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Abstract. Coral reef limestone (CRL) exhibits varying sedimentary facies, rock structures, and lithologies at different depths,
posing challenges for island engineering construction. This study investigates deformation characteristics of surrounding rock
during tunnel excavation in soft-hard interlayered CRL stratum. A novel method for preparing heterogeneous analog materials
with prefabricated pores is developed to simulate soft and hard CRL interlayers. Physical model tests under two working
conditions examine displacement and stress variations during tunnel excavation. Numerical simulations are subsequently
conducted to verify test validity and assess stratum distribution impacts. Key findings include: (1) Prefabricated pore structures
effectively replicate CRL's natural heterogeneity. (2) Upper-soft/lower-hard stratum induces significant vault displacement (2.35
mm) and stress concentration (0.82 MPa) due to soft rock compression. (3) Upper-hard/lower-soft configurations cause
pronounced arch foot deformation (3.12 mm) from soft rock yielding under overlying hard stratum. (4) Support systems reduce
displacements by 14.8% (lining alone) and 33.3% (combined lining-anchor), with enhanced effectiveness in soft CRL. The
integrated experimental-numerical approach provides critical insights for tunnel design in heterogeneous CRL formations,
demonstrating that support optimization should prioritize lithological interfaces and stress redistribution patterns characteristic of

interlayered systems.

Keywords:
excavation

coral reef limestone; similar material with pores; soft and hard interlayer; surrounding rock stability; tunnel

1. Introduction

In recent years, China's marine construction industry has
witnessed vigorous development. With the proposal of the
"Belt and Road Initiative" and the "21st Century Maritime
Silk Road" initiative, island and reef construction projects
have been actively carried out in the country (Tang and Zhu
2025). Coral reef limestone (CRL), as the main component
of coral reef rock soil, serves as the foundation and foothold
for island and reef construction (Al-Kahtany 2017, Bosellini
et al. 2021, Ye et al 2021, Zhong et al 2022).
Consequently, the development of underground spaces
within CRL stratum has become increasingly vital and has
become an important support for the development and
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construction of marine engineering in various countries.
(Wild et al. 2011, Wang et al. 2023a).

The CRL is a composite rock and soil body that forms
through the mutual cementation of coral remains, various
reef-attached organisms, shellfish, and algae in marine
environments following the demise of reef-building coral
communities (Huang et al. 2024, Xu et al. 2024). This
formation has undergone the combined effects of geological
deposition, biological degradation, and marine dynamics
(Jafarian et al. 2018, Triantafyllidis and Kimmig 2019). The
CRL constitutes the diagenetic portion of the lower coral
reef, forming the primary structure of reef islands (Zhang et
al. 2023a). A large number of reef sediments exist in the
marine environment. For example, the South China Sea
islands (except Xisha High sharp Rock Island) are all
composed of coral reefs. The diagenetic process of CRL
preserves the biological characteristics of the internal
primary coral skeleton, which is typically characterized by
structural heterogeneity and high porosity. These features
result in a complex rock structure with significant
fragmentation (Wu et al. 2023, Zhang et al. 2024). In view
of the special mechanical characteristics of CRL, fruitful
research works on the CRL from the aspects of density,
porosity, longitudinal wave velocity, water properties, point
load strength index, uniaxial compressive strength, tensile
strength, shear strength index, etc., are first analyzed. And
then the crack development law and damage evolution
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Fig. 1 Present situation and future development trend of the island construction

characteristics of CRL during the failure process are
explored combined with the scanning electron microscopy,
the acoustic emission, the CT (computerized tomography)
scanning and other technical means (Liu et al. 2021, Pei et
al. 2022, Luo et al. 2023).

The land reclamation and reef construction on the coral
island reefs in the South China Sea is first put into effect out
of the national strategy demands of marine development
(Wu et al. 2020, Wang et al. 2022), shown in Fig. 1. The
reef constructions mostly adopt the form of shallow
foundation in the completed reef projects, which rely on the
reinforced blown reef sand as the foundation supporting
layer (Zhang and Ye 2021, Zhang et al. 2024). The depth of
buried construction to be built is getting larger with the
development of reef engineering, and the pile foundation
relying on the deep limestone stratum as the supporting
layer will be the preferred foundation type (Wan ef al. 2018,
Li et al. 2022, Zhang et al. 2022b). However, the pile
foundation design according to the original experience does
not conform to its settlement law because of the special
mechanical characteristics of CRL, which will cause some
engineering accidents. In that case, a series of studies on the
pile foundations of coral reefs began to be conducted (Wang
et al. 2023a).

The development of underground space in CRL stratum
is becoming a key trend in reef engineering. As reef
engineering advances, the stability of surrounding rock is
essential for safe tunnel excavation (Zhu et al. 2003, Zhang
et al. 2017, He et al. 2022, Chang et al. 2025, Hu et al.
2025, Yin et al. 2025). In the author's prior research,
physical model tests and numerical simulations were
conducted. These studies focused on the stability of
surrounding rock during tunnel excavation in CRL. The
results revealed displacement and stress patterns during the
excavation process (Zhang et al. 2022a). Nevertheless, the
CRL during the growth has undergone several sedimentary
cycles because of the influence of the geological
environment and tropical marine environment (Bosellini
1998, Raczynski et al. 2017). The CRL in different depths
is formed in different dynamic environments, so it has
various sedimentary facies, rock structures and types
(Nakamori et al. 1995, Burton et al. 2001, Al-Kahtany
2017). It is inevitable to cross the alternating occurrence of
the soft and hard CRL in the process of tunnel excavation.

