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TUNNELLING IN LIMESTONE TERRAIN: THE NEED
OF THE KNOWLEDGE OF THE HYDROGEOLOGICAL MODEL
P.G. MARINOS'

ABSTRACT

Although limestone and most carbonate rocks exhibit good geotechnical behavior, when karstic, they may
induce hazards during tunnelling opcrations, which may ¢volve into huge problems. Groundwater is the main
sourcc of problems and so is the crossing of voids and caverns, empty, aquiferous or filled. In order to estimate
the probability of encountering such conditions and be prepared to face them, a thorough hydrogeological study
should complement the traditional site investigation. This study has to consider a broader arca embracing the
whole hydrogeological basin of the karstic aquifer with background knowledge of the tectonic and palcogeographic
evolution. In this paper a scrics of hvdrogeological models are discussed depending on the internal karstic
geometry of the aquifer and the position of the tunnel, cither in the transfer or the inundation zone. Each model
is associated with its own tunnclling particularities in terms of hazards and countermeasures. A discussion on
the solutions to be engincered in order to cross big karstic cavities is presented.
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1. INTRODUCTION

Groundwater is often the main source of problems in tunnel construction associated with stability and safety
issues. Groundwatcer controt during both construction and operation of the tunnel is one of the most challenging
problcms faced by tunnel designers and contractors. Drainage facilities from the headings may be required and
when the necessary invert grades are not available, the additional trouble and expensc of pumping arc unavoid-
able. Water can atfect roof and face stability and in appreciable quantity will impede construction. If the host
ground is soft and prone to crosion the risk is further increased.

Scepages, or leakages, into underground works from the surrounding aquifer can also affect the surrounding
ground and adjacent facilitics. Depending on local geology, hydrogeology and geotechnical parameters of the
material, a severe environmental impact may be expected. In the opposite casc, i.c. when leakages from under-
ground works to the aquifer are possible, the hazard of groundwater contamination has to be considered.

The crossing of voids and caverns, empty, aquiterous or filled with crodable material causes difficultics and
the solutions that should be enginecred, are often site specific.

Hence, although limestone and carbonate rocks in gencral exhibit a good geotechnicat behavior, when karstic,
they may induce all the aforementioned problems in tunnelling operations . Many large engincering projects
involving tunnels are currently under construction in countries where limestones are a very common geological
formation. The design of underground excavations in thesc materials requires knowledge of the geological and
hydrogeologic model in which these excavations arc carricd out.

2. INTERACTION WITH GROUNDWATER; GENERAL CONSIDERATIONS

The interaction of tunnelling with groundwater can be summarized as follows:

During construction

- Inflows of water in the underground space, affecting normal construction procedures and possibly induce
face and roof stability.

- Sudden inflows associated with specific and localized geological features, e.g. faults, crushed zones, big karstic
conduits ete.

- Decline in yiclds of springs, decrease of groundwater discharge to wells.

- Development of sinkholcs in susceptible arcas duc to piping or intcrnal crosion.

*IN THE FOLLOWING TEXT THE TERM LIMESTONE REFERS ALSO TO ALL CARBONATL ROCKS THAT UNDERGO
KARSTIFICATION
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- Acccleration of dissolution of soluble sediments (c.g. gypsum).

- Unacceptable settlements. where compressible fine-grained soils or heavily fractured rock masses are present,
duc to the increase of etfective stresses by lowering of the groundwater table.

- Temporary contamination of groundwater occurring at lower elevations, by infiltration of polluting sub-
stances used for the construction.

During opcration

Infiltration of used chemically and organically contaminated waters from road or rail tunnels can atfect the

quality of the groundwater if the tunnels are crossing the unsaturated zone.

- Risce of piczometric levels by the obstruction of groundwater flow by lined tunnels; the rise is effective when
the tunnel is located at a shallow depth under a shallow water table and can affect the built environment
(foundation, bascments) and/or mobilize contaminants in casc of saturation.

- Influence of the hydrostatic head on the lining of the tunnel.

- Tunnel collapse by wide fluctuation in hydrostatic pressure associated with normal operation of hydraulic
unlined tunnels.

