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SUMMARY

Reference is made to the geological and geotechnical investigations and studies carried out for
design and during construction of a 3 km section of Gran Sasso deep tunnels in arenaceous marl
and in laminated marl. Geological history of concerned complex formation, including relevant
tectonic events, is presented, in the context of a regional picture of origin and evolution of
miocenic series in central Italy.

The difficulty to define geotechnical characteristics of rocks is emphasized,due to the influ-
ence, on mechanical properties of the whole, both of more or less soft marly matrix and of jo-
ints or latent discontinuity surfaces.,The behaviour of formation at tunnels excavation,observed
from field measurement data, and its relation with results of investigations and analyses ,are
pointed out.Some remarks on relaxation and collapse phenomena,involving marl and especially la
minated marl widely around the cavity, suggest a possible line to interprete actual deformati
ons amount, and to approach the problem of statics of the tunnels.

INTRODUCTION

The Gran Sasso tunnels, in Italy, are a sec - The northern section of the works presented
tion of the Rome-Adriatic motorway, which pro many design and constructtion problems, due
vides the shortest route across the highest of to both complexity of the formation and the
central Apennine mountains (Fig.1). Two-way exceptional overburden. Wide studies and in
tunnels cross Monte Gran Sasso for a lenght of vestigations were carried out there, before
about 10.0 kilometers; a small service tunnel, and during excavation;the tunnel is now com
2 km long, also forms part of the system , in pleted,until the contact soft rock-limesto-
proximity to north entrance. Centre to centre ne.

distance varies, according to nature of rock

and to overburden, from a minimum of 46 m toa

maximum of 88 m. Internal free section is 54

m2. Assergi south entrance is at el. 958 m a

bove sea level, S5an Nicola north one is at el.

889 m (Fig.2). Profile summit is about half- Ao MORORWAY

55-HATIONAL ROADS Pascan

way between the entrances and gradient is 0.2
per cent at south side and 1.1-2.0 per cecnt at
north side. Max overburden on the tunnels is
1500 m, corresponding to Monte Aquila top, el.
2500 m. Peculiar geological conditions make
southern scction of the tunnels quite diffe -
rent from northern one (Bruni F.19706). V. ROM.
The southern block is formed by scdimentary
rock, essentially limestonc, while the north-
ern block consists of partially overturned
soft rocks, such as arenaccous marl.

Max overburden on soft rocks reaches a value
of 1000 m, at a distance of 3100 m from the
north entrance. Fig. 1 Location of Gran Sasso Tunnel
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Studies and systematic field measurements al
lowed for an interesting collection of data
on behaviour of these formations, which are
subject of this paper.
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Fig. 2 Geometrical characteristics

1. GEOLOGY
1.1 General lines of Gran Sasso massif

Gran Sasso mountainous group consists of ma-
rine sedimentary rocks of "Abruzzese facies",
which represent transition terms between [the
‘mAbruzzese facies" of central Apennines, ma-
inly formed by algalic or coralliferous limg
.stone, deposited in shallow waters, and "Um-
bro-Marchigiana facies", formed by deep sea
calcareous-argillaceous sediments.

In that "transition facies",
Tertiary,

from Jurassic to
calcareous sediments, partly detri
tal in massive banks, partly pelagic in more

or less thin banks, accumulated.
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Starting from middle Pliocene, important tegc
tonic phenomena divided up whole calcarcous
plateau of thecentral-southern Apennines in =
me blocks extended in NW-SE direction: Gran
Sasso group constitutes northern extremity
of them (Fig.3).

According to gravity tectonics common to all
the central-southern Apennines,compressive axd
overthrust faults are present in every block
along eastern edge, while tensile faults pre
vail in south-west zone of each of them.
Geological surveys and results of three ver-
tical drillings made along tunnel axis, par-
ticularly showed that the calcareous dolomitic
massif of Gran Sasso overslipped along an im
portant slightly inclined fault, above an o-
verturned calcareous-marly series.

That fault separates two blocks :

1) southern block, formed by a thick and prac
tically continuous series, from Miocene to
Lias, of dolomites and limestones.

Two important NW-SE normal faults, Fonta-
ri and Valle Fredda faults, have a sou =
thern dip and are mylonitized, with large
displacement. -

They progressively make the whole mentio-
ned series lower at south, while its most
raised share, at the field of the overthru
sting, culminates at Monte Aquila, el.
2.500 m.

2) northern bleck,
sting stress,

that received overthru-

shows an anticlinal-syncli=-
nal recumbent structure, of which only o-
verturned side remains. At its interior
shingles of calcareous-dolomitic Lias se-
ries and cretaceous and tertiary limesto-
ne are still recognizable in reverse se-
quence, while the most important ouicrops
consist of notable masses of marl with a-
renaceous intercalations. Calcareous terms
are greatly reduced in thickness by nume-
rous faults sub-parallel to main overthru
sting one, with consequent formation of the
shingles, sometimes higly tectonized and
penctrated with each other. On the contra
vy, the more plastic marly terms form la-
yers of tectonized and folded deposit op-
pesite te the front of the more rigid li-
mestone. Downwards the overturned side ,
marl and marly limestone rcassume normal
stratigraphic bedding.

Basical results for the knowledge of that
structure were obtained by "Vaduccio" ver
tical borchole, which practically passed
through all the nerthern bleock,
a depth of 1004 m.

