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1. Introduction

Shield tunnelling is used widely in constructing underground infrastructure in cities due to the
ability to limit settlements and damage to existing buildings. However, in an environment with soft
overburden and buildings on pile foundations, the tunnel is often designed well below the pile tip
level. There are two reasons for doing this: to reduce interaction between tunnelling process and
piles, and to avoid having to drive through old abandoned piles that are still present below the
streets. This results in deep station boxes.

When the tunnels would be located at a more shallow level above the pile tip level, this would
largely eliminate the impact on pile bearing capacity as well as reduce the required depth of the
station boxes and the construction cost. Moreover, other benefits are the low operational cost in
the long-term and shorter travelling time from the surface to the platforms. This is possible only if
there are no or very limited obstacles in the subsurface of the streets.

This paper looks into several aspects of shallow
Table 1 Soil parameters overburden tunnelling and seeks the limits on the
cover-to-diameter ratio C/D when tunnelling in soft

Soil type p(kN/m*) %) K ¢ Holocene layers. Various geotechnical influences on
Sand 17.9 3> 04 2 the tunnel will be studied and the effect of low C/D
(S:l?t’ day %gg 38 825 ; ratio will be modelled. The analysis is carried out
: . ith @ number of ideal soil profiles consisting of a
Peat 105 20 065 5 oo oSO g )

single soil type with most important properties as
defined in Table 1.

2. Geotechnical analysis of tunnel stability
- p— 2.1 Uplift

= Analysing tunnel stability, one of the most important

assessments is the uplift condition. Below the ground

le water level, the tunnel is loaded by the following vertical

c forces: the weight of the tunnel G, , the weight of

H overlaying soil layers G, and the uplift force G,, as can be

seen in Figure 1. The uplift force of the tunnel can be
B estimated according to the Archimedes’s principle as:

s
N GA = Yw Z Dz (1)
where:
d—= 1 Yw-the volumetric weight of water;

D- the diameter of the tunnel.
The weight of the tunnel lining follows from:

Fig. 1 Uplift calculation
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Gy~myrDd (2)

where d is the thickness of tunnel segments, and yy is the weight unit of tunnel lining (concrete).
The weight of the soil layers above the tunnel is given by:

s
G, = DHy, — gDzy;q 3)
where vy, is the volumetric weight of soil.

In the construction phase, it is assumed that friction between the lining and surrounding ground is
not included in the vertical equilibrium (lower boundaries). If the uplift force G, is smaller than the
total of tunnel weight and the upper soil layers weight, there will be no risk of uplift in the tunnel.

Gy < Gy + G, 4)

s s
Or Yw ZD2 < myyDd + DHyy — §D2y£’] (5)
Such that, the required depth of the tunnel H can be calculated from:
T
YD + jyéD —4nyrd
H >

> = (6)
Vg
From Figure 1, the depth of tunnel overburden is:
C=H-DJ2 (7)

From the Equation 6, the minimum required ratio of C/D can be calculated as:
c my, mdy, 1 m
()=~ -5 %
D/ min 4)/'g D)/'g 2 8
Assuming unit weight of tunnel lining yr = 24kN/m3, the relation between the minimum required
ratio of C/D and the unit weight of soil for the various the thickness-to-diameter ratios of the
tunnel segment d/D is shown in Figure 2. For the case of d/D = 1/10, the cover C=0 and
therefore the ratio C/Dp,;, = 0 when yg = 2.92kN/m?>. This means that there is no risk of uplift
when the cross section of tunnel is designed with d/D = 1/10 or including ballast weight to a
similar effect and the soil has a unit weight y; more than 3kN/m?>.
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Fig. 2 Relation between unit weight of soil y; and the Fig. 3 Relation between ratio of d/D and the minimum
minimum required ratio C/D required ratio /D
Table 2 Minimum required ratio a/D Based on Equation 8, Figure 3 indicates the required ratio
Soiltybe #(kN/m3) d/D d/D and the m|n|mum_r_eqU|red ratlo_C/D in various soil
Sandyp 71/(7 9/m ) 0 693 types. In these conditions, the minimum ratios d/D
) ) avoiding the uplift are identified as in Table 2 in the case
Clay 16.5 0.095 . . X
of tunnel with /D = 0. This shows that given enough
Soft clay 15.5 0.096 : o X 4
Peat 10.5 0.103 ballast weight, the risk if uplift can be countered even in

very soft soil conditions.
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2.2 Wedge stability model

The support pressure at the tunnelling face must be higher than or at least equal to the total of
water pressure and horizontal effective soil pressure to avoid collapse. The minimum required
support pressure is estimated on the basic of this equilibrium condition. Over the years, many
studies have been carried out to determine the minimum required support pressure. In 1961, Horn
developed the first kinematic model including a soil wedge column based upon the silo theory to
access the stability of the tunnelling face. This model consists of a wedge and overlying prismatic
body.

