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Abstract

Filling material is present around the segment lining when a shielded Tunnel Boring
Machine is used to excavate a tunnel. The two-component grout is becoming lately one of
the most used filling materials. Its mechanical properties evolve over time. Unfortunately,
there are not many studies in the literature on the specific mechanical characteristics of
these materials. This work presents the results obtained from an extensive laboratory test
campaign that allowed to fully characterize the two-component filling material during the
setting period. In particular, the values of the stiffness and resistance parameters were
obtained over time, where uniaxial compression tests and oedometer tests were carried
out. A detailed study of the effect of the presence of the filling material on the behavior of
the support system (segmental lining + filling material) was developed for two of the most

widespread analytical methods for the analysis of the behavior of tunnels and structures of
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support: the convergence-confinement method and the Einstein and Schwartz method.
Subsequent parametric analyses made it possible to consider the variability of the
influencing parameters within the typical variability ranges obtained from the laboratory
test campaign or known from the available scientific literature. From the study carried out,
it was possible to note that it is necessary to consider the presence of the filling material in
the evaluation of the stiffness of the support system, when using the convergence-
confinement method to estimate the loads acting on segmental lining. In this regard, it is
necessary to have a reliable estimate of the elastic modulus of the filling material in the
period of loading of the segmental lining. On the other hand, the presence of the ring of
filling material is negligible when evaluating the state of stress of the segmental lining with
specific methods capable of considering the rock-support interaction. In particular,
adopting the Einstein and Schwartz method, it is possible to define the bending moments
and normal forces acting in the support structure, referring to the stiffness parameters of

the segmental lining alone.

Key words: two-component grout; curing time; oedometer; unconfined compressive

strength; TBM; convergence-confinement method; Einstein and Schwartz method.
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Abbreviations and nomenclature

A, Area of the cross section of the support, through a plane passing through the axis of

the tunnel;

b, Width of the support section in the direction of the tunnel axis, considered equal to 1

m;
c Cohesion of the rock mass;

c* Compressibility ratio of the support;

E Elastic modulus of the rock mass

Efy  Elastic modulus of the filling material;
Es.q Equivalent elastic modulus of the support;

E Elastic modulus of the segmental lining concrete;

F* Flexibility ratio of the support;

I Moment of inertia of the cross section of the support, through
through the axis of the tunnel,

K, Lateral earth coefficient at rest;

ksys  Reaction line of the support the stiffness;

M0 Maximum bending moment present in the lining;

N Normal force present in the lining;

p Pressure inside the tunnel acting on the walls;

peq  Final entity of the loads acting on the support structure;

a plane

passing
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Po

UR

¥

Or

Hydrostatic initial stress state (undisturbed);

Tunnel radius;

Plastic radius of the tunnel;

Thickness of equivalent support;

Thickness of the filling material;

Thickness of the segmental lining;

Final displacement of the tunnel wall in the radial direction;

Maximum displacement of the tunnel wall in the absence of supports;
Displacement of the tunnel wall when the support structure is installed;
Radial displacement of the tunnel wall;

Poisson ratio of the rock mass;

Poisson's ratio of the filling material;

Poisson's ratio of the concrete constituting the segmental lining;
Angle of the failure plane;

Friction angle of the rock mass;

Dilatancy of the rock mass;

Radial stress in the point where the stress state is evaluated during the desgin of

the support structure;

oyert OF 0,  Vertical load during the oedometer tests;

09 s1in Circumferential stress at the intrados of the segmental lining due to moment;
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09, fmex Maximum circumferential load on the extrados of the filling material due to

the moment;
o9s Constant load in the segmental lining section due to the nominal force;

g9 rm Constant load in the section of the filling material due to the nominal force;

& Incremental coefficient taking into into account the transfer of stresses from one ring

to the adjacent one, in correspondence with the longitudinal joints of the segmental lining;

n Reduction coefficient taking into account the presence of longitudinal joints in

segmental lining;

¢’ Slope the Mohr Coulomb envelope.
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1. Introduction

During the excavation with shielded tunnel boring machines (S-TBM) pre-cast segments
are commonly installed as tunnel lining and for support purpose. Due to overcutting of the
circular tunnel profile due to the TBM cutterhead excavation, a circular gap between the
lining and the surrounding ground is formed (thickness about 13 to 20 cm, e.g. Talmon and
Bezuijen, 2005; Beghoul and Demagh, 2019). This space must be filled by pumping or
injecting some materials, such as the so-called “annulus grout” (Fig. 1). The practical aims
for the use of the filler are linked to control the ground deformation around the lining gap
and the reduction of the ground loss; there is also a role to contribute in a regular and
homogeneous distribution of the contact pressure at the interfaces ground/grout and

grout/segmental lining.

grout
supply line

Annulus /V
— /

Tailskin sealant
supply line

Fig. 1. Sketch of the annulus grout.

There are two basic types of annular grouts currently in use: thick mortar type grouts and
highly mobile two-component grouts. The typical mix-design in a m® system for a two-
component grout is very variable and depends strongly on the project specification but in
general it consists of cement (280-450 kg), bentonite (30-60 kg), water (730-860 kg),

retarder 3-5 kg) and accelerator, normally sodium silicate (60-80 kg).

The accelerator (“B” component) is generally added just before pumping phase of the mix

of water, bentonite, retarder and cement (“A” component).
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The excavation of the tunnel produces a relaxation of the initial tensional state, leading to
deformations in the ground from certain distance ahead of the excavation face. The
convergence in the tunnel is the inward displacements of the soil/rock as consequence of
the relief of the initial stress. In case of no support, the ground is free to deform into the

cavity until arriving to the equilibrium state.

The role of the two-component grout is very important for the correct mechanized
tunneling procedure in order to minimize surface settlements due to any over-excavation
generated by the passage of the TBM (e.g. Maidl et al., 1995) or to minimize the loads
acting on the segmental lining, although grouting can also be used for the same aims (e.g.
Komiya et al., 2001). The two-component grout should be water-tight, be pumpable, be
workable, able to fill the void, not able to shrink, to stiff quickly and to be wash-out resistant
(e.g. Thewes and Budach, 2009). Its mechanical strength, though, should be only slightly
higher than that of the surrounding soil to prevent substantial normal force components
being removed from the annular gap mortar in the final state (DAUB, 2013). Simultaneous
backfilling with two-component grouts, in comparison with the mortar type grouts, keeps in
general lower settlements during TBM excavation (Hirata, 1989) and normally the lining
pressures, few rings behind the TBM, do not change significantly in the long-term

(Hashimoto et al., 2004).

However, not many works dealt with the behavior of the two-component grouts both
experimentally and numerically (e.g. Pelizza et al., 2011; Shah et al., 2018; Ochmanski et
al., 2018; Todaro et al., 2019). For instance, it is well-known that the mechanical properties
of the two-component grout change based on the mix-design type (Flores, 2015; Todaro et
al., 2019). Besides, tail void grouting, as it cannot be directly observed after the tunnel
construction, is difficult to simulate (Dai et al., 2010). Oh and Ziegler (2014), Shah et al.

