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Sandy aquifer collapse
mechanism and accident
treatment of the Qingdao metro
tunnel

Liwei Zhang, Zaiquan Wang, Weiguo Zhang* and Sijia Liu

School of Civil Engineering, Qingdao University of Technology, Qingdao, China

The tunnel collapse occurred during the construction of the Qingdao Metro Line |,
resulting in a pit measuring approximately 10 m in diameter and 7 m in depth on
the ground surface. The collapse inflicted substantial economic losses, casualties,
and subsequent disruptions to ongoing construction activities. To clarify the
causes of this collapse and investigate the underlying factors, a comprehensive
approach combining field surveys and numerical simulations was undertaken. The
results show that the collapse was primarily attributed to inadequate support when
facing the challenging geological conditions, poor surrounding rocks (Grade VI)
and a high volume of groundwater. The combination of abundant water and sand
seeped into the tunnel, culminating in a catastrophic ground collapse. Notably, the
arch roof experienced extensive deformation and damage due to the significant
seepage pressure, which was exacerbated by the absence of timely support. Then,
ground grouting was promptly conducted to repair the affected area and reinforce
the tunnel structure. Subsequent monitoring of surface deformations following
the resumption of tunneling operations indicated the effectiveness of the disaster
treatment approach. These achievements constitute a reliable theoretical
foundation for similar projects, particularly in terms of environmental
protection and ensuring safe construction practices.
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1 Introduction

The construction of metro systems not only significantly alleviates the ever-growing
burden of urban traffic but also optimizes the preferred mode of transportation for the
public. According to the latest data from the National Bureau of Statistics, as of the end of
2021, a remarkable 51 cities in China had successfully launched metro lines, covering an
impressive total operating distance of 8,736 km. However, it is important to acknowledge
that collapse accidents continue to pose challenges during metro tunnel construction,
primarily due to the complex geological and groundwater conditions involved in the
process (Alija et al., 2014; Kitchah et al., 2021; Sousa and Einstein, 2021; Sarna et al.,
2022). For instance, a couple of incidents highlight the challenges faced during metro
construction. On 7 February 2018, during the construction of the Foshan Metro Line Il, the
shield tail seal of the tunneling machine was damaged due to the high-water pressure
encountered while crossing a water-rich sand layer. This unfortunate event led to a water
inrush, resulting in a collapse of the tunnel and the surface above it. Similarly, on 27 May
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2019, an incident occurred during the construction of the Qingdao
Metro Line |V, where water and mud inrush during tunneling
eventually led to surface collapse. Moreover, it is essential to
that  collapse
consequences (Font-Capoé et al., 2011; Bayati and Hamidi, 2017;

recognize accidents can have far-reaching
Fraldi et al, 2019). They can cause damage to the surrounding
environment, affecting the distribution of groundwater and even
resulting in surface subsidence. Particularly in urban areas, such
accidents can significantly impact nearby buildings, leading to severe
adverse effects (Inokuma and Inano, 1996; Prendes-Gero et al., 2013;
Gattinoni et al., 2019; Hencher, 2019). The subsequent backfilling of
collapsed areas might also inflict unrecoverable damage to the
geological formations. Given these risks, it becomes paramount
to prioritize environmental protection and green construction
measures. By minimizing the occurrence of collapse accidents
during construction and implementing effective treatment
measures, we can ensure the safety of both the metro
construction process and the surrounding environment. This
approach holds immense significance in promoting sustainable
and responsible practices in urban development and
infrastructure projects.

Many researchers have investigated the collapse mechanism of
metro tunnels through various

