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Featured Application: Yielding- and relief-pressure support technology of a lining filled with
granular material is proposed. This technology will guide the design and construction of tunnel
projects’ supporting structures in the future.

Abstract: For high ground-stress soft-rock tunnels surrounding rock with large deformation, rapid
deformation rate, a long creep time, and a high likelihood of to causing initial and secondary lining
damage, the yielding and relief-pressure support technology of a lining filled with a granular material
is proposed. A layer of granular material is placed at the reserved deformation layer of the tunnel to
provide the surrounding rock with a certain amount of deformation space. Confined compression
tests were undertaken to study the laws of compressive strain, load reduction law, and horizontal
force variation of different granular materials under different rock stresses. The research showed
that the compressibility and load reduction performance of 8 mm soil was optimal. Its maximum
compressive strain reached 47.6%, and the total load reduction rate reached 71%. The yielding- and
relief-pressure effects of the granular sand-filled lining support were analyzed from the angles of
deflection, pressure, and energy. The results show that the highest reduction rate of deflection was
36.7%, and the greatest load reduction rate of pressure was 78%. The grainy filling material can
remove part of the load imposed by the surrounding rock on the support structure of the secondary
lining through yielding pressure and relief pressure, which dramatically reduces the damage to the
secondary lining from the surrounding rock. The research results have specific reference significance
for designing and constructing tunnel support structures.

Keywords: high ground stress; soft-rock tunnel; granular material-filled lining; yielding-pressure
support; relief-pressure support

1. Introduction

The scale and depth of underground projects in the nuclear, national defense, trans-
portation, and water conservation industries have proliferated in recent years. Although
underground engineering has developed rapidly, there are also enormous challenges to be
faced. The deformation and destruction of deep, high ground-stress soft-rock chambers
present several technical challenges, such as long creep times, large creep volumes, and
rapid deformation rates. In response to this significant problem, national and international
scholars have developed novel support concepts and conducted helpful research. Kang
Hongpu et al. [1] proposed the theory and technology of high prestressing and strong
support to significantly increase the stiffness and strength of the initial support and carried
out extensive field tests in the kilometer-deep shaft roadway of the Xinwen Mine. Zhou
Yi et al. [2] concluded that the solution of higher support strength and stiffness has the
maximum support effect. Xie Shengrong et al. [3] proposed an intensive, high-strength re-
inforced arch in one anchor spray injection to strengthen pressure arch support technology.
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In addition, many practical projects have also adopted the “strong support and rigid top”
support method [4–8] to improve the lining structure’s safety by increasing the strength
and stiffness of the support.

Substantial engineering practice worldwide has shown that in the case of high ground-
stress soft-rock tunnels surrounding rock deformation, increasing the strength and stiffness
of the support structure alone cannot effectively solve the problem, and that this approach
is likely to lead to support structure damage or instability, such as the concrete spray layer
falling off, anchor rod destabilization, steel bracket bending, and other phenomena [9–11].
The deformation of the surrounding rock is usually controlled to some extent after several
cycles of support, rupture, and replacement. However, there are more significant safety risks
during construction, with increasing construction costs. In recent years, some researchers
have assessed the time-dependent stability of the tunnel’s permanent lining. Xu et al. [12]
investigated the weak rock creep behavior in the failure process of the final lining of the
Dujia mountain tunnel. Xu et al. [13] investigated the transversely isotropic creep behavior
of phyllite and its influence on the long-term safety of the secondary lining of tunnels.
Xu and Gutierrez [14] studied the damage evolution of the final tunnel lining under the
combined effects of corrosion of the temporary support and the creep behavior of the
surrounding rock.

With the gradual maturity of the New Austrian Tunnelling Method, based on the
principle of “rigidity and flexibility”, scholars have improved some construction methods
for soft-rock cave support. Yielding-pressure support has been widely researched and
applied in high ground-stress soft-rock large-deformation tunnels [15–20]. Sun Jun [21]
believes that for underground caverns with large deformations in soft rock, the support
structure should have “strong flexibility, high shrink ability, supporting while flexible,
[and] economy and convenience of construction”. Scholars worldwide have proposed
a support type that can realize the function of “supporting while yielding” through the
yielding-pressure anchor rod and retractable steel frame [22–27]. This can produce a
degree of deformation under the condition of providing constant support resistance to
guarantee the support structure’s safety. Chen Weizhong and G. Barla [28,29] proposed
that concrete with high compressibility and superior ductility can be well adapted to
the creep deformation of the surrounding rock as a reserved deformation layer filling
material for deeply buried soft-rock tunnels. Tian Yun et al. [30] considered the time-
dependent weakening characteristic of weak surrounding rock strength in compressible
layer design. Scholars have conducted in-depth research into the different filling materials
of compressible layers. Wu K et al. [31] considered foamed concrete the most promising
filling material for compressible layers. Hu Xiongyu et al. [9,10] presented a compressible
ceramsite layer behind the pipe-sheet lining wall to achieve yielding. Zheng Pengqiang
et al. [32] proposed a support technology solution combining dynamic pressure relief and
active pressure in U-shaped steel-reinforced brackets and foam concrete filling combined
with prestressing anchor cables.

Yielding capacity is limited if a compressible layer is applied to achieve yielding
support. After a certain compression level, it is more challenging for the lining structure
to continue to exert pressure. If the lining structure stress is not released in time, it
increases, and the support effect is unsatisfactory. A U-shaped shrinkable steel bracket
prevents warpage damage to the steel arch by allowing movable joints to slide and cause
shrinkage of the steel arch section. However, the clamping force of the sliding joints is not
large enough to provide support resistance in the initial support of the steel arch. If the
clamping force is too high, then it will not work when the steel arch is damaged. Some
researchers [33–36] have also conducted numerical simulations related to yielding-pressure
support for tunnel lining.

