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During the construction of the tunnel in soft stratum, it is often found that the unsupported span is too large, resulting in
instability of the tunnel face and collapse of the vault. However, the unsupported span was often selected according to the
experience of engineers in the actual construction process, which was lack of the theoretical basis. -erefore, based on the
calculation model of the surrounding rock pressure of shallow buried tunnel, this paper analyzed the stability of the tunnel face
and the vault and then obtained the calculation formula of the unsupported span of the shallow buried tunnel in soft rock stratum.
It was pointed out that the unsupported span is not determined by the arch crown stability or the tunnel face stability alone, but by
both. -e rationality of the formula was verified by a centrifugal test and an engineering case. -e analysis and discussion showed
that the unsupported span is sensitive to the cohesion and internal friction angle of the rock-soil mass, especially the cohesion.-e
unsupported span of the shallow buried tunnel in the soft rock stratum is a linear function of the support pressure. -e support
pressure has a more significant contribution to the increase of the unsupported span by the centre cross diaphragm (CRD)
method, and the unsupported span increases linearly with the increase of the support pressure. -e research results provide a
theoretical reference for the determination of the unsupported span for the shallow tunnel in the soft stratum.

1. Introduction

Recently, with the rapid development of the traffic system,
the scale and number of urban railways and mountain
tunnels have significantly increased, which means that
tunnels in soft strata are also increasing [1–6]. In order to
build a tunnel in soft stratum, it is necessary to focus on
solving the problems of stability of the vault, stability of the
tunnel face, and excessive surface settlement [7–11]. Apart
from the surrounding rock classification, tunnel depth,
excavation method, and construction method, the unsup-
ported span is also an essential factor affecting the three
issues above. For a specific project, surrounding rock clas-
sification, tunnel depth, excavation method, and construc-
tion method are determined, so the unsupported span is
particularly important [12–14]. Especially in construction of

tunnels in shallow buried soft stratum, oversizing the un-
supported span and reduced stability of soft stratum may
cause tunnel face instability and excessive ground surface
settlement, whichmay further cause the arch crown collapse.
However, undersizing the unsupported span may signifi-
cantly increase the cost of tunnel construction. -erefore, it
is of great practical significance for the tunnel’s safety and
cost to study the appropriate unsupported span.

Many scholars explored the determination of tunnel
with the unsupported span. In theory, based on the Terzaghi
loose rock theory and the Mohr–Coulomb strength crite-
rion,Wang and Gong [15] derived the calculation formula of
the unsupported span of the shallow buried underground
tunnel and gave the suggestions of increasing the unsup-
ported span and speeding up the construction speed. Based
on the Janssen silos theory, Shi et al. [16] proposed the
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calculation formula for the unsupported span of the shallow
buried section of the rock mass tunnel entrance, analyzing
the reasonable unsupported span under the condition of
different mechanical parameters. It was found that the core
soil can significantly improve the stability of the tunnel face.
-e excavation footage is sensitive to the cohesion of sur-
rounding rock, which is unfavourable to the stability of the
rock pile tunnel. Zhang et al. [17] established an improved
prism-wedge model to reasonably evaluate the safety factor
of a tunnel face and an unsupported span in cohesive-
frictional soils. In light of Janssen’s silo theory and
Mohr–Coulomb strength criterion, Liang et al. [18] estab-
lished a calculation formula of vertical force loading on
vaults, based on the basis of logarithmic spiral failure mode,
setting up the formula to calculate the round length in
advanced core soil on the tunnel face, which is governed by
such relevant parameters as internal friction angle, cohesive
force, support pressure, and excavation height. In the model
experimental research, Lee and Schuber [19] designed the
unsupported span model experiment in the sand and used
the statistical results of PFC3D numerical software analysis
and the relative shear stress to derive the calculation method
of the unsupported span of the soft rock tunnel. Although
the above studies include calculation formulas for deriving
the unsupported span for soil and soft rock tunnels, they are
based on the premise of a stable bearing arch, the arch
crown, or the face, without considering the stability of the
arch crown and the face at the same time. Under different
geological conditions or different excavation conditions,
oversizing the unsupported span may result in instability of
the face and the collapse of the arch crown. Because of the
complex mechanical properties of soft rock formations, the
stability of both the arch crown and the face should be
considered when calculating the unsupported span. For the
soft rock stratum, there is much research on the effect of pile-
soil arching, but there is little research on the effect of the soil
arching covering the top of the tunnel. -erefore, the specific
shape and distribution area of the soil arching are still unclear.
-ere is a lack of theoretical basis for the calculation formula
of the unsupported span based on the bearing arch. Janssen
silos theory is usually used to evaluate the arch effect at the top
of the tunnel [20]. According to Horn’s experimental study in
1961, Janssen silos theory can also be used to explain the
instability mechanism of the face. However, according to the
research of many experts in recent years, the actual failure
form of the excavation surface is a chimney, which is quite
different from the model assumed in the theoretical analysis
of the Janssen silos theory [21–24].

