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Face Stability Calculation for a Slurry Shield in Heterogeus Soft Soils

W. Broere
Geotechnical Laboratory, Delft University of Technolo@lge Netherlands

ABSTRACT: The minimal support pressure needed at the tuiacelcan be calculated using a wedge stability
analysis. Current methods have been presented only for ademeous soil at the tunnel face. This Paper
investigates the influence of heterogenity of the soil oretingle of slip and the minimal support pressure. Itis
found that the influence of horizontal layer boundariesgsigicant, especially at the top of the tunnel face. In
case of a soft layer over a relatively stiff layer the minirsapport pressure is greater than would be calculated
by interpolation of the support pressures calculated feisegparate layers.

1 INTRODUCTION theory and to van Tol (1987) for a case study in het-
erogeneous soft soils. It seems reasonable therefore

In the western parts of the Netherlands a number of° extend the tunnel face stability calculations in the

tunnels is under construction in extremely soft and>2Me Manner. Having obtained such a model we will

heterogeneous soils. In such conditions the control of VeStigate the influence of heterogenity on the angle

the tunnel face is one of the more important aspect&! SIiP and the minimal support pressure for a simple
of the tunnel boring process. To prevent the tunne eoretical case, a soil profile consisting of two layers.

face from collapsing, a minimal support pressure is

needed. This support pressure can be calculated us-

ing several methods, see Krause (1987) and Balthays WEDGE STABILITY MODEL

(1988) for a comprehensive overview. One of those . _ . _ )
methods is the wedge stability analysis as proposedh€ wedge stabiliy model consists of a prismatic soil
by Horn (1961), and adapted by several authors. AlWedge, see Figuid 1, loaded by a soil silo. According
though it would be relatively easy to incorporate dif- to Terzagh! s silotheory 'ghe vertlca_l effective soil pres-
ferent soil layers above the tunnel boring machine int>Ure resulting from the silo and acting on the top of the
the calculation method presented by Jancsecz (1994y€dge, denoted &S in Figureld, can be calculated
none of the methods presented in literature have deafom

directly with several soil layers within the tunnel face.

And as there is no clear way to obtain an average of o,(z) = (
the soil properties of the different layers within the

tunnel face, these calculation methods can only give .

a rough indication of the minimal support pressure inWlth

o0 — %) ex-p+ 5.

a layered soil, which has led to the adaption of large, _ v — Re
safety factors in the case of the Second Heinenoord> ’
tunnel, as used by van der Put (1996). In view of this? = RKytang (2)

practise there is a need for more detailed methods t\?/herez the deptheo a distributed load at = 0, the
calculate the minimal support pressure. effective soil unit weight; the cohesiony the angle of
The wedge stability analysis has a strong resemhbinternal friction, K, the coefficient of horizontal earth
lance to the stability calculations for slurry filled pressure an® the ratio of the circumference to the
trenches for diaphragm walls, which have been dehorizontal cross section of the soil column considered.
rived from the same theories. And experiences withlhis solution is valid for a single homogeneous soil
such trenches in the Netherlands show that the calculdayer, but can be easily extended to a silo in multi
tion method for trenches can be extended to accurateblayered soil by taking the value of, at the bottom of
describe the stability in multi layered heterogeneoushe first layer as the distributed loagd at the top of
soils. The reader is referred to Walz (1983) for thethe next layer, etc. The total forcg; on the top of the
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Figure 1. Prismatic soil wedge

wedge can now be calculated as

where D, the width of the wedge&} the angle of slip
betweenthe horizontal and the wedge planezaad ;

Gy = o,(tf)D, D coté

the top of the wedge.
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Figure 2. Estimate of the angle of slip for a single layer

with E the resulting earth force. Using this earth force
and the water force

Ip

W= / dz D, p(2), )
tf

with p(z) the piezometric head at depth the total
slurry force
S=E+W (10)

can be calculated, using that valuegofor which E

and therefore§ is maximal. In practise this means that
E has to be numerically evaluated for a large range of
6.

