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Abstract

The sprayed concrete linings used in the tunnels generally develops secondary deformations
over time even in the presence of constant stress levels within it. These deformations influence
the loading process on the lining and, therefore, also the stress levels within the support struc-
ture. In this work the behaviour of the sprayed concrete linings in the tunnel was investigated,
under different possible operating conditions, in order to evaluate the effect of secondary de-
formations over time on the evolution of stability conditions (safety margins with respect to the
possible concrete failure) over time, after the construction of the tunnel has been completed.
A parametric analysis has been performed to study 8 different types of tunnels, with variable
geometry and rock quality, and 8 different types of sprayed concrete. 64 cases of the paramet-
ric analysis cover the vast range of variability of the influential parameters and allow to obtain
useful considerations in relation to the effects of secondary deformations over time on the static
behaviour of the lining and on the safety factor with reference to the possible failure of the

sprayed concrete.
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Notation list

¢, peak friction angle of the rock;

cp: peak cohesion of the rock;

¢,: residual cohesion of the rock;

E;: elastic modulus of shotcrete at ith-step;

E,n,: elastic modulus of the rock;

E: elastic modulus of the shotcrete at infinity, when creep ceased;
E;: initial elastic modulus of the shotcrete at t = 0;

E,: elastic modulus of the shotcrete in the parallel creep scheme;
M: bending moments;

N: normal forces;

po: lithostatic pressure;

R: tunnel radius;

t;: average time;

tsc: thickness of the shotcrete lining;

@, residual friction angle of the rock;

v: Poisson coefficient of the rock;

v, . Poisson coefficient of the shotcrete;

o.;: uniaxial compressive strength;

Omaxci - Maximum compression stress in the lining, induced by the bending moments and by
the normal acting forces, in the i-th relief step;

Omax,ti - Maximum tensile stress in the lining, induced by the bending moments and by the
normal acting forces, in the i-th relief step;

ozi: tensile strength;

n: viscosity of the shotcrete;

W dilatancy of the rock;

a: rate of evolution of secondary deformations;
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p : ratio between the final secondary de-formations and the initial deformations;

k : ratio between the horizontal load and the vertical load applied to the lining;

k;: average stiffness of the lining;

Kn: normal stiffness of the interaction spring between the lining and the rock (hyperstatic re-
action method);

Ks: shear stiffness of the interaction spring between the lining and the rock (hyperstatic reac-

tion method).
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Introduction

Sprayed concrete (or shotcrete) is concrete which is conveyed under high pressure through a
pneumatic hose and projected into place at high velocity, with simultaneous compaction (DIN
18551, 2005), see Fig. 1. Among the properties of shotcrete used for tunnel design, such as
early (compressive) and long-time strength, tensile strength, shrinkage, curing time, cracking,
durability, creep is one of the most important factors (Thomas, 2009), because shotcrete lin-
ings are loaded at a very early age, therefore the influence of time dependent material proper-
ties on the deformation behaviour and bearing capacity is much more significant than in regular
concrete structures (Schadlich and Schweiger, 2014). Neville et al. (1983) define creep as the
increase in strain with time under a sustained stress, i.e. the material deforms not only due to

the stresses which it is subjected to, but also due over a time during which these stresses are

applied.

Fig. 1 Application of shotcrete
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According to Thomas (2009) the high creep capacity of sprayed concrete can be considered
as positive as this can dissipate stress concentrations and avoid overloading. The current sim-
plistic approach to model sprayed concrete linings in numerical simulations assumes a linear
elastic material with a stepwise increase of the Young’s modulus in subsequent excavation
stages in order to simulate the curing effect. While realistic lining deformations may be obtained
with this method, lining stresses are usually too high, in particular if the lining is subjected to
significant bending (Schadlich and Schweiger 2014). For sprayed concrete, the principle of
rheological models are the same as for rock (Thomas 2009). However, in shotcrete creep is
significantly higher at an early stage of load as the strength of concrete is lower, as found by
Huber (1991). 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 (Ku-
wajima, 1999). Concrete reinforcement reduces creep, presumably due to the restrain effect
(Ding, 1998). However, reinforcing synthetic fibers sprayed together with the shotcrete have
twice the creep capacity than a shotcrete with steel fibres (Thomas, 2009; MacKay and Trottier,

2004).