The above research shows that rigid support technology is used more for point or line
reinforcement, emphasizing solid support and sturdy top. However, this is inadequate
for supporting high ground-stress soft rocks with large deformations over long periods.
Existing flexible support technology can only create controllable support forces in point
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or line form. However, it cannot produce controllable and homogenized surface support
within a wide range of free faces. Based on this, we propose a lining filled with granular
material, which provides yielding-pressure and relief-pressure support technology with a
compressible buffer layer at the reserved deformation layer. Granular material mobility
forms a controllable and homogenized surface support force. The compressibility of the
filling material absorbs the pressure generated by the deformation of the surrounding rock,
which reduces the yielding pressure. Using the automatic discharge of granular material
releases the surrounding rock pressure, which has a better pressure relief effect so that the
load on the lining structure is no greater than the set threshold. Therefore, the safety and
stability of the lining structure can be guaranteed through the yielding pressure and relief
pressure of the lining. This technology provides an innovative way to support soft-rock
tunnels with high ground stress.

2. Principle of a Lining with Compressible Granular Filling Material
2.1. Technical Stage of the Lining Support with Compressible Granular Filling Material

The specific method of granular material-filled lining support technology is to place a
buffer layer of filling material (ceramsite, soil, sand) with good mobility and compressibility
at the reserved deformation layer between the tunnel’s surrounding rock and the secondary
lining [31,37], and to place a pressure relief valve with a threshold in the lining structure.
The buffer layer can provide deformation space for the adjacent rock when the surrounding
rock is deformed by taking advantage of the mobility, compressibility, and discharge
performance of the granular material. It can also absorb part of the surrounding rock stress
due to its strength, so that the stress of the secondary tunnel lining support structure is
more uniform and better able to protect the overall tunnel support structure. After tunnel
excavation, the granular material filling layer is installed directly between the tunnel’s
surrounding rock and secondary lining. Following this, in the area with significant stress,
deep anchors are implanted for local reinforcement and support. This method can negate
the need for part of the initial lining anchor bolt support and reduce the free time of the
tunnel’s excavated surface to effectively restrain the displacement of the free surface and
the development of the plastic zone towards the depth of the surrounding rock.

The granular material-filled lining support process is divided into three stages, as
shown in Figure 1.

Filling lining initial installation stage: The reserved deformation layer of the tunnel is
filled with the compressible granular filling material, automatic pressure relief valves are
installed on both sides of the arch feet and on the top of the arch, and the pressure relief
threshold P3, which can be adjusted, is set. At this stage, the supporting structure’s stress
distribution is not uniform, and its stress is less than P1, as shown in Figure 1a.

Homogenization and pressurization stage below the relief-pressure threshold: With
the development of the deformation of the surrounding rock, granular materials flow,
compress, and break. The force pattern of the lining structure is changed from a point type
to a surface type. At this point, the force on the support structure increases to P2, as shown
in Figure 1b.

Automatic pressure-relief stage of the lining: When the pressure in the granular
material-filled lining reaches the pressure relief threshold P3 and the filling materials release
through the automatic pressure relief valves, the pressure of the supporting structure is
maintained at P3 without further increase. The lining structure is evenly forced, as shown
in Figure 1c.
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Figure 1. The granular material-filled lining support stage.

2.2. Technical Characteristics of the Compressible Granular Filling Lining Support

Based on the above overview of granular material-filled lining technology, the technical
characteristics of the proposed lining support and traditional support are compared and
analyzed, as shown in Figure 2.
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2.2.1. Comparative Analysis of the Plastic Zone of the Granular Filling Lining

The plastic zone radius R comprises two parts: the radius ∆r of plastic zone develop-
ment before support and after excavation, and the radius r of plastic zone development
after support. As shown in Equations (1) and (2):

R = ∆r + r (1)

r = r0

[
(1− sinϕ)

c cotϕ + σz

c cotϕ + Pα

] 1−sinϕ
2sinϕ

(2)

where r0 is the tunnel’s excavation radius, ϕ is the angle of internal friction, c is cohesion,
σz is initial ground stress, and Pα is the horizontal support reaction force. For the same
tunnel, only ∆r and Pα are different.

The compressible granular filling lining is used as a secondary lining immediately
after tunnel excavation. The surrounding rock’s free time is T3 � T2 ≈ T1; therefore,
∆r1 ≈ ∆r2>>∆r3 ≈ 0. The granular material filling lining can provide a uniform, control-
lable surface support force in time. It can reduce stress concentration, avoid plastic zone
overdevelopment, and make Pα2 < Pα3 < Pα1 ; thus, r1 < r3 < r2, and the radius of the
plastic zone is between that of traditional support and yielding support.

2.2.2. Comparative Analysis of the Tangential Forces

(1) The plastic zone has a load-reduction effect η1 due to the surrounding rock cracking
and loosening. Figure 2 shows the tangential force σ1

t < σ3
t < σ2

t .
(2) The longer the distance is from the plastic zone, the less the load-reduction effect η1.

The tangential force increases constantly. There is no cracking or load-reduction effect
η1 at the plastic zone and elastic zone interface. The elastic region has an inward-
moving loading effect η2, and the tangential force peaks here. The larger the plastic
zone is, the greater the loading effect η2 is and the greater the tangential force peak
value is, i.e., σ2

t > σ3
t > σ1

t .
(3) Deep into the surrounding rock, the load-reduction effect η2 decreases, and the

tangential force drops to the original rock stress σ1
t , σ2

t , and σ3
t at a certain depth.

2.2.3. Comparative Analysis of the Radial Force

The lining support filled with granular material can provide timely surface support
force and homogenize surrounding rock pressure. The compression crushing and dis-
charge of the compressible granular filling material can reduce the benefit of radial force.
This can minimize the radial force of the compressible granular filling lining, therefore,
σ1

r > σ2
r > σ3

r .

3. Granular Filling Materials and Test Methods
3.1. Granular Filling Materials

Based on the granular material-filled lining support principle, a unit body was selected
for a confined compression test. The support reaction force, maximum settlement, deforma-
tion settlement law, and supporting effect of compressible granular filling materials (sand,
soil, and ceramsite) in a tunnel with surrounding rock deformation were studied.

