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Abstract: Due to the increasing development of highway reconstruction and expansion projects
in China, many large-span highway tunnels are being constructed near existing highway tunnels.
Tunneling underneath will inevitably cause variation in the surrounding rock displacement and
may even lead to collapse. In this study, based on an analysis of extensive field monitoring data
from the Gucheng tunnel, the variation law for the surrounding rock full-displacement and the
influence of the tunnel-face spatial effect in a large-span mudstone tunnel are analyzed. The change
in the full displacement experienced the following sequence: slow pre-displacement growth — rapid
increase — slow increase — gradual stability. The displacement released by the excavation of the
tunnel construction accounts for 40~60% of the total displacement, and the closer to the excavation
contour, the more obvious the displacement release. The final convergence value of vertical dis-
placement is obtained by hyperbolic function regression prediction analysis. Based on this value,
Lee and Hoek equations are used for parameter analysis and field-data fitting. It is concluded that
the larger the proportion of the early displacement of the surrounding rock before construction to
the total displacement, the smaller the influence of the tunnel-face spatial effect on the surrounding
rock. The numerical simulation results are compared with actual monitoring results, and good
agreement is observed. The larger the burial depth of the tunnel, the smaller the influence range
in the tunnel-face spatial effect, and the more concentrated the displacement release. The variation
law and the influential range for the surrounding rock full-displacement described in this paper can
provide a reference for predicting and controlling the deformation during the construction of future
large-span mudstone tunnels.

Keywords: full displacement; monitoring measurement; spatial effect; numerical simulation

1. Introduction

During the past two decades, a large number of highway reconstruction and ex-
pansion projects have occurred in China, with single-hole, four-lane large-span highway
tunnels widely used in the design of new tunnels. Compared with ordinary medium- and
small-span tunnels, large-span tunnels have a flat, large transverse span, and thin arch
characteristics [1,2]. The partial excavation method is typically used for large-span tunnels
due to the significant size of the tunnel section, which greatly affects the stability as a result
of the disturbed surrounding rock and unstable tunnel structure. The rock displacement
surrounding the tunnel is one of the most direct mechanical responses of the formation
to the excavation disturbance. Therefore, to guarantee the stability evaluation for the
surrounding rock and develop a reasonable design for the construction scheme, it is crucial
to study the full displacement change process and the surrounding rock displacement
variation law for large-span tunnels.

At present, tunnel research has gradually shown the importance of the ahead dis-
placement at the tunnel face. Many scholars have carried out numerous monitoring and
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analysis studies, attempting to obtain the surrounding rock full displacement process
through advanced monitoring and measurement methods. Zhu and Yang [3] used the
method of arranging multipoint displacement meters in advance to measure the tunnel’s
surrounding rock displacement information during the entire construction process, and
studied the displacement variation law for the whole process. Y.N. Lee et al. [4,5] used a
multipoint displacement meter to obtain the entire process displacement curve for the rock
surrounding the vault. Sato et al. [6] not only studied the displacement, strain, vibration
frequency, and propagation velocity of surrounding rock caused by cavern construction,
but also compared the influence range of mechanical excavation and drilling-and-blasting
excavation on the stress state of the surrounding rock. Qiao et al. [7] measured the sur-
rounding rock displacement for the entire process of tunnel construction by establishing
multipoint displacement meters in advance, and analyzed the spatial effect of the excava-
tion surface. Li et al. [8] used a self-developed multipoint displacement tester to monitor
the full vertical displacement of the rock surrounding the vault and the ground-surface
settlement, and studied the full displacement variation law for the rock surrounding the
vault in the shallow buried section. Zeng et al. [9] systematically monitored the ground-
surface settlement and deformation during the entire process of tunnel construction, and
discussed the influence range for the tunnel-face spatial effect. Wu et al. [10] obtained
the development trend in surrounding rock displacement and the distribution of rock
displacement around the cavern during the entire process of tunnel excavation. This was
performed by using two methods: arranging multipoint displacement meters in advance
and by burying multipoint displacement meters immediately after excavation of tunnel
face. Shun et al. [11] statistically analyzed the surrounding rock displacement for the entire
construction process by using information from 40 tunnels and underground engineering
projects, and studied the stage characteristic points for the entire displacement process, and
the variation law for the surrounding rock displacement rate and its influencing factors.

The preceding literature demonstrates that numerous research studies have advanced
the investigation of the surrounding rock full displacement variation law in both theoretical
and engineering contexts. Furthermore, these studies have informed the design and
construction of tunnels. Nevertheless, few studies have focused on the full displacement
deformation rule for large-span highway tunnels. The deformation law, stress state, and
mechanical characteristics for the supporting structure of a large-span highway tunnel are
more complicated after multiple disturbances. To accurately evaluate the surrounding rock
stability and stress state of the supporting structure, and prevent instability and cracking
of the tunnel lining, it is essential to obtain the full displacement information during the
construction process.

The objective of this paper is to investigate the full displacement variation law for
the surrounding rock and the tunnel-face spatial effect in large-span tunnels based on
the excavation process of field construction in large-span mudstone tunnels. Currently,
there are few research reports that focus on the full displacement that occurs during the
construction of large-span tunnel structures. In this study, the total convergence value of
displacement after complete release of the surrounding rock displacement is predicted
by regression analysis, and the field-measured data of vertical displacement inside the
surrounding rock are fitted using Lee and Hoek longitudinal displacement curve equations.
The relationship between the displacement variation range and the tunnel diameter is
studied, and several key factors affecting the displacement variation in tunnel construction
are discussed, such as the surrounding rock conditions, excavation span, and construction
methods. Finally, the vertical, lateral, and longitudinal displacements for the tunnel vault
are analyzed by numerical simulation, and the changes in the displacement for three
directions at different burial depths are obtained.

The research idea presented in this paper can be applied to the full displacement
analysis and prediction of general large-span tunnels, thus enabling further exploration
of the displacement change and settlement during the construction of large-span tunnels.
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Additionally, the research results can be used for future design and construction of large-
span tunnels.