methodologies, including

theoretical ~ analysis, numerical simulation, and on-site
monitoring. The limit analysis method is a commonly used
theoretical method for estimating the stability of surrounding
rock (Leca and Dormieux, 1990; Senent and Jimenez, 2015;
Ferndndez et al., 2021). For instance, Fraldi and Guarracino
(2009) obtained the critical pressure of roof collapse of deep-
buried rectangular cavity based on the Hoek-Brown criterion
and limit analysis method, based on which Liang et al. (2022)
proposed the expression of incomplete collapse curve of shallow
rectangular tunnel by using the limit analysis considering the
problem with variable endpoint. Park and Michalowski (2020)
applied the limit analysis method to extend the two-dimensional
(2D) tunnel collapse model to the three-dimensional (3D) circular
tunnel model by adopting the parameter form of Hoek-Brown
criterion and put forward three quantitative safety evaluation
measures. Simultaneously, some researchers have also studied
the accident mechanism using numerical models (Liang et al.,
2015; Wang et al., 2022a; Wang et al., 2022b; Gong et al., 2022).
Li S. et al. (2020) discussed the influence of support on tunnel
deformation by numerical simulation. Liang et al. (2019)
investigated the effect of intermediate principal stress and lateral
pressure coefficient on the failure behavior of deep tunnels. Jiang
et al. (2022) analyzed the deformation and pressure arch
characteristics of roadway face in water-rich sandy dolomite
stratum by fluid-solid coupling model and proposed the limit
equilibrium theory considering seepage effects and pressure arch
characteristics. Yan et al. (2021) studied the mechanism of the
collapse of funnel-shaped stratum through numerical simulation
and found that the essence of the collapse is the process of
converting potential energy into kinetic energy. Besides, on-site
monitoring can well reflect the dynamic changes in excavation
engineering and the working state of surrounding rock and support
(Kavvadas, 2005; Masini et al., 2021). Therefore, researchers have
also strived to explain the accident mechanism based on on-site
monitoring data such as surface deformation (Liu F. et al., 2022;
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Wang et al., 2022c¢), lining stress (Chen B. et al., 2022), water inflow
(Liu et al, 2021; Liu J. et al., 2022), and microseismic signal (Cheng
etal., 2018; Liuetal., 2019). Previous studies have provided valuable
insights into the correlation between disasters and factors such as
strata, groundwater, and support,
deformation, stress, and strain (Liang et al., 2014; Chen L. et al,,
2022; Feng et al.,, 2022; Li et al., 2023). These investigations have

proven instrumental in mitigating the environmental damage

particularly ~concerning

arising from excavation activities.

Effective measures are needed to deal with disasters after
occurring. Grouting is a widely used method for ground
improvement and disaster control (Li et al., 2016) because it
can enhance the mechanical strength of formations and reduce
the permeability of rock masses by filling the surrounding rock
fissures with grouting slurry (Zheng et al., 2021). At the same
time, grouted curtains prevent the inrush of water and mud by
water channels be plugged (Xue et al, 2021), and effective
grouting is very important for ensuring the construction
safety. Nevertheless, the grouting effect is influenced by many
factors, such as water cement ratio, permeability coefficient,
grouting pressure and grouting time (Yang et al., 2008). Zheng
et al (2020) analyzed the flowing regularity of grout spreading
against flowing groundwater and fluid pressure distribution in a
grouting work, and proposed a criterion for risk assessment on
overburden stratum uplifting. Li et al (2020b) proposed a method
to analyze the slurry diffusion process under hydrodynamic
conditions and further summarized the effect of flow rate on
slurry diffusion behavior. Li et al (2020¢) studied the influence of
gypsum on the workability and mechanical properties of grouting
material and concluded that gypsum can improve the
compressive strength of grouting samples. In practice, the
treatment of collapse disaster by grouting has achieved
valuable results (Liang et al., 2020; Liu et al., 2020; Zhang
et al., 2021; Kang et al., 2022; Zhang et al., 2023). Actually,
grouting has played an important role in disaster treatment.

The aim of this study is to elucidate the collapse mechanism
of tunnels within composite strata, specifically in situations
where upper layers are soft and lower layers are hard, and to
assess the efficacy of the grouting scheme. While many previous
studies on collapse have employed the simplified uniform
stratum model, such models are not directly applicable to the
complexities presented by composite strata with distinct soft and
hard layers. Consequently, treatment plans must be tailored to
address the collapse characteristics specific to such composite
formations, ensuring satisfactory outcomes. To achieve this goal,
our study first introduces the collapse accident and then conducts
a comprehensive analysis of the factors contributing to the
disaster. We thoroughly investigate the collapse mechanism in
conjunction with a numerical model. Additionally, we evaluate
the effectiveness of the grouting scheme at the collapsed area,
relying on on-site monitoring data. The findings of this study will
serve as a valuable reference for similar projects, offering insights
into environmental protection and promoting safe construction
practices. Simultaneously, by shedding light on the collapse
mechanisms and proposing effective treatment strategies for
tunnels in composite strata, the overall understanding and
management of construction projects in such geological
conditions can be enhanced.
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FIGURE 1

The location and geological profile of the Kai-sheng section. (A) Location. (B) Geological profile.

