Tunnelling under the Via
Appia Antica in Rome

Professor Eng. Pietro Lunardi,
Lunardi Consulting Engineers, Milan,
reports record advance rates for
tunnelling under this Roman consular
road in the course of widening the
Rome Ring Road.

he Appia Antica tunnel was finished at

the end of June 1999, completing one of

the most important projects for the 2000

Jubilee year. The tunnel is an essential

part of the operation to widen the three
lanes of both carmiageways of the Grande Raccordo An-
ulare (GRA), the large motarway ring road around Roma,
an improvement which had become crucial given cur-
rent traffic demands (Fig 1).

The G00m twin tunnel passes just a few metres below
the Via Appia Antica, which is cressed by the ring road
mentioned above, and has enabled the criginal envi-
ronment of the ancient Roman rmad to be restored. Itis
one of the widest, longest and most modern urban
road tunnals in the world, with the singular characteris-
tic that the fabric of an ancient lzndscape has been re-
constructad above it

To complete this project, the consulting engineers in
charge of the construction design (Rocksoll of Milan)
and the contractor (Societd taliana per Condotte d'Ac-
gua) wers obliged to work under very savers con-
straints, The Jubilea 2000 deadline iself imposed a
tight schedule and, in additian, the reguirement ta pro-
vide thres lanes and an emergency lane meant con-
structing two tunnels with a width of 20.7m and a height
of 12.5m, having an excavation cross section of 204m®.
The design and construction methods adopted had to
ensure extramely high production rates and, at the
same time, guarantes safaty.

It was decided that traditional design and construc-
tion meathods would not be able to completea the tunnel
on schedule while maintaining acceptable safety stan-
dards. The construction method provided by the origi-
nal design involved prior excavation of side tunnels
and casting of sidewalls. It was employed for a short
stretch at portals 1-and 2, but, due to the lack of space
in the narrow side drifts, it was impossible o exceed
advance rates of 0.5m/day for each face. Even top
heading and bench advance, although allowing mare
roarm for mechanised methods, would have pozed se-
rious problems for removing the bench and, in any
case. did not guarantes tunnal stability,

It was therefore decided to change the design and
continue construction of this difficult tunnel using the
Analysis of Controlled Deformation in Rocks and Soils
approach (ADECO) ', already emplayved with success in
ather complex situations  * *. This approach involves
full face advance even in the poorest ground and en-
sures the stability of the face (the anly critical zone with

this type of advance) by means of appropriate ground
reinforcerment. The advantages afforded by this method
and the working space it providas for.a high degree of
mechanisation made it possible to compiets the project
safehy within budget and on tima,

Geology

The section.of the Grande Raccordo Anulare, whers the
tunnel under the Via Appla Antica is located, runs
throasgh the NW sector of the volcanic body of the Colli
Albani, which rizes between the platform carbonatic
['Laziale - Abruzzese’ series) and the transition ("Umbro
- Sabina' seres) structures and, with the Sabatino and
Vulsino bodies, forms part of the so-called 'Vulcano
Lazlale’. The geclogical history of this “Vulcana' bagan
300 000 years ago and is divided inta distinct phases.

Dwring the course of the Tuscolano - Artemisio phase
in particutar, four distinct pyroclastic flows were de-
posited, most of which reached Rome. The part of the
route through which the twnnel runs |s affected mainky
by the most recent pyroclastite deposits of the fourth
flow, tha last of the Tuscolano - Artermisio phase - the
middle Fleistocans, These ‘pyroclastites and volcanic
cernented scoriae’ deposits consist of well stratified py-
roclastitas. The ‘Lava di Capo di Bove' {phonalithic
tephrites and leucites) overlies the pyroclastites. It is fis-
sured and constitutes the longest flow of the group,
reaching well into the city,

These materals have completety filled the pre-exist-
ing Palec depressions, which are configured radialiy
with respect to the ancient crater and run across the
tunnel mute, Subsequently, erosion modified the local

Fig 1, View of the "Appla
Antica' old Roman road and
its relationship with Rome’s
GRA outar ring motorway
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morphology further, the different phases and volcanic
products which have gradually filled and modified the
previous morphology, producing extreme complexity in
the stratigraphic interfaces.

