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Abstract. This paper presents a detailed study on the pressure distribution and technical
enhancements of the Hong Kong-Zhuhai-Macao Bridge (HZMB) undersea tunnel, a critical
component of the infrastructure that connects three major cities and fosters regional integration. The
research involves a thorough analysis of the pressures exerted by the surrounding water, soil, and
backfill materials on the tunnel structure. Through comparisons with the Channel Tunnel, the study
underscores the significance of employing high-performance materials to ensure the tunnel's
resilience against the substantial pressures of the marine environment. The findings emphasize the
need for ongoing monitoring and assessment of pressure distribution to maintain the long-term
stability of the HZMB. The research also suggests that future studies should focus on the long-term
performance of materials, the impact of environmental changes such as sea-level rise, and the
development of advanced construction techniques. This study is crucial for the HZMB's ongoing
maintenance, future expansions, and serves as a valuable reference for the design and construction
of similar subsea tunnels globally.
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1. Introduction

The Hong Kong-Zhuhai-Macao Bridge (HZMB), which crosses the Pearl River Delta to connect three
major cities and foster legendary regional integration, is a monument to modern engineering wonders.
The undersea tunnel is a critical component of this infrastructure, presenting significant technological
challenges and research possibilities. Since the HZMB's undersea tunnel been built, it has received a
lot of study attention, with experts looking into its structural integrity and environmental impact.
Duang et al. [1] conducted a comprehensive investigation of the cross-sectional bearing capacity of
the immersed tube tunnel, emphasizing the necessity of knowing how the tunnel withstands different
pressures. The life-cycle assessment by Ma et al. [2] underscored the environmental implications,
advocating for sustainable engineering practices. Moreover, Zhou et al. [3] focused on the carbon
emissions associated with the bridge's construction, emphasizing the need for eco-conscious
engineering solutions. Environmental impact assessments, construction methodologies, and material
science are just a few of the areas where research has recently advanced. Despite these advancements,
there is still a significant dearth of focused study on pressure distribution in underground tubes and
technical improvements that ease these strains. This study has significance because it seeks to
contribute to the body of knowledge by conducting a detailed assessment of pressure distribution and
technical improvements in the HZMB's subterranean tunnel. This type of research is essential for the
design of similar marine infrastructure projects, future expansion plans, and ongoing maintenance.

This paper first computes the pressure distribution in the submerged tunnel, accounting for the
pressure from the water, the pressure from the covering soil, and the pressure from the lateral backfill.
The technical enhancements of the HZMB is covered, with an emphasis on building methods,
material selections, and financial factors that have all helped the project succeed. To understand the
subtle differences and similarities between these two technical marvels, a comparative analysis of the
Channel Tunnel is provided. The last section of the report includes suggestions for more study as well
as a discussion of the results' wider significance for the area of bridge and tunnel engineering.
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2. Undersea Tunnel

2.1. HZMB

The 55-kilometer HZMB is a feat of engineering that includes a 6.7-kilometer subterranean tunnel.
This stretch, which consists of 33 submerged tube sections, is essential to strengthening the link over
the Pearl River Delta. Such a tunnel's design and construction require a detailed grasp of the forces
applied by the earth and water in the surrounding area.

2.2. Sample Calculation

To ensure the structural integrity of the HZMB's undersea tunnel, it is crucial to understand the

pressures exerted on it by the surrounding environment. The whole system is under 33.1 m of the

ocean. Below are the detailed calculations for the water pressure at different points, the load pressure

from the covering soil, and the lateral backfill pressure. The Cross-sectional dimensions of immersed

tunnel and the sectional load distribution of immersed tunnel is shown below as Fig. 1 and Fig. 2.
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Figure 1. Cross-sectional dimensions of immersed tunnel (unit: mm) [1]
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Figure 2. Sectional load distribution of immersed tunnel [1]
The water pressure at the top of the tunnel P is calculated using Eq. 1.

P = pgh )

where p is the density of seawater, g is the acceleration due to gravity, and h is the depth of water.
The data of Pw; is 33.86 kPa. Similar for Water Pressure at the Bottom of the Tunnel and Water
Pressure at the arch, they are Pw> that equals to 444.82kPa, and Pw3 equals to 348.98kPa.

The load pressure from the covering soil (Py) is calculated using Eq. 2.

Vpo-
P, = —2% 2
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where V is the volume of the soil above the tunnel, p2 is the density of the soil, g is the acceleration
due to gravity, and S is the cross-sectional area of the tunnel. By using the data and Eq. 2., Py1 is
calculated which equals to 120.45 kPa. Similarly, P2 equals 181.77 kPa. The lateral backfill pressure
(Pn) is calculated using Eq. 3.

