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Influence of underground water seepage flow on
surrounding rock deformation of multi-arch tunnel
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Abstract: Based on a typical multi-arch tunnel in a freeway, the fast Lagrangian analysis of continua in 3 dimensions(FLAC’") was
used to calculate the surrounding rock deformation of the tunnel under which the effect of underground water seepage flow was taken
into account or not. The distribution of displacement field around the multi-arch tunnel, which is influenced by the seepage field, was
gained. The result indicates that the settlement values of the vault derived from coupling analysis are bigger when considering the
seepage flow effect than that not considering. Through the contrast of arch subsidence quantities calculated by two kinds of
computation situations, and the comparison between the calculated and measured value of tunnel vault settlement, it is found that the
calculated value(5.7—6.0 mm) derived from considering the seepage effect is more close to the measured value(5.8—6.8 mm).
Therefore, it is quite necessary to consider the seepage flow effect of the underground water in aquiferous stratum for multi-arch
tunnel design.
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1 Introduction

With high speed development of our national
economy, the highway is constructed on large-scale all
around the country. Along the freeway from Changsha to
Chongqing(one section of which is from Changde to
Jishou), many tunnels have to be constructed. As these
tunnels’s topography and geomorphic conditions are very
complex and the rain is very rich, the invasion of
underground water and surface water is a difficult
problem in the tunnel construction and its future function.
In the past railway and highway tunnel construction,
some effective waterproof construction technologies
were proposed!' *!. But the researches on the mechanism
of coupling function of fluid and stress and its influence
on tunnels are not enough. For example, LIU and CHEN*
calculated and analyzed the double-arch tunnel structure
in water-eroded groove but did not consider the
underground water seepage force. YANG et al'®! studied
the earthquake response of large span and double-arch
shallow tunnel, combining with dynamic stress but
without underground water seepage stress. In fact, tunnel
excavation forms two secondary stresses fields that can
change the distribution of initial rock stress field and the
underground water seepage field. And the seepage flow

of underground water also has important influence on the
stability of tunnel.

Generally speaking, when the surface water seeps in
underground, it will constitute the initial seepage flow
field together with the underground water. But after
tunnel excavation the initial seepage flow field will be
destructed. In order to achieve a new balance, it can
produce a new seepage flow field around the tunnel with
the underground water flowing into the tunnel. The
pore-water pressure can change the stress field of
adjacent rock mass. This problem is the coupling flow
and stress question on which some scholars study
now!* . LI et al'® analyzed the subsea tunnel with
coupling process and LEE and NAM® ™ discussed the
seepage flow force around the tunnel with coupling
analysis. In order to know the effect of underground
water seepage flow on the surrounding rock deformation
of tunnel, a multi-arch tunnel(named Bi-Ma-Xi tunnel)
engineering was analyzed with FLAC’ in this work.

2 Engineering and geology conditions

2.1 Topography

The tunnel locates at a hill on long-term weathering
and denudation action. In the tunnel area, there are some
gullies that primarily strike towards north and some
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strike from east to north. Tunnel axis direction and
topographic contour line are intersected with orthogonal
or a great angle at section K218+087-K218+380 and
with a small angle or even parallel at section K218+380—
K218+565. The topography is rather steep and forms a
“V” type gully. The general hill strike is about 340°,
which is close from north to south. The topography slope
is about 15°-35°. The green vegetation is mainly the
small bamboo and herbaceous plants. The rock bed is
visible in some places.

2.2 Lithology

According to engineering geology survey and
drilling exposure data, the stratum of surveying area
from young to old is as follows.

The Quaternary Holocene(Qh): the soil-like loam
layer, snuff color, plastic-stiffly, 0—4.60 m thick. This
layer is ignored in numerical model.

The Upper Cretaceous (K2j): Sandstone layer, red

brown or palm fibre or dust colour, fine-grained structure.

