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Settlement and face stability boring a large tunnel
Tassement et stabilité du front d'un grand tunnel
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SYNOPSIS

Various computation methods were adopted to analyse the subsidence induced by

the excavation of a large-diameter urban tunnel using a hydroshield machine. A comparison of these
data with the deformations measured at the surface confirmed the validity of their distribution ac
cording to a normal probability curve. It was also possible to discriminate between the amount of
deformation caused by the annular gap between soil and lining and the amount due to face yielding.
A correlation was established between the latter and the stability factor of the tunnel face.

INTRODUCTION

The programme for the expansion of railway fa-

cilities in Rome also called for a double track
tunnel excavated underneath a high-density area
for an overall length of 1500 m crossing soils

of different types such as Pliocene clays, sands
and gravel below ground water (fig. 1).

The severe geotechnical problems caused by this
latter fact and enhanced by the size of the ex-
cavation section (90 m2)), were overcome by u-
sing a hydroshield machine capable of support-
ing the face by means of compressed bentonite
slurry.

Taking into account the characteristics of the
machine and the critical stages of construc-
tion, analyses were conducted of the equili-
brium and deformation conditions at the contour
or the excavation and at the surface by means
of both simplified assumptions - that have led
to approximated analytical solution - and of a
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finite element model which allowed for the di-
shomogeneity of the soils and for the geometric
relationship between overburden and size of the
excavation.

The excavation has a circular cross-section, its
inner radius being 4.7 m, and was lined with
precast elements having a thickness of 50 cm.

The excavation shield was 10,6 m in diameter,
9.0 m wide and the thrust device was capable
of providing 6400 t overall and maximum advan
ce of 1.25 m. The cover at the crown was 25-30
m with a minimum of 12 m at two morphologic in
cisions.

Througheout the implementation period a wide
range of surface deformation measurements we-
re taken during tunnelling, over a period of
some months, and at the end of operations; this
made it possible to compare design predictions
with real behaviour of soils.

r_
2

| AREA | L=1500m

73] saND. X
CLAYEY SILT ES§] SILTY CLAY SILTY SAND HARD CLAY 0

{Pliocene)

[T2] turriTe

Fig. 1 - Soil profile
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COMPARISON OF PREDICTED AND OBSERVED SETTLEMENTS

In tunnelling by means of shield machine highly
critical conditions may be encountered when see
king to provide support for the surrounding
soil. One is represented by the excavation fa-
ce; another critical moment is when the support
of the soil is transferred from the shield to
the precast lining that has been set up from
within.

In the latter situations the required space for
setting up the lining and the thickness of the

shield demand that the anular gap be immediate

ly grouted. In any case surface settlements can
not be totally avoided as extensively shown in

the technical literature.

The two effects were evaluated by means of sim
plifying hypotheses (an elasto-plastic homoge-
neous medium) considering respectively a semi-
spherical and a cylindrical cavity. After de-
termining and adding up the two deformation va
lues, the deformed profiles of the soil surfa-
ce were reconstructed by means of the empirical
correlation proposed by Peck (1969). In Figs.
2g5-¢, for comparison, the surface settlements
measured at points having the same height of
overburden, and of course similar stratigra-
phic layers, were plotted as against the calcu
lated values. The figures also show the results
obtained for the finite-element calculations car
ried out only for the case of the cylindrical
cavity. In this case the design settlements, re
lating to the second critical situation, obvi-
ously proved to be slightly lower than the mea
sured values.

The comparison with the values calculated by
means of the simplified solutions show that the
re is considerable difference where the volume
variations at the contour of the excavation are
equalled to the volume corresponding to the nor

mal probability curve (Sc/Smax = 1):

vV = vs = :rDurO =1V§?E;Smax
D = tunnel diameter
uro = theoretical radial soil displa-

cements towards the tunnel

Sc = deformation at the crown

A better correspondence can be obtained if the
Sc/S . ratio is assumed to be appreciably lo-
wer an 1 as also confirmed by other Authors.

In this case a Sc/Sm ratio of about 0.3-0.4
appears to come very close to the measured de
formations. This ratio can be also inferred
from the numerical calculation.

2058

DEPTH
m

DEPTH
um

SURFACE SETTLEMENTS

ma W 2.
o Tl o ..s
B Py
NEC B - b 5
N, e
10 I N = 0
N S
\ /
0 l »
[T i
TN
1 + 10
A
VERTICAL
DISPLACEMENTS
BELOW TH!
SURFACE
Gwi
L ,  t-uoal

Il sect, “p-
AD ARG A . g
lo ~ R

—
mir
SIMPLIFIED METHOD s
e 2Eega

] rwrene 5] sano
E SHTY CLAY E’ SAND WITH GRAVEL
m HARD CLAY

SURFACE SETTLEMENTS

n 0 F]
———— LI m——
N R A A 6 oS
\’I ! N: E U/}IJ / imen
™ S | 5 5
A\ L
/
b \ 7 0
WL 3
- L
b 0
VEATIAL
DISPLACEMENTS
BELOW THE
SURFACE
(~25 O}

SECT. “C~
FIELD DATA

FoEL M. —

..... St
e
SIMPLIFIED METHOD

Seopa
Seus

| ] SAND WITH GRAVEL
m HARD CLAY

b)




Smax = maximum surface deformation
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Fig. 2 - Predicted and observed settlements

a) - Cohesionless soil: Overburden 30 m
b) - Hard clay : " 25 m
¢) - Hard clay : " 12 m

FACE STABILITY AND GROUND SETTLEMENTS INDUCED
BY FACE YIELDING

The analysis of the face stability conditions
was carried out by calculating the boundary ho
rizontal stress and by comparing them with the
slurry pressure values (P;) at 0.25 MPa tunnel
axis. In the tunnel stretch where these were
not applied (when crossing the Pliocene clays),
the degree of stability was evaluated by means
of an empirical factor N = Ov/cu (Peck 1969)
where P; = 0. For sandy soils (sand and gravel
below ground water) the boundary horizontal
stress was calculated by taking into account
the arching effects induced by soil settlemen
ts (Terzaghi 1943).

