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n case of tunnelling in squeezing rock, e.g.,
when passing fault zones under high overbur-
den, relatively large displacements of the rock
mass are recorded. Then, the rigidity of conven-

However, assuming a very low degree of utili-
zation, which, roughly speaking, is equal to the
circumferential stress in the tunnel lining divid-
ed by the current strength, the tunnel support

tional tunnel linings may be the reason for con-
siderable damage of the tunnel lining.

Hence, for such ground conditions, the devel-
opment of alternative tunnel support systems
was highly desirable. As early as 1975, Rabce-
wicz (14) reported on a successful remedy used
at the Tauerntunnel: Longitudinal gaps were left
in the linings in order to allow for remarkable
circumferential displacements without damage
of the shotcrete tunnel lining. In this case, the
circumferential axial forces in the tunnel lining
are induced by shear forces at the interface of
the shotcrete segments and the adjacent rock,
which are connected by a dense grid of rock
bolts.

Later, attempts were made to determine
characteristic values for the circumferential axi-
al forces in the shotcrete segments. In (13), a
Mohr-Coulomb friction law is used for the de-
scription of the shotcrete-rock interface. Based
on estimates for the cohesion c¢ and the angle of
internal friction ¢, very low values were calculat-
ed for the shear forces at the interface and,
hence, for the circumferential axial forces in
such a tunnel lining. In view of the strong aniso-
tropy and inhomogeneity of the rock and the in-
accessibility of the respective interface in situ, it

Fig. 1 Semmering pilot tunnel: (a, b) shotcrete tunnel lining with Lining Stress Control-
lers (LSC) installed in longitudinal gaps and (c) prototype of LSC after buckling (15).

is next to impossible to determine the material  gjg 1 Semmering-Pilotstolen: (a, b) Spritzbetonschale mit in Lngsschiitzen

parameters ¢ and ¢ experimentally.

Bewertung eines Tunnelausbaus fur druckhaftes
Gebirge mittels einer hybriden Methode

Beim Vortrieb von Tunneln in druckhaftem Gebirge werden
relativ groBe Verschiebungen des umliegenden Gebirges
aufgezeichnet. Unter diesen Bedingungen kann die verhalt-
nismiBig groBe Steifheit eines konventionellen Ausbaus zu
beachtlicher Schadigung der Tunnelschale fiithren. Als Abhil-
fe wurden schon 1972 Liangsschlitze in Tunnelschalen aus
Spritzbeton angeordnet. Die Schlitze lassen relativ gro3e
Umfangsverschiebungen ohne Schidigung der Tunnelschale
zu. Die Ausriistung der Langsschlitze mit Dampfelementen
aus Stahl ermoglicht eine Kraftiibertragung tiber die Schlit-
ze hinweg. Zum Verstindnis der Wirkungsweise und zur Be-
wertung eines solchen Ausbausystems wird eine hybride
Methode zur Quantifizierung von Spannungszustinden in
Spritzbetontunnelschalen angewendet.

angeordneten Stauchelementen (LSC) und (c) Prototyp eines Stauchelements (15).

In case of tunnelling in squeezing rock, relatively large
displacements of the rock mass are recorded. In this case,
the rigidity of conventional tunnel linings may cause con-
siderable damage of the tunnel lining. As a remedy, al-
ready in 1972, longitudinal gaps were left in the linings in
order to allow for relatively large circumferential dis-
placements without damage of the shotcrete tunnel lining.
In this case, the circumferential axial forces in the tunnel
lining are transferred through shear forces at the inter-
face of the shotcrete segments and the adjacent rock,
which are connected by a dense grid of rock bolts. By in-
stalling steel damping elements in the longitudinal gaps,
circumferential axial forces can be transferred over the
gaps. In order to understand such a tunnel support system
and to assess its functionality, a hybrid method for the
quantification of stress states in shotcrete tunnel linings
is applied.
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Fig. 2 Semmering
pilot tunnet: experi-
mentally obtained
relation between the
shortening of the LSC,
type 2Al, Aﬁw,_ and the
applied load, n 4. (12).
Bild 2 Semmering-
Pilotstollen: experimen-
tell ermitteltes Last-
Verformungs-(n-u)-
Diagramm fr ein
Stauchelement, Typ 2Al.
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Fig. 3 Location of
measurement points
(MP) and Lining Stress
Controilers (LSC) in
the Semmering pilot
tunnel at km 4.274.

Bild 3 Lage der
Mepunkte (MP) und
der Stauchelemente
(LSC) im Semmering-
Pilotstollen (km 4.274).

