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Abstract: Based on the Yingxiongshan tunnel project in Jinan, a numerical calculation model of tunnel

excavation considering the surface grouting reinforcement effect of soil-rock composite stratum is
established, and the effects of elastic modulus and grouting width of grouting reinforcement zone on tunnel
stability are studied. and the research results are applied to the supporting project to verify the rationality of
the numerical calculation results. The results show that grouting reinforcement can effectively control the

deformation of surrounding rock and supporting structure, and the absolute value of surface settlement is
negatively correlated with grouting width and elastic modulus. The surface settlement value is not sensitive

to the change of the width of grouting reinforcement zone, but is sensitive to the change of elastic modulus.

1 Introduction

When a tunnel passes through soft soil layer or soft rock
stratum, this will greatly aggravate the construction
difficulty and affect the construction schedule, especially
large section and small clear distance tunnels are prone to
collapse during the construction due to their own
characteristics ['. Therefore, it is necessary to take
certain pre-reinforcement measures according to the
deformation mechanism of tunnels. The surface
pre-grouting reinforcement measure is taken in many
projects, as it can change the mechanical properties of
front rock and soil mass, strengthen its deformation
resistance, and  reduce the  possibility  of
excavation-induced collapse and loosening of rock and
soil mass.

Many scholars have studied the surface grouting.
When it comes to the grouting reinforcement process,
Liu S J ), Zhang X F B, Wei C L ¥l and Wang S Blet al.
adopted the sleeve valve tube surface grouting
reinforcement process for intensely weathered granite
and strongly permeable sand and gravel stratum, and the
results showed that the sleeve valve grouting technology
can effectively control the deformation of surrounding
rocks. In terms of grouting materials, Yang X H [ ef al.
studied cement-water glass double-liquid grouting
parameters. Zhang J (et al. comparatively analyzed the
single-liquid and double-liquid grouting reinforcement
effects. Lai H P [®let al. analyzed the treatment effects of
single-liquid grouting and double-liquid grouting. The
abovementioned studies are of great significance for
improving the surface grouting reinforcement technology.
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However, the improving effect of grouting reinforcement
on the mechanical properties of rock and soil mass has
been rarely considered. Given this, the influences of
elasticity modulus and grouting reinforcement width in
the grouting reinforcement zone on the tunnel stability
were analyzed via numerical simulation.

2 Project Profile

The full length of two-way six-lane Yingxiongshan
Tunnel is about 1.47 km. The maximum clear distance of
this tunnel is 25 m, and the clear distance is the minimum
at the southern and northern portals, being 5 m and 7 m,
respectively. The minimum burial depth appears at the
southern and northern portals, too, being about 3-4 m.
Cross-section view of the tunnel is shown in Figure 1.
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Figure 1: Cross-section of the Tunnel

The tunnel surrounding rocks, whose grade is V, are
loose and broken, there are mostly quaternary soil layer,
macadam, etc. at the roof, the tunnel body main passes
through cohesive soil, macadam, cementing gravel, and
limestone, the surrounding rocks have no self-stabilizing
ability, the geological conditions of left and right lines
are not greatly different, and the vertical sectional graph
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of right-line portal is shown in Figure 2.
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Figure 2: Vertical Sectional Graph of Right-Line Portal

3 Calculation Model and Parameters

The southern portal section of this tunnel was selected to
establish a 3D numerical model considering geological
conditions via preprocessing software, in which different
strata were distinguished using different colors. As the
scope of influence of tunnel excavation is 3-5 times of
tunnel portal diameter ], the model length was 197 m
and 69 m in the direction of axis X and axis Y,
respectively, and the tunnel length in the axial direction
was 50 m. The displacement boundary conditions were
as follows: A free boundary existed at the model top,
without any constraint; at the bottom, the constraints
were applied in three directions; the sides of the model
were applied with constraints in normal direction. In the
whole model, the surface load was not considered, but
only the self-weight stress of rock and soil mass was
considered and set as 10 m/s?, and the calculation model
is shown in Figure 3.