The other forces acting on the wedge are obtained

easily in the case of a homogeneous wedge. In case @f EVALUATION FOR A SINGLE LAYER

a multi layer analysis however, these forces have to be

calculated for the separate layers and will result in a’he numerical evaluation of for a large range of
set of equilibrum equations, as given by Walz (1983) the angle of slig can be time consuming. When the
Using infinitisimal small horizontal slices this set of angle of slip could be determined directly from the
equations can, maybe surprisingly, be simplified. Firsproperties of the soil this would shorten the necessary
we define the depth of the wedge as a function of depthsalculations considerably. For a homogeneous cohe-

forty < z < 1,. The total weightG,, is now the

w(z) = (t, — z) coth

integral fromz = ¢ to z = 1, of

overz, whereg,, (z) the weight of an infinitisimal slice
of the wedge. In the same manner the fortend K

gw(@) = v (@Qw(2) D,

are the integrals of

1(z) = w(z) (c(z) + Ky(2)o,(2) tanp(2))

and

D,c(z)

k@) = sing -

of equilibrium can be combined to
_ G, (sind — cosd tang(1y))

p

dz

f

sing tang(ty) 4 cos
gw(2) (sinf — cost tang(z)) — k(z) — 2¢(z)

sind tang(z) + cosH

sionless soil Jancsecz (1994) has shown that the angle
of slip depends predominantly on the angle of internal
friction of the soil and to a lesser degree on the relat-
ive overburden of the tunnel. The Author has made a
numerical evaluation of Equatidh 9 for a wide range
of values of the cohesion, the angle of internal fric-
tion and the relative overburden, for the case of a soil
profile with only a single homogeneous layer. This
evaluation has shown that in this case the angle of slip
can be estimated from the angle of internal friction
and cohesion of the soil only, and that the influence
of other parameters can be neglected. The relation
betweeny, ¢ andd is plotted in Figuré2 and is valid
for an overburden between3and 3 time.

This notation has the advantage that the equations These estimates for the angle of slip can be used

relatively safely. Numerical analysis shows that even
when the estimate @f is off by 2° the calculated res-
ultant earth forceE and the slurry forces, for most
practical cases, are correct within the order of 1 pro-
mille. Another parameter which has been investigated
by a numerical analysis is the wedge widith. A
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possible choice i®, = %D, which results in a width

times height of the wedge equal to the area of the tun-
nel face. The other approach simply equdbdgdo D.
The more narrow wedge generally results in a lower 08 I~
support force, on the order of 3% lower for practical
cases. Given the lack of field observations and theg 06 I
minor influence, a value aD, = D has beenusedin & S 3 3 3
all subsequent calculations. Dl P S e n
‘ Of =45 ———
Y R e
4 EVALUATION FOR TWO LAYERS o i i | =%
Comparedto asingle layer system, the calculationtime ° o2 o4 I o6 o8 '

required for a multi layer system increases considerr;, .« 3 Relative anale of slip for a two laver svstem
ably. A method to directly estimate the angle of slip g ' g P yersy

is therefore expected to increase the practicality of the
model. To this end a numerical analysis has been un-
dertaken for a soil profile consisting of two layers with
distinct properties. The properties of the soil layers,
the depth of the boundary between the layers as well asf 195
the overburden of the tunnel have been varied. It fol- = 190
. . . ()
lows that the angle of slip for awedge which consists of 5
two soil layers with different properties can be estim- ¢ 185
ated from the relative position of the layer boundary s 4,
and the angle of slip estimated for the separate layers.s
Let us define the relative position of the layer bound- § 75
ary as ? 170

2 —ty ‘ 1 1 i 1 1
[ = ‘ 11 I | | | | |
D ( ) 165

0 . .
with z;, the z-coordinate of the layer boundary, such l
that/ = 0 if the boundary is at the top of the wedge, Figyre 4. Minimal support pressure for soft over stiff soil
and/ = 1ifitis at the bottom of the wedge. Using
Figure2 we can estimate the angle of sljghat would
occur if the wedge was contained entirely in the upper
soil layer. This angle is after all only a function of
andg. In the same manney, is the angle of slip for
the bottom layer. Now we can calculate the angle o
slip for the entire wedge from

200

€ess

however is of interest. In the case of the soft layer

ver the stiff layer the minimal support pressure at the
unnel axis is plotted in Figufd 4. When the top of the
tunnel face enters the soft layer, the required support
0=0;4¢ (gb — gf) (12) pressure increases rapidly, reaching a maximum value
of 199 kPa forl = 0.5. This clearly shows that the

where the factor can be determined from Figut® 3, support pressure increases in a non-lineair way during
using the relative positiohand6 . the transition phase.

