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Abstract

When the highway tunnel crosses the soft rock, the primary support structure often fails and damages because it cannot withstand
the excessive surrounding rock pressure. For the Magu tunnel in Yunnan Province, which is in the upper hard and lower soft stratum,
the surrounding rock deformation is large, and the primary support structure occurs spray concrete cracking, steel arch frame
twisting deformation. According to the convergence constraint curve, this paper proposes to adopt the primary support optimization
design scheme of "shortening the bench length + optimizing the length and arrangement of anchor rods". According to the numerical
simulation results of FLAC3D, the important indexes such as deformation convergence, surrounding rock stress, anchor axial force
and thickness of plastic zone in different excavation support conditions are analyzed. The conclusions are as follows: 1. The soft rock
at the foot of the benches does not provide sufficient support resistance, resulting in large settlement and convergence deformation
that can cause the primary support structure to fail and become damaged. 2. The length of the middle bench and the primary
support strength and stiffness contribute most to the deformation. 3. The deformation control effect of the short anchor rods on the
surrounding rock is relatively weak. Increasing the length of anchor can better play the role of anchor suspension enhancement and
give full play to the surrounding rock's own bearing capacity. Finally, the deformation of the tunnel is under control after adopting the
optimized primary support structure, which ensures the smooth construction.
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1 Introduction

In recent years, China's tunnel construction has made
great progress in construction technology, quality control
and service level have stepped up to a new level, and there
are mature excavation methods and support means for tun-
nel construction in different geological conditions [1, 2].
However, tunnel excavation often encounters special geo-
logical conditions, in which composite strata as a rep-
resentative of the adverse geological conditions, many
scholars from different perspectives to put forward the
corresponding countermeasures. Some scholars believe
that tunnel excavation in complex strata should be dynam-
ically adjusted to determine the optimal parameters after
excavation by means of information technology such as
monitoring and measuring [3—5]. In addition, considering

the complexity of the upper hard and lower soft strata, the
stability of the surrounding rock should be fully utilized.
The rapid construction method of installing additional
system anchors in the middle and lower benches, support-
ing the tunnel as it is excavated, closing the inverted arch
into a ring in time, and following the lining closely effec-
tively improves the construction progress and ensures the
construction safety [6, 7].

Anchor rods are an effective means of support mea-
sures for controlling the deformation of the surrounding
rock in tunnels with complex strata [8—10]. The combina-
tion of long and short anchors is useful for controlling the
deformation of surrounding rock at the top. High strength
locking anchors are beneficial to stabilize the foot of a
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vault, and according to the existing studies, it is known
that when the insertion angle of locking anchors is in the
range of 15°~20°, it has the strongest controlling effect on
the deformation of the surrounding rock [11, 12]. Besides,
it is more effective to reduce the convergent deforma-
tion of the tunnel by increasing the anchor density than
by increasing the anchor length. Under the condition of
conventional anchor arrangement parameters, the reduc-
tion of final tunnel convergence by anchor support will
not exceed 20%. For prestressing anchors, increasing the
initial anchor force for end anchors is beneficial for anchor
control of anchor solids, while the effect is not obvious
for full bounded anchors, where the main role of initial
anchors is to increase the compressive strength, cohesive
force and internal friction angle of the rock mass [13—-15].
For full-length anchors, some researchers had concluded
that the main form of damage is the slip failure between
the anchor and the anchoring agent, and suggested increas-
ing the strength of the anchoring agent and avoiding the
use of anchors with a small radius [16—18].

In addition, many scholars have shown that for defor-
mation control of tunnel bench method construction, rea-
sonable control of bench length, bench height and exca-
vation footage per cycle can effectively reduce tunnel
over-excavation and excavation disturbance. By adjusting
the primary support parameters of the upper and middle
benches, the release of surrounding rock stress and tun-
nel deformation control can be achieved [19]. Finally,
many scholars have achieved certain research results on
the field application and engineering effects of primary
support structures in soft rock tunnels [20—-22]. However,
many studies mainly rely on the field tests with high cost.
Numerical calculations provide an effective analytical tool
for the study of the interaction between the tunnel enve-
lope and the initial support.

The above scholars have fully studied and given tar-
geted advice on the excavation methods, means of sup-
port and deformation control of tunnels under different
geological conditions. However, tunnels are located in a
wide variety of geological environments, and case stud-
ies of tunnels constructed by the New Austrian Tunnelling
Method (NATM) in rare geological formations, especially
in the upper-hard-lower-soft stratigraphic conditions, are
extremely rare. Therefore, based on the research of the
above scholars, this paper relies on the Magu Tunnel of
Mengmeng Expressway in Yunnan Province to carry out
the optimal design of tunnel excavation and initial support
scheme for the special soft rock stratum of full, strongly
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weathered granite mixed rock with hard upper and soft
lower strata. To achieve the purpose of improving the con-
struction quality, reduce the occurrence of engineering
accidents, and provide reference basis for similar projects.