The model test under the condition of satisfying the
similarity law can accurately simulate the construction
process and reveal the damage and failure characteristics of
surrounding rock (Xu et al. 2017, Zhao et al. 2021, Sun et
al. 2023, Wang et al. 2023h, Zhang et al. 2023b, Li et al.
2025). However, researches on rock similar materials in
physical model tests mainly focuses on terrigenous rocks
(Seo and Chung 2023, Zhou et al. 2024), and the
development of similar materials for CRL is limited.

Given the complexity and variability of CRL,
conducting both physical model tests and numerical
simulations of tunnel excavation within CRL stratum
comprising soft and hard interlayers is essential. These
approaches enable the simulation of real-world tunnel
excavation processes, providing more accurate and reliable
data for engineering design. This, in turn, facilitates the
precise prediction and assessment of potential challenges
and issues that may arise during tunnel construction in CRL
stratum.

2. Characteristics and stratum distribution of the
CRL

The CRL is a complex rock body formed after long
sedimentary evolution and geological processes by
cementing the calcareous coral skeletons with other
calcareous organisms such as algae and shellfish. Based on
the structural characteristics and components of CRL, the
South China Sea Institute of Oceanology of the Chinese
Academy of Sciences divided it into four types, coral
skeleton limestone (CSL), coral boulder limestone (CBL),
coral gravel limestone (CGL) and coral -calcarenite
limestone (CCL), shown in Fig. 2(a). The CRL not only
inherits the calcareous skeleton, growth line, biological pore
and other structural characteristics of protists, but also is
full of pores dissolved by the seawater (Fig. 2(b)), so the
CRL has the characteristics of complex structure and
heterogeneity.

Taking the island reefs of the South China Sea as a case
study, the region lies at the convergence of three major
tectonic plates: the Pacific, Eurasian, and Indian plates. The
geological setting is highly complex, shaped by the relative
movement and interaction of these plates. This dynamic
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Fig. 2 Characteristics and classification of coral reef limestone: (a) Four types of CRL and (b) Internal structural
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Fig. 3 Stratigraphic distribution of an island reef in the South China Sea (Meng et al. 2022)

tectonic environment, combined with the region’s distinct
diagenetic history, results in significant variation in the
physical and mechanical properties of the CRL. The
strength of CRL varies markedly; some types are several
times stronger than others, with certain varieties being up to
dozens of times more robust. Specifically, the uniaxial
compressive strength of dry CRL ranges from 1.10 to 38.56
MPa, while that of saturated CRL varies between 0.86 and
49.24 MPa.

Taking the island reefs of the South China Sea as a case
study, the region lies at the convergence of three major
tectonic plates: the Pacific, Eurasian, and Indian plates. The

geological setting is highly complex, shaped by the relative
movement and interaction of these plates. This dynamic
tectonic environment, combined with the region’s distinct
diagenetic history, results in significant variation in the
physical and mechanical properties of the CRL. The
strength of CRL varies markedly; some types are several
times stronger than others, with certain varieties being up to
dozens of times more robust. Specifically, the uniaxial
compressive strength of dry CRL ranges from 1.10 to 38.56
MPa, while that of saturated CRL varies between 0.86 and
49.24 MPa.
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Table 1 Values of basic physical and mechanical parameters of soft and hard CRL

Material Density . . Frictional angle . .
Young modulus (GPa) Poisson ratio o Cohesion (MPa) Tensile strength (MPa
type (g/cm’) g ( ) ©) ( ) gth ( )
Hard CRL 2.5 12.9 0.27 40 1.67 1.56
Soft CRL 1.09 7.9 0.23 44 1.05 0.88

The influence of the geological environment and
tropical marine environment caused coral reefs to undergo
several sedimentary cycles during their development
process. The CRL at different depths is formed in different
dynamic environments, resulting in different sedimentary
facies, rock structures, and rock types. Fig. 3 shows the
stratigraphic distribution of an island reef. The depth of
0~21.38 m is respectively loose coral sand layer, coral
gravel layer, coral debris layer and coral rock block layer.
The depth of 21.38 m ~110.88 m is respectively skeleton
limestone, boulder limestone, and gravel limestone. The
depth of 110.88 m to 200.88 m is respectively boulder
limestone, gravel limestone, and calcarenite limestone.

In this paper, the CRL is simplified into two types of
soft and hard in the physical model test and numerical
simulation. It is based on the vertical zonation phenomenon
of alternating soft and hard interlayers in the CRL body,
which is the overall macroscopic reflection of the uneven
development degree of pores, varying strength, and
structural disorder. The mechanical behavior of the tunnel
excavation in the CRL stratum of soft and hard interlayer
can be more concentrated through simplification, so as to
provide theoretical support and engineering guidance for a
wider range of reef underground engineering. The values of
basic physical and mechanical parameters of soft and hard
CRL selected in the paper are summarized in Table 1.

3. Development of similar materials with pores

The development of similar materials that meet the
required similarity scale is essential for the success of
physical model tests. In this study, the similarity
relationships considered in the model tests include density,
uniaxial compressive strength, tensile strength, elastic
modulus, Poisson's ratio, and the size of the physical model.
Based on the testing apparatus and the selection of raw
materials, the geometric similarity ratio between the
prototype and the model is set at 50. Additionally, the
density similarity ratio is maintained at 1, while the
similarity ratios for stress, displacement, compressive
strength, and elastic modulus are all set at 50. The
derivation process of the similarity ratio is shown as Egs.
(1)-(4).

