
Frontiers in Marine Science

OPEN ACCESS

EDITED BY

Juan Jose Munoz-Perez,
University of Cádiz, Spain

REVIEWED BY

Valeria Chávez,
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Coastal zones are crucial for protecting land from marine disasters, but they are

increasingly threatened by erosion caused by storms and rising sea levels. Urban

coastal resilience engineering is a multidisciplinary practice that seeks to

enhance disaster prevention capabilities and resilience along urban coastlines.

This process requires a comprehensive assessment based on the current

conditions and regional characteristics, followed by tailored planning and

design strategies. Previous research has mainly focused on individual coastline

types, utilizing observations or numerical models for analysis. However, it often

lacks a comprehensive approach that integrates planning, design, and

assessment. This paper proposes a project life cycle management method for

resilient coastal zone engineering, including design and construction within a

layout planning framework. The proposed scheme incorporates small-scale

numerical simulations for the evaluation and employs high-precision remote

sensing data collected over different construction periods to assess the

coastline’s transformations during the process of construction. Additionally, a

hierarchical evaluation index system was established using the analytic hierarchy

process to assess project outcomes after completion. The Haidian River-Haikou

Bay Coastal Resilience Project serves as a case study and this study thoroughly

evaluates the project’s impact on the vitality and resilience of the coastal zones.

This research provides valuable insights and practical guidance for future coastal

resilience restoration efforts in diverse urban contexts.
KEYWORDS

coastal resilience, coastal engineering, management, planning, design, construction,
assessment, marine structure
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1 Introduction

Urban coastlines span over 400,000km globally and support

critical infrastructures, ecosystems, and approximately 40% of the

world’s population (Adger et al., 2005; Martıńez et al., 2007). Over

65% of cities with populations exceeding 2.5 million are located in

estuaries within coastal zones. In China, the combined mainland

and island coastline extends approximately 32,000 km, with more

than 50% of the large cities, 40% of its small and medium-sized

cities, and 42% of the population. These areas contribute 60% of the

nation’s GDP (China’s National Bureau of Statistics, 2023a, 2023b;

Wang and Zhang, 2024). However, the growing coastal population

(Navas et al., 2012; Neumann et al., 2015) and the intensified

activities involving built infrastructure and sea defenses—whether

man-made or nature-made—have highlighted the need to

understand how these systems respond to both slow-onset

impacts such as sea-level rise, and episodic and immediate

impacts such as storms. Detailed studies on these systems are

essential to understand their behavior at scales relevant to societal

needs (Malvarez et al., 2021).

Resilience refers to a system’s capacity to withstand any

disturbances and return to its original state. Canadian ecologist C.

S. Holling introduced the concept of resilience in ecological systems

to better understand the persistence of natural systems increasingly

affected by human activities over recent centuries (Holling et al.,

2004). Applying the concept of resilience to urban areas provides

insights into strengthening cities against perturbations, minimizing

rebuilding costs and reducing the impact on its citizens. Resilience is

greatly affected by the city’s governance and infrastructure (Prasad

et al., 2009). Recent initiatives, such as the Sustainable Development

Goals (Goal 11) and the Sendai Framework for Disaster Risk

Reduction 2015–2030 have prioritized the importance of resilience

and disaster risk reduction (Kumar and Bindu, 2022).

Urban shorelines are broadly divided into natural shorelines

(sandy, silt, and bedrock) and artificial shorelines (structures

including seawalls, dikes, and retaining walls). Shoreline protection

plays a vital role in preventing coastal zone retreat and maintaining

the shoreline’s width to enhance resilience efficiency. Engineering

methods that utilize nearshore hydrodynamic and sediment

movement have been employed to improve the safety of urban

coastal zones. Koster (2006) detailed the wave-dissipating function

of artificially submerged sandbars and their role in replenishing berm

sand through continuous sediment transport. Li et al. (2024) analyzed

grain size distribution and proposed an exponential function for the

equilibrium configurations of sandy–muddy transitional beach

berms, incorporating factors such as boundary conditions, tidal

ranges, and wave heights. Additionally, Li et al. (2022) observed

that wave dynamics in intertidal zones of dissipative beach berms are

significantly influenced by tidal levels with breaking dissipation

peaking at the intertidal sandbar before diminishing further

onshore Li has also found the reef-fronted beach show resilience to

erosion induced by offshore sediment transport in physical

experiments on the cross-shore profile (Li et al., 2024). Bayle et al.

(2023) implemented a layered cobble beach design, with particle sizes

decreasing from top to bottom. Field observation over 9 d revealed

that tidal variations caused cobble particles to migrate offshore and
Frontiers in Marine Science 02
accumulate at the toe of the slope, while erosion occurred in the

underlying sand layer. However, the sand-cobble mixture layer

effectively prevented further loss of the sand. Blenkinsopp et al.

(2011) demonstrated that the net sediment flux of cobble beaches

is approximately 1/63 of that of sandy beaches, as cobbles are less

easily mobilized than sand. Feagin et al. (2023) highlighted the role of

vegetation in increasing sand dune saturation, which can lead to

greater sediment collapse and erosion at the edge of vegetated zones

compared to non-vegetated areas. Therefore, the effectiveness of

beach vegetation in protecting against sediment erosion remains

uncertain. Current research provides inconsistent findings on

whether vegetation promotes or inhibits sediment suspension, and

under what conditions it exerts such effects. There is an urgent need

for more biologically inspired and effective ways to repair coastal

zones damaged by extreme events such as storm waves and surges.

