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DYNAMIC ESTIMATING THE KARST TUNNEL WATER INRUSH
BASED ON MONITORING DATA DURING EXCAVATION

PRICAKOVANA DINAMIKA VDORA VODE V PREDORE NA
PODLAGI MERITEV MED NJTHOVO GRADN]JO
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Abstract UDC 556.3:624.191(510)
Kang Xiaobing, Luo Sheng, Xu Mo, Zhang Qiang ¢ Yang Yan-
na: Dynamic estimating the karst tunnel water inrush based
on monitoring data during excavation

The tunnel water gushing has long been a difficult hydrogeologi-
cal problem, especially in karst areas. It affects the entire process
of tunnel construction, operation and maintenance. In view of
the complex disaster-causing mechanism and difficult quanti-
tative predictions of water inrush, several theoretical methods
are adopted to realize dynamic assessment of water inrush in
the progressive process of tunnel construction. According to a
survey conducted in the Zoumaling tunnel near Chongging,
China, 62% of its total length, e.g., 1525 m is associated with
karst (including a fault fracture zone). On the basis of collecting
real-time monitoring data about water inrush in the excavated
section of the Zoumaling tunnel, a fuzzy data analysis method
has been used to analyze the content of seven common ions in
the inflow water, which makes it possible to classify the ground-
water types and to establish the hydrogeological model of the
tunnel site. In order to forecast the possibility and quantity of
water inrush, it is essential to accurately model the groundwa-
ter system spatially. The preliminary forecasting result about
untapped section reveals a small possibility of a sudden water
inflow disaster and 35,000 m?/d water inflow, which is close to
the ultimately measured quantity of water. This study provides
a theoretical reference for the prediction of water inrush during
tunnel construction, and the main characteristic of this study is
reflected in the real-time prediction of tunnel water inrush ac-
cording to actual tunnel inflow of excavated sections. This ap-
proach can be applied in similar situations for the prediction of
tunnel water inrush in other karst regions.

Key words: karst region, tunnel water inrush; dynamic esti-
mate; fuzzy cluster analysis.

Izvlecek UDK 556.3:624.191(510)
Kang Xiaobing, Luo Sheng, Xu Mo, Zhang Qiang ¢~ Yang Yan-
na: Pricakovana dinamika vdora vode v predore na podlagi
meritev med njihovo gradnjo

Pojav vdiranja vode v predore je Ze dolgo ¢asa poznana tezava,
$e posebej na kraskih obmocjih. Pojavlja se med celotno gradnjo
predorov, njihovo uporabo in vzdrzevanjem. Za proucevanje po-
tencialnega pojava nesrec in tezavnega napovedovanja koli¢ine
vdora vode je bilo preizkusenih ve¢ razli¢nih teoreti¢nih metod.
Te omogocajo oceno dinamike vdora vode med celotnim pro-
cesom gradnje predorov. Pri predoru Zoumaling v bliZini mesta
Chonggqing (Kitajska) priblizno 62 % dolZine predora (1525 m)
poteka na obmocju krasa in ¢ez prelomna obmodja. Na podlagi
v realnem casu zbranih podatkov o vdorih vode v izkopanih
odsekih predora Zoumaling se je naredila analiza mehkih
mnoZic. Ta je bila uporabljena za analizo sedmih v vodi najbolj
znadilnih ionov in je omogodila razvrstitev podzemne vode v
razlicne skupine, s tem pa izdelavo hidrogeoloskega modela
neposredne okolice predora. Za analizo verjetnosti vdora vode
in njene mozne koli¢ine je izdelava natan¢nega modela vo-
donosnika zelo pomembna. Prvi rezultati, ki se nanasajo na en
$e nedokonc¢an odsek, kaZejo na majhno moznost nenadnega
vdora vode. Najve¢ja mozna dnevna koli¢ina vdora je ocenjena
na 35.000 m3, kar je blizu najvi$je izmerjene dnevne koli¢ine
dotoka. Pri¢ujoca raziskava vzpostavlja teoreticno podlago za
napoved vdora vode v ¢asu gradnje predora, glavna posebnost
pa je napoved vdora v realnem ¢asu na podlagi izmerjenega do-
toka v Ze izkopanih odsekih predora. Predstavljen postopek in
napovedi, ki jih omogoca, se lahko uporabijo v podobnih prim-
erih tudi na drugih kraskih obmogjih.

