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Abstract

Unexpected water inrush to tunnels is one of the most hazardous events, especially in karst terrains that could take place during
mechanized shield tunneling mostly due to inappropriate site investigations. When water inrushes to tunnel front, actions like
pumping out the water or grouting, for impeding or reducing the inrush and alleviating related damages, are often time-consum-
ing, uneconomical, difficult, or sometimes even impossible. In most cases, it is sometimes necessary to wait for lowering
groundwater within the tunnel to have again the possibility to excavate. Therefore, determination of the required time for the
groundwater inrush to decrease to a certain level is extremely important for tunneling management plans and plays a significant
role in decision-making for project managers. In this study, an assessment of the discharge time after water inrush to tunnel using
the new proposed analytical approach is argued. This method is developed based on recession analysis and hydrodynamic of
open channels. For this purpose, inrush rate to tunnel front and groundwater level should be measured on at least a daily basis, a
feasible and practical action to be carried out on tunnel construction sites. The method is validated with available data from three
tunnels with water inrush experiences. The results show that the analytically determined water inrush regime is in good accor-
dance with the observed ones.
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Introduction

Water inrush is a sudden and often overwhelming flow of
water into underground workings (the Mindat Glossary).
Water inrush (usually with mud gushing) is one of the geo-
logical disasters that can be faced in underground engineering
works which might impose huge impacts on construction
timetable, financial plan, and on project safety as well (Hou
et al. 2016). This event is particularly emphasized in karst
terrains where, because of high heterogeneity and anisotropy
of karstified rock masses (Bakalowicz 2005; Ford and
Williams 2007), the occurrence of unexpected events is prev-
alent (Parise et al. 2015a). Serious water inrushes during the
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tunnel construction can result in human casualties and finan-
cial losses (Hou et al. 2016). Table 1 represents a history of
water inrush events in some tunnels with causes, casualties,
and consequences.

Therefore, the resumption of excavation depends on the
relative discharge of water inrush to the tunnel face. Because
in tunneling projects, downtime of the tunnel boring machine
(TBM) causes high financial loss, knowing the discharge time
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Table 1 Documented water inrush events in some tunnels with their causes and consequences
Tunnel® Country Causes, casualties, and consequences Reference
Gibei Romania Compact fissured clay layer failed suddenly, allowing water inrush more Clay and Takacs (1997)
than 0.01 m?/s into the tunnel, 6 months delay in the project schedule
Motorway Austria 650 m> of loose material collapsed, resulting in water inrush of up to 0.025
m?/s, project schedule delays
Orange fish South Africa Heavy water inrush of about 0.92 m*/s into the tunnel at 14 bars pressure,
Entire 1.6 km tunnel section flooded within 24 hours
Dayaoshan China Water inrush induced by excavating in a water-rich zone completely Xu and Huang (1996)
submerged the vertical
Yichang—Wanzhou Two extraordinarily serious disasters happened during the tunnel Qiang and Rong (2008)
construction, resulting in 21 deaths
Yuan-Liang-Shan 71 water inrush events, 9 men died, maximum water pressure 4.6 MPa, Li et al. (2016);
maximum water emission 0.83 m>/s Shi et al. (2017)
Wu-Long 10 water inrush events, maximum water inrush of 83.1 m*/s, economic loss
of 20 million RMB
Ma-Lu-Jing 19 water inrush events, 15 men died, 2 years of delay in the project
Da-Zhi-Ping 14 water inrush events, maximum water inrush of 4.2 m*/s, mud emission of
14000 m*
Daba Heavy rain triggered some potential water outlets, causing a serious water Li et al. (2018)
inrush, the total quantity of inrush sharply increased to 4.17 m%/s
Chaoyang Heavy flood of water and mud, damage to equipment, three casualties Zhang et al. (2020)
Milwaukee USA Average water inrush reached 0.051 m/s in the North Shore tunnel, halting Day (2004)
the construction for four months
Hsuehshan Taiwan TBM seriously damaged due to tunnel collapse and groundwater inrush of Taneeb (2005)
0.75 m*/s to the tunnel, 11 men died
Moncalvo Italy Water and mud inrush of approximately 60,000 m® invaded an underground Bonetto et al. (2008);

gypsum quarry. A large sinkhole (20 m wide and 10 m deep) formed at the
surface

Vigna et al. (2010a, b)

# All of these events associated with the karst geo-hazard

after the water inrush is of high importance. Water discharge
time estimation will help project managers to instantly make
appropriate decisions and be able to maintain the excavation
process as scheduled or, at least, mitigate the delays.

