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ABSTRACT

Bridge construction in tidal estuaries poses significant risks to structural stability through pier-
induced scour, yet comprehensive pre-construction assessments remain rare in Southeast Asia's
dynamic river systems. This study quantified projected hydrodynamic and morphological impacts of
the planned Mai Chai Bridge on Vietnam's Cam River using high-resolution MIKE 3 FM simulations
before construction commenced. The model, calibrated against 2021-2022 field measurements (NSE
= 0.92 for water levels, 0.56-0.67 for waves, 0.62—0.73 for sediment transport), revealed dramatic
seasonal contrasts in pier impacts. During flood season, piers reduced upstream velocities by up to
80% (from 0.9 m/s to 0.1-0.2 m/s), generating complex turbulent wake patterns that extended 500—
550 m downstream before flow recovery. Maximum seasonal scour depths of 0.4-0.5 m were
projected adjacent to pier foundations, with pronounced asymmetric erosion along the left bank driven
by channel curvature and secondary circulation. In contrast, dry season bidirectional tidal flows
produced near-equilibrium conditions with minimal net morphological change (+£0.05 m/season).
These findings demonstrate that cumulative flood season scour dominates long-term foundation
stability despite dry season recovery, with critical implications for pier embedment design, differential
scour protection strategies, and adaptive maintenance protocols. This pre-construction modeling
approach provides a cost-effective framework for predictive infrastructure assessment in monsoon-
influenced tidal rivers worldwide.

KEYWORDS: bridge pier scour; 3D hydrodynamic modeling; sediment transport; MIKE 3
FM; morphodynamic processes
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1 INTRODUCTION

Bridge piers constitute essential but potentially disruptive elements in riverine and
estuarine systems. By constricting flow cross-sections, piers alter conveyance capacity,
elevate upstream water levels, and accelerate flows through contracted reaches (Wang et al.,
2019; Setyandito et al., 2020). These hydraulic alterations generate complex three-
dimensional flow patterns—including horseshoe vortices, wake turbulence, and flow
acceleration—that intensify erosive forces on riverbeds and banks (Kummu et al., 2005;
Islam et al., 2013). The resulting scour threatens structural integrity by undermining pier
foundations and abutments, compromising bridge longevity and safety (Wang et al., 2019;
McCartney, 2009).

These challenges intensify in tidal estuaries, where bidirectional flows, fluctuating
water levels, and variable sediment transport create highly dynamic conditions (Uncles, 2003;
Dalrymple et al., 1992; Dyer, 1997). Bridge construction in such environments can disrupt
the delicate balance between riverine and marine forcing, altering tidal propagation, current
patterns, and morphological evolution (Prandle, 2009; Gao et al., 2018). Field studies have
documented intense turbulence and elevated bed shear stresses at bridge piers in tidal
waterways (Ettema et al., 2011), with maximum scour depths often occurring during ebb
tides when tidal and fluvial flows oppose each other (Umbrell et al., 1998). Laboratory
investigations have further revealed that flow reversals exacerbate scour development, though
pier geometry can mitigate erosion (Bearman et al., 2020; Umeda et al., 2003).

Numerical modeling, particularly three-dimensional computational fluid dynamics
(CFD), has emerged as a powerful tool for quantifying pier-induced impacts. Gao et al.
(2018) demonstrated significant alterations in flow and sediment patterns around bridge piers
in the Yellow River estuary, while Zhao et al. (2015) emphasized the importance of coupled
hydrodynamic-sediment transport models for accurate scour prediction in the Yangtze River
estuary. Despite these advances, comprehensive studies quantifying combined hydrodynamic
and morphological impacts in diurnal tidal estuaries remain limited, particularly in Southeast
Asia.

