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One of the major challenges in tunnel engineering is the accurate estimation and prediction
of water inflow into tunnels. Although numerous methods have been proposed to evaluate
hydraulic behavior and estimate the permeability of soil and rock masses based on their
geological structures, these methods still do not provide sufficient accuracy and certainty.
In this study, the water inflow rate into different sections of the Sarpol-e Zahab water
transfer tunnel (T4) was assessed. As part of the Sirvan River Water Transfer Project,
known as the Tropical Water Supply System, the tunnel is approximately 4.3 km long,
with a diameter of 6.8 m and inlet and outlet elevations of 552.51 and 549.50 m above sea
level, respectively. The assessment was conducted using analytical (Goodman, Karlsrud,
and El Tani), empirical (SGR and TIC), and numerical (SEEP/W) methods. The results
showed that the estimated water inflow into different tunnel sections ranges from <1 to
161 L/s using the analytical methods, from <1 to 8 L/s using the SGR method, from <1 to
35 L/s using the TIC method, and from <1 to 19 L/s based on numerical modeling.
Furthermore, the hydraulic flow components, the influence of the river on the inflow of
water into the tunnel and the differences resulting from considering layer-by-layer
hydraulic conductivity instead of equivalent hydraulic conductivity were modelled.
Finally, by correlating the results with the geological conditions of the study area, it was
determined that water inflow may pose a risk at chainages 0+239 and 1+829, and these
sections of the tunnel should receive special attention during construction.

Introduction
One of the fundamental

variability and complexity of geological and

hydrogeological conditions along tunnel alignments,

challenges in tunnel

engineering is the accurate prediction and assessment
of groundwater inflow into underground excavations.
The magnitude of groundwater inflow is controlled by
a wide range of geological, hydrogeological, and
engineering factors, which can be generally classified
into two main groups. The first group includes intrinsic
aquifer-related characteristics, such as rock mass
properties (e.g., lithology, permeability, porosity, and
structural characteristics), geological conditions (e.g.,
topography, faults, and discontinuities), and
hydrogeological parameters (e.g., groundwater
recharge, hydraulic head, and karst features). The
second group consists of project-specific factors,
including tunnel geometry (e.g., diameter and depth)
and construction-related  parameters, such as
excavation methods and support systems (U.S. Army
Corps of Engineers, 1997; Kiraly, 2002; Hwang and
Lu, 2007; Yagiz, 2009; Li et al., 2010; Zarei et al.,
2011; Frenelus et al., 2021; Pan et al., 2022; Su et al.,
2022; Lietal., 2024; Hu et al., 2024). Due to the spatial

the accurate evaluation of all controlling factors
remains challenging, and groundwater inflow
predictions are inevitably associated with a certain
degree of uncertainty.

To reduce these uncertainties in the Sarpol-e Zahab
water transfer tunnel (T4), detailed field investigations
were conducted to identify and characterize geological
discontinuities and fracture systems along the tunnel
alignment. Subsequently, analytical, empirical, and
numerical approaches were integrated and adapted to
the specific geological and hydrogeological conditions
of the study area. This integrated methodology enabled
the identification of critical tunnel sections susceptible
to groundwater inflow and provided a reliable basis for

evaluating  groundwater-related  risks  during
excavation and construction.
Materials and Methods
The complexity of groundwater inflow into

underground structures, arising from heterogeneous
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rock mass permeability, variable groundwater flow
conditions, and limitations associated with field
investigations, has led to the development of various
analytical, empirical, and numerical approaches for
estimating tunnel water inflow. Analytical solutions
proposed by Goodman et al. (1965), Karlsrud (2001),
and El-Tani (2003) provide rapid and practical tools
for preliminary estimation of groundwater inflow.
However, their applicability may be limited under
complex geological conditions due to simplified
assumptions regarding groundwater flow conditions
and rock mass homogeneity. These limitations become
particularly important in faulted zones, fractured rock
masses, and karstic environments where hydraulic
conductivity varies significantly (Ataie-Ashtiani et al.,
1999; Peng et al., 2022; Guo et al., 2023).