2 Materials and methods
2.1 Engineering background

The Kai-sheng section of Qingdao Metro Line | connects the Kaifeng
Road Station and the Shengli Bridge Station as marked with a red line in
Figure 1 A. The tunnel section comprises two separate and parallel tunnels
with a spacing of 9.8 m. The mileage of the right line of the station-to-
station tunnel is YSK45+083.822~YSK45+915.150, with a total length of
831.328 m. Meanwhile, the left line is ZSK45+083.822~ZSK45+913.855,
with a total length of 830.033 m.

Figure 1B shows the geological profile of Kai-sheng section from
mileage ZSK45+083.822 to ZSK45+913.855. With undulating
terrain, the ground elevation ranges from 3.7 to 4.3 m, and the
buried depth of groundwater level in this tunnel is 1.10-2.10 m. The
major strata in the section contains plain fill, silty clay, sand layer
with cohesive particles,
weathered rock, and relatively complete slightly weathered rock.

strong-weathered rock, moderately

The granite with lamprophyre and tuff intrusion was the dominant
lithology. Simultaneously, the dominant lithology near the Shengli
Bridge Station was tuff. In addition, the thickness of sand layer in the
section ranges from 1.6 to 12.6 m. Most of the tunnel is located at the
slightly weathered rock, while some parts are located at the medium-
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coarse sand layer and strong-medium weathered rock, with the
buried depth of the tunnel is 15.3-22 m. The grade of tunnel
surrounding rock is shown in Table 1.

2.2 Excavation and support approaches

The mainly tunnelling method in Kai-sheng section is the
benching method, as shown in Figure 2A. It is about 3.2 m high
for upper bench, 3.4 m high for lower bench, and 4-5 m long for
each bench. The circular excavation footage is adjusted according to
different surrounding rock grades, which is 0.5 m in the areas with V
and VI surrounding rocks, 0.75 m in the areas with IV surrounding
rocks and 1.0-1.5 m in the areas with II and III surrounding rocks.
The excavation section was approximately 6.2 m wide and 6.6 m
high. The parameters of the tunnel support are shown in Figure 2B.
The initial support of the tunnel is composed of grid arches with a
vertical spacing of 0.5 m and shotcrete of 300 mm thick C25. The
advanced support was performed in such a way that 42 mm leading
conduits with a length of 3.0 m and inclination of 15°, were mounted
into the rock in the 120° range around the extrados of the tunnel. The
secondary lining is the reinforced concrete lining composed of
C45 waterproof concrete and steel bars. In the areas with VI
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TABLE 1 Classification of tunnel surrounding rock.

Mileage/m Surrounding rock grade Mileage/m Surrounding rock grade
Left line | ZSK45+083.822~ZSK45+112.535 v Right line  YSK45+083.822~YSK45+118.860 \Y
ZSK45+112.535~ZSK45+254.584 i YSK45+118.860~YSK45+259.860 I
ZSKA45+254.584~ZSK45+434.010 I YSK45+259.860~YSK45+367.067 I
ZSK45+434.010~ZSK45+529.010 VI YSK45+367.067~YSK45+522.067 v
ZSK45+529.010~ZSK45+584.010 \Y YSK45+522.067~YSK45+572.067 \Y
ZSK45+584.010~ZSK45+634.010 v YSK45+572.067~YSK45+592.067 Il
ZSK45+634.010~ZSK45+724.010 Il YSK45+592.067~YSK45+648.900 v
ZSK45+724.010~ZSK45+824.010 \Y YSK45+648.900~YSK45+722.067 i
ZSK45+824.010~ZSK45+913.855 Vi YSK45+722.067~YSK45+822.067 \Y
— — — — YSK45+822.067~YSK45+915.150 VI
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FIGURE 2

The excavation method and tunnel support. (A) Excavation method. (B) Tunnel support parameters (unit: mm).
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Schematic diagram of semi-section advanced deep hole grouting. (A) The single-hole depth and inclination of three different boreholes. (B)

Borehole distribution.

surrounding rocks, the length of the leading conduit was changed to
3.5 m, and the layout scope was expanded to 150° of the tunnel vault.