- In the casc of watcr conveyancce tunnels with lining deficiencics, the relation between the head of the waters
flowing in the tunnel and the head of the surrounding aquifer can cause:

- Inflow of eventually polluted waters in the tunnel and/or development of all the related and abovementioned
risks (internal head lower than the head of the aquifer). Underground excavations containing fluids such as
petroleum products at near-atmospheric pressures can be left unlined if the rock quality is high and if the
excavation is below the water table sinee the tluids are contained by inward seepage of groundwater

- leakages from sewer tunnels can contaminate the surrounding aquifer (interior head higher than head of the

aquifer); leakage is a major concern when tunnels carry high-pressure water with toxic ingredicnts. Such

tluids must be contained by an impervious lincr.

3. INVESTIGATION

Particularities in karstic rock masses

The particular or even unique hydrogeological features in a karstic cnvironment demand special attention,
as there is an increased risk for water inflows and for environmental problems. Tunnelling in limestone terrain
may thus be a challenge for both geologists and cngineers owing to:

- high cocfficient of infiltration from mcteoric water.

- very high permeability; often non lincar underground flow.

- prescrvation of high values of permeability at greater depths.

- potential of development of large hydrogeological basins, which may cxtend far beyond the boundaries of
the corresponding geographic - hydrological basins of the considered arca, involving, thus, greater quantitics
of groundwater.

- development of a non uniform, heterogencous pattern of flow paths; depending on the post-tectonic and
palcogeographic evolution of the area, preferential flow conduits and karstic tubes could be developed with
a capacity to transmit water at large discharge rates; these conduits drain the surrounding jointed or finely
fracturcd rock mass of low or medium permeability.

- groundwater flow in a flooding manner throughout the transter (“unsaturated™) zone.

- potential crossing of large underground cavities filled eventually with carth materials, with the possibility
also to carry a column of perched ground water.

4. POTENTIAL HYDROGEOLOGICAL MODELS TO BE ENCOUNTERED

During the first stage of investigation in a limestone terrain it is crucial to understand the karstic pattern
around the tunnel by means of a detailed hydrogeological study . Such hydrogeological study should include a
palcogcographic evaluation of vertical movements and changes of the geographic base level related to past
locations of springs, in order to assess the depth of karstification inswde the limestone mountain and the geom-
ctry of the karstic base Ievel. This level is not necessarily restricted at the present elevation of the surtficial
springs. Thus, the geological reconnaissance in a broader area is a prerequisite for the investigation regarding
tunnclling in karstic terrain.

Dye tracing testing and follow up of the route of major underground flow axces, i.c. between sinkholes (ponors)
and springs, greatly assists the understanding of the delay of underground flow and is thus clucidating as to the

presence of potential brg 115&1’(111'%0%'%}30165%% t}éfesc;(lﬁp%}(g}glgl" j%ﬁﬁh%hpeh(ﬁ}\lo(\i(%&w m@ot flow to several directions.
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Table 1: Potentinl hydrogeological models in limestone environment. Note that in some cases (e.g. platform karst)
the inundation zone may be-insignificant ortransient. Carbonate rocks with substantial primary porosity can be
considered of the finely jointed type presented in this table. Few climatic type of karstification may produce
patierns different from those ahove.

{ TUNNELING IN LIMESTONES - GROUND WATER CONDITIONS

Non karstic

Karstic limestones

limestones
Permeability Permeability due to karstic
as for jointed conduits interconnected
rock mass with fractures and joints
Case | Case 2
- e
i .
S ki

Tunnel in Tunne! below Tunnel above
i Tunnel below
unsaturated ) base level of
water table

base level of

zone karstification karstification
Modcl A Model B Case 2.2
/ l
Subsurface flow mainly Subsurface tlow through a dense
through preferential interconnected system of enlarged
karstic tubes and conduits joints and karstic fractures
Case 2.2.1 Case 2.2.2
Tunncl in the Tunnel in the | Tunnel in the Tunnel in the
transfer zone inundation zone transfer zone inundation zone
Model C J Model D Model E Model F

In this same rationale, the study of the distribution and the hydrographs of springs is always the most relinble
tool for understanding the internal structure and geometry of a karstic aquifer, sinee it reflects the hydrodynam-
ics of the interior of the karstic mass.

The question of whether concentrated or dispersed inflows are to be expected is of great concern since the
former may threaten winnelling operations. A detailed structural analysis of the hydrogeologic basin will define
zones of possibly very high permeability (i.c. faults, or svstematic bending zones).

