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Introduction: Local scour at bridge piers is a primary cause resulting bridge 
failure, a risk that is significantly exacerbated under extreme hydrodynamic 
events such as floods.
Methods: This study presents a numerical investigation of the scour behavior 
around a complex bridge pier, consisting of a pier, pile cap, and pile group, 
focusing on the effect of pile cap embedment depth on the flow field and scour 
characteristics. A three-dimensional numerical model was developed based on 
a railway bridge, simulating scour processes under flow velocities of 4.0 m/s 
and 6.0 m/s.
Results and discussion: The results reveals that the relative embedment depth of 
the pile cap significantly influences the scour characteristics. When the pile cap 
is above the riverbed, the scour area predominantly develops in the longitudinal 
direction (along the flow), forming an inverted cone shape. Conversely, when the 
pile cap is embedded in the riverbed, both the scour extent and depth decrease 
significantly, with the scour predominantly concentrated on either side of the 
pile cap in a round end distribution. Furthermore, the maximum scour depth 
follows a nonlinear trend, initially increasing and then decreasing as the pile cap’s 
elevation decreases. The maximum scour depth occurs when the pile cap is flush 
with the riverbed, while a significant reduction in scour depth is observed when 
the cap is fully embedded. The findings of this study provide practical guidance 
for the anti-scour design of bridge complex piers.

KEYWORDS

bridge engineering, local scour, numerical simulation, complex bridge pier, embedment 
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 1 Introduction

Scour around bridge foundations is a leading cause of bridge failures (Aashto, 2012; 
Chavan et al., 2021), with its severity often exacerbated under extreme hydrological 
conditions, such as floods. A notable historical example occurred in 1956 at the Zhengzhou 
Yellow River Bridge in China, where the first flood peak caused a local scour depth of 
8 m at Pier No. 7. Subsequent flood peaks deepened the scour at Pier No. 11–14 m, 
ultimately causing severe tilting of the piers (Liu, 2010). Statistical analyses further 
highlight the importance of scour. Xiong et al. (2021) examined 1,716 bridge collapses 
worldwide from 1807 to 2021 and found that hydrological disasters were responsible for 
46.69% of these failures, with 31.53% directly attributable to scour. Similarly, a study by
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Montalvo and Cook (2018) of 428 bridge failures in the United States 
(1992–2014) identified 237 cases related to scour issues at bridge 
piers. In India, flood-induced scour accounted for 52% of the 2010 
recorded bridge collapses from 1977 to 2017 (Tan et al., 2020). As 
large-span bridges continue to be constructed globally, the majority 
are supported by complex piers, which include pier, pile cap, and 
pile groups. As a result, scour at complex piers has become a critical 
concern, threatening the structural integrity and safety of bridges. 
Given the complexity of these pier systems and the potential impact 
of extreme hydrological events, comprehensive research on flood-
induced scour at complex piers is essential for advancing bridge 
design, construction, and maintenance strategies.

Scour around piers is a complex hydrodynamic phenomenon 
involving intricate interactions among water flow, sediment, and 
structural elements, governed by coupled hydrodynamic processes 
and sediment transport mechanisms (Wei et al., 2021a). Extensive 
experimental and numerical studies on cylindrical pier (Xu, 
2018; Han, 2010; Wang, 2020; Zhu and Liu, 2011; Zhao et al., 
2010) have been conducted to better understand the scour 
mechanisms. These studies show that as water flows past a 
cylindrical pier, it induces complex flow phenomena, including 
the formation of horseshoe vortices upstream, flow acceleration 
around the pier, and wake vortices downstream. These intricate flow 
structures significantly increase local bed shear stress, leading to 
the entrainment and downstream transport of sediment particles, 
ultimately resulting in the formation of scour holes around the pier 
foundation (Zhao, 2023).