Based on the above principles, the filling materials were required to 1© provide a
certain amount of deformation space for the surrounding rock; 2© homogenize the lining
forces during the surrounding rock creep; 3© significantly decrease the expansion of the
plastic zone during the creep process of the surrounding rock so that the final creep
variable of the surrounding rock is significantly reduced; 4© reduce overall construction
cost and other requirements; and 5© combine previous research on granular filling materials
conducted by the team members. Therefore, the materials selected in this paper were
as follows:
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Sand with excellent fluidity and low compression crushing properties. First, the pur-
chased river sand was dried, and impurities and gravel particles were manually removed.
Screening produced coarse sand with an average particle size of 1~0.5 mm and fine sand
with an average particle size of 0.25~0.125 mm.

Soils with low fluidity and high compression crushing properties. Following the
drying of the soil, impurities and gravel particles were removed manually. The more
uniform 8 mm and 4 mm single soil particles were obtained via screening.

8 mm ceramsite with superior fluidity and excellent compression breakage. The
ceramsite is made of clay after high-temperature roasting and expansion. Its interior is
a honeycomb structure, which has the characteristics of low strength, high porosity, and
low cost. Ceramsites were purchased in Yichang City, Hubei Province. Before use, the
low-strength lightweight ceramsites were dried in the sun, and the broken and incomplete
particles were manually removed, and then more uniform 8 mm single-grain ceramsites
were obtained after screening.

The selected granular filling materials are shown in Figure 3, and their physical
parameters are listed in Table 1. The particle size distribution curve of the granular material
is shown in Figure 4.
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Table 1. Physical parameters of the filling materials.

Material
Categories

Natural
Void Ratio

Natural Moisture Content
(%)

Density
(g/cm3)

Bulk Density
(g/cm3)

Permeability
Coefficient (m/d)

Fine sand 0.071 10 2.60 1.65 1.20
Coarse sand 0.143 15 2.55 1.60 25.50

4 mm soil 0.518 18 2.55 1.70 0.30
8 mm soil 0.908 22 2.50 1.68 0.45
Ceramsite 0.475 10 1.40 0.60 6.60
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3.2. Test Method

A confined compression test was conducted using the developed simulated loading
test device. The device was filled with coarse sand, fine sand, 4 mm soil, 8 mm soil,
and 8 mm ceramsite to the same height, i.e., h = 150 mm. Electrohydraulic jacks were
employed to apply different load grades to simulate the local deformation of soft-rock
tunnels with high ground stress on five kinds of compressible granular material-filled
lining support structures. The settlement, reaction force, and stress response of sand, soil,
and ceramsite under different levels of concentrated force load were quantitatively studied.
Thus, the law of deformation settlement and the supporting effect of the five fillers were
quantitatively investigated.

Loading test device: A Q235B steel plate with a thickness of 12 mm was used for
welding the pressure loading box without a lid for increased strength. Its size was
25 mm × 25 mm × 25 mm. The device simulated the unidirectional deformation of the
compressible granular filling material lining. The top was loaded with an electrohydraulic
jack in 2 kN steps, as shown in Figure 5.
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Data collection: The experimental data collection setup is shown in Figure 4. The pressure
and sedimentation values of the filling material at each loading level were recorded. When the
settlement of two successive loading levels was less than 1 mm, loading was terminated.

High-definition camera: The whole model box process was tracked and photographed
to capture the evolution of the particle sample during the whole test.

Pressure sensor calibration: a. The pressure sensor connection, signal wiring, and
power supply were checked to ensure proper operation. The sensor’s instructions were
followed for zero adjustment. b. The calibrator was connected to the pressure sensor
and a series of known pressures were applied through the calibration pump. c. The
pressure value displayed by the calibrator corresponding to the pressure sensor output was
recorded. The calibration had to cover the desired measurement range and be multi-point
at different pressures.

Control data results accurately: a. Data processing and comparisons based on the
data recorded during the calibration process were performed. Pressure sensor measure-
ment error was calculated. Calibration results were compared with the standard error
requirements to assess whether the accuracy of the pressure sensor met the requirements.
b. If there was a large deviation in the calibration results, appropriate adjustments and
corrections were made according to the calibration method provided by the manufacturer
until the accuracy requirements were met.

4. Study of the Mechanical Properties of Different Filling Materials
4.1. Regularity Analysis of the Strain of Granular Filling Materials

Compressive strain [38] reflects the degree of deformation of the filling material under
confined conditions under load. The cross-sectional area of the filling material is the same
during the deformation process. Compressive strain is related to pressure, which reflects
the filling material’s compressibility. The law of compressive strain of granular filling
affects the development of plastic zone of surrounding rock, the force on the lining, and
the engineering effect of granular filling lining support stage II. Equation (3) shows the
compressive strain formula.

εs =
∑ ∆hi

h0
× 100% (3)

where εs represents the compressive strain (expressed as a percentage), ∑ ∆hi represents
the total deformation of the specimen after compression under a certain pressure, and h0
indicates the initial height of the sample.

In the experiment, after four compressible granular fillings of fine sand, coarse sand,
4 mm soil, and 8 mm soil had been loaded to 60 kN, they no longer deformed. They entered
the deformation stop stage. After the ceramsite was loaded to 115 kN, the deformation
stopped and the ceramsite entered the deformation stop stage.