Vietnam's extensive coastline and numerous tidal river systems present unique
infrastructure challenges, exacerbated by climate change impacts including sea-level rise and
intensified extreme events (Tran Anh & Taniguchi, 2014; Tran-Anh et al., 2023). Recent
bridge failures and stability threats have been attributed to unanticipated morphological shifts
and discharge fluctuations during monsoons (McCartney, 2009; Islam et al., 2013). While
Nguyen et al. (2016) investigated local scour at bridge piers in the Thi Vai River estuary
using physical modeling, and Tran et al. (2018) examined hydrodynamic impacts on the Hau
River using 2D simulations, comprehensive 3D assessments of pier impacts in Vietnam's
diurnal tidal estuaries remain scarce.

The planned May Chai Bridge will span the downstream section of the Cam River near
Hai Phong City, approximately 30 km upstream from the Gulf of Tonkin. This site
experiences a diurnal tidal regime with pronounced seasonal flow variations driven by
monsoons. To address the research gap in pre-construction impact assessment, this study
employs MIKE 3 FM—a sophisticated 3D hydrodynamic model developed by DHI (2017)—
to simulate hydraulic conditions with and without the proposed bridge piers. By quantifying
projected changes in water levels, velocities, and scour potential before construction, this
research provides critical insights for scour mitigation strategies and resilient bridge design
adapted to the Cam River's unique hydrodynamic regime.
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2 DATA AND METHOD
2.1 Study area

The May Chai Bridge site is located on the Cam River, approximately 15 km southwest
of Hai Phong city center and 30 km upstream from the Gulf of Tonkin (Fig. 1a). This reach
experiences diurnal tidal influence with a single high-low tide cycle daily. The river channel
at the bridge location is 60-80 m wide, draining a catchment area of approximately 250 km?.
The riverbed comprises alluvial deposits dominated by sand and gravel, with an average
longitudinal slope of 0.001.

The flow regime exhibits strong seasonality with high flows occur during the flood
season (May—October) driven by monsoonal rainfall, while low flows characterize the dry
season (December—April). The proposed bridge consists of three spans totaling 180 m in
length with an 18-m-wide deck (Fig. 2a). Two circular reinforced concrete piers (2 m
diameter) will support the structure, each founded on 32 piles (Fig. 2b). The bridge alignment
crosses the river at approximately 45°.

z
o |
°
bl
k=)
k]

18°20'0"N

Elevation (m)
Hydrols i
lydrological stations on rivers. .

Hydrological station on ocean

TSS measurement location

Wavo and current monitoring sita
| Finite element mesh -,

T T T T
104°0'0"E 105°20'0"E 106°40'0"E 108°0'0"E 109°20'0°E

Figure 1. Overview of the study area and model setup, showing (a) the relative location of the May Chai Bridge
and the Gulf of Tonkin with the finite-element mesh, (b) upstream boundaries and hydrological and TSS
observation sites, and (c) the high-resolution finite-element mesh around the bridge pier foundations.
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Figure 2. Engineering and geomorphic characteristics of the May Chai Bridge site, illustrating (a) the overall
bridge layout, (b) the detailed design and arrangement of the 32 bridge piers at their foundations, and (c) the
riverbed bathymetry of the study area.

2.2 Numerical Modeling Framework
2.2.1  MIKE 3 FM Hydrodynamic Model

MIKE 3 FM solves the three-dimensional incompressible Reynolds-averaged Navier-
Stokes equations on a flexible mesh, simulating complex flows and water level variations in
rivers, estuaries, and coastal waters (DHI, 2017). The model accounts for bathymetry, bed
roughness, turbulence closure, and hydraulic structures. The dynamic coupling between flow,
water levels, and structures renders MIKE 3 FM well-suited for evaluating localized pier
impacts (Islam et al., 2014; Roul et al., 2022).

