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Abstract

Large deformation in squeezing soft rock is a significant challenge that complicates the safety of underground construction
engineering. A yielding tunnel support system allows a certain amount of over-excavation, thereby accommodating large
deformation in severely squeezing rock. In this study, a special yielding support system has been developed with a type of
newly developed foamed concrete material which has a cushion effect. The special yielding support uses pre-cast foamed
concrete blocks which are mounted in the primary lining, and an in situ cast foamed concrete layer which is placed between
the primary lining and the secondary lining. The effect of the special yielding support on squeezing rock tunnels has been
validated by comparing the numerical results with those of a lining-strengthened stiff support system. The incorporation
of the foamed concrete blocks can both reduce the maximum and minimum principal stress in the primary lining. Relative
to the stiff support, the maximum and minimum principal stress in the primary lining are about 50 and 60% of those of the
stiff support, respectively, thereby improving the stress state of the primary lining. Further, compared with that in the stiff
support, the plastic zone in the secondary lining in this yielding support is significantly improved, and the deformations at
the roof and the sides of the secondary lining are 40 and 46% less than that of the stiff support, respectively, resulting in a
better stress state and less deformation in the secondary lining.
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Introduction in, which resulted in a significant threat on the subsequent

construction.

Large deformation induced in rock due to tunneling is a sig-
nificant challenge that complicates the safety of underground
engineering. This problem has been encountered frequently,
especially in squeezing soft rock tunnels, such as the Tao-En
tunnel and the Al-Berg tunnel in Austria, the Jiazhuqing tun-
nel and the Wushaoling tunnel in China (Meng et al. 2013).
With reference to the Jiazhuqing tunnel, during the initial
excavation, up to 1 m deformation of the tunnel roof caved
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For deep-buried squeezing soft rock, due to its low
strength and subjected to high ground stress during tun-
neling, there is often large deformation. When the shear
stress of the soft rock gradually reaches its strength, most
of surrounding rock enters the plastic state, thereby causing
noticeable rock deformation encroaching into the tunnel.
Hence, when facing the problem of large deformation, it is
necessary to consider the factors of rock strength and creep
properties (Ngoc-Anh et al. 2015; Agan 2016; Wu et al.
2017). In fact, the deformation rate of tunnel in squeezing
rock largely depends on the rock mass properties, such as
the in situ stress relative to rock mass strength, and geologi-
cal conditions (Aydan et al. 1993; Wang et al. 2000; Scussel
and Chandra 2014).

For tunnels in squeezing soft rock, the stability issue on
how to support the tunnel has become one of the major con-
cerns during tunnel excavation (Hoek 2001; Dalgic 2002;
Kolymbas et al. 2006; Barla et al. 2011; Dwivedi et al.
2013, 2014). Most studies assessed the support pressure or
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ground-support behavior in tunnels which were excavated
in squeezing ground condition, and made the decision on
a suitable support system (Dwivedi et al. 2014; Vrakas and
Anagnostou 2016; Mezger et al. 2017). In general, depend-
ing on the geology, ground stress, and other conditions,
heavy or stiff support system and yielding support system
are both effective in limiting large deformation in squeezing
soft rock. Stiff supports can directly limit large deforma-
tion of tunnel (Dwivedi et al. 2013). Aksoy et al. (2012)
discussed non-deformable support with certain excavation
toleration. He also carried out finite elements analysis to
investigate the T-13 tunnel in highly deformable rocks. The
results showed that non-deformable support system can be
used in highly deformable rocks without over-excavation.
On the other hand, in some situations where deformations
are allowable, yielding supports can be used. In combination
with a certain amount of over-excavation, yielding tunnel
support can accommodate deformations in squeezing and
even heavily squeezing ground. Cantieni and Anagnostou
(2009) used numerical analyses to investigate the interaction
between the yielding supports and squeezing ground, which
included the evolution of the spatial stress field around the
advancing tunnel heading. Due to the stress-related failure
in the rock mass in thrust zones and strike—slip faults that
transected the Bolu tunnel, Dalgic (2002) discussed the
feasibility of using the flexible support approaches. These
approaches use a flexible support, over-excavation, longi-
tudinal gaps in the shotcrete lining and yielding rock bolt-
ing. Barla et al. (2011) reported that to carry out excavation
in severely squeezing rock conditions, a yielding support
system with highly deformable concrete elements incorpo-
rated in the primary lining was implemented in the Saint
Martin La Porte access adit. Mezger et al. (2018) performed
a comparative analysis of radially or tangentially deform-
able linings and conventional rigid segmental linings and
showed that deformable lining systems offer advantage for
deep tunnels crossing rocks. Tian et al. (2016, 2018) focused
on the interaction of shotcrete liner with rock for yielding
supports and investigated the influence of the yield stress of
the yielding element on the behavior of the shotcrete liner.
Zeng and Xu (2013) presented a unified semi-analytical
solution for elastic—plastic stress of a deep circular hydraulic
tunnel with support yielding under plane strain conditions.
For all yielding support systems, the idea is that the ground
pressure decreases when the ground deforms at the cost of
large deformation produced in the yielding supports. During
construction, the yielding support system and the amount
of over-excavation can be adapted to change in squeezing
intensity, and make the combined efforts to ensure the stabil-
ity of the openings.

