-~

L

“
-
< \»
~ \
-’
~
.

¢ r 4
= b ' ‘
J > U R
£

T , T 2=

(S99 982 9 pita) :
=2J) : I P VED Ul

Yo A-FYOY Lo 1T sl osled
Yo ylgis

o e e T (93 Sbley O1guT (5390 dxlllan) (o) ) ST @ilko Caniss”™ S gk o — Jilo) udexi 9 ol
S Al gl) el = (Bl L s =031 Lo stean —3UTHlo (g5 o

adode AT 2 Jigh Gilie D131 2055053 (225 9 & ool S B9 duslie
. aomao sl ST JES g5 (6990 4xlltae
S (3 s =35 g8 4o usis e el

100 gl (T s (S3Ik 98 Ko (A1 AKR G qwelidd Sl Sl 331 5T (saue wyy
L5 Can LT (oL o Slale (ggn — (gl r:hlﬁl—oli)lﬁjxu\:ﬂ| RV

VAV £9395 PN CulS” 30 & s ) 9 (2lowd (30 S TR » G119 S T
©635lex Lo jda — BT JT e e

AR Yo TUawl 5 Ol s xocxs bl 9 2108 polis (Slgixe Sga@ 10 0L Wiy & yxo SGS WL o5 b 3y
(5K Sliga— (35685 i — i e Aol

TYAL & (5959 9 caoglin 3397 9 98 Idlai Kz 9 OF Ol (S 3940b g ¢S 95 (S S & Khos duslio
ST Ol e = LIS gt Lga =5 ol A S =L Ml ke o em




S g T

(319U @lio g pgke)

N 1373/10/19 s y5 26524 o jlash ki 953 — ool daya 9 1368/4/114a 590 21/2015 il gy o jlacii b
ok 9 olidad psle o yl5s

1405 Jlus (licasts 2 o lact 40 sta

-

~aasdls als odn " pale™ il d T i g5 cade™ da ju (ol o @il i aals 1398 Jlaw ) e @yl g 4o guare (ulesl g

Agee geu 9058 NS el alis
(agioo JERERY sl&zily) RS ) pamsy ias —alind saly ds sy (JPrus yia0
(o gru a8 ol&23N) SIA 4 le —alin 58 el gy
s s S slacl
(D205 olRa3ls) SIA agle Ol &yl !

(o5 o&zils ) (555 5LES peulish] o

.\‘J.? ‘UL.I@‘JJ::

(ISl LaaMS ) sl&mals) (5Ll clle olalss

(agtio a0, sl&23l) S ale Lo, Slala

(OES b plie 5 sDo5laS psle slaily) SIS asle alasd ¢ losa
(s gy slils) 3Ka5 5 5ol Ozl oaliale

(o (ru g8 ol&ils) S g sle oxel e 538

(L) oy S o) auliiSla O (538

(e (39,58 ol&2ily) SIa 4 gle ool Ol

(Ol oaly ) 2Sa) 5 ol saallue sl

J.n.é:.i”\}}‘ :(5._\.:1.“»

dans (b (s 550

(dgeiio om0y 8&EI) Hlpae cudigoy sokol
(Agian g s sl&ils) (g3, 0laS ceulicul 5o

Agdie e ga s sty il

S g ool dayulih - gale Bl s LS yuaa - 91775-1163 .0 .0 - (55, JLiS ouSuiiihy —agaio guu ga § oLl 1 LA

jswad@um.ac.ir : ;s g st Cueay
sl oudd dalad Jals & guo d INEEPSI/jSW.UM.AC.TT caules a0 lach (il (sladdlia

g0 yino (Jlo 33 0 slows ) Slalo 98 © 590 4 43 g L3


mailto:jswa3@um.ac.ir
https://jsw.um.ac.ir

113

130

155

183

213

229

Ql?)M

(332 Sble Olasul (G350 4dllan) (o) 1) DT @lie Cudd” Dl o - Jloj Juboi 9 sl

L;}A\g- C_)‘_},i.p"u’ﬁb\.d Lé_)%»-k:m‘é:‘ja LJ)J-:AJ-‘ALIT_)M (S9y Cpom=

Iz 3 33 T st S 63590 adllao (i @-\:T}: Fe¥ ol OIF1 2bisl 58 (2585 9 < golyl S 9y duylio
g 5 e = 3155 G b= i ol sl

Wi (B o (S3lk 9 3yKhes (B S5 kit Sl I T Soue )y

Ly Coon LI = (ool g Sl (guge = (gl r;.hl}gl-[)\i}h‘— BTTRWINEY

9233 P A5 58 ST () g (2bewd (38 BB T 29 2 S90S Slapius ST

625 Lo —BT T 22g Jo

TUaw! 50 Ol g rooed Sl 9 108 yolic (Slgiome Sgug 10 obF Wy &5 oo GG b id b3
déﬁﬂ)'\;y- Q)&)@-N@tﬁ@

& (69599 cuglio 39Ty 50 Bolai Ko 9 OF Oy S podby (531 95 GBS 3 5Slos duylio
AT Sl e = SIS st Luga = (6 sl 1S L0l s o



Journal of Water and Soil
https://jsw.um.ac.ir A

Research Article
Vol. 40, No. 2, Summer, 2026, p. 111-126

Spatiotemporal Analysis of Groundwater Quality Changes: A Case Study of the

Bahabad Aquifer, Yazd Province, Iran

H. Sarvi Sadrabad™®!- H.R. Moradi*'**- S.H.R. Sadeghi'*'1- A. Zare Chahouki?

1- Department of Watershed Management, Faculty of Natural Resources, Tarbiat Modares University
(*- Corresponding Author Email: hrmoradi@modares.ac.ir)
2- Department of Rangeland and Watershed Management, Faculty of Natural Resources, Yazd University

Received:
Revised:
Accepted:
Auvailable Online:

How to cite this article:

02 January 2026 ] . . .

27 June 2026 Sarvi Sadrabad, H., Moradi, H.R., Sadeghi, S.H.R., & Zare Chahouki, A. (2026).
06 August 2026 Spatiotemporal analysis of groundwater quality changes: A case study of the Bahabad
06 August 2026 aquifer, Yazd Province, Iran. Journal of Soil and Wather, 40(2), 111-126. (In Persian).

https://doi.org/10.22067/jsw.2026.97330.1519

Introduction

Degradation of water quality has emerged as one of the most critical challenges facing national water resources.
Surging water demand has led to the over-exploitation of groundwater and a continuous decline in aquifer levels,
subsequently triggering environmental degradation and a deteriorating trend in groundwater quality.
Consequently, analyzing temporal trends and spatial variations of groundwater quality is vital for sustainable water
resource management. This study aims to investigate the temporal trends of groundwater quality parameters using
the Mann-Kendall test and Sen’s Slope Estimator, while analyzing spatial variations through the Groundwater
Quality Index (GQI) in the Bahabad aquifer.

Materials and Methods

In this study, a total of 16 observation wells were initially considered for groundwater quality assessment.
Among them, 9 wells with complete and reliable datasets were selected for detailed analysis. The required
hydrochemical data were obtained from the Yazd Regional Water Authority and included major groundwater
quality parameters: calcium (Ca%* ), magnesium (Mg?* ), sodium (Na* ), chloride (CI~ ), sulfate (SO, ¢ ), and
total dissolved solids (TDS). A uniform temporal period from 2002 to 2023 was considered for all selected wells
to ensure consistency in trend analysis.

To evaluate temporal variations in groundwater quality, non-parametric statistical methods, including the
Mann—Kendall test and Sen’s slope estimator, were employed. These methods are widely used in hydrochemical
studies due to their robustness against non-normal data distributions and their ability to detect both the direction
and magnitude of trends over time.

Spatial variations in groundwater quality parameters were analyzed using a range of interpolation techniques,
including both deterministic and geostatistical approaches. The applied methods consisted of Inverse Distance
Weighting (IDW), Radial Basis Functions (RBF), Local Polynomial Interpolation (LPI), Global Polynomial
Interpolation (GPI), and Kriging. All spatial analyses were performed in a GIS environment. The optimal
interpolation method for each parameter was selected based on statistical performance indicators, primarily the
lowest Root Mean Square Error (RMSE) and the highest coefficient of determination (R?).

Prior to spatial modeling, the normality of the dataset was evaluated using the Kolmogorov—-Smirnov and
Shapiro-Wilk tests, which are commonly applied to assess data distribution characteristics. The results of these
tests were used to determine whether data transformation was required before applying interpolation and statistical
analyses.

Finally, the Groundwater Quality Index (GQI) was calculated to provide an integrated assessment of
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groundwater quality conditions. By aggregating multiple hydrochemical parameters into a single index, GQI
enables a comprehensive evaluation of groundwater quality and facilitates spatial comparison across the aquifer.
This index was used as a key tool for interpreting overall water quality status and supporting groundwater
management decisions.

Results and Discussion

The results indicate that while the groundwater quality of the Bahabad aquifer remained within the
“Acceptable” category during the study period, a slight but statistically significant downward tendency in quality
was observed. Spatial distribution analysis revealed that salinity patterns and ionic concentrations are influenced
more by anthropogenic pressures such as over-pumping, water table drawdown, and inter-basin water transfer than
by natural geological factors.

Temporal analysis highlighted significant spatial heterogeneity; for instance, Mg?* exhibited a significant
increasing trend across all stations (Sen’s slope ranging from 0.05 to 0.23), whereas Na* and SO, 2~ showed
decreasing or insignificant trends in certain wells. TDS displayed variable behavior, showing generally stable or
slightly decreasing trends, while a sharp increase was observed at one specific station.

Furthermore, a comparison of interpolation techniques showed that under conditions of limited sampling
density and weak spatial correlation, deterministic methods often yielded higher predictive accuracy than
geostatistical models.

Conclusion

Despite only minor overall fluctuations in the GQI (ranging approximately between —0.5% and +0.1%), the
index maps did not fully capture the intensity of localized quality degradation in critical parameters such as TDS,
Na* , and SO, 2~ . This indicates that composite indices like GQI may partially neutralize opposing trends among
individual parameters, thereby providing a more generalized representation of groundwater quality conditions.

Trend analysis of individual parameters revealed considerable spatial heterogeneity across the aquifer.
Magnesium and chloride exhibited consistent increasing trends in most monitoring wells, indicating progressive
salinization, whereas sodium and sulfate showed mixed or insignificant trends in several locations. Total dissolved
solids demonstrated spatially variable behavior, with localized sharp increases despite generally stable or declining
trends elsewhere. This variability reflects the complex interaction between local hydrogeological conditions and
human-induced pressures and confirms that groundwater quality evolution cannot be adequately described using
a single parameter or uniform trend assumption.

The comparison of interpolation techniques further highlighted an important methodological implication:
under conditions of limited sampling density and weak spatial autocorrelation, deterministic methods can provide
more reliable estimates than geostatistical approaches. This emphasizes the need to adapt modeling strategies to
data availability and hydrogeological settings, particularly in arid and semi-arid regions where monitoring
networks are often sparse.

Although the Groundwater Quality Index proved effective in providing an overall assessment of groundwater
status, it was less sensitive to localized deterioration in key parameters such as TDS, sodium, and sulfate. This
confirms that composite indices, while useful for communication and management purposes, may mask emerging
local-scale risks if used in isolation. Therefore, they should be applied alongside parameter-specific analyses rather
than as standalone decision-making tools.

Overall, the findings highlight the urgent need for improved groundwater management in the Bahabad aquifer.
Controlling excessive abstraction, regulating industrial withdrawals, and strengthening long-term monitoring
programs are essential to prevent further degradation. Integrating spatial analysis with trend-based assessments
can provide a more reliable framework for sustainable groundwater management, particularly in arid regions
experiencing increasing water stress.

Keywords: Bahabad, Inter-basin water transfer, Groundwater quality index (GQI), Quality trend, Water table
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Figure 1- Groundwater level map and location of Production wells of Bahabad aquifer
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Table 1- Quality parameters of monitoring wells in the Bahabad aquifer (Existing conditions)

S04 Hcos TDS Na_ Mg Ca
e U UMY gy CHMID) g (mg/L) (mgl)  (mgl)  (mg/L)
Q1 402809 3533165 76.96 47.94 2.24 7629 67.35 15.78 25.54
Q2 406198 3527687 12.88 23.97 3.68 2976 33.29 17.36 10.38
Q3 405359 3531952 16.66 14.1 3.6 2224 66.03 5.72 6.39
Q4 407612 3518445 3.12 2.26 5.76 740 46 3.16 3.03
Q5 408583 3525018 13 10.29 4 1293 52.17 6.55 7.35
Q6 409112 3524265 9.78 5.64 4.5 1292 55.82 458 4.07
Q7 412060 3510016 7.9 3.95 4 996 46.27 3.63 4.63
Q8 414427 3503337 14.15 6.06 3.92 1643 34.32 6.94 9.9
Q9 424178 3510712 15.55 17.2 4.8 2725 52.71 7.69 11.18
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4- Local Polynomial interpolation
5- Kolmogorov-Smirnov
6- Shapiro-Wilk
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1- Kriging
2- Inverse Distance Weighting
3- Global Polynomial interpolation
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1- Universal norm
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Table 2- Classification of water gquality based on GQI

0-25 25-50 50-70 70-90 90-100 GQI ,lase
goasl Ml ol g s BB o Ol S oIS
Completely unsuitable  Unsuitable Medium Acceptable Suitable Water quality class
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Table 3- Statistical characteristics of the aquifer water quality in the period of (2002-2023)

Sl Cwilage lojlw Suaelld] oyt 1Sl shro Bl o0l Jr KT NEIRES EWL )
Drinking standard of the WHO Average Standard deviation Maximum Minimum Characteristic
300 9.19 6.5 25.54 3.03 Ca?
300 7.93 49 17.36 3.16 Mg?*
200 50.37 114 67.35 33.29 Na
200 14.61 13.7 47.94 2.26 Cl
250 18.99 21.2 76.96 3.12 So4?*
600 2399 2110 7629 740 TDS
Ol (S 5 gl 0313 il 5 (39031 gl —€ g
Table 4- Results of normality test for water quality parameters
By yroms— B9 )5 g0l Shig—gmls
Kolmogorov-Smirnova Shapiro-Wilk
Statistic Df Sig. Statistic df Sig.
S04 429 9 .000 575 9 .000
Cl .206 9 .200* .808 9 .025
TDS .280 9 .041 123 9 .003
Na 134 9 .200* .935 9 .529
Mg 297 9 .022 .805 9 .024
Ca 272 9 .053 .785 9 .014
*. This is a lower bound of the true significance.
a. Lilliefors Significance Correction
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Table 5- Comparison of interpolation methods based on estimation accuracy of water quality parameters

.. O K S Lol e s e s el ol
Ky 5 . oS RS9 5 (eSS Ple )5 (o3 s ply
3
Krigi Emplr_lcal Inverse distance  Global Polynomial  Local Polynomial Radial basis
riging Bayesian ighti . [ati . lati .
Kriging weighting interpolation interpolation unction
R2 RMSE R2 RMSE R2 RMSE R2 RMSE R2 RMSE R2 RMSE
So4 013 4.85 0 23.84 0 45.72 0 24.2 0.02 23.24
Cl . 3.78 SogS e a s 0.03 145 0 29.47 0.42 10.7 0 14.06
TDS . 46.19 Lgod 0311 39 0.01 2187 0 4708 0.23 1805 0 2123
Na_ . 3.44 Error due tosmall  0.12 10.83 0.12 11.45 0.12 10.9 0.44 8.57
Mg 05 232 sample size 0.02 5.75 0 8.36 0.4 5.4 003 541
Ca 027 2.72 0.03 7.97 0.03 7.97 0 4.6 0.07 7.44
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Table 6- Results of Normality Test for Water Quality Parameters (Normalized)

By yroms— D9 )5 golS Shg—g o
Kolmogorov-Smirnova Shapiro-Wilk

Statistic df Sig. Statistic df Sig.