2 Engineering geological condition and field testing

2.1 Engineering overview

Magu Tunnel is located at the junction of Lincang City and
Yunxian County, belonging to the control project of Meng
Meng Expressway. The project area is located in the south-
western edge of the Yunnan-Guizhou Plateau, the southern
section of the Hengduan Mountain Range, for the Nujiang
River and the Lancang River inter-river plots, for the strip-
ping type of low mountainous terrain. The tunnel is a sep-
arated tunnel, the width of the tunnel design section is
12.5 m, the height is 10.2 m. The total length of the tunnel
is 7.38 km, and the maximum overburden is about 1089 m.

2.2 Engineering geological condition and tunnel
construction program

The left section of the tunnel exit section,
ZK22+250~ZK22+280, is at a depth of about 60 m.
The tunnel passes through strata containing strongly
weathered granite, fully weathered granite, fault mud
and fault breccia. Among them, the mineral composition
of the rock layer has a high content of feldspar and mica.
In addition, the rock mass is in broken~scattered struc-
ture, the surrounding rock mass has no self-stabilizing
ability, and it is easy to produce large landslides if the sup-
port is not timely installed. The actual excavation exposes
the stratum as shown in Fig. 1, the upper half section is
grey strongly weathered granite, with more developed
structural surface and poor combination between layers.

Fully weathered granite

Fig. 1 The field geology of the tunnel excavation face
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The lower half of the section is yellow fully weathered
granite, the rock mass has micro-expansion when it meets
water, and rapidly softens and disintegrates. The rock
layer demarcation line is roughly at the junction of the
lower and middle steps in the original excavation scheme.
The excavation surface is overall wet without water drip-
ping, and the overall integrity and self-stabilization of the
surrounding rock is poor.

This section of the tunnel was constructed using the
three-bench method. The length of the upper bench is
4 m, the height is 3.2 m, and the excavation feed is 1.2 m
per cycle. The length of the middle bench is 12 m, the
height is 2.8 m, and the excavation feed is 3.6 m per cycle.
The length of the lower bench is 4 m, the height is 2.5 m,
and the excavation feed is 2.4 m per cycle. After the lower
bench is executed, the excavation of the inverted arch and
its support will be carried out immediately, and the height
of the inverted arch is 1.6 m. After the completion of the
excavation of the tunnel and its primary support, the con-
crete of the inverted arch will be poured immediately.

2.3 Damage of the tunnel's original primary support
and deformation monitoring

The original primary support adopts SF5a type lining,
and the specific support parameters are shown in Table 1.
Among them, the reinforcing mesh is to be laid after the ini-
tial spraying of 2 cm of concrete on the excavation surface,
and the deformation amount reserved for design is 15 cm.
The grouting pressure of locking foot anchors is 0.5-1 MPa.

Table 1 Original primary support scheme of the tunnel

Support

Design parameters
structure

Over-head
small grouting
pipe umbrella

42 x 4 steel pipe, 4.5 m long, ring spacing 30 cm,
overlap length 3 m.

1. Shotcrete: C25 concrete, 25 cm thick.
2. Reinforcing steel mesh: double layer &8 mm
reinforcing steel mesh with a grid spacing of

Prlmarrty 15cm x 15 em.
Suppo 3.Steel frame: 118 I-beam, 60 cm spacing per joist,
longitudinally connected with steel bars, 1 m spacing.
4. Inverted arch filler: C15 concrete.
1. Concrete: C30 waterproof reinforced concrete,
Secondary 60 cm thick.
lining 2. Reinforcing steel: HRB400 steel bar.
1. Radial anchor size is @25 x 5. Hollow grouting
anchor is arranged according to plum blossom
Anchors shape, spacing 100 x 60 cm (ring x longitudinal),

each root is 3 m long.
2. The size of @42 x 4 small conduit is arranged at the
foot of the arch, and the length of each one is 4.5 m.

During the construction of this tunnel section, the upper
bench and middle bench were constructed according to the
original primary support scheme, then the deformation con-
vergence was large. During the excavation of the lower
bench, because the rock mass at the lower bench position
is mainly fully weathered granite, when the lower step sup-
port was applied, the surrounding rock fell off seriously and
could not be self-stabilized. The peripheral rock in front of
the vertical arch showed serious hollowing phenomenon, so
the initial support was applied in time and concrete backfill
was carried out. During the period of continuous monitor-
ing, the settlement curve of the tunnel arch and the conver-
gence curve of the arch shoulder are shown in Fig. 2.