Following investigations into the scour mechanisms of 
cylindrical piers, researchers have also demonstrated that scour 
behavior exhibits considerable variability across different scenarios, 
primarily influenced by varying hydrodynamic conditions, riverbed 
sediment characteristics, and the geometry of the pier itself. To 
address this complexity, researchers have extensively investigated 
single piers’ scour under various hydrodynamic regimes, including 
steady currents (Ma, 2018; Wang, 2020; Wang et al., 2020; 
Wei et al., 2021b), pure waves (Gong et al., 2024; Cheng et al., 
2019), and combined wave-current conditions (Fu et al., 2024; 
Qi and Gao, 2014; Lyu et al., 2021; Li et al., 2021). In addition, 
the pivotal role of sediment characteristics has been explored 
in numerous studies (Breusers et al., 1977; Xiang et al., 2023), 
focusing on how factors such as sediment particle size distribution, 
uniformity, and cohesiveness influence local scour processes. 
In addition, research has also focused on the geometry of the 
single pier. Studies by Diab et al. (2010), Khan et al. (2017), and 
Bordbar et al. (2021) have explored the flow field characteristics and 
local scour morphology for various pier cross-sectional shapes, 
including square, diamond, and circular configurations. Their 
findings consistently show that the flow patterns around piers, and 
consequently the scour morphology, vary significantly with different 
cross-sectional geometries. Hassanzadeh et al. (2020) demonstrated 
that the bluntness coefficient of the pier cross-section significantly 
influences both the upstream flow structure and the resulting scour 
morphology around the pier.

Despite advances in understanding single-pier scour, research 
on complex piers—typically composite structures consisting of 
pier columns, pile caps, and pile groups, which are widely used 
in practical engineering—remains relatively limited. The intricate 
geometry of complex piers generates flow patterns and scour 

mechanisms far more complex than those around single piers, 
exposing a critical gap in current knowledge and necessitating 
targeted investigation.

Predicting scour depth at complex bridge piers has prompted 
the development of empirical models, often adapted from single-
pier formulas or simplified approaches (Melville and Coleman, 2000; 
Coleman, 2005; Moreno et al., 2016; Ataie-Ashtiani et al., 2010; 
Amini and Mohammad, 2017; Sheppard and Glasser, 2004). Melville 
and Coleman (2000) introduced an initial method that incorporated 
equations describing different combinations of pier components. 
However, this early method did not fully account for the presence 
of the pile group beneath the pile cap. Coleman (2005) revised this 
approach by incorporating five pile cap elevations and assuming 
a linear variation in scour depth. This revised method integrated 
existing expressions for single piles, caisson foundations, and 
pile groups. Additionally, Sheppard and Glasser (2004) suggested 
approximating complex piers as single circular pier with equivalent 
diameters. While these models offer a starting point, they frequently 
fail to capture the specific geometric and hydrodynamic nuances of 
scour around complex piers, limiting their predictive accuracy.

In complex piers, the pile cap, as a critical component, plays 
a vital role in influencing scour. Its position and geometric 
characteristics are key factors in determining the severity of scour. 
Tien Bui et al. (2020) conducted a sensitivity analysis to identify 
the factors affecting local scour around complex piers, emphasizing 
the pile cap’s position as a crucial determinant of scour severity. 
Similarly, Lu and Gao (2013) performed scour experiments on 
the complex piers of the Sutong Yangtze River Bridge, revealing 
a relationship between the pile cap’s embedment depth and both 
the maximum and minimum scour depths. Further experimental 
investigations by Hou et al. (2017) confirmed that exposing the 
pile cap above the riverbed significantly increases the surrounding 
scour depth. Salih and Alomari (2023) explored the effects of pile 
cap elevation and flow depth on local scour depth around complex 
piers. Their findings indicated that the maximum scour depth occurs 
when the pile cap is partially embedded in the sand bed. They also 
observed that scour depth increases with increasing flow depth, 
but beyond a certain threshold, the pile cap obstructs the influence 
of flow vortices on the bed surface, reducing the sensitivity of 
scour depth to further increases in flow depth. Ferraro et al. (2013) 
experimentally examined the effect of pile cap thickness on the 
temporal evolution of maximum scour depth and the development 
of equilibrium conditions. Their findings suggested that thicker pile 
caps generally lead to deeper scour holes, with the increase in scour 
depth strongly correlated to the pile cap’s embedment depth relative 
to the initial riverbed. Furthermore, their study revealed that pile 
cap thickness can influence the time-evolution of scour depth by 
altering the scour rate. Collectively, these studies underscore the 
critical role of the pile cap in complex piers, where its interaction 
with the flow fundamentally alters hydrodynamics and significantly 
affects the extent of scour.