Based on the actual failure form of the excavation face,
this paper expanded the two-dimensional calculation model
of the surrounding rock pressure of the shallow tunnel into a
three-dimensional model.-rough the analysis of the stability
of the tunnel face and the stability of the vault, the calculation
formula of shallow tunnel unsupported span was derived.-e
rationality of the formula was verified by a centrifugal test and
an engineering case. -e parameters were discussed and
analyzed. -e research methods and results of this paper
provide a reference for the theoretical calculation of the
unsupported span for the shallow tunnel in the soft stratum.

2. A Calculation Method of the
Unsupported Span

At present, there are many theoretical studies on the failure
modes of the arch crown and the tunnel face. For example,
Janssen silos theory, rock failure mode, parabolic failure
mode [25, 26], and logarithmic spiral mode [27]. However,
in actual engineering, the failure mode of the excavation
face is far from the analysis model above. In order to find
out the true failure mode of the excavation face, Mair used
the centrifuge model test to prove that the failure surface of
the cohesive soil layer is extended upward and towards two
sides, and it is like a basin, narrow in the lower part and
wide in the upper part [28]. Selby also has shown that the
failure surface of the sandy soil layer is a narrow chimney
shape that directly develops to the surface of the tunnel
from both sides [29]. -e actual failure mode of the ex-
cavation surface is consistent with the test results of Mair.
In fact, for shallow tunnels in soft rock stratum, the effects
of excavation will extend to the surface, failing to form a
“natural arch.” After the tunnel is excavated, the rock and
soil may collapse and move, which extends to the surface
and forms a collapsed area. -e failure pattern is shown in
Figure 1.

Xie simplified the failure mode and proposed a cal-
culation model of the surrounding rock pressure of the
shallow buried tunnel [30] (Figure 2). He also derived the
calculation formula of the surrounding rock pressure. After
a large number of engineering practices, Xie’s surrounding
rock pressure calculation method has good applicability in
soft rock formations. -erefore, this method had been
incorporated into China’s Code for Design of Railway
Tunnels and is used as a standard for promotion. According
to Xie’s simplified failure model, this paper derived the
formula for calculating the unsupported span of the tunnel
in soft rock.

2.1. A Calculation Model

(1) -e calculation assumes that ①the rock-soil mass
obeys the Mohr–Coulomb criterion and ②the
percolation effect is not considered

(2) Failure mode is presented

Xie’s simplified model for calculating the surrounding
rock pressure is two-dimensional. -e unit-body with a
unit length of 1 is taken in the longitudinal direction of the
tunnel, and the fracture surface of the rock-soil mass is
assumed to extend upward from the corners of the side-
walls of the tunnel. -e angle between the fracture surface
and the horizontal plane is β. According to the literature
[28, 29] and engineering practices, similar fracture surfaces
are formed in the face of the tunnel and the unsupported
arch rock mass. -us, it is also assumed that the angle
between the fracture face extended from the face and the
arch crown and the horizontal plane is β, as shown in
Figure 3(a).

Based on the above assumptions and analysis, this paper
proposed a calculation model for the unsupported span of
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tunnels in soft rock stratum.①-e fracture surface formed
in the rock mass is oblique straight, which forms an angle
β with the horizontal plane. ② When the rock mass ABEF
(AB´E´F) covering on the top of the tunnel sinks, it is
clamped by the rock-soil mass on both sides, which in turn
drives the decline of trigones AFD and BCE (B′C′E′) on
both sides. When the entire sliding mass ABCEFD
(AB′C′E′FD) slides, it is subjected to the resistance of the
undisturbed rock mass on both sides. And when the
AB′C′E′FD sliding mass slides, it is still subjected to the
resistance of the rock-soil mass OB′B in front of the tunnel
face. -is is shown in Figures 3(b) and 3(c).