Klju¢ne besede: krasko obmocje, vdor vode v predore,
pricakovana dinamika, analiza mehkih mnozic.
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INTRODUCTION

According to the “World Karst Aquifer Map” scaled
1:40,000,000, 14.7% of the Earth’s surface entirely or
partly consists of karst carbonate rocks (Goldscheider &
Chen 2017). China has one of the most extensive karst
occurrences, with an area of 3,463,000 km?, accounting
for 30% of its territory, including exposed karst, covered
karst (under loose sediments), and buried karst (under
non-soluble bedrock) (Yuan et al. 1991). Karst areas have
the most developed carbonate deposits of the southwest
mountains, such as Yunnan, Guizhou, Sichuan, and
Hubei Province. Due to the characteristics of karst ge-
ology and terrains, it is always difficult to control water
inrush into tunnels under construction in karstic terrain
(Radulovi¢ 2013).

Construction of tunnels in karst areas may cause
drying-up of springs and losses of base-flow in moun-
tain streams (Vincenzi et al. 2013). Groundwater inrush
into tunnels is one of the most unpredictable problems in
tunnel construction due to the complexity of karst devel-
opment and distribution. For underground engineering,
the risk source is hard to precisely determine and tack-
led, which imposes difficulty to the ground inspection
and construction (Li et al. 2015). This may bring about a
potential hazard for personal injury and may lead to proj-
ect delays and huge economic losses (Wang et al. 2016;
Handong et al. 2017). For instance, in the Yesanguan tun-
nel of Yichang-Wanzhou Railway, water inrush occurred
in“DK124 + 602” karst tunnels on 5 August 2007. The
peak flow rate reached 1.5x10° m*/h, which caused that 10
workers died unfortunately and the equipment and ma-
chinery in the tunnel was seriously damaged (Jiang 2017).

Therefore, it is essential to be able to accurately pre-
dict the water inrush that is likely to occur into a tunnel.
Over the last few decades, due to the progressive increase

Tab. 1: Common water discharge calculation method and description.

of tunnel construction in the world (Song et al. 2006; Per-
ello et al. 2013), a certain amount of effort has been dedi-
cated to develop methods to forecast inrush into tunnels.
Common water gushing calculation method is shown in
Tab. 1 (Zhou & Li 2000). Meanwhile, there is more work to
be done to understand water inrush disasters fully. These
formulas generally requires a series of related parameters
about the formation permeability coefficient (K), water
depth, tunnels affect width and so on. The quality and ac-
curacy of these input data affect the reliability of the pre-
diction results tremendously (Heuer 1995; El Tani 2003;
Raymer 2005; Perrochet 2005; Kolymbas & Wagner 2007).
Once the parameters can be accurately determined and its
calculation accuracy more refined. Hence it is necessary
to improve the quality of the data input for the forecast of
water inrush of tunnels in karst areas.

In addition to the formula mentioned in Tab. I,
there are related factors analysis, numerical calculation
method, nonlinear theory and other methods to predict
the tunnel water inrush (Li et al. 2013). Both the nor-
mal tunnel water inrush, and the maximum tunnel water
inrush, are great uncertainty and have a large difference
with the actual water inrush so far, yet no mature theory
and proven accurate calculation.

This paper develops such an approach through a
case study in Chongqing, China. It begins with a detailed
introduction to the tunnel site hydrogeological and water
gushing disaster. Then, the field water gushing monitor-
ing and water chemical clustering analysis method are
taken to study the tunnel inrush. Finally, forecast tun-
nel water inrush accurately based on the identification
of the groundwater system in tunnel site. This method is
proposed to estimate water inrush of tunnel, especially in
construction stage.

Method Applicable conditions Accuracy
Rainfall infiltration | Suitable for shallow burial depth mountain tunnel, also May forecast macroscopic and approximate normal
method applies to the karst area tunnel water discharge

Runoff modulus
calculation method

Suitable for mountain tunnel through one or more surface
water catchment areas, also applies to the karst area

May forecast macroscopic and approximate normal
tunnel water discharge

Runoff depth
calculation method

Suitable for mountain tunnel through one or more surface
water catchment areas, also applies to the karst area

May forecast normal tunnel water discharge, but it
is an approximate quantity

Groundwater

. Suitable for almost all kinds of conditions
dynamics method

May forecast normal tunnel water discharge. Once
the parameters can be accurately determined, its
calculation accuracy more refined.

May forecast maximum tunnel water discharge.
Once the parameters can be accurately
determined, its calculation accuracy more refined.

