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Abstract

Aiming at the insufficiency of the formula for calculating the vertical load of the surrounding rock of the double-arched
tunnel, based on the Terzaghi theory and considering the pressure-arch effect, a mechanical model of the surrounding
rock of the single-arched and double-arched tunnel was constructed. The formula for calculating the vertical stress in
pressure-arch effect zone was deduced, and the calculating method for the double-arch tunnel with different distribution
forms of pressure-arch was discussed. Taking the typical double-arch tunnel on a highway, the distribution characteristics
of pressure-arch in the surrounding rock after single-arch and double-arch tunnels excavation were analyzed by using
FLAC3D technique. Results show that the skewness pressure-arch effect exists in the surrounding rock after the double-
arch tunnel excavation, the distribution range and peak value of arching index of the pressure-arch are relatively higher in
the first excavated tunnel. The distribution of the vertical stress at the top of the double-arch tunnel is asymmetric, and
the vertical stress in the pressure-arch effect zone decreases gradually from the left boundary to the mid-span along the
horizontal direction. The obtained conclusions provide a basis for the load calculation of the surrounding rock of the

double-arch tunnel.
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1. Introduction

The double-arch tunnel is a typical large-span tunnel
structure composed of two independent precast arches. It has
the advantages of less area and high space utilization. With
the increase of the transportation construction in the world,
this tunnel is widely used in railway, highway and subway
engineering [1-2].

However, the double-arch tunnel need many construction
procedures and its surrounding rock often bears complicated
forces, the mid-partition wall usually supports the left and
right tunnels. There is the frequent stress conversion
occurring between the surrounding rock and the partition
wall under the step-by-step excavation disturbance, which
load pattern is different from the single-arch tunnel [3].
Some double-arched tunnels suffered from structural
cracking after construction, in addition to the impact of the
construction technology and construction quality, the
surrounding rock load is a key factor affecting the stability
of the lining structure [4]. The weight of the overlying soil
on a deep-buried tunnel structure is generally considered as a
uniform load, and the overlying soil load adjacent to the
tunnel shows an arching phenomenon. Under the influence
of the arch effect, the average supporting force will be
higher or lower than the self-weight load of the overlying
soil [5].

Since there is the interaction of pressure-arches in the
surrounding rock between both sides of the double-arch
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tunnel, the composite skewness effect is produced. The
vertical load distribution in the top arch of the double-arch
tunnel is more complicated than that of the single-arch
tunnel, so the distribution characteristics of the vertical load
in the surrounding rock of the double-arch tunnel need
further study.

2. State of the art

Reasonable assessing the load acting on the tunnel lining is
an important part of the economic design. For the design of
the tunnel, the overburden load is usually calculated using
the Terzaghi formula or the soil column method, but some
field measurements show that there is a big difference
between the actual load and the calculation results [6]. To
analyze the distribution characteristics of the vertical load in
the surrounding rock of the tunnel, considering the oblique
slip surface and lateral pressure coefficient, Cheng
established the analytical expression of the vertical pressure
on the circular tunnel based on Terzaghi’s theoretical
assumption [7]. For that the vertical pressure of the
overburden on the deep buried tunnel calculated by the
Terzaghi formula is higher than the measured value, Chen
established a mechanical model considering the influence of
stress transfer and analyzed the nonlinear distribution form
of the vertical pressure with numerical simulation [8]. Song
et al. believed that the surrounding rock in the pressure-arch
transmits the load acting on the arch to the arch foot and the
stable surrounding rock, and they proposed the calculation
method for the load on the tunnel [9]. The pressure-arch
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effect is a key factor that affects the stress redistribution in
surrounding rock, the calculation of the load on the tunnel
ignoring the arch effect will cause a large error. So, the
vertical load calculation under the influence of load
transferring in the pressure-arch zone still needs to be further
optimized.