Although existing research has provided theoretical and 
experimental support for the scouring behavior of complex bridge 
piers, the complexity and diversity of the geometric forms, and 
arrangements of bridge piers, caps, and pile groups in actual bridge 
engineering mean that current results have not fully revealed the 
scouring mechanisms under extreme hydrological conditions. 
In particular, the influence of geometric parameters such as the 
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embedment depth of the cap on scouring characteristics remains 
unclear. To address this, this paper employs a three-dimensional 
numerical model to investigate the scouring process of a specific 
railway bridge’s complex pier under flood conditions. The study 
systematically analyzes how the embedded depth of the pile 
cap affects the evolution of the flow field, the morphology of 
the scour, and the final scour depth, aiming to provide more 
reliable engineering guidance for the anti-scouring design of bridge 
foundations. 

2 Numerical methods

2.1 Control equations

A 3D scour model is constructed using the software Flow-3D. 
The free surface between water and air is captured using the Volume 
of Fluid (VOF) method. Water and air in the model are assumed 
to be incompressible viscous fluids. Their movement is governed by 
the Reynolds-Averaged Navier-Stokes (RANS) equations, which are 
expressed as follows:

∂ρ
∂t
+

∂(ρui)
∂xi
= 0

∂(ρui)
∂t
+

∂(ρuiuj)
∂xj
= −

∂p
∂xi
+ ∂

∂xj
(μ

∂ui

∂xj
− ρu′i u′j)+ Si

where the subscripts i and j represent the index notation in tensor 
notation., ui represents the time-averaged velocity in the xi direction, 
u′i  is the fluctuating velocity in the xi direction, ρ is the fluid density, 
p is the mean pressure, μ is the dynamic viscosity of the fluid, Si is 
moment source in the xi direction. The term −ρu′i u′j  represents the 
Reynolds stresses, which is given by:

−ρui
′uj
′ = μt[

∂ui

∂xj
+

∂uj

∂xi
]− 2

3
[ρk+ μt

∂ui

∂xi
]δij

where δij is the Kronecker delta, which equals 1 when i = j and 0 
when i ≠ j, k is the turbulent kinetic energy, and μt is the turbulent 
viscosity.

Previous studies, such as Salaheldin et al. (2004), compared 
several turbulence models (k-ε, RNG k-ε, and k-ω) in simulating 
separated turbulent flow around vertical bridge piers. Their results 
demonstrated that the RNG k–ε model outperformed the others, 
especially in accurately predicting velocity distributions and bed 
shear stresses. Additionally, the RNG k–ε model is computationally 
more efficient than the k-ω model, as it requires fewer computational 
cells, making it a suitable choice for large-scale simulations. 
Therefore, the RNG k−ε turbulence model is selected in current 
study. The transport equations for the turbulent kinetic energy k and 
the turbulence dissipation rate ε are given by:

∂(ρk)
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where:

μe f f = μ+ μt

μt = ρCμ
k2

ε
Cμ = 0.0845,αk = αε = 1.39

C∗1ε = C1ε −
η(1− η/η0)

1+ βη3

C1ε = 1.42,C2ε = 1.68

η = (2Eij ·Eij)
1/2 k

ε

Eij =
1
2
(

∂ui

∂xj
+

∂uj

∂xi
)

η0 = 4.377,β = 0.012

}}}}}}}}}}}}}}}}}}}}}}}}
}}}}}}}}}}}}}}}}}}}}}}}}
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2.2 Model setup

The numerical model of a complex pier is developed based 
on a rail-way bridge located in China. The bridge consists of 
a simply supported T-beam structure with span lengths ranging 
from 32 m to 41 m. The substructure is designed as a composite 
system comprising a pier, pile cap, and pile group (as shown in 
Figure 1A). The pier is designed with a round end hollow section, 
with base dimensions of 13.10 m × 9.10 m. The pile cap has a 
rectangular cross-section with dimensions of 15.50 m × 12.20 m. 
The pile group consists of a 4 × 4 pile group arrangement, with each 
pile having a diameter of 1.25 m. Detailed structural dimensions is 
provided in Figure 1B.