Applicable in the proposed tunnel close to a similar

May forecast approximate normal tunnel water

ey s e project, which has similar hydrogeological conditions. discharge and maximum tunnel water discharge.
Isotope tritium Suitable for mountain tunnel and hillside tunnel. A re;lai_nvely accurz?\te method, but the isotopes data
method is difficult to obtain
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SITE DESCRIPTION

The Zoumaling tunnel is a crucial section of the road
between Shizhu City and Wanzou City (Fig. 1). The tun-
nel crosses the Mt. Fangdou mountain anticline with a
maximum terrain elevation of 1250 m a.s.l. The south
and north entrances of the tunnel are marked with la-
bels K46+614 and K49+077 on the map (Fig. 2), respec-
tively, with a total length of the tunnel of 2463 m. The

tunnel elevation is about 690 m a.s.l. and the overburden
thickness is nearly 400 m. The tunnel cuts through the
Fangdou mountain anticline at a right angle. The tun-
nel crosses the biggest fault (F18) close to the position
of borehole ZK2-4 (Fig. 2). Due to intense fracturing in
the rock mass karst phenomena, including cavities were
developed in the core of the anticline. Prior to construc-
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Fig. 1: Geological map and location
of water samples of Zoumaling
tunnel.
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Fig. 2: Section profile along the tun-
nel.
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tion, an exploration hole ZK2-3 was drilled down to the
tunnel level. The water level in this borehole was en-
countered at 906.2 m a.s.l, more than 225 meters above
the tunnel level. This confirmed that the planned tunnel
would encounter karst water under pressure.

Before building underground structures in karst ar-
eas, it is necessary to carefully evaluate the extent of the
karst landforms, including epikarst and underground
karst (Day 2004; Xeidakis et al. 2004; Casagrande et al.
2005; Knez et al. 2008; Zini et al. 2015).The Fangdou
mountain anticline is an isolated hydrogeological unit
which is flanked on its eastern and western sides by
impervious sandstone and mudstone units. Both sides
of the anticlinal mountain form cliffs and steep slopes.
The core of the anticline is composed of limestone (T d,
T j, T,b) which forms valleys and depressions of various
forms and sizes (Fig. 2). Except for evaporation, all pre-
cipitation in the region of the anticline above the tunnel

infiltrates into the underground. Hence the recharge of
the groundwater in the anticline is very good. In addi-
tion to the structural features caused by a variety of tec-
tonical events, the neotectonic activity in this region is
also very important. There are many karst forms in this
area, including springs, caves, sinkholes, underground
rivers, depression, and the karst water recharge runoff
and discharge conditions are very complex. Therefore,
all these factors make the carbonate rocks in the Fang-
dou mountain anticline favorable for karst develop-
ment.

The Yangze River valley, 18 km north of tunnel is the
regional base level at 150 m a.s.l. As the average elevation
of the tunnel base is about 540 m higher than the regional
base level, the tunnel is located in the vertical alternating
zone of karst water, so the hydrological conditions in this
area are of a complex type.

MONITORING AND ANALYSIS OF THE TUNNEL WATER GUSHING

The construction of Zoumaling tunnel began on Janu-
ary 8", 2004 from both entrances simultaneously. Due
to the complex geological formations and groundwa-

B

at K47+350 (Photos: Q. Zhang).
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Fig. 3: Two photos of Zoumaling tunnel water inrush. Left: trapezoidal weir, located at tunnel entrance. Right: tunnel water inrush located

ter inrush problems (Fig. 3), the excavation progress
was very slow.
In May, 2004, a long term program started to moni-
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tor the water chemical composition, head pressure, etc. of
inrush points of the tunnel, during the tunnel excavation
process with help of in-situ monitoring equipment simul-
taneously at both sides of the tunnel. Fig. 4 shows the total
daily water gushing quantities at both tunnel entrances

from May 13" to September 23", 2004; the tunnel was
completed in late 2005. The curve shows clearly the varia-
tion of gushing over time during the tunnel excavation.
Before May 27", the tunnel was excavated in T xj,
sand-shale rock, containing groundwater in bedrock fis-

Tab. 2: Average monthly inrush per lithological unit during the period May to September of 2004.

Date (month) 5 6 7 8 9
Inrush (m3/d) 5985 4307 8249 10066 12396
Stratum in tunnel . . . . Ending of T_b stratum,
driving face T,xj sandrock T,b marlite Lamina marlite fault broken zone of Fl
flow (m'/d)
16000, 00 [mmm oo
14000. 00 1 'Y U
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Fig. 5: Monthly rain fall measured

in 2004 of Wanzhou.

) I 2l

E o
—® |0 T s

a > q

L0 - A~
/r/l transient $

time
Fg—Ff—ﬁ/w

I

driving working surface
initial water discharge

+7 B
long—term and
stability condition

Fig. 6: Schematic view of initial wa-
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sures. The water inrush rapidly decreased to a stable level.
When the tunnel reached the T,b unit at K47+013.5 on
May 28", a large gushing occurred at the unit contact (Fig.
4). The maximum inrush increased to almost 12,000 m?/d,
then rapidly reduced, and stayed stable between 4,300 and
5,200 m*/d. At K47+194, on July 4™, the groundwater in-
rush increased gradually because the rock surrounding
the tunnel is tectonically shattered, reaching a volume of
14,000 m*/d on July 21¢, 2004, then gradually decreasing
again. On August 17", 2004, the tunneling reached the
broken fault zone F 18 and water inrush began to increase
to an average daily quantity of over 12,000 m® in Septem-
ber. Based on the daily monitored inrush data, the average
inrush values were calculated and listed in Tab. 2.