(2018), Ochmanski et al. (2018) more recently Ochmanski et al. (2020) performed a
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numerical analysis regarding the effects of the two-component grout on the tunnel
settlement. Bezuijen and Talmon (2003) and Dias and Bezuijen (2015) investigated the
consolidation of the grout, which seems to be dependent on the permeability of the
surrounding soil as the latter determines the rate of outflow. Therefore, a very
impermeable soil like a clay could stop the grout from consolidating (Vu et al. 2016),
however in permeable soils, fluid loss occurs during grout consolidation (Talmon and
Bezuijen, 2005). Furthermore, Bezuijen and Talmon (2003) and Dias and Bezuijen (2015)
illustrate that during this consolidation, the grout mixture becomes thicker (the cement-
water ratio increases, decreasing the viscosity of the mixture). Talmon and Bezuijen

(2005) investigated the stress-strain modelling of the grout.

However, the role of the material considering the deformability and resistance values that
characterize it during the loading phase of the segmental lining tunnel are not fully
investigated. The two-component grout when hardens should transmit the tunnel
deformation to the ground. In literature, ground settlement in tunneling caused by ground
loss (i.e. the difference between actual and theoretical excavation volume) considers also
tail loss which occurs along the annular void between ground and concrete segmental
lining (as a result of shrinkage or compression of backfill grout material).The gap model
proposed by Lee et al. (1992) is based on simple elastic equations for the squeezing of
tunnel face and the contraction of excavated cavity and it has some limitations and
uncertainties for practical use (Park et al., 2018). Finally, features of specific products and
fulfillment of requirements should be addressed when adopting design criteria and
accepting construction procedures: materials, environmental requirements and use of
chemicals products should be approved by Client and Boards for a reliable practical quality
assurance (Oggeri and Ova, 2004). Furthermore, the use of numerical modeling in
tunneling, both with two-dimensional and three-dimensional methods, requires the

definition of the characteristics of all the materials that are used as support structures or
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rock reinforcement interventions (Do et al., 2014a; 2014b; 2015; 2016; Pelizza et al.,

2000).

In this paper, a mix-design of a two-component grout was analyzed in the detail.
Unconfined compressive strength (UCS) and oedometer tests at varying curing ages were
investigated. From the analysis of the laboratory results it was possible to detect the
behavior of this material and in particular the deformability and strength values that

characterize it during the loading phase of the segmental lining tunnel.

Two very interesting simplified approaches are available in the literature to study the
behavior of the supporting structures in tunnelling: the convergence-confinement method
(e.g. Oreste, 2007; Oreste et al., 2016; 2018a; 2018b; Spagnoli et al., 2016; 2017) and the
method of Einstein and Schwartz (1979). The convergence-confinement method considers
the ground response to the advancing tunnel face and the interaction with installed support
(e.g. Oke et al. 2018), whereas the latter method assumes an annular support

continuously connected with the wall of a deep and circular tunnel.

This article describes the techniques for correctly considering the presence of the filling
material in the gap between the tunnel segmental lining and the tunnel wall using the two
widespread simplified analysis methods listed above. Some calculation examples will allow
to evaluate the effect of the filling material on the static behavior of the tunnel segmental
lining, starting from the mechanical parameters evaluated by the extensive laboratory
testing campaign. From the developed analyses it will be possible to obtain useful
information on how to consider the presence of the filling material ring in the design phase

of the segmental lining of a tunnel.

2. The mechanical behavior of the two-component grout in the laboratory

Testing procedures
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The following mix-design was tested during this experimental campaign: water 800 g,
bentonite 35 g, cement (CEM | 52.5) 350 g, retarder 17.5 g (solution contains 20% solid
therefore retarder dosage by weight of cement is 1%) and water glass (sodium silicate) 85
g (water glass is the “B” component so it is about 7% weight of the mix represented by the
component “A”). Based on the grout component quantities, a preliminary laboratory testing
set has been carried out. The purpose of such a trial was to identify the basic mechanical
properties of the grout at different duration of the curing and to observe the failure modes
as well. Following the experimental raw data on compressive strength, deformability and
unit weight have been processed in order to be adopted in the mathematical modelling for

interaction and also for general description of the mechanical behaviour.

Preparation of fluid grout has been carried out with bentonite slurry hydratation (duration at
least 24 h) and subsequent mixing with retarder, cement and waterglass catalyst, by
respecting the mass percentages provided for the standard mix. Both a manual dispersion
and a high-speed rotating mixer (up to 8000 rpm) have been adopted during this phase.

Weight has been determined by means of 0.01 g precision scale.

Sample preparation has been carried out by using specimen casing where the catalyst has
been added to fluid grout and fast rotation of mixer has allowed to disperse and
homogenize the grout. Then the casing has been recovered in a box for curing in water.
Curing procedure has been selected the following timeline for testing: 1 hour; 24 hours; 7

days; 28 days.

Preparation of specimen requires great care and repeated attempts are necessary to
obtain suitable material. This is due to the great sensitivity of final features of the specimen
to addition and mixing of water glass. This step has been made with the mentioned high
speed mixer in order to be sure that dispersion of water glass is homogeneous and quick

inside the grout when still fluid.
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Grout (without component “B”) viscosity testing with Marsh cone carried out by using a
funnel as described in the APl Recommended Practice 13B-1 (2014) produced a result
between 30 and 45 seconds. Bleeding of the grout (without component “B”) according to
the DIN EN 480-4 (2006) was less than 3% at 3 hours. Final mixing of components “A”

and “B” produced a total gel time of less than 9 seconds.

Uniaxial compression testing has been carried out in a Belladonna mechanical press for
soils, equipped with bidirectional displacement rate control device (Fig. 2). Transducers
used to measure load and displacements have been respectively a full bridge load cell
(CCT model, full scale 5 kN and precision of 1 N) and LVDT devices (HBM models,
precision 0.001 mm). Vertical displacement has been measured following the relative
movement of the base of the specimen and radial displacements have been measured by
using two transducers mounted on opposite and diametral alignment across the specimen.
An alternative solution for displacement measurement has not been possible. As the
external surface of specimen was not showing adhesive properties and due to the short
timeline available between preparation and testing for the majority of specimen, strain
gages have not been glued onto the specimen. Radial LVDT transducers have been

mounted to be in contact within the medium third of the specimen height.

Advancing rate has been adapted in the range of 0.15+0.45 mm/min and the suitable
results have been obtained for the range 0.30+0.45 mm/min; this selection is a good
compromise to avoid creep behavior (excess of lateral swelling) or sudden failure (vertical
cracks). Specimen diameter has been selected at 48 mm; for one additional sample the

diameter was 52 mm and for two large diameter specimens the value was 75 mm.
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Fig. 2 Testing equipment for compression (left) and enlargement of the UCS sample
(right). LC: load cell; GS: grout sample; LVDT: radial coupled LVDT transducers;
vLVDT: vertical LVDT transducer; PB: base of press plate; RCD: device for advance
rate control.

Oedometer testing has been performed by using a standard mechanical oedometer
Belladonna equipment (Fig. 3). Ring type has been selected with net diameter of 50 mm
and height of 20 mm; this size is sufficient to respect grain size distribution of formed
grout. The standard test methods for one-dimensional consolidation properties of soils
using incremental loading have been adapted to respect the fact that grout is curing during
testing, and thus a compromise was necessary to avoid long term duration typical of

oedometer tests in soils (from days to weeks for and an entire loading-unloading cycle).
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Specimens have been maintained saturated during cycles, and displacement have been

measured by means of potentiometric transducers with precision of 0.01 mm.