PH _ p-g-HK (3)

where p is the density of the backfill material (2.6x10"3 kg/m), g is the acceleration due to gravity
(10 N/kg), H is the height of the backfill above the tunnel (21.79m), K is a coefficient that accounts
for the lateral earth pressure coefficient, and S is the cross-sectional area of the tunnel. Utilizing Eq.
3, PH1 is 1309.52 Pa. Similar for PH2, it is equal to 1995.24 Pa.

2.3. Structural Integrity and Material Performance

The structural integrity of the HZMB undersea tunnel is underpinned by the selection of high-
performance materials. The tunnel’s design incorporates C50 concrete for its segments and HRB400
steel rebar for reinforcement. These materials were meticulously chosen to withstand the substantial
pressures exerted by the marine environment.

2.3.1. Material stress capacities.

According to Duang et al. [1], the C50 concrete used in the tunnel has a maximum stress capacity of
246 MPa, a significant value that indicates its high strength and resistance to compression. This is
crucial for withstanding the water pressure from the depths of the Pearl River Delta, as calculated in
the section before. Similarly, the HRB400 steel rebar, with a maximum stress capacity of 172.2 MPa,
provides essential tensile strength to the concrete structure, enhancing the tunnel's overall durability
and reliability.

2.3.2. Stress analysis and safety margins.

The undersea tunnel materials utilized by HZMB are subjected to estimated stresses that are far lower
than their maximum stress capabilities while operating. Being able to withstand unforeseen loads or
changes in the environment without compromising its integrity is made possible by this significant
safety margin, which is an essential component of engineering design. In order to preserve the
structural dependability of the tunnel during its entire service life, the safety margin also takes
possible material deterioration into consideration.

2.3.3. Innovative engineering and future-proofing.

In addition to adhering to modern technical requirements, the HZMB's subterranean tunnel has
cutting-edge design features to foresee any problems down the road. The HZMB is positioned to be
an essential transportation connection for many years to come because to the utilization of high-
performance materials including HRB400 steel and C50 concrete together with cutting-edge building
methods. This strategy is reminiscent of the engineering brilliance that went into the construction of
the Channel Tunnel, which has evolved to meet changing traffic demands without compromising its
structural integrity.

2.4. Discussion

In conclusion, a thorough examination of the pressure distribution inside the undersea tunnel of the
HZMB has shown the enormous difficulties this engineering progress. Strict calculations of covering
soil pressure, lateral backfill pressure, and water pressure have highlighted how crucial sophisticated
materials and precision engineering are to maintaining the structural integrity of the tunnel.
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As shown above, the water pressure at the tunnel's top, computes at 33.86 kPa, as well as the varied
pressures at the bottom and arch, Pw> that equals to 444.82 kPa, Pws that equals to 348.98 kPa,
illustrate the tunnel's ability to bear significant hydrostatic stresses. The load pressure from the
covering soil, which calculated as 120.45 kPa and 181.77 kPa, highlights the importance of soil
mechanics in tunnel construction. Similarly, the lateral backfill pressure, which may reach 1309.52
Pa, represents the lateral forces that must be included in the overall structural study.

What's more, the novel technical solutions used on the HZMB, including as high-performance of C50
concrete and HRB400 steel rebar, have shown to be successful in regulating these stresses.
Additionally, the comparison with the existing studies has shown several fascinating virtues, notably
in the utilization of high-strength materials and the application of strong building processes to
withstand similar environmental forces.

The findings of this study add to the current body of knowledge by giving a thorough analysis of
pressure distribution throughout the HZMB's underwater tunnel. This research is not only critical for
the HZMB's continuing maintenance and any future expansions, but it also serves as an invaluable
resource for the design and building of comparable undersea tunnels across the world.

However, to guarantee the long-term stability of the HZMB, ongoing observation and evaluation of
the pressure distribution are necessary. In order to further increase the resilience of submerged tunnels,
future study might concentrate on the long-term performance of the materials employed, the effects
of environmental changes like sea level rise, and the creation of even more sophisticated materials
and building methods. The underwater tunnel of the HZMB is a model of technical brilliance,
providing priceless insights and raising the bar for other infrastructure undertakings.

3. Comparison with the Channel Tunnel

Multiple building materials were used to create the Channel Tunnel, such as precast concrete sections
and several types of steel reinforcing. Both projects gave priority to materials with great strength and
endurance in order to ensure long-term stability, even though the precise types of materials used in
the Channel Tunnel may differ from those of the HZMB. This research provides a thorough
investigation of these materials and draws a comparison betweenthe Channel Tunnel.

