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Abstract

The complexity of the two-component grout behavior significantly affects the interaction
between the support system and the tunnel. The loading of the filling material (and also of
the segmental lining) takes place during the curing phase. At the end of it a creep phase
develops which shows secondary deformations over time which result in a relaxation of the
segmental lining and an increase in the deformation of the tunnel wall. In this work, a
laboratory experiment campaign allowed to study the two-component material in detall
during the creep phase. The typical trend of deformations over time, obtained for different
stress load values and material curing age, was identified. The maximum stress was also
evaluated which still allows to avoid the failure of the material over time, when a persistent
state of stress is applied. The information obtained from the experimentation allowed to
provide considerations on the support system-tunnel interaction, using the convergence-
confinement method. The approach followed was then applied to a real case of a tunnel
excavated in Northern Italy, for which it was possible to estimate the decrease in the load
applied to the support system and the increase in deformations of the tunnel wall due to the

creep phenomenon of the two-component material.
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Abbreviations and nomenclature

Efn  Elastic modulus of the filling material

gr  Elastic modulus of the ground

E; Secant elastic modulus

Eg Elastic modulus of the segmental lining (concrete)

E;  Tangent elastic modulus

E.., Tangent elastic modulus of the filling material associated with a percentage load level

a referred to the Unconfined Compressive Strength (UCS)

E. 354, Tangent modulus of elasticity measured at a stress level equal to 35% of UCS

k Stiffness of the support system at the end of the loading process

sys,fin
ks,s  Stiffness of the support system

ksysm Stiffness of the support system at the beginning of the loading process
kg Radial stiffness of the segmental lining

ko Coefficient of earth pressure at rest

p Pressure inside the tunnel acting on the walls

peq  Final entity of the loads acting on the support system

Po Hydrostatic initial stress state (undisturbed)

R Tunnel radius

trm  Thickness of the filling material
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tg Thickness of the segmental lining

UCS Unconfined compressive strength

u.,  Final entity of the tunnel wall displacement

U Displacement of the tunnel wall when the support system is installed
Umax Maximum displacement of the tunnel wall in the absence of supports
vsm  Poisson's ratio of the filling material

Vgr Poisson's ratio of the soil or rock present around the tunnel

Vg Poisson's ratio of the concrete constituting the segmental lining

a Percentage of the stress level acting in the filling material with respect to the UCS
strength

Omst Immediate displacement in the filling material

€ strain (ratio of the the displacement on the reference height)

Ecreep Creep strain of the filling material

Einst

n

(0]

Immediate deformation of the filling material

Long-term strength of the two-component material as a percentage of the UCS

Correction coefficient taking into account the deformation increase that occurs in the

first 10 minutes of load during a creep test

o

Applied or induced stress



65 Au Increase in the radial displacement of the tunnel wall due to the creep phenomenon

66 of the filling material
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Introduction

The backfilling (or tail void grouting) is the system used during the excavation of a tunnel by
means of a TBM (Tunnel Boring machine) to fill the void created during the advancement of
the machine between the support structure and the rock wall. As a matter of fact, when
tunneling is carried out using a shield machine and a segmental lining, there is a gap caused
by the overcut due to the slightly larger diameter of the shield machine than the lining
(Sharghi et al., 2018) and to the thickness of the shield and the space occupied by the
brushed, which close the void lining-shield (see Fig. 1). This gap is needed in order for the
TBM to curve left/right (planimetric curves) or up/down (altimetric curves).

The instantaneous filling of the annulus that is created behind the segment lining at the end
of the TBM tail during its advancement is a very important operation. The objective is to
minimize the surface settlements induced by the passage of the TBM, to assure that the
tunnel convergence is within the allowable limit, to ensure the homogeneous transmission
of stresses between the soil/rock mass and the lining, to avoid misalignments of the linings
and to provide impermeabilization of the tunnel (Thewes and Budach, 2009; Di Giulio et al.,
2020; Oggeri et al., 2021). Different types of materials are used to fill the gap, however lately
the two-component grout system is becoming more popular (e.g. Di Giulio et al., 2020;
Oggeri et al., 2021; Rahmati et al.,, 2021). To correctly achieve this, a simultaneous
backfilling system and the injected material should satisfy the technical, operational and
performance characteristics: the two-component grout must be water-tight, pumpable,
workable, able to fill the void, to stiff quickly and to be wash-out resistant, not able to shrink
(e.g. Thewes and Budach, 2009; Oggeri et al., 2021).

For these reasons, the open space must be continuously filled during the machine’s

advancement.
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Fig. 1 Section of EPB-TBM with some main aspects highlighted

The mix-design of a two-component grout is claiming for different requirements depending
on the job site characteristics and geological formation; however, the typical mix-design in
a m? system for a two-component grout consists in general by cement (280-450 kg),
bentonite (30-60 kg), water (730-860 kg), retarder (3-5 kg) and accelerator (60-80 kg),
normally sodium silicate. The accelerator (“B” component) is generally added just before the
pumping phase of the mix of water, bentonite, retarder and cement (“A” component).
Simultaneous backfilling with two-component grouts, in comparison with the mortar type
grouts, keeps in general lower settlements during TBM excavation (Hirata, 1989). Keeping
in mind the importance of the two-component grout during tunneling advancement, it must
be recognized that not many works deal with this material both experimentally and
numerically. It is well-known that the mechanical properties of the two-component grout

change based on the mix-design type (e.g. Flores, 2015; Todaro et al., 2019).

Oh and Ziegler (2014), Shah et al. (2018), Ochmanski et al. (2018) and more recently
Ochmanski et al. (2021) performed a numerical analysis regarding the effects of the two-
component grout on the tunnel settlement. However, the creep behavior of two-component
grouts has not be analyzed in details so far. In this paper, a mix-design of a two-component

grout has been tested by determining the Unconfined Compressive Strength (UCS) and the
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creep strain evolution at varying curing ages. From the analysis of the laboratory results it
was possible to understand the behavior of this material with particular attention to the
deformability and strength values during a loading phase and the analogous response to
long term loading, by maintaining different loads acting on the specimen. It was possible to
describe the development of deformations over time of the two-component material
subjected to different load entities related to the UCS. From the analysis of the laboratory
results it was possible to describe a behavioral model of the creep phase of the two-
component material and also to evaluate the effects of the evolution of deformations over
time on the behavior of the segmental lining and on the displacements of the tunnel wall.
The analysis of a real case of a tunnel excavated in Northern Italy in a weakly cohesive
material allowed to verify the effects of the creep of the two-component material on the
behavior of the support system, arriving at evaluating the reduction over time of the loads
applied to the segmental lining (stress relief) and the increase in the radial displacement of

the tunnel wall at the end of the creep phase.

General creep models

Due to the strains increase with time in tunnelling, creep can be an important phenomenon,
especially for very soft or heavily fractured rocks under significant in-situ stresses (Yu, 1998;
Dusseault and Fordham, 1993), for rocks of argillaceous nature (Barla, 2011) or also when
a combination of applied stresses and material properties, some specific geological
conditions, and/or a groundwater flow exist. For rocks containing clay, the phenomenon,
associated with water migration (or clay platelets orientation), could be considered as a

consolidation typology (Goodman, 1980).

When a specimen is subjected to a constant maintained load in unconfined compression in
the microfracturing range, the specimen will continue to deform after initial application of the

load (Hardy et al., 1969). Normally creep strain are not fully recovered; therefore, large
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plastic deformations take place (Dusseault and Fordham, 1993). Time dependent strain is
much higher in weak rocks and evaporites than in stiffer rocks, but the typical shape of the
strain trend is similar. Three reference types of deformation can be observed following the

strain trend under a maintained stress (Farmer and Gilbert, 1981):

a) level of applied load is maintained above a critical microcrack development level, then
unstable fractures will accelerate creep strains and quickly leading to specimen

failure;

b) level of stress is well below the critical microcrack development level, there will be a
limited spreading of fractures with an exponentially decaying of the creep strain rate

and stable conditions (no failure);

c) the intermediate zone represents a meta-stable condition, where cracks propagation
can occur leaving stable microfractures and reaching unstable conditions with crack
acceleration and failure. This can happen also with staged conditions of loading

(Figure 2, Oggeri, unpublished data).

Figure 2 shows an example of evaporitic rock presented for comparison with different
behaviour with deformation under constant loading. Trend of the curves, threshold levels for
both stress and strain and final control of specimen integrity can differ during testing.
Therefore, a dedicated experimental approach is deemed necessary for any new material.
Specimen a) and b) are coming from the same deposit, but even small differences in texture

and grain size of particles are influencing the test results.
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Fig. 2: Two examples of creep with a staged loading on evaporitic rocks. Specimen a)
is entirely made of salt, with microcrystals from millimetric to centimetric size (see
figure on the right); after an initial stable load at 14.1 MPa, failure is reached with a
step at 18.8 MPa. Specimen b) is a fine-grained salt including elements of marl; after

an initial load at 29.9 MPa, failure is reached with a step at 34.2 MPa.

Many models of creep and testing procedures have been carried out after the extended
research by Griggs (1939) and refinements after Lama and Vutukuri (1978). Alternative

approaches have been developed by Price and Farmer (1981).

In tunneling, many models are used to describe the creep of rocks and sprayed concrete,
e.g. rheological models (Jaeger and Cook, 1979), Kelvin model (Neville et al. 1983; Jaeger
and Cook, 1979; Rokahr and Lux 1987), Burgers model (Yin 1996), viscoplastic model
(Thomas 2009). In sprayed concrete creep is significantly higher at an early stage of load
as the strength of sprayed concrete is lower, as found by Huber (1991), who observed that

a sample loaded at 8 days creeps by 25% more than a similar sample loaded at 28 days.
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However, it must be kept in mind that some accelerators increase the early strengths
(Melbye 1994) therefore creep after 24 or 48 h is close to that at greater ages (Kuwajima
1999). Besides, studies have been carried out for the assessment of creep reaction of grout
for rockbolts (Van der Schyff, 2007), or for a new method for designing the grout mix based
on the induced shear stress rather than on the compressive strength (Orumchi and Mojallal,
2017); other contributions have been given for the creep behavior of a grouted sand
(Delfosse-Ribey et al., 2006): depending on the nature of the grout, the grouted sand has
exhibited creep strains of different degrees; moreover, similarities can be found for both

creep behavior and fatigue behavior as found trend curves have shoved similar shapes.

Arnau et al. (2011) provided analyses in order to study the backfill grout behavior and its
influence on the longitudinal response of the lining in plane strain. Three different grout
moduli of elasticity were used in the analysis for each different ground condition. An
assessment of the influence of grout shrinkage was also performed by assuming a value of
0.05 mm/m according to favorable curing conditions. The results showed that the modulus
of elasticity of the grout was not presenting a significant influence on the lining axial stress,
while tensile cracking for very stiff grouts could occur and that the lining creep and the grout
shrinkage were not significantly influencing the grout tensile stress for general tunnel
conditions. Backfill grout cracking was unable to influence negatively the radial structural
capacity of the segmental lining, while caused a reduction in the water-tightness of the lining.
It must be pointed out that in some cases (hydraulic tunnels) there is a significant internal
pressure in the tunnel which forces the backfilling mortar to play a crucial role of contact
between lining and rock mass. Besides, over time cracks lead to a loss of confinement of
the same backfilling material which, consequently, significantly reduces its mechanical
characteristics which could also lead to significant alignment/structural problems in the

lining.
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As final comment, the annulus grout material may remind of clay (bentonite)-cement slurries
for diaphragm wall applications (e.g. Cardu and Oreste, 2012; Spagnoli et al., 2016).
Although creep behavior may be studied, operative care is focused mainly on integrity, low
permeability performances, self-sealing properties, as well local displacement of the
structure in situ. For the annulus grout loading values are changing together with curing, and
stiffness and time performance is governing the interaction between a soft material (usually

the ground) and a very stiff material (the concrete segments).