Resilience engineering extends beyond recovery efforts to integrate

landscape design, economic considerations, and public appeal. The

interdisciplinary nature of coastal resilience engineering involves the

complex integration of coastal hydrodynamics, embankment

construction, nearshore ecological restoration, and landscape

diversity. However, policy needs to be explored in planning, design,

engineering and operation management (Zhang and Jin, 2023) there

remains a significant research gap in addressing the entire process—

encompassing planning, design implementation, and management.

Most previous studies have focused on isolated aspects of the process,

resulting in limited understanding and inadequate assessment of the

effectiveness of coastal resilience restoration projects.

This paper examines a representative case of coastal resilience

restoration engineering in a marine city, incorporating multiple

factors from the early planning stages. It evaluates and analyzes the

benefits to the coast following project completion through a

combination of analytic hierarchy process (AHP) methodology

and remote-sensing imagery to evaluate and monitor coastal

changes. The findings emphasize the impact of the Haidian River-

Haikou Bay Coastal Resilience Project (HHCRP) on surrounding

development, providing valuable insights for future coastal

resilience and restoration initiatives.
2 Study area

2.1 Coastline status

The HHCRP is located in the northern part of Haikou City,

covering an alongshore distance of over 19.6 km from east to west

and a planning area of 3.84 km2 (Figure 1). The project area is

characterized by distinct coastal features including tidal currents,

offshore waves, and human activities. During high tide, currents

flow from west to east with a maximum velocity of 22.5 cm/s, while

during low tide, the flow is revised from east to west, reaching a

maximum velocity of 44.8 cm/s. The western section features a

semi-circular bay opening to the north, facing the Leizhou

Peninsula in Guangdong Province (Figure 1H), and is influenced

by offshore waves. Known as the “golden coastline”, this area serves

as an area of urban development and a tourist hub attracting
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significant attention. However, unsustainable private sector

developments, including real estate projects, have heightened

vulnerability in the region. The coastline comprises three primary

features: (1) Tidal channel embankment along with the Haidian

River. The retaining walls, in use for over 30 years, provide

structural support but exhibit signs of damage and hollowing. (2)

Seawall in Haikou Bay. The eastern coastline of Haikou Bay consists

of artificial structures, including retaining walls and dams with
Frontiers in Marine Science 03
embankment elevations between 3.0 and 3.2 m. These elevations

exceed the mean water level but fall below extreme high tide levels.

Although the seawalls have served for decades, they are now

significantly damaged. (3) Sediment barrier in shallow water. The

western coast of Haikou Bay features a semi-circular bay open to the

north with water depths ranging from 2.0 to 6.0 m. Sand barriers

emerge during low tides and are submerged at high water levels

(Figures 1A–G). Zhou et al. (2023) observed that offshore sandbars
FIGURE 1

(A–F) are photographs before the project corresponding to the dotted boxes and numbers shown in the satellite plan; (G) is the implementation
area of HHCRP located in Haikou City; (H) is the study area in the northern part of Hainan island in south China.
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and ridges can mitigate wave energy, providing beach protection.

However, these features can also increase the risks of beach

mudding and blackening in Haikou Bay.
2.2 Hydrodynamics

Storms cause significant marine hazards, producing extremely

high waves and storm surges. Between 1975 and 2015, Haikou City

experienced an average of over 81 tropical cyclones, with

approximately two cyclones making landfall annually. Flooding

events typically coincided with rainstorms occurring from May to

November. Storm surges, particularly severe when storms approach

from the north and east, have occurred over 164 times in the past 55

years, with 42 surges exceeding 1 meter and the remainder over 0.3 m.

In Haikou, the high water level (HWL), mean water level

(MWL), and low water level (LWL) are 2.93 m, 0.61 m, and

−0.49 m, respectively, relative to the local datum levels. The HWL

and the LWL are the mean high-water and low-water spring tide

levels, respectively. Wave conditions in the region are dominated by

wind and swell waves, predominantly from the north (N-dir),

northeast (54%), and north-northeast (43%). The largest waves

typically originate from N-dir with heights exceeding 3.0 m, and

wave periods of approximately 6.0 s. High-energy storm waves,

primarily caused by tropical cyclones, are most frequent between

September and October. In contrast, wave activity is relatively

subdued from October to June. In Haikou Bay, tropical cyclones

generally produce maximum wave heights below 1 m.
2.3 HHCRP scheme

The local government initiated a plan to transform the coastline

into an “attractive shoreline open space” accessible to the public.

The proposal includes a “three-way continuous traffic system”

incorporating walking, running, and cycling paths, alongside

communal facilities such as large squares, rest areas, and small

recreation spaces to enhance public services. The project aims to

infuse vitality into the urban coastline to attract investment,

improve the “slow-traffic system” for greater citizen comfort, and

ensure the coastline meets safety requirements for flood control

while expanding waterfront wetlands. By creating an open and

resilient space, the urban coastline’s disaster-prevention capabilities

and overall resilience will be significantly improved.