Fig. 5 shows the rainfall histogram for 2004 for the
Wanzhou area where a high precipitation period in June
and July is clearly marked. The peak in the tunnel water
inrush in July (Fig. 4) can be correlated with this rainy pe-
riod. But after this period, the water inrush still showed
an upward trend. So there was not a clear relationship
between the tunnel water inrush and rainfall. The water
inrush quantity seems to be correlated as well with the
actual geological characteristics. The reason of larger ini-
tial water gushing at the start of the tunnel excavation is

the water flow into the tunnel from the tunnel driving
face and the rock surrounding the tunnel (Fig. 6) (Heuer
1995) due to a higher water pressure in the tunnel driving
face. The groundwater volume stored in the rock mass
at the tunnel site before excavation is larger than after.
The water stored in the discontinuities in the rock mass
around the tunnel before the excavation is the source of
the initial water gushing. This inrush decreases after the
excavation as the rock mass was drained during the exca-
vation (Wang 1994). So the water gushing into the tunnel
decreases after an initial large volume and then stabilizes
gradually.

The forecast result of tunnel water inrush is 12 500
m?®/d using the groundwater dynamics method, and it is
12 400 m*/d using the precipitation method according to
a detailed survey report (Sichuan Coalfield Geology ...
2003). This differed greatly from the water monitoring
values. This may be due to non-consideration of the geo-
logical conditions in the tunnel zone and the parameters
of the drainage area, and/or due to unreasonable infiltra-
tion coefficient values used. For the T j limestones which
are exposed nearly 1525 m in the tunnel no exploration
and testing data were available, so the applicability of the
groundwater dynamics method was restricted.

WATER CHEMICAL COMPOSITION CLUSTER ANALYSIS

For a proper prediction of the water inrush into the tun-
nel, we must know the hydrogeological conditions and
the groundwater spatial model (Li 1988; Zhou et al.

2015). For this purpose, we carried out a detailed hy-
drogeological investigation in the project area, including

Tab. 3: Hydrochemistry analysis of the water samples. Water samples from nine spring points (x, to x,) around the tunnel and six water

samples from the different tunnel discharge (x,, to x,.).

sampling Point | Room No. Main ion content in water (unit g/I)

COo > HCO Cl Ca** Mg?* SO,* K*+Na*
Q1014 X, 0 0.104 0.002 0.032 0.010 0.052 0.010
Q1019 X, 0 0.360 0.008 0.116 0.010 0.041 0.009
Q1021 X, 0 0.368 0.004 0.137 0.010 0.079 0.004
A1002 X, 0 0.204 0.007 0.064 0.007 0.033 0.010
A1003 X, 0 0.175 0.003 0.058 0.003 0.017 0.004
A1004 X, 0.005 0.191 0.006 0.058 0.021 0.079 0.012
S2-3 X, 0.003 0.170 0.003 0.074 0.003 0.052 0.002
S2-8 X 0 0.253 0.003 0.084 0.005 0.041 0.011
S2-10 X, 0 0.245 0.001 0.079 0.003 0.021 0.007
K46+860 X 0 0.107 0.001 0.024 0.004 0.006 0.009
K46+927 X, 0 0.107 0.001 0.024 0.004 0.014 0.012
K47+014 X, 0 0.172 0.003 0.082 0.015 0.156 0.020
K47+063 X, 0 0.175 0.001 0.066 0.009 0.071 0.008
K47+194 X,, 0 0.266 0.001 0.085 0.005 0.048 0.017
K47+220 X, 0 0.285 0.001 0.105 0.009 0.083 0.011
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a large number of water chemical tests. The test results
were analyzed with fuzzy mathematics.

FUZZY CLUSTER ANALYSIS
Water samples from nine spring points and underground
river along the tunnel and six water samples from the
tunnel gushing were examined (Fig. 1). The total of 15
water samples underwent a cluster analysis. For each
water sample seven ions’ values were determined {CO,*
» HCO,, CI, Ca*, Mg*, SO, K'+Na'}(Tab.3).
With the absolute value subtraction formula (1) we
calculated the fuzzy similarity relation between the sam-
ples. If c=0.01 we obtain the fuzzy similarity matrix R

(Huang 1999; Ye & Li 2005; Fan et al. 2006).