Laboratory creep behavior of the two-component grout

The tested two-component mix-design adopted for this experimental campaign was based

on the following parts:

e Part A: 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%);
e Part B: water glass (sodium silicate) 85 g.

Part B is added at the end of mixing of the mentioned components as it reacts quickly by
producing a viscous grout (water glass represents about 7% of added weight to the initial
mix). Grout has been prepared starting from the bentonite hydration (duration at least 48
hours), then the slurry has been maintained for another 24 hours at low stirring. The mixing
with retarder and cement has been arranged directly inside the casing of the specimens, by
manual dispersion; finally, water glass catalyst has been injected into the fluid grout and a
high-speed rotating mixer (up to 8000 rpm) has been used during this phase. Every
specimen has been prepared by respecting the mass percentages provided for the standard

mix; weight of the components has been determined by means of 0.01 g precision scale.

Fast rotation of mixer has allowed to disperse the catalyst and homogenize the grout inside

the casing. Then, the casings containing the specimens have been recovered in a box for
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curing in water. Curing procedure has been selected following three different timelines for
testing: 24 h; 7 days; 28 days. Preparation of the specimen requires great care and repeated
preliminary attempts were done in order to obtain a suitable material. Temperature during

the tests has been kept constant at 19-21°C.

UCS has been carried out in a Belladonna mechanical press for soils, equipped with
bidirectional displacement rate control device. Transducers used to measure load and
vertical displacement 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
displacements have been measured following the relative movement of the base of the
specimen. Advancing rate has been adapted in the range of 0.15 + 0.45 mm/min and
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 as 46.5 mm.

Creep testing has been performed by using a standard mechanical oedometer (Belladonna
equipment) (Fig. 3), with settings to host the cell (a graduated plastic cylinder) with water
and the specimen. The host cell was made of stiff and transparent polypropylene and the
contact base with the specimen has been provided of a flat stainless-steel disk to avoid any
local deformation. A similar arrangement was already successfully used by Delfosse-Ribey

et al. (2006).

The adaptation of a classical Bishop lever oedometer has been done in order to fit the
expected strength level of the grout, if compared with typical properties of rock material

tested for creep (salt, coal, gypsum etc.). This equipment permits:

e to work from very low to medium stress levels;
e to provide a perfect vertical alignment of caps at the extremities of the specimen,;

e to provide a full recovery of mechanical gaps during assembling of specimens;
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e an easy water saturation control in open cells and drainage filters at contact with the
specimens;
e to continuously read the vertical displacement versus time; easy and direct check of

macroscopic cracking growth or lateral bulging.

The procedure for testing is following some steps: 1) preparation of the specimen with
selected mix and curing time in submerged conditions; 2) weighting and photos of the
specimen; 3) assembling inside the cell and filling of the cell with water; 4) mechanical gap
recovery of the displacements of the apparatus; 5) application of the selected load on the
lever arm in order to reach the selected stress level, according to previous experience
gained in uniaxial compression tests; 6) measurement of vertical displacement versus time;
7) detection of the trend and completion of the testing duration after reaching either a failure
(stable failure when residual bearing capacity is evident; unstable failure when specimen
start to yield and collapse) or a constant settlement; 8) removal of load and measurement

of eventual elastic strain recovery; 9) removal of the specimen, taking photos to verify the

crack pattern and weighting for moisture content.
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Fig. 3 Left: Twin cells adapted in the oedometer frame, where specimens are kept
submerged during constant load application and vertical settlement of the base is

continuously measured. Right: detail of a specimen inside a testing cell.

It is important to specify that standard test procedure for one-dimensional consolidation
properties of soils have been adapted in order to respect the fact that grout is curing during
testing: this is not the case for natural minerals such as salt or gypsum. After some practical
preliminary tests, repeatability and representativity have been observed for loading periods
of no more than one week after 24 hours of initial curing and of no more than four weeks
after 7 days and 28 days form curing beginning. Specimens have been maintained saturated
during cycles to avoid cracking, and displacements have been measured by means of

potentiometric transducers with precision of 0.01 mm. Fig. 4 shows the specimens used for

the tests. Quality in terms of homogeneity and geometry was considered acceptable.
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Fig. 4 Example of standard specimens prepared and obtained for UCS and creep
testing. The grain size of the cured grout specimens appears regular and

homogeneous, without veins or lenses of different consistency.

UCS results

The main results after unconfined compression testing are reported in Table 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, Eg, at
25%, 50% and 75% of the elastic domain and as tangential values, E;, at 50% of the elastic
domain. In Fig. 5 there is a representative sequence of vertical stress — vertical strain curves
for different curing ages. The observed UCS values are rated similar than expected if
compared with other available results on this grout type (see Oggeri et al., 2021). Vertical
stress versus vertical strain is reliable both in the elastic and in the post peak field. A clear
yielding and softening behavior have been observed, with some subvertical and inclined
prevailing cracks. In some cases, a pseudo-conical shape at failure has been observed at

the extremities of the specimen, thus respecting the ideal Mohr-Coulomb strength criterion

(Fig. 6).



291  Tab. 1 Summary of specimen data for the UCS tests.

24 h | Diameter | Height | Weight Apparent unit UCS | Es25% | Eg50% | Eg 75% | E; 50%

curing (mm) (mm) (9) weight (g/cm?) (kPa) | (MPa) | (MPa) | (MPa) | (MPa)
n.1 46.5 85 187.6 1.299 480 6.5 9.7 11.5 23.1
n.2 46.5 84.4 185.0 1.291 215 5.6 8.7 10.2 17.9
n.3 46.2 85.2 186.2 1.304 350 9 12.3 16.5 26.2
n.4 46.5 84.9 186.3 1.292 320 8.1 10.1 13.3 24.7

7 days | Diameter | Height | Weight Apparent unit UCS | E;25% | E;50% | Eg 75% | E; 50%

curing (mm) (mm) (9) weight (g/cm?) (kPa) (MPa) | (MPa) | (MPa) | (MPa)
n.1 46.5 86 190.1 1.302 1270 25.8 34.1 42.6 78.1
n.2 46.5 86 192.0 1.314 1110 17.5 26.5 32.3 73.8
n.3 46.5 83 186.3 1.322 760 51.2 63 74.7 76.41
n.4 46.5 84 190.1 1.332 1150 38.5 50 55.4 117.8
n.5 46.5 89 192.6 1.274 990 33.3 43.2 54.6 109.9
di?/s Diameter | Height | Weight Apparent uniat UCS | E425% | E¢50% | Eg 75% | E¢ 50%
curing (mm) (mm) (9) weight (g/cm?) (kPa) (MPa) | (MPa) | (MPa) | (MPa)
n.1 46.5 83 183.3 1.300 1290 37.8 44.8 54.9 109.4
n.2 46.5 83 185.5 1.316 1110 20.4 26.2 32.7 63.3
n.3 46.5 84 188.6 1.322 1290 33.3 44 59.6 108.7

n.4 46.5 86 192.1 1.315 1400 30.1 43.1 57.1 111.2
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Fig. 5. Examples of vertical stress — vertical strain curves for grout specimens at
different curing age (at 24 hours, 7 days and 28 days from curing beginning,
respectively), during a uniaxial compressive test. Along the vertical axis applied
stress o in MPa is reported, along horizontal axis induced vertical strain in & (ratio of
the vertical displacement on the sample height) is reported. Strain softening after the

stress peak is more evident for short age curing specimens.
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Fig. 6. Different failure modes for specimens after unconfined compression testing.

The formation of conical shaped bodies is clearly visible at left and in the middle. On
the right, the radial expansion has prevailed with symmetrical formation of vertical

slabs.

Creep tests results

Constant loading testing has been carried out on several specimens, and the selection of
regular behavior has been reported after exclusion of not homogeneous materials. In Table
2 the evidence of 11 tests is reported, with geometrical data and the applied vertical loads,
both effective and as a percentage of the reference value obtained from the compression
tests. The UCS has been determined in advance in order to properly assign a reasonable
ratio of the applied constant load, just because this ratio triggers the passage between a

stable and an unstable behavior.
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Tab. 2. Summary of specimen data for constant loading (creep) tests. Last column shows the load percentage referred to a

representative value of UCS for the same type of grout and curing age.

24 h curing diameter (mm) | height (mm) | weight (g) | apparent unit weight (g/cm?) | o creep (kPa) | o creep (as % UCS)
n.1 creep 46.2 85.3 187.1 1.308 290 75
n.2 creep 46.5 85.2 186.2 1.287 230 60
n.3 creep 46.5 85.8 187.2 1.285 175 45
n.4 creep 46.5 87.6 189.2 1.270 115 30

7 days curing | diameter (mm) | height (mm) | weight (g) | apparent unit weight (g/cm?) | o creep (kPa) | o creep (as % UCS)
n.1 creep 46.5 87.0 192.0 1.300 700 66
n.2 creep 46.5 85.6 187.9 1.293 580 55
n.3 creep 46.5 93.8 203.8 1.279 460 45
n.4 creep 46.5 85.7 188.5 1.295 350 33

28 days curing | diameter (mm) | height (mm) | weight (g) | apparent unit weight (g/cm?®) | o creep (kPa) | a creep (as % UCS)
n.1 creep 46.5 86.0 192.2 1.316 930 75
n.2 creep 46.5 85.1 189.4 1.312 700 55
n.3 creep 46.5 84.2 186.0 1.304 460 35
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In Fig. 7 the net settlement versus time trend is reported, for the three selected curing
periods, respectively 1 day (A), 7 days (B) and 28 days (C). The tests have shown,

depending on the applied load magnitude:

e at 1 day of curing: a stable behavior for 2 specimens, a stable failure for 1 specimen,

an unstable failure for 1 specimen;

e at 7 days of curing: a stable behavior for 1 specimen, a stable failure for 1 specimen,

and unstable failure for 2 specimens;

e at 28 days of curing: a stable behavior for 2 specimens, an unstable failure for 1

specimen.