The pressure-arch is a manifestation of the resistance of
the surrounding rock of the tunnel to uneven deformation
and self-supporting effect. In response to the pressure-arch
effect of the surrounding rock of the tunnel, Wang used
infrared thermal imaging to experimentally study the
evolution of stress field in the surrounding rock caused by
the excavation of the single-arch tunnel and the double-arch
tunnel [10-11]. Lee et al. used centrifuge models and
numerical simulations to analyze the arch evolution in the
surrounding rock of the single and parallel tunnels, and they
used the arching indicators to determine the boundaries of
active and passive arching areas [12]. According to the
natural balance arch theory, the loose and collapsed rock
mass under the pressure-arch is the pressure source of the
surrounding rock. Wang et al. studied the prediction method
of the tunnel collapse based on the pressure-arch effect and
they found that the pressure-arch dividing criteria directly
affect the determination of the collapse range [13]. Kong et
al. based on the distribution characteristics of the vertical
and horizontal stresses, they proposed the inner and outer
boundaries and center-line of the arched area [14]. Chen et
al. studied the development of stratum arches based on the
stress redistribution after tunnel excavation, and they
analyzed the vertical stress adjustment of the tunnel vault
[15]. Ji et al. used a arch model to correct the vertical
pressure of a deep buried tunnel, and they proposed a
method for analyzing the stability of the tunnel excavation
surface considering the effect of the three-dimensional arch
[16]. Li et al. analyzed the pressure evolution characteristics
of the surrounding rock of the double-arch tunnel after the
step-by-step excavation considering the stress state, and they
discussed the conversion and distribution characteristics of
the load in the surrounding rock by numerical simulation
[17-19].

After the tunnel excavation, the surrounding rock
undergoes load migration during the process of resisting
uneven deformation, and then the stress redistribution occurs,
the arching effect occurs in the surrounding rock under the
influence of the principle stress deflection. In previous
studies, the calculation of the load in the surrounding rock
was generally based on the assumption of evenly distributed
vertical load, without considering the pressure-arch in the
surrounding rock, which resulted in some differences
between the theoretical calculation and the field measured
values. After the double-arch tunnel being step-by-step
excavated, the composite pressure-arch interacts on both
sides of the tunnel. The bearing effect of the mid-partition
wall directly affects the distribution characteristics of the
pressure-arch. The vertical load pattern in the surrounding
rocks under the skewness effect of the composite pressure-
arch needs further study.

The organizational structure of the rest of this study is as
follows: Section 3 introduces the general situation of the
double-arch tunnel and describes the research methods.
Section 4 gives the analysis and discussions of the results.
Section 5 summarizes the study and draws relevant
conclusions.

100

3. Methodology

3.1 Analysis of vertical load distribution characteristics
3.1.1 Vertical load distribution of single tunnel

According to the balanced arch theory, the stress field in the
surrounding rock is redistributed after the tunnel excavation.
The natural balanced arch will be formed above the tunnel,
the rock mass in the pressure-arch zone has self-supporting
capacity. Due to the unloading behavior of the excavation,
the overburden rock loses its support in the vertical
direction, the vertical load is transferred to the surrounding
rock on both sides, and the vertical load in the middle area of
the pressure-arch span should be lower than the load on both
sides.

Terzaghi considered the stress transmission in the
surrounding rock of the tunnel and proposed that the
overburden rock would slide along the slopes MN and PQ
after the tunnel being excavated, and he considered that the
vertical pressure on any horizontal plane in the loose body
was uniformly distributed [7]. According to this assumption
and calculation method, the equilibrium state of the
differential body at the burial depth Z can be analyzed. The
mechanical model was constructed as shown in Fig. 1.

From the equilibrium conditions in the vertical direction

2B,ydz=2B,(0,+do,)-2B,0, +2cdz + 240 dz tan (1)
where, y is the density of the surrounding rocks, kKN/m®. B,
is half of the pressure-arch span, m. g is the internal friction

angle of the surrounding rock,’. 1 is the lateral pressure
coefficient of the surrounding rock. ¢ is the cohesion of the
surrounding rocks, MPa. o, is the vertical stress of the unit,

MPa. and z is the depth of the unit, m.

N

Fig. 1. Mechanical model of surrounding rock of single tunnel
considering pressure-arch effect.

Eq. (2) can be obtained
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Considering the situation of no load on the surface, and
according to the boundary conditions: 7 =0, =0 and the

geometric condition is:
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where, B is half of the tunnel span, m.
Then the vertical stress ¢, at any depth Z can be

expressed as follows.

2| dmp—— L

7{B+htan(45 ZH c ¢ q)mhwn(w‘lj

o, = x| 1-e 2 4)
Atang

where, 4 is the lateral pressure coefficient of the

surrounding rock.