NORMAL_So4 276 9 .046 .883 9 170
NORMAL_CI 139 9 .200* .989 9 .994
NORMAL_TDS 145 9 .200* .950 9 .694
NORMAL_Na 175 9 .200* 919 9 .383
NORMAL_Mg .189 9 .200* .924 9 431
NORMAL_Ca 159 9 .200* .965 9 .853

*. This is a lower bound of the true significance.
a. Lilliefors Significance Correction
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Table 7- Comparison of interpolation methods based on estimation accuracy of water quality parameter (Normalized)

o

Sz S R ol puse MO9S (e ple 5 (e sl Bl
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Kridin %n;pelg;;‘zl Inverse distance  Global polynomial  Local polynomial Radial basis
ging Kgliging weighting interpolation interpolation function
R2 RMSE R2 RMSE R2 RMSE R2 RMSE R2 RMSE R2 RMSE
So4 0 0.67 0.05 0.63 0.02 1.37 0.01 1.07 0 0.65
Cl 017 0.8 Sefcleaks 011 0.74 0.03 1.48 0.28 0.68 042 050
TDS 009 041 Sswsojul oy 012 041 002 1.58 025 037 006 041
Na_ 005 006 Erorduetosmall 004 006 0.8 0.06 0.04 006 024  0.04
Mg 062 0.0 sample size 001 042 0 0.74 0 047 002 037
Ca 0.35 0.50 0.02 0.53 0.18 1.39 0 0.56 0.44 0.46
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Figure 2- Spatial distribution of water quality characteristics in the study area Aquifer in 2002
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Figure 3- Spatial distribution of water quality characteristics in the study area Aquifer in 2023
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Introduction

Water conveyance tunnels are critical infrastructures for sustainable water supply, particularly in arid and semi-
arid regions. However, tunnel excavation can significantly alter groundwater systems, resulting in potential
hazards such as sudden groundwater inflow, reduction in aquifer storage, and deterioration of groundwater quantity
and quality. In fractured and karstic environments, these impacts may extend over considerable distances and
potentially modify regional hydrogeological regimes.

To address these challenges, various predictive approaches have been developed, including numerical
modeling, parametric methods, hybrid techniques, and empirical models. Although numerical models can provide
detailed insights into groundwater responses to tunnel excavation, their application generally requires extensive
datasets and complex calibration procedures, which may limit their applicability in heterogeneous geological
settings. Consequently, parametric and empirical approaches, such as the Drawdown Hazard Index (DHI) and
Tunnel Impact Score (TIS), have received increasing attention because of their flexibility, simplicity, and
suitability for preliminary assessments and real-time decision-making.

The Hezarmasjed water conveyance tunnel, located in northeastern Iran within the Kopet-Dagh tectonic zone,
traverses a highly fractured carbonate system hosting numerous springs. Given the dependence of local
communities on these springs, assessing the potential impacts of tunnel excavation is essential. This study aims to
identify the main controlling factors governing variations in spring discharge and to evaluate spring vulnerability
using both the DHI and TIS approaches.

Materials and Methods

The study area is situated in a structurally complex mountainous region characterized by active tectonics,
heterogeneous lithology, and significant hydrogeological sensitivity. The tunnel, approximately 8.8 km in length,
intersects several geological formations, including carbonate units (Mozduran and Tirgan) acting as primary
aquifers, and shale-dominated formations with low permeability. Groundwater flow is predominantly controlled
by fracture networks and karstification processes, resulting in rapid hydrological responses to precipitation events.

A total of 45 springs were investigated at varying distances from the tunnel axis. Field data included
hydrogeological observations, Lugeon permeability tests, and structural analyses. Permeability values generally
ranged from 1E-7 to 2.5E-6 m/s, indicating low to moderate hydraulic conductivity, with higher values in fractured
and karstified zones.

Two complementary methods were employed for impact assessment. The DHI method (Dematteis et al., 2001)
is a semi-quantitative parametric approach based on seven key parameters, including fracture frequency, rock mass
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Ev Attribution 4.0 International License (CC BY 4.0)

https://doi.org/10.22067/jsw.2026.98028.1530



https://jsw.um.ac.ir/
mailto:a.saberinasr@scu.ac.ir
https://doi.org/10.22067/jsw.2026.98028.1530
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.22067/jsw.2026.98028.1530
https://orcid.org/0000-0001-7705-0004
https://orcid.org/0000-0002-6513-2712

VEod oliwsli oY o)lods e alor (S g OF 4,25 VYA

permeability, overburden thickness, plastic zone radius, fault-spring interaction, spring type, and distance from
the tunnel. These parameters were normalized and combined to calculate a continuous index representing the risk
of spring discharge reduction.

The TIS method (Hassanpour et al., 2021) is an empirical approach that evaluates spring vulnerability based
on four main factors: tunnel water inflow (40% weight), hydraulic connectivity (40%), distance from the tunnel
(15%), and aquifer recharge capacity (5%). The method provides a classification of impact severity, ranging from
negligible to significant discharge reduction.

Results and Discussion

The DHI results indicate that spring vulnerability is primarily controlled by structural and hydrogeological
parameters, particularly fracture density and permeability. Calculated DHI values range from 0.1 to 1.5,
demonstrating a wide spectrum of potential impacts. Approximately 11% of springs are classified as highly to
critically affected (DHI > 0.6), while the majority (about 89%) are expected to experience minor to moderate
discharge reductions. Springs with high DHI values are typically located in highly fractured carbonate formations
with strong hydraulic connectivity, where tunnel excavation acts as a drainage boundary, intercepting groundwater
flow paths (Vincenzi et al., 2022; Saberinasr & Dashti Barmaki, 2023).

In contrast, springs located in low-permeability formations or at greater distances from the tunnel exhibit
minimal sensitivity, with DHI values below 0.2. More than 70% of springs fall within an intermediate range,
indicating moderate but persistent reductions due to partial hydraulic connectivity.

The TIS results highlight the importance of dynamic hydrogeological parameters, particularly tunnel water
inflow and hydraulic connectivity. TIS values range from 1.6 to 6.9, reflecting significant variability in system
response. Approximately 44% of springs are classified as unaffected, 44% experience moderate discharge
reduction, and around 12% are subject to significant decline.

High-risk springs, such as Sirzar and Bamchenar, exhibit strong hydraulic connectivity and are located within
sensitive recharge zones. Notably, the results indicate that hydraulic connectivity can dominate system behavior
even at distances exceeding 1000 m, confirming previous findings that connectivity is more influential than
geometric proximity (Hassanpour et al., 2021). Conversely, springs located in areas with higher recharge capacity
and weaker hydraulic connectivity show minimal impact, even when tunnel inflow is relatively high. This behavior
reflects the buffering capacity of aquifer systems, which can partially compensate for tunnel-induced drainage.

A comparative analysis of the two methods demonstrates that the DHI approach emphasizes intrinsic
geological and structural conditions, providing a continuous representation of vulnerability, whereas the TIS
method focuses on functional aquifer responses and offers a more practical classification of impact severity. The
consistency between both methods in identifying high-risk springs supports the reliability of the integrated
approach.

Conclusion

This study demonstrates that tunnel excavation can significantly affect groundwater systems, particularly in
fractured and karstic aquifers. The integrated application of DHI and TIS methods provides a comprehensive
framework for assessing these impacts.

The DHI method is effective for identifying intrinsic vulnerability and worst-case scenarios, highlighting the
role of geological structures, permeability, and fracture density. Approximately 11% of springs are at high to
critical risk, while most are expected to experience moderate impacts.

In contrast, the TIS method offers a more operational perspective by incorporating dynamic hydrogeological
parameters, classifying springs into significant, moderate, and negligible impact categories. The results emphasize
the dominant role of hydraulic connectivity and aquifer recharge capacity in controlling system response.

Overall, the combined use of parametric and empirical approaches enhances the reliability of impact
assessments and provides a robust basis for groundwater management in tunnel projects. This integrated
methodology is particularly suitable for complex hydrogeological environments where data limitations restrict the
application of numerical models.
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Figure 3- Determining the Value of the Effective Parameters in the Changes of the Springs Discharge As A Result of Tunnel
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Table 2- A) Proposed classification system for parameters and coefficients in the TIS method. B) Spring classes based on TIS
index (Hassanpour et al., 2021)
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Table 3- Data sources, Primary data, and methods used for determining the parameters
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Table 4- Z-value of each spring
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Table 5- Fault-spring interaction status
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Figure 4- Number of Springs versus Fracture Frequency



1Fe0 olowali oF o lods Fr oo (S g T 4,05 \EY

Jg5 oo 50 aonie (sl lwgie palio -1 Joso
Table 6- Average spring discharge values along the tunnel alignment
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Table 7- Table 7. Distance of Each Spring from the Tunnel Axis

Distance lesrt::]ce Distance
. from . | . from
NO Spring name tunnel (m) NO Spring name tu(nn)e NO Spring name tunnel (m)
@ dowis oL . 3 s dowis oL m 9 dowis oL . 5
23, > e 3 alols 23, > P o ) > e 3 aold
by Sy Y
iy i Yhap <& )5 (gl
1 i 606 16 i 4446 31 i 9053
Sirzar Sefid Derakh_t Bid Bala
Village
2 doe oy doiy 1226 17 Ny 4241 32 S le Sy 9830
Chah Mohammad Sefid-Left Olang Ali Beig
3 ay 1315 18 ol 4238 3 St 9951
Shorshori Sefid-Right Joghartin
. . . ST S gl
4 = 1339 19 s S5 4840 34 Kalateh Agha Beik 9987
Golabi Tak Jafar .
Village
. . Vbol p )5 dais
Lok ol ’
5 g oRe 2171 20 5203 35 - 17455
Chahar Bagh Al-Matin Main Abgarm
Spring 1
. . ¥ ol 5 douis
6 Vbl ke 1574 21 b 5463 36 Main Abgarm 17461
Chahar Bagh Bala Qaleh Sori
pring 2
7 g 2309 22 o & 5471 37 \ i 17446
Khonak Bagh Gah Spring 1
8 o Sl 2388 23 25 6741 38 ¥ deiz 17444
Posht Bast Kariz Spring 2
el sliy) 2488 24 e 6854 39 ¥ ey 17408
Bam Chenar Village Jahangir Spring 3
10 - 2575 25 \ 6936 40 ¥ anis 17403
Qaleh Khonak 1 Spring 4
1 » 3208 26 2 JS 7190 0 e Gl 17367
Qamar Kal Parandeh Tjamoei 3 and 4
12 Yo S 3970 27 gV coz 7885 42 B dadie 17325
Bolboltu Bala Bala-Rosta Spring 5
13 ok 9 4288 28 iy @l a8 43 P dnie 17315
Bolboltu Paein Khajeh Roshanayi Spring 6
14 Yol g L 4248 29 o J8 7897 44 Y dody 17315
Bolboltu Paein 2 Kal Pas-Khaneh Spring 7
15 ol 4303 30 s doly 8010 45 S50 dady 17207
Sultan Sefid Sp. Derakht-e-Bid Sp.
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Table 8- Calculated DHI parameters, DHI values, and drying status for each spring

No Spring name Sl Cundy
s, ania o MK FF OV PZ IF Sp DT Pl DHI Dryingstatus
(Risk class)
1 e 066 052 01 0O O 0 01 038 041 i pals
Sirzar Partial
dodxa oly duuiy 066 033 01 0 0 0 0 030 03 w026
Chah Mohammad Partial
3 b 066 033 01 0 1 0 0 030 00  wmo=b
Shorshori Partial
4 Sl 033 08 05 0 1 05 0 049 148 S
Golabi Complete
5 gl ke 033 062 01 0O 1 05 0 034 103 Jo
Chahar Bagh Complete
MY 033 038 01 0 0 0 0 025 025 _ <=bos
Chahar Bagh Bala Null to Minimal
7 g 033 03 01 0 0O 0O 0 025 025 Sl b og
Khonak Null to Minimal
8 S ey 033 06 01 0 0 0 0 034 034 i el
Posht Bast Partial
sels (sl 066 066 01 0 0 1 0 043 087  FESs
Bam Chenar Village Complete
10 ok 033 05 01 0 0 0 0 029 029  w==o=b
Qaleh Partial
11 » 012 04 01 0 0 05 0 021 031 i el
Qamar Partial
12 g Je 066 03 01 0 0 0 0 02 029 <=6
Bolboltu Bala Partial
13 ol 5 ik 033 03 01 0 0 0 0 021 021 _ F=bos
Bolboltu Paein Null to Minimal
14 Youl 5 033 03 01 0 0 0 0 020 021  F=bos
Bolboltu Paein 2 Null to Minimal
15 ollle 033 082 01 0O O O 0 043 043 i el
Sultan Partial
16 — 033 044 01 0 1 0 0 027 058 <o
Sefid Partial
17 Sy 033 044 01 0 0 0 0 027 027 <2
Sefid-Left Partial
18 el 033 044 01 0 0 0 0 027 027 ==
Sefid-Right Partial
19 Sz S5 033 082 01 0 0 05 0 043 o0ps  ==o=b
Tak Jafar Partial
20 ol 033 035 0175 0 O 1 0 025 049 i el
Al-Matin Partial
s sy S
21 033 062 01 0O 0 O O 034 034 :
Qaleh Partial
22 o5 & 033 033 01 0 0 05 0 02 o034 ===
Bagh Gah Partial
23 2 033 078 01 0 0 0 0 041 041 i el
Kariz Partial
24 Pl 033 006 01 O O O 0 011 011 e b gy

Jahangir

Null to Minimal
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No Spring name S SN Caridg
s, s Al MK FF OV PZ IF Sp DT Pl DHI  Dryingstatus
) (Risk class)
25 e 0.33 0.66 0.1 0 0 0 0 0.36 0.36 TS "whl;
Khonak 1 Partial
26 in J8 033 062 01 0 0 0 0 034 034 i el
Kal Parandeh Partial
27 gV sy 033 012 01 0 1 0 0 014 028 i el
Bala-Rosta Partial
28 sy 2l 033 033 01 0 0 05 0 02 o034  o==o=b
Khajeh Roshanayi Partial
9B o J8 i alS
29 ’ 0.66 0.12 0.5 0 0 0 0 0.28 0.28 -
Kal Pas-Khaneh Partial
30 s dauly 03 044 01 0 O O 0 027 027 i el
Sefid Sp. Partial

Vb ¢33 sl

31 j - 033 006 0.1
Derakht Bid Bala Village
- S e S| 033 016 01
Olang Ali Beig

33 N iad 033 052 01
Joghartin

" Sl 4 (sl 066 022 0.1

Kalateh Agha Beik Village
- Nkl oSl antz 033 042 025
Main Abgarm Spring 1
36 Vool pS] asiz 033 042 025
Main Abgarm Spring 2

37 \aedz 033 032 025
Spring 1

38 ¥ dedy 033 032 025
Spring 2

39 ¥ deis 033 032 025
Spring 3

20 M 033 032 025
Spring 4

a ¥ e dedy (o 033 032 025

Tjamoei 3 and 4

42 b iy 033 032 05
Spring 5

43 G 033 032 05
Spring 6

4 Videiz 033 032 05
Spring 7

45 A CE)d doulx 0.33 0.32 0.375

Derakht-e-Bid Sp.