2.2.2  Sediment Transport Module

The Mud Transport (MT) module simulates erosion, transport, and deposition of
cohesive and non-cohesive sediments, incorporating bed load transport, suspended load
dynamics, and bed-water column exchange processes (DHI, 2017). This module enables
quantification of temporal morphological changes induced by scour.
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2.3 Model Configuration
2.3.1  Computational Domain and Mesh

To adequately represent the complex hydraulic conditions influenced by multiple rivers
in the Red River system, the computational domain extends from Hainan Island, China, to Ha
Tinh Province, Vietnam, covering 850 km of coastline and extending 180 km offshore (Fig.
1a). The finite element mesh employs coarse resolution offshore with progressive refinement
toward the coast and river mouths. An ultra-high-resolution mesh surrounds the bridge site to
resolve micro-scale hydrodynamic changes induced by the piers (Fig. 1b,c).

2.3.2  2.3.2. Boundary Conditions

The model incorporates one offshore boundary and five upstream river boundaries (Fig.
1b). Offshore water levels were prescribed using the MIKE 21 Global Tidal Model (Carrere
et al., 2012), which incorporates tidal constituents to accurately represent tidal dynamics.
Upstream river boundaries utilized discharge data from five hydrological stations: Dong
Xuyen (Thai Binh River), Quang Phuc (Van Uc River), Kien An (Lach Tray River), Cua
Cam (Cam River), and Do Nghi (Bach Dang River).

Wave conditions were simulated using the MIKE 21 Spectral Wave (SW) model,
forced by offshore wind data to account for wind-driven wave influences on coastal and
estuarine hydrodynamics.

2.4 Input Data
2.4.1  Hydrometeorological Data

River discharge data (2021-2022) were obtained from Vietnam's National Center for
Hydro-Meteorological and Environmental Forecasting. Wind data were extracted from the
European Centre for Medium-Range Weather Forecasts (ECMWF) ERAS global reanalysis
(Hersbach et al., 2020), providing hourly wind fields at 10 km spatial resolution. Data were
specifically extracted for the Southwest monsoon (June—August, flood season) and Northeast
monsoon (December—February, dry season).

Acoustic Wave and Current profilers (AWACs) deployed at offshore and nearshore
locations continuously measured current velocity, wave height, peak period, and wave
direction. Multiple deployment campaigns spanning June 2021 to May 2022 captured
seasonal and extreme conditions, with individual campaigns lasting 15 days to 3 months.

Water samples for total suspended solids (TSS) analysis were collected at two locations
(downstream of the bridge site and adjacent coastal waters) over 16 days (July 13-28, 2021)
(Fig. 1b). Hourly water level data from Hon Dau station (2021-2022) captured tidal, storm
surge, and seasonal variations. Offshore wave boundary conditions were validated against
NCEP/NOAA WAVEWATCH III model outputs.

2.42  Topographic and Bathymetric Data

Bathymetric data were compiled from multiple sources: GEBCO global data (15 arc-
second resolution) for deep offshore regions (Mayer et al., 2018), regional bathymetry
(1:250,000 scale) from Vietnam's Ministry of Natural Resources and Environment (MONRE)
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for nearshore transitions, high-resolution surveys (1:50,000 scale) conducted in 2017 along
the Hai Phong coast, and supplemental multibeam echosounder surveys within the Cam
estuary to capture topographic features around the planned bridge location (Fig. 2c¢).

243 Sediment Characteristics

Five bottom sediment samples collected on July 15, 2022, were analyzed for particle
size distribution (Table 1). Average composition comprised 11.3% coarse sand (0.2—2 mm),
31.6% fine sand (0.02—0.2 mm), 48.1% silt (0.002—0.02 mm), and 8.9% clay (<0.002 mm).
The dominance of silt reflects the overall sediment character, while sand presence indicates
energetic transport capacity during high flows.

Table 1. Analysis of grain size percentages in sediment samples collected from the Cam River channel

Composition of sediment (%)
Sample No. Coarse sand Fine sand Mud Silt
(2-0.2 mm) (0.2-0.02 mm) (0.02-0.002 mm) (<0.002 mm)
1 11.85 37.48 45.28 5.39
2 9.48 31.48 43.28 15.76
3 11.48 28.49 50.42 9.61
4 13.32 28.49 48.59 9.6
5 10.48 32.18 53.12 4.22

2.5 Initial Conditions

Hydrodynamic and wave models were initialized with zero water levels, velocities, and
wave parameters, allowing natural pattern development from forcing. The sediment model
employed uniform initial TSS concentrations based on average measured values, permitting
evolution through model spin-up.