Fig. 3. Twin Bishop oedometer equipment used for grout testing (left) and
oedometer two-component grout sample (right). LA: loading arm; OC: oedometer

cell with specimen; PT: potentiometric transducer for vertical settlement.

Additional testing has been devoted to obtaining some auxiliary information with the
determination of apparent unit weight (geometrical determination, so unit weight has been

determined with the geometrical measurement of the volume of specimen casing and of
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the weight of ingredients used to fill that volume) and surface strength (by means of soil

pocket penetrometer).

Laboratory test results

Compression test results

The main results after uniaxial compression testing are reported in Tab. 1. Strength is
considered as the maximum value of stress obtained, for the great majority of cases, at
yield at the end of the elastic domain. Deformability values are indexed as secant moduli
and Poisson coefficient at 25%, 50% and 75% of the elastic domain and as tangential

values at 50% of the elastic domain.
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Apparent unit

Curing time weight UCS Efm s259% | Efmsson | Efms7sn | Efmeson | Vims25% | Vemss0% | Vims75% | Vimt50%
1 hour g/lcm?® MPa MPa MPa MPa MPa - - - -
n.1 1.177 0.032 0.95 0.9 0.83 0.75 0.1 0.03 0.06 0.08
n.2 1.198 0.036 2.00 1.6 1.3 14 0.19 0.09 0.05 0.03
n.3 1.212 0.024 5.00 2.60 2.40 1.80 0.004 0.07 0.09 0.16
24 hours
n.1 1.229 0.481 14.4 19.0 21.1 35.2 0.06 0.07 0.06 0.08
n.2 1.179 0.55 18.7 21.5 20.5 25.3 0.05 0.08 - 0.09
n.3 1.201 0.22 10.9 13.2 14.2 17.7 0.09 0.09 0.07 0.07
large diam.75 mm
A 1.386 0.53 8.9 11.6 15.0 19.0 - - - -
large diam.75 mm
B 1.339 0.41 17.1 20.0 22.7 27.5 - - - -
7 days
n.1 1.208 0.46 42.3 45.0 40.7 45.0 0.25 0.24 0.22 0.10
n.2 1.214 0.50 23.8 22.9 24.6 32.3 0.02 0.01 - 0.15
n.3 1.099 0.31 23.8 23.5 21.4 24.0 0.06 0.12 - 0.31
n.4 1.271 0.46 17.0 24.5 26.6 42.3 0.17 0.11 - 0.008
7 days, 2nd
series
A 1.270 0.700 34.7 36.7 32.2 32.1 0.02 0.01 0.04 0.004
B 1.270 0.760 21.6 27.4 23.9 56.0 0.32 0.37 - 0.020
large diam.52 mm
C 1.248 0.422 33.0 37.0 32.8 38.9 0.11 0.10 0.06 0.06

28 days




n.1 1.240 0.92 44.4 52.0 55.2 76.7 0.03 0.03 0.04 0.06
n.2 1.233 0.40 10.6 16.9 19.0 34.5 0.15 0.14 0.11 0.12
n.3 1.239 0.84 29.2 37.8 47.7 77.5 0.14 0.10 0.08 0.04
n.4 1.143 0.50 27.6 38.1 39.8 68.6 0.03 0.03 0.05 0.03

268
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271

272

Table 1. Results obtained for the two-component grout at different curing timelines in uniaxial condition of compression.

Diameter of specimen is usually 48 mm if not indicated. The pedix “s”

means secant value, the pedix “t” means tangent

value, the pedix “fm” means filling material, UCS: uniaxial compressive strength. Mix components are in the same proportion

for the specimen as referred in chapter 2.
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In Fig. 4 there is a representative sequence of vertical stress — vertical strain curves at

different curing timelines.
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Fig. 4. Vertical stress - strain curves at different curing timelines for the grout. (A)

curing time 1 hour, (B) curing time 24 hours, (C) curing time 7 days and (D) curing

time 28 days. Each x and y-axis have different scale, adapted for each graph in

order to properly show the curve shape. Legend:o,.,;: vertical stress; Ah/h: vertical

strain, ratio of the vertical displacement on the sample height.

The observed UCS values are rated slightly lower than expected due to the higher amount

of retarder introduced. This was intentional, in order to asses also the particular effect of

retarder, even if this is not linked to a specific mix design necessarily adopted in practice.
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Testing in compression has generally been regular and vertical stress vs. vertical strain is
reliable both in the elastic and in the post peak field. A clear yielding and softening
behaviour has been observed, with some subvertical and inclined cracks prevailing. In
some cases, a pseudoconical shape at failure has been found at the extremities of the
specimen, thus respecting the ideal Mohr-Coulomb criterion failure geometry (Fig. 5). The
grain size of the cured grout specimens considered as valid appears regular and

homogeneous, without veins or lenses at different consistency.

The adoption of a linear Mohr — Coulomb criterion allows one to establish a relationship

between the angle of the failure plane a, and the slope ¢ of the Mohr Coulomb envelope.

The failure angle measured relative to the plane of the major principal stress is:

o =45°+ 2 (1)

In case of UCS of a cohesive material, it is possible also to set:

UCS = 2xc xcospr (2)

1-sing’

The evidence that some of the failed specimens have exhibited a quite defined angle of
the failure planes can lead to an estimation of the friction angle and also of the cohesion of

the grout.

In Fig. 5 some examples of measured angles at failure are shown; it is necessary to
outline that this behaviour has not been clearly observed at the shorter curing time (1 h),
probably due to the wide peak and softening of the stress — strain curve in compression
that is linked to the distribution of growing cracks of the fresh grout. Easier to be observed
at longer curing timelines, where the linear part of the stress—strain curve allows to

maintain more defined and extended cracks. Common measured values of as are inside

the range of 65°+68, corresponding to values of ¢’ of about 40°+46°. Due to the relatively

small number of tested specimens, it is not still possible to establish a trend of the friction
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angle depending on the curing time. It is necessary to outline that shear strength
parameters are also depending on the water/cement ratio, on the amount of water glass
catalyst and on the percentage of bentonite, clearly variable for each grout mixing type and
thus affecting the evolution of such parameters with curing. The raw correspondence
among the involved parameters ay,¢’,UCS, and c¢’, according to the available data,
provides values of ¢’ in the following ranges: after 24hours: 85+95 kPa; after 7 days:

90+100 kPa; after 28 days: 135+155 kPa.
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Point of
tangency

Mohr failure
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Fig.5. Some specimens after failure: on the upper ends the typical conical shape is
developed and lateral slabbing as well, due to fine and homogenous grain size of
the grout. The “A” specimen (bottom-right picture) has a diameter of 75 mm and it is
desiccated. The graphical scheme of the specimen is showing the position of the

failure plane and the corresponding link with the Mohr failure envelope.



321  Figure 6 shows a representative specimen during the compression test and at failure at 28
322 days curing time. Failure appears as progressive, with slabbing and inclined cracking

323  propagation.