4.1.1. Pressure–Strain Relationship Curves of Granular Materials

As can be seen in Figure 6, (1) the pressure–strain curve is generally convex, that is,
the compressive strain of each sample increased nonlinearly with the increase of vertical
pressure, and the rate of increase of compressive strain gradually slowed down with the
continuous increase of pressure, and the sample became more difficult to handle. (2) As
compared with each sample, the maximum compression strain was for 8 mm soil, the
minimum compression rate was for fine sand, and the compression rates of 4 mm soil,
coarse sand and ceramsite were between 8 mm soil and fine sand.
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4.1.2. Analysis of the Compressive Strain Mechanism

(1) Compressive strain of 8 mm and 4 mm soil particles
Soil particles have higher compressive strain, mainly due to the larger particle size,

the greater inter-particle voids and pores of the particles, and weaker pressure-resistant
properties. In the early stage of loading, the compressive strain rate was larger due to
large inter-particle voids, a large particle–void ratio (as shown in Figure 7), and particle
dislocation (as shown in Figure 8). In the later stages, the inter-particle voids were filled,
and crushing and recombination were gradually consolidated, and the strain rate was
reduced until the strain limit was reached.
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As can be seen in Figure 9, the crushing effect of the upper layer was more significant
than that of the lower layer when soil particles were broken. The reason is that the upper
layers absorbed deformation energy and destroyed it during compression, and passed it
down layer by layer. The particle size, inter-particle voids and particle pores of 8 mm soil
are larger than those of 4 mm soil, so its compressive strain was also larger.
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(2) Compressive strain of ceramsite particles
Ceramsite particles have high porosity due to their internal honeycomb structure,

which leads to greater compressive strain (see Figure 6). During the early stages of the com-
pression process, due to the mutual extrusion of loose ceramsite under load, interparticle
voids and particle pores decreased. This resulted in a higher strain rate. In the later stages,
due to the continuous extrusion of particles, the particles were broken, flaky particles filled
the voids, and the compressive strain was reduced.

(3) Compressive strain of coarse sand and fine sand
As compared with other particles, sand has a higher density, smaller porosity, and

a lower coefficient of crushing, resulting in a smaller compressive strain (as shown in
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Figure 6). Sand compression is primarily due to the compression of pores between the
particles, and the particles themselves do not deform due to compression. The porosity
of coarse sand is significantly higher than that of fine sand, so the compressive strain of
coarse sand is greater than that of fine sand.

In summary, it can be seen that the compressive strain of 8 mm soil was the largest,
and its ability to yield to deformation as a granular material-filled lining was the best,
which can ensure that the surrounding rock allows its plastic zone to develop under a
certain supporting force, release the surrounding rock pressure to the greatest extent, and
reduce the force on the lining.

4.2. Analysis of the Load Reduction Law of Compressible Granular Filling Materials

The load reduction value and load reduction rate of different compressive strains
were generated using Equations (4) and (5). In addition, the load reduction rule for filling
was analyzed. Before the analysis, we considered friction between the particles and the
side walls. Because the side wall was smooth, the side wall was coated with a layer of
silicone oil to reduce its friction; in addition, according to the relevant literature [39], the
friction coefficient between the particle and the side wall ranges from 0.17 to 0.20, and
the calculated friction force based on the measured side wall pressure is much smaller
than the pressure difference between the top and bottom of the particle, so the influence
of friction was ignored when studying the load shedding rule. Figure 10 shows the filler
force diagram.
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∆Fi = Fi − Fi
′ (4)

ηi =
∆Fi
Fi

=
Fi − Fi

′

Fi
(5)

In the formula, ∆Fi is the load reduction value of the class i load, Fi is the class i load
value, Fi

′ is the pressure value at the bottom of the confining box of the class i load, Fi and
Fi
′ are shown in Figure 10, and ηi is the class i load reduction rate. ηi denotes the reduction

capacity of the granular filler to the applied load at each level of load applied. The larger
the value, the better the load reduction capacity, and vice versa, the worse the effect.

In order to further study the reduction effect of granular materials on the applied
load, according to the reduction load rate and compressive strain of granular fillings, the
compressive strain–load shedding rate curve was drawn, as shown in Figure 11 below.
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4.2.1. Stage Division of Granular Filling Load Shedding Rate

As can be seen from Figure 11, according to the variation characteristics of the com-
pressive strain–load shedding rate curve of the particle-filled material, load shedding was
divided into three stages: (1) Rapidly increasing section of the load shedding rate (oa);
i.e., ηi increased linearly and rapidly; (2) Steady-state peak load rate reduction section
(ab); i.e., after the granular filling materials reached the peak load reduction rate ηmax,
they maintained ηmax, a minute float; and (3) Drop stage of the load reduction rate ηi (bc);
i.e., the load reduction rate ηi began to fall after it reached ηmax, and ηmax is defined as the
start value of the load reduction rate drop.

4.2.2. Analysis of the Load Reduction Rate at Each Stage

(1) Load reduction rate rapid improvement section (oa)
Before compressive strain = 0.03, all filling materials reached a peak load reduction

rate. At this stage, load reduction was the fastest. The order of load reduction rate of
different granular fillings was ceramsite < 4 mm soil < 8 mm soil < coarse sand < fine sand.

Accordingly, particle dislocation occurred in each particle-filled material at this stage.
The filling material force skeleton was not completely formed. The upper load was dis-
sipated due to particle dislocation, and the load reduction rate increased rapidly. Fine
sand reached peak load reduction rate most quickly due to its small particle size and
easy dislocation.

(2) Steady-state peak load rate reduction section (ab)
After the particle filling load reduction rate reached its peak value, when the compres-

sive strain increased greatly, the load reduction rate remained stable. This means it had
the maximum load reduction effect in steady state. In order to facilitate the analysis of the
maximum reduction effect of steady state, the evaluation index S was introduced.

S is the area enclosed by the steady-state peak load reduction rate and the X-axis
compressive strain, which is used to represent the ability of the particle filling to retain the
energy generated by the compressive strain to the greatest extent, that is, the ability of the
particle to absorb the maximum elastic potential energy. The larger the S, the better the
particle’s ability to absorb maximum elastic potential energy, and vice versa. Formula (6)
shows the evaluation index S.

S =
∫ b

a (εb − εa)ηmaxdx =
∫ b

a ∆εba

(
∆Fi
Fi

)
max

dx

=
∫ b

a
∆hba

h0

∆Fi
Fi

dx =
∫ b

a

(
∆E
E

)
max

dx
(6)

In the formula, εa and εb represent the compressive strain at points a and b, ∆εba
represents the difference between the compressive strain at points a and b. ηmax represents
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the peak value (maximum value) of the reduction load rate; ∆E represents the elastic
potential energy absorbed by the particles, and E represents the total elastic potential
energy of the granular materials.