According to Fig. 1, if the critical buried depth of the
distribution area of the vertical load outside the pressure-
arch affected area is He, and the vertical load of the rock
mass occurs transformation with different degrees in the
pressure-arch effect area with a depth of Z=H . that is, the

vertical stress is transformed into the deflected maximum
principal stress o, in the arch path, and the maximum

principal stress o, is greater than the vertical stress yZ of the

surrounding rock. If x is the horizontal distance between the
particle and the center of the tunnel, then the redistribution
of vertical stress o, (x) at different horizontal positions

under the fixed depth can be simplified as the trapezoidal
distribution law. The mid-span position of the tunnel is the
center of the unloading area for excavation, and the vertical
stress at this position is directly transformed into the
horizontal principle stress, so the redistribution of the
vertical stress o, (()) at the center of the tunnel (x=0) can be

expressed as:

0,.(0)=1Z (0, - 2)Z) Q)

where, o, is the horizontal principal stress at the mid-span of
the tunnel at the buried depth Z, MPa. A, is the lateral

pressure coefficient of the stress state of the surrounding
rock.

For the overburden in the area affected by the pressure-
arch effect, the vertical stress o, (B,) at the left and right

boundary positions of the pressure-arch (x=B4) is calculated
according to Terzaghi theory, that is, c,.(B)=0, At the

same time, considering the influence of the vertical load
transferring in the surrounding rock under the influence of
pressure-arch effect, the vertical stress of the overburden at
different horizontal positions is calculated by reducing
method under the condition of the determined buried depth
Z, and it can be seen that the vertical stress o, in the area of

pressure-arch effect can be expressed as follows.

(6)

O

ve

_ (0, -0, (0))x
=0, (0) + T

Substituting Eq. (5) into Eq. (6), then Eq. (4) can be
obtained.

0, =1L+ AL ~0,+(0,+0,~ 1~ MZ) : %)
B+h tan(45° -

:)

Eq. (7) can be used to calculate and determine the
vertical stress distribution at different horizontal positions of
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the pressure-arch zone under the condition of the buried
depth Z.

3.1.2 Vertical load distribution of double-arch tunnel

As can be seen in Fig. 2, compared with the single tunnel,
the stress disturbance range in the surrounding rock is larger
after the excavation of the double-arched tunnel, and the
excavation sequence of the left, right tunnels and the
strength of the mid-partition wall affect the overall stability,
stress distribution characteristics of the surrounding rock
structure, so different construction effects and bearing
capacities of the mid-partition wall should be considered [4].

Single pressure-arch

Composite skewness pressure-arch

First excavated tunnel

Second excavated tunnel

Independent pressure-arch Independent pessure-arch

Fig. 2. Mechanical model of surrounding rock of double-arch tunnel
considering pressure-arch effect.

It can be seen from Fig. 3, according to the pressure-arch
theory, the stress state in the surrounding rock of the double-
arch tunnel can be discussed in three cases as follows:

(1) If the surrounding rock on the top of the mid-
partition wall is not deformed, the mid-partition wall being
supported and closely adhere to the surrounding rock, the
mid-partition wall fully exerts the bearing capacity. The
mid-partition wall shows the same supporting effect as the
surrounding rock of the tunnel side wall. The surrounding
rock on one side of the tunnel can form an independent
pressure-arch, on both sides of the double-arch tunnel will
produce the double independent pressure-arch effect.

(2) The mid-partition wall is elastically deformed and in
close contacted with the surrounding rock. The mid-partition
wall bears part of the load across the overlying rock, the
pressure-arch of the surrounding rock on both sides of the
tunnel are partially merged above the mid-partition wall. A
composite pressure-arch is formed, but the first excavation
disturbance range is greater than the latter in the surrounding
rock, the skewness effect of the pressure-arch exists.

(3) For conditions where the mid-partition wall is too
convergent or the top backfill is not dense, the mid-partition
wall fails to perform the bearing function. The overburden of
the double-arch tunnel can be regarded as having no central
support and can be treated as a large-span single-arch tunnel.
The surrounding rock of the double-arch tunnel vault can
only form a whole pressure-arch.

According to Fig. 3, the vertical stress of the surrounding
rock in the pressure-arch effect area can be calculated. The
vertical stress in the effect zone can be considered according
to the stress state of the surrounding rock of the single-arch
tunnel: When two independent pressure-arches are formed in
the surrounding rock over the double-arch tunnel, the
vertical stress in the arch effect zone can be considered
according to the single-arch tunnel. that is, Eq. (7) is used to
calculate the vertical stress . In the case where the mid-

partition wall cannot be effectively carried, the double-arch
tunnel can be regarded as a large-span cave with no support
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in the middle. The stress state of the surrounding rock of the
vault needs to be considered a single pressure-arch condition
with a double span.