-e unsupported span is s. According to the unfav-
ourable situation, the initial support lags s after the exca-
vation of the original face. After excavation, the soil mass
above the tunnel is loosened. -e height of the loose rock
mass above the tunnel is H. -e length of the loose rock-soil
mass above the tunnel is l � s + b, where b is the length of the
rock-soil mass in front of the face when excavating, and
b � (h/tan β). -e unsupported span s is controlled by two
conditions: ① after excavation, if the surrounding rock at
the top of the tunnel within the loose range does not collapse,
the weight of the surrounding rock should be less than the
friction resistance, as shown in Figure 3(b); ② the tunnel
face will not collapse, as shown in Figure 3(c).

2.2. StabilityAnalysis of theArchCrown. After excavation, to
make sure the surrounding rock at the top of the tunnel does
not collapse in the loose range, the self-weight of the sur-
rounding rock should be less than the four-side frictional
resistance. -e equilibrium equation was established by
taking the limit. -e calculation diagram (Figure 4) is as
follows:

W1 − 2T1 sin(θ) − 2T2 sin(θ) � 0, (1)

where W1 is the self-weight of rock mass ABEF covering on
the top of the cave, 1

W1 � sdHc, (2)

and 2T1 sin(θ) is the friction from the soil on two sides
when the rock mass ABEF slides down, and 2T2 sin(θ)

is the friction of the other two sides. T1 and T2 can be
solved as follows; the calculation diagram is shown in
Figure 5.

-e self-weight of the triangular prism is
1
2

c × AF × DF × s �
1
2

cH
2 1
tan(β)

d. (3)

According to the law of sines, we can get
T1

sin β − φ0( 
�

W2

sin 90° − β − φ0 + θ(  
. (4)

Put equation (3) into the above formula and get it after
simplification:

T1 �
1
2

cH
2 λ
cos(θ)

d. (5)

-e same is available:

T2 �
1
2

cH
2 λ
cos(θ)

s. (6)

In the formula,

tan(β) � tan φ0(  +

�������������������
tan2 φ0(  + 1( tan φ0( 

tan φ0(  − tan(θ)



, (7)

λ �
tan(β) − tan φ0( 

tan(β) 1 + tan(β) tan φ0(  − tan(θ)(  + tan φ0( tan(θ) 
.

(8)

Put (2), (4), and (5) into (1); the following formula can be
obtained:

s �
dHλ tan θ

d − Hλ tan θ
, (9)

where s is the unsupported span, d is the tunnel width or
diameter, H is the thickness of the covered soil layer, and ϕ0
is the frictional angle. -e value of θ and ϕ0 is shown in
Table 1.

2.3. Stability Analysis of the Face. When the face is in the
limit equilibrium state, the calculation diagram (Figure 6) is
as follows.

Q � W1′ − 2T1′ sin(θ) − 2T2′ sin(θ). (10)

-e limit equilibrium equation is established along the
tangential direction and the normal direction of the fracture
surface OB′:

Surface Surface

Weight of sliding soil

Undisturbed
soil

Potential sliding
surface

Reaction of support 

Figure 1: Potential failure shape of the tunnel face.
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Figure 2: Model of surrounding rock pressure of shallow buried
tunnel.
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T + Tn − Q + W3( sin(β) + P cos(β) � 0,

N − Q + W3( cos(β) − P sin(β) � 0.
 (11)

According to the Mohr–Coulomb criterion,

T � N tan φ0(  + cd
h

sin(β)
, (12)

where Tn is the shear force imposed on the side of the
wedge OO′B′, and its solution and the calculation diagram
(Figure 7) are as follows.

