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ABSTRACT

The congtruction of shalow tunnels has today a large development, mainly in urban and sub-
urban areas. The great flows of traffic into and out of the large towns can be dedt with only by
tunndling.

This paper presents a short survey of the congtruction methods and numerica modelling for
shdlow tunnels

Since tunnels in soft ground are those that put larger problems, they are treated with some
more extension.

Congtruction techniques and excavation methods, together with stability of the face, ground
movements and monitoring are dedt with.

1. INTRODUCTION

Soft ground or wesk rock put the most important problems. The stability of the face of the
tunnd is criticd. In soft clay and water bearing sands excavation can be done only after ground
treatment in the open face type of congtruction.

When using tunnel boring machines the stability requires esth pressure baance machines
(EPBM) or durry shiddd machines to ensure the stability of the face.

The problem of edimate the date of dress and deformation near the face is fully
tridimensond in dl excavation steps. However, a present, most of the moddling in use are two
dimensiond with corrections to take account of the 3D Stuations and excavation and congtruction
stages.

2. METHODS OF EXCAVATION AND CONSTRUCTION TECNIQUES
For tunnd in rock and for open face condruction the excavetion is done by the drilling and

burgt technique usudly with partid face excavation by heading and bench or by sde drift methods
(Kovari 1998).
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Temporary support is done by rock bolts together with thin sprayed reinforced concrete
lining, when needed.

The weak rocks and soils are excavated with the usua excavation machines: The face may
be excavated by parts of by full face excavation.

In the firg case safety againgt collapseis greater but the working space may be smdl and the
progressin the excavation can not reach large values. The reverse happens with full face excavation.

Using tunnel  boring machines there is no access to the face. For the excavation of rocks the
head of the TBM has a large number of cutting disks (Fig.1). Other tools such as scrapers can be
added on the head of the machine to disaggregate the hard soils or soft rocks.

-1.Cutter head. 2. Cutter head shield, hydraulically adjustable. 3. Support installation system and transport
system. 4. Inner Kelly. 5. Outer Kally, two-piece, with grippers and adjusting cylinders. 6. Thurst cylinder.
7. Cutter head drive. 8. Rear support 9. Belt conveyor 10. Roof bolting drill. 11. Probe drill.

Figure 1 - Tunnd boring mechine

To push the head into the rock the machineis gripped to the tunnd walls. The operating cicle
isshowninFg. 2.

h ol

8 Engenharia Civil - UM Numero 11, 2001



1 The machine is griped in the tunnel:Boring 2 The cutter head is at the end of the stroke:
. can start. . Stop boring.

Figure 2 — Operating cycle (cont.)
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3 The front and rear supports are extended 4 The machine is now aligned using the

and the grippers are retracted; the outer rear support.
kelly slides smoothly forwards.

=

5 The grippers are extended and the supports
retracted; the machine is row ready for a
new boring cicle.

Figure 2 - Operating cycle (contd.)

For soft ground earth pressure baance tunndling machines (EPBM) are used. The
excavation soil and water go from the cutter head to a pressurized chamber through earth pressure
baanced doors. The excavation materias are removed from that chamber by means of a screw
conveyor (Fig.3) up to abelt conveyor.

Cutter driving Tail seal
moter s
crew conveyor
\sarew {onveyor \d'riving motor
hY
. E:: 5:13

it * Belt conveyor
Oy Gate jack
\ Bulkhead Erector Segments
Cutter
face Cutter frame Shield jacks

Figure 3 - Principle of durry shidd machine

The pressure in the chamber can be controlled in order to ensure that the earth pressure

baance is maintained at the face of the excavation.
For water bearing sandy soils durry shield machines Fig. 4 are used. In these machines the

face is supported by pressurized bentonite.
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Figure 4 - Principle of the earth pressure balance machine (Fujita, 1989)

This expansve clay mixes with the sandy soil and makes a cake around the tunnd. Most of
the fallures occur with this kind of soils for high water levels in the ground ahead of the tunne face.
There are dready EPBMs able to deal with earth and water pressures up to 8 bar.