After blasting and excavation of the upper bench, the
deformation rate of the tunnel roof subsidence and the
deformation rate of the arch foot of the upper stage were
less than 10 mm/d. During the excavation of the middle
bench, the rate of tunnel roof subsidence and horizontal
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Fig. 2 Deformation monitoring of primary support in typical sections of
tunnels: (a) Deformation rate at tunnel monitoring points, (b) Accumulated

deformation at tunnel monitoring points



convergence rapidly became larger, and the maximum
deformation amount of a single day was 26 mm, and the
deformation rate of the subsequent tunnel was reduced.
After the lower bench, the tunnel roof subsidence and
the horizontal convergence rate of the arch shoulder
were reduced to below 10 mm/d. However, the deforma-
tion time of the surrounding rock was longer. However,
the surrounding rock deformation time is long and has
not reached a stable convergence state. Fig. 2 (b) shows
the cumulative deformation of the tunnel with monitoring
time, which is divided into four regions. Region I shows the
change of tunnel deformation after the upper bench exca-
vation, when the tunnel deformation is small. Region II is
due to the soft rock on the lower side of the arch footing,
the arch footing has no reliable support after the primary
support is applied in the middle bench, and the locking
footing anchors alone cannot bear the upper peripheral
rock load. Therefore, this section is the main part of the
tunnel deformation convergence. Region III shows the
deformation convergence of the lower bench, when the
deformation around the tunnel continues to increase. The
monitoring results show that the horizontal convergence
of the tunnel arch waist is much smaller than the horizon-
tal convergence of the arch shoulder, which is due to a
certain amount of over-excavation deformation occurred
before the tunnel excavation, while the actual monitoring
can only measure the deformation of the tunnel after exca-
vation. Region IV is the deformation convergence during
the construction of the inverted arch. With the closure of
the ring, the resistance of the primary support to the sur-
rounding rock increases, and the deformation of the tunnel
gradually tends to stabilize.

As shown in Figs. 2 and 3, the monitoring results
and damage of the primary support show that adopting
the original construction program to pass through this
section of the tunnel will lead to greater tunnel defor-
mation, which will affect the application of the second-
ary lining. In addition, many landslides have occurred
during the tunnel boring process, and the construction
risk is higher, so it is more important to strictly control
the deformation convergence around the excavated cav-
ity to prevent possible local subsidence and topping disas-
ter. According to the actual situation on site and the expe-
rience of previous projects, it is recommended to adopt
the scheme of full-section anchor + optimized step length
to pass through this complex geological section. On the
other hand, the tunnel deformation convergence is affected
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(b)

Fig. 3 Damage of the original primary support: (a) Localized deformation

damage to primary support, (b) Twisted steel arch joints

by the tunnel excavation scale, the smaller the excavation
scale is, the smaller the tunnel deformation convergence
is [18, 20]. However, the excavation footage of the tun-
nel is limited by the actual progress of the project and the
influence of the design spacing of the steel arch, which
cannot be shortened arbitrarily. According to the mechan-
ical characteristics of tunnel construction, the excavation
footage of both middle and lower steps were shortened to
1 m, and the spacing of steel arches was reduced to 0.5 m
in order to reduce the blasting disturbance and prevent
the tunnel from collapsing suddenly. In order to obtain
the optimal step length and anchor arrangement scheme,
numerical simulation calculations were carried out. And
according to the site construction and monitoring condi-
tions for dynamic adjustment, in order to get the optimal
construction programs.
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3 Optimization for bench length

3.1 Numerical models and parameters

According to the engineering geological data, the average
depth of the tunnel section from ZK22+250 to ZK22+280 is
about 60 m. The maximum width of the horseshoe-shaped
section of the tunnel is 12.5 m. The upper surrounding
rock of the horizontal center line of the tunnel profile in
this section is strongly weathered granite, and the sur-
rounding rock in the lower part is fully weathered gran-
ite. In this paper, HyperMesh 2021 software is used for
geometric modelling and meshing. Subsequently, it was
imported into Flac3D 6.0 finite difference numerical simu-
lation software for calculation. Considering that the static
influence of the tunnel excavation on the surrounding geo-
technical rock mass is generally 3~5 times of the tunnel
diameter. In order to eliminate the influence of boundary
effect, the length along the tunnel axis (y-axis) is taken as
100 m, and the length along the tunnel transverse (x-axis)
and tunnel vertical (z-axis) are both 120 m. The bound-
ary conditions of the numerical model are as follows: fixed
constraints at the bottom, horizontal displacements on the
left and right sides, longitudinal displacements on the front
and back sides, and a free surface at the top. Therefore, the
established numerical model is shown in Fig. 4.