According to the Mohr–Coulomb criterion, the shear
force at any point on the sliding surface on either side of the
wedge is

τ(y, z) � c + σx(y, z)tan φ0( . (13)

σx(y, z) is the sliding surface normal stress. Assume the
relationship between σx(y, z) and the vertical stress σz(y, z)

is as follows:

σx(y, z) � Kaσz(y, z). (14)

Concerning the influence of tunnel excavation
unloading, Ka is the active earth pressure coefficient, and it is
assumed that the vertical stress of the wedge is linearly
distributed along with the depth. -en the vertical stress is

σz(y, z) � (h − z)c +
z

h
σv, (15)

where σv � (Q/bd) and h is the height of the tunnel section.
From (13)–(15), the following formula can be obtained:

τ(y, z) � c + Ka tan φ0(  (h − z)c +
z

h
σv . (16)

Integrate (16) along with the height of the wedge:

Tn � 2
h

0
τ(y, z)b(z)dz. (17)

b(z) is the width of the corresponding wedge in the
height of z:

b(z) �
z

tan(β)
. (18)

Put (18) into (17); the following formula can be obtained:

Tn �
h2

tan β
c + Ka tanφ0

2σv + ch

3
 . (19)

Put (12) into (11) and eliminate N; the following formula
can be obtained:

cd
h

sin(β)
+ Tn − Q + W3( sin(β) + P cos(β)

+ Q + W3( cos(β)tan φ0(  + P sin(β)tan φ0(  � 0.

(20)
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Figure 3: A calculation model of the unsupported span. (a)-ree-dimensional model. (b) Failure mode of the arch crown. (c) Failure mode
of the tunnel face.
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-en put (10) and (19) into (20), the following formula
can be obtained:

,

s �
k3

dHc − cH2λ tan(θ)(  k2 − 2h2/3bd( )Kak1( 
p

+
(b + d)Hλ tan(θ) − bd

d − Hλ tan(θ)
+

ch((d/sin(β)) +(h/tan(β))) +(1/3)ch3Kak1 − k2W3

dHc − cH2λ tan(θ)(  k2 − 2h2/3bd)Kak1( (

(21)
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Figure 4: Calculation diagram for stability analysis of the arch crown. (a) Failure mode. (b) Calculation diagram.
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Table 1: θ and ϕ0 value of all grade of surrounding rock (China’s Code for Design of Railway Tunnels).

Grade I II III IV V VI
θ (°) 0.9ϕ0 0.9ϕ0 0.9ϕ0 (0.7–0.9)ϕ0 (0.5–0.7)ϕ0 (0.3–0.5)ϕ0
ϕ0 (°) >78 70∼78 60∼70 50∼60 40∼50 30∼40
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Figure 6: Calculation diagram for stability analysis of the face. (a) Calculation diagram. (b) Failure mode. (c) Calculation diagram.
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where k1 � (tan(ϕ0)/tan(β)), k2 � sin(β) − cos(β)tan(ϕ0),
k3 � cos(β) + sin(β)tan(ϕ0), and p is the joint force of the
support pressure of the face, the spray effect of the face, and
the support of the core soil to the face.

-e formulas derived in 2.2 and 2.3 above apply to
shallow buried tunnels. -e deep buried depth H of the
tunnel should meet ha <H≤ (2 − 2.5)ha, and ha is the
equivalent load height. Unsupported span s should ensure
that the face and the arch crown are stable; that is, the
minimum values of (9) and (21) are obtained:
s � min (6), (18){ }.

3. Cases Study

3.1. ;e Model Test. -e model test is from the literature
[19]. -e scale for the models is 1:40 and tunnel lining is
modelled by a plastic plate and ground is modelled by sand
classified as SW (well-graded sand) according to the Unified
Soil Classification System. -e chosen water content was
1.6–2.0%, which results in an apparent cohesion. Its friction
angle is approximately 30°–32°, and apparent cohesion is
approximately 0.5–1.5 kPa, measured by the indirect
method. Tunnel diameter is 25 cm (10m), and overburden is
50 cm (20m), and half-space is modelled. -e excavation
was carried out in 1.25–2.5 cm (0.5–1.0m) interval to in-
vestigate the influence of the round length on the stability of
the face and unsupported span.-e unsupported span of the
face stability was calculated to be 1.1m, and the unsupported
span of the arch crown stability is 3.7m according to the
formulas derived in the paper. -e model test results were
shown in Table 2 and Figure 8. When the unsupported span
exceeded 1.1m, the tunnel face began to collapse. When the
unsupported span exceeded 3.7m, both the tunnel face and
the arch crown began to collapse. -e calculation results are
consistent with the experimental results. It can be seen that
the formula derived in this paper is rational.

