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ABSTRACT: In this paper, we are interested in the displacement behaviour of the tunnel face during excava
tion taking in account the face reinforcement in the farm of longitudinal fibreglass. This technique is now
commonly used and is at times a viable alternative to tunnelling machines in difficult ground. For design and
analysis, an analytical model, based on the main hypotheses of spherical symmetry and using homogenisation
approach, was developed at ENTPE by Wong et al (1996, 1997). Recently, in situ data have become available
from a tunnel project in France, which showed, among others, the existence of a perturbed zone of roughly
one diameter ahead of the tunnel face. The predictions of the analytical model concorded remarkably well
with in situ data. Such good results give confidence on the validity of the model, and encourage its use in
practical designs and its further development to incorporate more sophisticated soil behaviour.

1 INTRODUCTION

Tunnel excavation methods are intrinsically condi
tioned by the tunnel face behaviour: ground move
ments ahead of the face must be minimised to avoid
damages to surface and nearby structures, and the
stability must be maintained at acceptable levels.
Where tunnelling machine is used, construction is
carried out in a continuous manner, ground stability
being in this case maintained by the face pressure
and the continuous lining behind. However, due to
its high cost, use of tunnelling machines is limited to
particularly unfavourable ground conditions or long
tunnels.

Hence, when use of tunnelling machines is not
justified, different pre-lining or pre-confinement
techniques are used (Lunardi 1993), such as jet
grouting, injection or ground freezing etc. Among
them, use of fibreglass bolts has become very popu
lar, due to its cost-effectiveness, and a few technical
advantages (high longitudinal strength while rela
tively brittle in the transverse direction hence easily
broken during excavation). Note that use of bolts is
often combined with prevaults to eliminate entirely
unsupported spans in weak ground.

From the point of view of design, logical and reli
able design tools for the dimensioning of such lon
gitudinal bolts remained to be elaborated. To this
end, an simple analytical model was recently pro
posed at ENTPE by Wong et al (1996, 1997), based
on earlier work by J assionnesse and Dubois (1996).
Its results have been shown to be consistent with

more sophisticated 3D numerical approaches (Dias
et al 1998).

In order to gain confidence on the aforementioned
analytical model, and to better delimit its domain of
validity, its predictions are confronted with in situ
monitoring data from Tartaiguille Tunnel in France.
Note that this is one of the few large scale tunnelling
projects in France using fibre glass bolts for face
stabilisation. Owing to problems encountered at an
early stage of the works, an extensive monitoring
program was proposed, including, among others,
radial convergence and face extrusion measure
ments. Moreover, the extensive site investigations
performed prior to tunnel construction, make avail
able an important quantity of information on the
geotechnical characteristics of the site. This makes
the comparison all the more significant.

2 SITE INVESTIGATION AND MONITORING

2.1 Presentation of site

The Tartaiguille Tunnel, near Montélimar (France) is
part of the TGV (high speed railway) project in the
south of France (EMCC and Paulus, 1998). Its
length is 2338 m, and the overburden is more than
75 m over a leifgth of 1600 m and reaches a maxi
mum of 137 m. Excavation began simultaneously at
both extremities in February 1996.

The main geological formations encountered are :
- over 360 m, the calcareous Upper Stampien forma
tion, partially weathered,
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Figure 1. Longitudinal geological profile of Tar
taiguille Tunnel (unlarged vertical scale).

- over 920 m, the marly clay of the Lower Stampien
formation,
- over the last 1150 m, alternating layers of Aptien
blue marls and Albien sandstone.

The excavated section is very large, approximately
180 mz, which means a 15 m wide and high tunnel.
A two phase excavation scheme (upper half followed
by lower half) without face treatment was initially
planned. However, during excavation in the Blue
Marls, important convergences occured, and lead to
local failure of the shotcrete lining. A new investi
gation survey was therefore performed, which
showed that the large convergence was due to the
underestimation of the at rest earth pressure coeffi
cient ko (1.2 instead of 0.5 initially estimated).

The new calculations thus performed not only
concorded with the large convergences observed, but
have also showed that the initially forseen excava
tion method was unacceptable in the Lower Stam
pien clay as it would lead to convergences in the
order of 30 to 40 cm. The full-section excavation
method was then retained for the clayey portion with
fibreglass longitudinal bolts for face reinforcement
(between PM 495 and 1370).