The occurrence of water inrush during tunnel excava-
tion could be prevented where there is accurate and de-
tailed knowledge on the local geology, from both the
hydrogeological and engineering geological point of
view. However, in complex geological settings, there

might always be a certain amount of unpredictability,
due to insufficient data, spatial and temporal variability
of hydrogeological properties, complexity in the ground-
water flow paths, the position of main conduits, and
speleogenesis (Milanovi¢ and Vasi¢ 2016; Milanovié
2016), or due to a combination of the above, especially
in karst terrains. Based on the statistics data, up to the end
of 2008 in China, nearly half of tunnels in construction
and operation had encountered large-scale water inrushes
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in karst arcas, because of complexities in these natural
setting, and difficulty in reaching a full understanding of
the hydrogeological properties (Li et al. 2016).

Water inrush in tunnels can be particularly difficult to man-
age in the karstified rock mass and weakened fault zones, rich
in groundwater and with high permeability (Zhao et al. 2013;
Lietal. 2016; Wang et al. 2017). In detail, karst environments
are highly prone to these situations, due to the great heteroge-
neity of karst aquifers, and unpredictability of the groundwater
paths in karst aquifers, even with the possibility to reactivate
the previously dry passages and conduits, in consequence of
the hydrogeological changes caused by the tunnel construc-
tion (Waltham and Smart 1988; Milanovi¢ 2000, 2002; De
Waele et al. 2011; Parise et al. 2015a, b, 2018). In addition
to imposing delays in the construction of engineering works,
related damages, and casualties, these events might also pro-
gressively move upward, eventually producing consequences
at the ground, and originating sinkholes (Wang et al. 2008;
Vigna et al. 2010a; Gutierrez et al. 2014; Parise 2019).

Similar to the flow rate recession of karst springs (Fiorillo
2014; Stevanovi¢ 2015), there is a sudden drop in inrush rate
in a short period, which is due to draining of that part of the
aquifer in the immediate surroundings of the tunnel. Over
time, water inrush to the tunnel decreases slowly and reaches
a constant rate, when the impacted aquifer reaches a new
condition of equilibrium with the tunnel. Due to the need for
a proper method that can be used to estimate the groundwater
discharge time after the inrush, a new method considering the
nature of the recession curve is introduced in this study.

Methodology
Hydrodynamic of conduit flow
Water inrush in tunnels is often due to an encounter of the

tunnel face with a karst conduit or conduit fault (McCallum
et al. 2016; Milanovi¢ 2016). In conduit flow systems, where
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Fig. 2 Location map and satellite image of the second stretch of the Nosud tunnel
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Fig. 3 Geological map and profile of the Nosud Tunnel in the Zimakan Valley (chainage 19 to 23 km)

predominantly turbulent flow conditions prevail, especially at
the local, applying Darcy’s law (and equations developed on
it) is not correct due to the high proportion of turbulent flow,
which contradicts the limitations of the laminar flow assump-
tions (Fanchi 2002; Giese et al. 2018). Conduit flow especially
prevails in the first minutes or hours of the inrush, but due to
emergency, usually, no monitoring is possible at that moment.
After that first period, a higher proportion of groundwater
inrush generates from the rock mass (consisting of numerous
mutually connected discontinuities and karstic voids), and the
inrush becomes more predictable; in some approximate way,
the flow can be subjected to mathematical approach study.
The scale issue becomes more and more important (Sauter
1992; White 2002), also due to the difficulty in identification
of the hydrologic catchment boundaries in karst. Results of
investigations showed that the hydrodynamics of flow in

Fig. 4 Water inrush to a TBM
Back up utilities and b the tunnel
cavern area
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conduit-flow prevailing media can be described or simulated
based on the hydrodynamics of pipes or in open channels. For
instance, McCormack et al. (2017) developed a two conduit
network model based on the hydrodynamics of open channels
that simulated the main karst conduit flow system and dis-
charge from a conduit fault in the Bell Harbour watershed in
western Ireland, using a complex network of pipes
(representing karst conduits), drainage channels (representing
faults) and tanks (representing lakes). Also, 3D and mathemat-
ical modeling of karst conduit spatial position, as well as
model of flows, was obtained and serve as a foundation for
the simulation of technological processes in defining ground-
water seepage pathways in the Visegrad dam rehabilitation
process (Milanovi¢ and Vasi¢ 2016). Besides, Perriquet
(2014), using recession analysis, observed conduit hydrody-
namic behavior in some boreholes drilled in the Bell Harbour
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Fig. 5 a Schematic proposal and
b 3-D block diagram of the
Zimakan Valley, showing the
tunnel route and stopping location
of the inrush site in the Zimakan
Valley
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watershed. On the other hand, it is generally accepted that the
flow under pressure karst conduits can be simulated by the
Darcy-Weisbach equation (Harmon and Wicks 2006).