Although those studies mentioned above were performed
on yielding support measures or support methods, most of
them are focused on the effect of the yielding elements and
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the feasibility of the yielding support measures. Few men-
tioned the systematic and direct yielding support systems.
In particular, only few reported a complete yielding sup-
port system and evaluated its overall performance under the
working conditions (Barla et al. 2011; Moritz 2011; Tian
et al. 2016). In this study, a special yielding support sys-
tem has been proposed. It uses a type of foamed concrete
as a cushion material. The special yielding support makes
full use of the foamed concrete to allow soft rock to deform
within an acceptable range, and the performance of this sup-
port system has been compared with that of a stiff support
system under the same conditions for a given amount of
over-excavation.

Development of a special yielding support
system

In this study, a special yielding support system has been
developed. In addition to the conventional active supports,
such as rock bolts and cables, it consists of several critical
support components including the primary lining, foamed
concrete blocks, foamed concrete layer and the secondary
lining, as shown in Fig. 1.

The primary lining is mainly composed of shotcrete, steel
fabrics and enclosed steel ribs. Shotcrete and steel fabrics
are attached to the wall so as to prevent weathering of the
surrounding rock. With the shotcrete support, the integrity
of the surrounding rock is strengthened. The enclosed steel
sets are the key element of the primary lining which carries
the loads induced by the surrounding rock. Generally, the
spacing of the steel ribs in longitudinal direction is between
50 and 80 cm.

Different from the design of conventional primary lin-
ings, the special yielding support uses a foamed concrete as
a type of cushion material to resist ground pressure. First,
the foamed concrete blocks are to be incorporated between
shotcrete at a regular spacing. The foamed concrete blocks
are precast, the role of which is to distribute large ground
stresses induced by surrounding rock so as to prevent con-
centration of local stress on the shotcrete. The location of
the foamed concrete blocks is shown in Fig. 2. Second, the
foamed concrete layer is placed between the primary lining
and the secondary lining, which replaces the blank of the
deformation allowance of the primary lining. It acts as a
cushion to absorb the loads from the primary lining. So, it
is a crucial element to reduce the loads induced by the rock
mass on the secondary lining. This layer is cast in situ after
the installation of the primary lining.

The secondary lining is molded with reinforced concrete.
Compared with the primary lining, the secondary lining is
usually regarded as a strengthened support structure. The
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Fig. 1 Special yielding support
for soft rock tunnels
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Fig.2 Layout of the primary lining and the foamed concrete

thickness of the secondary lining is generally between 40
and 70 cm.