RS
S~
KON
S|z
c I
4 o2y
D
Z
-‘\\\* z=2p, F
Fig. 4 Wedge loaded by soil silo (Broere, 2001) Fig. 5 Three possible distribution of horizontal stress

along the wedge sides (Broere, 2001)

Anagnostou and Kovari (1994) developed Horn's wedge model using the silo theory of Janssen in
drained condition. In this model, the vertical surcharge pressure o;, acting on the wedge can be
reduced by the shear stresses on the sliding surface. From the computational analysis, the effects
of the shear strength parameter of the ground, the permeability and the dynamic viscosity of the
suspension were taken into account in stability assessments. It was concluded that the
effectiveness of slurry support depends on the infiltration distance of suspension into the ground.
However, these models only deal with the case of homogeneous soil.

Jancsecz and Steiner (1994) proposed a three-dimensional model that takes into account the
effects of soil arching above the tunnel face. The three-dimensional effect is shown in this model
by the three-dimensional earth pressure coefficient K,; in calculation relating to the support
pressure for the stability of the tunnelling face. In this study, the minimum required support
pressure can be calculated as:
Smin = Kazop, +p )

where p is the pore pressure.

The three dimensional earth pressure coefficient K55 can be estimated as:

sinfcos@ — cos*Otangp — %cos@tamp (10)
Kaz = - - :
sinfcos6 + sin?Gtang
1-sing+tan?(45-2 143%
with: K = ———2" (#577) anda = —2.
2 1+25

Broere (2001) presented a multilayered wedge model (Figure 4) for the case of heterogeneities or
multilayered soil. From Terzaghi’s model of a strip of soil loaded by stress o, , from silo effect and
effective weight y’, the effective vertical stress o, , can be determined as:

ay' —c _ —KtangZ —KtangZ

Ktang (1 ¢ a) + doe “ (11)

where a is relaxation length, and q, is an arbitrary surface surcharge. _
In a layered soil, similar calculations are applied for each layer. For it layer with z = t®, the

y —
Oya =
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distribution of effective vertical stress a;,(gcan be estimated as:
. ay'® — o® i 0Z : i Dz

082 = ramam (L= e 8) 4 oD pe K ene G (12)

In the case of surface loading q = 0kN/m?, the effective horizontal stress can be calculated as:
o =gy K= (1 — e_Kmmp%) (13)
ha = “va tang

According to Broere (2001), three possible relaxation length a values can be estimated based on
the applied wedge model:

- Without arching effect: a = o;
- With two dimensional arching effect: a = R;

- With three dimensional arching: a =R L
1+tan6

where 0 is estimated in Jancsecz and Steiner(1994).

Three possible ways of vertical and horizontal stress distribution along the wedge body were also
proposed by Broere (2001) (Figure 5). The line 1 and 2 show the horizontal stress distribution in
the case of without and with arching effect. The dashed line 3 presents the assumed linear
distribution with the stress including arching effect at the top of the tunnel and the stress without
arching effect at the bottom of the tunnel.

By comparing the results of centrifuge test results and different models with and without arching,
Broere (2001) indicated that the model with three dimensional arching effect with coefficient of
neutral horizontal effective stress K, is the best model to determine the minimum required support
pressure for the case of shallow tunnel. This model is applied in this paper for calculating the
minimum support pressure for the tunnel in varied soil parameters.

Figure 6 shows the relation between the effective horizontal pressures o;, and the ratio /D based
on Equation 13 for various tunnel diameters in varied soils. For the cases of g;, < 0, it is often
assumed that equal g;, = 0kN/m? in practical purpose.
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Fig. 6 Relationship between horizontal stress and C/D with varied tunnel diameter D
(a) in sand, (b) in clay, (c) in soft clay, (d) in peat
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2.3 Blow-out

When the support pressure at the tunnelling face is too high, the soil column above is pushed
upward. In the end, support medium will escape, the support pressures at the face will decrease
and the tunnelling face can collapse. The consequences of this are a danger of standstill or even
damage of the TBM, danger to people in case of maintenance, buildings and transportation in case
of the appearance of a hole and large soil displacements on the surface. This phenomenon is
called a blow-out of the tunnel. To avoid this, maximum allowable support pressure should be
determined. In the simple case, when the friction between the failing soil body and the
surrounding ground is not taken into account, the maximum pressure is estimated as:
Smax = Op (14)
When the soil column is pushed upward by high support pressure,
shear stress will appear between the soil column and surrounding
ground. In a more accurate blow-out model, this shear stress
.—l lf,‘ l.— should be taken into account. In the equilibrium condition (Figure 7),
the support force is at least equal to the total of the weight of the
above soil column and the shear forces along two vertical sides of
FFFFTT s(20) the two dimensional rectangular soil body. Based on this, the
S i maximum support pressure for the tunnel face can be estimated as:
! ! 2¢ + CKyy'tang

. 27 Smax = C |V + (15)

o h" In the model proposed by Balthaus (1991), the up-lift soil body is

e i modelled as a wedge shape, which is pushed upward when blow-

. out occurs. By balancing the wedge soil body weight and the

~ Flg. 7 Blow-out model support force, the maximum support pressure can be estimated.

