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Abstract: Newly built tunnels often encounter a series of defects within the first few years of operation. If not promptly
addressed and reinforced, these defects threaten the tunnel’s durability and stability and bring severe challenges to its safe
operation. This study aims to explore reinforcement techniques for addressing defects in newly built tunnels. The research
begins with an analysis of common defects found in newly built tunnels, followed by a case study of the Jinfeng Tunnel
in Chongqing, examining the post-construction defects. The actual reinforcement strategies and methods employed for the
tunnel are then discussed. Finally, based on the research findings, this study provides insights and references for tunnel
operation and construction units in China, aiming to enhance the overall quality of tunnel engineering in the country, align

with sustainable development goals, and promote further improvements at a macro level.

Keywords: Newly built tunnels; Defect treatment and reinforcement; Initial support deformation; Lining cracking
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1. Introduction

Reinforcement and treatment of defects in newly built tunnels are crucial for their long-term safety and stable
operation. Effective reinforcement measures can maintain the stability and safety of the tunnel structure,
preventing major accidents caused by the long-term accumulation of defects and irreversible damage to the tunnel
structure. Furthermore, timely reinforcement and repair of newly built tunnels are important means to ensure
their service life, improve durability, and reduce high costs caused by frequent maintenance in the later stages.
Additionally, prompt treatment and reinforcement of defects in newly built tunnels can significantly enhance
the comfort and sense of security for tunnel users, creating the first line of defense for the long-term sustainable

operation of tunnels.

2. Analysis of common defects in newly built tunnels
2.1. Support deformation

Support deformation is a common defect in newly built tunnels. The fundamental mechanisms leading to this




defect include changes in geological pressure, rock layer movement, or deviations during the construction phase.
Once support deformation occurs in a newly built tunnel, it may cause the tunnel section to narrow, posing safety
hazards to normal vehicle traffic and increasing stress concentration, which has a certain probability of triggering
more severe structural problems.

2.2. Lining erosion and degradation

Lining erosion and degradation in newly built tunnels are usually caused by chemical erosion from groundwater,
climatic factors, or inadequate material quality. Chemical erosion can significantly weaken the strength and
durability of the tunnel lining, while the freeze-thaw cycles in winter can accelerate the process of deterioration.
As time passes, changes in the physical and chemical properties of the lining material may damage the structural

integrity.

2.3. Spalling and chipping

The causes of lining spalling and chipping in tunnels typically include material degradation, structural stress
concentration, or defects left during the construction phase. Once the lining area is subjected to environmental
changes or vibrations caused by frequent vehicle traffic, it is prone to small chipping or even large-scale spalling.
This type of defect not only causes damage to the lining itself but also poses a safety threat to vehicles and
pedestrians passing through the tunnel.

2.4. Structural cracking

Structural cracking in newly built tunnels is often caused by stress concentration, load fluctuations, or uneven
foundation settlement. On the one hand, structural cracking can damage the integrity of the tunnel structure. On
the other hand, the cracks formed by cracking provide channels for water and aggressive substances around the

tunnel to invade, thereby accelerating the aging of the lining.

2.5. Water leakage

Water leakage, as a major defect in the field of tunnel engineering, is mostly caused by the failure of the
waterproofing system, changes in groundwater levels, or structural cracking. Water leakage not only erodes the
internal structure of the tunnel lining, causing a decrease in material strength but may also lead to foundation
softening, resulting in uneven settlement and lining spalling. If water leakage persists, it will exacerbate defects in
other structures over time, threatening the overall safe operation of the tunnel "'

3. Project overview

To objectively understand the strategies for reinforcing and treating defects in newly built tunnels, this article takes
the Jinfeng Tunnel in Chongqing, which was officially opened to the public in 2024, as an example. The Jinfeng
Tunnel starts at Daishan Avenue in Bishan District and ends at Gaoxin Avenue in the High-tech Zone, with a total
length of 9.20 km. It includes four casing interchanges, one tunnel, and comprehensive pipeline network ancillary
projects. In 2018, the feasibility study report for the Jinfeng Tunnel was approved by the National Development
and Reform Commission, and construction officially began on December 29, 2019. In September 2022, the Jinfeng
Tunnel entered the construction scope of the ramp for the beltway. In May 2023, the main structure of the tunnel
was completed, and in April 2024, the Jinfeng Tunnel was officially opened to the public. The designed speed of
the Jinfeng Tunnel is 60 km/h, with a two-way six-lane design, and the total project investment is 5,170,368,500
yuan !

2 Volume 9, Issue 1



4. Analysis of project defects

4.1. Initial support deformation

The starting point of the Jinfeng Tunnel is located in a landslide group area. After completion of construction,
before opening to the public, in October 2023, under the influence of a series of natural factors such as continuous
rainfall, displacement of the sliding surface and deformation of the front stage occurred. Cracking and deformation
appeared on the back of the completed anti-slide piles. Subsequently, the cracks continued to develop backward,
causing many cracks to appear on the slope. According to investigations, the initial support at the entrance section
of the Jinfeng Tunnel from KLO+806 to KL0+860 is deformed and intrusive, with a maximum deformation of 28
cm invading into the secondary lining,.

4.2. Concrete lining cracking

Besides the initial support deformation, under the influence of the landslide, the completed secondary lining
exhibited varying degrees of cracking . Specifically, the cracking range of the secondary lining in the left tunnel
of the Jinfeng Tunnel reached 161 m in length. Some sections showed diagonal and circumferential cracks in the
secondary lining, with crack lengths concentrated between 3 m and 6 m and widths typically ranging from 1 mm
to 2 mm. The cracking range of the secondary lining in the right tunnel extended up to 215 m, and some sections
presented a reticulated pattern of cracks (see Figure 1).

Figure 1. Reticulated cracks in the secondary lining

Meanwhile, upon observation, there is a noticeable problem of staggered platforms in the secondary lining.
The maximum crack width in some tunnels can reach up to 18 mm, accompanied by a 12 mm wide transverse
displacement of the staggered platforms. The cracks have penetrated the entire ring from the secondary lining to
the inverted arch. As shown in Figure 2.

Figure 2. Secondary lining cracking in Jinfeng Tunnel
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4.3. Water leakage

Along with the cracking of the secondary lining in both the left and right tunnels of the Jinfeng Tunnel, water
leakage has occurred in some areas. The cracks in the secondary lining have directly allowed groundwater to enter
the interior of the Jinfeng Tunnel through the lining, resulting in the formation of distinct leakage zones. As shown

in Figure 3.

Figure 3. Water leakage in Jinfeng Tunnel. This defect not only causes erosion to the lining material, leading to a decrease
in structural strength but also poses a threat to the overall stability of the Jinfeng Tunnel in the long run

5. Technical strategies for reinforcement and treatment of defects

5.1. Technical strategy for circular grouting reinforcement

5.1.1. Technical solution

In response to the initial support deformation defect in the Jinfeng Tunnel, the project team, along with the
construction unit, conducted a repair meeting analysis and decided to adopt a technical solution combining the
addition of temporary arch supports with circular grouting reinforcement. Specifically, the length of the initial
support arch was set to 6 m. After completing the arch construction, repair work on the secondary lining was
carried out using 4¢25 steel bars, and the concrete grade was increased from C25 used in previous construction to
C30. Circular grouting reinforcement is a construction technique that involves injecting grout around the perimeter
of the initial support structure to form a continuous and dense grout ring, thereby enhancing the overall bearing
capacity and stability of the support structure.

5.1.2. Reinforcement construction treatment
The specific implementation strategy includes preliminary preparation, drilling, grouting, and inspection.

(1) Step 1: Preliminary preparation. In this phase, investigations and assessments of the defect problems
are carried out to confirm the specific construction plan. The construction unit arranges technical
personnel to conduct a detailed investigation and technical evaluation of the initial support deformation
in the tunnel, covering the detection of deformation location, deformation range, and deformation
degree. Simultaneously, a detailed analysis of the quality conditions of the Jinfeng Tunnel and the stress
situation of the support is performed. Based on the investigation results, the grouting reinforcement
scheme is confirmed, including the arrangement of grouting holes, grout materials, performance
parameters, grouting volume, grouting pressure, and a series of other technical parameters. Finally, the
construction unit confirms the construction plan, arranging grouting holes around the initial support
structure circularly, with a main monitoring interval of 1.5 m, forming a circle of grouting hole networks.
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Longitudinally, a row of grouting holes is arranged every 2 m, and the hole depth is designed to be 3.5
m. In terms of grouting methods, vertical drilling is adopted for shallow deformation areas, and inclined
drilling (15° ~ 30°) is adopted for deeper areas to ensure a wider coverage of the grout. For cement
grout, ordinary portland cement is used, configured into a cement slurry with a water-cement ratio of 0.5.
Water-reducing agents and stabilizers are added to the cement slurry, and the initial grouting pressure is
set at 0.3 MPa ~ 0.5 MPa, gradually increasing to 0.5 MPa ~ 1.0 MPa based on the specific diffusion of
the slurry. For high-permeability areas, the grouting pressure is increased to 1.5 MPa.

(2) Step 2: Grouting drilling based on the design plan. During the operation phase, construction workers are
required to strictly control the hole depth and angle. After completing the drilling, high-pressure air is
used to clean the holes to ensure that there are no residuals inside .

(3) Step 3: Grouting. During the construction operation, high-pressure grouting equipment is used to inject
the slurry into the drilled holes according to the preset grouting pressure. It is required to ensure that the
slurry fully penetrates and fills the gaps and cracks in the support structure. Professional personnel are
arranged to conduct real-time monitoring, strictly recording the grouting pressure, flow rate, and slurry
consumption. The grouting strategy is flexibly adjusted based on the grouting effect. After completing
the grouting, the grouting effect is inspected using geological radar to confirm that the support structure

has been adequately reinforced .

5.2. Technical strategy for repairing lining cracks

5.2.1. Technical solution

In response to the cracking problems in the secondary lining of the left and right tunnels of the Jinfeng Tunnel, the
project department and the construction unit have studied and decided to adopt steel strips combined with shotcrete
reinforcement for cracks with a width of less than 5 mm in the plain concrete lining. During the construction,
steel strips are arranged longitudinally along the outer edge of the lining contour, and C25 concrete is used as
the spraying material. For cracks with a width greater than 5 mm and areas with dense networks of cracks in the
secondary lining, a three-limb grating combined with shotcrete reinforcement is adopted. Grooves are cut into the
original secondary lining surface, followed by the installation of three-limb gratings in a longitudinal direction and
the application of 13 cm thick C25 concrete.

5.2.2. Repair and reinforcement construction
(1) Repair of cracks less than 5 mm: Repair of cracks less than 5 mm in the left and right tunnels of the
Jinfeng Tunnel .

(1) Step 1: Preparation. Comprehensively clean the construction area to ensure that the surface is free
of loose materials, impurities, and harmful substances, providing a good bonding interface for the
repair work.

(i1) Step 2: Arrange steel strips. Construction workers are arranged to place W280 steel strips along the
longitudinal contour of the lining, with a longitudinal spacing accurately controlled at 0.8 m. Before
construction, measurements are taken to confirm the positions of the steel strips and mark them to
ensure accurate placement.

(iii) Step 3: Shotcrete construction. C25 concrete is used for spraying and reinforcement. During
construction, strict control of the concrete spraying thickness is required to ensure that it meets
the structural strength and durability requirements. Workers are instructed to pay close attention
to the uniformity and surface flatness of the concrete during the spraying operation, minimizing
unevenness and irregularities on the structural surface. After completing the construction, necessary
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curing measures are strictly implemented to ensure complete solidification of the concrete and

.. . 7
maximize 1ts performance : ].

(2) Repair of cracks greater than 5 mm: Repair construction is organized for cracks greater than 5 mm in the

secondary lining of the left and right tunnels of the Jinfeng Tunnel.

(i)

(i)

Step 1: Surface treatment. Construction workers are arranged to chisel grooves on the surface of the
secondary lining, with the width and depth of the grooves flexibly adjusted based on the specific
conditions of the cracks, to ensure the smooth embedding of the three-limb grid .

Step 2: Installation of the three-limb grid. The three-limb grid is arranged longitudinally along the
cracks, with strict control of the longitudinal spacing at 1.0 m. During installation, it is necessary to
ensure that the grid fits tightly with the chiseled groove and is fixed securely. After installation, steel
mesh is hung, ensuring that the steel bars are tightly bonded to the grid.

(iii) Step 3: Concrete spraying. C25 concrete is used for basin concrete spraying, with strict control of

the thickness at 13 cm. During the spraying operation, construction workers are required to pay
strict attention to the uniformity of concrete distribution, and no pores or weakened areas should
appear. After spraying, technical personnel are arranged to carry out concrete curing strictly
following standards.

(3) Technical strategy for groove cutting and pipe burying: Technical plan to address the leakage problem

caused by cracks in the secondary lining of the Jinfeng Tunnel. For areas where the water leakage is

only at the water outlet point, construction workers are arranged to clean up the concrete around the

water outlet, then chisel a groove (length x width x depth = 50 mm x 50 mm x 40 mm) at the water

outlet point, and finally use instant leakage stopper to block the water outlet. For areas with severe water

leakage, pipe-burying technology is adopted to divert groundwater to the side of the ditch.

(4) Reinforcement construction for treatment during the repair phase of water leakage areas.

(i)

Step 1: Preparation. Construction workers are arranged to carefully clean the concrete surface
around the water outlet, and then chisel a square groove of 50 mm x 50 mm x 40 mm as a space to
accommodate the sealing material, ensuring that the material can fully block the leakage point. After
grooving, the sealing material is selected and quickly filled into the groove. Because the material
hardens very quickly, the filling operation needs to be completed rapidly. After filling, the leakage-
stopping material is compacted to ensure it has a good sealing effect .

(5) For areas with severe leakage, pipe-burying technology is adopted to solve the leakage problem in the

form of drainage.

(i)

(i)

Step 1: Preparation. Before construction, a comprehensive analysis of the source of leakage is
conducted to determine the path and pressure conditions of the water flow, facilitating reasonable
design of the drainage pipe network layout.

Step 2: Confirm technical parameters. Based on the investigation results, the number and location of

pipes to be buried at each leakage point are determined.

(iii) Step 3: Bury the drainage pipes. The leaking water in the cracks is drained to the side of the tunnel

ditch. This process requires ensuring the tightness of pipe connections and the smoothness of
drainage. Concurrently, a collection and drainage system is built on the side of the ditch to properly
dispose of the discharged water and prevent it from reverse infiltration or penetration into other

structures, causing impact.

(iv) Step 4: Inspection. After the completion of pipe installation, a systematic water flow test is

conducted to confirm the effectiveness and reliability of the drainage system. Additionally, the
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operating unit needs to regularly inspect and maintain the drainage system to ensure its long-term

normal operation "\

6. Conclusion

In summary, this article takes the newly built tunnel, the Jinfeng Tunnel in Chongqing as an example to analyze
the diseases that occurred after the tunnel was completed, including initial support deformation, secondary lining
cracking, and water leakage problems. Subsequently, the construction unit’s treatment and reinforcement plans
and construction processes for various issues of the Jinfeng Tunnel are discussed in detail. Tunnel operation and
construction units in China can learn from the practical construction methods of the Jinfeng Tunnel discussed in
this article to effectively control the further deterioration of newly built tunnel issues. This can create the first line
of defense for the long-term safe and stable operation of newly built tunnels, protecting the lives and property
safety of tunnel users while improving the comfort of tunnel traffic.
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The author declares no conflict of interest.
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Abstract: As the cost of grouting treatment for water control in coal roofs during underground coal mining continues to
rise, coupled with the accumulation of industrial solid waste resulting from rapid economic development in China, the
ecological environment is facing severe challenges. To address these issues, this study, based on a high water-to-cement
ratio, uses mine overburden (OB) and furnace bottom ash (FBA) as the primary raw materials, with sodium silicate as the
modifier, to develop a new type of geopolymer grouting material with high stability and compressive strength for coal roof
water control. Additionally, COMSOL software was used to numerically simulate the diffusion process of the grout slurry
in fractures under dynamic water flow. The results indicate that, with a sodium silicate modulus of 1.5 and a dosage of
4%, the stability of the slurry increased by 26.2%, and the 28-day compressive strength improved by 130.98%. Numerical
simulations further show that the diffusion process of the slurry is closely related to slurry viscosity, grouting pressure, and
grouting time and that the diffusion pattern in the fractures is similar to that of ultra-fine cement slurry. This study provides

a theoretical basis for coal mine roof grouting water control projects.

Keywords: Coal mine top grouting; Regional management; Numerical simulation; Comprehensive utilization; Solid

waste

Online publication: February 10, 2025

1. Introduction

In underground engineering and mining, fissure water entering the excavation zone through rock pores and faults
presents significant safety hazards. With the increase in excavation depth, water leakage from the coal seam roof
not only corrodes equipment but also potentially causes harm to personnel ", Ground grouting technology (as
shown in Figure 1) has become a critical method for controlling water leakage from the coal seam roof **'. The
performance of grouting materials directly impacts the quality of the grouting effect and the longevity of the
project. Currently, there is a wide variety of grouting materials for the coal seam roof, with traditional materials
such as cement grout and chemical grouts having good slurry properties, but they are expensive and have

significant environmental impacts '**. According to incomplete statistics, the cement used in grouting releases




approximately 4 x 10" tons of carbon dioxide (CO,) annually . Therefore, reducing the demand for cement in
grouting material production and using solid waste to replace cement in large quantities is of great significance for
achieving the “peak carbon emissions by 2023, carbon neutrality by 2060” goals """,

Currently, solid waste grouting materials mainly include slag, fly ash, or combinations of both. Yang et al.
studied the properties of composite grouting materials based on cement, fly ash, and slag '*. Wang et al. developed
a mortar using blast furnace slag for roadbed reinforcement, aiming to optimize the material’s rheological
properties and mechanical strength "\, Li et al. explored the application of new calcium-based activators in coal
bottom ash-based cementitious materials through orthogonal tests and range analysis ''*. Bakhrakh et al. used coal
ash and furnace slag as cement additives to increase the calcium, silicate, hydrate (C-S-H) gel content and the
cement’s hydration degree "*. Fernandez et al. pointed out that the activity of fly ash is influenced by its silica and
alumina content, exhibiting high late strength in geopolymers "%

However, existing research mostly focuses on improving a single property of the grout slurry under low
water-to-cement ratios. However, applying solid waste in grouting water control requires a comprehensive
evaluation of multiple properties of the slurry, including fluidity, stability, and compressive strength. Furthermore,
the feasibility of using new materials in practical applications should be further investigated.

Mine overburden (OB) is the waste generated during coal mining, mainly consisting of useless minerals and
rock fragments """, Furnace bottom ash (FBA), a common industrial by-product, contains a certain amount of
silicate and aluminate components """, Incorporating OB into furnace bottom ash geopolymer not only facilitates
the resource utilization of mine waste, reducing its environmental pollution and accumulation pressure but also
provides new raw materials for construction "**.