Table 2 shows that 8 mm soil had the strongest ability to absorb elastic potential
energy. The reason is that 8 mm soil particles are larger and the internal pores are more
numerous. At this stage, the force skeleton is basically formed. The load reduction rate
remains unchanged after reaching the peak, so the ability to absorb elastic potential energy
is stronger. The order of the granular filling’s ability to retain elastic potential energy from
strong to weak was 8 mm soil > 4 mm soil > coarse sand > fine sand > ceramsite.

Table 2. Statistical table of the steady-state peak section of the reduced loading rate.

Filling Material
Parameter ηmax εa εb S

8 mm soil 0.7 0.021 0.397 0.2632
4 mm soil 0.51 0.061 0.277 0.11016

coarse sand 0.85 0.031 0.065 0.0289
fine sand 0.82 0.006 0.013 0.00574
ceramsite 0.037 0.037 0

(3) Drop section of the load reduction rate (bc)
At this stage, the load reduction rate of the particles decreases, i.e., the ability of the

particles to reduce the load diminishes until the load reduction rate is minimized. At this
time, the compressive strain of the particles reaches maximum, the porosity is the lowest,
and the particles are almost incompressible.

In summary, fine sand had the fastest speed to reach the peak load reduction rate. In
the early stages of loading, fine sand had a better load reduction effect under the small
compressive strain. The 8 mm soil had a strong ability to absorb elastic potential energy.
When the compressive strain changed greatly, 8 mm soil had a significant load reduction
effect, and the overall load reduction effect was the most efficient.

4.3. Analysis of the Change Rule of Horizontal Stress in Compressible Granular Filling Material

The filling particles were extruded by the vertical load and expanded downward to
produce horizontal stress. To study the variation rule of the horizontal force along the depth
of the filling material, four pressure sensors were uniformly set along the depth direction
of the loading box. The pressures were named F1, F2, F3, and F4 from top to bottom. The
change patterns of the horizontal force of soil, sand, and ceramsite were analyzed.

4.3.1. Evolution Model of Soil Horizontal Force

(1) Evolution law of horizontal force
When the filling material was soil, the variation rule of the horizontal force is shown

in Figure 12.
As shown in Figure 12, at the beginning of the test, with increasing load, the pressures

at the four points on the sidewall gradually increased. The pressures at the four points of
8 mm soil and 4 mm soil were F1 < F2 < F3 < F4. As the pressures continued to increase,
the speeds of the lateral wall pressure increase were at 0.037 < e < 0.160 for 8 mm soil and
0.058 < e < 0.112 for 4 mm soil and began to change. At first, F3 exceeded F4, and then F2
and F1 exceeded F4 when e < 0.037 for 8 mm soil and e < 0.058 for 4 mm soil. The pressures
at the four points were F1 > F2 > F3 > F4.

The author’s analyses show that a soil arch is produced by the relatively uneven
settlement of soil particles during the shear, compression, and compaction process under
overburden load. A soil arch can only form when two conditions are met: an arch foot
that supports it, and uneven soil displacement. The evolution of a soil arch is shown in
Figure 13.
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Figure 13. Schematic diagram of soil arch change.

The soil-arch effect changes the direction of pressure transfer, resulting in the arch foot
taking on the upper load. The outer side of the soil arch is the stress shield zone. The closer
it is to the top, the larger the shield zone range, and the smaller the horizontal force F. With
increasing load, the particles at the arch foot are compacted, the arch foot moves upwards,
and the maximum horizontal force becomes F4, F3, and F2.

Based on the above analysis, a visualization soil particle confined compression test
was carried out, as shown in Figure 14. The graduated scales were arranged in the left,
middle and right positions on the visualization surface of the confined pressure box. One
layer of pigment was laid every 50 mm in the confined pressure box. The compression
displacement of each pigment layer was observed during compression. According to the
displacement of the soil arch, the evolution process of soil arch was observed, and then
the soil compression and movement law at each location were studied more intuitively.
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Combined with Figure 12 and the compression displacements of each soil layer during
compression, schematic diagrams of the evolution law of the soil arch were drawn, as
shown in Figure 15.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 16 of 29 
 

 
Figure 14. Initial diagram of the visual compression test. 

 
Figure 15. Distribution diagram of morphological characteristics of the soil arch evolution process. 

The settlement patterns of different stratified soils at five points are shown in Figure 
16. 

5 10 15 20 250

5

10

15

20

Se
di

m
en

ta
tio

n 
va

lu
e 

(c
m

)

Location

 First layer
 Second layer
 Third layer
 Fourth layer
 Fifth layer

 
Figure 16. Settlement law of soil in different layers at different points. 

As shown in Figure 16, except for the bottom layer, the settlement amount in the 
middle of each layer was less than that at both ends. With increasing load, particles at the 
position of the arch foot were compacted and crushed (as shown in Figure 14), and the 
arch foot gradually moved upwards. Finally, the settlement value at each point in the same 

Figure 14. Initial diagram of the visual compression test.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 16 of 29 
 

 
Figure 14. Initial diagram of the visual compression test. 

 
Figure 15. Distribution diagram of morphological characteristics of the soil arch evolution process. 

The settlement patterns of different stratified soils at five points are shown in Figure 
16. 

5 10 15 20 250

5

10

15

20

Se
di

m
en

ta
tio

n 
va

lu
e 

(c
m

)

Location

 First layer
 Second layer
 Third layer
 Fourth layer
 Fifth layer

 
Figure 16. Settlement law of soil in different layers at different points. 

As shown in Figure 16, except for the bottom layer, the settlement amount in the 
middle of each layer was less than that at both ends. With increasing load, particles at the 
position of the arch foot were compacted and crushed (as shown in Figure 14), and the 
arch foot gradually moved upwards. Finally, the settlement value at each point in the same 

Figure 15. Distribution diagram of morphological characteristics of the soil arch evolution process.

