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Several engineering practices have shown that the excavation of shallow-buried
tunnels beneath major roads, as well as the selection of appropriate engineering
measures and construction methods, has a significant impact on road surface
settlement. Therefore, field monitoring and numerical simulation are adopted in
this study to analyze the effect of the cross diaphragm (CRD) excavation
method on surface settlement for the under-construction YUan 1 railroad
tunnel. The findings show that during the excavation of the four divisions of
the CRD excavation method for shallow-buried tunnels, the amount of surface
settlement caused by the excavation of part 1 accounts for 40% of the total
surface settlement, followed by the excavation of part 3, accounting for 30% of
the total surface settlement, and the difference between the excavation of parts
2 and 4 is insignificant, with part 2 slightly larger than part 4. The main influence
of the CRD method on surface settlement for shallow-buried tunnels is
0.64-0.86 times the cavity diameter from the tunnel median, within which
the final surface settlement caused by excavation is within the same horizontal
range, and beyond which the surface settlement is prone to dramatically
decline. By applying advanced grouting and adjusting the construction
method of CRD based on the monitoring data, the effect of the CRD
excavation method on surface settlement can be controlled.
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shallow-buried tunnel, ground surface settlement, CRD, on-site supervision, over-
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1 Introduction

With the continuous development of China’s urban
the of
infrastructure has gradually shifted from the surface to the

infrastructure  transportation  business, focus
underground, and the proportion of tunnel projects is
gradually increasing. However, many adverse geological
conditions are frequently encountered during tunnel
construction, such as shallow-buried bias sections or soft
ground, where the settlement needs to be strictly controlled
for therein lying important structures on the surface. The
shallow tunneling method is used for excavating underground
spaces in shallow-buried soft ground for urban railways,
mountain tunnel portals, and similar spaces for other uses (Li,
2008). According to a previous study, when tunnels are excavated
in fragile rocks, the tunnel roofs are prone to collapse. The study
demonstrated that folds can exert a significant influence on the
strength and stability of fragile rocks, and the use of pre-support
measures can effectively protect tunnel roofs from collapsing
(Ebrahim et al., 2017). The additional longitudinal stress in an
existing tunnel is the main cause of tunnel lining seepage and
structural damage; the key influencing factors of existing tunnel
settlement such as spatial location, support pressure, and tunnel
stiffness have been discussed, and an empirical formula for
existing tunnel settlement caused by the excavation of a new
shield tunnel has been proposed (Jin et al., 2018). The settlement
of the immersed tunnel is affected by various factors. The main
influencing factors are tidal loading, siltation and dredging
disturbance, and groundwater-level drop, and the analysis of
the mechanisms and change laws of these influencing factors can
help control tunnel surface settlement (Gang et al., 2012; Liu
etal., 2021). New excavation will affect the stress distribution and
settlement behavior of existing tunnels, and the second
underpass construction will cause more upper tunnel
settlement than the first underpass due to the interaction of
the new excavation (Wang, 2012). Soil stresses caused by group
piles in high-rise buildings and the settlement of adjacent tunnels
are analyzed on the basis of the effects of group piles on adjacent
subway tunnels (Javad et al., 2015). A combination of analytical,
numerical, and experimental methods is used to investigate the
subway tunnel settlement station at the Imam Campus of the
University of Ali. A parallel gray neural network model (PGNN)
is used to predict the settlement displacement of a tunnel
monitoring point in the Nanjing subway, and the prediction
accuracy of the PGNN is significantly higher than that of a single
gray neural network prediction method (Zhu et al., 2015). Tunnel
settlement in soft ground is primarily caused by ground
settlement beneath the tunnel and is unrelated to the
compression of the upper soil layer (Wu et al, 2017; Lai
et al, 2020). Based on monitoring data and finite difference
method numerical simulation, the settlement characteristics of
existing tunnels are investigated. The deformation of existing