Based on the aforementioned background, this study, after extensive preliminary experiments, selected FBA,
desulfurization gypsum (DSG), ordinary portland cement (OPC), and OB as the base materials. The research,
under the premise of a high water-to-cement ratio, aims to improve the stability and compressive strength of the
slurry and to develop a new type of grouting material with high stability and strength using solid waste resources.
Finally, the diffusion characteristics of the new grouting material were simulated and evaluated using COMSOL
numerical simulation software, providing a reference for the practical application of geopolymer grouting materials

in coal mine roofs.

slurry ;
i grouting for water control

o(%ogg Q é gzg&%é

CERFEEP TR N S

Figure 1. Schematic diagram of water control in the ground area

2. Experiment

2.1. Experimental materials

The FBA, DSG, and OPC used in the experiment were provided by Jiaozuo Qianye Cement Co., Ltd. The
chemical composition of the main raw materials, FBA and OB, is shown in Table 1. OB was sourced from a
mining area in Jiulishan, Jiaozuo City, naturally air-dried in its original state, and then ball-milled, with a specific
surface area of 3261 m’/kg. The calcium carbonate (CaCO;) in OB mainly exists in the form of a calcite mineral
structure, which exhibits water absorption, water retention, and slight expansion properties. These characteristics
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help reduce the shrinkage of the stone body and improve overall moisture retention ",

Table 1. Chemical composition of FBA and OB (%)

]

Component Ca0 SiO, AlO, MgO Fe,O;, K,O P,O; Burning loss
FBA 12.24 48.30 21.54 0.87 4.76 2.44 0.12 1.41
OB 46.18 28.16 10.72 7.85 3.56 2.58 0.52 5.36

Note: calcium oxide (Ca0O), silicon dioxide (SiO,), aluminum oxide (Al,O,), magnesium oxide (MgO), iron oxide (Fe,0;), potassium

oxide (K,0), potassium pentoxide (P,O5)

2.2. Test and method
2.2.1. Experimental plan

Different amounts of sodium hydroxide (NaOH) solid were added to the sodium silicate solution to prepare

sodium silicate with varying moduli. Through extensive preliminary experiments, it was determined that the
geopolymer base was FBA: DSG: OPC: OB in a ratio of 45:2:3:50. For the stability test, a water-to-cement ratio of
1.8 was used, with sodium silicate of different moduli (1.3, 1.5, 2.4, 3.2) and addition amounts (2%, 4%, 6%, 8%)
incorporated. For the geopolymer grouting material, the compressive strength test was conducted with a water-to-

cement ratio of 0.4, and the curing age was set to 28 days. Three parallel samples were prepared for each group to

minimize experimental errors. The specific experimental plan is shown in Table 2.

Table 2. Test scheme
Level Modulus Percentage (%)
1 2
2 4
1.3
3 6
4 8
5 2
6 4
1.5
7 6
8 8
9 2
10 4
2.4
11 6
12 8
13 2
14 4
32
15 6
16 8

2.2.2. Testing methods

(1) Fluidity: The fluidity of the slurry was tested according to the Marsh funnel viscosity test method (SY/T

6864-2020, China).

(2) Determination of water precipitation rate: The test was conducted according to the calculation method for

10
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the water separation rate of concrete admixtures (GB 8076-2008, China).

(3) Compressive strength: The compressive strength of the test specimens at 3 d, 7 d, and 28 d curing ages
was tested according to the Cement Mortar Strength standard (GB/T17671-199, China) using a WHY-
300/10 microcomputer-controlled pressure testing machine with a loading rate of 100 N/s.

(4) X-ray diffraction (XRD): X-ray diffraction analysis was performed using a Smart X X-ray diffractometer
(Japan). The testing conditions were set to 45 kV voltage, 200 mA current, a scanning speed of 10°/min,
and a scanning range of 5° to 70°.

(5) Scanning electron microscopy (SEM): The morphology of the hydration products was observed using a
scanning electron microscope (SEM) from Zeiss (Germany), model Merlin Compact. The test specimens
were cut and gold-coated before the SEM analysis.

3. Analysis of test results
3.1. Fluidity

The flowability of the geopolymer slurry under different modulus and dosages of sodium silicate shows varying
trends, as illustrated in Figure 2. The flowability increases with the increase in the modulus of sodium silicate.
This is primarily due to the higher sodium silicate modulus, which leads to a relatively higher content of sodium
(Na") ions in the solution. A higher Na' concentration promotes the release of water from the geopolymer slurry,
enhancing the interactions between water and other components. As a result, the friction and adhesion between the
particles in the slurry are reduced, lowering the viscosity and improving the flowability of the slurry **.

As shown in Figure 2, the outflow time of the slurry under different dosages of sodium silicate exhibits a
pattern of initially decreasing and then increasing. When the dosage of sodium silicate reaches a certain level, the
concentration of sodium silicate in the geopolymer slurry becomes too high, which may lead to the formation of
excessive gel-like or over-hydrated products between the sodium silicate and FBA geopolymer particles. These
gel-like substances and hydrated products significantly increase the viscosity of the slurry, resulting in reduced
flowability.

Moreover, excessive sodium silicate may also lead to the over-adsorption of free water in the system, causing
the structure of the slurry to become more compact. This further restricts its flowability, leading to an increase in
outflow time. Therefore, the change in flowability shows a trend of initially decreasing and then increasing, which
is closely related to the gelation and accumulation of hydrated products caused by the excessive dosage of sodium
silicate.
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Figure 2. Influence of different sodium silicate modulus and dosage on slurry fluidity of geopolymer
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3.2. Stability

The water separation rate of the geopolymer slurry under different sodium silicate moduli and dosages is shown
in Figure 3. The stability of the geopolymer slurry changes with variations in the sodium silicate modulus and
dosage. As illustrated in Figure 3, the water separation rate of the slurry with added sodium silicate is lower than
that of the control group (12.05%), indicating an improvement in stability. The slurry’s stability increases with a
higher sodium silicate modulus. Specifically, within the modulus range of 1.5 to 2.4, the improvement in stability
is more pronounced compared to the ranges of 1.3 to 1.5 and 2.4 to 3.2.

Under the same modulus, the water separation rate of the slurry first decreases and then increases as the
sodium silicate dosage increases. For example, at a modulus of 1.5, as the dosage increases from 2% to 8%, the
water separation rate of the slurry is 10.13%, 9.17%, 9.73%, and 9.88%, respectively. When the dosage exceeds 4%,
the water separation rate rises significantly.

This behavior is due to the strong gelling properties of sodium silicate, which promote the formation of
C-S-H or C-A-S-H gels in the geopolymer slurry. These hydration products help to form a more stable network
structure, reducing the water separation rate and enhancing stability. However, excessive sodium silicate content
may suppress the polymerization reaction, reducing the slurry’s stability. Therefore, when preparing geopolymer

grouting slurry, avoid excessive sodium silicate dosages that could adversely affect the slurry’s stability"”".
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Figure 3. Influence of different sodium silicate modulus and dosage on the stability of geopolymer slurry

3.3. Compressive strength

The 28-day compressive strength of the geopolymer grouting material specimens with different sodium silicate
moduli and dosages is shown in Figure 4. The compressive strength of the specimens at 28 days varies with
different sodium silicate moduli and dosages. Under all sodium silicate moduli, the compressive strength of the
geopolymer specimens is higher than that of the control group, which has a compressive strength of 3.27 MPa
without sodium silicate. When the sodium silicate modulus is 1.3 and 1.5, the activation effect is more pronounced.
At moduli of 2.4 and 3.2, the increase in compressive strength is relatively lower but still higher than that of the
control group without sodium silicate.

At lower sodium silicate moduli, the concentration of silicate ions in the sodium silicate is higher, which can
more effectively promote the reaction between the minerals in the mine tailings and the sodium silicate, generating
more sulfoaluminate hydrate gels. This helps to enhance the compressive strength of the geopolymer. On the other
hand, at higher moduli, the sodium silicate may produce fewer gels during hydration, leading to a less significant
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improvement in compressive strength compared to lower moduli.

Under the same sodium silicate modulus, when the dosage exceeds 4%, the compressive strength of the
geopolymer material starts to decline. This indicates that increasing the sodium silicate dosage can improve the
compressive strength within a certain range. An appropriate amount of sodium silicate promotes the formation of
more hydration products and enhances the network structure of the geopolymer. However, when the dosage is too
high, it may lead to excessive hydration, causing an overly high concentration of sodium silicate in the system.
This could negatively affect the reaction uniformity, resulting in the formation of excess hydration products and
pores, which may reduce the compressive strength. Therefore, in practical applications, the sodium silicate dosage

needs to be optimized to enhance the strength while avoiding excessive reactions.
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Figure 4. Influence of different sodium silicate modulus and dosage on 28 d compressive strength of geopolymer test block

In summary, the addition of water glass promotes the reaction between the mining waste and the components
in the water glass, resulting in the formation of a denser hydration gel structure, thereby improving the stability
and compressive strength of the furnace bottom ash geopolymer. The modulus and dosage of water glass are key
factors influencing the enhancement of stability and strength. A moderate modulus and dosage can optimize the
generation of hydration products, improving the stability and strength of the geopolymer material. Conversely,
excessive dosage or an inappropriate modulus may lead to limited strength improvement or even a reduction in
performance. Therefore, selecting the appropriate modulus and dosage of water glass is crucial to ensuring the
performance of the geopolymer. Considering the flowability, stability, and compressive strength of the geopolymer
grout material, as well as the economic cost, a water glass modulus of 1.5 and a dosage of 4% are determined for

the furnace bottom ash geopolymer grout material.

3.4. Microscopic morphology

3.4.1. XRD analysis

XRD analysis was performed on geopolymer samples with the optimal water glass dosage and modulus, as well
as representative samples without water glass after 28 d of curing (see Figure 5). The following conclusions
can be drawn. After the optimal amount of water glass was added, the content of CaCO;, Al,O,, and SiO, in the
geopolymer decreased, while the C-A-S-H phase was generated. The XRD pattern indicates that the addition of
water glass caused the dissolution of Al,O, and SiO, in the alkaline environment, resulting in the formation of
Si0,* and AlO,” ions. These ions are then combined with Ca®" ions in the reaction system to form C-S-H and C-A-
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S-H gels. These gel substances interconnect and bond, forming a denser mesh structure that effectively increases the
cohesion between soil particles, significantly enhancing the strength of the sample. Therefore, under the optimal water
glass dosage, the compressive strength of the geopolymer is significantly higher than that of the sample without water
glass. This result indicates that the addition of water glass can improve the hydration reaction of the geopolymer,
promote the formation of favorable gel phases, and thereby enhance its mechanical properties.

— Block with OB, 1-8i0, 4-AFt
— Blank 1 2-CaCO3 5-CASH
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1 1
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Diffraction intensity

Figure 5. XRD spectra of optimum sodium silicate modulus and dosage and control group

3.4.2. SEM analysis
To investigate the effect of water glass on the internal microstructure of blast furnace slag-based geopolymer,
SEM observations were conducted on samples cured for 28 d with and without water glass at the optimal dosage.
Typical results are shown in Figure 6. As seen in Figure 6, it can be seen that the hydration products of the bottom
ash geopolymer primarily consist of flaky and flocculent C-S-H gels, as well as needle-like ettringite. Compared
to Figure 6(a), the hydration products in Figure 6(b) have formed larger particle aggregates, which effectively
fill the pores between the blast furnace slag and OB particles, as well as between particle clusters, forming a
continuous structural network. This significantly improves the structure of the geopolymer, giving it a stacked and
denser appearance “*. Such structural changes greatly enhance the compressive strength of the blast furnace slag-
based geopolymer.

The above changes indicate that sodium silicate, as an effective admixture, plays an important role in
promoting the hydration reaction, improving the morphology of hydration products, and enhancing the mechanical
properties of FBA-based geopolymers, thereby proving its key role in the application of geopolymers.

Figure 6. SEM comparison diagram: (a) control group, (b) optimal sodium silicate modulus and dosage
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4. Crack diffusion simulation analysis

4.1. Governing equations
The diffusion of the slurry in the water-saturated fractures under dynamic water conditions conforms to the two-

phase Darcy’s law physical field in the Porous Media and Groundwater Flow module of COMSOL Multiphysics.

Considering both water and slurry as incompressible, isotropic fluids, the generalized Darcy’s law formula is as

follows:
v=-—Vp
V= S,V
V= 8§,V
S+ Sy =1

In the equations, indicates the volume fraction of water within the fractures of the rock mass. The term
refers to the seepage velocity field, whereas and represent the flow rates of the slurry and water, respectively.
The parameter 1 is the viscosity of the slurry. Additionally, k signifies the permeability of the medium, and p is the

pressure within the seepage field.

4.2. Fracture model
The three-dimensional single-fracture grouting model and the corresponding mesh division results are shown

in Figure 7. It is assumed that the boundaries of the model are the rock mass boundaries, and the simulation
considers only the slurry diffusion part. The fracture model is set to 2 m x 1 m x 2 m, the diameter of the grouting
pipe is 0.053 m, and its length is 0.5 m. The left boundary of the model is the water inflow, the right boundary is

the outflow, and the remaining boundaries are set to no flow.
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Figure 7. 3D single crack grouting model and mesh generation

To further investigate the performance of the furnace bottom ash geopolymers used as grouting materials,
simulations were conducted using the research data of Zheng, which focused on ultra-fine cement slurry and slag-
water glass as a control group for analysis **. The specific properties of the slurry are provided in Table 3. The
rock mass has a porosity of 0.35 and a permeability of 1 x 10"*m”. The applied dynamic water pressure is 2 MPa,

while the initial pressure for the grouting is also set to 2 MPa.
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Table 3. Parameters related to numerical simulation

Fluids Water FBA solid waste slurry Ultra-fine cement paste Slag- water glass slurry
p (kg'm™) 1,000 1,680 1,500 1,100
u (Pa-s) 0.001 0.0378 0.012 0.003

4.3. Analysis of simulation results

4.3.1. Slurry volume fraction diffusion analysis

Taking a diffusion time of 5 seconds as an example, the volume fraction contour maps of different slurries are
shown in Figure 8, and the volume fractions of the slurries at the same cross-section are shown in Figure 9.
As seen in Figure 9, under dynamic water conditions, the volume fraction of the three slurries is significantly

influenced by the direction of the water flow.
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(a) superfine cement slurry (b) geopolymer slurry (c) slag-water glass slurry
Figure 8. Cloud image of volume fraction of different slurries

As shown in Figure 9, under dynamic water conditions, the slurry exhibits reverse diffusion, with the highest
slurry concentration and volume fraction around the grouting pipe. The volume fraction and diffusion distance
vary differently for each grouting material. Due to the higher density and viscosity of ultra-fine cement and
geopolymer slurries compared to the slag-water glass slurry, the resistance during the diffusion process is greater,
resulting in slower diffusion. Additionally, Figure 8 and Figure 9 show that the volume fraction and diffusion
range of the geopolymer and ultra-fine cement slurries are similar, but the volume fraction of all three slurries
does not increase with the expansion of the grouting diffusion range. This indicates that the viscosity of the slurry
is non-linearly related to the grouting sealing effect, and the impact of dynamic water erosion on the grouting

performance is significant.
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Figure 9. Changes in volume fraction of different grout under dynamic water environment
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4.3.2. Slurry diffusion distance analysis
Figure 10 displays the forward and reverse diffusion distances of various grouting materials in dynamic water
circumstances. The viscosity of the slurry increases with time, and the reverse diffusion resistance progressively
increases as well, stabilizing at a constant diffusion distance, as can be seen by comparing the diffusion distances
of various slurries in the dynamic water environment depicted in Figure 10. Under the effect of water flow, the
slag-water glass slurry has the lowest viscosity and the highest diffusion distance, the ultrafine cement slurry
comes second, and the geopolymer slurry has the smallest diffusion distance. Subsequent investigation shows that
the slurry’s viscosity and diffusion distance have a negative correlation, confirming that all three slurries display
specific regularities during reverse flow diffusion. Diffusion distance is greater in the slurry with lower viscosity
and vice versa.

The maximum diffusion distances of the geopolymer and ultrafine cement slurries were compared, and it was
discovered that there is an 8.16% difference in the forward diffusion distance and a 2.38% difference in the reverse
diffusion distance. This finding implies that geopolymer slurry can partially substitute ultrafine cement grout

components, lowering expenses without sacrificing grouting reinforcing efficacy.
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Figure 10. Different serious diffusion distances along and back

4.3.3. Analysis of the influence of grouting pressure on slurry diffusion distance

In dynamic water pressure environments, the diffusion distance of grouting materials is significantly influenced by
grouting pressure. Taking geopolymer slurry as an example, different grouting pressures (2 MPa, 4 MPa, 6 MPa,
8 MPa, and 12 MPa) were applied for analysis to explore the reverse flow diffusion distance of the slurry under
varying grouting pressures.

Using a diffusion time of 5 seconds as an example, the maximum reverse and forward diffusion distances
under varying grouting pressures are shown in Figure 11. The diffusion behavior of geopolymer grouting
materials at different grouting pressures is depicted in Figure 12. From Figure 11, it is clear that grouting pressure
has a considerable effect on the diffusion extent of the slurry. Specifically, as the grouting pressure increases, there
is a marked expansion in the diffusion range of the slurry.

As seen from Figure 11 and Figure 12, with the continuous increase in grouting pressure, the reverse
diffusion distance of the slurry in the water flow gradually increases. This suggests that in actual grouting
engineering applications, appropriately increasing the grouting pressure can effectively enhance the diffusion
effect of the slurry, thereby improving the reinforcement effect of the grouting, especially in complex water
environments.
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Figure 12. Diffusion law of polymer grouting materials under different grouting pressures

5. Conclusion

Based on the experimental results and numerical simulation analysis in this study, the following key conclusions
are drawn.
(1) Enhancement of geopolymer grouting material performance by sodium silicate: The addition of sodium
silicate significantly improved the stability and compressive strength of the geopolymer grouting material.
With a sodium silicate modulus of 1.5 and an addition rate of 4%, the stability of the slurry increased by
26.2%, and the 28-day compressive strength increased by 130.98%. As an important additive, sodium
silicate enhances the gel structure of the geopolymer grout, thereby improving its stability and mechanical
properties.
(2) COMSOL numerical simulation analysis: The numerical simulation results indicate that the diffusion
behavior of geopolymer slurry shows a trend similar to that of ultra-fine cement slurry. The slurry’s
resistance to scouring in dynamic water environments is closely related to its viscosity, with higher

viscosity helping to improve the slurry’s durability in cracks. Furthermore, appropriately increasing the
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grouting pressure can promote the diffusion of the slurry in both downstream and upstream directions,
improving its permeability and sealing effect.

(3) Economic analysis: The production cost of geopolymer grouting materials is significantly lower than that
of ultra-fine cement, demonstrating its significant economic advantage in practical applications. This
cost advantage further confirms the superiority of geopolymer grouting materials in crack grouting and
provides strong support for their wide application in fields such as water sealing in coal seam roofs and

solid waste resource utilization.
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Abstract: Applying the Public-Private Partnership (PPP) model is indispensable in creating new economic growth points
in the public service sector. However, there is still a lack of research on mapping the application of the PPP model in the
new era and context. Therefore, based on reviewing the characteristics and development concepts of the PPP model, this
paper uses CiteSpace software to analyze the sample authors, journals, and regions in the Scopus database. This paper aims
to explore the current development status, research paradigms, and research gap as well as future trends of the PPP model.
The results show that (1) The focus of PPP research has shifted from traditional models such as Build-Operate-Transfer
(BOT) and Private Finance Initiatives (PFI) to contemporary themes such as risk management, policy analysis, and project
governance. Subsequent research (2014-2018) has emphasized the importance of governance and regulatory frameworks
to improve PPP outcomes. (2) The growing academic interest in PPP development in China accounts for 28.78% of the
total publications. This surge reflects China’s rapid economic growth and highlights the interplay between government
regulation and private financing. Key research themes include risk management, performance evaluation, contractual
flexibility, and financing mechanisms, particularly concerning the BOT model. (3) Effective risk management, relationship
dynamics, and innovative financing strategies are key components of a strong PPP knowledge framework. Collaborative
risk sharing and strong relationships between public and private entities are key to project success, and strategic financing
partnerships are necessary to cope with the complexity of large infrastructure projects.