2.2 Additional investigation

Several types of investigations have been carried out
involving in situ as well as laboratory tests to char
acterise the mechanical properties of the rriassif. The
main results can be found in a few reports (for ex
ample TERRASOL 1995). Concerning the Lower
Stampien marly clay, the most significant results, in
regard to the two input parameters of the model
(undrained cohesion Cu and Young’s modulus E), are
listed in Table 1.

Some discrepancies in the results among different
tests can be observed, especially the Young’s
modulus. This is in part due to the highly heteroge

Table 1. Main investigation results

Young is modulus (MPa)

Em°¥ Emini Emui

Dilatometer (SC 28) 260 150 360
Dilatometer (testing section)
- vertical borehole 640 260 1040
- horizontal borehole 410 235 680
Q60 plate load test 380
autoboring pressiometer test 843 546 960Cohesion 1
Triaxial test UU CW = 0.4 to 2 MPa

neous character of the ground, and in part inherent to
in situ measurements. It appears unrealistic to chose
a unique value representative of the entire clayey
formation. For subsequent analyses, we have re
tained the values recommended by the steering
committee, summarised in Table 2. Such values
seem more applicable though to the homogeneous
clayey portions, and appear to underestimate the
ground strength in the presence of calcareous bands.

Table 2. Soil parameters recommended by the
steering committee.

Young’s modulus E = 400 MPa
Undrained cohesion Cu = 1.2 MPa
Undrained friction angle cp = 0°
Unit weight 'y = 21 kN/m3

2.3 Monitoring

Extrusion of the tunnel face is monitored by a multi
ple points extensometer called the Extnisometer
(Jassionnesse 1998) at the tunnel face centre.

For the section inside the upper Stampien forma
tion (PM626 to PM1275), where fibre glass bolts
were used as face reinforcement, monitoring data
were obtained from 16 extrusometers:
- Extrusometers n° 1 to 6, between PM1275 and
PM1119, in the southern part,
- Extrusometers n° 7 to 16, between PM626 and
PM901, in the northem part.

The monitoring reports showed that Extrusome
ters n° 4 to 5 at the southern end, between PM1203
and PMl119, as well as those of the northern pan,
are located inside highly heterogeneous ground,
where tfie presence of resistant calcareous layers
stiffens the clayey formation, deviating therefore
from the hypothesis of the analytical model (homo
geneity and isotropy). As a matter of fact, the meas
ured extrusions at these locations (15 mm) are much
lower than the three extrusometers n° 1 to 3 inside
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Figure 2. Extrusion profiles of Extrusometer n° 1
between PMl275 and PM1239.
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Figure 3. Extrusion profiles of Extrusometer n° 2
between PM1251 and PM1215.

homogeneous ground (30 mm). Nonetheless, for
Extrusometer n° 3, only two sets of measurements
have been made, and are insufficient for a proper
interpretation. Hence, the comparative study will
only be carried out for Extrusometers n° l and 2.
Their detailed locations as well as the corresponding
quantities of bolts are shown in figure 4. The extru
sion profiles vs. PM (a fixed reference frame) for
different tunnel face positions are plotted in figures 2
and 3. Note that excavation advances in the direction

of decreasing PM.

2.4 Interpretation

When the tunnel face advances, mechanical pertur
bations so introduced lead to extrusion movements
of the ground ahead of the face.

Take for example Extrusometer n° 2, installed
when the face is at PM1251 (fig 5). Extrusions are
taken as zero at this particular position, taken to be
the reference. The extrusion_ profile at 15/02/98,
when the face advanced to PMI247, corresponds to
perturbations due to the 4 m excavation PM1251 and
1247.

In consequence, the extrusion measurements are
underestimated as the movement before placement
of extrusometer is not recorded (due to face advance
from far field up to point of placement).

Notwithstanding, the extrusion at a particular
point P starts to rise only when the face is within a
finite critical distance to P, noted Dcm. By joining the
points of maximal extrusion (i.e. at the current posi
tion of the face), it can be noted that the extrusion
curve rises at first sharply from the installation point,
but stabilises beyond a critical distance of around
Dm,-15 m. Hence it exists a zone of influence ahead
of the face beyond which the ground remains yet
undisturbed by the excavation. The above observa
tion suggests that this zone is roughly of one diame
ter ahead of the face in the present case.

