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Abstract 

Cofferdam is widely employed in the construction of underwater bridge foundations. 
Its crucial attribute lies in providing a dedicated platform for construction activities 
and enhancing the water resistance dimensions in structural design, consequently 
amplifying local scour. However, previous research on local scour has seldom inves-
tigated the effect of construction facilities on the life cycle development of local 
scour on foundations. This gap has led to a misunderstanding of protective strategies 
against local scour throughout the construction period. In this paper, a scour experi-
ment platform was implemented with a unidirectional flume. Physical model experi-
ments were conducted to scrutinize the protective impact of anti-scour rib structures 
against local scour. The experimentally determined scour depth was compared 
to assess the performance of the anti-scour rib protection system. Oblique photogram-
metry was subsequently used to capture the morphology of the equilibrium scour 
pit in the experiments. The associated topographical data were imported into Fluent 
commercial fluid software for in-depth flow field analysis. A numerical flume model 
was established to examine the hydraulic characteristics under two distinct topo-
graphical conditions: a smooth riverbed during the initial stage of scour and a scoured 
riverbed at the equilibrium stage of scour. To further determine the protective mecha-
nism of anti-scour rib protection, the influence of anti-scour rib protection on shear 
stress was investigated numerically. Analyses revealed that incorporating scour protec-
tion ribs during cofferdam construction alters the flow field characteristics, hindering 
the downward movement of subsurface flow beneath the structure, reducing bed 
shear stress, and consequently mitigating scour effects. The instantaneous protective 
effect of scour protection ribs strengthens as the scour topography develops. The 
protective effectiveness of scour protection ribs was mainly influenced by rib length, 
spacing, and shape.

Keywords: Local scour, Experiment, Anti-scour ribs, Numerical simulation, Cofferdam 
construction