Fig. 4 lllustration of
the quadratic interpola-
tion of the circumferen-

tial displacements U,

on the basis of dis-
placements at meas-
urement points MP1
to MPS, displacement
jumps and prescnbed

values of U u, = au /00

at LSC1 to LSC3 (8)

Ag refers to the gap
in the shotcrete lining,
where the LSCs are
placed. For the Sem-
mering pilot tunnel,
A9 =204 U = au /op.
Bild 4 Darstellung
der quadratischen
Interpolation der Um-
fangsverschiebungen
U, unter Zugrunde-
Iegung der in MP1 bis
MP5 gemessenen Ver-
schiebungen sowie der
bei LSC1 bis LSC3
gemessenen Verschie-
bungssprnge und der
dort vorgeschriebenen

Werte U, = 6‘U/¢9(p 8).

A@ bezieht sich auf die
Lngsschilitze in der
Tunnelschale, in denen
die LSC plaziert sind
(Ap = 2.04 fr den
Semmering- Pilot-
stollen).

system was further improved by installing
damping elements within the longitudinal gaps
(12, 15, 17). In this way, circumferential axial
forces can be transferred over the gaps. Thus,
the degree of utilization is increased. The damp-
ing elements are called Lining Stress Controllers
(LSC). In the given case, steel cylinders are used
as LSCs (Figure 1). Their load-deformation beha-
viour is nearly bilinear (Figure 2). The LCSs are
functioning as follows: In principle, loading of a
tunnel lining may be regarded as a displace-
ment-driven process. Before the strength of
shotcrete is reached in this process, the LSCs are
buckling. This results in large circumferential
shortening in the longitudinal gaps of the lining.
According to (12), from this point on, the circum-
ferential axial forces in the tunnel lining are con-
trolled by the LSC behaviour.

Up to now the design of the LSCs is based on
the hypothesis that the shear force between lin-
ing and rock in squeezing ground is negligible. In
order to validate this hypothesis, an attempt was
made to quantify the stress state of a segmented
shotcrete lining with LSCs installed in the gaps
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with the help of a hybrid method. A case example
from the pilot tunnel of the Semmering base tun-
nel in Austria is used, where this type of support
was installed and displacement monitoring data
are available.

Hybrid method for quan-
tification of stress states in
shotcrete tunnel linings

This hybrid method constitutes a combination of
3D displacement measurements with thermo-
chemomechanical material modelling of shot-
crete in the framework of the non-linear Finite
Element Method (3, 5). This method comprises
the following steps:
¢ Formulation of hypotheses concerning the
structural behaviour of the tunnel lining

(“structural hypotheses”) .
¢ Investigation of the tunnel lining on the basis

of a ring with a width of 1 m, which is ficti-

tiously cut out of the lining structure. This
part of the tunnel lining is modelled by means
of 3D or 2D plane strain Finite Elements on
the basis of the structural hypotheses.

© Approximation of the fields of displacement
components at surfaces at which forces are
introduced into the lining structure. These ap-
proximations are made on the basis of (a) in-
situ displacement measurements at discrete
points of the lining and (b) the structural hy-
potheses. The approximated displacement
fields serve as boundary conditions for the FE
model of the investigated part of the tunnel
lining.

Based on statements in (13) on the low shear
forces at the shotcrete-rock interface, the struc-
tural hypothesis of a frictionless relative move-
ment between shotcrete and rock at this inter-
face was formulated in (10). It was tested for the
cross section km 4.274 of the Semmering pilot
tunnel (Figure 3). In this analysis only the radial
displacement states were prescribed. The nu-
merically obtained circumferential displacement
states of the interior surface of the tunnel lining
did not agree with the respective displacements
measured on site (10). Consequently, in contrast
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to the statements in (13), the shear forces at the
interface are most probably not negligible.

Thus, the hypothesis of negligible shear forces
was replaced by more realistic hypotheses. This
has led to a structural model characterized by
the following hypotheses (11):
© H1: During the deformation, the thickness of

the lining is assumed to be approximately

constant. Because of the small thickness and
the mode of loading of the lining, this assump-
tion is justified.

© H2: As for the parts of the lining made of shot-
crete, smooth displacement fields are as-
sumed. With regards to the gaps, after buck-
ling of the LSCs (see localized deformation in

Figure 1c), large displacement gradients oc-

cur in a very small region as compared to the

dimensions of the whole structure. This situa-
tion can be approximated by discontinuous
displacement fields. These fields exhibit a
jump in the circumferential direction.
© H3: There is no stress transfer between the
footing of the top heading support and the ad-
jacent rock.

