6114 -
6 5.6764 7.04 2.44 8.2622 2.36 7.7543 -
7 6.4036 5.04 2.52 3.8178 3.96 8.8971 -
8 7.1309 9.04 2.6 6.4844 5.56 2.2033 -
9 7.8582 2.54 2.68 9.1511 7.16 3.3461 -
10 8.5855 6.54 2.76 2.3363 8.76 4.489 -
11 9.3127 454 2.84 5.003 2.68 5.6318 -
330 2.034 2.077 2.0489 2.049 2.04 2.0352 158.22
331 2.2534 2.077 2.04 2.4977 2.1483 2.1505 173.41
332 2.0285 2.0741 2.0014 2.4982 2.0909 2.1462 167.8
333 2.1253 2.0397 2.0426 24971 2.04 2.1453 155.09
334  2.2264 2.915 6.0763 2.0904 2.2785 2.144 195.54
335 2.2348 2.04 6.2304 2.4643 2.04 2.1423 191.17
336 2.1619 2.0357 2.248 2.0811 2.0396 2.1405 175.3
337  2.2291 2.04 6.0752 2.4547 2.04 2.1423 169.28
338 2.245 2.0314 2.2519 2.0005 2.04 2.1453 164.16
339 2.2348 2.0856 6.2529 2.5377 2.04 2.1423 167.01
340 2.0402 2.0398 6.0752 2.04 2.04 2.1423 158.25
341  2.2346 2.04 2.24 2.04 2.04 2.149 178.73
342  2.0403 2.0371 2.04 2.4954 2.04 2.1482 164.57
343 2.1584 2.0812 2.248 2.4985 2.04 2.1405 148.85
Table 6 Suitable values of B-pillar parts

No. NP1 NP2 NP3 NP4 NP5 NP6 oyu(MPa)

1 18.02 18.02 18.02 18.02 18.02 - -

2 4.01 7.17 4.28 2.11 7.05 2.04 -

3 5.01 7.33 4.56 2.20 7.10 2.07 -

4 3.34 7.48 4.83 2.30 7.14 2.11 -

5 4.34 7.64 5.10 2.40 7.19 2.14 -

6 5.34 7.80 5.37 2.49 7.24 2.17 -

7 3.68 7.96 5.65 2.59 7.28 2.21 -

8 4.68 8.12 5.92 2.69 7.33 2.24 -

9 5.68 8.27 6.19 2.78 7.38 2.28 -

10 3.12 8.43 6.46 2.88 7.42 2.31 -

11 4,126 8.59 6.74 2.98 7.47 2.34 -

12 5.126  8.75 4.03 3.07 7.52 2.38 -

13 3459 8.90 431 3.17 7.56 241 -

582 19.944 19.327 7.4331 21.851 18.817 3.1032 289.33

583 19.266 18.99 7.242 18.474 18.754 3.087 292.02

584 18.188 18.118 7.435 18.365 18.06 3.2316 285.91

585 18.005 180.089 7.2597 21.078 18.79 3.229 292.36

586 19.257 18.092 7.4258 18.109 18.182 3.213 291.30

587 19.144 1893  7.2543 21515 18.759 3.0886 290.11

588 19.856 18.989 7.396 21.756 20.88  3.007 -

586 19.257 18.092 7.425 18.109 18.182 3.231 295.61

587 19.144 18.93 7.254 21515 18.759 3.088 292.85

588 19.856 18.989 7.396 21.756 20.88 3.007 -

589 18.258 18.073 7.390 18.051 18.069 2.332 282.366

590 19935 19.314 7.431 21.763 18.82 3.138 287.91

591 18.031 18.089 7.254 18.109 18.063 3.2299 263.88

592 19.63 18.092 7.4313 21.484 18.182 3.2446 297.43

593 19.944 18.12 7.4331 18.454 18.045 3.1032 294.57

594 18.198 19.214 7.4331 21.668 18.902 3.0767 293.61
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*SP1, SP2, SP3, SP4, SP5, SP6, EP1, EP2, EP3, EP4, EPS, EP6 (mm) * oy (MPa)

Convergence Criberia R

Percentage
w

Humber of iterations

Figure 12 Convergence conditions of aluminum plate parts 6061-T6

4.2.2 B-pillar parts.

The process of finding the suitable value
experimental results in Table 6 for finding the 3 best
answers.

The optimization process takes approximately 30
minutes to process. The answer converges the design
point 594 with the calculation details. (Table 6) Choose
the candidate answer 1. Figure 13 shows a graph of
convergence. Which consists of the Pareto percentage
graph and the Convergence constant line graph. The
Pareto percentage graph began converging at the design
point at 200, and the design at 150. And both graphs
converge at the number of iterations at 11 or around
550. After that, developed no more answers and the
calculation stops at design point 594.

Comvergence Criteria MRS

Ta i uim Sllowabee et Porce tage = 710 e—
& reto Percent=ae —

Cenvergence Sability Percertage = 2 m—

Sta iy Percentage  we

Percentage

3 a 5 3 7 [] [] 0 1
Nurnber of iteration s

Figure 13 Convergence conditions of B-pillar parts

4.3 Graphic display
Display experimental results in a graphic format. To
see the distribution of the total stress value on the part.