(D

When we make the value of ¢ meet OSrUSI o

[1.00

0.64 1.00

0.60 0.92 1.00

0.84 0.78 0.71 1.00

0.85 0.72 0.66 0.94 1.00

0.84 0.71 0.72 0.91 0.89 1.00

0.87 0.74 0.70 0.92 0.94 0.90 1.00

0.78 0.85 0.78 0.92 0.86 0.85 0.88 1.00
0.77 0.81 0.75 0.92 0.90 0.83 0.88 0.96 1.00
0.94 0.61 0.54 0.83 0.88 0.78 0.83 0.75 0.79 1.00

0.94 0.61 0.54 0.83 0.88 0.79 0.83 0.76 0.79 0.99 1.00

0.76 0.64 0.65 0.81 0.81 0.86 0.85 0.78 0.76 0.70 0.71 1.00

0.87 0.73 0.72 0.92 0.93 0.94 0.95 0.87 0.86 0.82 0.82 0.88 1.00
0.77 0.85 0.79 0.89 0.83 0.84 0.87 0.97 0.93 0.73 0.74 0.78 0.85 1.00
R=1{0.710.86 0.87 0.82 0.76 0.83 0.80 0.90 0.86 0.66 0.67 0.77 0.84 0.92 1.00 |

Symmetrical

[1.00

0.87 1.00

0.87 0.92 1.00

0.88 0.87 0.87 1.00

0.88 0.87 0.87 0.94 1.00

0.88 0.87 0.87 0.94 0.94 1.00

0.88 0.87 0.87 0.94 0.94 0.94 1.00

0.88 0.87 0.87 0.94 0.94 0.94 0.94 1.00

0.88 0.87 0.87 0.94 0.94 0.94 0.94 0.96 1.00
0.94 0.87 0.87 0.88 0.88 0.88 0.88 0.88 0.88 1.00

0.94 0.87 0.87 0.88 0.88 0.88 0.88 0.88 0.88 0.99 1.00

0.88 0.87 0.87 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 1.00

0.88 0.87 0.87 0.94 0.94 0.94 0.95 0.94 0.94 0.88 0.88 0.88 1.00

0.88 0.87 0.87 0.94 0.94 0.94 0.94 0.97 0.96 0.88 0.88 0.88 0.94 1.00
R'= |0.88 0.87 0.87 0.92 0.92 0.92 0.92 0.92 0.92 0.88 0.88 0.88 0.92 0.92 1.00 |

Symmetrical

When R®?=R'R', then R is the fuzzy equiva-
lence matrix, using the truncated matrix equation (2)
of the fuzzy matrix, for different values of A. So a number

of classifications are the outcome. We can then plot the
clustering (Fig. 7).

I L =
., =

' . (2)
240.1) 0 vy <J

CLUSTER RESULT ANALYSIS
Fig. 7 shows that, clusters X, and X, have a correlation
coefficient r.° = 0.99, which shows that these two have
the best correlation. Then sample x, with a value r °=0.94
joins the cluster. Furthermore samples x,and x,, form a
cluster 2nd class, with a correlation coefficient r ° = 0.97,
then x, joins this cluster witha r, °=0.96; x and x  form
acluster 3rd class, with a correlation coefficient r,° = 0.95,
etc. Finally, when x,and x, join, with a correlation coef-
ficient r ° = 0.87, all indicators classify as a combination
of classes and the fuzzy clustering is completed.

Between the locations K46+800 and K47+-220 the
tunnel is located in the sz rock type, near fault F e where
a highly permeable fractured zone is present. As there are
karstic dissolution holes and cracks, the problem of wa-
ter burst is very important in this part of the tunnel with
many spring points in both tunnel walls. The correlation
coefficient between K46-+860 (x,)) and K46+927 (x,,)
of .2 = 0.99 is very high. At both sampling points, there
is Fe O, crustingat the spring point. This proves that the
two water samples came from the same fissures or karst
holes. Similarly, the second and the third class of correla-
tions with 7. > 0.92 also have a strong relevance. The cor-
relation coefficient of the three classes with 7 ° = 0.88 are
assumed to be in the same groundwater system, but sup-
posedly with a weak hydraulic connection. With a value
of rij° =0.87, Q1019 (x,) and Q1021 (x,) cluster with the
other water samples. Fig. 1 shows that these two points
are located at the groundwater division, which means
that they may belong to different groundwater systems,
though they also have a good correlation.

According to the analysis of water samples taken
during the site investigation and tunnel construction
phase, the degree of mineralization of groundwater in
this area is low, between 0.173 g/l and 0.362 g/I, with an
average of 0.254 g/l; the pH is between 6.9 and 8.3, with
an average of 7.7. It shows that all karst water in this re-
gion has similar recharge, runoft and gushing conditions.
Due to the large permeability of the rock masses in this
area, the water flow distance from the infiltration area to
the gushing area in the tunnel is short, leading to a fast
groundwater cycle. The groundwater chemistry is mainly
dominated by HCO,-Ca, followed by HCO,-5O,-Ca-Mg
and HCO,-SO,-Ca.