0 0 0 0 011 011 o b o9
Null to Minimal

0 0 0 0 016 016 e b g
Null to Minimal

0O 0 0 0 030 030 i el

Partial
O 0 0 0 025 025 i el
Partial
O 0 05 0 029 043 i el
Partial

0O 0 05 0 029 043 i el
Partial

0O 0 05 0 025 037 i el
Partial

O 0 0 0 02 025 e
Partial

0O 0 05 0 025 037 i el
Partial

O 0 0 0 02 025 i el
Partial

0 0 1 0 025 049 i el
Partial

0O 0 0 0 029 029 e
Partial

0O 0 05 0 029 043 i el
Partial

O 0 1 0 02 058 i el
Partial

0 0 05 0 027 040  <=mo=b
Partial
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Figure 5- Spatial distribution of the drawdown hazard index (DHI) along the Hezar-Masjed tunnel alignment
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Table 9- result of TIS parameters and TIS index calculations

Ratings
(el 2 5y) 49,
0.4 | 0.15 | 0.4 0.05 [ 1
New TIS parameters
TIS waa gl 5ol )by
g ;3? Total water inflow Distance Hydraulic connection Aquiter re(_:harge
(I/s) Lt/Hd Tw/Qs Lol L 1 potential
S99 olnr S Slg b b3, Oledel i Jawilly
[%2)
Value ) Value ) ) ) E
aie Lt RaFlng (xslo' Kl Value K Value Rapng Class MK RaFlng Class Rapng
’ (m) | o8 ) s Tl osde | 85,0 | oS o3 oW o3
sl
1 3.0 20 15.1 33 0.5 3014 | 1.0 | 606 6.58 E. 0.6 6.6 5 6.9
2 3.0 20 15.1 16 05 301 | 1.0 | 1226 4.77 E. 0.6 6.6 5 6.6
3 3.0 20 15.1 15 0.5 6.03 | 1.0 | 1315 4.68 E. 0.6 6.6 5 6.6
4 3.0 20 15.1 15 0.5 1.21 1.0 | 1339 4.66 M.E. 0.3 3.3 5 5.3
5 3.0 20 15.1 9 0.5 201 | 10| 2171 3.83 M.E. | 0.3 33 5 5.2
6 3.0 20 15.1 13 0.5 3014 | 1.0 | 1574 4.43 M.E. 0.3 3.3 5 5.2
7 3.0 20 15.1 9 0.5 6.03 | 1.0 | 2309 3.69 M.E. | 0.3 33 5 5.1
8 3.0 20 15.1 8 0.5 6.03 | 1.0 | 2388 3.61 M.E. | 0.3 3.3 < 5 5.1
9 3.0 20 15.1 8 05 0.86 | 0.9 | 2488 351 E. 0.6 6.6 § é 5 6.3
10 3.0 20 15.1 8 0.5 6.03 | 1.0 | 2575 3.43 M.E. | 0.3 33 2 4 5 5.1
11 3.0 20 15.1 6 0.5 2.01 1.0 | 3208 2.79 M.E. 0.3 3.3 o 3 5 5.0
12 3.0 20 15.1 5 0.5 | 15.07 | 1.0 | 3970 2.03 E. 0.6 6.6 3 5 6.2
13 3.0 20 15.1 5 0.5 15.07 | 1.0 | 4288 1.71 M.E. 0.3 3.3 5 4.8
14 3.0 20 15.1 5 0.5 3014 | 1.0 | 4248 1.75 M.E. 0.3 33 5 4.8
15 3.0 20 15.1 5 0.5 6.03 | 1.0 | 4303 1.70 M.E. | 0.3 3.3 5 4.8
16 3.0 20 15.1 6 0.5 15.07 | 1.0 | 4446 1.55 M.E. 0.3 3.3 5 4.8
17 3.0 20 15.1 5 0.5 3014 | 1.0 | 4241 1.76 M.E. 0.3 3.3 5 4.8
18 3.0 20 15.1 5 0.5 3014 | 1.0 | 4238 1.76 M.E. 0.3 3.3 5 4.8
19 3.0 20 15.1 4 0.5 2.01 | 1.0 | 4840 1.16 M.E. | 0.3 33 5 4.8
Intermediate
20 3.0 20 15.1 4 0.5 019 | 0.6 | 5203 0.90 M.E. | 0.3 33 Lo 2 3.2
21 3.0 20 15.1 4 0.5 3014 | 1.0 | 5463 0.77 M.E. 0.3 3.3 5 4.7
22 3.0 20 15.1 4 0.5 151 10 | 5471 0.76 M.E. 0.3 3.3 5 4.7
23 0.1 60 0.2 9 0.5 053 | 0.8 | 6741 0.13 M.E. | 0.3 33 5 1.6
24 4.1 135 3.0 20 0.5 40.6 1.0 | 6854 0.07 M.E. 0.3 3.3 5 2.2
25 4.1 135 3.0 20 0.5 4060 | 1.0 | 6936 0.03 M.E. | 0.3 33 5 2.2
26 2.3 16 14.4 2 0.5 230 | 1.0 | 7190 0.00 M.E. | 0.3 33 5 4.4
27 2.3 16 14.4 2 0.5 11.50 | 1.0 | 7885 0.00 M.E. 0.3 3.3 5 44
28 2.3 16 144 2 0.5 115 | 1.0 | 7895 0.00 M.E. | 0.3 33 © 5 4.4
29 2.3 16 14.4 2 0.5 4.60 1.0 | 7897 0.00 E. 0.6 6.6 % é 5 5.8
30 2.3 16 144 2 0.5 575 | 1.0 | 8010 0.00 M.E. | 0.3 33 e 5 4.4
31 2.3 16 144 2 0.5 2300 | 1.0 | 9053 0.00 M.E. | 0.3 33 = 4 5 4.4
32 2.3 16 14.4 2 0.5 2300 | 1.0 | 9830 0 M.E. 0.3 3.3 § Y 5 4.4
33 2.3 16 144 2 0.5 230 | 1.0 | 9951 0 M.E. | 0.3 33 5 4.4
34 2.3 16 14.4 2 0.5 1150 | 1.0 | 9987 0 E. 0.6 6.6 5 5.8
35 30.6 59 20.0 3 05 | 12.76 | 1.0 | 17455 0 M.E. | 0.3 33 5 5.6
36 30.6 59 20.0 3 05 | 1612 | 1.0 | 17461 0 M.E. | 0.3 3.3 5 5.6
37 30.6 59 20.0 3 05 | 27.84 | 1.0 | 17446 0 M.E. | 0.3 3.3 5 5.6
38 30.6 59 20.0 3 0.5 | 30618 | 1.0 | 17444 0 M.E. | 0.3 33 5 5.6
39 30.6 59 20.0 3 0.5 | 1531 | 1.0 | 17408 0 M.E. | 0.3 3.3 5 5.6
40 30.6 59 20.0 3 0.5 | 30618 | 1.0 | 17403 0 M.E. | 0.3 33 5 5.6
Intermediate
41 30.6 59 20.0 3 05 1.18 1.0 | 17367 0 M.E. 0.3 3.3 Lowgie 2 5.4
42 30.6 59 20.0 3 0.5 | 30618 | 1.0 | 17325 0 M.E. | 0.3 33 ® é 5 5.6
43 145 42 20.0 2 05 7.26 | 1.0 | 17315 0 M.E. | 03 3.3 B 3 5 5.6
44 30.6 59 20.0 3 0.5 7.65 1.0 | 17315 0 M.E. 0.3 3.3 g S 3 5 5.6
45 30.6 59 20.0 3 0.5 25.52 | 1.0 | 17207 0 M.E. 0.3 3.3 2 E} 5 5.6
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Figure 6- Number of springs along the Hezar-Masjed tunnel alignment classified by the TIS method
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Figure 7- Spatial distribution map of the TIS index along the Hezar-Masjed tunnel alignment

dad e &l 1y SusSis s ) dtwgn (glaely dadeis 1D
aods 5l oy VY dgus &S dad o i (adld oyl polie aje8
Wy 18 glas Slso b suad ()18 51 5 y%e 4o (DHI 2 +/5)
5ol l it Jials (as)d A dgus) ladedds cu ST a5 Jbb 4o
(M i albaadiy by ol 0 0,8 dimls 428y o]
S5 135 0l b Lagio (510585 oy ol 5 Ellas

6 5 4o
FO acgomo (slp TIS g DHI g, 95 5l odel cundey gl
IS asba Uy 90 2 4281 &S dad e L By Sl deiin
Ghite 5 5l Lol i o bl 1y (g)lix b 5l peline (oSl
SLOlE Sug) pdl 0926 5 byl 4 Cowlas (b))l
SiFiare sbypehl p 8565 b DHE (5, 05l (g boline



VP basdr ol Jigh sl ST b3l 50 00 9 S pelyly (6 dumlio (500 g i (g o

D90 o ((SHSSFS g (oolldime) CleMbl [T g oot
d)‘.b o) aS asllleo d)g0 d.o.Ja.uo).Ja.) u;‘.bo)jlp » ‘U’)')) 09)’1&
Ji o s Sl 5 Wlodoly 12l als o 4 0l 2o Jigs
piline Gwoin; o gl p (lis gl GialS o)lu agy
2 ol Sy (e (oditen 9 (S pde S paly (65 4
P TIS g DHI sl sy ol wlol a5 oladeds diwly oy
5 ol g als Jlaisl L b VL s b slagdS
8,8 oy Blas sladely Lol cuglel Hlacay b wlas §
L RIS Slles Aebin dl)?] cl.moa9.3>m Oﬁ] 3> g
b wlgoe Vb (Susd 5 s pdidst b sl » GuFom
Sdgyia bloyl sbol 1 «Siwodgs (Sdgyln colin ials
iy ol S Gaals a3 g sl 5 B o 0058
Jols yotwe ol dlelw & hamul (lojen ST S sl
@ @99 <l ol g i 5 dedadn (20 Sl
Ol ool cul 51 S o gl ailiol jolie (100 L olyon ( Jig5
Iy > Muol Slaladl xBgods (glynl g (g3l b Slynds @ ausels
ol Sllas 5 glis by wsgpty o o Sy
ol IS dxer 5> oddodnliie (Sojglgie)ke bulpd b cuslite
2 AwlgBl 3Se] dagi I Sl oo Wi Ml g (6)Sjk yotns
(§d945w Sl » Ololudl O-"] )S)m &S d)j9l> ‘)AJLA.\} Lgln’dﬁ).
LS’])K uw])ﬁl Cyoo c)Ja.'>).> C.sl.uo U‘?“’c“ o.\wdlwlu» dlibw )l
Cople Kol (olpl slanie uals 5 abls gladely,

Aoy ialS e BB e 4 1) asds  SaSas b

S35l

1y 355 Gras ()8 5 ol e lie ) (i
b o anloe Slpl gl ik gl jolie (pdine <855
O 059 ol diad 3yl Claiue g (38 leMbl daosly (g jlupal,y
(Mo sl &y (o yiwd L3905 ] gy nl plosil > (ol
S, Sen (pimen § (SoJdierin 9 (S Clllae gl
i g 585 Sla s plool e e gozme ol 2l 2] g (oole
S)lSen g cules o ehd 0 ol wal 3, 151 LB zols 4
95 pielSal i el Blaal giss 8 45 o otijle (sl

References

b s (Sgyien Loyl pulas (o985 sl piel)ly ()39 Jld 9 YL
ol Jol8 (Susuts Joily b d)le plyicdr doida g9
—dadiy bl B syl yide DHI qoplply 506 0
Camlus St slag)liw & Cuns 9 w3 0 OB3L 1) lgsl
b gl S Sl 3 TIS b9y Jlie ) )l 65V
ol Jold jaseie (6)l8) WIS aw 3 |y ladada (025
oy o) (] SialS (100 WY ez 0) (ol drg L5
RPSYPSIC RS o 70 SFWEEG 23 DPIVRVIN PRI EWSRS o )
S alols e (Sdgyien blo)l julas ol el )l (285 29 ool
6l Sl ol g cul patua p loel 4385 Jouily g Jig s
Ji> e 4 2500 Sl (2] Sl B o it g0y
P 8y o )8 Vb Sy 03) 0 DHI 3 &8 plvaads Sy
Ssa olyieas g 5 wmde i |y anl ials o TIS
osthe Soglds ol Nigd god (A (SUStS At b Sl
JoSo il 10385 (3Rl S0l 5l G ) 99 &5 amd 0 LS
sdais Sl lp (g pcuwlio 5l DHI by, it 5505
5 sl oo bl caucoglsl s YU S (cplocanl )l
Glis & baots oyl el gl cud TIS g, & b
ol cplply WS (o pSete Fe2 )5 5 palingly 1) Jgs
s plaasl b8 g el byl Sy b9y 93 cnl J Olejed
5 90 Wi il » ol gle » Sy sl ol
oS _otas Sl lalllan adgl slpe )3 03294 S il IS
By g 99 0 ol 3525 b sl 3ga0me (S39l5559 00 ML
hads Ol (230l 5 B9 o0 Cguie adsl L)l sl
Ok S e o0ae ileie g (Sglierhe
Indadler A5 03900 (yuad pis J pSl> (gl (lacydgion
plsl sz yp g o Slalllas plo s (o) slogsesl Gk
L) basis 5 By ole (g b)) Slgie Slllas
P e noles o auje e Ll s jasie gpuin cd
ol @B gyenlil s p ol (Glodde sbaoen I gyl
s oz (6 gl Sl gl (L)1 o plgiea b Gingl
g
siois ol gl g B o)l el Sl talS jglaios,
Jols 0o adgl Jolye 1> (Sjdlgissie sl s plol
hl Gl i Gl Gl (obdy S odgae (s

1-  Abedian, H., & Mojiri, A. (2024). Validation of the drawdown hazard index method for assessing the impact of
tunnel excavation on groundwater discharge (Case studies: Cheshmeh Langan Tunnel and Khadangestan Tunnel).
In 42nd National Geosciences Congress, 20-21 February 2024, Geological Survey and Mineral Exploration of
Iran & Pars Aryan Zamin Geological Research Center, Tehran, Iran. (In Persian)

2- Cesano, D., Olofsson, B., & Bagtzoglou, A.C. (2000). Parameters regulating groundwater inflows into hard rock



VoD bl ¥ o)l Fr o (S g o a5 VO

10-

11-

12-

13-

14-

16-

17-

19-

20-

22-

tunnels—a statistical study of the Bolmen tunnel, Sweden. Tunnelling and Underground Space Technology, 15(2),
153-165. https://doi.org/10.1016/S0886-7798(00)00043-2

Chen, S., Peng, H., Yang, C., Chen, B., & Chen, L. (2021). Investigation of the impacts of tunnel excavation on
karst groundwater and dependent geo-environment using hydrological observation and numerical simulation: a
case from karst anticline mountains of southeastern Sichuan Basin, China. Environmental Science and Pollution
Research, 28(30), 40203-40216. https://doi.org/10.1007/s11356-021-13919-1

Deere, D.U., & Miller, R.P. (1966). Engineering classification and index properties for intact rock. Technical
Report AFWL-TR-65-116, Air Force Weapons Laboratory, Kirtland Air Force Base, New Mexico.