Determining water inrush discharge time during the
tunnel construction

By experience, it can be stated that the drawdown of tun-
nel inrush water level is exponential within in time (Li
et al. 2018). Recession curve analyses are common in
karst hydrogeology, especially exercised for estimation
of karst spring regime. There are several equations, used
for over a century (Boussinesq 1904; Maillet 1905;
Mangin 1975; Dewandel et al. 2003). Still, using them
as they are for the water inrush calculations during the
tunnel construction works does not seem plausible, be-
cause the monitoring time is too short and does not com-
prise all the components of the recession curve, and espe-
cially not the master regression curve. Nevertheless, the
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relation of the inrush recession in a tunnel over time,
similarly to the discharge recession relation of a karst
spring (Maillet 1905), can be described by an exponential
equation as follows:

Q(t) = Qpe ™! (1)

where Q(1) and O, are the inrush rate [L*T '] at time t and
the initial inrush rate at an earlier time, respectively and « is
the recession coefficient [T '].

Using this equation, it is possible to assess the time re-
quired for reaching the inrush to a level that makes possible
recovery of the tunnel operation. The equation can be
achieved by the following steps after a short period of daily
groundwater level (GWL) monitoring in boreholes and water
inrush rate into the tunnel.

Step 1: Determining the relation of groundwater level
drawdown in time

During the recession of water inrush, the GWL hydrograph
component in nearby boreholes had a recession that can be
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Fig.6 A view of'the karst conduit
causing the water inrush to the
tunnel at chainage 19.632 km

approximated by a simple exponential equation as below
(Degallier 1966):

of the above equation can be determined as follows:

In(H) = In (Hoe ™")—In(H) = —«t + In(Hy)—In(H) = —xt + D
(3)
where H, and H are the measured GWL [L] in the where D is a constant equal to /n(H,) To obtain this equa-

o . tion, one should draw a natural logarithm of the observed
borehole at the beginning of the measurement period GWL . ) : b and d e its i
and after a certain time (t), respectively. The linear form against time in a graph and determine its linear

H = Hpe ™ (2)

regression.
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Step 2: Determining the relation of water inrush recession I =" /ps2, (5a)

and groundwater level drawdown

Since conduit flow hydrodynamics in karstic conduits and
conduit faults can be modeled in a way similar to the hydro-
dynamics of pipes or open channels, after extensive evalua-
tions the developed simple power equation for Parshall Flume
(Parshall 1928) and the Darcy-Weisbach equation was used to
express the relationship of the inrush rate to the tunnel and its
corresponding hydraulic head measured in adjacent boreholes In(Q) = In (CH")—In(Q) = n In(H) + In(C)—In(Q) = n In(H) + E
(Fig. 1): (6)

where C is the free-flow coefficient for Parshall Flume, 7 is
Parshall Flume power constant, f'is Darcy—Weisbach friction
factor, L is pipe length [L], D is hydraulic diameter [L], and g
is the gravitational acceleration [LT . If inrush is fully turbu-
lent, » can be considered a constant. The linear form of the
above equations can be determined as follows:

o n
Q=CH 4 1n(rQ®) = In (H)>2In(Q) + In(r) = In(H)—In(Q) = 0.5 In(H) + A
2
rQ°=H (5) (7)
Fig. 10 Correlation diagram of 1.6
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Table 2 Calculated inrush rate to
the Nosud tunnel face over time

Days after water inrush?

Inrush rate (m’/s)

Days after water inrush Inrush rate (m>/s)

Cal. Obs. Cal. Obs.
1 4.249 4.170 50 1.511 1.641
10 3.514 3.560 60 1.224 1.201
20 2.846 2.745 70 0.991 1.081
30 2.118 2.200 80 0.802 1.054
40 1.866 1.760

 The first day was May 28, 2015

where E and A are constants equal to /n (C) and -0.5
In (r), respectively. As seen, Eqs. 6 and 7 are similar;
however, the logarithmic form of the Parshall Flume
equation is the general form, which is considered in this
study. Therefore, one should draw a natural logarithm
of the observed inrush rates and a natural logarithm of
the observed GWL in the graph, and determine its lin-
ear regression equation.

Step 3: Determining the relation of water inrush recession
in time

By integrating Egs. 3 and 6, the exponential equation of the
water recession can be determined.

In(Q) = n (==t + D) + E—In(Q) = —(«n)t + (nD + E)—>In(Q) = -Ft+ G
Q= FHELQ = O x e FloQ=leF!
(8)

where F, G, and [ are constants equal, respectively, to an,
nD+E, and €°.

For a clearer understanding, the method of determin-
ing water discharge time is described in the three fol-
lowing case studies.