Geological reconstruction of the massif

recaching

and 1ts structural map are represented in
Fig.h.
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1.2 Regional sedimentology

"Laga formation! , or Flysch of Laga, of Mio-
cenic l.s. age, included between foothills
and hills overlooking Adriatic Sea, from Um-
bria to Molise, is composed of some large ac-
cumulations of more or less thick argillaceo-
us-silty sediments, intercalated to arenaceo-
us and micaceous banks with calcareous cement.
Microfauna in series of this formation is par-
ticularly abundant in calcareous lithotypes.
Usually a typical decrease of number and spe-
cies of microfossils is connected with an im-
portant salinity variation of waters, due Lo
developing of closed sedimentary basins.

That salinity crisis characterized, in whole
Mediterranecan area, Messinian stage of lipper
Miocene, to which the Abruzzo forma-
tion is concordantly referred

molassic
(Fig.5).
"Laga" formation particularly develops in zo-
ne included between Teramo, Sibillini Mounta-
ins and Capannelle Pass. There, a trough was
located with flysch sedimentation, called
"Flwvsch Piceno" (Ten Haaf-1958),0f Tortonian
age and which reaches a thickness of 1.200 m.
Near said Pass, the formation evidently shows
characteristic imposing sandstonec banks; on

the contrary, in zone adjacent to the tunnels,
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Geological plan and profile

near village of Casale S.Nicola, softer marly
and marly-clayey lithofacies prevail, while ir
regularly intercalated arenaceous banks from a
few cm to one or two metres thick .represent on
ly a small percentage of mass.
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Sandstone layers are generally characterized

by a graded sedimentation and, in lower part

of their stratum, by presence of groove casts
and of small rounded fragments of marl, which
is typical sign of turbidities (Fig.0()

Fig.6b Groove casts on core sample

In more fine layers irregular synsedimentary
of convolute bedding type (Fig.7) undulations
and foldings can often be remarked. .

Fig.7 Convolute bedding on core sample

In absence of other paleontological and stra-
tigraphical references, observation of those

sedimentary structures was of fundamental im-

portance for determination of disposition of

layers, particularly in pointing out zone of

passage from normal to overturned bedding.

1.3 Miocene formations

Excavation of the Gran Sasso tunnel on Casale
S.Nicola side, completely passed through Mio-
cene formations, penetrating up into Eocene
and Cretaceous limestone of overturned series.
The Miocene formations consist of :

A - marl and silty marl with arcnaceous inter
calations of upper Miocenc;

B - beige or grey limestone, with intercala-
ted lavers of marly limestone of middle
Miocenc.

At a short distance from entrance also
glaciofluvial deposits were passed through
along about 300 m.

A - Marl

In the tunnel, normally bedded marly-arenace-
ous formation consists of marl and silty marl.
Marl doesn't contain important micronfeossils:
it is frequently sterile or contains scarce
plantonic forms and, sometimes, frequent ben-
tonic forms, that can be referred Lo Messinian
age. Environment is marine, typical of a clo-
srd basin with restricted circulation.
Arenaceous intercalations are scarce, 54 m on
1.200 m of core samples, and generally thin ,
on an average 1-2 m.

B - Marlv limestone

Under the formation of marl, and then
mal stratigraphical series, limestone and mar-
ly limestone were found during the tunnels ex-
cavation.

From distribution of principal microfauna spe-
cies, two zones are distinguishable in the for
mation: upper, which can be attibuted to upper
middle Tortonian, lower, which can be attribu-
ted to lower Tortonian-upper HlHelvetian.

in nor=-

1.4 Tectonics

Overthrust movement of Gran Sasso and other BE
condary displacements determined a vast reac-
tion in marly formation of Adriatic side,inten
sely modifying its primary attitude. '

In whole excavated stretch, it was possible to
identify three mones with diffeéerent 1lying and
tectonization conditions. (Fig.8) :

- first (Zone A), from entrance up to ch.1450,
is formed by a rather flat anticlinal of marly
limestone of Tortonian-Helvetian, surmounted
by marl with arenaceous intercalations, which
was mainly found in compact banks, except in a
narrow belt along all contact with calcareous
anticlinal;

- second (Zone B), from ch.1450 to about ch.
2300, consists of a tectonic shingle, extruded
along a slightly inclined fault (Mulattieri
fault). It is formed by very fractured marly
limestone, with large calcitic recemcntings of
Tortonian-llelvetian, and it 1is surmountecd bv
regularly stratified marl. That too is in very
thick banks, in normal series, with a regular
attitude and a dip variable between 30° and 40:

- third (Zone C), from ch. 2320 to ch.3060 con
sists of marl with arenaceous intercalations
in an overturned attitude. lip to ch.2600 marl
is in compact banks with a dip of about 40°,
while, further that chainage, marl appearsto
be more tectonized and laminated, in chaotic
lving and with frequent folds. 1In that last
stretch stratification isn't any more evident,
and,where it is definable, it presents a dip of
about 15-20°.

