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Introduction

Estimation of precipitation as one of the most important factors affecting human life and activities is
one of the most important issues of interest among decision makers such as water resource managers,
farmers, industry owners, and in general, water and climate researchers, especially in arid and semi-
arid regions of the world. However, so far, access to real rainfall in the basins, especially the
mountainous basins, is a vague and complicated issue. Precise measurements of precipitation in not
usually possible in these basins due to environmental conditions and relatively moderate spatial
changes in rainfall.

At present, there are various methods and tools for measuring rainfall or estimating it (Barrett,
1970, Rabiei et al., 2013), which includes: 1) Ground rain-gauge stations 2) Ground radars 3)
Satellite estimates. But the most common method is to measure rainfall are meteorological radar
Cremonini et al, (2015) and ground rain gauge stations (Acquaotta et al., 2016). The ground rain-
gauge stations are usually used by sensors or rain measuring devices. They represent direct
measurements of rainfall over the ground (precipitation depth), but they are not able to transmit the
spatial pattern of precipitation (Huff, 1970). Meteorological radars and satellite data, on the other
hand, are capable of recording and estimating rainfall data with high spatial and temporal resolution.
However, considering the variable rainfall uncertainties in this type of data, they are not able to
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accurately estimate rainfall (Jordan et al. 2000). To solve this inherent problem, there is a need for a
methodology that uses all methods of rainfall measurement in the best way. The most commonly
used method for reconstructing the precipitation rate with higher accuracy is based on comparison of
satellite observations or meteorological radars with ground measurements recorded by rain gauge
stations that are spatially dispersed appropriately. In this research, in order to combine and correct the
rainfall data, appropriate methods for the integration and correction of rainfall data using rain gauge
stations and satellite images at the basin level have been used.

Materials and methods

A variety of methods have been developed for creating a relationship between rainfall
measurement methods at the basin level (Goudenhoofdt and Delobbe, 2009). Currently, Kriging with
the correction of satellite-based error or simple Kriging and the conditional merging method Ehret
(2002), Sinclair and Pegram (2005) is the most appropriate method for due to the high quality of the
results and because of its simplicity and computational efficiency. In this research, the conditional
merging method and the methods based on it have been used. In this method, ground rainfall data and
satellite data are merged, then information on the expansion of combined data at the basin level are
obtained by using Kriging geostatistical methods.

Conditional merging method

Conditional merging (CM) using a satellite network is in order to estimate ordinary kriging error
at the rain gauge and attempt to correct it. First, the satellite values (S) at each station (G) are used to
provide kriging KS(g). Then, this field decreases from the initial satellite precipitation to get the error
map. Finally, the error value is added to the interpolated values of the rain gauge station by the
Kriging KG(g) method (Goudenhoof and Delobbe, 2009). The final formula is expressed by relation

(2):

CM =S — Kgg) + Kg g 1)

Bias field conditional merging method

This method is calculated by dividing the initial values of the satellite's precipitation, the
interpolated satellite values using the Kriging method, and eventually multiplying it by the result of
the Kriging interpolation in the ground station values, which is expressed in terms of relation (2):

S
BFCM = (1 —)Ke) ()

S(9)

This method introduces some of the partial problems associated with division by zero or even
indefinite forms, but the approach taken in these cases simply assumed that the final value is zero.

Mean conditional merging
The second method, called the mean conditional merging method, is expressed in terms of
relation (3), which represents the average between (CM) and (BFCM).

S
S =Ky +Kgg) + (K )Ke ()

MCM = > 2(0) A3)
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Since all the methods presented here are based on spatial algorithms applying to a set of points,
the presence of a compressed rain-gage network provides more accurate results.

Results and discussion

The validation process is carried out through the methods used to merge and modify rainfall at the
catchment area with the help of rain gauge stations and satellite rainfall values, by comparing the
values of images and maps derived from methods based on the conditional merging with
observational values of the ground stations using criterion and statistical analysis, the results of
which have been presented in Table (1).

According to the results presented in Table (1) and by comparing statistical analyzes based on the
results of each method with observational data, all three methods used for merging and correcting
rainfall in the catchment area have close and acceptable results and there is a significant correlation
with ground data, however, in order to select and propose a suitable method for merging and
correcting rainfall with both spatial distribution characteristics and preserving the precipitation rate, it
can be said that the conditional merging method has better and more acceptable results and was
determined as the appropriate method.

Table 1- Statistical analysis results of the comparison between estimates of each method and rain gauge
observations

Rain event Method MAE MBE RMSE bais Pbais SD R"2
CM 15.11 -4.18 18.58 -0.07 -7.03 18.10 0.98
93/09/02-05  BFCM 15.18 -4.07 18.68 -0.07 -6.84 18.22 0.97
MCM 15.13 -4.12 18.62 -0.07 -6.93 18.16 0.98
CM 15.96 -11.31 19.99 -0.35 -35.21 16.39 0.98
93/12/26-27  BFCM 15.93 -11.40 20.02 -0.35 -35.48 16.37 0.98
MCM 15.94 -11.35 20.00 -0.35 -35.34 16.38 0.98
CM 23.40 -20.50 25.48 -0.91 -91.12 15.25 0.98
94/01/01-03  BFCM 23.39 -20.43 25.41 -0.91 -90.81 15.22 0.98
MCM 23.40 -20.46 25.44 -0.91 -90.96 15.23 0.98
CM 19.24 431 25.22 0.09 8.90 25.02 0.99
94/07/19-20 BFCM 19.28 4.30 25.19 0.09 8.88 24.98 0.98
MCM 19.24 430 25.20 0.09 8.88 25.00 0.99
CM 28.67 28.08 36.59 0.64 63.67 23.62 0.99
94/10/03-05  BFCM 28.68 28.14 37.29 0.64 63.82 24.63 0.96
MCM 28.67 28.11 36.91 0.64 63.75 24.08 0.98
Conclusion

The purpose of this study was to modify and improve the performance of rainfall data at the
watershed area by using the combination of rainfall and satellite data using geostatistical analysis and
merging methods. Accordingly, the statistical analysis criteria had been used for comparing the
results of regional rainfall (distributed at the area) by the different merging methods used in the study
with observational values of the network of ground stations at the catchment area. The results
showed that the regional precipitation values estimated from the conditional merging method
provided better results, so that the merged precipitation values retained the precipitation rates of the
ground station and has improved the spatial distribution of rainfall on the watershed area relative to
the satellite rainfall. In general, this study shows the validity of the conditional merging method for
estimating and merging land and satellite data in order to modify regional rainfall in the Mond basin.
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Table 2- Statistical Characteristics of the gauge and satellite rainfall in Mond basin (mm)

Statistical Period Rain event Paramter Max Mean Min SD cVv
Gauge Rainfall  94.43 51.62 18.96 17.93 0.35

11/23/2014-11/26/2014
GPM Rainfall 51.95 37.52 7.51 8.39 0.22
Gauge Rainfall  59.27 38.56 10.19 1181 0.31

2014-2015 03/17/2015-03/18/2015
GPM Rainfall  58.89 35.95 15.45 10.22 0.28
Gauge Rainfall  86.93 19.60 1.74 1042 0.53

06/22/2015-06/24/2015
GPM Rainfall  37.58 17.2 5.12 6.28 0.37
Gauge Rainfall  138.80 51.36 1.09 2198 0.43

10/11/2015-10/12/2015
GPM Rainfall  83.89 42.75 0.97 20.36 0.48

2015-2016

Gauge Rainfall  132.59 35.52 4.80 17.64 0.50

12/31/2015-01/03/2016
GPM Rainfall 51.49 24.4 2.75 1.47 0.31
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Table 3- Statistical analysis results of comparing the methods used with observed data.

Rain Event Method MAE MBE RMSE Bais PBais SD R"2

CM 15.11 -4.18 18.58 -0.07 -7.03 18.10 0.98

11/23/2014-11/26/2014 BFCM 15.18 -4.07 18.68 -0.07 -6.84 18.22 0.97
MCM 15.13 -4.12 18.62 -0.07 -6.93 18.16 0.98

CM 15.96 -11.31 19.99 -0.35 -35.21 16.39 0.98

03/17/2015-03/18/2015 BFCM 15.93 -11.40 20.02 -0.35 -35.48 16.37 0.98
MCM 15.94 -11.35 20.00 -0.35 -35.34 16.38 0.98

CM 23.40 -20.50 25.48 -0.91 -91.12 15.25 0.98

06/22/2015-06/24/2015 BFCM 23.39 -20.43 25.41 -0.91 -90.81 15.22 0.98
MCM 23.40 -20.46 25.44 -0.91 -90.96 15.23 0.98

CM 19.24 431 25.22 0.09 8.90 25.02 0.99

10/11/2015-10/12/2015 BFCM 19.28 4.30 25.19 0.09 8.88 24.98 0.98
MCM 19.24 4.30 25.20 0.09 8.88 25.00 0.99

CM 28.67 28.08 36.59 0.64 63.67 23.62 0.99

12/31/2015-01/03/2016 BFCM 28.68 28.14 37.29 0.64 63.82 24.63 0.96
MCM 28.67 28.11 36.91 0.64 63.75 24.08 0.98
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Fig. 8- Scatter plots and correlation coefficient of the comparison between estimate values of
conditional merging methods and rain gauge observation data.
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Table 4- Statistical Characteristics of the satellite—rain gauge data merging technique in the basin.

Rain event Method Max Mean Min SD Ccv
CM 93.57 51.81 10.07 18.62 0.36
11/23/2014-11/26/2014 BFCM 93.07 52.05 10.43 18.71 0.36
MCM 93.32 51.93 10.25 18.66 0.36
CM 69.01 38.29 7.06 13.28 0.34
03/17/2015-03/18/2015 BFCM 71.74 38.51 8.60 13.49 0.35
MCM 70.38 38.4 7.83 13.37 0.34
CM 89.7 194 1.54 10.98 0.55
06/22/2015-06/24/2015 BFCM 87.91 19.55 0.63 10.83 0.56
MCM 88.81 19.48 1.12 10.88 0.56
CM 137.77 51.64 -0.36 22.9 0.44
10/11/2015-10/12/2015 BFCM 134.66 51.85 0.78 23.49 0.45
MCM 136.23 51.75 0.22 23.16 0.44
CM 132.58 35.27 4.77 18.48 0.52
12/31/2015-01/03/2016 BFCM 132.57 35.62 4.8 20.17 0.56
MCM 132.63 35.62 4.8 20.17 0.57
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Introduction

Extreme climate events and agricultural disasters have increased in the past decades (IPCC, 2012).
Frost disaster is one of the extreme events characterized by a short duration of freezing air that is
destructive to crop growth and production (Xiao et al., 2018). Every year, early fall and late spring
frost, due to the coincidence with the critical stages of plant life, reduces agricultural product yield.
Investigation of changes in frost parameters such as the date of the first fall frost (FFF), the date of the
last spring frost (LSF), growing season length (GSL), the number of frost days (FD), and the length of
the frost period (LF) during the future period, to provide proper planning for planting crops and take
the necessary measures to prevent the occurrence of frost with sensitive stages of plant growth is
essential(Esmaeili et al., 2011). This study aims to investigate the temporal and spatial changes of the
mentioned frost parameters of the future period (2051-2022) based on three emission scenarios,
SSP126, SSP245, and SSP585, compared to the future statistical period in Isfahan province.

Methodology

In this study, Isfahan province is considered a study area. The minimum temperature data of the
past period and the outputs of 10 general circulation models were downscaled by LARS-WG for the
future period (2051-2022). In addition, the three emission scenarios SSP126, SSP245, and SSP585 of
13 stations in Isfahan province were used. General circulation models are weighted based on the
average deviation of the minimum temperature simulated in the base period from the average of the
observed data. Finally, for all stations, by combining the weight obtained for each model and the
difference of the data of each scenario from its base value, the micro-scaled output data for each station
was obtained using the LARS-WG6 model. To extract the frost parameters, preparing the minimum
temperature data of the observation and future periods was started by controlling the minimum
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temperature from the first day of September and the first day when the minimum temperature is equal
to the desired threshold; less than this threshold is considered the first fall frost (FFF) and the last day
of frost (LSF). The dates are set as Julius days. Then the LF, GSL, and FD are calculated, and the
spatial changes of the frost parameters in the future period based on all emission scenarios compared
to the past period are plotted by the ARC GIS 10.8.

Results and Discussion
Temporal and spatial distribution of changes in the first fall frost and the last spring frost of the future
period compared to the past period

On average, Chadegan (Oct 19) and Khour and Biabanak (Dec 6) had the earliest and the latest date
of the first fall frost in the past statistical period. The average of the earliest date of the first fall frost
at Chadegan station under the SSP585 emission scenario occurs one day later than the past statistical
period, and in Khour and Biabank, the average of the latest date of the first fall frost under the emission
scenarios of SSP126, SSP245 and SSP585 occur three, five and six days later than the past statistical
period, respectively. Zoning the number of changes in the first fall frost in the future period under
different emission scenarios compared to the past statistical period shows that the most increasing
change in Khour and Biyabank under the SSP585 scenario occurs six days later, and the most
decreasing change is related to Isfahan station under SSP126 scenario that it occurs eight days earlier.

