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Time-dependent loads on tunnel final linings
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ABSTRACT : An analysis concerning the: inﬂuence of time-dependent loads on the final lining is carried out
using the finite elen}ent method: The loading induced by a drop in the bearing capacity of temporary support
system and changgs in tt}e behaviour of geomaterials caused by swelling or creep phenomena is investigated gnd
qmﬁﬁed 'IVvo-dlmenswn_al_plane strain models are employed for four Mohr-Coulomb types of geomaterials
mp,mtative of characteristic RMR categories with deep circular openings under hydrostatic pressure.
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1.2 Creep

In some types of ground such as sheared or faulted
rock masses containing mylonite or clay gouge, creep
has been cited as the prime mechanism causing groupd
squeezing along with high stress field and extensive
rockmass failure. Due to the time-dependent increase
in ground movement and support load, such pres-
sure on tunnel supports may increase for months or
years after the completion of the excavation.

Creep behavior of geomaterials is commonly
described by either rheological or empirical models.
The former models that are commonly used only give
a simple approximation of strain-stress time relation-
ship of ground. The empirical models are usually
expressed in simple mathematical forms with a small
number of parameters and have been successfully used
to describe observed creep behavior of soil and rock.
The commonly used empirical creep models are the
power law, the exponential law and the hyperbolic law
(Phienwej et al., 2007).

1.3 Loss of temporary support

Temporary support measures may be considered to
continue to be partly functional during the lifetime of
a tunnel project. However, it is not unusual to ignore
them during the final lining design due to gradual loss
of bearing capacity, erosion of metal parts, shotcrete
creep, inferior quality control.

Quantification of the amount of loading that is actu-
ally transferred to the final lining due to the temporary
support loss is hereby performed.

2 NUMERICAL ANALYSES

The numerical code SOFISTIK was employed to

- perform the analyses. Two-dimensional plane strain
‘models of Mohr-Coulomb geomaterial with deep



Table I. Geomaterials and their mechanical properties.

Geomaterial

Parameter 1 2 3 4
RMR 11111 -1V [-11 [1-111
v 0.35 0.3 0.3 0.3
En (MPa) 410 780 1648 559
¢ (") 27 24 35.1 31
¢ (kPa) 351 270 24 463
o; (kPa) 10 5 13 31

Table 2. Bearing capacity usage of temporary support

measures.
Geomaterial Rockbolts Steelsets Shotcrete
1 58.44% 64.34% 89.84%
2 29.44% 47.54% 59.61%
3 58.38% 92.14% 87.91%

circular openings under hydrostatic pressure Were
first validated against the analytical solution of the

convergence-confinement method (Panet, 1995).

Four types of geomaterials representative of char-
depicted in Table 1 were

acteristic RMR categories as
then tested. Parameter selection was based on actual
observations of shales, schists and marls.

All loads are presented in the form of p/po where
po is the initial stress field at the depth of 20 tun-
nel diameters, which was held constant throughout the
analyses.

Common starting point of all analyses is the load
case where equilibrium between temporary support
and rockmass pressure is reached, at Im distance
from the tunnel face. The entire construction proce-
dure was therefore modeled beginning from the initial

undistrurbed conditions.

2.1 Temporary support loss

The temporary support system was common for all
geomaterials in that it consisted of rockbolts ®25 at
1.3 m in plane spacing, shotcrete C30/37 and C40/50
of varying thickness and steelsets HEB140 and an
assumed excavation step of 1 m. It is important to
note the numerical code limitation of support elements
to elastic behavior, which has caused an apparent
overdesign of temporary support measures, as can be
seen in Table 2. Three dimensional temporary sup-
port installation was simulated in two stages, one for
deconfinement at the tunnel face where rockbolts and
5 cm shotcrete were installed and the second at 1m dis-
tance from the tunnel face, where steelsets and total
thickness of shotcrete were installed and equilibrium
reached.

Table 3 contains the condensed results of the anal-
yses for Rockmass types 1, 2 and 3. Firtsly, it can be
seen that failure of shotcrete appears to be the most

pressure on the final lining caused by te
m

Table 3.

support loss. Expressed as percentage of initia] oy, Pora

load (pfnml lining /py, %). "rburdcn

RMR I [y
/po @ tunnel face 20% 13%

g:x/po @ | m from tunnel face 19.9%  13.1% ‘2‘2%0
Failed support measure 2%
Shotcrete 15.80% 11.50% 19
Steelsets 0.90%  0.70% 138:/0
Rock Bolts 090% 0.10% (5ot

All temporary support 20.20% 13.50% 2 .70 l’//,,

’ 0

detrimental for the final lining loading. This is g
to the fact that the other temporary support measurl;e
each contribute less than 10% of the required g, S
port pressure during construction. This depends (?n
the construction sequence and the rockmass beh .
Secondly, in the case of weaker rockmasses, al r0ck.'
mass pressure at the tunnel face is transmitted to
the temporary support and then to the final lining
when temporary support fails. In the case of better
ground conditions however, temporary support only
contributes to the self-supporting capabilities of the
ground and the subsequent loading of the final lining

during failure is even less.