Finally, the position of groundwater levels and fluctuations in the investigative boreholes. must be recorded
at all times since they reflect the thansmissivity of the whole karstic mass. In the case of tunnelling in mountain-
ous arcas, pumping tests from wells, even if feasible, are not as helptul as for tunnels in low relief terrain, In
those cascs, packer tests restricted in the zone around the tunnel controlling the inflows, s a common practice.

Table 1 intends to provide the main hydrogeological models in @ limestone environment. The answer on the
most probable model to be crossed will facilitate the appropriate design of the tunnel and the provision of the
methods and cquipment necessary to face the hazards associated with the karstic conditions to be encountered
{Marinos, 2001).

Case |: Groundwater issues arce considered as for a jointed or fractured rock mass. Permeubility is generally
low and decreases dramatically with depth. Exceptions may oceur in fuult zones.

- Model A: Tunnel will cross a completely dry limestone mass: no risk tor floods

" p .
L n ..I((‘I (4 mc?' [ CrIcch%l -r:IHQ“()%I!FI&HI)}%YI%LA{E'Q)")H. MilanoviZ, 2000 and White,

" The reader can gel insight (me’, (Iit:'?)rJncJ' iSE
1999).
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Base level of

Larstification

Fig.l Case I and Case 2.1. G.W. Groundwater piezometric level surface

- Model B: Tunnel will encounter medium to insignificant flow, depending on the frequency and aperture of
joints or fractures.

Case 2: Dramatic difference in behavior compared with other aquiferous media; presence of high
permeabilities, large discharges.

- Case 2.1: The rock mass surrounding the tunnel has never been exposed to underground erosion duce to the
palcogeographic evolution of the arca or its isolation {rom infiltration and flow to outlets. In [ow relicf morphol-
ogy, the past geographic base level of the area to be crossed has never been lower than that of the tunnel
However in large mountainous masses the interior of the mountain could have escaped karstification and the
buase level of karst lies at much higher elevations than the present level of the springs. Tunnels with such condi-
tions will comply with cither model A or B (Fig.1).

- Case 2.2: The size of the problems and risks depend on the internal gecometry of the karstic system. Two
options arc possiblc:

- Case 2.2.1 when the underground flow is mainly concentrated and governed by distinet preferential large
karstic tubes and conduits or,

- Case 2.2.2: when flow is guided by a morc homogencous interconnected system of karstic fractures and
entarged joints. The latter is usually the case of well-bedded limestone in arcas characterized by a long lasting
persistence of an extended flat gcographic base level. The former is often the case where continuous downward
underground crosion persists as the geographic base Jevel was progressing towards lower clevations or where
the lowest geographic level was restricted to a confined zone.

Model C: The tunncl is in the transfer zone of a selectively highly karstificd mass. It will cross dry limestones
but if located at depth the hazard for personnel and equipment from sudden inrushes and flooding will be high
when storms occur in the catchment arca. The stability of the tunnel might also be endangered. Erosion of loose
filling material may result to a mudfiow into the tunnel. Probing ahead should be a common practice. Contami-
nation of the underlying “water table™ is a real risk (Fig. 2).

Fig. 2 Case 2.2.1. (Model C) Case 2.2.1. (Model D)

Model D: The tunnel is in the inundation zone and will drain moderate quantitics of ground water between
karstic conduits (DT1). These quantitics arc fed by water stored in fractures between these conduits. Upon en-
counter of the conduits (D2), considerable increase of intlow will be expericnced and violent inrush or flooding

of the tunnel cannot bw&}gklﬁgléj\rlggﬁ% '%%3%&(‘1”(98%‘2(%%%PQ(BA'&V%&!;‘IRSH‘@L need (Fig.2). Predrainage
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Figure 3: Estimation of water inflow in a 10 m diameter tunnel for steady flow condition. This graph can be
applied in the inundation zone of a limestone aquifer for estimating maximum values before transient flow is
established and in sections between two main karstic conduits. It does not apply to discharges through the
conduits themselves., These conduits may recharge their fractured-jointed limestone environment simulating
steady flow conditions.

techniques with site-specific character should be applied in order to assist the crossing of the conduit. A quasi-
permanent drainage of the karstic aquifer will last almost all of the construction period. The water resources of
the arca will be affected. Ground water discharges from the limestone mass between karstic conduits can be
approached by the graph of Fig. 3. This estimation does not apply for the discharges of the conduits themsclves.