(1) The similarity relation of stress similarity scale C_,
bulk density similarity scale C, and geometric similarity
scale C is as follows

CU = CyCL (1)

(2) The similarity relation of displacement similarity
scale Cz, geometric similarity scale C,_ and strain

Table 2 Final determined ratio of similar materials for the
hard CRL

Material Quartz sand Barite Cement Gypsum Water
powder powder
Ratio 35% 35% 16% 4% 28%

Table 3 Physical and mechanical parameter values of hard
CRL and its similar material

Compressive Tensile Elastic

Material type ]()e/lcllig})] strength  strength  modulus P(r);iis(())n
& (MPa) (MPa) _ (GPa)

Hard CRL 2.5 40 1.56 12.9 0.27
Similar =, 0.8 0.032 026 026
material

similarity scale C, is as follows
Cs =C.CL @)

(3) The similarity relation of stress similarity scale C_. ,
elasticity modulus similarity scale C and strain similarity
scale C, is as follows

Co‘ = CSCE (3)

(4) The model test also requires that the similarity scales
of all dimensionless physical quantities (such as strain,
internal friction angle, internal friction coefficient, Poisson's
ratio, etc.) should be equal to 1.

C,=Cy=C, =1 )

3.1 Similar material of hard CRL

Through a literature review and analysis of the physical
and mechanical properties of CRL, quartz sand, barite
powder, high-strength gypsum, and cement are selected as
raw materials (Fig. 4(a)). These materials are mixed with
water to prepare a similar material that matches the
characteristics of hard CRL. The final mix ratio of the
similar material for hard CRL is determined through
numerous proportioning and mechanical tests. The results
are shown in Table 2. The physical and mechanical
parameter values of both hard CRL and its similar material
are presented in Table 3.

3.2 Similar material of soft CRL
To simulate the pore structure of CRL, an innovative

method was used. Prefabricated ice models of different
sizes are added during the preparation of the similar
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Fig. 4 Configuration processes of similar material

Fig. 5 Similar materials of CRL with prefabricated pores

material. The key idea behind this method is to use the gaps
formed by the melting ice to represent the pore structure of
CRL. This approach helps improve the geological similarity
of the material. The specific steps in the process are as
follows.

Firstly, ice moulds (Fig. 4(b)) of different sizes are
designed according to the pore structure characteristics of
CRL. These prefabricated ices are then added to the raw
material in a certain proportion during mixing. The ice has
not melted before the material solidifies because of its fast
solidification rate, thus forming pores. Pores of different
sizes will be formed after ice melted, which can simulate
the distribution of pores in the CRL.

To ensure uniformity and consistency in the pore
structure, the mixture of ice and raw materials must be
homogenous, thereby achieving an even distribution of
pores throughout the material. Fig. 5 shows similar
materials of CRL with prefabricated pores. It can be found
that the pore structure of similar materials has strong non-
uniformity, which is consistent with the pore structure
characteristics of CRL.

The porosity of similar materials can be calculated by
the volume method. Since the density of similar materials of
hard CRL without prefabricated pores is determined, the
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Fig. 6 Stress-strain curves of the similar materials of CRL
with different porosity

difference between similar materials of soft CRL with
prefabricated pores and similar materials of hard CRL is the
final porosity ratio after solidification and curing. The
stress-strain curves of the similar materials of CRL with
different porosity are shown in Fig. 6 and the similar
material of soft CRL is prepared by selecting the material
ratio with 15% porosity in this paper.
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Fig. 8 Model schematic diagram and arrangement of monitoring points

4. Physical model test of tunnel excavation in the
CRL stratum of soft and hard interlayer

4.1 Physical model test scheme of tunnel excavation

The study utilized the fully automated true-triaxial
geomechanical test system developed by Shandong
University. This system comprises a steel structure bench, a
software control cabinet, and a hydraulic loading system, as
illustrated in Fig. 7. A circular tunnel with a diameter of 10
meters was excavated at a depth of 200 meters for the
model test. The geometric similarity ratio for the test was
set at 1:50. The model dimensions are designed as 1 m x 1
m x 0.4 m, with pressure applied uniformly to the top and
around the entire model. All surfaces are fixed boundaries.

To investigate the effect of soft and hard interlayers on
the displacement and stress changes in the surrounding rock
during tunnel excavation, two distinct model test conditions
are designed. In these conditions, layers of soft CRL (0.5 m
thick) and hard CRL (0.5 m thick) are alternately arranged,
one above the other. The model schematic and the
configuration of monitoring points are presented in Fig. 8.

A monitoring section with eight measuring lines was
arranged 20 cm along the excavation direction of the tunnel.
The test used high-precision displacement meters and micro
soil pressure boxes for monitoring. Monitoring points are
strategically placed at critical locations along the tunnel’s
surrounding rock, including the arch vault, spandrel,
haunch, foot, and bottom. An additional monitoring point
was positioned one tunnel diameter away from the
excavation.

4.2 Making and excavation of the physical model

The physical model is created using layering
compaction and air-dry curing. The specific steps are as
follows:

1) The similar materials are weighed and mixed
according to the designed ratio. They are then filled into the
mold to the required height.

