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1. Introduction

Tunnel Across Tigris River

Aadil A. Hamid', Haitham A. Hussain*

Abstract

Water seepage can cause serious problems in geotechnical engineering
especially for construction under the water level. Baghdad metro tunnel is one
of the leading vital projects to solve the major problem of crowding roadways
in a highly population increase city like Baghdad. In this study, the seepage rate
that will flow toward different selected points along the tunnel section across
Tigris River was calculated during the excavation process, with the
consideration of three different water levels of River at maximum, moderate,
and minimum water depths. A three-dimensional model of the study has been
modeled using the finite element software (PLAXIS 3D V20). The water
seepage was observed for six different locations on each route of the tunnel.
The study showed that the change of water depth in the river has no significant
effect on the seepage — time curve shape. However, increasing the water level

in River from minimum to maximum leads to increase the seepage rate about
15%.
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gradients in the ground ahead of the excavation face.

Underground infrastructures have been hugely
developed in the past decade due to the increasing
demand of residents of urban cities for new mass
transportation medias [1]. They are playing a very
important role in the lives of now-day people. These
substructures include underground parking areas,
tunnels, highways, and subways [2]. One of the most
important factors to consider when designing a tunnel
below the ground water table is the seepage rate, since
it may cause tunnel instability, worker life loss, ground
settlement, and many other disastrous [3]. Water
seepage is unfavorable for tunnel face stability because
it is associated with the occurrence of hydraulic

The hydraulic head gradient acts as a body force,
"seepage force", which is directed towards the face and
is, therefore, unfavorable with respect to its stability,
[4]. Tunnels can be drilled by a tunnel boring machine
(TBM) to minimize inflows and groundwater impacts,
restricting the effect on the tunnel face. This method
is especially suitable for urban tunnels where the works
are usually undertaken near the ground surface [5].
Several solutions have been presented in the past
decade to evaluate the value of seepage rate and
seepage force. (Goodman E.R.,, etal. 1965)
Considering the case of a tunnel excavated under a
large river, Goodman created a simple equation to
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calculate the seepage force around a tunnel
constructed in a homogeneous isotropic semi-infinite
aquifer, by application of method of images.
Goodman's equations are based on very simple
assumptions that the tunnel is of infinite length, and
that the water table remains constant without changing
its position all the time. Further, he considers the only
factor affecting the seepage rate is the permeability
coefficient of soil [6,7]. In 1993, Zhang, Franklin
showed that the seepage rate obtained by the above
equation is insignificant, because actual flow rate
obtained from field measurements was 90% lower and
30% higher than that given by equations [8]. Heuer in
1995, Found that, the actual water inflow is largely
lower than that obtained by Goodman equation; he
states that the value is one eight of previous analytical
solutions (87.5% lower than that given by Goodman
equation; he suggested modifying Goodman equation
by multiplying by (1/8) [9]. In 1999, El-Tani, took into
consideration all the previous known equations, to
develop an optimum equation for calculating the
seepage rate around a tunnel in a saturated,
homogeneous, and isotropic aquifer. El-Tani equation
is wvalid for horizontal circular tunnel. Further
modification is required in the case of non-circular
shaped tunnels, or non-homogeneous soil [10].
Karlsrud. K combined the work of Goodman and
Heuer to develop a new equation considering a very
deep tunnel. Karlsrud suggested that his equation has
smaller error margins compared with Goodman and
Heuer equations, even for shallow depth tunnels that
are located under the water table [11]. Moon and
Fernandez made a new equation to estimate the flow
rate into a circular tunnel in saturated soil. The study
considers the reduction of soil mass permeability
because of the effect of hydro-mechanical coupling.
The results are presented in a couple of equations. The
first one is for the case of shallow depth tunnels, and
the other is for tunnel at great deeps [12]. Jin-Shin
studied the ground reaction curve (i.e.: the relationship
between internal pressure and radial displacement of a
tunnel) of an underwater tunnel subjected to seepage.
This curve is significantly affected by existence of
seepage. The study included estimating the quantity of
water that inflows to the tunnel and the subsequent
seepage force based on the hydraulic gradient
distribution around the tunnel. The numerical solution
of the ground reaction curve with consideration of
seepage was then obtained by using (PENTAGON
2D) software. The numerical results showed that the
radial distance of the tunnel wall is highly increased as
water seeps into the soil due to the seepage force effect
[13]. Lewen Zhang studied water inflow into the
Tsingtao subsea tunnel based on the principle of
superposition. The permeability coefficients of highly
weathered layer and moderately weathered layer were
determined according to the permeability coefficient
of slightly weathered layer. Then, based on the well
flow model of infinite confined aquifers, the double
water gushing points calculation model was presented,
and then the model was simplified into a single water
gushing point calculation model. Then, under the
conditions of multi-horizontal strata, the equivalent
calculation formulas for water inflow were derived.