Design aspects

The ADECC design proceass is carried out in three main
stages known as the survey, diagnosis and therapy
phases. The survey phase for the tunnel under Via
Appia Antica took the form of a thorough, in-depth ge-
plogical survey to provide a geclegical, stratigraphic
and geotechnical picture as close to reality as possible,
the degres of approximation being in strict relation to
dasign demands for reliability,

The first objective of the survey was to identify the in-
terfaces between the different deposits and between
the 'Lava di Capo di Bova' and the underlying pyro-
clastic material in particular, whose position would have
a determining influence on the statics of the tunnel and
the methods of construction to be considerad. A sec-
ond objective was to identify the predominantty silty and
sandy rones, as their make-up determines the geome-
chanical behaviour of the rock mass, As a thind objec-
tive, the survey had to furnish greater knowledge of the
hydro-geology and ascertain the strength and defor-
mation characteristics of the ground with sufficient ac-
curacy. The following operations were performed :

B 30 vertical boreholes, some with destruction of the
core and some with continuous core sampling and de-
termination of the RQD index (for the pyroclastic mate-
rial especially), driled to a depth of 20-30m to below
tunnel level at 50m intervals on average. Five sections
ware surveyed, with two or three surveys for each of the
twin tunnals. Particular attention was paid to the bass of
the sidewalls, The surveys employed inclinometers and

Table 1.

B [ P E ¥ k
GROUND {k/m™) | (MPa) {“} (MPa) {em/s)
Basalt TL a7 20 45 8.000 |0.25 |/
Sandy-gravelly pyrociastites '
PS-PGT. 18.5 0.0 35 110 0.35 [25x10-4
Silty-clayey weak sandy 3
pyroclastites PA 20.4 0.03 24 100 0.35 |7.5x10-%
Psaudo cohasive TS -
pyroclastites (Tufo Lionato) | 18 02 35 200 035 |/

settlement gauges in such a way that they could con-
tinue to be used for monitoning during construction.

B Five ‘down hole' seismic tests for full-scale as-
sessment of the deformation properties of the pyro-
clastic ground

W 15 pressiometric tests (sight along the outer tunnel
and seven along the Inner tunnel) to measure the
strength and deformation characteristics of the ground
directly and to calibrate the seismic tests mentionad
abaove

B Four Lafranc falling head permeability tests to
measure the parmeability of the ground in situ at tunnel
depth

B 51 SPT tests to estimate tha strength properties of
the material in situ

The tunnel was to pass exciusively through ground
fraom the Tuscolano-Artemisio phase, running rmainky
through the pyroclastic deposits of the fourth flow {poz-
zolanic pyroclastites, weathered at times. consisting of
scoras and lapill with granulometry classification; sitty
clayey PA, sandy gravelly PG and sandy silty, weakly
gravelly PS} and only marginally, In the invert area,
through the pseudo-cohesive pyrociastites (Tufo Lion-
ata'TS) of the third flow, consisting of scoriae, purnices,

lithic lava and phenocrystals of leucites, pyroxenes and
mica. The basalt, T, of the ‘Lava di Capo Bove', pro-
duced by the Faste phase would constitute the over-
burden above the tunnel.

The water table would always remain below the ax-
trados of the tunnel invert and, consaquently, any seep-
age of water during sxcavation would be exclusively
due to the percolation of rainwater following short paths
of infiltration in locally very permeabls materials,

Murnerous laboratory tests were performed on sam-
ples taken during the surveys to characterise the geo-
mechanics of the various materials, Unfortunatety, the
natura of the ground meant that only a small percentags
of undisturbed samples was obtained and it was im-
possible to shape suttable test pieces for triaxial tests.
As a result, only direct shear tests were parformed,
which ovarestimate values for the angle of friction.

This, together with the results of the survey campaign
as a wihole, was taken into account and the parameters
summarised in Table 1 were attributed to the various
types of ground.