1 Introduction
With the development of bridges that cross rivers, straits, etc., the challenges faced in 
constructing bridges include technical issues and complex hydrological environments, 
such as issues related to local scour (David and Smith 1977, Lu et  al. 2024, Wei et  al. 
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2024). Local scour, a significant cause of water-induced damage to bridges, can result in 
deterioration of the bridge working environment, even leading to failure (Administra-
tion 2012). It influences the stability of infrastructure elements such as piers or embank-
ments. Therefore, many scholars have extensively studied local scour and its prevention. 
Local scour refers to the formation of scour holes near bridge piers or foundations due 
to the obstruction of water flow by piers or foundations. In this process, eddies are gen-
erated, carrying away sediment from nearby bridge piers or foundations and resulting in 
the formation of scour depressions (Wang et al. 2017). Melville (Melville 1975) employed 
a combination of the bubble technique and quantitative measurements to study the flow 
field around cylindrical bridge piers and measured the shear stress distribution on the 
riverbed around the piers. Dargahi (Dargahi 1989, 1990) utilized the bubble technique 
to investigate the flow field of horseshoe vortices under turbulent conditions. Kwan and 
Melville (Kw An and Melville 1994) discovered that the flow structure is dominated by 
a primary vortex and its associated subsurface flow, considering them the main causes 
of scour. Abbas et al. (Abbas et al. 2020) investigated the influence of variations in the 
tilt angle of twin piers on local scour. They found that as the angle increased, the scour 
depth continuously decreased. Khaledi (Khaledi et al. 2020) studied the length and width 
of scour holes around a group of piles under clear-water conditions. They found that 
the foundation shape and the height of the supporting platform influenced the dimen-
sions of the scour hole. Ahamed (Ahamed 1995) utilized bubble and laser techniques 
to investigate the detachment process of horseshoe vortices from the boundary layer. 
Guan and Unger (Guan et  al. 2022, Unger and Hager 2007) employed Particle Image 
Velocimetry (PIV) to measure the velocity distribution and turbulence characteristics 
of horseshoe vortices at different stages of scour development. The development rate of 
the scour depth varies at different stages, and the factors that play a dominant role in 
scour also differ. Raudkivi (Raudkivi and Ettema 1983) divided the scour development 
process into three stages: the initiation stage, the main scour stage, and the equilibrium 
scour stage. Chiew (Chiew and Yee‐Meng 1992) categorized bridge foundation scour 
protection measures into active and passive protection measures. Kumar et al. (Kumar 
et al. 1999) studied the protective effects of different collar installation heights and col-
lar sizes on scour prevention. Moncada-M (Moncada-M et al. 2009) reported that the 
scour depth decreases with increasing pier opening length. Under the considered flow 
conditions, the combination of pier openings and collars can eliminate scour efficiently. 
Zarrati (Zarrati et  al. 2004) conducted experimental studies on the application of col-
lars to protect against scour around rectangular bridge piers. They found that as the 
inclination angle of the pier increased, the protective efficacy of the collar decreased. 
The literature has focused primarily on local scour around bridge pier foundations after 
construction, with limited research on local scour during construction. Wei (Wei et al. 
2022) conducted experiments and numerical simulations to study the protective effect of 
a skirted caisson on the depth of local scour. This research aimed to elucidate the devel-
opment patterns of the maximum scour depth and the scour mechanism. Xiang (Xiang 
et al. 2020) investigated the influence of the suspended sinking time of caissons on local 
scour. Luo (Luo et al. 2022) conducted experiments to study the protective effectiveness 
of horn-shaped collars against local scour. Abdelmoaty (Abdelmoaty and Zayed 2021) 
studied the influence of side flow jets at different angles on the downstream local scour 
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depth and energy dissipation. Qiu (Qiu et al. 2023) researched the impact of local scour 
depth, model dimensions, and model shape on hydraulic forces. Wang (Wang et  al. 
2019) conducted experiments to study the influence of key parameters of anti-scour col-
lars on local scour protection. Melville (Melville and Hadfield 1999) reported that the 
protective efficiency of sacrificial piles depends on factors such as their arrangement and 
the angle of water flow. Many researchers have also studied passive protection measures, 
such as riprap protection and expanding foundation protection(Chiew 1997, Lauchlan 
and Melville 2001, Parola et al. 1996). However, deep-water foundations require the cre-
ation of a construction environment through cofferdams during construction. Coffer-
dams, in turn, increase the watertight area considered in foundation design, intensifying 
the development of local scour and posing a risk to the structural integrity of bridges.

In summary, this paper conducts physical model experiments on cofferdams as the 
research subject, focusing on rib-type scour protection against local scour. The effective-
ness of rib-type scour protection is explored by comparing the experimentally measured 
scour depths. In addition, oblique photogrammetry was used to measure the morphol-
ogy of the experimental scour holes. The scanned topography is then imported into the 
commercial fluid software Fluent for flow field analysis. A numerical model of the flume 
is established to analyze the hydrodynamic characteristics of different key parameters 
of the scour protection ribs. This research investigated the variations in bed shear stress 
and the Z-direction flow velocity at the riverbed bottom, revealing the mechanisms of 
rib-type scour protection. This study aimed to provide insights into local scour protec-
tion during the construction phase of cofferdams around underwater bridge piers.

2  Experimental study
2.1  Experimental facilities

The experiment uses a unidirectional circulating water flume with a length of 8 m, a 
width of 0.4 m, and a height of 0.6 m. The upstream inlet is equipped with a rectifying 
grating and an inlet. The downstream outlet is connected to a water tank and a pump. In 
the rear section of the flume, there is a scour test pit with a length of 1 m and a height 
of 0.13 m, which is designed for filling with sediment for scour experiments. The experi-
mental setup is illustrated in Fig. 1.

2.2  Velocity measurements

The experiment employed a Doppler velocimeter for velocity measurement with a sam-
pling frequency of 200 Hz. The probe of the Doppler velocimeter was placed 0.02 m 
below the water surface to measure the velocity variation curve. As shown in Fig. 2(a), 
there was no significant change in velocity within 10 seconds. Therefore, the average 
velocity at this height was selected for analysis.