TheHHCRP spansmore than 19.6 km along the coastline, covering

an area of 3.84 km2. The project begins at the eastern Nandu River and

extends to western Dujuan Road. The main components of the

construction include a slow-traffic system, embankment upgrading

and reconstruction, resilience space creation, landscape environment

transformation, and communal service facilities. The planning and

design process adheres to the following principles: (1) Enhancing

functional diversity: Integrate urban scenery, cultural promotion, rest

areas, and recreational activities. The concept emphasizes creating

public green spaces with ecologically friendly and attractive outdoor

activities, including walking, running, and cycling. (2) Restoring coastal

ecology: Focus on ecological system restoration by planting diverse
Frontiers in Marine Science 04
flowers, shrubs, and trees. Establish new spaces that enhance coastal

resilience and promote biodiversity. (3) Strengthening embankments:

Incorporate landscape elements into structural restorations to create

attractive urban shorelines. (4) Applying engineering economics:

Develop cost-efficient plans and designs for terrain, garden pathways,

and flooring to minimize expenses. Implement a scientifically designed

operational mechanism for effective management and execution. (5)

Sustainable design: Prioritize the use of natural renewable energy, reduce

non-renewable resource consumption, and preserve existing trees to

support resource regeneration.

We constructed a platform extending from the embankment into

the water, creating open spaces for visitors to relax and enjoy the

views. The platform’s elevation gradually increases inland, with the

highest point meeting flood protection standards. This design

effectively forms a secondary, invisible retaining wall, enhancing

defense against storm surge erosion in urban areas. The old

retaining wall serves as the primary barrier against extreme winds

and waves, complemented by resilient spaces and green vegetation.

This multi-layered approach strengthens the coastal zone’s resilience,

mitigating destructive effects on urban areas. To improve the visitor

experience, 16 resting stations were strategically placed along the

shore. Each station features unique amenities such as shaded areas,

restrooms, drinking water facilities, and spaces for relaxation,

enhancing public service functions within resilient spaces (Figure 2).

The platform elevations vary in different parts to meet flood and

storm surge safety requirements. The platform outside the

embankment extends the open spaces using high piles and multi-

ribbed beam structures (Figures 3A–C). In areas where the

embankment retaining walls were damaged or collapsed, an in-

situ reinforcement method was used for repairs. Hollow sections

were filled using shotcrete as an adhesive, saving significant time,

and reducing environmental disruption. This approach successfully

addressed challenges posed by floods and tidal currents.

The construction of flood and tide control engineering systems

was based on population density, economic development, and flood

disaster risk levels. The retaining walls in the existing seawalls were

modified with ecological considerations in mind. The ecological

restoration method integrates the “sponge” concept—absorbent

and erosion-resistant designs. This includes rock slopes with a

ratio of 1:2.0, using 250–350 kg rocks in front of embankments to

buffer storm waves. Revetments and platforms with toe stones were

added for additional stability. The first-level platform, 5–8 m wide,

includes sand or planting troughs filled with soil for mangrove

growth. The second-level platform, more than 2.0 m wide, is

positioned with its top 0.5 m below the MWL (Figures 3D–F).

The project emphasizes ecological restoration, fostering a

natural balance while meeting urban community needs and

improving urban coastal resilience.
3 Methods

3.1 Numerical models setup

A coupled XBeach and ANSYS model was utilized to evaluate

the hydrodynamic and structural interactions within the Haidian
frontiersin.org
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tidal channel. The analysis focused on evaluating the deformation

and structural responses of the platform constructed as part of the

resilience engineering project under various hydrodynamic

conditions. Bathymetry measurement was conducted in

December 2020 (Figure 4A). The dynamic simulation used the

Surfbeat module in XBeach, with resolutions from 0.2 to 4 m. Wall

boundaries were applied to the embankment location, and sediment

transport was modeled using the van Thiel–van Rijn equation

(Elsayed and Oumeraci, 2017).

The XBeach model was validated against observed tidal levels

from a tidal station (Figure 4A). While the model effectively captured
Frontiers in Marine Science 05
tidal levels and current transport patterns, the simulated crest values

were slightly lower than the measured data. This discrepancy may

stem from the tidal station’s location in a narrow section of the tidal

channel, near the downstream southern bank of the Heping Bridge,

where depth measurement inaccuracies could introduce some bias.

Despite this, the influence of wave transport from the open sea into

the tidal channel diminishes gradually upstream owing to the

terrain’s features. Consequently, this reduction in wave energy

ensures that the discrepancy does not significantly impact the

qualitative analysis of the overall dynamic characteristics of the

Haidian River (Figure 4B).
FIGURE 2

HHCRP planning sketch. (A–F) shows a planning sketch in each part of the study area corresponding to the dotted boxes and numbers shown in the
satellite plan.
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Three characteristic profiles were selected for the ANASYSmodel

setup, with a longitudinal calculation segment length set to 15 m. The

upper load configuration included the structural self-weight, a 5 kPa

load for people load, and a 16 kPa for planting load. Profile A is

located at the entrance of Hainan University on the northern bank of

the Haidian River. It faces a wide water area which influenced by tidal

currents from the western side of the river mouth. The upper

structure of the platform is an integral beam-slab design, featuring

regular structural elements and planting troughs measuring 1.65m.

Profiles B and C are located along Changdi Road on the south bank of

the channel. They share the same integral beam-slab structure as

Profile A (Figures 4C–E). All three profiles include flowers and trees.