3.2. Practical Engineering. Tianheng Mountain Tunnel is
located in Tuanjie Town, Harbin City, and is the critical
project of the northeast section of Harbin Ring Expressway.
-e tunnel adopts a two-line split type with an uplink length

of 1,660m and a downlink length of 1,690m. -e tunnel
crosses Tianheng Mountain. Most of the surrounding rocks
are cohesive soils with local sand layers, and surrounding
rock type is V∼VI. -e tunnel was constructed by the New
Austrian Tunnelling Method and has a buried depth of
28∼ 40m. It is a typical shallow buried earth tunnel. -e
section height is 10∼13m, and the diameter is 12∼16m.
When the section area is 126m2, the bench cut method was
used to construct it. When the section area is 163m2, the
bench cut method or CD and CRD methods are used. -e
calculation parameters are shown in Table 3.

-e formula provided by this paper and other scholars
was adopted to calculate the unsupported span, as shown in
Table 4. -e calculation results of the unsupported span of
this paper are less than the literature [15, 16]. -is indicated
that the calculation results of the unsupported span in this
paper could meet the requirements of the literature [15] and
the literature [16]. When using the CRD method, the lit-
erature [15] obtained d + 14.2≥ 0, indicating that the un-
supported span has not been controlled by the stability of the
arch crown, and the unsupported span can be arbitrarily
selected. It means that when the calculation formula of the
unsupported span is established by arch crown stability
alone, there may be no result. -e formula provided by the
literature [16] cannot directly calculate the unsupported
span. Only a series of excavation dimensions can be drawn
up in advance, and then it is verified whether the face is
stable and finally the optimal size is selected. Obviously, the
unsupported span calculated in this paper with CRDmethod
is 4.8m, and the bench cut method is 1.2m, which is
consistent with the actual value used on site.

When changing from the bench cut method to the CRD
method, the unsupported span increases significantly, a
threefold increase. When the bench cut method is used,
s � 0.0001p + 1.2; when CRD method is used,
s � 0.0008p + 4.8. So it can be seen that the unsupported
span s increases linearly as the action of p increases.
According to the actual project, we can choose whether to
change the tunnel construction method to increase the
unsupported span or to increase the unsupported span by
increasing the support of the face (core soil).

4. Analysis and Discussion

It can be seen from (9) and (21) that the unsupported span of
the tunnel is related to the cohesion of the surrounding rock
c, the internal friction angle ϕ0, the weight c, the thickness of
the covering soil H, and the tunnel section sizes d and h. In
order to more clearly understand the main mechanical
parameters of the soil mass and the relationship between the
tunnel depth and the unsupported span, the parameters
sensitivity analyses of the tunnel section sizes d and h, buried
depth H, cohesion c, and internal friction angle ϕ0 were
carried out. When studying the relationship between the
buried depth and the unsupported span, the tunnel depth is
in the range of ha <H≤ (2 − 2.5)ha. When studying the
relationship between cohesion, internal friction angle, and
unsupported span, the values of c and ϕ0 are in the soft rock
range.

O

B′O′

h

y

z

dz
τ

b (z)

β

Figure 7: Calculation diagram.
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4.1.;e Relationship between Unsupported Span and Internal
Friction Angle. When c � 20 kN/m3, H� 20m, h� 5m, and
d� 10m, under the action of different cohesive forces, the
unsupported span of the tunnel increases with the increase
of the internal friction angle, as shown in Figure 9.

It can be seen from Figure 9 that, regardless of the
cohesive force, the unsupported span of keeping the face
stability increases with the increase of the internal friction
angle; the unsupported span of keeping the arch crown
stability increases with the increase of the internal friction
angle when ϕ0 < 27°; it decreases with the increase of the
internal friction angle when ϕ0 > 27° but does not change as
the cohesion force changes. When c< 60 kPa, it can be seen
from the figure that the curve of the unsupported span of
keeping face stability is below the curve of the unsupported
span of keeping the arch crown stability. -erefore, when
c< 60 kPa, the unsupported span of the tunnel is determined
by the face stability. When c≥ 110 kPa, the curve of the
unsupported span of keeping the face stability is above the
curve of the unsupported span of the arch crown stability.
-erefore, when c≥ 110 kPa, the unsupported span of the
tunnel is determined by the arch crown stability; when
60 kPa< c≤ 110 kPa, the curve of the unsupported span of
keeping the face stability and the curve of the unsupported
span of keeping the arch crown stability intersect each other.
With the increase of cohesion, the curve of the unsupported

span of keeping the face stability rises until it exceeds the
curve of the unsupported span of keeping the arch crown
stability. -erefore, when 60 kPa< c≤ 110 kPa, the unsup-
ported span of the tunnel is determined by the internal
friction angle. In summary, it can be proved that both

Table 2: Stability of tunnel face and vault under different unsupported span.