324

325 Fig. 6. Sequence of loading and failure after 28 days curing of the grout.

326 Less easy to be interpreted is the radial strain, at least for two reasons: the first is the
327  possibility to locate the LVDT in the zone of growing microcracks, that can both push out
328 the transducers or to leave them to move inside the crack opening; the second is that, in
329 any case, the greater and compulsory behaviour is clearly following the closure of

330 micropores and damage of cemented structure of the grout, and this happens along the
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vertical direction. Concerning the possible evolution of strength parameters, observation
are still provisional due to the limited number of tested specimen that cannot allow one to
be so confident with characteristic values of strength parameters; preliminary results

seems that the greater effect will be on cohesion rather than in friction angle.

Oedometer test results

Confined compression tests can provide essential data in order to understand the behavior
of the grout mix, at different curing timelines and at different levels of vertical stress. The
fine-grained grout has allowed to use the 50 mm ring diameter as considered to be
representative for the geometrical scale of the material. Curing and testing have been

carried out in saturated conditions.

During this testing session four curing timelines have been adopted and loading —

unloading cycles have been carried out, namely following the following scheme:

e curing 1 hour: 6 new specimens, each of them loaded and unloaded at the
respective vertical stress of 50, 100, 200, 400, 800 and 1600 kPa; loading phase
has been extended for about 20 minutes, in order to respect the corresponding
duration of curing; unloading phase has been driven directly by removing the total
applied load for another 20 minutes;

e curing 24 hours: 6 new specimens with the same procedure just described, apart for
the duration of loading and unloading phases, which have been extended to 2
hours;

e curing 7 days: 2 new specimens, both loaded at 400 kPa for 6 hours for
comparison; then the load on the first specimen has been raised to 1200 kPa for

another 4 hours and finally unloaded to zero by measuring displacements for a time
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lapse of 2 hours; the second specimen after loading at 400 kPa has been unloaded
to zero in a time lapse of 2 hours;

e curing 28 days: 2 new specimens, for comparison, each of them step loaded at the
respective vertical stress of 50, 100, 200, 400, 800 and 1600 kPa; loading phase
has been extended for about 30 minutes for low loads (that is 50, 100 and 200 kPa,
as settlements were stabilized), and for 18 h for higher loads (that is 400, 800 and
1600 kPa); the unloading phase has been stepped by reducing the total applied
load to 800 kPa, then 200 kPa and finally to zero, carrying out settlement

measurements for 24 hours at each step.

Figure 7 shows some examples of total settlement for the four different adopted curing
timelines. The results can be interpreted following the main direction of one dimensional
consolidation approach for soils, even a fundamental difference has to be outlined: grout
presents a structure which is still chemically reactive and water contained in pores can be
pushed aside (classical effect for soil grains) but can also migrate during reaction and
therefore the expected properties at rest cannot be fulfilled. The classical approach by

Casagrande (1936) can therefore be applied, even if with care.



371
372

373

374

375

376

377

378

379

380

381

382

383

settlement (mm)

settlement (mm)

0,00
0,20
0,40
0,60
0,80
1,00
1,20
1,40
1,60

0,00
0,20
0,40
0,60
0,80
1,00
1,20
1,40
1,60

time (s) A
10 100 1000 10000
\\
| \"ﬂ-.
——loading unloading C
time (s)
10 100 1000 10000 100000
- L
e logoal
——loading unloading

settlement (mm)

Settlement (mm)

0,00
0,20
0,40
0,60
0,80
1,00
1,20
1,40
1,60

0,00
0,20
0,40
0,60
0,80
1,00
1,20
1,40
1,60

time (s)

1 10 100 1000

B

10000

N

N

e e

——loading unloading

time (s)

1 10 100 1000 10000 10

D

0000

\"‘*ﬂ_——@- R—R—R——n—R-R—"

N\ e ]

\

IaRa === ma i

""\-\

e

——Loading 50kPa -=—Loading 100kPa

——Loading 200kPa

loading 400kPa

——loading 800kPa ——loading 1600kPa
Fig. 7. Example of raw data in log t vs settlement at different grout curing timelines,

obtained from oedometer testing (diameter 50 mm and height 20 mm). A) curing

time 1 hour under 100kPa load, B) curing time 24 hours under 800kPa load, C)

curing time 7 days under 1200kPa load, D) curing time 28 days under all loads.

Figure 8 presents the comparison among the specimens respectively of net strain, due to

both mechanical and drainage process of deformation (consolidation), and the total

settlement (viscous effects) for two selected curing ages, 1 and 24 hours. These results

are interesting because they put in evidence that there is a relevant plastic deformation at

the various stress levels, and that is not recoverable, for the various loading levels; the

amount of recovered settlement after the unloading phase is low, sometimes negligible.

Besides, specimens before and after oedometer test exhibit a clear geometrical change

(see Fig. 9).
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Fig. 8. Comparison among the specimens respectively of net strain and total
settlement at 1 h and 24 h of curing. Net strain values refer to “consolidation” phase
of loading-unloading, while total settlement refers to the raw values at the beginning
and at the end of each cycle. A and B refers to 1 hour curing time, C and D to 24

hours curing time.
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Fig.9. A) Specimen before (at the right) and after (at the left) a loading —unloadin'g

cycle at high stress levels. B) Comparison of specimens after cycle of loading-
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unloading at 100 kPa and 400 kPa: the difference in the residual thickness due to

plastic settlements is remarkable.

Figure 10 summarize a typical stress-strain behaviour for the soil-like materials at the end
of the curing period (28 days). A critical range of stress for the stability of the grout
structure seems to confirm that grout has a meta-stable structure, due to diffusion of

bentonite inside the material and to the initial high water/cement ratio.
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Fig. 10. The diagrams are showing for the two specimens tested after 28 days of
curing (OED1, left and OED 2, right) for loading and unloading cycle. Net strain
values refer to “consolidation” phase of loading-unloading, while total settlement

refers to the raw values at the beginning and at the end of each cycle.

Some interesting features arise from the diagrams showing the values of the constrained
moduli, obtained in confined conditions (Fig. 11). It is shown that the curing time is

affecting properties of the grout and its workability as well. Strength and stiffness are both
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“mixing-sensitive”, and this fact should be taken into account for engineering application; in
fact, on one side, changes in mixing energy, temperature, moisture and time for mixing
can modify the structure, the behaviour and the properties of the grout. On the other side,
at the scale of the machine, it is necessary that a suitable compromise is reached for the
mixing timing: in fact water glass addition should be operated just to allow the quick setting
of the gel and of the cementitious structure, but not so anticipated for the risk of clogging of
the grout pipes and nozzles. The final result of a viscous grout to properly fill and support

the gap between the lining extrados and the ground excavated profile is the goal.

Curing is affecting the values of constrained modulus, as it happened already for the
uniaxial compressive test. Moreover, it is interesting that for short curing timelines, a peak
value of the modulus appears (namely at 1h and 24 h). This fact seems to be in agreement
with the external aspect of the grout, which is similar to a medium consistent clay at the
beginning of the curing period, and that reaches the characteristics of a hard soil for long
curing time. The presence of these peaks in the modulus graph was well described by
Janbu (1969) in the case of fine-grained soils. Its importance is related to the local range
of applied stress that is linked to pre-consolidation pressure. It is clear that such
phenomenon cannot occur during the preparation of the grout, but this evidence can be
interpreted as a “meta-stable pressure” for the grout structure “in formation”. This proposal
IS quite interesting as it can justify the clear change of behaviour for clay-like conditions of
the grout. The similarity to real soil behaviour is arising from the possibility to observe a
good adherence to settlement vs time and vertical pressure vs strain of the loading steps
of tested grout mix. Moreover the results in Fig.11 concerning the modulus vs the stress
level are typical of consolidated clays. That is a convenient reason to make confident to
approach with one-dimensional consolidation theory. For sure grout is an artificial material,

with cemented bonds that are different from cohesion arising from water suction and
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surface membrane effect due to polarity of clay particles: the discussion on such difference

should be considered for specific laboratory comparison.
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Fig. 11. Scaled graphs showing the distribution of constrained moduli at different

curing ages (1 hour and 24 hours at left, 28 days at right) and depending on the

vertical applied stress. Note that the y-axis is different to better show the shape of

the graphs.