For hard rock troubles arise when there are faults and or badly fractured rock masses ahead
of the tunnd face. Kovari et d. 1993, refer subsidences in faulting zones and collgpse and fdling of
rock pieces ahead of the cutting head of the tunnel machine which have caused stand ills and low
performance in the excavation procedure.

On the other hand troubles with tunnelling through water bearing sands are refereed by lan
Clarke, ed. (1990) concerning the abandon of a tunnel machine due to the intruson of water in the
Thanet Sand Bed (London) with a static pression of 3 bar. The machine has been recuperated two
years later freezing the zone, making a shaft and relaunching the boring with an EPBM.

The control of the pogtion of the tunnel during the excavation is done by laser beams in the
case of TBMs and by underground surveying in the case of open face excavations. Since the weight
of a tunnd boring meachines is smdler than the weight of soil corresponding the same volume of
tunnel, the head of the machine tends to go up and therefore the direction of its axis has to be
corrected frequently. On the other hand due to the relaxing of the rock or soil, the diameter of the
cross section of the tunnel tends to be reduced. Therefore, there is dways an over excavation, both
in boring and open face tunnels.

3. METHODS FOR SUPPORT OF THE EXCAVATION AND GROUTING PROCEDURES

In the case of tunnelling in rock, the excavation is supported by bolting and sprayed concrete
for the case of the open face congtruction technique. The find lining may be done by athicker shell of
sprayed reinforced concrete or aring of pre-cast reinforced concrete segments.

For soft ground tunnels and open face excavation, there is need of ground treatment before
excavation. Thisisdone by jet grouting “umbrelaarchs’ just outside of the roof of the tunnel (Fig. 5).
Horizontal micropiles or fiber glass pipes may be used aso to make the “umbrella’.
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(b) Jet grouting “umbrella arches”

(c) Pre-vault (pre-cutting)

Figure 5 - Ground treatment and prelini ng techniques (after Scholosser and Guilloux, 1995)

The short term support of the excavation may be done by sted ribs. Long term lining is made
of spayed concrete or aring of pre-cast reinforced concrete segments.
For the case of bored tunndlling in soft ground the shield of the machine supports the earth and water
pressure within a very short term. The find lining, usualy made of a ring of precast reinforced
concrete segments is collocated as soon as excavation progresses. The gap between the tunnd
ground surface and the lining after the passing of the shield isfilled with grout.

When there are buildings above the excavation pre-stabilization of the ground above the roof
elevation of the tunnel may be needed. That is done by grouting & low pressure or by jet grouting.

4. GROUND MOVEMENTSAT THE SURFACE

The relieve of pressure in the soil or rock and the loss of soil and rock volume aheed of the
excavation face is the most important factor for the ground movements both at the surface and in
depth.

The maximum settlement at the surface above the tunndl roof can be estimated on the base of
the volume loss. The shape of the settlement curve normad to the tunnd axis seems to be that of a
gaussian distribution, aready proposed by Peck (1969) and after by many other authors.

The volume lost depends on the type of ground and aso on the type of excavation technique
induding the ill of working teem. The minimum volume loss is obtained in bored tunneling.
However, large ground losses and surface settlements may happen when the stability of tunnd faceis
not well assured.

A good estimation of the volume loss can only be made on the base of previous case
histories with smilar conditions of ground and congiruction techniques. A tail void between the shidld
and the lining in the back of a boring machine, the deformation of the lining and consolidation in
clayey soils, dso cause ground movements. Theimmediate grouting of the gap between the lining and
the tunnd wall is the way to reduce the ground movements due to tail void.