The settlement patterns of different stratified soils at five points are shown in Figure 16.
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As shown in Figure 16, except for the bottom layer, the settlement amount in the
middle of each layer was less than that at both ends. With increasing load, particles at the
position of the arch foot were compacted and crushed (as shown in Figure 14), and the arch
foot gradually moved upwards. Finally, the settlement value at each point in the same layer
approached a horizontal line, confirming the correctness of the soil arch effect analysis.

(2) Soil arch horizontal force transfer law
Assuming that the load reduction rate decreases uniformly along the soil thickness,

according to Formula (7), the load reduction coefficient per unit of soil thickness λ was
calculated. According to the principle of three-hinged arch structures, the arch axis form is
parabolic [40–42]. The distance xi between the soil arch and the sidewall was calculated
using a parabolic geometric relationship. The horizontal force of the soil arch at different
heights was deduced by combining xi and sidewall pressure Fi through Formula (8). The
variation rule of the horizontal force at different heights of the soil arch under various loads
is shown in Figure 17:

λ =
∆Fi
hi

=
Fi − Fi−1

hi
(7)

Fi
′ = Fi + λxi (8)
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Figure 17. Variation of horizontal force at different heights of soil arch under different loadings.

As seen in Figure 17, in the initial stage of the soil arch, the horizontal component
F4 was significantly larger than that of other positions. The pressure at other positions
of the soil arch was the same, proving that most of the load was shared by the arch feet.
With increasing pressure, horizontal component F4 slowed down. The arch foot gradually
moved upwards until the final soil arch disappeared, and the horizontal force at each point
tended to be the same.

4.3.2. Evolution Model of the Horizontal Force of Ceramsite

The variation law of the horizontal force of ceramsite with porosity is shown in
Figure 18.

Figure 18 shows that ceramsite’s horizontal force decreased with increasing depth
throughout the experiment, namely, F1 > F2 > F3 > F4. The suggested reason is that
ceramsite roundness is good, the settlement is homogenized in the compression process,
the ceramsite at the top is crowded and broken first, and the horizontal force is the largest.
The closer to the bottom of the loading box, the lower the extrusion degree of particles and
the lower the horizontal force.
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4.3.3. Evolution Model of Sand Horizontal Force

The variation law of the horizontal force of sand with porosity is shown in Figure 19.
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As shown in Figure 19, when the filling was sand, at the initial stage of compression,
the pressure at point 3 was the maximum, the pressure at point 2 was the minimum, and
the pressure at points 1 and 4 was between that at points 2 and 3. When the filling material
was sand, the horizontal force evolution model was between the soil arch model and the
ceramsite layering pattern.

4.3.4. Comparison of Horizontal Force Evolution Models of Different Compressible
Granular Filling Materials

Figure 20 shows horizontal force evolution models of different compressible granular
fillings at points 1, 2, 3, and 4.

Figure 20 shows that the horizontal forces of the five compressible granular fillings of
8 mm soil, 4 mm soil, ceramsite, fine sand, and coarse sand increased with a decrease in
porosity from point 1 to point 4. Ceramsite’s horizontal force increased more readily, and
was strongest when destroyed by compaction. The horizontal force of fine sand was the
smallest among the five compressible granular fillings. The horizontal forces of soil and
coarse sand were between those of ceramsite and fine sand.

Due to the excellent roundness of the ceramsite, in the process of gradual loading,
the ceramsite moved around. However, the ceramsite could not move along the sidewalls
because of lateral constraints. This resulted in enormous pressure on the sidewall and a
remarkably rapid growth rate. Because fine sand has smaller porosity than other compress-
ible granular fillings, the density was higher. The lateral wall pressure and growth rate for
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fine sand were smaller than those for the other four compressible granular fillings in the
loading process.
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5. Study of the Yielding-Pressure and Relief-Pressure Mechanism of Compressible
Granular Filling Lining
5.1. Analysis of the Supporting Effect of Compressible Granular Filling
5.1.1. Test Introduction

The author used a self-developed supported beam device with a pressure relief valve
to simulate the straight-line section of the tunnel. The pressure relief mechanism of com-
pressible granular filling lining was studied through the discharge and load reduction of
compressible granular filling. The overall test device and schematic diagram are shown in
Figure 21.
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Figure 21. The overall test device of the supported beam.

(1) Test device. The supported beam was made of Q235 steel channel of 158 mm ×
158 mm × 8 mm with a length of 1200 mm. Both ends of the steel channel were welded to
plates of the same thickness of 158 mm × 158 mm. The steel channel’s elastic modulus was
200 GPa.
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(2) Monitoring point arrangement. Five pressure monitoring points were arranged on
the inner surface of the steel channel bottom of the supported beam. These points measured
the pressure value after load reduction through a compressible granular filling buffer layer.
The strain monitoring points corresponded to the pressure monitoring points on the outer
side of the bottom of the steel channel. This was to monitor the strain value on each point
during the loading process. The arrangement of pressure and strain monitoring points is
shown in Figure 22.
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Figure 22. Layout of the stress and strain monitoring points. (a) Pressure monitoring points arrange-
ment. (b) Strain monitoring points arrangement.

(3) Pressure relief port setting. Four pressure relief ports were placed at the bottom
of the steel channel supported beam. When the load at the bottom of the supported beam
reached the set threshold, the pressure relief port automatically opened to discharge sand.
When the pressure decreased, the pressure relief port would be closed again.

(4) Installation of compressible granular filling material. According to the previous
confined compression test, fine sand was selected as the research object. This selection
considered the compressibility, compressible granularity, and leakage of the granular filling.
First, the device was rotated 90◦ anticlockwise, fine sand was added and paved in the steel
channel in advance, a 150 mm × 1200 mm steel plate of 25 mm thickness was taken as the
pressure plate at the opening end of the steel channel and fixed to the steel channel, the
device was rotated and put in place, and the hydraulic jack was installed.

