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The tunnel passing through the loess stratum with high moisture content can easily lead to the seepage and mud burst accident and
the instability and collapse of the tunnel face. Under the condition of high groundwater level, the seepage situation is more
complicated, it is difficult to control the groundwater seepage, and the excavation progress is very slow. In order to solve the
various disasters when the tunnel passes through the water-rich loess stratum, taking a water-rich loess tunnel in Gansu
Province as an example, the method of comprehensive prevention and control of seepage and mud inrushing disaster by
basement grouting and curtain grouting was introduced. Firstly, the basic situation of the Yulinzi tunnel is introduced, including
site conditions, seepage collapse accident, and its cause analysis. On this basis, the design and construction methods of basement
grouting and curtain grouting are introduced, and the effect of grouting reinforcement is evaluated in detail through on-site
monitoring. The results show that the basement grouting and curtain grouting can effectively control the deformation of
surrounding rock and the surface settlement, the decrease of the deformation of surrounding rock can reach 36%-71%, and the
decrease of the surface settlement can reach 55%. After grouting, the deformation of the surface and surrounding rock can be
controlled within the allowable value in the code. Grouting plus solid can effectively block the seepage of groundwater and
prevent the surface cracks, water gushing, mud gushing, collapse, and other disasters in the process of tunnel excavation. It can
be seen that the basement grouting combined with curtain grouting technology has a good reinforcement effect, which has
significant engineering value for quickly and efficiently passing through high moisture content loess strata.

1. Introduction

In recent years, with the development of western China and
the in-depth deployment of “One Belt And One Road” strat-
egy, a large number of highways and railways will be crossing
the loess area, and the loess tunnel will increase accordingly.
Compared with other types of tunnels, geological disasters
such as collapse, water gushing, and large deformation are
particularly prominent in loess tunnels [1, 2]. When tunnel-
ing in a water-rich loess stratum, the groundwater will perco-
late due to the difference of water head inside and outside the
tunnel. The seepage of groundwater can easily lead to the
instability of water inrush and mud surge on the tunnel face
and accelerate the consolidation and settlement of the stra-
tum, and the excessive deformation of the stratum settlement
may even cause tunnel collapse accidents [3–6]. For example,

onMarch 18, 2011, a large area of tunnel No. 1 collapsed dur-
ing construction in Dongchuan, Shanxi Province, resulting in
3 casualties. The main cause of the accident was the thawing
of permafrost on the vault surface of the tunnel, and the seep-
age caused by meltwater from ice and snow resulted in seri-
ous subsidence and deformation of the ground. On April
20, 2011, there were 12 casualties in a similar seepage collapse
at a tunnel in Xiaoping Qiang, Gansu Province. Therefore,
the construction of a loess tunnel in the water-rich area has
become an important factor restricting the construction
progress, construction safety, and environmental protection
of tunnel engineering.

At present, in view of the rich water area tunnel surface
subsidence and deformation of the surrounding rock of main
control measures for the improvement of construction tech-
nique, such as adopting three-step reserved core geotechnical
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method, double side heading method, etc., and supporting
measures such as strengthening of the advanced small pipe
[7–11]. However, these measures to control the deformation
of tunnel surrounding rock vault subsidence and horizontal
convergence have good effect, but not outside the tunnel
excavation contour forming an effective reinforcement ring;
it is difficult to ensure construction safety and the treatment
effect is not ideal.