Fig. 11 Calculated versus 4.5
observed water inrush rate over
time (from May 26 to August 18,
2015)

Groundwater inflow rate (m?3/s)

Case studies

The described method was first developed for the Nosud tun-
nel (Iran) and later for further validation applied to the
Headrace tunnel (Sri Lanka) and the Glas tunnel (Iran).

Case study 1: The Nosud Tunnel

The Nosud project is one of the most important water
supply projects in Iran, located in the northwest of
Kermanshah province, near the Iran-Iraq border.
According to the plan, it is expected to transfer the
Sirwan River water after having it stored at the Daryan
Dam, using the Nosud gravity water conveyance tunnel
for a length greater than 49 km, with a slope of about
0.082%. The tunnel consists of three parts. Excavation
of the second stretch of the tunnel is approximately
25.7 km long, with a boring diameter of 6.73 m and a
final diameter of 6 m. The Zimakan Valley study area is
located approximately at the chainage 19 to 23 km, of the
second stretch of the tunnel, as shown in Fig. 2.

Observed

—— Calculated
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Fig. 12 Geographical location >
and satellite image of the HRT
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Fig. 14 Water inrush to the outlet
TBM face at chainage 11.160 km
of the tunnel

Fig. 15 Some environmental and
geotechnical consequences of the
HRT excavation; a drying up of
domestic wells near the tunnel
route (Rathnayake 2016), and b
ground subsidence and damage to
residential buildings (Ismail
2017)

Geological characteristics of the study area m. Below this unit, marls of the Nairiz Formation are presented

with an overall thickness of about 50 m (Sadeghi et al. 2020).
The rock outcrops along the tunnel way in the Zimakan Valley =~ The oldest lithotypes in the area are the Triassic dolomites be-
include the Surmeh (Jg,,), the Nairiz (J,,,), and the Khan-e-Kat  longing to the Khan-e-Kat Formation. In the Zimakan Valley,
(Try,) Formations. (Fig. 3). The Surmeh Formation consists of ~ most of the tunneling problems have occurred in the Khan-e-Kat
marly limestone and shale with an overall thickness of about 400 ~ Formation, affected by faulting and karst.
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Fig. 17 Correlation diagram of 6.9174
the natural logarithm of GWL in
DT-08 borehole versus time 6.9173
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Event of groundwater inrush into the tunnel

In late May 2015, excavation operation of the Nosud tunnel at
chainage 19.632 km in the Zimakan Valley stopped due to the
sudden water inrush of about 4.1 m*/s to the TBM face leading
to serious damages to construction equipment and machinery
and imposing a serious delay of about four months to the
project (Fig. 4). At this point, TBM encountered a karst con-
duit in the Khan-e-Kat formation (Figs. 5 and 6). In crisis
management meetings held after the event, all emergency

plans and decisions depended upon the time needed for water
inrush discharge; therefore, estimation of the time became a
priority for the committee.

Determining the water inrush discharge time

According to GWL monitoring in boreholes along the tunnel
route in Zimakan Valley (Fig. 7), the BH-S4 and BH-D bore-
holes had a similar GWL decrease rate which was different
from the BH-S5 borehole (location of boreholes is presented

Table 3 Calculated inrush rate to

the Headrace tunnel face over Days after water inrush®

Inrush rate (m>/s)

Days after water inrush Inrush rate (m*/s)

time
Cal. Obs. Cal. Obs.
1 0.357 0.333 45 0.189 0.243
5 0.337 0317 50 0.175 0.236
10 0.313 0.304 55 0.163 0.236
15 0.291 0.292 60 0.152 0.236
20 0.271 0271 65 0.141 0.226
25 0.252 0.264 70 0.131 0.222
30 0.234 0.250 75 0.122 0.232
35 0.218 0.243 80 0.113 0.216
40 0.203 0.243 45 0.106 0.243

*The first day was January 3, 2015
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Fig. 19 Comparison diagram of
observed water inrush rate to the
tunnel face over time versus
calculated ones

Groundwater nflow rate (m3/s)

0.20 Steady condition
0.15
0.10

——Observed inflow rate
0.05 —— Calculated inflow rate
0.00

in Fig. 5). Figure 7 shows hydrographs of GWL in BH-S5,
BH-D, and BH-S4 boreholes. According to the BH-S4 and
BH-D level changes, a GWL loss of 11.5 m occurred from
May 28 to June 21, 2015, over 25 days. The GWL decrease in
the BH-S5 borehole, on the other hand, was about 0.2 m. The
reason for this difference was unknown, but it can assume that
BH-S5 is out of the main karst preferential flow paths. It is
also notable that the GWL decrease was close to linear,