2) Slots are cut at the calibrated positions in the model
to accommodate the monitoring components and wires.
After this, more material is added to complete the model
body.

3) After 28 days of curing, the templates are removed.
The model is then placed in the test system, and the
monitoring components are connected to the computer,
preparing for the subsequent loading.

The model fabrication process is illustrated in Fig. 9.
The designed load is applied to the model using a hydraulic
loading system and is sustained for 24 hours before tunnel
excavation begins. To more accurately replicate the actual
tunnel excavation process and analyze stress and
displacement changes, the bench method is employed.
Excavation is carried out in 20 stages, with each stage
involving a 2 cm cyclic excavation. During each step, the
upper section is excavated first, followed by the lower
section, until the tunnel is fully excavated.

4.3 Displacement and stress change laws of the
model test condition 1

The model test condition 1 is the tunnel excavation in
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Fig. 10 Displacement change curves of model test
condition 1

the CRL stratum of soft and hard interlayer. The stratum
distribution is 25m soft limestone and 25m hard limestone
from top to bottom.

4.3.1 Displacement change laws of the surrounding
rock

In model test condition 1, the displacement direction for
all monitoring points is defined as the positive direction
towards the tunnel’s center. The displacement change
curves for the surrounding rock in the actual project are
presented in Fig. 10(a), derived by applying the similarity
ratio conversion.

The displacement curves in Fig. 10 indicate that, before
the excavation of the monitoring section, the displacement
meters already register deformation in the surrounding rock.
This is due to the disturbance of the original equilibrium by
the excavation, which triggers a redistribution of internal
stress within the rock mass. This stress redistribution
impacts both the excavated and unexcavated portions of the
surrounding rock. Consequently, the displacement and
deformation of the rock mass unfold in three distinct stages:

%
2!

Fig. 9 Model fabrication process: (a) Mixing material, (b) Layered pouring, (c) Burying displacement meter, (d) Burying
pressure box, (e) Model 1 and (f) Model 2
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Fig. 11 Stress change curves of model test condition 1

1) Initial displacement and deformation of the front rock
mass.

2) A sharp increase in displacement and deformation in
the exposed surrounding rock.

3) Stabilization of displacement and deformation in the
surrounding rock.

From model test condition 1, the average displacements
of the tunnel surrounding rock are as follows: 3.9 cm at the
vault, 2.34 cm at the spandrel, 0.98 cm at the haunch, 1.35
cm at the foot, and 1.91 cm at the bottom. The average
displacements at a distance of one tunnel diameter away are:
1.85 cm at the vault, 1.23 cm at the spandrel, 0.32 cm at the
haunch, 0.77 cm at the foot, and 0.88 cm at the bottom.

The greatest displacement occurs at the vault, followed
by the bottom, while the haunch experiences the smallest
displacement during tunnel excavation. On average, the
displacement at one tunnel diameter away is 51.8% smaller
than that observed in the surrounding rock at the tunnel.

4.3.2 Stress change law of the surrounding rock
The stress directions at all monitored points are oriented
towards the center of the tunnel, and the compressive
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Fig. 12 Test phenomenon of model test condition 1

stresses are recorded as negative values. The stress change
curves for the surrounding rock in the actual project are
presented in Fig. 11, derived through the similarity ratio
conversion.

The stress change curves in Fig. 11 illustrate that, during
tunnel excavation, the stress at the arch vault, haunch, and
bottom follows a zigzag pattern. Initially, the stress remains
stable. As the excavation approaches the monitoring section,
stress at each point begins to decrease, and the rate of stress
release increases. Once the excavation reaches the
monitored section, the stress drops sharply, the release rate
escalates, and then stabilizes. In contrast, stress at the arch
spandrel and foot increases, with the stress curves showing
a gradual rise.

From model test condition 1, the average stress release
rates of the surrounding rock are as follows: 80.79% at the
vault, 41.89% at the haunch, and 79.47% at the bottom. At
the arch spandrel and foot, the stress increases by 3.44%
and 4.27%, respectively. The stress release rates at a
distance of one tunnel diameter from the excavation are:
20.59% at the vault, 12.05% at the spandrel, 18.26% at the
haunch, 8.91% at the foot, and 2.98% at the bottom.

The stress change patterns at each monitoring point
exhibit a trend similar to that of displacement changes, as
shown in Figs. 10 and 11. As displacement increases, stress
decreases, and the rate of stress release rises. This
redistribution of stress drives displacement changes, and in
turn, the changes in displacement further influence stress
redistribution. This cyclical process continues until the
surrounding rock reaches a new stable state.

The highest stress release rates are observed at the vault,
haunch, and bottom. At the arch spandrel and foot, stress
initially decreases and then increases. This behavior occurs
because the tunnel excavation disrupts the original stress
equilibrium, causing a redistribution of stress in the
surrounding rock. The softer upper rock releases stress first,
leading to greater displacement at the vault and spandrel. As
deformation progresses, the softer upper rock is compressed
by the harder lower rock, resulting in an increase in stress.
This could potentially lead to further failure of the
surrounding rock, as illustrated in Fig. 12.

4.4 Displacement and stress change laws of the
model test condition 2

Model test condition 2 involves tunnel excavation
through the CRL stratum consisting of alternating soft and
hard limestone layers. The stratigraphic sequence includes
25 meters of hard limestone followed by 25 meters of soft
limestone, from top to bottom.