Model E: The tunnel is in the transfer zone of a dense interconnected system of slightly karstificd joints and
fractures of moderate aperture (Fig.4). It will cross a mass with dripping waters or small amounts of transient
water during wet periods. There is no risk for floods as the infiltration is widely dispersed inside the karstic mass.

Model F: The tunnel, being in the inundation zonc, will drain, almost permanently significant or very signifi-
cant quantitics of ground waters during the construction, imposing the need for appropriate draining equip-
ment. Violent inrushes should be restricted (Fig.4). An estimation of the transient discharge is given in Fig 5.
Special design arrangements are to be implemented (i.e. diversion of watcers to the sides of the tunncl). A drain-
age umbrella in front of the face should_reduce the head and control inflows during the excavation (Fig. 6).
Stability problems may occur only if the limestone is brecciated. Groundwater resources can be seriously af-
fected.

3. CONFRONTING THE PROBLEM OF WATERS

Groundwater in tunnelling can be faced mainly with the following generally regarded operations (general
information can be obtained from Anonymous, 1992 and Bauer, 1994):
- lowering groundwater level by controlled drainage or dewatering via pumping, thus reducing both head of

water pressure and discharge into the tunnel
- grouting

Mcthods such as freezing, ground control by slurry, compressed air or carth pressure balance boring machines
cannot be applied in highly permeable karstic limestone. Usually, drainage is more cffective and often cheaper
than any other operation. Pre-drainage prior to tunnel construction is probably the most commonly used water
control meth()ahl. Thcltcchn.[ﬂuclglz(lﬁi“nl chi}é‘ﬁk‘ﬁ“;b‘c%‘ipg&é‘%gé‘@- f.rtphfbaaxr%&xol\fxlt&lgc R‘Hléj“mg a series .()f w.clls or
horeholes at either side of the projected tunncl. Drainage ¢an be achicved from within the tunnel itself when
dewatering from the surface is impossible. This can be done through drain holes from the face or from a long
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Fig. 4 Case 2.2.2. (Model E)

Case 2.2.2. (Model F)

systematic drainage umbrella cmbracing the tunnel (Fig. 6), or even though the construction of small side pilot

rainage galleries.

In the case of grouting in limestone, the primary goal is to reduce permeability. Modern practice is to drill a
3607 array of grouting holes forwarded sub horizontally, then last out and seal a scction of tunnel inside this
completed grout curtain. This also largely deals with the hazard of catastrophic inrush, i.c. a flooded cavity
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should be first encountered by a narrow bore drill hole that can be scaled off quickly. Grouting anyhow is
difficult in large openings or under high pressure of water.

Dcewatering can have undesired side effects on adjacent properties, the tunnel itsclf and the environment,

such as (see also Powers, 1985):

- ground settlement due to consolidation of compressible soils filling big karstic cavitics up to the surface as
an cffect of increased effective stresses from water table lowering. Fortunately, such ground settlement can-
not take place when limestones cover the ground as the rock is not compressible

development ot sinkholes

depletion of adjacent groundwater and/or surface water supplies

salt water intrusion

expansion of contamiWagakpBidle0nkn "OeoppacTog” - Turua Mewhoyiag. A.MN.O.
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Figure 6: Driving a tunnel through an important water bearing zone with predrainage through embracing
drainage umbrellas (sketch from “Geodata”, Torino, personal communication).

- release of contaminated water into the cnvironment

6. GEOTECHNICAL ISSUES WHEN TUNNELLING IN LIMESTONE ROCK MASS
The rock mass itself

With the exception of the problem associated with the karstic characteristics, limestone and all other car-
bonate rocks in general, exhibit a good geotechnical behavior and a friendly tunncelling response. They exhibit
reasonably good resistance to drilling or boring with reduced wear of excavation tools. The strength ot a lime-
stone rockmass can ncver reach low levels such as those of a squeezing ground, even when brecciated. Lime-
stone breccias always cxhibit good frictional values; however, support is sometime necessary with light steel sets
or lattice girders, beyond rock bolts and shoterete.

From another point of view, when the rock is at great depths or under high horizontal stresses, it cannot

generate typical bursting instability, as is the case of
hard rocks, since it is not a brittle material”. Any mild
spalling problems in tunnels can be satisfactorily coped
with rock bolting and reinforced shotcrete.

