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Original scientific paper
In order to provide a basis for the reinforcement design and construction safety of the double-arch tunnel, it is of theoretical and practical value to analyse
the morphological characterization, the evolution process and the skewed effect of the pressure-arch in a double-arch tunnel. Based on the descriptions of
the boundary parameters of the pressure-arch in a double-arch tunnel, taking the 80 m buried depth double-arch highway tunnel as the research object, the
numerical calculation model of the double-arch tunnel was built by using FLAC3D, and then the morphological evolution of the pressure-arch induced by
step-by-step excavation was analysed. The results showed that the pressure-arch of the double-arch tunnel displayed the skewed distribution
characteristics which were gradually diminishing from the left tunnel to the right tunnel, the strain energy dissipation of the double-arch tunnel from the
left tunnel to the right tunnel was from high to low, and the nonlinear response characteristics in different excavation sequences were sensitive to the
changes of the stress state. The results provided a basis for the rock reinforcement design and safety construction of double-arch tunnel.
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Analiza razvoja znacajki tlaénog svoda u tunelu s dvostrukim svodom

Izvorni znanstveni ¢lanak
Kako bi se osigurala osnova za pojacanje konstrukcije i sigurnost izgradnje tunela s dvostrukim svodom, od teorijske i prakti¢ne vrijednosti je analizirati
morfolosku karakterizaciju, proces razvoja i asimetri¢ni ucinak tlacnog svoda u tunelu s dvostrukim svodom. Na temelju opisa grani¢nih parametara
tlacnog svoda u tunelu s dvostrukim svodom, kao istrazivacki objekt uzet je tunel autoceste s dvostrukim svodom iskopan na dubini od 80 m, te je izraden
numericki prora¢unski model tunela s dvostrukim svodom uporabom FLAC3D, a potom je analiziran morfoloski razvoj tlatnog svoda induciran iskopom
korak-po-korak. Rezultati su pokazali da tlacni svod tunela s dvostrukim svodom pokazuje karakteristike asimetri¢ne distribucije koja se postupno
smanjuje od lijevog tunela ka desnom tunelu, da rasipanje energije deformacije tunela s dvostrukim svodom od lijevog tunela ka desnom tunelu ide od
visokog do niskog, te da su nelinearne odzivne karakteristike u razli¢itim sekvencama iskopa osjetljive na promjene u stanju naprezanja. Rezultatima je

omogucena osnova za konstrukcije pojacane kamenom i sigurnost u izgradnji tunela s dvostrukim svodom.

Kljucne rijeci: asimetricni ucinak; energija deformacije; numericki proracun; tlacni svod; tunel s dvostrukim svodom

1 Introduction

The double-arch tunnel is a special tunnel and its
lining structures between two adjacent tunnels are
supported by the pillar between them. Owing to the large
span and large rock pressure, the two single tunnels of the
double-arch tunnel excavated interfere mutually that
makes the supporting system become much complicated,
let alone in the weak surrounding rock with frequent
collapse or roof caving accident [1, 2]. Thus, the
evolution process and the skewed effect (The geometry
and deformation parameters of the pressure-arch are not
symmetrical after the double-arch tunnel being excavated,
we called these characteristics the skewed effect) of the
pressure-arch under the step-by-step excavation are
essential problems, which have been of wide concern for
the scholars and technical personnel in the field of
engineering.

In the past years, the skewed pressure problems under
the tunnel construction have been analysed by many
scholars. For example, Kovari first found there was a
pressure-arch effect in the loose rock with the tunnel
excavation [3]. Protodyakonov proposed the collapsing
arch theory of the loose rock [4]. Terzaghi proposed the
existence conditions of the pressure-arch of the excavated
sand chamber by the experiment [5]. Rabcewicz proposed
that a self-bearing structure could form in the surrounding
rock of the chamber in New Austrian Tunnelling Method
[6]. Huang et al. proposed the identification method of the
upper and lower boundaries of the pressure-arch [7].
Poulsen conducted the Coal pillar load calculation by

pressure arch theory [8]. Fraldi et al. provided an idea to
analyse instability problems of the tunnel [9]. The
Chinese scholars such as Li et al. monitored the
construction deformation of the large span multi-arch
tunnel under complex geological conditions, and
proposed the engineering measures to control the large
deformation [10]. Zhu et al. analysed the construction
sequence and the supporting force of the shallow-buried
tunnel by numerical simulation method [11]. Combining
physical model experiment with numerical simulation, Jin
et al. analysed the temporal-spatial effect of the force and
deformation of the supporting structure of the six-lane
multi-arch tunnel [12]. Based on the monitoring data and
numerical model, Monjezi et al. analysed the instability
and ground subsidence characteristics of a shallow depth
metro tunnel [13]. Yang et al. analysed the stability of the
pressure arch and the instability failure modes after the
tunnel excavation using similar model test, [14]. Chen et
al. analysed the stress redistribution and ground arch
development during the tunnel construction [15], and so
on.