For the comparative study, we will not take into
account measurements taken inside the zone of in
fluence with respect to the reference point (place
ment of extrusometer) for the above reason. The
measurements within Dm of the anchorage point will
also be discarded since the displacements are meas
ured with respect to this reference point supposed
fixed.

In consequence, for each of the two extrusometers,
only the extrusion profiles inside the central zone
will be retained for analysis. These curves will later
on be translated to a reference frame with a common
face position (§ 4).

1251 1263 1275I I I I I II I II I II I II I II I II I
I

I

Extrulsometer n° 2

Extrusometer n° 1 i

:   Q Reference pointH >H >r< >H *ra H _
Total number of bolts 153 153 123 123 109 ® AHCh0f*18f> P01111

Figure 4. Locations of Extrusometers n°1 and 2 with respect to the fixed frame - definition of the reference
point and the anchorage point.
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Figure 6. Schematic representation of the problem
geometry.

3 ANALYTICAL MODEL

The analytical model developed in ENTPE is based
on a small number of simplifying assumptions 2

- the stress history at a particular point, such as
point a in figure 6, when the face advances from far
off up to this point, can be simulated by that of a
fixed point b, situated on a stationary front and sub
jected to a decreasing intemal pressure from over
burden to zero.

- the tunnel face is assimilated to the surface of a
spherical cavity, while the bolts, of infinite length,
are installed in the radial direction.

- all the field quantities such as stress, strain, and
displacements verify spherical symmetry ahead of
the face.

- the approach of homogenisation of periodical
media allows to replace the composite medium
composed of soil (elastic perfectly plastic behaviour
obeying Tresca’s yield criterion) and bolts by an
equivalent anisotropic medium due to the preferen
tial action of bolts in the axial direction.

- the bolt-soil interface is supposed to be perfectly
bonded in the original development (Wong et al,
1996). This assumption was later relaxed to include
the case of finite bond strength (Trompille 1998).

These theoretical developments were built into a
computer program (EXTRUSION® 1997) written in
C++, with built-in graphic utilities to facilitate quick
design calculations and parametric studies.
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4 COMPARISONS

4.1 Mechanical parameters

The soil parameters considered are those listed in
Table 2. Conceming the ground, on account of an
average depth of H=l10 m near the extrusometers
n°1 and 2, the geostatic pressure is therefore around
P__=2.3 MPa. The tunnel section has been estimated
to be around 180 mz, giving an equivalent radius of
R=7.4 m.

Regarding the bolts, they have a cross sectional
area of Sb=840 mmz, an elastic modulus of E|,=40
GPa, and a yield stress of o’y|,=1000 MPa. The total

number of bolts at the face, and the corresponding
densities are respectively Nb1=123 (dbl=0.68 m`)
for Extrusometer n° 1, and Nb2=153 (db2=0.85 m`2)
for Extrusometer n° 2.

4.2 Results of comparison

The extrusion profiles, plotted against the distance
ahead of the face, are superposed with the theoretical
predictions using the ENTPE analytical model in
figures 7 and 8.
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4.3 Comments

Independently of any comparison with the theoreti
cal model, the in situ data deserves the following
comments:
- the various extrusion profiles, plotted against the
distance with respect to the current face position, all
lie within a narrow gap, indicating repeatability and
consistency of the measurements;
- moreover, the maximum extrusion values of both
extrusometers are quite close to each other - 25 to
30 mm for Extrusorneter n° 1 (20 % dispersion) and
around 30 mm (5 % dispersion) for nf’ 2. This and
the last point indicate a relative homogeneity of the
ground, thus presenting ideal conditions to check the
validity of the theoretical model;
- as mentioned previously, a zone of influence of
around 15 m can be observed, beyond which extru
sion values are negligible.