The model outputs included shear forces, and bending moments in

the beam system, axial forces in the pile foundation, and pile

displacements at the pile head. Structural analysis was conducted

using the STATIC STRUCTURE module in ANSYS Workbench. To

enhance computational efficiency and accuracy, the beam system and

piles were simplified into one-dimensional beam models. The
Frontiers in Marine Science 06
platform panel was simplified into a two-dimensional shell model

using three-dimensional eight-node finite-strain shell elements. The

connection between the beam system and piles was assumed to be

rigid. The high-pile platform operates with a defined load transfer

path: the platform panel transfers loads to the longitudinal beams.

These forces are then transmitted to the transverse beams. Loads are

ultimately passed to the piles and, subsequently, to the soil

foundation. This approach ensures the model accurately captures

internal forces, such as shear forces, bending moments in the beam

system, axial forces, and displacements at the pile head for all three

profiles (A, B, and C). XBeach provided hydrodynamic outputs such

as water levels, wave heights, and flow velocities at specified points,

which were used as input parameters in ANSYS. These

hydrodynamic conditions determined the stress distribution on the

structure. When water levels are below the panel, the structure

experiences horizontal loads due to waves and currents acting on

the piles. When water levels are higher than that of the panel height,

the structure undergoes upward deformation due to buoyancy forces.
FIGURE 3

Design profile in the HHCRP. (A–C) is the platform structure out of the embankment in the Haidian River; (D–F) is the nearshore seawall biological
reinforcement profile facing the open sea in Haikou Bay.
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3.2 Remote-sensing analysis

High-resolution remote-sensing analysis is an important

method for assessing urban coastal development. In this study, we

utilized WorldView-2 satellite data with 1.8 m resolution

multispectral images to monitor changes in the coastal area

during project implementation. This approach provided valuable

insights into the surrounding area’s transformation, both positive

and negative. Although the analysis did not specifically capture

human assemblies, the findings clearly indicate that the project has

significantly increased coastal green spaces and expanded open

areas. These changes have enhanced the coastal area’s resilience and

spatial capacity, achieved through unified planning and design.
3.3 Public involvement

Qualitative interviews were carried out to gather insights from

local communities, who are key stakeholders directly impacted by

and familiar with the coastal environment and its dynamics. The

study included over 120 participants from the local community,

selected based on defined criteria, such as residency in the area

during the engineering period (2018–2023). The interviews focused

on the following aspects:
Fron
1. Space size: Participants were asked how the project

impacted their lives post-completion, including changes

in space width, transportation convenience, and

economic attractions.

2. Biological factors: User satisfaction with the landscape

environment was assessed, including comfort levels and

areas for improvement. Topics included animal and plant
tiers in Marine Science 07
landscapes, local microenvironments, water features,

and quality.

3. Disaster prevention and mitigation: Feedback was gathered

on whether the project improved conditions related to

water accumulation and road destruction outside the

engineering range.

4. User behaviors: Participants described activities they

engaged in, such as walking, running, cycling, family

outings, parties, and group activities.

5. Public facilities: Satisfaction with the availability and

quality of public spaces and facilities was evaluated.
A detailed stakeholder analysis was carried out to develop

efficient coastal management strategies. Effective erosion

protection requires proposals that can address the diverse

concerns of societal sectors to achieve impactful results (Dasgupta

and Serageldin, 2000). Stakeholder groups were identified based on

attributes, interrelationships, and interests related to the coastal

management issues (Buanes et al., 2004; Mushove and Vogel, 2005).

Particular attention was given to stakeholders with power and

legitimacy, such as government officials and influential decision-

makers (Mitchell et al., 1997). All of these criteria were analyzed to

achieve better solutions, despite occasional conflicting inputs from

certain stakeholders (Saengsupavanich et al., 2009), with the aim of

resolving the issues at hand. Following stakeholder consultation,

plans for breakwaters and beach nourishment in the critical erosion

areas were proposed. These solutions addressed the needs of all

relevant stakeholders, ensuring the integration of diverse viewpoints

into a cohesive coastal management strategy.

The performance evaluation method is a crucial approach for

quantifying coastal resilience. In this study, we employed the AHP,

a decision-making methodology proposed by Saaty (1980), to
FIGURE 4

Water depth and model grid. (A)Water depth in Haidian River; (B) is model validation in the tidal station in a dotted box in (A); (C–E) Profiles A, B, and
C in the dotted boxes shown in (A).
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evaluate the performance of coastal space restoration. AHP

integrates qualitative and quantitative analyses, systematizing the

decision-making process by converting qualitative judgments into

quantitative measures. The method conceptualizes the problem as a

system, identifies relationships among factors, organizes them into

hierarchical levels, and constructs a hierarchical model. Using the

AHP 1–9 scale, a survey was conducted to evaluate the studied

objectives. A judgment matrix was then derived through pairwise

comparisons, and its eigenvector was calculated to represent the

relative weights of the elements. The eigenvector represents the

relative weights of each element concerning higher-level elements,

converting expert qualitative assessments into numerical values.

This process ultimately derives the combined weights of evaluation

indicators for achieving the overall goal. The advantages of AHP

include its ability to address complex issues that are difficult to

quantify, combine qualitative and quantitative analysis, involve

decision-makers directly in the process, and maintain consistency.

AHP is a simple decision-making method for complex, ambiguous

issues, particularly useful when full quantification is challenging. It

is a convenient and flexible multi-criteria decision-making method.