When the tunnel vault encounters the strong-weathered rock
layer and sand layer, the semi-section advanced deep hole
grouting, as illustrated in Figure 3, was conducted. A total of
15 boreholes are drilled in the tunnel face, including 7 boreholes

Frontiers in Earth Science

I, 5 boreholes IT and 3 boreholes III (Figure 3B). Figure 3A shows
the single-hole depth and inclination of three different boreholes
with a diameter of 89 mm, i.e., the borehole I has a single-hole
depth of 7.1 m and inclination of 31.7°, the borehole II has a
single-hole depth of 10.9 m and inclination of 23.7°, the borehole
IIT has a single-hole depth of 10.2 m and inclination of 11.9".
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The observed collapse accident. (A) Collapse location. (B) Ground collapse. (C) Inside the tunnel after the collapse. (D) The process of collapse

accident.

Cement-water glass slurry is used as grouting material. The  thickness of 300 mm was sprayed on the working face to serve

grouting reinforcement was conducted in an area within 3m  asa pulp wall, and then grouting is performed (Figure 3A). In the

of the initial support of the tunnel contour line (Figure 3B).  subsequent construction of 10 m per cycle, 7 m will be excavated
Before the first cycle of construction, C25 shotcrete with a  and 3 m will be reserved as sealing batholite (Figure 3A).
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Distribution of monitoring points.

2.3 Details of the collapse

On 4 July 2019, the section with a mileage of ZSK45+891.5 on
the left line collapsed at a distance of 16.5 m from the end of the
Shengli Bridge Station, as shown in Figure 4A. This disaster evolved
from partial water seepage on the tunnel face into water and sand
inrush, and eventually formed ground collapse. After the disaster, an
obvious pit with the diameter and depth of about 10 m and 7 m was
formed on the ground, as shown in Figure 4B. It can be seen from the
picture that the underground pipelines and surrounding buildings
were destroyed, and the observed cave after the collapse is shown in
Figure 4C. Furthermore, after the collapse, a large amount of
sediment was accumulated in the tunnel, and it flowed as far as
the second transverse channel about 206 m away from the tunnel
face, where the sediment accumulation depth was about 1.3 m
(Figure 4C). Figure 4C shows that the surrounding rocks of the
working face were in good condition, the collapse cavity in the
tunnel did not extend to the front of the working face, and the
completed grid steel frame of the upper bench of the tunnel only
partially sunk, and no grid steel frame collapse occurred. The
volume of mud was approximately 1,888.945 m’ estimated from
the sections of secondary lining and primary lining of the tunnel.
The evolution of the disaster is shown in Figure 4D, and it takes only
1 minute from the discovery of water and sand inrush on the face to
the ground collapse. In addition, in this disaster, one people death
and direct economic losses of 2.69 million RMB.

2.4 Ground settlement before the collapse

In order to understand the impact of the construction on the
surrounding environment and ensure the construction safety, many
monitoring points were placed on the surface to record the ground
settlement, as shown in Figure 5. The interval between two adjacent
monitoring points for ground surface settlement, e.g., DC22 and DC23,
is about 20 m. Figure 6 shows the variations of ground settlement from
4 June to 3 July 2019. It can be observed that the settlement increased
rapidly at DC21, DC22 and DC24 from 9 June to 13 June During this
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period, the average settlement rate at DC21-2 was the largest, i.e.,
0.57 mm/d. After 13 June, the deformation at the three points fluctuated
slightly. But on 25 June, the sudden changes of settlement occurred
again at DC21, DC22 and DC24. At this time, the settlement rate at
DC21-4 was the largest, reaching 0.72 mm/d. After 27 June, the monitor
values of three points fluctuated slightly. In particular, the surface
deformation fluctuation of DC23 was relatively obvious, changing from
heave to subsidence on 7 June, and from subsidence to heave on 12 June
From 17 June to 30 June, the surface deformation at DC23 exhibited
continuous subsidence at other times except for slight fluctuation
around June 23. Furthermore, from June 28 to 30, the settlement of
this point showed a slight acceleration, with an average settlement rate
of 0.18 mm/d, which was higher than the previous 5 days of 0.06 mm/d.
Besides, the largest monitor value is 2.81 mm at DC21-2.