Including friction at boundaries  gafety indexes against the blow out were presented:

(Broere, 2001) G _ 6(B' + Ccot(45° + ¢/2)) R 16
=5 me Bs(z) "= 560 (1)

Because Balthaus’s model activates a large soil body above the tunnel, the calculated result is
somewhat exaggerated. Meanwhile, Broere’s model is probably too conservative. In practical
tunnelling, the support pressure at the tunnel face often changes along the vertical axis. In
shallow tunnels, the difference
between the required support
pressures at the top and the
e | bottom of the tunnel is large. This
report proposes new blow-out
models in order to take this change
into account with uniform support
pressures and linear support
pressures in which the effect of

TR0 TR

“ o

N 7 grouting flow is included.
b——b—+ In the model in the Figure 8, the

Fig. 8 Blow-out model with uniform support pressures grouting pressure s is uniformly

(a) at the upper part of the tunnel  (b) at the lower part of the tunnel distributed on the perimeter of the
tunnel section at the upper and

lower part of the tunnel. The maximum allowable grouting pressure is estimated in the upper part
of the tunnel in which the soil body and the shear are taken into account, as follows:

Stomax =V (H — gD) + Zg(c + HKyy'tan(p) (17)
with H=C+ g. It can be written as:
C 1\? c 1 m
Stmax = <5 + E) 2DK,ytang + (5 + E) (yD + 2¢) — gyD (18)

For the lower part of the tunnel, the tunnel weight is taken into account. The allowable grouting
pressure which is shown in Figure 8, can be estimated as following equation:
T H
Shmax =V (H - §D) + 25(6 + HK,y'tang) + y;md (19)
C 1\? c 1
Or Shmax = (5 + E) 2DK,y'tang + (5 + E) (yD + 2¢) + yrnd — gyD (20)
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Fig. 9 Maximum allowable pressures at upper part (1) and lower part (2) of the tunnel with uniform support pressures

smrm

Smar

1200

1000

200

Ubobobobobwy
LOLLILILET
£

1200

1000

800

PSR NE

DobObobooUoUU
LLLELLL

= © 0o
S

400

200+

500

400

300

ISENNNE

SOOLDLEoDE D
A A
S

200

100

oo

450

1.0 15 20 25 3.0

400 H

350

300

250

200 H

PSR NE

DobObobooUoUU
LELLLLILLL

150

1.0 15 20 25 30
/D

(d2)

(a) in sand, (b) in clay, (c) in soft clay, (d) in peat



»SEE Tunnel:Promoting Tunnelling in SEE Region"
ITA WTC 2015 Congress and 41st General Assembly
May 22-28, 2015, Lacroma Valamar Congress Center, Dubrovnik, Croatia

Figures 9 presents the relation between the maximum required support pressure s ax and sp max
at upper and lower part of the tunnel and the C/D ratio in the range of tunnel diameter D from 1
meter to 10 meters. This figure shows that the higher the ratio of C/D is, the larger the maximum
support pressures are.

The in-situ data from Talmon and Bezuijen (2005) shows that the grouting pressure gradient
directly behind the TBM is nearly 20kPa/m at the start of grouting and at the end of the
registration is about 7kPa/m in monitoring. This reduction of the grouting pressure caused by the
volume loss which related to the consolidation and bleeding of the grout (Bezuijen and Talmon,
2006). The grout around the tunnel is assumed as a Bingham liquid which has a viscosity and a
yield stress. This liquid has a downward movement when more grout is injected through the upper
injection points of the TBM. This downward flow creates a driving force larger than the yield stress.
The pressure gradient, therefore, is smaller than the gradient estimated from the density. To be
more accurate with the in-situ data, the gradient of the grouting movement in the tail void should
be taken into account in blow-out analysis. According to Bezuijen and Talmon (2008), the
maximum pressure gradient a is given by:

dpP T,
@=Gz P2 (21)
where:
® bl . EE pgr- is the density if the grout;
% l 16‘ l‘ s l lG l" g- the acceleration gravity;
‘ 1, - the shear strength of the
grout;
5 P dg,- the width of the tail void gap
e 7N between the tunnel and the
= ; il le. - surrounding ground.
\\\\ P //// % /// S(z:)=Sor- aZ
= T Figure 10 shows the blow-out
% model including a vertical
F—o— —b— pressure gradient a. The support
Fig. 10 Blow-out model with vertical support pressure gradient a pressure s in the upper part of the
(a) at the upper part of the tunnel  (b) at the lower part of the tunnel tunnel section in Figure 10(a) is
given by:
S = Sgt + aRcosg (22)

where s, is the support pressure at the top of the tunnel face.