For all the target layers, we focused on one element: the feasibility

of the HHCRP. At the criteria level, we identified five elements,

covering coastal space factors, ecological factors, disaster prevention
Frontiers in Marine Science 08
and mitigation, activity behaviors, and public facility needs. At the

indicator level, we established 20 elements. By combining qualitative

and quantitative analyses, we created an evaluation system to

comprehensively assess the operational status of the HHCRP (Table 1).
4 Results

4.1 Dynamic-structure
interaction simulation

The Haidian River is a tidal channel gradually narrowing from

west to east, with depths gradually becoming shallower from the

western river mouth to the eastern end. This variation induces non-

linear waves and current transport in shallow waters. At Profile A,

the wave height is less than 0.2m and flow velocities exceed 0.5m/s.

However, the flow velocities drop below 0.1m/s in profiles B and C,

owing to the wall boundary on both sides. The wave-current

interaction predominantly influences flow velocities within the

tidal channel. Figures 5B, C shows the cross-shore flow velocity

variations, indicating a negative correlation with water depth. Flow

velocities are higher in the shallow nearshore areas and sandbars,

while they decrease in the deeper main channel.
TABLE 1 Questionnaire for the involved public.

Target layer Criteria layer Evaluation index

HHCRP engineering
feasibility (A)

Space size (B1)

Wider open space on the coastline (C1).

Traffic is more convenient, land alongshore is used, and the retaining wall has been repaired (C2).

The economy has developed alongshore, and many restaurants, shops, and bars have been opened.
More people come here (C3).

Biological factors (B2)

Vegetation coverage rate increased significantly, the environment is good (C4).

Colorful flowers and animals (C5).

Local climate environment is good (C6).

Water quality has been improved, including the appearance and smell (C7).

Ability to prevent and mitigate
natural disasters (B3)

Safety improved; people engaging in activities in open spaces are not worried about safety
issues (C8).

Coastal resilience improved when storm waves and surges happened, which reduced the destruction
of roads and water accumulation (C9).

Does HHCRP play an effective role in preventing disasters? (C10)

Public behaviors (B4)

More suitable for walking, running, and cycling (C11).

More suitable for family outdoor activities (C12).

More suitable as a choice to parties (C13).

More suitable for activities for middle-aged and elderly people (C14).

Public facilities (B5)

Recreation facilities are suitable enough for all ages (C15).

Barrier-free access layout is reasonable (C16).

Reception service and tour guide service facilities are reasonably arranged (C17).

Number and location of sanitation facilities such as toilets and garbage cans are reasonable (C18).

Clear identification (C19).

Adequate night lighting (C20).
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Outputs from XBeach—wave height, flow velocity, and water level

—were used to drive the ANSYS model for the deformation and stress

analysis. Profile A exhibited vertical displacement of approximately

20 mm, attributed to larger planting loads and fewer supporting piles.

Profiles B and C showed vertical displacement of approximately 7 mm,

due to more evenly distributed loads and additional support from piles.

The displacement at the head of the pile is smaller in Profiles B and C

but larger between the piles, mirroring the bending moment

distribution seen in simply supported beams. The maximum

moment in the span caused greater displacement in the panel than
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at the head of the pile. On the water-facing side, displacement is larger

than on the land-facing side. In Profile C, uneven planting loads

resulted in non-uniform displacement across the panel. Stress in the

pile cap beams for all profiles was concentrated but remained below

100 kPa, posing minimal risk to structural settlement or stability. The

bending moments, shear forces, axial forces, and displacements

(Table 2) for each profile were all within permissible limits indicating

that the structural design of the viaduct is uniformly stable.

Deformations across all profiles were coordinated, trending towards

long-term stability under sustained and stable upper loads.
FIGURE 5

Cloud map of the total deformation and equivalent stress in each profile. (A) is wave height and velocity distribution in spring tide; (B, C) is the depth
and cross-shore velocity distributions in the areas of profiles A, B, and C; (D–F) is deformation cloud map under structural action in profiles A, B, and
C; (G–I) is stress cloud map under structural action in profiles A, B and C.
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During LWL, wave forces act directly on the cluster of piles.

Profile A, with its wider water area, experiences more significant

forces compared to Profiles B and C. However, under post-storm

wave conditions, dynamic forces are relatively low, and the current-

induced responses around the piles are minimal. When the water

level exceeds the pile top elevation, wave uplift forces act on the

panel, affecting the overall structural loading. Due to river bank

restrictions, incoming waves cannot easily propagate into the

narrow channel. Therefore, only Profile A located at the river

mouth, is significantly affected by wave uplift forces. In shallow

water, waves deform nearshore and exert positive pressure on

onshore structures. The platform structure is independent of the

pile foundations and unconnected to the existing revetment. When

the HWL is designed at 1.51 m, with significant bottom clearance,

wave peaks do not contact the panel, and wave uplift forces cannot

be calculated. However, when water levels exceed the panel’s

bottom, wave uplift forces must be accounted for. The maximum

wave uplift force per unit length along the bottom of the panel was

18.08 kN/m, with a uniform pressure of 3.23 kPa. At the extreme

HWL of 2.93 m, the bridge structure becomes submerged, requiring

consideration of static buoyancy forces. When submerged at a water

level of 2.93 m, static pressure on the underside of the panel at

-0.43 m was computed to be 4.3 kPa (Figure 5).
4.2 Observation in the
construction process

We monitored changes in coastal open spaces before and after

the project’s implementation using high-resolution satellite remote-

sensing images. In 2018, the Haidian River had a narrow, resilient

space along city roads, with non-continuous waterfront walkways.