2. Field Monitoring of Tunnel Full Displacement
2.1. Engineering Background

The Gucheng tunnel is a vital portion of the Chuxiong—Dali high-speed railway, and
it is adjacent to Yaoan County, Chuxiong City, Yunnan Province, China (see Figure 1).
The design speed of tunnel is 100 km /h, and the tunnel excavation span is 17.1 m. This
tunnel is a large-span tunnel, with a buried depth of up to approximately 71 m and the net
distance between the two holes is 28.2 m. The surrounding rock of the tunnel is mainly
mudstone (Figure 1). Mudstone is a type of soft rock that exhibits distinctive engineering
properties. It has unique characteristics, including rheology, swelling, disintegration, and
softening [12-15]. The strength of mudstone is typically weak, rendering the surrounding
rock highly susceptible to significant displacement during tunnel excavation, which has a
significant impact on construction safety.

N

A

Figure 1. The location of the Gucheng tunnel, and broken mudstone at the tunnel face. (The Chinese
in the upper right picture is “Gucheng tunnel”).

2.2. Monitoring Scheme

According to the structural characteristics and construction technology of tunnels, the
implementation of a well-established monitoring method is adopted to monitor the dis-
placement of the surrounding rock throughout the entire tunnel construction process. The
full displacement of the tunnel is analyzed from the vertical surrounding rock displacement.

The internal vertical surrounding rock displacement is monitored by multipoint dis-
placement meters. To ensure the monitoring effect, the equipment must be buried at a
distance of 2 to 3 times the diameter of the tunnel. Five groups of multipoint displacement
meters are set above the tunnel. The horizontal spacing between the multipoint displace-
ment meters is 5 m, and the distribution is symmetrical with the axis of the hole as the
center. Each group consists of four measurement points. The vertical spacing between these
measurement points varies depending on the burial depth. The depth of each measurement
point, from top to bottom, is 10, 14, 18, and 20 m. The arrangement of the vertical monitor
points is illustrated in Figure 2.
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Figure 2. Spatial distribution of the internal vertical displacement monitoring system for sur-
rounding rock. (a) Overall layout of the monitoring system, (b) Cross-section layout plan of the
monitoring system.

2.3. Installation and Operation of Sensors

The internal vertical displacement monitoring system is shown in Figure 3, consisting
of a hydraulic anchor head, a stainless steel measuring rod, a PVC protective tube, a
displacement sensor, an orifice plate, an automatic acquisition device, and a wireless
transmission device.

The specific combinations and uses are as follows: The hydraulic anchor head is
anchored in the borehole at a pre-determined monitoring depth and connected to the
bottom of the orifice by a stainless steel measuring rod and a PVC protective tube. The
stainless steel rod is used to transmit displacement information from the surrounding
rock and the PVC protective tube is used to protect the stainless steel rod from damage.
The displacement sensor is connected to the stainless steel measuring rod by screwing
through the aperture base, and the aperture base secures the displacement sensor to the
surface. Driven by ground movement, the anchoring heads at different depths have
relative displacements with the surface orifices. The automatic acquisition device receives
the displacement information monitored by the displacement sensor and sends it to the
computer via the wireless transmission device.
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Figure 3. The internal vertical displacement monitoring system for surrounding rock. (a) Hydraulic
anchor head, (b) Multipoint displacement base, (c) Multipoint displacement meter, (d) Automatic
acquisition device.
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The specific installation steps for the multipoint displacement meter are as follows:

After setting a point on the surface using a total station, a borehole is drilled vertically
downward from this point. The drilling is stopped when the bottom of the hole is
approximately 1 m from the tunnel vault.

The anchor head is connected to the manual hydraulic pump via the hydraulic pipe
and manually pressurized until the anchor head is tightened. Note that the hydraulic
pipe and anchor head are connected through the snap, and the pressure range of the
hydraulic pump is between 3 and 5 MPa.

The anchor head is connected to a stainless steel measuring rod, which is lengthened
section by section to put the anchor head at the pre-determined depth.

The hydraulic pump relief valve is opened quickly so that the anchor head instantly
pops open, firmly anchored to the borehole wall.

The remaining measurement points are set according to steps 1 to 4.

After completing the setting of the anchor heads at different depths, the measuring rod is
inserted into each base. The displacement meter is then connected to the measuring rod.
The multipoint displacement meter base is encased in cement mortar and secured to
the surface once it solidifies.

The signal line of each displacement meter is connected to the automatic acquisi-
tion box, which is powered by solar energy and a battery, to achieve the timed
automatic acquisition.

2.4. Full Displacement Detection Results and Analysis

Some settlement is inevitable when constructing the tunnel face. In this study, we

carried out displacement monitoring of the K185 + 575 section to obtain vertical displace-
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ment information during the construction. The vertical surrounding rock displacement

time curve is shown in Figure 4.
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Figure 4. Vertical displacement aging curve for each hole position at the site. (a) Displacement
temporal curve for hole No. 0, (b) Displacement temporal curve for hole No. 2, (¢) Displacement
temporal curve for hole No. 3, (d) Displacement temporal curve for hole No. 4.

Due to damage to the sensors at certain measurement points in hole No. 1 during
construction, the monitoring data for only holes No. 0, No. 2, No. 3, and No. 4 are
provided below.

As shown in Figure 4, as the distance from the monitoring section increases from
—30 m to the final stability of displacement, the full displacement variation law for each
measurement point is essentially identical, indicated by the following sequence: slow
pre-displacement growth — rapid increase — slow increase — gradual stability. The
displacement increases rapidly after the step excavation, for 40% to 60% of the full dis-
placement. The causes of this phenomenon are explained: the tunnel excavation span is
large and the surrounding rock stability and the supporting structure stress state were poor
after excavation because the constraint effect on the surrounding rock above the tunnel
face was weakened sharply. In addition to a rebound of approximately 1 mm in the vertical
displacement of the No. 3 measurement point after excavation, the overall settlement
occurred in the upper part of the vault, and after constructing the secondary lining, the
deformation rate gradually decreased, the total displacement slowly increased, and then
finally tended to stabilize.