According to the Code for monitoring measurement of urban
rail transit engineering (Ministry of Housing and Urban-Rural
Development of the People’s Republic of China, 2013), the
critical warning value for ground surface settlement of tunnel in
this study is 30 mm, and the average deformation rate and
maximum deformation rate are 2 and 5mm/d. Actually, the
monitor values of all monitoring points did not reach the critical
warning value. The maximum settlement value and settlement rate
were 2.81 mm and 0.72 mm/d, respectively, which were much
smaller than the settlement warning value. In this respect, this
collapse occurred abruptly without obvious portent. But the
sudden changes of deformation rates that occurred several times
were abnormal. These neglected abnormal phenomena should be
paid enough attention, which may avoid the disaster.

3 Results
3.1 Factors leading to the collapse

The collapse occurring at ZSK45+891.5 was located at the area with
VI surrounding rocks, where the rock mass was relatively soft and

extremely fractured, with developed joint fissures and high
permeability. The buried depth of the tunnel in collapse zone was
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about 18.5 m. The strata comprise a 2 m plain fill layer, a 13 m medium-
coarse sand layer, a 2 m strong and moderately weathered layer, and the
slightly weathered rock layer. The tunnel was located entirely in the
slightly weathered rock layer. The rock mass of strongly and moderately
weathered rock was broken, with developed joints and fissures and low
bearing capacity. Meanwhile, the sand particles with little cementation
were prone to loss under the groundwater. The accident occurred in
July, i.e., the rainy season in the Qingdao, when rainfall accounted for
68.3% of the annual rainfall. In the month before the collapse, there
were seven rainfalls, and the last rainfall was on 2 July, 2 days before the
accident. The accumulated rainfall in June was 44.7 mm. Numerous
rainfalls caused the groundwater level to rise.

In terms of construction, the tunnel was excavated by blasting
method. The blasting vibration will cause the tensile failure and
crack expansion of the rock masses (Liu N. et al., 2022), and crack

Frontiers in Earth Science

will reduce the bearing capacity of surrounding rock and provide
seepage paths. At around 8:15 a.m. on 4 July, blasting operations
were performed at ZSK45+872.5 approximately 86 min before the
collapse (Figure 4). Simultaneously, the field investigation revealed
that there was a large gap between the initial support of the tunnel
vault and the excavation face, causing the surrounding rocks to be
exposed without adequate support for a long time.

3.2 Collapse simulation

3.2.1 Establishment of the numerical model

In this section, the numerical model was performed to study the
surface deformation, and to analyze the evolution of collapse. Based on
the practical geological of the tunnel from ZSK 45+816.5 to ZSK
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45+937.00, the 3D finite element numerical model was established by
Midas GTX NX, as shown in Figure 7. The model size was
100 mx120.5 mx56 m, and the buried depth of tunnel was 18.5 m.
In the model, the mechanical properties of strata are shown in Table 2.
Meanwhile, considering the deterioration of surrounding rock caused
by seepage, blasting and other factors, the values of ¢ and ¢ were taken
as 60% of the values in Table 2 (Qiu et al., 2021). According to the actual
excavation process, the left tunnel face was ahead of the right tunnel face
with an interval of 15 m. The tunnel was excavated by the benching
method, with a single bench length of 5 m. After the excavation of each
bench, C25 concrete was conducted as the initial support. In terms of
on-site support, only 3 m was supported after the last bench excavation
was completed, and 2 m suspension space was set between the primary
support and the tunnel face. The water level of the model was set at the
bottom of the plain fill, i.e., at the interface with the sand layer, which
was about —2 m.

3.2.2 Modelling the construction process
Figure 8 shows the ground settlement during the excavation process.
The settlement occurred above the tunnel after the excavation of the first

TABLE 2 Physical and mechanical parameters of rock and soil mass.

10.3389/feart.2023.1293258

bench, and the maximum settlement was —2.525 mm. The surface
deformation gradually increased with the advancement of the tunnel
face. When the left line was excavated to ZSK45+886.5, the maximum
settlement was —6.325 mm, and the point with the maximum settlement
during this process was always above the first bench. When the left line
was excavated to ZSK45+891.5, i.e., the collapse mileage, the maximum
settlement point appeared above the working face, and the maximum
settlement at this time was —7.788 mm.