Properties of the foamed concrete

Foamed concrete is widely used in house building as a type
of energy-saving building material. It is a type of lightweight
concrete with a large number of pores. Foamed concrete
has a good capacity of deformability due to its small elas-
ticity performance. However, there are some shortcomings,
such as large shrinkage and ease of cracking for the existing
pores (Fig. 3), extremely low elastic modulus and strength,
especially the extremely low strength, which is not feasible
to resist much more deformation toward the inside of the
tunnel, thereby imposing an excess load on the lining. So

I The primary lining
Il foamed concrete blocks(pre-cast)
EE Foamed concrete layer(cast in-situ)

The second lining

Little pore

Large pores:

() (b)

Fig.3 Foamed concrete samples a common foamed concrete b devel-
oped foamed concrete

these shortcomings are harmful to act as absorbing large
deformation pressure of surrounding rock when tunneling.
In this study, to overcome these shortcomings, a new
foamed concrete has been developed by mixing waterproof
agent, fiber, and other additives together. The properties of
this new foamed concrete, such as the strength, elasticity,
ductility and waterproofness, are higher than those of com-
mon foamed concrete. The mechanical properties of the
newly developed foamed concrete were observed through
some uniaxial and triaxial compressive tests conducted by
our research team (Wang et al. 2012; Zhao et al. 2013).
Figure 4a shows a comparison of stress—strain curves for
the samples of the new and common foamed concretes. It
can be seen that the uniaxial compressive strength of the
new foamed concrete (3.2 MPa on average for the three
samples) is much higher than that of the common concrete
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(around 0.9 MPa). The elasticity modulus of the new foamed
concrete is 0.6 GPa, while that of the common concrete is
around 0.2-0.4 MPa. Figure 4b shows the axial damage
after tests. Further, the triaxial compressive test has been
conducted to examine the features of the foamed concrete.
Figure 5a shows the stress—strain curves. It can be seen that
the average peak stress of the samples reaches approximately
6.2 MPa and then almost remain at that stress level there-
after. This is an indication the behavior of the new foamed
concrete is nearly elastic perfectly plastic. Figure 5b shows
the shape of Sample 4 after the test. It can be seen that the
integrity of the sample is well maintained. This means that
the new foamed concrete has good ductility even after enter-
ing the yield stage.

As mentioned above, due to its high compressive strength
relative to common foamed concrete, it can endure much
pressure; owing to its porous structures, it has better deform-
ability than cement concrete; Most importantly, it is char-
acterized by good ductility and is difficult to crack even in
the plasticity stage. Therefore, it is introduced to be used in
the special yielding support system as a cushion material.

0.06 0.08 0.10

Application of the yielding support system
in a squeezing soft rock tunnel

Introduction to tunnel engineering

In this study, the Jieling tunnel in squeezing rock has
been used as an example to investigate the application
of the yielding support system. The Jieling tunnel is part
of Yi-Ba highway in Xingshan city in Hubei province of
China. It is a deep-buried tunnel with a standard two-lane
highway. The tunnel is 5.0 m high and 10.25 m wide. The
surrounding soft rocks are primarily mudstone and muddy
fractured shale.

During the initial tunneling, due to the large ground
pressures caused by the squeezing rock and insufficient
support measures, there were large deformations of the
tunnel lining. They include the 25 cm crown settlement
and the 40 cm deformation at the sidewall and the pri-
mary lining was damaged, which resulted in the caving
in of the roof and the sidewall, as shown in Fig. 6. The
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Fig.6 Failure of the tunnel in squeezing rock a large deformation b damage of the primary lining

roof collapsed and the damage of the primary lining was
mainly caused by the inadequacy of the original support.
The damage began a few days after the installation of the
primary lining. This is an indication that there was creep-
ing of the squeezing rock, and the tunnel was subjected
large ground pressure due to the creeping of the squeez-
ing rock.

Support scheme

According to the requirements of tunnel engineering, a new
support scheme needs to be installed. Since the original
support is inadequate, one method to strengthen the tunnel
lining, especially the secondary lining, is to install a stiff
support system (Aksoy et al. 2012). After all, the secondary
lining is made of reinforced concrete. So, it has a larger bear-
ing capacity than that of the primary lining. It is also con-
structed after the installation of the primary lining. Another
method is to install a yielding support system, which is to
make use of the self-capacity of the shotcrete and surround-
ing rock, and utilize the cushion layer to accommodate the
deformation of the primary lining and surrounding rock.
Hence, there are two alternative support schemes for this
tunnel, i.e., a stiff support scheme and a yielding support
scheme. The following is a comparison of the two schemes.