Oyc Oy

Independent pressure-arch Independent pressure-arch

(a) Double independent pressure-arch

Oye ko

Composite sk‘ewness pressure-arch
|

» 3

First excavated tunnel\ /Second excavated tunnel

(b) Composite skewness pressure-arch

Oyc Oy

Single pressure-arch

(c) Single pressure-arch
Fig. 3. Vertical stress distribution characteristics under three typical
pressure-arch forms

If x5 is the horizontal distance between the calculation
point and the center point of the mid-partition wall, the
vertical stress ¢ at the left and right boundary positions of

the pressure-arch can be calculated according to Terzaghi
theory, that is:

L . @
X, =B +—+Htan| 45 ——

where, B is the width of the left or the right tunnel, m. L is
the width of the mid-partition wall, m.

4 B\,+£+Htan 45°—£j —c
L2 2

- Atan g

7Alan¢%
B,+=+Htan| 45 -2
2 2

vl x| 1- )

where, H is the height of the double-arch tunnel, m.
Considering the pressure-arch effect, the vertical stress
of overlying rock at different horizontal positions under the
condition of determining the depth Z is reducing calculated,
Combined Eq. (9), the vertical stress ¢ of a single integral

pressure-arch effect zone can be expressed as:

O, =1+ Il =0, +(0,y + 0y~ 1L~ D)) %

B +05L+ Htan[45“ —%) (10)

If the skewness pressure-arch in the surrounding rock of
the double-arch tunnel forms, the vertical load p, of the mid-
partition wall and the excavation sequence of the left and
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right tunnels need to be considered, while the p, of load
borne by the mid-partition wall depends on the compressive
strength of the wall concrete and rock mass of the wall roof
[4].

For the first excavated tunnel, the calculation of the
vertical stress in the pressure-arch effect area should also be
solved in sections. When the horizontal distance between the
calculated point and the center point of the mid-partition
wall is x:>0.5(BstL), the vertical stress conforms to the
expression of Eq. (4). For the overburden in the area where
the mid-partition wall connects, the horizontal distance
xs<0.5(Bst+L), and the vertical stress o, at the boundary

position of the area (xs=0) should be determined according
to the bearing capacity of the mid-partition wall. Eq. (7) can
be used to calculate the vertical stress where the partition
wall is connected. Then, the skewness effect should be taken
into account in the bearing state of surrounding rock of the
excavated tunnel, and the reduction coefficient k is used to
calculate the vertical stress.

3.2 Numerical simulation analysis

3.2.1 Computational model

Taking the typical section of the double-arch tunnel of
Huangshan-Quzhou highway in Zhejiang Province, China,
as an example, the designed excavation sizes of the tunnel
are about 11.60 m wide and 8.80 m high, by step-by-step
excavation. To compare the difference of the pressure-arch
effect, the single-arch tunnel and double-arch tunnel were
adopted to conduct the excavation schemes. The three-
dimension computational model of the double-arch tunnel
was built by using ANSYS and FLAC?" technique as
shown in Fig. 4. The sizes of the model are length x width x
height = 70 m x 4 m x 40 m, and the model is divided into
9536 elements.

Zone

Surrounding rock
Tunnel zone

T
T
1

z

| .

Y
Fig. 4. The computational model and its meshes.

3.2.2 Boundary conditions and calculation parameters

The lateral sides of the calculation model were restricted the
horizontal movement and the bottom was fixed. The upper
surface of the model was the load boundary. The uniform
loading was applied to simulate the self-weight of the
overlying rock layer. It is assumed that the surrounding rock
failure of the double-arch tunnel meets the Mohr-Coulomb
strength criterion and the tunnel is in the stress state of
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hydro-static, that is, the lateral pressure coefficient A = 1.0.
The physical and mechanical parameters of the surrounding
rock are selected according to the recommended values of
the China code, as listed in Table 1.

The Class III surrounding rock is taken as a case for
calculation in this section. Since the mid-partition wall in
this study only produces elastic deformation and which is in
close contact with the surrounding rock. the density and
elastic modulus of the mid-partition wall were assumed to be
the same as that of the surrounding rock.