After the simulated excavations, an annular settlement pit appeared
on the model surface, which agrees with the actual situation, as shown in
Figure 9. As the settlement value of the center point of the settlement pit
was the largest, the deformation data of this point during the excavation
was extracted, and the deformation curve is shown in Figure 10. At the
early stage of tunnel excavation, this point was far away from the
heading face, and was slightly affected by tunnel excavation. With the
advancement of the tunnel face, the deformation rate at this point was
gradually accelerated. When the tunnel face was excavated to 5m in
front of the collapse tunnel face, the maximum deformation rate was
0.587 mm/(excavation step). Then, the deformation suddenly changed
when the tunnel face was excavated to the collapse zone. The point
deformation increased sharply from —3.212 mm to —7.788 mm with a
deformation rate of 4.576 mm/(excavation step), which is 8 times the
deformation rate of the previous excavation step.

Figure 6 shows that there was a sudden change of the deformation
rate at the monitoring points before and after the accident face. Thus,
the deformation data of about 20 m before and after the accident face in
the model was extracted, and the date are shown in Figures 10B, C. As
shown in the two figures, the deformation rate of the two places
changed sharply when the excavation reached the collapse zone. At
mileage ZSK45+873.5, the deformation caused by the last excavation
step was 1.620 mm, which is 4.3 times of the previous step. At mileage
75K45+913, the deformation caused by the last excavation step was
3.347 mm, which is 9.3 times of the previous step.

By comprehensively analyzing the on-site monitoring data and
simulation date, the sudden change of deformation rate during
tunnel excavation can be treated as an effective precursor
information for the accident.

3.3 Analysis of surface deformation

To further clarity the causes of the collapse, the influence of
groundwater and supporting conditions on the surface settlement
was analyzed in this section. The influence of groundwater on
surface settlement should be considered due to the large content

Formations Young's modulus/MPa Density/kg-m-3 Poisson’s ratio Cohesion/kPa Friction angle/®

Plain fill 15 1,750 0.4 5 10
Medium-coarse sand 15 1,850 0.3 10 10
Silty clay 18.6 2,000 0.33 13.9 12.5

Strong weathered rock 50 2,250 0.25 50 10
Medium weathered rock 5,000 2,600 0.22 450 33
Micro-weathered rock 22,000 2,700 0.20 1,100 45
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ZSK886.5. (D) Excavated to ZSK45+891.5.

of groundwater at the Kai-sheng section and abundant underground
seepage recharge. In Section 3.2.1, the initial water level of the model
was set below the plain fill at the interface with the sand layer, which
is -2 m. This water level was taken as the case 1, and four control
cases of case 2 (-4 m), case 3 (-8 m), case 4 (-12m), and case 5
(—16 m) were presented under the same construction conditions.
The deformation of the center point of the settlement pit after the
excavation of different cases were compared, and the results are
shown in Figure 11. As the water table decreases, the settlement in
case 2, case 3, case 4 and case 5 decreased from —7.788 mm
to —=7.729, —5.657, —4.885, and —4.127 mm, respectively. In case
2, the settlement at this point caused by last step was 4.517 mm,
which was 7.7 times of the previous step. In other cases, the
settlement at this point caused by last step were 4.2 times,
2.9 times and 1.6 times of the previous step.
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The influence of supporting conditions on deformation was
analyzed in this section. In the above-mentioned model, only 3 m
was supported after the last excavation step, and 2 m suspended gap
was set between the initial support and the tunnel face. The other
construction parameters remained unchanged. With the variation of the
suspension space between the support and the working face, two control
groups with the suspension space of 1 and 0 m (complete support) were
presented to compare the deformation of the center point of settlement
pit in the excavation process. The results are shown in Figure 12.

From Figure 12, it can be seen that the deformation curves of the
three groups of models basically coincided when the excavation face
advance to 5 m away from the accident face. The deformation at this
point was —6.387 mm as excavated to the accident zone with a 1 m
wide suspension gap, which was 1.401 mm less than that when there
was a 2 m wide suspension gap. Under this condition, there was still
a sudden change, and the deformation caused by the last excavation
step was 3.175 mm and 5.4 times larger than the previous excavation
step. However, when fully supported, the deformation at this point
was —3.654 mm as excavated to the accident zone, which was
4.134 mm less than that when there was a 2 m wide suspension
gap. At this time, the deformation of the last excavation step was
0.442 mm, which was 0.72 times of the previous step. Indicating that
the appropriate supporting system can effectively reduce the
deformation caused by excavation.