Considering these limitations, empirical approaches,
including the SGR and TIC methods (Katibeh and
Alianari, 2009; Zarei et al., 2013), were also applied in
this study. Furthermore, numerical modeling using
SEEP/W was performed to provide a more realistic
representation of groundwater flow by incorporating

geological heterogeneity, layer-specific hydraulic
conductivity, and site-specific hydrogeological
conditions.

Results and Discussion

The comparison of analytical, empirical, and
numerical approaches for estimating groundwater
inflow into the tunnel (Figure 1) indicates that the SGR
and TIC empirical methods provide similar qualitative
classifications of tunnel sections; however, their
estimated inflow rates show considerable quantitative
differences. Furthermore, due to the assumptions
associated with El-Tani’s analytical solution and the
relatively shallow overburden of the tunnel, its
applicability to the present case study was limited.
Based on permeability = measurements and
hydrogeological investigations conducted along the

tunnel alignment, the rock mass was classified as
having low to moderate permeability. Approximately
75% of the investigated sections exhibited relatively
stable groundwater flow conditions, indicating limited
hydraulic connectivity of discontinuities and a low
potential for significant groundwater inflow.
Therefore, numerical modeling, analytical approaches
such as Goodman et al. (1965) and Karlsrud (2001),
and the SGR empirical method were considered
reliable approaches for estimating groundwater inflow
under the geological conditions of the Sarpol-e Zahab
tunnel.

Furthermore, after defining the tunnel geometry (Fig.
2a) and seepage measurement zones (Fig. 2b), the
main hydraulic characteristics, including groundwater
velocity vectors (Fig. 2c), flow paths and equipotential
lines (Fig. 2d), and pore water pressure distribution
(Fig. 2e), were evaluated using SEEP/W numerical
simulations. In addition, groundwater inflow rates
along different tunnel sections were estimated
considering both equivalent hydraulic conductivity
(Fig. 2f) and layer-specific hydraulic conductivity
(Fig. 2h).

Because the tunnel crosses beneath the Sarab Garm
River at chainage 1+829, an additional numerical
model was developed to evaluate the influence of the
river on groundwater inflow. The simulation results
indicated a groundwater inflow rate of approximately
0.023699 m3/s (23.7 L/s). When the river influence
was excluded from the model, the estimated inflow
decreased to approximately 0.009 md/s (9 L/s). This
difference highlights the contribution of the river to
groundwater inflow in the vicinity of the tunnel.

The discrepancy between the total river discharge and
the simulated tunnel inflow can be attributed to the fact
that only a small fraction of the river flow infiltrates
into the subsurface and reaches the tunnel through the
defined 2 m x 1 m seepage boundary in the SEEP/W
model, whereas the majority of the river discharge
continues as surface runoff (Fig. 2j).
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Fig. 1. Comparison of the results estimating water seepage into the T4 tunnel using analytical, experimental, and numerical

methods
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Fig. 2. (a) the geometry of the model in Seep/W software, (b) the creation of the water seepage zone entering the tunnel, (c) the
water velocity vectors within the tunnel area, (d) the flow lines and equipotential lines within the tunnel, (e) the pore water
pressure in the tunnel area, (f) water seepage into the tunnel at the T4ASA11 borehole area (located at km 0+239 of the tunnel),
(9) water seepage into the tunnel at the Sarab Garm River area (located at km 1+829 of the tunnel), and (h) water seepage into
the tunnel at the TASA11 borehole area depicted in layer-by-layer hydraulic conduction mode (also at km 0+239 of the tunnel)

Conclusions

In light of the fact that predicting water inflow into
tunnels is challenging due to the multitude of
influencing factors and inherent uncertainties, this
study aimed to predict water inflow into the T4 tunnel
of Sarploe Zahab by integrating innovative methods
and creative approaches through hybrid models. This
integration allowed for the combination of analytical
solutions, empirical data, and numerical simulations to
overcome the assumptions and limitations of

individual methods, thereby identifying probable and
high-risk zones with peak inflow rates. The
implementation of results from various analytical,
empirical, and numerical methods across different
sections of the T4 tunnel indicates a significant risk of
water inflow at chainages 0+239 and 1+829. This is
attribute to the presence of highly permeable coarse-
grained alluvial deposits at chainage 0+239, and the
fact that the tunnel alignment at chainage 1+829 passes
directly beneath the Sarab Garm River.
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Fig. 2. Geological map of the T4 tunnel area (Mahab Ghodss Consulting Engineering Company, 2016)