A numerical flume is constructed to simulate the scour behavior 
around the com-plex pier. Based on the dimensions of the complex 
pier, the flume is set to 200 m in length, 100 m in width, and 
20 m in height. The “pier-pile cap-pile group” model is positioned 
100 m downstream from the flume’s inlet boundary. To mitigate 
the influence of water inflow and outflow at both ends of the flow 
field on sediment scour along the riverbed, a 2.5 m long barrier is 
placed near the inflow and outflow boundaries of the scour layer. 
A sandy riverbed, measuring 195 m in length, 100 m in width, and 
8 m in height, is placed in the flume. The sediment is considered 
non-cohesive, with a median particle size of 2 mm, a density of 
2,650 kg/m3, and an angle repose φ = 32°.

The left boundary of the flume is set as the inflow boundary, 
where the flow velocity and water depth are specified to simulate 
uniform flow. The right boundary is defined as an outflow boundary, 
with free outflow conditions. The bottom boundary is set as a no-slip 
wall, where the normal velocity of the fluid at the boundary is zero. 
The top and lateral boundaries are defined as symmetry boundaries, 
with zero flow flux and zero shear stress at these locations.

To balance computational accuracy and efficiency, the 
computational domain is divided into two regions: the main 
computational domain and the secondary computational domain. 
The main computational domain has dimensions of 50 m in length 
and 50 m in width, centered around the pier. The secondary 
computational domain extends further away from the pier. In 
the main computational domain, a uniform grid size of 0.25 m 
is applied. In the secondary domain, a gradual grid refinement 
technique is used, with the grid size at the domain boundary set 
to 1.00 m. In the vertical direction, a uniform grid size of 0.25 m is 
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FIGURE 1
Schematic diagram of the complex pier: (A) 3D view of the complex pier, (B) Detailed dimensions.

FIGURE 2
The schematic diagram of the numerical model in current study.

used below the riverbed. From the riverbed to the water surface, a 
gradual grid refinement is applied, with the grid size at the water 
surface set to 1.00 m. The total number of grid cells in the entire 
computational domain is nearly 2,040,000. The schematic diagram 
of the grid is provided in Figure 2.

Scour at piers is a continuous process that evolves over time and 
reaches a state of equilibrium only after a prolonged period. Previous 
studies on local scour have shown that the scour depth increases 
rapidly in the initial stages, but the rate of scour decreases as time 
progresses (Roulund et al., 2005; Vuong et al., 2024). Therefore, the 
simulation time in this study is set to 1800 s to sufficiently capture 
the local scour characteristics of the complex pier under realistic 

conditions. The RNG k–ε turbulence model was employed with 
the standard wall function treatment. The near-wall dimensionless 
distance ( y+) values were smaller than 300, ensuring that the 
wall function approach remained valid within its recommended
range. 

2.3 Model validation

To validate the accuracy of the scour model developed in this 
study, the experimental results from Roulund et al. (2005) are 
used for comparative analysis. Roulund et al. (2005) conducted 
experiments to investigate the flow field characteristics and scour 
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FIGURE 3
Schematic diagram of the validation model: (A) Front view; (B) Top view.

depth evolution around a cylindrical single pier under uniform 
flow conditions. Their experimental flume had a length of 9.9 m, 
a width of 3.6 m, a water depth of 0.4 m, and a flow velocity 
of 0.46 m/s. The cylindrical pier in their experiments had a 
diameter of 0.10 m and was placed 6.60 m downstream of the
flume inlet.

Based on the experimental setup of Roulund et al. (2005), a 
numerical model was constructed to simulate the scour process. 
The RNG k- turbulence model was employed to simulate flow 
dynamics. To balance computational efficiency with accuracy, the 
numerical flume was designed with dimensions of 3 m × 1 m × 
0.7 m, as shown in Figure 3. The inlet and outlet were placed 1.5 m 
away from the cylindrical pier, while the lateral walls were positioned 
0.5 m from the pier.

In the numerical model, sediment was modeled as spherical 
particles, with a critical packing coefficient fb = 0.64, an entrainment 
coefficient set to the default value of 0.018, and an angle of repose 
φ = 32°. The bed roughness was assumed to be 2.5 times the median 
particle diameter. The boundary conditions were defined as follows: 
a specified velocity boundary at the inlet to match experimental flow 
speed, an outflow boundary at the outlet, and symmetry boundaries 
for the sidewalls and top of the flume (see Figure 4). No-slip wall 
boundaries were applied at the bed and pier interfaces.