Figure 3: Calculation Model Graph

The tunnel excavation process was simulated using
the Mohr-Coulomb constitutive model, where the values
of ¢ (soil cohesion), ¢ (internal friction angle) and
p (soil density) can be taken by reference to practical
engineering geological investigation report. Poisson’s
ratio W is acquired according to related empirical data. In
general, Young’s modulus cannot be directly obtained,
but acquired by two calculation methods: For soil layer,
it is 3-5 times of modulus of soil compressibility; for
rock stratum, it can be calculated according to the shear
wave velocity measured in the rock-soil wave velocity
test of drill hole, as shown in Equation (1) and (2),

respectively, and the concrete soil parameters are listed in
Table 1 P,

E=2(1+ )G, 0
_ 2
G, =pV; 2
Table 1: Soil Parameters
Rock-soil y (kN/m’) E(MPa) u c(kPa) oC)
Miscellaneous 195 30 031 5 12
fill
Silty clay 19.2 42 0.37 273 17.8
Clay 19 64 0.36 40 20.5
Macadam 21 648 0.35 5 35
Cementing 215 943 033 30 40
gravel
[Broken 255 4700 031 300 33
limestone
Moderately
weathered 26.5 5000 0.26 700 39

limestone

Soil mass and secondary lining were simulated using
ZONE units; the advanced support was simulated by
increasing the parameter values of surrounding rock in
the reinforcement zone; initial support, mid-partition wall
and inverted arch were simulated through shell units;
when initial support, mid-partition wall and inverted arch
were considered through the method of equal effects
during the simulation, the elasticity modulus of steel arch
was converted to concrete according to the equality
principle of compressive stiffness [, the concrete
convert formula is seen in Equation 3, and the structural
parameters are seen in Table 2. In the numerical
simulation, the grouting reinforcement zone was
simulated using ZONE units, the grouting effect was
realized by increasing the parameter values (elasticity
modulus and cohesion) of surrounding rock within the
grouting scope, and under normal circumstances, the
elasticity modulus could be elevated to 1.25 and 1.56
times of the original value, while the cohesion to 10 to 55
times of the original cohesion [, The parameters of
supporting structure are presented in Table 2.

S xE
E=E,+—=—%
S. (3)

Where E is the elasticity modulus of concrete after
the conversion; Eo is the elasticity modulus of original
shotcrete; S, is the sectional area of steel arch; E, is the
elasticity modulus of steel; S, is the sectional area of
concrete.

Table 2: Parameters of Supporting Structure

Supporting structure y(kN/m?) E(MPa)  u
Secondary lining structure 24 325 0.2
Initial supporting structure 25 28.6 0.2

Temporary supporting structure 25 28.6 0.2
Advanced support 19.2 0.013 0.37

4 Analysis of Numerical Simulation
Results

The width of grouting reinforcement was set as 21 m, the
elasticity modulus in the grouting reinforcement zone as
80 MPa, and the cohesion as 70 KPa, in an effort to
analyze the deformation of surrounding rock and
supporting structure before and after the grouting
reinforcement.
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4.1 Peripheral displacement analysis SLACID S0
o ,

The vertical displacement nephograms of surrounding s

rock before and after the reinforcement were extracted, 2u0e s

as shown in Figure 4. It could be seen that the scope of anomes

influence of tunnel excavation on the surrounding rock Jormse

above the vault without reinforcement measure was e

surfX = 1.0,0

obviously smaller than that with the reinforcement
measure taken. No matter whether the surface grouting
was done or not, the vertical displacement of surrounding
rock nearby the tunnel spandrel was always large. (a) Before grouting reinforcement

(b) After grouting reinforcement

Figure 5: Vertical Displacement Nephograms of Initial Support
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4.2 Displacement and force analysis of Figure 6: Maximum Principal Stress Nephograms of Initial
supporting structure Support