Based on the analysing of water chemical compo-
sition by cluster method in Zoumaling tunnel, we can
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Fig. 7: Fuzzy clustering result. The left column of data between 0.87 and 0.99 in the figure means the correlation coefficient for each cluster.

divide and analyse groundwater system of tunnel site ac-
curately, and it is the foundation to forecast tunnel water
inrush.

FORECASTS OF TUNNEL WATER INRUSH
In the static estimate of the design stage, the water inrush
is determined through using common water gushing
calculation method. Then by using real-time monitor-
ing data including water gushing, groundwater specimen
even lithologic characteristics during the excavation of
tunnel, dynamic estimate of water inrush can be real-
ized in the progressive process of tunnel construction.
Ultimately we can use the method of groundwater runoft
modulus to calculate the tunnel water inrush.

The values for this parameter M (modulus of runoff)
were taken from the 1:200,000 regional hydrogeological
report of Wanxian and Zhongxian County (Sichuan Geo-
logical Bureau ... 1981, 1984). According to the exposed
position of the strata, the topography, and in combination
with the runoff conditions in the hydrogeological units,
the values of groundwater runoff modulus during the dry
season are estimated as follows (Meng & Lei 2003):

J,s and ] zh formation (Jurassic) M = 0.75 (I/seKm?);
T xj formation (Upper Triassic) M = 0.75 (I/seKm?);
T,b formation (Middle Triassic) M = 3.96 (I/seKm?);
T j formation (Lower Triassic) M = 6.0 (I/seKm?).

The aquifer thickness is calculated above the tunnel axis,
and the area is measured from 1:50,000 geological maps.

Then we use the following formula: Q = 86.4 ¢« M « F (Ji-
ang 1991; Ministry of Railway ... 2004) to calculate the
volume of groundwater inrush.

In the formula: Q = value of groundwater inrush

(m?*/d);

M = modulus of runoff (I/sekm?);

F = area of the concerned unit (km?).

The result is shown in Tab. 4 and shows that the value of
groundwater inrush calculated with help of the under-
ground runoff modulus is almost 3.5x10°m*/d during
the dry season.

The total volume of natural groundwater inrush
during the dry season is 12,370 m*/d as calculated by
the atmospheric precipitation infiltration method and
groundwater dynamics method in the detailed survey
report (Sichuan Coalfield Geology ... 2003) of the tun-
nel, which is a relatively small value, due to the fact that
the watershed area was not correctly defined, which
lead to a smaller catchment area. The Zoumaling tun-
nel construction was completed in late 2005. During
the construction, no large caves and underground riv-
ers were discovered. After the construction of the tun-
nel, the actual average water inrush from the tunnel
was 31,000 m?/d. Our forecast results according to the
ground hydrogeological survey of almost 3.5x10* m*/d
was very close to the monitoring data. So the difference
between the actual monitoring data and the forecasted
value with the method proposed in this paper is very

Tab. 4: Groundwater inrush calculated with help of the runoff modulus methods during the dry season.

Stratum Area Underground runoff modules M Value of natural groundwater resources
(m?) (l/sekm?) during dry season (m3/d)

Tij 44.9x10° 6.00 2.3x10*

T, 25.4x10° 3.96 0.87x10*

T 40.4x10° 0.75 0.26x10*

total 110.7x10° 10.71 3.5x10*
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small. This was in agreement with the field observation

that the tunnel water inrush during the wet period is

nearly three times larger than during the dry period.
The tunnel was built in 2005, and the tunnel water

inrush has not been found so far by building the cor-
responding size drainage channel on the basis of accu-
rately predicting the water inflow.

CONCLUSION

Tunnel water inrush forecast is a complex issue. The
volume of water inrush is controlled by topography, li-
thology, geological structure, the local meteorological
and hydrological conditions, and many other factors. It
is a subject that should be researched and explored con-
stantly with field monitoring data, and combined with
advanced technology and mathematical methods.
From this tunnel water inrush forecast evaluation
it is concluded that a variety of methods should be uti-
lized, combined with an inventory of the hydrogeologi-
cal conditions in the survey area. Identify its complex of

hydrogeology, runoft and gushing conditions, which is
the most basic work to predict the tunnel water inrush.
Only do this we can forecast and calculate the tunnel
water inrush. Secondly, it is recommended to use a va-
riety of methods to improve the prediction accuracy
when to predict the tunnel water inrush. Finally, the
forecast of tunnel water inrush is a dynamic processes,
the actual value observed during the construction stage
should be used to revise the calculation parameters dur-
ing the design stage.