(5) Test conditions. After loading the test device to 60 kN, the compressive strain of fine
sand tended to be stable, and the unloading stage began. Three working conditions were
adopted in this test: the first working condition was to load the steel channel without the
sand filling; the second working condition was to conduct a loading test on the steel channel
with the sand filling but without sand discharging; and the third working condition was
to carry out a loading test on the steel channel with the sand filling and sand discharging.
Figure 23 shows the different working conditions.
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5.1.2. Comparative Analysis of Deflection

To compare and analyze the deflection changes of the monitoring points of supported
beams without fine sand, supported beams with the fine sand filling before pressure relief,
and supported beams with the fine sand filling after pressure relief, the deflection values of
the monitoring points recorded in the test are plotted in Figure 24.
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Figure 24. Comparison of deflection changes.

Figure 24 shows that the deflection of the supported beam without compressible
granular filling sand was the largest, the deflection before relief pressure of the supported
beam with filling sand was second, and the deflection after relief pressure of the supported
beam with filling sand was the smallest. The maximum deflection reduction rate before
relief pressure of the supported beam with filling sand and without compressible granular
filling sand was 22.8%, and the maximum deflection reduction rate after pressure relief and
before pressure relief of the supported beam with filling sand was 20%. The maximum
deflection reduction rate after pressure relief and without filling sand was 36.7%.

5.1.3. Comparative Pressure Analysis

The optimum bottom pressure of the supported beam without the sand filling was
56.34 kN. The maximum bottom pressure of the supported beam with the sand filling and
before relief pressure was 29.41 kN. The maximum bottom pressure of the supported beam
with the sand filling and after relief pressure was 12.34 kN. The pressure reduction rate of
supported beams with the sand filling and before pressure relief and without sand filling
was 47.8%. The pressure reduction rate of the sand filling before pressure relief and after
pressure relief was 58%, and the pressure reduction rate of the sand filling after pressure
relief and without sand filling was 78%.

By comparing the deflection and pressure of the supported beam without the sand
filling and the supported beam with the sand filling, it can be seen that the deflection
and pressure of the supported beam with the sand filling were significantly lower than
those of the supported beam without the sand filling. The reason is that sand mobility
homogenizes the supporting force. Sand absorbs pressure generated by the deformation
of the surrounding rock. This reduces the deflection and pressure on the second lining,
which provides a better yielding-pressure effect. By comparing the deflection and pressure
of the supported beam with sand applied before pressure relief and after pressure relief,
it can be seen that the deflection and pressure of the supported beam after pressure relief
were significantly reduced because the discharge of compressible granular filling sand
released part of the pressure applied by the surrounding rock, which further decreases
the deflection and pressure on the secondary lining. The pressure which the compressible
granular filling sand was able to absorb and release from the surrounding rock in the
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middle of the supported beam was higher than that at both ends. It tended to decrease
gradually from the peak in the middle towards both ends.

5.2. Energy Transformation of the Granular Material Filling Lining

After tunnel excavation, stress is redistributed. Relevant scholars [43] have studied
energy transformation in tunnel excavation. Equations (9) and (10) describe the law of
energy transformation in tunnel excavation:

Wc + Um = Uc + Wn + Wf + Wr (9)

Uc + Wn + Wf + Wr ≈ constant (10)

where Wc is the work done by the internal stress of the rock mass during excavation; Um
is the strain energy released by the excavation of the rock mass; Uc is the elastic energy
reaccumulated by the rock mass after tunnel excavation; Wn is a part of the inelastic energy
of the loss of viscosity, plasticity and brittle fracture of the surrounding rock; Wf is the
energy absorbed by the lining support structure; and Wr is the elastic energy lost during
tunnel excavation.

According to Equation (9), overall tunnel safety can be improved by improving
Wf. The granular material filling lining is designed based on this idea, as shown in
Equations (11) and (12).

Wf = Wfe + Wfc (11)

W ′f = W f e + W ′f e + W ′f c + Wunload (12)

Equation (11) is the energy Wf absorbed by the traditional supporting structure. The
energy absorbed by the lining structure comprises elastic energy Wfe and plastic energy Wfc
(as shown in Figure 25a). Equation (13) represents the energy W ′f absorbed by the support
structure of the granular material filling the lining. This consists of the elastic energy Wfe of
the lining structure, the elastic energy W ′f e of the filling material, the plastic energy W ′f c of
the filling material, and the energy released Wunload by the granular material (as shown in
Figure 25b). The lining structure does not produce plastic strain energy Wfc.
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5.3. Analysis of the Energy Consumption of the Compressible Granular Filling Material

The energy consumed by the granular material that fills the lining is partly the energy
Wcompress absorbed by compressible granular filling compression and crushing. It is also
partly the energy Wunload released by the compressible granular filling.
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5.3.1. Calculation of Compressible Granular Filling Material Energy Absorbed

Equation (13) shows the calculation formula for Wcompress:

Wcompress = W ′f e + W ′f c =
∫

∆F × S =
∫
(Fu − Fd)× S (13)

where ∆F is the load loss value; Fd is the load on the secondary lining, which is the
loading force on the top of the supported beam in the test; Fu is the load generated by the
deformation of surrounding rock, which is the pressure on the pressure sensor at the bottom
of the supported beam in the test; and S is the deformation displacement of surrounding
rock, which is the compression amount of the granular material in the test.

According to Equation (13) and test data, the energy absorbed by each compressible
granular filling material is calculated and shown in Figure 26.
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As shown in Figure 26, the order of the energy absorption value of the compressible
granular filling material is fine sand < coarse sand < ceramsite < 4 mm soil < 8 mm soil. It
is proven that 8 mm soil can satisfactorily absorb the force exerted by the surrounding rock.
It can also reduce the force exerted by the secondary lining support to ensure the stability
of the secondary lining support structure.

5.3.2. Calculation of the Discharge and Energy Release of Compressible Granular
Filling Material

The pressure relief effect of the granular material filling the lining support is analyzed
from an energy perspective. Wunload is equal to the difference value between the product
of the deflection of the supported beam and the corresponding load before and after sand
unloading. The theoretical calculation process is as follows:

The bending moment of the steel channel beam at any point under uniform load q is:

M(x) =
qlx
2
− qx2

2
=

q(lx− x2)

2
(14)

where M(x) denotes the bending moment at x from the end of the beam; q denotes the uni-
form load acting on the beam after homogenization of the granular filling, and l represents
the length of the beam.