Dematteis, A., Kalamaras, G., & Eusebio, A. (2001). A system approach for evaluating springs drawdown due to
tunneling. P.257-264. In AITES-ITA World Tunnel Congress (ed.) Progress in tunnelling after 2000, Vol. 1.
World Tunnel Congress 2001, 10-13 June 2001. Milan, Italy.

Hassanpour, J., Lotfipoor, A., & Morsali, M. (2021). Introduction of an empirical classification system for
evaluating tunneling impact on the discharge of springs (TIS) in the surrounding areas, Bulletin of Engineering
Geology and the Environment, 80(7). https://doi.org/10.1007/s10064-021-02268-5

Karimian-Torghabeh, A., Moussavi-Harami, R., & Mahboubi, A. (2013). Depositional environment and sequence
stratigraphy of Pestileigh Formation in Central Kopet Dagh (Dareh-Gaz). Scientific Quarterly Journal of
Geosciences, 22(88), Summer 2013. (In Persian). https://doi.org/10.22071/gsj.2013.53686

Leopold, L.B., Clarke, F.E., Hanshaw, B.B., & Balsley, J.R. (1971). A procedure for evaluating environmental
impact. U.S. Geological Survey Circular 645. Washington, D.C.: U.S. Government Printing Office.

Li, Z., Xiao, J., Wan, J., Cheng, J., Feng, H., Zhan, H., Yuan, S., & Huang, K. (2024). A dynamic modeling
approach to predict water inflow during tunnel excavation in relatively uniform rock masses. Tunnelling and
Underground Space Technology, 146, 105668. https://doi.org/10.1016/j.tust.2024.105668.

Ohnishi, Y., Ohtsu, H., Takahashi, K., & Yasuda, T. (2006). Research of observational method on the
groundwater in the tunnel excavation using the SWING method. Tunnelling and Underground Space Technology,
21(3-4), 420. https://doi.org/10.1016/j.tust.2005.12.064

Palmstrom. A. (1982). The volumetric joint count - A useful and simple measure of the degree of rock mass
jointing. IAEG congress, New Delhi, 221-228.

Poursoltani, M. (2021). Petrography and diagenetic history of the Shurijeh Formation (Late Kimmeridgian—
Hautrivian) at Estarkhi section, KopetDagh Basin, NE Iran. Journal of Stratigraphy and Sedimentology
Researches, 37(2), 119-146. https://doi.org/10.22108/jssr.2020.124716.1181

Rostami, M., Talebian, M., & Bahroudi, A. (2021). Physical modeling of block rotation and the role of ductile
sediments in the structural evolution of Kopeh Dagh and Zagros. Scientific Quarterly Journal of Geosciences,
31(3), 135-144. (In Persian). https://doi.org/10.22071/gsj.2021.112225.1357

Saberinasr, A., & Dashti Barmaki, M. (2024). Evaluation of hydrogeological impact of Taleghan water
conveyance tunnel excavation on the discharge of springs. Advanced Applied Geology, 14(3), 829-854. (In
Persian). https://doi.org/10.22055/AAG.2024.47486.2463

Saberinasr, A., & Dashti-Barmaki, M. (2023). Investigating the effects of the Kerman water conveyance tunnel
construction on the groundwater resources discharge. Journal of Aquifer and Qanat, 4(1), 81-102. (In Persian).
https://doi.org/10.22077/jaaq.2023.6990.1052

Sadique, M.R., Rais, 1., Igbal, O., & Ibrahim, S.M. (2025). Ground settlement due to tunnelling and effect of
groundwater table variation and superstructure on the tunnel. Discover Civil Engineering, 2, 102.
https://doi.org/10.1007/s44290-025-00259-z

Samiei, S., & Aalianvari, A. (2026). A hybrid AHP-AI framework for assessing and mitigating tunneling impacts
on confined spring discharge. Journal of Hydraulic Structures, 12(1), 9-19. https://doi.org/10.22055/
jhs.2025.49054.1338

Samimi-Namin, F., Ghafari, H., & Dianati, A. (2014). New model for environmental impact assessment of
tunneling projects. Journal of Environmental Protection, 5, 530-550. https://doi.org/10.4236/jep.2014.56056
Sun, H., Le, L., Dai, Y., Rui, Y., Zhu, H., Li, X, Li, X., & Xue, G. (2025). Groundwater environmental effects
risk evaluation in mountain tunnel construction: A dynamic decision support system based on fuzzy two-
dimensional cloud probability model. Tunnelling and Underground Space Technology, 156, 106276.
https://doi.org/10.1016/j.tust.2024.106276

Vincenzi, V., Piccinini, L., Gargini, A., & Sapigni, M. (2022). Parametric and numerical modeling tools to
forecast hydrogeological impacts of a tunnel. Acque Sotterranee. Italian Journal of Groundwater, 558, 51-69.
https://doi.org/10.7343/as-2022-558

Zheng, X., Yang, Z., Wang, S., Chen, Y.F., Hu, R., Zhao, X.J., Wu, X.L., & Yang, X.L. (2021). Evaluation of
hydrogeological impact of tunnel engineering in a karst aquifer by coupled discrete-continuum numerical
simulations. Journal of Hydrology, 597, 125765. https://doi.org/10.1016/j.jhydrol.2020.125765

Goodman, R.E., Moye, D.G., Van Schaik, R., & Javandel, I. (1965). Groundwater inflow during tunnel driving.
College of Engineering, University of California, California.



https://doi.org/10.1016/S0886-7798(00)00043-2
https://doi.org/10.1007/s11356-021-13919-1
https://doi.org/10.1007/s10064-021-02268-5
https://doi.org/10.22071/gsj.2013.53686
https://doi.org/10.1016/j.tust.2024.105668
https://doi.org/10.1016/j.tust.2005.12.064
https://doi.org/10.22108/jssr.2020.124716.1181
https://doi.org/10.22071/gsj.2021.112225.1357
https://doi.org/10.22055/AAG.2024.47486.2463
https://doi.org/10.22077/jaaq.2023.6990.1052
https://doi.org/10.1007/s44290-025-00259-z
https://doi.org/10.22055/%20jhs.2025.49054.1338
https://doi.org/10.22055/%20jhs.2025.49054.1338
https://doi.org/10.4236/jep.2014.56056
https://doi.org/10.1016/j.tust.2024.106276
https://doi.org/10.7343/as-2022-558
https://doi.org/10.1016/j.jhydrol.2020.125765

VOV L ey Ty Jigi sl @I iyl 50 0225 9 S oyl (6L b9y Ay lio oyl S0R 9 i (5 lo

23- El Tani, M. (2003). Circular tunnel in a semi-infinite aquifer. Tunnelling and Underground Space Technology,
18(1), 49-55. https://doi.org/10.1016/S0886-7798(02)00102-5


https://doi.org/10.1016/S0886-7798(02)00102-5

Journal of Water and Soil
https://jsw.um.ac.ir A

Research Article
Vol. 40, No. 2, Summer. 2026, p. 153-179

Numerical Investigation of the Effect of Increasing the Geometric Dimensions of
the Horizontal Drain on the Performance and Stability of the Nahand Earth
Dam

T. Omidpour Alavian?, E. Asadi*/?*, M. Soltani Sotobadi"*??, E. Hematvand?®
1- Department of Civil Engineering, Faculty of Engineering, Water and Hydraulic Structures, University of Maragheh,
Maragheh, Iran
2- Department of Civil Engineering, Faculty of Technical and Engineering, Azarbaijan Shahid Madani University, Tabriz,
Iran
(*- Corresponding Author Email: asadi@azaruniv.ac.ir)
3- Civil Engineering, Soil and Foundation Engineering, Islamic Azad University, Tabriz, Iran.

Received: 06 March 2026 How to cite this article:

Revised: 07 August 2026 Omidpour Alavian, T., Asadi, E., Soltani Sotobadi, M., & Hematvand, E. (2026).
Accepted: 18 August 2026 Numerical investigation of the effect of increasing the geometric dimensions of the
Available Online: 18 August 2026 Horizontal drain on the performance and stability of the Nahand earth dam. Journal of

Soil and Wather, 40(2), 153-179. (In Persian).
https://doi.org/10.22067/jsw.2026.97826.1533

Introduction

Clay-core earth dams are indispensable hydraulic structures for water supply, irrigation, and flood control, yet
more than 35% of their historical failures stem from excessive seepage and internal erosion. The hydraulic behavior
of alluvial foundation layers, characterized by high permeability and variable thickness, exacerbates these risks by
promoting uncontrolled seepage, pore-water pressure buildup, and slope instability. At Nahand Dam (East
Aczerbaijan Province, Iran), situated on a narrow U-shaped valley with a 16 m thick alluvial layer over Eocene
marls, the existing horizontal chimney drain (15 m length, 1.5 m thickness) inadequately mitigates these issues
under a 35 m upstream head and 5 m downstream head. Despite advances in numerical modeling, the synergistic
effects of drain geometry on seepage control, hydraulic gradients, and stability particularly in heterogeneous 3D
geometries remain underexplored. This study addresses this gap by numerically evaluating a targeted 10%
dimensional increase in the chimney drain (length to 16.5 m, thickness to 1.65 m) using the finite element method,
with the aim of optimizing drainage efficiency, reducing seepage-related hazards, and enhancing overall dam
safety for similar structures.

Materials and Methods

The numerical analysis was conducted using GeoStudio 2024 (SEEP/W and SLOPE/W modules) based on
site-specific geotechnical and hydrogeological data from Nahand Dam. The 2D and 3D models incorporated
realistic geometry (35.5 m dam height, 730 m crest length, central vertical clay core), material properties (saturated
hydraulic conductivities ranging from 1x10~° m/s for the clay core to 5x102 m/s for filters and drains, along with
mechanical parameters calibrated via 124 triaxial tests and inverse analysis), and boundary conditions (fixed
upstream head of 35 m at normal reservoir level 1607 m asl; downstream head of 5 m). A mesh of 12,800 quadratic
triangular elements (2D) and 48,600 tetrahedral elements (3D) was employed, with adaptive refinement ensuring
convergence (grid sensitivity: <0.3% change in seepage and pressure). Five scenarios were simulated: baseline
(S0: 15 m x 1.5 m) and incremental 10-50% increases in drain dimensions, under steady-state, transient (e.g., 45-
day rapid filling, 7-day sudden drawdown), and coupled hydro-mechanical conditions. Validation against 18 years
of instrumentation data (22 piezometers, 6 observation wells; R? = 0.982, RMSE = 0.68 m) confirmed model
fidelity (98.2% agreement). Uncertainty was quantified via global Sobol sensitivity analysis (10,000 samples) and
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Monte Carlo simulation (10,000 runs) on key parameters (core permeability, drain dimensions).

Results and Discussion

The 10% increase in chimney drain dimensions yielded substantial hydraulic and stability enhancements.
Controlled seepage discharge rose 22.3% (0.008 to 0.0098 m?3/s per unit width), facilitating efficient pore-water
pressure dissipation, with average core pressures declining 31.7% (2.180 to 1.123 kPa) and total hydraulic head
loss reduced by 9.3%. Exit gradients remained below the safe threshold of 0.8 in 94.2% of cases, minimizing
internal erosion risk. Downstream slope factor of safety improved 25.5% (1.45 to 1.82) under steady-state
conditions, with greater gains (up to 31.5%) in transient scenarios (e.g., rapid filling post-earthquake, PGA = 0.45
g). Three-dimensional arching effects reduced overall discharge by 18.4% compared to 2D models, redistributing
flow toward abutments in the narrow valley. Permeability dominated over thickness (745.92% vs. 16.85% seepage
impact), as confirmed by Sobol indices (S; core k = 0.88-0.91). Monte Carlo results indicated failure probability
<0.3%, underscoring the cost-effective nature of this optimization. These outcomes align with and extend prior
studies (e.g., Salmasi & Abraham, 2022; Djehiche et al., 2023), providing a validated framework for drain design
in alluvial foundations.

Conclusion

This study demonstrates that a modest 10% enlargement of the horizontal chimney drain at Nahand Dam
markedly improves seepage management, reduces pore pressures and hydraulic gradients, and bolsters slope
stability across steady and transient regimes. The resulting enhancements 22.3% higher controlled discharge,
31.7% lower core pressures, and 25.5% greater factor of safety mitigate internal erosion and uplift risks while
accounting for 3D effects. Monte Carlo analysis affirms high reliability (<0.3% failure probability), offering a
practical, generalizable (94.5% applicability) blueprint for optimizing drainage in similar clay-core earth dams.
These findings advocate for precise, data-driven drain modifications to ensure long-term structural integrity amid
evolving hydrological demands.
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Figure 1- View of the spillway and body of the dam
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Table 1- Geological characteristics of the Nahand Dam area

Olousgi/ ylado
Amount/Description

&wul.w 9 Siwdwlo LSL""‘.’.\j():‘.-f b QM;9§| LSL"'Q)L"
Eocene marls with sandstone and siltstone interbeds

WYl iy 3 )y U lawle claw g (b (isy 50 Cudyd dwle g dwle Jolis) o V&
16 m (including sand and coarse sand in the lower part and sandy to clayey silt in the upper part)

(5158 3 Jlb (B pbogio— oye Jlad $g)) 3bgd)l JuS g digg JuS 5 Jlod JuuS

North Tabriz Fault, Nahand Fault and Ordubad Fault (northwest-southeast trending, Quaternary

active)

&y oS VS
216 km?