© H4: The load-deformation characteristics of
the LSCs are assumed to be linear-elastic -

ideally-plastic. In other words, they have a

well-defined ultimate load for a large range of

(non-elastic) deformations (12). The experi-

mental load-displacement curve for the LSCs

used at the Semmering pilot tunnel is depicted

in Figure 2.
© H5: The bending moment which can be taken by

the LSCs is negligible in comparison to the one

which can be taken by the shotcrete lining.

Hence, zero values for the bending moment are

assumed at the shotcrete-LSC interface.

The algorithmic realization of H1-H5 requires
the development of numerous advanced numeri-
cal tools, which are described in detail in (8). To
give a rough idea on this algorithmic investiga-
tion, Figures 4 and 5 illustrate the employed ap-
proximation of the radial and circumferential dis-
placement fields by means of quadratic interpola-
tion functions. Quantities with the indices MPi,
i=1, 2, 3, 4, 5, or LCSj, j=1, 2, 3 indicate measured
values. Figure 6 shows the in-plane measurement
traces of the five measurement points.

The second foundation of the hybrid method is
advanced material modelling of shotcrete. Such
a material model was developed and continuous-
ly improved at the Institute for Strength of Mate-
rials over the last half decade (1, 2, 4, 6, 7, 16):

Shotcrete is modelled in the framework of
chemically reactive porous media. Dissipative
phenomena at the microlevel of the material are
accounted for by means of (internal) state varia-
bles and energeticaily conjugated thermody-
namic forces, related to the state variables via
state equations. The rates of the internal state
variables are related to the corresponding ther-
modynamic forces by means of appropriate evo-
lution equations.

P2 Wil LH)

The following dissipative phenomena govern
the material behaviour:

¢ The chemical reaction between water and ce-
ment, i.e., hydration, results in chemical
shrinkage strains, ageing elasticity, strength
growth (chemomechanical couplings), and in
latent heat production (thermochemical cou-
pling). The state of the reaction is described
by the mass per unit volume of the reaction
products called hydrates and denoted as m.

© Microcracking of the hydrates leads to plastic
strains €. The state of microstructural chang-
es resulting from microcracking (i.e., harden-
ing/softening) is described by hardening vari-
ables ¥, as in classical plasticity theory. In the
present case, a multisurface model consisting
of a Drucker-Prager loading surface and three
Rankine loading surfaces is employed (Fig-
ure 7) (7).

® Stress-induced dislocation-like  processes
within the hydrates result in flow (or long-
term) creep strains ¢’. The state of respective
microstructural changes is described by the
viscous flow y.

9 Stress-induced microdiffusion of water in the
capillary pores between the hydrates result in
viscous (or short-term) creep strains g'.

-
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Fig. 5 lilustration of
the quadratic interpo-
lation of the radial dis-
placements U, on the
basis of displacements
at measurement points
MP1 to MP5 (8).

Bild 5 Darstellung
der quadratischen In-
terpolation der Radial-
verschiebungen u,
zwischen den in MP1
bis MP5 gemessenen
Verschiebungen (8).

Fig. 6 Displacements
measured in the Sem-
mering pilot tunnel at
station 4.274: displace-
ment history of the five
measurement points
for the first 35 days
after excavation (circles
indicate the location

of the measurement
points 12 hours, 36
hours, 7 days, and 9
days after excavation).
Bild 6 Gemessene
Verschiebungen beim
Semmering-Pilot-
stollen (km 4.274);
Lage der Mepunkte
whrend der ersten

35 Tage nach dem
Ausbruch (Kreise be-
zeichnen die Lage der
Mepunkte nach 12
Stunden, 36 Stunden,
7 Tagen und 9 Tagen
nach dem Ausbruch).

Fig. 7 Multisurface
plasticity model con-
sisting of Drucker-
Prager loading surface
and three Rankine
loading surfaces (7).
Bild 7 Vielfichen-
plastizittsmodell
bestehend aus einer
Drucker-Prager- und
drei Rankine-Ver-
sagensfichen (7).
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Fig. 8 Semmering
pilot tunnel: FE mesh
(m,: number of finite
elements).

Bild 8 Semmering-
Pilotstollen: FE-Netz
(m,: Anzahl der finiten
Elemente).
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Fig. 9 Semmering
pilot tunnel: distribution
of the axial forces in
the circumferential di-
rection for (a) t= 12
hours, (b) t = 36 hours,
(c) t=7 days, and (d)
t=9 days.