As referred to the original thickness of the specimen (20 mm) and to the specific step in

the vertical effective stress (Ao,), in the previous graphs the values of the constrained

moduli can be considered as tangent values. As far as the constrained modulus is

concerned (referring to the full value of applied vertical stress a,,), after 28 days of curing

time the following values have been measured (Tab. 2):

o. o o o o o,
Secant constr. modulus v v v v v v
at 28 d in MPa
50 kPa 100 kPa 200 kPa 400 kPa 800 kPa 1600 kPa
OED 1 14.3 18.2 22.2 24.2 25.4 19.4
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OED 2 17.2 22.2 29.4 38.4 50.6 58.6

Table 2. The secant values of the constrained moduli at 28 days of curing are listed.

Another relevant issue is concerning the lateral expansion of the grout under loading.
Some data arise from the compression testing, showing that the Poisson coefficient “v”
exhibits generally low values. In order to find a confirmation of this behaviour, a correlation
between oedometer results and compression results has been arranged, taking into

account the basic correlation valid for linear elasticity and for homogenous and isotropic

materials in constrained conditions:

. (1-v) .
MCOTlStT' - (1+V)(1—2V) E (3)

Where M, 1S the oedometer modulus, v is the Poisson ratio and E is the elastic

modulus.

The cross checking of the raw data in the uniaxial compression tests and in the oedometer
tests allows to obtain values of Poisson coefficient in the range of 0.03+0.15, confirming
the results obtained by direct measures during uniaxial compression tests. The selection of
a proper value should follow some criteria such as:

e linearity of the stress — strain envelope;

e type of expected conditions of confinement in the real case;

e level of stress expected in site.

Nevertheless, this appear as one of the most sensitive features of the grout behaviour,

thus requesting a larger data base of raw experimental data.
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Some additional information can be obtained by means of a further processing of the
available data. In order to measure the permeability, it was decided to indirectly obtain
through an oedometer test, as for very low permeability values (10® m/s) it is preferable to
use indirect tests (e.g. Colombo and Colleselli, 1996). The indirect coefficient of
permeability k can be obtained by as combination of the consolidation coefficient C;, and
of the coefficient of volume change m, by adopting the formula k = C, * m, * y,. The
intermediate terms can be obtained if some assumptions are taken into account: a) the
behaviour of the grout during confined loading is similar to that of fine natural granular
materials; b) the interpretation of raw data should follow the one-dimensional consolidation
theory; c) the Casagrande method to interpret the rheology of the grout is valid to identify
the compressibility features and characteristics of the grout; d) the general limitations on
the validity of the indirect coefficient of permeability, known for soils, are maintained also
for the artificial grout while carrying out the interpretation of the results. Following these

statements, the values of k are presented in the Tab. 3.

Vertical 28 d curing 28 d curing
1 h curing time 24 h curing 7 d curing time time
¢ in kP 9 time time
stress In a OED1 OED?2
50 1.35-10" 2.15-10" - 2.75-10° 2.85-10"
100 4.32-10° 7.16 - 10° - 1.56- 10" 1.78 v10”’
200 8.87 - 10" 9.41-10" - 2.26 - 10" 1.11-10"
1.25-10"
400 2.25-10° 3.21-107 273 10" 2.39-107 8.42 - 10°
800 3.35-10° 1.63-10" - 2.30- 10" 6.53-10°
1200 - - 1.29-10" - -
1600 1.09 - 10° 9.07 - 10° 2.61-10" 6.63-10°

Table 3. Values of indirect theoretical permeability coefficient kin cm/s.
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It is important to underline again the fact that the above listed values are obtained through
an indirect procedure and not by means of a drainage test. The consequence of this fact is
that an interpretation and an engineering judgement is necessary to properly adopt reliable
values in practical design. The following issues should be taken into account: a) the order
of magnitude of 1.1-107 cm/s to 9.4-10" cm/s seems reasonable for the majority of tested
cases; b) the values at 1.0-10® to 9.0-10® cm/s are quite optimistic outside the laboratory
scale; moreover, settlements and time-dependent movements for both ground and
segmental lining can affect the global permeability; c) values in the order of 10° cm/s
seems to be unrealistic. As final consideration, it can be observed that the tested grout has

low to very low permeability parameters for a wide range of operational stresses.

Auxiliary testing

Together with data provided in the sheet for cylindrical specimens, some additional
information arises from the specimens prepared for oedometer testing. In these cases,
apparent unit weight is varying in the range 1.20 to 1.40 g/cm?® for fresh and cured
specimen respectively. Interesting is the reduction of apparent unit weight after loading-
unloading cycle for fresh specimen at high level of consolidation pressure: the reduction
moves to 0.75 to 1.08 g/cm?®. After drying at natural environmental conditions, apparent
unit weight for both cylindrical and disc specimen reduces to less than 0.80 g/cm?®,
reaching also 0.71 g/cm?; desiccated grout is friable and crispy. Soil pocket penetrometer
(Soil Test model) has provided, for the first disc specimen, a penetration strength at 1 hour
of 90 - 80 - 85 - 80 - 80 - 80 kPa; after 2 hours, the strength was increased to about 120 -
120 - 125 kPa. The second disc specimen presented a penetration strength after 1 hour of
about 70 - 60 - 85 kPa, and after 2 hours of about 125 - 150 - 90 - 140 - 90 - 110 kPa. Both

specimens after 24 hours reached the full range of the soil pocket penetrometer at more
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than 400 kPa; this same result was obtained on the lateral surface of the large diameter

cylindrical specimen (75 mm).

3. Simplified methods of tunnel segmental lining analysis

Two methods for the behavior analysis of retaining structures are commonly used in the
tunnel field: the convergence-confinement method and the Einstein and Schwartz method
(1979). These methods have the advantage of being able to effectively evaluate the
complex mechanism of interaction between the support and the walls of the tunnel, using a

simplified approach that does not require the use of numerical calculation methods.

More specifically, the convergence-confinement method is able to evaluate the final entity

of the loads acting on the support structure, p., through the intersection of the

convergence-confinement curve and the reaction line representing the support structure,

determining the displacement of the tunnel wall in the radial direction (u.,) (Fig. 12). The

convergence-confinement method is based on the following fundamental assumptions:

Circular geometry of the tunnel and radial symmetry of the problem analyzed in the
two dimensions (vertical section)

e Deep tunnel hypothesis (depth of the tunnel relatively high compared to its radius)

e Homogeneous mechanical characteristics of the rock around the tunnel,

e Hydrostatic initial stress state (undisturbed) p, with lateral earth coefficient at rest

K, =1.