The numerical simulation uses the built-in FISH lan-
guage in Flac3D 6.0 to control the excavation support and
parameter assignment of the tunnel step method. Among
them, the layered rock mass is simulated with solid units,
and the M-C intrinsic model is adopted. The upper 60 m of
the model is class IV surrounding rock, and the lower 60 m

Rock Grade IV

120m

Rock Grade V

Fig. 4 Numerical calculation of the overall model for tunnel excavation

is class V surrounding rock, which are assigned different
physical and mechanical parameters. The initial support
is simulated by shell unit, and the linear elasticity consti-
tutive model is selected. The thickness of the initial sup-
port is set to be 22 cm. the secondary lining is simulated
by solid unit, and the line elasticity constitutive model is
selected, and its thickness is 60 cm. the locking anchor and
the system anchor are simulated by cable unit. The con-
tact between anchor and lining is set as rigid contact to
prevent its end from slipping. A full-length bond is set
between the anchor and the surrounding rock to simulate
a full length anchored anchor. The length of the locking
foot anchor is 4.5 m, and the length of the system anchor is
3 m. The numerical simulation tunnel excavation support
model is shown in Fig. 5.

The rock and lining structure material parameters are
taken in combination with the actual situation, as shown
in Table 2. The initial support stiffness is calculated by
the principle of equivalent stiffness, and the principle of
equivalence is calculated according to formula Eq. (1).

E=(E A +EA)/4A ey

Where E is the discounted modulus of elasticity of the pri-
mary support, E_is the modulus of elasticity of the shot-
crete, E_is the modulus of elasticity of the I-beam, 4 _is the
cross-sectional area of the I-beam, and A4, is the cross-sec-
tional area of shotcrete per unit width. The anchor mate-
rial parameters are shown in Table 3. The anchor is the
synonym expression to the "rock bolt".

System anchor

Secondary lining

(@
Tunnel excavation

Upper bench

Middle bench

Lower bench
and invert arch

(b

Fig. 5 (a) The partial numerical model of tunnel excavation and support,

(b) Longitudinal schematic of the tunnel excavation



Table 2 Material parameters of numerical model

Material Density/ E/ Poisson's  Cohesion/ Ifrrlfetrlnil
ateria kKN'm=  GPa ratio MPa ¢ 00
angle/
Rock
grade IV 24 5.2 0.25 0.25 29
Rock
grade V 23 1.5 0.28 0.1 15
Primary
22 29 0.25 — —

support
Secondary 5 35 0.23 — —
lining

Table 3 Physical parameters of the rock bolt

Yield axial ~ Slurry Slurry Slurry

Material force cohesion stiffness friction angle

GPa N MPa MPa °
Locking 506 4s5x100 20 24 45
anchor
System o

206 4.55x10 20 24 45
anchor

Considering the influence of the boundary effect on
the monitoring results, the tunnel monitoring position
is taken at the 50 m longitudinal section of the tunnel.
The arrangement of monitoring points is shown in Fig. 6.
The monitoring points are arranged at the top of the arch,
arch shoulder, arch waist, arch foot and inverted arch posi-
tions to monitor the displacement around the hole, inter-
nal force and stress of the supporting structure, and axial
force of the anchor rods. In addition, the stress distribu-
tion of the rock mass within the tunnel anchor arrange-
ment is monitored.
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Fig. 6 Layout of the monitoring points
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3.2 Numerical calculation design for bench length of
different working conditions

The original length of the upper, middle and lower benches
ofthe tunnel is 4 m, 12 m and 4 m respectively, and the height
is 3.2 m, 2.8 m and 2.5 m respectively, and the height of the
upward arch is 1.6 m. The inverted arch is applied at the
same time with the lower step. Due to the upper bench arch
needs a certain operation space, and the surrounding rock
condition of the upper bench is relatively good. Therefore,
the length of the upper bench is not shortened in the numeri-
cal simulation. As the arch foot of the middle bench is close
to the weak surrounding rock on the lower side of the tunnel,
and the actual monitoring data show that the deformation
convergence rate of the tunnel is larger during the excava-
tion of the middle bench. Therefore, the reasonable short-
ening of the middle bench length can reduce the deforma-
tion convergence of the tunnel. In addition, previous studies
show that, soft rock tunnel arch excavation length should
not be greater than 3 m [20]. Therefore, combined with the
actual construction progress, shorten the length of the lower
bench and the arch to 2 m. This can not only accelerate the
primary support closure into a ring, but also reduce the risk
of tunnel toppling disaster. Considering the nature of the
tunnel surrounding rock and the site construction situation,
numerical simulation working conditions (WC) with differ-
ent bench lengths are set, as shown in Table 4. And control
all the working conditions in the secondary lining behind the
palm face distance are 30 m. which, WCO and the original
excavation support scheme is the same.