By placing the probe of the experimental flume below the water surface and moving 
it downward at intervals of 0.01 m, the distribution of the cross-sectional flow velocity 
along the height of the flume was obtained, as shown in Fig. 2(b). The figure shows that 
the flow velocity is generally stable within 0.04 m from the water surface. Therefore, the 
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flow conditions for this experiment included a water depth of 0.1 m and a flow velocity 
of 0.16 m/s.

2.3  Sediment conditions in the experiment

The gradation of the experimental sediment was measured using a medium-sized sediment 
shaking sieve, and the particle size distribution curve of the model sand was obtained, as 
shown in Fig. 3. The density of the quartz sand particles was 2.65 g/cm3, and the particles 
had a diameter of 0.2 mm. The sediment initiation flow velocity was calculated using the 
sediment initiation flow velocity calculation formula proposed by Soulsby (Soulsby 1997):

(1)θcr =
0.3

1+ 1.2D∗

+ 0.055[1− exp(−0.02D∗)]

(2)D∗ = [g(s − 1)/v2]1/3d50

Fig. 1 Experimental flume system

Fig. 2 Flow velocity measurements: (a) velocity at 0.02 m; and (b) velocity profile
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where θcr is critical Shields number, D∗ is nondimensional particle diameter, g is grav-
ity acceleration(-9.8 m/s2), s is sediment density(2.65), v is the dynamic viscosity of 
water(10-6  m2/s), d50 is median particle size(0.2 mm), θs is bed surface friction Shields 
number, τs is shear stress of flow, Ufs is frictional flow velocity, U  is average flow veloc-
ity(0.16 m/s), h is depth of water(0.1 m), κ is Karman constant(0.4), z0s is the bed rough-
ness(d50/12)

The simultaneous solution of Eqs. 1, 2, 3, 4 and 5 enables a comparison between the 
critical Shields number and the bed surface Shields number, aiding in determining 
whether the flow can meet the conditions for sediment initiation.

The calculations revealed that the critical vertical mean flow velocity for sediment 
initiation was approximately 0.25 m/s. As shown in Fig. 2, the experimental mean flow 
velocity was approximately 0.16 m/s. Therefore, the scouring mode in this study was 
consistent with clear water scouring.

2.4  Determination of the scour testing duration

The scouring modes are primarily categorized as clear-water scour or live-bed scour. 
Due to its relatively low flow velocity, clear-water scour requires a longer development 
time to reach equilibrium than live-bed scour (Raudkivi and Ettema 1983). Therefore, 

(3)θs =
τs

ρg(s − 1)d50
=

U2
fs

g(s − 1)d50

(4)τs = ρCDU
2

(5)CD = {κ/[ln(z0s/h)+ 1]}2

Fig. 3 Gradation curve of model sand grain sizes



Page 6 of 23Ran et al. Advances in Bridge Engineering            (2024) 5:10 

determining when the experiment reaches scour equilibrium is crucial. In this study, we 
initially conducted an 18-hour cofferdam construction scour test, and the time‒depth 
curve for the maximum scour depth is presented in Fig.  4. The figure shows that the 
maximum scour depth exhibited no significant changes after 8 hours of experimental 
development, indicating that scour equilibrium was reached. A subsequent scour test 
duration of 12 hours was chosen to ensure that the experiment reached equilibrium. It is 
worth emphasizing that all scour depths mentioned in the text refer to nondimensional-
ized scour depth S/D.

2.5  Experimental cases

Three scour test conditions were used to investigate the impact of cofferdam construc-
tion during the construction phase on local scour and the effectiveness of scour pro-
tection by anti-scour ribs, as shown in Table  1. The model, made of acrylic material, 
consisted of a group of piles with a diameter of 1 cm. Four piles were evenly spaced at 
intervals of 2.5 cm and were surrounded by a thin-walled cofferdam with dimensions of 
4 cm in length and width, as illustrated in Fig. 5. B refers to the width of the watertight 
barrier at the outer boundary of the cofferdam. D refers to the diameter of the individual 
piles in the pile group. The anti-scour ribs had a length (L) and width (W) of 5 mm, cor-
responding to 0.5 D, respectively, relative to the cofferdam and individual pile dimen-
sions. The particles were uniformly distributed in the vertical direction with a spacing of 
2 cm, as shown in Fig. 6.