On the whole northern side of Gram Sasso is=ton
stituted by a recumbent break-thrust structure
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Fig.8 North block geology

with its overturned flank (Zone C) successive
ly partly slipped on normal one (Zone B).
Such a geostructural evolution determined some

zones with intense rock tectonization, which
in particular was remarked :
1) in marl separating zones A and B, included

between the calcareous anticlinal and the tec-
tonic shingle. Here marl appears completely di
vided up into minute polished shingles for a
thickness of about a hundred metres,having lot
every trace of its original stratification;

2) at limit between zone B and C in presuppo -
sed "hinge" zone. Here layers have a variable
and chaotic attitude for a stretch of 20-30 m.
In fact layers of zone C are overturned and mo
derately inclined (40°), while those of zone B
result much more inclined (75°) near the fault
zone, where an overthrusting phenomenon of zo-
ne C over zone B is present;

3) near zone of contact with marly limestone
of Tortonian at ch.3060, where besides accen -
tuation of number and size of folds, an evidat
chapge of attitude can be observed, because of
folds axis placed in an E-W direction,parallel
to that of contact with the overthrusted calca
reous block.
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2. COMPLEX FORMATION

2.1 Lithology

Definition of lithological types constituting
"marly formation" was based,apart from visual
aspect of rock, on mineralogical, morphometri
cal and texture analysis of representative sam
ples. Assumed classification is that of limits
of carbonate/argillaceous minerals ratio pro
posed by Pettijohn (1957), for definition of va
rious terms of lithologic limestone-argillite
series, and of granulometric classes of Went-
wort (1922) for clastic rocks, extended to car
bonatic rocks by Leighton and Pendexter (1962)
Those determinations made it possible to loca-

te three main "lithological families'".
a) Marly limestone
b) Marl

c)

Sandstone

Actually, whole range of intermediate marly 1li
thotypes is present in the rocky mass.

a) Marly limestone

This lithotype includes terms with a Cac03 con-
tent variable from 70% to 90%.
In a thin section the rock can be defined as

an organic detritic limestone, with a fine or



medium grain (bioclastic limestone), scarce co
arse elements and traces of pyrites and bitu-

minous coatings, sometimes passing to grey cem
pact calcareous marl. -

b) Marl

This rock is. homogeneous and compact, on the
whole blackish-grey coloured and generally it
shows an oriented texture.Its détritic compmmt
is mineralogically constituted of:
spars, micas, iron oxides.
Carbonate cement, of a prevalently calcitic na_
ture with subordinated dolomite, can be compa
red to a "micrite" of type I (P = 4e1 microns)
and II (4430 microns). At textural level a fre
quent isotientation of phyllosilicates and of
opaque mineral veins was noted. A very parti-
cular facies of marl is represented by lamina
ted marl. That denomination concerns lithoty
pes originally referable to marl and/or to
stratified siltite which, by effect of high’
tectonic stresses, were reduced to small inter
locked centimetrical chips T

quartz,feld

in which every tra
ce of original sedimentary structure disappea
red. Moreover, in laminated marl a consideé&
ble percentage of open reticule minerals,such
as montmorillonite and illite, was found.
However frequency of that phenomenon isn't so
big to influence rock behaviour and,
tly, technical effects in the tunnel. -
Altogether, guantitative mineralogical associa
tion in marl and in laminated marl was fuund-
‘to be :

conseque__rl

MINERALS MARL | LAMINATED MARL
quartz 20 % 15+ 20% .
feldspars 5=10% 5% |
micas 5+-10% 20+=25%
montmorillonite 5% 10+-15% ‘
kaolinite 5% 20=30% i
Fe oxides 5% =
illite 5 % _ |
calcite —dolomite | 3045 % 20+ 25% |

Table I Mineralogical analyses

c) Sandstone

Sandstone is a compact light-grey coloured 1i
thotype, with a texture oricnted with paralle
lism of opagque mineral veins, phyllosilicates
and lithitic grains.Its detritic fraction (akp
ut 70%) generally consists of sandy grains of
about 1/4+1/8 mm; on the contrary, in certain
layers of lithitic elements of over 1 mm in
diameter. Also in this lithotype grains are
composed of gquartz, feldspars, micas and iron
oxides of various dimensions. Calcarecous ce-
ment (micrite), of a calcitic-dolomitic natu-
re, has a grain size included between 4-30 mi
crons, which can be referred to a micrite of
type II.

Frequently the arenaceous facies shows a zradad
sedimentation in lower portion of blocks with
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typical basic imprints; on the contrary,at sum
mit, they gradually change inte silt and marl.

2.2 Structural profiles

Rocks in the tunnels, can be schematically re
duced to six elementary geostructural categn-
ries (Fig.9) :

Fig.9 Structural profiles

1 marly limestone, in regular up to 2-3 m
thick banks with rare interstratified pluri
decimetrical levels of laminated marl.

In this lithofacies stratification joints
present quite polished and perfectly smooth
surfaces. Some diaclases, often with calci
tic recementation, have evident striations,
with a frequency of about 2-3 metres,and in
tersect calcareous banks normally to their
bedding,isolating blocks of considerable si
ze (> 1 mJ);

2 marl, with 2-3 m thick banks and structural
discontinuities, practically analogous to to
se of previous category. Bedding joints, ho
wever, show not only polished surfaces but
also important laminated strips;

3 sandstone, in large banks (from 1 to 4 me-

tres) with intercalations of pluridecimetri

cal lavers of marl or of extremely lamina -
ted marl;

4 marl in thin banks (<1 m), interstratified
with argillaceous marl and sporadic argilla
ceous levels, with translucent bedding
ints and passing to laminated marl.
Wide translucent slip surfaces,
ve form, pass through the banks, mainly in
a N-NE strike and, with the bedding joints,
normally isolate blocks of a few dm3 in vo-
lume;

jo-

with conca-

marl

A%

in thin irregular lavers, englobed in
an abundant matrix of laminated
numerous discontinuities of rigid
generally some decimetre distant,

marl.Very
clements,
isolate a



series of more or less interlocked =mall
blocks, with less than 1 dm3 volume, practi
cally immersed in a mass consisting of minu
te shingles of laminated marl;

6 laminated marl, which constitutes extreme
stage of disgregation of marl. This lithofa
cies consists of very minute shingles, up to
10 mm thick, sometimes in a plastic state ,
flattened and tightened, with polished and
greasy surfaces. Rocky mass is here formed
by curls, folds and small residual chips of
silty marl.