Vacant plots, some occupied by buildings, disrupted the

functionality of the space (Figure 6A).Many revetments were old

and damaged, with boats docked along the coast detracting from the

aesthetic appeal and hindering resilient space effectiveness. In

Haikou Bay, existing waterfront walkways were poorly connected.

Retaining walls appeared worn, and several roads lacked greenery,

with damaged embankments in need of repair. In 2020, the width of

resilient spaces increased with the construction of continuous

waterfront walkways. Permeable bricks and materials were
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introduced to enhance water absorption. Wastelands and private

buildings in the original waterfront spaces were demolished,

creating opportunities for green belts and rest stations, which

attracted more tourist stops. The construction revitalized the local

economy by encouraging the establishment of commercial venues,

including restaurants and bar terraces, turning them into popular

leisure destinations. In Haikou Bay, the existing seawall underwent

an ecological transformation with reinforced dike bases using

stones. Concrete boxes were added to embankments to support

new landscape plants, improving the shoreline’s visual appeal. The

combination of landscape design and red permeable walkways

enhanced the area’s attractiveness for residents and tourists alike.

Small scenic areas on green land further boosted tourism and

facilitated the growth of small-scale commodity economies. In

2023, the red lines in the images (Figure 6B) represent the now-

continuous waterfront walkways along the shoreline. Significant

increases in coastal green coverage were achieved, making the

shoreline more visually appealing and functional. The project

successfully enhanced the attractiveness of the waterfront,

increased visitor numbers, and improved the area’s overall quality

and image.
4.3 Coastal communities involved after the
project was completed

An inclusive coastal management system is important to

incorporate the views, interests, and suggestions of all

stakeholders to achieve a sustainable balance between urban

development and the coastal environmental conservation.

Environmental aspects, such as physical conditions, must be

thoroughly studied first before proposing solutions to address

erosion issues (Lucrezi et al., 2016; Saengsupavanich, 2012). These

solutions should prioritize cost-efficiency and be implemented

within optimized timeframes (Rangel-Buitrago et al., 2017). We

distributed and collected 120 questionnaires from long-term

residents of the area, spanning various professions and age

groups. These individuals shared a deep familiarity with the

region and its developments, having monitored the project from

construction to completion. A consistency test was conducted on

the statistical data obtained to ensure reliability and credibility.
TABLE 2 Simulation values from the ANSYS model.

Profile Design condition
MOAB
(kN·m)

MSAB
(kN)

MBCB
(kN·m)

MSCB
(kN)

MF
(kN)

MD
(mm)

Profile A
Under construction 59.0 72.6 103.5 225.8 646.1 3

Completed 44.3 54.8 117.4 204.4 692.1 15

Profile B
Under construction 45.5 90.6 15.1 53.5 621.1 0.2

Completed 33.2 67.2 11.4 40.8 569.7 0.8

Profile C
Under construction 60.7 77.9 136.2 151.8 639.8 0.7

Completed 46.7 61.7 105.9 117.5 554.5 0.1
MBAB, maximum bending moment of the alongshore beam; MBCB, maximum bending moment of the cross-shore beam; MSAB, maximum shear of the alongshore beam; MSCB, maximum
shear of the cross-shore beam; MS, maximum force of pile; MD, maximum displacement.
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Table 3 lists the weights calculated for each element at the criterion

and indicator levels. The weight coefficient for disaster prevention

and mitigation was 0.417, the highest among all factors, followed by

the coastal ecological factors at 0.263. This reflects aspects such as

vegetation coverage, flowers, vegetation, and water environment

quality, all of which directly improve the visual appeal of the coastal

area. The focus on behavioral patterns and public facilities is

relatively low. It is clear that the public is most concerned with

the functional needs of the coastal resilience project, with less
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attention given to its usage needs. We refined the evaluation of

the five aspects at the criterion level by constructing 20 indicators at

the indicator level. Except for public facilities, there is a clearly

noticeable factor of public concern under each criterion level. For

example, wide space (0.54) and vegetation coverage (0.478) in

biological factors, improved resilience function (0.54) in disaster

prevention and mitigation factors, and fitness activities (0.467) in

behavioral patterns. In public facilities, except for recreational

facilities and accessibility (0.381), the weights of the other factors
FIGURE 6

Remote sensing satellite imagery. (A) Before the HHCRP starts in 2018; (B) After the HHCRP was completed in 2023. Each subpanel shows larger
view in (A) and (B) which marked in dotted box with its order.
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were similar. Among the 20 total indicators, the public was most

concerned about the resilience function of urban coastal space (C9).