Fig. 20 Geographical location
and satellite image of the Glas
tunnel
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pointing to the fact that the outflow was mostly dictated by
the hydraulic resistance of the karst features and the hosting
rock mass. Figure 8 shows the hydrograph of the measured
inrush rate at different locations in the tunnel. An amount of
7.1 million m® of water, almost equal to the water consump-
tion of Tehran metropolitan in three days, discharged from the
tunnel in these 25 days. Water inrush measurement was car-
ried out using the water current meter.
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Fig. 21 Geological map and profile of the outlet stretch of the Glas tunnel

Twenty-seven days after the inrush event, based on
daily monitoring data, the required time for tunnel inrush
recession in the tunnel was calculated, using the method
here presented. Therefore, the linear equation of the nat-
ural logarithm of GWL against time was derived for the
BH-D borehole (Eq. 9; Fig. 9). Then, changes in the nat-
ural logarithm of the inrush rates were fit to the changes
in the natural logarithm of GWL (measured in the BH-D),
and the linear equation correlating these parameters was
determined (Eq. 10; Fig. 10). Finally, the exponential re-
cession equation of water inrush against time was derived
by substituting two equations, and through related simpli-
fication (Eq. 11).

Step 1: determining the linear form of simple exponential
equation of observed groundwater level drawdown in time
(refer to Eq. 3):

In(H) = ~0.0007 t 4 6.5188 (9)

Step 2. determining the linear form of simple power equa-
tion between observed water inrush and observed groundwa-
ter level drawdown (refer to Eq. 6):

In(Q) = 30.151 In(H)-195.08 (10)

Step 3: determining the simple exponential equation of
water inrush recession in time by substituting two above equa-
tions (refer to Eq. 8):

Fig. 22 A view of the karst
conduit causing the water inrush
to the tunnel at chainage 29.231
km

@ Springer



3306

M. Golian et al.

Fig. 23 Water inrush to a TBM Back up utilities, and b the tunnel outlet

In(Q) = 30.151 (-0.0007 t + 6.5188)—195.08—In(Q) = —0.0211 t + 1.47
_’Q — 4.34670'02“ t
(11)

The noble design of water drainage equipment in double
shield TBM of Nosud tunnel made it possible to pump out the
water at a maximum rate of 0.8 m>/s. Therefore, the required

Fig. 24 Ground subsidence near
the tunnel route due to the water
inrush

time to decrease the inrush rate to 0.8 m>/s was calculated
using the exponential equation in at least 80 days, as shown
in Table 2 (equal to August 18, 2015). In Fig. 11, the calcu-
lated rescission of water inrush from May 28 to August 18,
2005, was compared with the observed one. It can be noted
that from August 11, 2015, the inrush rate reached a constant
value of about 1 m’/s.

Following the tunnel excavation process, TBM encoun-
tered several caves and karst conduits, which were dry or with
a small amount of water.

Case study 2: The Headrace Tunnel

The Headrace tunnel (HRT), with a length of about 15.4 km,
is located in the southern part of Badulla administrative dis-
trict in the province of Uva, Sri-Lanka (Fig. 12). HRT is part
of the hydro-mechanical Uma Oya Multipurpose
Development Project (UOMDP), operating as a pressure tun-
nel to convey water from the Dyraaba dam to a pressure shaft
followed by a 120MW underground powerhouse. This project
aims to improve the irrigation of 20.2 km? of agricultural land,
transfer 145 million m> water, and generate 290 GW/h of
power in a year (Golian et al. 2021b). Excavation of HRT
was finished by two Double Shield TBMs (called M1684
and M1685) with an excavation diameter of 4.3 m from two
sides (inlet and outlet). The main hazards concerning HRT
were unpredictable geological conditions and the possibility
of water inrush.

Geological characteristics of the study area

The HRT is located in the Highland Complex (HC) lithological
unit of central Sri-Lanka, characterized by the presence of
gneisses, ranging from charnockitic gneiss to quartzofeldspathic
gneiss and garnet-sillimanite-biotite-graphite gneiss (the
Khondalite unit), with some parts containing undifferentiated
gneiss. Generally, these rocks are locally interlayered with mar-
ble and quartzite. From the structural-geological standpoint, the
study area shows a poly-phase ductile deformation history,
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characterized by large scale folding and thrusting. Rock bands of
the area display their main foliation (S) which could be related to
the main deformation phase. The geological map and profile of
the tunnel from chainage 8 km to the outlet are shown in Fig. 13.