A refined mesh was used in the core area around the pier, 
with a mesh size of 0.05D, ensuring high resolution for accurate 
representation of flow and scour dynamics. In the non-core areas, 
the mesh size gradually increased from 0.05D to 0.3D. The grid 
was further refined in the vertical direction (from z = −0.2 m 
to z = 0.15 m) to better capture the near-bed flow and vortex 
dynamics, maintaining a mesh size of 0.05Din this region. The total 

number of computational cells in the domain was 2.76 million, 
as shown in Figure 5.

Figure 6 presents a comparison between the numerical 
simulation results and the experimental data from Roulund et al. 
(2005). As shown in the figure, the scour depth evolution from the 
numerical model is in excellent agreement with the experimental 
results. During the initial 200 s of scour, the scour depth in front 
of the pier in-creases rapidly, and then the scour rate gradually 
decreases, reaching equilibrium after 1800 s. In contrast, the scour 
depth behind the pier increases more slowly, and the maximum 
scour depth is significantly smaller than that in front of the pier. 
Once equilibrium is reached, the scour depth behind the pier is 
approximately 52% of the depth in front of the pier. The numerical 
model developed in this study accurately simulates the development 
of scour depth around the pier. At equilibrium, the error between the 
simulated scour depth and the experimental results is less than 10%.

Figure 7 shows the predicted scour profile along the 
pier’s longitudinal symmetry axis compared to Roulund et al.’s 
experimental data. The numerical results closely match the 
experimental data in the upstream region (x/D < −0.5) and 
accurately capture the maximum scour depth. In the downstream 
region (x/D > 0.5), while the model slightly underestimates the 
scour depth, the overall trend and shape of the scour hole are highly 
consistent with the experimental observations. This indicates that 
the numerical model developed in this study has high accuracy and 
reliability in simulating scour around the pier.

To further strengthen the validation of the numerical model, 
additional comparisons were performed between the simulated 
and experimental velocity fields from the study of Roulund et al. 
(2005). Velocities at three representative elevations above the bed 
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FIGURE 4
Schematic diagram of boundary conditions used in the validation model.

FIGURE 5
Schematic diagram of mesh configuration for the validation model: (A) Front view; (B) Top view.

(z = 0.10 m, 0.05 m, and 0.005 m) were extracted from both the 
numerical results and the experimental measurements for direct 
comparison. As shown in Figure 8, the horizontal velocity gradually 
decreases as the flow approaches the pier at higher elevations (z
= 0.10 m and 0.05 m). Near the bed (z = 0.005 m), the horizontal 
velocity initially decreases to a minimum value and then slightly 
increases. The vertical velocity remains close to zero in the far 

field but becomes increasingly negative near the pier, reaching 
its maximum downward magnitude at the upstream face of the 
pier, indicative of the formation of the horseshoe vortex and the 
downward jet.

Overall, the numerical results show good agreement with the 
experimental data in the upstream region, successfully reproducing 
the main flow features associated with the pier-scour process. Some 
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FIGURE 6
Validation of numerical simulation against experimental data for scour depth at different pier locations: (A) upstream and (B) downstream.

FIGURE 7
Comparison of predicted scour profile along the pier’s longitudinal 
axis with experimental data.

discrepancies appear in the downstream wake region, primarily 
due to the complex vortex shedding and flow separation that 
are inherently unsteady in nature. Similar deviations have been 
reported by Roulund et al. (2005) and Jiang et al. (2019), even when 
employing finer grids and advanced turbulence models. Therefore, 
these differences are not specific to the present model but rather 
reflect the general challenge of accurately capturing highly transient 
wake dynamics. 

3 Results and discussion

The water depth in the flume was set to 10 m, based on the 
designed water level of the prototype railway bridge under flood 
conditions. A series of numerical simulations were conducted for 
a range of pile cap embedment depths. Two typical flow velocities, 
4.0 m/s and 6.0 m/s, were selected to represent the hydrodynamic 
conditions that bridge piers may experience during flood events. 
Additionally, seven different embedment depths of the pile cap were 

considered: λ = 1.5, 1.0, 0.5, 0.0, −0.5, −1.0, and −1.5. Here, λ is 
defined as the ratio of the distance between the bottom surface of the 
pile cap and the riverbed to the thickness of the pile cap. Specifically, 
λ > 0 indicates that the pile cap is elevated above the riverbed, 
λ < −1 indicates that the entire pile cap is embedded within the 
riverbed, and −1 < λ < 0 represents the pile cap is partially embedded 
within the riverbed. By varying pile cap embedment depths, this 
study systematically simulated and analyzed the effects of pile cap 
embedment depth on flow field and scour characteristics. Thereby 
providing scientific insights and engineering recommendations for 
designing scour-resistant bridge piers. 