The average displacement of the tunnel surrounding
rock, derived from the displacement change curves in Fig.
13(a), is as follows: 3.26 cm at the vault, 1.93 cm at the
spandrel, 1.3 cm at the haunch, 2.14 cm at the foot, and 3.44
cm at the bottom. At a distance of two tunnel diameters
from the excavation, the average displacement values are:
1.33 cm at the vault, 1.02 cm at the spandrel, 0.5 cm at the
haunch, 1.06 cm at the foot, and 1.46 cm at the bottom. This
indicates that the displacement at two tunnel diameters is,
on average, 58% lower than the displacement at the
surrounding rock of the tunnel.

The average stress release rates of the surrounding rock,
also extracted from Fig. 13(b), are as follows: 84.42% at the
vault, 17.22% at the spandrel, 63.06% at the haunch, and
85.07% at the bottom. In contrast, the stress at the arch foot
increases by 2.10%. At one tunnel diameter away from the
excavation, the stress release rates are: 38.26% at the vault,
5.22% at the spandrel, 14.7% at the haunch, 0.77% at the
foot, and 37.54% at the bottom.

It can be seen combined with the test phenomenon
shown in Fig. 14 that the arch spandrel is subjected to
greater lateral pressure due to the weight and displacement
of the upper hard rock, which may cause the hard rock at
the arch spandrel to fracture or spread cracks. The soft
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Fig. 13 Displacement and stress change curves of model
test condition 1
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Fig. 15 Numerical model of tunnel excavation: (a) Model size, (b) Tunnel shape and size, (¢) Arrangement of monitoring
points, (d) Lining and anchor bolt support, (e) Bolt length and longitudinal distribution spacing and (f) Bolt distribution

spacing on one section

rock of the arch foot will uplift and occur lateral
displacement because of the loss of support after
excavation. The deformation at the arch foot may be more
significant due to the poor strength and stability of the soft
rock, especially under the weight of the upper hard rock.

5. Numerical simulation of tunnel excavation in the
CRL stratum of soft and hard interlayer

5.1 Model establishment

The following assumptions are applied in the numerical
calculation of the model (Liu et al. 2022, Chen et al. 2024):

1) The rock mass is treated as a homogeneous and
isotropic equivalent continuous medium.

2) An elastic-plastic mechanical model is employed to
characterize the deformation of the rock mass.

3) The deformation behavior of the rock mass adheres to
the Mohr-Coulomb failure criterion.

The numerical model represents a circular tunnel with a
10-meter diameter, excavated at a depth of 200 meters, as
illustrated in Fig. 15. To accurately simulate the effects of
tunnel excavation on the surrounding rock mass, the model
dimensions are set to 60 m x 60 m x 40 m. The tunnel
length is 40 meters, and the excavation process is divided
into 20 incremental steps.

Table 4 Working conditions

Conditions  Geological condition Support methods

No support
1 Soft-Hard Lining

Lining and Cable

No support
2 Hard-Soft Lining

Lining and Cable

1
i . Tunnel

Soft limestone . Hard limestone !

Fig. 16 Two working conditions of numerical simulation

Two different stratigraphic configurations of CRL are
designed similar to the model test, as shown in Fig. 16. The
tunnel excavation is analyzed under three distinct support
scenarios: no support, lining support, and both lining and
anchor bolt support. For each stratigraphic condition, the
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Table 6 Parameter values of lining

Density . Young Poisson coupling-stiftness coupling-stiffness
Parameter (g/cm?) Thickness (m) modulus (GPa) ratio -normal -shear
Value 2.4 0.6 30e9 0.2 8e8 8e8

Table 7 Parameter values of anchor bolt

Young modulus

Parameter (GPa) (m?)

Cross-sectional-area

Yield-tension Yield-compression

™) ™)

Value 2009 3e-4

510e9 345e9

monitoring section is positioned at a depth of 20 meters.
Displacement and stress are monitored at critical points
along the tunnel's surrounding rock, including the arch
vault, spandrel, haunch, foot, and bottom, as well as at a
distance of one tunnel diameter away. A summary of the
calculation scenarios is provided in Table 4.

5.2 Calculation parameter

5.2.1 Basic parameters of the surrounding rock

Different types of CRL differ greatly in density and
strength because of the special characteristics of marine
diagenesis. The basic physical and mechanical indexes of
CRL are summarized. Taking an island reef as an example,
the natural density of CRL is 1.09-2.60 g/cm?. The uniaxial
compressive strength of dry CRL is 1.10 ~ 38.56 MPa, and
that of saturated CRL is 0.86 ~ 49.24 MPa. The tensile
strength of dry CRL is 0.94 ~ 2.65 MPa, and that of
saturated CRL is 0.88 ~ 7.75 MPa. The cohesion is 0.50 ~
7.34MPa, and the internal friction Angle is 26.5° ~ 71.0°.

The values of basic physical and mechanical parameters
of soft and hard CRL in the numerical calculation are
summarized in Table 5.