The main problem in using the convergence-confinement method lies in being able to
correctly simulate the three-dimensional nature of the support loading mechanism in a two-
dimensional model. The fundamental parameter for this purpose is the displacement u, of

the tunnel wall when the support structure is installed. Various calculation techniques are
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available in the literature capable of producing an estimate of this parameter and therefore

having reliable results from the convergence-confinement method.

Fig. 12 shows the results of the convergence-confinement method through the analysis of
two curves: the convergence-confinement curve and the reaction line of the supporting
structure. p is the pressure inside the tunnel, acting on the walls, u; is the radial
displacement of the tunnel wall, p, is the lithostatic stress present in the rock, u, is the
radial displacement of the tunnel wall upon installation of the support; p., and u., are
respectively the final load acting on the support structure and the final displacement of the
tunnel wall in the presence of the support structure and u,,,, IS the maximum

displacement of the tunnel wall in the absence of supports.

Po |

Convergence-confinement

/

Internal pressure

Reaction line of the support

©
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Umax

. - b
g Radial displacement of the tunnel wall
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Fig. 12 Results of the convergence-confinement method through the analysis of two
curves: the convergence-confinement curve and the reaction line of the supporting

system.

In the simplest case of ideal elastic-plastic behavior of the rock and Mohr-Coulomb failure
criterion, the convergence-confinement curve is expressed by the following relationship

(Oreste, 2009):

Forp < [po . (1 — sin(q))) —c- cos(<p)] :

Ug =

ﬂ . R;qul-'-l — ( ) + (1 _ 2 . ) . RQII‘P-HL _ R . ( + Cc ) _ 1+N¢'NW—V'(NLIJ+1)'(N¢.+1) .
E gVw SUHP v RNw Po T fan(e) (Nop+Ng)-RNo=1)

(No+Ny)
Boi " phNe ). c
( RNy R CD) (p T tan((p))} (4)

where R, is the plastic radius of the tunnel:

1
Po+—)-(1-sin(p)) | No-1)
Rpl =R- I( (] tan(f)) - (5)
P tan(e)
__ 1+sin(e)
N‘b - 1-sin(¢) (6)
__ 1+sin(¥)
Nlp - 1-sin(¥) (7)

R is the tunnel radius, ¢, ¢ and W are respectively the cohesion, friction angle and
dilatancy of the rock mass, E and v are respectively the elastic modulus and the Poission

ratio of the rock mass.

Forp > [po - (1 — sin(¢p)) — c - cos(p)]:
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uR=?V-(p0—p)-R (8)

The reaction line of the support in the case of a segmental lining must take into account
the presence of the filling material in the gap between the segmental lining and the tunnel

wall (Fig. 13).

Filling material
Two-component grout

Tunnel wall

Segmental lining

Tunnel axis

Fig. 13. Geometric sketch of the support system consisting of segmental lining and
filling material within a circular tunnel. Legend: R: radius of the tunnel; tgy:

thickness of the segmental lining; ts,: thickness of the filling material (not to scale).

Similarly to what was developed for the shotcrete lining plus inner steel set support system
(Oreste, 2003; Oreste et al., 2018a, 2018b), it is possible now to define for the reaction line

of the support the stiffness, kg, , of the system consisting of the segmental lining and the

annulus of the filling material with the following relationship:
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2Erm-(1=vem) R |—L2~+(R—t 1 ) ks
o O e RGN e o
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where:

2 2
ke, Est . (R=tfm) =(R=trm—ts1) 1 (10)

T @) (-2vs) (Rtrm) H(R—trm—ts)). (R—trm)

Ern and ve, are respectively the elastic modulus and the Poisson's ratio of the filling
material; E;; and v,; are respectively the elastic modulus and the Poisson's ratio of the segmental
lining; try, and ty are respectively the thickness of the filling material and segmental lining;
kg is the stiffness of the segmental lining. As can be seen from the previous equations,
knowing the characteristics of the filling material (thickness, elastic modulus and Poisson's
ratio) it is possible to identify the stiffness of the support system which allows to draw the
reaction line of the support. In fact, the stiffness of the system represents the inclination of

the reaction line with respect to the horizontal axis in the diagram of Fig. 12.

Since the elastic modulus of the filling material E¢,, varies significantly during the setting
period and, therefore, during the loading of the segmental lining, it is necessary to define a
representative average value for the considered period. To evaluate it, it is necessary to
know not only the trend of the elastic modulus of the filling material over time during the
setting period (curing time), but also the advancement speed of the TBM inside the tunnel
and the duration of the various excavation and installation of supports. It is a question of
addressing this problem with the same approach used for the evaluation of the average
elastic modulus of shotcrete during the loading phase of the lining in the tunnel, with the

advancement of the excavation phase (e.g. Oreste et al., 2019).
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Another very widespread calculation method in the analysis of the behavior of the
supporting structures of tunnels is the method of Einstein and Schwartz (1979). This
method assumes an annular support continuously connected with the wall of a deep and
circular tunnel. Two different cases were examined by the authors: the full slip case and
the no-slip case. The solution obtained allows to consider the interaction between the
supporting structure and the rock mass around the tunnel, assuming a material with an
elastic behavior both for the rock and for the support. For the analysis of the segmental
lining with the filling material present in contact with the rock wall, it is more appropriate to
refer to the full-slip case, which provides the following equations for the evaluation of the
maximum bending moment, M,,,,, and the normal force, N, present in the lining (in
particular in the center of the crown and in the middle of the side-wall) (Einstein and

Schwartz, 1979; Guan et al., 2015):

Peq'R*(1-Ko)

Mmax = (1+ &) i e raro Gosapy (L~ 2" a2) (11)

Nerown = o et (27 0 — @) (12)

Nsigewan = (HKO)_(1’_’2";;((1;_'20))_(3_6_@ ‘(2-ay—2-a3) (13)

where:

@ = e (14)

Rt eercry (15)
£ _ E-R-(1-v2) (16)

EsAs(1-v2)
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Deq is vertical load acting on the support structure in the vertical direction, in

correspondence with the crown tunnel (evaluated, for example, through the convergence-

confinement method);

K, is the lateral earth pressure at rest in the rock, in the initial undisturbed conditions;

R is the tunnel radius;

E and v are respectively the elastic modulus and the Poisson ratio of the rock;

E; and v, are respectively the elastic modulus and the Poisson ratio of the support

structure;

A, and I, are respectively the area and moment of inertia of the cross section of the
support, through a plane passing through the axis of the tunnel. The cross section
therefore has a rectangular section, whose width is equal to 1 m in the direction of the

tunnel axis and the height is equal to the thickness of the support

C* and F* are compressibility ratio and flexibility ratio of the support, respectively.

¢ is the incremental coefficient that takes into account the transfer of stresses from one
ring to the adjacent one, in correspondence with the longitudinal joints of the segmental
lining. Guan et al. (2015) were able to note how this parameter varies from 0.44 to 0.46,
with an intermediate value equal to 0.45 and is not influenced by the characteristics of the
ground and the depth of the tunnel, but only by the geometric and mechanical

characteristics of the longitudinal and transverse joints of the segmental lining;
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n is reduction coefficient taking into account the presence of longitudinal joints in
segmental lining. In this regard Guan et al. (2015) suggest reducing the bending stiffness
by a coefficient n, which was found to vary between 0.4 and 0.7, with an intermediate
value of 0.55. This coefficient was found to be higher in more compact soils and for

tunnels at greater depths.