In summary, there are rich achievements in the world
on the research of pressure-arch in the double-arch tunnel,
but there are still some questions not being solved well.
Thus taking the double-arch tunnel as an example, the
evolution mechanism and the skewed effect of the
pressure-arch during step-by-step excavation need to be
further studied.
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2 Pressure-arch shape-parameters of double-arch tunnel

In order to facilitate the study, the element stress
variable e was defined [14]

e:MXIOO%, (1)

O-m ax

where o0, and oy, were maximum and minimum
principal stress of the surrounding rock unit respectively
after the double-arch tunnel was excavated.

As shown in Fig. 1, corresponding to the peak point
A of the maximum principal stress of the surrounding
rock, the boundary was defined as the inner boundary of
the pressure-arch. When the stress variable € was equal
to 10 %, the boundary corresponding to point B was
defined as the outer boundary of the pressure-arch. On
both Ilateral walls corner of the double-arch tunnel,
extending toward the deep of the surrounding rock and
meeting with the inner and outer boundaries of the
pressure-arch along the rock rupture angle f, the closed
region was the pressure-arch area. According to the
Protodyakonov’s theory and Rankine theory, the rock
rupture angle is f=45°+@/2, where ¢ was the inner

friction angle of the surrounding rock of the double-arch
tunnel.

Zone 2

Figure 1 Pressure-arch zones and morphological parameters of the
double-arch tunnel

As shown in Fig. 1, the pressure-arch of the double-
arch tunnel was divided into three zones so as to simplify
the analysis. For Zone 1, the characteristic parameters of
the pressure-arch were defined as the vault thickness S,
the waist thickness S, and the skewback thickness S; of
the pressure-arch, respectively. It is the same with Zone 2
and Zone 3.

The mechanics and engineering significance of the
pressure-arch of the double-arch tunnel are as follows:
during step-by-step excavation of the double-arch tunnel,
the surrounding rock experienced stress redistribution
repeatedly, and a skewed complex self-bearing pressure-
arch finally formed near the excavation area of the
double-arch tunnel. The morphological characteristics of
the pressure-arch and the arch thickness in separate zones
could demonstrate the disturbance effect of the
surrounding rock. Much more, the studies on the
mechanical evolution process and the skewed
characteristic of the pressure-arch provided a basis for
supporting design and construction safety of the double-
arch tunnel.

3 Computational model and simulation analysis schemes
3.1 The computational model

The shape and dimension of the designed cross-
section of the double-arch tunnel are shown in Fig. 2a.
The tunnel with 80 m burial depth was excavated by the
bench method, and its surrounding rock was mainly
composed of medium weathered sandstone, while the
hydro-geological conditions were simple.

Since there were some difficulties in modeling and
meshing for complicated 3D engineering in FLAC3D,
firstly, we built the engineering-geological model using
ANSYS, and then the engineering-geological model was
imported into FLAC3D as shown in Fig. 2b. According to
the sizes in Fig. 2a, the dimensions of the model were 70
m long, 4 m wide and 40 m high in the x-, y-, and z- axis,
separately. The model was divided into 9536 elements.
Since the infinite long tunnel can be treated as a plane
problem (the axial length of the model 4 m was thin
comparing with the 70 m length and the 40 m height of
the model) through the simplified method, therefore, the
axial length of the model was thin. The horizontal
displacements of four lateral boundaries of the model
were restricted, and its bottom was fixed. The upper
surface of model was the load boundary, and on it the
vertical load converted from the weight of the overlying
rock mass was applied. The material of model was
supposed to meet the Mohr-Coulomb strength criterion,
and moreover, it was supposed that the model was in the
hydrostatic stress state, namely the lateral pressure
coefficient 1 was 1,0. The parameters were selected as
listed in Tab. 1.