Joints classification

2.3

Joints classification was considered signifi-
cant only for 1+4 categories.

Two main classes of structural discontinuities
were recognized on the basis of their origin,
frequency and size :

= discontinuities of matrix

- discontinuities of whole rocky mass

First class origin is connected to diagenetic
phenomena of sediment, that of the second one
to sedimentation and tectonic thrusts.

Scheme of the various discontinuities is illu
strated in figure 10.

For matrix .

a. Microfractures with calcitic recementation,
and isorientated texture.

b. Local smooth surface fractures.

c. Fractures with millimetrical strips of la-
minated material.

For rock mass:

d. Large fractures with pluricentimetrical len
ticular strips or with smooth surfaces
e. Bedding joints.

f. Faults with important tectonized stretches.

v

LAY

e

A o :
- kg
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=
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Fig.10 Discontinuities classification
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The main strike of fractures in the rigid hanks
(N-S) is practically orthogonal to that of the
bedding (E-W). In layers of argillaceous marl
a marked subparallel to bedding joints schi=-
stosity is prescent.

Development and uniformity of distribution of
discontinuities of b-d types gives to the mass
character of a typical structure in interlo =
cked blocks;average dimension of blocks was e-
stimated between 0.5 and 1 mS.

Main structural discontinuities of the matrix,
type a, and of the mass, type e, determine a
general anisotropy of the rock. Moreover, fre-
quent and repeated alternations of sandstone-
marl-laminated marl layers, give to the whole
mass an heterogeneous character.

Those two peculiar properties, anisotropy and
heterogeneity, justify classification of this
formation among those of "complex" structure.

3. GEOTECHNICAL INVESTIGATIONS

Geotechnical characteristics of each lithoty-
pe of the formation were defined by traditip
nal laboratory tests, while parameters for e-
valuation of mass behaviour were obtained both
by laboratory.tests on large blocks and in si=-
tu investigations.

3.1 Sampling techniques

For laboratory tests sampling techniques were
adopted which allowed to draw :

a. undisturbed samples of matrix of each litho
type;

b. samples of large dimensions, which could in
clude discontinuities of the rocky mass in
a significant number.

Actually no difficulty was encountered, except
for laminated marl, to core samples of matrix
till a 100 mm diameter. On the contrary, dra-
wing of ,big heterogeneous samples was more dif
ficult, and neither obtainable with large dia-
meter core drills. However, in many cases it
was possible to remove cubical blocks with si-
des of about 1/2 metre, which were later model
led in laboratory.

Drawing of blocks was made in little openings
cxcavated at sides of the tunnels.

On the bottom a step was left with an height
and depth of about 1,50 m. Successive vertical
cuts, immediately filled with a quickhrsetting
cement, isolated a ©block, which after a few
hours was undermined at its base with a simi-
lar procedure.
laminated marl

For drawing and finishing of

big blocks resulted generally possible, too.
3.2 Laboratory tests

Some results of laboratory tests on lithotypes
are summarized in Tab. II.

Porosity was found to be directly proportional
to variation of CaCO4q; in laminated lithotypes



its values from hlock tests appcared rather
high, somelimes more near to those of loose ma
terials than of rocks.

LITHOTYPES lr;.lr:er's);one sandstone marl ::::rilnated

w % 1.7 0.7 2.8 9.4

Ya t/m| 263 2.5 25+26 22+23 |
Ys t/m’|  2.85 280 | 2.75+280 271

n % = = 9.1+71 18.8+15.1
C,CO, % | 75 - 35+65 25+-40 |
O. MN/m?| 85+80 70-+100 25+50 -

O, MN/m’| 58 8+10 2.4 -

Es MN/m’ - 19000 10000 |  _

Table 11 Geotechnical characteristics of %i
thotipes

For each lithotype uniaxial compressive
strength of small samples oriented parallel
to bedding was about 10% lower than that of
normal ones. Only a few samples of marl sho-
wed higher scattering, about 25%, due to. ispo
rientation of lamellar femic minerals.
Hystograms (Fig.11) of compressive and tensi-
le strength of rock material ,for principal
lithofacies showed an essential influenge of
percentage of CaCOB and of grain size of de-
trital fraction, while only in a less degree
texture of:rock was determinant.

(]
CLAYEY MARL 10
CaCO; 25+ 35%

SANDSTONE

. 5 H
8.6 4 2 0 2 55 '
o, [MN/m?] [n] _ O [MN/m?]

MARL CaCO, 35+65%

_| paraliel to

- bedding

5 4 25 55 85
I MNm?) O [MN/m?]
LIMEY MARL AND LIMESTONE —
CaCO, 65+100% CaCOD,275%
5
i BN 14
l; 6 4 2 0 20 50 80
U|[MN!m ] O [MN/m?]
Fig.11 G- G; values for different I’S.a('!(]3 %
Dtherwise, for large size samples (1 =50 cm)of

rock mass, presence of the b-c-d-e¢ disconti-

nuities caused a radical reduction of mechani
cal properties, so that blocks uniaxial strength
was found to be 10 times lower than that of ma
trix for marl. That element was absolutely in-
dicative of behaviour of unlined wall of the
excavated tunnel.