For the last spring frost, Chadegan (Apr 21) and Ardestan (Feb 27) had the earliest and the latest
date of the last spring frost in the past statistical period. The average of the latest date of the last spring
frost at Chadegan station under the SSP126 emission scenario occurs one day later than the past
statistical period. At Ardestan, under the emission scenarios of SSP126, SSP245, and SSP585, it
happens five, four, and three days later than the past statistical period, respectively. Zoning shows that
changes in the date of the last spring frost in the future statistical period compared to the past statistical
period in all three scenarios in Khansar, Natanz, and Ardestan stations are increasing, which means the
last spring frost occurs later, and the changes in the Semirom, Daran and Fereydun Shahr are decreasing
that means the last spring frosts occur earlier.

Temporal and spatial distribution of changes in the frost length period, number of frost days, and growing
season length of the future period compared to the past period

The longest frost length period in the past statistical period was observed in Chadegan with 184
days and the shortest in Khour and Biyabank with 81 days. However, the expression of this period in
terms of the number of days does not mean that frost occurs every day. In the future statistical period,
under all emission scenarios, the length of the frost length period at Chadegan, Khour, and Biabank
will decrease. Moreover, some changes in the length of the frost period under all emission scenarios
throughout the province are observed. Zoning shows that, in red areas, most changes in the length of
the frost period occur decreasingly, and in blue areas, the most changes occur incrementally.

The highest number of frost days is related to Chadegan with 149 days, and the lowest is related to
Khour and Biyabank with 25 days. In the future statistical period, the number of frost days at all stations
will decrease under all emission scenarios. Zoning shows that Changes in the number of frost days in
all selected provincial stations are decreasing.

The most extended growing season length is related to Khour and Biyabank with 146 days, and the
lowest is related to Chadegan with 91 days. In the future statistical period, under all emission scenarios,
the longest growing season length is associated with Khour and Biabank, and the shortest is related to
Chadegan, but the changes in the growing season length are increasing in all stations. Zoning shows
that the most changes in the growing season length are related to Chadegan, which increases under the
emission scenarios of SSP126, SSP245, and SSP585 for 17, 18, and 21 days, respectively.
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The effect of frost changes on the yield of agricultural products in the future

Spring does not start at the same time in different stations of the province, and the growth of some
early flowering trees, such as almonds and apricots, starts earlier than the spring season, so it is
essential to pay attention to the growth stages of plants that coincide with these frosts. Suppose the
date of occurrence of the last spring frost in different stations in the future statistical period under all 3
diffusion scenarios coincides with the critical stages of plant growth (flowering stage). In that case,
there is a possibility that spring frosts and agricultural yields will be reduced. Due to changes in the
date of the first fall frost and the last spring frost, the length of the growing season varies at different
stations; therefore, choosing the proper planting time and cultivars resistant to cold and frost is essential
in the production efficiency of agricultural products.

Conclusion

Every year, early fall and late spring frost, due to the coincidence with the critical stages of plant
life, reduces agricultural product yield. In the past statistical period, the average date of occurrence of
the first fall frost is related to Chadegan, Daran, Fereydunshahr, and Shahreza, and the average of the
last spring frost in Khour and Biabank, and Ardestan occur earlier than other stations. In the future
statistical period, the date of occurrence of the first fall frost and the last spring frost under all emission
scenarios are the same as in the past statistical period. In addition, increasing and decreasing changes
were observed in the date of the first fall frost and the last spring frost in the future statistical period
compared to the past. The average of the earliest date of the first fall frost at Chadegan station under
the SSP585 emission scenario occurs one day later than the past statistical period, and in Khour and
Biabank, the average of the latest date of the first fall frost under the emission scenarios of SSP126,
SSP245 and SSP585 occur three, five and six days later than the past statistical period, respectively.
The average of the latest date of the last spring frost at Chadegan station under the SSP126 emission
scenario occurs one day later than the past statistical period. Moreover, in Ardestan, under the emission
scenarios of SSP126, SSP245 and SSP585 occur five, four, and three days later than in the past
statistical period, respectively. By knowing the date of the last spring frost, it is possible to determine
the planting date of many crops, and planting time should be chosen so that the critical stages of plant
growth are not exposed to spring frost. Also, changes in frost length period, number of frost days, and
growing season length were observed in the future statistical period compared to the past statistical
period throughout the Isfahan province. The most prolonged frost length period in the past statistical
period was observed in Chadegan with 184 days and the shortest in Khour and Biyabank with 81 days.
The highest number of frost days is related to Chadegan with 149 days, and the lowest is related to
Khour and Biyabank with 25 days. In the future statistical period, the number of frost days at all stations
will decrease under all emission scenarios. The longest growing season is related to Khour and
Biyabank with 146 days, and the lowest is related to Chadegan with 91 days. In the future statistical
period, under all emission scenarios, the longest growing season length is associated with Khour and
Biabank, and the shortest is related to Chadegan, but the changes in the growing season length are
increasing in all stations. The most changes in the growing season length are related to Chadegan,
which increases under the emission scenarios of SSP126, SSP245, and SSP585 for 17, 18, and 21 days,
respectively.
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Table 1- Details of meteorological stations

Row Name of station Longitude Latitude Elevation(m)
1 Khour va Biabanak 55°02° 33°47° 845
2 Naein 53°05’ 32°51° 1549
3 Isfahan 51°41° 33°01° 1550.4
4 Ardestan 52°23’ 33023’ 1252.4
5 Natanz 51°54° 33°32° 1684.9
6 Kashan 51°27° 31°58° 982.3
7 Najafabad 51°22’ 32°38’ 1641
8 Shahreza 51°50° 31°59° 1845.2
9 Semirom 51°42° 31°09° 2274
10 Chadegan 50°38" 32°46° 2100
11 Daran 50022’ 32°38’ 2290
12 Fereydun Shahr 50°06° 32°56° 2490
13 Khansar 50°19’ 33°14° 2300

el o il OIS 9 (hgae 005 S S T g
Table 2- List of CMIP6 models used in this study
Row Model Country Horizqntal Resolution
(in degrees)
1 BCC-CSM2-MR China 1.12° x ,12°
2 CESM2 USA 1.25° x 0.94°
3 CNRM-CM6-1 France 1.4° x 1.4°
4 CanESM5 Canada 2.81° x 2.78°
5 MIROC6 Japan 1.4° x 1.4°
6 MRI-EMS2-0 Japan 1.12° x 1.12°
7 IPSL-CM6A-LR France 2.5° x 1.26°
8 GISS-E2-1-G USA 2.5°x 2°
9 HadGEM3-GC31-LL UK 1.88° x 1.25°
10 China 1° x 1.3°
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Fig. 1- Flowchart of study
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Table 3- Results of calculations of the average of the first fall frost (FFF) in the past and future
period under different scenarios

- I c X < S —
83 8 S & = ] 9 2 8 = < b= = ]
& o ® = N < = ¥.S 5un 0O o] z T Z g
n < n O m n =z

Past 19 3 1 7 19 6 7 5 16 20 20 26 10
Nov Dec Dec Nov Oct Dec Nov Nov Nov Nov Nov Nov Nov

SSP1-2.6 12 6 30 2 19 9 31 3 11 14 17 29 9
' Nov Dec Nov Nov Oct Dec Oct Nov Nov Nov Nov Nov Nov
SSP2-4.5 14 5De 30 2 19 11 31 3 13 15 16 29 10
' Nov c Nov Nov Oct Dec Oct Nov Nov Nov Nov Nov Nov
SSP5-8.5 15 8 2 3 20 12 2 5 14 16 18 30 10
) Nov Dec Dec Nov Oct Dec Nov Nov Nov Nov Nov Nov Nov
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Fig. 2- Zoning of changes in the first fall frost (FFF) in the future based on (a) SSP126, (b) SSP245
and (c) SSP585 scenarios compared to the past period
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Table 4- Results of calculations of the average of the last spring frost (LSF) in the past and future
period under different scenarios

- I < x o = -
=R g © 8 8 E S€8&g58 E £ =2 8 8
2 = < X &5 &5 o L & g £ ¥
Past 12 27 4 26 21 25 16 11 5 15 18 17 10
Mar Feb Mar Mar Apr Feb Apr Apr Apr Mar Mar Mar Apr

SSP1-2.6 15 4 4 25 22 25 14 6 31 16 17 22 16
' Mar Mar Mar Mar Apr Feb Apr Apr Mar Mar Mar Mar Apr
SSP2-45 14 3 4 24 21 23 13 5 29 14 15 20 16

Mar Mar Mar Mar Apr Feb Apr Apr Mar Mar Mar Mar Apr
SSP5-8.5 13 2 2 24 21 23 13 4 29 14 15 20 15
) Mar Mar Mar Mar Apr Feb Apr Apr Mar Mar Mar Mar Apr
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Fig. 3- Zoning of changes in the last spring frost (LSF) in the futurevbas',ed on (a) SSP126, (b) SSP245
and (c) SSP585 scenarios compared to the past period
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Table 5- Results of calculations of the average of the frost length (FL) in the past and future period
under different scenarios
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Past 113 85 93 139 184 81 160 157 140 115 118 111 151
SSP1-26 123 88 94 144 185 78 165 155 140 122 120 113 158
SSP2-45 120 87 93 142 183 75 164 153 136 118 119 111 157
SSP5-85 118 84 90 142 183 73 161 150 135 118 117 110 156
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Fig. 4- Zoning of changes
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in the frost length (FL) in
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the future based on (a) SSP126, (b) SSP245 and

(c) SSP585 scenarios compared to the past period
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Table 6- Results of calculations of the average number of frost days (FD) in the past and future
period under different scenarios

Station/
Scenario
Isfahan
Ardestan
Kashan
Shahreza
Chadegan
Khour
Biabanak
Fereydun
Shahr
Daran
Semirom
Naein
Najafabad
Natanz
Khansar

Past 68 32 39 85 149 25 128 118 91 60 73 56 104
SSP1-26 59 24 26 72 12r 15 109 101 77 50 62 41 88
SSP2-45 58 25 25 71 125 16 109 101 75 49 60 40 88
SSP5-85 56 23 23 69 123 15 105 97 73 46 57 38 86
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Fig. 5- Zoning of changes in the number of Frost days (FD) in the future based on (a) SSP126, (b)
SSP245 and (c) SSP585 scenarios compared to the past period
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Table 7- Results of calculations of the average of growing season length (GSL) in the past and future
period under different scenarios
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2 @ = < X » O o & n 3 = X
Past 128 141 139 116 91 146 108 108 128 132 127 136 118
SSP1-2.6 133 157 150 125 108 159 120 121 130 142 138 155 127
SSP2-45 135 156 151 128 109 159 121 122 133 147 138 156 128

SSP5-8.5 137 157 152 128 112 160 122 123 133 148 140 158 128
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Fig. 6- Zoning of changes in the growing season length (GSL) in the future based on (a) SSP126, (b)
SSP245 and (c) SSP585 scenarios compared to the past period
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Table 8- Resistance of trees to low temperatures in °C

growing steps

Small green Buds closed but Trees
° Full bloom

fruit colored
-1.7 -2to-4 -3to-5 Almond
-0.6 -0.6 -1 grape
-1.1 -1.1 -1 Walnut
-1.7 -2.2t0-2.8 -3.5t0-45 Apple
-0.6 -2.2 -4 Apricot
-1.1 -2.2 -2.2 Cherries
-1.1 -2.2 -2.510-3.3 pear

Ol (B DY gz i 905 Xir 4 g yo DLEMG! Jguo -4 Jaue

Table 9- Information about some horticultural products in the province

Maximum harvest time Flower time Date Of. - City Product
swelling
20 Apr to 20
5 Jul May 20 Mar to19 Apr Shahreza Cherries
30 Jun 24 Apr 8 Apr Najafabad
10 Jul 29 Mar 9 Mar Isfahan
10 Jul 8 Apr 4 Mar Najafabad Plum
5 Aug 4 May 20 Apr Fereydun Shahr
30 Jun 20 Mar 14 Mar Shahreza
21 Jul 20 Mar 19 Mar Shahreza
5 Jul 24 Mar to 29 Mar 23 Feb to 4 Mar Isfahan _
22 Aug 20-Apr 20 Mar to 3 Apr  Fereydun Shahr Apricot
21 Jul 8 Apr 4 Mar to 19 Mar Najafabad
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Introduction

There are various methods to enhance water productivity, including the utilization of management
tools such as water pricing policies. However, the lack of proper pricing of agricultural water and the
absence of real water prices for beneficiaries have resulted in water being considered a low-value
commodity that beneficiaries use without proper consideration or management (Kazem Attar et al.,
2020). The widening gap between water supply and demand in the future highlights the need for serious
attention to the fundamentals of economic planning of water resources and its optimal allocation, along
with proper management of water resources. In Qazvin plain, the agricultural sector bears a significant
burden of job creation, and many people rely on it for their livelihoods. Effective water resources
management should not only meet the long-term needs of stakeholders but also preserve groundwater
resources. However, it is important to consider whether farmers in all regions can afford to pay the
actual price of water, and if the cropping pattern of different regions should affect water pricing.
Therefore, the aim of this study was to determine the real price of water by calculating its cost and
evaluating farmers' income with the current water cultivation and distribution patterns in case of water
supply at actual prices. The study also investigated the impact of two optimization models, including
A- optimization of cropping pattern and B- simultaneous optimization of cropping pattern and water
distribution on farmers' income when the water supply is at the actual price in the Qazvin plain
irrigation network. Finding answers to these questions is a critical step in achieving economic
efficiency in water consumption within the framework of integrated water resources management.