The calcareous cemented rock layer is mixed with mud
cemented rock layer and the former is the main part and
it is thin and medium thickness structural layer. The
horizontal bedding layer develops and the dip angle is
small. According to weathered degree the stratum can be
divided into three layers from the top down: intensely,
weakly and tinily weathered layer. The sketch map of
geology section is shown in Fig.1.
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Fig.1 Sketch of geological profile for tunnel

2.3 Geology constitution

In tunnel area there is no large fracture structure and
nor any new tectogenesis. The geology constitution is a
monoclinal structure. The rock dip direction of general
occurrence is 95°—115°. The dip angle distribution ranges
from 8° to 15°. Three sets of joint crack develop: 1) dip
direction 148°, dip angle 89°; 2) dip direction 350°, dip
angle 56°; 3) dip direction 225°, dip angle 77°. The joint
cracks mostly twist with pressure and crack faces are
almost close. Minorities of the crack faces are patulous
and the distance between two cracks often varies from 5
to 20 cm. The connectivity is fairly good.

3 Construction of 3D numerical model

3.1 model of numerical calculation

This tunnel is a freeway multi-arch tunnel, of which
the left one and right one are general parallel. The two
tunnels are about symmetrical by the middle arch wall.
The average thickness of middle wall is 2.1 m. The key
dimensions of tunnel section are shown in Fig.2.
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Fig.2 Sketch of multi-tunnel cross section (unit: cm)

When modeling the tunnel, the direction along the

tunnel is y-axis and in horizontal plane the
perpendicularity of tunnel direction is x-axis and plumb
upward is z-axis. The influence of tunnel excavation is
considered. The radius of influence range is above 3
times of one tunnel span. So in width direction, 50 m
extends respectively outside the left and right tunnel,
plus the span itself, width direction calculation range is
125 m. Downwards from the original point is 3 times of
the height of the tunnel, which equals 45 m and upward
is till the earth’s surface (does not consider the clay layer,
calculating depth range includes intensely, weakly, tinily
weathered red sandstone from above to below
respectively). The buried depth of the tunnel is about 25
m. Plus the 10 m of its height, in z-axis the depth is 80 m.
Along the tunnel direction an unit length is considered
because tunnel excavation can be considered as a
plane-strain problem. The size of the 3D numerical
model is 125 mX80 mX 1 m. The 3D numerical model

and its coordinate axis location are shown in Fig.3.
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Fig.3 3D numerical model of tunnel in FLAC®®
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The displacement boundary conditions are adopted
in numerical model. Bottom border is constrained with
vertical displacement and upper border is free border.
Both left and right border are restrained with horizontal
displacement. The same boundary conditions are applied
in both the front and back borders in y-axis.

3.2 Calculation parameters

The mechanics parameters in numerical analysis are
provided by geotechnical engineering investigation data
and combined with the national criterion need and
parameters discount request in numerical simulation. The
mechanics parameters of the surrounding rock and the
C25 concrete middle arch wall are listed in Table 1. The
surrounding rock and the concrete intensity criteria
adopted is the elastic-plastic criterion of Mohr-Coulomb.
Table 2 shows the surrounding rock relevant seepage
flow parameters when coupling problem is considered in
numerical simulation. Table 3 lists the parameters of shot
concrete(primary lining) and anchor support structure of
the multi-arch tunnel. In this calculation process, the
parameters of Grade IV surrounding rock supporting
system are adopted. And only the affection of the anchor
and shotconcrete is considered. The effect of secondary
lining is not considered in numerical simulation.

4 Discussion on calculation results

4.1 Surrounding rock deformation characteristics
without underground water seepage flow

Based on the established numerical model, the
process in which the underground water seepage flow
function was not considered was carried on by FLAC™®.
Fig.4 shows the vertical displacement contour-line map
in this instance after multi-arch tunnel excavation. From
Fig.4 it can be obviously seen that nearby the tunnel
excavation region the rock deformation is relatively
serious. The vault rock displacement is negative,
indicating that the displacement direction is vertical
downwards and subsidence occurs. But around the tunnel
bottom the surrounding rock displacement is positive,
indicating that the direction is vertical upwards and
bulging phenomenon occurs.

In the process of numerical calculation, the left and
right tunnels were simulated simultaneously, namely they
were excavated in the identical section plane
simultaneously, that is to say, the influence of the
construction order is not considered. In the computation
process of FLAC’®, some interesting grid points were
selected to monitor their vertical displacement. The
monitored grid points’ number and corresponding
coordinate position are listed in Table 4.