ACKNOWLEDGMENTS

Much of the work presented in this paper was supported
by the National Natural Science Foundation of China
(Grant No. 41202213), and the State Key Laboratory of
Geohazard Prevention and Geoenvironment Protection

(Grant No. SKLGP2013Z003). The authors would like to
express appreciation to the reviewers for their valuable
comments and suggestions that helped to improve the
quality of the paper.

REFERENCES

Casagrande, G., Cucchi, E & L. Zini, 2005: Hazard con-
nected to railway tunnel construction in karstic
area: applied geomorphological and hydrogeo-
logical surveys.- Natural Hazards and Earth
System Science, 5, 2, 243-250. DOI: 10.5194/
nhess-5-243-2005

Day, M.]., 2004: Karstic problems in the construction
of Milwaukee’s deep tunnels.- Environmental Ge-
ology, 45, 6, 859-863. DOI:10.1007/5s00254-003-
0945-4

El Tani, M., 2003: Circular tunnel in a semi-infinite aqui-
fer.- Tunnelling and Underground Space Technolo-
gy, 18,49-55. DOI: 10.1016/50886-7798(02)00102-
5

Fan, Z.C., Chen, J.S. Dong, H.Z. & X. Zhao, 2006: Ap-
plying fuzzy clustering method to study leakage

of dyke.- Rock and Soil Mechanics, 7, 1214-1218.
DOI: 10.3969/j.issn.1000-7598.2006.07.040

Goldscheider, N. & Z. Chen, 2017: World Karst Aquifer
Map 1:40,000.- BGR, IAH, KIT & UNESCO. [On-
line] Available from: https://www.kit.edu/kit/eng-
lish/pi_2017_174_new-world-karst-aquifer-map.
php [accessed February 4th 2019].

Handong, C., Guangli X., Noriyuki, Y., Zhang, Y., Pola,
L. & W. Jifengu. 2017: Risk assessment of water in-
rush in karst tunnels based on two-class fuzzy com-
prehensive evaluation method.- Arabian Journal of
Geosciences, 10, 7, 179. DOI: 10.1007/s12517-017-
2957-5

Heuer, R.E., 1995: Estimating rock tunnel water in-
flow.- In: Williamson, G.E. & .M. Gowring (eds.)
Proceedings : 1995 Rapid Excavation and Tunneling

ACTA CARSOLOGICA 48/1 - 2019

125



KANG XIAOBING, LUO SHENG, XU MO, ZHANG QIANG & YANG YANNA

Conference, 18"-21" June, San Francisco, Littleton,
Colo.: Society for Mining, Metallurgy, and Explora-
tion, Inc., 41-60.

Huang, J.Y., 1999: Fuzzy Set and Application.- Ningxia
People Education Press, Yinchuan, 90-111.

Jiang, H., Lang L., Xiaoli, R., Mingyang, W., Yuanpu,
X. & Z. Zhicheng, 2017: Model test to investigate
waterproof-resistant slab minimum safety thick-
ness for water inrush geohazards.- Tunnelling
and Underground Space Technology, 62, 35-42.
DOI:10.1016/j.tust.2016.11.004

Jiang, J., 1991: Tunnel of engineering geology.- Beijing:
China Railway Publishing House, 199-229.

Knez, M., Slabe, T., Sebela, S. & F. Gabrovsek, 2008: The
largest karst cave discovered in a tunnel during mo-
torway construction in Slovenia’s Classical Karst
(Kras). Environmental Geology, 54, 4, 711-718.
DOI: 10.1007/s00254-007-0840-5

Kolymbas, D. & P. Wagner, 2007: Groundwater ingress
to tunnels - The exact analytical solution.- Tun-
nelling and Underground Space Technology, 22,
23-27. DOI: 10.1016/j.tust.2006.02.001

Li,L.P, Lei, T, Li, S.C., Xu, Z.H., Xue, Y.G. & . Shi, 2015:
Dynamic risk assessment of water inrush in tun-
nelling and software development.- Goemechan-
ics and Engineering, 9, 1, 57-81. DOI:10.12989/
gae.2015.9.1.057

Li, S.C., Zhou, Z.Q,, Li, L.P,, Xu, Z.H., Zhang, Q.Q. & S.S.
Shi, 2013: Risk assessment of water inrush in karst
tunnels based on attribute synthetic evaluation sys-
tem.- Tunnelling and Underground Space Technol-
ogy, 38, 50-58. DOI: 10.1016/j.tust.2013.05.001

Li, X., 1988: Hydrogeochemistry.- Nuclear Press, Bei-
jing, 207-223.

Meng, Y. & M. Lei, 2003: The advance and suggestion
for the study on discharge rate in karst tunnel gush-
ing.- Carsologica Sinica, 12, 287-292. DOI: 1001-
4810(2003)04-0287-06

Ministry of Railway of The People’s Republic of China,
2004: Code for Hydrogeology investigation of
railway engineering.- China Railway Publishing
House, Beijing, 49-52.