The maximum moment M,,,, assumes the same value in the center of the crown and on
the sidewall, but a different sign: the one in the crown will be considered positive and the
one on the sidewall negative, for the typical case in which K, is less than 1; if K, is greater
than 1, the moment on the sidewall will be positive and the moment at the crown tunnel is

negative.

The normal forces are different in the tunnel crown and on the sidewall: by associating the
values of the normal forces with the bending moments, it is possible to check the
hypothesized lining in the two critical points highlighted above: the center of the crown
tunnel and the center of the. In the verification process, the thickness of the segmental
lining is changed to obtain a value considered compatible with the safety and stability

conditions of the support structure and the tunnel.

When the use of segmental lining as a support structure is planned, it is important to
consider composite support is obtained which also includes a ring of filling material
between the segmental lining and the wall of the tunnel. The evaluation of the equivalent
elastic modulus of the support must consider the presence of the two materials (Fig. 13).
Assuming the preservation of the flat sections of the lining (segmental lining and filling

material), it is possible to identify the equivalent elastic modulus E ., of the support. This

equivalent elastic modulus turns out to be different in relation to the bending and
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compression of the lining and, therefore, must be evaluated through different equations

with reference to the compressible ratio C* and the flexibility ratio F*.

Equivalent elastic modulus of the support with reference to the compressibility ratio C*:

trm
Es,eq(C*) =Eg + Efm ’ :Sl (18)

Equivalent elastic modulus of the support with reference to the flexibility ratio F*:

4 3
Es,eq(F*) = t_31 ) {Esl ) [y03 + (tsl - yO)S] + Efm ) [(tsl + tfm - YO) - (tsl - }/0)3]} (19)

Where:

2 2
Yo = Esl-tsl+Efm-(tfm+2-tsl-tfm)
0 =
2(Esrtsi+Efmtfm)

(20)

Being y, the distance of the neutral axis of the section from the intrados of the segmental

lining.

The values of the equivalent elastic modules reported above were obtained assuming an

equivalent support of thickness equal to the thickness of the segmental lining: ¢ ., = ty.

For this reason, the values of the area of the support section As and of the moment of

inertia I, must be evaluated with the following two equations:

AS = bS ) tsl (21)
43

I, == (22)

Where b, is the width of the support section in the direction of the tunnel axis, considered

equal to 1 m.
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Fig. 14. Cross section of the segmental lining with the presence of the filling
material. Legend: tg is thickness of the segmental lining; ts, is thickness of the
filling material; y, is distance of the neutral axis of the section from the intrados of

the segmental lining.

Based on the calculations that can be developed considering the equivalent support
described above, it will be possible to identify the maximum moments along the
development of the support and the normal forces at the center of the crown and the
sidewall. Starting from these results, it will be possible to determine the circumferential

stresses oy in the segmental lining and in the filling material using the following equations.

Circumferential stress at the extrados of the segmental lining o ¢; ., due to moment M:

12-M
09,slex = 5 botd (tst — Yo) * Eg (23)
seq(F*) bs'tsy
Circumferential stress at the intrados of the segmental lining oy ; ;; due to moment M:
12:-M
O-ﬁ,sl,in = - = 13 ' yO ’ ESl (24)

Es,eq(F*)'bs'tsl
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Maximum circumferential stress on the extrados of the filing material oy ¢, ., due to the

moment M:

12:M

3 (tfm +itg — yO) ' Efm (25)

. =
0.fm.ex Eseq(F)bsts

Constant stress in the segmental lining section due to the normal force N:

Gost = 72— N (26)

Constant stress in the section of the filling material due to the normal force N:

E t
fm fm
19,] m Es,eq(C*) tsl ( )

The stress effects of the bending moment M and the normal force N must be summed
algebraically to obtain the overall stress state in the filling material and in the segmental
lining; in addition to the circumferential stresses, the radial stresses present in the two
materials must be considered: p,, at the extrados of the filling material and segmental
lining and O at the intrados of the segmental lining. The overall stress state has to be
compared to the strength of the material (the limit stress state), according to the Mohr-
Coulomb strength criterium:

_ 1+sin(¢) .
o1im = UCS + Tosintgy O7 (28)

Where UCS and ¢ are respectively the uniaxial compression strength and the friction angle
of the material (concrete or filling material) and o, is the radial stress in the point where the
stress state is evaluated during the design of the support structure (extrados of the filling

material annulus, extrados or intrados of the segmental lining).
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The knowledge of the overall stress state in the critical points of the support system allows
to proceed to the verifications regarding the strength of the materials and, therefore, to the
design of the segmental lining through the definition of its thickness and the internal

reinforcement necessary to absorb the developing bending moments.

4. The effect of the two-component grout on the behavior of the tunnel

segmental lining

From the laboratory tests on the two-component grout used as filling material, it is possible
to detect how the value of the Poisson's ratio remains relatively low and uncertain (variable
in the range 0.03-0.15) during the curing time. Besides, both the elastic modulus of the
material and the UCS show a complex trend over time, described by the trends shown in
Figs. 15 and 16. The values plotted in the figures are the average values between those
measured in the laboratory tests of uniaxial compression for the different maturation times

analyzed: 1 h (i.e. 0.04167 d), 1 day, 7 days, 28 days.

[=n |
o o
Nw
(O B =]

e 5 & 20
2 40 =3

= 215
830 g

£ 20 S
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0 5 10 15 20 25 30 0 0,2 0,4 0,6 0,8 1
curing time (days) curing time (days)

Fig. 15. Trend of the tangent elastic modulus for a stress state equal to 50% of the

uniaxial compressive strength (Erp,.s09) as the curing time varies. A): full time

interval (0-28 days); B): detail on the first day of curing time (0-1 days).
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Fig. 16. Trend of uniaxial compressive strength (UCS) as the curing time varies. A):
full time interval (0-28 days); B): detail on the first day of curing time (0-1 days).
Legend: dotted line: hypothetical linear trend for the period following the first day of

curing.

More specifically, it is possible to hypothesize for the elastic modulus and for the UCS a
strong increase in the first day of curing and a linear trend for the subsequent period, up to
the 28 days of curing. On the first day of curing, it is plausible to hypothesize a parabolic
trend of the curves shown in the previous figures (Figs. 15 and 16). Assuming that the
parabolic curves connect with the straight lines for a curing time equal to 1 day and that
the additional condition that set UCS and E,, ; 509, Z€ro for the time equal to t = 0 is valid,
we obtain the following equations that allow us to describe the trends of the elastic

modulus and of the UCS over time, according to the parabola-trapezium scheme.