In regards to the comparative study, the results are
remarkable. Notably:
- the theoretical predictions, based on the geotechni
cal parameters recommended by the steering com
mittee, are in excellent agreement with in situ obser
vations. The maximum calculated extrusion of 32
mm represents no more than 20 % error compared to
the mean observed value;
- the overall trend also approximates closely to the
observed values away from the face, at least within
the zone of influence. The displacements theoreti
cally tend to zero only at infinity, due to the simpli
fying assumptions inherent to this type of continuum
models, whereas the measured value necessarily
goes to zero at the anchorage point by definition.
Nonetheless, no longer within the critical zone, this
divergence has no practical consequence.

5 PARAMETRIC STUDY

The comparative study has considered the soil pa
rameters recommended by the steering committee.
Nonetheless, on account of the dispersions observed,
it appears interesting to perform a parametric study
in order to investigate their influence on the results
of the theoretical predictions.

Influence of the cohesion : Taking account of all the
in situ and laboratory tests performed, it appears
realistic to suppose that the undrained cohesion
varies within the following interval :
800 kPa S Cu S 1400 kPa.

Substitution into the analytical model leads to face
extrusions from 31 to 41 mm, a relatively narrow
range (Fig. 9). It can equally be observed that for the
recommended value Cu=1200 kPa, the soil behav
iour is not far from elastic, since _the face extrusion
becomes independent of the cohesion when the latter
is above 1500 kPa.
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Figure 9. Analytical model - influence of cohesion
on face extrusion.
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Figure 10. Analytical model - influence of Young's
modulus.

Influence of Youngs modulus : From the investiga
tion results (Tab. 1), it seems reasonable to suppose
that the modulus of elasticity varies within the fol
lowing interval: 250 MPa S E S 450 MPa.

The corresponding face extrusion varies between
29 and 49 mm. Thus the larger uncertainty on
Young’s modulus also leads to a larger uncertainty
on its consequences on the face extrusion.

Influence of the bolts density 2 It was also interesting
to investigate the influence of the bolt density in this
case. By considering a total number of bolts varying
between 0 (no reinforcement) and 350, the
calculations revealed that the calculated face
extrusion was not much influenced, as it varied only
from 34.5 mm to 30 mm.

Such result is an indication that, for the
geotechnical data of the project adopted and with the
hypothesis of an elastic perfectly plastic behaviour of
the soil, the relative stiffness of the bolts compared
to the ground was relatively low and its contribution
on the face extrusion not very significant. Actually,
the ground showed a strain-softening behaviour, and
the effect of the reinforcement was undoubtedly
more effective than calculated one. Site observations
also showed that the bolts avoided local failures.



6 CONCLUSIONS

The first comparisons between the analytical model
developed in ENTPE on the behaviour of a tunnel
face reinforced by fibreglass bolts, and other more
sophisticated numerical approaches such as 3D finite
differences (Dias et al 1998) gave encouraging re
sults. Comparison with in situ measurements comes
as a logical continuation in order to determine its
degree of precision and its domain of validity with
respect to the “reality”.

The quantity, diversity as well as the excellent
quality of the in situ data obtained at the Tartaiguille
Tunnel all contribute to the interest of this study,
while the important geotechnical investigations gave
sufficient information for site characterisation and
determination of soil parameters for input to the
theoretical calculations (we should of course bear in
mind the usual dispersions of such data). Independ
ently of the comparisons with the theoretical models,
the monitoring results already showed, among oth
ers, the existence of a critical zone, in the order of
one tunnel diameter ahead of the face, beyond which
the massif remains undisturbed by the excavation.
The excellent concordance between in situ data and
the ENTPE model demonstrate the consistency of
the latter, despite the (inevitable) simplifying as
sumptions, and give confidence on its validity as
well as its utility. Currently, experimental studies
under ideal laboratory conditions are being untaken
(Egger et al 1999) to investigate the stability behav
iour. Moreover it appears necessary to consider more
sophisticated constitutive of the ground such as a
strain-softening model. Such theorical development,
already accomplished (Subrin 1997), will be incor
porated into the computer program EXTRUSION®.

It remains however to enlarge the present com
parative study to other construction sites with differ
ent sets of parameters in order to constitute a larger
and more complete knowledge base. New techniques
and more detailed monitoring programs should then
cover field quantities not yet investigated here, such
as the magnitude as well as the distribution of bolt
tension.
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