5.2.2 Parameters of lining and anchor bolt

In accordance with the "Technical Code for Engineering
of Ground Anchorages and Shotcrete Support," the tunnel
lining is designed with a thickness of 60 cm, using C30
reinforced concrete. For the numerical simulations, the
Liner structural unit in FLAC 3D is employed, as depicted
in Fig. 14(d). In the case of tunnel excavation with a span of
approximately 10 meters within this stratum, the anchor
bolts are made from high-strength rebar, measuring 25 cm x
4500 cm, with a spacing of 1.5 m x 1.5 m. The elastic
modulus of the bolts is 200 GPa, while the tensile strength
and yield strength are 510 MPa and 345 MPa, respectively.
A total of 27 rows of bolts are used, with each row
containing 20 bolts, arranged according to the specified
spacing.

The parameter values for the lining and anchor bolts
used in the numerical model are provided in Table 6 and
Table 7.

5.2.3 Settings of load and boundary condition

This study investigates a tunnel located at a burial depth
of 200 meters, with an overlying seawater depth of 100
meters. The vertical pressure in the area results from the

combined effects of seawater pressure and the gravitational
force of the surrounding rock mass. The lateral pressure
coefficient is assumed to be 0.6. Because the depth of this
stratum is relatively shallow, the rock mass is in a normal
consolidation state and there is no significant tectonic
stress. According to the calculation of the theoretical
formula of the internal friction Angle, the lateral pressure
coefficient is close to 0.6, which is in line with the
empirical range of weakly cemented stratum. Consequently,
the vertical pressure at the tunnel’s crown is 5 MPa, while
the horizontal pressure is 3 MPa.

The entire model is subjected to a vertical gravity field
of 10 N/kg. The six faces of the numerical model, namely
the top, bottom, left, right, front and back, are all set as
fixed boundaries. Initially, the in-situ stress is applied to the
model. Once the equilibrium of the initial in-situ stress is
achieved, the tunnel excavation simulation is then initiated.

6. Numerical calculation results of tunnel excavation

6.1 Numerical calculation results analysis of the
working condition 1

The working condition 1 is the tunnel excavation in the
CRL stratum of soft and hard interlayer and the stratum
distribution is 30 m soft CRL and 30 m hard CRL in the z
direction, which is consistent with the model test condition
1. The tunnel excavation is also carried out under the three
conditions: no support, lining support, lining and anchor
bolt support.

6.1.1 Displacement results analysis of the tunnel
surrounding rock

As an example, the numerical simulation of tunnel
excavation without support is presented. The displacement
cloud maps for both the excavation process and the
completed tunnel are shown in Fig. 17.

As shown in Fig. 17, the displacement of the surrounding
rock during tunnel excavation is primarily concentrated at the
arch vault, where the soft rock is located. The surrounding rock
from the arch vault to the arch haunch moves downward in the
vertical direction, with displacement gradually decreasing.
From the arch haunch to the arch bottom, the surrounding rock
moves upward in the vertical direction, showing a gradual
increase. This results in the settlement of the arch vault and the
uplift of the arch bottom, a phenomenon commonly observed
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Fig. 17 Displacement cloud maps of tunnel excavating and tunnel excavated

(a) Vertical

Zone ZZ Stress.
Cut Plane: on
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(b) Horizontal

Fig. 18 Vertical and horizontal stress cloud images of the model monitoring section

Table 8 Final displacements of the surrounding rock in working condition 1

Support Location Vault Spandrel Haunch Foot Bottom
method (cm) (cm) (cm) (cm) (cm)
Around tunnel 4.02 2.44 1.09 1.50 2.46

No support . .
1-time tunnel diameter 2.14 1.37 0.35 0.85 1.29
Li Around tunnel 3.52 2.05 0.69 1.25 2.15
iner

1-time tunnel diameter 1.88 1.14 0.18 0.70 1.14
Liner and Around tunnel 2.39 1.43 0.42 0.96 1.76
cable 1-time tunnel diameter 1.45 0.88 0.10 0.54 0.98

in actual engineering projects.

The final displacement values at the monitoring points
during tunnel excavation are presented in Table 8.

Table 8 lists the displacement results of the numerical
simulation under working condition 1. When no support
measures are taken for the tunnel excavation, the
displacements around the tunnel are as follows: the vault is
4.02 cm, the spandrel is 2.44cm, the haunch is 1.09 cm, the
foot is 1.50 cm and the bottom is 2.46 cm. The average
displacements of 1-time tunnel diameter are as follows: the
vault is 2.14 cm, the spandrel is 1.37 cm, the haunch is 0.35
cm, the foot is 0.85 cm, and the bottom is 1.29 cm.
Compared with no support measures, the average
displacement around the tunnel is reduced by 19% when
only lining support is adopted, and 41.4% when the lining
and bolt support is adopted.

6.1.2 Stress results analysis of the tunnel surrounding
rock

As an example, the numerical simulation of tunnel
excavation without support is used to generate stress
distribution cloud images, which depict the stress in both
vertical and horizontal directions at the model's monitoring
section after excavation, presented in Fig. 18.

As shown in Fig. 18, during tunnel excavation in
working condition 1, the vertical stress significantly
decreases at the arch vault and arch bottom. At the arch
haunch, the horizontal stress also significantly decreases.
This indicates a stress release phenomenon in the
surrounding rock.