Yo S £
Bedrock type
ddl&.)” uﬁ).xi CaolBus
Thickness of river
alluvium
ol e slo oS
Main effective faults

Basin area
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Table 2- Geometric, hydraulic, and permeability properties of Nahand Dam design

Parameter Amount Unit

1 & Central vertical clay core embankment -
Dam type

5 dJl&a?) sy I M-&u:)\ 35 Meters

Dam height from riverbed
3 s i e gl 355 Meters
Dam height from foundation
4 S gl Jgb 730 Meters

Crest length
Meters above sea level

5 AN 8
Crest width Ly o 1 e
6 do gl 5l 16105 Meters above sea level
Crest level by g 5l y2e
7 o Jbyg 5 1607 oS yio yaakee
Normal level of reservoir MCM

Jbyi 55 3 e JS poe> 24

i MCM So yio yosbso
Total volume of reservoir at normal level

9 O e o> 21 MOM oo oo yorbee
Useful volume of reservoir
10 VLo ol o> 32 MCM oo jio s

Annual adjustment volume

11 EBNEUE I 26

- . Meters
Clay core width at foundation

12 gk () Sd 208 4 Horizontal:Vertical 436 4 &l cous
Clay core width at crest
13 ey e (D o 0.3:1 Unit s,
Clay core internal slope
” (e mg) Bl iS5 Jsbo 15 Meters -
(Horizontal drain length (current state -
15 . Bl ’ “"‘l’w 51 Meters
Horizontal drain thickness
16 () D u’l)l” LS)"“\"‘)W ““")‘” 1x 10—9 m/s Mlﬁ JUS
Clay core design permeability
17 awlo 9oy dh‘a“"%- &Lé-‘:“" éf)s)-&»m d)‘l’\faﬁ‘u e pe 5x10™4—1x 1073 m/s s e
Penetration of gravel shells
18 OS5 S i s 1x1072-5x 1072 S & s
Filter and drain permeability
19 (‘5‘-‘-'5')?) d'\‘-"-’l 03 J?jo 300 Meters o
Length of grouting curtain
20 (SiighS) sl o2 25 0.8 Meters
Width of grouting curtain
Free overflow capacity
23 Sl 5 )JB bl 40 Ms &by o

Deviation gallery capacity

Lo 5356 @y JS o 14

MCM xS0 oo -
Total volume of body embankment e e sk
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Table 3- Hydraulic permeability coefficients of Nahand Dam materials (meters per second)

du&.l‘o}i 50 00 b liiio ol gt dlold

s s i S s Dol o pd o
- i Saturated permeability Pl oo
Row Dam section coefficient (K) glws! () Range of changes observed in field and
) laboratory experiments
1 Central clay core (i ,e ) 4un 10 5x1010-2x10°
Upstream  cusd iyl 9 candVl dwlo 5 0 slading 5 x 104 _10°3 2% 1043 x 103
shells and downstream gravel
Transfer filters (v B 3 A Y 4Y) Jisl lazlé 1025 x 102 B
(layer 2A and 2B)
4"““L' u“s*"’) 9 ‘;\Jlf u"g‘ u‘&“) 5x 102-101 _
Horizontal channel drain and heel drain
:3, &b Alluvial footing (after injection
5 oSk 9 (efernjection) 1x107-5x 107 -
(305 )
OHorizontal and Vertical Filter sses 5 a8l yilé
2100 - 2000 OClay Core o) 4
1800 A (] OShimany Drainage (slauegs ,:iSa;
1500 - OUpstream and Downstream Shell cuusipml g cussYl atwg,
1200 A OAlluvial Base i 4l
900 A OBedrock (Marl) (o)) yiww Ko
600 -
300 1 35 33 32 28 35 g3 8005130 45110 50 10 o o5 o 2B 1 g0t 52 3 ) 4252, 57 97
0 +——=—= — e —
Poisson's ratio v ... Modulus of elasticity E  Effective adhesion ¢’ Effective friction angle Unit weight y (kN/m3)
ol (MP8) ¥ JynaE (KPR) e Sxvuac’ (kP2) @ (degrees) slshacl agly ol oy (KN/MW)
(MPa) S 42

(v Jso ol sdS 51 (au) igd v gl (2l (Sl Ciliaseuine —Y JSWS
Table 2- Final mechanical properties of Nahand dam materials (after numerical model calibration
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GEO-SLOPE) 5,8 L g dw b iSa; sobl
(International Ltd., 2024

(o=+1+Y DIXON (y90}]) sy Bls b sy [bjldp i
A g 559y ¥ 31 oS s (ol pgd a5pe BISY obyg
Stased oy adgl ylol Jloo .85 plosl o jiogsy Lo
5 o 35 om NRMSE=SY/Y o R2=4/AAY r=+/22) (g pm
Slayien gl SVl U 5 > i | dten (sl T i
O JLid Ol yss 3o )3 AEIV 35 0 puistadin gm0 )S ) 20,8 Sl |y e
Ot 09y T (28 (S0k 9 55 1y bawgs | dtes loyi>
Levenberg-Marquardt 551 b (gose Jdo ol S 23503
Nash-Sutcliffe Efficiency=-/aYA 5 o RMSE=-/fA «
Qod (613300985 diges Yoo v+ SODOI Jles Comwlus oo )
sdn |y Wadtiogy (6203358 9 (1= /2Y) el cp ol |y ()
N a5 CuaS b oy degaze pl D)8 Slwlid (S1=+/+0)
sl 5 SlSogyin 2188 csintn (ol slo i
b (Sas |y o 5cige



VPV i S o 6ylaly 9 0,5 dae pr 81 (3505 s olal ial381 13T goue oy p oy on 3 plgle 9100l

(L3 o 51 o o 2 Baj15) Wigg sww (il 2l @bolie > (Telg) (o yhog sy (5305418 51,5 9 CupnBgo —E€ g

Table 4- Location and alignment of tubular piezometers in the instrumentation sections of Nahand Dam (alignments in
meters above sea level)

FR9 5
Piezometer Section

o

(o y 9500 43 Copd) CopnBge
Position (relative to dam axis)

o jl5

Installation level

S 25031l £
Measurement type

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

P12

P13

P14

P15

P16

P17

P18

P19

P20

P21

P22

24-24

24-24

24-24

24-24

24-24

24-24 sl o3y 3 LS s 31 Inside core, before water curtain

24-24

12-12

12-12

12-12

12-12

18-18

18-18

18-18

18-18

18-18

30-30

30-30

30-30

30-30

Section

24-24

Upstream of clay core
o)y A CandYl

=y <wn J5> Inside clay core

ey b Cusd ol DOWNstream of clay core

Upstream alluvial bed
otV (Bl
s Downstream alluvial bed

Cewdpmly By

a0y 3l an cazwn 30> Inside core, after water curtain

Upstream of clay core
(o) L CandYl

Inside clay core
o)y Ak 3D

Loy ik Cusdyoly DOWNstream of clay core
Upstream alluvial bed

CondVb (Bl s

Cawdyl 8y sz Downstream alluvial bed

Upstream of clay core
sy L CandYl

Inside clay core
o)y Ak 3D

Upstream alluvial bed
CawdVl (3l yn

Cawdml 8y sz Downstream alluvial bed

Upstream of clay core
oy A CawdYl
Inside clay core

) A J:>|J

Upstream alluvial bed
CoodYb (Bl s

Cawdopmb (80 s Downstream alluvial bed

1585

1590

1580

1575

1570

1595

1585

1588

1592

1582

1578

1572

1586

1591

1581

1576

1571

1589

1593

1583

1579

1573

Pore water pressure
&loya A.Ji Hlid
Pore water pressure
&loya A.Ji Hlid
Pore water pressure
loyo o Hlis
Groundwater Level
i 2l il
Groundwater Level
iy il
Pore water pressure
oy ol Lz
Pore water pressure
oy ol Lz
Pore water pressure
oy ol Lz
Pore water pressure
sloyis O 5Lz
Pore water pressure
sloyis O 5Lz
Pore water pressure
sloya o s

Groundwater Level
einy 2l Sly
Groundwater Level
einy 2l Sly

Pore water pressure
sloyis O 5Lz
Pore water pressure
dl° )n> uj )Lié
Groundwater Level
iy s
Groundwater Level
iy s
Pore water pressure
loyis ol jlzs
Pore water pressure
loyis ol jlzs
Pore water pressure
loyis ol jlzs
Groundwater Level
iy Pl
Groundwater Level
iy Pl
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Table 5- Characteristics of the analytical scenarios defined for increasing the dimensions of the horizontal chimney drain
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Scenario  Code Relative increase Drainage length Drainage Thickness Analysis levels performed
(%) (m) (m)
Base 2D, 3D, Coupled . ‘
S0 0 15 1.50 PIEH ot sy
b o1 lysS
Opt-10 2D, 3D, Coupled ( gasduw ¢ gin
s1 Pr 10 16.50 1.65 PIEC residur sy
\'_4‘:‘.‘% cA.iJﬁf
Sens-20
2D, 3D, Coupled « casauw ( cox
S22 —esles 20 18 1.80 PIEC st sy
Y. o_wk);;
Sens-30
83 sl 30 19.50 1.95 2D, 3D «gindus (singd
Y.
Extr-50
s4 . 50 22.50 2.25 2D, Coupled wis bsS gangd
"rbi)““f|
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Figure 3- Drawing of the geometry of the Nahand Dam cross-section model
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Figure 4- Flowchart of the integrated numerical modeling and analysis process in the present study
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Figure 5- Comparison of piezometric head calculated with numerical model and recorded instrument values in key
piezometers of maximum section 24-24 of Nahand Dam (reservoir normal level)
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Table 6- Results of grid convergence study for the 2D Nahand Dam model (reservoir normal level)
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Figure 6- Distribution of total head (colored contours) and flow lines (white lines) in the maximum cross-section 24-24 of
Nahand Dam — base condition, normal reservoir level
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Table 7- Comparison of actual and modeled seepage flow with percentage increase in drain dimensions (unit: cubic meters
per second per unit width, selected sections, normal reservoir level)
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Row  Section Drainage dimension Actual rovx_/ Modeled Flow rate Relative error
increase (%) (Instrumentation) flow change (%) (%)
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2 24-24 10 - 0.0098 +3.22 -
3 24-24 20 - 0.0105 +3.31 -
4 12-12 0(base) 0.0074 0.0074 - 0
5 12-12 10 - 0.009 +8.20 -
6 30-30 0(base) 0.0072 0.0072 - 0
7 30-30 10 - 0.0088 +5.21 -
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Figure 7- Comparison of seepage flow and flow line pattern in 2D (left side of each pair) and 3D (right side of each pair)
models for three cross sections of Nahand Dam - base condition, reservoir normal level
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Figure 8- Comparison of the flow line pattern and total head contours in 2D (left) and 3D (right) models for three key cross
sections of Nahand Dam — base condition, normal reservoir level (15.3 to 20.3 percent reduction in discharge in 3D model)
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Table 8- Comparison of maximum pore water pressure (kPa) in the clay core of Nahand Dam at the normal reservoir level
under different drainage dimensional scenarios (sections 24-24, 12-12, and 30-30)

Row

Drainage Scenario Section 24-  Grade 12-  Section 30- Maximum in all Decrease from baseline
Q9> 9 24 12 30 cores (%)
1 Baseline (0% increase) 1082 1034 1051 1082 -

o .

2 10% increase in 741 768 759 741 5.31
dimensions
o .

3 20% increase in 684 712 701 684 8.36
dimensions

30% increase in

4 dimensions 659 688 677 659 1.39
o .

5 50 d/f’ Increase in 637 665 654 637 1.41
imensions
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Figure 9- Pore water pressure contour at section 24-24 for the base case and 20% increase

O3S (o Ve il gonsli j il S < /YVY 4
oy oS (A & Cond (G103 VYTV 20lS) diw) </YYA & 2 5
6 gm0 oyl DI W&,1 VEA 4 VY 1T piping ply p lselol
5 e o b RS tin Job & Sl a5l
ol (a3 Ly 4 ot 5980 3) 22 i b (SIS
Bl YeVF=YoY+ 0y00 b dtud sloyiogi (sbodly b zuls
zo> obdl S awlis (e RMSE=0.42 5 R?2=0.991) 5)l> Jle
2o slaygils @i 98 oo 50 ilisie slagy )l ) (Sgyan

TIA OLalS 9 (Salgyuna ua Ol jadd Jalas
T S OLIS oho 5 (g e Ol
PIPING oy o (J51> ol p J 58 sl adls cp Fate Olgisas
OSB3 IS g ol s b Lo ) it (S (sladw )3
Glwdw Jdo p oddpbl sl dog Wb 8 ewd 88
oy A 50 b Cdl Sl iyl Candg pd a8 ol s ead JisS
Cawd ol 4l )0 z55 HLol,S o yie YA/A (Y=Y aluiy alads)
Vo ol bl oddiduog jbxe s 5l 5YL  SwlaS bg +/FVY
cdl yials s YOI awn )0 JS s il iSa; ol (sho )y
L5 oS Mo d YYIV B zoys Lol S &S Jbs 13 cdusy g0 YAY &



VPl oliasli ¥ ol Fe als (S g of 4,25 VYo

515 VE-VE glaio) LS alasl cilitio Slgs jliaw o gusy Al 13 JS 30 Gl g Slg i 955 G315 ST duanlio -4 Jgoa
(055 Jboy
Table 9- Comparison of maximum hydraulic outflow gradient and total head loss in clay core under different drain
dimensional scenarios (section 24-24, normal reservoir level)
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Figure 10- Time variations of pore water pressure in piezometers P6 and P20 and the position of the phreatic line in the clay

core during a 45-day rapid filling scenario, comparing the base case (dashed line) and the optimized drain with a 20%
increase in dimensions (solid line)
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Figure 11- Time variations of hydraulic outflow gradient and transient pore water pressure in piezometer P6 during a 7-day

sudden reservoir discharge scenario — comparison of the base case (dashed line) and the optimized drain with a 20% increase

in dimensions (solid line)
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Table 10- Comparison of critical transient flow indices in three extreme scenarios — basic drain condition vs. optimized drain
(+20% of the sump dimensions)
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Figure 12- Time variations of pore water pressure in piezometers P6 and P20 and the position of the phreatic line in the clay
core during a 45-day rapid filling of the reservoir - comparison of the base condition (dashed line) and the optimized drain
with a 20% increase in dimensions (solid line)
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Table 11- Comparison of slope stability confidence factors in steady-state conditions and critical transient scenarios - basic
drainage condition versus optimized drainage (+20% of embankment dimensions)
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Figure 13- Critical failure levels and distribution of local safety factors on the downstream slope of Nahand Dam during peak

transient pressure (45-day rapid filling) — comparison of the basic drain condition (left) and the optimized drain with a 20%
increase in dimensions (right)
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Table 12- Global Sobol sensitivity indices for key model parameters — impact on key outputs (based on 10,000 samples)
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Table 13- Sobol Global Sensitivity Indices for Clay Core Permeability and Shimni Drainage — Impact on Key Outputs (10,000
Samples)
e 5 b
.o 1,8 [ _ _
S s e ; "y S‘; o okl gLl L
<22 Al 21 ST sldpb)b STLSPL,)"L’> Size  STEel Sicuwd
1 i ore ore - . i
Row Parameter Seepage 881;;1;221 vlv ater Water Sy Exit ST g:_xn Sy Slope
flow pressure Pressure ~ Cradient  Gradient - safety
factor
Clay core
permeability (kcore)
i (6 ylsdei oy 0.91 0.95 0.93 0.97 0.88 0.92 0.86
(kcore) s,
Drain permeability
(kdrain)
2 e ) 0.07 0.09 0.05 0.07 0.08 0.11 0.06
AN SRTSRULIRUNpe
(kdrain)