Table 1 Mechanics parameters of surrounding rock(red sandstone) and middle wall in numerical analysis

Weathered condition of Elastic Poisson Friction Density/ Cohesion Tensile Depth/
red sandstone modulus/GPa ratio angle/(%) (kN-m™ stress/MPa stress/MPa m
Intensely weathered 0.1 0.45 20.0 0.1 0.07 5
Weakly weathered 0.5 0.30 22.0 0.4 0.3 50
Tinily weathered 2.0 0.20 24.0 1.5 1.2 25
C25 concrete 28.0 0.20 27.0 6.0 1.3

Table2 Calculation parameters of underground water seepage flow in coupling analysis by FLAC?

Location Lithology of Nature porosity Infiltration Porosity rati Infiltration ratio/
ocatio sandstone ratio coefficient/(cm's ') orostty ratio (m*Pa s
_ . Intensively weathered 0.82 123%x107° 0.45 1.23X107°
Bi-Ma-Xi
tunnel Weakly weathered 0.67 470X107* 0.40 470%107"°
K218+120-K  Tinily weathered 0.33 3.06X107° 0.25 3.06X 107"
218+135 . . o
Disturbed area 0.79 4.10X10 0.44 4.10X10

Note: porosity ratio n=e/(1+e), e means nature porosity; Infiltration ratio k=k”g(gpw)’l, g means acceleration of gravity, which is considered as 10 n/s%, pw

means the density of underground water, which equals 1 000 kg/m”.

Table 3 Design parameters of support structure

Grade of

. Anchor Shot concrete 18% 1 steel
surrounding rock
A" HBC22N combination anchor, L = 3.0 m, row space: 1.00 mX0.75m  C20: thick 26 cm  Space: 75 cm
v 20MnSi common slurry anchor, L = 3.0 m, row space: 1.20 mX1.00 m  C20: thick 20 cm

111 20MnSi common slurry anchor, L = 2.5 m, row space: 1.20 m X 1.00 m

C20: thick 10 cm
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Fig.4 z-displacement contour-line map of surrounding rock
without considering underground water seepage flow

function (unit: mm)

Table 4 Monitored grid point’s position of surrounding rock
around tunnel’s vault

Sequence  Coordinate location/m  Grid point number
1 3.9,0,-26.9 41"
2 3.4,0,-20.9 150"
3 4.0,0,-14.2 209"
4 52,0,-7.0 110"

Fig.5 shows the time process curves of
z-displacement (absolute value) of the monitored grid
points around left tunnel vault. From Fig.5 it can be seen
that the vertical displacement value(or called settlement
value) of tunnel vault surrounding rock has relationship
with its own position. The closer the grid point’s position
away from the tunnel excavation region, the larger the
settlement value. For example, on the middle upper grid
point (41%) of left tunnel, its final calculation settlement
value is 3.7 mm, and another grid points’ values are
getting smaller with the distance becoming longer.
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Fig.5 Time process curves of z-displacement of monitored grid
points around left tunnel vault

4.2 Surrounding rock deformation characteristics
with underground water seepage flow

The influencing factors of surrounding rock
deformation after tunnel excavation in Refs.[10—13],
mainly concentrating on the grade of surrounding rock,
excavating and supporting method, the neighbor
construction load and the construction working
procedure. Generally it almost does not consider the
influence of underground water seepage flow. But in fact,
the underground water existence has important influence
on the surrounding rock deformation. For instance, in the
excavation and tunnel engineering, the underground
water seepage flow can cause quite big displacement of
the soil or rock mass and even threaten the safety of
engineering!"* ). In this study, some quantitative
researches on the influence of surrounding rock
deformation were carried out by underground water
seepage flow.

The stratum is fully saturated with water before
tunnel is excavated. The seepage flow boundary
condition includes that the pore-water pressure of the top
surface is limited to zero and the two sides as well as the
base boundary are water-proof boundaries!'®. Before
tunnel excavation the pore pressure of the stratum is
hydro-static pressure. After tunnel excavation, around the
tunnel excavation boundary is simulated by a free water
seepage flow boundary where the adjacent underground
water infiltrates into the excavated area. And the seepage
flow field of surrounding rock has been changed with the
excavation being carried on. Then the coupling analysis
was executed by FLAC.