-e unsupported span 2.0m 3.0m 4.5m 5m

State description
-e tunnel face is stable,
with a small amount of

slump

-e arch crown collapsed and
the tunnel face began to break

Both the arch crown
and the face failed

-e arch crown and the
face entirely are destroyed

(a) (b) (c) (d)

Figure 8: Model tests of the tunnel face and the unsupported span [19]. (a) -e unsupported span is 2.0m. (b) -e unsupported span is
3.0m. (c) -e unsupported span is 4.5m. (d) -e unsupported span is 5.0m.

Table 3: Calculation parameters.

Weight c (kN/m3) Cohesion c (kPa) Fractional angel ϕ0 (°) Lateral pressure coefficient Ka

20 50 22 0.45

Table 4: Calculation of the unsupported span.

Tunnel excavation method Literature [15] Literature [16] -is paper (m) On-site
CRD Unrestricted K< 4.6 4.8 3～5m
Bench cut method 2m K< 2.9 1.2 1～1.5m

Th
e u

ns
up

po
rt

ed
 sp

an
 s 

(m
)

20 25 30 35 4015
Friction angle (°)

0

1
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3

4

c = 50kPa (face)
c = 60kPa (face) 
c = 70kPa (face) 
c = 80kPa (face) 

c = 90kPa (face) 
c = 100kPa (face)
c = 110kPa (face)
arch

Figure 9: Curves of correlation between s and ϕ0.
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determine the unsupported span of the tunnel; that is, the
unsupported span of the tunnel s � min (6), (18){ }.

When the relationship between the unsupported span
and the internal friction angle is analyzed, the internal
friction angle is between 15° and 39°. However, for
some sand and sand pebble stratum, the internal friction
angle may be higher than this range. -erefore, a curve is
added to further analyze the variation law of the un-
supported span with the internal friction angle. When
c � 20 kN/m3, H � 20m, h � 5m, d � 10m, and c � 0 kPa,
under the action of different cohesive forces, the change
rule of the unsupported span of the face is shown in
Figure 10.

It can be seen from Figure 10 that as the internal friction
angle increases, the unsupported span of keeping the face
and arch crown stability first increases and then decreases.
Since the internal friction angle ϕ0 increases, the value also
increases β, and the area of the fracture surface reduces so
that the resultant force of the frictional force on the fracture
surface continuously reduces. When the internal friction
angle increases within a specific range, the resultant force of
the friction force decreases, but the resultant force of the
friction force is still higher than the gravity of the loose rock
mass, so the unsupported span increases with the increase of
the internal friction angle. When the internal friction angle
exceeds a specific value, the continuously increased internal
friction angle makes the resultant force of the frictional force
fail to balance the gravity of the loose rockmass, and thus the
unsupported span decreases as the internal friction angle
increases.

4.2. ;e Relationship between Unsupported Span and
Cohesion. When c � 20 kN/m3, H� 20m, h� 5m, and
d� 10m, under the action of different internal friction
angles, the unsupported span of keeping the tunnel face
stability increases linearly with the increase of cohesion; the
unsupported span of keeping the arch crown stability in-
creases first and decreases then with the increase of the
cohesion. It is shown in Figure 11.

4.3.;eRelationshipbetweenUnsupportedSpanandSectional
Dimension. When c � 20 kN/m3, H� 20m, ϕ0 � 27°, and
d� 10m, under the action of different cohesive forces, the
unsupported span of keeping the tunnel face stability de-
creases with the increase of the section width; the unsup-
ported span of keeping the arch crown stability varied with
variation of the section width, as shown in Figure 12(a).
When c � 20 kN/m3, H� 20m, ϕ0 � 27°, and h� 7m, under
the action of different cohesive forces, the unsupported span
of keeping the tunnel face stability decreases with the in-
crease of the section height; the unsupported span of keeping
the arch crown stability decreases with the increase of the
height of the section, as shown in Figure 12(b).