Based on the distance between the tunnel face and the K185 + 575 section, the vertical
displacement curve is divided into five intervals:

(1) Small settlement area: When the tunnel face is in the range of —1.75~—0.6 times
that of the tunnel diameter, the rock layer has a small vertical deformation and the
settlement is within 2 mm, mainly due to the blasting excavation of the tunnel face,
by the loosening the surrounding rock.

(2) Early slight growth area: When the tunnel face is in the range of —0.6~0 times
that of the tunnel diameter, the settlement increases slightly due to the reduced
influence of the tunnel-face spatial effect, which accounts for at least 15% of the total
settlement value.

(3) Rapid growth area: As the progress of the tunnel excavation face, within the range of
0 to 2 times the diameter of the measuring section after the excavation, monitoring is
conducted. The settlement increases sharply because of the excavation of the three
steps and the inverted arch, which accounts for about 40~60% of the total settlement.

(4) Slow growth area: After the overall excavation of the tunnel and the construction of
the secondary lining are complete, when the construction surface is 2~2.5 times the
tunnel diameter from the monitoring section, the supporting structure stress state is
gradually completed and the settlement rate gradually slows.
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(5) Gradual stable area: After completing the monitoring section, when the construction
surface is greater than 2.5 times the tunnel diameter from the monitoring section, the
settlement curve gradually tends to be gentle. After about 30 days, the settlement is
basically stable.

Table 1 reveals that the displacement release rate at measurement points No. 4 and
No. 2 is lower than that at No. 0 and No. 3; the displacement release rate refers to the ratio
of the displacement change value at a certain stage of construction to the total convergence
value of the final displacement. It is shown that the tunnel-face spatial effect disturbs
measurement points No. 4 and No. 2 greater than No. 0 and No. 3 above the tunnel
vault. Combined with the analysis given in Table 2, the total value of the full displacement
shows obvious left-right asymmetry, and the total value on the vault decreases from the
4-20 measurement point on the left side to the 3-10 measurement point on the right side.
The maximum value is 22.4222 mm at the 4-18 measurement point, and the minimum value
is 3.995 mm at the 3-10 measurement point. Considering the rock mass structure of the
Gucheng tunnel site, the following reasons for these observations can be given: The tunnel
is surrounded by medium-weathered sandy mudstone, which is broken and unstable, and
the rock joints are distributed diagonally from the upper left to the lower right, with a dip
angle ranging from 40° to 50°. As a result, the unstable rock mass on the upper left side
causes significant displacement. Based on the monitoring data from the full displacement
at different burial depths, it can be observed that the total surrounding rock displacement
increases as the distance from the tunnel contour decreases.

Table 1. The ahead displacement release rate of each measurement point.

Hole Position

Number
Depth of No. 4 No. 2 No. 0 No. 3
Measurement Point
10 (m) 22.58% 23.79% 60.37% 51.67%
14 (m) 39.69% / 25.25% 46.01%
18 (m) 10.28% 18.63% 32.29% 38.78%
20 (m) 18.49% 16.74% 24.62% 51.07%

Table 2. The total displacement of each measurement point.

Hole Position

Number
Depth of No.4(mm) No.2(mm) No.0(mm) No.3 (mm)
Measurement Point
10 (m) 11.9323 11.1051 5.3986 3.995
14 (m) 14.7126 / 11.5848 6.5775
18 (m) 22.4222 13.9131 13.4523 8.4912
20 (m) 19.8425 17.3692 12.2707 10.5543

During tunnel excavation, the surrounding rock stress undergoes a process of redis-
tribution, resulting in varying rates of displacement release at different stages. As shown
in Table 3, the tunnel exhibits a high displacement release rate during the excavation of
the three steps and the inverted arch. For the different excavation depths, the maximum
displacement release rate occurs at the 18 or 20 m excavation depth. It can be concluded
that during the upper and middle step excavation, increasing the tunnel span significantly
affects the stability of the surrounding rock, and the excavation of the lower steps and
inverted arch causes the surrounding rock above the vault to settle. Furthermore, the dis-
placement release rate during tunnel excavation increases as the tunnel excavation contour
approaches the surrounding rock.
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Table 3. Displacement release rate of each measurement point.

Inverted Arch
Measurement Upper Step Middle Step Lower Step Excavation to
Point Number  Excavation and Support  Excavation and Support  Excavation and Support the Final Stability of
the Displacement
4-10 15.06% 16.73% 15.93% 29.70%
4-14 19.33% 3.36% 14.35% 23.26%
4-18 18.39% 6.30% 10.59% 54.44%
4-20 20.63% 6.50% 10.95% 43.44%
2-10 9.42% 4.14% 14.58% 48.06%
2-18 18.50% 13.43% 22.46% 26.97%
2-20 24.19% 3.20% 15.10% 40.77%
0-10 —0.15% 1.63% 15.94% 22.21%
0-14 6.15% 0.48% 13.43% 54.69%
0-18 7.37% —0.19% 14.12% 46.41%
0-20 32.14% 3.84% 8.61% 30.79%
3-10 6.87% 5.01% 6.00% 30.46%
3-14 5.79% 11.55% 9.23% 27.43%
3-18 2.66% 5.37% 34.38% 18.81%
3-20 3.29% 5.63% 18.45% 21.55%

3. Regression Analysis of Full Displacement of Tunnel Deformation
3.1. Tunnel-Face Spatial Effect

The tunnel-face spatial effect is the characteristic of the surrounding rock deformation
changing with the excavation space. It specifically refers to that with the continuous
advancement of the tunnel face, the supporting and restraining effect of the surrounding
rock at the monitoring section is gradually weakened, and the stress and displacement of
the surrounding rock is gradually released [16,17].