Of the involved public, 37% were most concerned about the

disaster prevention and mitigation capabilities within the functional

aspect of coastal resilience. This concern reflects the public’s interest

in how the project improves Haikou City’s disaster prevention and

mitigation capabilities, especially given the city’s annual storm-

induced waterlogging. In total, 27% and 33% of the public focused

on the ecological and spatial aspects, respectively. Less than 10% of

the public considered public facilities and behavioral patterns the

most important aspects of the coastal zone. We also analyzed the

most important indicator-level factors for each criterion. Regarding

space size, 57% of the public were most concerned with space width

and area (C1) because it facilitated their activities, followed by traffic

convenience (C2) and economic attractiveness (C3), at 39% and

12%, respectively. In biological factors, 64% were most concerned

with green space coverage (C4), considering it a direct indicator of

waterfront landscape quality, followed by 28% focusing on water

quality improvement (C7), and 10% and 5% concerned with plant

and animal species (C5) and local small environments (C6),

respectively. In disaster prevention and mitigation, 98% of the

public were most concerned with the resilience space’s defense

capability against extreme disasters (C8) and waterfront safety (C9).

In behavioral factors, 70% of the public focused on the connectivity
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of the roads along the shore (C11), followed by coastal consumption

(C13) at 22%. In terms of public facilities, 62% were most concerned

with whether recreational facilities were complete (C15). The

remaining indicators had similar proportions.

We also had participants score each element of the indicator layer,

using quantitative methods to process qualitative indicators so that they

could be compared and analyzed under a unified standard. The scores

were divided into five levels (1–10 scale), with qualitative evaluation

indicators rated based on people’s most intuitive perceptions (Figure 7).

Approximately 50% of the public involved were very satisfied with the

20 indicators we proposed (scores of 9–10), believing that the HHCRP

had greatly improved the coastal environment and provided

recreational areas for citizens. They had a positive attitude towards

the HHCRP. Approximately 30% of respondents were relatively

satisfied (scores of 7–8), noting some shortcomings in the HHCRP.

Approximately 30% rated it below 6, considering it average or in need

of improvement. The effect of “the three ways unblocked” received the

highest rating, with an average score of 8.33, while the variety of plant

and animal species received the lowest rating, with an average score of

7.77. Overall, the average scores for all indices were above seven,

indicating relative satisfaction among the public. Respondents believed

that the HHCRP had stimulated some commercial and waterfront

consumption, but that this was not the primary function of the

waterfront. Commercial establishments cannot be continuously
TABLE 3 Index weighting and consistency test of the HHCRP evaluation.

Target layer Criteria layer Weight
Evaluation index

Total evaluation index Consistency test CI value
Index Weight

A

B1 0.160

C1 0.540 0.086

0.008<0.1C2 0.297 0.048

C3 0.163 0.026

B2 0.263

C4 0.478 0.126

0.043<0.1
C5 0.182 0.048

C6 0.108 0.028

C7 0.232 0.061

B3 0.417

C8 0.297 0.124

0.008<0.1C9 0.540 0.225

C10 0.163 0.068

B4 0.062

C11 0.467 0.029

0.011<0.1
C12 0.278 0.017

C13 0.160 0.010

C14 0.095 0.006

B5 0.097

C15 0.381 0.037

0.043<0.1

C16 0.381 0.037

C17 0.101 0.010

C18 0.160 0.016

C19 0.064 0.006

C20 0.042 0.004
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distributed along the entire waterfront; restaurants or bars are typically

located at key points. Respondents also felt that reception services,

tour guide facilities, and sanitation arrangements needed

further improvement.
4.4 Whole process management

We developed a comprehensive process management system and

successfully applied it to the HHCRP (Figure 8). This system integrates

several key stages: status analysis, layout planning, design scheme,

construction process tracking, and completion evaluation. Each stage
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focuses on different aspects, which are highly interrelated. In the status

analysis phase, it is essential to understand the specific geographical

characteristics of the study area and dynamic environmental parameters

such as wave heights, tidal levels, currents, and wind conditions. In

addition, water depth measurements, bedload investigations, and

assessments of the current state of embankment structures are critical.

The analysis should evaluate whether visibly intact structures are still

viable or if damaged retaining walls require repair. During the layout

planning stage, a tailored plan for the study area was developed within

the broader context of regional planning. This plan had to address both

basic infrastructural needs and functional improvements. A thorough

analysis of existing problems was necessary to evaluate the potential
FIGURE 7

Score statistics from questionnaires. A score of 9-10 means very satisfied, 7-8 means relatively satisfied, 5-6 means average, 3-4 means relatively
unsatisfied, and 1-2 very unsatisfied.
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impact of implementing the proposed plans in various regions. In the

design scheme stage, we first conducted case studies of similar projects

to identify recurring patterns and key considerations. From these

studies, we derived critical design principles such as environmental

sustainability, resilience, multifunctionality, and ensuring unobstructed

transportation routes. These insights formed the basis for the project’s

design concept, which subsequently informed spatial planning and

layout. Urban coastal resilience engineering is a multidisciplinary,

systems-oriented project that incorporates structural engineering,

landscaping, architecture, bridge design, electrical systems, and other
Frontiers in Marine Science 14
infrastructure. Once the design scheme was finalized, numerical models

were employed to simulate the impact of construction on regional

hydrodynamics and sediment transport. For construction process

tracking, we utilized a variety of advanced monitoring techniques,

such as high-precision remote sensing, unmanned aerial vehicles

(UAVs), and field surveys. A strong emphasis was placed on process

management to ensure that any emerging issues were addressed

promptly and effectively. Finally, in the completion evaluation phase,

we assessed the success of the project through a satisfaction survey based

on AHP methodology. This provided a structured framework for
FIGURE 8

A flowchart of the management of the whole process.
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evaluating the effectiveness of the resilience measures implemented.