Pi._ P2
2 Pillas 4 -
Left mnnel Right tunne] >
3 1 5 ]
25.5m

a) Excavation steps of the tunnel

INSNNE]
b) Computational model and its meshing
Figure 2 Excavation steps of the tunnel and the computational model

Table 1 Physical and mechanical parameters of the surrounding rock of
the double-arch tunnel

Density Elasticity Poisson Tensile Cohesion Friction
(keg/m’) modulus ratio strength (MPa) angle
(GPa) (MPa) ®
2500 20,0 0,30 0,5 1,5 48

3.2 Simulation analysis schemes

The double-arch tunnel was excavated by the bench
method to analyse the evolution characteristics of the
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pressure-arch. The bench method construction was
divided into five steps, and the construction sequence is
shown in Fig. 2a:

Step 1: After the initial stress field of the calculation
model was balanced, the displacement and the velocity
field were cleared and then the pilot tunnel 1 was
excavated.

Step 2: After reconstructing the pillar with concrete
material to improve the strength of the pillar, the upper
cross-section 2 of the left tunnel was excavated.

Step 3: The lower cross section 3 of the left tunnel
was excavated.

Step 4: The upper cross section 4 of the right tunnel
was excavated.

Step 5: The lower cross section 5 of the right tunnel
was excavated.

Based on the above numerical simulation, the
pressure-arch shape and evolution process of the pressure-
arch could be revealed. Then by defining the skewed
coefficient and introducing the concept of strain energy
entropy, the skewed effect and the strain energy
dissipation characteristics of surrounding rock of the
double-arch tunnel were analysed (Fig. 3e).

3.3 Evolution characteristics analysis of the pressure-arch
under different conditions

(1) Geometric size effect

In order to reveal the size effect of the pressure-arch,
the evolution characteristics of the pressure-arch of two-
lane and three-lane tunnels during step-by-step excavation
were compared and analysed.

(2) Excavation sequence effect

The excavation sequence of bench method and
expanding method were 1-2-3-4-5 and 1-2-4-3-5,
respectively. The comparative analysis of evolution
characteristics of the pressure-arch under two different
sequences could reveal the nonlinear response
characteristics with the different excavation sequence.

(3) Stress state effect

Considering the impact of the lateral pressure, three
kinds of stress state were used. The comparative analysis
of evolution characteristics of the pressure-arch in double-
arch tunnel under different stress states could reveal the
skewed effects of the pressure-arch.

4 Evolution character of pressure-arch in the double-
arch tunnel during step-by-step excavation

4.1 Evolution process and morphological character of the
pressure-arch

The evolution process analysis of the pressure-arch in
double-arch tunnel under bench excavation method was
conducted as the following.

Step 1: As shown in Fig. 3a, after the middle pilot
tunnel being excavated, due to the stress self-adjusting
effect of the surrounding rock, a symmetrical pressure-
arch zone 2 gradually formed at the top of the middle
pilot (The white dotted lines on both sides of the middle
pilot tunnel were the side boundaries of the pressure-arch,
and the white dotted curve boundary close to the
excavation face was its inner boundary, and its outer
boundary was the graphic outer contour.).

Step 2: As shown in Fig. 3b, after the pillar being
reconstructed, the upper cross-section 2 of the left tunnel
was excavated, zone 1 of the pressure-arch on the top of
the left tunnel was formed, zone 2 of the pressure-arch
offset to the right obviously, and the pressure-arch
thickness increased. There was an obvious boundary
between zone 1 and zone 2 of the pressure-arch. The
pressure distribution in the top of the pillar was not
symmetrical.

Zone Extra
5.0000e-002
1.0000e-001
1.5000e-001
2.0000e-001
2.5000e-001
3.0000e-001
3.5000e-001
4.0000e-001
4.5000e-001

a) Step 1|[| 5.0000¢-001

b) Step 2
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e) Step 5
Figure 3 Pressure-arch evolution process under step-by-step excavation

Step 3: As shown in Fig. 3c, after the lower cross-
section 3 of the left tunnel was excavated, the larger area
of the surrounding rock was disturbed, the vault of zone 1
of the pressure-arch increased, and the thickness of zone 1
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increased too; zone 2 of the pressure-arch started to
develop to the left, the vault of zone 2 and the thickness
of the pressure-arch increased obviously, and the stress
concentration of the surrounding rock on the top of the
middle pilot tunnel was significant, demonstrating the
stress of the middle wall greatly increased.