The stress release rates at the monitoring points after
tunnel excavation are presented in Table 9.
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Fig. 19 Displacement comparison curves between numerical simulation and model test results

Table 9 Stress release rate of the surrounding rock in working condition 1

iiiigg Location Vault Spandrel Haunch Foot Bottom

Around tunnel 84% 15% 52% -6% 84%

No support . .
1-time tunnel diameter 34% 3% 7% 3% 32%
L4 Around tunnel 73% 13% 34% -6% 73%

iner

1-time tunnel diameter 30% 2% 3% 2% 29%
Liner and Around tunnel 74% -6% 39% -19% 74%
cable 1-time tunnel diameter 24% 2% 0% 0% 26%

The numerical simulation results for working condition
1 show the following stress release rates when no support
measures are applied: the vault experiences 84%, the
spandrel 15.0%, the haunch 52%, and the bottom 84%. The
compressive stress at the arch foot increases by 6%. The
average stress release rates at one tunnel diameter are: the
vault 34%, the spandrel 3%, the haunch 7%, the foot 3%,
and the bottom 32%. When only lining support is used, the
average stress release rates around the tunnel decrease by
14.8% compared to no support. When both lining and bolt
support are used, the average stress release rates decrease
by 81.2%.

6.2 Comparison analysis of numerical simulation and
model test in working condition 1

The numerical calculation results in Section 5.1 are
compared with the model test results in Section 3.4 to verify
the accuracy of the model test.

6.2.1 Comparison analysis of displacement results
The displacement comparison results between numerical
simulation and model test are shown in Fig. 19.

As illustrated in Fig. 19, the displacement of the
surrounding rock observed in the model test closely aligns
with the results from the numerical calculations. However, a
slight hysteresis is evident in the displacement trend of the
model test when compared to the numerical predictions.
This delay may be attributed to two factors:

1) The excavation speed is relatively fast, and the next
excavation step begins before the surrounding rock has fully
deformed.

2) The displacement meters have a certain length, and
their placement near the monitoring sections may not be
perfectly accurate, leading to small variations in position.

The average discrepancy between the displacement
changes observed in the model test and those predicted by
the numerical calculations is approximately 12.52%.
Specifically, the error for the surrounding rock is 9.03%,
while for the rock located one tunnel diameter away, the error
is 16%.

Overall, the model test results align well with the numerical
calculations. Therefore, the displacement change laws
observed in the model test provide valuable engineering
insights.

6.2.2 Comparison analysis of stress results



Development of similar materials with porous of the coral reef limestone and tunnel deformation failure characteristics ...

539

6 6.5 3.5
TP . Monitoring section o
Manitoring sectinn Vonitoring xection
6.0 | 3.0 m
4T = \—v“?”' =
= 25| 225
= € €
g 2 2
< kd b
& 50t ) ) E201 i i
7z n Numerical caleulation: w»n Numerical caleulation:
—O— Tunncl surrounding —O— Tunncl surrounding
=47 1-time tunnel diameter 4= 1-time tunnel diameter 4= 1-time tunnel diameter
Maodel experiment: 4.5 |-Maodel experiment: 1.5 FModel experiment:
—m— Tunnel o —m— Tunncl surrounding —m— Tunnel surrounding
~g— l-time tunnel diameter g 1-time tunnel diameter g l-time tunnel diameter
0k L L n L 1 L L A 4.0 L L n 1 1 L 1 I 1.0 L 1 n 1 1 L 1 n
0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20
Excavation step Excavation step Excavation step
(a) Vault (b) Spandrel (c) Haunch
6.5
Monitoring section Monitoring section
6.0
g W"’- s4r \___"‘*v—v—wv—v—-
- £
n Numerical caleulation: @, | Numerical caleutation:
—O— Tunnel surrounding [ —0— Tunncl surrounding
== 1-time tunnel diameter == 1-time tunnel diameter
4.5 [-Madel experiment: Madel experiment:
—#— Tunmel surrounding —— Tummel surrounding
- 1-time tunnel diameter g 1-time tunnel diameter
4.0 N P T 0 N P
] 4 8 12 16 20 0 4 8 12 16 20
Excavation step Excavation step
(d) Foot (e) Bottom
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Fig. 21 Displacement curves of the surrounding rock of tunnel excavation in working condition 2

Table 10 Final displacements of the surrounding rock in working condition 2

Support Location Vault Spandrel Haunch Foot Bottom
method (cm) (cm) (cm) (cm) (cm)
No support Around tunnel 2.37 1.44 1.00 2.49 4.12
1-time tunnel diameter 1.23 0.81 0.35 1.41 2.19
Liner Around tunnel 2.09 1.22 0.67 2.07 3.55
1-time tunnel diameter 1.11 0.68 0.18 1.15 1.90
Liner and Around tunnel 1.71 0.94 0.43 1.44 2.40
cable 1-time tunnel diameter 0.95 0.52 0.10 0.88 1.46

As illustrated in Fig. 20, the stress change patterns of the
surrounding rock observed in the model test closely align
with those predicted by the numerical simulations. The
average error in stress between the model test and the
numerical  calculations is  approximately  7.95%.
Specifically, the error for the surrounding rock is 11.9%,
while the error for the rock located one tunnel diameter
away is 4%.

In conclusion, the model test results demonstrate a
strong correlation with the numerical calculations. As a
result, the observed stress change patterns in this study offer
important reference data for engineering applications.