3.4 Analysis of collapse mechanism

According to the above analysis, this collapse accident was
essentially a partial failure caused by the incomplete support and
the groundwater under poor surrounding rock (Grade VI).

The groundwater is rich in collapsed zone, with a historical
groundwater level of 1.10-2.10 m. However, the tunnel excavation
broke the original equilibrium state, making the groundwater flow
towards the tunnel, and the seepage pressure increased the deformation
of surrounding rock. Besides, the exposed surrounding rock bore the
upper water and soil pressure alone in the absence of support. Hence,
the deformation of surrounding rock at this area was larger than that in
the case of joint support. Under the seepage pressure, the exposed
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Deformation at different locations. (A) Deformation of the center
of the collapse pit. (B) Ground deformation at ZSK45+873.5. (C)
Ground deformation at ZSK45+913.

surrounding rock mass constantly deformed and eventually lost its
stability. Furthermore, a large amount of groundwater and sediment
flowed into the tunnel along the water inrush channel, resulting in water
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Surface settlement under different support conditions.

and sand inrush in the tunnel. Driven by the water flow, the sand
particles with poor cohesion gradually lost, leading to the destruction of
the sand layer and its development to upper layer. The plain fill began to
destroy as the sand below flowed away and lost its capacity.

4 Discussion

After collapse occurred, a set of remedy measures were
conducted. To prevent the expansion of the ground collapse,
first the clayey soil and concrete were used to backfill the cave-in.
And then the grouting reinforcement was applied to the cave-in.
In this section, the grouting reinforcement plan of ground after
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the collapse was introduced. The grouting reinforcement plan
includes filling grouting and systematic grouting. First, fill and
grout the lower part of the concrete plate to ensure the stability of
the concrete plate and construction safety. And then, under the
concrete plate and near the tunnel face, the systematic grouting
was conducted on the surrounding rock to achieve the purpose of
reinforcement and water plugging, which ensures the safety of the
tunnel. The layout of the filling grouting boreholes is shown in
Figure 13. In total, five grouting boreholes with a spacing of 3 m
and depth of 7 m, were set in the ground surface above the
working face.

The grouting range and boreholes arrangement of the systematic
grouting are shown in Figure 14. Five rows of boreholes were
staggered at 4m in front of and behind the tunnel face, and
4.5m outside the tunnel contour line with a spacing of 2 and
3m. The depth of the boreholes in the middle was 15m, and
was 18 m (reaching the bedrock) in both sides. An expandable
device was used to plug the gap between the steel casing and the
borehole wall, and apply horizontal pressure to the surrounding
formation to form an artificial sealing batholite above the target
reinforcement area. The progressive segmental grouting process was
used to reinforce the targeted area with the reinforcement depth is
7 m (concrete plate) below to the tunnel vault.
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Surface settlement after re-excavation. (A) Surface settlement at
DC22. (B) Surface settlement at DC23. (C) Surface settlement at DC24.

The groundwater can cause the dispersion of single-liquid
cement slurry during grouting, which makes it difficult to achieve
the expected reinforcement effect. Considering that cement-
water glass slurry owned shorter setting time and higher stone
strength under water-rich conditions than single-liquid cement
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slurry, it was selected as grouting material for grouting
reinforcement and the gel time of slurry was adjusted within
20s. Because large grouting pressure is likely to cause ground
heave during the grouting of shallow tunnel in sandy soil stratum
(Dongetal., 2022), the grouting pressure was 0.1-0.2 MPa during
on-site grouting.

After the accident, the tunnel was filled with concrete, and the
area was re-excavated after grouting. Meanwhile, the ground surface
deformation after tunnel advance resumed was monitored. Figure 15
shows the monitor values during the subsequent excavation of the
tunnel, from 8 August to 29 September 2019. Figure 15A shows the
variations of ground settlement at DC22 from 8 August to
29 The value,
approximately —3.89 mm occurred at DC22-1. The variation at
point DC22-1 can be divided into three stages, including
continuous decrease stage (before 22 August), continuous