Bild 9 Semmering-
Pilotstollen: Verteilung
der Normalkrfte in
Umfangsrichtung nach
(a) t = 12 Stunden,

(b) t = 36 Stunden,

(c) t = 7 Tagen, and
(d) t = 9 Tagen.
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Representative results of
finite element analyses

The finite element discretization employed in the
chemomechanical analysis is shown in Figure 8.
It consists of 312 bilinear finite elements. Small-
er elements were used in the vicinity of the shot-
crete-LSC interfaces. In these areas, a significant
shear transfer from the rock to the shotcrete lin-
ing is expected.
The following interpretation of results is sup-
ported by three figures:
® Figure 9 shows the spatial distribution of the
circumferential axial forces (MN/m) for select-
ed time instants. These force are computed
from the circumferential stresses o, as

i e
T, e
e 6

Fig. 10 Semmering pilot tunnel: distribution of the shear stresses at the shotcrete-rock
interface for (a) t = 12 hours, (b) t = 36 hours, (¢} t = 7 days, and (d) t = 9 days.
Bild 10 Semmering-Pilotstollen: Verteilung der Schubspannungen an der Grenzflche

zwischen Spritzbeton und Fels nach (a) t =

and (d) t = 9 Tagen.

12 Stunden, (b) t = 36 Stunden, (c) t = 7 Tagen,

with h as the thickness of the tunnel lining.

® Figure 10 shows the shear stresses o at the
shotcrete-rock interface. They are deter-
mined from the reaction forces at the nodes of
the exterior surface of the tunnel lining.

© Finally, Figure 11 shows the spatial distribu-
tion of an estimate of the safety of the struc-
ture (“degree of utilization”, “level of load-
ing”), based on failure of concrete in the uni-
or biaxial compressive domain, described by
means of the Drucker-Prager surface (see Fig-
ure 7) namely

= 1
L(og,t)= EJ.hL(r,(p,t)dr s [ 2]

ol +|s]

..[3
™ (31

u

with

the first invariant of the stress
tensor,

the norm of the stress deviator,

material parameters for the
Drucker-Prager yield surface (see
Figure 7).

In order to assess the states of stress in the
tunnel lining, it is instructive to consider the dis-
placements given at the measurement points
(see Figure 6). MP2 and MP4 exhibit larger radi-
al displacements than all other MPs. Moreover, a
circumferential shift of MP2 towards MP4 is ob-
served. Therefore, large forces n, prevail in the
left lower tunnel segment for all time instants
considered in Figure 9. These axial forces are
induced by large shear stresses at the shotcrete-
rock-interface (see Figure 10). It is assumed,
that these shear stresses are mainly transferred
by the anchor bolts forming a relatively dense
pattern (see Figure 1a). The unsymmetrical de-
formation of the tunnel is most likely caused by
the rock mass structure, respectively the schis-
tosity. This results in computed tensile forces
over the major part of the upper left segment.
The respective values of numerically obtained
quantities are bounded because of the employed
Rankine failure criterion.

The right upper segment shows compressive
forces n,, induced by the shear stresses at the
interface. However, except from relatively early
stages (t =12 h), they do not reach the magni-
tude of the forces in the left lower segment: Since
the inward movement of the rock is less pro-
nounced here than in the left lower part of the
tunnel cross section, short-term creep of shot-
crete leads to a relaxation of the forces n.

The right lower segment shows relatively low
loads except at a very early stage.

In the course of the loading history of the
measurement cross section at km 4.274, signifi-
cant in-plane bending moments

12 FELSBAU 18 (2000) NO. 6
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Fig. 11 Semmering
pilot tunnel: distribution
of the level of loading
for (a) t= 12 hours,
(b) t = 36 hours,

(c) t=7 days, and

(d) t =9 days.

Bild 11 Semmering-
Pilotstollen: Verteilung
des Auslastungsgrads
nach (a) t = 12 Stunden,
(b) t = 36 Stunden,

(c)t =7 Tagen und

(d) t =9 Tagen.