Grouting water plugging and reinforcing stratum is an
effective method to overcome the influence of groundwater
on engineering construction and is the most commonly used
method among many groundwater control measures.
Scholars have done in-depth research on grouting reinforce-
ment of water-rich tunnels. In the aspect of experimental
research, Modoni et al. [12] studied the single and double
fluid jet grouting technology in sandy soil and cohesive soil
through field test. Gong et al. [13] proposed that multiple
grouting methods could better control seepage and rock mass
deformation. Bohloli et al. [14] studied the flow and mechan-
ical properties of different types of cement slurry at actual
tunnel temperature and room temperature. Zhu et al. [15]
studied the diffusion mechanism of grouting by using a
one-dimensional permeability grouting test method of con-
stant flow sand column. Taking the tunnel construction stage
as an example, Lisa et al. [16] proposed a decision-making
method to determine whether grouting was needed. In terms
of surface grouting, Xu et al. [17] used an orthogonal test
method to study three grouting materials and 36 grouting
ratios in the laboratory and found the grouting materials
and reasonable grouting ratio suitable for surface grouting
in a shallow buried section. Wisser et al. [18] described the
numerical model method of compensation grouting and pro-
posed a useful technology to protect the surface structure
from the potential damage caused by tunnel construction.
Türkmen and Özgüzel [19] introduced the treatment mea-
sures of contact grouting and consolidation grouting in the
collapse of irrigation tunnel excavation. The existing research
results mainly focus on the effect analysis of surface grouting,
and these measures have good effect on controlling surface
settlement, but poor effect on controlling tunnel surrounding
rock vault settlement and horizontal convergent deforma-
tion. The most important thing is that vertical surface grout-
ing is only applicable to tunnels with relatively shallow buried
depth (less than 50m), but not for deep tunnels.

At present, tunnel curtain grouting technology has been
widely used. Liu et al. [20] introduced the method of using
curtain grouting to prevent water and mud inrush disaster
in a weathered layer. Through numerical and experimental
data analysis, Contini et al. [21] proposed that applying neu-
tral pressure in the grouting area is more suitable for estimat-
ing surface displacement caused by field engineering.
Brantberger et al. [22] put forward the concepts of a normal-
ised pressure and normalised grout spreading and discussed
the potential uses of the theory. Liu et al. [23] proposed a
seepage erosion coupling water inrush model and studied
the seepage erosion characteristics. Jin et al. [24] adopted
the method of combining the grouting protection method
in the tunnel with the shield method, which greatly reduced
the influence on the existing tunnel when the double tunnels

were built underground. The above research results mainly
focus on the effect analysis of curtain grouting in medium
and small section tunnels, and the soil is mostly rock or soft
soil.

Recently, scholars have also conducted in-depth research
on grouting effect evaluation [25–28]. In addition, some
exploration has been carried out on the grouting reinforce-
ment of a water-rich loess tunnel. Qiu et al. [29] studied the
long-term settlement performance of a loess tunnel rein-
forced by a vertical jet grouting pile. Li et al. [30] studied
the reinforcement effect of a high-pressure jet grouting pile
in a collapsible loess tunnel foundation of a deep buried
long-span tunnel through field displacement and stress mon-
itoring. Wang et al. [31] analyzed the diffusion mechanism of
grouting in the collapsible loess stratum in view of the water
inrush disaster of the tunnel. At present, whether curtain
grouting reinforcement technology is feasible for a long sec-
tion and large span deep buried loess tunnel and the grouting
effect still needs more practical verification and in-depth
analysis.

The background of this paper is a seepage collapse acci-
dent in a loess tunnel in Qingyang City, Gansu Province.
Firstly, the general situation of the project is introduced,
and then the accident of collapse and roof collapse and the
treatment measures are described systematically, and the
square reason of seepage collapse is analyzed. On this basis,
the design and construction methods of basement grouting
and curtain grouting are introduced, and the effect of grout-
ing reinforcement is evaluated in detail through on-site mon-
itoring, in order to provide a practical basis for the safety
construction and deformation control of a water-rich loess
tunnel and the provide reference for similar engineering
design.

2. Engineering Background and Seepage
Collapse Accident

2.1. Background of the Yulinzi Tunnel. Qingyang City is
located in the southeast of Gansu Province, China. The
Yulinzi tunnel is a part of the Yin-Bai Expressway Project
in Qingyang City. The tunnel is located 2200m west of
Yulinzi Town, Zhengning County, Qingyang City, as shown
in Figure 1(a). The total length of the tunnel project is about
1970m, which is a single hole and double track tunnel. The
elevation of the tunnel is 1170.00-1294.00m, and the relative
height difference is 124.00m. There are loess gullies devel-
oped at the entrance and exit, and the gullies are narrow,
and the slope is steep. The maximum buried depth is
113m, as shown in Figure 1(b). The lithology of the tunnel-
ing site is the Quaternary Upper Pleistocene (Q3

eol) Malan
loess and Middle Pleistocene (Q2

eol) Lishi loess with multiple
layers of paleosol.