3.1 Flow field

Figures 9, 10 illustrate the distribution of the flow field and 
vertical velocity characteristics around the complex pier at a flow 
velocity of v = 6.0 m/s, under varying pile cap embedment depths. 
When the pile cap has a large embedment depth (e.g., λ = 1.5), 
the flow on the upstream side of the pier is obstructed by the 
pile cap, resulting in both upward and downward flow (as shown 
in Figure 9A). The upward flow rises along the side of the pile 
cap and bypasses it, flowing downstream, with minimal impact 
on scour. The downward flow enters the gap between the pile cap 
bottom and the riverbed, where it intersects with the incoming flow 
and moves downstream through the gap. Due to the constricting 
effect of the gap, the flow velocity increases significantly, creating 
an “acceleration channel” effect. After passing through the gap, the 
flow gradually diffuses downstream, with the velocity decreasing. 
As shown in Figure 10A, although the flow velocity in the gap is 
high, the flow remains primarily horizontal, with minimal vertical 
velocity components. Only at the front of the gap, influenced by the 
downward flow, does the flow exhibit a downward vertical velocity 
component.

When the relative embedment depth of the pile cap decreases to 
λ = 0.0, where the bottom of the pile cap is level with the riverbed, 
the flow can no longer pass beneath the pile cap, and the downward 
flow directly impacts the riverbed (as shown in Figures 9B, 10B), 
thereby increasing the scour risk. Additionally, part of the flow 
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FIGURE 8
Comparison between numerical and experimental velocities at different elevations above the bed.

separates as it is obstructed by the pile cap and bypasses it on both 
sides, further amplifying the scour range. A distinct vortex structure 
forms in the low-velocity region on the downstream side of the pile 
cap, generating localized backflow that may cause sediment to be 
repeatedly suspended and transported.

As the embedment depth of the pile cap continues to decrease 
and the pile cap becomes fully embedded in the riverbed, its impact 
on the flow field diminishes (as shown in Figure 9C), leading to 
a simpler flow structure. On the upstream side of the pier, no 
significant upward or downward flows are observed, and the water 
flows horizontally, smoothly bypassing the pier on both sides. 
However, in the low-velocity region on the downstream side of the 
pier, vortex structures develop, generating localized backflow that 
heightens the scour risk on the downstream side. 

3.2 Scour characteristics

Figure 11 illustrates the scour characteristics around the 
complex pier under different pile cap embedment depths at a flow 
velocity of v = 6.0 m/s. As shown in Figure 11A, when the pile cap 
is relatively high (λ = 1.5), large and widely distributed scour holes 
form around the pier. The scour area extends significantly in the flow 
direction (longitudinally) and exhibits an inverted cone shape. The 
extended longitudinal development of the scour hole is primarily 
due to the higher pile cap, which accelerates the flow through the 
gap between the pile cap bottom and the riverbed, generating 
strong shear forces that lead to significant sediment erosion. The 

maximum scour depth occurs along the longitudinal centerline of 
the structure, between the first and second rows of piles, with a 
depth of approximately 3.9 m. The scour hole gradually extends 
downstream, with the depth decreasing, indicating a weakening 
of the scour intensity as the sediment is continuously transported. 
In the downstream region, where the flow velocity significantly 
decreases, sediment gradually accumulates, forming a deposition 
area with a height of approximately 1.85 m.

When the relative embedment depth of the pile cap decreases to 
λ = 0.0, where the pile cap is flush with the riverbed, the continuous 
scouring action exposes all four rows of piles, and the scour pattern 
exhibits significant lateral expansion (as shown in Figure 11B). 
Compared to the case of λ = 1.5, the longitudinal extent of the scour 
hole is noticeably reduced, with the scour predominantly extending 
laterally and forming a trapezoidal shape, with a deeper front and a 
shallower rear. This change occurs because, when the pile cap is level 
with the riverbed, water cannot flow beneath the pile cap, causing 
more flow to bypass the pile cap on both sides, which results in a 
more significant lateral expansion of the scour. Furthermore, due 
to the downward flow on the upstream side of the pile cap directly 
impacting the riverbed, a significant scour depth develops from the 
front of the first row to the rear of the second row of piles, reaching 
a maximum depth of approximately 4.90 m, which is substantially 
greater than in the case of λ = 1.5. In the downstream region, a 
sediment deposition area also forms, with a height of approximately 
1.90 m, and the deposition extends widely.