tunnels caused by shield underpassing is dominated by vertical
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settlement accompanied by torsional deformation; these existing
tunnels experience the maximum settlement and torsional
deformation in the crossover area. The impact area of ground
settlement caused by the metro construction is 200 m, and the
maximum ground settlement rate is 23.2 mm yr* (Li et al., 2020).
Installing grouting rings on existing tunnels can effectively
reduce the amount of tunnel settlement, and increasing the
length and thickness of grouting rings can protect existing
tunnels (Qi et al., 2021). Similarly, the change laws of the
surrounding rock stress, strain, and displacement fields are
analyzed, and the characteristics of the support force state of
different excavation methods and step-arch tunnels are
investigated (Li et al., 2014). The applicability of the cross
diaphragm (CRD) method to the type of surrounding rock is
analyzed, and the reinforcement measures for the tunnel vault
based on the analysis results are proposed (Duan et al., 2019).
Controlling the critical construction steps of the CRD method
plays a critical role in ensuring efficient construction and safety
(Wang et al, 2020). Based on the analysis and study of the
ground settlement deformation laws of large-span shallow-
buried concealed stations, the excavation of guide holes on
both sides will cause longitudinal ground settlement (Yan
et al., 2022). The problem of pavement settlement caused by
underground works is not limited to tunnel works, for example,
coal mining causes large subsidence above the mining area
(Shang et al, 2022). The settlement of loess increases
nonlinearly with the peak acceleration during earthquakes
(Wang et al, 2022). The stability of a rocky slope is
controlled by the rock bridge, which is a key intrinsic factor
of the rockslide (Tang et al., 2020; Tang et al., 2021). In tunnel
excavation, the soil strength and tunnel lining method control the
amount of tunnel settlement, so the soil strength becomes an
intrinsic factor of tunnel settlement, whereas the lining method
becomes an extrinsic factor of tunnel settlement. Fattah et al.
(2015) investigated the effectiveness of transfer boundaries in the
dynamic analysis of soil-structure interactions in tunnels. Soil
surface settlement from tunnel construction is caused by stress
release and settlement resulting from the movement of upholders
during excavation (Fattah et al., 2013). By analyzing the soil with
the elastic—plastic and modified clay models in finite elements
(Fattah et al., 2011a), the study found that, due to the effect of
additional loads, the maximum surface settlement is exhibited on
both sides of the lined tunnel rather than above its center (Fattah
etal., 2012). Al-Damluji et al. (2011) found that the main factors
influencing the stresses and deformations around tunnels and
underground excavations are shapes, sizes, depths of openings
below the surface, the distance between openings, and types of
upholders. In addition, a study showed that when the upper step
length of a tunnel is taken to be 1-2 times the tunnel span, the
deformation and stress of the initial upholders will be more
reasonable (Zhang et al., 2019).

In summary, the analysis of the CRD excavation method for
tunnels under single rocky stratigraphic conditions has been
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FIGURE 1
Groundwater level line.

investigated at home and abroad, and research on the
deformation of tunnels has been conducted in terms of scale
and results, but the understanding of the CRD excavation
method under complex stratigraphic and soft surrounding
rock conditions and the control of displacement and
settlement of the ground under the synergistic effect of
auxiliary construction is still lacking. Therefore, this study
relies on the Ytian 1 railroad tunnel project and existing
monitoring data for data analysis, numerical simulation
analysis, and program planning for subsequent construction
operations. The numerical simulation serves as direct
guidance for the project under construction and provides
some reference for subsequent tunnel construction under
similar engineering conditions. Soil surface settlement caused
by tunnel construction is due to stress release and settlement
caused by the movement of supports during excavation (Fattah

et al.,, 2011b).

2 Project overview

The tunnel is located on the northern edge of the North
China Plain, an alluvial plain with flat and open topography, and
the terrain dips gently from northwest to southeast. The tunnel is
beneath the roadbed section of the Jingtai Expressway. The
tunnel under the highway concealed excavation section
mileage DK33+175-DK33+315 with the total length of 140 m,

small  mileage  concealed  excavation = work  shaft
DK33+166-DK33+175 with the length of 9m, and large
mileage concealed excavation work shaft

DK33+315-DK33+324 with the length of 9 m. The tunnel is
designed according to the principle of the Neo-Aofa method,
with the CRD method for shallow-buried concealed excavation
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FIGURE 2
Location of the tunnel in relation to the strata.
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FIGURE 3
Monitoring point layout diagram.

construction, the lining structure to curve sidewall arch
composite type, shotcrete, reinforcement mesh, and steel
frame as the initial support, large pipe shed and pipe curtain
pile as the over-support, and molded reinforced concrete as a
secondary and tertiary lining.