3.1. Channel Tunnel Overview

The Channel Tunnel, also called the Chunnel, is a 50.45-kilometer railway tunnel that connects
Folkestone, England, with Coquelles, France ("The Channel Tunnel." ). Opened on 6 May 1994, it is
a noteworthy engineering accomplishment that has shown its sturdy structural stability throughout
time.

3.2. Construction Techniques

During the construction of the Channel Tunnel, precast concrete liner pieces were installed alongside
the rock excavation process carried out by tunnel boring machines (TBMs) (“The Channel Tunnel™).
A continuous, sealed tunnel construction was produced using this technique. As an example, the
undersea tunnel of the HZMB made use of submerged tube sections that are built in a dry dock,
floated into place, sank, and were connected on the bottom. There are benefits to both techniques.
The immersed tube method can quickly assemble tunnel sections, while the TBM method provides a
more controlled construction environment.

3.3. Materials and Design

Because of the strong hydrostatic pressures in the Channel, a multi-layered segmental liner made of
precast concrete was used into the construction of the Channel Tunnel. To give them more strength,
the portions are strengthened with steel. The undersea tunnel constructed by HZMB, however, is
made of HRB400 steel rebar and C50 concrete, which were selected for their exceptional strength
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and longevity. To guarantee the endurance and safety of the tunnels, both projects show a dedication
to use the best materials available.

3.4. Operational History and Maintenance

Since its opening in 1994, the Channel Tunnel has operated reliably, with a strong focus on
maintenance to preserve its structural integrity. This includes regular inspections, monitoring for
signs of wear or damage, and immediate repairs when necessary. The HZMB, being a more recent
construction, has also implemented a comprehensive maintenance plan, learning from the Channel
Tunnel's experience to ensure its long-term stability.

3.5. Technological and Economic Analyze

By contrasting it with the HZMB, significant technical and financial insights into the operation and
consequences of the Channel Tunnel may be obtained. An amazing technological feat of
contemporary engineering was the construction of the Channel Tunnel, which employed TBMs to
bore through the chalk marl beneath the English Channell. This tactic was efficient and also less
disruptive to the environment. The tunnel's ability to work even after thirty years of construction is
evidence of the engineers' vision [4]. Furthermore, it has been shown that by providing early warning
for smoke detection across long distances, the early installation of Optic Fiber Detection (OFD)
systems during construction represents a technological advancement [5].

The journey of the Channel Tunnel has been complicated economically. It has not met initial traffic
projections and has encountered financial difficulties as a result of building expenses that have far
above initial predictions [6]. The tunnel continues to be an essential part of European trade, generating
€138 billion in commerce yearly, despite these obstacles [7]. According to Anguera's ex-post
economic assessment, the project was a net burden on the British economy. But the durability and
structural integrity of the Channel Tunnel have been guaranteed by its operating history, which places
a strong emphasis on upkeep and prompt repair [5]. This link's continued significance is demonstrated
by the possibility of building a second tunnel to meet demand in the future. Varied effects have been
shown in terms of regional development. While the tunnel was expected to stimulate economic
growth in Kent and Nord-Pas-de-Calais, the overall effect has been limited and spatially uneven [8].

The building and running of the Channel Tunnel serves as an example of the difficulties and
achievements associated with major infrastructure undertakings. Even though it was one of the first
of its kind, the tunnel's durability has been maintained by the employment of TBMs and other cutting-
edge building methods. The engineering prowess of the late 20th century is demonstrated by the
design and construction of the tunnel. The tunnel hasn't been able to meet the large traffic levels that
were first expected, hence the economic results have been less predictable. The economic models that
were used to predict the demand for these kinds of projects have been reevaluated as a result.

The experience of the Channel Tunnel also emphasizes how crucial it is to have regular maintenance
and the flexibility to adjust to changing circumstances. In the face of numerous obstacles, such as
fires and other situations that demanded substantial intervention, the tunnel's operators have had to
be creative and come up with novel solutions to preserve both the tunnel's functionality and safety.
Through these efforts, it is possible to ensure that the tunnel will always be a vital link between
continental Europe and the UK.

Regarding the development of the region, the tunnel was considered a driving force behind the
economic expansion of Kent and Nord-Pas-de-Calais. Although there have been certain advantages,
such better connectivity and more funding in specific areas, the overall effect has not been as
revolutionary as initially anticipated. As a result, the knowledge of the variables influencing regional
economic development and the potential benefits of infrastructure initiatives for growth has expanded.
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3.6. Discussion

The undersea tunnel under the HZMB is evidence of human ingenuity's capacity to overcome
environmental obstacles and the progress of engineering. The HZMB's undersea tunnel has been built
to the highest standards of strength and durability by using carefully chosen materials such HRB400
steel rebar and C50 concrete while building. In addition to guaranteeing that the tunnel can sustain
the enormous pressures of the Pearl River Delta, the maximum stress capabilities of 246 MPa for C50
concrete and 172.2 MPa for HRB400 steel rebar also offer a significant safety buffer against any
future stresses.