The stratum through which the tunnel passes is the Long-
dong Loess Plateau, the largest loess region in the world,
which is characterized by a simple regional geological struc-
ture, the development of vertical loess joints, and the devel-
opment of irregular tensile joints locally. The width of the
fissure is large, more than 1 cm, and it is a channel for the
infiltration of meteoric water. In fact, dense vegetation can

2 Geofluids



be observed on the surface of the tunnel in this area. More
importantly, the groundwater in the tunnel site area is pore
water of loose rock, and the tunnel is located below the
underground water level. The water content of the surround-
ing rock in the construction section is too high, the water
seepage at the face of the tunnel is serious, and there is a
water gushing and mud gushing phenomenon, which usually
hampers the construction of the tunnel (see Figure 2). Con-
sidering the influence of groundwater seepage, in order to
ensure the construction safety, the New Austrian Tunnelling
Method excavation is adopted in the process of tunnel con-
struction, and drainage measures are strengthened. However,
the seepage collapse accident occurred at the tunnel face
1893m away from the opening of the portal (see Figure 3).

2.2. Collapse Accident.On the evening of December 19, 2019,
the arch of YK280+596.8 at the right exit of the Yulinzi tun-
nel collapsed, and then the upper and middle steps of YK280
+596.8 to YK280+617.6 on the tunnel face collapsed after the
initial support failure. After the collapse, the soil gushing out
caused the sections of YK280+617.6 to YK280+630.8 to col-
lapse without the construction of secondary lining filling
and pushed the secondary lining trolley and the waterproof
plate working trolley to the direction of the entrance for
about 15m, as shown in Figure 4. The tunnel in this section
is buried to about 95m. At the surface of YK280+600 corre-
sponding to the tunnel collapse is a surface pit with a diame-
ter of about 38m, with a peripheral staggered platform of
about 2m and central depth of about 8m (see Figure 5). After
the collapse occurred, the construction personnel and
machinery in the tunnel were evacuated in time, and the cor-
responding position of the roof was set up with warning lines
to ensure the safety of construction. According to the situa-
tion of the site, the preliminary disposal scheme is put
forward.

2.3. Disposal Measures. Subsequent collapse treatment mea-
sures are as follows: (1) For the pit at the bottom of the sur-
face, 5% lime soil is used for backfilling, leveling, and
compaction, and the compaction degree reaches more than

90%. Then, the surface is backfilled with 1m thick planting
soil, and the soil body is slightly higher than the surrounding
surface after backfilling, so as to prevent the infiltration of
surface water. (2) The collapsed soil mass flowing into the
constructed secondary lining section is repaired, a wall for
grouting and a 20m long drain hole are set up, and the col-
lapsed section of YK280+625-YK280+617.6 is timely back-
filled with back pressure to prevent further expansion of
collapse. (3) Surface well point precipitation is adopted for
this section to reduce water content of surrounding rock
and groundwater level in the tunnel. (4) Construction of
grouting small conduit on the section of the collapse in the
cave to reinforce the collapse in the cave. After the comple-
tion of the grouting, the collapse is repaired and the construc-
tion platform is gradually completed. (5) After the repair and
reinforcement of the cave collapse, a 2m thick cast-in-place
concrete wall for grouting was built at YK280+628 and
YK280+611, and the collapse was reinforced by advanced
high-pressure grouting. (6) Temporary reinforced arches
were added at the end of the lining, and the ring grouting
was carried out to reinforce the surrounding rock. The whole
process of rescue was tracked and monitored.