Event of groundwater inrush to the tunnel

On December 24, 2014, a water inrush of about 0.4 m>/s
occurred at a chainage of 11.160 km (Fig. 14). This event
caused serious delays in the excavation process. At the site,
TBM encountered a high permeable fault zone in gneiss. After
80 days, the measured water outflow by Parshall Flume at the
tunnel outlet reduced to about 0.216 m’/s. Subsequently,

Fig. 27 Correlation diagram of

the natural logarithm of GWL in 4.46
the KST-08 borehole and the -1.35
natural logarithm of water inrush
rate to the tunnel face -1.4
-1.45
)
£ -15
-1.55
-1.6
-1.65

GWL in DT-08 borehole decreased to approximately 2 m.
GWL drawdowns due to the tunnel excavation caused ground
subsidence, and domestic water wells drying up near the tun-
nel route (Golian et al. 2021b; Fig. 15).

Recession time estimation of the water inrush

When water inrush occurred in the tunnel, changes in its rate and
the GWL drawdown in DT-08 borehole were monitored daily
(Fig. 16). Using the gathered data from January 3 to 12, 2015
(10 days), the presented method was applied with the calculations
presented in Egs. 12 to 14, while the hydrographs, and diagrams,
and the various comparisons are shown in Figs. 17 and 18.

In(H)
4.47 4.48 4.49 4.5 4.51 4.52

[ J

[ ) -

- °
In(Q) = 3.942 In(H) - 19.22 e
R? = 0.5846 = g
- [ e o H: Observed groundwater level in borehole (m asl)

Q: Groundwater inrush rate to tunnel (m%/s)
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Table 4 Calculated inrush rate to

the Glas tunnel face over time Days after water inrush®

Inrush rate (m’/s)

Days after water inrush

Inrush rate (m>/s)

Cal. Obs. Cal. Obs.
1 0.245 0.250 13 0.184 0.190
3 0.234 0.230 15 0.176 0.190
5 0.223 0.240 17 0.168 0.190
7 0.213 0.200 19 0.160 0.190
9 0.203 0.198 21 0.153 0.185
11 0.193 0.190
# The first day was March 1, 2017
Fig. 28 Comparison diagram of __ 030
observed water inrush rate to the 2
tunnel face over time versus E 025
calculated ones 2
= 020 N
S Steady condition
£ o015
g
g o010
el
S Observed inflow rate
S 005 )
o Calculated inflow rate
0.00
0 T T T T T 0 0
No q/\ fb~ b‘« O_’s (‘°~ /\\ Q)~ q« \Q« '\'\\ b{)/‘ (b« '\b‘« '\OJs '\@\ <\~ '3)« '\q« (19s q/'\\
e @ T T LS TSI TS S S

In(H) = —0.00003 t + 6.9173 (12)

In(Q) = 483.51 In(H)—3345.6 (13)

In(Q) = 483.51 (=0.00003 t + 6.9173)-3345.6—In(Q) = —0.0145 t—1.02
Q= 0.36¢ 005t

(14)

Employing this exponential equation, water inrush re-
cession from January 13 to March 23, 2015, was calcu-
lated and then compared with that observed (Table 3 and
Fig. 19). It can be noted that, since February 7, 2015, the

decreasing trend of groundwater inrush into the tunnel
was slowed down, reaching a constant value, so that
after 45 days, the inrush rate into the tunnel has de-
creased by only about 0.02 m®/s. This may be due to a
change in the flow system from the conduit to the dif-
fuse, or it could arise from the tunnel being at equilibri-
um with the groundwater system. Such circumstance
points out to validity of this method only in the case
when the rate of decreasing inrush in tunnels is an ex-
ponential function of time (conduit dominant flow);
when the rate of decreasing inrush is near-constant, the
method is no longer valid.

Table 5 Data statistics in the case

studies Nosud tunnel Headrace tunnel Glas tunnel
Qo M/5) Qe (M’5)  Qob (Ms) Qe (M”s)  Qup (M/5)  Qear (m/5)

Number of data 58 58 66 71 11 11
Minimum 1.02 0.75 0.22 0.11 0.19 0.15
Maximum 243 2.51 0.29 0.31 0.19 0.19
Mean 1.5013 1.461 0.243 0.195 0.189 0.172
Std. Deviation 0.42276 0.51443 0.02058 0.05718 0.00151 0.01339
Variance 0.179 0.265 0.000 0.003 0.000 0.000
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Table 6 Observed (Q,) and calculated (Q.,) groundwater inrush rates, with the calculation error