150

/%9)

The water inflow which is affected by the tunnel depth,
radius and seawater depth is analyzed. The suggested
formula proves its applicability by compared with the
results obtained from a numerical finite element
software (FLAC 3D) [14]. This study aims to evaluate
the seepage quantity as a time-dependent variable
during the excavation stage of the tunnel when it
crosses the river. A 3-Dimensional-model will be used
to estimate the value of water seepage toward different
selected points (mentioned in details later) and for
different water levels.

2. Case study for Baghdad metro tunnel
crossing Tigris River

The proposed Baghdad metro lies in Baghdad City.
It has a total length equal to 39 km including 42
stations. This proposed project comprises two lines
that connect both sides of Baghdad City; Karkh and
Rasafa. The first proposed line (line-1) runs a length of
18 km and includes 20 stations. The entire length of
line-1 lies in Rasafa. The second proposed line (line-2)
runs a length of 21 km and includes 22 stations as
shown in Figure (1). It starts near Ugba bin Nafie
Square to the south of Tigris River and ends at two
different locations in Karkh, first end in Mansour town
to the west of Tigris River, and the second end in
Bayaa town to the southwest of Tigris River. This line
can be separated into two major parts, Ugba bin Nafie
Square Killani part and Killani-Mansour Squate part,
and one minor part, Mansour Square-Bayaa route.
Killani-Mansour square part, occupies 9 km
approximately. This part starts from the central station
in Killani square and ends at a point about 250 m to
the west of Baghdad-Basra railway line running on the
west of Mansour town. On its way, it bends to the
leftward to cross Tigris River to go to Karkh side [15].
The tunnel is circular in cross-section with an inner
diameter of (5.7) meters and an outer diameter of (6.3)
m; the tunnel consists of two routes, 45 meters apart
(H=45) , and the invert level of the tunnel (2) is at a
level of (- 32.341), as shown in the Figure 2.
2.1 Soil Stratification

The study is performed on the section were the
second line of the proposed metro tunnel crossed
Tigris River on its way from Rasafa to Karkh. The soil
stratification used to build the model is obtained from
the national enter of lab and construction research and
is shown in Table (1). The first layer of soil is (6.5 m)
depth and consists of dense grey-brown silty to very
fine gravelly soil. The second layer is extended (2.1 m)
and it includes stiff to very stiff of brown to orange-
brown clay. The third layer extended (17.2 m) below
the stiff clay layer, includes grey-brown vert silty fines.
The fourth layer is a thin gravelly to very gravelly grey
brown sand with a total thickness of (1.9m). The fifth
layer is almost the same as the third extended to the
bottom of the borehole, with a total reached thickness
of (14.09 m).
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Figure 1: Layout of Baghdad metro plotting on
satellite image of Baghdad City (60 cm error). [15]
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3. Methodology

Numerical software is used to determine seepage
rate towards tunnels. The finite element method has
been used in geotechnical problems since the 1960s,
and thereafter developed in applications of continuum
mechanics and structural engineering. This method
has the noticeable advantage of applying soils that
have a non-linear stress behavior. In this research, the
finite element method was selected to conduct the
study by the finite element software called PLAXIS 3D
CE V20. Developing PLAXIS started in 1987 at Delft
University. PLAXIS has been extended to be used in
most geotechnical engineering applications. During
this time, the kernel calculation of (3D) finite element
was developed to release the (PLAXIS 3D tunnel
program) in 2001. With a corporate merger with TNO
in 2004, the second version of (3D PLAXIS) software
called (3D Foundation) was released. The new version
of (3D PLAXIS) was released in 2010. The
development of three-dimensional (PLAXIS) software
which includes an easy way to use it with the facilities
of full (3D) modeling. [17].