Materials and Methods
Calculate the cost of water

The study employed the engineering economy approach to calculate the cost of each cubic meter
of water. This approach considers all capital costs, operation and maintenance expenses of facilities,
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and other relevant costs throughout the entire lifespan of the project. By creating a cash flow table of
costs, the total cost of water is calculated using this method of engineering economics (Tahamipour
Zarandi and Yazdani, 2016).
Yield function

To estimate the quantity of product produced based on the volume of water consumed, the water-
production relationship presented by Rao et al. (Rao et al., 1988) was employed. According to equation
(1), the yield function of crops during various growth periods has a linear correlation with the volume
of water consumed.

n

Ya e _AET, .
Ym o [1—Ky;( _PETL-)] 1)

i=1

where Ya is the actual yield in tons per hectare, Ym is the potential yield in tons per hectare, Kyi is
the coefficient of sensitivity of the crop to water deficit during the i-th growth period, AETi is the
amount of water given to the plant (evaporation or actual transpiration) during the i-th growth period
in cubic meters, PETi is the water requirement of the plant (potential evapotranspiration) during the i-
th growth period in cubic meters, and n is the number of growth periods for each plant.

Productivity

There are different types and numbers of productivity indicators depending on different
perspectives. In this study, the financial index of water efficiency was used, which is in line with the
main objective. This index is the ratio of net income per unit of water volume, also known as Net
Benefit Per Drop.

Results and Discussion

The estimated price of each cubic meter of water using economic and engineering relations was
8,595 rials. In the current situation (water supply at the price of 940 Rials), the Qazvin Plain irrigation
network’s income is approximately 89 billion Tomans. However, if each cubic meter of water is
supplied at the price of 8,595 Rials, the current model of water cultivation and distribution not only
fails to generate income for farmers but also causes them harm. Through the optimization of
the cultivation pattern, the income of the Qazvin Plain irrigation network can increase to about 101
billion Tomans. Simultaneously optimizing the cultivation pattern and water distribution can lead to
an income of approximately 233 billion Tomans. The Net Benefit Per Drop (NPBD) increases by an
average of 40% by optimizing the cultivation pattern and by an average of 389.6% by simultaneously
optimizing the cultivation and water distribution pattern compared to the current situation where each
cubic meter of water is supplied at 940 Rials. However, in the case of supplying each cubic meter of
water at the price of 8,595 Rials and not changing the cultivation and water distribution pattern, the
average NPBD will decrease by 289.4% compared to the current situation. By optimizing the
cultivation pattern, it is found that with the increase in water price and decrease in gross profit, the
model tends to cultivate crops that have higher yield and less sensitivity to water stress. According to
this, sugar beet and potato are the most suitable crops for cultivation in the Qazvin Plain irrigation
network. Although other crops, such as wheat and barley, have low sensitivity to water stress, their
low yield and subsequent decline in the irrigation network's income make them less desirable for
cultivation.

Result
The price of water is one of the important economic variables that can play a significant role in the
optimal use of water resources in the agricultural sector. By implementing water pricing policies,
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the final cost of production increases, and it becomes essential to select a crop combination that yields
higher benefits per unit of water. This study focuses on estimating the total cost of each cubic meter of
water using engineering-economic relationships and its impact on the economy of farmers under
two optimization models: optimizing the cropping pattern and simultaneously optimizing the cropping
pattern and water distribution. The total cost of each cubic meter of water was estimated at 8,595 rials,
and the results showed that the current cropping pattern is not suitable if the price of water increases.
However, by optimizing the cropping pattern and simultaneously optimizing the cropping pattern and
water distribution, it is possible to achieve an income approximately 14.7% and 162.7% higher than
the current situation where the price of each cubic meter of water is 940 rials, respectively.
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Table 1- Water distribution pattern allocated from Taleghan Dam to Qazvin Plain irrigation
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network in thousand cubic meters (Qazvin Regional Water Company)
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Table 2- Crop area in hectares (Organization of Agricultural- Jihad Qazvin)

Beneficiary
L1 L2 L3 L4 L4A L5 L6 L7 M2 L8 MW
Crop
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Table 3- The cost of agricultural operations, Average production potential and the sale price of crops
in the Qazvin plain irrigation network in 2018 (Organization of Agricultural- Jihad Qazvin and

Statistics Center of Iran)

Average

Average cost of

Crop name Cost (.)f agric_ulltu/Lal production agricultural operations Sales_ plrice

operations (Rials/ha) potential (ton/ha) per kilogram (Rials) (Rial)

Wheat 55479768 5 11000.9 17094
Forage corn 46333758 58 798.9 3150.3
Tomato 138296418 75 1844.0 7040.4
Alfalfa 46933188 11.8 3977.4 16480
Barley 47284854 3.7 10507.7 19783.8
Sugar beet 112795488 52 2169.1 5217.3
Potato 149063720 27 5520.1 23689.4
Maize 53014914 9.9 5355.0 17816.9
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Table 4- Annual expenses based on 2018 (Qazvin Regional Water Company and Organization of
Agricultural- Jihad Qazvin)
Cost items Amount (million Rials)
Annual expenses of the regional water company 12750
Annual expenses of Qazvin plain irrigation network
e 40000
exploitation company
Annual expenses of the Agricultural Jihad
Organization

1740

(cp 93 (Sldatan QT S ) 1YY Jl Slacwd wli! p WL ST 039 Slub yw Sday » -0 Jou>
Table 5- Capital costs of Taleghan irrigation project based on the prices of 1978 (Qazvin Regional
Water Company)

Cost items Amount (million Rials)
Costs of Taleghan dam, diversion dams, tunnels and
824.76
overflows
The cost of irrigation network channels 10316.4
Dam tank cost 150

Interest related to the cost of the building during

construction (10% of the cost of the building) 680.92
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Table 6- Crop production potential of Qazvin plain irrigation network in tons per hectare
(Organization of Agricultural- Jihad Qazvin)

Crop name Wheat Forage Tomato Alfalfa Barley Sugar Potato Maize
corn beet
Yield 7 80 120 15 45 100 45 13
potential
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Table 7- Net depth of irrigation in millimeters per month
(Organization of Agricultural- Jihad Qazvin)

Month
Far. Ord. Kho. Tir Mor. Sha. Meh. Aba. Aza. Dey Bah. Esf.
Crop nam

Wheat 92 107 52 0 0 0 7 0 0 0 1 28
Forage corn 0 8 85 222 233 136 0 0 0 0 0 0
Tomato 16 42 196 245 212 40 0 0 0 0 0 0
Alfalfa 58 75 142 161 155 128 80 23 2 0 0 12
Barley 92 89 18 0 0 0 7 0 0 0 1 28
Sugar beet 13 44 196 243 226 126 0 0 0 0 0 0
Potato 16 23 193 234 203 22 0 0 0 0 0 0
Maize 0 17 167 230 190 26 0 0 0 0 0 0
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Table 8- Effective precipitation in millimeters per month

Month
Far. Ord. Kho. Tir Mor. Sha. Meh. Aba. Aza. Dey Bah. Esf.
Crop nameé
Wheat 23 26 0 0 0 0 0 16 13 8 19 29
Forage corn 0 5 0 0 0 0 0 0 0 0 0 0
Tomato 12 25 0 0 0 0 0 0 0 0 0 0
Alfalfa 22 26 0 0 0 0 0 20 20 15 22 29
Barley 23 26 0 0 0 0 0 16 13 8 19 29
Sugar beet 1 26 0 0 0 0 0 0 0 0 0 0
Potato 12 25 0 0 0 0 0 0 0 0 0 0
Maize 0 24 0 0 0 0 0 0 0 0 0 0
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Table 9- Income of operators of Qazvin plain irrigation network (billion Tomans)

Current status
(Price per Current status
Beneficiar cubic melzer of (Price per cubic Optimal cultivation Optimal water allocation
y water 940 meter of water pattern and cultivation pattern
Rials) 8595 Rials)

L1 1.5 -2.2 7.5 2.3
L2 9.9 -36.7 9.1 0.7
L3 15.4 -7.6 23.1 18.8
L4 1.2 5.7 4.8 59.3
L4A 14.5 -21.8 4.3 2.1
L5 11.3 -10.2 3.3 51.3
L6 16.8 -24.9 13.6 14.5
L7 1.9 -6.2 7.6 7.6
M2 1 -7.8 4.4 58.4
L8 4.1 -2.7 15.3 14.4
MW 10.9 -39.1 8.4 0.8

Average 88.5 -164.9 101.3 232.5

(xS0 g0 9 Jb ) cilisee Ll y% 58 518 90 50 NPBD -1+ Jaus
Table 10- The amount of NPBD in the current situation and optimization models
(Rials per cubic meter)

Current status
(Price per cubic

Current status
(Price per cubic

Optimal cultivation Optimal water

Beneficiary allocation and
meter of water meter of water pattern cultivation pattern
940 Rials) 8595 Rials)
L1 228.2 -334.6 1140.8 812.9
L2 1089.5 -4038.8 1001.4 316.9
L3 3956.5 -1952.6 5934.8 3703.4
L4 212.9 -1011.1 851.4 20287.3
L4A 1922.3 -2890.1 570.1 809.9
L5 1371.2 -1237.7 400.4 14846.6
L6 2583.7 -3829.4 2091.6 6784.4
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Current status Current status Optimal water
- (Price per cubic (Price per cubic Optimal cultivation .
Beneficiary allocation and
meter of water meter of water pattern cultivation pattern
940 Rials) 8595 Rials)
L7 858.6 -2801.7 3434.3 3237.1
M2 492.1 -3838.7 2165.4 16216.1
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Table 11- Optimum cultivation pattern in the cultivation pattern optimization model (ha)
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Table 12- Optimum cultivation pattern in the simultaneous optimization model of cultivation pattern
and water distribution (ha)
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Table 13- Water distribution pattern in the simultaneous optimization model of cultivation and
water distribution pattern (1000 cubic meters)
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Introduction

Water shortage is an important obstacle limiting crop production in arid and semi-arid climate such as
Iran (Sepaskhah et al., 2006). One of the best solutions to reduce the consumption of irrigation water
in agricultural sector is to determine crop evapotranspiration (Gheysari et al., 2006) specially by
lysimeters to calculate accurate crop water demand (Razzaghi and Sepaskhah, 2010).

Onion is one of the most important edible vegetables and its annual production in Iran is 2566
thousand tons (Ministry of Agriculture-Jahad, 2021). Onions demand high water requirements and if they
face water shortage in the initial stage of growth, their yield is significantly reduced. Considering the
problems of water shortage due to excessive consumption and the subsequent increase in the water
demand and the need to accurately determine the water requirement of onions, this research aims to
determine the single (K¢) and dual crop coefficients (Ke and Kg), and direct estimation of the standard
crop evapotranspiration rate of the onion in three water balance lysimeters. The reference
evapotranspiration was calculated using data from a meteorological station and the modified FAO
Penman-Monteith equation. The onion standard crop evapotranspiration ET. was determined using the
irrigation water balance lysimeter and equation, and thereafter, the single crop coefficients at different
growth stages were calculated. Due to the presence of a micro-lysimeter, the amount of evaporation
coefficient (K,) and transpiration coefficient (K.p,) in different growth stages were also calculated. The
mean values of the single crop coefficient in the initial, mid, and end growth stages were 0.50, 1.04,
and 0.7, respectively. The K. coefficient in the initial, mid, and final growth stages were 0.42, 0.26,
and 0.47, respectively. The K in the initial, mid, and end growth stages were 0.08, 0.78, and 0.22,
respectively.

Methodology

This research was carried out from the middle of May to the end of October 2019 in three water
balance lysimeters of the School of Agriculture, Shiraz University. Meteorological data was taken from
a meteorological station that is only 10 meters away from the lysimeters. Onion seeds were sown at a
depth of 3 cm in 4 rows per lysimeter and the distance between the rows was 25 cm and the distance
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between the plants on the row was 15 cm. The area around the lysimeters was cultivated with the same
onion seeds to minimize the oasis effect on the lysimeters. At the beginning of cultivation, 100 kg of
diammonium phosphate fertilizer was given to each lysimeter. Also, during the growing season, 200
kg/ha of urea fertilizer containing 46% nitrogen (equivalent to 92 kg nitrogen) was equally applied to
the soil inside the lysimeters in two stages (94 and 117 days after sowing).