Keywords: CiteSpace; Public-Private Partnership (PPP); Bibliometrics and visualization

Online publication: February 10, 2025

1. Introduction

As early as the 17th century, the United Kingdom began utilizing the Public-Private Partnership (PPP) model for
public projects, effectively addressing funding shortages and inefficiencies while enhancing the overall benefits of

infrastructure development. The completion of the Shenzhen Shajiao B power plant in 1984, executed under the
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Build-Operate-Transfer (BOT) model, marked a significant milestone in China’s adoption of the PPP framework
for infrastructure initiatives. Recently, there has been a growing emphasis on the PPP model across various sectors,
attracting increasing academic interest and yielding valuable research contributions. In the realm of statistical
analysis of the PPP model, scholars such as Al Sharif, Ke, Dimas, and Tang have primarily concentrated on author
distribution and research trajectories "', Their findings regarding the volume of publications, regional distribution,
and highly cited literature predominantly highlight external project development aspects and the internal
knowledge structure characteristics inherent to PPP projects. Furthermore, the majority of empirical studies
have examined issues related to project risk, public-private relationships, and project financing. In contrast, non-
empirical research has largely focused on project financing, critical success factors, project risk, and concession
agreements.

The PPP model, characterized by its collaborative dynamics, benefit-sharing, and risk-sharing attributes, has
emerged as a pivotal reform initiative aimed at fostering new avenues for economic growth. This model facilitates
the efficient allocation of resources, encourages innovation, and enhances the quality of public services through the
strategic involvement of both public and private sectors. Recent research on the PPP model has produced significant
findings, contributing to its evolution into a well-established domain within management science. Scholars have
explored various facets of the PPP framework, including its operational mechanisms, effectiveness in different
sectors, and its role in achieving sustainable development goals. Despite these advancements, a comprehensive
review of the existing literature reveals a predominant reliance on qualitative inductive analyses. This methodological
bias highlights a notable scarcity of quantitative approaches and visual analyses, which can provide deeper insights
into the dynamics and performance of PPP projects. Moreover, there is a dearth of studies that critically examine
citation patterns, which are essential for understanding the intellectual structure and influence of research within this
field. To address these gaps and to gain a more holistic understanding of the current landscape and future trends of the
PPP model, it is imperative to adopt a multifaceted research approach. This approach should prioritize quantitative
methodologies while integrating qualitative analyses to enrich the findings. Additionally, employing visualization
techniques will facilitate a clearer interpretation of complex data and enhance the overall understanding of the
interactions and outcomes associated with the PPP model. By embracing a comprehensive research framework,
scholars can not only advance the theoretical foundations of the PPP model but also provide practical insights that
inform policy decisions and implementation strategies in various contexts.

To address the identified research gaps, this study employs bibliometric analysis as the primary analytical
method, utilizing CiteSpace software to visualize and analyze sample data while clarifying the characteristics
and concepts of the PPP model. The study encompasses various elements, including sample data, relevant
journals, authors’ geographical regions, institutional affiliations, and citation references. Based on the findings,
this research provides a comprehensive overview of the current state of PPP model development and anticipates
future research priorities and trends. Firstly, in contrast to purely textual theoretical research, this study aims to
present the current status and future directions of PPP model development through data visualization, charts, and
other illustrative forms, thereby offering scholars a more intuitive understanding of the subject. Secondly, the
application of CiteSpace software facilitates visual analysis that not only organizes and summarizes fundamental
information from the publications within the sample data sources but also employs co-citation analysis to examine
the relationships among authors, institutions, geographical regions, and references. This approach culminates
in a comprehensive and systematic perspective of the research landscape. Finally, this study explores the future
developmental trends of the PPP model from an all-encompassing and multi-faceted standpoint, aiming to provide
researchers across various fields with a clearer understanding of the PPP model and its implications. By integrating

quantitative analysis with qualitative insights, this research contributes to the advancement of knowledge in the
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field and informs practical applications in PPP initiatives.

2. Characteristics of the PPP model

To enhance the practical application of the Public-Private Partnership (PPP) model in engineering projects, both
domestic and international experts and scholars have conducted extensive studies on its definition, leading to
a preliminary consensus. However, the unique economic conditions, policy contexts, and operational focuses
of different countries and regions, along with the varying priorities of industries, financial institutions, and

regulatory committees, contribute to a diverse theoretical framework surrounding the PPP model in practice. The

characteristics and definitions of the PPP model are presented in Table 1.

Table 1. Characteristics and definitions of PPP

Institutions

Definition

United Nations
Development Program

World Bank

Asian Development Bank

The Canadian Council
for Public-Private
Partnerships

PPP National Committee
of the United States

Hong Kong Efficiency

A cooperative relationship between a government, a for-profit enterprise, and a nonprofit organization
based on a project.

Long-term contracts between the private sector and government agencies for the provision of public assets
or services, in which the private sector bears significant risk and management responsibility for projects
and is paid for performance.

A range of possible partnerships between public and private sector entities for infrastructure and other
services.

A business relationship established by the public and private sectors based on their respective professional
work experience to meet public needs through appropriate resource allocation, risk sharing, and benefit
sharing.

A contractual arrangement between a public sector agency and a for-profit private sector developer in
which resources and risks are used to provide public services or develop public infrastructure.

The provision of public services or the implementation of projects by the public and private sectors, with

Unit varying degrees of involvement and commitment depending on their respective professional expertise.

A partnership between the public and private sectors in which both parties share risks and responsibilities
based on their respective strengths and weaknesses to provide public services for which the public sector is
responsible.

European Commission

Savas, in Privatization and Public-Private Partnerships, defines “Public-Private Partnership” as a type of
action that relies primarily on non-governmental organizations (NGOs) to meet people’s needs *’. The PPP model
relies less on government action than formal projects and also points out that the key to success is competition
among private institutions. Based on the perspective of the relationship between public and private define, Sagalyn
from all the involved departments of PPP projects in different periods of work ', its development process is
divided into three stages: in the first stage, because of the lack of work experience, can be drawn lessons from
mature division of labor unclear boundaries between public, private and consultant, in the process of project
implementation cope with many problems of unknown; In the second stage, to improve the professionalism of PPP
project implementation, professional planners are often employed to assist in the implementation of PPP projects;
In the third stage, relevant theories and policies have achieved initial results. The implementation of PPP projects
is mostly carried out by taking the initiative to seek the way of the private sector. Public and private sectors
give full play to the advantages of each department in terms of working resources and environment to provide
coordinated and optimized convenience for the efficient operation of projects. The commercialization concept
of the worldwide revolution in infrastructure provision and project finance, which was written in Public Private

Partnerships by Grimsey ", made an important contribution to the privatization of infrastructure in Australia. The
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book not only discussed the essence of the PPP model and its transformative impact on infrastructure construction
but also profoundly analyzed the key points for the successful implementation of the PPP model with the help of
abundant cases.

The implementation of the PPP mode not only requires the public and private to make full use of their
respective advantages in resources and environment but also requires them to bear corresponding risks within
their respective capabilities, to achieve the goal of saving resources while completing projects with high quality
and efficiency . The active participation of private entities not only gives full play to their professional skills
in the process of project implementation, experience, technology, and innovation advantage but also to their
own working experience in advance forecast project development prospects in the market. At the same time,
the positive interaction of public and private enlarged the public understanding of the project, based on the

[11]

public focus on its own core competency "' supported project on the policies and procedures "*. As a result, the

coordination and cooperation between public and private will greatly improve the output quality of public facilities

and services and deliver satisfactory work results to owners "',

3. Method and data

The specific process of this study is illustrated in Figure 1. Bibliometrics, which emerged in the early 20th
century, has gained popularity in academic research due to its capacity for quantitatively analyzing publications
within specialized fields and presenting the results visually. This methodology allows researchers to analyze key
aspects such as literature content, keywords, reference documents, journals, geographical distribution, institutions,
and trends within a particular area. In contrast to traditional qualitative research methods, bibliometrics, grounded
in the principles of total lead analysis and visualization, offers a more detailed and comprehensive understanding
of a field. It not only aids researchers in identifying the latest developments but also helps predict future directions
within the discipline.
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Figure 1. Study framework

Scientific knowledge mapping is a visual tool that employs various analytical methods, including
citation analysis, co-occurrence analysis, clustering analysis, frequency analysis, social network analysis, and
multidimensional scaling. This approach is essential for literature data analysis, producing knowledge maps that
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include cooperation networks, co-occurrence networks, citation networks, and cited networks. Such quantitative
analyses and visualizations intuitively reflect the processes and evolutionary trends in the development of
disciplinary knowledge. CiteSpace is an advanced information visualization software developed by Professor
Chen’s research team at Drexel University in the United States. It is recognized as a leading tool among similar
open-access software for identifying and displaying emerging trends and developments in scientific literature.
CiteSpace generates network visualizations based on knowledge structures, subjects, periods, and the evolutionary
trends of various information. It offers different analytical views, including cluster views, timelines, and time
zones, enabling researchers to quickly identify subject areas, locate reference hotspots, and discern collaborative
geographical patterns and unique collaborative domains. In this study, CiteSpace software was employed to
conduct a visualization analysis of literature sourced from the Scopus database. By analyzing the results from
cluster views, timelines, and time zone analyses, the research aims to highlight hotspots in PPP studies. The
findings are expected to assist researchers in expanding both the scope and depth of PPP research in China,
fostering a more profound integration of PPP theory and practice.

The accuracy of the dataset, which plays an important role in literature analysis, is contingent upon the
selection of academic databases and the design of search strategies. Scopus, developed by Elsevier, is the world’s
largest database of abstracts and citations. This comprehensive database not only includes citation information
for collected articles but also integrates network and patent retrieval data within a user-friendly interface, offering
researchers a convenient one-stop resource for accessing scientific and technological literature. To ensure that
the collected literature is of high quality and influence within the professional field, this study utilized the
Scopus database as the primary data source. It employed specific criteria based on source journals, keywords,
and document types, conducting keyword searches across eight leading international journals in the selected
field (see Table 2 for search information). The analysis focused on research trends related to the PPP model,
utilizing all papers published in the Web of Science (WOS) Core Collection database from 1999 to 2018, spanning
approximately 20 years, as input data for CiteSpace. All keywords utilized in the search strategy were compared
with related terms, leading to the adoption of a broad definition of PPP, with a focus on the construction sector.
This process yielded a total of 1,494 citations, in contrast to 34,696 citations across all identified documents.

Table 2. Summary of search details

Labels Contents Labels Contents
Visual analysis software CiteSpace keywords “PPP”
Literature database Scopus Number of citations 1,494
Time range 1999-2018(20 years) Number of cited references 34,696
Professional field Construction Management

4. Results and discussion of citation analysis

This section could provide a concise and precise description of the citation analysis results, their interpretation, as
well as the analysis conclusions that can be drawn.

4.1. Author analysis

This study is limited to journal articles published in English. The eight international top journals selected are: the
International Journal of Project Management, Journal of Construction Engineering and Management, Construction
Management and Economics, Journal of Management in Engineering, Engineering Construction and Architectural
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Management, Construction Innovation, Automation in Construction, and the Tumu Gongcheng Xuebao China
Civil Engineering Journal. By analyzing the authorship information obtained from the dataset, it is possible to
scientifically reveal and identify the main researchers, institutions, and countries of the PPP research. By analyzing
the co-authors, a network of co-authors and a network of institutions and countries of co-authors were generated
as described below. According to the statistical results of CiteSpace on the authors of 1,494 papers (1999-2018),
203 authors contributed more than two papers per capita. Among them, the top 30 authors with five or more
papers contributed are listed in Table 3. The top 30 authors from the data are ranked based on their contribution
amount and their collaborative relationships, as illustrated in Figure 2. In this figure, the curve represents the
author, the edges between nodes represent collaborations, and the node size reflects the author’s contribution to the
papers. Among these, there are seven representative collaborative groups. The top three authors with the highest
contribution amounts are Chan APC, Yuan JF, and Marques RS, who serve as central nodes in the collaboration

network. Additionally, several independent collaborations are distributed around these core contributors.

Table 3. The top 30 authors and their contribution

Author Contribution Author Contribution Author Contribution
Chan APC 42 Chen C 9 Smith J 6
Yuan JF 19 Cheung E 9 Petersen OH 6
Marques RC 17 Song JB 9 Jin XH 6
Zhang XQ 14 Chou JS 8 Van Den Hurk M 5
Skibniewski MJ 14 Girmscheid G 7 Regan M 5
LiQM 14 Yeung JFY 7 Hellowell M 5
Xiong W 12 Lam PTI 7 Verhoest K 5
KeYJ 12 Osei-kyei R 7 Wang Y 5
Wang SQ 11 XuYL 7 Deng XP 5
Cruz CO 10 Carpintero S 6 Feng Z 5

Figure 2. Paper contributing author between network diagram
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Statistics show that more and more researchers’ attention is graduating to the development of China’s PPP,
combined with the author’s collaboration network diagram there are a large number of independent cooperation
networks to forecast, the future there will be a lot for China’s situation and the independent existence of subject
research trend of combination, such as the Chinese government regulations and private financing analysis of PPP.
Since 2009, Chan APC as the main author cooperation team has done key research on the risk allocation of PPP,

[16]

covered the project potential elements !'*, China’s PPP risk sharing model "', the PPP success factors ', etc. In

7151 a renegotiation "**!. The cooperative

addition, some partners also separately studied the project satisfaction
network of Smith J and Regan M focuses on performance evaluation from the perspective of the whole life
cycle ' Cooperation network between Song JB and Feng Z, BOT mode in PPP ***”. To study the restraining
factors and government support of various PPP projects, Petersen OH et al. made a comparative analysis of PPP
in several countries **>". Cruz CO author cooperation network, such as more focus on the problem of flexibility
of the PPP contract, emphasizing the capital value of flexible implementation projects to maximize °"**'. The
cooperative network of Hellowell M analyzes the role of government decision-making in PPP and the purpose of
private investment, especially in hospital projects ™. Reeves E et al. paid more attention to the private financing

methods of PPP P%*7),

4.2. Countries, regions, and institutions analysis

To further investigate the contributions of different regions to research on the Public-Private Partnership (PPP)
model, this study compiles statistics on the geographical distribution of published papers, as presented in Table
4. The contributions from these countries and regions account for 75.10% of the total number of papers. Notably,
the leading contributor is the People’s Republic of China, which accounts for 28.78% of the total publications,
representing nearly one-third of the overall output. Although the origin of the PPP model is not China, the steady
increase in the country’s economic growth rate since 1990 and the rapid development of its infrastructure have
positioned China at the forefront of global infrastructure initiatives " Consequently, the demands of China’s
economic and infrastructural development have significantly accelerated domestic scholarly research on PPP in a
relatively short timeframe. Furthermore, the statistical results underscore the critical role of policy orientation in
advancing PPP development. For instance, the introduction of related planning for new-type urbanization utilizing
the PPP model by the Chinese government from 2013 to 2017 has catalyzed a research boom, making new-type
urbanization a prominent topic within the field.

Table 4. Countries and regions with the top 10 paper contributions

Region Contribution Region Contribution
People’s Republic of China 430 Germany 39
United States of America (U.S.A.) 206 Spain 38
England 158 Netherlands 37
Australia 104 Taiwan 35
Italy 41 India 34

The contributions of the top 10 regions are illustrated in conjunction with the cooperative relationships
among countries and regions, as depicted in the network diagram in Figure 3. In this diagram, the curves represent
collaborative ties between countries and regions, while the nodes signify the literature associated with each
location. Nodes of the same color indicate that they belong to the same cluster, highlighting a specific or primary
research focus. If a state within a cluster is connected to another cluster, it suggests that the country is also engaged
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in additional research areas. The analysis primarily highlights the core contributions from China, the U.S.A., and
England, which are central to the diffusion of research. This is accompanied by various independent collaborations
among other countries and regions. Notably, the relationships illustrated by the curves indicate that almost all
countries and regions maintain cooperative ties with China, suggesting that there is considerable global interest in
the development of the PPP model in China. Currently, China’s PPP market development, along with its policy and
institutional framework, is regarded as leading globally. China has emerged as the largest PPP market in the world,
contributing significantly to the evolution of global PPP practices . This development enhances the ability of
countries along the Belt and Road Initiative to effectively implement PPP projects, and it reflects the inevitable
outcomes of China’s rapid economic growth and infrastructure expansion.
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Figure 3. Network diagram of countries and regions contributing papers

The distribution of research organizations affiliated with the PPP-related papers collected in this study is
illustrated in Figure 4. The analysis indicates that institutions from China occupy a central position within the
institutional cooperation network. The network diagram reveals that Hong Kong Polytechnic University serves as
the hub, with numerous organizations interconnected, highlighting its pivotal role in collaborative efforts. Table
5 presents the top 10 research institutions based on paper contributions. Among these, six institutions are from
China, while the remaining four are from Belgium, Singapore, the U.S.A., and Portugal, respectively. Notably, the
top three contributing institutions are all Chinese: Hong Kong Polytechnic University, with 56 papers; Southeast
University, with 23 papers; and Tsinghua University, with 16 papers. This indicates that the research outputs from

China’s PPP institutions hold significant value on a global scale.
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Figure 4. Network diagram of the institutions contributing papers
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Table 5. Paper contribution amount in the top 10 research institutions

Institution Contribution Institution Contribution
Hong Kong Polytech University 56 Dalian University Technology 12
Southeast University 23 University of Maryland 10
Tsinghua University 16 Sichuan University 10
University of Antwerp 13 University of Lisbon 9
National University of Singapore 12 Tianjin University 9
4.3. Keywords analysis

This study employs quantitative visual analysis of keywords to explore the distribution of research hotspots in
the field of PPP, with the results presented in Figure 5. After excluding the keywords “PPP” and “public-private
partnership” the leading keywords in the statistical ranking are “management,” “China,” and “performance,” The
quantitative visualization analysis conducted on 1,494 papers from 1999 to 2018, using CiteSpace software, reveals
these prominent keywords. In addition to the top keywords, over nearly two decades of research, other frequently

9 G

used terms include “infrastructure,” “partnership,” “risk allocation,” “model,” “BOT,” and “policy.” A classification

and analysis of these keywords indicate that the types of projects involved in infrastructure research predominantly

49 water treatment projects *Y, waste recycling projects ', and urban transportation

1 [45]

encompass highway projects

projects ¥, Research about PPP models primarily includes the revenue-sharing model *, price model '**', value-for-

money (VFM) model "%, risk management model ", and cooperative game model . Additionally, significant areas
[49]

of inquiry involve risk sharing between partners ", government policy guidance *”, and the BOT model ",
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Figure 5. Network diagram of keywords in the paper

To comprehensively and clearly observe the evolving trends in PPP research, this study divides the period
from 1999 to 2018 into three distinct phases: the first phase from 1999 to 2008, the second from 2009 to 2013, and
the third from 2014 to 2018.