Fig. 4 The maximum scour depth of the cofferdam

Table 1 Parameter settings of the experimental conditions

Test Foundation Cofferdam Anti-
scour 
rib

1 Pile group - -

2 Pile group √ -

3 Pile group √ √
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Fig. 5 Diagram of the cofferdam model: (a) cofferdam; (b) anti-scour rib; and (c) top view of the 
experimental model

Fig. 6 Local diagram of the anti-scour rib: (a) parameters of the anti-scour ribs; and (b) experimental process
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2.6  Measurement of the scoured terrain using oblique photogrammetry

During the experimental process, underwater high-definition cameras were used to collect 
scour depth data at the measurement points. In the first hour of the experiment, data were 
collected every 20 minutes, and after one hour, the data collection intervals were extended 
to every 60 minutes.

After the end of the experiment, the flume was drained, and the system was left undis-
turbed for one day. Subsequently, oblique photogrammetry was used to scan the mor-
phology of the scour pit. An oblique photogrammetry platform was established using 
commercial software (ContextCapture). High-definition cameras capture texture infor-
mation by photographing scour pits at various angles. Finally, aerial triangulation calcula-
tions were performed to acquire precise textural coordinates, creating a three-dimensional 
model of the scour pit, as shown in Fig. 7.

3  Numerical simulation
3.1  Basic principles

Using the RNAS equation of the RNG k − ε turbulence model as the governing equation 
for incompressible viscous fluid:

where ρ is the density of water, t is time, xi and xj are coordinate position, ui,uj,ul are 
velocity component, p is pressure, δij is the Kronecker function, ui is mean velocity, ul is 
fluctuating velocity.

The RNG k − ε turbulence equation is as follows:

(6)
∂ρ

∂t
+

∂

∂xi
(ρui) = 0

(7)

∂

∂t
(ρui)+

∂

∂xj
(ρuiuj) = −

∂p

∂xi
+

∂

∂xj
[µ(

∂ui

∂xj
+

∂uj

∂xi
−

2

3
δij

∂ul

∂xl
)] +

∂

∂xj
(−ρui′uj ′)

(8)
∂

∂t
(ρk)+

∂

∂xi
(ρkui) =

∂

∂xj
(αkµeff

∂k

∂xj
)+ Gk + Gb − ρε + Sk

Fig. 7 Oblique photogrammetry: (a) image information collection; and (b) schematic of topography 
scanning
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where k is turbulent kinetic energy, ε is dissipation rating, αk,αε are inverse effective 
Prandtl number, µeff  is effective viscosity, Gk is the turbulent energy generated by the 
mean velocity gradient(Gk = µt(∂u/∂z)

2 ), Gb is the turbulent kinetic energy generated 
by buoyancy, C1ε,C2ε,C3ε is turbulence model constant, Rε =

Cµρη
3(1−η/η0)

1+βη3
ε2

k  , 

Cµ = 0.0845 , η = Sk/ε , η0 = 4.38 , β = 0.012.
The standard wall function is used to calculate the shear near the wall:

where the x direction indicates the flow parallel to the wall, the y direction indicates the 
normal direction of the wall, and τw is wall shear.