«Consulting Engineering Company, 2016
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Table 1. Physical and mechanical properties of soil and rock materials in the T4 tunnel area (Mahab Ghodss Consulting

Engineering Company, 2016)

Dry unit Saturated Saturated Uniaxial Young’s
. . Y o Water Porosity | Compressive g Poisson’s
Formation Lithology weight unit weight Content %) Strenath Modulus Ratio
(KN/m?) | (kN/m?) 0 g (GPa)
(MPa)
Sandstone
Aghajari Siltstone, 24.3 24.6 5.93 18.5 11.6 25 0.27
Claystone
Marl,
Gachsaran Siltstone, 23.7 24 5.52 13.07 145 7.2 0.3
Claystone
Sandy
. limestone,
Mishan Sandstone, 24.7 25.1 4.08 125 15 4.4 0.27
Siltstone
AIIuw_aI Sand, Silt, 18.9 195 3295 375 - B B
deposits Clay
Note: Water content was measured following ASTM D2216 (2019). All rock-related parameters, including density, porosity,
uniaxial compressive strength, Young’s modulus, and Poisson’s ratio, were determined in accordance with ISRM Suggested
Methods (Ulusay and Hudson, 2007). The physical properties of alluvial deposits were evaluated based on ASTM D7263
(2021).
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Table 2. Results of triaxial compression tests and derived strength parameters (Mahab Ghodss Consulting Engineering

Company, 2016).

Formation Mohr—Coulomb Criteria Hoek-Brown Criteria
¢(deg) C (MPa) oc (MPa) im
Aghajari 35 3.4 21 20.2
Gachsaran 42 4.7 20 30.7
Mishan 45 3.7 11 21.4

Note: Triaxial compression tests were performed following the ISRM Suggested Methods (Ulusay and Hudson, 2007).

Sk i 625 51 (A (S5 6 550 Lol el (Swgb
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350 Jlop (25 4SSl g pie il (S slaSsly lral>

33,5 el (5SS (slapians @igets s>l ek 5l L

an3 e QLT Jgazr Bllae Ko 05,0 gl (3 halejl gl
syl (Kiwsnl zslaw Barton, 1973) ;g5 ,b Sl ulusl a5
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(Mahab Ghodss Consulting Engineering Company, 2016) K  Kiwgnl zghaiw pubivs b p Giolesl gl ¥ Jgo

Table 3. Results of direct shear tests on rock joint surfaces (Mahab Ghodss Consulting Engineering Company, 2016)

Basic friction angle, ¢° (deg’

Joint Compressive Strength, JCS (MPa)

Joint Roughness Coefficient, JRC

38 12

8

proposed by Barton (1973).

Note: Direct shear tests were conducted following ISRM Suggested Methods (Ulusay and Hudson, 2007). The Joint
Roughness Coefficient (JRC) and Joint Compressive Strength (JCS) were determined based on the empirical system
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Table 4. Results of Lefranc permeability tests (Mahab Ghodss Consulting Engineering Company, 2016)

Boreholes Average Permeability (m/s)
T4SA7 2.08*107
TASA8 4.07*107
TASA9 0
TASAL0 0
T4SALl 7.18*10*
TASAL12 2.05*10°
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Fig. 4. Results of Lugeon permeability tests in exploratory boreholes: (a) permeability test logs with the average recorded
Lugeon values, and (b) cumulative flow logs along the tunnel alignment
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Table 5. Analytical relationships used to estimate water inflow into the tunnel