The case of voids and karstic caverns

The mecting ot caverns and big karstic conduits
may be associated with the following problems, _often
very ditficult to overcome:

- bridging the void, it cmpty
- tunnelling through a geotechnically weak fill ma-

terial

- confronting water inrush associated with mud flow
S if the void is water bearing and filled partially or
Figure 7: Typical appearance of a small karstic void totally with earth matenals (as discussed earlier).
partially filled with clay and silt; Dodoni tunnel, In the case of urban tunnels with a thin cover, the
northwestern Greece, 2000,

occurrence of thesc voids can cffectively be investigated
with a drifling program assisted by gcophysical testing. In most shallow depths the georadar can give reliable
information. In deeper levels cross-hole tomography could be the best choice. In tunnels close to the surface an
associated risk is the collapse of an adjacent cavern after an curthquakc' tilling these voids prior to the comple-

' - Tunua Mewloyiag. A.MN.0.

* In terms of mechanical properties 1vplm| hur\[mﬂ situation can uxuallv be met (n hard, strong and brittle rock, e.g. having an unconfined
compressive strength highee than 100 MPa and a modulus of deformation greater than 4 G Pa.
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tion of the'tunncl is an additional task to be undertaken. In the case of deep tunncel through a mountain and
given there are clear indications that such cavities are present, the only reliable method is probing ahcad. as was
previouslty mentioned.

The Dodont tunnel in northern Greeee, with a length of 3.3 km and 12 m in diameter, is currently (fall —
winter 2000) being driven in a limestone sequence with well developed bedding and possible local intercalations
ol siltstones or eherts a few cm or dm of thickness. The limestone encountered so far has behaved well and this
behavior isexpected to continue. However, significant overbreaks have occurred at some locations and these
overbreaks were due to instability of the fill in karstie cavities (Fig. 7). Karstic solution featurcs may indeed be
obscerved in outcrops on the surface of the mountain ridge crossed by the tunnel under a cover of at least 100 m.
These features mdicate that karstic proeesses were active inside the limestone ridge.

Two major collapses oceurred related to the presence of sinkholes at the surface with outcropping chimnceys
almost 100 m of height. The voids werce filied with clavey material and pieces of broken rock and were promi-
nently wet. The main collapse had a diameter of approximately 1.5 m in the tunncl and 3 m on the surface (Fig.
8), leading to 1200 m" of material falling into the tunnel.

In order to detect karstic cavities, pockets filled with soft and broken material. shear zones and gouge-filled
faults, it was recommended that routine probe drilling ahead of the tunnel tace should be carricd out (Hock and
Marinos, 2000, experts’ unpublished report to “Egnatia Highway S.A.7). Typically, such probe holes are pereus-
ston drilled using the normal jumbo. Ideally, the probe hole should always be kept one tunnel diameter ahead of
the advancing face and the most convenient way to achieve this is by drilling long holes (30 to 50 m) during
maintenance shitts or at weekends. As in all karstic voids, because of the irregular and unpredictable shape and
location of weak zones, it is recommended that at Jeast three probe holes should be drilled from the face at 10,
12 and 2 o’clock positions. These holes are believed to have the highest probability of detecting the most danger-
ous zones. During drilling, a supervising geologist or engineer should be present and, together with the driller,
should watch for rapid changes in drill penetration rates, nature of the chippings and color of the return drilling

TR water. An experienced driller will usually be able to
detect changes in the drill performance and to give a
rcliable prediction of the nature of the ground ahead
of the face.

When a significant weak zone is detected additional
probe holes should be drilled to define the extent and
shape of the zone as accurately as possible. In excep-
tional cases, one or two cored holes may be required
to determine the nature of the filling material.

As a general rule grouting of the filling matcrial
within the cavity is a primary considcration in order to
improve its cohesive strength. However, it has to be
realized that the effects of such grouting are highly un-
predictable, depending on the nature of the filling
materials.