Relevant differences were also registered bet-
ween results of deformation tests on small sam
ples of rock material and on large blocks of
rock mass. In fact, values of modulus E for he
tcrogéneuus complex blocks were only 10% in re
spect to those carried out on small matrix sam
ples (Fig.13), so well predicting the magnitu-
de of deformation to be foreseen in full scale
opening.,

Triaxial tests were performed only on marly ma
trix samples; intrinsiec curve and curves of di
rect shear tests along joints in large blocks
(Baldovin G.,1970) of hard and of laminated
marl are shown in Fig.12
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Fig.12 Direct and triaxial shear tests

Those direct shear tests were the only possi-
ble and adequate for this type of complex for-
mation.

3.3 In situ tests

Deformability characteristics of the rock mass
and tcnsional state around the cavity were defi
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Fig.13 Deformability tests results
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Fig. 14 Cylindrical and flat jack tests
ned by means of numecrous cylindrical and flat fects of single layers appeared evident from
Jack tests, along 3 km of tunnel. The cylin- well defined steps on relative graph (Fig.15).
drical jack tests, were operated in little o Comparison among results of deformability
penings, a few metres far from tunnel wall. tests obtained from tests of different type,
Gradually applied loads,up to 20 HN/mz‘gnvn ri is shown in Fig.13. According to Schneider
se to very high deformations. Structural hete- classification (Fig.16) marly rocks mainly
rogeneity of the rock caused a different run fall into anclastic field (Zone B),except are
of deformation curves, from convex to conca- naccous marl which is often to consider as
ve shape (Fig.ih). compact rock.Merasurement of tangential stres-
A large amount of deformation occurred, par- secs,at tunnel wall,carried out by 70x70x3 cm
: hed
ticularly for laminated marl,due to first lo flat jacks,gave values of 7+10 MN.{'m" for are-
cking of chips; for higher loads failure cf- ?uceou?‘ marl,and of only 2+3 MN/m? for marl
Fig. 14).
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Fig.15 Typical behaviour of complex formation
in compressive test

Strength of laminated rock mass,obtained by the
same jack tests, until failure, was found to
be only about 10% higher than mentioned tangen
tial stresses, evidently for previous collapse
of rock at excavation border.

el
[ [ree] o omm snems e
o
L
»,
LY
. £ L
- -1
L £
r
R .
]
¥
H
AT
i
o
o |
. ¥
o RS B
b W e . P L < Biastin siram taeies & o grats €a o
] i .
- : - : - Permanant siraim faier € _.-"'.‘il_:-i'ﬁ
-y ow o -
H H 3
al o | o
- -
I
© " 3

Fig.16 Schneider classification

For thnt reason no important relation appeared
between measured tangential stresses and over-
burden.
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volume and type of tests
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Rock mass strength by flat jacks was in avera
ge 30% of value from matrix tests for marl aml
practically near to values from complex hlock
tests (Fig.19). Any trials were operated,
which are still outstanding,te detltermine pri-
mary stresses in the rock. Large difficulti-
es, due to nature of the formation, and parti
cularly to complex and tectonized structure,
didn't yet allow a positive conclusion on this
point. Somec remarkable results by flat jack
tests clearly indicated horizontal stresses hi
gher than vertical ones, probably
tion with tectonics of the massif.

in connec-

4. TUNNEL EXCAVATION
4.1

DBehaviour of formations

The excavation of the two tunnels was carried
out on full section by traditional mecthodsjas
provisional support steel ribs, slaked by a
shotcrete prelining, were put in service immge
diately after tunnel advance.

The lining construction followed at distance
of 200-300 m from the front.

Preceding main -tunnels,in first 2600 metres se
tion the excavation of a small service tunnel
was made, which effectually allowed a direct
advanced investigation.

Rock behaviour at the excavation corresponded
(Fig. 23)to following remarks.

1. Marly limestone

The cxcavation of the tunnels was relatively
rapid, with advancements of 2,00+#2,50 metres
per blasting. The stability of the opening as
a whole was satisfactory also for the particu
larly favourable bedding of banks.

No phennmenon was observed associated with
increasing of overburden variable from about
4O to 200 metres. Only failures of fragile ty
pe due to blasting cccurred in about 1 m thick
ring around cavity and wmre checked by boroscpo
pe.

2. Marl, arenaceous marl

Rocks behaviour at the excavation was
ferent along the tunnel axis.

dif-
In general, advancements were made of
but,
tant scctions of the tunncl safety reasons re
duced that advancement even to 50%.

The opening was mostly stable, both on the hea
ding and on the perimeter of the cavity, for o
verburden up to 300 metres, while with higher
overburden, local phenomena of instability
took place, with small rock failures at
hunches and calotta.

average

ahout 2,00 metres per blasting, for impor

The fractured ring in average cxtended up to
a thickness of 1,50 m.

In particular, in correspondence to compact

Letween ch.1900+

with everburden 300+500 metres, pheno-
sudden and violent cnucleation, at

and stratified
+2250,

mena of

marly facies,



the heading, of rock elements up to some cubic
meter in volume were ohserved.

Failure surfaces were conchoid shaped and in -
volved various banks,
good stability.

Loads on supports more or less symme
trical, and appeared appreciably increasing in
relation to overburden.

which apparently showed

wore

3. Laminated marl

The excavation in this type of rock didn't pre
sent any stability problem in Zone A.

Instead, under the high overburden (Zone C),
stability appeared precarious, and only ad-
vancements not exceeding 0,80+1,00 m were pos-
sible. In the most difficult conditions,
diate supports on the whole perimeter of the
excavation, including the face, were necessary
while heading showed a tendency to assume a
concave shape.