4.3.1. Session 1: 1999-2008

According to the results of quantitative visualization analysis of keywords by CiteSpace from 1999 to 2008
(as shown in Figure 6 and Table 6), PPP research focuses on topics related to BOT mode, private financing
institutions, project management, and risk management during this period. Among them, the hot research on BOT

mode mainly involves the analysis of the BOT procurement mode ", the setting of cooperation terms in BOT
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[53]

contracts °*', and the success factors in the construction and operation stage . The hot spots of private financing

institutions mainly involve performance supervision of Private Finance Initiative (PFI) implementation ®”, key

success factors of PFI project implementation °*', and relationship management of PFI partnership "

.nh
private finance

[financial management

,project management

infrastructure
roject y .
1P J,pr/vat/zat/on
_ Jbuild/operate/transfer
Jisk assessment
model i bOt

Jisk-management

Jprivate finance initiative
Figure 6. Keyword network diagram from 1999 to 2008

Table 6. The top 20 keywords between 1999 and 2008

Keywords Contribution Centrality Keywords Contribution Centrality
Bot 26 0.00 Risk management 3 0.09
Infrastructure 7 0.10 Risk 3 0.06
PFI 11 0.00 Trust 3 0.00
Private finance 6 0.00 Model 3 0.01
Privatization 6 0.09 Risk assessment 3 0.02
Project 5 0.25 Game theory 2 0.00
Project Management 4 0.10 Financial management 2 0.01

4.3.2. Session 2: 2009-2013

Many hotspots involved in PPP policy analysis include the effectiveness and risk of policy implementation. The
quantitative visualization analysis of keywords performed by CiteSpace for the period from 2009 to 2013 (as
shown in Table 7 and Figure 7) indicates that the research scope of PPP hotspots is gradually expanding. The
focus is no longer limited to traditional frameworks such as the Private Finance Initiative (PFI) and the Build-
Operate-Transfer (BOT) model. Instead, there is a noticeable increase in studies addressing risk sharing, risk
management, modeling, and policy-related issues. Specifically, the pathway for PPP risk management typically
involves two key components: risk identification and risk assessment °*, Moreover, several significant research
hotspots during this period have centered on the analysis of PPP policies, particularly regarding the effectiveness

and risks associated with policy implementation .
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Table 7. The Top 20 keywords between 2009 and 2013

Keywords Contribution Centrality Keywords Contribution Centrality
Infrastructure 39 0.12 Policy 18 0.04
Management 32 0.07 Construction 18 0.04
Performance 28 0.09 Project 16 0.04

Partnership 26 0.10 Service 16 0.04

China 25 0.10 Private finance initiative 15 0.14
Risk allocation 24 0.05 Governance 14 0.05
Model 24 0.10 Infrastructure project 14 0.04
Risk management 22 0.06 Critical success factor 14 0.04
Bot 21 0.01 Procurement 13 0.03
Risk 20 0.04 Network 12 0.05
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Figure 7. Keyword network diagram from 2009 to 2013

4.3.3. Session 3: 2014-2018

The keywords visualization analysis conducted by CiteSpace for the period from 2014 to 2018 (as illustrated in
Table 8 and Figure 8) indicates a more diversified trend in research topics. In addition to key themes such as
project management, project performance, success factors, and risk management, the issue of project governance
has garnered significant attention during this period. Among the primary topics within project governance are

government regulation *” and the legal framework governing contracts ",

Table 8. The Top 20 keywords between 2014 and 2018

Keywords Contribution Centrality Keywords Contribution  Centrality
Management 83 0.03 Risk 43 0.02
Infrastructure 77 0.02 Perspective 42 0.07

China 73 0.04 Risk Allocation 35 0.02
Performance 59 0.03 Partnership 35 0.04
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Table 8 (Continued)

Keywords Contribution Centrality Keywords Contribution  Centrality
Project 59 0.07 Sector 34 0.01
Model 57 0.01 System 29 0.02
Governance 50 0.05 Infrastructure Development 29 0.02
Infrastructure Project 47 0.04 Developing Country 27 0.02
Contract 46 0.01 Hong Kong 27 0.10
Critical Success Factor 45 0.06 Concession Period 24 0.05
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Figure 8. Keyword network diagram from 2014 to 2018

5. Discussion
5.1. Knowledge framework of PPP

Through the analysis of data sources using CiteSpace, a total of approximately 34,696 references were identified
across 1,494 papers published from 1999 to 2018. The top 10 references ranked by citation frequency are presented
in Table 9. The most frequently cited work by Ke YJ examines reasonable risk-sharing methods in China’s PPP
projects, while the second most cited reference focuses on the key factors contributing to the success of these
projects. The third significant reference addresses risk assessment practices within China’s PPP framework.

These findings suggest that the context of the PPP model, particularly about China, is a primary focus for
researchers in the field. Moreover, the areas of risk assessment, risk sharing, financing methods, foundational
frameworks, key success factors, and overall project viability represent the fundamental themes of discussion
in PPP research. This underscores the importance of understanding how these elements interact within the
Chinese context, providing valuable insights for practitioners and policymakers involved in the implementation
of PPP projects. As the field continues to evolve, addressing these core areas will be crucial for enhancing the
effectiveness and sustainability of PPP initiatives both in China and globally.

The analysis of highly cited references from a co-citation perspective reveals a diverse methodological

landscape within the field of PPP research. Some of these references are based on empirical research, while others
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adopt a non-empirical approach. Despite this methodological diversity, the predominant themes across these
studies consistently center on three key areas: risk management, relational dynamics, and financing strategies.
This indicates that, regardless of the research approach employed, scholars are primarily focused on understanding
how these elements interact within the PPP framework. The emphasis on risk underscores its critical role in
project success and sustainability, while the exploration of relationships highlights the importance of collaboration
between public and private entities. Additionally, financing remains a pivotal concern, as securing adequate
funding is essential for the effective implementation of PPP projects. Overall, these findings suggest that further
exploration of these interconnected themes is vital for advancing knowledge in the field and enhancing the

practical application of the PPP model.

Table 9. Information of references in the top 10 cited frequency statistics

Author Year Frequency Literature resources Research perspectives
Ke YJ 2010 62 INT J PROJ MANAG China’s PPP projects and reasonable risk-sharing
Chan APC 2010 54 JCONSTR ENG M China perspective, key success factors
Tang LY ! 2010 53 INT J PROJ MANAG Risk, financing, contract agreement
Chan APC 2011 47 J MANAGE ENG China’s PPP projects, risk assessment, and risk sharing
Hodge GA 2007 45 PUBLIC ADMIN REV The performance evaluation
XuYL 2010 43 AUTOMAT CONSTR The risk assessment
Yescombe ER 2007 43 PUBLIC PRIVATE PARTN Policy, financing
Kwak YH 2009 42 CALIF MANAGE REV Development framework
Hwang BG 2013 39 INT J PROJ MANAG Key factors, risks
Marques RC 2011 35 J CONSTR ENG M ASCE Risks, contracts

5.1.1. Risk management

Risk management in Public-Private Partnership (PPP) projects encompasses several critical components, including
risk factor identification, risk assessment, and the analysis of risk-sharing frameworks. For instance, Bing et al.
utilized the value judgment method to analyze the risks associated with the entire life cycle of PPP projects **.
They highlighted the significance of recognizing various risk factors and categorized them into three levels: micro
risks, medium risks, and macro risks. This classification aids in developing targeted risk management strategies
appropriate for different scales and contexts. Grimsey and Lewis contributed to this discourse by evaluating risk
factors specifically within the context of infrastructure projects employing the PPP model . They proposed a
comprehensive risk assessment framework that facilitates systematic analysis and understanding of the inherent
risks involved in such partnerships. Building on this foundational work, Ke et al. employed the Delphi survey
method to analyze risk preferences associated with PPP projects in China . Their findings revealed that
government entities identified 12 specific risks, including “levy and nationalization™ risks, while the private
sector recognized 10 risks. Notably, there were 12 risks deemed to be shared among stakeholders, illustrating the
collaborative nature of risk management in PPP projects. These studies collectively underscore the complexity
of risk management in PPP, emphasizing the need for robust frameworks that accommodate the diverse interests
of stakeholders. Moreover, the emphasis on collaboration in risk-sharing highlights the importance of effective
communication and negotiation between public and private entities. Future research should further explore the
dynamics of risk perception among different stakeholders, as well as the effectiveness of various risk-sharing
mechanisms in enhancing project outcomes. By advancing this understanding, researchers can contribute to the
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development of more resilient and successful PPP models.

5.1.2. Relational dynamics

The organizational relationship between the public and private sectors is a critical determinant of the success
of Public-Private Partnership (PPP) projects. Ineffective relationships can lead to misunderstandings, conflicts,
and ultimately project failure. Research on relationships within PPP projects primarily focuses on topics such as
relationship improvement, relationship management, and relationship contracts. For instance, lossa and Martimort
examined the impact of the relationship between the public sector and private capital from a micro-economic
perspective . Their analysis highlights the significance of incentive structures and flexibility in PPP contracts,
which can enhance organizational relationships and foster cooperation between stakeholders. Soomro and Zhang
(2015) evaluated the key factors contributing to relationship failures in 35 PPP projects, identifying critical issues
such as communication breakdowns and misaligned objectives ‘. They proposed an improvement mechanism
for partnerships that emphasizes the importance of establishing clear communication channels and aligning the
interests of both parties. Liu et al. utilized principal-agent theory to analyze the relationship dynamics within PPP
contracts, specifically focusing on incentive mechanisms designed to reduce opportunistic behavior . Their
findings suggest that well-structured incentive mechanisms are essential for minimizing conflicts of interest and
ensuring that both parties remain committed to the project’s success. Overall, these studies collectively highlight
the complexity of organizational relationships in PPP projects and the necessity of adopting a multifaceted
approach to relationship management. Future research should further explore the interplay between relationship
quality and project outcomes, investigating how different management strategies can enhance collaboration and
reduce the risk of conflicts.

5.1.3. Financing strategies

Research on financing within the PPP framework encompasses several key areas, including financing sources,
financing strategies, and financing risk assessments. Wang et al. investigated the primary financing sources
utilized in the construction of sponge city projects in China, highlighting the importance of innovative financing
mechanisms that leverage both public and private resources . The findings illustrate how local governments can
collaborate with private entities to secure funding, which is crucial for the successful implementation of large-
scale infrastructure projects. Liu and Wilkinson conducted a comparative analysis of PPP projects in Hong Kong
and New Zealand, identifying effective financing strategies that include robust business development, streamlined
financing arrangements, comprehensive tender documentation, and an effective governance structure for PPP
consortia . This comparative approach provides valuable insights into how different regulatory environments and
market conditions influence financing strategies, ultimately impacting the success of PPP projects. Additionally, Li
et al. analyzed the risk implications associated with various parameters in PPP project financing, including capital
structure, asset income, and volatility "?. The study emphasizes the critical need for thorough risk assessments to
understand how these factors can affect the overall financial viability of PPP initiatives. In summary, the evolving
landscape of PPP financing underscores the importance of strategic collaboration between public and private
sectors. Future research should focus on further delineating the relationships between financing strategies and
project outcomes, as well as exploring the effectiveness of different risk assessment methodologies. By advancing
this understanding, stakeholders can better navigate the complexities of financing within PPP frameworks,
ultimately leading to more successful project delivery.

5.2. Discussion of total cited clustering

Using CiteSpace, we conduct a comprehensive analysis of copolymerization types within the Web of Science
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(WOS) core journals, focusing on 1,494 published papers from 1999 to 2018. The analysis employs a time slice
of one year, with three key thresholds set at default values: reference frequency (c) at 2, resonant frequency (cc) at
2, and coefficient (CCV) set at 20 for the initial period, (5, 4, 20) for the second, and (4, 3, 20) for the third. The
results, illustrated in the timeline view shown in Figure 9 and Table 10, reveal that nodes #0, #2, and #3 represent
the three core matrices within the field of PPP research, demonstrating sustained relevance over time. These
matrices encapsulate critical areas of inquiry and persist throughout the analysis period. Given their prominence,
this study focuses on the research content associated with these three matrices.

Figure 9. References cited clustering analysis the time line of the view

Table 10. Co-cited clustering matrix analysis of references

Cluster ID Document Silhouette value
0 Public-private partnership 0.719
1 Pfi process 0.819
2 Harnessing market competition 0.767
3 PPP toll road 0.796
4 Construction industry 0.7
5 Public-private partnered project 0.956
6 Efficient risk allocation 0.831
7 Capital market collapse 0.864
9 Private finace initiative 0.942
10 Slow adoption 0.87
11 PFI project 0.991
12 UK private finance initiative 0.994
13 Operate-transfer scheme 0.996
14 Facing management choice 0.993
18 Ria model 0.99
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5.2.1. #0 successful factors of PPP

The clustering theme #0 centers on analyzing key factors and identifying risks associated with the success
of Public-Private Partnership (PPP) projects. This analysis employs principal-agent theory to examine the
relationships among PPP project partners, incorporating case studies that assess social capital capabilities and
financial evaluations. These evaluations form the foundation for risk sharing within the PPP contract structure.
Additionally, the client’s contract framework serves as a critical basis for leveraging social capital in executing
PPP projects . Building on this foundation, some scholars explore the role of Special Purpose Entities (SPEs)
utilized in PPP arrangements for mega projects. The integration of law, finance, and project management
constitutes the fundamental elements of the contract framework in constructing SPEs ™. Furthermore, research
on project success and risk factor identification predominantly focuses on infrastructure projects related to energy,
transportation, water conservancy, and healthcare. Among these, five critical success factors emerge: project
feasibility, project environment, project company, project contractor, and project suppliers 'Y In energy projects,
the most significant success factors include the necessity of the project, the expected debt repayment capacity,
the competency of personnel from the developer, the financial capacity of the contractor, and the level of project
financing management "', Conversely, the risks impacting PPP projects encompass various dimensions, with
critical factors identified as political risk, legal risk, government credit risk, market demand fluctuations, inflation
risk, and product price risk "\, It is important to note that the risks associated with different types of projects may
vary. For instance, quasi-revenue projects are exposed to additional risks such as nationalization/default, lack of
supporting infrastructure, and public opposition ", This body of research often employs case study methodologies
to provide in-depth insights into these complex dynamics "', By systematically identifying and analyzing these
factors, researchers contribute to a more nuanced understanding of the determinants of success and the associated

risks in PPP projects.

5.2.2. #2 financing proposal for PPP

The focal point of cluster #2 is the financing theory surrounding PPP. This encompasses a thorough examination of
financing methods, risk analysis, practical evaluations of financing plans, and feasibility assessments of business
investments. Such research often draws on existing PPP case studies, integrating comparable instances to analyze
practical outcomes. In their analysis of social capital’s role in financing, Silvestre and De Araujo compared two types
of PPP projects in Portugal—highway and water supply projects—highlighting the varying degrees of enthusiasm
and resistance toward social capital participation in these contexts "*. Practical analyses of Private Finance Initiatives
(PFI) frequently involve comparisons between healthcare and transportation projects. Henjewele et al. argued that
the expertise of the private sector can enhance cost, time, and risk performance in public projects, although they
also emphasize the persistent financing challenges faced by these initiatives . Wang et al. utilized a Generalized
Linear Model (GLM) to explore the impact of competitive bidding, transaction costs, contract types, and
deadlines on private investment levels in PPPs *. The findings indicated that higher levels of asset specificity and
greater surplus control rights for private investors correlate positively with the likelihood of private investment,
particularly in the context of competitive bidding. Pantelias and Zhang contributed to this discourse by proposing
a financing analysis framework that employs various sensitivity and scenario analyses to assess the feasibility
of project financial evaluations *"". Moreover, this body of research often investigates the financing dynamics
between social capital and governmental entities. Consequently, the matrix incorporates extensive studies on the
relationships inherent in PPPs. For instance, Warsen et al. conducted a multi-level analysis using survey data from
144 stakeholders involved in Dutch PPP projects, revealing that trust and effective management are closely linked
to project cooperation **. Additionally, the matrix engages in a complex analysis of relationship governance,
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recognizing the inherent challenges within PPP structures. Relevant studies highlight that PPPs represent intricate
infrastructure projects characterized by ambiguous responsibilities between public and private partners, leading to
a complex governance framework **. Such insights underscore the necessity for robust governance structures to
facilitate collaboration and mitigate risks within PPP projects.

5.2.3. #3 franchise period

The inherent characteristics of long cycles, irreversibility, and high uncertainty in PPP projects often lead to the
undervaluation of concessions in project evaluations. Consequently, cluster #3 aggregates studies that analyze the
value generated during the concession period. This includes discussions on the optimal duration of the concession,
flow forecasts during this period, cooperative optimization strategies, and revenue equivalence. Lv et al. proposed
an alternative model designed to address the inflexibility of traditional Net Present Value (NPV) management,
enabling a more effective determination of the optimal concession period for Build-Operate-Transfer (BOT)
transportation projects **. Another significant challenge is the accurate measurement of the concession period,
particularly in forecasting traffic volumes. Phong et al. utilized the Geometric Brownian Motion (GBM) process
to estimate traffic volume for transportation projects, employing a Monte Carlo simulation technique to analyze
various scenarios "*”!. This stochastic approach allows for a systematic examination of traffic volume fluctuations,
providing more reliable estimates for PPP projects. In addition to traffic forecasting, the analysis of revenue
equivalence is critical for transportation projects. Repolho et al. constructed a cooperative optimization model
aimed at ensuring profit for social capital while maximizing social welfare ™. Furthermore, analyses related
to the concession period also explore strategies to enhance the likelihood of social capital involvement through
government decision-making, promoted the innovative capabilities of social capital via competitive gaming,
and ensured long-term stability in the concession period through renegotiation mechanisms . Most studies
investigating the concession period of PPPs employ mathematical modeling paradigms, incorporating methods
such as Bayesian analysis, Brownian motion, Monte Carlo simulations, and Nash equilibrium. These analytical
frameworks provide robust tools for assessing the complexities associated with the concession period and

optimizing project outcomes.

5.3. Discussion of total cited authors and literature journal

5.3.1. Discussion of total cited authors

The analysis of total citations indicates that there are 29,938 referenced works, with the top 10 cited authors
highlighted for their influence and frequency, as presented in Table 11. Among these, Zhang XQ from the
Hong Kong University of Science and Technology emerges as the most prominent author, recognized for their
pivotal contributions in identifying key success factors for the PPP model within infrastructure projects ™",
The study delineated five critical dimensions: economic viability, appropriate risk allocation through reliable
contractual arrangements, sound financial packages, favorable investment environments, and the importance
of a reliable concessionaire consortium with robust technical capabilities. While Zhang’s classification method
has provided significant insights, it has also influenced how subsequent studies categorize factors affecting
PPP project performance, risk management, and regulatory challenges. Notably, recent scholarly attention has
shifted towards understanding the factors that contribute to the early termination of PPP contracts. Scholars
have suggested that accurately determining compensation mechanisms can mitigate the risks associated with
early contract termination *”. The second most-cited author, Li B has also made substantial contributions to the
field, though his specific contributions warrant further exploration “”'. Following him, Grimsey D stands out for
establishing methodologies related to PPP risk assessment and the valuation of project finance, as detailed in his
seminal works ""*?. This evolving discourse around PPP highlights the importance of adaptive frameworks that
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can account for the complexities of risk, performance, and contractual obligations. Further investigation into the
interplay between these factors will enhance the understanding of PPP dynamics and inform best practices in

project management.