YIo lp! ollee poes oS Jb 3 5)8 sl luebl o s o

PRI PWHIWESTR 8 B P o Y1 I X VSR A T S I  ENRE I



VB oluwsli oY o)lods e alor (S g OF 4,25 \VF

wloe Dl 9 3 Jloten Coxbipie 5 cuwlus gla oo
YA+ 90> 113938 Wil (oolociday (s jldinge ol Gigsy (2l
&S Cawl (B8 (652,56 wo Gl38l do)> V/F) iSa ) pdlas M3
oo 5 <l 51 g 2945 oo umi) S yoskS N glads jloxe ol
a5 lopd +[A) Uy o)lles F/Y dgds Ial dis i 5l g 05 L
9 Sgyd (SiSenS Sy Bl b a8 18 2yl (V1 3 &
(ol anl Jlo ¥ 51 5208 dylo s CudS5L 093 cdan pos il 3]

ol phiaag oolaidl g jlul Jastecun ) olddy ),

L wigd s g plualy 9 (Salgyaa sla yiol )y el
sAlatloas dalitio slasw

W glades b g (o S (Lol gl dulie
ly (bl (3w L5 (V0 Jgix) Melli alie (o)
9 Fomk (e P B sobay (/0 +AN) dis e Cumdg 3 250
9 (+/++Y0) xbjss Matahina o+/-¥Y) Teton s I 5oyl
(+/YA) ape 295 obdS .l (+/++FA) lsab Nurek
Bald Mountain sl piping o slasw Sl pwolis 1 e
oo )l L3 (+/¥Y) Fontenelle o (+/aY ) Wister (- V/¥))
S 3l YL (VEY) L3S g (Sadg 50 Cand il cad liels!
9 (VYA) Ludsw Zeuzier (VYY) YAV ol 51w Oroville
by wsy Db olej el (V) 1S 50l Walter F. George
3 oS TS 35 (it 255 b gy VPY) g (S g
&S cul (59, YA+) ol! Manjil 4 (5o, YY+) 15U Bennett aw
S o 0B |y (g (S e YL S

o S alal 3 (o3 ool sl a2 | (Sl &5 A il
{05 059y Y0 @y (Sadp) Show ()i lys o aal
G54y sl lodiS yon il L3S sl (g3 Yo igl38l
JSbiolS $0Y 4 AFA §1 oy s 3 IS chiie Lt Sy 45
DAY & <[5 5 Glalid zo s ool (noys Yo/5 ials)
Casd ol cud laabl s g ol Sl (s YY/F ials)
o L A5 5,8 ag B VRY 4y (S wilisl) VY )
wwsly )8 Sdgyhn (SiseS ailiwl )3 aw @l buls )5 am
ol asls olal o0 Ve il 38l b saddigy (iSa; oS Jb o
155 Lt sl 03905 ] (VY 6Vl lgobs] ) o 5
Kiojls (sjlodiate cnl sl o ol onl-abia Lo &S col
Lo VE o) (iSa; pdhas oS yio YA+ dgas 43433l
Olog 3l FY (63,90 aja b (84 5358 IS o> il38)
5 Soed (NS Sy Bl (85 )85 5 L oS Wilbe
015 3,0 Jlo ¥ 51 205" il s CiS 3l 09 el o s 331
dorg 4 d2g b Ol ol (ol (ool %00 (g9 I
2l b B pas cundimly dlog 9 (o) dtad o S L
15 Ll s o ! gla il 5 sl 03, w5k) (ghojle e
23 Sloxe paleo 5|l el g guls] Sliass b (oot o
9 Sxidl Sos o5 s )3 @Y gdaw 53 (g yiogkS VO glad
wlie Glasw Gl 1) piogh ool @S (00> AF/D oresi b5
ol o SNV Jgao 50 b Julod pl (oS zuls wbled oo (prends
(s (S sl (g0)3 Ve ol jdl ams e (Lt VY g

b Gle glaiehl dpe yShis o cunl oyl jo a4l
L oaoms ool S orlp oalaiBlid Ol J) Sl b

L ol g o35 Jloyd 5155) Solaal 9 (Sg)aud Gl (S el 1 (Showsd (SR 3Ll G053 (a1 W1 51 (oS g lie —VE Jgor

(@ Sy 21,48
Table 14- Quantitative comparison of the effects of percentage increase in the dimensions of the sluice gate on key hydraulic
and stability parameters (normal reservoir level and transient peak pressure during rapid filling)
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Table 15- Comparison of key hydraulic and stability parameters of Nahand Dam (optimized) with similar international dams
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Introduction

Tillage management is one of the main factors affecting soil quality and the sustainability of agricultural
systems. Intensive conventional tillage can weaken soil structure, accelerate organic matter decomposition, and
alter microbial activity due to continuous mechanical disturbance of the soil. In contrast, conservation tillage
systems such as reduced tillage and no- tillage minimize soil disturbance and often retain crop residues on the soil
surface, which can improve soil aggregation, enhance soil organic carbon storage, and increase nutrient retention.
These systems also help reduce soil erosion, improve water infiltration, and create more favorable conditions for
soil microorganisms. In semi- arid regions, where soil moisture is limited and soil degradation can occur rapidly,
maintaining soil structure and fertility is particularly important for crop production. Durum wheat is an important
cereal crop in many semi- arid areas, and its productivity is closely related to soil health and nutrient availability.
Therefore, understanding how different tillage systems influence soil properties is essential for developing
sustainable management strategies. This study was conducted to evaluate the effects of different tillage systems
and crop presence on selected physical, chemical, and biological properties of soil.

Materials and Methods

The experiment was conducted as a split-split-plot arrangement within a randomized complete block design
(RCBD) with three replications. The treatments consisted of three tillage systems, including conventional tillage
(CT), reduced tillage (RT), and no-tillage (NT), assigned to the main plots. The subsoiling treatments, including
subsoiling and no-subsoiling, were allocated to the subplots, and two crop treatments, including control
(uncultivated soil) and durum wheat (Triticum durum), were assigned to the sub-subplots. Soil samples were
collected after the crop growing period from the experimental plots and prepared for laboratory analysis. A set of
soil quality indicators representing physical, chemical, and biological aspects of soil functioning was measured.
Physical and chemical assessments included pH, electrical conductivity (EC), water-dispersible clay (WDC), and
mean weight diameter (MWD) of aggregates, which were used to evaluate salinity condition and aggregate
stability. Chemical analyses included soil organic matter (SOM), soil organic carbon (SOC), total nitrogen (TN),
available phosphorus (P), and available potassium (K) as the main indicators of soil fertility and nutrient status.
Biological properties were determined through basal soil respiration (BR) and substrate-induced respiration (SIR),
in order to estimate microbial activity and the potential metabolic response of soil microorganisms to an added
substrate. In addition, microbial biomass carbon was considered in the interpretation of biological responses where
relevant. The collected data were statistically analyzed using analysis of variance (ANOVA) to test the significance
of the main effects of tillage and crop treatment as well as their interaction effects on soil properties. Mean
comparisons were performed using appropriate post hoc tests at the selected probability level.
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Results and Discussion

The results showed that tillage management significantly influenced the measured soil properties. Conventional
tillage generally resulted in higher EC and water-dispersible clay, indicating weaker structural stability, whereas
no-tillage improved aggregation and produced the highest mean weight diameter of soil aggregates. These results
confirm that reduced soil disturbance promotes aggregate formation and protects soil structure. Soil organic matter
and soil organic carbon increased as tillage intensity decreased, with the highest values observed under no-tillage.
This trend indicates that conservation systems reduce oxidation of organic materials and favor carbon
accumulation within stable aggregates. Nutrient availability also improved under conservation practices,
particularly in the no-tillage treatment, where nitrogen, phosphorus, and potassium values were generally higher
than in conventional tillage. Crop treatment had a positive effect on several soil properties. Soils under durum
wheat showed higher soil organic matter, soil organic carbon, and nutrient concentrations than uncultivated control
soils, probably because of root residues, rhizosphere activity, and enhanced microbial interactions. Biological
indicators also responded significantly to management practices. Basal respiration was greater under conventional
tillage, suggesting more rapid decomposition of soil organic matter under intensive disturbance. In contrast, lower
respiration values under no-tillage reflected greater stabilization of organic carbon. Substrate-induced respiration
was significantly affected by tillage, crop treatment, and their interaction, indicating that microbial activity was
highly sensitive to both soil disturbance and plant presence.

Conclusion

The findings demonstrate that tillage management has an important role in controlling soil quality in durum
wheat systems. Conservation practices, especially no-tillage, improved soil structure, increased soil organic carbon
and organic matter, and enhanced nutrient availability compared with conventional tillage. Durum wheat
cultivation also contributed positively to soil improvement through rhizosphere effects and organic inputs. Overall,
the combination of no-tillage and durum wheat cultivation appears to be a suitable management strategy for
improving soil quality and supporting sustainable production in semi-arid conditions.

Keywords: Cereals, Residue management, Reduced tillage, Soil compaction, Subsoiling
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Table 2- Analysis of variance results for the effects of tillage system, subsoiling, and crop type on soil pH, electrical
conductivity, water-dispersible clay, mean weight diameter of soil aggregates, soil organic carbon, and soil organic matter
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*

* and ** indicate significance at the 5% and 1% probability levels, respectively; ns = non-significant.
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Figure 1- Effect of tillage systems on soil electrical conductivity in durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 2- Effect of subsoiling on soil electrical conductivity in durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 3- Effect of crop on soil electrical conductivity in durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 4- Interaction effects of tillage systems and subsoiling on soil electrical conductivity under durum wheat cultivation.
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 5- Effect of tillage systems on water- dispersible clay content under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)



1Fed obowsl oF oylods Fe alr (S g ol a5 Y4

b

0.70 ¢
r\a a
2 < 060 F
1% 0.50
~5 050 F
2 e
?% 0.40
: [«5)
i_g 0.30 f
AT
38 020 f
=
0.10 f
0.00

Control

Durum wheat

Jyare g9
Crop

09393 @5 CuiS > Ol 3 Uit B (s w0 yd 11 Jgame g9 T -1 S
(st 5SSI 9051 olusl 2 o y3 B Loz o 43 (6ol o sime cgls pae osimd L5 LSy g )
Figure 6- Effect of crop on water- dispersible clay content under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 7- Effect of tillage systems on the mean weight diameter of soil aggregates under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 8- Effect of subsoiling on the mean weight diameter of soil aggregates under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 9- Effect of crop type on the mean weight diameter of soil aggregates under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 10. Effect of tillage systems on soil organic carbon content under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 11- Effect of tillage systems on soil organic matter content under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 12- Effect of crop type on soil organic carbon content under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 13- Effect of crop type on soil organic matter content under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 14- Effect of tillage systems on soil nitrogen content under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Table 3- Analysis of variance results for the effects of tillage, subsoiling, and crop type on soil nitrogen, phosphorus, and
potassium contents, basal soil respiration, substrate-induced respiration, and microbial biomass carbon
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Figure 15- Effect of crop type on soil nitrogen content under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 16- Interaction effect of tillage systems and crop type on soil nitrogen content under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 17- Effect of tillage systems on soil phosphorus content under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s)
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Figure 18- Interaction effect of tillage systems and crop type on soil phosphorus content under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 19- Effect of tillage systems on soil potassium content under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s)
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Figure 20- Effect of crop type on soil potassium content under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 21- Interaction effect of tillage systems and crop type on soil potassium content under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 22- Effect of tillage systems on basal soil respiration under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s)
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Figure 23- Effect of crop type on basal soil respiration content under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s
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Figure 24- Interaction effect of tillage systems and crop type on basal soil respiration content under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 25- Effect of tillage systems on substrate- induced respiration (SIR) in soil under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s)
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Figure 26- Effect of crop type on substrate- induced respiration (SIR) in soil under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 27- Interaction effect of tillage systems and crop type on substrate- induced respiration (SIR) in soil under durum

wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 28- Effect of tillage systems on microbial biomass carbon in soil under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s)
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Figure 29- Effect of crop type on microbial biomass carbon in soil under durum wheat cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Figure 30- Interaction effect of tillage systems and crop type on microbial biomass carbon in soil under durum wheat

cultivation
(Means followed by the same letter are not significantly different at the 5% probability level according to Duncan’s test)
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Introduction

The heavy reliance on chemical N-P-K fertilizers in intensive vegetable farming has raised significant
environmental and health concerns. Nitrate accumulation in leafy greens, especially spinach, is a major food safety
challenge. Nitrate is directly linked to nitrogen metabolism and accumulates in plant tissue when its uptake exceeds
the plant's capacity to use it for growth and protein synthesis. Plant growth-promoting bacteria (PGPB) offer a
sustainable alternative by enhancing nutrient bioavailability through mechanisms such as phosphate solubilization,
nitrogen fixation, and siderophore production. Growth-promoting bacteria prevent nitrate accumulation in leaves
by improving nitrogen uptake and transport. While the efficacy of PGPB is well-documented in cereal crops, their
potential to mitigate the negative effects of reduced fertilization in high-demand vegetables like spinach remains
under-explored.

Materials and Methods

This study aimed to evaluate the efficiency of PGPB in improving spinach characteristics under greenhouse
conditions using a factorial experiment based on a completely randomized design. The treatments consisted of two
levels of N-P-K fertilizer (100% of recommended rate and 70% of the recommended rate) and four levels of
microbial inoculation (no bacteria, Pseudomonas putida, Phytobacter diazotrophicus, and a mix of both). The
experiment was conducted in 3 kg pots. Six seeds were sown 1 cm below the soil surface and one milliliter of each
strain was inoculated under each seed. The soil moisture of the pots was maintained at approximately 75% of field
capacity moisture by weight during the experiment. After two weeks, the plants were thinned to three plants. The
plants were harvested 50 days after planting. Parameters including leaf nitrogen (N), phosphorus (P), potassium
(K), iron (Fe), chlorophyll content, nitrate concentration, and nitrate reductase enzyme activity were measured.