Standard onion evapotranspiration (ETc) was determined using the water balance method.
Evaporation from the soil surface (E) was measured by micro-lysimeters with 30 cm height and 9 cm
diameter. The amount of transpiration (T) was calculated from the difference between ET¢ and E. The
amount of reference evapotranspiration (ET,) was calculated using modified Pentman-Mantieth-FAO
equation by Razzaghi and Sepaskhah (2012). The single (Kc) and dual (Keand Kc,) crop coefficients
were calculated using ETc, T, E, and ET,. In addition, the amount of direct standard crop
evapotranspiration of onions was calculated using the Penman-FAO equation. Also, the onion yield,
onion bulb nitrogen concentration, and water productivity were determined at harvest.

Results and Discusspn

In this study, the length of initial, development, mid and end stages of onion was determined as 56,
64, 25, and 21 days, respectively. The value of ETc , T, and E were 651.2 mm, 296 mm, and 355.2
mm, respectively. Also, the results showed that there was a significant difference between EToand ET.
(about 3 mm/ days) from sowing to about 50 days after sowing , which was caused by the slow growth
of onions at the beginning of the growing season (Fig. 1). The value of ET. equal to 2.29 mm/day on
the first day of sowing showed the value of evaporation from the soil surface (Fig. 1). The initial, mid,
and end K¢ were 0.50, 1.04, and 0.7, respectively. In a research carried out in Spain, the onion initial,
mid, and end K. were 0.65, 1.20, and 0.75, respectively (LApez-Urrea et al., 2009). Moreover, the
average values of K. in the initial, middle, and end stages were obtained as 0.42, 0.26 and 0.47,
respectively. The K¢, values in the initial, middle, and end stages were 0.08, 0.78, and 0.22,
respectively. From the above results, it can be concluded that low K¢, in the initial stage was due to the
slow growth of the onion and the lack of aerial organs. Also, the slope of the linear regression between
the calculated (direct method) and measured (lysimeter) ET. in the validation stage indicated that the
calculated ET. was 4% lower than the measured values. The correlation coefficient value of 0.85 in
the validation stage indicated the acceptable accuracy of the calculated values.

ofog
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Fig. 1- The variation of reference evapotranspiration (ETo) and onion standard crop
evapotranspiration (ETc) during the growing season (DAS: Days after sowing)

Also, the average fresh and dry weight of onion bulbs at the end of the growing season was 23.9
and 3.7 tons per hectare, respectively. In another study, the effect of three levels of irrigation and
nitrogen fertilizer on the growth and yield of Zargan onion was investigated, and the results showed
that the dry weight of single onion bulbs at the level of 100% irrigation and 200 kg of nitrogen fertilizer
per hectare (in the form of urea) was equal to 3.58 grams (Roohparvar, 2020). The allowable
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concentration of nitrate in onion was declared to be less than 20 mg per 100 g of fresh weight (Lorenze,
1978). According to the measured nitrogen concentration in the bulb (2 %) and the low value of nitrite
in the soil, this amount of nitrogen concentration is within the allowable range. Moreover, the irrigation
water productivity, and irrigation water productivity per evapotranspiration were equal to 4.9, and 4.1
kg/m? per hectare, respectively.

Conclusions

In this research, the value of onion standard evaporationtranspiration was calculated using lysimeter
data and water balance method . The values of ET., T, and E were 651.2 mm, 296 mm, and 355.2 mm,
respectively. The initial, mid and end single crop coefficients were 0.50, 1.04, and 0.7, respectively.
Also, the K¢, coefficient values were calculated as 0.08, 0.78, and 0.22 in the initial, middle, and end
growth stages, respectively . The obtained coefficient can be used by farmers, researchers, designers
and consulting engineers to determine the accurate value of onion irrigation water requirement
specially in regions facing water shortage such as Iran.
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Fig. 1- Variation in meteorological parameters during the growing season

S b ol 35 ulilgn (Sl ol sl S s -1 S

100

Aminpour and ) cwl  (Alliaceae) lo iwgw
Aleeas 5l 5 olel #35e 5L, 51 (Mortazav Bak, 2012
538 oo o3l 291> Bilae 3 (imen 5 (Shgd i
oLS ol iS5 g VEN Lo (gjysbiS anlylel Lolel
O YOSS W e b g e3gr 1S e OY/E ol 5
;b (Ministry of Agriculture-Jahad, 2021)) ¢l 234
Somelizg 5 pally prdes hud (onl qupnlS (g aito
5 St Ao el (g L bld Sl g 03 By BrA
(Rostam Foroudi, a.ib e cucal <l )85 Wy
2 VY Jlo s Sle lals plojl el 3o 2006)
Gpae sl TS VY Jlo 2 59 xSk sty Sl dlsis
o« 23liee b3 3 jly Bpae bawgie plp 93 3gas &5 S oo
Karandish et ) ol o))yl p3y0 0,00 55 o caenl oaiiS 5l
(al., 2015

Sl plsl %6 sylol by by YU u—e" JIEENALY
350 il el g Jpame Gl 4 e 0dd (g 4y
d9dte s Hlde o ol 4> (ROstam Foroudi, 2006)
Sogonr 3930 bl (o] culS ©yg0n Sl d)lpe 4
1y odd S jly waew 5l o> AUVl ity o cusS o
Wb pamass @3 ciS & ol b g dgde Jeld
4 44 L .( Ministry of Agriculture-Jahad, 2021)
Ol 25 ) 2 Bpae b & O 258 ESL 524
Card 35> e 4 3l g ol Bpas dlp Lol Ll
b sk ol Sl ol S o sl (6690 5 S) alS
Sl 3 (e 0395 08)) Jlo (LS calps e Ba»
S gbyemsY ) lasyie byl ad, e
5 ool oSl adlaieys 5y oKl (g5l 0Kl

by 5959 3lg0
Joo Cubigo g (oubdl Lyl 5l
Jlo ole e 3lol U cuiipusyl Lawlsl I gy (ol
S5ysliS oaSiily Sladss o] (Mo pewwY dw »ITAR
P s b Jod s agh V7 alols gyl olStils

——RHave e===GDD

3000
)
o
2000 g
S
1000 3O
gv
0 'g
150 200 5



DOI: 10.22055/jise.2024.45245.2099

7¥

s 45@}: M}Ka_ uﬁl:f g_ﬁ‘ﬂw:xi :‘:")&“A}u}‘j)

B siom 38 b3 B $ 3 Obogas - J9us
Table 1- The physical properties of the experimental soil in the lysimeters.

Permanent wilting

Texture  Depth (cm) Field § apa_‘;'ty point Bulk der_lgs 'ty
(cm® em?) (e ) (gem?)
Clay loam 0-30 28.25 13.29 1380
Silty clay loam 30-60 29.02 14.42 1410
Silty clay 60-120 30.50 14.87 1360

* Physical soil properties are obtained from Ahmadi et al. (2019)
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Table 2- Average amount of irrigation water (1), rainfall (R), drainage (D), evaporation (E),
transpiration (T) and evapotranspiration (ET¢) of onion during growing season

I(mm) R(mm) D(mm)

E(mm) T(mm)

ET.(mm)

490.2+19. 3.325 12.2+0.9
3

355.2+1.3 296+2.0

651.2+1.5
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Fig. 2- The variation of reference crop evapotranspiration (ETo) and onion standard crop
evapotranspiration (ETc) during the growing season (DAS: Days after sowing)

7 Jad Jgb 53 (ETe) Sy Sttt obs™ 8 585— e 9 (ETo) qor o o™ 8 585— oed Ol ¥ o
(el 31 am 395 :DAS)

Initial

Development

KC - -ch (XN NN ] Ke

Mid End

<

[

A

7
7
4

O T T T T T T T T T T

.........-‘
'

e

7
7
e

N~
N~

T
”m O
o o

DAS

T T T T T T T T T T 1
©
(op]

104
112
119
126
132
139
145
152
159
166
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Fig. 4- The relationship between the direct estimated and measured onion standard crop
evapotranspiration (ETc) a) calibration and b) validation data
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Table 3- Average nitrogen concentration in straw, bulbs and roots of onion at harvest

Straw nitrogen (%)

Bulb nitrogen (%)

Root nitrogen (%)

2.1+0.1

1.96+0.2 2.24+0.3

by Jad Sleil o by S 9§ 039 ol -E Jeu
Table 4- Amount of onion leaf and bulb wet and dry weight at the end of the growing season

Wet leaf weight Wet bulbs weight Leaf dry weight Bulb dry weight
(ton ha®) (ton ha®) (ton ha®) (ton ha®)
27.8+551 2393+1.34 3.16 £0.45 3.73+0.37

3y ol 31kl & 85— w9 (Sisk 9 SoleT T (bl T 13 4 9T (8590 ,0 -0 Jgu
Table 5- Water productivity based on irrigation water (WP:), water productivity based on
irrigation water and rainfall (WP+p), and crop water productivity (WPc) of onion

WP, (kg m™3)

WPy.p(kg m™3)

WP(kg m™3)

4.89+0.13

4.85+0.13

4.1+0.53
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Introduction

Iran is one of the world's semi-arid and arid regions, it has serious water resource limitations. Two
important independent processes of the hydrological cycle are the combined processes of subsoil
evaporation and transpiration from plant. It is critical to estimate evapotranspiration accurately since a
significant amount of water is lost through this process. The FAO Penman-Monteith method is among
the mostly-used indirect methods to calculate evapotranspiration. In this method, the water demands
of the plant are calculated using the plant coefficients after estimating the reference evapotranspiration
(Allen et al., 1998). Researchers typically use several kinds of models for predicting evapotranspiration
in an effort to select a model with the highest accuracy, lowest error, and fewest input variables. This
is because the FAO Penman-Monteith method requires a larger number of data points despite having
acceptable accuracy. These models can be utilized for prediction since they do not have the problems
and expenses of direct methods. This category of models involves machine learning models, that have
excellent modeling potential that is not only in the area of evapotranspiration predicts but also in other
areas of hydrology (Malekahmadi et al., 2022). The purpose of this research is to compare the
performance of machine learning methods including multiple linear regression (MLR), gene
expression programming (GEP) and random forest (RF) in modeling daily reference
evapotranspiration and its spatial distribution in Zanjan province.

Materials and Methods

In the current research, the meteorological data of ten years (2009-2019) from the synoptic stations
of Zanjan, Mahneshan, Khodabande and Khoramdare were used. The input of multiple linear
regression (MLR), gene expression programming (GEP) and random forest (RF) models includes four
meteorological parameters (average temperature, average relative humidity, wind speed and net
radiation). In order to evaluate the accuracy of the models, the daily reference evapotranspiration of
FAO Penman Monteith (FPM) was chosen as the standard method. To evaluate the performance of the
models, one-third and two-thirds of the data were used for training and validation, respectively. Also,
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to compare the performance of the machine learning methods with each other, the evaluation criteria
including the Root Mean Square Error (RMSE), Coefficient of determination (R?), Scatter Index (SI)
and Wilmot Index (WI1) were calculated and time series, dispersion and violin charts were drawn. On
the other hand, the geostatistical technique was used for estimating the reference evapotranspiration in
unmeasured points for zoning because of the limited number of available synoptic stations in Zanjan
province. In order to analyze the spatial changes of reference evapotranspiration, its zoning was carried
out after the highest-performing machine learning models were chosen, considering that it has not been
evaluated in this manner before in the study area.

Findings

The random forest (RF) model in Zanjan station has good performance with W1 =0.991, SI = 0.1009,
and RMSE = 0.373(mm/day), R>= 0.97; the gene expression programming (GEP) model in
Khodabande station has the best performance with W1 = 0.966, SI = 0.124, RMSE = 0.478(mm/day),
and R? = 0.967 and the Multiple linear regression (MLR) model has the best performance in Zanjan
station with WI = 0.955, SI = 0.08, RMSE = 0.276(mm/day), and R? = 0.983. After the random forest
model, the gene expression programming model in Khodabandeh and Mahenshan stations and the
multiple linear regression model in Khoramdare stations ranked second. In all stations, except for
Zanjan station, where the MLR model performed well, the RF model has high accuracy and less error
in estimating daily reference evapotranspiration. Given that the RF model has high accuracy in
predicting daily reference evapotranspiration, the values of this model were used for evapotranspiration
zoning using the inverse distance weighting (IDW) method. The created map showed that Reference
evapotranspiration in Zanjan province is in the range of (3.466-4.273) mm/day. In the northwestern
region of this province, its amount increases, and its highest amount is in the range of (4.020-4.273)
mm/day at the Mahneshan station, which shows that the amount of precipitation and climatic
conditions affect the amount of evaporation-transpiration.