As shown in Figure 5, the vertical displacement of
initial support was large within the range from vault to
hance, in which the settlement deformation played a
dominant role. The uplift deformation appeared nearby
the arch bottom, and the uplift value was generally small.
The maximum settlement value of initial support was
10.4 mm and 4.5 mm before and after the grouting
reinforcement, respectively, manifesting that the
deformation of supporting structure can be effectively
controlled by the grouting reinforcement. As shown in
Figure 6, the maximum principal stress value at the vault
was large before the grouting reinforcement, but that
after the grouting reinforcement was obviously reduced,
indicating a remarkable grouting reinforcement effect.
After the grouting reinforcement, the maximum principal
stress was decreased by about 20%. As a whole, the
maximum principal stress of initial support was kept
within a safety range.

In order to explore the stress and displacement of
supporting structure before and after the grouting
reinforcement, the vertical displacement nephograms of
initial support before and after the grouting
reinforcement were extracted as shown in Figure 5, so
were the maximum and minimum principal stress
nephograms (Figure 6) of initial support before and after
the grouting reinforcement.
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5 Influencing Factor Analysis of
Settlement Deformation

With the ground surface settlement taken as an
evaluation index, the influences of elasticity modulus and
grouting width in the grouting reinforcement zone on the
surface settlement deformation were studied. The
grouting width was selected as 17, 19, 21, 23, 25 and 0 m
(no grouting), and the elasticity modulus of grouting
reinforcement zone was taken as 60 (no grouting), 80,
120, 160 and 200 MPa. As only the influence of the
change in grouting parameters on the stability of
surrounding rock will be discussed, only the heading hole
(right hole) was simulated this time.

5.1 Influence of grouting reinforcement width

In the grouting zone, the elasticity modulus of
surrounding rock was set as 200 MPa, the cohesion as
0.14 MPa, and the grouting width as 17, 19, 21, 23, 25
and 0 m (no grouting), followed by a numerical
simulation under the six different working conditions.
The influence of grouting width on the surface settlement
is depicted as shown in Figure 7, and the corresponding
maximum surface settlement values are presented in
Figure 8.
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Figure 7: Influence of
Grouting Reinforcement
Width on Surface Settlement

Figure 8: Influence of
Grouting Reinforcement
Width on Maximum Surface
Settlement

It could be observed from Figure 7 and Figure 8 that
the surface settlement was significantly affected by the
change in grouting width. When grouting was not
implemented, the maximum surface settlement value was
16.58 mm, but after the grouting, the maximum surface
settlement was just 37%-41% of the former. The absolute
value of surface settlement was negatively correlated
with the grouting width: With the increase in grouting
width, the surface settlement was gradually reduced, and
finally tended to be steady, indicating that the surface
grouting can effectively reduce the surface settlement,
but the surface settlement was not obviously inhibited by
the change in grouting width. Within the 0-10 m range
from the tunnel portal, no matter whether surface
grouting was carried out, the change rate of surface
settlement with the increase in the distance from the
portal was large, but within the 10-30 m range, the
surface settlement changed a little with the increase in
the distance from the portal, this was because: The
overall strength of surrounding rock nearby the tunnel
portal is low due to its high weathering degree, and as a
result, it is greatly disturbed by the tunnel excavation,
thus leading to a large deformation of surrounding rock.