4.4. ;e Relationship between Unsupported Span and H.
When c � 20 kN/m3, ϕ0 � 27°, h� 5m, and d� 10m, under
the action of different cohesive forces, the unsupported span

of the tunnel increases with the increase of the tunnel depth;
the unsupported span of keeping the arch crown stability
decreases with the increase of the tunnel depth, as shown in
Figure 13. When c< 60 kPa, the curve of the unsupported
span of keeping the tunnel face stability is below the curve of
the unsupported span of keeping the arch crown stability;
when c≥ 110 kPa, the curve of the unsupported span of
keeping the face stability is above the curve of the unsup-
ported span of the arch crown stability. When
60 kPa< c≤ 110 kPa, the curve of the unsupported span of
keeping the tunnel face stability and the curve of the un-
supported span of keeping the arch crown stability intersect
each other. As the cohesion increases, the curve of the
unsupported span of keeping the tunnel face stability
continues to rise until it exceeds the curve of the unsup-
ported span of keeping the arch crown stability. Figure 13
proves again that both determine the unsupported span of
the tunnel.
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Figure 10: Curves of correlation between the unsupported span
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In summary, the unsupported span of the tunnel is
sensitive to the cohesion and internal friction angle of the
rock-soil mass, especially the cohesion. -erefore, in prac-
tice, we should pay special attention to the cohesion and
internal friction angle in calculating the unsupported span of
the tunnel.

4.5. ;e Relationship between Unsupported Span and the
Support Pressure. For the unsupported span of the tunnel
face stability control, the unsupported span is relative to
the stratum parameters and tunnel excavation dimen-
sions [31]. In addition, the support pressure of the tunnel
face has an essential influence on the unsupported

span. -e support pressure on the excavation face is
distributed in a trapezoid. For the convenience of ex-
planation, the pressure value at the centre point of the
excavation face is taken to represent the magnitude of the
support pressure. At the same time, the support pressure
ratio λ0 is used to measure the support pressure of the
excavation face:

λ0 �
p

Aσ0
, (22)

where A is the area of the excavation face and σ0 is the static
earth pressure at the centre point of the excavation face.

When c � 20 kN/m3, H� 20m, h� 5m, d� 8m, and
c� 0, under different support pressure ratios, the
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unsupported span of the tunnel changes with the internal
friction angle, as shown in Figure 14. It can be seen from
Figure 14 that the curve of the unsupported span changing
with the support pressure ratio is composed of two parts.-e
oblique section is the unsupported span of the tunnel face of
the stability control, and the straight section is the unsup-
ported span of the arch crown of stability control. As the
support pressure ratio increases, the unsupported span of
keeping the tunnel face stability increases linearly, and the
curve changes to that of unsupported span controlled by the
arch crown stability when it increases to a certain extent. As
the internal friction angle increases, the slope of the oblique
line segment also increases, indicating that as the internal
friction angle increases, the contribution of the support
pressure to the excavation footage is increasingly higher. It is
in line with the actual situation of the project, which shows
that the formula pushed in this paper has certain rationality.

5. Conclusions

A theoretical method of the unsupported span for the
shallow tunnel in soft stratum was proposed in this study.
-e rationality of the formula was verified by a centrifugal
test and an engineering case.-e conclusions obtained are as
follows:

(1) It was concluded that the unsupported span of the
tunnel is not determined by the arch crown stability
or the tunnel face stability alone, but by both.

(2) Based on the calculation model of the surrounding
rock pressure of shallow buried tunnel, this paper
analyzed the stability of the tunnel face and the vault
and then obtained the calculation formula of the
unsupported span of the shallow buried tunnel in
soft rock stratum. -e analysis and discussion show
that the unsupported span is sensitive to the cohe-
sion and internal friction angle of the rock-soil mass,
especially the cohesion. In the actual project, we
should pay special attention to the values of cohesion
and internal friction angle in calculating the un-
supported span of the tunnel.

(3) -e unsupported span s of the shallow buried tunnel
in the soft rock stratum is a linear function of the
action of p. According to the calculation results of
the engineering example, the calculation formula
proposed is in line with the engineering practice.-e
action of p has a more significant contribution to the
increase of the unsupported span by the CRD
method, and the unsupported span s increases lin-
early with the increase of the action of p.
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