Fig. 8 shows some representative effects after the end of the creep test. It is possible to
observe how the grout can respond to a constant loading. It is necessary to remind that for
1 days and 7 days curing ages grout is still strengthening, even if failures occur due to
loading. Only for long term-curing, i.e. 28 days, it fair to state that full mechanical properties

of grout have been reached.
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331

332 Fig. 7 Net settlement versus time are reported, for the three selected curing periods,

333 respectively 1 day (graph A with 2 stable behavior, 1 stable failure, 1 unstable failure);



334 7 days (graph B with 1 stable behavior, 1 stable failure, 2 unstable failure); 28 days

335 (graph C with 2 stable behavior and 1 unstable failure).

e

1 day curin - 7 days curing

28 days curing

w
ﬁ

337 Fig. 8. Different failure modes for specimens after creep (constant load). A) de-

336 B vl >

338 assembled specimen, failure with conical end shape, curing 1 day; B) failure with axial
339 symmetry for lateral expansion, 7 days curing; C) failure with conical end shape, 28

340 days curing.
341 Comments of laboratory results

342 The available data and the observed behavior during the standard compression test and
343  during compression tests with constant loads (creep tests), for this mix-design, can allow to

344  putin evidence some features:

345 e the mixing procedure carried directly inside the casing has determined a little increase

346 in the unit weight referred to the test results reported in a previous campaign, thanks
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to the reduction of the weak material removal from the end of the specimen during
preparation;

there is a general increase in UCS strength and in elastic moduli due to the previous
point;

all specimens have shown a post peak behavior, with wider strain softening for
shorter curing ages;

in some cases, a clear evidence of conical shaped ends at failure of the specimens
has been observed, both in compression tests and during creep tests;

long term strains do not reach an ultimate value, even when in stable loading; this
happens in particular at 1 day and 7 days of curing, less for 28 days of curing. The
balance between the maintained load and residual strengthening appears to be
reasonably the cause for the observed trend,;

strain creep diagrams show one half of final value occur in the initial 2 minutes; there
is an initial link with expected values after compression testing, then stiffness changes
as a consequence of induced damage. The load in creep tests, even if less than UCS,
is anyway applied instantly;

in creep testing, for some specimens, failure has been observed as a progressive
trend towards unstable crack propagation;

no absolute and unique link between measured settlements in creep and the
correspondent modulus of deformability in the compression test has been found;
however satisfactory correlations exist between AHsinal in stable creep zones and E;
75% from compression tests for 1 day and 28 days of curing; in a similar way,
correlation exists between AHprimary in creep and Eg 75% from compression tests for 7
days of curing;

the deformative process results to be different for short grout curing age (1 day)

respect to 7 or 28 days of curing age;



373 ¢ Although temperature has an effect on creep behavior for both rocks (Li et al., 2019)
374 and concrete (e.g. Geymayer, 1970) accelerating creep, its effects are beyond the

375 scope of this research.

376  The trend of deformations over time after 7 and 28 days of curing is interesting to evaluate
377 in order to study the effect of the creep of the two-component material on the behavior of

378 the support system.

379 In particular, after 7 days of curing it is useful to refer to the curve obtained by applying an
380 axial load equal to 33% of the failure stress (UCS) of the material (Fig. 9); this load did not
381 cause the material to fail and a final stabilization of deformations was observed. For applied
382 loads equal to 45% of UCS or higher (55% and 66%), on the other hand, the failure of the

383 material was achieved after a creep phase.
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384

385 Fig. 9. Trend of deformations over time in a sample of two-component material cured
386 for 7 days and subjected to an axial load equal to 33% of UCS. After the application

387 of the load, there is a significant increase in displacements in the first 10 minutes,
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after which the displacements grow with a markedly bi-linear trend (zones 1 and 2 in

the graph) until stabilization is reached after about 14 days from loading.

From the analysis of the figure it can be seen that the immediate displacement (J;,s:) upon
application of the load is 0.37 mm. In the first 10 minutes there is a significant increase in
the displacements until reaching a double value of &;,,, after which the displacements
increase with a markedly bi-linear trend until stabilization is reached after about 14 days
from loading: in the first linear section, the displacement changes from 2.00-6;,,5; 10 2.25 55t
after 8 hours from the application of the load; in the second linear section it reaches a
displacement of 2.50-5,,; after 14 days from the application of the load. The expressions
that describe the trend of the displacements over time in the two linear sections are shown

below:

§ =[2.00+0.032 (¢t — 1/6)] -8imse  (t in hours), for t ranging between 1/6 hours and 8

hours (1)

§=[2.25+0.018- (t — 1/3)] -8imse  (t in days), for t ranging between 1/3 days and 14 days
2
After 28 days of curing, the specimen on which a load equal to 75% of the UCS value was
applied reached failure after the creep phase. While for loads equal to 35% and 55% of
UCS, there was no failure of the specimen subjected to the creep test. More specifically, for
the load equal to 35% of UCS we note the same bi-linear trend observed for the case
referred to the 7-day curing, with a value of §;,,; equal to 0.30 mm. While for the load equal
to 55% there is also a bi-linear trend but with the following characteristics: even now in the
first 10 minutes there is a significant increase in displacements until reaching a value of
1.5-6;n5¢; after which the displacements increase up to 1.75-8;,, after 8 hours from the
application of the load and in a second stretch up to the final stabilization at 14 days from

the application of the load with a final displacement value equal to 2-§;,,;.
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From a detailed analysis of the results of the creep tests, therefore, the following can be

noted:

e the maximum percentage of the load with respect to UCS that would allow to avoid
the failure of the specimen in the long term goes from about 40 for 1 week of curing
of the material to about 70 for 4 weeks of curing of the specimen;

e the trend of deformations over time follows a bi-linear law after the first 10 minutes of
loading; a first stretch is between 10 minutes and 8 hours from the application of the
load, the second stretch from 8 hours to 14 days from the application of the load;

e the curing age of the specimen does not seem to alter the deformation curve over
time; a certain effect on this curve is given by the applied load, evaluated as a
percentage of the UCS value;

e the deformation increases according to two linear sections and the total value of the
creep strain is constant and equal to one half of the immediate deformation detected
on the specimen upon application of the load, regardless of the curing age of the
specimen and the percentage value of the applied load,;

e in the first 10 minutes from the application of the load the deformations grow rapidly
until reaching 2 times the immediate deformation (2- §;,,5;) for percentages of the load
equal to about 35% of UCS and 1.5 times the immediate deformation (1.5-8;,,) for

percentages of the load equal to about 55% of UCS.

Immediate deformation therefore has a significant importance in understanding the
phenomenon of creep because it influences the deformation levels that develop in the
material over time. From the results obtained in the laboratory tests (uniaxial compression
and creep), it can be seen how the initial deformation can be estimated with a good
approximation by adopting the tangent elastic modulus determined in the uniaxial

compression tests, associated with the stress value equal to the applied load in the creep
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test. Ultimately, if the applied load is equal to 35% of UCS, the immediate deformation of

the specimen g, Will be defined by the following relationship:

__0.35-UCs
Einst =

3)

E¢ 359
where:

UCS is the monoaxial compressive strength of the two-component material measured for a

specific curing age;

E. 354,iS the tangent modulus of elasticity measured at a stress level equal to 35% of UCS,
evaluated on a specimen of two-component material with a specific curing age, subject to

the uniaxial compression test.

Analysis of the effects of creep on the tunnel support system

The support system (segmental lining with the two-component material surrounding it) has
been studied in detail by Oreste et al. (2021). Using the convergence-confinement method,
it is possible to analyze the interaction between this support system and the tunnel wall. It
is a very widespread analytical method in the geomechanical field, such as the limit
equilibrium method (LEM) (Oreste, 2013), which combines the advantage of the simplicity

of the approach with the precision and reliability of the results.

Some simplifying hypotheses are necessary (Osgoui and Oreste, 2007; Oreste, 2009a;

2009b; Ranjbarnia et al., 2014; 2016; Spagnoli et al., 2016):

e circular and deep tunnel;
e initial stress state of hydrostatic type (k, = 1);

¢ homogeneous and isotropic soil or rock, with linear elastic behavior.
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Specific and detailed studies of the behavior of the support system can be developed by
adopting three-dimensional numerical modeling (Do et al., 2014; 2015a; 2015b: Pelizza et

al., 2000).

In order to evaluate the load applied on the segmental lining and the deformation conditions
of the tunnel wall and of the segmental lining, it is necessary to intersect the convergence-

confinement curve with the reaction line of the support system (Fig. 10) (Oreste, 2003).

The convergence-confinement curve depends on the behavior of the ground at the tunnel
boundary: it relates the internal pressure applied on the tunnel wall to the radial
displacement of the tunnel wall towards the center of the tunnel (Brown et al., 1983; Panet,
1995). As the internal pressure decreases, the radial displacement increases, until it reaches

the maximum value when the internal pressure is zero.

The reaction line of the support system relates the pressure applied by the support system
to the variation of the displacement of the tunnel wall. This displacement also corresponds
to the displacement manifested by the support system on its outer edge, which comes into
contact with the tunnel wall. As the movement of the tunnel wall increases, the pressure

applied by the tunnel wall will increase.

There is an end equilibrium point between the tunnel and the support system which is given
by the intersection between the convergence-confinement curve and the reaction line of the

support system.
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Fig. 10 The intersection between the convergence-confinement curve of the tunnel
and the reaction line of the support system when this is composed of segmental lining
and the two-component material around it (modified by Oreste et al., 2021). Legend:
p: internal pressure applied to the tunnel wall; u: radial displacement of the tunnel
wall; po: lithostatic stress in the soil or rock at the depth of the tunnel; u,:
displacement of the tunnel wall at the distance from the excavation face of the section

where the support system is installed; Uy = (1 4+ vg) - Po - R/E g, Where Eg,. is the

gr
elastic modulus and v, the Poisson's ratio of the ground (soil or rock) present around
the tunnel; R is the tunnel radius; p., and u.4: respectively the load applied on the

support system and the radial displacement of the tunnel wall in the final condition

of equilibrium, at the end of the process of loading the support system.

An iterative procedure was developed to correctly describe the reaction line of the support

system (Oreste et al., 2021). The curvilinear shape of the reaction line is due to the fact that
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the two-component material matures during the loading of the support system. There will be
two specific different stiffnesses of the support system: when the segmental lining is
installed, the two-component material will have a very low initial stiffness (short curing age);
at the end of the support loading process (when the excavation face has advanced to a
distance of about 4-R from the study section), the stiffness of the two-component material
reaches its maximum value. This different stiffness of the support system is reflected in the
inclination of the curvilinear reaction line, which initially presents a lower tangent, until
reaching the maximum inclination of the tangent line near the point of intersection with the

convergence-confinement curve (end of the support system loading process).

The point of intersection is given by the values p,, and u,, respectively the load applied on
the support system and the radial displacement of the tunnel wall in the final equilibrium

condition. p,, and u,, can be obtained from the following expressions:

_ 2'p0+u0'(ksys,fin+ksys,in) 4
ueq —  2Egr ( )
(1+Vgr).R+(ksys,fin+ksys,in)
E,
= S | LA
peq = Po (1+Vgr)'R ueq (5)

where:

kgysin @nd ke rin: Stiffness of the support system at the beginning and at the end of the
loading process; for the evaluation of the initial stiffness, reference is made to the curing age
ty, Necessary to resume the advancement of the TBM machine, which marks the start of
loading of the lining; for the evaluation of the final stiffness, reference is made to the time
(tr) necessary for the excavation face to reach a distance of about 4-R from the studied

section.

The overall stiffness of the support system is evaluated using the following equation (Oreste,

2003; Oreste et al., 2021):
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kg, is the radial stiffness of the segmental lining;

Ern and vy, are respectively the elastic modulus and the Poisson's ratio of the filling

material; Ep,, varies over time with increasing curing age;

Eg and v are respectively the elastic modulus and the Poisson's ratio of the segmental
lining;
trm and tg; are respectively the thickness of the filling material and of the segmental lining.

To determine the k;,; values it is necessary to evaluate the elastic modulus of the filling
material Ef,,. Imagining a progressive loading over time with a regular advancement of the

excavation face, the deformation process that develops in the filling material is the one that

refers to the first minutes of the creep tests.