2.4. Causes of the Accident

2.4.1. The Complex Engineering Geological Conditions Cause
the Instability of the Engineering Structure. The accident
occurred in the layered Paleozoic strata of the Lishi loess.
Due to the development of the vertical joints of the loess,
the vertical weak surface was formed due to the cutting of
the joints. After the tunnel was excavated, it was easy to
collapse along the soft surface, and the collapse was often
abrupt. At the same time, the water content of the tunnel
surrounding rock is large, and the seepage flow of the tun-
nel face and vault is high, which leads to the continuous
loss of soil particles in the vault, the softening of the soil
in the roof of the tunnel, and the continuous increase of
pressure in the surrounding rock. The influence of
groundwater on the surrounding rock of loess easily
causes plastic deformation or disintegration of the

Gansu province

Location of Yulinzi tunnel

South China Sea islands

(a) (b)

Figure 1: Location and surrounding geological conditions of Yulinzi tunnel.
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surrounding rock, resulting in collapse near the tunnel
face and a large number of collapse soils gushing out.
Therefore, the poor geological structure of the site is the
main cause of the collapse accident.

2.4.2. Groundwater Seepage Accelerates Formation
Consolidation and Deformation. The seepage disaster of the
loess is studied deeply, and the analysis results show that

the physical and mechanical properties of loess and hydro-
logical conditions play a key role in the occurrence of the
roof caving disaster. Due to the formation of seepage sur-
face in the excavation of water-rich loess stratum, ground-
water seepage occurs under the action of water head
difference. The pore water pressure of soil decreases, the
water level of the overlying strata of the tunnel decreases,
and the effective stress of the stratum increases, which

(a) (b)

(c)

Figure 2: Water gushing and mud inrush at tunnel face: (a) tunnel water gushing; (b) water inrush from advance pipe shed; (c) mud burst on
tunnel face.
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accelerates the consolidation deformation of soil. On the
one hand, it causes the vault settlement; on the other
hand, it also causes the basement uplift deformation and
then leads to the instability of the tunnel.

3. Grouting Design of the Yulinzi Tunnel

3.1. Grouting Mechanism. In the process of tunnel engineer-
ing grouting construction, due to the different geological
conditions, geological media, and grouting materials, the
grouting may show different diffusion mechanisms in the
formation reinforcement and water plugging, which are
mainly manifested in four kinds: permeation diffusion, split-
ting diffusion, fissure filling, and disturbance displacement
compaction [32], as shown in Figure 6.

The main engineering properties of loess are as follows:
the composition is dominated by silt particles, the structure
is uniform without bedding, the soil is loose, and the com-
pressibility is medium to high. In the loess, the vertical joints
and fissures are developed, and the water absorption of the
silt is poor and the permeability is good. In the dry state,
the skeleton particles of loess are the backbone of the spatial
structure system of loess, and the skeleton particles are aggre-
gated with various cementing materials at the contact point
to form a cementing bond, which has good mechanical
strength. With the increase of the moisture content of loess,

(a) (b)

Figure 3: Construction situation (a) outside and (b) inside the tunnel before the incident.

(a) (b)

Figure 4: Accident scene: (a) collapse and mud bursting in tunnel; (b) excavator flushed away by inrush mud.

Figure 5: Large scale surface subsidence occurred.
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water will soften and partially dissolve the cements at the
contact parts of particles, weaken the structural connection,
and significantly reduce the mechanical strength of soil, and
then collapse accident occurs [33]. By the grouting amount
of pore water in the loess, the grouting pressure exceeds the
limit of the soft loess strata shearing resistance, the soft loess
stratum splits apart, and the grout along the cleavage surface
infiltration and formation compaction forms a mesh split
pulse, to strengthen the mechanical properties and impervi-
ous soil and achieve the goal of grouting reinforcement and
water plugging. Therefore, the grouting mechanism of the
loess stratum belongs to splitting diffusion.

3.2. Grouting Reinforcement Scheme. At present, grouting
reinforcement methods for tunnel water shutoff include hor-
izontal advance grouting in tunnel (curtain grouting), verti-
cal grouting on the tunnel surface, tunnel basement
grouting, tunnel radial grouting, horizontal rotary jet grout-
ing, and so on.