The tunnel is concealed and excavated more than 30 m into the
ground at the small mileage end, and the ground survey data show
that the stratum in this section is primarily Q,* (chalky clay, soil, and
sand) and Q5" (chalky clay, soil, and sand), and the water table line
detected by excavation is 1.2 m-3 m above the bottom of the arch.
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FIGURE 4
DK+201 surface measurement point subsidence temporal
curve.

The water table line in the tunnel is depicted in Figure 1. The
stratigraphic distribution, excavation sequence, water table line, and
the relative position of the tunnel are shown in Figure 2.

CRD is an excavating method that divides a section up and
down and left and right, with the next door and elevated arch.

Based on the existing large-span tunnel construction status
and construction experience, the main construction methods are
as follows: center diaphragm, CRD, double-side heading, full-
section excavation, and bench methods.

3 Analysis of monitoring data

To monitor the surface deformation information in real time,
11 surface subsidence observation points were set up in the
DK33+201 mileage section. The location of the monitoring
points above the tunnel is depicted in Figure 3.

Monitoring points 1, 2, 10, and 11 are far away from the
tunnel median, and the amount of surface settlement is relatively
small. Therefore, the surface deep settlement monitoring point
6 at the tunnel median/surface junction, as well as the remaining
two deep settlement monitoring points 5 and 7, and four general
settlement monitoring points 3, 4, 8, and 9 near the deep
settlement monitoring points, were chosen. Figure 4 depicts
the monitored surface settlement data from the beginning of
construction to the current progress at the seven monitoring
sites.

As shown in Figure 4, the time of the steep increase in the
3-9 of the
DK33+201 section is consistent with the time of tunnel boring

settlement at surface monitoring points

1-4 to this section, and the settlement increases approximately
linearly with the time when the four excavated parts are dug to
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this section, respectively. The excavation of Hole 1 has the
greatest impact on surface settlement, and its contribution to
surface settlement can reach 41.67%, followed by the excavation
of Hole 3, with its contribution to surface settlement reaching
27.48%; whereas the excavation of holes 2 and 4 contributes
18.23% and 12.62% to surface settlement, respectively. After
tunnel boring, each measurement point reflects that the
surface settlement gradually stabilizes, with the curves cut
between the excavation of Hole 1 and Hole 4 excavation to
calculate the relative deviations of the slope of the seven curves
and the slope of the cut line at the measurement point 6.

The average increment in surface settlement is illustrated in
Table 1. Table 1 shows that the closer the ground surface is to the
tunnel’s centerline, the greater the average settlement is during
tunnel excavation. The corresponding average increase in surface
settlement within the area, where only the tunnel cross-section is
located, has a minor difference. The greater the distance from the
tunnel’s centerline, the less the excavation affects ground
settlement and the smaller the average surface increment.

4 Numerical simulation analysis
4.1 Computational model

The influence range of a circular tunnel on the stress
redistribution in the surrounding rock is approximately one
time the diameter of the tunnel (Xiao et al, 1987), and the
entire span of the tunnel is 14 m, the height is 12.6 m, and the
vault is buried 18.5 m from the surface, so the stratigraphic model
is constructed by extending the stratigraphic model from the
outer contour of the tunnel twice the length of the tunnel span to
the left, right, and lower sides, respectively. The numerical
simulation calculation model is depicted in Figure 5. The
PLANE42 element in ANSYS software is used as the model
soil element and the BEAM3 element as the supporting one, with
the displacement on both the left and right sides of the model
fixed to the x-direction and that on its lower side fixed to the
y-direction as the boundary conditions.

According to the geological survey report, the calculated
parameters of each stratum are listed in Table 2, and the
intensity of the stratum below the water table line is
discounted to 70% of the original parameters (Zhang et al., 2003).

4.2 Analysis of surface settlement results

The simulated excavation process is divided into four steps,
with a numbering sequence of holes 1-4, all of which use full-
section excavation and apply initial support after excavation,
which is consistent with the excavation sequence and process on
site. The evolution of settlement deformation during the
simulated tunnel excavation process is illustrated in Figure 6.
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TABLE 1 Average increment of surface subsidence.