The diagnosis phase

Herz, the designer uses the information from the survay
phase to predict the stress-strain behaviour of the tunned
in the long and short term under the hypothesis of no sta-
bilisation intervention. it is well known that this behaviour
is closely connected with the formation of an arch effect
arid its presence and position with respect to the sur-
faces of the tunnel are signalled by the deformation re-
sponsa of the medium to the action of excavation.

Anatysis of controlled deformation in rocks and soils
shows that the central element to be considered for cor-
rect aszessment of how deformation develops and thus
of the ultimate stability of the proposed tunnel is the
stress-strain behaviour of the advance core in the ab-
sence of intervention to stabilise it. This behaviour is
conditioned by:

H The strength and deformation propeties of the ook
miass, which is connected with the varous geological
structures through which the unnel passes

B The loads resulting from the overburden and
stresses of tectonic ongin

® The size and shape of the cross section excavated

W The method of tunnel advance

Thera are three differant possibie types of behaviour:
Category A - Stable face; Category B - Face stable in
the short term; Category C - Unstable face.

The study carried out for this tunnel discoversd un-
stable face behaviour in the portal zones, where the
very shallow overburden would not have aliowed any
natural formation of an arch. There was short-term face
stability bahaviour in the rest of the funnel, whera an
arch effect would have been formed close 1o the
perimeter of the tunnel, which waould then have gradu-
ally shifted away from it as the ground began to plasti-
cize, This phenomenon woukd ingvitably have been trig-
gered with negative consequences for tha long-term
stability of the tunnel and overlying structures.

Therapy phase

In the therapy phase, the design engineer decides on
the basis of the predictions made in the diagnosis
phase which type of action to employ and the interven-
tion required to achieve complete stabilisation of the
tunnel. In addition, as part of this phase it was decided
how the action was to be implementad and how tunne!
advance would proceed to ensure long- and short-
term stability. The procedure selected for the portal
zones was different fram that for the running tunnet be-
cause of the different type of behaviour forecast.,
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In order for advance to take place safely under unstablz
face conditions, it is imperative to employ mathods
that will create an artificial arch effect ahead of the face
in the place of a natural arch which cannot be formed
because of the particular stress-strain conditions that
exist. This is necessary to guarantee the integrity of
both the face and the ground around the excavation.

While excavation works at portals 1-.and 2 (inner car-
riageway) were tackled without great success using
the multipie drift technique of the original design, the
new design specified full face advance for portals 3 and
4 {outer carriageway) after first reinforcing the advance
core and the ground around the cavity with fibre glass
structural slements and horizontal jet grouting respec-
tively.

The excavation would then be stabilised with a pre-
liminary lining consisting of a 250mm layer of shotorete
rainforced with HEE 200 steel ribs and wire mesh and
then closed with the kickers and the tunngl invert at a
distance of not more than 14m from the face. Placing
the waterproof [ining and casting the final lining in rein-
forced concrete would then follow.

Running tunnel

Under ‘face stable in short term’ conditions, to ensure
that an arch effect is formed and maintained as close
as possible 1o the walls of the excavation, it is essen-
tigl to take action to contain plasticisation of the
ground that acours at the face and around the exca-
vation, and the deformation that results from it (extru-
sion of the care and canvergences of the cavity),

For this tunnel, account was taken of the character-
istics of the ground; the overburden and the resulting
stress states in play; the type and entity of the defor-
rmation phenaomena to be contained as forecast dur-
ing the diagnosis phase; and the need to limit surface
subsidence to avoid disturbance to the remains of the

It was then decided to advance full face in steps of
1m; with a cross section of 194m?, after first reinforcing
the advance core with fibreglass structural elements
and rendering the face concave in shape, This was to
ba foliowed by immediate placing of the preliminary lin-
g, consisting of stes! ribs and shotcrete, and then the
kickers and tunnel invert at a short distance from the
face itself. The aim was to ensure a gradual and con-
siztent passage from the orlginal statics conditions of
the ground, confined before excavation by the pres-
ence of & rigidd advance core, to the canditions of the
ground when contained by the preliminary fining after
excavation. Placing the waterproofing and final lining
would then complete the tunnel,