During the excavation of the Yulinzi tunnel, the water
content of the tunnel face increased significantly, with the
maximum value reaching 29.9%. The water gushing and
mud bursting phenomenon occurred in some parts of the
tunnel. The properties of surrounding rock were poor, and
the vault fell continuously, collapsed, and formed a large cav-

ity. The grouting of a large pipe shed and a small conduit in
advance is adopted to reinforce the surrounding rock, but
the treatment effect is not ideal, and the effective reinforce-
ment circle cannot be formed outside the contour of tunnel
excavation, so it is difficult to ensure the safety of construc-
tion. Considering the large buried depth of the Yulinzi tun-
nel, if the surface grouting method is adopted, the grouting
hole depth is about 100m, which has problems such as long
construction period, high cost, difficult land acquisition,
and verification of the grouting effect. Therefore, in order
to effectively control the deformation of tunnel surrounding
rock and the surface settlement deformation and enhance
the stability of the soil within the influence range of excava-
tion, the comprehensive reinforcement scheme of basement
grouting and curtain grouting was adopted for the Yulinzi
tunnel YK280+455-YK280+400 section (the thickness of
vault overlaying soil is about 100m). The treatment measures
are as follows.

3.2.1. Basement Grouting Reinforcement Scheme. The tunnel
basement grouting is usually arranged on the surface of the
invert or the filling layer, and the rigid grouting pipe is
installed in the grouting hole. The grouting steel pipe can also
form the composite foundation of the steel pipe pile with the
reinforced stratum. The advantages of the tunnel basement

(a) (b)

(c) (d)

Figure 6: Diffusion mechanism model of grouting in stratum: (a) permeation diffusion; (b) splitting diffusion; (c) fissure filling; (d)
disturbance displacement compaction.
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grouting are as follows: one is to improve the bearing capacity
of the basement and the other is to block water and reduce
water pressure and water softening to the stratum.

Invert wall foundation of the right line YK280+455-
YK280+400 section was reinforced by grouting of the rotary
jet pile with a length of 55m. Design parameters are as fol-
lows: diameter 0.6m, pile length 6m, spacing 1:2 ∗ 1:2m,
and staggered layout. Grouting parameters are as follows:
the grouting slurry was cement slurry with a water-cement
ratio of 1 : 1. The grouting pressure was 0.5-1.0MPa for the
initial pressure and 3.0MPa for the final pressure. Grouting
field test should be carried out before grouting, and the grout-
ing parameters should be determined according to the actual
situation through a field test. Jet grouting pile shall be con-
structed before invert excavation. Figures 7 and 8 are sche-
matic drawings of cross-section and plane layout of
basement grouting, respectively.

3.2.2. Curtain Grouting Reinforcement Scheme. The curtain
grouting longitudinal reinforcement length of the right line
is 55m. Cast-in-place C30 concrete wall for grouting with a
thickness of 2m was built at YK280+455 and YK280+430,
and the surrounding rock outside the contour line of the cave
was strengthened by advanced high-pressure grouting. The
rig operating platform is 5m long and 20 cm thick with
C30 concrete.

The grouting parameters are designed as follows: (1) The
advance curtain grouting section is divided into two cycles,
the length of each cycle is 30m, and 5m is overlapped
between the two cycle grouting sections, with a total length
of 55m. The reinforcement scope shall be controlled 5m out-
side the upper excavation contour to ensure construction
safety and prevent the face from collapsing due to water
gushing. (2) According to the formation characteristics,
grouting materials, and water plugging requirements, the
grouting hole slurry diffusion radius is selected as 2m by
engineering analogy method. According to the requirement
that no “grouting blind area” occurs in the section of the final
hole of the grouting curtain, the overlap between the grouting
holes should be compact, and the distance between the final
hole of the grouting should be 1:5R (R is the slurry diffusion
radius), and the distance between the final hole of the grout-
ing should be calculated to be about 3m, which meets the

design requirements. (3) Common Portland cement and
sodium silicate double slurry are used as grouting material,
and the water-cement ratio of the slurry is W : C = 0:8 − 1
: 1, C : S = 1 : 0:8, or the water-cement ratio of cement slurry
is 1 : 1~0.8 : 1. The modulus of sodium silicate is 2.5-2.8, and
Baumé degree is 38°Bé. (4) According to the effect analysis of
the grouting test section, the grouting pressure of 4-6MPa is
more appropriate, and the final pressure is 6.0MPa. The lay-
out of the curtain grouting holes is shown in Figures 9, 10,
and 11.