Phenomena of plastic failure over whole ed-
ge of the cavity were evident. They radially
extended on inside of the rock mass up to
many metres, and seemed to be stabilized only
some months after excavation. i

As a consequence, very important deformations
occurred, gradually increasing with overburden
which caused cracks in prelining,
at crown, and required supports

imme

especially
reinforce-
Pressures on the prelining generally ap
peared to be uniformly distributed around :
edge of excavation and made often urgent the
invert execution.

ment .

4.2 Field measurements

Field measurementsessentially consjsted of :

1. sonic logs in borehole;

2. deformation measurements with multianchor
extensometer;

3. convergency

of opening by invar tape exten
someter;

h. deformation measurcments with short rod ex

tensometer;

5. pressure mecasurements behind prelining
with hydraulic pressure cells.

As a rule,
re used,

mechanical or hydraulic devices we-
since more sophisticated and delicate
instrumentation was found to be unsuitable, due
to difficulty of installation in the concerned
formation, and too cexpensive in reclation to fo-
resecen frequency of measurement stations.

The sonic logs were carried out in a # 75 mm,

L = 40 m borchole, drilled from the service a-
dit, and gave indications concerning rock befo
re and after excavation of one of the main tun
nels.

Results, collected in Fig.18 shaw:

= value of dynamic modulus E H
dyn

- wideness of relaxed zones around the cavitics

51

-]
4
2
ch 2813 0
]

b a;mmdmym’ dyn.
4 4
{ 2
ch 2500 4 |p
[
il["]mmnt:pm:nao["‘]
1]
i marly hmesione
Vm=5500 mA
—Ba0 - 10°) 7
r €, 2890-10"MN/m
4 1
2
ch.1817 |u

- relevant (ch.2500)0f

reduction of E
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right-hand tunnel (Dx) already excavated,in_
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be excavated;

- high degree of relaxation of laminated marl
heds, gquite evident with regard to average
behaviour of mass.
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Fig. 18 Typical dynamic logs

The multianchor extensometer was installed at
ch.2514 in a borehole drilled from the service
tunnel. Measurements of deformations induced
intoe the mass were obtained during all
of excavation of the right-hand tunnel.

Results, summarized in Fig.19, indicate that :

prhases

- radial about one diameter

heading,

deformations began
before arriving of
of them, before that arriving,
of total final amount;

and percentage
was about 10%

- final relaxation was practically extended ,



even if lower and lower, from the
nel as far as the service adit;

main tun-

- deformations curve largely vary till some
diameter after excavation, and then stabili
zation of values,
slow,

in the long run, is very

CROSS SECTION AT ch 2814 .

Fig. 19 Typical wire multiple ¢xtensometers
measurements

The measurements of convergency, between walls
of the tunnels, registered practically nil va-
lues in marly limestone; they .showed diametral
deformations variable from a few cm up to a-
bout ten em in arenaceous marl, from ch. 2.350
up to ch.2.700,and then increased up to values
of 45 em in laminated marl from ch. 2.700 on=-
wards. Results of those measurements , which
are summarized in Fig. 20, show that:

- degree.éf tectonic alteration was a more de-
terminant factor on convergency, than entity
of overburden:that behaviour is made evident
from comparison among results obtained for

each of the two main tunnels;

- a large amount of total deformation occurred
in phase hcading was moving from zero to 30+
+40 m distant from measurement point;
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- deformation phenomena continued even when ad-
vancement of excavation front was stopped at
a few tens of metres from the measurement
point;thatis a demonsiration of presence, of
viscosity effects in the rock.
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Fig.20 Convergency mecasurcments

Coupling of the convergency mcasurements to
those of short base radial extensometers,1,50
- 3,00 - 6,00 m long, was particularly intere
sting under high overburden.

Results of those mcasurcments are summarized
in Fig. 21, and confirm that deformation phge
nomena extended toa some diameter distance
from excavation perimeter and gradually develo
ped in the long run.

The measuremenis with pressure cells followed

a very intensive programme.

set up according to scheme shown
in Fig. 22, were put into operation directly at
the front; devices were installed
and prelining.

Ten stations,

between rock
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Fig. 21 Rod extensometers measurements

In marly limestone and in arenaceous marl un-
der low and medium overburden, pressures were
registered which didn't exceed 0,5 MN/m? main
ly with asymmetrical distribution around edé;.
A prevalence of vertical pressures, which re-
duced with increase of the overburden,
be noted.

could

Fig.22 Rock pressures by hydraulic cells

In laminated marl, under high oberburden,pres-
sures up to 1,2 M!\';v’m'3 were registercd,with uni
form distribution around cdge. lowever, in

correspondence of max deformations, which cau-
sed a crisis of first prelining ring hydraulic
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circuits of the cells
that is was impossible
presaure values.

went out of service,so
to check eventual higher
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5. STATICS OF TIIE TUNNELS
5.1 General criteria

Difficulties to be usually faced when analy -
sing static conditions of a tunnel were increa

®ed, in our case, by these essential factors :

a. complexity of formatioen, with consequent ve
ry hard identification of significant geo-
technical paramctiers and models for design
calculations;

b. an exceptional max overburden of the tun -
nels, 1000 m, related to softness of concer
ned rock;

c. probable anoemalics in primary stressecs of

formation ,
nics of Gran Sasso sysicem,
correspondence to the highest overburden.

due to effects of complex tecto
especially in

Far approach te numerical problem it was then
in project phase, many
in hypotheses. AL same time it
was considered that, instead of concentrating
studics on too sophisticated previous analyti-
better

necessary to introduce,
simplifications

cal rescarches, it was to investigate

rock behavionr gradually, while excavation of

the tunnels procecded from low to high overbur

den, and te use those results to adapt said hy

potheses and to specify project lines.