From Figure[B it follows that even for low values
of [ the angle of slip for the entire wedge rapidly ap- For the case of a stiff layer over a soft layer the cal-
proaches the angle of slip for the upper layer. In theculated support pressure behaviour is roughly a mir-
same manner the support pressure for the entire wedger image, as plotted in Figuté 5. Now another prob-
rapidly approaches the support pressure calculated féem shows. To find the minimal support pressure we
awedge consisting entirely of the upper soil type. Howwill, of course, have to calculate the support pressure
this effects the minimal support pressure needed at thi@r all possible failure mechanisms, to check which
tunnel face will now be demonstrated for the case of anechanism needs the highest minimal support pres-
soft clay layer ¢ = 5 kPa,p = 15°) over a stiff sand sure. When for this caskis small, it can be easily
layer ¢ = 0, ¢ = 45°) and the case with the layers seen that a slightly smaller wedge, which consists of
interchanged. For both cases the overburden and treday only, will lead to a higher support pressure. Cal-
diameter of the tunnel are equal to 10 m, and the watetulations show that in this case the support pressure
table is equal to the ground level. calculated for such a partial wedge is higher than the

When the tunnel face lies entirely within the stiff support pressure calculated for the entire wedge for
layer the minimal support pressure, at the tunnel axisall values ofl < 0.55. This shows that the correct
is 168 kPa. In the soft layer the minimal support pres-determination of the failure mechanisms remains the
sure is 197 kPa. The transition between these layersontrolling influence in a stability analysis.
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Figure 5. Minimal support pressure for stiff over soft sail

5 CONCLUSIONS

The wedge stablity analysis as proposed by Horn can
be extended for heterogeneous conditions. Although
lacking confirmation from field observations these cal-
culations show the complex interaction between the
various parameters of the model, especially the in-
fluence of layer boundaries on the support pressure.
The strong non-lineair behaviour of the model shows
the importance of a correct determination of the pos-
sible failure mechanisms; an estimate of the support
pressure based on the entire wedge or based on aver-
age soil parameters will generally lead to an incorrect
and possibly unsafe assessment of the minimal support
pressure.

REFERENCES

Balthaus, H. 1988. Standsicherheit der flissigkeitsge-
stltzten Ortsbrust bei schildvorgetriebenen Tunneln. In
Scheer, J., H. Ahrens, H.J. Bargstadt & H. Duddeck
(eds), Festschrift Heinz Duddeclpp. 477-492. Braun-
schweig, Institut fur Statik, TU Braunschweig.

Horn, N. 1961. Horizontaler Erddruck auf senkrechte Ab-
schlussflachen von Tunnelréhren. Landeskonferenz
der Ungarischen Tiefbauindustripp. 7-16.

Jancsecz, S. & W. Steiner 1994. Face support for a large
mix-shield in heterogenous ground conditions. Tlm-
neling '94. London, Institution of Mining and Metal-
lurgy.

Krause, T. 1987.Schildvortrieb mit flissigkeits- und er-
dgestitzter Ortsbrust PhD thesis, Technischen Uni-
versitat Carolo-Wilhelmina, Braunschweig.

Put, J.L.vander 1996. Samenvatting berekeningen boortun-
nel 2e-Heinenoord. Technical Report 1933-T-962150.

Tol, A.F. van 1987. Stabiliteit van diepwandsleuven. In
Funderingstechniek Il, S&E Publicatie No.,afp. 107—
139. Gouda, Betonvereniging.

Walz, B., J. Gerlach & M. Pulsfort 1983. Schlitzwand-
bauweise, Konstruktion, Berechnung und Ausfuhrung.
Technical report, Bergische Universitat Gesamthoch-

Nego, Jr. & Ferreira (edsJunnels and MetropoliseSao Paolo, Brazil, 1998, pp. 215-218.

schule Wuppertal.



	Introduction
	Wedge stability model
	Evaluation for a single layer
	Evaluation for two layers
	Conclusions