Results

The results showed that the interaction effect of fertilizer level and bacterial inoculation was significant for all
measured traits. Microbial inoculation, particularly the mix of bacteria, effectively compensated for the yield loss
caused by the 30% reduction in chemical fertilizer. The highest leaf fresh weight was obtained in both the 100%
and 70% recommended NPK fertilizer treatments when plants were inoculated with the combined bacterial
consortium, representing 1.7- and 2.2-fold increases, respectively, compared with the corresponding non-
inoculated treatments. Application of 100% of the recommended NPK fertilizer in combination with the mixed
bacterial inoculum increased leaf nitrogen (62%), phosphorus (23%), potassium (51%), and iron (32%) contents
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compared with the corresponding non-inoculated treatment. The second-highest contents of these nutrients were
observed in the treatment receiving 70% of the recommended fertilizer rate together with the mixed bacterial
inoculum. Total chlorophyll content declined with reduced fertilizer application; however, bacterial inoculation
compensated for this reduction, such that no significant difference was observed between the inoculated treatments
and the treatment receiving 100% of the recommended fertilizer rate. The highest total chlorophyll content was
measured in the treatment receiving 100% of the recommended fertilizer rate together with the mixed bacterial
inoculum,

which was 34% higher than the corresponding non-inoculated treatment. The highest leaf nitrate content (6123
mg kg~ 1) was recorded in the treatment receiving 100% of the recommended fertilizer rate without bacterial
inoculation. The lowest leaf nitrate content was measured in the treatment receiving 70% of the recommended
fertilizer rate combined with the mixed bacterial inoculum, representing a 25% reduction compared with the
corresponding non-inoculated treatment. The highest nitrate reductase activity was measured in the treatment
receiving 70% of the recommended fertilizer rate together with the mixed bacterial inoculum, showing a 47%
increase compared with the corresponding non-inoculated treatment. There was a negative correlation between
nitrate content in the leaf and nitrate reductase activity. The results indicated that chlorophyll content was
positively correlated with the contents of nitrogen, phosphorus, potassium, and iron, as well as with nitrate
reductase activity. Plant fresh weight was also positively correlated with chlorophyll content, the contents of
nitrogen, phosphorus, potassium, and iron, and the activity of nitrate reductase.

Conclusion

Overall, these findings suggest that the combined application of Pseudomonas putida and Phytobacter
diazotrophicus with 70% of the recommended NPK fertilizer rate may represent a promising strategy to reduce
chemical fertilizer use by 30% without substantial yield loss, while enhancing the nutritional quality of spinach.
Nevertheless, further validation under field conditions and diverse environmental settings is required before this
approach can be recommended for widespread agricultural use.
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Table 1- Some growth promotion traits of utilized bacteria
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Bacterium Siderophore pro_oduction Indole-3-acetic acid Phosphate solubilization N_itrogen
(UM DTPA equivalents) (ug miY) (mg LY fixation
Pseudomonas putida 33.3 2.2 598.1 +
Phytobacter 1.12 8.36 290.35 +

diazotrophicus
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Table 2- Some physical and chemical properties of used soil

59 woly e
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cél, Yy
Texture Loamy
EC dSm? 2.4
pH - 7.2
e JE ey mgkg!l  189.2
Available K
u*’):“*” JB jaud mg kgt 8.3
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ot % 0.54
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08 B yieghy Sl bawgi plogil FYO o FFYlazee Jsbo
sl sty F) 5 (1) 1) sloelolen 3 S by lS s o
(Wellburn, 1994)

Ca (ug/ml) = (12.25A563-2.79A545) (\)

Cp= (21.50Ae45-5.10Aee3) (\")

Chlorophyll = chlorophyll a + chlorophyll b~ (v)
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Table 3- ANOVA (mean squares) for the effects of bacterial inoculation and fertilizer application on some characteristics of

spinach
R RS L S e - . 7 ; f o el
i e S Fresn | S9 Pud ol o2l Jidg s <l U1,
S.0Vv ‘st’ weight Nitrogen  Phosphorus  Potassium Iron Chlorophyll Nitrate Nitrate
reductase
- ﬁ" b C“‘I"“t 0 1L7%*  1498% 0027 15" 20507 20077  6925153**  62.27%*
acterial inoculation
. t_|f9§ CIJ““ '@ 1 31.6**  735%* 0.056** 5.8** 1134** 384** 1843374**  54,63%*
ertilizer leve
355 g x5 S gl
. IBt?Cte”Fa'rt,l_ 0.8%*  1.31%* 0.001* 0.62%  116.1%* 61.2%* 25413* 2.45*
Inoculationxrertilizer
level (IxF)
s
16 0.22 0.22 0.0002 0.10 16 13.9 5043 0.5
error
Sl o
C”‘\‘/“ (6/";0 - 5.68 3.29 2.79 4.44 3.59 2.98 151 3.98
. 0
o pd B g ) Jlein] o )3 (610 e (g3 xe pie i Ay F g #F S

ms, ™" and ": non-significant, significant at »<0.01 and p<0.05, respectively.
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Figure 1- Mean comparison of the interaction effect of fertilizer and bacterial inoculation on leaf fresh weight
Numbers followed by same letters in each column are not significantly different according to the Tukey’s HSD test at 5% probability
level. Treatments: F1: use 0f100% application of fertilizer, F2: 70% of fertilizer, B1: without inoculation, B2: Phytobacter
diazotrophicus, B3: Pseudomonas putida, B4: mix of both bacteria.
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Figure 2- Mean comparison of the interaction effect of fertilizer and bacterial inoculation on leaf mineral nutrient content
Numbers followed by same letters in each column are not significantly different according to the Tukey’s HSD test at 5% probability
level. Treatments: F1: use of 100% application of fertilizer, F2: 70% of fertilizer, B1: without inoculation, B2: Phytobacter
diazotrophicus, B3: Pseudomonas putida, B4: mix of both bacteria.
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Figure 3- Mean comparison of the interaction effect of fertilizer and bacterial inoculation on leaf chlorophyll, nitrate content,
and nitrate reductase activity

Numbers followed by same letters in each column are not significantly different according to the Tukey’s HSD test at 5% probability

level. Treatments: F1: use 0f100% application of fertilizer, F2: 70% of fertilizer, B1: without inoculation, B2: Phytobacter
diazotrophicus, B3: Pseudomonas putida, B4: mix of both bacteria.
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Figure 4- Correlation between measured properties
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Introduction

Soil compaction is a significant component that has a detrimental impact on soil structure, inhibits plant
development, lowers water penetration rate, diminishes crop production, and raises machine (e.g., tractors,
cultivators, etc.) usage costs. In general, compaction is the result of applied pressure that results in a rise in bulk
density or decrease in soil porosity. One of the most used indices for the investigation and evaluation of soil
compaction is based on penetration resistance (PR) of the soil. However, identifying soil compaction by the records
of soil penetrometer equipment in the field is time-consuming, expensive, and may produce unreliable results due
to instrumental errors; thus, it is useful to apply different intelligent models to predict PR through easily accessible
and low-cost soil parameters. The aim of this study was to compare the performance of three intelligent models,
namely neuro-fuzzy (NF), gene expression programming (GEP), and random forest (RF), in estimating PR from
readily available soil variables.

Materials and methods

Disturbed and undisturbed soil samples (n=105) were collected from 0-10 cm depth of agricultural lands in
Ardabil plain, Iran. The values of sand, silt, clay, CaCOs, bulk (BD) and particle (PD) density, organic carbon
(OC), field water content (FWC) and saturated water content were measured in the soil samples in the laboratory
according to the standard methods. Mean geometric diameter (dq) and geometric standard deviation (og) of soil
particles were calculated from sand, silt and clay percentages. Total porosity (n) was computed using BD and PD
data. The penetration resistance (PR) of the soil was obtained in the field using cone penetrometer (analog model)
with 5 replicates. Data were randomly divided in to two sets: 78 data points for training and 27 for testing the
models. Fifteen different combinations of readily available soil variables were selected as inputs for the neuro-
fuzzy (NF), gene expression programming (GEP), and random forest (RF) models to estimate PR. The triangular,
sigmoid, trapezoid, gaussian and bell shape membership functions in the input layer and constant membership
function in the output layer, were applied in the neuro-fuzzy (NF) modeling using MATLAB software through a
trial-and-error method. A set of optimal parameters was chosen before developing a best GEP model in the Gene
Xpro Tools 4.0 software. The number of chromosomes and genes, head size and linking function were selected by
the trial and error method, and they are 30, 3, 8, and +, respectively. The rates of genetic operators were chosen
according to the literature studies. Weka software was used for planning random forest (RF) models. The accuracy
of NF, GEP and RF models in estimating PR was evaluated by coefficient of determination (R?), normalized root
mean square error (NRMSE), mean error (ME) and Nash-Sutcliffe coefficient (NS) statistics.
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Results and discussion

The values of sand (26.26 to 87.43%), silt (5.99 to 67.18%), clay (3.99 to 17.34%), OC (0.30 to 2.41%), FWC
(4.56 t0 33.18%), BD (1.02 to 1.63 g cm) and PR (1.10 to 6.60 MPa) indicated good variations in the soils of the
studied area. Significant correlations were found between PR and FWC (r = - 0.57™), sand (r = - 0.21"), OC (r = -
0.47™) and BD (r = 0.66™). Previous researchers also reported a negative and significant correlation between PR
and FWC and a positive and significant correlation between PR and BD. The results of NF, GEP and RF models
showed that the most suitable variables to predict PR were field water content (FWC), sand, bulk density (BD),
total porosity and mean geometric diameter (dg) of soil particles. Values of coefficient of determination (R?),
normalized root mean square error (NRMSE), mean error (ME), and Nash-Sutcliffe coefficient (NS) were
calculated for the best models based on the test data as follows: 0.50, 0.19, 0.03 MPa, 0.51 for NF; 0.51, 0.20, 0.13
MPa, 0.48 for GEP; and 0.58, 0.20, 0.31 MPa, 0.50 for RF.

Conclusion

The results showed that according to the lowest values of normalized root mean square error (NRMSE) and
the highest values of Nash-Sutcliffe coefficient (NS), the accuracy of the neuro-fuzzy (NF) model to estimate soil
PR was higher than that of the gene expression programming (GEP) and random forest (RF) models in this study;
The input variables of the best NF model in estimating soil penetration resistance (PR) were field water content
(FWC), sand and bulk density (BD).

Keywords: Agricultural lands, Intelligent models, Readily available parameters, Soil penetration resistance
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Table 1- Descriptive statistics of soil variables in the studied area

oV}

a9y

V;:;:)Ie Training (n=78) Testing (n=27)

Min. Max. Mean  Sd. Min. Max. Mean  Sd.

BD (g cm®) 1.02 1.63 127 011 1.03 144 124 011
PD (g cm®) 2 2.57 227 013 2.04 246 227 011
TP (%) 26.12 55.62 44 175 37.22 56.78 4546 5.16
Sand (%) 26.87 87.43 5496 13.21 26.26 80.22 56.37 14.21
Silt (%) 5.99 66.8 39.24 13.17 15.21 67.18 38.31 14.49
Clay (%) 3.99 17.34 5.8 2.02 4.07 9.1 532 145

dg (mm) 0.05 0.56 0.2 0.1 0.07 048 021 011

og (-) 4.69 12.15 6.83  0.95 4.86 811 655 0.8

OC (%) 0.3 2.41 1.09 041 0.47 182 114 0.37

CaCOs (%) 3.45 26.99 1277 517 531 15.76  10.58 3
SWC (%ggl) 2523 73.67 50.01 9.07 32.83 7157 5226 9.71
FWC (% gg') 479 31.34 10.68 5.15 4.56 33.18 1196 6.55
PR (MPa) 1.1 6.6 2.86 14 1.23 2.07 2.7 1.33

sand «lus silt <, :clay (total porosity) Js' Jslss TP (particle
S 2,5 :0C (geometric standard deviation) <, s 5kl

density) Lids Gogase gy (PDJ(buUlk density) ¢,alls jogase gy :BD
Jly>sl :og (geometric mean diameter) i)y jlaé s ke g ¢y

979, Cwglio PR (field water content) ac);e cogb, : FWC ((saturated water content) glusl cogb, :SWC «Sal : CaCOs (organic carbon)
Jshs :Min ¢ Slis (Max .S5ke :Mean o ikl Gly>sl :Sd - (penetration resistance)
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Table 2- Pearson correlation coefficient (r) between soil available water and input variables of models (n=102)

Variable

Sand Silt  Clay dg Gy

ocC CaCOs BD PD TP FWC SwC

PR -0.21" 0.45™ 0.19 -0.26" 0.33"

-0.47"

029" 0.66™ 0.27" -059™ -0.57" -0.33"

ol 015 03)51 V Jgdo 25 5 ko pSMe Ciog o> B ¢ Y Jlassl prdaw 53 )l ixe ol ey s g

Variable symbols description is available under Table 1. ™™

* Kk,

Significant at P < 0.05 and P < 0.01, respectively.

(Sheykhzadeh et al., 2016) S (59,558 Caoglio (MLR) sy s cygmws5, s -Y Jguo
Table 3- MLR models of soil penetration resistance (PR) (Sheykhzadeh et al., 2016)

8 ylowd Jowe
Number Model
1 PR =-0.572 +0.974 BD - 0.005 Sand
2 PR =0.675 BD - 0.004 Sand - 0.302 FWC
3 PR=0.588 BD - 0.003 Sand - 0.309 FWC + 0.033 oy
4 PR =-1.023 + 0.997 BD + 0.004 Silt
5 PR =0.695 BD - 0.004 Silt - 0.305 FWC
6 PR =0.585 BD - 0.003 Silt - 0.307 FWC + 0.039 o,
7 PR =1.066 - 0.541 FWC - 0.608 dq
8 PR =0.725-0.527 FWC - 0.404 dg + 0.042 o
9 PR =0.718 - 0.428 FWC - 0.404 dg + 0.042 o4 - 0.085 OC
10 PR=1.521-0.476 FWC-0.014 TP
11 PR =1.429 -0.407 FWC - 0.012 TP - 0.459 dg4
12 PR=1.477 -0.018 TP -0.005 Sand
13 PR =0.705 -0.019 TP -0.004 Sand +0.346 PD
14 PR =0.929 -0.006 Sand -0.176 OC
15 PR =0.785 -0.006 Sand -0.162 OC +0.018 Clay

ol 005 03,51V Jgi 5 13 oyt wMe hrogs
Variable symbols description is available under Table 1.
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Table 4- The values of GEP model parameters

ol Sy Jolge ol o9es Cloid
Values Genetic factors Values General adjustment
0.044 Mutation rate Lie> ¢ 30 Number of chromosome lap jse4,5 slass
0.1 Inversion rate ¢jle syl &5 8 Head size ,. o}l
0.3 one point recombination rate  claki; 5 S5 ¢ 3 Number of genes la; sl
0.3 two point recombination rate glaki 5 S5 ¢y (+) e Linking function x4, &b
0.1 Gene recombination rate . <S5 ¢, RMSE  Fitness function error type b (gllas jlae

Sub—-ET 1
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Figure 2- The expression trees developed by the best gene expression programming (GEP) model
do0 and d1 indicates sand and bulk density, respectively.