Conclusion

Taking into consideration the important role of accurate evapotranspiration prediction in the design,
planning, and management of irrigation networks and systems, in the present research, the synoptic
data of 4 stations in Zanjan province for 10 years, including average temperature, average relative
humidity, wind speed and net radiation were input to the model. Multiple linear regression (MLR),
gene expression programming (GEP) and random forest (RF) were used to estimate daily reference
evapotranspiration. According to the values of statistical indicators, the results showed that all three
models have high accuracy and less error in estimating daily reference evapotranspiration, but the
random forest (RF) model was chosen as the best model with a small difference. Based on the
distribution of the values predicted by the machine learning models and comparing it with ETO-FPM
values, the random forest (RF) model has less difference. Also, the closest violin chart to the ETO-FPM
data is the random forest model chart, which shows the superiority of the random forest model over
the other models. The results of zoning using the inverse distance weighting (IDW) method of this
model showed that the rate of evapotranspiration is higher in the northwest of Zanjan province,
especially in Mahenshan Station with (4.020-4.273) mm/day.
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Table 1- Geographical characteristics of synoptic stations in Zanjan province

Station Average Annual precipitation  Average ETo Height Latitude Longitude
(mm) (mm/day) (m) (°N) (°E)
Zanjan 0.807 3.463 1659.4 36.6603  48.5217
Mahneshan 0.702 4.269 12845 36.74 47.6838
Khodabande 1.134 3.934 1887  36.1438  48.5891
Khoramdare 0.844 3.789 1575  36.1958  49.2108
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Fig.1- Distribution of stations and the studied area
Atz 3390 dibaio 9 U olCiugl sl —) IS



AY

W=RY o AP F Jlo ) osles FA o505

ol (oo phe

ool oo d> (Jad yem,S, (V) dolee (et al., 2018
ol dalllas ol 3 0

ETmodel = ao + a1X1 + -+ aka +e (Y)

5 Ao «Jitne gloyiio Xy 9 Xy ctunly yuie ETioger
ol S )3y sl oule Bl Jlaie € 5 guw )T ) alps A
shls opiite b (ad Gg)S) 08 ik plgie &S
{Stepwise)pls «; p5 (ENtEr) jlojon ()3, lagbs,
Bl o (Backword) esgpes « (Forward) oy i
O3Sy o e e oy ol 5 e (Remove)
Statistical Package for the) SPSS | spite s>
ol o0l odlizul lejen b9, & (SOCial Sciences

(GEP)Oj Ol s 0406 2
S 08 e VA Jlo )3 158 bawgi 05 ole s jay4eli
5 (Genetic Algorithm) 5 w0 sl iy 5 (S 5
ol » &S cul (Genetic Programming)os; (s 5 yaebi
P& ar ol and b Job b odlo 5 (S clapgisegS
o JISaI L clasls sl )kl g 39 so o3litl K5 o yoS)l
S5 giytelip 0 Gz Gl b alie walise glaojlul
Slooolatwl b calises glronssy by cpl 0 Lad e pledl
298 o ilwdde @l g ey Sl ) 4cgecme
90 saSsl Ll ¢ Jie opl gl)sl 55 (Ferreira., 2001)
lay] oaimd LSyl ol 35 9 Ban (63959 slajal)l b
ol walrd 5 Jbo cuslio Ul ugms g 00d i bl o0
O odidd blsyl dolee S sl gy () B9 0 et
S5 Sl Ulg cnlnls 09 (295 9 53909 syl
< ol bipe pé slapel )l Bl g Jao cuslie sla el
Jse 5l s mle (3959 sl yrelyly lal ialS sl ol
@ byrpe Pluwo gilo e )3 0308 bt () ol 20408
Borrelli et al., ) 35500 03 & oty jldle s
(Y- WAA L) leedly Loy Ve yobs gdss ) (2006
o9ejl ly (WWIAIYAE o) Waodls ko ps Yo g (5590l (slp
1y GeneXproTools 4.0 ,l5sle 5 5l g s 48,8 Jlasy> Jse
e Slas Gaiod oyl o b ool e, ETo (gjlo Jse
(¥) Joso > 0 odlazal {,*,/,5qrt,exp,Ln,X? X3 X3
Bl wad oy B K5 giydeby sl yel)b Slasine

Gl 0493,5

G 9y § odlatul 3590 (SdOSIS
colisole (ylov; S ginw soolSiuw! 1 pols suisd jd
Tmean Lo u.o.i:l.:& L;w‘.o.wl}tb dhb).m‘)l) Lo b).,\.o)ﬁ 9 o..\..»l..\>
U2 .)l; k,&).») ;RHmean (%) L;uwd w9jo) U.KAL:& ‘(OC)
&l59y &y Ry (MI.m-2.day-1) s il ¢(m.s-1)
i (639)5 Glisds (WAANYAM) Lo Ve Sloj o5l o
(MLR)&lS 3 (s (jge)S) Jold oeile 553k
G5y 5 (RF) (ol S 5 (GEP) 3 ol c32000L
o9y olye 4 (ETo-FPM)eusle posy g6 ailig) a2 0
ul)m =3 d‘)’. A odlaiwl LﬁJ,\A by L;vlg‘))l dl).g ))IAJLZ«J‘
loodls o yd Yo g iig0) (sly Woodls luoyd Vo Loy e 3,Sdes
st 5l osel Cumdt ol ab odlinl i Cono (glp
OSke ylo (o)l (slagasly jl eslisl b edle (6,50
Ssby a3l 9SSy aled ¢ g copo s Olaye
5l d)Lo'l s asls p 09)4; S5 bl Jae Ol 9 dawlio
ETo-Model (cun gy 4 Jio o0 w3l b o038 s

(FAO56-PM) Calign  pody 53lé S lbiwl o
B e dnsloxe (gl cuiile (yady B )25 Jdo dolas
ool g e plo 8> o)l 3kl (og) g ailjg, x> ye

(Allen et al., 1998) coul (V) i,
900
0.408A(RH-G)+’\{mU2(es-ea) (\)
A+y(1+0.34U,)

ET():

(397 3 yio o) @30 obS 3=y ETo 3] o] >
(oo 423 JISl ol gludl jbu )lid @b cud A
IS G 39y 2 @re o 2 Jo3 Bo) sy LA GB R
S a9 ol CBY (G » @ae o 2 J5ie) SB ()l 5L
slop slod> bawgio Trmean ((womdo 2> JBWl L)
)] 53 59, 8l S 53 3k sy Lausgio U ( pogpanles a23)
ohS) gledl )l 5Las B (4l jle) (o) gaw 1 syt 93
e 8l (o (JBwsly 5hS) (Bly )b ,Lid 3 €a 5 (JSl
553 o byl ali) sl oy sl S Gl L8 S
D9 oo 485

(MLR)eGl?.\L? L Q%Mf}

bls)l a5 ol (gylel by S opite dix oS g5
YU) a8 o olo |y dialy oyt G b e puito i b 90



DOI: 10.22055/jise.2024.45305.2103

A¥
...6J;:Q§hjjj:ﬂmouﬁ&a:@£ujd|wf

G5 (S 3wl p b jlHb Olasuin -T J3u>
Table 2- Genetic operators employed in implementing the GEP model

Number of One point recombination
30 0.3
chromosomes rate
Head size 8 Two points recombination 0.3
rate
Number of genes 3 Gene recombination rate 0.1
Linking function + Gene transposition rate 0.1
Fitness function RMSE Insertion sequence 0.1
transposition rate
Mutation rate 0.044 Root insertion sequence 0.1
Inversion rate 0.1
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Table 3- Statistical results of machine learning models in reference evapotranspiration modeling

Model
MLR GEP RF
Station Test Train Test Train Test Train
Name
Wi 0.988 0.988 0.987 0.987 0.988 0.991
SI 0.137 0.136 0.14 0.136 0.133 0.113
Khoramdare ~ RMSE 0.513 0.501 0.525 0.523 0.496 0.431
(mm/day)
R? 0.955 0.956 0.953 0.951 0.957 0.968
Wi 0.987 0.982 0.966 0.989 0.99 0.991
SI 0.148 0.171 0.124 0.129 0.126 0.115
Kodabande ~ RMSE 0.572 0.68 0.478 0.511 0.488 0.454
(mm/day)
R? 0.952 0.931 0.967 0.961 0.968 0.971
Wi 0.988 0.989 0.989 0.991 0.99 0.991
sI 0.139 0.124 0.127 0.106 0.117 0.11
Mahneshan RMSE 0.548 0.545 0.502 0.468 0.488 0.473
(mm/day)
R? 0.962 0.958 0.97 0.969 0.968 0.969
Wi 0.955 0.992 0.997 0.987 0.991 0.993
SI 0.08 0.103 0.144 0.134 0.109 0.096
Zanjan RMSE 0.276 0.357 0.499 0.463 0.373 0.335
(mm/day)
R? 0.983 0.97 0.955 0.951 0.97 0.9748
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Table 4- Mathematical expressions of GEP model

Station Name

Mathematical expressions
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Water requirements.

Introduction

Reference evapotranspiration, as one of the important components of the hydrologic cycle, is an
important factor in field irrigation planning, drought assessment and climate change (Li et al., 2017).
Reference evapotranspiration represents the maximum amount of water transferred from the land
surface to the atmosphere (Yang et al., 2020). Determining this parameter is the first step in estimating
the water requirements of plants and irrigation water management (Yassen et al., 2020). Research on
temporal and spatial changes of reference evapotranspiration is very important in order to understand
climate change and its effects on hydrologic processes and water resources (Liu and Zhang, 2013).
Knowledge of reference evapotranspiration change trends can help agricultural irrigation management
and support decision makers involved in water resources management in the future (Yang et al., 2020).
In many regions with a shortage of water resources, such as Kermanshah province, the study of
reference evapotranspiration changes can help to understand the spatial distribution and temporal
changes of water. The purpose of this research is to determine the temporal variations of reference
evapotranspiration and the factors affecting it in 10 synoptic meteorological stations of Kermanshah
province. The information obtained from this research can provide guidance for agricultural water
requirements, irrigation planning and sustainable water resource management under climate change
conditions.

Methodology

The study area is Kermanshah province. This province is located in the geographical coordinates
0f33°41'to 35° 17'N and 45° 25" to 48° 6'E. The area of this province is 2.44 million hectares, which
is about 1.5% of the total area of Iran. Its average height is 1200 meters above sea level. The
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meteorological data used include minimum and maximum temperature, average temperature,
minimum and maximum relative humidity, wind speed, net radiation input to the surface, and daylight
hours in the statistical period of 1999 to 2022. The water requirement system of plants which is the
result of the Penman Monteith method of FAO was used to determine the reference evapotranspiration.
This reference evapotranspiration estimation method is proposed in FAO publication No. 56 as the
best method compared to other reference evapotranspiration estimation methods (Sumner and Jacobs,
2005). Pettitt's test of XLSTAT software was used to determine the possible changes in reference
evapotranspiration and climatic factors affecting it. Pettitt's test was first presented by Pettitt (Pettitt,
1979). Pettitt's test is a non-parametric test that does not require any assumptions about the data
distribution. This test is an adaptation of the Mann-Whitney test, which allows identifying the time in
which the change occurs.

Results and Discussion

The results of Pettitt's test for reference evapotranspiration in the synoptic meteorological stations
of Kermanshah province are shown in Table (1). In Table (1), when the p-value is < 0.05, Pettitt's test
is significant at the 5% probability level and indicates the sudden changes of reference
evapotranspiration in the investigated time series. The results of Table (1) showed that the changes of
monthly and annual reference evapotranspiration time series were significant in 42 and 60% of the
studied stations, respectively, at the 5% probability level and indicated the existence of a sudden
change in these variables.

Table 1-The results of Pettitt's test for reference evapotranspiration in synoptic meteorological stations
of Kermanshah province

Station Pettitt's test Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Annual
statistics
Eslamabad-e- Kt 40 49 8 91 104 97 110 81 66 83 95 26 110
Gharb p-value 0.74 051 0.045"0.02° 0.01* 0.01* 0.00™ 0.07 0.20 0.052 0.02"0.98 0.00"
Kermanshah Kt 40 47 65 118 105 143 112 89 86 105 99 32 129
p-value 0.74 0.56 0.21 0.00" 0.00™ 0.00" 0.00™ 0.03" 0.04" 0.01" 0.01"0.91 0.00™
Sarpol Zahab Kt 38 30 42 52 70 54 66 49 40 41 36 37 58
p-value 0.79 094 070 045 0.15 040 019 052 075 0.72 0.84 0.82 0.33
Sonqor Kt 48 47 52 73 69 62 52 65 58 71 59 46 84
p-value 055 057 045 0.12 017 025 045 0.21 0.32 0.14 0.31 0.59 0.05
Qasr-e-Shirin Kt 89 94 9% 3 69 71 103 56 44 63 44 58 72
p-value 0.03" 0.02° 0.02" 0.86 0.16 0.13 0.01" 0.37 0.64 0.25 0.64 0.33 0.12
Kangavar Kt 43 65 50 45 48 44 48 71 34 93 69 39 41
p-value 0.66 0.21 050 0.62 055 064 054 0.14 088 0.02° 0.17 0.78 0.72
Gilan Gharb Kt 91 99 97 105 101 100 91 110 108 108 107 90 99
p-value 0.03" 0.01* 0.01" 0.01* 0.01" 0.01" 0.02* 0.00" 0.00™ 0.00" 0.01* 0.03" 0.01"
Javanrud Kt 37 43 73 100 110 94 99 71 73 38 5 61 86
p-value 0.82 0.66 0.12 0.01" 0.00™0.02" 0.01" 0.14 0.12 0.79 0.30 0.27 0.04"
Harsin Kt 121 111 117 117 131 117 40 63 66 45 87 96 135
p-value 0.00" 0.00" 0.00" 0.00™ 0.00" 0.00"" 0.74 0.24 0.20 0.61 0.04" 0.02" 0.00™
Ravansar Kt 50 80 116 107 115 88 116 86 68 65 41 92 124
p-value 0.50 0.07 0.00™ 0.00" 0.00™ 0.04" 0.00™ 0.04" 0.17 0.21 0.72 0.02" 0.00™

Notes: “and ™ indicate significant difference at a 5% probability level (P < 0.05), and significant difference at a 1% probability
level (P < 0.01), respectively.