2.6 Model Calibration and Validation

Model performance was assessed using the Nash-Sutcliffe Efficiency (NSE) index
(Nash and Sutcliffe, 1970; Krause et al., 2005). Calibration involved adjusting parameters
including bed roughness (0.005), turbulent viscosity coefficient (0.28), convergence
coefficient (0.80), wave breaking coefficient (0.76), horizontal diffusivity coefficient (1.00),
sediment internal friction angle (30°), and bed friction coefficient (0.001) (Table 2).

Table 2. Key model parameters utilized for simulation

TT Model parameters Value
1 Bed roughness 0.005
2 Turbulent viscosity coefficient 0.28
3 Convergence coefficient 0.80
4 Wave breaking coefficient 0.76
5 Horizontal diffusivity coefficient 1.00
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TT Model parameters Value

6 Internal friction angle of sediment 30°

7 Bed friction coefficient 0.001

3 RESULTS AND DISCUSSION
3.1 Model Verification and Calibration
3.1.1  Water Level and Wave Dynamics

Water level calibration at Hon Dau station achieved NSE = 0.92 (Fig. 3), demonstrating
excellent model skill in replicating tidal dynamics. This provides a robust foundation for
simulating interconnected coastal and estuarine processes.

Wave model validation yielded NSE values of 0.67 for wave velocity, 0.62 for wave
direction, and 0.56 for significant wave height (Fig. 4a—c). While the model slightly
underestimated peak wave velocities and overestimated minimum speeds, overall
performance was satisfactory given the complex bathymetry and coastal geometry of the Gulf
of Tonkin (Piton, 2019). These results confirm the model's capability to represent regional
wave transformation processes.

Simulation A
Observation ————

00:00 00:00 00:00 00:00 00:00 00:00 00:00 00:00
20211215 12-16 1247 1218 1219 12:20 12:21 12.22

Figure 3. Comparison of the simulated and measured water level at Hon Dau station
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Figure 4. Comparison of the simulated and measured (a) wave velocity, (b) wave direction, and (¢) wave height
at the projection site

3.1.2  Sediment Transport Validation

TSS simulations achieved NSE values of 0.73 for the coastal region and 0.62 for the
bridge area (Fig. 5). Performance was superior in deeper coastal waters compared to the
shallower bridge reach, where cross-sectional heterogeneity increases due to bed-flow
interactions. The moderate NSE values align with performance reported in similar coastal and
estuarine studies (Ralston et al., 2013; Warner et al., 2005; Tran-Anh et al., 2022),
acknowledging the inherent challenges of modeling fine sediment dynamics during high-flow
events when enhanced resuspension, advection, and deposition occur (Geleynse et al., 2011;
Bouillon et al., 2007; Bi et al., 2014).
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Figure 5. Measured and simulated TSS concentration in the project area for
(a) the coastal region and (b) the May Chai bridge area

3.2 Bridge Pier Impacts on Flow Dynamics
3.2.1  Flood Season Hydraulics

During flood season, high monsoonal discharge dominates the flow regime despite
diurnal tidal influence (Fig. 6). Without bridge piers, average velocities at the bridge location
exceed 0.9 m/s, with higher velocities along the left (seaward) bank due to channel curvature.
Pier installation significantly reduces upstream velocities to 0.1-0.2 m/s as the structures
obstruct and dampen flow. This velocity reduction extends along both banks, while mid-
channel velocities increase slightly to maintain discharge continuity. Approximately 500—-550
m downstream, flow patterns gradually recover to pre-construction conditions, indicating
localized pier influence during flood season.