Design calculations

After initial calculations conducted using simplified
mathods, intervention to stabilise the tunnel was
checked by employing two and three dimensional finite
elemant models in the non-lingar field and found to be
comect, The calculations not only confirmed that the ap-
proach considered was both comect and feasible but
alsa furnished valuable long- and short-termn predictions
of deformation behaviour (extrusion, conveargenoe, sur-
face subsidencs) and strass states in the linings for dif-
ferent operational procedures (B.g. placing the tunnel in-
vert at different distances from the face). It was thus
possible to design the tunne! complaetely in every oper-
ationai and geometric detall {shapa of the cross section,
operating cveles, tunnel advance steps, ete.).

The final design developed for the running tunnel
was as follows:

W to control the deformation responsa of the ground
ahead of the face: the placing of 76 fibre glass structural
alemants, 24m long, with a minimum overlap of 10m

B to control the short-term deformation response
back from the face: the placing of a preiiminary lining

Longitidinel section

FM'EI'H

Mm ttnm m:-pml}
racumdbaﬂhx mhhwmnw{nﬁﬁﬂmﬁﬂnm

Cross section below the
‘Appia Antica old Roman road

along the Inner roadway

Fig 3. The full face
construction method as
used on the Appla Antica
Tunnal
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Fig 4. Graph showing the
relative tunnel advance
curYas

consisting of double IPNZ20 steel ribs and a 250mm
layer of shotcrete reinforced with wire mesh, completed
with & turine! Invert inreinforced concrete, 1.20m. thick,
placed at a distance from the face of 14-38m. from it, o
be decided by the design engineer on the basis of ac-
tualface extrusion values measured

B 1o provide long-term stability; a final lining in con-
crete with a minimum thickness, in the crown, of 0.9m.

Construction aspects

When the ADECO-RS approach is employed, con-
struction must not begin until the antire design proce-
dure is complete. The construction aspecis consist of
the operational and monitoring phases.

The operational phase: construction began at por-
tal No. 1 (Fig 2} in Novermnber 1998 and, from January
1499 onwards, tunnel advance proceeded simultane-
ously from all four portals in order to meet the comple-
tion deadiine. Apart from the first faw metres driven
using the side drift system as specified in the original
design (27m at portal No. 1 and 13.6m at portal No. 2),
waork was performed in cycles according to the full face
approach following the procedure illustrated in Fig 3,

Tunnel excavation in 1m sleps was performead by a
ripper mounted on an excavator, making sure to main-
tairi the carrect shape of the face, Total advance rates
were equal to 70m/week of finished tunnel, an average
of 2.5miday on each face, and this was maintained
from start to end of work, with peaks of 3.3m/day/face.
The marked improvement in advance rates achieved by
passing from the original to the full face design method
can be seen from the different slopes of the relative tun-
net advance curves in Fig 4.

Little more than six months was required to excavate
the 1242m and one inner carmageway was opened to
traffic In Septernber 1993, The outer carriageway was
opened at the end of November 1999 and the whole
tunnel went into serdce at the beginning of January
200K with the opening of the third lane.

Particular attention was paid dunng excavation to
maintaining the cormect distance between the face and
tha paint at which the tunnel invert was placed, cali-
brating it on the basis of extrusion measures as tun-
nelling procesded. This operation confers rigidity on the
ring of the lining, and, if it had been delayed too long on
a tunnel span of 20m, not only would the advantages
abtained from full face advance with a rigid cona have
beaen lost and admissibla values for surface subsidence