Numerical models are massively employed to analyse the creep behaviour of shotcrete linings
such as some 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). Kelvin creep model produces a complete recovery, unlike the Maxwell models
where no recovery is produced. The rheological models help to give a better understanding of
the visco-elastics and elasto—viscoplastics behavior. However, these models do not account
for shear stresses, temperature and intrinsic structure. Regarding the power laws creep model
for sprayed concrete, of the three stages of creep, only primary creep is of interest for sprayed
concrete linings after construction (Thomas 2009). Several authors used the power laws for
sprayed concrete lining tunnels (e.g. Schubert, 1988; Yin, 1996), however according to
Thomas (2009) they are not widely used because of their inferior ability to model complex
creep behaviour. It has to be pointed out, that real creep behaviour of linings is hard to obtain

as the load-bearing system is a composite consisting of the ground and the lining. Therefore,
6
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the reduction in the lining stress due to the creep depends on the characteristics of the sur-
rounding ground (Thomas 2009). As observed by Péttler (1990) and Yin (1996) if the ground

is modelled as elastoplastic, the load on the lining can increase following creep.

This research shows a parametric analysis considering a novel model based on the hyperstatic
reaction model (HRM) and the convergence-confinement method (CCM), based on the Voigt-
Kelvin creep model (Oreste et al. 2019), considering eight types of tunnels, 8 types of concrete
and two rock types. CCM (Oreste, 2009; 2015; Spagnoli et al., 2016; 2017) is able to evaluate
the initial load on the sprayed concrete lining, through the intersection of the convergence-
confinement curve (CCC) with the reaction line of the lining, considering initial elastic modulus
of the shotcrete (E; ) before the creep takes place. HRM investigates the behaviour of SC lining
under the loads applied by the surrounding rock and considering the correct interaction be-
tween the lining and the rock (Oreste, 2007, Do et al., 2014a; 2014b). The HRM considers half
of a tunnel section by beam elements connected by nodes. The elements develop bending
moments, axial forces and shear forces. The interaction between ground and support is rep-
resented by “Winkler” type springs in the normal and tangential direction for each node of the
model (Oreste et al., 2018; 2019b).

The numerical model used to study the creep behaviour of a shotcrete lining

The numerical model adopted (Oreste et al., 2019a) permits to consider the secondary defor-
mation behaviour of a sprayed concrete lining in the time following the construction of the
tunnel, evaluating in detail the stress transmitted from the rock to the tunnel boundary. The

simplification scheme of Voigt-Kelvin was used in the calculation (Figure 2):

o L2t o
st=E—2-(1—e 77)+E—1 (1)
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Fig. 2 Voigt-Kelvin creep model (o is the applied load, E is the elastic modulus and n is

the viscosity coefficient, € is the deformation.

This scheme allows to analyse the evolution of secondary deformations over time (rate de-
pending on the term E, and viscosity n) through a progressive reduction of the elastic modulus
representative of the sprayed concrete, starting from an initial value E; (at the end of the phase
tunnel construction) up to a lower value E,, which characterizes the support structure at time
t=t. after the tunnel construction phase has ended. The following relation applies (Oreste et

al., 2019):

1141 (@)

Ew E, E,

Defining the final secondary deformations, due to the creep, as a certain percentage g of the

primary deformations (the initial ones), we have: E, = El/ﬁ , and, therefore: E,, = (1?/3) :
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Knowing the values E; and E, , it is possible to determine the initial (k;,) and final (ks;y) stiff-
ness of the lining and evaluate, through the Convergence-Confinement Method (CCM), the
reduction of the load applied by the rock to the support structure during the evolution of the
secondary deformations in the shotcrete (Oreste et al., 2019). The phenomenon of reduction
of the applied load is simulated for homogeneous steps and to each of them is associated a
value of the average stiffness of the lining, k;, a value of the average elastic modulus E; of the
sprayed concrete (equation 3), and finally a value of the average time, t;, following the com-

pletion of the tunnel construction in the studied section (equation 4):

_ ki-(14vso) [(1-2-v5c)'R2+(R—ts¢ )?] R
Ei - Rz_(R_tsc)z (3)
—nin[(52)+1-(22)]
t; = (E1) (El) (4)

E,
Once these parameters have been determined for each unloading step, it is possible to use
the Hyperstatic Reaction Method (HRM) to verify the stress in the sprayed concrete produced
by secondary deformations over time. More specifically, we start from considering the devel-
opment of bending moments, normal forces and shear forces in the initial situation (at the end
of the tunnel construction phase) and the stress state is modified in relation to the effects pro-
duced by the applied relief load steps. Each relief step is applied to a lining that appears with
a different elastic module, E;, gradually decreasing. At the end of the calculation the final load
state is obtained, associated with a very large time, t;, representative of the final phase of the
secondary deformation process.