4. Analysis of Grouting Reinforcement Effect

4.1. Deformation Analysis of Tunnel Surrounding Rock.
Figure 12 shows the comparison curves of surrounding rock
vault settlement, horizontal convergence, and inverted arch
displacement before and after basement grouting combined
with curtain grouting at adjacent sections. As can be seen
from Figure 12, after excavation of nongrouting sections
YK280+470, surrounding rock vault settlement, horizontal
convergence, and inverted arch displacement vary greatly,
experiencing a basic linear growth stage and a nonlinear
transition stage. The turning point occurred about 11 days
after the excavation of the upper step, the vault settlement
reaches 78.6mm, and the uplift deformation of the inverted
arch reached 105.4mm. At this time, the deformation was
not stable, and the deformation of surrounding rock

Diameter 60 cm rotary jet pile
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Central line of tunnel

Design elevation

15°0’0”
30°0’0”

15°0’0”
30°0’0”

0%
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Figure 7: Cross-section of foundation treatment at invert bottom of tunnel.
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Figure 8: Schematic diagram of basement grouting layout (units:
cm).
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continued to increase nonlinearly. After 30 days, the maxi-
mum values of the three are 109.3mm, 51.7mm, and
163.3mm, respectively. According to the relevant provisions
of the code [34], the deformation amount has exceeded the

allowable value of the displacement control benchmark,
and deformation control measures should be taken.

However, for the sections YK280+450 reinforced by
basement grouting combined with curtain grouting, the vault

Initial support has been constructed

3000 (the first grouting cycle)
3000 (the second grouting cycle)

Reserved slurry stop plate

Construction platform Excavation line
The second wall of grouting

The first wall of grouting

Grouting holes

1:4

500

5000

1200

12001200

6001200

600

87
0

200 200

Figure 9: Vertical section of grouting (units: cm).

Central line of tunnel

Grouting holes

A (B)°A (B) C

(a)

(b)

Figure 10: Curtain grouting construction: (a) layout of grouting hole; (b) construction site of curtain grouting.
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settlement, horizontal convergence, and inverted arch dis-
placement reached 67.2mm, 18.7mm, and 28.8mm, respec-
tively, after the excavation of the upper step for about 14
days. At this time, the deformation tended to be stable, and
the deformation rate gradually decreased. After 22 days, the
deformation of surrounding rock is basically stable. After
30 days, the maximum values of vault settlement, horizontal
convergence, and inverted arch displacement are 69.5mm,
22.7mm, and 46.8mm, respectively, which fully meet the
code deformation requirements. After basement grouting
and curtain grouting, the maximum values of vault settle-
ment, horizontal convergence, and inverted arch displace-
ment decrease by 36%, 56%, and 71%, respectively, and the
time to reach the stable stage is advanced to the 22nd day
after tunnel excavation. Obviously, after grouting, the change
of surrounding rock displacement field is significantly

reduced, which plays a great role in limiting the deformation
of the vault and the invert, effectively avoiding the collapse of
the vault surrounding rock and the floor heave phenomenon
of the invert surrounding rock, and ensuring the construc-
tion safety.

4.2. Analysis of Surface Subsidence Deformation. Figure 13
shows the comparison curve of surface settlement deforma-
tion before and after basement grouting combined with cur-
tain grouting at adjacent different sections. Obviously, the
surface settlement of nongrouting sections YK280+470 is
huge after excavation, in which the accumulated surface set-
tlement of the center line of the tunnel reaches 115mm after
4 days, and the accumulated surface settlement of 4m away
from the center line of the tunnel reaches 98.6mm. This con-
tinues to increase, and then the deformation after 18 days in
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Figure 12: Deformation aging diagram of surrounding rock of adjacent sections before and after grouting.
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the tunnel central line cumulative settlement is 210.6mm,
and the surface from tunnel center line 6m in the surface
of the cumulative settlement is 167.5mm, which is far greater
than the allowable value of surface deformation specified in
the code [34]. Therefore, it is necessary to take corresponding
measures to control the surface settlement after tunnel exca-
vation to prevent surface cracks or collapse disasters.