Building large-scale infrastructure projects is governed by universal engineering excellence criteria,
which are demonstrated by a comparison with another renowned engineering feat, the Channel
Tunnel. Notwithstanding the variations in construction methods—the Channel Tunnel uses TBMs,
while the HZMB uses sections of submerged tubes—both projects show a dedication to use the best
materials possible and an emphasis on durability and safety in their design principles.

Over two decades of dependable and secure transit have been provided by the Channel Tunnel, which
has also shed light on the maintenance and operation needs that are essential for the long-term stability
of subterranean tunnels. Providing a vital transportation corridor that will benefit the area for many
years, the HZMB is poised to carry on this tradition with its sturdy design and construction.

Future infrastructure project design and construction will continue to be influenced by the lessons
acquired from the HZMB and the Channel Tunnel. In light of urbanization and climate change, there
will be a growing need for robust and sustainable infrastructure, which will spur more advancements
in materials science, building methods, and tunnel engineering. As benchmarks, the Channel Tunnel
and the HZMB allow the following generation of engineers to expand on and push the envelope of
what is conceivable.

Conclusively, the undersea tunnel of HZMB and the Channel Tunnel embody more than just technical
marvels. They serve as emblems of human accomplishment, showcasing the capacity to collaborate,
create, and triumph. They serve as a link between the hopes of the past and the potential of the future,
as well as a bridge to the future and many locations throughout the world. Because of this, they will
always serve as a source of inspiration and a challenge for planners, engineers, and architects to design
buildings that are not just useful but also represent the advancement of humanity.

4. Conclusion

The pressure distribution and technological improvements inside the HZMB underwater tunnel have
been thoroughly examined in this study, which has greatly advanced the knowledge of material
performance and structural integrity in marine infrastructure. The study's conclusions offer a thorough
summary of the difficulties and solutions related to the creation and upkeep of these technical wonders.

The first section delves into the intricate analysis of the pressure experienced by the HZMB's undersea
tunnel. It computes the pressures exerted by the water, the soil covering, and the lateral backfill,
which are essential for ensuring the tunnel's structural integrity. The chapter presented details
calculations of the HZMB's design, highlighting the importance of using high-performance materials
like C50 concrete and HRB400 steel rebars. These materials were chosen for their exceptional
strength and ability to withstand the substantial pressures of the marine environment.

Furthermore, drawing parallels with the Channel Tunnel offered insightful information on the
universal technical excellence standards that direct the design of significant infrastructure projects.
Although the Channel Tunnel and the HZMB used different construction methods—the former used
TBMs, the latter used submerged tube sections—both projects showed a dedication to using the best
materials possible and an emphasis on lifespan and safety in design. Precast concrete segments and
steel reinforcing, for example, were used in the Channel Tunnel to show a dedication to materials
with exceptional strength and durability, guaranteeing long-term stability despite the difficulties
posed by hydrostatic pressures.
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This study did, however, also point up several areas that need more research. Future study should
focus heavily on how materials operate over the long term in environments that are changing due to
factors like rising sea levels and increased salt. These elements may eventually compromise the
tunnel's integrity, therefore it's important to comprehend how they'll effect things to design
maintenance plans. Submerged tunnel resilience may also be improved by the development of more
advanced building materials and techniques. To increase operational effectiveness and safety, it may
also be investigated to integrate predictive maintenance technology with sophisticated monitoring
systems. The effects of climate change on the HZMB and related buildings, as well as the possibility
of implementing eco-friendly and sustainable materials and procedures into future studies

To sum up, the study has advanced knowledge of the pressure distribution and technological
advancements in the HZMB's underwater tunnel. The analysis emphasizes how important it is to build
such vital infrastructure using high-performance materials and thorough engineering. Future projects
can benefit greatly from the comparison with the Channel Tunnel, which emphasizes the necessity of
continuous maintenance and the possibility of technological breakthroughs enhancing the durability
and longevity of underwater tunnels. Future marine infrastructure development will surely be
influenced by the lessons learnt from the HZMB and the Channel Tunnel, which tackled issues of
urbanization, climate change, and the search for environmentally friendly engineering solutions. By
acting as models, the Channel Tunnel and the HZMB's underwater tunnel enable the following
generation of engineers to push the boundaries of what is practical in the fields of marine
infrastructure and tunnel engineering.
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