The set of measurements collected during con-
struction allowed the stability coefficients
(f) and relationships (N) to be correlated to
the ground settlements due to face yielding.

The first step was to standardize the safety
factor and the stability ratio that are very
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Fig. 3 - Relation between safety factor and
stability ratio

different conceptually. The relationship be-
tween the two coefficients (Romo and Diaz,1981)
is shown in Fig. 3.

Next, the influence of face yielding on the ove
rall settlements was evaluated and then a rela

tionship between settlements during tunnelling

and stability conditions was found.

Given the specific features of the machine and
the critical construction stages, two distinct
settlement steps can be identified. The sketches
in Fig. 4g-c show - for homogeneous groups of
control sections - the settlements measured as
the hydroshield advances.

It can be noticed that until the shield doesnot
exceed the plane of the measurement station,
surface settlements fall within a small field
of variables. On the contrary scattering increa
ses decidedly in the presence of the anular spa
ce behind the shield. This may be taken mostly
as being due to inevitable delays or difficul-
ties in grouting. In this way it is possible to
identify the disturbance induced by the excava
tion face. Indeed, after an initial horizontal
movement along the tunnelling plane, the soil
tends to shrink in order to fill the space be-
tween the excavated portion and the lining. This
movement probably occurs also behind the shield
owing to inevitable disturbances in the soil
around the contour of the excavation.

Following the above-mentioned criterion, name-
1ly by assuming the face settlements equal to
the measured value up to the withdrawal of the
shield, a correlation was worked out between
the latter and the safety factors either compu
ted or inferred indirectly (Fig. 3) by means of
the stability ratio.

Fig. 5 shows the trend of this correlation. As
can be noticed, in the presence of cohesionless
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Fig. 4 - Observed surface settlements during
tunnelling
a) - Cohesionless soil: Overburden 30 m
b) - Hard clay : " 25 m
¢) - Hard clay : " 12 m
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soils, where the internal slurry pressure is e
qual to 0.25 MPa, or of the Pliocene formation
where internal pressure is nought, an exponen-
tial function is the one that comes closest to
the field data. Given f = 1, ground settlements
are slightly lower than 1 cm, which according
to the present stratigraphic pattern and over-
burden corresponds to 25-30% of the overall de
formation.

RE-ESTABLISHING THE STATE OF STRESS

Another series of information that can be infer
red from surface settlement measurements invol

ve the restoring of the stress released upon o

pening the tunnel.

Figs., 6a—c show space-time ratios of deforma-
tions at lining contour induced by the anular
gap. The figures refer to the three typical stra
tigraphic situations mentioned earlier.

As can be seen the state of stress is restored

at about 20-25 m from the tail of the shield,

that is at a distance corresponding to 2-2.5ti
mes the tunnel diameter. Considering the avera

ge tunnelling rate, this condition was reached

after 8-12 days independently from the absolu-

te value of the measured deformation. It canbe
inferred that the disturbance of the state of

stress can be noticed at the same distance from
the excavation plane on either side.
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Fig. 5 - Safety factor of the tunnel face vs
ground settlements

CONCLUSIONS

The critical analysis of the data collected
and the comparison made with the design predi
ctions for a large-diameter tunnel (D = 10.6m)
excavated with a bentonite shield in fine cohe
sionless soils of various types, has led to the
definition of some general criteria about the
behaviour of soils:

— The trend of the normal probability cur
ve of surface settlements was confir-
med. The characteristic of the curve
"i" maintains the same relationshipwith
the depth of the tunnel z [i/d = f
(z/D)J .

— Maximum surface settlement was equal to
30-40% of the settlement calculated for
the contour of the excavation.

— Ratio between volume (per linear metre)
of surface deformation (Vg) and area of
excavation section is equal to 0.2-0.4%.

— Face yielding accounted generally for
25-30%, and exceptionally 50%, of ove
rall surface deformations.

Fig. 6 - Obseweed surface settlements due to
anular gap

a) - Cohesionless soil: Overburden 30 m

b) - Hard clay : " 25 m

¢) - Hard clay : " 12 m
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Surface settlements induced by face ex
cavations can be correlated with a sta
bility factor. This correlation was
found to be of the exponential type. Du
ring the approaching phase, surface set
tlements of the order of a centimetre,
seem to point to critical equilibrium
conditions on the excavation face.

Ground settlements induced by tunnel-
ling occur up to distance from the ex
cavation plane of the order of 2-2.51t1i
mes the diameter of the tunnel section,
thus confirming the experience with smal
ler diameter tunnels.
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