Figure 7 shows the stiff lining support (Scheme 1). The
primary lining (mainly 25-cm thick shotcrete) is used to
carry the loads during tunnel excavation. After the place-
ment of the primary lining, the deformation tolerance layer
is filled by reinforced concrete which is the secondary lining.
The thickness of the whole secondary lining is 65 cm, which
is to strengthen the secondary lining so that it can carry the
ground loads induced by the creeping of the squeezing soft
rock.

Figure 8 shows the special yielding lining support
(Scheme 2). The thickness of the primary lining is 25 cm

primary lining,
25cm

secondary
lining, 65cm

invert, 65cm

Fig. 7 The stiff lining support (Scheme 1)

primary lining,

secondary

lining, 45cm:

Fig.8 The special yielding lining support (Scheme 2)

shotcrete, which is the same as that in Scheme 1. Then,
along the tunnel perimeter, five pieces of foamed concrete
blocks are placed at nearly equal spacing. The 50 cm long
and 20 cm thick foamed concrete blocks are mounted into
the primary lining. Further, the deformation tolerance
layer is filled with 20 cm thick foamed concrete which
is designed to act as a cushion layer. The 45 cm thick
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Fig.9 Scheme 2 numerical model

secondary lining is molded to carry the ground loads
induced by the creeping of the squeezing soft rock.

The same simulation procedure has been applied to the
two schemes. It includes the tunnel excavation, installation
of the primary lining, mold-casting of the secondary lining
and creeping of the soft rock for 10 years.

Modelling analysis
Numerical model

Two numerical quasi-3D models for Schemes 1 and 2 have
been developed. The geometrical sizes and boundaries of
the two models are the same. The models are 100 m wide,
100 m high, and 2 m long in the longitudinal direction. In
these models, vertical deformations along the base boundary
and lateral deformations along the vertical boundary are not
allowed. Further, an overburden of 1000 m ground stress
acts on the top surface of the model. The rock mass and
the supports (including the primary lining, foamed concrete
blocks, cushion layer, and secondary lining) have all been
simulated with solid elements, while the rock bolts have
been simulated with truss elements. The Scheme 1 model
has 4292 nodes and 4160 elements, whereas the Scheme 2
model has 4292 nodes and 4358 elements. Figure 9 shows
the Scheme 2 numerical model.

Table 2 Creep parameters of A
the rock mass

n m

1.4408x 107 0.383 —0.833

Table 3 Parameters of the foamed concrete

Elastic modu-  Poisson ratio, ~Dry density, p; K° K' o¢J/MPa
lus, E/Gpa u /kg-m™>
0.60 0.41 720 0.48 0.1 32

Material parameters

The parameters of the rock mass and supports (Table 1) and
the creep parameters of the soft rock (Table 2) are deter-
mined from laboratory tests (Chen et al. 2011). Based on the
laboratory results, an empirical creep model with a power
function has been developed to describe the creep strain of
the squeezing rock, as follows:

€, 4+, =A(c,,)' """, 1)

where €, is the creep strain in the initial stage, €, is the creep
strain in the stable stage, o, is the equivalent creep stress,
which is equal to (¢, — 05) in the biaxial test, ¢ is time; A, m,
and n are the material creep parameters, as shown in Table 2.
According to the Chen and Zhao (Chen et al. 2011; Zhao
et al. 2013), the parameters of foamed concrete are shown in
Table 3. The numerical simulation can be carried out using
the code ABAQUS, in which the crushable foamed material
can be used to model the foamed concrete in the model.

Analyses of results

By numerical calculations, the stresses and deformations in
the primary lining and the secondary lining can be deter-
mined. For Scheme 2, the calculations include the cushion
layer. To evaluate the performance of the yielding support
system, comparisons of the stresses and deformations in the
primary and secondary linings of the two schemes have been
carried out.