Since shotcrete shows an overall reduction of the elastic modulus (E;) over time (t;) due to the
development of secondary deformations (creep), it is possible to associate to the value E; also
the unconfined compressive strength of the sprayed projected (o;) and the tensile strength
(o3;). In general, the strength values follow the same pattern over time as shown by the elastic
modulus and it is therefore possible to assume the constant ratio (E;/o.; and E;/o;;) over time
between the modulus of elasticity and the strength of the shotcrete. This assumption allows to

determine over time the safety factor of the lining (FS), considered as the ratio between the



166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

maximum acting stress (induced in the shotcrete by the bending moment and the normal force)
and the strength of the sprayed concrete. There are two safety factors, one related to the
possible cracking of the shotcrete by compression (FS;), the other related to the possible
tensile failure (FS.;), only if the combination of bending moments and normal forces induces

(at least in a portion of the lining) tensile stresses:

FSei =70 o (5)
FSei =" g i (6)
Where:

Omax,ci 1S the maximum compression stress in the lining, induced by the bending moments and
by the normal acting forces, in the i-th relief step;

Omax,ti 1S the maximum tensile stress in the lining (if it exists), induced by the bending moments
and by the normal acting forces, in the i-th relief step.

Being able to obtain the trend of the safety factors of the shotcrete for each relief step, it is
possible to evaluate the stability conditions of the lining over time, during the evolution of the
secondary deformation process. This circumstance is very useful for checking the effects of

the creep on the stability conditions of the shotcrete tunnel linings.

The parametric analysis on the effect of creep on the behaviour of a shotcrete lining
In order to theoretically analyse the effect of the creep on the mechanical behaviour of a
sprayed concrete lining, a parametric study was developed in which 8 different types of circular
tunnel were considered, which differ in geometry (diameter), geomechanical quality (RMR) of
the rock in which they are excavated and lithostatic stress state (p,), which depends on the
depth of the tunnel. The 8 types of tunnel are obtained by combining this set of pairs of values:
e Tunnel radius, R: 2m and 6m;
¢ RMR index of the rock: 30 and 60

o Lithostatic stress state, p,: 2MPa and 7MPa.

10
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RMR of 30 and 60 were considered in order to have a wide range of mechanical parameters
of the rock, typical of situations where SC linins are used. Table 1 shows the values of the
geomechanical parameters of the rock arbitrary assumed for each of the two values of the
RMR quality index. The initial stiffness of the normal and shear springs (Kn and Kn respec-

tively) are usually evaluated from the rock data using very simple relationships (Oreste, 2007):

_ 2-Em (7)

K
"R

Kn=0.5-Kn (8)

Where E,,,, is the elastic modulus of the rock and R is the tunnel radius.

Table 1 Geomechanical parameters of the rock assumed in the calculation for the two

values of the RMR indices considered in the parametric analysis.

RMR 30
Rock parameter Unity of measure Value
Elastic modulus (E,;,) [MPa] 3160
Coefficient of Poisson (v) [] 0.30
Peak cohesion (c,) [MPa] 0.15
Residual cohesion (c,) [MPa] 0.12
Peak friction angle (¢,) [°] 20
Residual friction angle (¢,) [°] 16
Dilatancy (y) [°] 16
Kn [MN/m] 550.82

11
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Ks [MN/m] 275.41

RMR 60
Rock parameter Unity of measure Value
Elastic modulus (E,,) [MPa] 17780
Coefficient of Poisson (v) [] 0.30
Peak cohesion (c,) [MPa] 2
Residual cohesion (c;) [MPa] 2
Peak friction angle (¢,) [°] 37
Residual friction angle (¢,) [°] 37
Dilatancy (y) [°] 16
Kn [MN/m] 3099.26
Ks [MN/m] 1549.63

8 different types of sprayed concrete were then considered, in relation to the possibility of
developing secondary deformations over time. The types of shotcrete differ in terms of the
value of the initial elastic modulus (E;), the parameter g (ratio between the final secondary de-
formations and the initial deformations) and the rate with which secondary deformations evolve
over time (secondary deformations after 3 years equal to half or one third of the final secondary
deformations):

¢ Initial elastic modulus E; of the sprayed concrete: 8000 MPa and 16000 MPa

12
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e Parameter B (ratio between the final secondary deformations and the initial defor-
mations): 0.33 and 1.
¢ Rate of evolution of secondary deformations: secondary deformations after 3 years

from the construction ending of the tunnel equal to @=1/3 or a =1/2 times the final sec-

ondary deformations (for a very long time).