September largest settlement

increase stage (22 August—8 September) and stable stage (after
8 September). From 8 August to 22 August, the settlement value at
this point increased from —2.99 mm to —3.89 mm with an average
deformation rate of 0.06 mm/d. From 22 August to 8 September, the
ground heave value at this point was 1.43 mm with an average
deformation rate of 0.08 mm/d. After 8 September, the monitor
values at this point were -2.65, —2.35, —2.31 mm, respectively,
indicating that the deformation tended to be stable. On the other
hand, the deformation at DC22-2 fluctuated slightly. The monitor
values at this point were —2.31, —2.33 mm, -2.35 and -2.32 mm,
respectively during the period from 8 August to 8 September After
8 September, the ground surface began to heave. The ground heave
value at this point was 0.55 mm with an average deformation rate of
0.03 mm/d, from 8 September to 29 September.

Figure 15B shows the variations of ground settlement at
DC23 from 8 August to 29 September The variation at point
DC23 can be divided into two stages, i.e., Stage 1 from 8 August to
29 August, and Stage 2 from 29 August to 29 September In Stage
1, the ground surface at DC23-1 and DC23-4 settled slowly while
the ground surface at DC23-2 and DC23-3 heaved. The
deformation value at DC23-2 was 0.64mm, which is the
largest of these points. The average deformation rates of
DC23-1, DC23-2, DC23-3 and DC23-4 were 0.02, 0.03,
0.02 and 0.01 mm/d, respectively. In Stage 2, the ground
surface at DC23-1 and DC23-4 heaved while the ground
surface at DC23-2 and DC23-3 settled. The deformation value
at DC23-3 was 1.86 mm, which is the largest of these points. The
average deformation rates of DC23-1, DC23-2 and DC23-3 were
0.03, 0.03, and 0.06 mm/d, respectively. In particular, the ground
surface at DC23-4 settled after 22 September, and the settlement
value was 0.58 mm.

Figure 15C shows the variations of ground settlement at
DC24 from 8 August to 29 September DC24-5 and DC24-6
were two monitoring points added after the collapse. From
this picture, we can see that, the fluctuation of DC24 is
slightly. The largest settlement value, approximately —3.10 mm
occurred at DC24-1. The average deformation rates of DC24-1,
DC24-2,DC24-3, and DC24-4 were 0.02,0.01,0.02 and 0.01 mm/
d, respectively. The average deformation rate at DC24-5 was
0.03 mm/d, from 8 to 29 August, and was 0.02mm/d from
29 August to 29 September The monitor value at DC24-6 was
stable. In particular, the largest average deformation rate,
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approximately 0.1 mm/d occurred at DC24-2 from 15 to
22 August.

Following the implementation of the support measures, the
surface deformation remained well below the critical warning
level throughout the re-construction period. Moreover, there
were no sudden changes or subsequent collapses observed until
the completion of the entire tunnel project. This unequivocally
indicates that the grouting scheme employed was highly
successful in achieving its intended objectives.

5 Conclusion

To elucidate the collapse mechanism of tunnels within
composite strata, specifically in situations where upper layers
are soft and lower layers are hard, and to assess the efficacy of
the grouting scheme, our study first introduced the collapse
accident of the Qingdao Metro Line | and then conducted a
comprehensive analysis of the factors contributing to the
disaster. Furthermore, the effectiveness of the grouting
scheme at the collapsed area was evaluated. The main
conclusions can be drawn as follows:

1) The monitoring data from all observation points did not reach
the critical warning threshold. However, there were several
instances of abrupt changes in deformation rates. Notably,
during the simulation, when the tunnel excavation reached
the collapse zone, there was a sharp increase in surface
deformation. As a result, these sudden deformations observed
during tunnel excavation can be considered as valuable precursor
information for potential accidents.

2) Drawing upon the field survey and numerical simulation, it was
determined that the collapse accident was primarily a result of
partial failure, triggered by inadequate support measures and the
presence of groundwater in the context of poor surrounding rock
conditions (Grade VI). The failure of the surrounding rocks in
the tunnel vault occurred under the influence of high seepage
pressure, leading to the influx of water and sand into the tunnel,
ultimately culminating in ground collapse.

Following the collapse incident, the central area of the collapsed

structure underwent reinforcement through a combination of

filling grouting and

systematic ~ grouting

Subsequently, upon resuming tunnel advancement, the surface

techniques.

deformation remained below the critical warning threshold,
affirming the success and effectiveness of the collapse
treatment measures implemented.
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