5.2 Structural models

The various ahbhove considered facies, in which
the formation was divided in gecotechnical clas
sification, were grouped, for static annlys{;
in three categories:

1) Limestone and marly limestone
2) Marl, arenaccous marl
3) Laminated marl

For the rock of category 1, whose behaviour
clearly falls into field of rock mechanics
a traditional approach was considered to be
acceptable.

There statics of the tunnels didn't presenta
ny problem, also because that rock was encoun
tered only under low overburden.

The category 2 rock was excavated for an im-
portant length of the tunnels,
to maximum overburden.

Layers of sandstone. having a low percentage
in mass,. the beéhaviour of the whole 'was
determined by marl. Its structure, could be
compared to the classic disxcontinous rigid model
which is typical of rock mechanics.

However, blocks themselves, isolated by joints,
frequently presented an important deformabili
ty and a modest compression strength, due to.
presence of many internal weakness surfaces.
Consequently, for stresses level correspon =
ding to low overburden, the discontinuoyg ri-
gid scheme around tunnel could be considered
still valid, but for loads which exceeded a
certain value, said important modificationsin
rock structure were to be adequately
to account.

Strike of layers resulted obligue in
to axis of the tunnels and their dip
an average, inclined 30°-50°¢
de of the montain.
Therefore the tunnel crossed the layers in a
completely oblique posi:ition.

That fact determined particular structural
conditions for it;attually, while the forma-
tion, as a whole, was considered to be aniso-
tropic, especially where presence of the lay-
the ecf-
fect of obliquity, added to the intense fwactu
ring and complexity due to tectonic effects,
practically gave a large scale 1sotropic
viour to mass,
vation.

L

under minimum

taken in

respect
was, on
towards

ers of sandstone was more important,

beha
at least in zonc close to exca
Calculation parameters of that rock

were fixed, on the basis of tests and fiels
measurements, as it follows:

- density ¥ = 245 t/m3
- friction angle @ = 35°

- monoaxial strength of mass c@d = 7 M:\'/m2
- corresponding to cohesion c = E;nMN/m2

- undisturbed elasticity mo-

2
dulus 6HO00 MN/m

the insi.
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The entegory 3 rock consisted in locked toge-
ther. scaly: e¢lements, which rapidly lost densi
ty and compnetness when they weren't laterally
contained. Deformations were therefore duec to
variation of porosity which occurred in rela -
tion to actual different compressive stresses;
failures were caused by reciprocal slip of sca
les, but also by crushing of wecaker chips.
Behaviour of that rock seecmed reconductable |,
less to the mechanic. discontinuous rigid mo-
del, than to that of porous media, though cru
shing effects of chips inserted a series of di
scontinuity on stress-strain curve.

Average hedding of laminated marl was more or
less similar to that indicated for marl;it was
obligue, in space, in respect to tunnel axis.
llowever, continuous and often thick flexures
and curls, complicated position of the whole ,
so that also for that category hypothesis could
be considered as substantially valid isotropic
in regard to tunnel statics.

Calculation parameters were defined as it fol-
lows:

- density Yy = 2,5 t/m3
= friction angle ¢ = 30°
- uniaxial strength of mass G’ =3 MN/m2

" " 2 2
- corrisponding to cohesion c 1.0 MN/m

- undisturbed elasticity mo

dulus E = 2000 NN/'m2

5.3 Deformations and supports

Analysis models for deep tunnels are generally
based on hipothesis that a "plastic" ring ori-
ginates at border of excavation as soon as e--
quilibrium stresses around opening exceed in =
trinsic curve of rock. Stiffer supports or 1li
ning installed against excavation surfaces are
and quicker execution is, less wide dimension
of }hat ring results.

In our case, rock being prevalently weak or soft
the purpose of limiting, as in classical de-
sign, plastic deformations at border, in order
to guarantee provisional and permanent safety,
found scrious obstacle in exceptional pressu-
res to support as a conscquence of max overbur
den. In fact, with reference to Fenner-RKaster
criterion, moving from strength of mass G%d
and for pressures supportable by prelining, an
important extension of plastic zone, was to fo
(Fig. 24 a-b).

On the other hand, block tests showed that if
a tapid intervention was not made with suita -
ble supports, excavation of the cavity would
have reached serious conditions of instability
since those rocks (Fig. 2% c¢) should be consi-
dered to have an unstable characteristic curve
(Lombardi 1970).

In that condition conclusion was rcached that
it was absolutely necessary,

resce

immediatcly after

excavation, to install a rather stiff preli -



ning, which could be casily made stronger whe
re necessary. 1t practically consisted in va
rious spaced steel ribs incorporateéed in a
shotcrege ring,in average stressed up to

10 MN/m- That fairly resistani ring was made
more strengthehing, when an excessive deforma
tion appeared, by increasing shotcrete thick-
ness , in a range from 25 to 50 cm,

and dou-

bling the steel ribs system with a second in-
ternal set.

©
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Fig.24 Stresses
tunnel

and deformations around the

Otherwise,amount and law of increase of deforma
tions were essence of the static problem: ba=-
sical task was indeed to find the point, on ™
characteristic rock curve, where the ring had
absolutely to be blocked, even with inverted
arch, to avoid any danger of collapse of the
cavity. On that theme on site measurements
and analysis mainly concentrated during con-
struction,leading to conclude that!for marl
radial deformation could be limited,to about
8410 em without excessive pressure on sup -
ports,while in laminated marl that limit was
to be 1ixed to exceptional value of 30-40 cm.