However, after the excavation of the sections YK280+450
reinforced by basement grouting and curtain grouting, the
surface settlement in the affected area of the tunnel is signif-
icantly reduced. The accumulated surface settlement of the
tunnel center line is reduced to 94.2mm, which is only 45%
of the accumulated settlement before grouting. Moreover,
the surface settlement tends to be stable within 6m from
the tunnel center line. Basement grouting and curtain grout-
ing can effectively control the surface subsidence of water-
rich loess tunnel and reduce or avoid the risk of surface
cracks and roof fall.

4.3. Analysis of Surface Transverse Settlement. The develop-
ment trend of the surface transverse settlement is shown in
Figure 14. The surface settlement changes regularly with
the construction period. The surface transverse settlement
deformation increases sharply within 5 days after excavation
of the tunnel face and tends to increase slowly after 15 days.
As can be seen from the nongrouting sections YK280+470 in
Figure 14(a), with the continuous seepage of groundwater,
the surface subsidence of the overlying strata within the tun-
nel span is obvious. After 5 days of excavation at the tunnel
face, the accumulated surface settlement in the tunnel center
line reached 127.8mm, and the maximum value reached
217.3mm after 25 days.

Compared with the nongrouting sections, in
Figure 14(b), after grouting sections YK280+450, although
the overburden strata of the tunnel also presents an overall
subsidence phenomenon, due to the reinforcement effect of
basement grouting and curtain grouting, the overburden
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Figure 13: Surface settlement aging diagram of adjacent sections before and after grouting.
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strata load was effectively dispersed to both sides of the tun-
nel, and the overburden strata settlement was relatively small
within the span of the tunnel. After 5 days of excavation at
the tunnel face, the accumulated surface settlement in
the middle line is only 69.8mm. After the surface settle-
ment enters the convergence stage, the influence of tunnel
excavation stress release on formation deformation disap-
pears, and the groundwater seepage is not obvious. The
cumulative surface subsidence at the center of the tunnel
is 97.3mm, which is about 55% less than that of the non-
grouting sections.

4.4. Field Observation of Grouting Effect. For the soil after
grouting reinforcement, after excavation, the slurry diffu-
sion, slurry consolidation, and surrounding rock seepage
are observed, so as to effectively evaluate the grouting
reinforcement effect and provide important reference for
the next cycle grouting design and construction. According

to the actual sections of the YK280+450 excavation face, as
shown in Figure 15, the soil slurry veins are clearly distrib-
uted after excavation, and the slurry is diffused to the
whole face. The consolidation strength of the slurry stones
is high and hard plastic, the face is dry and has no water
seepage, the surrounding rock has no collapse or falling
blocks, and the overall stability is good. Curtain grouting
technique is effective in strengthening the loess stratum
with high moisture content and meets the requirements
of tunnel construction.

5. Conclusions

(1) Groundwater seepage induced by loess geological
conditions and underground water system at the tun-
nel construction site is the main reason for the col-
lapse accident of the Yulinzi tunnel

(2) It is proposed that the reinforcement method of base-
ment grouting combined with curtain grouting can
effectively block the seepage of groundwater and is
an effective measure to prevent disasters such as sur-
face cracks, water gushing, mud gushing, and col-
lapse during the tunnel excavation

(3) Basement grouting combined with curtain grouting
can effectively control the deformation of surround-
ing rock and the surface settlement, and the decrease
of the deformation of surrounding rock can reach
36%-71%, and the decrease of the surface settlement
can reach 55%. After grouting, the deformation of
the surface and surrounding rock can be controlled
within the allowable value of the code

(4) The slurry-soil combination formed by grouting has
obvious compaction effect and supporting effect and
can improve the structure of undisturbed loess
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Figure 15: Grouting pulp veins.
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(5) The research results can provide reference for the
rapid and safe construction and design of water-
rich loess tunnel

Data Availability

The data used to support the findings of this study are
included within the article.
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