As the pile cap continues to lower and become embedded deeper 
into the riverbed, significant changes in the scour characteristics occur. 
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FIGURE 9
Flow field around the complex pier for pile caps with different relative embedment depths: (A) λ = 1.5 (cap elevated above the bed), (B) λ = 0.0 (cap 
flush with the bed), and (C) λ = −1.5 (cap embedded below the bed). Flow patterns are shown on the vertical symmetry plane (y = 0), with colors 
representing the velocity magnitude and arrows indicating the flow direction and strength.

As shown in Figure 11C, when the relative embedment depth of the 
pile cap is λ = −1.5, the upper surface of the pile cap is embedded 1.5 m 
into the riverbed. However, with continued scouring, the upper surface 
of the pile cap gradually becomes exposed. Under these conditions, 
the flow primarily bypasses the structure on both sides, leading to 
a significant increase in the lateral extent of the scour hole, which 
now takes on a round end shape. The maximum scour depth is 
approximately 2.93 m, concentrated around the sides of the pile cap. 
Compared to cases where the embedment depth of the pile cap is 

greater than or equal to 0, the maximum scour depth significantly 
decreases in the case of λ = −1.5, indicating that deep embedment 
depth of the pile cap effectively reduces sediment erosion on the 
upstream and lateral sides, providing protective effects. Furthermore, 
the sediment deposition height on the downstream side significantly 
decreases, with a maximum height of approximately 1.56 m. Overall, 
the deep embedment depth of the pile cap effectively reduces scour 
intensity around the complex pier and results in smoother sediment 
deposition downstream. 

Frontiers in Built Environment 09 frontiersin.org

https://doi.org/10.3389/fbuil.2025.1703330
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org


Qin et al. 10.3389/fbuil.2025.1703330

FIGURE 10
Distribution of vertical velocity around the complex pier for pile caps with different relative embedment depths: (A) λ = 1.5 (cap elevated above the 
bed), (B) λ = 0.0 (cap flush with the bed), and (C) λ = −1.5 (cap embedded below the bed). Flow patterns are shown on the vertical symmetry plane 
(y = 0), with colors representing the vertical velocity magnitude.

3.3 Maximum scour depth

Figure 12 presents the maximum scour depth under different 
pile cap embedment depths. The results reveal a distinct nonlinear 

relationship between embedment depth and scour development. As 
the relative embedment depth of the pile cap decreases from 1.5 
to −1.5, the scour depth exhibits a “first increases, then decreases” 
pattern. When the pile cap is above the riverbed, the scour 
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FIGURE 11
Scour morphology around the complex pier for pile caps with different relative embedment depths: (A) λ = 1.5 (cap elevated above the bed), (B) λ = 0.0 
(cap flush with the bed), and (C) λ = −1.5 (cap embedded below the bed). Colors represent the local scour depth, showing the spatial distribution of bed 
erosion around the pier.

depth gradually increases as the cap lowers and approaches the 
bed surface. This occurs because the reduced clearance enhances 
flow obstruction and disturbance, intensifying bed shear stress 
and promoting sediment erosion. When the relative embedment 
depth reaches λ = 0.0 (the bottom surface of the pile cap 
is flush with the bed), the scour depth attains its maximum
value.

As the pile cap continues to submerge into the riverbed 
(λ decreasing from 0.0 to −1.5), the scour depth decreases 
markedly. In these cases, the upper surface of the pile cap 
becomes progressively buried, reducing its direct interaction 
with the flow. The cap thus acts as a protective barrier, 
diminishing local shear stress and effectively mitigating further
erosion.

The overall trend observed in this study is consistent with 
previous research findings (e.g., Du et al., 2022; Yan and Xu, 2023). 

Similar to those studies, the scour depth around a complex pier 
increases as the pile cap approaches the bed, then decreases once 
the cap becomes embedded. This behavior reflects the combined 
influence of flow contraction and sediment shielding: the pile cap 
first enhances flow disturbance near the bed and later provides 
protection once buried.