Due to the symmetry of the numerical models and the
boundary conditions, angle ¢ is defined clockwise from the

Table 1 Parameters of the rock

Material Elastic modu- Poisson ratio, u Cohesion, C/MPa Internal friction Density,
mass and supports lus, E/GPa angle, ¢/° plkg-m™>
Soft rock 3 0.3 2.47 32 2685
Primary lining 26 0.17 3.12 41 2500
Secondary lining 30 0.17 16.99 58.7 2500
Rock bolt 210 0.2 - - 5000
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bottom to the top of the tunnel, and half of the perimeter
with ¢ =0°-90° has been selected for analyses, as shown in
Fig. 10. As ¢ =15°,49°and 90° correspond to the locations
of the foamed concrete blocks in the primary lining, this
means that along half of the tunnel perimeter, there are three
foamed concrete blocks.

1. The primary lining

In Scheme 2, as there are some foamed concrete blocks
embedded in the shotcrete linings, its stresses in the primary
linings induced by tunnel excavation are different from those
of Scheme 1. Figure 11 shows a comparison of the maxi-
mum principal stresses (almost in the hoop direction) in the
primary linings of Schemes 1 and 2 along half of the tunnel
perimeter (i.e., ¢ =0°-90°). It can be seen that for Scheme 1,
the maximum principal stress in the primary lining is
approximately 1 MPa. On the other hand, for Scheme 2,
despite some vibrations in the maximum principal stress,
it is still less than 1 MPa. The maximum principal stresses
in these foamed concrete blocks are less than zero, meaning
they are under compression state. The maximum principal
stresses in the primary lining in Scheme 2 are commonly
half of the those of Scheme 1. Figure 12 shows a compari-
son of the minimum principal stresses (almost in the radial
direction) in the primary linings of Schemes 1 and 2. It can
be seen that for Scheme 1, the minimum principal stress in
the primary lining is 15-12 MPa for ¢ =0°-15°, and practi-
cally constant at 12 MPa for ¢ = 15°-90°. On the other hand,
for Scheme 2, the minimum principal stress fluctuates with
peak stress at around 12 MPa, and the minimum stresses
at the locations where these foamed concrete blocks were
incorporated are about 0.8 MPa. The average minimum prin-
cipal stress in the primary lining in Scheme 2 is about 60%
of that of Scheme 1. This stress fluctuation phenomenon for
the primary lining with foamed concrete blocks is found to
be similar with that in literatures (Barla et al. 2011; Tian

Fig. 10 ¢ increases clockwise from the bottom to the vault

4 r
3 -
2 -
g1t
s, oA ZN
g RTINS o D" S
£ 4,0 15 30 4 60 75 9 ¢
w»
2k —#-scheme 1
3k —&—scheme 2
-4 L

Fig. 11 Comparison of the maximum principal stress in the primary
lining for two schemes

et al. 2018), where the curve of the axial thrust of the liner
is fluctuant and the forces at the yielding elements are mini-
mal. This is an indication that the installation of the foamed
concrete blocks can reduce the minimum principal stress in
the primary lining, particularly at the adjacent lining ele-
ments. The minus sign indicates compression in the lining.
This phenomenon can be attributed to the large deformation
of the foamed concrete blocks, as its elasticity modulus is
largely smaller than that of shotcrete.

Therefore, due to the installation of the foamed concrete
blocks, both the maximum and minimum principal stresses
are smaller in the primary lining of Scheme 2, thereby
improving the stress state of the primary lining.

2. The deformation tolerance layer

In Scheme 1, the deformation tolerance layer has been
installed with strengthened concrete as a stiff support. In
Scheme 2, the deformation tolerance layer has been replaced
by foamed concrete as a cushion layer. For this reason, the
interaction of the primary lining and the deformation layer
is of great importance. Figure 13 shows the contact stresses

—l-scheme 1
—o—scheme 2

stress/MPa
o

Fig. 12 Comparison of the minimum principal stress in the primary
lining for two schemes
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Fig. 13 Comparison of the contact stress between the primary lining
and the deformation layer for two schemes
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Fig. 14 Stress (Unit: Pa) distribution of foamed concrete as the defor-
mation layer in Scheme 2

PEEQ
(Avg: 75%)
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+2.000e-04
+0.000e+00

(a)

between the primary linings and the deformation layers of
Schemes 1 and 2. For Scheme 1, the contact stress is large,
and for ¢ =20°-90°, it is around 5 MPa. On the other hand,
for Scheme 2, the contact stress is considerably small rela-
tive to that of Scheme 1. This is due to the foamed concrete
acting as a cushion layer. Figure 14 shows the stress distribu-
tion of foamed concrete layer in Scheme 2. The stresses in
this layer are small (around 1.5 MPa) and evenly distributed,
except for local stress concentration at the spring sidewalls.
Hence, the foamed concrete cushion layer is effective in
reducing excavation loads of rock on the secondary lining.
It is an important element in the yielding support system
in limiting large deformation of tunnel lining in squeezing
rock.