Step 4: As shown in Fig. 3d, after the upper cross-
section 4 of the right tunnel was excavated, the
disturbance area of the surrounding rock was further
enlarged, and the vault of zone 1 of the pressure-arch
continued to increase, and the thickness of the pressure-
arch further increased; zone 2 of the pressure-arch
continued to develop to the left and the top, but its centre
offset to zone 3 of the pressure-arch. At this time, zone 1,
zone 2, and zone 3 of the pressure-arch generated newly
were connected to form a skewed asymmetric
combination pressure-arch.

Step 5: As shown in Fig. 3e, after the lower cross-
section 5 of the right tunnel was excavated, with the vault
lifting and the thickness of zone 3 increasing, the area of
the pressure-arch continued to increase and adjust, and
finally there was stress concentration in zone 2, and the
area of zone 1 was significantly greater than that of zone
3 of the pressure-arch, which suggested the stress on the
vault of the left tunnel of double-arch tunnel was higher
than that of the right tunnel, namely the combination
pressure-arch of the double-arch tunnel showed a skewed
distribution.

As shown in Fig. 4, during step-by-step excavation of
the bench method, the height and the thickness of the
combination pressure-arch in double-arch tunnel showed
a gradual growth trend. Overall, the pressure-arch height
of zone 1 was the largest and its increasing rate was the
fastest, the pressure-arch height and increasing rate of
zone 3 were minimal, and the pressure-arch height and
increasing rate of zone 2 were medium. The changes of
these curves demonstrated that the combination pressure-
arch of the double-arch tunnel was a skewed distribution.

14
12
10 |
g
= 8t
=] —&—Zone 1
f —=—Zone 2
6 —&—Zone 3
4L
1 1 1 1 1
0 1 2 Z] 4 5

Excavation step

Figure 4 Vault height v S ariation curves in different zones of the
pressure-arch

4.2 Skewed effect analysis of the pressure-arch in the
double-arch tunnel

The deformation of the tunnel can intuitively reflect
the stress state of the surrounding rock, so during step-by-
step excavation of the bench method, two displacement
monitoring points P; and P, were set up respectively on

the top of the middle wall of the double-arch tunnel as
shown in Fig. 2a.

It can be seen from Fig. 5, the vertical displacements
of points P; and P, were similar after the double-arch
tunnel was excavated step-by-step, but there was an
obvious difference between the horizontal displacements
of points P; and P, After the excavation of the middle
pilot tunnel, the points P, and P, respectively offset to the
right and the left with a small horizontal displacement
value; with the second and the third step excavation in the
left tunnel, the horizontal displacements of points P, and
P, offset to the left and both of the two points’
displacement values showed a growth trend; after the
fourth and fifth step excavation in the right tunnel, the
horizontal displacement of P, began to offset to the right,
but the horizontal displacement value was small, and
however the horizontal displacement of P; had first a
slight increase and then levelled off. Overall, the
horizontal displacement of P, was greater than that of P,.

0.0

=
=

Y displacement fmm
n

k5 o 1 I I 1 I
0 1 2 3 4 5
Excavation step
a) Vertical displacement curves
02| —P

—s—P_

X-displacement fmm

08 L . L L L

Excavation step

b) Horizontal displacement curves
Figure 5 Vertical and horizontal displacement curves of the monitoring
points

To reflect the skewed effect of the surrounding rock
stress of the double-arch tunnel, the skewed coefficient
k was defined:

k=24, 2)

where d, and d,, are the horizontal displacement of
points P; and P,, respectively. If £ > 1, the surrounding
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rock deformation of the double-arch tunnel offsets to the
left tunnel, which shows that the rock pressure of the
double-arch tunnel is a skewed distribution to the left; if &
= 1, the surrounding rock deformation of the left and the
right sides is symmetrical, which suggests the rock
pressure of the double-arch tunnel is a uniform
distribution characteristic; if & < 1, the surrounding rock
deformation offsets to the right tunnel, which suggests the
rock pressure is a skewed distribution to the right. As
shown in Fig. 6, during the step-by-step excavation of the
bench method, the skewed coefficient &k of the double-
arch tunnel changed gradually from 1,0 to 3,5 showing
the rock pressure skewed effect of the double-arch tunnel
was significant, and the horizontal displacement of the
middle wall of the double-arch tunnel mainly offset to the
left tunnel.