3.2  Numerical flume

This study used the commercial software Fluent v211 to conduct detailed simulations 
of the flow field under local scour topography and initial topography, exploring the 
scour characteristics and protective mechanisms. The numerical flume had the same 
width and depth as the experimental conditions, with a width 10 times B to meet 
the blockage ratio requirements. To ensure that the flow field developed to a steady 
state, the total length of the flume was set to 2 m, which is 50 times the width of the 
cofferdam (B). The structural center was 35 B from the inlet and 15 B from the out-
let, as shown in Fig. 8. In the flow development section, the bottom of the flume was 
flat, and the three-dimensional scour topography obtained by oblique photogramme-
try was imported around the structure. The inlet was set as a velocity boundary, the 

(9)

∂
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(ρε)+

∂

∂xi
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∂

∂xj
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ε
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k
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(10)
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(11)
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(13)µ
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Fig. 8 Numerical flume with scoured scour hole terrain
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outlet was set as a pressure outlet boundary, the bottom and two sidewalls were set as 
wall boundaries according to the experimental conditions, and the top was set as an 
atmospheric pressure boundary. The roughness height of the bottom wall boundary 
was taken as the sediment grain size of 0.2 mm. The model mainly studies the protec-
tive mechanisms and the influence of critical parameters of anti-scour ribs on the ini-
tial bed shear stress and Z-directional velocity of the bed surface, as shown in Table 2.

3.3  Mesh partitioning and verification

The mesh partitioning of the numerical tank model is illustrated in Fig. 9. Local refine-
ment is applied around the structure and topography areas by utilizing an unstruc-
tured mesh for the entire model. The dimensions of the structure surface, topography 
surface, and overall scour terrain are 0.001 m, 0.005 m, and 0.01 m, respectively, 
with the maximum size of the entire domain being 0.032 m. Subsequently, an adap-
tive mesh encompassing hexahedra and polyhedra is generated based on the surface 
mesh, resulting in a total mesh count of approximately 700,000. Replicating the flow 
conditions of Test Case 1, with a velocity of 0.16 m/s and a water depth of 0.1 m in the 
numerical tank, the model is compared to the experimentally measured flow velocity 
at the midline of the tank, 5 B distances in front of the structure. The model exhibits 
good agreement, meeting the requirements of flow field simulation, as illustrated in 
Fig. 10 (Roulund et al. 2005).

Table 2 Parameter settings of the numerical simulation

Test Anti-scour rib L G Shapes

#1 - - - -

#2 √ 0.075B 0.5B square

#3 0.125B

#4 0.175B

#5 √ 0.125B 0.25B square

#6 0.75B

#7 √ 0.125B 0.5B L-shaped

Fig. 9 Mesh of the 3D numerical flume
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4  Results and discussion
This section summarizes the effectiveness of local scour protection and scour charac-
teristics associated with cofferdam construction under identical hydraulic conditions 
considering the presence of scour protection ribs. Drawing insights from the results 
obtained through experimental topography and numerical simulations of the flow field, 
the impact of key parameters related to scour protection ribs on bed shear stress and 
Z-direction velocity is examined.

4.1  The effect of a cofferdam on local scour

This article first investigates the local scour characteristics of a group pile foundation 
under the influence of cofferdam construction. The time‒depth curves of the maximum 
scour depth for two conditions, one with the group pile foundation and the other with 
the cofferdam resting directly on the bed, are shown in Fig. 11. It can be observed from 

Fig. 10 Comparison of the measured and simulated flow velocities

Fig. 11 Scour depth of cofferdam construction
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the figure that under the same flow conditions, the maximum scour depth for the group 
pile foundation is significantly smaller than that for the cofferdam bed. This is because 
the original individual pile diameter of the group pile foundation was 1 cm, and after the 
arrangement, the water-blocking width was 2 cm. After the cofferdam bed construction, 
the water-blocking width above the riverbed surface doubled to 4 cm. With the increase 
in water-blocking width, the structure hindered the formation of horseshoe vortices 
and intensified the downward flow, exacerbating the excavation of sediment around the 
structure. As a result, the maximum scour depth increased from 1.3 cm to 4.06 cm.

A schematic diagram of the terrain along the X-Z section of the maximum scour 
depth is shown in Fig. 12. As observed from the figure, cofferdam construction signifi-
cantly influences the local scour around the group pile foundation, enlarging the depth 
and extent of the scour hole. The sediment accumulation height behind the structure 
increased from 1.2 cm to 3 cm, but the location of the maximum scour depth remained 
in front of the upstream side of the pile foundation.