I Beow 0.1
[ undefined Vaie

Figure 6. Seasonally averaged flow patterns of the Cam River during flood season in 2022 at high tide phase: (a)
before and (b) after the construction of May Chai Bridge. Arrows indicate the directions of water flow

3.2.2  Dry Season Hydraulics

The dry season exhibits lower discharges and enhanced tidal influence, resulting in
bidirectional flow (Fig. 7). During high tide, outflow persists but weakens compared to flood
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season. During low tide, tidal inflow progressively replaces upstream discharge until flow
reverses landward. Flow velocities at pier locations range from 0.3-0.4 m/s without piers,
reducing to 0.2—0.3 m/s post-construction.

Complex turbulent patterns develop around the piers, particularly during tidal
transitions (Fig. 8). Seaward flow slightly exceeds landward flow, evidenced by higher
velocities during ebb tide. Proximity to the riverbed enhances turbulence around piers relative
to open channel areas. During tidal flow reversals, intensified flows develop in pier-free
zones while localized velocity reductions occur near structures, creating distinct wake
patterns that evolve with the tidal cycle.

These hydraulic alterations align with previous research. Velocity reductions of 35—
40% around piers due to flow contraction are consistent with findings by Dey and Raikar
(2007). Complex turbulent patterns near piers agree with observations by Kandasamy and
Melville (1998) and Ettema et al. (2010). The sensitivity of pier hydraulic impacts to seasonal
and tidal conditions reinforces findings by Tingsanchali and Maheswaran (1990), who
emphasized that short-term measurements may not capture the full range of scour risk across
hydrologic scenarios.

Figure 7. Flow patterns of the Cam River during dry seasons in low tide (a, b) and high tide (c, d) phases. The
sequence from left to right represents the conditions after and before the construction of the May Chai bridge
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Figure 8. Flow dynamics in the May Chai left piers in dry season in (a) low tide and (b) high tide phases

3.3 Riverbed Scour Assessment
3.3.1  Flood Season Morphological Changes

Simulations under 2022 flood conditions reveal that meandering morphology renders
this Cam River reach prone to natural scour, particularly near proposed pier foundations (Fig.
9). Natural bank erosion persists on meander bend exteriors (—0.3 to —0.5 m/season), while
sedimentation occurs along inner bends (+0.1 to +0.2 m/season) due to topographic flow
steering.

Bridge piers significantly amplify erosion and sedimentation patterns proximal to the
infrastructure. Additional scour of —0.1 to —0.2 m develops both upstream and downstream of
piers during floods, with more substantial erosion reaching —0.3 to —0.4 m/season along
unprotected riverbed adjacent to pier foundations (Fig. 10). Within 20-25 m downstream,
flow deceleration produces sedimentation rates of +0.2 to +0.5 m/season. This differential
pattern reflects additional turbulence and flow constriction imposed by the piers. Channel
sinuosity and associated secondary flows concentrate erosion along the left bank during
floods, resulting in maximum seasonal scour depths of approximately 0.45 m at the left pier
foundation.

These simulated values represent seasonal morphodynamic responses to sustained flood
flows rather than instantaneous design scour depths, which would require event-based
modeling of extreme discharge scenarios. The predicted seasonal scour provides critical
insights for long-term foundation monitoring and maintenance planning.
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Figure 9. Erosion within the Cam Riverbed during the flood season, both before (a) and after (b) the
construction of the May Chai Bridge

Figure 10. Morphological characteristics of river bed during the flood season at the (a) left and (b) right piers

3.3.2  Dry Season Morphological Changes

During dry season, reduced discharge and bidirectional tidal flows produce muted
morphological changes. Topographic variations fluctuate within +£0.05 m/season around the
bridge, approaching morphodynamic equilibrium. Slight net sedimentation dominates,
averaging 0.01-0.015 m/season across the riverbed and increasing to 0.01-0.02 m/season
adjacent to piers. This sedimentation dominance demonstrates greater stability under dry
season conditions relative to scour-prone monsoonal floods.