10.3389/feart.2022.998717

Curve number Measurement point number Slope (mm/d) Relative deviation
1 3 5325 24.49%

2 4 6.612 6.24%

3 5 6.986 0.94%

4 6 7.052 0

5 7 6.968 1.20%

6 8 6.706 4.90%

7 9 5.847 17.09%

FIGURE 5
Calculation model diagram.

TABLE 2 Numerical simulation parameter values table.

The amount of surface settlement increases with increasing
tunnel excavation. After the termination of tunnel excavation,
the main influence area of surface settlement gradually shrinks,
forming a radial area with the centerline of the tunnel as the
reference line toward the surface (the area represented by dark
blue in Figure 6D), which has the same distribution trend as the
field-monitoring point response. The numerical simulation
results of the surface settlement and field-monitoring data
were compared and analyzed, and the results of the
comparative analysis are shown in Figure 7. The relative
errors of the final settlement of field monitoring and those of
the numerical simulation are shown in Table 3.

The proportion of the excavation of Hole 1 accounts for
35.71% of the total surface settlement, followed by the
excavation of Hole 3, which accounts for 33.15%, and holes
2 and 4 accounting for 16.16% and 14.98%, respectively.
Comparing the numerical simulation results with the
measured value, the proportion of Hole 1 decreases by
5.96%, that of Hole 3 increases by 5.67%, and those of holes
2 and 4 do not change significantly: the proportion of Hole
2 decreases by 2.07% and that of Hole 4 decreases by 2.36%. The

Stratigraphic ~ Surrounding rock/  Modulus Poisson’s Angle of Cohesion Unit weight/ Depth
age support type of elasticity ratio (u) internal (c)/KPa (kN/m3) range/m
(E)/Mpa friction
(@)

Q4 Silt 14.4 0.30 242 52 20.00 0-6.9

Silty clay 13.1 0.30 20.7 15.1 18.50 6.9-16.7

Silty sand 12.3 0.25 343 33 19.50 16.7-18.5
Q3 Silty clay 6.5 0.31 18.9 13.5 18.50 18.5-25.1

Silty sand 11.8 0.25 37.2 29 19.50 25.1-28.1
Q3 (below water Silty sand 11.8 0.25 26.0 2.0 9.50 28.1-31.1
level)

Silt 12.5 0.30 16.5 35 10.00 31.1-
- Reinforcement ring 35 0.32 35 15.0 22.00 15.5-34.1
- Initial support structure 27,500 0.2 - - 25.00 -
Frontiers in Earth Science 05 frontiersin.org
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FIGURE 6

Y-direction displacement cloud. (A) First step of excavation, unit: m. (B) Second step of excavation, unit: m. (C) Third step of excavation, unit: m.

(D) Fourth step of excavation, unit: m.

measured value of the surface settlement is maintained at the
same level within 9 m from the tunnel’s centerline, with an
average value of 108.5 mm, and there is a significant decreasing
trend in the surface settlement caused by the tunnel excavation
above 9m from the tunnel’s centerline. The relative error
between the results of the numerical simulation within 9 m
from the tunnel’s centerline and the measured value is not
greater than 15.97%, and the relative error between the results
of the surface settlement simulation more than 9 m from the
tunnel’s centerline and the measured value is approximately
30%.
simulation of the surface of a certain range can reflect real
the
0.64-0.86 times the tunnel’s centerline.

The aforementioned data show that the numerical

of which is
The
between numerical simulation and field monitoring may be

surface settlement changes, range

differences

because of the complex stratigraphic distribution of the site, the
fact that the stratigraphic model used in the simulation is
determined by the part excavated and explored with the

Frontiers in Earth Science 06

DK+201 section distribution, or that the distribution of a
layer is assumed uniform in depth in the numerical
simulation; the assumed position of the water table line in
the numerical simulation is the highest water table line; for the
physical and mechanical parameters of the strata below the
water table line, only gravity reduction and strength
discounting are considered.