5. NUMERICAL MODELLING
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5.1. Smulating the face support

Limit equilibrium solutions can be founded in the following references

- upper and lower bound 2 D solutions for clays, Davis et d (1980)

- upper and lower 2 D bound solutions for sands, Leca and Dormineux (1990)
- 3D solution based on slo-theory, Anagnostou and Kovéri (1994)

5.2. Evaluation of support pressures
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Figure 6 - (a) Tunnd heading in soft ground; (b) two - dimensiond idedization of atunne heading
For clays the stability ratio N is defined (Mair and Taylor 1996) as

:Ss_ g,-Sy
d.

N

where

g = unit weight of the soil

Z = depth of tunnd axis (C+ D/2)

S s = surface surcharge (if any)

St = tunnd support pressure (if any)

Ou = undrained shear strength a tunnels axis

Mair and Taylor present afamily of curvesfor N (N critica) asfunctionsof C/D and gD/ q,
(Fig. 7) based on upper and lower bound calculations (Davis et 1990). For C/D about 5 the upper
bound solutions give Nc about 6. This is the vaue for the stability ratio a collgpse consdered by
Broms and Bennermark (1967) and Peck (1969).
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S mme——— Lower bound
Upper bound

AL
Figure 7 - Upper and lower bound critical stability retios for plane strain circular tunnd (Daviset d.,
1980)

For asandy soil (¢ =0, f = 35°) Mair and Taylor (1996) give results for the dimensionless
face pressure st / gD caculated from upper bound and lower bound solutionsin 2 D (Atkinson and
Potts, 1977) and in 3 D (Leca and Dormineux, 1990), and dso from limit equilibrium (Anagnostou
and Kovéri). They found that lower bound solutions give significantly higher pressures (st / g about
0.3) than the upper bound solutions (st / go about 0.08 to 015). Also they found that the face
pressure would be independent of the ratio C/D (ratio of the depth to the diameter of the tunndl ).

Limit eguilibrium solution give a vaue of s+/gD about 0.15 smilar to the upper bound 2D
solution.

Atkinson and Potts dso given results from centrifuge tests on lined tunnds in dry sand
showing s +/ngD to be between 0.06 and 0.13, where ng is the centrifuge acce eration.

For the case of durry and EPB tunndlling in water bearing sands Anagnostou and Kovéari
(1994) sudied the gtabilising force to be exerted by the durry on the working face of the tunndl.
They found that the force depends on the infiltration of the durry into the ground which is a function
of the grain sze of the sand and the yield strength of the durry.

For the case of a 10 m diameter tunne Anagnostou and Kovéari give the factor of safety as
function of the excess durry pressure (Dp), the concentration of bentonite associated with the yield
drength of thedurry ts and grain Sze dy of the sandy soil (Fig. 8).
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Figure 8 - SAfety factor againg face ingability for adurry shied (after Anatgnostou and Kovari,
1996)

It can be seen that for coarse soil, with dip over 2 mm, the increase in durry pressure does
not increase safety. The durry will infiltrate degper and there will be fluid loss. Only for fine grained
soil, the increase in the infiltration pressure will increase the factor of safety.

For coarser soils only the increase of bentonite content in the durry will increase the safety
factor.

5.3 Evauation of surface displacements.

As dready told in chapter 4, the settlements at the surface depends essentidly on the volume
loss during excavation. The settlements start before the tunnd working face reaches the observation
Ste and reaches its maximum Sy« Some distance after the tunnel face passes the observetion site.

As dready told, the transverse settlement curve has the shape of a gaussan digtribution
(Fg. 9).

horizontal
2 4 0 i 9; distance,y

-— 0.6S,,,,, point of
inflexion

1] settiement

Figure 9 - Gaussian curve used to describe the transverse settlement trough
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Sy = Srax &Xp (-Y/20°) (1)

where
S, = settlement;
x = Maximum settlement;
y = horizonta distance from the tunnel centre-line
r = horizontd distance from the tunnd centre-line to the inflexion point.