Case study  Model description Regression analysis Strength Error analysis
R R square MAE MSE RMSE ME Percent Decline
Nosud Qop=0.810xQ,+1.568  0.985 0.971 Very highly correlated  0.104  0.016 0.127 0.040 8%
Headrace Qop=0.339%Q+0.178  0.941 0.886 Highly correlated 0.051  0.007 0.083 0.048  22%
Glas Qop=0.339%Q,+0.178  0.867 0.752 Highly correlated 0.017  0.0004  0.020 0.016 9%
Case study 3: The Glas Tunnel
3.20
The Glas water conveyance tunnel is a 35.661 km tunnel (a)
located in the West Azerbaijan Province, Iran (Fig. 20). The i 270
tunnel is under construction to transfer about 650 million m’ Y
of water annually from the reservoir of Kanisib Dam on Lavin g 2920 -
River to the Urmia Lake, with the main purpose of reviving 2
the lake (Golian et al. 2021a). Excavation of this tunnel from é 1.70
two directions (inlet and outlet), with Double Shield and s
mixed EPB (Earth Pressure Balance)/Open Mode TBMs, with é 1.20 @ Nosud data
a drilling diameter of 6.42 m and a final diameter of 5.5 mona Line 1:1
slope of 0.008% is currently being carried out. Excavation of 0.70
the inlet section is from 0 to 15 km, and the outlet is from 15 to 0.70 1.20 170 220 270
35.661 km. Calculated inflow rate (m3/s)
0.39
Geological characteristics of the study area ;: 0.34 (b)
Based on the geological studies of the tunnel route, the exca- % 0.29 ©
vation from 0 to 3 km and from 12.6 to 14.8 km will cross 3 o024
alluvial deposits, whilst the remaining will be in rock units. E 019
These latter are very diverse and can be divided into three g -
classes of sedimentary (conglomerate and limestone), meta- § 0.14
morphic (schist, slate, and marble) and igneous (granite, © 0.09 ® Headrace data
granodioritic and andesitic intrusions) rocks (Fig. 21). —Line 1:1
0'040.04 0.14 0.24 0.34 0.44
Event of groundwater inrush to the tunnel )
Calculated inflow rate (m3/s)
On March 1, 2017, the tunnel encountered a karst conduit (1 0-24 ()
m in width, 1.5 m high) in the marble unit at chainage @
29.231 km (Fig. 22). The initial volume of water entering E 022
the tunnel front was approximately 0.25 m’/s (Fig. 23). *g
. . . i 0.20 ®
Along with water inrush, a considerable amount of silt and H
. . . . = (Y X 2 2 2 &)
clay sediments entered the tunnel, too, imposing a delay in the _S 018 ".
tunnel excavation. The water inrush also caused subsidence at e
the ground surface of agricultural lands in the vicinity (Fig. ﬁ 016 e Glas data
24). © Line 1:1
0.14
Estimation of recession time of the water inrush 0.14 0.16 0.18 0.20 0.22 0.24

When water inrush into the tunnel took place, changes in the
inrush rate and GWL drawdown in KST-08 borehole were
being monitored on a daily basis (Fig. 25). Using the observed

Calculated inflow rate (m?3/s)

Fig. 29 Correlation curve of the observed and calculated groundwater
inrush rates to the front of a the Nosud tunnel, b the Headrace tunnel,
and c the Glas tunnel faces
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Table 7 Tunnel water inrush

calculation error comparison for The Nosud Tunnel

the proposed method and simple Equation RMSE Percent decline R?

exponential, linear, power, and The presented method Quyt = 434 0021 ¢ 0.127 8% 097

logarithmic regression models . . 0,023 t
Simple exponential Qe =434¢ 0.204 14% 0.97
Linear Qea =-0.0719 t + 4.2297 1.438 100% 0.92
Power Qea = 4.86 %173 0.966 74% 0.97
Logarithmic Qcal = -0.569 In(t) + 0.462 0.899 66% 0.96
The Headrace Tunnel

Equation RMSE Percent decline R?
The presented method Qcar = 0.36 00145 ¢ 0.083 22% 0.88
Simple exponential Qear = 0.35 00190t 0.104 37% 0.89
Linear Qea =-0.0061 t + 0.3528 0.202 76% 0.84
Power Qcar = 0.38 990 0.071 11% 0.96
Logarithmic Qca = -0.03 In(t) + 0.374 0.068 8% 0.97
The Glas Tunnel
Equation RMSE Percent decline R?

The presented method Qea = 0.25 00237 0.022 9% 0.74
Simple exponential Qea = 0.25 00281 0.033 16% 0.75
Linear Qeal = -0.0061 t + 0.2546 0.038 17% 0.71
Power Qea = 0.26 0106 0.005 2% 0.81
Logarithmic Qca = -0.023 In(t) + 0.257 0.005 1% 0.82

data from March 1 to 10, 2017 (10 days), according to the
presented approach, the related calculations are shown in Egs.
15 to 17, and the outcomes in Figs. 26 and 27.