4. Numerical Model

In this section, a three-dimensional model was
established to wvalidate the software with other
applicable analytical and numerical solutions. The
second part of this section illustrates the construction
of the computational model for the case study of
Baghdad metro.

Ground Surface (G.S.)

Do Outer diameter of unnel (=6.3 m):
Di: Inner - diameter of tunnel (=5.7 m).
Liner (=0.3 m) is plain concrete.
R.R::Railroad

Crest.Points

\ Invert Points /

1.3 m

Figure (2): Tunnel section [16].
Table (1): Soil strata properties for location under Tigris [15]

A o 3 ° 2 =
b g . ~Z B 2l e i ]
(9] B < ° g < 0 » = dal
Layer Depth of layer (m) £ E Z £ - g £ 2 e . £
No S = 8 g 2 S| T= ~ g =
' 2 | B3 | 2t 2 B|vos| 2§ :

= < 2 ~ H ~

From To

1 0 6.5 6.5 2.23 7000 0.4 25 10 1.0E -8 0.7
2 6.5 8.6 2.1 2.07 2528.2 0.5 5 100 3.0E -7 0.25
3 8.6 25.8 17.2 1.996 10000 0.45 30 15 50FE -8 0.65
4 25.8 27.7 1.9 2.434 17000 0.48 35 14 1.75E -7 0.75
5 27.7 41.79 14.09 1.996 10000 0.45 30 15 50FE -8 0.65
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4.1. Verification Model

Su, K, et.al [18], studied the water inflow toward
sub-water circular tunnels excavated in a rock soil
They developed a new analytical equation to determine
the quantity of seepage through the rock mass. The
case study was conceptualized as two-dimensional
streamflow in a plane perpendicular to the tunnel axis.
The analytical formula, considering the effect of the
excavation-induced drawdown, provides a better
prediction of the tunnel inflow compared to the
existing analytical formulas, even for cases with
inclined groundwater level. The obtained expression
was tested and compared its results with those
obtained from finite element numerical analysis using
ABAQUS software. Figure (3) show a schematic
representation of a circular tunnel excavated in a semi-
infinite aquifer with infinite width and depth under a
horizontal water table. The tunnel case is modeled as a
flow problem in two-dimensional plane that is
orthogonal with the tunnel axis. Three assumptions
were made: (1) The surrounding rock has the
homogeneous and isotropic permeability; (2) the fluid
is incompressible; and (3) there is no flow along the
tunnel axis. A two-dimensional numerical mesh was
created with a 10 m diameter tunnel drilled at 70 to 350
m beneath the ground surface from the tunnel center
as shown in Figure (4). The numerical model
boundaries were assumed to be located at a distance
notless than 50 times the diameter (D) from the tunnel
center to the vertical and bottom boundaries, so that
the influence of the boundaries on the tunnel water
inflow and pore pressure distribution can be omitted
according to Zhou [19]. the permeability of ground
surface and the rock layer was 1.0 X 10=7 m/s. Very
fine mesh was generated; the model consists of
(12207) elements and (25096) nodes as shown in

Figure (5).

72 -
7 Initial water level
- _\“Hxﬁh v __p,,/’/ Ah
Lowered water level ~ T
_ h
y h

T

Figure (3): Circular tunnel profile [18].
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Figure (4): Numerical model (tunnel diameter D =
10 m, the depth from ground surface to the initial
water table H = 50 m, the initial piezometric head
above the tunnel center h is ranged from 20 to 300

m) [18].

F

50D

50D

50D

Figure (5): Mesh generation of the validation model
by using PLAXIS 3D.