The combination of three pairs of values leads to 8 different types of concrete. Each of these

ones was considered in each of the 8 tunnel types mentioned above. In total, therefore, 64

different cases were analysed.

Table 2 and 3 summarize the characteristic values of the 8 types of tunnel considered and the

8 types of shotcrete hypothesized in the calculation, respectively. The viscosity 7 is calculated

using equation 1 which describes the path of the deformations over time:

_ E,(3:3600-24-365)
n= In(1-a)

Table 2 Types of tunnel considered in the developed parametric analysis.

Sequence RMR Tunnel radius, R (m) | Lithostatic stress
state, p, (MPa)
A 30 2 2
B 30 2 7
C 30 6 2
D 30 6 7
E 60 2 2
F 60 2 7
G 60 6 2

13
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Table 3 Types of sprayed concrete considered in the developed parametric analysis.

Case Initial elastic Elastic modulus | Viscosity n a pa- | B pa-
modulus of the | of the shotcrete (MPa-s) rameter| rame-
shotcrete at t = in the parallel ter

0,E; (MPa) creep scheme,
EZ (MPa)
1 8000 24000 2.067 x 10" 0.5 0.33
2 8000 24000 3.276 x 102 0.33 0.33
3 8000 8000 6.889 x 10" 0.5 1
4 8000 8000 1.092 x 10" 0.33 1
5 16000 48000 4.134 x 10" 0.5 0.33
6 16000 48000 6.552 x 102 0.33 0.33
7 16000 16000 1.378 x 10" 0.5 1
8 16000 16000 2.184 x 10" 0.33 1

The thickness of the sprayed concrete lining, t,., was set at 0.2 m and the Poisson ratio, v,
was 0.15. The ratio k between the horizontal load and the vertical load applied to the lining
was considered equal to 0.5. The time associated with the decrease of the elastic modulus
corresponding to the midpoint of each of the 10 steps is thus obtained. With the proposed
model it is possible to conduct studies in terms of variations of normal and shear forces, rota-
tion and bending moments. For each of the 64 cases studied it was possible to obtain the trend

of the bending moments M and of the normal forces N along the development of the lining in

14



230 a transverse section of the tunnel. Figures 3 and 4 show, as an example, respectively the
231  values of the trend of the bending moment and of the normal force along the support structure
232 (for half of its development in the cross section, starting from the centre of the reverse arc of

233 the tunnel) for the case D1 (type D tunnel, type 1 shotcrete-see Tab. 2 and 3).

---Load-100%

—Relief-10%
—Relief-20%
—Relief-30%
—Relief-40%
—Relief-50%

0
—Relief-60%
—Relief-70%

Bendingmoment - M [KN.m]

—Relief-80%

—Relief-90%

Supportlength [m] —Relief-100%

---Load-100%

0 — Relief-10%
£ — Relief-20%
=
X —Relief-30%
=
o — Relief-40%
o
E 20 — Relief-50%
E .25 — Relief-60%
=
T -30 —Relief-70%
[+}]

m 3 B — Relief-80%
40 ; . | ; —_Relief-90%

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

Support length [m] —Relief-100%

234

235  Fig. 3 Trend of bending moments along the development of the shotcrete lining, in a
236  tunnel cross section, for the D1 case studied in the parametric analysis (A). Detail for

237  the first meter of support length (B). The origin of the lines refers to the centre of the

15
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247

reverse arc and the diagrams consider half of the development of the supporting struc-
ture. The diagram shows the trend at the end of the tunnel construction phase (t = 0),
with the dotted line, and for the 10 stress relief steps considered, until reaching a very

high time value (for which E; =E, t =~), shown with the continuous black line.