5 Ancillary construction synergy
analysis
5.1 Analysis of surface settlement results

To further
overburden grouting is proposed in the subsequent excavation

control surface settlement, full-section
to pre-reinforce the strata; the excavation method of reserving

the core soil is adopted for holes 1 and 3, and the step method is
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Hole 2 Hole 3 Hole 4
Excavation progress/ step
Monitoring point 4,8
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Excavation progress/step
Monitoring point 3,9

Comparison of measured and calculated values of surface settlement at different measurement points. (A) Monitoring point 6. (B) Monitoring
points 5 and 7. (C) Monitoring points 4 and 8. (D) Monitoring points 3 and 9.

TABLE 3 Relative error between measured and calculated values of final ground settlement.

Monitoring point number

O 0 NN N Ul s W

(Note: the "-" sign indicates sinking).

Measured settlement value/mm

—-86.89
-105.9
—-110.86
—-111.50
-109.29
—-105.08
-92.53

adopted for holes 2 and 4 to reduce the critical surface of one

excavation. The auxiliary construction collaborative excavation

process is depicted in Figure 8.

Figure 9 shows the calculated model with the displacement

cloud in the y-direction after excavation. Figures 6D, 9B show

Frontiers in Earth Science

Calculated Relative error (%) Distance from the
settlement value/mm centerline of the
tunnel/m

~110.35 27.00 12

~112.87 6.58 9

~115.00 3.73 7

-122.83 10.16 0

~122.36 11.96 7

~121.86 15.87 9

~120.83 30.58 12

that after grouting and using the pre-core soil with the step
method excavation process, the displacement around the
shallow-buried tunnel is well controlled, the favorable effect of
reinforcement radiates to the surface, and the maximum
settlement of the surface is 103.94 mm.
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Table 4 compares the calculated values of surface settlement
for the new and old excavation methods. Comparing the surface
settlement displacements at monitoring point 6, the results show
that the surface settlement caused by the new method in the
corresponding excavation stage is generally reduced by
approximately 15% compared with that caused by the original
method. The new process plays a certain role in controlling
surface settlement. On this basis, the surface settlement rate can
be controlled by increasing the strength of the initial support and
the strength of the second lining support so that the accumulated
settlement of important buildings on the surface is within the
control value.

5.2 Discussion

Effective reinforcement range
of reinforcement rin;

The material point method combines the advantages of the
Lagrangian and Eulerian methods and has advantages in

FIGURE 8
Schematic diagram of the new excavation process. modeling significant deformation (Dong et al, 2021). By
studying the transient impact process of a submarine landslide
-.103938 _.0”“9—.08084 ~_09202 =.057743 ~_0t€198 =.034646 023097 =.011549 o
Computational model Y-direction displacement cloud  Unit:m
FIGURE 9
Calculation model and calculation results. (A) Computational model. (B) Y-direction displacement cloud, unit: m.

TABLE 4 Comparison of the calculated values of surface settlement between the new method and the old method.

Excavation stage Settling volume/mm (before Settling volume/mm (after Decrease percentage (%)
reinforcement) reinforcement)

1 —42.41 -36.24 14.54

2 ~60.15 -49.91 17.02

3 -102.85 ~86.49 15.91

4 -121.86 -103.84 14.79

Frontiers in Earth Science 08 frontiersin.org
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on pipelines and the effect on the parameters with regard to the
landslide quality, Fan et al. (2022) elucidated the formation
mechanism of the transient impact force based on the
characteristic analysis of flow velocity and acceleration fields
around the pipeline during the slide-pipeline interaction. Wang
et al. (2021) proposed a general framework for analyzing the
spatial and temporal evolution of multistage riparian landslides
that applied a three-dimensional geological model to integrate a
large amount of data from surface surveys, subsurface
exploration, in situ monitoring, and geological mapping and
to predict landslide triggers based on these data.