Under the influence of the tunnel-face spatial effect, the full displacement curve can
describe the surrounding changing pattern in rock displacement during the advancement
of the tunnel face. As shown in Figure 5, the change process of the full displacement
curve can be divided into four stages: slow pre-displacement growth, rapid increase, slow
increase, and gradual stability.

" <
00 pid 10

Figure 5. Spatial-effect diagram of the tunnel face.

This paper quantifies the tunnel-face spatial effect based on the longitudinal defor-
mation curve method [18], which can directly reflect the tunnel-face spatial effect and the
displacement information of the entire process of tunnel excavation.

3.2. Analysis of the Displacement Stable Convergence Value

After dimensionally normalizing the horizontal and vertical axes of the longitudinal
deformation curve, the dimensionally normalized longitudinal settlement displacement
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curve for the surrounding rock can be determined (Figure 6). The relationship between the
tunnel-face spatial effect for different shapes and spans is obtained based on this analysis.

”R/ Upnax

0.0

x/R

Figure 6. Dimensionally normalized longitudinal settlement displacement curve.

Here, x is the distance between the displacement monitoring point and the tunnel face,
and R is the radius of an equivalent circle, which is 1/4 of the sum of the section height and
the span [19]. uy is the surrounding rock displacement at the monitoring point at a certain
time, and 1,y is the total convergence value of the surrounding rock displacement after
the complete release. The longitudinal axis is the displacement release coefficient, which
corresponds to A, and can be expressed as A = ug / tyqx [20], and the horizontal axis takes
x/R as the abscissa value to consider the influence of the tunnel excavation span.

As shown in Figure 6, 1,4y is an important parameter when drawing the longitudinal
settlement displacement curve. However, based on field-measured data, the settlement
values at different depths have not yet achieved stable convergence. Furthermore, because
field-measured data are discrete, many nonlinear problems arise. Therefore, regression anal-
ysis is performed using the least square method combined with the Levenberg-Marquardt
algorithm or global optimization method to predict the stable convergence value of the
surrounding rock displacement.

3.3. Regression Analysis of the Vertical Displacement Convergence Value

Table 4 presents three functional equations for regression calculation, which are em-
ployed in the regression analysis of the prediction data for the vertical displacement of the
surrounding rock. The calculation results of the logarithmic function are not convergent, so
the exponential and hyperbolic functions are used for regression prediction analysis.

Table 4. The function type and equation form used in regression prediction analysis.

Function Tvoes Regression Analysis Equation Form Linear Transformation Displacement
P Method 1 Rules Convergence Value
. A=a,B=b;
logarithmic function linear u=a+blg(l+t) X=lg(l+8;Y=u (no convergence)
nonlinear u =alg(1l + bt) / (no convergence)
linear u =ae~ ") A=Ina; B=b; a
exponential function - X=-1/t; Y =lnu
nonlinear u=a(l— et / a
. _ A=1/a;B=b/a;
hyperbolic function linear u=a/(1+b/f) X=1/Y=1/u a

nonlinear u=a[l —1/(1 + bt)?] / a
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Here, a and b are the correlation coefficients in the regression equation, and R, is the
correlation coefficient. The closer R is to 1, the better the regression effect.

As shown in Figure 7 and Table 5, the curve-fitting effect of the No. 4 measurement
point in Figure 7 is good. As shown in Table 5, the regression analysis of the surrounding
rock displacement is carried out by using the exponential and hyperbolic functions. The
majority of monitoring points exhibit a strong correlation, with their regression analysis
correlation coefficients R. exceeding 0.9. However, it is worth noting that a few data points
exhibit discreteness, resulting in R, values below 0.9. Therefore, the regression analysis of
field monitoring data by exponential and hyperbolic functions is better, and the average
R, values are 0.920, 0.932, 0.971, and 0.936, respectively. Among them, the correlation
coefficient R, obtained by hyperbolic function is the largest. Therefore, we use the results of
the hyperbolic function regression as the convergence value of the vertical displacement in
the surrounding rock behind the tunnel face. The predicted results for each measurement
point are displayed in Table 6.

Table 5. Regression prediction results of internal vertical surrounding rock displacement behind the
tunnel face.

Exponential Function Hyperbolic Function
M Least-Square Method L-M Arithmetic Least-Square Method L-M Arithmetic
easurement
Point Number u=ae 0" u=a(l — e bt u=al(l +blt) u=all—1/1+bt?]
a b R, a b R, a b R, a b R,
4-20 19.37 15.73 0.955 18.31 0.03 0.991 26.45 43.26 0.999 22.24 0.01 0.992
4-18 25.74 20.56 0.958 26.38 0.02 0.992 28.64 41.20 0.999 33.68 0.01 0.991
4-14 9.27 10.21 0.965 8.24 0.05 0.979 10.68 20.25 0.999 9.38 0.03 0.978
4-10 10.41 10.18 0.987 9.12 0.05 0.977 11.78 19.19 0.999 10.39 0.02 0.969
2-20 14.28 12.11 0.905 12.92 0.04 0.931 17.38 27.01 0.999 15.02 0.02 0.936
2-18 12.47 9.65 0.981 10.91 0.06 0.971 13.88 17.39 0.999 12.35 0.03 0.963
2-10 10.05 1794 0961 8.99 0.03 0939 1345 4683 0999  11.19 0.01 0.935
0-20 7.53 9.91 0.871 7.19 0.04 0.923 9.34 24.18 0.999 8.18 0.02 0.936
0-18 1298 3281 0969  11.67 0.03 0945 1426 38.64 0967 1394 0.01 0.949
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Figure 7. Regression prediction analysis of vertical displacement data within the surrounding rock
at hole No. 4 in section K185 + 575. (a) Measurement point 4-20, (b) Measurement point 4-18,
(c) Measurement point 4-14, (d) Measurement point 4-14.

In the regression prediction analysis of the vertical displacement monitoring data, the
time when the working face is 2 m away from the monitoring section is taken as the starting
point for the regression curve. Furthermore, to make the results of the regression analysis
more consistent, the zero point of the regression coordinate axis is shifted to (tco, #ico) in the
regression analysis.