3.3 Analysis of calculation results

According to the calculation results, the displacement and
stress data of the monitoring points are extracted. The defor-
mation comparison between the numerical simulation con-
trol group and the deformation around the hole after excava-
tion of each bench in the actual project is shown in Table 5.

Table 4 Numerical simulation working condition design of bench length

Distance
) Upper Middle Lower Excavation of second

Work'lrlg bench  bench  bench leneth lining behind
conditions length  length  length J excavation
(WC) face

m m m m m
0 4 12 4 1.2 30
1 4 12 2 1 30
2 4 10 2 1 30
3 4 8 2 1 30
4 4 6 2 1 30
5 4 4 2 1 30
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Table 5 Comparison of tunnel deformation in numerical simulation and

actual engineering

Circumferential deformation/mm

Before Before

Monitoring position Final
excavation of the excavation of the |
middle bench lower bench value
Actual
Settlement projects 23 14.6 22.8
of vaults
WCO0 4.7 13.8 21.8
Converge AcFual 0 97 11.2
of arch projects
waist WCo 0 8.5 10.6

As the deformation of the tunnel periphery can only
be monitored after the primary support is applied in the
actual project, the deformation of the tunnel is not consid-
ered in the deformation amount of the tunnel's over-arch-
ing deformation. Therefore, the deformation convergence
value of the tunnel perimeter in numerical simulation is
deducted from the amount of overrun deformation and
then compared with the actual project, and the deforma-
tion convergence of the control group in Table 5 has been
deducted from the overrun deformation. From Table 5,
it can be seen that the deformation trend of the control
group during the excavation process of the step method is
consistent with the monitoring results of the actual proj-
ect. In addition, the size of tunnel deformation conver-
gence in WCO is also less different from the actual project.
Therefore, the design of the parameters in the numerical
simulation is more reasonable, and the numerical simula-
tion results can well simulate the actual project.

The tunnel roof settlement data from WCI1 to WC5 were
extracted and the longitudinal deformation curve of the tunnel
was plotted, as shown in Fig. 6. As can be seen from Fig. 7,
the final settlement of the tunnel roof is 19.5 cm when the
length of the middle bench is 12 m (WC1), and it decreases
with the shortening of the length of the middle bench. When
the length of the middle bench is 4 m (WCS5), the final settle-
ment of the tunnel roof is 8.5 cm, which is only 43.6% of that
of WC1, and the shortening of the length of the middle bench
can significantly reduce the final deformation of the tunnel.
In addition, before the excavation of the middle bench, the
difference in the settlement value of the tunnel arch for each
condition is relatively small. The difference in tunnel defor-
mation is mainly reflected in the middle bench excavation
process. And the longer the length of the middle bench, the
later the tunnel deformation converges. With the closure of
the inverted arch, the tunnel primary support forms a whole
structure, and the deformation gradually tends to stabilize.
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Fig. 7 Longitudinal deformation curve of the tunnel

The tunnel arch settlement data of each excavation step
from WCI to WC5 were counted, as shown in Table 5.
As the length of the middle bench decreases, the defor-
mation of the upper and middle benches of the tunnel also
decreases gradually, and the final settlement of the tunnel
also decreases significantly. The ratio of the settlement of
the tunnel roof of the upper and middle benches of the
tunnel excavation to the total settlement of the vault for
WC1~WCS5 are 88.7%, 85.9%, 80.6%, 75.9% and 72.9%,
respectively, which also show a decreasing trend. From
Table 6, it can be seen that due to the soft rock stratum
with hard top and soft bottom, the primary support struc-
ture erected after the excavation of the upper and middle
benches of the tunnel was unable to resist the deformation
and pressure of the surrounding rock, which was the main
factor causing the vertical deformation of the tunnel.

Comparison of the tunnel roof settlement and arch waist
horizontal convergence values for each working condition
is shown in Fig. 8. With the shortening of the length of the
middle step, the arch settlement value and horizontal con-
vergence value basically show a linear decreasing trend.