Perello, P, Baietto, A., Burger, U. & S. Skuk, 2013: Exca-
vation of the Aica-Mules pilot tunnel for the Bren-
ner base tunnel: information gained on water in-
flows in tunnels in granitic.- Rock Mechanics and
Rock Engineering, 47, 3, 1049-1071. DOI: 10.1007/
s00603-013-0480-x

Perrochet, P.,, 2005: Confined flow into a tunnel during
progressive drilling: an analytical solution.- Ground
Water, 43, 6, 943-946. DOI: 10.1111/j.1745-
6584.2005.00108.x

Radulovi¢, M.M., 2013: A new view on karst genesis.-

126 | ACTA CARSOLOGICA 48/1 - 2019

Carbonates and Evaporites, 28, 4, 383-397. DOL:
10.1007/513146-012-0125-2

Raymer, J.H., 2005: Groundwater inflow into hard rock
tunnels: a new look at inflow equations.- In: Hut-
ton, J.D. & W.D. Rogstad (eds.) 2005 Proceedings
-Rapid Excavation and Tunneling Conference, June
2005, Seattle, Littleton, Colo.: Society for Mining,
Metallurgy, and Exploration, Inc., 457-468.

Sichuan Coalfield Geology 137 General Team, 2003:
Zoumaling tunnel detailed engineering geologi-
cal survey of Chongqing Shizhu - Wanzhou road
Zouma ~Xintian section (K46 +614 ~ K49 +077),
20-23.

Sichuan Geological Bureau 208 Geological Team, 1981:
1:200,000 regional hydrogeological report of
Zhongxian County, 136.

Sichuan Geological Bureau Nanjiang Hydrogeology Bri-
gade, 1984: 1:200,000 regional hydrogeological re-
port of Wanxian County, 129.

Song, W.K., Hamm, S. & J. Cheong, 2006: Estimation of
groundwater discharged into a tunnel.- Tunnelling
and Underground Space Technology, 21, 3-4, 460.
DOI:10.1016/j.tust.2005.12.098

Vincenzi, V., Gargini, A., Goldscheider, N. & L. Pic-
cinini, 2013: Differential Hydrogeological Effects
of Draining Tunnels Through the Northern Apen-
nines, Italy.- Rock Mechanics & Rock Engineering,
47, 3, 947-965. DOI: 10.1007/s00603-013-0378-7

Wang, J., 1994: Discussion on Outflow Calculation in
Tunnel.- Journal of the China Railway Society, 16,
4,110-115.

Xeidakis, G.S., Torok, A., Skias, S. & B. Kleb, 2004: En-
gineering geological problems associated with
karst terrains: their investigation, monitoring, and
mitigation and design of engineering structures
on karst terrains.- Bulletin of the Geological Soci-
ety of Greece, 36, 4, 1932-1941. DOIL:http://dx.doi.
org/10.12681/bgsg.16679

Wang, Y,, Jing, H, Yu, L., Su, H. & N. Luo, 2016: Set pair
analysis for risk assessment of water inrush in karst
tunnels.- Bulletin of Engineering Geology and the
Environment, 7, 1-9. DOI:10.1007/s10064-016-
0918-y

Ye, H., Chen, J. & X. Li, 2005: Application of Water
Quality Fuzzy Cluster and Environmental Isotope
in Detect Seepage Access in a Dike.- Geotechnical
Investigation and Surveying, 1, 22-25.

Yuan, D., Zhu, D., Weng, J., Zhu, X., Han, X., Wang, X.,
Cai, G., Zhu, Y., Cui, G. & Z. Deng, 1991: Karst of
China.- Geological Publishing House, Beijing, 1.

Zhou, D. & Li, Q. 2000: Methods of prediction the tun-
nel water discharge.- Geotechnical Investigation
and Surveying, 4, 18-32.



DYNAMIC ESTIMATING THE KARST TUNNEL WATER INRUSH BASED ON MONITORING DATA DURING EXCAVATION

Zhou, Z., Li, S., Li, L., Shi, S. & Z. Xu, 2015: An optimal  Zini, L., Calligaris, C. & E. Cucchi, 2015: The challenge

classification method for risk assessment of water of tunneling through Mediterranean karst aquifers:
inrush in karst tunnels based on grey system theo- the case study of Trieste (Italy).- Environmental
ry.- Goemechanics and Engineering, 8, 5, 631-647. Earth Sciences, 74, 281-295. DOI: 10.1007/s12665-
DOI:10.12989/gae.2015.8.5.631 015-4165-5

ACTA CARSOLOGICA 48/1 - 2019

127