Here, u., is the displacement value at the starting point of the regression curve, and
teo is the time at the starting point of the regression curve. i is the result of the stable
convergence value of the displacement calculated by the regression curve, and 4,y is the
final prediction result of the stable convergence value. The expression is iy = tco + Uco.
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Table 6. Stable convergence value of the vertical displacement regression prediction within the
surrounding rock at each measurement point in the K185 + 575 section.

Measurement Point Number Ueo (Mm) Uso (Mm) Umax (MM)
4-20 3.84 26.45 30.29
4-18 2.51 28.64 31.15
4-14 6.34 10.68 17.02
4-10 2.85 11.78 14.63
2-20 3.78 17.38 21.16
2-18 2.84 13.88 16.72
2-10 2.84 13.45 16.29
0-20 4.45 9.34 13.79
0-18 5.07 14.26 19.33
0-14 3.26 14.01 17.27
0-10 3.45 4.34 6.79
3-20 456 7.68 12.24
3-18 2.26 7.66 9.92
3-14 1.90 5.56 7.46
3-10 1.67 3.29 4.96

3.4. Parameter Analysis of the Longitudinal Settlement-Displacement Regression Curve Equation

This paper uses the Lee and Hoek equation to fit the vertical displacement data inside
the measured surrounding rock on-site, exploring the relationship between the tunnel-face
spatial effect and the longitudinal surrounding rock displacement curve.

Lee [21] employed the dimensional normalization method to analyze the displace-
ment curve for numerous tunnel-surrounding rocks, and the empirical formula for the
longitudinal settlement deformation curve for surrounding rock is presented below:

UR 1{1 _ tanh(é _ ;x/Rﬂ M)

Umax 2

Hoek [22] conducts global optimal fitting on the field-measured data and presents
the empirical formula for the longitudinal settlement deformation curve, specifically for
conditions where there is no support under plastic conditions. The formula is as follows:

_x/R7—17
UR = Umax {1 + e 110 }

(2)
These equations are derived from the parameters of a specific project. To ensure the
formula’s applicability in various scenarios, we generalized them. Specifically, 1/3 and
1/2 in Equation (1) are replaced by L; and L, respectively; 1.1 and —1.7 in Equation (2)
are replaced by H; and Hj, respectively. The generalized Lee and Hoek equations are
as follows:
The Lee longitudinal displacement curve general equation:

UR_ %[1 _tanh(Ly — Lox/R)] 3)

Umax

and the Hoek longitudinal displacement curve general equation:

Ly Hy
UR _ |:1+€( H{R):| (4)

Umax

To examine the meaning of the parameters Ly, Ly, Hj, and Hj in the longitudinal
settlement displacement curves, this study employs a method of keeping one value constant
while varying the other parameter.

As shown in Figure 8, altering variables L1 and L, does not affect the total displacement
convergence value. As shown in Figure 8a, when L; is constant and L; is changed, the
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slope of the displacement curve is basically the same, and as L; increases, the curve
gradually shifts to the right. It indicates that the larger the L; value, the smaller the ahead
displacement release rate and the impact of the tunnel-face spatial effect on the surrounding
rock in front of the monitoring section. As shown in Figure 8b, when L, is constant and
L, is changed, the ahead displacement release rate remains constant. As L, increases, the
slope of the entire curve increases and the displacement influence interval decreases. With
an increase in L1, the tunnel-face spatial effect has a reduced range of influence on the
surrounding rocks in front and behind the monitoring section, and the surrounding rock
displacement change rate is increased.

uglu,, =1/2[1-tanh(L,~L,x/R)] L,=1/2

34 = L=1/12
o L=1/3
A L=2/3
v L=1
-8 4 8 I 12 16
x/R
(@)
1.0 RS SR EE R =
/ ' H ././
up/u_ =1/2[1-tanh(L,-L,x/R)] L,=1/3
—=— [,=1/4
o L=112
A— [,=3/4
v L=1
-8 —4 0 4 I 8 12 16
x/R

(b)

Figure 8. Lee longitudinal settlement displacement curves under different parameters. (a) Lee
longitudinal settlement displacement curves for different L; values, (b) Lee longitudinal settlement

displacement curves for different L, values.
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Figure 9a shows the effects when H, is constant and H; is changed. The displacement
release rate remains unaffected. When the value of H; decreases, the slope of the curve
increases, the displacement change rate grows, and the range of the curve from the begin-
ning of deformation to the final stability is reduced. Figure 9b shows the effects when H; is
constant and Hj is changed. As Hj decreases, the ahead displacement release rate increases
while the influence distance of the tunnel-face spatial effect on the surrounding rock in

front of the monitoring section becomes longer.

1O |- - == == =
P S Sal=n
/ & A v
A v
/ / v
08 ® O
® /
/ v
V'
| / v
o6k /A
o ¥
|/
S e
X || A
S 04y -
uglu, =[1+exp(—x/RH))"> H,=—1.7
—=— H=0.5
S o H-l11
,’,'/f, A H=2.0
bt eafof v H=3.0
-8 —4 0 4 8 12 16
X/R
(a)

®
0.6 /
Ot
1
S 040 L g =T1rexp(-x/RH): H=1.1
t// = H=-50
b 4 /
02t | H,=-3.0
oA ,'e/ H=17
v /
=8 /4(7‘— v H=-0.7
L n 1 1 1 1 1
-8 —4 0 4 8 12 16
x/R
(b)

Figure 9. Hoek longitudinal settlement displacement curves under different parameters. (a) Hoek
longitudinal settlement displacement curves for different Hy values, (b) Hoek longitudinal settlement

displacement curves for different H, values.
In summary, changes in H, and L; have a great influence on the ahead displacement
release rate; Hy and L, affect the full displacement range of the front and rear of the

monitoring section.
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3.5. Fitting Analysis of Field-Measured Data