--- Load-100%
16000 _
—Relief-10%
14000 ke _
E : —Relief-20%
E 12000 .
E —Relief-30%
z 1000 — Relief-40%
[+})
£ BB —_Relief-50%
s —Relief-60%
g 4000 — Relief-70%
< 2000 A —_Relief-80%
0 i } } -
—Relief-90%
0 5 10 15 20 .
Support length [m] —Relief-100%
---Load-100%
14500
—_Relief-10%
E 14000 [Immmumteeeemeeeee — Relief-20%
g \ —Relief-30%
z 13500 ¥ —Relief-40%
b} \
s e e e ———— —— ] W
L 13000 T ——
E —Relief-60%
g 12500 —Relief-70%
B —Relief-80%
12000 : : | | T
0.00 0.20 040 0,60 0.80 i R
Support length [m] —Relief-100%

Fig. 4 Trend of normal forces along the development of the shotcrete lining, in a tunnel
cross section, for the D1 case studied in the parametric analysis (A). Detail for the first
meter of support length (B). The origin of the lines refers to the centre of the reverse arc
and the diagrams consider half of the development of the supporting structure. The

diagram shows the trend at the end of the tunnel construction phase (t = 0), with the
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dotted line, and for the 10 stress relief steps considered, until reaching a very high time
value (for which E; =E,, t =>), shown with the continuous black line.

From the analysis of the results shown in Figs. 3 and 4 it can be seen how the creep phenom-
enon can lead, depending on the type of tunnel (diameter, depth and quality of the rock) and
the type of sprayed concrete (initial stiffness, entity final of secondary deformations and vis-
cosity), to significant changes in the trend of bending moments and normal forces induced
along the development of the lining. The variation of the maximum bending moment along the
lining and of the normal force at the point of maximum moment is interesting. Starting from the
values of M and N, the stress induced in the sprayed concrete at each point of the lining and,
therefore, the maximum value of stress, among those present was determined. In the following,
reference will be made only to the analysis with respect to the compression stress, since no
tensile stresses were detected within the lining in any of the examined cases. Because the
failure of the sprayed concrete linings can occur in compression or traction, it is useful to eval-
uate the maximum compressive stresses and the maximum tensile stresses reached at each
stage during the creep phase and compare them with the compressive and tensile strength.
While the compression stress is always present in a tunnel support, it is not always possible
to detect the traction stress, or the traction stress does not always reach levels such as to be
close to the tensile strength of the shotcrete. The evaluation of the maximum compression
tension o,,,4x¢; (€quation 5) in the shotcrete lining referred to the combined compressive and

bending stress:

2L+ 8 (10)

Omax,ci = Max (6 R
where M and N are the values of bending moment and normal force which are present at the
same point along the circumferential development of the supporting structure.

Starting from 0,4, i, it was then possible to determine the safety factor FS , (equation 5), in
order to evaluate the compressive strength o,; variable over time and linked to the value of the

elastic modulus E; determined at each single relief step considered. For the determination of

o.; reference was made to the Chang and Stille equation (1993):

17
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Tei = (_?,l.gsie)5 (1)

where E; is the elastic modulus in GPa and g; is uniaxial compressive strength of the shotcrete
in MPa.

In the specific case, 10 stress relief steps were considered and, therefore, for each of them the
load reduction value (vertical and horizontal) applied to the lining, the elastic modulus E;
reached by the shotcrete in that specific step and, consequently, the strength og,; of the shot-
crete were determined.

For each of the 64 cases studied the safety factor of the lining at the time variation t; was
determined. In all cases a reduction in the safety factor over time was found, starting from the
value found at the end of the tunnel construction phase, when the time t was conventionally
set to 0. The minimum value of the factor safety is always reached at the end of the creep
phase, for very long times, t. During the design of the lining, it is possible to keep the attention
on the value of the safety factor for a time t = t,,, when its minimum value is reached.

Fig. 5 (A-H) shows the results obtained for the safety factor of the lining during the creep phase
for the 8 considered tunnels (A-H, see Tab. 2).

The trends referring to the 8 types of shotcrete considered are illustrated for each tunnel. The
analysis of the graphs shows how the initial safety factor (at the end of the tunnel construction
phase) depends for each tunnel on the elastic form E; of the sprayed concrete only. The other
parameters characterizing the shotcrete (E, and 77) have no role. The percentage reduction of
the final safety factor (at the end of the creep phase), with respect to the initial value, on the
other hand, depends on the elastic modulus E,, i.e. on the elastic modulus indicating the overall
entity of the secondary deformations. The reduction of the safety factor due to the phenomenon
of creep can be very consistent, especially for low values of the geomechanical quality index
of the rock and for shallow tunnels.