4.2  The effect of Anti-scour ribs on local scour

4.2.1  Characteristics of local scours

The scour depth‒time curves for the outer surface of the cofferdam with scour protec-
tion ribs are presented in Fig.  13. Close examination of the figure reveals that under 
identical flow conditions, there is no significant difference in the maximum scour depth 
between the cofferdam without protection ribs and the cofferdam with protection ribs 
during the initial 4 hours of the scour test. The scour depth rapidly develops in the early 
stages, ranging from 0 to 1 hour. The period spanning from 1 to 8 hours corresponds to 
the primary scour stage during cofferdam construction without protection and is char-
acterized by a gradual increase in the scour depth and a diminishing rate of scour depth 
development. Subsequently, the equilibrium scour stage is reached, and the maximum 
scour depth is recorded at 4.06 cm. In the scenario with scour protection ribs, a notice-
able distinction emerges after 4 hours of the scour test in comparison to the unprotected 
condition. The scour development stage concludes earlier, reaching the equilibrium 
scour stage at 6 hours, with a maximum scour depth of approximately 3.28 cm, repre-
senting a reduction of approximately 20% compared to the unprotected condition.

Fig. 12 The X-Z section of the cofferdam construction
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A schematic diagram of the X-Z cross section of the scour pit is shown in Fig. 14. The 
figure shows that in the equilibrium scour state, the scour protection ribs reduce the 
overall extent of the equilibrium scour pit. In the unprotected condition, the front end 
of the scour pit is approximately 5 cm from the foundation’s leading edge, while in the 
scenario with scour protection ribs, it is approximately 4 cm. The heights of sediment 
deposition at the rear were 3 cm and 2.5 cm, respectively.

4.2.2  Characteristics of the hydrodynamics

The influence of scour protection ribs on the streamlines around the structure under 
scour terrain conditions is depicted in Fig. 15. The figure shows that under unprotected 
conditions, the structure impedes the motion of water, reducing the flow velocity behind 
the structure and generating a downflow along the structure surface and horseshoe vor-
tices near the scour pit. These combined effects transport sediment. The scour protec-
tion ribs exhibit a positive protective effect at this point, hindering the downflow along 
the structure surface and creating vortices near the scour protection ribs. This disrupts 
the energy of the downflow, reducing its erosive capacity for sediment.

Fig. 13 Scour depth of the Anti-scour rib

Fig. 14 The X-Z section of the anti-scour rib
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A vorticity map of the flow field near the structure under scour terrain conditions is 
shown in Fig. 16. From the figure, it is evident that in the unprotected condition, many 
vortices appear near the corners of the square cofferdam and on the downstream side. 
As the terrain reaches an equilibrium state and no longer changes, the horseshoe vortex 
intensity on the upstream side of the scour pit decreases, leading to less surface sedi-
ment erosion. The presence of scour protection ribs considerably impacts the entire vor-
tex field. By impeding the movement of the downflow, the scour protection ribs cause a 
minimal amount of vortices to appear above and below the upstream face of the scour 
protection ribs. This disturbance extends to the vortex field near the corners of the cof-
ferdam, resulting in widespread disruption of the vortices. Overall, the vortex intensity 
decreases, contributing to a protective effect against scour.

Figure  17(a) and (b) depict the initial bed shear stress calculated through numeri-
cal simulation. From the figure, it can be observed that in the initial terrain state, the 
obstructions of the cofferdam without protection ribs and the cofferdam with protection 
ribs on water flow are similar, with comparable maximum values of bed shear stress, 

Fig. 15 Flow streamlines around the anti-scour rib: (a) Cofferdam; and (b) Anti-scour rib