Integrating (Eq.1) the volume V; of the surface settlement trough (per unit length of the tunnd) is
obtained

V,=2pr.S,,, )
Usudly Vs is expressed in terms of a percentage fraction of the excavated area of the tunnell.
Many authors, starting with Peck (1869), proposed linear relationships between r and the depth H of
the tunnd axis
r=KH (©)

An average value of K = 0.5 has been found for tunnd in clays (Mair and Taylor, 1996).

Loganathan and Poulos (1998) aso proposed a closed-form andytica solution to predict surface
Settlements:

_ ez H e 138y° 0§ ,
Sz:0_4e0(1 I)R H2+yzexpg (H+R)2B (1)

where e, is the ground loss (ratio) n isthe Poisson’sratio of the soil above the tunndl, R isthe tunnel
radius, H the tunnel depth and y isthe lateral distance from the tunnd centre-line.

On the badis of centrifuge testing Loganathan, Poulos and Stewart (1999) claim that (Eq.1") gives
better results than (Eq.1).

5.4 —Finite Element modelling in 2D and 3D

The congruction of tunnels and other underground openings put the most complex problems
of numericd andyss in Geomechanics. Three dimensond andyss seem to be the most suitable
numerical method to tackle thiskind of problems, since the Sate of stress and strain near the working
face of the tunnd is fully three dimensona. However, most of the analyss for design are Hill two
dimensiond. Thet is de to the complexity of the problem.

To be complete the numerical smulation would take account of &l stages of congtruction:

- Excavation either by parts or full face.

- Temporary support and itsrigidity.

- Fnd lining properties.

- Changing of the Sate of stress and strain with time for squeezing rocks and clays.
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Therefore an elasto-visco-plastic andysis would bee needed. However, most of the andyses
are elasto-plagtic only. Even for these there is no agreement in what concerns the best condtitutive
law to be adopted. The Mohr-Coulomb pladticity law with an associated flow rule is the most
common.

For deep tunnds, homogeneous isotropic ground and plane strain conditions, Sarting with a
hidrogtatic state of stress s, and assuming a Mohr-Coulomb condtitutive law a closed form solution
can be derived (Gioda 1983). In this solution a“ charateristic “ or ground reaction curve is obtained,
giving the interndl pressureratio s /s o asafunction of the radia displacement d..

Starting from from this concept Panet and Guenot (1982) proposed the smple expression

s;=(1-1)s 4)
where s is the initid isotropic ground dress prior tunnelling and | is an unloading parameter. The

stress removed from the soil before lining ingdlation is | s and the pressure gpplied to the lining is
(1-1)s0 (Fig.10).

lining installed

\2 volume loss

Figure 10 - Application to 2D FE analyses of the principle of convergence- confinement method
(Planet and Guenot, 1982)

As the dress is removed from the tunne boundary radia displacement d, occur, and the
corresponding volume loss V, can be calculated:
Vi=2pR.d; ®)
where R isthe radius of the tunnd.

The volume loss V, will be apractica vaue obtained from experimenta results and can take
account of 3D effects. d, istheradia displacement.
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The volume loss VI should be in acordance with fidd measurements (convergence
measurements) and the corresponding lining stress (1-1 ) s should beredligtic.
A better gpproach seems to be the assumption that the initid state of stressis

S1=s, = ad s,;=s3=Kgs (6)

1

wheres y, S, S3 arethe principal stresses at depth z, and g is the unit weight of the ground.

For this condition, dthough smple, there is no closed form solution and we must resort to a
numerical solution, usudly by finite dements.

The transverse surface displacements curve can be evauated and it is found that the shape of
this curve very much depends of the values chosen for K. For heavy consolidated claysit is usud to
take Ko sgnificantly greater than 1. However, Ko must be reduced on account of unloading due to
3D effects.