The support measures to be used depend upon
the nature and the cxtent of the weak zope. When a
weak zone (e.g. a karstic cavity or a filled pocket of
limited extent) 1s to be dealt with, the use of forepoles to bridge the cavity should be considered. These forcpoles
play an entirely difterent role from those used to pre-support the face in squeezing ground. Their function 1s to
form a roof over the tunnel through which the weak filling material of the cavity cannot pass. Henee, depending
on the volume of material to be supported, the forepoles should be reasonably light (say 75 mm diamcter tubes)
and they should be as closely spaced as possible. They should also be long cnough to cnsure that they are
securely socketted in good limestone on either side of the cavity. The number of forepoles to be installed should
be limited to the number required to form an effective barrier under the cavity. It 1s not necessary to implement
a complete support system, with an extensive forepole umbrella and additional support measures, such as that
used in squeczing ground.

When the probe drilling detects a continuous feature of significant size, the approach has to be quite differ-
ent from that described above. In such a case, the rock mass on cither side of the cavity will be most probably

weaker than the “‘”0“%‘d}r‘é&H‘Eﬁ}d{%6ﬁ1€h¢8};‘6¢%&%%8&*’-%H&&“r‘é‘dﬁ‘bﬁ&@ﬂrﬁé‘P““d‘“g on the orientation

of the void. In such a case, it 1s prudent to implement the full forepoling solttion, similar to that used in squeez-
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Figure 8; Collapse of the filling of a karstic chimney
crossed by Dodoni Tunnel. The collapse outcropped on
the surface about 100 m. over the tunnel.
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1. Forepoles typically 75 or 114 mm diameter pipes,

12 m long installed every 8 m to create a 4 m overlap

between successive forepole umbrellas.

2.Shoterete - applied immediately behind the face and

to the face. in cases where face stability is a problem.

‘Typically. this initial coat is 25 to 50 mm thick.

3. Grouted fiberglass dowels - Installed to reinforee the

rock immediately ahead of the face. These dowels are

usually 0 to 12 m long and are spaced ona l mx I m

arid.

4. Steel sets - Installed as close to the face as possible

and designed to support the forepole umbrella and the

stresses acting on the tunnel.

5. Invert struts  Installed to control floor heave and to

provide a footing for the steel sets.

6. Shoterete - Typically steel tiber reinforced shoterete

Figure 9: Full-face excavation through weak ground applicd as soon as possible to embed the steel sets to
i ; improve their lateral stability and also to create a

under the protection of a forepole umbrella. The final

A , . . structural lining.
concrete lining is not included in this figure (Hoek, 7. Rockbolts as required. In very poor quality

Direction of face advance

2000). The method can be applied in cases of large ground it may be necessary 1o use self-drilling
karstic caverns or large chimneys filled with cohesive rockbolts in which a disposable bit is used and

is grouted into place with the bolt.
8. Invert lining - Cither shoterete or concrete
can be used, depending upon the end use of the tunnel

soil under substantial load. Note that it is not always
necessary to implement all the components shown in
this figure.

ing ground (Fig. 9).

One further possibility needs to be considered and that is the casc of a Jarge empty karstic void. Such a void
will generally require bridging and backtilling. The nature of the backtill will depend on the location of the void
relative to perimeter of the tunnel. If water is associated with the void, drainage holes have to be foreseen as
described carlier (sec also Fig. 6)

Encountering a vertical karst channel, which is the most common case in the transfer zone of the aquifer
{modcl C in Table 1), unpredictable concentrated water pressure may load the tunnel lining. In order to prevent
possible damage, forced drainage of the channel towards lower clevations has to be sccured.

When tunnel boring machines (TBM) are to be used, local realignment of the tunnel axis in order to avoid
voids is not an option and usually a stoppage is imposed in order to backfill or bridge the void. If backfilling of
the karstic cavern should be carried out from within the tunnel care should be given not to obstruct the cutter
head with the conerete operations (Milanovie, 1996 and Marinos 2001). When naturally filled. the voids have to
be crossed by conventional tunnclling since the TBM, being usually of an open tvpe. cannot bare the fill that
could ravel through the cutter head of the machine.

7.CONCLUSIONS

ing in karst terrain requires a thorough hydrogeological knowledge over a broader arca. Lack of this
Tunnelling in karst terrain requires a thorough hydrogeological knowledg r a broad 1. Lack of this
knowledge may result to a design, which will not be able to face problems, or hazards that may occeur during
construction with probably dramatic consequences on the completion of the operation. Judgment and engi-
neercd solutions should always assist any decision at all stages during design and construction.
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