The field-measured data are fitted and calculated using the Lee and Hoek longitudinal
settlement displacement curve equations, resulting in the correlation coefficient R,. When
calculating the displacement release coefficient A, the displacement stability convergence
value 4y provides the regression analysis prediction result shown in Table 6. As shown
in Figure 10, the Lee and Hoek curves are used to fit the vertical displacement data inside
the surrounding rock at the No. 4 measurement point. By applying the Lee and Hoek
equations, Table 7 gives the fitting result of the vertical surrounding rock displacement at

each measurement point in the K185 + 575 section.

uR/ u max

n 420
—— Lee equation L;=0.658 L,=0.165 R.=0.991
" 0-0 1—— Hoek equation H,=3.626 H,~2.307 R.~0.994
T T T T T T T T T T T T T T T T T
4 2 0 2 4 6 8 10 12 14 16
X/R
(a)

/. " 418
00 Lee equation L,=0.869 L,=0.163 R=0.992
] .U A
— Hoek equation H,=3.848 H,=-2.930 R =0.993
T T T T T T T T T T T T T T T T T T
—4 -2 0 2 4 6 8 10 12 14 16
X/R
(b)

Figure 10. Cont.
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—— Lee equation

4-14
L,=0.313 L,=0.200 R=0.979
| —— Hoek equation H,=2.748 H,=-1.525 R.=0.983

r . —
-4 -2 0 2 4 6

—— Lee equation

L,=0.580 L,=0.216 R~=0.989
—— Hoek equation H,=2.766 H,=-2.071 R.~=0.989

10

4-10

12

14

(d)

12

14

Figure 10. The fitting result of the vertical surrounding rock displacement at each measurement point

in the K185 + 575 section. (a) Measurement point 4-20, (b) Measurement point 4-18, (c) Measurement

point 4-14, (d) Measurement point 4-14.

Table 7.
measurement points.

Fitting results of the longitudinal displacement curve for the K185 + 575 section

. Lee Equation Hoek Equation
Measurement Point Number I I, R, Hy H, R,
4-10 0.580 0.216 0.989 2.766 —-2.071 0.989
4-14 0.313 0.200 0.979 2.748 —1.525 0.983
4-18 0.869 0.163 0.992 3.848 —2.930 0.993
4-20 0.658 0.165 0.991 3.626 —2.307 0.994
2-10 0.622 0.158 0.975 3.796 —2.198 0.979
2-18 0.666 0.234 0.984 2.618 —2.296 0.986




Symmetry 2024, 16, 526 18 of 28
Table 7. Cont.
M Poi b Lee Equation Hoek Equation
easurement Point Number I I, R, Hy H, R,
2-20 0.685 0.170 0.928 3.478 —2.446 0.944
0-10 0.043 0.109 0.885 4.598 —1.073 0.887
0-14 0.829 0.160 0.952 3.875 —2.802 0.961
0-18 0.535 0.132 0.973 4415 —1.991 0.976
0-20 0.369 0.139 0.938 3.956 —1.662 0.948
3-10 0.121 0.103 0.932 5.019 —1.191 0.934
3-14 0.149 0.105 0.898 4.950 —1.233 0.900
3-18 0.326 0.131 0.912 4.202 —1.549 0.915
3-20 0.227 0.140 0.944 3.795 —1.374 0.949
The average value 0.951 0.955

of R

As shown in Figure 10, the fitting effect of the Lee and Hoek equations on the vertical
surrounding rock displacement data from the K185 + 575 section is good. When x > 0, the
two curves demonstrate a high degree of overlap and are in general agreement with the
field measurement data. When x = 0, the displacement release rates of these two curves are
almost equal. When x < 0, the fitting effect of these two curves is different. At the same
position, the displacement release coefficient corresponding to the Lee curve is greater than
that of the Hoek curve, and the Hoek curve is more consistent with the field-measured data.
These newly defined parameter values are only applicable to the Gucheng tunnel.

As shown in Table 7, the correlation coefficients for most measurement points exceed
0.9, but the monitoring data from some measurement points are excessively scattered,
resulting in correlation coefficients lower than 0.9. The average R, values of the longitudinal
settlement displacement curve equations fitted by Lee and Hoek are 0.951 and 0.955,
respectively. The findings indicate that the Hoek fitting-curve equation can better describe
the surrounding rock displacement variation characteristics for the Gucheng tunnel.

4. Numerical Simulation of Tunnel Full Displacement

Under the condition of a three-bench, seven-step construction, this study analyzes the
surrounding rock displacement variation law at different depths. Additionally, it compares
the variation in overall surrounding rock displacement at the same position in different
sections or at different burial depths, and examines the range of the tunnel-face spatial effect.
Based on the conditions and measured data of the Gucheng tunnel, the three-dimensional,
finite difference numerical simulation software FLAC3D (v7.0) is used to carry out the
tunnel numerical model of the shallow buried section.

4.1. Fundamental Assumption

To improve the accuracy and practicality of the numerical simulation results and to
streamline the calculation process, several key assumptions are made: (1) The surrounding
rock is characterized as a homogeneous and isotropic ideal elastic—plastic material. (2) The
effects of groundwater and blasting vibration on the simulated tunnel construction are not
considered. (3) The surrounding rock primary stress only considers the self-weight stress,
ignoring the tectonic stress. (4) The analysis solely considers the constraining effect of the
initial support.

4.2. Model Establishment

According to the Saint-Venant principle, tunnel excavation affects the surrounding
rock within a range of three to five times the tunnel diameter. According to the site
design parameters, the tunnel overall model, as shown in Figure 11, has a length of 250 m.
Additionally, the left and right boundaries are 57 m away from the tunnel excavation
contour, while the lower boundary is 37 m away. In the model, the tunnel depth varies from
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0 to 80 m with the terrain. The total length of the tunnel is 182 m, and each excavation cycle
is 2 m, with a total of 91 sections. The model is divided into 94,565 units and 66,752 nodes.

(b)

Figure 11. Numerical model. (a) Overall model of the tunnel, (b) Tunnel excavation model.