Efm .t 509 iN the period 0-1 day:

Efmeson, = —5,7713 - t2 + 31,839 - t (29)

Efm 509 iN the period 1-28 days:

Ermisoy, = 1,4274- (t — 1) + 26,0667 (30)
f %
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UCS in the period 0-1 day:

UCS = —0,3329 - t2 + 0,74989 - t (32)

UCS in the period 1-28 days:

UCS = 0,0089 - (t — 1) + 0,417 (32)

The identification of the average elastic modulus of the Ef,, of the filling material during the
loading of the segmental lining (with the advancement of the excavation face) is of great

importance, as this parameter has a great influence on the stiffness of the k;,; system

and, therefore, on the load induced on the segmental lining (Fig. 12). Another fundamental

parameter is the thickness of the filling material ¢f,. In order to investigate the influence of
these parameters and the Poisson's ratio of the filling material v¢,, a parametric analysis
was developed, proceeding with the calculation of the stiffness of the k,; system (eq. 9)

considering all the following values of the influencing parameters, within the ranges of
variability obtained from the laboratory tests described in this paper or from the scientific

literature:

e Tunnel radius R: 2, 3.5 and 5 m;

e Elastic modulus of the filling material Ef,,,: 15, 30 and 45 MPa;
e Poisson's ratio of the filling material v¢,,: 0.03, 0.09 and 0.15;
e Thickness of the filling material t;,,: 0.12, 0.18 and 0.24 m;

e Thickness of the segmental lining tg;: 0.3 and 0.4 m.

For the concrete forming the segmental lining, an elastic modulus E; of 30,000 MPa and a
Poisson's ratio vy of 0.15 were considered. On the basis of the 162 analyzes carried out, it

was possible to detect how the Poisson's ratio of the filling material has little influence on
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the stiffness k,, of the system in all the examined cases. For this reason, it is possible to

plot the results obtained by neglecting this parameter, assuming it equal to 0.09, the

intermediate value of the variability interval detected by laboratory tests (0.03-0.15).

Figure 17 (A and B) shows the values of the stiffness of the support system k;,,; as the
radius of the tunnel R varies, for the different values of Eg, and tg, considered,

respectively for a thickness of the segmental lining of 0.3 and 0.4 m.
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Fig. 17. Trend of the stiffness of the support system (segmental lining + filling

material annulus) ks as the tunnel radius R varies, for different values of the elastic
modulus Ef, and the thickness t,, of the filling material, for the case of segmental

lining with a thickness of 0.3 m (A) and 0.4 m (B).
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From Fig. 17, it can also be seen that the radius of the tunnel R does not have a
detectable influence on the stiffness of the system when the values of Ef,, are low and
those of t;,,, high. Furthermore, for small tunnel radii, the thickness of the segmental lining
does not affect the rigidity of the system. Once the correct value of the stiffness of the kg,
system has been identified from the graphs of Fig. 17, it is possible through the
convergence-confinement method to obtain an estimate of the load p., acting on the
support system, in order to proceed with the design of the segmental lining and the
definition of its thickness. In some cases, it is necessary to limit the load acting on the
support system, to avoid an excessive stress state induced in the concrete constituting the
segmental lining. This is the case of tunnels at great depths, for which it is possible to
intervene appropriately on the thickness of the filling ring (increasing it) and on the
mechanical characteristics of the filling material (limiting the elastic modulus) in order to

obtain a low ks stiffness and, therefore, reduced load values on the support system.

In order to obtain a low elastic modulus value of the filling material, appropriate additives
(e.g. higher retarder dosage) of the two-component material can be used or the excavation
machine's advancement speed can be increased (if the technical conditions allow it), in
order to load the segmental lining in relatively short times, when still the filling material

shows limited mechanical parameters.

The design of the segmental lining proceeds with calculation methods that allow to study
the development of the bending moments and of the axial forces along the development of
the support, starting from the load p., that can be evaluated with the convergence-
confinement method. Among the most common is the method of Einstein and Schwartz
(1979), whose stiffness parameters C* and F* (the compressibility ratio and flexibility ratio

of the support, respectively) were illustrated previously.
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Also in this case, an extensive parametric analysis has been developed on the parameters
that influence the coefficients C* and F* in order to verify the effect of the presence of the

filling material on the behavior of the support structure.

The same values already used in the analysis relating to the stiffness kg, of the system
have now been adopted, with the addition of 3 different values of the elastic modulus of
the rock mass: 3,162 MPa (relative to a rock mass having GSI = 30), 10,000 MPa (GSI =
50) and 31,622 MPa (GSI = 70), where GSI is the Geological Strength Index of the rock

mass (Hoek, 1994; Hoek et al., 1995; Hoek and Brown, 1997; Serafim and Pereira, 1983) .

The total of the performed analyzes was therefore equal to 486. It was possible to verify
that in all cases the effect of the presence of the filling material ring is always less than 1.5
%0 on parameter C* and always less than 1.5% on parameter F*. In practical terms,
therefore, in the analysis of the behavior of segmental lining through the Einstein and
Schwartz method, it is possible to neglect the presence of the filling material ring in the
evaluation of bending moments and normal forces acting on segmental lining. The design
of the segmental lining can therefore proceed quickly, evaluating the stress state induced
in the segmental lining, for different values of its thickness, after having calculated the

acting bending moments and the normal forces.

5. Conclusions

Where a two-component grout is used during TBM excavation, the mechanical properties
evolve over the time immediately after the injection, just during the loading of the linings. It
is, therefore, important to be able to analyze the mechanical behavior of this filling
material, in order to evaluate the effects of its presence on the stress state induced in
segmental lining. An extensive laboratory program has been performed considering a

particular mix-design of a two-component grout. Uniaxial compression tests and
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oedometer tests, were carried out and allowed to characterize this type of material from a
mechanical point of view over time. In particular, the stiffness (elastic modulus, Poisson's
ratio, oedometer modulus) and the strength parameters (uniaxial compressive strength,
friction angle and cohesion) were evaluated during the curing period of the material. The
test campaign showed a certain sensitivity of the material to the preparation methods of
the mixture and in particular in the gel formation phase with the mixing of the two
components. The material presents a relatively modest density of the material obtained,
due to a relatively high water/cement ratio, an elastic-plastic behavior of the material of the
"softening" type, and specific compression threshold levels observed in the oedometer
test, beyond which water seems to be expelled from the pores and a failure of the solid
skeleton previously formed appears, with the consequent appearance of irreversible

deformations.

Constrained compression has shown the role of a metastable structure in the formed
grout, that determines a change of the settlement rate when a transition pressure is

reached (meta stable pressure).

A detailed analysis of the influence of the filling material on the behavior of segmental
lining was carried out using two widespread methods of calculating the tunnel support
structures: the convergence-confinement method and the Einstein and Schwartz (1979)
method. In particular, for the convergence-confinement method, the stiffness of the
support system (segmental lining + filling ring) was evaluated. It has been noted how this
stiffness of the support system can significantly affect the value of the load acting on the
segmental lining. For the method of Einstein and Schwartz the stiffness coefficients of the
lining were obtained, taking into account the presence of the filing material ring. An
extensive parametric analysis allowed to identify the effects of the presence of the filling

material in the two calculation methods considered. From the study carried out it was
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possible to detect how the filling material has a significant effect on the stiffness of the
support system in the convergence-confinement method and, therefore, on the load acting
on the segmental lining. Instead, it has reduced and even negligible effects on the overall
stiffness of the support system in the Einstein and Schwartz method used to carry out a
first design of the segmental lining. With this latter calculation method, the analysis can
proceed neglecting the presence of the filling material ring and directly obtaining the
stresses affecting the segmental lining by adopting the stiffness parameters relating solely

to segmental lining.
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