Table 11. Influence of the top 10 co-cited authors and frequency

Author Centrality Year Frequency
Zhang XQ 0.06 2002 241
LiB 0.15 2006 195
Grimsey D 0.15 2006 179
Hodge GA 0.05 2007 158
Chan APC 0.04 2010 143
World B 0.01 2006 138
Akintoye A 0.06 2005 134
Lewis M 0.12 2006 124
KeYJ 0.01 2010 121
Hm T 0.06 2003 116

Table 12. Literature publications top 10

Journals Count
Journal of Management in Engineering 52
International Journal of Project Management 51
Journal of Construction Engineering and Management 43
Journal of Construction Engineering and Management ASCE 38
Transportation Research Record 31
Public Money Management 30
Sustainability 27
Journal of Infrastructure Systems 23
International Journal of Strategic Property Management 18
Public Management Review 18

5.3.2. Discussion of literature journal analysis

Table 12 presents the top 10 journals ranked by their contributions to the literature on PPP. The Journal of
Management in Engineering holds the top position, emphasizing contemporary issues in civil engineering
management through case studies, technical descriptions, and engineering practices. The journal’s focus on PPP
hotspots is primarily manifested through empirical case studies and practical engineering applications. Recent

publications have highlighted critical topics such as PPP relationship governance '

[94]

, risk perception in PPP
contexts “Y, and specific case studies centered on PPP implementations in China ", Ranking second, the
International Journal of Project Management concentrates on softer scientific issues within the realm of project
management. The journal frequently addresses vital topics relevant to PPP, including risk management, project
success factors, and the incentives that drive participant engagement. This emphasis reflects a growing recognition

of the intricate dynamics influencing PPP outcomes. In addition to these leading journals, Transportation Research
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Record, Public Money Management, and Public Money Management also demonstrate a keen interest in PPP
research outside the primary domain of project management. Transportation Research Record specifically targets
PPP research related to transportation projects, providing valuable insights into the unique challenges and solutions
within this sector. Public Management Review explores financing issues pertinent to public management projects,
while Public Money Management focuses on governmental decision-making processes, underscoring the critical
role of policy frameworks in facilitating successful PPP implementations. Collectively, these journals contribute
to a comprehensive understanding of the diverse aspects of PPP, ranging from theoretical explorations to practical

applications, and highlight the multifaceted nature of collaboration between public and private entities.

6. Conclusion

In this study, based on reviewing the basic concepts of PPP, CiteSpace software is used to quantitatively visualize
and analyze the papers dealing with PPP research in the selected journals during the last 20 years from 1999 to
2018, which mainly include authors, journals, countries, regions, institutions, keywords, and references. The
conclusions are obtained as follows.

Firstly, the focus of research on PPP has evolved significantly from 1999 to 2018. While early studies
focused on traditional models such as Build-Operate-Transfer (BOT) and Private Finance Initiative (PFI), later
studies show an expansion into different areas such as risk management, policy analysis, and project governance.
This transformation reflects the growing complexity and multifaceted nature of PPP projects in contemporary
research. The main themes of PPP-related infrastructure research cover a wide range of projects, including road
construction, water treatment, waste recycling, and urban transport. In addition, key models such as revenue
sharing and risk management are at the center of the discussion. The later phase of the study (2014-2018) in
particular highlights the growing emphasis on the role of project governance and government regulation in PPP,
with a focus on the effectiveness of legal frameworks governing contracts and policy implementation, suggesting
that governance challenges are becoming a central concern for researchers, a trend that underscores the importance
of understanding the regulatory and institutional contexts that influence the outcomes of PPP.

Secondly, there is a growing academic interest in the development of PPP in China and a significant
transformation in the interest in understanding the unique regulatory and financing environment that affects
PPP projects, with future research increasingly exploring the interplay between government regulations and
private financing in the context of China. The diversity of PPP research themes reveals a variety of key research
topics within the PPP framework, including risk management, performance evaluation, contractual flexibility,
and government decision-making. Notably, studies on BOT models and private financing mechanisms are
prevalent, indicating that researchers are actively addressing the theoretical and practical challenges associated
with the implementation of PPP in different sectors. Chinese academia is the major contributor to PPP research,
accounting for 28.78% of total publications. This remarkable output reflects China’s rapid economic growth and
infrastructural development, which have made the country a central player in the development of PPP practice
globally, and underscores the critical role of policy orientation in promoting PPP research and implementation.
Between 2013 and 2017, the Chinese government’s new urbanization planning and other initiatives stimulated a
significant increase in academic activity, making this topic a prominent focus of the PPP field.

Finally, the PPP knowledge framework highlights the interrelated themes of risk management, relationship
dynamics, and financing strategies, further reflecting the complexity and multifaceted nature of PPP projects.
Effective risk management becomes the cornerstone of successful PPP implementation, but also an important

process that influences the outcome of the project. Collaborative risk-sharing mechanisms are essential to enhance
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project sustainability and stakeholder confidence. Relationship dynamics within the PPP knowledge framework
as key determinants reveal that the quality of the relationship between public and private entities is critical to the
success of a PPP project. Effective communication, aligned goals, and well-designed incentives are necessary
to promote trust and cooperation. Financing strategies within the PPP knowledge framework are evolving, with
increasing emphasis on innovative financing mechanisms that utilize public and private resources. Comparative
analyses demonstrate how different regulatory environments affect the relevant strategies, highlighting the need
for robust risk assessments to measure their impact on project viability. The emphasis on strategic partnerships in

financing highlights the importance of cooperation in addressing the complexity of large infrastructure projects.

7. Limitation

Although this study provides some guidance for future research on PPP to some extent, some objective factors in
the research process may mislead future research. Therefore, to avoid this problem, here is an overview of three
main constraints: first, the finiteness of data sources. Although our data cover the most important ones in the PPP
field, the data source of this study firstly locates eight restricted journals in Scopus data, and some important
journals may not be taken into account, resulting in a small number for research and analysis. Secondly, the
limitation of software function. CiteSpace cannot directly process the content of citations, so it needs to manually
analyze and explain the details of important articles. This process is time-consuming and relatively prone to errors.
Finally, the limitations of information transmission. Since the information provided by the analysis results of
data sources and CiteSpace is only a brief introduction to the paper, compared with obtaining all the information
through full-text reading, this analysis method may cause the loss of key details in the full text. Therefore, the
above three limitations remain to be further studied and solved.
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Abstract: As one of the commonly used technologies in modern civil engineering, the construction technology is
becoming more and more widely used with the continuous growth of building height. In the construction process of high-
rise buildings, the deep foundation pit support provides the necessary stability for the foundation structure of the building
project, and more effectively guarantees the quality of the project. Through the reasonable supporting structure, the deep
foundation pit technology can effectively prevent the risk of soil collapse, foundation pit deformation and other risks, and
improve the safety factor of the whole construction project. Especially in the high-rise buildings, the deep foundation pit
support technology can consolidate the foundation for the long-term stability of the project, and significantly prolong the
service life of the building. The continuous development of deep foundation pit construction technology is the inevitable
demand of high-rise building construction, and also provides a powerful help for the development of civil engineering
industry. Based on this, this paper focuses on the application of deep foundation pit construction technology in civil
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1. Foreword

Deep foundation pit construction technology is widely used in the construction of high-rise buildings and other
projects. With the advancement of urbanization process, land resources are increasingly tight, and the demand for
deep foundation pit project is increasing. In order to ensure the safety and stability in the construction process of
deep foundation pit, the reasonable application of support technology is particularly important. Deep foundation
pit support technology aims to prevent soil collapse, foundation pit deformation and other safety risks, and ensure
the smooth construction through the effective support structure.

2. Analysis of the importance of deep foundation pit support construction

With the acceleration of the urbanization process, more and more building projects have begun to expand to the
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underground space, and deep foundation pit engineering has gradually become a common demand in modern
building construction. However, the soil environment of the construction site is usually complex and changeable,
and the geological conditions are quite different, which makes some soil layers cannot directly meet the
requirements of the construction of high-rise buildings, and there may even be a risk of instability "', Therefore,
the construction technology of deep foundation pit support arises at a historic moment. Strengthening the soil to
avoid soil collapse, deformation, and other problems, provides a safe working environment for the subsequent
construction. Common supporting technologies include concrete pile plates, steel sheet piles, concrete mixing
piles, etc., which can effectively support the soil layer, prevent the surrounding ground subsidence, ensure the
stability of the foundation pit, and prevent the penetration of groundwater and the movement of the soil. The
choice of each support method needs to be formulated according to the specific geological conditions of the
construction site, the surrounding environment, and the project scale.

In modern civil engineering projects, especially in the construction of deep foundation pit and large-diameter
projects, the requirements of deep foundation pit support are getting higher and higher. With the continuous
expansion of the project scale, the design and construction of the supporting structure often face greater challenges.
The stability of deep foundation pit support is directly related to the safety of the whole project. Once the problem
occurs in the foundation pit support structure, it may lead to soil collapse, affect the construction progress, and
even bring serious safety accidents. Therefore, the construction team must calculate the carrying capacity of the
supporting structure according to the actual situation of the site, and scientifically design the supporting system
to ensure the safety and reliability of every step in the construction process. To solve the problem of soil layer
stability, deep foundation pit support is more necessary to consider seepage prevention and waterproofing, to
avoid the damage of groundwater infiltration to the foundation pit. Seepage prevention and reinforcement play an
important role in this process. Commonly used technologies include wellpoint dewatering, dewatering well, and
other methods, which can effectively reduce the risk of water accumulation in the foundation pit and reduce the
influence of the hydrological environment on the supporting structure in the construction process .

However, the deep foundation pit support is not only designed to provide a temporary safety guarantee in the
construction process but also plays an important role in the whole life cycle of the project. After the completion of
the project, the foundation pit supporting structure usually needs to be removed. How to carry out the demolition
operation and make reasonable use of the demolition materials has become a new topic. In the process of
demolition, the recycling of materials directly affects the economic benefits of the project. The construction team
needs to pay attention to how to reduce the waste of resources and improve the reuse rate of demolition materials,
to achieve the goal of saving cost and reducing environmental pollution. In general, the construction team should
reasonably select the support methods according to the needs of the specific project, to ensure the safety and
stability of the project, and to maximize the overall benefit of the project. Under the condition of limited resources,
through the scientific construction of the supporting structure, we can realize the maximum benefit of the project
construction, and promote the development of modern civil engineering towards a safer, more efficient, and

environmental protection direction.

3. Application of deep foundation pit construction technology in civil engineering
construction

3.1. Construction technology of reverse arch wall support

The construction technology of reverse arch wall supports is constructed through various structural forms such
as round or oval, which have high stability and can effectively resist the soil lateral pressure in the process of

foundation pit excavation "*"*. During the construction, the principle of layered construction from top to bottom
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must be followed, and the supporting structure of each layer needs to be accurately constructed to ensure the
stability of the overall structure. However, in the construction process, if the arch cannot be successfully formed,
the construction team should check the site situation in time, adjust the support scheme, and use the composite
support system to provide additional support, to ensure the construction safety. Designers need to pay special
attention to the water level change when determining the vector span ratio of the axis of the arch wall. If the water
level in the foundation pit is too high, it may cause adverse effects on the bottom structure of the foundation
pit, and even endanger the safety of the whole project in a serious case. Therefore, the construction team should
implement effective water level control measures according to the precipitation situation, timely flow closure,
prevent the occurrence of water accumulation phenomenon, and ensure the smooth construction of the reverse

arch wall support.

3.2. Construction technology of concrete pouring pile

Concrete cast-in-place pile construction plays an important role in civil engineering, especially in deep
foundation pit construction. The construction technology of concrete cast-in-place piles can effectively improve
the underground seepage problem, effectively protect the pit wall of the foundation pit, reduce soil erosion, and
ensure the safety of the construction process. Through the high-strength cement wall of the cast-in-place pile,
the safety risks such as settlement and collapse can be significantly reduced, making the whole foundation pit
structure more stable "*"”. Compared with other supporting technologies, a significant advantage of concrete pile
construction is rarely hole collapses in the construction process. To ensure smooth construction, the construction
team needs to accurately calculate the pile spacing to avoid the problem of too dense or too thin piles. In the
specific operation process, the construction personnel should focus on the analysis of the difficulties in the project,
especially the slope protection problems, and take corresponding measures to solve them to ensure the stability
of the civil engineering project structure. In the technical implementation, the team must carry out each step in
strict accordance with the professional process, ensure the construction quality of the concrete cast-in-place pile,
and control the quality of the project to prevent any accidents. Through reasonable construction technology, the
concrete cast-in-place pile technology can effectively improve the overall stability of the deep foundation pit
engineering, and ensure the smooth progress of the civil engineering project.

4. Construction of slope protection pile

To ensure the construction quality, the construction personnel should first carry out detailed site verification on the
construction site, and make a feasible construction plan based on the site geological conditions and construction
needs. In this process, the engineer in charge must fully master the construction technology and characteristics
of the slope protection piles, and deeply understand the adaptability and performance of the piles under different
construction environments, to ensure the safety and effectiveness of the supporting structure. Through the
reasonable layout of the slope protection pile, the sliding and collapse of the pit wall can be effectively prevented,
especially in unstable soil environments such as high water levels or soft soil layers. The slope protection pile
plays a vital role in supporting it. The construction team should operate in strict accordance with the established
supporting structure scheme to ensure that every link in the construction process is consistent with the design
requirements, to ensure the smooth progress of the construction.

5. Construction technology of anchor bolt support

The anchor bolt support construction technology is widely used in deep foundation pit engineering and has
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good stability. This technique inserts the anchor rod deeply into the soil layer, which prevents the collapse and
deformation of the foundation pit wall. In the actual construction process, it is necessary to accurately measure
the site, and determine the layout position and quantity of the bolt, to ensure the rationality and safety of the
supporting structure. The installation of the anchor rod not only needs to ensure that it is fixed firmly but also
needs to strictly control its tilt angle and elevation to ensure the balanced distribution of its support force. The
construction team should pay special attention to the accuracy of the drilling operation. If abnormal conditions are
found, such as drilling deviation or soil instability, stop the operation immediately, conduct an on-site inspection,

and adjust the technical scheme according to the specific problems *”.

6. Construction technology of soil nail wall

Soil nail wall construction technology is an important application method in deep foundation pit support, which is
widely used in various soil environments. In the construction process, the design drawings of the project need to
be carefully verified to ensure the reasonable layout of the drainage system to avoid water accumulation affecting
the stability of the foundation pit soil. The design of a drainage system usually adopts a network format structure,
which can effectively reduce soil erosion and enhance the bearing capacity of soil. During the installation of the
large-diameter soil nail hole, the depth and position of the drilling hole must be strictly controlled to ensure that
the soil nail hole is not affected by the surrounding environment and avoid the drilling deviation. Simultaneously,
the construction team should ensure the quality of the soil nail material, especially the strength of the steel bar,
to avoid rust or inferior materials, and affect the long-term stability of the soil nail wall. When welding the soil
nail wall support, the construction personnel need to pay attention to the moderate mix ratio of the mortar, to
ensure that it has enough bonding strength, and at the same time to pay attention to the combination strength
of reinforcement and concrete. During the grouting operation, the grouting pressure and slurry fluidity must be
accurately controlled to ensure that the cement slurry can fully penetrate the inside of the soil nail hole and form
a solid support body. After grouting, the team shall check the grouting pipeline in time to remove impurities to
ensure the smooth progress of subsequent operations. During the net operation, the construction team shall ensure
that the wire mesh is welded firmly, select the appropriate drainage pipe material for installation, and conduct a

quality inspection to ensure that the drainage function of the pipe meets the standard.

7. Pile row support technology

Pile row support technology provides the necessary support for the foundation pit through pile row to ensure safety
in the construction process. Pile row can be divided into precast pile, slab pile, and cast-in-place pile, among which
concrete cast-in-place pile becomes the most commonly used choice because of its good bearing capacity and
adaptability. Generally, pile discharge technology is suitable for foundation pits ranging from 7 to 13 meters deep,
and a detailed investigation of groundwater level, soil conditions, and other factors is required before construction.
In some special circumstances, such as the requirements of the site conditions, the design scheme of a double-
layer concrete cast-in-place pile may be adopted, and the construction sequence needs to be strictly controlled to
ensure the coordination and stability between the pile foundations. The key point of pile row support lies in the
layout density of the pile foundation. The drilling and piling operation must be rigorous to ensure that each pile
can effectively withstand the pressure of the surrounding soil and prevent the collapse of the foundation pit. In the
construction process, special attention should be paid to noise control, and reasonable selection of construction
time, to avoid bringing unnecessary trouble to the surrounding residents. By taking noise prevention and control
measures, the environmental protection of pile discharge technology can be effectively improved.
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8. Epilogue

Deep foundation pit construction involves complex soil quality and hydrological conditions. Against this
background, the application of various support technologies, such as reverse arch walls, concrete cast-in-place
piles, and anchor bolt support, has gradually become an important means to ensure construction quality and safety.
With the continuous development of technology, new construction methods are constantly introduced. However,
the progress of technology does not mean that the accumulation of traditional experience can be ignored, especially
the supporting technology in extreme environments, which needs to be flexibly adjusted according to the actual
situation. The development of deep foundation pit construction technology should pay attention to the innovation
of technology, but also strengthen the comprehensive consideration of environment and safety, and promote the

integration of green construction concepts, to provide more efficient solutions for urban construction.
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Abstract: With the development of modern society, people put forward higher requirements for building safety, which
makes the construction project face new challenges. Reinforced concrete frame structure as a common engineering type,
although the construction technology has been relatively mature, but its earthquake collapse ability still needs to be
strengthened. This paper analyzes the specific factors that affect the seismic collapse ability of reinforced concrete frame
structure, summarizes the previous research results, and puts forward innovative application of fiber-reinforced polymer
(FRP) composite materials, play the role of smart materials, improve the isolation and energy dissipation devices, etc., to

promote the continuous optimization of reinforced concrete frame structure design, and show better seismic performance.
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1. Introduction

At present, as a common form of building structure, the seismic collapse performance of reinforced concrete frame
structure has attracted much attention. It is of great significance to improve the safety of buildings in earthquakes
by deeply exploring the factors that affect the collapse resistance of the structure.

2. Factors affecting collapse resistance

2.1. Structural design parameters

2.1.1. Column-to-beam stiffness ratio analysis

Jizhi et al. put forward the design concept of “strong column and weak beam,” thinking that the beam-column
linear stiffness ratio is the key factor affecting the flexural stiffness of reinforced concrete frame structures with
bending moment resistance, and put forward the limit setting values for different seismic grades. When the beam-
column linear stiffness ratio is less than the limit setting value, the beam-hinge mechanism can be realized. In
the experiment, %5 scale models of two 3-hole, 3-story reinforced concrete frame structures are constructed, and a
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series of nonlinear dynamic analyses are carried out for the numerical models that do not conform to or conform to
the linear stiffness ratio limits of beam-columns by low reciprocating load tests. Based on the test results, it can be
seen that the column area of the structure with large beam-column linear stiffness is more susceptible to earthquake
damage, resulting in increased energy consumption of the structure. Therefore, the factor of beam-column linear
stiffness ratio should be considered comprehensively when optimizing the seismic design of reinforced concrete
frame structures . By studying the isolation effect of a 15-story reinforced concrete building under the change of
beam-column stiffness ratio,

Chun adjusted the vibration period between the superstructure and the isolation layer to adjust the beam-
column stiffness ratio. When the isolation period was 2.5 times longer than the natural vibration period of the
undisturbed structure, the beam-column stiffness ratio was relatively small, and the damage to the reinforced
concrete building structure was reduced by about 5. This shows that reducing the stiffness ratio of the beam
to column by increasing the safety of the superstructure is beneficial to strengthening the seismic resistance of
reinforced concrete frame structures .

Chen et al. believed that in the seismic response analysis of reinforced concrete frame structures, due to the
large stiffness of the beam-column joint area, a certain rigid region needs to be set in the construction process, and
the rigid region will directly affect the seismic response ability of the structure. Moreover, different rigid region
setting methods are compared based on the fiber finite element method of the flexibility method, to determine a
more appropriate stiffness ratio of the beam-column. Effectively guarantee the earthquake resistance of reinforced
concrete frame structure and reduce post-earthquake damage .