Fig. 16 Vorticity around the anti-scour rib: (a) Cofferdam; and (b) Anti-scour rib
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indicating similar excavation intensities of sediment. However, due to the disturbance 
caused by the scour protection ribs on the flow field, there are differences in the loca-
tions where the maximum bed shear stress occurs. In the unprotected condition, dam-
age occurs near the corners on both sides of the upstream face of the square cofferdam, 
forming a continuous region. In the protected condition with scour protection ribs, 
irregular vortices are generated near the corners of the cofferdam due to the influence 
of the protection ribs, causing interruptions in the region of maximum bed shear stress 
behind the corners. Figure 17(c) and (d) illustrate the bed shear stress of the equilibrium 
scour terrain. As the scour pit reaches an equilibrium state, with the expansion of the 
sediment pit, the distance between the downflow and the horseshoe vortex reaching the 
riverbed surface remains constant. The scour pit no longer changes, and the bed shear 
stress is significantly lower than that in the initial flat terrain moment.

Figure  18 displays the maximum bed shear stress under the four conditions. In the 
initial stages of the experiment on flat terrain, scour protection ribs had a relatively 
weak protective effect on the bed shear stress. The unprotected condition exhibited 

Fig. 17 The shear stress of different scour terrains: (a) Cofferdam with initial terrain; (b) Anti-scour rib with 
initial terrain; (c) Cofferdam with scoured terrain; and (d) Anti-scour rib with scoured terrain
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a maximum bed shear stress of approximately 1.4 Pa, while the scour protection ribs 
reduced the shear stress to approximately 1.18 Pa, indicating a reduction of approxi-
mately 15%. Consequently, the maximum scour depth development rates in Fig. 13 are 
similar. In the equilibrium scour terrain flow field during the experimental stage, the 
maximum bed shear stress decreases as the scour terrain stabilizes. In the unprotected 
condition, the maximum bed shear stress is approximately 0.8 Pa, whereas under the 
influence of scour protection ribs, it is approximately 0.4 Pa, representing a reduction 
of approximately 50.6%. The development rate of the maximum scour depth gradually 
diminishes compared to that of the unprotected condition. This phenomenon is attrib-
uted to the initial experimental phase, in which the sediment surface is close to the 
cofferdam bottom, and the cofferdam hinders the erosive effects of the downflow and 
horseshoe vortex on the sediment. The scour protection ribs, which are smaller than the 
cofferdam, initially have a limited interception effect on the downflow and horseshoe 
vortex. As the scour depth increases, the influence distance of the downflow and horse-
shoe vortex on the sediment expands, reducing their intensity. Consequently, the protec-
tive impact of scour protection ribs intensifies, resulting in a more significant reduction 
in bed shear stress and effective scour protection.

4.3  The effect of anti-scour ribs on hydrodynamics

Melville (1975) measured the shear stress distribution around bridge piers and found a 
strong correlation between sediment bed shear stress and the ultimate equilibrium scour 
depth. When there are many structural design parameters but the experimental time is 
limited, the shear stress can be used to evaluate the local scour qualitatively instead of 
the equilibrium scour depth. In this section, the effect of rib design parameters on the 
scour are investigated using the simulated flow field and sediment bed shear stress.

4.3.1  The effect of the length

Figure 19 shows the flow field around the cofferdam and the Z-direction flow velocity in 
the X-Z cross section at the initial moment under different scour protection rib lengths. 

Fig. 18 The maximum shear stress of different scour terrains
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The Z-direction flow velocity on the riverbed surface directly affects the occurrence of 
scour. Under unchanged conditions, as the length of the scour protection ribs increases, 
their hindrance to the downflow on the structure surface strengthens, leading to sig-
nificant variations in the Z-direction flow velocity between the scour protection ribs. 
Taking L/B=0.125 as the control group, the pattern of the maximum Z-direction flow 
velocity at the riverbed bottom in front of the structure is as follows: L/B=0.075 > L/
B=0.125 > L/B=0.175. When L/B increases from 0.075 to 0.125, the maximum velocity 
decreases by approximately 24.8%, and further increasing to 0.175 results in a reduction 
of approximately 7%.