Therefore, for the evaluation of the kg, ;, reference must be made to the initial tangent

elastic modulus (Ef,, = Ey g9, Of the filling material). To determine k a value of the elastic

sys,fin
modulus of the filling material must be adopted which depends on the stress level reached

inside it in the final equilibrium condition:
E,
Epp = —% (7)

where:
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E: o is the tangent elastic modulus of the filling material associated with a percentage load

level a referred to UCS;

o IS a correction coefficient that takes into account the deformation increase that occurs in
the first 10 minutes of load in the creep test; it depends on the percentage « of the stress

level acting in the filling material with respect to the UCS strength, i.e. w = 2.875 - 2.5 - «a.

Since the stress state induced in the filling material depends on the still unknown value of
Deq» @ls0 in this case the value of E¢,, must be adapted as a function of p., and u,,, which
is obtained from the intersection of the two curves. Another iterative procedure is therefore

necessary.

The value of the maximum principal stress in the filling material can be obtained from the

following expression (Oreste et al., 2021):

E t E £, (to)
_ ieq rm( fz; fmto) (me'H//%m)'peq 8
Ul,max,fm = (1_1/% ) ( )
m

Where: oy 1mqx rm 1S the maximum (circumferential) principal stress in the filling material.

The value « will be adapted until the values of p.,, U.q, 01maxsm and UCS are compatible

with each other. At that point, the reaction line of the support system can be correctly placed

in the graph and p,, and u,, evaluated.

Once the final configuration of the support system has been reached, it will be possible to
represent the effect of the creep on the bilinear tract of Fig. 9. On the basis of the
experimentation carried out and what was deduced in the previous paragraph, the overall
deformation increase due to the creep phenomenon can be estimated as half of the
immediate deformation, regardless of the curing age of the specimen and the value of the
applied load. It is therefore possible to derive the increase in deformation due to the creep

in the filling material from the following expression:
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Ecreep = 0.5 - —/—— (9)
Et,a

Since this deformation ¢, is a circumferential deformation at the extrados of the filling
material ring, it is possible to derive from it the increase in displacement Au of the tunnel

wall:
AU = Ecpeep * R (10)

Thanks to the knowledge of Au it will be possible to represent the effect of the creep of the
filling material on the graph of the convergence-confinement curve and evaluate the final

displacement of the tunnel wall (Fig. 11).

- Creep phenomenon

v

Ug Ugqg UeqtAU

Fig. 11. Representation of the creep phenomenon in the filling material once the final
equilibrium point is reached at the end of the process of placing the support system
in charge. Legend: Au: increase in the radial displacement of the tunnel wall due to

the creep of the filling material.
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The creep phenomenon therefore produces an increase in the displacement of the tunnel
wall, as well as a stress discharge of the segmental lining. Both results are fundamental for
tunnel design. The increase in the displacement of the tunnel wall is useful for evaluating
the subsidence of the soil surface in the long term. The stress relief of the segmental lining
allows to obtain the correct value of the safety factor of the support system in the long term.
Furthermore, the increase in the displacement of the tunnel wall as a result of the creep can
lead to values exceeding the maximum acceptable limits, such as to indicate an incorrect
functioning of the tunnel-support system. The final control of this displacement in the tunnel
design stage, therefore, is essential to avoid excessive values which could lead to high risks

of instability of the tunnel.
Example of support system design considering the filling material creep phenomenon

In defining the thickness of the filling material and also the thickness of the segmental lining,
it is necessary to consider the evolution over time of the mechanical characteristics of the
filling material (following its curing) and the creep phenomenon. In fact, the curing over time
and the creep phenomenon markedly characterize the two-component material and
influence the loading of the support system. The final load acting on the segmental lining,
therefore, depends on the thickness of the filling material and on the methods of loading the
support system. Oreste et al. (2021) have already demonstrated how the thickness of the
filing material, the downtime of the TBM machine after the construction of the support
system, the average speed of advancement of the TBM after the stop of the TBM are all
elements that influence the stress state in the filling material and the load acting on the

support system.

More specifically, the case of a tunnel with a length of 5 km and a diameter of 9.4 m,
excavated at a depth of about 70 m (p, = 1.12 MPa) in Northern Italy by a TBM machine

(EPB type) in a weakly cohesive soil having an elastic modulus Eg, of 150 MPa and a
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Poisson's ratio vy, of 0.3 was analyzed in detail. The thickness adopted for the segmental
lining (t;;) was 0.35 m, the thickness of the filing material (t;,,) was 0.15 m. For the

segmental lining concrete, an elastic modulus E,; of 30,000 MPa and a Poisson's ratio v

of 0.15 were assumed.

Considering a still stand for the construction of a new lining ring of 1 hour at a distance of
2.5 m from the excavation face and an average advancement speed of the TBM v of 0.35
m/h, the reaction line of the reported support system is shown in Figure 12 (modified after

Oreste et al., 2021).

1,6

= convergence-confinement curve of the tunnel

—
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----- reaction line of the support system
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Fig. 12. Convergence-confinement curve of the tunnel and reaction line of the support
system in the examined case: tunnel with a diameter of 9.4 m at a depth of 70 m
excavated in a weakly cohesive soil with an elastic modulus Eg4 of 150 MPa. The
support system consists of a 0.35 m thick segmental lining and a 0.15 m thick filling

material ring. The red line represents the modification of the equilibrium point on the
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convergence-confinement curve following the creep phenomenon in the filling

material.

The pressure p,, associated with the intersection point is 0.86 MPa and represents the load
acting on the support system at the end of the loading process, when the excavation face
reaches a distance of about 4-R from the study section of the support system. The
displacement u,, is 10.7 mm: it is the final displacement of the tunnel wall at the end of the

loading process.

Using eq. 8 it is possible to determine oy pax,rm, the maximum (circumferential) principal
stress in the filling material at the end of the loading of the support system; a value of 0.92
MPa is obtained, which constitutes 31.6% of the strength of the material after about 48 h,

the average time necessary to reach the distance of 4-R from the investigated section.

From the experimental study developed and presented in the previous paragraphs, it was
possible to verify how the long-term strength of the two-component material is only a
percentage n of the UCS. In particular, the value of n depends on the days of curing of the

material:

n=03+0.0143 ¢, (11)

Where:

t. is the curing age in days.

After two days of curing (48 h), therefore, n worth about 32.9%. This means, therefore, that
a maximum stress of 0.92 MPa (31.6% of the compressive strength UCS) is bearable by the
two-component material even in the long term without reaching failure. By maintaining its

integrity, the two-component material is able to effectively perform the task of transferring
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the radial loads to the segmental lining and allowing the support system to be waterproofed,

preventing water from infiltrating inside the tunnel.

As for the deformation increase of the tunnel wall, the value of Au can be determined on the
basis of equations 9 and 10 and considering that the stress oy yqyrm inside the two-
component material tends to decrease progressively during the creep phase: it is therefore
necessary to adopt the average value that this stress assumes in this specific phase.
Therefore, assuming a tangent elastic modulus E; at two days of curing equal to 40 MPa,
we obtain a &, value of 0.0067 and an increase in the radial displacement of the tunnel
wall of about 31 mm. This increase in the deformations of the tunnel wall has the effect of
reducing the load applied on the segmental lining from the initial value of 0.86 MPa to the
final value (at the end of the creep phase) of 0.11 MPa. A consistent reduction of the acting
loads and of the stress state induced in the concrete which is often found when detailed
measures for monitoring the behavior of the segmental lining are available long times after

its installation.

Conclusions

The filling material inserted in the gap between the segmental lining and the tunnel wall has
several important roles aimed at ensuring the effectiveness of the support system of a tunnel
excavated with a TBM machine. Nowadays a bi-component filling material is widely used,
which has particular characteristics: a curing phase during which the mechanical parameters
evolve rapidly; a creep behavior with secondary deformations that develop over time when
the material is subjected to a stress load. These features make the interaction between the
support system and the tunnel complex, given that the filling material is loaded progressively
over time, starting from its installation into the gap between the segmental lining and the

tunnel wall. The creep phase generally comes into play at the end of the support system
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loading phase and has as a consequence the reduction of the loads transmitted to the

segmental lining and the increase in deformations of the tunnel wall.

The creep phenomenon has been studied for many other materials in the field of
geotechnics and geomechanics. Many models have been developed and are known in the
scientific literature to represent the behavior of such materials. Although the two effects
mentioned above and induced by the creep of the filling material on the extrados of the

segmental lining are very important, no studies on this topic are available in the literature.

In particular, the increase in the radial displacement of the tunnel wall due to the
phenomenon of creep in the filling material can induce high subsidence on the soil surface
and can lead to conditions that are not compatible with the stability of the tunnel (exceeding

the maximum permissible values of the convergence tunnel).

In this work the results of an extensive laboratory experimentation on the creep behavior,
developed for different curing ages of the specimens and different load entities in relation to
the UCS of the material, are reported. It was possible to identify which is the maximum
compression stress where no failure of the material under a continuous load over time is
observed. In addition, it was possible to derive the recurring trend of deformations over time

(creep trend) by varying the curing ages and the stress state applied to the specimens.

The information obtained from the experimentation was then used to understand the effects
of the creep phase of the two-component material on the interaction between the support
system and the tunnel. In particular, it was possible to evaluate the decrease in the radial
load applied to the support system (and, therefore, to the segmental lining) and the increase
in the deformations of the tunnel wall. Finally, the application of the above considerations to
a real case of a tunnel excavated in Northern Italy in a weakly cohesive ground has allowed

to understand how the creep of the two-component material has non-negligible effects on
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the final stress state induced in the segmental lining and on radial displacements of the

tunnel wall.
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FIGURE CAPTION

Fig. 1 Section of EPB-TBM with some main aspects highlighted

Fig. 2: Two examples of creep with a staged loading on evaporitic rocks. Specimen a)
is entirely made of salt, with microcrystals from millimetric to centimetric size (see
figure on the right); after an initial stable load at 14.1 MPa, failure is reached with a
step at 18.8 MPa. Specimen b) is a fine-grained salt including elements of marl; after

an initial load at 29.9 MPa, failure is reached with a step at 34.2 MPa.

Fig. 3 Left: Twin cells adapted in the oedometer frame, where specimens are kept
submerged during constant load application and vertical settlement of the base is

continuously measured. Right: detail of a specimen inside a testing cell.

Fig. 4 Example of standard specimens prepared and obtained for UCS and creep
testing. The grain size of the cured grout specimens appears regular and

homogeneous, without veins or lenses of different consistency.

Fig. 5. Examples of vertical stress — vertical strain curves for grout specimens at
different curing age (at 24 hours, 7 days and 28 days from curing beginning,
respectively), during a uniaxial compressive test. Along the vertical axis applied
stress o in MPa is reported, along horizontal axis induced vertical strain in & (ratio of
the vertical displacement on the sample height) is reported. Strain softening after the

stress peak is more evident for short age curing specimens.

Fig. 6. Different failure modes for specimens after unconfined compression testing.
The formation of conical shaped bodies is clearly visible at left and in the middle. On
the right, the radial expansion has prevailed with symmetrical formation of vertical

slabs.
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Fig. 7 Net settlement versus time are reported, for the three selected curing periods,
respectively 1 day (graph A with 2 stable behavior, 1 stable failure, 1 unstable failure);
7 days (graph B with 1 stable behavior, 1 stable failure, 2 unstable failure); 28 days

(graph C with 2 stable behavior and 1 unstable failure).

Fig. 8. Different failure modes for specimens after creep (constant load). A) de-
assembled specimen, failure with conical end shape, curing 1 day; B) failure with axial
symmetry for lateral expansion, 7 days curing; C) failure with conical end shape, 28

days curing.