4.0 ¢

35k m

10p—————— m— . w

05 1 1 1 1 L

Excavation step

Figure 6 Skewed coefficient & variations of the double-arch tunnel

4.3 Strain energy entropy analysis of the pressure-arch
evolution process

To reflect the energy dissipation characteristics of the
pressure-arch and its stability in the evolution process of
the double-arch tunnel, the concept of strain energy
entropy was introduced. Assuming there was n unit body
altogether in the excavation system of the double-arch
tunnel, the strain energy of the i™ unit u; is:

1
u = Sy, 3)

where o;; is the stress of unit, ¢; is the strain of unit, v; is
the /™ unit volume, and the total strain energy U in the
double-arch excavation system is:

n

U=>u,. (4)

q,=—, )

n
and g; meet qu =1,¢4,20 (i=1,2,---,n), where ¢;
i=1
is the strain energy ratio of the /™ unit accounting for the
total strain energy U.

The strain energy of the excavation system of the
double-arch tunnel is converted to entropy, the strain
energy entropy is S.

S = —Zn: g Ing, (i=12,n), (6)
i=1

S was used to characterize the total strain energy
distribution of the excavation system. The monitoring
regions of strain energy entropy of the double-arch tunnel
are shown in Fig. 7.

T T
iy |

T éﬁ_

T

T

ynun; raauas |

TT171
b) The left and right tunnel region
Figure 7 Monitoring range of the strain energy entropy of the double-
arch tunnel

As shown in Fig. 8a, during the step-by-step
excavation of the bench method, the energy strain entropy
curve on the roof of the double-arch tunnel appeared a
ladder-like gradual declining trend. Along with the
gradual release of the strain energy, the combination
pressure-arch at the top of the double-arch tunnel tended
to be gradually stable.

Fig. 8b showed that during the excavation process of
the left tunnel and the right tunnel, the forming pressure-
arches interacted, and the strain energy entropy curves on
the left tunnel roof and the right tunnel roof both showed
the overall downward trend, and the strain energy entropy
value on the top of the left tunnel was greater than that of
the right tunnel, which showed the pressure-arch stability
of the right tunnel roof was better than that of the left
tunnel, and therefore the rock bolting for the roof of the
left tunnel in construction must be strengthened. The
results showed that the evolution of the combination
pressure-arch of the double-arch tunnel was a complex
and gradually stable energy dissipation process in the
excavation process.

Tehnicki viesnik 23, 1(2016), 181-189

185



Evolution characteristics analysis of pressure-arch in a double-arch tunnel

Shu-ren Wang et al.

1.115F
,000000‘0000‘
*
7.1101 »
*
tn *
-
reeeeeeee
7.1051 »
>
.-
hadd
*
7.100F *Hee
7095 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140
Computation step
a) Total region of vault
6.61
| —w— Left tunnel
6.60 L —#— Right tunnel
W WIS
V'
6.59 | %
ww N%w
| ™ o S
6.58 [
6.57 |
I s
6.55 |- g

6.54 ' 1 . 1 ' 1 . 1 ' 1 ' 1 ' 1 .
0 20 40 60 80 100 120 140

Computation step

b) The left and right tunnel region
Figure 8 Monitoring curves of the strain energy entropy of the double-
arch tunnel

5 Evolution characteristic analysis of the pressure-arch
under different conditions
5.1 Geometric size effect

As shown in Figs. 9 and 10, under the same
conditions, when the two-lane double-arch tunnels (the
width of the right or the left tunnel is 12 m) and the three-
lane ones (the width of the right or the left tunnel is 18 m)
were excavated step-by-step by the bench method, it was
found that the pressure-arches of the two-lane and three-
lane tunnels displayed the skewed distribution
characteristics. For the two-lane double-arch tunnel, the
pressure-arch height in zone 1, zone 2 and zone 3 showed
a gradual decreasing trend; and for the three-lane double-
arch tunnel, the pressure-arch height in zone 1 and zone 2
were very close, and the pressure-arch height of zone 3
had a drastically reduced trend.

Seen from Fig. 11, during the step-by-step
excavation, the skewed coefficient £ of the pressure-arch
of the two-lane double-arch tunnel changed gradually
from 1,0 to 3,5, while that of the three-lane double-arch
tunnel gradually increased from 1,0 to 8,0. Therefore, it
could clearly be seen that with the increase of the tunnel
span, the energy accumulation and release of the pressure-
arch at the top of the pillar and the left tunnel were
sensitive, and the skewed effect of the pressure-arch of
the three-lane double-arch tunnel was much more
significant than that of the two-lane one, which should be

taken into consideration seriously in the supporting design
and construction safety of the double-arch tunnel.