2.2 Swelling analyses
Modeling of swelling with the SOFISTIK code il
based on a three-dimensional extension of the Grob
(1972) constitutive law that relates the axial final ate.
swelling strains to the present compression stress stz
(Heidkamp et al., 2004). Introduction of a compress
limit stress o, provides equation (1) for calculati
swelling strains that have developed at the time t

0 )
¢, =—k, 4 log(o; l'6y) 5 Oy >0;> 0,
log(o,./0,) , 0,50,

0,20,

where k, = swelling modulus; o; = principal nc
stress components; and oyp; —normal compor
initial equilibrium stress with respect to swe
Since this equation relates the final stati
at t =00, it is then extended to the time ¢
defining the rate of swelling strains as

é =M;

! #(0.5,)= &,0)-¢,

\yhere the viscosity parameter 7 is
tity. Integration of the swelling.
evolution of swelling strains
For the simple one-dimer
solution is reached accor d

G.(I) ="
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(5)

nwil::(rie A =d consistency parameter specifying the mag-
o tﬁ and m=m(o, ®) determines the direction of
5 ,th e.se::ron(.i order tensor ® reflects the evolution
€ 1sotropic as well as the anisotropic i
e pic internal

The Perzyna theory defines the viscoplastic strain
rate as

P

D), (40) = {m if 4020 o

n 0 if ¢O<0

vyhere 1 = viscosity parameter, ¢ = overstress func-
tion that depends on the rate-independent yield sur-
face f(o, ®); and m = dg/do; g =g(o, ®) such that
the rate effects are not affecting the direction of
the viscoplastic flow.

Combining equations (5) and (6) the consistency
parameter is explicitly expressed as

80 ™

n

A widely used expression for the overstress function
is

¢(N)=(11a)" (8)

where « is commonly chosen as the initial yield stress,
and N > 1 is a calibration parameter.

Geomaterial type 1 was used as a basis for the creep
analyses in combination with a sensitivity analysis
of the rockmass elasticity modulus and the strength
parameters ¢ and ¢. The viscosity parameter was
set at 10'2kPa. The final lining loads were exam-
ined at three different assumed installation times. The
creep phenomenon was given 100 years to fulfill its
potential. ;

It can be seen from Figure 2 that 50% overestima-
tion of the elasticity modulus more than doubles the
pressure on final linings constructgd a year after the
temporary support. At 78% it is quintupled.

In Table 5 numerical values of creep loads on the
final lining as compared to the to}al creep logds (tem-
porary and final support) are provided. Itis evident that
the temporary support withstands most of the loads.
This can be attributed to the use of elastic support ele-
ments whose bearing capacity was often not reached
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Figure 2. Effect of rockmass elasticity modulus on final

lining pressure due to creep.

Table 5. Values of final lining and total loads due to creep
(p“™P/py %) for varying rockmass modulus of elasticity.

Time of final lining construction (months)

E (MPa) 3 6 12
510 3.53/15.03 1.75/14.97 0.49/14.93
410 3.81/15.15 2.01/15.13 0.57/15.12
310 4.25/15.37 2.66/15.39 1.11/15.42
210 4.62/15.78 3.30/15.86 1.74/15.94
110 4.93/16.76 4.07/16.87 2.80/17.03
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Figure 3. Effect of strength parameters ¢ (kPa) and ¢ (°) on
final lining pressure due to creep.

Table 6. Values of final lining and total loads due to creep
expressed as p™P/py % for variable strength parameters ¢

and ¢.

Time of final lining construction (months)

c(kPa) ¢(°) 3 6 12

351 27 3.81/15.15 2.01/15.13  0.57/15.12
250 25 476/18.80 2.55/18.78  0.82/18.77
100 22 6.30/24.91 3.23/24.83 0.96/24.78

during the temporary support — rockmass equilibrium
load case.

Figure 3 and Table 6 contain creep load results that
were acquired by changing the strength parameters of
cohesion and angle of internal friction. In this case,
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the sensitivity is greater for earlier Constryy;

final lining. A more pronounced eﬂ‘cci _r‘ucuon of

in the total loading due to creep. Althgy, 'Ilb also Hsib]k

lining construction still plays an impoﬁ; lime inae|

magnitude of the final lining loading l‘h';ltro(ilcl i th,
: a

load is more influenced by the variatiop jj, the Cregp

parameters. Strengyy
3 CONCLUSIONS
Parametric numerical analyses concerning ¢, -

€ Infly.

ence of time-dependent loads of the fina] Jip;
been carried out using the finite element methng haye
Results have shown that, the load transfenegd.
final lining due to loss of bearing capacity of‘l:)lh
steelsets and shotcrete depends on the self-supp, olts,
capacity of the ground and on the deconfinemeﬂt""{
at the excavation face. As expected, loss of Shmcmno
bearing capacity was the most detrimental. Fina| linrie;e
excess loading for the specific cases ranged from e .
up to 21.70 % of po. 2
In the case of loading due to rockmass swellipy
results show dependance on the time that elapsé y
before the final lining is installed and on the vis.
cosity parameter of the phenomenon. Loading due to
swelling was less than 1% up to 6.5% of the initia]
effective vertical stress pofor the specific cases that
were investigated.
Loading due to creep showed dependency not on]i
on time parameters but also on mechanical properties
of the geomaterial and a range of 0.57%6.3% of
was determined for the final lining excess loading for
the specific cases examined. b
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