The numerical calculation model imposes constraints on displacement in the x direc-
tion for both its left and right boundaries, whereas constraints on displacement in the y
direction are in place for the front and rear boundaries. The lower bottom boundary is
subject to displacement constraints in the x, y, and z directions, while the upper boundary
is not constrained and is set as a free boundary [23,24].

4.3. Parameter Selection and Boundary Conditions

The yield criterion [25] adopts the Mohr-Coulomb criterion, and the inverted arch
backfill adopts an elastic constitutive model. The feet-lock bolt adopts a beam element.
The primary support steel-reinforced concrete composite structure includes shotcrete,
steel mesh, and a steel frame. The primary support is equivalently simulated by shell
elements. The calculation method of equivalent modulus and equivalent weight of a steel-
reinforced concrete structure refers to the provisions in the design code (JGJ 138-2016) [26];
the calculation formula is as follows:

Angg

E=E
nt 2

®)
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Ag
7=+ (rg =) (6)
where E is the equivalent elastic modulus of a steel-reinforced concrete composite structure.
Eg is the elastic modulus of steel, Ag is the cross-sectional area of the steel, Ej, is the elastic
modulus of shotcrete, A is the total area, <y is the equivalent unit weight of steel-reinforced
concrete composite structure, 7, is the weight of steel, and <y, is the weight of shotcrete.
As shown in Table 8, the relevant physical and mechanical parameters were measured
in field tests at the Gucheng tunnel.

Table 8. The physical and mechanical parameters used in the numerical simulation.

Internal Friction

Structure Types Gravity (kN/m?3) Elastic Modulus (GPa) Poisson Ratio Angle (°) Cohesion (MPa)

Surrounding rock 26.8 2.4 0.28 36.67 0.10

Advanced support 322 29 0.33 44.01 0.12
Inverted arch 25 35.5 0.20 / /
Feet-lock bolt 78.5 210 0.30 / /
Steel-reinforced 25 31 0.20 / /
concrete composite 23 29.7 020 / /
structures 22 28.5 0.20 / /

4.4. Rationality Verification of the Model

As shown in Figure 12, to verify the rationality of the parameter selection, the field-
measured data of the vertical displacement are compared with the numerical calculation
results. The numerical calculations correlate closely with the field-measured data and the
variation law is consistent, indicating that the model parameters and boundary conditions
are reasonable.

B
0 | S & = =
L < SR | @ L gt ical s 1ati
o, n % % % -g Numerical simulation
L (3] 318 . . .
g2 e 5 |2%|s * ' Field monitoring
e :
E nle % 8_: ;
= - - 2 =
S —41 7 | >
g " @ o S8
= & = ol | =
= £ = 2 2|2
N =R = = >
&6 = - :] 3 |=
= = uje =
& w® O L
578- ;: . :
< -5} .‘l Y
= o .u, o'.
7 s ..l ."‘oo'.
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= : ..'- h . .
> I.V... e 0 g o 9
Q- l.—l..',..*..“
—12+ DQ' .-

—40 -30 20 =10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
The distance between the section and the tunnel face/m

Figure 12. Diagram comparing the numerical calculation and field-measured data.

4.5. Analysis of the Surrounding Rock Displacement Cloud Diagram for the Tunnel Arch

The surrounding rock displacement cloud atlas in the vertical, lateral, and longitudinal
directions in the tunnel section at a burial depth of 20 m is shown in Figures 12, 13 and 14,
respectively. The analysis of the cloud atlas is based on the change in distance between the
tunnel face and the monitoring section.
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Figure 13. Vertical displacement variation in the surrounding rock. (a) —30 m from the monitoring

section, (b) 0 m from the monitoring section, (c) 26 m from the monitoring section, (d) 150 m from the
monitoring section.
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Figure 14. Lateral displacement variation in the surrounding rock. (a) —30 m from the monitoring

section, (b) 0 m from the monitoring section, (c) 26 m from the monitoring section, (d) 150 m from the
monitoring section.
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As shown in Figures 13 and 14, the vertical and longitudinal displacements above
the arch are symmetrically centered on the central axis of the tunnel. Additionally, on
the same cross-section, the vertical displacement is the greatest at the vault and decreases
gradually toward both sides, while the lateral displacement is the smallest at the vault and
gradually increases toward both sides (Figure 15). Furthermore, the displacement in the
three directions increases rapidly as the distance between the tunnel face and the monitoring
section decreases. As shown in Figures 13c and 14c¢, during the left-side excavation of the
step, due to the partial excavation, the vertical displacement shifts to the left, and the lateral
displacement is greater than that on the right side. Moreover, the longitudinal displacement
remains unaffected by the excavation sequence (Figure 15c¢). Finally, the displacement in
the three directions gradually stabilizes at a distance of 70 m from the monitoring section.
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Figure 15. Longitudinal displacement variation in the surrounding rock. (a) —30 m from the

monitoring section, (b) 0 m from the monitoring section, (c¢) 26 m from the monitoring section,
(d) 150 m from the monitoring section.

4.6. Analysis of Full Displacement at Different Depths from the Vault

From the tunnel vault to the ground, a monitoring point is set up every 2 m, for a
total of 11 displacement monitoring points. The full displacement process is simulated in
the vertical, lateral, and longitudinal directions and the full displacement curve for each

measurement point is shown in Figure 16. The average value of the displacement release
rate is shown in Table 9.
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Figure 16. The full displacement simulation curves of different depths when the buried depth is 20 m.