Fig.6 shows the vertical displacement contour-line
map after multi-arch tunnel excavation when considering
the underground water seepage flow function. Obviously
it can be seen that in coupling analysis the arch
subsidence quantity is larger than that of not considering
seepage function and the affected region is also wider
than that of the former as shown in Fig.4.
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Fig.6 z-displacement contour-line map of surrounding rock

when considering underground water seepage flow function

(unit: mm)
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In coupling analysis, as the change of pore pressure
in surrounding rock, the effective stress will be changed
and it will cause the rock porosity ratio to reduce, leading
to a larger arch subsidence quantity compared with that
of not considering the seepage flow effect. But the
vertical displacements at the bottom of the tunnel are not
changed a lot. Fig.7 shows the calculated vertical
displacement value for both vault’s middle position (grid
point 41% and grid point 52%). It can be seen that the
subsidence  quantity  gradually increases  with
computation development, after finally tends to its new
balance, both vault’s vertical displacement quantities
finally stabilize at about 5.7 mm and the two time
process curves are basically consistent.

Vertical displacement/mm

1 1 L 1
0 0.4 0.8 1.2 1.6 2.0

Calculation step/104
Fig.7 Curves of both vault’s node displacement vs calculation
steps

Fig.8 shows the time process curves of
z-displacement (absolute value) of the monitored grid
points around the left tunnel vault when taking the
underground water seepage flow into consideration.
Contrasting with Fig.5 it is obviously seen that the
settlement value of 41" grid point is increased and
reaches 5.7 mm. And to the other monitored grid points,
their subsidence quantities also basically tend to 5.0 mm.
The calculation subsidence quantities do not change
when their relative positions changes.

Vertical displacement/mm
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Calculation steps/10*
Fig.8 Time process curves of vault settlement when taking
underground water seepage flow into consideration

4.3 Comparison of deformation measurement results

of surrounding rock

In the process of excavating, the Bi Ma-Xi tunnel,
the inspecting and consulting company of the fourth
investigation and design institute of Chinese Railways
Ministry monitored the surrounding rock deformation.
Fig.9 shows the monitored vault settlement curves at
sections K218+280 and K218+310.

*— K218+310
+— K218+280

Vertical dispacement/mm

0 10 20 30 40 50 60 70 80

Monitoring time/d

Fig.9 Curves of measured value of vault settlement in process
of left tunnel excavation

Comparing Fig.9 with Fig.5 and Fig.8, the maximal
vault settlement calculation value is 3.7 mm when
without considering underground water seepage flow,
and when taking it into consideration the maximal
calculation value is equal to 5.7 mm. And the practical
monitored results reach 6.5 mm and tend to be stable
after 2 months when the tunnel is excavated. The case
fits very well with the coupling analysis result. The vault
settlement measurement values in this multi-arch tunnel
are all basically leveled off between 5.8 mm and 6.8 mm.

The calculation results of coupling fluid-mechanical
analysis are slightly smaller than the measured results.
The reason is that the numerical calculation is thought as
converged when the maximal unbalanced force in
surrounding rock tends to a less value after tunnel
excavation. And it does not consider the effect of actual
time. The parameters in calculating unavoidably exist
difference with the parameter of rock mass in reality.
These reasons lead to the difference between the
coupling analysis and the engineering measurement. But
the results obtained in section 4.1 are less than the
measuring results considering it indicates that the
numerical analysis without underground water seepage
flow cannot meet the need of engineering.

5 Conclusions

1) When underground water seepage flow function
is considered in coupling fluid-mechanical analysis, the
calculation vault settlements have finally achieved
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5.7-6.0 mm with the interaction of underground water
seepage flow and stress release in surrounding rock
around the tunnel. The coupling calculation results are
very close to the vault measurement settlement. It
indicates that constructing tunnels in aquiferous stratum
the underground water seepage flow effect must be
considered in the design phase.

2) The settlement of the surrounding rock above the
tunnel has close relationship with its own position. The
region near the tunnel excavation zone has the biggest
rock deformation, so it should promptly complete
supporting measures. When not considering the seepage
flow function, the farther the region, the smaller the rock
deformation; but when considering the seepage flow
function, the settlement of the surrounding rock is above
the tunnel and then basically tends to stable in shallower
tunnel and it has obviously influence on the ground
surface subsidence.
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