Zone Extra
5.0000e-002
1.0000e-001
1.5000e-001
2.0000e-001
2.5000e-001
3.0000e-001
3.5000e-001
4.0000e-001
4.5000e-001
5.0000e-001

b) Three-lane tunnel
Figure 9 Pressure-arch shape of different span double-arch tunnel
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Figure 10 Vault height S variations of different tunnels

10 -

—a—Three-lane tunnel
I —=— Two-lane tunnel

Excavation step
Figure 11 Skewed coefficient & variations of different tunnels

5.2 Construction sequence effect

As shown in Figs. 12 and 13, it was found that the
pressure-arch height in zone 1 and zone 2 slightly
increased after the double-arch tunnel was excavated by
using the expand method, and the increasing rate of the
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pressure-arch height in zone 3 was bigger, which made
the pressure-arch distribution more uniform than that of
the bench method, namely the skewed effect caused by
step excavation of the expand method was relatively
smaller than that of the bench method (See Fig.14).

Zone Extra
5.0000e-002
1.0000e-001
1.5000e-001
2.0000e-001
2.5000e-001
3.0000e-001
3.5000e-001
4.0000e-001
4.5000e-001
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b) Expand excavation method
Figure 12 Pressure-arch shape of different excavation methods
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Figure 13 Vault height S variations of different excavation
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0.5 1 L 1
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Excavation step

Figure 14 Skewed coefficient & variations of different

5.3 Stress state effect

As shown in Figs.15 and 16, with the change of the
lateral pressure coefficient from high to low, the arch
height of zone 1, zone 2 and zone 3 of the pressure-arch
almost showed parting-step changed from high to low, the
shape change of the pressure-arch was obvious. When 1
was greater than 1, the arch heights of zone 1 and zone 3
of the pressure-arch showed a substantial upward bulge,
and were significantly higher than that of zone 2; When 4
was less than 1, relative to arch height of zone 1 of the
pressure-arch, the arch heights of zone 2 and zone 3 of the
pressure-arch drastically reduced; When 1 equaled 1,
relative to the above two cases, the arch height variation
of the pressure-arch was between the above two cases, but
in this stress state the arch height variation of the
pressure-arch of the double-arch tunnel was smaller.
Therefore, when A was greater than 1 and when 4 was less
than 1, the influences on zone 1 and zone 3 of the
pressure-arch of the double-arch tunnel were greater, the
skewed distribution characteristics of the pressure-arch of
the double-arch tunnel were obvious.

5.0000e-002
1.0000e-001
1.5000e-001
2.0000e-001
2.5000e-001
3.0000e-001
3.5000e-001
4.0000e-001
4.5000e-001
5.0000e-001

e
i S
e

Figure 15 Pressure-arch shape under different stress states

As shown in Fig. 17, with the change of the lateral
pressure coefficient of the tunnel surrounding rock from
high to low, the skewed effect coefficient of the pressure-
arch of the double-arch tunnel changed from 3,7; 3,5 to
8.9, therefore, when A equaled 1, the skewed effect of the
pressure-arch was relatively small, when 4 was less than
1, the skewed effect of the pressure-arch was remarkable.
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Figure 17 Skewed coefficient & variations of different

6 Conclusion

Along with the step-by-step excavation, the
surrounding rock stress of the double-arch tunnel
interacted, and then formed the complex pressure-arch.
The arch height of the pressure-arch of the double-arch
tunnel manifested the skewed distribution characteristics
which were almost diminishing parting-step from the left
tunnel to the right tunnel.

Based on the concepts of the skewed coefficient and
the strain energy entropy, we can see that with the skewed
effect of the pressure-arch the double-arch tunnel mainly
offsets to the left tunnel, and that the strain energy
dissipation characteristics of the double-arch tunnel are
from high to low.

When the double-arch tunnel was excavated step-by-
step, the obvious size effect of the pressure-arch was
produced. The nonlinear response characteristics in
different excavation sequences and the skewed effect with
the change of the stress states were sensitive.
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	Figure 4 Vault height v S1 ariation curves in different zones of the pressure-arch


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [595.276 841.890]

>> setpagedevice