Table 6 Settlement statistics of tunnel roof

Settlement of tunnel roof/cm
Ratio of upper and

Before Before middle benches

wC excavation excavation Total settlement vault to

of the middle  of the lower settlement total settlement/%

bench bench

1 6.5 17.3 19.5 88.7

2 6.2 14.0 16.3 85.9

3 5.7 10.8 134 80.6

4 53 8.2 10.8 75.9

5 4.9 6.2 8.5 72.9
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However, in actual construction, the middle bench is the
main working surface for slagging and slurry spraying,
and the length of the middle bench should consider the
actual situation and should not be too short. In addition,
as the tunnel arch waist is at the junction of soft and hard
strata, the shear strength of surrounding rock changes
abruptly there, resulting in the horizontal direction of sur-
rounding rock extrusion into the cave. The horizontal con-
vergence of the tunnel is slightly larger than the settlement
value of the arch in all working conditions. Therefore,
the tunnel support in the horizontal direction should be
enhanced appropriately to reduce the horizontal conver-
gence value of the tunnel.

By analyzing the contact pressure between the sur-
rounding rock and the primary support, the mutual stress
state between the surrounding rock and the primary sup-
port can be better judged. Since the FLAC software can-
not directly extract the contact pressure between the
surrounding rock and the primary support, the stress
component of the monitoring points at the contact surface
between the surrounding rock and the primary support
is extracted. The stress direction is converted through
Eq. (2). Fig. 9 shows the comparative radar map of the
pressure distribution of surrounding rock for each work-
ing condition of the cave.

p= \/(GX +T, 47T, )cos@ +(Gy +7, +sz)sin9 @)

Where: p is the pressure of the surrounding rock at the
contact point; # is the angle between the straight line and
the horizontal axis of the monitoring point position at the
perpendicular cave circumference.
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Fig. 9 Distribution of surrounding rock pressure under each working
condition (unit: 0.1 MPa)

From Fig. 9, it can be seen that the stress distribution
around the tunnel cave for all conditions is in the butter-
fly shape. The pressure of the perimeter rock at the top
of the arch is the largest, and the distribution of the arch
waist and the bottom of the arch is the smallest. With the
shortening of the length of the middle bench, the pressure
of the tunnel roof is 0.72 MPa~0.74 MPa, and the pressure
of the bottom is 0.05 MPa~0.08 MPa. Basically, it remains
unchanged. When the length of the middle bench is 12 m
(WC1), the pressure of the surrounding rock at the arch
waist is the smallest, which is 0.03 MPa. With the shorten-
ing of the length of the middle bench, the pressure of the
surrounding rock in the tunnel gradually increases. When
the length of the middle bench is 4 m (WC5), the pressure
of surrounding rock at the arch waist grows to 0.12 MPa.
The distribution of rock pressure around the hole in each
working condition shows that the shorter the length of the
middle bench is, the more inadequate the release of rock
stress around the hole is, and the greater the pressure of
surrounding rock borne by the initial support is.

4 Optimization for anchor arrangement

According to the above numerical calculation results of
different bench lengths, it can be seen that the excavation
scheme of working condition 4, i.e. 4 m, 6 m and 2 m for
the upper, middle and lower benches respectively, can be
adopted. This scheme can ensure the deformation conver-
gence requirements of the tunnel and also meet the actual
construction conditions. However, in WC4, none of the
anchors around the tunnel cave failed to pass through the
plastic zone. At this time, the anchors can only play the
role of reinforcing the surrounding rock, and cannot effec-
tively play the suspension role of the anchors. Therefore, it
is necessary to carry out research on the length of anchor
rods and the arrangement around the tunnel.
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4.1 Numerical calculation models for different anchor
arrangement

Due to the soft rock in the lower part of the tunnel inverted
arch, and the numerical calculation shows that the radius
of the plastic zone in this area is large. Therefore, the
full-section anchors are used for reinforcement, and the
anchor arrangement is in the form of plum blossom piles,
with a ring spacing of 1 m and an axial spacing of 0.6 m.
According to the size of the depth of the plastic zone and
the deformation convergence of the tunnel circumference in
WC4, different lengths of anchors are set up for reinforce-
ment cases, as shown in Table 7. The numerical simulation
model of tunnel excavation is the same as that of WC4, and
only the anchor arrangement around the tunnel is changed.

4.2 Analysis of calculation results

The depth of the plastic zone around the tunnel from
WC I to WC IV was extracted, as shown in Table 8 and
Fig. 10. From Table 8 and Fig. 10, it can be seen that with
the increase of the anchor length, the depth of the plas-
tic zone at each point around the hole shows a decreasing
trend. And the depth of the plastic zone in the arch waist
is the largest in each working condition. When 3 m anchor
rods (WC 1) are arranged in the whole section around the
cave, the depth of plastic zone at the arch waist is the larg-
est, which is 6.4 m, far exceeding the length of anchor rods.
At this time, the role played by the anchors around the hole
is small. When the length of anchor rods around the tunnel
is 4.5 m (WC II), except for the arch top, the rest of the posi-
tion of anchor rods are not beyond the scope of the plas-
tic zone. The depth of the plastic zone around the tunnel
is slightly reduced, and the roles played by the anchors in