The maximum support pressure at the top of the tunnel face is given by:

T H aD
So.tmax = }’Z(H - gD) + 25 (c + Hytang) = — (23)
c 1 c 1 T aD
Or Sotmax = (5 + 5) 2DK,ytang + (5 + E) (D +2¢) = gYD = (24)

In the lower part as can be seen in Figure 10(b), the support pressure in the upper part of the
tunnel section is:

s = so — aRcosg (25)
where sy, is the support pressure at the bottom of the tunnel face.

The maximum support pressure at the bottom of the tunnel face is given by:

T H aD
Sopmax =V (H - §D) + 25(6 + HKyy'tango) + yrrd + e (26)
AN c 1 T aD
Or Sopmax = (5 + E) ZDKyy'tanqo + (E + E) (yD + 2¢) + yrmd — gyD + 2 (27)

From Equations 24 and 27, the maximum required support pressures can be estimated depending
on the ratio C/Din the case of linearly distributed support pressures. It is assumed that the unit
weight of tunnel is y; = 24kN/m3 and the vertical gradient of the grout a = 7kPa/m.

The relation between the maximum required support pressure at the upper and lower parts of the
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tunnel soymax and the cover-to-diameter ratio C/D is showed in Figure 11 for tunnels with the
diameter D from 1 meter to 10 meters in varied soil. The same conclusion is reached when
analysing the relationship between the maximum support pressures and the ratio C/D.
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Fig. 11 Maximum allowable pressure at the top (1) and bottom (2) of the tunnel with linear support pressure
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(a) in sand, (b) in clay, (c) in soft clay, (d) in peat
3. Combined analyses

In order to analyse the effects of the cover-to-diameter ratio C/D on the required support pressure,
the uplift, blow-out and wedge stability models are combined with safety indexes for the cases of
tunnels in sand, clay, soft clay and peat. In Figure 12, the following safety indexes are used in
calculating: Npjow—-out = 1.1 for blow-out; nypiiee = 1 for uplift; Nporepressure = 1 for pore pressure,

and Ny = 1.5 for effective horizontal pressures.

This figure shows that tunnels in sand, clay or soft clay can be designed with very shallow
overburden by changing the design of the tunnel segments, in particular, the d/D value.
Nevertheless, it should be noted that there is a presence of sewage systems and other small
infrastructure in the range up to about 4 meters below the surface. Therefore, for metro tunnels
with a diameter in the order of 6 to 7m, a ratio C/D in the range of 0.5 to 1 is the most shallow
practical possibility.
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Fig. 12 Relation between ratio of C/D and required support pressure in the case of tunnel
(a) in sand, (b) in clay, (c) in soft clay, (d) in peat

In the case of a tunnel in peat, Figure 12(d) shows that the tunnel can be designed theoretically at
a very shallow level as the above cases. This would require increasing the weight of the lining
(d/D in the order of 1/10 or a similar amount of ballast in the tunnel) but would leave a small
margin only between maximum and minimum support pressures. In practice, however, there



»SEE Tunnel:Promoting Tunnelling in SEE Region"
ITA WTC 2015 Congress and 41st General Assembly
May 22-28, 2015, Lacroma Valamar Congress Center, Dubrovnik, Croatia

needs to be a difference between the maximum and minimum pressures for safety reasons and to
be practically workable. This implies that the tunnel cannot be designed with a low C/D ratio
(should probably not be less than 6) in peat layers.

4, Conclusion

It is concluded that in the case of a tunnel in saturated sand and clay, the ratio of C/D can be
reduced by changing the thickness of the tunnel in order to compensate the uplift or by adding
ballast weight. However, the design depth of the tunnel should take into account the existence of
utilities and other infrastructure systems. It should also be noted that in practice, there must be a
limited difference between the maximum support pressure s, and the minimum support
pressure sp,i, in the order of about 50kPa to guarantee a safe operation of the TBM. Therefore, in
the case of a tunnel in peat, only high d/D ratio larger than 1/12 allows a stable tunnel in
somewhat condition even slightly predicted.

Based on the relation between C/D ratio and the support pressure, the range of support pressure
can be estimated and can be used for estimating the support pressure in TBM machine, especially
in EPB machine. In this paper, the effect of penetration of the support medium is not included.
With slurry shields, the infiltration of the support medium may lead to excess pore pressure in
front of the tunnel face and reduce the effective of the support (Broere, 2001). Therefore, the area
of possible support pressure in the case of slurry shields may be smaller than suggested by Figure
12.
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