Fig. 9. Trend of deformations over time in a sample of two-component material cured
for 7 days and subjected to an axial load equal to 33% of UCS. After the application
of the load, there is a significant increase in displacements in the first 10 minutes,
after which the displacements grow with a markedly bi-linear trend (zones 1 and 2 in

the graph) until stabilization is reached after about 14 days from loading.

Fig. 10 The intersection between the convergence-confinement curve of the tunnel
and the reaction line of the support system when this is composed of segmental lining
and the two-component material around it (modified by Oreste et al., 2021). Legend:
p: internal pressure applied to the tunnel wall; u: radial displacement of the tunnel
wall; po: lithostatic stress in the soil or rock at the depth of the tunnel; uy:
displacement of the tunnel wall at the distance from the excavation face of the section

where the support system is installed; Uy = (1 4+ vg) - Po - R/E g, Where Eg,. is the

gr
elastic modulus and v, the Poisson's ratio of the ground (soil or rock) present around
the tunnel; R is the tunnel radius; p., and u.4: respectively the load applied on the

support system and the radial displacement of the tunnel wall in the final condition

of equilibrium, at the end of the process of loading the support system.
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Fig. 11. Representation of the creep phenomenon in the filling material once the final
equilibrium point is reached at the end of the process of placing the support system
in charge. Legend: Au: increase in the radial displacement of the tunnel wall due to

the creep of the filling material.

Fig. 12. Convergence-confinement curve of the tunnel and reaction line of the support
system in the examined case: tunnel with a diameter of 9.4 m at a depth of 70 m

excavated in a weakly cohesive soil with an elastic modulus Eg4 of 150 MPa. The

support system consists of a 0.35 m thick segmental lining and a 0.15 m thick filling
material ring. The red line represents the modification of the equilibrium point on the
convergence-confinement curve following the creep phenomenon in the filling

material.
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Abstract

The complexity of the two-component grout behavior significantly affects the interaction
between the support system and the tunnel. The loading of the filling material (and also of
the segmental lining) takes place during the curing phase. At the end of it a creep phase
develops which shows secondary deformations over time which result in a relaxation of the
segmental lining and an increase in the deformation of the tunnel wall. In this work, a
laboratory experiment campaign allowed to study the two-component material in detall
during the creep phase. The typical trend of deformations over time, obtained for different
stress load values and material curing age, was identified. The maximum stress was also
evaluated which still allows to avoid the failure of the material over time, when a persistent
state of stress is applied. The information obtained from the experimentation allowed to
provide considerations on the support system-tunnel interaction, using the convergence-
confinement method. The approach followed was then applied to a real case of a tunnel
excavated in Northern Italy, for which it was possible to estimate the decrease in the load
applied to the support system and the increase in deformations of the tunnel wall due to the

creep phenomenon of the two-component material.
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Abbreviations and nomenclature

Efn  Elastic modulus of the filling material

gr  Elastic modulus of the ground

E; Secant elastic modulus

Eg Elastic modulus of the segmental lining (concrete)

E;  Tangent elastic modulus

E.., Tangent elastic modulus of the filling material associated with a percentage load level

a referred to the Unconfined Compressive Strength (UCS)

E. 354, Tangent modulus of elasticity measured at a stress level equal to 35% of UCS

k Stiffness of the support system at the end of the loading process

sys,fin
ks,s  Stiffness of the support system

ksysm Stiffness of the support system at the beginning of the loading process
kg Radial stiffness of the segmental lining

ko Coefficient of earth pressure at rest

p Pressure inside the tunnel acting on the walls

peq  Final entity of the loads acting on the support system

Po Hydrostatic initial stress state (undisturbed)

R Tunnel radius

trm  Thickness of the filling material
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tg Thickness of the segmental lining

UCS Unconfined compressive strength

u.,  Final entity of the tunnel wall displacement

U Displacement of the tunnel wall when the support system is installed
Umax Maximum displacement of the tunnel wall in the absence of supports
vsm  Poisson's ratio of the filling material

Vgr Poisson's ratio of the soil or rock present around the tunnel

Vg Poisson's ratio of the concrete constituting the segmental lining

a Percentage of the stress level acting in the filling material with respect to the UCS
strength

Omst Immediate displacement in the filling material

€ strain (ratio of the the displacement on the reference height)

Ecreep Creep strain of the filling material

Einst

n

(0]

Immediate deformation of the filling material

Long-term strength of the two-component material as a percentage of the UCS

Correction coefficient taking into account the deformation increase that occurs in the

first 10 minutes of load during a creep test

o

Applied or induced stress
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Introduction

The backfilling (or tail void grouting) is the system used during the excavation of a tunnel by
means of a TBM (Tunnel Boring machine) to fill the void created during the advancement of
the machine between the support structure and the rock wall. As a matter of fact, when
tunneling is carried out using a shield machine and a segmental lining, there is a gap caused
by the overcut due to the slightly larger diameter of the shield machine than the lining
(Sharghi et al., 2018) and to the thickness of the shield and the space occupied by the
brushed, which close the void lining-shield (see Fig. 1). This gap is needed in order for the
TBM to curve left/right (planimetric curves) or up/down (altimetric curves).

The instantaneous filling of the annulus that is created behind the segment lining at the end
of the TBM tail during its advancement is a very important operation. The objective is to
minimize the surface settlements induced by the passage of the TBM, to assure that the
tunnel convergence is within the allowable limit, to ensure the homogeneous transmission
of stresses between the soil/rock mass and the lining, to avoid misalignments of the linings
and to provide impermeabilization of the tunnel (Thewes and Budach, 2009; Di Giulio et al.,
2020; Oggeri et al., 2021). Different types of materials are used to fill the gap, however lately
the two-component grout system is becoming more popular (e.g. Di Giulio et al., 2020;
Oggeri et al., 2021; Rahmati et al.,, 2021). To correctly achieve this, a simultaneous
backfilling system and the injected material should satisfy the technical, operational and
performance characteristics: the two-component grout must be water-tight, pumpable,
workable, able to fill the void, to stiff quickly and to be wash-out resistant, not able to shrink
(e.g. Thewes and Budach, 2009; Oggeri et al., 2021).

For these reasons, the open space must be continuously filled during the machine’s

advancement.
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Fig. 1 Section of EPB-TBM with some main aspects highlighted

The mix-design of a two-component grout is claiming for different requirements depending
on the job site characteristics and geological formation; however, the typical mix-design in
a m? system for a two-component grout consists in general by cement (280-450 kg),
bentonite (30-60 kg), water (730-860 kg), retarder (3-5 kg) and accelerator (60-80 kg),
normally sodium silicate. The accelerator (“B” component) is generally added just before the
pumping phase of the mix of water, bentonite, retarder and cement (“A” component).
Simultaneous backfilling with two-component grouts, in comparison with the mortar type
grouts, keeps in general lower settlements during TBM excavation (Hirata, 1989). Keeping
in mind the importance of the two-component grout during tunneling advancement, it must
be recognized that not many works deal with this material both experimentally and
numerically. It is well-known that the mechanical properties of the two-component grout

change based on the mix-design type (e.g. Flores, 2015; Todaro et al., 2019).

Oh and Ziegler (2014), Shah et al. (2018), Ochmanski et al. (2018) and more recently
Ochmanski et al. (2021) performed a numerical analysis regarding the effects of the two-
component grout on the tunnel settlement. However, the creep behavior of two-component
grouts has not be analyzed in details so far. In this paper, a mix-design of a two-component

grout has been tested by determining the Unconfined Compressive Strength (UCS) and the
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creep strain evolution at varying curing ages. From the analysis of the laboratory results it
was possible to understand the behavior of this material with particular attention to the
deformability and strength values during a loading phase and the analogous response to
long term loading, by maintaining different loads acting on the specimen. It was possible to
describe the development of deformations over time of the two-component material
subjected to different load entities related to the UCS. From the analysis of the laboratory
results it was possible to describe a behavioral model of the creep phase of the two-
component material and also to evaluate the effects of the evolution of deformations over
time on the behavior of the segmental lining and on the displacements of the tunnel wall.
The analysis of a real case of a tunnel excavated in Northern Italy in a weakly cohesive
material allowed to verify the effects of the creep of the two-component material on the
behavior of the support system, arriving at evaluating the reduction over time of the loads
applied to the segmental lining (stress relief) and the increase in the radial displacement of

the tunnel wall at the end of the creep phase.

General creep models

Due to the strains increase with time in tunnelling, creep can be an important phenomenon,
especially for very soft or heavily fractured rocks under significant in-situ stresses (Yu, 1998;
Dusseault and Fordham, 1993), for rocks of argillaceous nature (Barla, 2011) or also when
a combination of applied stresses and material properties, some specific geological
conditions, and/or a groundwater flow exist. For rocks containing clay, the phenomenon,
associated with water migration (or clay platelets orientation), could be considered as a

consolidation typology (Goodman, 1980).

When a specimen is subjected to a constant maintained load in unconfined compression in
the microfracturing range, the specimen will continue to deform after initial application of the

load (Hardy et al., 1969). Normally creep strain are not fully recovered; therefore, large
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plastic deformations take place (Dusseault and Fordham, 1993). Time dependent strain is
much higher in weak rocks and evaporites than in stiffer rocks, but the typical shape of the
strain trend is similar. Three reference types of deformation can be observed following the

strain trend under a maintained stress (Farmer and Gilbert, 1981):

a) level of applied load is maintained above a critical microcrack development level, then
unstable fractures will accelerate creep strains and quickly leading to specimen

failure;

b) level of stress is well below the critical microcrack development level, there will be a
limited spreading of fractures with an exponentially decaying of the creep strain rate

and stable conditions (no failure);

c) the intermediate zone represents a meta-stable condition, where cracks propagation
can occur leaving stable microfractures and reaching unstable conditions with crack
acceleration and failure. This can happen also with staged conditions of loading

(Figure 2, Oggeri, unpublished data).

Figure 2 shows an example of evaporitic rock presented for comparison with different
behaviour with deformation under constant loading. Trend of the curves, threshold levels for
both stress and strain and final control of specimen integrity can differ during testing.
Therefore, a dedicated experimental approach is deemed necessary for any new material.
Specimen a) and b) are coming from the same deposit, but even small differences in texture

and grain size of particles are influencing the test results.
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Fig. 2: Two examples of creep with a staged loading on evaporitic rocks. Specimen a)
is entirely made of salt, with microcrystals from millimetric to centimetric size (see
figure on the right); after an initial stable load at 14.1 MPa, failure is reached with a
step at 18.8 MPa. Specimen b) is a fine-grained salt including elements of marl; after

an initial load at 29.9 MPa, failure is reached with a step at 34.2 MPa.

Many models of creep and testing procedures have been carried out after the extended
research by Griggs (1939) and refinements after Lama and Vutukuri (1978). Alternative

approaches have been developed by Price and Farmer (1981).