The year and amount of reference evapotranspiration change in the synoptic meteorological stations
of Kermanshah province are presented in Table (2). The results of Table (2) showed that the
meteorological station of Gilan Gharb had sudden incremental changes in reference evapotranspiration
in all months of the year. Eslamabad-e-Gharb, Kermanshah, Gilan Gharb, Javanrud and Hersin stations
had sudden incremental changes in annual reference evapotranspiration. Gilan Gharb station had the
highest amount of this change with 429 mm. In order to find the reason for the biggest increase in
annual reference evapotranspiration at Gilan Gharb station, the time series of each of the parameters
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affecting the annual reference evapotranspiration was investigated by Pettitt's test. The results showed
that although the maximum annual temperature had a sudden decrease, but with an increase in the
average minimum annual temperature, wind speed, daylight hours and net radiation, and a decrease in
the maximum relative humidity, the reference evapotranspiration increased in this station. The research
results of Fu et al. (2022) in China showed that the increase in temperature and wind speed and the
decrease in relative humidity had positive and large effects on the increase in evapotranspiration, which
agrees with the results of the present study. Ravansar station had a sudden decrease in
evapotranspiration of annual reference amounting to 183 mm. In order to find the reason for the
reduction of annual reference evapotranspiration at Ravansar station, the time series of each of the
parameters affecting the annual reference evapotranspiration was investigated by Pettitt's test. The
results showed that although the average temperature, minimum temperature and maximum annual
temperature had a sudden increase, but with the increase in the average maximum relative humidity
and the decrease in wind speed and annual daylight hours, the annual reference evapotranspiration in
this station decreased. In the study of Jhajharia et al. (2012) also pointed out the contradiction of
increasing temperature while reducing evapotranspiration. The research results of Liu and Zhang
(2013) showed that a significant reduction in wind speed dominates the change of reference
evapotranspiration and neutralizes the effect of increasing air temperature that increases the reference
evapotranspiration and leads to its reduction. This result agrees with the findings of the present study.

Table 2-The year and value of reference evapotranspiration change (mm) in synoptic meteorological
stations of Kermanshah province

Station Parameter Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Annual
Eslamabad-e-Gharb  Year of change - - 2005 2003 2014 2015 2014 - - - 2011 - 2014
Value - - 224 469 313 308 23 - - - 8.4 - 164
Kermanshah Year of change - - - 2012 2011 2011 2012 2015 2012 2007 2011 - 2011
Value - - - 224 185 187 175 163 63 83 96 - 142
Sarpol Zahab Year of change - - - - - - - - - - - - -
Value - - - - - - - - - - - - -
Songor Year of change - - - - - - - - - - - - -
Value - - - - - - - - - - - - -
Qasr-e-Shirin Year of change 2007 2004 2004 - - - 2013 - - - - - -
Value 239 293 46.1 - - - -205 - - - - - -
Kangavar Year of change - - - - - - - - - 2007 - - -
Value - - - - - - - - - 69 - - -
Gilan Gharb Year of change 2007 2005 2005 2005 2005 2006 2005 2006 2004 2004 2005 2004 2005
Value 284 40.4 634 394 579 536 415 288 315 229 16.7 205 429
Javanrud Year of change - - - 2006 2006 2006 2013 - - - - - 2006
Value - - - 31.7 325 237 -158 - - - - - 104
Harsin Year of change 2007 2011 2007 2007 2007 2007 - - - - 2007 2006 2007
Value 27.1 29 36.5 457 547 282 - - - - 99 127 243
Ravansar Year of change - - 2010 2009 2009 2008 2008 2008 - - - 2010 2008
Value - - -31.4 -28.4 -32.1 -19.9 -16.1 -13.1 - - - -9 -183
Conclusions

The results of this study show that, in general, from 2003 to 2015, sudden incremental changes in
reference evapotranspiration and have occurred in most meteorological stations of Kermanshah
province. Sudden incremental changes in reference evapotranspiration indicate an increase in the water
requirement of plants. Therefore, water resources should be providing to the agricultural sector with a
more appropriate planning, and the farmers, considering the amount of evapotranspiration, should act
with better planning regarding the crop selection.
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Table 1- Geographical coordinates of studied synoptic meteorological stations in Kermanshah

province

Station Latitude Longitude Elevation  Statistical period Climate type*

(N) (E) (m)
Eslamabad-e-Gharb 34.12 46.47 1350 1378-1401 Semi-arid, cold
Kermanshah 34.35 47.15 1320 1378-1401 Semi-arid, cold
Sarpol Zahab 34.45 45.87 545 1378-1401 Semi-arid, moderate
Songor 34.78 47.58 1700 1378-1401 Semi-arid, cold
Qasr-e-Shirin 34.53 45.6 376 1378-1401 Semi-arid, warm
Kangavar 34.5 47.98 1470 1378-1401 Semi-arid, cold
Gilan Gharb 34.13 45.93 816 1378-1401 Semi-arid, moderate
Javanrud 34.77 46.5 1375 1378-1401 Mediterranean, cold
Harsin 34.27 47.55 1580 1378-1401 Semi-arid, cold
Ravansar 34.72 46.65 1380 1378-1401 Mediterranean, cold

Notes: *: Climate type from Modified De Martonne method (de Martonne, 1926).
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Table 2- The results of Pettitt's test for reference evapotranspiration in synoptic meteorological
stations of Kermanshah province

Station Pettitt's Farvardin Ordibehesht Khordad Tir Mordad Shahrivar Mehr Aban Azar Day Bahman Esfand Annual

test
statistics
Eslamabad- K 40 49 85 91 104 97 110 81 66 83 95 26 110
e-Gharb p-value 0.74 0.51 0.045" 0.02° 0.01*  0.01" 0.00™ 0.07 0.20 0.052 0.02" 0.98  0.00"
Kermanshah Kt 40 47 65 118 105 143 112 89 86 105 99 32 129
p-value 0.74 0.56 0.21 0.00™ 0.00”  0.00™ 0.00™ 0.03° 0.04~ 0.01° 0.01 091  0.00"
Sarpol Kt 38 30 42 52 70 54 66 49 40 41 36 37 58
Zahab p-value 0.79 0.94 0.70 0.45 0.15 0.40 019 052 075 072 084 082 0.33
Songor Kt 48 47 52 73 69 62 52 65 58 71 59 46 84
p-value 0.55 0.57 0.45 012 0.17 0.25 045 021 032 014 031 059  0.05
Qasr-e- Kt 89 94 96 35 69 71 103 56 44 63 44 58 72
Shirin p-value 0.03" 0.02" 0.02" 0.86 0.16 0.13 0.01" 037 0.64 025 064 033 012
Kangavar Kt 43 65 50 45 48 44 48 71 34 93 69 39 41
p-value 0.66 0.21 0.50 0.62 0.55 0.64 054 014 0.88 0.02° 017 078 072
Gilan Gharb Kt 91 99 97 105 101 100 91 110 108 108 107 90 99
p-value 0.03" 0.01" 0.01" 0.01° 0.01° 0.01 0.02" 0.00” 0.00™ 0.00™ 0.01" 0.03" 0.01"
Javanrud Kq 37 43 73 100 110 94 99 71 73 38 59 61 86
p-value 0.82 0.66 0.12 0.01" 0.00™ 0.02° 0.01" 014 012 079 0.30 027  0.04"
Harsin Kt 121 111 117 117 131 117 40 63 66 45 87 96 135
p-value  0.00™ 0.00™ 0.00™ 0.00™ 0.00”  0.00™ 074 024 020 061 0.04 0.02"  0.00”
Ravansar Kt 50 80 116 107 115 88 116 8 68 65 41 92 124
p-value  0.50 0.07 0.00” 0.00™ 0.00™  0.04" 0.00™ 0.04° 017 021 072 0.02°  0.00”

Notes: * and ** indicate significant difference at a 5% probability level (P < 0.05), and significant difference at a 1%
probability level (P < 0.01), respectively.
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Fig. 2- Sudden monthly ETo changes in Eslamabad-e-Gharb, Kermanshah and Kangavar stations
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Fig. 3- Sudden monthly ETo changes in Qasr-e-Shirin and Gilan Gharb stations
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Fig. 4- Sudden monthly ETo changes in Gilan Gharb (Esfand), Javanrud, Harsin and Ravansar
(Khordad and Tir) stations

(55 9 218 5) yuilgy 9 Comw B (39 ylaa ((Ndwl) O FIS SrolCus! 58 dlak ETo 56 Ol i ¢ <o



DOI: 10.22055/jise.2024. 45541.2107

\of

) M‘ Q‘ma: ‘5)\‘«:)&.&—( Q‘)&A E) 5))>

Ravansar - Mordad

Ravansar - Shahrivar

Ravansar - Mehr

290 230 150
220 -
—~ —~ ~ 140
z 270 T 20 z
S 250 S 200+ § 10
£ - g 190 - £ 120
£ E 180 E
S = < 110
T 210 o 170 5 100
160 -
190 . . 150 . 90 . .
1375 1385 1395 1405 1375 1395 1405 1375 1385 1395 1405
------- mul=2645 ====e=-mu2=2324 I | memee=emMul=2017 =====—--mu2=1818 I | mmmmeeemMUL=1281 ====---mu2=1120
Ravansar - Aban Ravansar - Esfand

90 20
- 8+
Lo E g |
5 5
g 70 - £ 75+
£ £
E 60 - £ 70 +
=} © 65
50 - bl

40 . . 55 :

1375 1385 1395 1405 1375 1395 1405
------- MUL=69.4 ======-mu2=563 I I —mmmeeeMUL=741 e===---mu2=651 I

Fig. 5- Sudden monthly ETo changes in Ravansar station
uilgy ol ! 33 wilslo ETo SleFb Ol g —0 o

L oS il oo (il Olpss (gl AV @250 (505 p5e5 oS
pesilyy ol 53 Jole cul (139 (80187390 53 adllae () gl
Koyl 5 o gble 5 3y 5 badlas gl .cusl Lulypn
5 il 38] Jghuune Wlg3 ool D)lae dad jd Led isl38l by L
b ety Slaaids > ialS aSh adh e 35
3,5 Jole cpl il 4 e Wlgioe Pl GiSe RIS
[(Peterson et al., 1995; Yin et al., 2010)

oldlgn ool )3 gpe Bp5 g s e
b gl el o 1)) (1) Jgi o oliile S el St gines
Jbo 5l g U @0 355 1505 0lee glds e 230
et pad ol )3 (0398 ol > (WAP) s
e 39 e Juo VYN SAE FY/A il 5y syt 9 S
i 048 555 ol (gl Cutgdyl olo 3 gl ()
@Y a5 e Jue (WA) YA+ g (VWAY) F-/¥ (VWAY) VAN
5 SUSU e o 4y bigype 3l J515 slasl 4 ol (83
oS ol e sl o a5 350 (cWolKis] )3 2>y 5y
233 ole s Jlo Jlam g S8 @2pe 35 p
9 O S (b pad opf SblpMul slrolSiin]
YEI (YWAY) SYIE (VWAY) ¥5/) (MWAF) YY/¥ oy puusly,
de aS Casl )3 & p5Y g o e (VWAL) YV/F 4 (VWAS)
Fam @re 35y (Sle il ke odimd (Lt ke
el dogs o olStn] 3 S s 585 o

P AVl @ pe 3y 58 SSU et () JS8

O 39 ploe a0 S coltile S oy LMol (sloelSi]
Gl o o3y L Moy SSL Clpuss lyls &S yulyy 4
wlisle,S coyé DTNl (elaolKing] 4 e Gl pls
655 SIS AV @250 (5505 30505 (s p 9 39l 0 pINS
& re By e pelyy o) 3 Lol il (el 81 SLSU
a3 o i el cpl il ials SLSL s gl Yl
o 290 SolSun] (> VLo g2 y0 (35 S Olpenss
3 il Cusl (S aSl 0355 (ol 8l o)lgem sl SM
Jbs ,5(2018) Foroughi 4 Dinpazhoh adlas gzobs il
s 3590 (sbrolSingl 51 )3 &5 and o (L5 55 olnl ©x8
ol Jo gl adlpe (el 4Vl gy (585 e e
Jole 93 ) ) oS 5 0k et b m slod sl el
ol 5 S 505D i )] ol i en 13,5 olgie
VLo g2 po 55 e Olyes (3T o)l 5 Aiges) allas 50
B 28 ol Giagh @l b plia) gl cul 039y dalS
g 51 (B 0 9 ol @se 3y e Sy ool
(2011) Tabari et al. wlidss S)b Slden wul ials
dy90 soliww] jl doyd Yo D aaye Gy s O LS
b oS sl oal3dl SLSL i gl oyl opé > adllas
Slyon oliile)s il slaolSi) 3 ool ol slaasly
Sy i 35 5IMKs o (2023) Rahman et al. adllas .3l