2.1.2. Different beam-column connection types and effects

By analyzing the influence on the seismic performance of reinforced concrete frame structures under the new
flexible connection and energy-dissipating connection modes of beam-columns, Holley et al. used finite element
software to conduct static push nappe analysis and elastoplastic time history analysis and compared the damage
mechanism under horizontal earthquake action and seismic performance under dynamic load. Based on the
test results, it can be seen that when the rigid beam-column connection is adopted, the bolts at the connection
joints are damaged, and the frame beams are seriously damaged. When flexible connections and energy-
consuming connections are used, the connection bolts are kept in good condition. In addition, compared with the
flexible connection mode, the damage state of the main structure under horizontal earthquake is lighter, and the
displacement response of the beam-column energy-dissipating connection mode is reduced by 24.8%, 32.9%, and
36.5% compared with the flexible connection mode !,

Sun et al. used different beam-column connection methods to compare and analyze the whole process of
deformation and failure of reinforced concrete frame structures under earthquake action, to analyze the influence
of beam-column connection methods on the seismic performance of structures. According to the research results,
the relative displacement between the wall panel and the beam-column will occur when the card connection
method is given by the atlas, but the L-shaped card can play a certain restraint role. When the beam and column
are connected by the existing installation process of the enterprise, the wall panel and the main frame have good
integrity from the beginning of the loading, and the loading stage has a great contribution to the lateral stiffness
and lateral bearing capacity of the structure, but the wall panel has an out-of-plane deflection in the later stage.
This shows that the two kinds of beam-column connection have their advantages and disadvantages, and the beam-
column connection should be optimized reasonably .

Cheng et al. believed that the connection of beam-column joints of prefabricated reinforced concrete

structures is very important. By innovatively constructing prefabricated partial steel-reinforced concrete frame
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structures and setting steel bones in the connection area of components and the core area of beams and columns,
the bearing capacity of the frame structures is enhanced, which is three times that of traditional reinforced concrete
specimens. Moreover, the degradation of bearing capacity and stiffness is slower, and the seismic performance is

superior. It inspires the optimization of beam-column connection mode of reinforced concrete frame structures .

2.1.3. Floor system design considerations for seismic resistance

Nguyen believed that in reinforced concrete frame structures, the variation of floor parameters would affect the
stiffness of beam-column joints, and thus affect the seismic collapse performance of the frame structures. When
the floor stiffness is increased, it is beneficial to increase the restraint ability of the beam, and reduce the deflection
of the beam, to avoid the excessive deflection of the beam after the earthquake, resulting in the deformation and
damage of the frame structure.

Therefore, in the reinforced concrete frame structure, to improve its seismic resistance, it is necessary to
strengthen the rigidity of the floor system, thereby enhancing the bearing capacity and rigidity of the beam,
rationally planning the size and scale of the floor, and then ensuring the safety and reliability of the frame
structure ", Xu found that the buildings with reinforced concrete frame structures were seriously damaged by
earthquake damage statistics. After analyzing the failure mechanism, he proposed to further improve the seismic
design of the floor system, strengthen the seismic performance of the frame structure through diversified measures
and methods, make the building have stronger deformation resistance and stability, and strengthen the building

quality of reinforced concrete frame structure ™*.

2.2. Material properties

2.2.1. Concrete strength, ductility, and high-performance varieties

Wang et al. believed that compared with ordinary concrete, reactive powder concrete has higher toughness,
strength, and significant application value. By studying the long-term performance and durability of reactive
powder concrete, such as impact resistance, fatigue resistance, chloride ion resistance, and other indicators, the
latest research results are reviewed and proposed in the design of reinforced concrete frame structures. Reactive
powder concrete should be used to replace traditional concrete, thereby strengthening the seismic performance
of the structure, resisting the damage caused by earthquakes with high-quality concrete, and promoting the
continuous optimization of reinforced concrete frame structures .

In addition to reactive powder concrete, the selection of concrete materials with higher performance should
consider the section height and steel ratio. The section height and steel ratio have the greatest impact on the
damage to steel-reinforced high-strength concrete (SRHSC) beams, and the section size and axial compression
ratio have the greatest impact on the damage to SRHSC columns, which lays a foundation for the application of
concrete materials in the seismic design of frame structures. Moreover, some studies have shown that based on the
concept of “strong column and weak beam,” it should be combined with the strength and ductility of concrete to

select a more appropriate strength grade of concrete, thus ensuring the seismic performance of the frame structure.

2.2.2. Steel reinforcement characteristics and bond behavior

Zheng et al. proposed that steel bar corrosion is formed by the chemical reaction of iron elements on its surface
with oxygen and water. Proper corrosion can enhance the surface roughness of steel bars, and then strengthen the
mechanical occlusion between concrete and steel bars to form higher bonding properties. However, excessive
corrosion will lead to loose corrosion products on the surface of steel bars, resulting in a decline in the bonding
strength between steel bars and concrete. In this paper, the bond strength and bond stress-slip constitutive relation
of the corroded steel bars are analyzed by analyzing the change of bond property of the corroded steel bar. It is
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suggested that the research on the bonding properties under the splitting failure mode should be strengthened, and
the prediction model of bonding force should be built based on the width of the rust expansion crack, to better
control the corrosion strength of steel bars. The bond between reinforcement and concrete can be guaranteed, and
the seismic resistance of reinforced concrete frame structures can be improved """,

Zhou researched the bonding properties of corroded reinforced concrete members and found that the volume
of steel bars will increase after corrosion, resulting in splitting effect stress in concrete. This results in a significant
decrease in the bond property of steel bars. Therefore, the finite element method was used to conduct simulation
calculation, analyze the degradation mechanism of the bond properties of corroded reinforced concrete members,
find out the specific influencing factors, and provide inspiration for the design optimization of reinforced concrete
frame structures, to strengthen its seismic performance "',

2.2.3. Long-term material degradation factors and impacts

To investigate the influence of construction joints on the seismic resistance of reinforced concrete frame structures,
Wu conducted a nonlinear time-history analysis with the new model. According to the research results, with the
extension of the use time of the building, the construction material will degrade, resulting in the continuous expansion
of the construction joint, and the construction joint will increase the displacement of the top of the frame structure,
resulting in the change of the displacement distribution between the layers, and further aggravate the local response
of key components, resulting in the decline of the seismic performance of reinforced concrete frame structures.
Therefore, it is necessary to optimize construction materials and processes, minimize the width of construction joints,
and reduce the adverse impact on the seismic resistance of reinforced concrete frame structures "',

According to the linear damage theory, Zhang et al. built the damage index calculation model of concrete
and reinforced concrete materials, combined with the weighted coefficient, and calculated the damage index of
materials, reinforced concrete components, floors, and frame structures more accurately and efficiently, providing
an effective basis for targeted optimization of materials and better resistance to earthquake damage. Ensure the

high-quality development of reinforced concrete frame structures ',

3. Strengthening and retrofit strategies

3.1. Fiber-reinforced polymer (FRP) composites in retrofit

To strengthen the seismic collapse ability of reinforced concrete frame structure, fiber-reinforced polymer (FRP)
composite materials should be flexibly used to further strengthen the beam and column joints, strengthen the axial
bearing capacity of the frame structure, and better resist earthquake damage.

Firstly, because FRP has good strength and stiffness, it can effectively restrain the lateral deformation of
reinforced concrete columns and significantly improve the axial bearing capacity of columns. For example, in
the seismic reinforcement project of old teaching buildings, the use of carbon fiber reinforced polymer (CFRP) to
strengthen the columns can effectively improve the ultimate bearing capacity of concrete columns and enhance the
stability of the overall structure under earthquake action.

Secondly, under the repeated action of earthquakes, FRP-confined concrete columns can produce more
plastic hinges, increase the energy dissipation capacity of the structure, avoid brittle failure of the column, and the
structure has better deformation and energy dissipation capacity under strong earthquakes.

Thirdly, compared with the traditional strengthening method, FRP material is light in weight, simple
in construction, does not require large construction equipment and wet operations, can greatly shorten the
construction period, reduce the impact on the use of building functions, strengthen the earthquake collapse

capacity of the frame structure at the same time, and increase the economic benefits of the building "*. Fourthly,
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the construction personnel should paste FRP strips or adopt FRP stirrup on the side of the beam, to significantly
improve the shear-bearing capacity of the beam. For example, in the reinforcement of bridge structure, the stirrup
made of aramid fiber reinforced polymer (AFRP) is used to replace part of the traditional steel stirrup, further
improve the shear strength of the beam, and effectively improve the failure mode of the beam under the strong
shear force caused by the earthquake, to avoid the sudden collapse of the structure due to shear failure.

3.2. Smart materials and their potential use in strengthening

In the seismic collapse optimization of reinforced concrete frame structure, the positive role of smart materials
should be played to further strengthen the intelligent level of frame structure, and real-time monitoring of structural
health status, to ensure the structural performance, improve its seismic resistance, and avoid continuous collapse.

Firstly, the construction personnel should introduce the shape memory alloy (SMA) material, which has a
strong self-resetting ability, and apply it to the reinforced concrete frame structure node, which can strengthen the
self-resetting ability of the frame structure, so that the connector can restore the initial state after the earthquake,
reduce the residual deformation of the structure, and then ensure the recovery of the frame structure after the
earthquake.

Secondly, the construction personnel should introduce advanced piezoelectric materials and combine them
with intelligent control elements to form an efficient intelligent damper, which automatically adjusts the damping
size based on the vibration of the structure to further strengthen the safety of the building.

Then, in the design of reinforced concrete frame structure, the application of magnetorheological fluid
(MRF) should be strengthened, the MRF device should be applied in the supporting members, and the stiffness
of the support can be automatically adjusted according to the intensity of ground vibration and the response of the
structure so that the structure can maintain good seismic performance and improve the collapse resistance of the

structure.

3.3. Base isolation and energy dissipation devices for existing structures

Designers should improve the internal components of the reinforced concrete frame structure, improve the
isolation and energy dissipation devices, further strengthen the seismic ability of the structure, and effectively
prevent collapse.

Firstly, in the design of the frame structure, the application of rubber isolation bearings should be improved,
the material and process of the isolation bearings should be optimized, the mechanical properties should be
maintained, the isolation effect of the structure should be sustained, and reliable, the seismic energy should be
consumed and isolated through its deformation, and the direct effect of seismic forces on the superstructure should
be reduced "',

Secondly, the designer should optimize the metal yield energy dissipation device, adopt mild steel dampers,
quickly enter the yield state, consume a lot of seismic input energy, and significantly reduce the seismic response
of the main structure. Designers should also connect the energy-consuming device with the frame structure,
not change the original structure form, and better strengthen the seismic performance of the structure, thereby
improving the safety of the building.

4. Summary

To sum up, factors such as beam-column stiffness ratio, beam-column connection mode, seismic design of floor
system, concrete performance, reinforcement bonding force, and material aging will significantly affect the seismic

resistance of reinforced concrete frame structures. Therefore, it is necessary to study these influencing factors
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in detail, and actively introduce new technologies, new processes, and new materials to promote the continuous

optimization of reinforced concrete frame structure.
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Abstract: Based on the distribution of cooling load at a subway station and the peak-valley electricity price in Guangzhou,
a chilled water storage system is reserved in the ample space above the station’s distribution area. This study proposes
a design scheme and operational strategy for a chilled water storage system suitable for subway engineering, based on
calculating the cooling load and designing a chilled water storage system in a subway station. Additionally, it proposes
calculation coefficients of hourly cooling load suitable for subway engineering and convenient for estimation of hourly
cooling load. Furthermore, an economic analysis is conducted by combining hourly cooling load with time-of-use
electricity prices. This study provides a reference for the design and application of chilled water storage systems in
subsequent subway projects.
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1. Introduction

The transportation sector has become the dominant user of energy consumption and carbon emissions in China,
with the continuous enhancement of urbanization level and the diversification of transportation logistics and travel
demands ", In 2020, the Chinese government announced at the United Nations Assembly, its commitment to
achieving carbon peak by 2030 and carbon neutrality by 2060. Urban rail transit, as a crucial component of urban
public transportation, is widely regarded as a significant means to alleviate traffic congestion and achieve energy
conservation and emission reduction due to its characteristics of high speed and large capacity. According to statistics,
as of 2023, 59 cities in China had opened 338 urban rail transit lines, with a total operating line length of 11,224.54
km. In the same year, the total passenger traffic reached 29.466 billion trips, with a total electricity consumption of
24.977 billion kWh . The ventilation and air conditioning system, as a crucial component of energy consumption
and environmental protection, accounts for approximately 25%-35% of the total energy consumption in subways "’

and in humid and hot regions such as Guangzhou, this proportion can even reach 40% .
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The rapid increase in air conditioning load has become the primary cause of seasonal power shortages,
leading to a widening peak-valley difference in the power grid and compromising grid safety. Cold storage
technology takes advantage of sensible heat, latent heat, or the heat of chemical reaction during the phase change
of a working medium to store cold energy ""’. Specifically, during periods of low electricity demand, the cold
produced by a chiller unit is stored in a cold storage device, and during periods of high electricity demand, the cold
is retrieved from the device to meet the user’s needs ™*. On the one hand, it can reduce the peak load on the power

s [9]

grid, achieve the goal of “peak load shifting,” " and improve the efficiency and stability of the grid. On the other

hand, it can leverage the difference in peak and valley electricity prices to generate considerable economic benefits
for users "’

In the 1930s, cold storage technology was first applied in large and medium-sized buildings such as factories
and theaters in the United States "'". China introduced cold storage technology in the 1990s, and currently, over
a thousand cold storage projects have been built and put into use '*. Researchers have extensively explored the
theory and practice of cold storage technology ''*. However, failure cases of cold storage applications are not
uncommon, especially in special fields such as subway engineering construction.

Currently, the design process and calculation methods for cold storage in subway engineering remain unclear.
The calculation of cooling load serves as a crucial basis for the design of the cold storage system. In the early
stage of design, the coefficient method is commonly used to estimate the hourly cold load on the design day, to
construct the cold storage system, and to obtain approximate parameters. However, there is currently a lack of
default coefficients for subway stations '*. Additionally, the cold storage time in subway stations is shorter than
that in general buildings, and equipment rooms require continuous cooling 24 hours a day ""”. The current load
calculation methods cannot accurately reflect the actual load distribution characteristics of subway stations, and the
typical hourly load cannot fully represent the actual load distribution throughout the year, resulting in significant
deviations between calculated results and actual data.

In response to the aforementioned issues, this paper systematically investigates the design methods and
calculation procedures suitable for chilled water storage systems in subway stations. By adopting a partial load
storage cooling approach, the chiller unit stores cold water while supplying cooling during valley electricity
pricing periods, while during peak electricity pricing periods, priority is given to supplying cooling from the
cold water storage tank, with any insufficient cooling capacity being supplied by the chiller unit. A monthly load
coefficient model and an hourly load coefficient model have been established. A method combining hourly cooling
capacity with time-of-use electricity pricing is adopted to calculate the static investment recovery period during
the whole air-conditioning season, providing an economic analysis of the chilled water storage scheme for subway

stations.

2. Methods and case study

2.1. Project overview

The project is located in Guangzhou, China. It involves the construction of an underground two-level island
platform station. The total length of the station is 423 m, with a standard section width of 23.5 m. The total area
of the station is 24,899 m’. The station hall above the track area possesses ample space, which is suitable for the
consideration of implementing chilled water storage technology applications.

2.2. Conventional water system design scheme
The design cooling load of the station is 1,369 kW, with a large system design cooling load of 768 kW and a small
system cooling load of 601 kW. The conventional water system design scheme uses a primary pump variable flow
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system. The supply/return water temperature for the chilled water system is calculated at 7°C/14°C, while the
supply/return water temperature for the cooling water system is calculated at 32°C/37°C.

2.3. Water cooling storage system design scheme

Currently, the primary cold storage media used in air conditioning systems include water, ice, and eutectic salts.
Compared to the other two cold storage systems, the chilled water storage system boasts a relatively lower initial
investment and more lenient requirements for terminal equipment. It can utilize conventional chiller units, offering
high operational efficiency. However, its disadvantage lies in the smaller volumetric heat capacity, necessitating
a larger footprint for the cold water storage tank "', Given the substantial cooling demand of this subway station
and the ample space available in the station hall above the track area, it is suitable to adopt a chilled water storage
system. In this project, the liquid level in the expansion tank and the cold water storage tank can be designed to
exceed the highest point of the chilled water system’s water pipes during the cold storage process. Taking into
account the need to minimize the impact on the structural load-bearing capacity of the station, heat exchange
losses, and economic considerations, the high-position cold water storage tank open-loop direct supply system
scheme is selected """,

2.4. Water cooling storage system load calculation

The ventilation and air conditioning system in the public area of subway stations (large system) primarily
consists of seven components: heat dissipation and moisture dissipation from passenger flow, fresh air load
of the ventilation and air conditioning system, heat dissipation from lighting, elevators, ticket machines, and
communication equipment, heat dissipation and moisture dissipation from the station maintenance structure, fresh
air infiltration load at station entrances and exits, and other loads caused by ventilation in the station tunnels .
The ventilation and air conditioning system in subway station equipment and management rooms (small system)
is influenced by factors such as equipment heating capacity, fresh air load of the ventilation and air conditioning
system, number of staff, heating capacity of lighting equipment, heat dissipation and moisture dissipation from
walls . Currently, designers have conducted in-depth research on the design cooling load of subway stations and
have formed a relatively mature calculation model.

Given that the design cooling load for the large system is 768 kW, the design cooling load for the personnel
management room system is 136 kW, and the design cooling load for the equipment management room system
is 465 kW, the air conditioning season spans from March to November. The station operates from 06:00 to 00:00
(midnight).

(1) Step 1: Calculation of design cooling load

0.=0,+0, (1)

In Equation (1): O, = Design cooling load, kW; O, = Design cooling load of the large system, kW; O, =
Design cooling load of the small system, kW. Where Q, is calculated based on existing design methodologies,
taking into account factors such as the civil engineering conditions of the station, indoor and outdoor air
calculation parameters, and forecasted long-term peak passenger flow volumes; Q. is calculated using Equation (2).

0.=0,+0, )

In Equation (2): O, = Design cooling load of the small system, kW; O, = Design cooling load for
personnel management rooms, kW; Q.. = Design cooling load for equipment management rooms, kW. Where
0, and Q,, are calculated are conducted based on existing design methodologies, taking into account factors
such as the environmental requirements of personnel management rooms, the heat dissipation and operational

environment requirements of equipment management rooms, and indoor and outdoor air calculation parameters.
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In this case, Q, = 768 + 136 + 465 = 1,369 kW.
(2) Step 2: Calculation of monthly load factor
_ _ Omn 3)

Km(n) - max (Qmgmy)

In Equation (3): K,,,, = Monthly load factor, where 7 is the month of the air conditioning season; Q,,,, =
Monthly cooling load, kW, where 7 is the month of the air conditioning season. Where Q,,, is calculated based on
the average temperature and humidity of each month during the air conditioning season, utilizing existing design
methodologies. Calculations are conducted based on the station, the results are shown in Table 1.

Table 1. Monthly load factor estimation table

Month 1 2 3 4 5 6 7 8 9 10 11 12

K

m(n)

0.26 0.33 0.44 0.63 0.82 0.94 1.00 0.99 0.89 0.69 0.48 0.31

Note: According to data from the Central Meteorological Observatory of China, the monthly average temperature and humidity in
Guangzhou over 30 years (1991-2020)

Stations in other regions may refer to or make adjustments based on these data.
(3) Step 3: Calculation of hourly load factor
Qm’(r}
Kea = max (Qtd())
0 (t.<t<ty)

(t;=t<t,) )

In Equation (4): K,,, = Hourly load factor of the large system, where ¢ is the time; Q,,, = Hourly cooling
load of the large system, kW, where ¢ is the time; 7, = Station start operation time; ¢, = Station end operation time.
Where 0, is calculated based on typical daily passenger flow, outdoor air calculation parameters, and other
information according to existing design methodologies. The hourly load factor for the large system is calculated
based on the station, the results are shown in Table 2.