In tunneling, many models are used to describe the creep of rocks and sprayed concrete,
e.g. rheological models (Jaeger and Cook, 1979), Kelvin model (Neville et al. 1983; Jaeger
and Cook, 1979; Rokahr and Lux 1987), Burgers model (Yin 1996), viscoplastic model
(Thomas 2009). In sprayed concrete creep is significantly higher at an early stage of load
as the strength of sprayed concrete is lower, as found by Huber (1991), who observed that

a sample loaded at 8 days creeps by 25% more than a similar sample loaded at 28 days.
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However, it must be kept in mind that some accelerators increase the early strengths
(Melbye 1994) therefore creep after 24 or 48 h is close to that at greater ages (Kuwajima
1999). Besides, studies have been carried out for the assessment of creep reaction of grout
for rockbolts (Van der Schyff, 2007), or for a new method for designing the grout mix based
on the induced shear stress rather than on the compressive strength (Orumchi and Mojallal,
2017); other contributions have been given for the creep behavior of a grouted sand
(Delfosse-Ribey et al., 2006): depending on the nature of the grout, the grouted sand has
exhibited creep strains of different degrees; moreover, similarities can be found for both

creep behavior and fatigue behavior as found trend curves have shoved similar shapes.

Arnau et al. (2011) provided analyses in order to study the backfill grout behavior and its
influence on the longitudinal response of the lining in plane strain. Three different grout
moduli of elasticity were used in the analysis for each different ground condition. An
assessment of the influence of grout shrinkage was also performed by assuming a value of
0.05 mm/m according to favorable curing conditions. The results showed that the modulus
of elasticity of the grout was not presenting a significant influence on the lining axial stress,
while tensile cracking for very stiff grouts could occur and that the lining creep and the grout
shrinkage were not significantly influencing the grout tensile stress for general tunnel
conditions. Backfill grout cracking was unable to influence negatively the radial structural
capacity of the segmental lining, while caused a reduction in the water-tightness of the lining.
It must be pointed out that in some cases (hydraulic tunnels) there is a significant internal
pressure in the tunnel which forces the backfilling mortar to play a crucial role of contact
between lining and rock mass. Besides, over time cracks lead to a loss of confinement of
the same backfilling material which, consequently, significantly reduces its mechanical
characteristics which could also lead to significant alignment/structural problems in the

lining.
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As final comment, the annulus grout material may remind of clay (bentonite)-cement slurries
for diaphragm wall applications (e.g. Cardu and Oreste, 2012; Spagnoli et al., 2016).
Although creep behavior may be studied, operative care is focused mainly on integrity, low
permeability performances, self-sealing properties, as well local displacement of the
structure in situ. For the annulus grout loading values are changing together with curing, and
stiffness and time performance is governing the interaction between a soft material (usually

the ground) and a very stiff material (the concrete segments).

Laboratory creep behavior of the two-component grout

The tested two-component mix-design adopted for this experimental campaign was based

on the following parts:

e Part A: 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%);
e Part B: water glass (sodium silicate) 85 g.

Part B is added at the end of mixing of the mentioned components as it reacts quickly by
producing a viscous grout (water glass represents about 7% of added weight to the initial
mix). Grout has been prepared starting from the bentonite hydration (duration at least 48
hours), then the slurry has been maintained for another 24 hours at low stirring. The mixing
with retarder and cement has been arranged directly inside the casing of the specimens, by
manual dispersion; finally, water glass catalyst has been injected into the fluid grout and a
high-speed rotating mixer (up to 8000 rpm) has been used during this phase. Every
specimen has been prepared by respecting the mass percentages provided for the standard

mix; weight of the components has been determined by means of 0.01 g precision scale.

Fast rotation of mixer has allowed to disperse the catalyst and homogenize the grout inside

the casing. Then, the casings containing the specimens have been recovered in a box for
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curing in water. Curing procedure has been selected following three different timelines for
testing: 24 h; 7 days; 28 days. Preparation of the specimen requires great care and repeated
preliminary attempts were done in order to obtain a suitable material. Temperature during

the tests has been kept constant at 19-21°C.

UCS has been carried out in a Belladonna mechanical press for soils, equipped with
bidirectional displacement rate control device. Transducers used to measure load and
vertical displacement 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
displacements have been measured following the relative movement of the base of the
specimen. Advancing rate has been adapted in the range of 0.15 + 0.45 mm/min and
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 as 46.5 mm.

Creep testing has been performed by using a standard mechanical oedometer (Belladonna
equipment) (Fig. 3), with settings to host the cell (a graduated plastic cylinder) with water
and the specimen. The host cell was made of stiff and transparent polypropylene and the
contact base with the specimen has been provided of a flat stainless-steel disk to avoid any
local deformation. A similar arrangement was already successfully used by Delfosse-Ribey

et al. (2006).

The adaptation of a classical Bishop lever oedometer has been done in order to fit the
expected strength level of the grout, if compared with typical properties of rock material

tested for creep (salt, coal, gypsum etc.). This equipment permits:

e to work from very low to medium stress levels;
e to provide a perfect vertical alignment of caps at the extremities of the specimen,;

e to provide a full recovery of mechanical gaps during assembling of specimens;
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e an easy water saturation control in open cells and drainage filters at contact with the
specimens;
e to continuously read the vertical displacement versus time; easy and direct check of

macroscopic cracking growth or lateral bulging.

The procedure for testing is following some steps: 1) preparation of the specimen with
selected mix and curing time in submerged conditions; 2) weighting and photos of the
specimen; 3) assembling inside the cell and filling of the cell with water; 4) mechanical gap
recovery of the displacements of the apparatus; 5) application of the selected load on the
lever arm in order to reach the selected stress level, according to previous experience
gained in uniaxial compression tests; 6) measurement of vertical displacement versus time;
7) detection of the trend and completion of the testing duration after reaching either a failure
(stable failure when residual bearing capacity is evident; unstable failure when specimen
start to yield and collapse) or a constant settlement; 8) removal of load and measurement

of eventual elastic strain recovery; 9) removal of the specimen, taking photos to verify the

crack pattern and weighting for moisture content.
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Fig. 3 Left: Twin cells adapted in the oedometer frame, where specimens are kept
submerged during constant load application and vertical settlement of the base is

continuously measured. Right: detail of a specimen inside a testing cell.

It is important to specify that standard test procedure for one-dimensional consolidation
properties of soils have been adapted in order to respect the fact that grout is curing during
testing: this is not the case for natural minerals such as salt or gypsum. After some practical
preliminary tests, repeatability and representativity have been observed for loading periods
of no more than one week after 24 hours of initial curing and of no more than four weeks
after 7 days and 28 days form curing beginning. Specimens have been maintained saturated
during cycles to avoid cracking, and displacements have been measured by means of

potentiometric transducers with precision of 0.01 mm. Fig. 4 shows the specimens used for

the tests. Quality in terms of homogeneity and geometry was considered acceptable.
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Fig. 4 Example of standard specimens prepared and obtained for UCS and creep
testing. The grain size of the cured grout specimens appears regular and

homogeneous, without veins or lenses of different consistency.

UCS results

The main results after unconfined compression testing are reported in Table 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, Eg, at
25%, 50% and 75% of the elastic domain and as tangential values, E;, at 50% of the elastic
domain. In Fig. 5 there is a representative sequence of vertical stress — vertical strain curves
for different curing ages. The observed UCS values are rated similar than expected if
compared with other available results on this grout type (see Oggeri et al., 2021). Vertical
stress versus vertical strain is reliable both in the elastic and in the post peak field. A clear
yielding and softening behavior have been observed, with some subvertical and inclined
prevailing cracks. In some cases, a pseudo-conical shape at failure has been observed at

the extremities of the specimen, thus respecting the ideal Mohr-Coulomb strength criterion

(Fig. 6).



291  Tab. 1 Summary of specimen data for the UCS tests.

24 h | Diameter | Height | Weight Apparent unit UCS | Es25% | Eg50% | Eg 75% | E; 50%

curing (mm) (mm) (9) weight (g/cm?) (kPa) | (MPa) | (MPa) | (MPa) | (MPa)
n.1 46.5 85 187.6 1.299 480 6.5 9.7 11.5 23.1
n.2 46.5 84.4 185.0 1.291 215 5.6 8.7 10.2 17.9
n.3 46.2 85.2 186.2 1.304 350 9 12.3 16.5 26.2
n.4 46.5 84.9 186.3 1.292 320 8.1 10.1 13.3 24.7

7 days | Diameter | Height | Weight Apparent unit UCS | E;25% | E;50% | Eg 75% | E; 50%

curing (mm) (mm) (9) weight (g/cm?) (kPa) (MPa) | (MPa) | (MPa) | (MPa)
n.1 46.5 86 190.1 1.302 1270 25.8 34.1 42.6 78.1
n.2 46.5 86 192.0 1.314 1110 17.5 26.5 32.3 73.8
n.3 46.5 83 186.3 1.322 760 51.2 63 74.7 76.41
n.4 46.5 84 190.1 1.332 1150 38.5 50 55.4 117.8
n.5 46.5 89 192.6 1.274 990 33.3 43.2 54.6 109.9
di?/s Diameter | Height | Weight Apparent uniat UCS | E425% | E¢50% | Eg 75% | E¢ 50%
curing (mm) (mm) (9) weight (g/cm?) (kPa) (MPa) | (MPa) | (MPa) | (MPa)
n.1 46.5 83 183.3 1.300 1290 37.8 44.8 54.9 109.4
n.2 46.5 83 185.5 1.316 1110 20.4 26.2 32.7 63.3
n.3 46.5 84 188.6 1.322 1290 33.3 44 59.6 108.7

n.4 46.5 86 192.1 1.315 1400 30.1 43.1 57.1 111.2
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Fig. 5. Examples of vertical stress — vertical strain curves for grout specimens at
different curing age (at 24 hours, 7 days and 28 days from curing beginning,
respectively), during a uniaxial compressive test. Along the vertical axis applied
stress o in MPa is reported, along horizontal axis induced vertical strain in & (ratio of
the vertical displacement on the sample height) is reported. Strain softening after the

stress peak is more evident for short age curing specimens.
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Fig. 6. Different failure modes for specimens after unconfined compression testing.

The formation of conical shaped bodies is clearly visible at left and in the middle. On
the right, the radial expansion has prevailed with symmetrical formation of vertical

slabs.

Creep tests results

Constant loading testing has been carried out on several specimens, and the selection of
regular behavior has been reported after exclusion of not homogeneous materials. In Table
2 the evidence of 11 tests is reported, with geometrical data and the applied vertical loads,
both effective and as a percentage of the reference value obtained from the compression
tests. The UCS has been determined in advance in order to properly assign a reasonable
ratio of the applied constant load, just because this ratio triggers the passage between a

stable and an unstable behavior.
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Tab. 2. Summary of specimen data for constant loading (creep) tests. Last column shows the load percentage referred to a

representative value of UCS for the same type of grout and curing age.

24 h curing diameter (mm) | height (mm) | weight (g) | apparent unit weight (g/cm?) | o creep (kPa) | o creep (as % UCS)
n.1 creep 46.2 85.3 187.1 1.308 290 75
n.2 creep 46.5 85.2 186.2 1.287 230 60
n.3 creep 46.5 85.8 187.2 1.285 175 45
n.4 creep 46.5 87.6 189.2 1.270 115 30

7 days curing | diameter (mm) | height (mm) | weight (g) | apparent unit weight (g/cm?) | o creep (kPa) | o creep (as % UCS)
n.1 creep 46.5 87.0 192.0 1.300 700 66
n.2 creep 46.5 85.6 187.9 1.293 580 55
n.3 creep 46.5 93.8 203.8 1.279 460 45
n.4 creep 46.5 85.7 188.5 1.295 350 33

28 days curing | diameter (mm) | height (mm) | weight (g) | apparent unit weight (g/cm?®) | o creep (kPa) | a creep (as % UCS)
n.1 creep 46.5 86.0 192.2 1.316 930 75
n.2 creep 46.5 85.1 189.4 1.312 700 55
n.3 creep 46.5 84.2 186.0 1.304 460 35
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In Fig. 7 the net settlement versus time trend is reported, for the three selected curing
periods, respectively 1 day (A), 7 days (B) and 28 days (C). The tests have shown,

depending on the applied load magnitude:

e at 1 day of curing: a stable behavior for 2 specimens, a stable failure for 1 specimen,

an unstable failure for 1 specimen;

e at 7 days of curing: a stable behavior for 1 specimen, a stable failure for 1 specimen,

and unstable failure for 2 specimens;

e at 28 days of curing: a stable behavior for 2 specimens, an unstable failure for 1

specimen.