c | &
S |5
s 3 Governing equations and parameters Applicability / Remark
gl 3
o4
_ 2mKH-
< - 2z . .
5 Ln(T) Deep Circular tunnel, Homogeneous media,
o | & €| @, : Groundwater inflow per unit length (m3/sec/m) , K: Darcy flow / Mirror method used, Inflow
~ | ES . . . increase slowly with increasing of tunnel
8 ~| Hydraulic conductivity (m/s), r : Tunnel radius (m), Ho : diameter
3 Depth from the tunnels center line and water head (m), Z:
Overburden thickness (m)
Circular deep- seated tunnels (h/r>3 — 4),
P __ 2nKh shallow tunnels, Homogeneous media,
S g S t Ln(@ -1 constant permeability, Darcy glow / semi —
s H ilized r listed in Equation 1 empirical equation, there is no influence of
e parameters utilized are listed in Equation 1. Seepage for the water table.

o 2-1 h Circular tunnels with lining, homogeneous
=~ & Q =2nK 215 media, Darcy flow / in this equation EI —
L - W h n Tani, has applied Mobius transformation
e A= (—) - <—2> - 12 method and Fourier series and present a new

O roo\r, ) analytical solution for flow calculation.

The parameters utilized are listed in Equation 1.
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Table 6. Quantitative and qualitative classification of tunnel water inflow hazard based on the SGR method (Katibeh and

Alianari, 2009)

SGR Group Water Seepage Rang (lit/s/m) qualitative explanation
0- 100 [ 0-0.04 Safe
100-300 1 0.04-0.1 Low risk
300-500 11 0.1-0.16 Moderately dangerous
500-700 I\ 0.16-0.28 Dangerous
700-1000 V >0.28 High risk
1000< VI - Extremely dangerous

cwglia  (Clay-Bearing Content, CBC) baY .,
5 (Unconfined Compressive Strength, UCS) 5,555
bl ) ol 4 eo;lasl o (Tunnel Depth, TD) Lig5 ses
ohSeS (LS 03 b 4 Geejn) slalad (A Jeue
g (s s U s oSUjas STt T S

g go saipands (7D Jpozr lls) Sk s

G900y wiwew (Zarei etal., 2013) o) Koo o el calsl 1o
Cutd 05l yelaieas | (Tunnel inflow classification) TIC
5 oobiome; bulpd (28,5 o b (e lalad a4 O
595 S b ) cnl o S Al S oog8 gunadb
Rock Mass) Kiw odg <uSy emed oloally
Olyee «(ROCK Type, RT) s 45 (Composition, RMC
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Table 7. Scoring of influencing factors along with quantitative and qualitative classification of tunnel water inflow hazard based

on the TIC method (Zarei et al., 2013)

a- Grouping effective factors in estimating water seepage into tunnels using TIC emperical method
Rock Mass Composition (RMC) Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
Score 2 1.6 11.6 3.9 2 2
Rock Type (RT) Chemical Chemi — Clastic Clastic
Score 7.1 2.9 1.1
Uniaxial compressive strength (UCS) UCS<25 50>UCS>25 UCS>50
Score 0.6 2.8 5.3
Clay Bearing Content (CBC) CBC>35 35 >CBC>5 CBC<5
Score 1 8.8 6.5
Tunnel Depth (TD) TD<200 500>TD>200 TD>500
Score 4.1 7.3 3.2
b- Quantitative and qualitative classification water seepage risk in tunnel construction sites using the TIC empirical method
Tunnel category [ i 11 I\ \ VI
Tunnel Score <10 10-25 26-40 41-60 61-80 81-100
Qualitati_ve description of the amount of Ver_y Low risk Modgrately High risk _Very Extr_emely
seepage into the tunnel low risk risk high risk risk
Amount of seepage into the tunnel <10 11-60 61-120 121-300 301-800 >800
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Fig. 6. Comparison of water inflow estimates for the T4 tunnel obtained using analytical methods.
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Table 8. Scoring of factors influencing water inflow estimation in the T4 tunnel based on the SGR method.

Quantitative and Qualitative Assessment of SGR Parameter Ratings
: Seepage per | Water Inflow
Formation s1 IS s5 S6 | S7| SGR | Unit Length | into  the | Rating
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Table 9. Scoring of factors influencing water inflow estimation in the T4 tunnel based on the TIC method
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