4.3.1 Aluminum alloy 6061-T6

After that, take the parameter of Candidate Answer
1 from the experiment in Section 4.1.1. Re-use the
Finite Element Analysis program. That the maximum
stress equals 139.64 MPa Which is lower than the total
stress.  Before using  Multi-purpose,  genetic

methodologies which stress equals 424.93 MPa (Figure
14)

Time: 28031e-005

Cycle Number: 2165

1601125611953
139648 Max
1241368
1066108
230957
7757197
20637
ag7e
310267
155167
0Min

Figure 14 The result of finite elements experiment with 6061-T6
aluminum alloy plate

When bringing the original parameters in Table 1
compare. Found the number of welds reduces by
percentage 80 of the original weld number. Cause in the
maximum total stress total energy. And the time used to
connect the pieces reduces by a percentage of 80 too.
(Table 7)

4.3.2 B-pillar part.

After that, take the parameter of Candidate Answer
1 from the experiment in Section 4.1.2 Re-use the Finite
Element Analysis program. Figure 15, shows the
maximum stress equals 302.09 MPa Which is lower
than the total stress. Before using Multi-purpose,
genetic methodologies which are stress equals 424.93
MPa when bringing the original parameters to compare.
Found the number of welds reduces by percentage 10 of
the original weld number. Cause in the maximum total
stress total energy. And the time used to connect the
pieces reduces by a percentage of 10 too. (Table 8)

Table 7 Parameter comparisons before and after of aluminum alloy 6061-T6 parts

Name Definition Before After Compare
SP1 (mm) start point linel 2 2.0368 +0.0368
SP2 (mm) start point line2 2 2.3065 +0.3065
EP1 (mm) endpoint line 1 2 2.04 +2.04
EP2 (mm) endpoint line 2 2 2.0567 +2.0567
NP1 (mm) Number of welds linel 10 2.024 8

NP2 (mm) Number of welds line2 10 2.1476 8

o, (MPa) Equivalent von Mises stress ~ 424.93 139.34 285.29

Naresuan University Engineering Journal, Vol. 18, No.1, January — June 2023, pp. 47-56 53



NUEJ

Naresuan University
Engineering Journal

Table 8 Parameter comparison

Name Definition Before After Compare
SP1(mm) start point linel 20 21.654 +1.654
SP2(mm) start point line2 20 18.308 -1.692
SP3(mm) start point line3 20 18.721 -1.279
SP4(mm) start point line4 20 18.015 -1.985
SP5(mm) start point line5 20 19.169 -0.837
SP6(mm) start point line6 20 21.708 +1.708
EP1(mm) endpoint line 1 20 21.482 +1.428
EP2(mm) endpoint line 2 20 20.353 +0.353
EP3(mm) endpoint line 3 20 19.869 -0.131
EP4(mm) endpoint line 4 20 19.114 -0.866
EP5(mm) endpoint line 5 20 18.089 -1.91
EP6(mm) endpoint line 6 20 18.79 -1.21
NP1(mm) Number of spot welds linel 3 3.0229 0
NP2(mm) Number of spot welds line2 9 7.0146 2
NP3(mm) Number of spot welds line3 5 5.0318 0
NP4(mm) Number of spot welds line4 3 2.179 1
NP5(mm) Number of spot welds line5 7 7.4311 0
NP&(mm) Number of spot welds line6 3 3.2291 0
g (MPa) Equivalent von Mises stress 302.09 270.16 -32.7
F. e ; Sensitiviies MBS
\_,ﬁ,f-iﬁuﬁ“ ,4‘.’«7 a — P2 5P
Equivalent Stress ) "

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 8.8901e-005

Cycle Number: 4681
23/2/256112:35

3.005e8 Max
2.6711e8
2.3372¢8
2.0033e8 I
1.66%4¢8
1.3355¢8
1.0017e8
6.6777¢7
3.3388¢7

0 Min

Figure 15 The result of FEM

4.4 Response Surface Methodology

This was the analysis of a method design to solve
problems of design quality. An analysis of
experimental.  Results  for  development and
improvement to increase parameter efficiency are most
suitable, for testing sensitivity analysis next time.

4.5 Sensitivity analysis

Select these parameters to increase the efficiency of
the answer with a sensitivity analysis (Figure 16) the
graph shows the response sensitivity of parameters (P1)
to those changes to the design variable. consists of
variables SP1, SP2, SP3, SP4, SP5, SP6, EP1, EP2,
EP3, EP4, EP5, EP6, NP1, NP2, NP3, NP4, NP5, and
NP6 that have found 3 design variables at the parameter
Showed sensitivity such as SP1, SP4, and SP5 with
response sensitivity of 0.33743, 0.34463 and 0.33426
respectively.

Sensitivides
¥

o

P1 - Equivalent Skre= Mazimum

Dutput Param eters

Figure 16 The sensitivity of parameters

5. CONCLUSION

1. Parameters that have the highest total stress
values parameters had P3, P12, and P15 had the highest
influence on total stress considering the response
sensitivity analysis with values of 0.33743, 0.34463,
and 0.33426 respectively.

2. Application of genetic methods to determine the
distance of the resistance spot welding by Application
of a multi-purpose genetic algorithm to find the suitable
distance of the welding The results of both before and
after the experiment showed that in the Number of
welding points, Total energy value And the time it takes
to connect the Aluminum alloy 6061-T6 plate parts is
reduced to percentage 80 and in the B-pillar parts
Number of welding points, total energy value and the
time used to connect the pieces is reduced to 10%.
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