Table 1. Materials parameters of the surrounding rock.

. Elasticity . ... | Cohesive | Internal | Tension
Density Poisson's .
(g/em’) Modulus rati strength | friction | strength
8 (GPa) 101 (MPa) | angle®)| (MPa)
26 20 0.25 L5 42 0.5

3.2.3 Pressure-arch parameters

To characterize the pressure arching effect of the
surrounding rock and the characteristics of vertical load
variation, the arching index k and the vertical stress variation
rate » are defined. Combined with fish language
programming in FLAC3D, these indicators can be obtained
in the post-processing display and monitored to analyze the
evolution characteristics of the stress field of the
surrounding rock after the tunnel being excavated. The
expressions of the arching index and the vertical stress
variation rate are as follows.

o, -0,

= (11D

Oy

where, ¢ is the maximum principal stress in the surrounding
rock after excavation, MPa. 5 is the maximum principal
stress in the surrounding rock before excavation, MPa.
According to Eq. (11), when & >0, it is the range of the
pressure-arch; when -1< k <0, it is in the compressive stress
reduction zone; when k <-1, it is in the tensile stress zone.
In this study, Eq. (12) can be simplified as follows.

Lot
i

(12)

where, yis the density of the overburden rock, kN/m?. 4 is
the buried depth of the tunnel, m. g is the maximum

principal stress in the surrounding rock after excavation,
MPa.

4. Results and Discussion

4.1 Distribution characteristics of pressure-arch and
vertical load of single-arch tunnel

As shown in Fig. 5(a), after the tunnel being excavated, the
pressure-arch was formed a closed arch ring. The internal
boundary of the pressure-arch coincided with the excavation
boundary of the tunnel. The arching index of the
surrounding rock near the inner boundary of the pressure-
arch was higher than the arch area, and the arching index
decreased gradually from the inner boundary outward in the
radial direction. Under the influence of the arching effect,
the vertical load of the roof overburden was transferred to
the surrounding rock of the arch waist and arch foot, thus
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causing the loosening and unloading of the vertical load of
the roof overburden along the arch path.

It can be seen from Fig. 5(b), there was an obvious
vertical stress reduction zone in the overburden of the tunnel
and the shape of the inverted trapezoid outside the arch was
consistent with the unloading sliding body characteristics in
Terzaghi’s theory of loose earth pressure. The unloading
degree was the largest at the excavation boundary of the
tunnel. The minimum vertical stress change rate was located
at the mid-span of the tunnel. The vertical load of the
overhanging rock in the unloading loose zone transfered to
the surrounding rock on both sides, and the vertical stress
rising zone was formed in the surrounding rock at the arch
waist and foot.

Arching index
I 1.9754E+00
1.8000E+00
1.6000E+00
1.4000E+00
1.2000E+00
1.0000E+00
8.0000E-01
6.0000E-01
4.0000E-01
2.0000E-01
0.0000E+00
-3.5454E-03

_---——==—Single arch

(a) Arching effect in the surrounding rock

Unloading zone

(Monitoring line M)

1.4000E+00
Single arch
‘ 4.0000E-01

Vertical stress varied index
l 1.4407E+00

1.2000E+00

1.0000E+00

8.0000E-01

6.0000E-01

y Y 2.0000E-01

0.0000E+00

r N -2.0000E-01

' -4.0000E-01

-6.0000E-01

-8.0000E-01

-8.9211E-01

(b) Distribution of vertical stress in surrounding rock

Fig. 5. Arching effect and vertical stress distribution in the surrounding
rock of single-arch tunnel.

According to the monitoring data of the horizontal
survey line My, the vertical stress distribution of the arch top
are shown in Fig. 6(a). After the tunnel being excavated, the
vertical stress was transformed into the non-uniformly
distributed compressive stress. The vertical stress decreased
gradually from the side walls of the tunnel to the mid-span
position, and the vertical stress in the surrounding rock on
both sides of the tunnel was higher than the original rock
stress. It indicated that the vertical load transfer of the
overburden caused by the excavation unloading.

As shown in Fig. 6(b), the peak value of the arching
index of the overburden rock was located at the middle of
the tunnel. As the distance from the pressure-arch top
increased, the arching index changed from a symmetrical
parabolic distribution to a uniform linear distribution.