4.2 Computational model
In this study, a three-dimensional finite element

model

using PLAXIS 3d V20

software was

constructed to study the effect of water head change
on the quantity of seepage rate at different selected
points along the tunnel when it passes under the river.
The soil stratum has been modeled as a Moher —
Columb type, and the water table location was selected
to be the elevation of the river. Three water table levels
have been selected (6.1, 3.9, and 1.8) meters
representing maximum, minimum, and mean depth of
the river. [20]. The tunnel has been modeled by using
the tunnel design tool, and a fully coupled flow —
deformation analysis is performed. The finite element
mesh extends to a hotizontal distance (X-direction) of
8 times the outer diameter from the centerline of each
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tunnel route, to a vertical depth (Z-direction) of 1.5
times the outer tunnel diameter below the tunnel
invert for the two tunnel routes. And a distance (in Y-
direction) of 8 times of the outer tunnel diameter
perpendicular to the vertical depth. The locations of
these boundaries have been selected in such a way that
the presence of boundaries beyond them has no
significant effect on the stress-strain - pore pressure
field in the domain [21].

Figure (6): Mesh generation of the finite elements
model by using PLAXIS.

Six points have been selected on each route to
evaluate the variation of the water seepage toward the
tunnel (Q) during the excavation phase of tunnel
construction. The coordinates of these points are
stated in Table (2) below. The excavation phase
duration is taken as (10 days), based on the newest
study by the design and study company (French firm
Sastra) that suggested that the length of tunnel with
two sections excavated during one day approximately
equals to 5 m to 5.5 m [16].

Table (2): Coordinates of selected location for
observing seepage rate

Location X (m) | Y (m) | Z (m) Code
Left route — .frontal 2656 0 26,04 LR frontal
crest point CR.
Left. route — frontal 26,56 0 3241 LR frontal
invert point Inv.
Left route - mid 2656 | 252 | 2604 LR mid
crest point CR.
Leftroute = mid | o 56| 955 | 5p41| MR mid
invert point Inv.
Left route — rear 2656 | 504 | 2604 LR Rear
crest point CR.
Left route — rear 2656 | 504 |-32.41 LR Rear
invert point Inv.
Right route - frontal 26.56 0 | -26.04 RR frontal

crest point CR.
ngh.t route —.frontal 26.56 0 3241 RR frontal
invert point Inv.
Right route — mid 2656 | 252 | 26.04 RR mid
crest point CR.
Right route = mid | 5 56 | 555 | 3041 | RRmid
invert point Inv.
Right route —rear | oese | osoa | 604 RR Rear
crest point CR.
nght route —rear | oese | 504 | 3041 RR Rear
invert point Inv.

5. Results and discussion

This section shows the results of numerical
analysis for both the validation and computational
models followed by a brief discussion for these results.
5.1 Results of validation test

The results of the numerical analysis of water
inflow due to the excavation of the tunnel and the
change in water depth above the tunnel are shown in
Figure (7). By comparing the numerical analysis results
with the upper bound solution given by Goodman and
the lower bound solution given by Moon, Plaxis results
are well-located between them, and are roughly the
same as those obtained by Su using ABAQUS.

3
2.5
g 2
£
S 1.5
)
~ 1
o
0.5
. .
0.25 0.15 0.1 0.05 0.016667
r/h
s GOODMAN  ====PI.AXIS 3D ABAQUS MOON

Figure (7): Comparison of PLAXIS results with that of other related software.