Fig. 12 Semmering
pilot tunnel: distribution
of (a) the in-plane
bending moments m
and (b) the normalize§
eccentricity 6 m,/ (h )
att=12 h; (c) intro-
duction of forces at
lower edge of left lower
segment iltustrated by
the distribution of the
circumferential stress-
es o, (in MPa).
Bild 12 Semmering-
Pilotstollen: Verteilung
{a) der Biegemomente
m, in der Tunneiquer-
schnittsebene und (b)
der normierten Exzen-
trizitt 6 m / (hn,}
nacht=12 é’tunden;
{c) Krafteinleitung am
unteren Ende des lin-
ken unteren Segments,
dargestelit anhand der
Verteilung der Um-
fangsspannungen o,
(in MPa).
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m =J;ow(r—r0)dr ....................................... (4]
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are occurring, with r, indicating the middle lin-
ing surface. This follows from 6 m /(n_h) >1,i.e.
the resulting axial force n_ may be outside the
kernel of the cross section. This is illustrated in
Figure 12, referring to the time instant of 12 h
after lining installation.

The negative bending moments at the lower
edges of the left lower segment and of both right
segments reflect the (local) introduction of com-
pressive forces from the rock-shotcrete interface
into the tunnel lining (see Figure 12c¢). All posi-
tive moments are stemming from curvatures in-
duced by the deformation of the rock. Interest-
ingly, the sign of these moments is opposite to
the ones reported in earlier work on the same
tunnel support system (13). There, each segment
was regarded as a beam on two supports. In view
of the present results, this seems to be an incor-
rect assumption. The eccentricity m_/n, reflects
both the introduction of forces from the rock-
shotcrete interface into the tunnel lining and
bending loading induced by the deformation of
the rock. Also, in contrast to the statements re-
ported in (13), the eccentricity may either in-
crease or decrease with increasing distance
from a longitudinal gap (see Figure 12b).

As for the LSCs, they enlarge the circumferen-
tial forces in the gaps from zero (corresponding to
a situation characterized by longitudinal gaps
without LCSs) to a value smaller than the com-
pressive strength of shotcrete. However, in the
case studied in this work this value is by far small-
er than the maximum circumferential axial force
prevailing in some of the shotcrete segments. The
latter presumably are induced mainly by the an-
chor bolts. It appears that the LSCs in the case

" il C\/ !
> X

studied did not contribute very much to the stress
of the lining. Their influence seems to be rather
local, i.e., in the vicinity of the longitudinal gaps.
Higher capacity LSCs could have been installed
without problem, which would presumably have
increased the support resistance.

Remarkably, the degree of utilization Llocally
reaches values up to 1 (see Figure 11). For the
lining being a sealing device rather than a load-
driven structure, this situation does not cause
failure, although it is not desirable in view of the
safety of the crew. In order to avoid L= 1, more
than three longitudinal gaps are probably need-
ed.

Conclusions

The numerical analysis of the Semmering pilot
tunnel has shown that in this particular case the
LSCs most probably have been underdesigned
and thus have only a local influence on the axial
forces in the circumferential direction of the tun-
nel lining. The loading of the lining seems to be
mainly controlled by the rock bolts at the shot-
crete-rock interface enabling the transfer of shear
stresses from rock to shotcrete. This stress trans-
fer results in both tensile and compressive loading
of the lining. Stronger LSCs in combination with
more gaps would reduce the shear loading of the
rock bolts due to reduced relative displacement
between rock mass and lining. This would have
the positive effect, that the risk of failure of the
bolt head, which is often observed in tunnels in
squeezing rock, would be reduced as well.

The numerical results have confirmed that in
this special case the rock bolt reinforced rock
mass stabilizes without a greater contribution of
the lining. In this case, the lining served as a
sealing device of the rock rather than as a means
of support. This also implies that, most likely, the
deformations have not been much influenced by
the lining.

On the basis of the obtained numerical results
the main conclusion is as follows: The longitudi-
nal gaps in the tunnel lining are essential to pre-
vent the destruction of the lining under the ob-
served deformation. The LSCs provide an addi-
tional transfer of axial forces across the longitu-
dinal gaps resulting in an improved utilization of
the shotcrete lining. Increasing the influence of
the LSCs on the global load-carrying behaviour
of the support system under the investigated
conditions would require

1.0
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® LSCs with higher ultimate loads, and
¢ installation of more than three longitudinal
gaps.

For the purpose of a further improvement of
the numerical analysis of the shotcrete-LSC-sys-
tem for squeezing rock conditions, the following
tasks must be undertaken:
® 3D analyses of the system, allowing for con-

sideration of the longitudinal strains as pro-

posed in (5);
® better quantification of the short-term creep

properties of shotcrete. According to (9), the

values used in the present analysis result in
too large circumferential forces in the shot-
crete lining.

These two items are topics of ongoing re-
search.
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