Table 2. Hourly load factor estimation table

Moment 0-5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23

K 0 0.64 088 091 0.80 0.81 0.82 0.81 0.81 0.85 086 086 1 096 078 0.76 0.76 0.72 0.62

Note: Based on the calculations conducted at a station in Guangzhou, stations in other regions may refer to or make adjustments based
on these data

Ktxr(t} . {

In Equation (5): K, = Hourly load factor for personnel management room systems, where ¢ is the time; 7, =

1(t, =t=<t,)
0(t, < t<ty) (5)

Station start operation time; ¢, = Station end operation time.

Kixsey =1 (6)
In Equation (6): K, = Hourly load factor for equipment management room systems, where ¢ is the time.

1(6<t<24) .

For this case, K = [ 0(0<t<6) > Kusey =1

(4) Step 4: Calculation of hourly cooling load for each month

Qotney = Kp X Ky X (Krae) X Qq + Kearty X Qur + Kes(e) X Qus) (7

In Equation (7): Q,,, = Hourly cooling load, kW, where 7 is the month of the air conditioning season and ¢ is
the time; O, = Design cooling load of the large system, kW; O, = Design cooling load for personnel management
rooms, kW; O, = Design cooling load for equipment management rooms, kW; K, = Additional coefficient
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considering ineffective capacity and cooling losses of the cooling storage device, generally taken as 1.05 to 1.1;
K

m(n)

= Monthly load factor, where 7 is the month of the air conditioning season; K, = Hourly load factor of the
large system, where ¢ is the time; K, = Hourly load factor for personnel management room systems, where 7 is
the time; K., = Hourly load factor for equipment management room systems, where ¢ is the time. In this case,
taking 08:00 on a certain day in June as an example, Q.5 = 1.05 % 0.94 x (0.91 x 768 + 1 x 136 + 1x465) =
1,282.98 kW.

(5) Step 5: Calculation of daily cooling load

@d(n} = EE:EE Q:En,c} (8)

In Equation (8): Q,,, = Daily cooling load, kWh, where 7 is the month of the air conditioning season; O, , =
Hourly cooling load, kW, where n is the month of the air conditioning season and ¢ is the time. In this case, taking
a certain day in June as an example, Q) = Z2° Quqer) = 24,536.03 kWh.

(6) Step 6: Calculation of daily cold storage capacity of the chiller units

Qg(n} = EF:ng {Qs - Q:{n,tj} (9)

E=tgl

In Equation (9): 0, = Daily cold storage capacity of chiller units, kWh, where 7 is the month of the air
conditioning season; 0., = Hourly cooling load, kW, where 7 is the month of the air conditioning season and ¢ is
the time; 7,
taking a certain day in June as an example, @q(e) = Z=) (1369 — Q-6 = 5,859.71 kWh.

(7) Step 7: Calculation of cooling capacity of the cooling storage tank
@, = min {Qg[ﬂ)] (10)

= Start time of the valley electricity pricing; #,, = End time of the valley electricity pricing. In this case,

In Equation (10): O, = Cooling capacity of the cooling storage tank, kWh; 0, = Daily cold storage capacity
of chiller units, kWh, where 7 is the month of the air conditioning season. In this case, O, = min(Q,,)) = Oy =
5,534.67 kWh.

(8) Step 8: Calculation of the cool storage rate

j= (11

max (Qﬂ-[ﬁ |}

In Equation (11): i = Cool storage rate; Q,,, = Daily cooling load, kW, where 7 is the month of the air

@ _ @ E534.67

conditioning season. In this case, i = = = =21%.
g ’ mat (@ g mo) Qg 26102.16

(9) Step 9: Calculation of effective volume of the cooling storage tank
_ 3600 x Qs (12)
N oo K AL
In Equation (12): V= Effective volume of the cooling storage tank, m?; O, = Cooling capacity of the cooling
storage tank, kWh; 7 = Ratio of actual output to theoretically available energy during the energy storage period,
generally taken as 0.85 to 0.90; p = Density of water, kg/m’; ¢ = Specific heat capacity of water, kJ/(kg-K); At =

Temperature difference between supply and return water, °C, generally not less than 7°C. In this case, V

3600 X @r 3600 553467 3
TTxprexs tEswimoxizar /0731 m.

(10) Step 10: Calculation of hourly cooling capacity of chiller units for each month

The chilled water storage system operation strategy involves storing cold during the valley electricity pricing
period, releasing cold during the peak and flat electricity pricing periods, with priority given to releasing cold
during the peak electricity pricing period.
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(1) Cold storage stage (valley electricity pricing period)
Q. (ifQ 2 Ei_,, (@, — Qenn)) (13)
9 = |max (Qs ~ EETH (@ — Qe 01+ Qoguey (10 < T cig (@: = Qz(n))

t tgl

In Equation (13): O, = Hourly cooling capacity of chiller units, kW, where 7 is the month of the air

<t<tp29

conditioning season and ¢ is the time, ¢ 0, = Cooling capacity of the cooling storage tank, kWh; O, =

B pl
Design cooling load; Q. = Hourly cooling load, kW, where 7 is the month of the air conditioning season and ¢ is
the time; 7,, = Start time of the valley electricity pricing; z,, = End time of the valley electricity pricing.

(1) Cold release stage (peak electricity pricing period)

0(ifQ. = ﬁ_m Q=(nr) ) (14)
Qitney = =
i Q:(ﬂ_.t] — max {Qx - E_E;IIQ =(n, c]rn} (If(?x = Er. =tf1 Q {ﬂ.,:)]
In Equation (14): Q;,, = Hourly cooling capacity of chiller units, kW, where 7 is the month of the air

<t<t

conditioning season and ¢ is the time, ¢ 2 3 O, = Cooling capacity of the cooling storage tank, kWh; Q. , =

s “pl
Hourly cooling load, kW, where # is t;e month of the air conditioning season and ¢ is the time; 7, = Start time of
the peak electricity pricing; #, = End time of the peak electricity pricing.
(iii) Cold release stage (flat electricity pricing period)
Qjtna) =
0 (if@. = Eizi’:‘; Q:pmay T Zi_, o1 @ztn. &) (15)

[Q:[ﬂ,tj — max {Qx o E‘“‘*’l Q. z(nt) — E E; :(nut:lro] (Ifo < EE Ejl z(n.t) + EE::Pl Q:(r\,t))

In Equation (15): Q,,, = Hourly cooling capacity of chiller units, kW, where 7 is the month of the air
conditioning season and 7 is the time, 7,,< # < ¢, ; O, = Cooling capacity of the cooling storage tank, kWh; O, =
Design cooling load; 0., = Hourly cooling load, kW, where 7 is the month of the air conditioning season and ¢ is
the time; 7, = Start time of the peak electricity pricing; 7, = End time of the peak electricity pricing; #,, = Start time

of the flat electricity pricing; ¢,, = End time of the flat electricity pricing.

Table 3. Time-of-use electricity prices

Time period Electricity price (RMB/kWh)
Valley electricity price: 00:00—08:00 0.28
Peak electricity price: 10:00-12:00; 14:00-19:00 1.17
Flat electricity price: 08:00—-10:00; 12:00—14:00; 19:00—00:00 0.70

In this case, it has been found that similar projects in Guangzhou which are proposed to implement a time-of-use
electricity pricing system in the future by investigation, time-of-use electricity prices are shown in Table 3.

(1) Cold storage stage (valley electricity pricing period)

Taking 07:00 on a certain day in June as an example, O, = max{5534.67-X :;(1369 -0.60)-03 0.7,
1,260.24 kWh.

(i1) Cold release stage (peak electricity pricing period)

Taking 10:00 on a certain day in June as an example, Q)45 = 0 kWh.

(i) Cold release stage (flat electricity pricing period)

Taking 13:00 on a certain day in June as an example, Oyq13 = O3 -max (5513.2 — TI211 Qo) — Zimas Qo)
— 2 Qupne).0)=1,207.18 kWh
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The effect of the chilled water system for each month can be ascertained by calculation. The effect of the
chilled water system for June is shown in Figure 1.

kWh
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Figure 1. The effect of the chilled water system in June

(11) Step 11: Calculation of static payback time

=12 =23 , Qam, 16
Cs = T T (s X Cp) X Nwy ) (10)

In Equation (16): C, = Annual electricity cost of the conventional design scheme, RMB; O, , = Hourly
cooling load, kW, where 7 is the month of the air conditioning season and ¢ is the time; K, = Additional coefficient
considering ineffective capacity and cooling losses of the cooling storage device, generally taken as 1.05 to 1.1;
COP = Coefficient of performance of the chiller unit; C, = Time-of-use electricity price, RMB; N,,, = Number of
days in the air conditioning season month, where #» is the month of the air conditioning season. In this case,

C. =TI {5 (F2L X C)) X Ny } = 818,600 RMB.

1.05=5

n=12  «t=23 , Yjns
Co=Tnoy {30y (2 X Cy) X Ny}

)

In Equation (17): C, = Annual electricity cost of the chilled water storage scheme, RMB; @, = Hourly
cooling capacity of chiller units, kW, where #n is the month of the air conditioning season and ¢ is the time; COP =
Coefficient of performance of the chiller unit; C,- Time-of-use electricity price, RMB; N,,, = Number of days in
the air conditioning season month, where n is the month of the air conditioning season. In this case, C, =

D O i (E’% X Cipy) X N} = 596,400 RMB.

A== (18)

In Equation (18): A = Static investment payback period, years; C. = Initial investment in the chilled water
storage system, RMB; C, = Annual electricity cost of the conventional design scheme, RMB; C, = Annual

electricity cost of the chilled water storage scheme, RMB. In this case, the initial investment for this scale of

150

chilled water storage system is estimated to be 1,500,000 RMB by investigation. 4 = ————=

=6.75 years.

3. Conclusion

This study presents the design methods and calculation steps for a chilled water storage system applicable to
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subway stations comprehensively and systematically for the first time, based on a subway station in Guangzhou.
The monthly and hourly load coefficient models have been established by adopting a partial load storage cooling
approach. Furthermore, the estimation tables for monthly and hourly load coefficients suitable for subway
engineering have been proposed based on actual project cases, filling the gap in hourly load coefficients for
subway station-type buildings and making the estimation of hourly loads in subway stations more convenient and
accurate. The calculations determined the required volume of the cooling storage tank for this project is 797.31
m’, the cooling storage rate of this project is about 21%, and the effect of the chilled water system for each month
has been analyzed. The static payback time is calculated by combining hourly cooling capacity with time-of-use
electricity pricing throughout the entire air conditioning cycle, making economic analysis of the chilled water
storage system more accurate. The calculation shows that the static payback time of the chilled water storage
system in this project is approximately 6 years.
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Abstract: The preservation condition of historical buildings is closely related to their ventilation environment. This study
focuses on the rock temples in Wudang Mountain, specifically comparing the ventilation conditions of Yinxian Rock
and Huayang Rock. The following conclusions are drawn: (1) The main wind direction at Yinxian Rock aligns with its
orientation, which is an easterly wind, while Huayang Rock experiences a westerly wind, deviating from its southwestern
entrance; (2) Huayang Rock has significantly lower wind speeds compared to Yinxian Rock, with minimal airflow; (3)
The surrounding environment of Huayang Rock features steep terrain, dense tree cover, and the presence of railings and
other structures that impede wind entry into the cave, whereas Yinxian Rock is surrounded by fewer trees and has a flat
terrain; (4) In terms of cave morphology, Yinxian Rock is completely open on the east side, while Huayang Rock’s opening
accounts for only half of its area and is not directly aligned with the rock temple. In summary, Huayang Rock’s ventilation
environment is inferior to that of Yinxian Rock, leading to more severe pathologies. It is inferred that Huayang Rock’s
preservation issues are closely related to its poor ventilation environment. Therefore, improving its ventilation conditions
is crucial for preventive conservation. Using environmental simulation, this study compares the ventilation conditions of
Huayang Rock under different wind directions and speeds, identifies the two most ideal scenarios, and proposes several

feasible solutions.
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1. Introduction

Wudang Mountain, a famous Taoist holy site in China, is located in Danjiangkou City, Hubei Province.
The mountain is home to a large number of brick and stone buildings, representing the most traditional and

concentrated brick and stone surface building groups in China. Currently, there are more than twenty rock
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temples with their main structures still preserved, most of which face challenges in access and maintenance for
protection and management. Continuous environmental impacts have had a negative effect on them, causing
various degrees of damage that are becoming more severe. Due to the scarcity of relevant literature on Wudang
Mountain’s rock temples and the inadequacy of analysis on their brick and stone buildings, there is a lack of
specific interpretation of the causes of their architectural issues and research on protective measures "', This has
led to a delay in timely protection and accelerated the severity of their architectural issues. Currently, domestic
researchers such as Wang Zi have explored the mechanism of “water” on the architectural issues of Wudang
Mountain’s brick and stone buildings, and Wang Chengnan et al. have further analyzed that the main cause of
the peeling phenomenon in Wudang Mountain’s rock temples is the water-rock interaction **'. However, other
environmental factors affecting the architectural issues have not been fully explored, and there is almost no
research on the correlation between the architectural issues of Wudang Mountain’s rock temples and the wind
environment. Regarding natural ventilation of stone cultural relics, Wang Jiangli et al. have explored the airflow
movement patterns and ventilation control methods in Mogao Caves through a series of natural ventilation tests
and Zhou Baofa et al. have also analyzed the influencing factors and control measures of natural ventilation in
Maijishan Grottoes **. However, due to the unique characteristics and environmental conditions of Wudang
Mountain, its natural ventilation differs from these cases.

Yinxian Rock and Huayang Rock are two rock temples on Wudang Mountain that have high research and
protection value. Yinxian Rock is located north of the Five Dragon Palace, in Lujiazhai Village, under Yinxian
Peak. Many accomplished Taoist practitioners, such as the famous alchemists Yin Xi and Yin Gui, once lived
and practiced here in secrecy, giving Yinxian Rock its long-standing reputation. The rock cave faces east, and
there are five brick and stone halls inside, forming a “pin” shaped layout centered around the main hall, as
shown in Figure 1. Huayang Rock, also one of the thirty-six rocks of Wudang Mountain, is located more than
200 m away from the Five Dragon Palace, facing southwest opposite to Yunmu Rock. Surrounded by trees,
there is only one stone hall inside the rock, as shown in Figure 2. According to records, the construction of the
stone halls in both rock temples dates back to the Ming Dynasty ”. Under the same climatic conditions, the
altitude of the two rocks is also similar, with Yinxian Rock at 604.5 m and Huayang Rock at 647.8 m. Both use
a mixture of brick and stone as building materials, and their architectural features and construction techniques
are basically the same """ However, there is a significant difference in their degree of damage.

Figure 1. Yinxian Rock Figure 2. Huayang Rock

The preservation status of cultural relic buildings is closely related to the micro-environmental conditions
in which they are located "'"). For stone cultural relics in damp areas, the ventilation environment is an important
indicator that affects the surface deterioration "'*. As the wind speed increases, the heat exchange on the
building surface also increases, with the convective heat exchange on the windward side being greater than that
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on the leeward side, leading to an increase in the surface temperature of the building and stronger evaporation
of water from the bricks and stones *. A good ventilation environment can remove moisture from the building
surface, reducing some architectural issues caused by water.

In the Wudang Mountain area, where the east wind is the predominant wind direction, Yinxian Rock and
Huayang Rock face almost opposite directions, so their wind exposure conditions will also be different. To
further explore the relationship between the ventilation environment of the two rocks and the difference in the
degree of architectural issues they suffer, this paper compares the ventilation conditions of Yinxian Rock and
Huayang Rock in terms of wind direction, wind speed outside the cave, the surrounding environment of the
building, and the shape of the cave. The analysis reveals that the ventilation environment of Huayang Rock is
relatively poor compared to Yinxian Rock. Through real-time environmental monitoring and data analysis of
the wind direction and speed in front of the two caves, it is found that the main wind direction at Yinxian Rock
is easterly, while at Huayang Rock it is westerly, and the monitored wind speed at Huayang Rock is much lower
than that at Yinxian Rock.

Theoretical analysis of the cave shape and surrounding environment shows that the terrain around Yinxian
Rock is flat with few trees, while the opposite is true for Huayang Rock. The east side of Yinxian Rock is
completely open, favoring wind exposure, while the opening area of Huayang Rock is only about half of its
facing side. To find an ideal ventilation effect for Huayang Rock and improve its current ventilation status,
this paper roughly simulates the ventilation situation of Huayang Rock under different wind directions and
speeds through environmental simulation. It is found that the better ventilation effect for Huayang Rock occurs
with a south or southwest wind, with wind speeds of around 5 m/s and 10 m/s, respectively. Based on this,
several implementable operations are proposed, providing a scientific basis and theoretical foundation for the
preventive protection of Huayang Rock in the future.

2. Comparison of architectural issue conditions and ventilation environments
between Yinxian Rock and Huayang Rock

Comparing the architectural issue conditions of Yinxian Rock and Huayang Rock, significant differences in
the degree of architectural issue were observed at the same height of approximately 90 cm on the Xumizuo
(a type of stone pedestal in traditional Chinese architecture). The west side of the Xumizuo in Huayang Rock
Temple showed large areas of powdery peeling, while the east side exhibited considerable erosion and defects.
The south side had a relatively minor degree of architectural issue, but there were still some signs of powdery
peeling and erosion 'Y, On the other hand, when examining the main hall’s altar table and the northeast and
southwest side halls of Yinxian Rock, and comparing the same Xumizuo areas, it was found that there was
almost no peeling, only a small amount of weathering erosion !'”. From this, it can be roughly inferred that the
degree of architectural issue suffered by Yinxian Rock is less severe than that of Huayang Rock.
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Figure 3. Photographs of architectural issues on the two rocks (a) Yinxian Rock (b) Huayang Rock

The surface integrity damage suffered by the Xumizuo of Huayang Rock can be roughly divided into six
types: defects, powdery peeling, layered peeling, massive peeling, erosion, and hole-like weathering, as shown
in Figure 3(b). Among them, peeling is the most significant architectural issue that causes the greatest degree
of damage to the rock temple. Its mechanism is mainly due to water-rock interaction, which primarily involves
the hydration and expansion of clay minerals and the dissolution of soluble minerals in the rock temple’s stone
material ™. The widespread presence of moisture accelerates the formation of peeling architectural issues in the
rock temple, and the wind environment is one of the important factors that affect the amount of water residue
on the building surface.
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Figure 4. Cloud map of main architectural issues on the Xumizuo of Huayang Rock

To explore the correlation between the differences in architectural issues of the two rocks and their
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ventilation environments, it is necessary to understand the external ventilation conditions of the buildings and
the reasons that affect their ventilation. It is known that natural ventilation is divided into three modes: wind
pressure ventilation, thermal pressure ventilation, and combined wind and thermal pressure ventilation .
Wind pressure ventilation is related to the indoor and outdoor wind speeds. When the internal wind speed is
constant, the greater the outdoor wind speed, the larger the wind pressure difference formed, and the better the
ventilation effect. Thermal pressure ventilation is caused by air flow due to differences in air density resulting
from temperature differences between indoor and outdoor air and height differences between inlet and outlet.
To increase thermal pressure ventilation, while utilizing the temperature difference between indoor and outdoor
air, it is necessary to create upper and lower openings to allow airflow to enter from the bottom and exit from
the top.