The viscosity only influences the rate with which the final condition with minimum safety factor
is reached in time: obviously, with increasing viscosity, the time necessary to reach the mini-

mum safety factor increases.
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Fig. 5 Trend of safety factors over time at the tunnels type A to H, for the 8 types of
sprayed concrete considered.

From the analysis of the results of the parametric analysis it is possible to note, therefore, how
the creep phenomenon can be very important for the behaviour of the sprayed concrete lining
of a tunnel and, therefore, cannot be neglected in the design phase. The determination of the
minimum safety factor, at the end of the creep phase is interesting. In fact, this value influences
the design of the supporting structure and must be determined during calculation. In order to
correctly evaluate the minimum safety factor, it is necessary to estimate the elastic modulus
E, of the shotcrete in the simplified Voigt-Kelvin model. This parameter is determined starting
from the estimate of the final entity of the secondary deformations of the sprayed concrete with
respect to the initial deformations obtained at the end of the tunnel construction phase. In order
to have an estimate of E,, it is therefore useful to evaluate the evolution of secondary defor-

mations for a certain period of time for a specimen of shotcrete in laboratory.

Conclusions

In this work, after having framed the problem of creep in shotcrete, the result of a parametric
study obtained using a specific calculation tool, developed to study this particular mechanical
phenomenon, is presented. This calculation tool uses the convergence-confinement method
and the hyperstatic reaction method and allows to evaluate the evolution of the stresses and
deformations of the sprayed concrete lining over time, in order to determine its safety factor
conditions with respect to stability. A simplified model of creep, i.e. the Voigt-Kelvin model, was
considered to represent the behaviour of the sprayed concrete. The parametric analysis has
considered different types of tunnels, different in diameter, depth and type of rock, and different
types of shotcrete. In all the cases analysed a reduction in the safety factor over time was
noted, showing the importance of the creep study for the correct design of the thickness of the
sprayed concrete lining. The final value of the safety factor is therefore fundamental for the
design phase of the tunnel support. This value depends in particular on the elastic modules

which the sprayed concrete has in the initial phase and during the evolution of the secondary
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deformations. The percentage reduction of the final safety factor (at the end of the creep
phase), with respect to the initial value, depends on the elastic modulus indicating the overall
entity of the secondary deformations. The reduction of the safety factor due to the phenomenon
of creep can be very consistent, especially for low values of the geomechanical quality index
of the rock and for shallow tunnels. The viscosity is useful only to predict the time necessary
to reach the final condition in which the secondary deformations can be considered accom-
plished. For the correct design of the sprayed concrete lining it is essential to define some
parameters influencing the creep behaviour of the material: in particular, in addition to the initial
elastic modulus, which influences the initial deformations of the lining, it is necessary to eval-
uate the final entity secondary deformations and in particular the ratio between the final sec-
ondary deformations and the initial deformations obtained at the end of the tunnel construction

phase.
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FIGURE CAPTION

Fig. 1 Application of shotcrete
Fig. 2 Voigt-Kelvin creep model (o is the applied load, E is the elastic modulus and n is

the viscosity coefficient, € is the deformation.

Fig. 3 Trend of bending moments along the development of the shotcrete lining, in a
tunnel cross section, for the D1 case studied in the parametric analysis (A). Detail for
the first meter of support length (B). The origin of the lines refers to the centre of the
reverse arc and the diagrams consider half of the development of the supporting struc-
ture. The diagram shows the trend at the end of the tunnel construction phase (t = 0),
with the dotted line, and for the 10 stress relief steps considered, until reaching a very
high time value (for which E; =E,,, t =), shown with the continuous black line.

Fig. 4 Trend of normal forces along the development of the shotcrete lining, in a tunnel
cross section, for the D1 case studied in the parametric analysis (A). Detail for the first
meter of support length (B). The origin of the lines refers to the centre of the reverse arc
and the diagrams consider half of the development of the supporting structure. The
diagram shows the trend at the end of the tunnel construction phase (t = 0), with the
dotted line, and for the 10 stress relief steps considered, until reaching a very high time
value (for which E; =E,, t =~), shown with the continuous black line.

Fig. 5 Trend of safety factors over time at the tunnels type A to H, for the 8 types of

sprayed concrete considered.
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TABLE CAPTION

Table 1 Geomechanical parameters of the rock assumed in the calculation for the two
values of the RMR indices considered in the parametric analysis.
Table 2 Types of tunnel considered in the developed parametric analysis.

Table 3 Types of sprayed concrete considered in the developed parametric analysis.
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