5.2 Influence of elasticity modulus in grouting
reinforcement zone

In the grouting reinforcement zone, the grouting
reinforcement width was set as 21 m, the cohesion as
0.14 MPa, and the elasticity modulus as 60 (no grouting),
80, 120, 160 and 200 MPa, and then a numerical
simulation was done under the five different working
conditions. The influence of elasticity modulus in the
grouting reinforcement zone on the surface settlement is
shown in Figure 9, and the corresponding maximum
surface settlement values are displayed in Figure 10.
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As shown in Figure 9 and 10, the maximum surface
settlement value was 16.58 mm before the grouting, but
that after the grouting was 39-47% of the former. A
negative correlation appeared to exist between the
absolute value of surface settlement and elasticity
modulus of grouting reinforcement zone: The surface
settlement was under a gradual decline with the increase
in elasticity modulus, and the maximum surface
settlement declined from 7.81 mm to 6.54 mm as the
elasticity modulus of grouting reinforcement zone was
increased from 80 MPa to 200 MPa, manifesting that the
strength of surrounding rock in the tunnel vault zone can
be improved by increasing the elasticity modulus in the
grouting reinforcement zone. As the surface was turned
away from the tunnel portal, the surface settlement was
reduced, and the surface presented an uplifting trend. To
figure out why, as the grouting construction proceeds, the
grout will fill the soil layer, a propelling pressure is then
generated, which will cause the surface uplift, and
moreover, the surface settlement will result from the
release of propelling pressure. Meanwhile, the surface
settlement is also the result of excavation disturbance,
and the surface uplift or settlement is a comprehensive
reflection in the grouting construction process [,

Figure 9: Influence of

6 Engineering Example Verification

According to the above study results and in a
comprehensive consideration of economic factors, the
parameters of surface grouting reinforcement zone in the
portal section of Yingxiongshan Tunnel are seen in Table
3, the corresponding maximum surface settlement was
6.34 mm and the monitoring point at the construction site
was DBC2-1.
Table 3: Parameters of Surface Grouting Reinforcement
Zone

Supporting structure E(MPa) W(m) c(kPa)

reinforcement zone 120 17 70

To reach the parameters of grouting reinforcement
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zone as seen in the above table, the double-liquid
grouting  process was selected, namely, two
solutions—water glass and cement slurry—were
alternately injected into the rock-soil mass to generate
rapid reaction and produce calcium silicate gel and silica
gel, which exerted a rapid setting effect. The water to
cement ratio was 1:1, and the volume ratio of cement
slurry to water glass was 3:1. The grouting pressure was
initially set as 1 MPa. The diffusion radius of grouting
was 0.9 m-1.2 m, and the grouting parameters should be
dynamically adjusted in the grouting construction
process.

The change curve of surface settlement at monitoring
point DBC2-1 is shown in Figure 11. It could be known
that the final settlement at DBC2-1 was 7.67 mm, being
greater than 6.34 mm numerically calculated, and the
main reason was that: The surrounding rock is monitored
and measured after the tunnel excavation, so the
deformation in the initial excavation phase cannot be
acquired. In general, the error between numerically
calculated data and measured data was very small,
indicating that the numerical calculation is basically

reasonable.
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Figure 11: Curve Chart of Surface Settlement

7 Conclusion

(1) No matter whether the surface grouting is constructed,
the peak vertical displacement of surrounding rock is
distributed nearby the tunnel spandrel. The uplift
phenomenon takes place at all inverted arches of the
tunnel, but the uplift value is not much different before
and after the surface grouting reinforcement. The
grouting reinforcement effect is significant, as the
vertical displacement of surrounding rock after the
grouting reinforcement measure is taken is only 29% of
that without grouting reinforcement, and the deformation
value of surrounding rock is always within the control
range of deformation after the grouting reinforcement.

(2) The peak vertical displacement of initial support
appears within the range from vault to hance, in which
the settlement deformation occurs. An uplift deformation
is generated at the arch bottom, but the uplift
deformation value is small. The maximum settlement
value of initial support is 4.48 mm and -1.04 mm before
and after the grouting reinforcement, respectively,
indicating that the grouting reinforcement can effectively
control the deformation of supporting structure.

(3) The maximum principal stress value of initial
support is 0.293 MPa and 0.234 MPa before and after the
grouting reinforcement, respectively, meaning that the
grouting reinforcement can effectively reduce the

maximum principal stress of initial support.

(4) The absolute value of surface settlement is
negatively correlated with the grouting width and
elasticity modulus, that is, the surface settlement of the
tunnel is gradually reduced with the increase in the
grouting width and elasticity modulus. The surface
settlement is not sensitive to the change in the width of
grouting reinforcement zone, but to the change in its
elasticity modulus.
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