Table 7 Numerical simulation working condition design of

anchor arrangement

Anchor length/m
We Upper bench  Middle bench  Lower bench  Inverted arch
1 3 3 3 3
11 4.5 4.5 4.5 4.5
1 6 6 6 6
v 4.5 6 6 4.5

Table 8 Depth of the plastic zone of different anchor arrangement

Depth of the plastic zone/m

We - Vaul shﬁlrl‘l:(liler Arch waist  Arch foot In::;tled
1 43 5.1 6.4 6.2 4.8
I 4.1 49 6.1 5.9 45
1 3.8 4.5 54 5.3 3.9
v 3.9 45 5.5 54 4.1
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Fig. 10 Plastic zone of different anchor arrangement:
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WC II and WC I are basically the same. When 6 m anchors
(WC III) are arranged in the whole section, the depth of
the plastic zone of the tunnel is significantly reduced.
Compared with WC I, the depth of the plastic zone around
the hole is reduced by 11.6%~18.8%, and the depth of the
plastic zone at the bottom of the arch is reduced most obvi-
ously. Since the depth of the plastic zone at the top of the
arch and the bottom of the arch is smaller for each work-
ing condition. Therefore, the length of the anchor rods of
the upper bench and the inverted arch was optimized again
to 4.5 m (WC IV) in order to reduce the cost of support.
From Table 8 and Fig. 10, it can be seen that the depth of
the plastic zone of the optimized tunnel changes less com-
pared with WC III, and the length of the anchor rods all
pass through the range of the plastic zone, so it is more
reasonable to adopt the anchor rod arrangement of WC IV.

Since the depth of plastic zone at the arch waist is max-
imum in WC I~WC 1V, the size of the anchor rod axial
force distribution along the length at the arch waist will be
extracted and analyzed. Among them, the spacing of the
monitoring points of the axial force on the anchor rods is
0.5 m, and the distribution of the axial force of the anchor
rods along the length is shown in Fig. 11, which stipu-
lates that the anchor rods are positive in tension and nega-
tive in compression. In WC I and WC 11, the axial force of
the anchor rods along the length is small. And the negative
value appeared in the range of 2 m close to the surrounding
rock. Because the length of the anchor rod does not exceed
the depth of the plastic zone, and the surrounding rock in
the plastic zone is displaced to the cave compared with the
anchor rod, resulting in local compression of the anchor rod,
which generates pressure. The axial force of the anchor rod
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Fig. 11 Axial force of anchor rod
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in WC IIl and WC 1V is peaked at a distance of 5 m from
the waist of the arch, which is 70.6 kN and 71.8 kN, and
this position is basically in the elastic-plastic junction range
of the tunnel. As the deformation of the surrounding rock in
the elastic zone is small, the surrounding rock deforms out-
ward relative to the anchor rods. And the surrounding rock
in the plastic loosening zone deforms to the tunnel relative
to the anchor rods, so the peak of the anchor rod axial force
is formed at the elastic-plastic junction. From Fig. 11, it can
be seen that when the length of anchor rods exceeds the
depth of the plastic zone of the tunnel, it can better play its
reinforcing and suspending roles, and improve the self-sta-
bilizing ability of the surrounding rock.

Comparison of the final values of deformation con-
vergence around the hole for each condition is shown in
Fig. 12. With the increase of the anchor length, the tun-
nel roof settlement and horizontal convergence value both
show a decreasing trend. And the value of tunnel roof is
slightly smaller than the horizontal convergence value.
The values of vault settlement and horizontal conver-
gence in WC I (full section 3 m anchor) are 10.8 cm and
11.5 cm respectively. Compared with WC4 (elevation arch
without anchor) in Section 3, it is basically the same, and
only arranging the full-section 3 m short anchors can't
reduce the deformation convergence of the cave periph-
ery. In WC III, compared with WC I, the values of vault
settlement and horizontal convergence are reduced by
12.0% and 12.2% respectively. Compared with WC III,
the change of settlement value and horizontal convergence
value is smaller, and the appropriate shortening of the
length of the vault anchor can reduce the cost of support as
well as the difficulty of construction.
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Fig. 12 Final deformation value of each working condition
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In summary, considering the support cost, construction
difficulty and structural stability, it is more reasonable
to take the length of anchor rods of the optimized upper
bench, middle bench, lower bench and inverted arch as
4.5 m, 6 m, 6 m and 4.5 m respectively.