6.3 Numerical calculation results analysis of the
working condition 2

Working condition 2 involves tunnel excavation within a
CRL stratum characterized by alternating soft and hard
layers. The stratum is composed of 30 meters of hard
limestone and 30 meters of soft limestone in the vertical
direction. Excavation is carried out under three support
scenarios: no support, lining support, and both lining and
anchor bolt support.
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Fig. 22 Displacement curves of the surrounding rock of tunnel excavation in working condition 2

Table 11 Stress release rate of the surrounding rock in working condition 2

il?tggg Location Vault Spandrel Haunch Foot Bottom

N t Around tunnel 84% 12% 68% -3% 85%
0 suppo
PP 1-time tunnel diameter 34% 3% 14% 3% 34%
Li Around tunnel 73% 12% 50% -4% 73%
iner

1-time tunnel diameter 30% 2% 7% 2% 30%
Liner and Around tunnel 75% 2% 41% -27% 72%
cable 1-time tunnel diameter 27% 0% 1% 2% 23%

6.3.1 Displacement results analysis of the tunnel
surrounding rock

The displacement change curves, along with the final
displacements at the monitoring points during tunnel
excavation, are presented in Fig. 21 and Table 10.

Fig. 21 and Table 10 present the displacement results
from the numerical simulation under working condition 2.
The displacement of the surrounding rock is most
prominent at the arch vault, where hard rock is present, and
at the arch bottom, where soft rock is located.

Under working condition 3, when no support measures
are applied during tunnel excavation in the CRL stratum,
the displacements around the tunnel are as follows: the
vault is 2.37 cm, the spandrel is 1.44 cm, the haunch is 1.00
cm, the foot is 2.49 cm, and the bottom is 4.12 cm. The
average displacements at one tunnel diameter away are: the
vault is 1.23 cm, the spandrel is 0.81 c¢m, the haunch is 0.35
cm, the foot is 1.41 c¢cm, and the bottom is 2.19 cm.

Compared to no support measures, the average
displacement around the tunnel is reduced by 18.2% when
only lining support is used, and by 40.8% when both lining
and bolt support are applied.

6.3.2 Stress tunnel
surrounding rock

The stress change curves and stress release rates of the
monitoring points during the tunnel excavation are shown in
Fig. 22 and Table 11.

Fig. 22 and Table 11 show the stress release rates from
the numerical simulation under working condition 2. When
no support measures are applied, the stress release rates
around the tunnel are as follows: the vault is 84%, the
spandrel is 12%, the haunch is 68%, and the bottom is 85%.
The compressive stress at the arch foot increases by 3%.
The average stress release rates at one tunnel diameter are:

results analysis of the

the vault is 34%, the spandrel is 3%, the haunch is 14%, the
foot is 3%, and the bottom is 34%.

When compared to no support measures, the average
stress release rates around the tunnel are reduced by 17.2%
when only lining support is used. When both lining and bolt
support are applied, the stress release rates are reduced by
189.8%. The primary reason for this is that the soft rock
deformation is significant. As a result, the rock mass at the
arch foot is compressed, causing the stress at the arch foot
to increase rather than decrease.

7. Conclusions

This study investigates the deformation characteristics
and stability of tunnel excavation in the CRL stratum with
alternating soft and hard layers. The displacement and stress
changes in the surrounding rock are analyzed. The key
findings and conclusions are as follows.

e Using similarity theory as a foundation, a mixture of
quartz sand, barite powder, high-strength gypsum, and
cement is employed to create a similar material that
mimics hard CRL rock. To replicate the pore structure
characteristics of CRL, prefabricated ice cubes of
varying sizes are incorporated during material
preparation. The resulting pore structure, created
through the ice cube method, exhibits notable
inhomogeneity, closely resembling the pore structure of
the CRL.

e In the absence of support, the displacement of the soft
surrounding rock is 2.6 to 3.6 times greater than that of
the hard surrounding rock. When lining support is
applied, both the displacement and stress release rate of
the surrounding rock decrease by 14.8% and 17.2%,
respectively, compared to the no-support scenario. With
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the combined use of lining and anchor bolt support,
displacement is reduced by 33.3%, and the stress
release rate decreases by an average of 29%. In soft
limestone areas, the application of support proves more
effective in enhancing stability.

e During excavation in the soft upper and hard lower
stratum, the soft upper surrounding rock releases stress
first, resulting in large displacements at the arch vault
and spandrel. As the deformation progresses, the
surrounding rock is compressed, with the upper soft
rock being pressed by the lower hard rock. This
compression can lead to an increase in stress and may
trigger failure in the surrounding rock.

e In working condition 2, the arch spandrel experiences
elevated lateral pressure due to the weight and
displacement of the overlying hard rock. This pressure
may cause fracturing or cracking of the hard rock at the
arch spandrel. The soft rock at the arch foot is prone to
uplifting and lateral displacement due to the loss of
support following excavation. The deformation at the
arch foot is particularly pronounced due to the
relatively poor strength and stability of the soft rock,
especially under the weight of the overlying hard rock.

e During tunnel excavation, the surrounding rock at the
arch foot is compressed as the arch bottom rises and the
haunch converges inward. Rather than releasing stress,
the stress at the arch foot increases, leading to stress
concentration. The substantial displacement in soft
limestone areas exacerbates the stress increase at the
arch foot.

Discussion

In the model test, the excavation tool is the Luoyang
shovel, the vibration in the excavation process may affect
the surrounding rock. Therefore, in order to reduce the
disturbance caused by excavation, it is necessary to
excavate slowly and a smaller type of the Luoyang shovel is
selected.

Neither the model tests nor the numerical simulations in
this paper take into account the influence of seawater
pressure during the tunnel excavation, which should be
given key attention in subsequent research.
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