The vertical stress of the monitoring data at 10 m and 20
m from the pressure-arch vault are shown in Fig. 6(c). Under
the influence of the pressure-arch, the vertical stress of the
overburden rock on both sides of the tunnel was linearly
decreasing. The distance of the arch effect zone increased,
and the vertical stress of the overlying rock outside the
pressure-arch gradually decreased from a linear decrease to a
uniform distribution. This showed that the pressure-arch
caused the self-supporting effect of the overlying rock. The
vertical load of the rock mass was transferred from the span
to the two sides along the arching path. The rock mass in the
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arching area born the upper rock mass load, so that the
vertical stress above the pressure-arch remained uniform.

1.60 —a— Redistributed vertical stress
155}, —-® Primary vertical stress___________. ‘
1 I 7 1
~ 150 “"“-.“" ‘Loading bearing area! '...I“""
a;j 1.45 | ssseevasoone sssssssssece
S140f 3 J
172]
£135t ! e
E 1.30 X‘ # /Un]oading area
512s) :
> \
1.20 -
1.15F
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-25 20 -15 -10 -5 0 5 10 15 20 25
Distance from the tunnel center (m)
(a) Vertical stress distribution at the pressure-arch top
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Distance from the tunnel center (m)
(b) Vertical stress distribution in arch loose zone
15 ™ Arch top
¢ 10 m from the top
1.4 4 20m from the top
o
a
213 0720.025x+1.148
]
g12}
72}
=
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Distance from the tunnel center (m)
(c) Vertical stress variation outside pressure-arch
Fig. 6. Variation characteristics of vertical stress in surroundingrock of
single-arch tunnel.

4.2 Distribution characteristics of skewness pressure-
arch and vertical load of double-arch tunnel

The step-by-step method was used to excavate the double-
arch tunnel. As shown in Fig. 7, to compare the excavation
sequence effect of the tunnel, one scheme was that the left
tunnel was first excavated and then the right tunnel, another
one was that the right tunnel was first excavated and then the
left tunnel. The arching index of the surrounding rock was
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used to analyze the distribution characteristics of pressure-
arch in the surrounding rock of the double-arch tunnel.

Arching index
1.7839E+00
1.7000E+00
1.6000E+00
1.5000E+00
1.4000E+00
1.3000E+00
1.2000E+00
1.1000E+00
1.0000E+00
9.0000E-01
8.0000E-01
7.0000E-01
6.0000E-01
5.0000E-01
4.0000E-01
3.0000E-01
2.0000E-01
1.0000E-01
0.0000E+00
-2.5846E-02

(a) The left tunnel excavated first

Arching index
1.7838E+00
1.7000E+00
1.6000E+00
1.5000E+00
1.4000E+00
1.3000E+00
1.2000E+00
1.1000E+00
1.0000E+00
9.0000E-01

8.0000E-01

7.0000E-01

6.0000E-01

5.0000E-01

4.0000E-01

3.0000E-01

2.0000E-01

1.0000E-01

0.0000E+00
-2.5881E-02

-

(b) The right tunnel excavated first
Fig. 7. Distribution characteristics of skewness pressure-arch in
surrounding rock of double-arch tunnel.

Compared with the single-arch tunnel, the unloading
range of the double-arch tunnel was increased. It can be seen
from Fig. 7, after the double-arched tunnel being excavated,
there was a obviously skewness effect of the pressure-arch in
the surrounding rock. There were two large and small
pressure-arch circles in the surrounding rock on the left and
right of the tunnel. The arching index of the surrounding
rock in the near excavation area was higher than that in the
far area. The inner boundary of the pressure-arch was
distributed along the tunnel excavation boundary and the
arching index gradually decreased along the radial direction
of the tunnel. The pressure-arch at the arch roof and the arch
waist in the surrounding rock was larger, and the peak value
of arching index in the large arch circle in the surrounding
rock was higher than that in the later excavation. This
showed that during the excavation of the double-arch tunnel,
the larger pressure-arch of the first excavated tunnel was the
main bearing area of the double-arch tunnel.