Usng a 2D andyss and Ky=0.5, Addenbrooke et al. 1997, found a better agreement to
field datafor the transverse curve in London clay (Fig.11).

offsat from tunnel cods

contre ine 25m om
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J

Figure 11 - Influence of Ko on FE predictions of surface settlement trough (Addenbrooke, 1996,
1997)

It should be noted that the output of any 2D or 3D FE dagto-plastic andys's depends not
only of the chosen initid dtate of stress, but aso on the deformation and strength characteristics of the
ground and on the condtitutive law considered. Therefore the lack of agreement between measured
and computed values for displacements and stresses derive not only from the assumed initid state of
dress but dso from the other input data not being representative of the actua characteristics of the
ground.

Since there is dways a range in the ground characteridtics, severd sets of caculations must
be done obtaining arange of results aso. Then, the measured values might be insde this range.

6. MONITORING OF TUNNELS

Digplacements and stresses that result of any kind of cdculations cannot be fully reliable,
snce any modd is a great smplification of redlity, the initid date of stressis not well known and the

Numero 11, 2001 Engenharia Civil - UM 17



deformation and strength characteritics that enter in the computer program never represent well the
actua ground behaviour.

Therefore, to reach proper safety levels during the congtruction of a tunnd severa kinds of
mesasurements are needed.

The oldest and most important measurement is that of convergence. Usudly three marks are
fixed on a cross section of atunnd: one at the roof and one at each sde of the wal at aleve near
that of the centre. The distances between the marksin this triangle are measured and registered dong
the time. For a stable tunne the difference in the readings of two consecutive time steps will rgpidly
decrease dong the time. (Therefore, the frequency of the readings can decrease). If this is not the
case the safety againgt collgpse is not assured.

It should be noted that in any excavation in soft ground the factor of safety decreases with
time, since pore pressures start to be negative just after the excavation and tend to zero or postive
aong the time. Negative pore pressures give an gpparent cohesion to the soil, which disappears after
sometime.

Measurement of settlements a the surface, mainly when there are  buildings, is another
monitoring need. Transverse underground displacements by means of inclinometers is dso a usud
measurement. Also the measurement of the horizonta displacements ahead of the working face in
soft ground should be done. In depth settlements above the roof are sometimes measured. Also
extensometers are inddled radidly from ingde the tunnel.

Further to these messurements, complementary horizontal and inclined borings are usudly
made, mainly in soft ground open-face tunndls. In this case the congtruction of the tunnd may be said
to be performed by the “observationa method”, which requires aless detailed design.

In bored tunndls, borings ahead of the working face can aso be done, stopping the machine
and drilling horizonta holes through specid openings made in the head of the machine. Sometimes
aso from ingde the machine holes can be drilled to ingdl bolts and anchors in the roof and walls of
the tunndl.

7. CONCLUSIONS

7.1 In the open face tunndling, where there is easy access to the tunnd face, the lining can be done
with spraid concrete and various ground treatment tecniques can be used namely that of “umbrella
jet grouting”. In the case of bored tunnels the most usud lining is that of pre-cast reinforced concrete
segments.

7.2 Face gability is fundamentd to avoid failure. Kinematic upper bound and daticaly admissble
lower bound solutions are available to estimate the tunnel support pressure at the tunnd head. Also
limit equilibrium solutions exist to access the tunnd face sability pressurized by the durry or EPB
shidds.

7.3 Ground movements depend mainly on the vaue of the ground volume loss during excavation.
Surface and sub-surface short term troughs can be reasonably approximate as Gaussian curves. Sy
and the widths of these curves can be predicted by F.E. andyss, but low vaues for the earth
pressure at rest should be used (K <0.5) to better fit the measured values, even in the case of pre-
consolidated soils.
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Redigtic ground volume losses should be entered in the cdculaion of the maximum surface
settlement. Small values of the volume loss are obtained with durry and EPBM shield machines.

7.4 A good plan of monitoring is essentia to the safety of the tunnd and of the buildings at surface,
Movements both at surface and in depth must be measured and darm limits for those movements
must be stated.

Compensating grouting may be needed under the foundations of the buildings if high
settlements are found during the tunnel excavation.

Complementary borings from indde and outside of the tunnd should be performed, mainly in
the case of the “observational method” of construction.
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