Conclusions

When the axtremely poor ground
conditions, very shallow overburdens
and the exceptional nature of the
geometry and width of tha tunnal
cross section are considered, the
excollent results achieved during

tunnel, like that under the Via Appla
Antica, over 20m wide under a very
shallow overburdan without any
appreciable surface subsidence.
Considerable advantages were also
gained in terms of time schedules and
budgets. Rigorous application of these
principles achieved what seemead 1o be

construction of tha tunne! undar the
Via Appia Antica demonstrate just how
axtramely flexible, reliable and, in the
final analysis, universal the approach
based on the controlled analysis of
deformation in rocks and solls is. Tha
construction principles of this
approach {full face advance, after first
improving the ground in the advance
care, aven in the most difficult ground)
were found to be completely sound
even for the excavation of an urban

impossible using traditional systems:
excavation of a tunnal with a total
cross section of 204m?® at an average
speed of 2.5 m/day and linearity of
advance rates never before achieved.
It iz not difficult to deduce from the
advance rate curves in Fig. 4 that if
tunnel advance had continued using
multiple-drift excavation according to
the original design, as thay started to
do at portals 1 and 2, the wark would
not have been completed wntil 2003! J

- CAPTR BT e ek
v focvm [ e 2
[
g i e 0 ST

L
Ll
ko

o

==~ Femnsiares mrws wre |

axceeded, but the stability of the whole tunnel could
have been put at nsk!

Monitoring during construction: In order to verdfy
that the stress-strain behaviour of the face and the cav-
ity during construction actually comesponded to that
predictsd by the calculations performed during the de-
sign phase, an intensive monitoring campaign was car-
ried out invalving measurement of extrusion, conver-
gence and surface subsidence. Comparison of pre-
dictad and actual deformation allows the refiability of the
design to be asceriained immediately as well as appro-
priate calibration and fine tuning of crucial parameters
to be performed during construction, within the fimits
set in the design {2.g. distance from the face at which
the tunnel Invert and kickers were placed).

The results of manitoring are of some interast. While
full face advance was empioved on a tunnel cross sec-
tion of 194m* and a tunnel span of 20.6m, maximum
extrusion and convergence values were in the order of
16, while surface subsidence, despite the exiremely
shallow overburdens and poor quality of the ground,
never exceeded 20-25mm as against the 50mm mea-
sured during the few metres of wnnel advance when
the original design was employed. These values were
absolutely in line with those predicted by calculations at
the design moment and they confirm that the ground
remained aimost totally in the elastic range, thanks to
the preconfinement exerted by the advance core which
had been stiffened by advance ground reinforcement.
The result was excellent advance rates achieved in ab-
solute safety,

Fderinces

1. Lursrd P Concepbon ot axdcoton des Lnnals o apms Tomalyoe des dé-
Sormaneng corAes cans ks mohes et dans ks sols”, dtalan and French)
Arbcka in thron parts: Duary and Constnection, Mamh T8, Merch 1985, Apn
96 i Pevie Francaise o Geolecivegue, 0, B0, 1537, n 84, 1958 n 56, 1599
2. Lurami, P La sttt ou froet de el dares ks cuvrages souterTaines &0 ter-
PR e AL St DRG0 Sur b rerTlOFTarTint ch ronmu O vancimant,
Sprpcsun infematonal Aencement des skl snanmeniglions an s
grancecr ges arvdes 50, Pang. Novambre 15 1583

3. Lupars, P, The infuance of S dgickty of the ackance cone.on Tha sty of un-
i Eenavarion, ki & oranal opem sotiemne, L 52 1997 fafar and Englsfi
A hewkes, D, Oardand: B, Bowvand, A, gnd Cammes, J La trnensde Oes. amies AU
turired e Tartaipuilia. Tuineds f oLvREgRs stutevrams, . 153, May-June 1595,
6 Lynas. P The Tartmguile Tunnel, of the use ol the ADE CO-RS
Bpproach I the construction of an Imposside’ tunned. Galens 8 granol opers
salfemancs, it S8, Augus! 15999 falkan and Engish)

& Martsl, J., Boujon, M, and, Michal, . TGV Maditarrands - Turnal de
Tartmiguile, methads nielne section.  Procesdings of the Internatona
Confarsree on ‘Underground works: ambitions end realities”. Pans, 25th
- 2640 Ogtober 1995

7, Lurardi, P, The Boioona 1o Fomnce high spead el comection. Design and
rrmtructon Bspects of the urcerground works. Gk 2 prendl ooer
sctiarmrs, 54, 1998 ftaian and Engishl e

Tunnels & Tunnelling International APRIL 2000