5.4 Anélysis and structure behaviour

Analysis around the tunnels was carried out
by various criteria, on the hypothesis of hy-
drostatic primary stresses (Heim) and of an e
lasto-plastic behaviour of rock; radial defor
mation was calculated for congruent rings,cen
centric with the tunnels, which were related
to actual radial and tangential stresses.
Results of calculations made in that way were
found to be sufficiently straight with field
measurements for the part of the tunnel with
smaller pverburden. On the contrary, for the
larger overburden, correspondence was found
to be only partial. A careful examination of
various experimental elements, indicated that
reason for such a discrepancy was to be attri
buted to particular brhaviour of the rock ,
which probably moves away from habitual model
in a notable mecasure.

In effect, modification which construction
of a tunnel causcs in undisturbed rock struc-
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ture, takes normally place around excavation,
only,ina plastic ring,
long joints occur;

was complicated,

where shear strains a-
in our casc,
because:

the phenomcnon

- in proximity to wall,
stresses,

under high tangential
a failure occurred, not only due

to shear strain along joints, but also to ol
lapse of matrix and of laminar elements,with
a conscquent radical reduction of mechanical
properties of the rock on the whole;

- in depth, even beyond the plastic ring, a wi
de zone was interested to excavation effects
elastic modulus becoming there considerably
lower than originally undisturbed one due to
relaxation of laminated structure.

As a consequence a law of variation of the mo-
dulus E more extended than usually was to be
assumed, from wall of the tunnel
at depth, .in order to correctly
various delgrees of weakening of
In practice surrouding rock was
conventional zones, and a curve
E like in figure was adopted,
for E being :

up to a gre-
interpretate
the formation.
divided in 3
of the modulus
minimum value

E, = 1500 MN/m2 , at wall; for marl at low
overburden
E = 400 MN/rn2 s for marl at high overbur-
v den
2 z
Ew = 200 MN/m , faor laminated marl.
It was so0 ascertained that provisional equili-

brium of the excavation could be reached by me
ans of prelining,
tant deformations.

but in spite of very impor-
For final equilibrium a
foreseen, about double in
thickness respect to that in shotcrete,and it
was admitted that the two rings could be consi
dered statically unified; so after gradually
transferring pressure Irom prelining to the to
tal ring, long term concrete stress would be
considerably less than the value accepted in
provisional phase,and a reasonable margin wuld
exist even with regard to possible viscosity
phenomena. ?
In the light of results checked up until today
dimensioning of the structures scems to be sufl
ficiently correct,the lining is made,since a
long time, up to ch.2900 for the overburden
which reach’ 950 m and which is not far from ma
ximum value; at moment, pressures on the strugc
ture do not seem to exceed foreseen value,
ther scrious inconveniences were found.
As a whole, the hydrostatic
to correspond well to
res on structures.
ln spite of

concrete ring was

nei

hypothesis secms
distribution of pressu

presence of a few layers of mate-

rials rich with active minerals, the formation

does not seem to have produced real swelling
phenomena.



6. CONCLUSIONS

Excavation of north block of the tunnecls macle
it possible to improve knowlecdige of (Gran Sasso
and clearly showed stratigraphical succession
of middle-upper Miocene,composed by marly lime
stone, arenaceous marl and high laminated marl.
Starting from about c¢h.2300, overturned beds
were put in evidence as a part of flank of an
ticlinal-synclinal structure crushed by over-
slip of calcareous dolomitic block.

Some interesting geotechnical results about
complex marly formations behaviour under large
overburden were collected.

Site investigation and laboratory
red to be strictly complementary:
ry characteristics of cach matrix element we-
re clearly defined, whereas tests on large he-
terogeneous blocks were only partially succes-
sful, in spite of carefully performed sampling.
In situ tests by cylindrical jack showed pecur
liar deformations characteristic of laminated
rock, while those by flat jack positively spe-
cified peripherical stresses value after exca-
vation, and mass failure process and strength.
Field measurements, especially by convergency
tape and by short bar estensameters, gave pos=
sibility to follow deformations systcmatically;
those being always of considerable width,neces
sity was realized, more than of sophisticated
devices, of a high frequency and rapidityesy=-
stem. A behaviour of the formation was found,
which only partly corresponds to classic di-
scontinuous rigid model: under heavy loads fai
lure effects of matrix added to those of shear
along pre-existing joints.

As a whole,deformations produced by excavati=-
ons in the mass were extended up to some tun-
nel diameter from wall, with a remarkable re =
duction of modulus E, due to relaxation of la-
minated rock. Particularly mechanical proper-
ties collapse evidently occurred in proximity
of tunnel walls.

In spite of that tendency, static bechaviour un
der high overburden was found to be more favou
rable, at least on a short term, than it was
foreseable from investigations and traditioenal
analysis. That fact can he attributed to a
pessimistic evaluation of characteristics of
the rock on the whole.

In such formations a wide laboratory tests pro
gram on large size complex samples consisting
of more than one lithotype is to recommend, 4in
order to define large modifications of mechani
cal properties and particularly K of deformation
characteristics versus stresses level; compari
son with in situ investigatiens, which can crg
ate little disturbance,
dvnamic tests,

tests appen-
in laborato-

nndd among those deep
scems advisable

of said modifications.

to verifly law
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