The pronounced flood season scour aligns with field measurements by Ettema et al.
(2010), demonstrating correlations between scour depth and flow intensity. The relatively
moderate erosion magnitudes (compared to sandy substrates) reflect cohesive, fine-grained
bed composition, as discussed by Briaud et al. (2011) regarding scour reduction in clay-rich
versus sandy substrates. The cohesive sediment constrains erosion pit formation, partially
mitigating impacts on pier base stability—a critical consideration for long-term bridge safety.
Since flood season scour dominates over dry season sedimentation, cumulative seasonal
cycles favor net erosion around pier foundations. Although dry season erosion magnitude is
lower, pier wake turbulence produces localized scour with potential to threaten structural
integrity through progressive undermining and abrasion over multiple monsoon cycles.

3.4 Engineering Implications

The quantified hydrodynamic alterations and morphological responses provide essential
information for bridge design and scour countermeasures. Maximum seasonal scour depths of
0.4-0.5 m adjacent to pier foundations indicate that pier embedment depth must exceed these
values with appropriate safety factors. Asymmetric erosion patterns favoring the left bank
suggest that differential scour protection may be more cost-effective than uniform protection
schemes. The recovery of flow patterns 500-550 m downstream indicates localized pier
influence, suggesting that ecological impacts on fish migration and sediment transport may
be spatially limited. However, the complex turbulent wake patterns during dry season tidal
reversals warrant monitoring for potential impacts on benthic habitats and sediment oxygen
demand.
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The demonstrated capability of 3D numerical modeling for pre-construction assessment
provides a cost-effective complement to physical modeling. For the May Chai Bridge, these
results will inform selection of appropriate scour protection (e.g., riprap sizing and extent),
foundation monitoring protocols, and adaptive maintenance strategies tailored to seasonal
flow variations.

4 CONCLUSIONS

This pre-construction assessment of the Mai Chai Bridge demonstrates how advanced
3D hydrodynamic modeling can quantify infrastructure impacts before construction,
providing critical insights for resilient design in dynamic tidal rivers. Validated against 2021—
2022 field observations (NSE = 0.62-0.92 across water levels, waves, and sediment
transport), the MIKE 3 FM simulations revealed stark seasonal contrasts in pier-induced
hydraulic alterations and scour potential.

The comparative simulations revealed the dominance of flood season processes in
controlling long-term morphological evolution. Bridge piers will reduce upstream velocities
by up to 80% (0.9 m/s to 0.1-0.2 m/s) during monsoons, generating complex turbulent wakes
that drive maximum seasonal scour depths of 0.4—0.5 m adjacent to foundations. Asymmetric
erosion patterns, with pronounced left-bank scour driven by channel curvature and secondary
circulation, indicate that uniform scour protection would be inefficient and costly. In contrast,
dry season bidirectional tidal flows approach morphodynamic equilibrium, permitting modest
sediment recovery but insufficient to offset cumulative flood season erosion over multiple
monsoon cycles.

These findings carry direct engineering implications. Pier embedment depths for this
region must exceed 0.5 m with appropriate safety factors, while differential scour protection
targeting the left bank offers a cost-effective alternative to uniform countermeasures. The
localized spatial extent of pier influence (flow recovery within 500-550 m downstream)
suggests limited ecological disruption to fish migration corridors and regional sediment
transport, though site-specific monitoring during construction is recommended.

Beyond the Mai Chai Bridge, this study establishes a transferable methodology for pre-
construction impact assessment in monsoon-influenced tidal estuaries worldwide. As climate
change intensifies extreme rainfall and alters seasonal flow regimes across Southeast Asia,
predictive 3D modeling becomes increasingly essential for infrastructure planning that
balances development needs with morphological stability and environmental sustainability.
The quantified seasonal scour dynamics presented here provide a foundation for adaptive
management strategies that can respond to evolving hydroclimatic conditions throughout
bridge operational lifespans.
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