5.2 Results of analytical model
The seepage rate has been calculated as a time
dependent value, and the study results is presented in
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Figures (8,9,10). Maximum water seepage occurs on
the rear face crest point of the left route with a value
of (1.68 X 10® m3/min) when the water level is (6.1
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m) in the last day of excavation process. For the mid-
section, the minimum variation between the crest and
invert points seepage rate can be noticed for both
routes, which lead to more stability as the seepage
force related to this water seepage will be
approximately equal on top and bottom points. When
the water level is minimum (i.e.: 1.8m) the total flow
on the frontal crown point of the left route is raised up
from (0) in the geostatic step (the step before the
beginning of excavation) to a value of (8.1 X 107*
m?3/min), few hours after the excavation process start,
then this value is kept uniform at the same rate until
the end of the excavation process. The frontal invert
point seepage — time curve showed the same behavior
for the crest point curve, but, for sure with a lower
value of water seepage (1.8 X 10™* m3/min). The
same behavior of frontal face can be seen for the right
and left route, with 2 maximum value of (1.02 x 1073
m3/min) for the crest point. By comparing the results
of mid plane crest and invert point of both routes for
the minimum water level, it can be cleatly seen that the
values of water seepage through these points are
approximately nil. A maximum value for both left and
right crest points of about (4.5 X 107> m3/day) was
found to occurring four days after the start of the
excavation process then it is gradually decrease to a
stable value of (1.25 X 107> m3/day) within two
days. While the mid-way invert points of both routes
exhibit the maximum value of seepage in three days
after the start of excavation process. The maximum
value of seepage rate at the mid invert point was found
to be approximately 50% of the water seepage towards
the same section crest point, then they go down to
almost zero only one day after their peak point. The
rear plane points are the most critical points, showed a
relatively large gap between the seepage rate at crest
and invert points. The seepage rate remains at zero
level for the first nine days of ten days excavation
process. Then it is gradually raising to the value of
(1.5 x 1073 m3/min) at the crest point of both routes,
and to the value of (1.5 X 10™* m3/min) for the invert
point of both routes. These values of water seepage on
the rear face stay almost constant during the last day as
shown in Figures (8,9,10). The same curves behavior
can be noticed for the other water level with a little
larger value. The maximum value water seepage for the
rear crest point of the left and right routes for water
level of (6.1 m) was found to be (1.68x 1073
m3/min) and (1.6 X 1073 m3/min) respectively.
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Figure (8): Results of seepage rate effects on tunnel
(A) frontal left face (B) mid left plane (C) rear left
plane (D) frontal right plane (E) mid right plane, and
(F) rear right plane & for Tigris water level equal 1.8
m.

155

1.00E-03
9.00E-04
8.00E-04

= 7.00E-04
‘E 6.00E-04
o 5.00E-04
E 4.00E-04
< 3.00E-04
2.00E-04
1.00E-04
0.00E+00

01123345567789910
Time (day)
e===s] R FRONTAL CR. s===LR FONTAL INV.

1.00E-05

0.00E+00

01123345567789910
Time (day)
e===LR MID CR. e===LR MID INV.

1.80E-03
1.60E-03
1.40E-03

2 1.20E-03

£ 1.00E-03

£ 8.00E-04

N’

O 6.00E-04
4.00E-04
2.00E-04

0.00E+00

i

mi

01123345567789910
Time (day)
e===s].R REAR CR. e===LR REAR INV.




NJES 24(2)149-158, 2021
Hamid & Hussain

1.20E-03

1.00E-03

0.00E+00

0123345¢673828910
Time (day)

=== RR FRONTAL CR. ====RR FONTAL INV.

4.50E-05
4.00E-05
3.50E-05

S 3.00E-05

§ 2.50E-05

£ 2.00E-05

N

o 1.50E-05
1.00E-05
5.00E-06 I
0.00E+00

01123345567789910
Time (day)

e====RR MID CR. e====RR MID INV.

1.80E-03
1.60E-03
1.40E-03

2 1.20E-03
1.00E-03

£ 8.00E-04

£

O 6.00E-04
4.00E-04
2.00E-04

0.00E+00

mi

*/

01123345567789910
Time (day)
e===sRR REAR CR. e===RR REAR INV.

Figure (9): Results of seepage rate effects on tunnel
(A) frontal left face (B) mid left plane (C) rear left
plane (D) frontal right plane (E) mid right plane, and
(F) rear right plane & for Tigris water level equal 3.9
m.
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Figure (10): Results of seepage rate effects on tunnel
(A) frontal left face (B) mid left plane (C) rear left
plane (D) frontal right plane (E) mid right plane, and
(F) rear right plane & for Tigris water level equal 6.0
m

6. Conclusions

The results prove that the water level change during
different seasons of the year affects the seepage rate,
but not the behavior, during the excavation stage of
the proposed metro tunnel. The most critical point is
the crest point of the rear face of tunnel, were occurred
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at the end of the excavation stage (day 10). The
seepage rate at the invert points of both routes is
approximately linear with mostly negligible value
(107° m3/min), and its value is slightly affected by the
change in water level. The increase of water level from
(1.8) meters to (6.1) meters caused increasing in the
maximum water inflow by roughly 15% due to the
increase in pore water pressure [7]. The frontal and
rear faces exhibit higher values for seepage rate at their
crest points as compared to the invert point of the
same section and for the selected water level. On the
other hand, the mid-way section crest points exposed
to lower seepage forces as compared to the same
section invert point.
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