Vo0

‘\\’"—\\Yup.\f~fdl,»\o)l~..i\‘/\a)}> LSJL:’T&”"L‘P}(’}‘LG
Eslamabad-e-Gharb Kermanshah Gilan Gharb
1800 2400
1700 - 2300 |
- 2200 _9
g 1600 - g 2100
E 1500 1 E 2000
= S 1900
© 1400 | o
& o 1800 |
1300 1700 --
1200 1600 5
1375 1385 1395 1405 1375 1385 1395 1405 1375 1385 1395 1405
------- mul=1440  ======- mu2=1604 | | —-—----MUL=1547  ======- mu2=1689 | | —------mul=1730  ======- mu2=2159
Javanrud Harsin Ravansar
1800 1900 1750
1700 1800 1700
o = 2 1650 +
L 1600 - T L
= & 1700 3
ué 1500 4 ué 1600 ué ﬁgg 7
£ 1400 1 < € 1500 |
2 1300 | © 1500 e
w w w 1450 |
1200 1400 1400 +
1100 . . 1300 : . 1350 . :
1375 1385 1395 1405 1375 1385 1395 1405 1375 1385 1395 1405
| ------- mul=1385 eeeece-- mu2 = 1489 I | ------- mul=1402 eeeccec=- mu2 = 1645 I I ------- mul=1612 <eeececec=- mu2 = 1429 I

Fig. 6- Sudden annual ETo changes in Eslamabad-e-Gharb, Kermanshah, Gilan Gharb, Javanrud,

Hersin, Ravansar stations
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Table 3- The year and value of reference evapotranspiration change (mm) in synoptic meteorological

stations of Kermanshah province

Station

Parameter

Farvardin Ordibehesht Khordad Tir  Mordad Shahrivar Mehr Aban Azar Day Bahman Esfand Annual

Eslamabad-e- Year of

Gharb

change
Value

Kermanshah  Year of

change
Value

Sarpol Zahab  Year of

Sonqor

change
Value
Year of
change
Value

Qasr-e-Shirin  Year of

Kangavar

change
Value
Year of
change
Value

Gilan Gharb  Year of

Javanrud

Harsin

Ravansar

change
Value
Year of
change
Value
Year of
change
Value
Year of
change
Value

- - 1384 1382 1393 1394 1393 - - - 1390 - 1393
- - 224 469 313 308 23 - - - 84 - 164
- - - 1391 1390 1390 1391 1394 1391 1386 1390 - 1390
- - - 224 185 187 175 163 63 83 96 - 142
1386 1383 1383 - - - 1392 - - - - - -
239 293 461 - - - 205- - - - - -

- - - - - - - - - 1386- - -

- - - - - - - - - 69 - - -
1386 1384 1384 1384 1384 1385 1384 1385 1383 1383 1384 1383 1384
284 404 634 394 579 536 415 288 315 229 167 205 429
- - - 1385 1385 1385 1392 - - - - - 1385
- - - 31.7 325 237  -158- - - - - 104
1386 1390 1386 1386 1386 1386 - - - - 1386 1385 1386
2711 29 365 457 547 282 - - - - 99 127 243
- - 1389 1388 1388 1387 1387 1387 - - - 1389 1387
- - 314  -284-321 -199  -161-131- - - -9 -183
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Table 4- the results of Pettitt's test for the factors affecting the annual reference evapotranspiration
in synoptic meteorological station of Ravansar

Pett'ttls teSt StatIStICS Tmin Tmax Tmean RHmin RHmax Uz n Rn
Kt 101 89 97 77 99 135 92 78
p-value 0.0 0.03° 0.014° 0.09 0.01" 0.00" 0.03° 0.09

Notes: *and ™ indicate significant difference at a 5% probability level (P < 0.05), and significant difference at a 1%
probability level (P < 0.01), respectively.
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Fig. 7- Sudden changes of the factors affecting on the annual ETo in Ravansar station
Notes: ETo: Reference evapotranspiration; Tmin: Minimum air temperature; Tmax: Maximum air temperature; Tmean:
Mean air temperature; RHmin: Minimum air relative humidity; RHmax: Maximum air relative humidity; uz: Wind speed
at 2 m above ground surface; n: Daylight hours; Rn: Net radiation.
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Table 5- the year and value of change of the factors affecting the annual reference
evapotranspiration in synoptic meteorological station of Ravansar

Parameter Tmin Tmax  Tmean RHmin  RHmax U2 n Rn

Q) (C) (°C) (W) (%) (ms*) (hryear') (MJm?day™)
Value of change 071 097 080 - 3.42 -0.59 -128 -
Percentage change 8.5 4.4 5.3 - 5.7 -28.7 -4.2 -

Year of change 1390 1392 1390 - 1392 1388 1393 -
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Table 6- The greatest value of changes in the average monthly (mm month) and annual reference

evapotranspiration (mm year™) and the year of its change among the synoptic meteorological

stations of Kermanshah province
Parameter Farvardin Ordibehesht Khordad Tir Mordad Shahrivar Mehr Aban Azar Day Bahman Esfand Annual

Number of 3 3 5 6 6 6 6 3 2 3 4 3 6
stations

with change

Percent 30 30 50 60 60 60 60 30 20 30 40 30 60
Station with ~ Gilan Gilan Gilan Eslamabad- Gilan  Gilan Gilan Gilan Gilan Gilan Gilan Gilan Gilan
most Gharb Gharb Gharb  e-Gharb  Gharb  Gharb Gharb Gharb Gharb Gharb Gharb Gharb Gharb
change

Year of 1386 1384 1384 1382 1384 1385 1384 1385 1383 1383 1384 1383 1384
change

Average 126 174.7 222.7 202.4 250.7 2171 1493 86.8 418 429 575 838 1730
ETo before

Average 154.4 215.1 286.1 249.3 308.6 270.7 190.8 1156 73.3 65.8 742 1043 2159
ETo after

Value of 28.4 40.4 63.4 46.9 57.9 536 415 288 315 229 167 205 429

change
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Table 7- the results of Pettitt's test for the variables affecting the annual reference
evapotranspiration in synoptic meteorological station of Gilan Gharb

Pett'ttls teSt StatIStICS Tmin Tmax Tmean RHmin RHmaX U2 n Rn
Kt 94 86 57 38 108 109 108 108
p-value 0.02° 0.04° 034 0.80 0.004™  0.003"  0.004™  0.004™

Notes: *and ** indicate significant difference at a 5% probability level (P < 0.05), and significant difference at a 1%

probability level (P < 0.01), respectively.
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Table 8- the year and value of change of the variables affecting the annual reference
evapotranspiration in synoptic meteorological station of Gilan Gharb

Parameter Tmin Tmax Tmean RHmin RHmaX u2 n Rn
) (O (O () (%) (ms?) (hryear?) (MJm?day™)
Value of change 195 -14 - - -152  1.39 1392 1.44
Percentage change  16.6 -5.0 - - -22.9 75.3 46.5 17.4
Year of change 1383 1383 - - 1383 1384 1395 1395
Average annual T, (°C) - Gilan Gharb Average annual T, (°C) - Gilan Gharb Average annual T, (°C) - Gilan Gharb
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Fig. 8- Sudden changes of the factors affecting on the annual ETo in Gilan Gharb station
Notes: ETo: Reference evapotranspiration; Tmin: Minimum air temperature; Tmax: Maximum air
temperature; Tmean: Mean air temperature; RHmin: Minimum air relative humidity; RHmax: Maximum air relative
humidity; uz: Wind speed at 2 m above ground surface; n: Daylight hours; Rn: Net radiation.
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Abstract

Rivers are one of the most important water sources used in the drinking, agriculture and industry sectors.
This present study aims to evaluate the ecological effect of the presence of heavy metals (chromium, copper,
nickel, zinc, iron and manganese) in the water of Gamasiab river using Heavy Metal Pollution Index, Metal
Index Index) and heavy metal evaluation index (Heavy metal Evaluation Index) were done. In this research,
90 water samples were collected from 15 stations in two seasons, spring and summer, from Gamasiab River.
After transferring the samples to the laboratory, the samples were prepared using the ASTM method, and the
concentration of heavy metals was measured with the ICP-OES inductively coupled plasma spectrometer.
According to the concentration of heavy metals in water samples, the HPI index was calculated for both
seasons and the results were analyzed. The numerical value of the HPI index in spring and summer was -
2.46 and -3.34, respectively, which indicates that the water of Gamasiab river is not polluted. The
investigation of the MI index to evaluate the quality of water for drinking showed that in spring and summer,
the water of the Gamasiab River is in the potable category. The value of MI index was reported as 0.075 in
spring and 0.01 in summer. According to the HEI index, the water of Gamasiab river in the spring and
summer season was placed in the category of low pollution with numerical values of 75 and 12.35,
respectively. According to the results certainty the degree of contamination of Gamasiab river water with
heavy metals is low and does not threaten the ecological of the region. The concentration of heavy metals in
the spring season and the summer season, it is suggested to prevent water pollution in this season by
monitoring the water quality.

Introduction

Among the aquatic ecosystems, rivers are considered as one of the basic sources of water supply
for various uses, including agriculture, industry, and drinking, which are directly or indirectly
affected by any human activity (Majlesi et al., 2019). Along with the growth and development of
urban, industrial and economic activities during the last few decades and the production of various
types of chemical compounds, pollutants have been unintentionally introduced into nature, which
has brought serious problems and dangers to the environment and humans (Seifi and Rahi, 2019).
. Currently, the pollution of aquatic ecosystems is one of the serious environmental threats (Bayati
et al., 2020). Li et al., (2020) investigated heavy metals in the Songhua River in China. In this
research, the index of heavy metal pollution was used, and the results of this index showed that the
water of this river is below the critical level (100) for all metals. Sahoo and Swain (2020) examined
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heavy metals using the HPI index in 60 stations of surface water in the Indian peninsula. After
comparing the results with international standards, the results showed that the water of these
stations is within the standard range for drinking and agriculture. This research aims to evaluate
the ecological effect of the presence of heavy metals (chromium, copper, nickel, zinc, iron and
manganese) in the water of Gamasiab river using Heavy Metal Pollution Index, Metal Index and
Heavy metal evaluation index was done.

Methodology

Water sampling was done in 2018 during two seasons of low rainfall (summer) and high rainfall
(spring) from the stations specified in Figure 1 of the Gamasiab river with three repetitions. A total
of 45 water samples were collected from 15 stations during each season. To prepare the water
sample, 100 grams of the sample was poured into the beaker and 5 cc of Merck's 65% nitric acid
was added to it. The sample was placed on a heater until its volume reached less than 10-20 cc, and
after complete digestion, the sample was brought to 100 ml using distilled water. Finally, the
concentration of the control sample and the digested samples was obtained using the ICP-OES
inductively coupled plasma spectrometer (APHA, 2005). After sampling and transferring the
samples to the laboratory, the required analyzes were done on each parameter. The results were
analyzed using IBM SPSS and Excel statistical software, according to normality and non-
normality, by relevant tests. The normality or not of the data was checked using the Kolmogorov-
Smirnov test (Janisarvani and Shahrokhi, 2023). Then, to compare the results of two seasons, mean
comparison (Man-Whitney-U test) was used, and Kruskal-Wallis non-parametric test was used to
compare different stations. Correlation coefficient was used to check the relationship between
parameters. Graphs were drawn using Excel software.

Results and Discusson

In this research, the concentration of heavy metals in Gamasiab river water was investigated to
evaluate the river water pollution. According to the results, it was found that in the spring season,
the highest concentrations are in the order of iron > zinc > chromium > nickel > manganese >
copper, and in the summer season, the highest concentrations are in the order of iron > manganese
> copper > zinc > nickel > It is chrome. Also, in both seasons, the highest standard deviation related
to iron metal was obtained. According to the results, it was found that in the spring season, the
highest concentrations are in the order of iron > zinc > chromium > nickel > manganese > copper,
and in the summer season, the highest concentrations are in the order of iron > manganese > copper
> zinc > nickel > chromium. be Also, in both seasons, the highest standard deviation related to iron
metal was obtained. In order to increase accuracy, the samples examined in Gamasiab river water
in spring and summer were compared with some studies done in Iran and the world.The
concentration of metals in the Gamasiab river water sample showed lower values than other similar
studies in other regions in most cases. As mentioned, the heavy metal pollution index is used to
determine the effect of heavy metals on human health. For this purpose, we must compare the
measured concentration of metals with the ideal concentration and standards of the World Health
Organization (Farzi et al., 2022).

The numerical average of the HPI index for the spring season was -2.46 and the summer season
was -3.36. As mentioned, this index examines the impact of a set of different metals on water
quality (Seifi and Riahi, 2019). The results showed that, on average, Gamasiab river water is free
of heavy metal contamination in terms of HPI index. This issue is due to the high water flow of the
Gamasiab river and its self-purification along the route. Numerical analysis of Ml index in two
seasons, spring and summer, with values of 0.075 and 0.01, respectively, showed that Gamasiab
river water is in the potable category in terms of heavy metal pollution.