The top of a shallow-buried tunnel is typically buried within
20m of the surface. Because of the tunnel’s shallow depth,
excavation construction will disturb the ground surface and
upper buildings, which may lead to the collapse of the ground
surface and the tunnel without notice, causing unnecessary safety
accidents. The common full-section excavation method should
not be used in tunneling shallow-buried tunnels because it can
cause uncontrolled displacement and even lead to tunnel collapse
resulting from excessive one-time excavation and excessive soil
deformation. In this study, the CRD method was adopted for the
initial excavation to ensure that the construction proceeded as
and the field-
monitoring data were combined with numerical simulation

scheduled without operational accidents,

tools to investigate the effect of the CRD method on surface
deformation characteristics in shallow-buried tunnels. Overall,
the findings show that after applying the CRD method, the
surface settlement caused by the upper cavern excavation
(holes 1 and 3) accounts for the majority of the total surface
settlement, approximately 70%, with the excavation sequence
and the spatial relative position of the caves being presumed as
the main influencing factors. Hole 1 was excavated first, which is
equivalent to directly removing a part of the originally complete
plane, and the stress change caused by it can be transferred to the
ground surface through the surrounding rocks in the upper part
of the hole, so the surface settlement caused by it is the largest
among the four steps. After that, Hole 2 is excavated, whose
spatial location is directly below Hole 1. Because the body of Hole
1 has been excavated, there is no medium to transmit the change
in stress distribution caused by the excavation of the body of Hole
2; thus, the stress change caused therein is transmitted from the
surrounding rock bodies on the left and right sides of the Hole
2 body to the surroundings and then to the surface, so the
amount of surface settlement caused by the excavation of Hole
2 is smaller than that of Hole 1, i.e., only approximately 15-18%.
The surface settlement caused by the excavation of Hole 3 is the
second largest, only 2.5% smaller than that of Hole 1, based on
the calculated average of each measurement point. Because the
distance from these two holes to the surface is the same, the
transfer processes of stress changes caused therein to the surface
are similar. The surface settlement caused by the excavation of
Hole 4 accounts for 12-15%, with its effect consistent with that of
Hole 2.
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With the CRD method, outstanding tunnels will not be
excavated unless and until their surrounding rocks are
reinforced by applying the full-section overburden grouting
method to further control the surface settlement, after which
the mechanical strength (including cohesion, internal friction
angle, and elastic modulus) of the surrounding rocks will
increase, and the displacement of these rocks caused by the
stress during tunneling is smaller than that of the
unreinforced rocks, which in turn causes less surface
settlement. On this basis, the core soil is reserved during
excavation as soil strength support. Reserving the core soil
while applying the bench tunneling method is to reduce soil
deformation by further reducing the earthwork volume of one
excavation and the area of the free face. The adoption of the
new method can further reduce the amount of surface
settlement. In areas with complex ground strata, the
of
tunnels can be found in time by monitoring using this

deformation characteristics and deformation rates
method, and the excavation method, supporting method,
and soil strength can be dynamically adjusted to protect

important buildings on the ground.

6 Conclusion

In this study, data were analyzed by monitoring on-site
surface settlement in a section of an under-construction
railroad tunnel beneath a highway. Finite element software
was used to analyze the surface settlement pattern caused by
the concealed excavation under weak surrounding rocks using
the shallow-buried tunnel CRD method, and the research
results were compared with the actual settlement on site,
and suggestions for adjusting subsequent excavation plans
were made as follows:

(1) For the construction of a shallow-buried tunnel using the
CRD method, the amount of surface settlement caused by
the excavation of Hole 1 can account for 40% of the total
amount, followed by the excavation of Hole 3, accounting
for 30% of the total amount of surface settlement, and the
difference between the amount of surface settlement
caused by the excavation of holes 2 and 4 is
insignificant. In the subsequent excavation process, the
excavation plans of holes 1 and 3 should mainly be
adjusted.

The
0.64-0.86 times the diameter of the tunnel has the
greatest influence on surface settlement in shallow-buried
tunnels using the CRD method. The farther the distance
from the tunnel’s centerline, the less the ground settlement is

distance from the centerline of the tunnel to

2

affected. The finite element numerical simulation prediction
for surface settlement within the main influence range is
credible.
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(3) The calculated value of surface settlement is slightly larger
than the measured value of the surface settlement, and its
relative error is in the range of 3.73-30.58%; the distance of
the monitoring point from the center of the tunnel decreases,
and its error exhibits a decreasing trend.

(4) In the CRD excavation method, the auxiliary construction
can effectively reduce the amount of surface settlement by
approximately 15%. On this basis, the strength of the
subsequent support can be enhanced, and the excavation
process can be flexibly adjusted to control the amount of
surface settlement.
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