The ventilation situation of rock temples can be analogized to the principle of architectural ventilation,
treating the caves as buildings with a single-side opening. The wind exposure outside the rock temple buildings
can be considered as the ventilation conditions inside the caves, and the outdoor wind speed can be regarded
as the wind speed inside the caves '®. Since there is no height difference between the inlet and outlet of the
single-side opening of the rock temples, the natural ventilation mode of the two rock temples is basically wind
pressure ventilation. The factors that affect wind pressure ventilation include external factors such as wind
speed outside the cave and the surrounding environment, as well as internal factors such as the opening of the
cave and its own shape. For rock temple buildings, the temperature changes inside the caves can be ignored,
so it is only necessary to investigate the wind speed changes outside the caves. The following sections will
compare the ventilation environments of Yinxian Rock and Huayang Rock in terms of wind direction and speed

outside the caves, the surrounding environment of the caves, and the openings and shapes of the caves.

2.1. Wind direction and speed

Wind speed and direction are two fundamental characteristics of natural wind and the main factors influencing
the ventilation environment. To measure the environmental data of the two rocks, we used outdoor weather
station monitors to observe the changes in the surrounding environment of the two rocks and record data in real
time. The models are shown in Table 1 below. The test indicators include air temperature and humidity, gas
concentration, illumination, ultraviolet (UV) intensity, as well as wind force, speed, and direction. Sampling
was done at 10-minute intervals to capture instantaneous values. This article will focus on three indicators: wind
force, speed, and direction.

Table 1. Monitor models and measurement ranges

Measurement variable Instrument brand & model Instrument accuracy Sampling interval (min)
Wind direction JianDaRenKe Weather Station &RS-QXZ +45° 10
Wind speed JianDaRenKe Weather Station &RS-QXZ +0.1 m/s 10
Wind force JianDaRenKe Weather Station &RS-QXZ Level 1 10

Instruments were placed on the sides of the air intakes of two rock temples to detect their overall
environmental conditions, as shown in Figure 5(a) and Figure 5(b). Data collected over four months from
November 2022 to February 2023 were analyzed. Due to signal issues, some data were missing. Therefore,
days with complete data for both temples were selected as the sample size for this analysis, ensuring at least ten
days of data per month. This data volume is sufficient and representative, allowing for the derivation of general

patterns. The following analysis is based on this dataset.
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Figure 5. Locations of meteorological stations at (a) Yinxian Rock and (b) Huayang Rock

As a reference, this paper selects meteorological station data from Mount Wudang over the same four-
month period, with indicators including dd (wind direction at 10—12 m above ground level within 10 min
before observation, compass bearing), ff (average wind speed at 10-12 m above ground level within 10 min
before observation, m/s), and ff3 (maximum gust wind speed at 10—12 m above ground level between two
observations, m/s). These indicators were monitored every three hours, daily. The collected data were then
compared with the monthly average and maximum wind speeds, overall wind force distribution, and wind
direction distribution at Yinxian Rock and Huayang Rock.

As shown in Figure 6(a) and Figure 6(b), the average and maximum wind speeds at both rock temples are
significantly lower than those at the local area, with Yinxian Rock having noticeably higher wind speeds than
Huayang Rock. The four-month overall average wind speed at Yinxian Rock is approximately 0.17 m/s, while
that at Huayang Rock is about 0.01 m/s, and Mount Wudang records around 1.8 m/s. It is worth noting that
Huayang Rock experienced an almost windless environment in November, with average monthly wind speeds
remaining stable between 0.01 and 0.02 m/s over the four months. Both rocks showed a monthly increasing
trend in wind speed from November to February. The monthly average maximum wind speed at Mount Wudang
stabilized at around 5.25 m/s, whereas Yinxian Rock demonstrated a clear upward trend, ranging from 1.9 m/s
to 3.6 m/s. In contrast, Huayang Rock recorded only 0.1 m/s in November, stabilizing at approximately 1.5 m/s
for the following three months.

Figure 7 illustrates the wind force distribution at Mount Wudang and the two rocks. The wind force
range at Mount Wudang spans from 0 to 5, with grades 1, 2, and 3 predominating and distributed relatively
evenly, accounting for about 93%. Grades 0, 4, and 5 are less frequent. The wind force range at Yinxian Rock
and Huayang Rock is limited to grades 0 to 3 (based on the “Wind Force Grade” national standard released
in June 2012 in China, which divides wind force into 13 grades, with 0 being the minimum and 12 being the
maximum). Yinxian Rock mostly experiences grades 0 and 1 winds, with few occurrences of grade 2 and only
one day reaching grade 3. Huayang Rock, on the other hand, frequently encounters grade 0 winds, with limited
days of grades 1 and 2 winds.

Figure 8 depicts the wind direction frequency. According to the figure, the prevailing winds at Mount
Wudang are primarily eastern winds, with northeast and southeast winds being the most frequent. There are also
some northwest and southwest winds, and among the cardinal directions, the east wind is the most prevalent,
while other directions are less common, with the west wind significantly less frequent than the east. Yinxian
Rock also exhibits a dominant east wind, followed by northeast and southeast winds, with a certain amount of
north wind and fewer occurrences of other directions. In contrast, the main wind direction at Huayang Rock is
west, with the west wind being the most frequent, followed by northwest and southwest winds, and all other

directions are rare.
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Figure 6. Comparison of wind speeds at Yinxian Rock, Huayang Rock, and Mount Wudang, (a) Average wind speed and (b)
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Figure 7. Statistical comparison of wind force at Yinxian Rock, Huayang Rock, and local area of Mount Wudang
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Figure 8. Comparison of wind direction frequency at Yinxian Rock, Huayang Rock, and local area of Mount Wudang

Based on the comparison charts above, it is evident that there are significant differences in the wind
environments of Yinxian Rock and Huayang Rock. Both the average and maximum wind speeds at Huayang
Rock are much lower than those at Yinxian Rock. The dominant wind directions also differ between the two
rocks, with Yinxian Rock’s primary wind direction aligning with the local prevailing wind, while Huayang
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Rock exhibits the opposite trend. Simultaneously, the micro-environmental climates of Yinxian Rock and
Huayang Rock deviate considerably from the local climate of Mount Wudang. This divergence is reflected in
the much lower wind speeds at the entrances of the two rocks compared to the average wind speed in the local
area of Mount Wudang, and the more uniform distribution of wind force.

2.2. Surrounding environment and cave formation

Factors contributing to the ventilation differences between the two rocks also include the surrounding
environment, cave formation, and orientation of openings. Yinxian Rock is situated in a flat area with minimal
obstruction from trees, and its ceiling is raised, allowing wind from various directions to flow into the cave.
Additionally, Yinxian Rock’s dimensions, including a height of 11.05 m, a width of 23.7 m, and a depth of
12.8 m, result in a total volume of approximately 1,676 m’ (roughly half of a cube), making it a relatively large
cave. The temple inside the cave maintains a certain distance from the cave walls, facilitating the formation of
positive and negative pressure differences, as illustrated in Figure 9(a).

On the other hand, Huayang Rock is located on a slanted hillside surrounded by trees, with its entrance
partially blocked by trees overhead. The addition of stone and wooden railings at the entrance also serves to
block some external wind. Huayang Rock’s dimensions, consisting of a height of 3.5 m, a width of 7.4 m, and
a depth of 5.1 m, yield a total volume of approximately 132 m’ (resembling a cube), indicating a smaller cavity,
as shown in Figure 9(b). Moreover, the back of the temple structure is tightly pressed against the cave wall,
making it difficult for wind to pass through the narrow space and establish a stable airflow circulation. This

aspect significantly impacts the ventilation conditions within Huayang Rock.

(b)

Figure 9. Overviews of the two rock temples (a) Yinxian Rock (b) Huayang Rock

The orientation of the cave openings and the prevailing wind direction together influence the magnitude of
the wind direction projection angle. The wind direction projection angle is the angle between the wind direction
projection line and the normal line of the building wall. For these two temples, the wall direction corresponds
to the direction perpendicular to the opening. It is known that the ventilation volume is related to the wind
direction projection angle. A smaller wind direction projection angle results in a larger ventilation volume
through the opening. As the wind direction projection angle increases, the wind speed inside the cave decreases,
which is not conducive to ventilation """, The orientation of Yinxian Rock’s cave faces east (91° clockwise from
the true north), aligning with its prevailing wind direction. Therefore, theoretically, most of the wind can blow
directly into the temple’s opening, with a wind direction projection angle close to zero, achieving maximum

ventilation, as shown in Figure 10(a). This allows the wind to form a complete circulation path inside the cave.
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On the other hand, the orientation of Huayang Rock’s cave is roughly southwest (212° clockwise from the true
north), which deviates from its prevailing west wind, resulting in a reduced ventilation volume due to the wind
direction projection angle, as illustrated in Figure 10(b). When the west wind blows into the cave, it is difficult
for the wind to flow into the areas on both sides of the temple, creating two windless zones.

Wind Shadow Area; | Shadaw;

| Area !

Figure 10. Schematic diagram of wind circulation inside (a) Yinxian Rock and (b) Huayang Rock

In summary, after comparing factors affecting the ventilation environment, such as wind direction and
speed, surrounding environment, and cave opening formation, between the two temples, it can be concluded
that Huayang Rock’s ventilation environment has many disadvantages compared to Yinxian Rock in various
aspects. To improve its poor ventilation environment and slow down the damage rate of the temple, the
following section will adopt numerical simulation of the wind environment to simulate the ventilation
conditions of Huayang Rock when subjected to winds from different directions and magnitudes. By varying the
wind direction and speed, we aim to find an ideal ventilation effect, providing methodological support for future

preventive protection plans.

75 Volume 9, Issue 1



3. Numerical simulation of wind environment in Huayang Rock

Wind speed provides a direct indication of the ventilation status within an environment. Additionally, a larger
wind pressure difference suggests better wind pressure ventilation within the temple "”. The wind vector
diagram illustrates the amount of ventilation and the internal movement path of the wind. These three indicators
can collectively assess the general ventilation conditions of the temple’s microenvironment within the cave.
The simulation software used in this paper is PHOENICS, which can simulate the instantaneous values of
wind speed, direction, and pressure at various points on a plane for buildings and environments, presenting
clear and intuitive graphical results. Considering local environmental data, these instantaneous values represent
the average of hourly calculation results. For the PHOENICS settings, the template is selected as FLAIR, the
energy equation focuses on temperature, the turbulence model is Chen-Kim KE, and the profile type is Power
Law. Wind speed and direction are set according to simulation requirements, while the temperature parameter
is set to 20°C without considering the influence of solar radiation. The environmental wind speed settings are
based on local meteorological data from November 1, 2022, to February 28, 2023.

3.1. Ventilation conditions of Huayang Rock under different wind directions

Since the general orientation of Huayang Rock is southwest, there are four types of winds that can flow into
the cave entrance: northwest wind, west wind, southwest wind, and south wind. The remaining directions are
similar to the temple’s orientation and have a minimal impact, so they are not considered. When testing different
wind directions, the wind speed is set to 2 m/s, which is more in line with the site environment "'”’. Figure 11
shows that the wind pressure generated when the wind direction is southwest is the highest, with approximately
1.51 Pa at the entrance, and the pressure difference with the rock wall is also the largest among the four wind
directions. Therefore, its wind pressure ventilation conditions are the best, which aligns with theoretical
expectations. The west wind follows, and the northwest wind has the smallest pressure difference, almost zero,
indicating the poorest wind pressure ventilation conditions.

Regarding wind speed, it is evident that the south wind environment produces the highest wind speeds.
The highest wind speeds within the temple are located at the entrance and the southwest corner of the building,
where the building’s preservation status is also the best. The wind speeds for the other three wind directions
are relatively low, consistent with actual measurements. Surprisingly, the wind speed around the rock wall
in a southwest wind environment directly facing the temple opening is the lowest, contradicting theoretical
expectations. Since Huayang Rock experiences less south wind in actual measurements, but the wind speed
blown into Huayang Rock under the south wind is the highest among the four wind directions, increasing south
wind could be considered.

The wind direction vector diagram reveals that the northwest wind does not blow into the cave. The cave’s
formation in Huayang Rock alters the wind direction, preventing it from flowing into the cave. More winds
from the southwest and south directions flow into the cave, with the southwest wind being the most prominent.
Based on wind pressure difference, wind speed, and ventilation volume, it can be generally inferred that under
the same wind speed, the temple experiences the best ventilation effects from the south and southwest winds.
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Figure 11. Comparison of different wind directions at 2 m/s wind speed

3.2. Ventilation conditions at different wind speeds under south and southwest winds

Wind speed is not necessarily better when it is higher. Although wind can reduce moisture on building surfaces,
excessively strong winds can also increase the probability of weathering, so an appropriate wind speed is crucial
to achieve the best effect. Based on the above conclusions, this study selected south and southwest winds to
simulate the ventilation effects of Huayang Rock under these wind directions at different wind speeds. The wind
speeds were set to 2 m/s, 5 m/s, and 10 m/s, representing the range from a breeze to a light breeze and then to a
moderate breeze. The simulation results of internal wind pressure, wind speed, and wind vector diagrams were
compared to determine which range of wind speeds could achieve better ventilation effects.

The figures show that when Huayang Rock is subjected to south winds of different strengths, the
distribution of wind pressure and wind speed inside the cave does not undergo significant changes as the wind
speed increases, except for numerical increases. The wind vector diagram reveals a vortex wind area in front
of the rock temple and the cave entrance at a wind speed of 5 m/s, which disappears when the wind speed
increases to 10 m/s. Overall, among the three scenarios, the ventilation conditions are best at a wind speed of 5
m/s, with an average internal wind speed of 2-3 m/s, which is an ideal situation.

Similarly, the simulation results for southwest winds at 2 m/s, 5 m/s, and 10 m/s are shown in the figures.
It can be seen that the distribution of wind pressure at a wind speed of 5 m/s is different from the other two
conditions. The wind pressure difference between the front of the cave and the front of the rock temple
decreases, and the increase in wind pressure at the front of the rock temple becomes larger, without forming
a positive and negative pressure difference. At 10 m/s, the wind pressure in this area changes from positive to
negative, and the area close to the rock wall becomes positively pressurized, with wind blowing from the rock
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wall to the cave entrance. A large difference in wind pressure is formed between the cave entrance and the front
of the rock temple, with the red area ranging from 32 Pa to 38 Pa and the green area ranging from -11 Pa to -5
Pa. The wind pressure ventilation is greatly improved in the area front of the south facade of the rock temple,
and the wind pressure on both sides of the rock temple also becomes negative, with wind blowing from the rock
wall to both sides of the rock temple.

In terms of wind speed, it can be observed that as the wind speed increases, the wind speed inside the cave
does not increase significantly as it does under south wind conditions. When the wind speed reaches 5 m/s, the
average wind speed inside the cave remains around 0—2 m/s, which is not ideal. When the wind speed increases
to 10 m/s, except for a significant increase in wind speed in the southwest corner of the building, the wind speed
on the three sides of the rock temple building actually decreases.

From the wind vector diagrams under the three conditions, it can be seen that when the wind speed is also
5 m/s, a small area of wind vortex forms in front of the rock temple, and there is a significant rebound of wind
speed. When the wind speed reaches 10 m/s, similar to the south wind situation, more wind blows into the cave,
but the vortex area in front of the cave disappears, and a new vortex forms in the southeast corner of the cave
entrance. Overall, the ventilation effect is best when the wind speed is 10 m/s under southwest winds, which
corresponds to a moderate breeze.

The above analysis indicates that Huayang Rock has better ventilation effects when subjected to southwest
and south winds. Under south wind conditions, when the wind speed is 5 m/s, a more pronounced circulating
wind can form in front of the rock temple. The best ventilation effect is achieved when the southwest wind
speed is 10 m/s, creating a wind pressure ventilation effect where wind flows from positive to negative pressure
on all three sides of the rock temple.

g 25 .
o ! 5
X 4 [ y
Wind Pressure = wv B : "v : : ‘ i "
N ! ) 3 ) &
: : ; % s
; : \ : 4
:

Wind Speed e

geebzeritisl

Ry

P T
o
Via Voo
o
oo P
£ i e ut
Wind Direction 122 _— 12 Nz ;f’ 4 % ff
.95 f 1.75 ’w'v' " 350 q " t 1
.81 1.50 " 3.00 I
= I ;
#.58 1.00 100 A
. 4 e {
@.00 2.0 J:’ .00 i
% 2
South Wind 2m/s 5m/s 10m/s

Figure 12. Comparison of different wind speeds under south wind direction
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Figure 13. Comparison of different wind speeds under southwest wind direction

4. Concept of preventive protection plan

After simulating the wind environment of Huayang Rock under different wind directions and speeds and
identifying several favorable scenarios, we hope to achieve similar effects through implementable solutions,
providing a generally feasible direction for the preventive protection of Huayang Rock in the future. Preventive
protection methods for cultural relic buildings are mainly divided into active and passive measures. For
Huayang Rock, which has a poor ventilation environment, active measures for wind pressure ventilation mainly
include active air supply and extraction, such as using mechanical equipment like blowers to increase the wind
speed within the building’s microenvironment.

Passive regulation refers to methods that can achieve physical environmental control without the
intervention of mechanical equipment. Compared to active regulation, this approach is less likely to cause
secondary damage to cultural relics, so it can be prioritized for intervening and regulating the environment of
Huayang Rock. One method is to appropriately remove environmental obstacles that block Huayang Rock, such
as surrounding trees and stone railings, to reduce wind resistance. Another approach is to place windshields
in front of the cave to alter the wind direction. Based on simulation results, the ambient wind can be largely
converted into south and southwest winds to increase ventilation. This method is currently one of the most
feasible options. Since the wind speed at the entrance of Huayang Rock is already low, merely changing the
wind direction may not yield significant results. It is necessary to increase the overall wind speed before
altering the direction to achieve more uniform wind distribution and optimal effects. Additionally, there is a
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more challenging method that involves greater intervention in the current environmental state, which is to seal
the cave entrance, increase the temperature difference between the indoor and outdoor environments, or directly
remove moisture from inside the cave to enhance the thermal pressure ventilation of Huayang Rock.
Considering the various aspects of Huayang Rock’s wind environment that are unfavorable to the cave
itself, it is necessary to intervene and regulate factors such as wind speed, wind direction, and environmental
obstacles. A combination of active and passive measures, with active measures as the primary approach and
passive measures as a complement, can achieve the best results through a multi-mode integrated approach.

5. Conclusion

This paper starts from observing the phenomenon of different architectural issue severities in two rock temples
on Wudang Mountain: Yinxian Rock and Huayang Rock. It explores the correlation between the causes of the
architectural issues and their environmental conditions. After comparing and monitoring the wind environments
of the two rock temples, it concludes that the wind speed at Yinxian Rock is much higher than that at Huayang
Rock, and its orientation aligns with the prevailing wind direction, which is eastward. On the other hand,
Huayang Rock faces southwest, deviating from the prevailing westerly wind. By analyzing their surrounding
environments and cave formations, it is determined that Huayang Rock has a poorer ventilation environment
compared to Yinxian Rock.

To improve the inadequate ventilation at Huayang Rock, microenvironment wind pressure, wind speed,
and wind vector diagrams were simulated under different wind directions and speeds. Several scenarios with
better ventilation effects were identified, specifically when the wind speed is 5 m/s from the south and 10 m/s
from the southwest. Based on these findings, several general directions for preventive protection are proposed.

This paper primarily considers wind environmental factors in analyzing the causes of architectural issues
in the two rock temples, while neglecting other potential influencing factors such as humidity and carbon
dioxide concentration. Additionally, the simulation conditions are relatively idealized and may not fully reflect
the actual situation. Future research will incorporate more possible environmental factors and introduce more
realistic variables into the environmental simulation, aiming to closely approximate the real environmental

conditions and enhance the accuracy and feasibility of the simulation results.
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