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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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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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1- Fracture Frequency (FF)

v- Rock Quality Designation S cuas jasls b
3- Rock Mass Permeability (MK)

4- Overburden (OV)
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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
Excavation
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Table 1- Description of Spring drawdown risk based on DHI value
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spring discharge
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5- Aquifer recharge potential (AR)
6- Piezometric head above the tunnel (H)
7- Rock mass hydraulic conductivity (K)
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1- AHP

2- Water Inflow In Tunnel (TW)

3- Distance between spring and tunnel (HD)

4 - Hydraulic connection effectiveness and origin of
water in spring (HC)
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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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Parameter determination method Data source Basic data Parameter
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Calculated from the elevation difference between each spring and DEM. and topogranhic spring elevations, and Thickness
the tunnel axis at the nearest horizontal distance. > dat ap grap Digital Elevation Model
(DEM)
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Considering that the tunnel was excavated using a TBM and that Project design S Piast{c Zone
rock-mass disturbance is limited compared with conventional documents and rock- Tunnel excavation method Radius
blasting methods, the plastic-zone radius was assumed to be mechanics investigation ~ and rock-mass conditions
negligible. reports
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Determined through spatial analysis in a GIS environment by Geological maps, aerial Locations of springs and Spring—Fault
evaluating the overlap or proximity of springs to major and minor photographs, and faults Relationship
faults. satellite imagery
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Hydraulic conductivity was determined based on the Lugeon test o i’” 9 slaoile; 5)1 Hydraulic
results. For sections without direct measurements, values were Exploratory boreholes ugeon test results Conductivity
estimated based on lithological similarity, hydrogeological BH-2 and BH-3 and
conditions, and structural characteristics of comparable units, and field investigations
subsequently adjusted using experience from similar projects.
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_ ' Ay _ b Jiban Groundwater levels in Hydraulic Head
Determined using groundwater-level measurements in the boreholes Boreholes BH-2 and boreholes, spring Above the
and estimation of the groundwater-table profile along the tunnel BH-3, DEM, spring elevations ar;d regional Tunnel
alignment based on hydrogeological information, spring locations, data, and geological topc;graphy
and topographic conditions. profile
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Determined based on RQD values and the fracture density observed Drill cores, geological surveys along the turnel Frequency
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Determined based on discharge measurements and assessment of the . Measured discharge and L
h . P . Field measurements | Spring Type
ydrogeological characteristics of each spring. hydrogeological
characteristics
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Calculated in a GIS environment as the shortest horizontal distance GPS. satellite imager Spring coordinates and Spring-to-
between the tunnel axis and each spring. K and GIS gery, tunnel alignment Tunnel-Axis
Distance
El Goodman et al. (1965) Jolis ybs o 5 Lulg, 5l edliwl b - G B -
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Estimated using established analytical relationships, including those hydraulic conductivity Inflow

proposed by Goodman et al. (1965) and El Tani (2003).
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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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Table 6- Average spring discharge values along the tunnel alignment

Average Average Average
discharge discharge discharge
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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)
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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
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1 » 3208 26 2 JS 7190 0 e Gl 17367
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12 Yo S 3970 27 gV coz 7885 42 B dadie 17325
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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
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4 Sl 033 08 05 0 1 05 0 049 148 S
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5 gl ke 033 062 01 0O 1 05 0 034 103 Jo
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Posht Bast Partial
sels (sl 066 066 01 0 0 1 0 043 087  FESs
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Figure 5- Spatial distribution of the drawdown hazard index (DHI) along the Hezar-Masjed tunnel alignment

iy duold Lol ol s g5 BB Bigi 4 (6399 ©f s 43 )51 g 030
005 s dl o5 | gl Byl e SYL Cd b 3500 b
55 4 Gyl SitaVlaag gl S osimo L Hl8) ol ol
Gl Jos

olabe omb il dlo | faoiar Ve ) ladaii I (o 294>
(392 ahols) S Sl (sliwg) pina ST (Sl 9 co) b
2ol g wlosd eapail Tyl pae WS > Ko le S
oalols )3 L Ties baois ol sl F/A 1 5208 baas Ll TIS
b glosgizes 53 b o(yiegks” O-F 5l i) 35,15 15 Jigs 5l oL
Llors gBly phns (Sdgykn bl g 5Yb saome 4385 Jauslsy
ol 035 byl g (Sgpam alols (naliil &8 cusl o] a5
halyd 3 (o S )l S5 Ol Gndl )3 (6 850 (A Wl e
i b VS 50 08l elyes dagi b5 el b (gylis &S
ol o 0013 L dormne 3o g5 puanne j3 TIS a3l

3- Moderately effective HC
4- Not influenced

s (TIS = $/3) )iy slodais & TIS jolie o5V
el Sl doiia (TIS = £I8) (58 doia g oo ol>
aois ol )b olaz] (TIS = /%) YL 55 Lk 5 (TIS = £/7)
3 anl s dlas Mo bl cédl WIS 5 (e (S5 doyd WIY)
L 50 Sy yiun bl 03,8 ol S il Sy a5
ol 45&1 oyl Tluds elus sble 3 (605,08 4
Gl ul 20V w el Gl B psme jl Inaetr o 51 (S
2 Fg i Sl oad cuw TWIQS (Vb cund 5 g5 & (53939
DlSor 5 g e ST L Al ol 093 Ll e
Cunss (Sdgyan bl e i, (Hassanpour et al., 2021)
D)l Slgen figh jome | cwiin dlold o
5 o8 sl (Cumncudy «SB bl (2 i olbacis
8l il > (¥ 5 ) (o) Sl (slonds dog0me riran
sl 815 5O o}y 5 bas Ll TIS yylie g 5,5 o 5 o]
"y s 35 1l (Sg e bl (i Y+) a2

1- Effective HC
2- Sensitive area



V¥V

v Bande ol Bigh gyl I b5l 00 (225 9 S ptalyly S gy e (0 3 pal (5 plo

TIS (asli avwlow o TIS (o ol yby Siluwloxs gl -4 Jgas
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




VEod oluwsli oY o)lods e alor (S g OF 4,25 VFA

25
20

20
&
=

-, § 15

o

g

£ 10

5
5
0 -
0
Completely dried up Considerable Drop in Discharge Drop in Discharge Not Influenced
K5 Mg ol 5 Al B il @l (o) <8l PR

douder 32 gilwdigh (ABlg U

Actual Imp

ling on Spring

TIS L’:s” d&ww )D M)'}h ‘-1‘;53).'2““‘" ‘suﬁi "‘,_; aass _1 Jm
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
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