Then, the approximate differential equation for the deflection curve is:

EIw′′ = −M(x) = − qlx
2

+
qx2

2
(15)

where E denotes the elastic modulus of the steel beam, I denotes the moment of inertia of
the channel, and w indicates the deflection of the beam.
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The deflection equation is obtained by integrating the bending moment equation twice:

EIw =
∫

(−M(x)dx)dx + Ax + B = − qlx3

12
+

qx4

24
+ Ax + B (16)

where A and B denote constants.
Using boundary conditions:

w = 0 when x = 0, x = l,

Solution A = ql3

24 , B = 0.
Then, the deflection curve equation of the supported beam under uniform load is:

w(x) =
qx(x3 − 2lx2 + l3)

24EI
(17)

It can be seen from the test that when the compressible granular fillings are discharged,
the uniform load q decreases with the change in time t. Assuming that the load before
discharge is q0 and the load after discharge is q(t), then the energy Wunload released by
compressible granular fillings is unloaded as follows:

Wunload = W ′f c
=
∫ l

0
(q0 − q(t))w(x)dx (18)

Substituting it into Equation (17), Equation (18) is

(q0 − q(t))2

24EI

(
x5

5
− lx4

2
+

l3x2

2

)l

0
=

(q0 − q(t))2l5

120EI

The pressure value measured in the test is transformed into a uniform load. The
energy discharge value of the compressible granular filling material unloading process can
be determined using the theoretical calculation Equation (18), according to the difference
between the loading force at the top and the pressure at the bottom of the supported beam
as measured in the test. This is multiplied by the settlement value caused by the discharge
of compressible granular filling material. The energy discharge value in the test process
was calculated. Finally, the energy discharge value calculated theoretically and the energy
discharge value measured by test were compared and analyzed, as shown in Figure 27.
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As seen in Figure 27, with increasing sand discharge time, the pressure at the bottom
of the supported beam shows a linear decline trend. In addition, the released energy
shows an increasing linear trend. The pressure relief rate at the bottom of the compressible
granular filling material decreases first and then rises. The reason is that the compressive
compactness of sand is the largest. The friction force is also the largest when the sand first
starts to unload. The pressure relief rate in the early stage is generally low, and more sand
is discharged when the pressure relief valve has just been opened. With the sand filling
the pressure relief valve, the pressure relief rate decreases, so the pressure relief rate in the
first 4 s shows a downward trend. As more sand escapes from the supported beam, the
sand compactness and friction begin to decrease. The rate of relief pressure increases, so it
shows an increasing trend.

When the bottom pressure of the granular filling material reaches the set threshold
value P3, the pressure relief valve closes, the compressible granular sand stops discharging,
and the support structure pressure is maintained at P3 without further increase. If the
threshold value of the pressure relief valve is lowered, the compressible granular material
will continue to discharge until the pressure at the bottom drops to zero. The granular
material completely discharges. The results show that the granular material filling the
lining can unload the load on the lining structure by compression absorption and discharge
release of the granular material.

The theoretically calculated data and the experimental data of the unloading release
energy have the same trend. The theoretically calculated data are slightly higher than the
experimental data. The main reason is that there were energy losses during the experiment
due to, for example, friction energy consumption between particles. This is in addition to
energy consumption in the opening of the pressure relief valve, and energy consumption in
the conversion of kinetic and thermal energy. Theoretical calculations are loss-free. Through
the test and theoretical analysis, it is proven that yielding-pressure and relief-pressure
support technology that can form a controllable surface support force through compression
and discharge of compressible granular filling material is a feasible support concept.

6. Conclusions

Given the structural stress characteristics of a high ground-stress soft-rock tunnel
lining, an experimental study of yielding-pressure and relief-pressure support of granular
material-filled lining was carried out. The conclusions are described below.

(1) From the analysis of the confined compressive strain law, it is concluded that
the final compressive strain of 8 mm soil is the highest. This can provide the maximum
compression deformation space and approximately 50% of the compression space. The
following conclusions are drawn from the law of load reduction: 8 mm soil has the highest
load reduction effect, and its maximum load reduction rate can reach 71%.

(2) By analyzing the test of a sand-filled simply supported beam, it is concluded that
the maximum reduction rate of deflection of sand-filled lining is 36.7%, and the maximum
reduction rate of pressure is 78%. Through the analysis of the energy released by the
sand-filled lining, it is concluded that the discharge of granular material can unload the
load of surrounding rock applied to the secondary lining structure and release energy. This
dramatically reduces the damage to the secondary lining caused by the surrounding rock.

(3) The granular material-filled lining support can provide uniform and controllable
surface support force. It can also reduce stress concentration, homogenize surrounding rock
pressure, and avoid excessive development of the plastic zone. It can also achieve a better
yielding-pressure effect. By discharging particles, the partial pressure of the surrounding
rock is unloaded, resulting in better relief-pressure performance. The uncontrollable
deformation of the tunnel’s surrounding rock is transformed into a controllable state. This
reduces the stress in the surrounding rock behind the lining and ensures the long-term
service of the lining structure in a lower-stress surrounding-rock environment.

(4) The difference between this study and previous studies is that the innovative
support method of granular-filled lining yielding and relief pressure is proposed, which
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can not only improve the stability of surrounding rock by yielding- and relief-pressure
effects but also reduce the damage of surrounding rock to the secondary lining structure so
that the force of the support system tends to be more reasonable. This support method is
more adaptable to high ground-stress soft rock. This research offers innovative prospects
for improving tunnel stability and provides a better design idea for tunnel support.

Future work: Strain rate or loading rate is a key parameter that affects the strength
and deformation response of granular and bound materials such as natural soils, rocks,
and cemented soils [44]. This aspect was not properly considered in the present study, and
the authors will consider the effect of strain/loading rate on the deformation behavior
of the lining and also consider the study of incorporating the loading rate of different
geomaterials [45–48]. The above sections will serve as the authors’ future research work.
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