However, our study reveals some notable quantitative 
differences, particularly in the positions of the pile 
cap corresponding to the maximum and minimum 
scour depths. Du et al. (2022), who investigated a complex pier with 
a circular pier, square pile cap, and a 2 × 2 pile group, observed 
a “saddle-shaped” variation in scour depth. In their study, the 
maximum scour occurred at λ = 1.5—more than twice that at 
λ = 0.0—while the minimum scour was observed at λ = −1.0. 
In contrast, our study identified the maximum scour at λ = 0.0 
and the minimum at λ = −1.5. These discrepancies are likely due 
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FIGURE 12
Influence of pile cap relative embedment depth on the maximum 
scour depth.

to differences in the structural configuration of the pier, such 
as the arrangement of the pile group, the geometry of the cap, 
and the interaction between the pile cap and the surrounding
flow field.

The results of Yan and Xu (2023), who examined rectangular 
and trapezoidal pile caps at λ = 0.5 and λ = 0.0, are more consistent 
with the findings of the current study. Their data indicated that 
the scour depth at λ = 0.0 was more than 1.6 times greater 
than at λ = 0.5. These comparisons highlight that the positions 
of maximum and minimum scour are not fixed but are highly 
dependent on the specific pier geometry and flow conditions. In our 
study, even though the flow velocity beneath the elevated cap (λ = 
1.5) increased due to the contraction between the cap and the bed, 
the flow remained predominantly horizontal with limited vertical 
components, which explains why it did not result in the deepest 
local scour.

From the combined evidence in this study and from previous 
works (Du et al., 2022; Yan and Xu, 2023), an important 
engineering implication emerges: to minimize local scour 
and enhance structural safety, bridge designs should avoid 
configurations where the pile cap is positioned too close to 
the bed (λ ≈ 0.0–1.5). Instead, embedding the pile cap below 
the bed surface allows it to act as an effective protective layer, 
reducing sediment erosion and enhancing the stability of the pier
foundation. 

4 Conclusion

This study analyzes the effects of pile cap embedment depth 
on the flow field characteristics and scour behavior around a 
complex pier using numerical simulations. The key conclusions are 
as follows: 

1. When the pile cap is above the riverbed (e.g., λ = 1.5), 
the flow accelerates through the gap between the pile 

cap bottom and the riverbed, generating downward flows. 
When the pile cap is flush with the riverbed (λ = 0.0), 
downward flow directly impacts the riverbed, significantly 
increasing the scour risk. When the pile cap is fully 
embedded in the riverbed, its disturbance to the flow weakens 
significantly, and the flow becomes steady, bypassing the
structure.

2. Scour patterns vary significantly with changes in pile cap 
embedment dmepth. When the pile cap is elevated above the 
riverbed, the scour hole develops primarily in the longitudinal 
direction, resembling an inverted cone shape, with scour 
concentrated on the upstream side. When the pile cap is 
flush with the riverbed (λ = 0.0), the scour depth reaches 
its maximum, and the scour hole expands laterally, taking 
on a trapezoidal shape, with scour mainly concentrated on 
the upstream side. When the pile cap is fully embedded, 
both the scour depth and extent decrease significantly, with 
the scour hole adopting a round end shape and sediment 
accumulation occurring more evenly on both sides of the
pile cap.

3. The maximum scour depth exhibits a nonlinear trend of 
“first increasing, then decreasing” as the pile cap height 
decreases. When the pile cap is flush with the riverbed 
(λ = 0.0), the scour depth reaches its maximum. As 
the pile cap submerges further into the riverbed, the 
scour depth decreases significantly. Therefore, increasing the 
embedment depth of the pile cap is an effective measure 
for controlling scour and ensuring the safety of bridge
foundations.

This study provides insights into the influence of pile-
cap embedment depth on scour behavior around bridge piers, 
but several limitations should be noted. First, the analysis 
focused on a single sediment type (2 mm, non-cohesive), 
which limits the generalizability to other sediment types and 
flow conditions. Variations in sediment characteristics, such as 
grain size or cohesion, could lead to different scour patterns. 
Additionally, the two flow velocities considered may not capture 
the full range of real-world flow conditions. Future studies 
could expand the scope to include a wider range of sediment 
types and flow velocities to strengthen the robustness of the
findings.
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