YYO .oyl yo ol Koo 9 o5 ol 6340l (531 955 oo & Ko du b ¢yl )50 g Lol ve e

sl PR )5l (sl o alul slaJre e 1 adl oo Jao
sodly 15 (63959 (sl st oS 5 L RF 5 GEP NF Jao (p
2 Jse pgail b ey 0e ()bl slayline olsl yr (gl
oalaiwl Jao yijeel o &S Slaoadly gljl 4 Jae ¢y awsuis

D950 )5 4 Wloais

590958 ©09le w9152 53 (NF) (395 sladas (s
sl (PR)
S 639y9 sl pite oS 5 ploa L (NF) (55895 Jio V0 5]
O3S gl (V Jgiz) Al (dad (o )S) sbde )3 48,
s ey (e ol yp0lie .05 3Lzl S5 (PR) (59,8 Caoglin
Sike NRMSE) 1 Jlay sl lapye (:5ike a2, (R?)
eS8 bl sl (NS) GelSSles —25 o y5 9 (ME) Las
R2 51,8 .l 0 039l & Jga 3 PR a5 3 NF (sl Jo
Lolll 5 035 008005 dlaJao jliel auslio L5 jluls e 4
mojluil g (e ool (335 il Sl adper Sy 4 S35 R
Kozak) cuus b (392 (b 4ot )3 9 €8l s puiie SG (65
Nodgd Jdo dw b 2345y gl imgd ol ;o 1V (etal., 1996
o )lel I PR a5 ¢85 5 jI (RF 5 GEP NF) olizal 3,50
osls ,5NS g (Wan etal., 2023 _a345, bl ) NRMSE
30 (Waseem et al., 2017) 4l )5a g puwslg 193,5 odliusl (yg05]
Jao 5,Skas 23L </ 5 ) 3 NS oyl e (ST G390 s )li5
Jao 3,Slas 15k /50 5 VO 3 NS e 31 sl Cosd sliuns
BB e 5,Skas 2l +/0+ 5 +/50 0 NS Jaie ST ] Gogs
Jao 3)Skos sl +/0+ ySas8 NS o)Ll Jsce 31 Jg Cosl Josb
Js15) Y oyles NF o &5 S lsim cy905] cloosls 5 NS
Cugby g (b (sl pogatie pr Jold 639y e dw b (0
2l & s PRyl s 1 eBs 0 5VL () a)j0 S5
15 Jso ol NS s ME NRMSE R? ,;3li0 .36 NF cla Juo
Sly g I8V g ofee MPac «/VF BV ply sy (Bjgel (g pm
13)S s [Be g o/ MPac «/VA /DY ply Sge5l (slaosls
0905l cwodls ;3 NS 5 NRMSE slaoylol illas (0 Jsi)
FB g cuslio 5,555 (b i e PR (30055 10 Jio (2l 3)Skes
Eys 3 (-1 MPa) ME cuto Sl o 4,51 .5 oo Joid
Jto by S5 PR a8l aie | iy S5 9l 5 ol 9o
Cuoddy oo b duslio )3 Jg uil o (6595 B9y 20V oylaud
&y (Sheykhzadeh et al., 2016) )|, 1San 5 03lj5uis bawgs ol

N Slasgerme 5 So 83 sl (Solad S by
39 C350 ) baedgyg S e e Jlosl (639)9 (sl it
Ol 22 S e G S g (e by 4 g QU DA
p5 I RF (bgy a0 S& (PR) (5998 Cunglio 39l 2 1y st
L PR 3,505 csly RF e (sl cppiae b odlizl Weka 331
g (Miree=2) o )3 1a (Bolal degaro 125 2 39290 (SaS yoiile ¥
ST 3 (03 ¥+ 0) aoaly IS ol Cawday B3 Vv B Ve slaw
(0313 YY) (gajl g (0313 VA) (objoel dsgaro 93 4 (ol gl
-2l (NF) 55855 Joo s 2 (sl (gl (s 52035 o
Hab 43S e (RF) (Bolas JSo 5 (GEP) o5 ol o2
33515 93 RF 4 GEP INF (slo Jua ¢8> b)) 5 dunlio (5l
(sl Slaye Sike <y RP) s ool | PR
(NS) CilS5Las 55 g (ME) s uSilie (NRMSE) s Jloys
R? Jlade > ,m ¢ JS ygboas .05 oolazw] (Ghorbani et al., 2019)
Fi Jae <8 atl K95 o & NRMSE lye 5 53 2
polie i ply oalb PR os 35915 5 (6505100 1o3lie g 034
(Sl oIV B /) pslie o Jle 5,58 Sl /) 51 jzaS NRMSE
olie g lagie 5,818 Kby /YL /Y polde e wlio 5,5,
Wan et ) wib o Jdo cns 555 ,Siko NRMSE - /¥ 5 i
o wito plie 5 o Bilp i ME cu o ylis (al., 2023
Sl 33 S i NS s 51 3030 (3 i S
S0l yolie g 415 S plol YL s b (gl e &S Gl ]
o Sl sio NS e 35,1 JolS” cisllas PR 015 3,91, 5
sloodly Kb cBo b ply 385 (Jro gladygly a5 el

W51 ol (g S o5l]

1 - (Yi(p) _Yi(m))z

NRMSE = '
max(m) _Y min(m) n
(")
ZYi(p) ~Yicm
ME=+— (v)
n
NS — 1 _ Zi:l(Yi(p)_Yi(m)) (Y‘)

—\2
2L (Yigm)=Ym)

Ymin(m) 9 Ymax(m) sﬂ ‘Yi(p) ‘Yi(m) Al 9 Yo L;Lbdj.)l:w Jel

JLPR PR d‘)’. odly dliwi N 9 PR ouds d)ﬁfo}‘.\jl ).iblio J§|_\> 9



VFed olawsl ¥ ojlos Fe ule> (S g ol 4,25 YYF

sl w8 5)l58 56 (Asghari et al., 2024) -, Sen
G Joo b awlio 3 0 oo hyteln g ilgy Seden
S PR 351y 53 55 (sl 5 ity €8> sl s (505
ol pogase o g Clow deyjo SB Cagb) (pizzen g,
SB PR (30055 53 (939)9 slapiie (n el plysa (o

09152 59 (GEP) 03 0bis s5as%e b 2 sladss (b 3
S (PR) 90908 a5l

Cuaglie (o35 sly (GEP) 0f ol siptaly slaJaa
sl )3 (53509 Sl yite cuS i plan L 55 SB (PR) (55958
535 3l (B Joi) 55895 5 (7 Jgaz) alniz (s (y9uw )5
s Slaye (:Sle ady) (R?) s cupo sloo)lol polis
AelSSlo =5 52 9 (ME) s (450 (NRMSE) 05 JLo 5
Ja 3 PR 3505 3 NF (gla Jae o5 e85 (b)) sl (NS)
ol 0L 035 £

ME = 064 ) albaa (Jad (y9)S) saiby) > Jie omen
&1)> Colye 4 (ME = 0.21 MPa) e st as 4545 5 (MPa
56 Jo 5 Jao ol g Sy alolas sl (55208 035l e
Cagh) g Cute Cuadle b (4,0l oguass p &l ] Sl
e Sl 9 53,5 Jao 3)ly (ite Codle b (b g 4s)j0 ST
9y ey Rl e 4 PR3yl 0 (g palb (osass p >
dlise (38 g deyze SB Cugb pie | i Slye 4 5L
e (St 9 (b (ogasie pr Cute g )3 Jae (St
Mbee andd cpl whe 5 PR L as)je SB cugh) (ite 5 1>
P> 399 e 2 LY ojlad Juo (gan slaag) 3 (Y g2
Jie 5 (NS = 0.49 5 NRMSE = 0.20) 3 5 5 plls _joguasee
oo g mlh ogase prr (9290 yite 93 b T o)led
Vb s 35 L 1, PR sizdlgs (NS = 0.49, NRMSE = 0.20)
Bayat et ) ol Kan 5 by (iog gl (0 Jgiz) suled 354
g YL iy L SB (595058 Cuwglis oS oy lis 55 (al., 2008
b duolie )5 (egtan (ac aSud Modgr Juo bwgi ol slas
g Sl (L85 B (eSS 2j9e (ad g )S) e Jie

SB (PR) 59958 Cuoglia (NF) (55195 (sbde (2,1 glaylure —0 Jgoa
Table 5- Evaluation criteria for neuro-fuzzy (NF) models of PR
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Testing set Training
N:)m:zr Input variables 39,9 W pise R2  NRMSE (mga) NS R? NRMSE (,'\\/I"Ea) NS
1 BD, Sand 0.50 0.20 0.12 0.49 0.58 0.15 0.00 0.58
2 BD, Sand, FWC 0.50 0.19 0.03 051 0.67 0.14 0.00 0.67
3 BD, Sand, FWC, oq 0.07 0.52 0.01 -241 0.78 0.11 0.00 0.77
4 BD, Silt 0.50 0.20 0.16 049 0.58 0.15 0.00 0.58
5 BD, Silt, FWC 0.43 0.21 0.01 041 0.68 0.13 0.00 0.68
6 BD, Silt, FWC, oy 0.18 0.34 0.12 -047 0.78 0.11 0.00 0.78
7 FWC, dg 0.39 0.22 0.18 0.37 0.61 0.15 0.00 0.61
8 FWC, dg, oy 0.19 0.26 0.27 0.11 0.64 0.14 0.00 0.64
9 FWC, dg og, OC 0.001 0.38 0.18 -0.85 0.81 0.11 0.00 0.81
10 FWC, TP 0.43 0.21 0.00 0.41 0.57 0.16 0.00 0.57
11 FWC, TP, dqg 0.32 0.23 0.19 0.30 0.72 0.13 0.00 0.72
12 TP, Sand 0.29 0.24 0.38 0.23 0.49 0.17 0.00 0.49
13 TP, Sand, PD 0.02 0.44 072 -152 0.72 0.13 0.00 0.72
14 Sand, OC 0.30 0.23 0.50 0.30 0.38 0.19 0.00 0.38
15 Sand, OC, Clay 0.11 0.29 0.08 -0.11 0.60 0.15 0.00 0.60

ol 035 0351 Y Jgan 1) 53 b pitie o - yesd oy tRZ (lad 5, 8ke ME « 0 Jloyi (sllad Sy 3:5ko 4y ) INRMSE «calSislum 5 oy ;NS
R?: coefficient of determination; NRMSE: normalized root mean square error; ME: mean error; NS: Nash-Sutcliff coefficient.
Variables description is available under Table 1.
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Table 6- Evaluation criteria for gene expression programming (GEP) models of PR
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Testing set Training
N:)r:;ir Input variables 39,9 W e R2  NRMSE (mga) NS R? NRMSE (mga) NS
1 BD, Sand 0.51 0.20 0.13 0.48 0.50 0.17 -0.01  0.50
2 BD, Sand, FWC 0.36 0.25 0.04 0.19 0.58 0.15 -0.02  0.58
3 BD, Sand, FWC, oq 0.38 0.23 0.25 0.31 0.58 0.16 0.02 057
4 BD, Silt 0.001 0.40 0.51 -1.03 0.50 0.17 -0.01  0.50
5 BD, Silt, FWC 0.34 0.24 0.07 0.26 0.55 0.16 0.01 055
6 BD, Silt, FWC, og 0.48 0.21 0.27 0.45 0.60 0.15 0.02 0.60
7 FWC, dq 0.33 0.23 0.33 0.28 0.56 0.16 -0.01 0.56
8 FWC, dg, og 0.34 0.24 0.45 0.24 0.61 0.15 0.03 0.61
9 FWC, dg og, OC 0.49 0.21 0.41 0.41 0.58 0.15 0.03 0.58
10 FWC, TP 0.33 0.43 -0.23 -1.35 0.58 0.15 -0.04 0.58
11 FWC, TP, dg 0.38 0.33 0.07 -0.36 0.62 0.15 0.01 0.62
12 TP, Sand 0.08 0.28 021 -0.05 0.50 0.17 0.13 0.49
13 TP, Sand, PD 0.34 0.23 0.22 0.30 0.45 0.18 -0.02 045
14 Sand, OC 0.22 0.25 0.21 019 031 0.20 -0.01 031
15 Sand, OC, Clay 0.20 0.25 0.29 0.17 0.45 0.18 0.01 045

ol 035 0351 Y Uiz 1) 53 b pisie o -yt oy (RZ (las 5, Kke ME (0 Jloyi (sllad Sy 3:5ko 4y INRMSE alSislum 5 oy ;NS
R?: coefficient of determination; NRMSE: normalized root mean square error; ME: mean error; NS: Nash-Sutcliff coefficient.
Variables description is available under Table 1.
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Table 7- Evaluation criteria for _random forest (RF)models of PR
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Testing set Training
N:ﬁ i Input variables (s39,5 (5 ysie R2  NRMSE (,'\\/I"Ea) NS R2 NRMSE (,'\\/I"Ea) NS
1 BD, Sand 0.26 0.25 011 021 0.94 0.07 -0.03  0.92
2 BD, Sand, FWC 0.46 0.21 018 044 0.94 0.06 -0.01  0.93
3 BD, Sand, FWC, oy 0.43 0.29 0.28 -0.04 0.95 0.06 -0.02  0.94
4 BD, Silt 0.33 0.24 0.08 030 0.94 0.07 -0.02  0.93
5 BD, Silt, FWC 0.43 0.22 0.18 041 0.94 0.06 -0.02 0.93
6 BD, Silt, FWC, oy 0.41 0.22 0.25 0.38 0.95 0.06 -0.01 094
7 FWC, dq 0.51 0.20 0.27 0.47 0.93 0.07 -0.02 0.92
8 FWC, dg, og 0.45 0.22 0.35 0.39 0.94 0.06 -0.04 093
9 FWC, dg og, OC 0.53 0.20 0.26 0.47 0.95 0.06 -0.04 094
10 FWC, TP 0.42 0.23 0.38 0.35 0.93 0.07 -0.01 0.92
11 FWC, TP, dg 0.58 0.20 0.31 0.50 0.94 0.06 -0.01 0.93
12 TP, Sand 0.33 0.24 030 029 0.92 0.08 -0.03  0.90
13 TP, Sand, PD 0.33 0.24 027 029 0.94 0.07 -0.02 0.92
14 Sand, OC 0.08 0.28 030 0.01 0.89 0.09 -0.06 0.87
15 Sand, OC, Clay 0.27 0.25 030 023 0.92 0.08 -0.02  0.90

sl 015 0351 Y Uiz 1) 53 b pitie o -yt oy tRZ (las 5, Kke ME (0 Jloyi (slbas Sy :5ko 4y ) INRMSE alSslum i3 oy ;NS

RZ: coefficient of determination; NRMSE: normalized root mean square error; ME: mean error; NS: Nash-Sutcliff coefficient.
Variables description is available under Table 1.
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Figure 3- Distribution around the 1:1 axis (A) and comparison (B) of estimated and measured values of soil penetration

resistance (PR) using the best NF model based on testing data (n=27)
Table 5 provides detailed information about model and input variables.
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Figure 4- Distribution around the 1:1 axis (A) and comparison (B) of estimated and measured values of soil penetration

resistance (PR) using the best gene expression programming (GEP) model based on testing data (n=27)
Table 5 provides detailed information about model and input variables.
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Figure 5- Distribution around the 1:1 axis (A) and comparison (B) of estimated and measured values of soil penetration

resistance (PR) using the best random forest (RF) model based on testing data (n=27)
Table 5 provides detailed information about model and input variables.
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