Fig. 8 shows some representative effects after the end of the creep test. It is possible to
observe how the grout can respond to a constant loading. It is necessary to remind that for
1 days and 7 days curing ages grout is still strengthening, even if failures occur due to
loading. Only for long term-curing, i.e. 28 days, it fair to state that full mechanical properties

of grout have been reached.
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332 Fig. 7 Net settlement versus time are reported, for the three selected curing periods,

333 respectively 1 day (graph A with 2 stable behavior, 1 stable failure, 1 unstable failure);



334 7 days (graph B with 1 stable behavior, 1 stable failure, 2 unstable failure); 28 days

335 (graph C with 2 stable behavior and 1 unstable failure).

e

1 day curin - 7 days curing

28 days curing

w
ﬁ

337 Fig. 8. Different failure modes for specimens after creep (constant load). A) de-

336 B vl >

338 assembled specimen, failure with conical end shape, curing 1 day; B) failure with axial
339 symmetry for lateral expansion, 7 days curing; C) failure with conical end shape, 28

340 days curing.
341 Comments of laboratory results

342 The available data and the observed behavior during the standard compression test and
343  during compression tests with constant loads (creep tests), for this mix-design, can allow to

344  putin evidence some features:

345 e the mixing procedure carried directly inside the casing has determined a little increase

346 in the unit weight referred to the test results reported in a previous campaign, thanks
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to the reduction of the weak material removal from the end of the specimen during
preparation;

there is a general increase in UCS strength and in elastic moduli due to the previous
point;

all specimens have shown a post peak behavior, with wider strain softening for
shorter curing ages;

in some cases, a clear evidence of conical shaped ends at failure of the specimens
has been observed, both in compression tests and during creep tests;

long term strains do not reach an ultimate value, even when in stable loading; this
happens in particular at 1 day and 7 days of curing, less for 28 days of curing. The
balance between the maintained load and residual strengthening appears to be
reasonably the cause for the observed trend,;

strain creep diagrams show one half of final value occur in the initial 2 minutes; there
is an initial link with expected values after compression testing, then stiffness changes
as a consequence of induced damage. The load in creep tests, even if less than UCS,
is anyway applied instantly;

in creep testing, for some specimens, failure has been observed as a progressive
trend towards unstable crack propagation;

no absolute and unique link between measured settlements in creep and the
correspondent modulus of deformability in the compression test has been found;
however satisfactory correlations exist between AHsinal in stable creep zones and E;
75% from compression tests for 1 day and 28 days of curing; in a similar way,
correlation exists between AHprimary in creep and Eg 75% from compression tests for 7
days of curing;

the deformative process results to be different for short grout curing age (1 day)

respect to 7 or 28 days of curing age;



373 ¢ Although temperature has an effect on creep behavior for both rocks (Li et al., 2019)
374 and concrete (e.g. Geymayer, 1970) accelerating creep, its effects are beyond the

375 scope of this research.

376  The trend of deformations over time after 7 and 28 days of curing is interesting to evaluate
377 in order to study the effect of the creep of the two-component material on the behavior of

378 the support system.

379 In particular, after 7 days of curing it is useful to refer to the curve obtained by applying an
380 axial load equal to 33% of the failure stress (UCS) of the material (Fig. 9); this load did not
381 cause the material to fail and a final stabilization of deformations was observed. For applied
382 loads equal to 45% of UCS or higher (55% and 66%), on the other hand, the failure of the

383 material was achieved after a creep phase.
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385 Fig. 9. Trend of deformations over time in a sample of two-component material cured
386 for 7 days and subjected to an axial load equal to 33% of UCS. After the application

387 of the load, there is a significant increase in displacements in the first 10 minutes,
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after which the displacements grow with a markedly bi-linear trend (zones 1 and 2 in

the graph) until stabilization is reached after about 14 days from loading.

From the analysis of the figure it can be seen that the immediate displacement (J;,s:) upon
application of the load is 0.37 mm. In the first 10 minutes there is a significant increase in
the displacements until reaching a double value of &;,,, after which the displacements
increase with a markedly bi-linear trend until stabilization is reached after about 14 days
from loading: in the first linear section, the displacement changes from 2.00-6;,,5; 10 2.25 55t
after 8 hours from the application of the load; in the second linear section it reaches a
displacement of 2.50-5,,; after 14 days from the application of the load. The expressions
that describe the trend of the displacements over time in the two linear sections are shown

below:

§ =[2.00+0.032 (¢t — 1/6)] -8imse  (t in hours), for t ranging between 1/6 hours and 8

hours (1)

§=[2.25+0.018- (t — 1/3)] -8imse  (t in days), for t ranging between 1/3 days and 14 days
2
After 28 days of curing, the specimen on which a load equal to 75% of the UCS value was
applied reached failure after the creep phase. While for loads equal to 35% and 55% of
UCS, there was no failure of the specimen subjected to the creep test. More specifically, for
the load equal to 35% of UCS we note the same bi-linear trend observed for the case
referred to the 7-day curing, with a value of §;,,; equal to 0.30 mm. While for the load equal
to 55% there is also a bi-linear trend but with the following characteristics: even now in the
first 10 minutes there is a significant increase in displacements until reaching a value of
1.5-6;n5¢; after which the displacements increase up to 1.75-8;,, after 8 hours from the
application of the load and in a second stretch up to the final stabilization at 14 days from

the application of the load with a final displacement value equal to 2-§;,,;.



413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

From a detailed analysis of the results of the creep tests, therefore, the following can be

noted:

e the maximum percentage of the load with respect to UCS that would allow to avoid
the failure of the specimen in the long term goes from about 40 for 1 week of curing
of the material to about 70 for 4 weeks of curing of the specimen;

e the trend of deformations over time follows a bi-linear law after the first 10 minutes of
loading; a first stretch is between 10 minutes and 8 hours from the application of the
load, the second stretch from 8 hours to 14 days from the application of the load;

e the curing age of the specimen does not seem to alter the deformation curve over
time; a certain effect on this curve is given by the applied load, evaluated as a
percentage of the UCS value;

e the deformation increases according to two linear sections and the total value of the
creep strain is constant and equal to one half of the immediate deformation detected
on the specimen upon application of the load, regardless of the curing age of the
specimen and the percentage value of the applied load,;

e in the first 10 minutes from the application of the load the deformations grow rapidly
until reaching 2 times the immediate deformation (2- §;,,5;) for percentages of the load
equal to about 35% of UCS and 1.5 times the immediate deformation (1.5-8;,,) for

percentages of the load equal to about 55% of UCS.

Immediate deformation therefore has a significant importance in understanding the
phenomenon of creep because it influences the deformation levels that develop in the
material over time. From the results obtained in the laboratory tests (uniaxial compression
and creep), it can be seen how the initial deformation can be estimated with a good
approximation by adopting the tangent elastic modulus determined in the uniaxial

compression tests, associated with the stress value equal to the applied load in the creep
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test. Ultimately, if the applied load is equal to 35% of UCS, the immediate deformation of

the specimen g, Will be defined by the following relationship:

__0.35-UCs
Einst =

3)

E¢ 359
where:

UCS is the monoaxial compressive strength of the two-component material measured for a

specific curing age;

E. 354,iS the tangent modulus of elasticity measured at a stress level equal to 35% of UCS,
evaluated on a specimen of two-component material with a specific curing age, subject to

the uniaxial compression test.

Analysis of the effects of creep on the tunnel support system

The support system (segmental lining with the two-component material surrounding it) has
been studied in detail by Oreste et al. (2021). Using the convergence-confinement method,
it is possible to analyze the interaction between this support system and the tunnel wall. It
is a very widespread analytical method in the geomechanical field, such as the limit
equilibrium method (LEM) (Oreste, 2013), which combines the advantage of the simplicity

of the approach with the precision and reliability of the results.

Some simplifying hypotheses are necessary (Osgoui and Oreste, 2007; Oreste, 2009a;

2009b; Ranjbarnia et al., 2014; 2016; Spagnoli et al., 2016):

e circular and deep tunnel;
e initial stress state of hydrostatic type (k, = 1);

¢ homogeneous and isotropic soil or rock, with linear elastic behavior.
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Specific and detailed studies of the behavior of the support system can be developed by
adopting three-dimensional numerical modeling (Do et al., 2014; 2015a; 2015b: Pelizza et

al., 2000).

In order to evaluate the load applied on the segmental lining and the deformation conditions
of the tunnel wall and of the segmental lining, it is necessary to intersect the convergence-

confinement curve with the reaction line of the support system (Fig. 10) (Oreste, 2003).

The convergence-confinement curve depends on the behavior of the ground at the tunnel
boundary: it relates the internal pressure applied on the tunnel wall to the radial
displacement of the tunnel wall towards the center of the tunnel (Brown et al., 1983; Panet,
1995). As the internal pressure decreases, the radial displacement increases, until it reaches

the maximum value when the internal pressure is zero.

The reaction line of the support system relates the pressure applied by the support system
to the variation of the displacement of the tunnel wall. This displacement also corresponds
to the displacement manifested by the support system on its outer edge, which comes into
contact with the tunnel wall. As the movement of the tunnel wall increases, the pressure

applied by the tunnel wall will increase.

There is an end equilibrium point between the tunnel and the support system which is given
by the intersection between the convergence-confinement curve and the reaction line of the

support system.
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€q
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Fig. 10 The intersection between the convergence-confinement curve of the tunnel
and the reaction line of the support system when this is composed of segmental lining
and the two-component material around it (modified by Oreste et al., 2021). Legend:
p: internal pressure applied to the tunnel wall; u: radial displacement of the tunnel
wall; po: lithostatic stress in the soil or rock at the depth of the tunnel; u,:
displacement of the tunnel wall at the distance from the excavation face of the section

where the support system is installed; Uy = (1 4+ vg) - Po - R/E g, Where Eg,. is the

gr
elastic modulus and v, the Poisson's ratio of the ground (soil or rock) present around
the tunnel; R is the tunnel radius; p., and u.4: respectively the load applied on the

support system and the radial displacement of the tunnel wall in the final condition

of equilibrium, at the end of the process of loading the support system.

An iterative procedure was developed to correctly describe the reaction line of the support

system (Oreste et al., 2021). The curvilinear shape of the reaction line is due to the fact that
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the two-component material matures during the loading of the support system. There will be
two specific different stiffnesses of the support system: when the segmental lining is
installed, the two-component material will have a very low initial stiffness (short curing age);
at the end of the support loading process (when the excavation face has advanced to a
distance of about 4-R from the study section), the stiffness of the two-component material
reaches its maximum value. This different stiffness of the support system is reflected in the
inclination of the curvilinear reaction line, which initially presents a lower tangent, until
reaching the maximum inclination of the tangent line near the point of intersection with the

convergence-confinement curve (end of the support system loading process).