(a) Vertical displacement curves for different depths, (b) Lateral displacement curves for different

depths, (c) Longitudinal displacement curves for different depths.
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Table 9. The average value of displacement release rate in all directions.
Sense of Displacement Vertical Displacement Lateral Displacement Longitudinal Displacement
Ahead displacement 25.80% 29.01% 35.69%
Upper step excavation 27.41% 12.04% 27.72%
Middle step excavation 25.58% 17.19% 27.79%
Excavation of lower step inverted arch 23.20% 41.76% 8.79%

As shown in Figure 16, the full displacement curves display the same variation law
at different depths in respective directions, which can be divided into four stages: slow
pre-displacement growth, rapid increase, slow increase, and gradual stability. The full
displacement value in different directions varies, with vertical displacement being the
largest and the dominant factor, while lateral displacement is the smallest. In the range of
30 to 17 m before the monitoring section, the displacement values in the three directions on
the upper side of the vault are small, indicating that the tunnel excavation is causing little
disturbance to the section at this stage. The surrounding rock displacement in all three
directions of the vault increased rapidly during the approach from 17 to 0 m in front of the
monitoring section, and the displacement growth rate began to decrease and eventually
stabilized at 68 m behind the monitoring section upon completion of the secondary lining
construction. The analysis indicates that the area significantly affecting the tunnel-face
spatial effect is between 17 m in front of the monitoring section to 68 m behind it, which
is broadly consistent with the field monitoring results. In other words, the area of rapid
growth, which is influenced by the tunnel-face spatial effect on the surrounding rock
displacement, is in the range of —1.0 D to 4 D, where D is the tunnel span. Furthermore,
the displacement release rate increases when the measurement point lies closer to the
vault, suggesting an inverse relationship between the impact of tunnel construction on the
surrounding rock and the distance between them.

As shown in Table 9, the displacement release rates in the three directions are large,
accounting for about 30% of the total displacement and indicating that the tunnel-face
spatial effect has a significant perturbing effect on the surrounding rock in the three direc-
tions prior to the monitoring section excavation. Concerning the vertical displacement, the
tunnel exhibits a high rate of displacement release during excavation of the three steps and
the inverted arch, which are 27.41%, 25.58%, and 23.20%, respectively. The displacement
release rate is more uniform in each excavation stage, displaying a similar pattern of change
to that observed in the field. In addition, during the excavation of the upper and middle
steps, due to the large span of the tunnel excavation, the longitudinal displacement release
rate increases, accounting for 55.51% of the total longitudinal displacement. Furthermore,
when the lower steps and inverted arch are excavated, all settlement occurs above the
tunnel vault, resulting in a high rate of lateral displacement release, accounting for 41.76%
of the total lateral displacement.

4.7. Full Displacement Analysis of the Tunnel under Different Burial Depths

Figure 17 is the full displacement curve above the tunnel vault in the three different
directions, where the depth of the tunnel is 10, 20, 30, and 40 m. The early displacement
release rates in the three directions under different burial depths are shown in Table 10.

Table 10. Ahead displacement release rate in different directions under different burial depths.

Burial Depth of Tunnel Vault Vertical Displacement Lateral Displacement Longitudinal Displacement
10m 53.2% 16.5% 52.9%
20 m 33.3% 14.3% 28.1%
30 m 25.1% 12.1% 25.7%
40 m 19.3% 11.5% 23.8%
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Figure 17. The full displacement simulation curves in all directions under different burial depths.
(a) Vertical displacement curves at different burial depths, (b) Lateral displacement curves at different
burial depths, (c¢) Longitudinal displacement curves at different burial depths.
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As shown in Figure 17, the rule of changing displacement values for curves at different
burial depths is consistent. The values decrease as the depth increases, which is consistent
with field measurements. Table 10 reveals that, when the burial depth of the vault is
10 m, the ahead displacement release rate in the three directions is the largest, which is
53.2%, 16.5%, and 52.9%, respectively. The vertical and horizontal ahead displacement
accounts for more than 50%, indicating that for shallow tunnels, the vertical and horizontal
displacement release mainly occurs before the excavation of the tunnel face. The ahead
displacement release rate decreases as the tunnel burial depth increases. Hence, the tunnel-
face excavation has a greater impact on the surrounding rock when the tunnel is buried
deeper, as confirmed by the field monitoring results.

5. Conclusions

This study conducted field monitoring, regression analysis, and numerical simulation
based on the Gucheng tunnel, and the full displacement variation law and the tunnel-face
spatial effect is investigated based on the excavation process for large-span mudstone
tunnel construction. Moreover, the results of field monitoring and numerical simulation
are compared. The following conclusions are drawn:

(1) According to the field monitoring data, the displacement of the tunnel changes most
clearly in the range of —1~2.5 times the tunnel diameter. In addition, 40% to 60% of the
total displacement is due to the tunnel excavation. The total change in surrounding
rock displacement at each measurement point passes through four stages: slow pre-
displacement growth, rapid increase, slow increase, and gradual stability.

(2) The Gucheng tunnel has a large-span. The three-step excavation method is adopted for
the tunnel, which leads to a sharp increase in the displacement release rate. This result
includes the following main factors: The tunnel span increases rapidly due to the
excavation of the upper and middle steps, and the overall settlement above the vault
due to the excavation of lower steps and the inverted arch. The different excavation
sequence for the left and right steps leads to the asymmetry in the displacement
release on both sides of the tunnel. The displacement release rate caused by the
excavation of the tunnel face can reach up to 65%.

(38) The fitting equation of the vertical surrounding rock displacement data is determined
by the Lee and Hoek longitudinal displacement curve equations, and this research
indicates that the Hoek equation provides a better fit for the longitudinal deformation
characteristics of the Gucheng tunnel. On the basis of these fitting equations, the
final stable convergence value of the internal surrounding rock displacement can be
predicted.

(4) Based on measured data from the Gucheng tunnel, a numerical simulation model is
established. The curve change law for vertical displacement and the actual monitoring
results are basically the same; the area influenced by rapid growth of the tunnel-face
spatial effect on the surrounding rock displacement is —1.0D~4D. In addition, the
displacement release rate variation range increases when the measurement point
lies closer to the vault, which in turn causes greater disturbance of the tunnel-face
spatial effect on the surrounding rock. For a tunnel with a shallow burial depth, the
tunnel-face spatial effect releases a large amount of vertical displacement and lateral
displacement before excavation. The ahead displacement release rate exceeds 50%,
and there is almost no interference to the longitudinal displacement.
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