Taking the left tunnel excavation first as an example, the
monitoring data of the arching index k at different levels of
the tunnel was shown in Fig. 8. There was a skewness
distribution of the arching index of the double-arch tunnel.
The skewness parabola distribution of the arching index of
the first excavated tunnel was shown, and the peak value
was located at the mid-span of the first excavated tunnel.
The arching index in the surrounding rock of the excavated
tunnel showed a decreasing curve distribution, and the
concentration of the main stress in the surrounding rock of
the excavation area was higher than that of other areas. As
the distance from the tunnel vault increased, the arching
index gradually decreased, and the arching index of the
double-arch tunnel formed a parabolic parabola to a the
horizontal straight line.
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Fig. 8. Distribution characteristics of arching index in case of
excavating left tunnel first.

According to the monitoring data of the horizontal line
of the tangent position of the arch top of the double-arch
tunnel, as shown in Fig. 9(a), the vertical stress at the tunnel
top under the influence of the skewness pressure-arch was
asymmetrical. The vertical stress in the surrounding rock of
the first excavated tunnel was higher than that in the later
excavated tunnel. This indicated that the surrounding rock of
the first excavated tunnel played the main bearing role
during the excavation of the double-arch tunnel. The vertical
stress at the top of the mid-partition wall was parabolic, and
the peak vertical stress at the center of the partition was
significantly lower than the vertical stress at the side wall.
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Fig. 9. Distribution characteristics of vertical stress affected by
pressure-arch.

Taking the excavation area on the right tunnel as the
research object, as shown in Fig. 9(b), the vertical stress
gradually decreased from the tunnel side wall to the mid-
span position. As the distance from the vault increased, the
vertical stress changed under the influence of the pressure-
arch. The rate gradually decreased, and the vertical stress
away from the arch effect zone gradually changed to a
uniform distribution.

5. Conclusions

To investigate the load transferring rule of the surrounding
rock of the double-arch tunnel, based on the highway tunnel
of in Zhejiang province, China, the distribution
characteristics of pressure-arch and vertical load of the
surrounding rock were analyzed by mechanical model and
numerical simulation, some conclusions are as following:

(1) There are two typical distribution characteristics of
the vertical stress of the single-arch tunnel after excavation.
The arch top in the near excavation area is affected by the
pressure-arch, and the vertical load is transferred from the
mid-span to both sides of the surrounding rock along the
arching path, while the vertical stress in the pressure-arch
effect area decreases from the boundary to the mid-span in
the horizontal direction. Due to the support and load bearing
effect in the pressure-arch zone, the vertical stress outside
the pressure-arch zone gradually recovered from linear
declining to uniform distribution as the distance from the
pressure-arch zone increased, and the calculation of uniform
distributed vertical stress was applicable to the Terzaghi
theoretical formula.

(2) After the excavation of the double-arch tunnel, the
skewness pressure-arch exists in the surrounding rock, the
large and small pressure-arch ring is formed in the
surrounding rock of the left and right tunnel, and the
surrounding rock of the first excavated tunnel is the main
bearing area. The arching index in the near excavation area
is higher than that in the far area. The arching index
gradually decreases along the radial direction of the tunnel.
The arching index of the first excavated tunnel is
approximately parabolic, and the peak of the arching index
is located at the mid-span position of the first excavated
tunnel. The arching index of the later excavated tunnel
shows decreased distribution. The arching index of the
double-arch tunnel changes from a skewed parabola to a
horizontal straight line along vertical direction.

(3) The vertical stress of the tunnel vault is distributed
asymmetrically under the influence of the skewness
pressure-arch. The vertical stress in the first excavated
tunnel is higher than that in the later excavated tunnel, and
the vertical stress gradually decreases from the sidewall to
the mid-partition wall along the horizontal direction. The
vertical stress near the partition wall area exists composite
loading and unloading effect and shows parabolic
distribution. The peak vertical stress at the center of the
partition is significantly lower than that at the side wall, the
vertical stress gradually transforms to a uniform distribution
with the distance with the increase of the distance from the
excavation area.

The load transmission in the surrounding rock is the key
mechanical problem in tunnel engineering, by analyzing the
arching characteristics of the major principle stress in the
surrounding rock, the variation of pressure-arch was
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revealed preliminarily. On the basis of identifying skewness
effect of nonuniform load during tunnel excavation, the long

Technology, Science and Technology Research Project of
Hebei Higher Education Institutions of China (QN2017333) ,

term adjustment of the surrounding rock load still needs
monitoring, especially the additional load acting on the first
excavated tunnel. The re-transferring of extra stress from the
large pressure-arch to the small one is the future research

and the National Natural Science Foundation of China
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