In order to calculate the heavy metal evaluation index (HEI), the concentration obtained for
each element is compared with the maximum allowed concentration of each element in water. The
results showed that in spring and summer it was 12.75 and 12.35, respectively, which was lower
than the risk threshold value (400).
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Conclusions

In this research, in order to investigate the contamination of Gamasiab river water with heavy
metals, water sampling was done in spring and summer and the concentration of heavy metals
chromium, copper, nickel, zinc, iron and manganese was investigated. According to the obtained
results, there is a significant difference between the concentrations of the investigated metals in the
water of Gamasiab river at the level of 0.05. Examining the average concentration of the studied
metals in the river water section showed that the average concentration of all metals except zinc
metal in the water in the wet season was higher than in the summer season. The reason for the high
concentration of most metals in the river water in the spring season can be attributed to the increase
in rainfall and precipitation in the high water season, which leads to an increase in runoff that
comes from land and land around industries, roads, agricultural lands, etc. high volume of
pollutants. Especially heavy metals flow into river areas. Also, considering that the volume of river
water is high in the high season. Therefore, the polluting substances remaining in the water column
are carried by the water and do not have a chance to settle.
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Table 1- Descriptive statistics of heavy metal concentration in Gamasiab river(ppm)

Heavy Mn Fe Zn Ni Cu Cr
Metals
Mean spring 0.1+0.124 174548  0.05+0.536 0.06+0.215  0.2+0.021 0.14+0.52
summer  0.02+0.27 0.6+0.98 0.5+0.22 0.01+0.013 0.6+0.4 0.003+0.008
Minimum  spring  0.001+0.001 0.004+0.01 0.001+0.004 0.003+0.01 0.004+0.005 0.001+0.002
summer 0.001+0.001 0.01+0.12  0.002+0.02 0.001+0.004 0.002+0.014 0.001+0.004
Maximum  spring 0.02+0.76 0.0316.41 0.2+0.41 0.003+0.26  0.001+0.19  0.015+0.63
summer 0.02+0.091 0.001+3.09 0.003+2.41  0.003+0.57 0.002+0.38 0.001+0.018
A
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Fig. 2- Heavy metal concentration of Gamasiab river in Spring
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Fig. 3- Heavy metal concentration of Gamasiab river in Summer
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Table 2- Compare of Gamasiab River heavy Metals by similar studies

ol (oo phe

Metal
Study Area Reference Mn Fe Zn Ni Cu Cr
Behesht Abad  (Najafi et al., 2020) - - 17.08 - 2.24 2.03
Gong River (Ansari, 2023) - 6.033 157 0.485 0.642 1.851
Naser Lacke (Rizk et.,al 2022) - - 7.13 - 0.8 -
Yamuna River (Asim and - 115 1300 160 85 43

Nageswar, 2021)

Recent Study Spring 0.124 548 0536 0.215 0.021 0.52

Summer 027 098 022 0013 04 0.008

SlwlolS” 439y ST )3 HPI o li awogi sloT-1 J9ua
Table 3- Statistical Analysis of HPI index in Gamasiab river

Heavy  Season Mean(mg/ STD *(Wi) Quality  Weight Ideal
Metals L) (Si)(ug/L) (Qi) Index Index amount
(Mi) (Qi) (Wi (i)
Cr Spring 0.52+0.001 500 -0.021 -10.99 0.002 50
Summer  0.008+0.3 -0.022 -11.1
Cu Spring  0.021+0.002 1000 -0.00526 -5.26 0.001 50
Summer 0.4+0.01 -0.00522 -5.22
Ni Spring 0.215+0.02 20 0.053 1.075 0.05 -
Summer  0.013+0.06 0.0032 0.065
Zn Spring  0.536+0.003 15000 -0.00299  -49.99  0.00006 5000
Summer 0.22+0.1 -0.00299  -49.997
Fe Spring 5.48+0.02 2000 0.00135 0.27 0.0005 -
Summer  0.98+0.003 0.0024 0.049
Mn Spring 0.124+0.02 300 -0.164 -49.93 0.0033 100
Summer  0.27+0.004 -0.164 -49.86

HPI Spring = -2.46

=W (Seifi and Riahi, 2019) a3 e )13 oy 390 o
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Table 4- Descript Statistical of Metal Index in Gamasiab River

Pollution Rate by MI index Mean Season
Drinkable 0.075 Spring
Drinkable 0.01 Summer

Slwlols” 4il-39y ST 10 (HED) s SN0 b 351 oLl Awogi kT -0 Jouo
Table 5- Descript Statistical of Metal Index in Gamasiab River

Season Mean Pollution rate by HEI index
Spring 75 Low pollution
Summer 12.35 Low pollution

Sl b 50 CluwbolF 4095 OT 38 (pufiwr S0 Cdald o  Kiwnod b -1 Jous
Table 6- Correlation results between the concentration of heavy metals in Gamasiab water river in

spring
Metal Cr Cu Ni Zn Fe Mn
Cr 1
Cu 0.155 1
Ni **0.835 0.165 1
Zn 0.189 0.057 0.178 1
Fe **0.836 0.173 **0.75 0.199 1
Mn 0.184 -0.049 0.233 **0,516 0.156 1

**correlation in 0.01%
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Table 7- Correlation results between the concentration of heavy metals in Gamasiab Water river in

Summer
Metal Cr Cu Ni Zn Fe Mn
Cr 1
Cu -0.151 1
Ni -0.121 0.256 1
Zn -0.134 -0.069 -0.129 1
Fe 0.149 -0.189 0.115 -0.192 1
Mn 0.132 -0.086 0.237 -0.195 **(0,447 1
**correlation in 0.01%
O,s@ol}um.mp@‘);@ol}@gg;,ﬂ 286 HPI 6;944’.‘:33
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Introduction

In civil engineering projects, we often encounter soils that naturally do not possess the required load-
bearing capacity during construction and operation (Naeini et al., 2012, Indiramma et al., 2020). The
mechanical properties of clay soils can change drastically when exposed to moisture (Hosseinpour
Babaei et al., 2023). Suggested solutions for improving the soil at the project site include soil
stabilization (Causarano, 1993; Tang et al., 2015, Adhikari, 2017). Without adequate tensile strength,
soil is prone to sliding and failure, leading to potential damage and safety hazards (He et al., 2018;
Kim & Hwang, 2003). Developing a suitable method for determining soil tensile strength in the
laboratory is necessary. In the past, the tensile strength of soils was generally considered negligible.
Due to the importance of soil tensile strength, it has been studied using direct tensile tests, Brazilian
tensile tests, bending tests, and double punch tests (Wei et al., 2022; Zhou et al., 2016). Xiu et al.
(2021) investigated the uniaxial strength of five tailing samples using five different loading rates (0.1,
0.25, 0.5, 1, 2 mm/min) and found that increasing the loading rate within that range had an increasing
effect on uniaxial strength, and the relationship between them conformed to an exponential function.
These results were confirmed by previous findings (Cao et al., 2019; Wisetsaen et al., 2015). Chen et
al. (2020) evaluated the effect of adding xanthan gum to sandy soil. Their results showed that 2%
xanthan gum increased the tensile strength of the sand to 400 kPa by enhancing contact bonding and
adhesion. Dagar & Cokca (2021) found that the ratio of direct tensile strength to indirect tensile
strength to uniaxial compressive strength was 1.9 and 2, respectively. They also found that the ratio of
indirect tensile (splitting) strength to uniaxial compressive strength was 0.4. This study focused on
evaluating factors influencing the tensile strength of soil and investigating the effects of soil
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stabilization using lime and cement on soil tensile strength. The experiments were conducted using a
direct tensile testing apparatus specifically designed for this purpose.

Methodology

A device similar to that described by Tamarakar et al. (2005) was constructed for the experiments
(Figure 1). Four types of materials were used for the experiments: natural soil, bentonite, lime, and
cement. The soil used is classified as CL according to the Unified Soil Classification System. The
bentonite used in this study has a plastic limit of PL=36 and a liquid limit of LL=155. Also, hydrated
lime and Type 2 Portland cement were used for soil stabilization. Specimens prepared include: natural
soil, soil-bentonite with 5%, 10%, and 15% bentonite, soil-lime mixture with 2%, 4%, and 6% lime,
and soil-cement-lime mixture according to Table (1). To ensure the repeatability of results, two
samples were prepared and tested for each experiment.

Fig. 1- Different parts of the tensile device and their connection to the direct shear apparatus lever: 1)
Holding clamp, 2) Fixed mold, 3) Movable mold, 4) Horizontal platform, 5) Placement on the direct
shear apparatus platform, 6) Connection of the movable mold to the force application lever, 7) Rammer
for compaction of specimens

Table 1- Weight percentages of lime and cement in samples made of soil-cement-lime mixture
lime(%) 2 4 6
Cement(%) 7 | 5 | 3 7 | 5 | 3 7 | 5 | 3

The specimens were prepared at 15%, 18%, 20%, and 24% moisture contents and cured for 28 days.
Also, the natural soil specimens were prepared at dry densities of 1.58 g/cm3, 1.62 g/cm?, and 1.66
g/cm3. But the treated soil specimens were prepared at a dry density of 1.62 g/cm? only. First the soil
and the additive were mixed and water was added. The mixture was cured for 28 days and then poured
into compaction molds in five layers, each compacted with 4 blows of the standard compaction
hammer. The tests were conducted at different strain rates of 0.06, 0.12, 0.24, 0.48, 0.72, and 1.44
mm/min.

Results Analysis

Figure (2) depicts the failure mode of an specimens. It can be observed that the tensile cracks are
nearly straight and perpendicular to the direction of applied force, indicating the movement of the shear
molds in the direction of tensile force application. In stiffer specimens, cracks appeared almost
instantaneously across the entire surface of the specimen, whereas in softer specimens, cracks initially
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appeared at the edges and propagated towards the center, consistent with other studies (Tamrakar et
al., 2005, Wei et al., 2022).

N

Fig. 2- Failure of a typical samples prepared with 20% moisture contentand y; = 1.62 %,

The experiments conducted on soil with 20% moisture content and a dry density of yq = 1.62 g/cm?3
showed that initially the tensile strength increased as strain rate was increased, reaching its peak at a
strain rate of mm/min 0.24. Consistent with Xiu et al. (2021) and Wisetsaen et al. (2015).

Also, it was observed that the tensile strength initially increases with increasing moisture content,
peaks at 18% moisture, and then decreases at higher moisture contents. These results are consistent
with the theory of unsaturated soil mechanics (Pande & Pietruszczak, 2015).

The effect of addition of bentonite on the tensile strength of soil is nearly linearly, where each 1%
increase in bentonite increases the tensile strength by approximately 1.5 kPa. It appears that the
mineralogy of clays significantly influences the tensile strength of compacted soils.

Lime stabilized specimens were tested after curing periods of 3, 7, 14, and 28 days. The soil strength
increases primarily due to the occurrence of pozzolanic reactions between lime, water, silicates, and
aluminates present in the clay minerals. The reactions are time-dependent and gradually increase the
soil's strength over time.

It appears that for soils stabilized with 6% lime, the increase in tensile strength due to longer curing
time is higher than the same for 2% and 4%. Also, the tensile strength of samples with the same curing
time increases by 10% for each 1% increment in lime content.

The tensile strength of the specimens treated by different amounts of lime and cement exhibits a
fairly consistent trend with curing time. Also, the tensile strength of samples with the same curing time
increases by an average of 5% for each 2% increment in cement content. However, there is a noticeable
difference for samples stabilized with 6% lime and 7% cement, which show a steeper increase.

Conclusions

Based on the experiments and observations conducted, the following conclusions can be drawn:

e The performance of apparatus used for testing was satisfactory and reliable.

e The cracking pattern in softer samples initially appeared at the edges and propagated towards the
center, whereas in denser samples, cracking occurred suddenly throughout the specimen. Samples
with higher density exhibited larger crack openings.

e Increasing strain rate initially increases tensile strength, but up to a certain point., it decreases. This
is due to the inability to form cohesive bonds between particles.

e Moisture content significantly affects the tensile strength of compacted soils. In general, at a
constant dry density, increasing moisture content initially increases tensile strength, followed by a
decrease. This behavior is attributed to transitioning from low to higher degrees of saturation
beyond the threshold moisture content.
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e Adding bentonite significantly affects tensile strength due to the increase in clay minerals in the
soil.

e Increasing curing time results in higher tensile strength. This is attributed to the progressive
pozzolanic reaction over time. However, it is expected that the rate of increase in tensile strength
may decrease over time.
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Fig. 1- Different parts of the tensile device and their connection to the direct shear apparatus lever:
1) Holding clamp, 2) Fixed mold, 3) Movable mold, 4) Horizontal platform, 5) Placement on the
direct shear apparatus platform, 6) Connection of the movable mold to the force application lever, 7)
Rammer made for compaction of specimens.
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Fig. 3- Prépared specimens
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Fig. 4- Sample made for testing
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Fig. 5- Breakage of some samples; (a) sample made from soil with 20% humidity and y, = 1. 62 %,
(b) 7-day sample stabilized with 2% lime and 3% cement
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Fig. 6- Changes in soil tensile strength with strain rate
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