5 Specific construction optimization measures and field
applications

5.1 Construction optimization measures

The construction measures optimized based on numerical
simulation results and actual site conditions are as follows:

1. Shorten the advance length of benches. Optimize the
length of the upper bench, middle bench and lower
bench to 4 m, 6 m and 2 m respectively. In addi-
tion, the inverted arch is applied immediately after
the lower bench, so that the tunnel primary support
can be closed into a ring as early as possible, and
the overall rigidity of the primary support can be
improved. NATM method of bench excavation in the
middle, the lower bench of the left and right excava-
tion alternately, shall not make the two sides of the
primary support arch foot at the same time exposed.

2. Adjust the anchor arrangement. Setting full section
anchor reinforcement program, the anchor adopts the
form of plum blossom pile arrangement, axial spac-
ing 0.6 m, ring spacing 1 m. The length of the upper
bench and inverted arch anchor is 4.5 m, the length
of the anchor in the middle and lower bench is 6 m.
The anchor selects the steel pipe, the front end of
which is made into a sharp cone, and the tail is welded
with @8 mm steel bar as a reinforcing hoop. And in
the wall of the pipe every 15 cm staggered drilling
eyes, eye diameter of 8 mm, anchor should ensure that
the end of the anchor welding and timely grouting.

3. Optimize the excavation method. The upper bench
and the middle bench of strongly weathered granite
using surface blasting technology, but as far as pos-
sible to reduce the blasting vibration on the lower
soft rock layer disturbance. After excavation of the
middle bench, local grouting is carried out to rein-
force the soft surrounding rock at the arch foot, so
that the arch foot has reliable support. The lower
bench of fully weathered granite using micro-step
mechanical excavation, the left and right sides from
the alternating staggered excavation. This cannot
only reduce the amount of excavation and timely
support, but also provide a support point or backfill
counterpressure in the event of large deformation of

the side wall. As the surrounding rock in the upper
and middle benches is slightly better, the excavation
footage can be increased appropriately according to
the deformation of the tunnel. But the lower bench
excavation footage needs to be strictly controlled for
1 m, to prevent the primary support structure defor-
mation is too large and local subsidence disaster.

4. Enhance the monitoring means. Due to the tunnel
through the upper hard and lower soft stratum when
the risk is greater, and the deformation of the tun-
nel convergence often lags behind the changes in the
surrounding rock pressure. Therefore, on the basis
of tunnel deformation monitoring, the surrounding
rock pressure and primary support force should be
continuously monitored, so as to reserve time for
tunnel disaster disposal.

5.2 Field applications

The optimisation measures in Section 4.1 were applied to
the actual Magu Tunnel project. Fig. 13 shows the compar-
ison of the deformation of the tunnel before and after the
optimisation. As can be seen from Fig. 13, the application
of the optimised construction scheme is very effective in
controlling the deformation of the tunnel.

As can be seen from Fig. 13, the final settlement of the
tunnel roof after optimisation is 11.3 cm, which is a reduc-
tion of 50.5% compared to the pre-optimisation vault set-
tlement value. The optimised construction scheme can
significantly reduce the tunnel deformation convergence.
In addition, the settlement of the tunnel roof before the
excavation of the lower bench is significantly smaller
than the pre-optimised settlement due to the reduction
of the length of the middle bench and the application of
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anchors. The deformation of the tunnel after excavation
of the lower bench is still slightly larger in the optimised
construction plan. However, due to the shorter length of
the lower bench and the inverted arch, with the closure of
the inverted arch, the deformation of the tunnel quickly
reaches a convergence state, effectively controlling the
deformation of the tunnel's primary support structure, and
guaranteeing the safety of the primary support structure.

6 Conclusions

In this paper, for the Mengmeng Expressway Magu
Tunnel in Yunnan Province, which crosses the upper hard
and lower soft stratum, the deformation is large and the
construction safety risk is big. The bench length and the
anchor arrangement are optimised by the numerical simu-
lation. The following conclusions are drawn:

1. Influenced by the special stratum of upper hard
and lower soft strata, the pressure relief of sur-
rounding rock is most obvious at the arch waist
position. The pressure of surrounding rock is but-
terfly-shaped distribution and gradually increases
with the decrease of the length of the middle bench.
The difference in tunnel deformation mainly occurs
after the excavation and support of the middle bench.
In addition, under the influence of the soft and hard
stratum junction at the foot of the middle bench, the
shear strength of the surrounding rock at this posi-
tion changes abruptly, resulting in local unloading
and large horizontal convergence.

2. With the shortening of the length of the middle
bench, the deformation convergence of the tunnel is
gradually reduced. However, as the main working
plane of construction, the middle bench should not
be too short. Anchor rods play the role of reinforcing
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