Continuous post-completion evaluations are crucial for monitoring the

long-term benefits and impacts of the coastal resilience project.

5 Discussion: importance of elevation
planning and design

A comprehensive consideration of elevation is critical for urban

coastal zone planning (Gao et al., 2022). However, there is an upper

threshold for ground elevations along river mouth coasts, which is

closely related to factors such as soil funding, groundwater levels, and

sea-level rise. Excessively raising ground elevations is not only

uneconomical but also risks accelerating subsidence. Therefore, when

engineering measures to enhance coastal resilience, costs and benefits

must be balanced to ensure the safety of lives and property in coastal

areas while maintaining post-construction terrain stability. Urban

subsidence also necessitates consideration of levee elevation from

another perspective. Ao (2024) predicted coastal urban land

subsidence by 2120, indicating that over 22% of coastal cities in

China may be lower than the relative sea levels, affecting more than

9% of the population. Coastal cities also face additional risks from sea-

level rise, combined urban subsidence and sea-level rise can lead to

exacerbated flooding, posing a serious threat to coastal populations.

This further underscores the importance of ensuring flood protection

elevations for frontline levees along the coast.

Analyzing the impact of extreme events, such as storm waves and

surges, is crucial for evaluating the functional effectiveness of resilient

engineering. Storm No.2118 “Kompasu” on 13 October 2021, reached

a level 12 wind speed impact on the HHCRP area (Figure 9A). The

wave height ranged from 3 to 5 m in the nearshore HHCRP. Storm

surges of 0.5 to 1.2 m occurred along the HHCRP coastline from the

13th to 14th October, exceeding local alert tide levels. Owing to the

lower top elevation of the first-level levee’s waterfront platform along

the Haikou Bay coast (western part of the HHCRP), the waves climbed

over the levee top during the high-water periods, severely damaging the

green belts within the resilient space behind it, mainly causing land

erosion and tree collapse (Figure 9B). However, the existence of

resilient spaces prevented the further expansion of the affected areas.

During the post-storm restoration period, reinforcement and repair

works were carried out to strengthen the resilient spaces. The platform

along the Haidian River tidal channel (eastern part of the HHCRP),

due to its higher design elevation, remained unaffected by the HWL
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and wave overtopping, causing minimal damage to the terrestrial

resilient space (Figure 9C). This illustrates the importance of

elevation in the design of coastal resilient spaces, emphasizing the

need to avoid setting elevations that are too low for the sake of

proximity to water surfaces, especially in river mouth coastal areas

where protective measures should be implemented to raise the

elevation of first-level levees.
6 Conclusion

The HHCRP was a coastal resilience project designed for urban

coastlines. It involved the planning and design of a 19.6 km coastline

with a 3.84 km² planning area, which extended narrow land areas

through high-pile platforms. This improved the spatial, ecological,

and disaster-reduction capabilities of the coastal area, revitalized the

coastal landscape, and enhanced the resilience capacity of the coastal

zone. Based on the HHCRP, an entire process management system

was established. This article also discussed the role of elevation

planning and design in coastal engineering. The main conclusion

was that reasonable planning and design were essential prerequisites

for coastal resilience projects.
1. A dynamic-structure interaction model was developed to

simulate the displacement, bending moment, and shear

force of the pile foundation under different water levels. It

was shown that the design scheme was reasonable, with no

local deformation or excessive forces, and the structure met

the durability design requirements.

2. The implementation of the HHCRP successfully removed

the buildings occupying the space, making the coastal area

wider and unobstructed. The increased vegetation cover

was visible in the green areas, and the red water-absorbing

walkways improved the permeability of the waterfront

space. The surrounding open space was also developed,

with commercial buildings constructed owing to the coastal

zone construction. Remote sensing confirmed that the

completed project significantly improved the coastal

disaster defense capabilities and landscape attractiveness.

3. Based on AHP, it was found that the public was most

concerned about enhancing urban disaster-reduction

capabilities, hoping that resilient spaces could mitigate
FIGURE 9

Resilience was effective during storm No.2118 “Kompasu”. (A) The typhoon path; (B) seawall facing Haikou Bay (western part of the HHCRP);
(C) platform out of the embankment facing Haidian River (eastern part of the HHCRP).
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inland damage and flooding from storms, which are

significant issues for coastal cities such as Haikou.

4. A suitable evaluation system helped us to understand both

the successes and areas for improvement, which can guide

similar projects. The contributions to the entire process

management system, including status analysis, layout

planning, design scheme, construction process tracking,

and completion evaluation, were integral to the coastal

resilience engineering process in the HHCRP.
Coastal resilience projects address systemic problems. This study

used the HHCRP as an example to provide a comprehensive planning

and design evaluation method. However, these projects are complex

and require extensive promotion and public education. Timely

evaluations are essential, as policies drive project implementation, but

public feedback shapes policy directions. Resident participation is key,

and while various concerns were addressed, a comprehensive

evaluation requires more than public feedback. Objective indices,

such as per capita water usage, GDP energy consumption, and green

coverage rates, are necessary for further evaluation. Other indices,

including economic development levels or social development in the

criteria layer, are also required. While collecting such data is

challenging, a robust coastal resilience evaluation system must

be established.
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