The point of intersection is given by the values p,, and u,, respectively the load applied on
the support system and the radial displacement of the tunnel wall in the final equilibrium

condition. p,, and u,, can be obtained from the following expressions:

_ 2'p0+u0'(ksys,fin+ksys,in) 4
ueq —  2Egr ( )
(1+Vgr).R+(ksys,fin+ksys,in)
E,
= S | LA
peq = Po (1+Vgr)'R ueq (5)

where:

kgysin @nd ke rin: Stiffness of the support system at the beginning and at the end of the
loading process; for the evaluation of the initial stiffness, reference is made to the curing age
ty, Necessary to resume the advancement of the TBM machine, which marks the start of
loading of the lining; for the evaluation of the final stiffness, reference is made to the time
(tr) necessary for the excavation face to reach a distance of about 4-R from the studied

section.

The overall stiffness of the support system is evaluated using the following equation (Oreste,

2003; Oreste et al., 2021):
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kg, is the radial stiffness of the segmental lining;

Ern and vy, are respectively the elastic modulus and the Poisson's ratio of the filling

material; Ep,, varies over time with increasing curing age;

Eg and v are respectively the elastic modulus and the Poisson's ratio of the segmental
lining;
trm and tg; are respectively the thickness of the filling material and of the segmental lining.

To determine the k;,; values it is necessary to evaluate the elastic modulus of the filling
material Ef,,. Imagining a progressive loading over time with a regular advancement of the

excavation face, the deformation process that develops in the filling material is the one that

refers to the first minutes of the creep tests.

Therefore, for the evaluation of the kg, ;, reference must be made to the initial tangent

elastic modulus (Ef,, = Ey g9, Of the filling material). To determine k a value of the elastic

sys,fin
modulus of the filling material must be adopted which depends on the stress level reached

inside it in the final equilibrium condition:
E,
Epp = —% (7)

where:
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E: o is the tangent elastic modulus of the filling material associated with a percentage load

level a referred to UCS;

o IS a correction coefficient that takes into account the deformation increase that occurs in
the first 10 minutes of load in the creep test; it depends on the percentage « of the stress

level acting in the filling material with respect to the UCS strength, i.e. w = 2.875 - 2.5 - «a.

Since the stress state induced in the filling material depends on the still unknown value of
Deq» @ls0 in this case the value of E¢,, must be adapted as a function of p., and u,,, which
is obtained from the intersection of the two curves. Another iterative procedure is therefore

necessary.

The value of the maximum principal stress in the filling material can be obtained from the

following expression (Oreste et al., 2021):

E t E £, (to)
_ ieq rm( fz; fmto) (me'H//%m)'peq 8
Ul,max,fm = (1_1/% ) ( )
m

Where: oy 1mqx rm 1S the maximum (circumferential) principal stress in the filling material.

The value « will be adapted until the values of p.,, U.q, 01maxsm and UCS are compatible

with each other. At that point, the reaction line of the support system can be correctly placed

in the graph and p,, and u,, evaluated.

Once the final configuration of the support system has been reached, it will be possible to
represent the effect of the creep on the bilinear tract of Fig. 9. On the basis of the
experimentation carried out and what was deduced in the previous paragraph, the overall
deformation increase due to the creep phenomenon can be estimated as half of the
immediate deformation, regardless of the curing age of the specimen and the value of the
applied load. It is therefore possible to derive the increase in deformation due to the creep

in the filling material from the following expression:
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Ecreep = 0.5 - —/—— (9)
Et,a

Since this deformation ¢, is a circumferential deformation at the extrados of the filling
material ring, it is possible to derive from it the increase in displacement Au of the tunnel

wall:
AU = Ecpeep * R (10)

Thanks to the knowledge of Au it will be possible to represent the effect of the creep of the
filling material on the graph of the convergence-confinement curve and evaluate the final

displacement of the tunnel wall (Fig. 11).

- Creep phenomenon

v

Ug Ugqg UeqtAU

Fig. 11. Representation of the creep phenomenon in the filling material once the final
equilibrium point is reached at the end of the process of placing the support system
in charge. Legend: Au: increase in the radial displacement of the tunnel wall due to

the creep of the filling material.
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The creep phenomenon therefore produces an increase in the displacement of the tunnel
wall, as well as a stress discharge of the segmental lining. Both results are fundamental for
tunnel design. The increase in the displacement of the tunnel wall is useful for evaluating
the subsidence of the soil surface in the long term. The stress relief of the segmental lining
allows to obtain the correct value of the safety factor of the support system in the long term.
Furthermore, the increase in the displacement of the tunnel wall as a result of the creep can
lead to values exceeding the maximum acceptable limits, such as to indicate an incorrect
functioning of the tunnel-support system. The final control of this displacement in the tunnel
design stage, therefore, is essential to avoid excessive values which could lead to high risks

of instability of the tunnel.
Example of support system design considering the filling material creep phenomenon

In defining the thickness of the filling material and also the thickness of the segmental lining,
it is necessary to consider the evolution over time of the mechanical characteristics of the
filling material (following its curing) and the creep phenomenon. In fact, the curing over time
and the creep phenomenon markedly characterize the two-component material and
influence the loading of the support system. The final load acting on the segmental lining,
therefore, depends on the thickness of the filling material and on the methods of loading the
support system. Oreste et al. (2021) have already demonstrated how the thickness of the
filing material, the downtime of the TBM machine after the construction of the support
system, the average speed of advancement of the TBM after the stop of the TBM are all
elements that influence the stress state in the filling material and the load acting on the

support system.

More specifically, the case of a tunnel with a length of 5 km and a diameter of 9.4 m,
excavated at a depth of about 70 m (p, = 1.12 MPa) in Northern Italy by a TBM machine

(EPB type) in a weakly cohesive soil having an elastic modulus Eg, of 150 MPa and a
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Poisson's ratio vy, of 0.3 was analyzed in detail. The thickness adopted for the segmental
lining (t;;) was 0.35 m, the thickness of the filing material (t;,,) was 0.15 m. For the

segmental lining concrete, an elastic modulus E,; of 30,000 MPa and a Poisson's ratio v

of 0.15 were assumed.

Considering a still stand for the construction of a new lining ring of 1 hour at a distance of
2.5 m from the excavation face and an average advancement speed of the TBM v of 0.35
m/h, the reaction line of the reported support system is shown in Figure 12 (modified after

Oreste et al., 2021).

1,6

= convergence-confinement curve of the tunnel

—
<Y

----- reaction line of the support system

-
%]

i
o

=
[

Inner pressure p (MPa)
f=1
oo

o
=

o
(!

|
! ueq .

0 0,01 0,02 0,03 0,04 0.05
Radial displacement of the tunnel wall u (m)
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o

Fig. 12. Convergence-confinement curve of the tunnel and reaction line of the support
system in the examined case: tunnel with a diameter of 9.4 m at a depth of 70 m
excavated in a weakly cohesive soil with an elastic modulus Eg4 of 150 MPa. The
support system consists of a 0.35 m thick segmental lining and a 0.15 m thick filling

material ring. The red line represents the modification of the equilibrium point on the
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convergence-confinement curve following the creep phenomenon in the filling

material.

The pressure p,, associated with the intersection point is 0.86 MPa and represents the load
acting on the support system at the end of the loading process, when the excavation face
reaches a distance of about 4-R from the study section of the support system. The
displacement u,, is 10.7 mm: it is the final displacement of the tunnel wall at the end of the

loading process.

Using eq. 8 it is possible to determine oy pax,rm, the maximum (circumferential) principal
stress in the filling material at the end of the loading of the support system; a value of 0.92
MPa is obtained, which constitutes 31.6% of the strength of the material after about 48 h,

the average time necessary to reach the distance of 4:-R from the investigated section.

From the experimental study developed and presented in the previous paragraphs, it was
possible to verify how the long-term strength of the two-component material is only a
percentage n of the UCS. In particular, the value of n depends on the days of curing of the

material:

n=03+0.0143 ¢, (11)

Where:

t. is the curing age in days.

After two days of curing (48 h), therefore, n worth about 32.9%. This means, therefore, that
a maximum stress of 0.92 MPa (31.6% of the compressive strength UCS) is bearable by the
two-component material even in the long term without reaching failure. By maintaining its

integrity, the two-component material is able to effectively perform the task of transferring
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the radial loads to the segmental lining and allowing the support system to be waterproofed,

preventing water from infiltrating inside the tunnel.

As for the deformation increase of the tunnel wall, the value of Au can be determined on the
basis of equations 9 and 10 and considering that the stress oy yqyrm inside the two-
component material tends to decrease progressively during the creep phase: it is therefore
necessary to adopt the average value that this stress assumes in this specific phase.
Therefore, assuming a tangent elastic modulus E; at two days of curing equal to 40 MPa,
we obtain a &, value of 0.0067 and an increase in the radial displacement of the tunnel
wall of about 31 mm. This increase in the deformations of the tunnel wall has the effect of
reducing the load applied on the segmental lining from the initial value of 0.86 MPa to the
final value (at the end of the creep phase) of 0.11 MPa. A consistent reduction of the acting
loads and of the stress state induced in the concrete which is often found when detailed
measures for monitoring the behavior of the segmental lining are available long times after

its installation.

Conclusions

The filling material inserted in the gap between the segmental lining and the tunnel wall has
several important roles aimed at ensuring the effectiveness of the support system of a tunnel
excavated with a TBM machine. Nowadays a bi-component filling material is widely used,
which has particular characteristics: a curing phase during which the mechanical parameters
evolve rapidly; a creep behavior with secondary deformations that develop over time when
the material is subjected to a stress load. These features make the interaction between the
support system and the tunnel complex, given that the filling material is loaded progressively
over time, starting from its installation into the gap between the segmental lining and the

tunnel wall. The creep phase generally comes into play at the end of the support system
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loading phase and has as a consequence the reduction of the loads transmitted to the

segmental lining and the increase in deformations of the tunnel wall.

The creep phenomenon has been studied for many other materials in the field of
geotechnics and geomechanics. Many models have been developed and are known in the
scientific literature to represent the behavior of such materials. Although the two effects
mentioned above and induced by the creep of the filling material on the extrados of the

segmental lining are very important, no studies on this topic are available in the literature.

In particular, the increase in the radial displacement of the tunnel wall due to the
phenomenon of creep in the filling material can induce high subsidence on the soil surface
and can lead to conditions that are not compatible with the stability of the tunnel (exceeding

the maximum permissible values of the convergence tunnel).

In this work the results of an extensive laboratory experimentation on the creep behavior,
developed for different curing ages of the specimens and different load entities in relation to
the UCS of the material, are reported. It was possible to identify which is the maximum
compression stress where no failure of the material under a continuous load over time is
observed. In addition, it was possible to derive the recurring trend of deformations over time

(creep trend) by varying the curing ages and the stress state applied to the specimens.

The information obtained from the experimentation was then used to understand the effects
of the creep phase of the two-component material on the interaction between the support
system and the tunnel. In particular, it was possible to evaluate the decrease in the radial
load applied to the support system (and, therefore, to the segmental lining) and the increase
in the deformations of the tunnel wall. Finally, the application of the above considerations to
a real case of a tunnel excavated in Northern Italy in a weakly cohesive ground has allowed

to understand how the creep of the two-component material has non-negligible effects on
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the final stress state induced in the segmental lining and on radial displacements of the

tunnel wall.
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