In(H) = —0.006 t + 4.5252 (15)
In(Q) = 3.942 In(H)~19.22 (16)

In(Q) = 3.942 (~0.006 t + 4.5252)~19.22—1In(Q) = —0.0237 t-1.38
Q= 0.25] ¢ 0BT

(17)

As presented in Fig. 28 and Table 4, 12 days after the water
inrush event, the inrush into the tunnel reached a constant
value of 0.19 m%/s.

Discussion and results

The statistics data of the observed (Q,) and calculated (Qcq))
groundwater inrushes into tunnels are summarized in Table 5.

To validate the estimated groundwater inrushes by the pro-
posed method, first, the correlation of the observed and calcu-
lated values was determined using regression analysis (Golian
et al. 2019; Fig. 29 and Table 6). As can be seen, there is a
very high correlation in the Nosud tunnel and a high correla-
tion in the Headrace and Glas tunnels between Q,;, and Q.y
data (Shayib 2013). Besides, line 1:1 (the identity line) is used
as a reference in the correlation plot to compare two datasets

@ Springer

under ideal conditions. When the corresponding data points
from the two datasets are equal to each other, the correspond-
ing scatters fall exactly on the identity line. As shown in Fig.
29, according to the identity line, the best dataset is for the
Nosud Tunnel, where the flow was dominantly conduit.

The application of regressions techniques for model evalu-
ation has been questioned by some authors (Mitchell 1997,
Kobayashi and Salam 2000). It has been suggested that the
evaluation of the model alone using the regression model may
not be accurate and appropriate so that utilization of the error
analysis is strongly recommended (van Tongeren 1995;
Knightes and Cyterski 2005). In this study, the error analysis
was investigated by different methods such as ME, MSE,
MAE, RMSE, and the Percent Decline (or the Percentage
Change), the results of which are listed in Table 6. Results
of the error analysis indicate that there is a good relationship
between Q,, and Q. data.

The important point to consider in this study is that for the
determination of discharge duration in tunnels, the simple ex-
ponential regression equation can also be used. In this case,
one should fit the measured groundwater inrush against the
time to direct and determine its correspondence regression
equation. However, it should be noted that due to the very
high turbulence of the water inrush, the water inrush measure-
ment may include high errors. For this reason, the exponential
equation obtained from the inrush-time regression provides
estimations with lower accuracy compared to the method pre-
sented in this study (Table 7 and Fig. 29). In the presented
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Fig. 30 Comparison of 6
observations with tunnel water
inrush calculated with the 5
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method, to increase the accuracy of the results, the effect of the
groundwater level, which is measured with very high accura-
cy, is also considered. The discharge duration in the tunnels is
also calculated by power, logarithmic, and linear regressions
and the results are presented in Fig. 30. Linear regression has
not been effective in any of the case studies and represents a
significant computational error. However, power and logarith-
mic regressions represent the best fit with the observation
curves of Glas and Headrace tunnels with the lowest error,
despite the Nosud tunnel with significant errors. In conclu-
sion, considering that the proposed method exhibited accept-
able results in all three case studies, the application of this
method is recommended instead of the regression models.

Conclusions

The event of water inrush to tunnels in karst terrains and some
cases of tunneling in fault zones is a subtle hazard, especially
due to inappropriate site investigation, deriving from a com-
bination of human activities (engineering works, in this case,
the tunnel excavation) and the natural asset. This latter is ex-
tremely difficult to be assessed in karst environments, where
the anisotropy and heterogeneity of the rock mass (Andriani
and Parise 2015, 2017), and its hydrogeological characteris-
tics (Stevanovi¢ et al. 2007 2010; Zini et al. 2015), make
carbonate aquifers one of the most problematic situations to
be encountered in engineering works (Milanovi¢ 2000).
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Water inrush in tunnels may cause severe time delays, and
financial and life casualties as well. It is of crucial importance to
engineers and geologists to calculate the downtime of TBM, as a
consequence of water inrush (Palma et al. 2012). This lasts until
the flow into the tunnel decreases to the level in which excavation
is possible again. To determine water inrush recession time in
tunnels, an analytical approach, based on observed inrush rate in
tunnels and GWL in nearby boreholes, was introduced and ap-
plied to three case studies. The good fit between the observed and
estimated curves indicates the efficiency of the applied analytical
method. In principle, our conclusions should be validated by a
larger number of cases than the considered ones; the authors will
be grateful to colleagues who, after trying the method, will want
to inform them of the results.

Furthermore, the accuracy of using the Parshall Flume equa-
tion within hydrodynamic equations of inrush to tunnel shows
that the relationship between discharge and hydraulic head for
conduit karstic media and fault zones is a simple power relation.
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