3. The secondary lining

Figure 15 shows the plastic zone distributions in the sec-
ondary linings of Schemes 1 and 2. At the arch foot of the
two schemes, similar areas are deep in plastic state. For
scheme 1, almost the entire secondary lining is in plastic
state. On the other hand, for scheme 2, only some areas, such
as the arch foot and floor, are in plastic state. Further, for
Scheme 1, the maximum plastic strain is 1.09 X 1072, while
for Scheme 2, it is 5.02 x 1073, Therefore, the stress state in
the secondary lining of Scheme 2 is significantly better than
that of Scheme 1. Similar results were reported in literatures
(Wang et al. 2012, 2016; Zhao et al. 2013), where the sec-
ondary lining was largely improved in the case of adopting
the reserved deformation layer. This can be attributed to the
foamed concrete layer between the primary lining and the
secondary lining in Scheme 2.

Similarly, for the deformation in the secondary lining,
Scheme 2 also performs better than Scheme 1, especially
at the roof and the lateral sides of the secondary lining, as

PEEQ

(Avg: 75%)
+5.016e-03
+3.619e-03

+3.030e-03
+2.633e-03

+1.044e-03
+6.472e-04
+2.500e-04
+0.000e+00

(b)

Fig. 15 Plastic zone distribution in the secondary lining of the two schemes a Scheme 1 b Scheme 2
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Fig. 16 Comparison of deformations at the roofs of the secondary lin-
ings for Schemes 1 and 2
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Fig. 17 Comparison of deformation at the sides of the secondary lin-
ings for Schemes 1 and 2

shown in Figs. 16 and 17. Considering the influence of creep
of squeezing rock on the secondary lining for 10 years, the
deformation at the roof of the secondary lining of Scheme 2
is only 3.21 cm, while for Scheme 1, it is 5.28 cm. Thus, the
deformation at the roof of the secondary lining of Scheme 2
is 40% smaller as compared to that of Scheme 1. In addition,
the inward deformation at the sides of the secondary lining is
3.44 cm for Scheme 2, whereas it is 6.35 cm for Scheme 1.
Thus, the inward deformation at the sides of the secondary
lining of Scheme 2 is 46% less than that of Scheme 1. These
results show that the foamed concrete layer can effectively
reduce the deformation in the secondary lining.

Conclusions

In this study, using a newly developed foamed concrete
material which has the cushion effect, a special yielding
support has been developed. In applying the yielding lin-
ing support to a squeezing soft rock tunnel and making a
comparison with a strengthened lining stiff support, the
conclusions are as follows.

The incorporation of the foamed concrete blocks can
both reduce the maximum and minimum principal stress
in the primary lining, especially at the adjacent lining ele-
ments. The maximum principal stresses in the primary
lining in Scheme 2 (the special yielding support) are com-
monly half of the those of Scheme 1 (the stiff support),
and the average minimum principal stress in Scheme 2
is about 60% of that of Scheme 1, thereby improving the
stress state of the primary lining.

A comparison of the contact stresses at the interface
between the primary lining and the deformation layer
shows that Scheme 2 is much less than that of Scheme 1,
due to the foamed concrete as a cushion layer. Further, the
stresses in the foamed concrete layer are small (around
1.5 MPa) and evenly distributed. It is an indication that
the foamed concrete layer can reduce the excavation loads
of rock on the secondary lining.

The stress state in the secondary lining in Scheme 2 is
significantly improved as compared with that in Scheme 1.
The deformation in the secondary lining in Scheme 2 is
also less than that in Scheme 1, the deformations at the
roof and the sides of the secondary lining of Scheme 2
are 40 and 46% less than that of Scheme 1, respectively.
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