Figure  20 compares the distributions of bed shear stress under different lengths of 
scour protection ribs. As observed in the figure, the bed shear stress on the riverbed 
surface decreases due to the hindrance effect of scour protection ribs, and the influence 
range of bed shear stress is reduced. The numerical variation pattern of the maximum 
shear stress is as follows: L/B=0.075 > L/B=0.125 > L/B=0.175. When L/B increases 
from 0.075 to 0.125, the maximum shear stress decreases by approximately 32.7%. Fur-
ther increasing to 0.175 results in a reduction in the shear stress of approximately 10%. 
The overall variation pattern aligns with the pattern of changes in the Z-direction flow 
velocity at the riverbed bottom. The protective effect significantly improved when the 
concentration increased from 0.075 to 0.125, and the subsequent increase to 0.175 cm-1 
resulted in a relatively smaller enhancement in the protective effect, as shown in the 
Fig. 21.

4.3.2  The effect of the gap

Figure  22 shows the flow field around the cofferdam at the initial moment under the 
influence of different spacings of the scour protection ribs, along with the Z-direction 
flow velocity in the X-Z cross section. Under unchanged conditions, the protective effect 
of scour protection ribs gradually diminishes with increasing rib spacing. Using G/
B=0.5 as the control group, the pattern of maximum Z-direction flow velocity changes 

Fig. 19 Flow streamlines for different L/B ratios
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at the riverbed bottom in front of the structure is as follows: G/B=0.25 < G/B=0.5 < G/
B=0.75. As G/B increases from 0.25 to 0.5, the maximum velocity remains nearly con-
stant and slightly decreases by 8%. With a further increase to 0.75, the protective effect 
of the scour protection ribs weakens, and the Z-direction flow velocity increases signifi-
cantly, by approximately 25%.

Fig. 20 The shear stress for different L/B ratios

Fig. 21 The maximum shear stress and Z velocity for different L/B ratios
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Figure  23 compares the distributions of bed shear stress under different spacings of 
scour protection ribs. The figure shows that when the scour protection ribs are densely 
arranged, their protective effect does not continue to increase. However, when the spac-
ing between the scour protection ribs increases, a noticeable decrease in the protective 
effect occurs. The numerical variation pattern of the maximum shear stress is as follows: 
G/B=0.25 < G/B=0.5 < G/B=0.75. As G/B increases from 0.25 to 0.5, the maximum 

Fig. 22 Flow streamlines for different G/B ratios

Fig. 23 The shear stress for different G/B ratios
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shear stress slightly decreases by 5%, and with a further increase to 0.75, it increases by 
approximately 30%, as shown in the Fig. 24.

4.3.3  The effect of shape

Figure  25 shows the flow field around the cofferdam at the initial moment under the 
influence of different shapes of scour protection ribs and different Z-directional flow 
velocities in the X-Z cross section. With other conditions held constant, the protective 
effect of the L-shaped cross section is noticeably superior to that of the square-shaped 
cross section. Using the square-shaped cross section as the control group, the variation 
pattern of the Z-directional flow velocity at the riverbed bottom in front of the structure 

Fig. 24 The maximum shear stress and Z velocity for different G/B ratios

Fig. 25 Flow streamlines of different shapes
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is as follows: L-shaped < square-shaped. Compared to that of the square-shaped scour 
protection ribs, the maximum flow velocity of the L-shaped ribs decreases by approxi-
mately 32%.

Figure  26 compares the distributions of bed shear stress under different shapes of 
scour protection ribs. The figure shows that the protective effect of the L-shaped scour 
protection ribs on the bed shear stress is significantly superior to that of the square-
shaped ribs, with a reduction of approximately 24.6% in the maximum bed shear stress, 
as shown in the Fig. 27.

5  Conclusions
This study investigated the influence of scour protection ribs and their critical param-
eters on the local scour characteristics of bridge pier foundations based on both flume 
experiments and numerical simulations. The protective mechanism of anti-scour ribs, 
which helps alleviate local scour during the construction phase of bridges under unidi-
rectional water flow, was revealed.

(1) During cofferdam construction, the inclusion of scour protection ribs reduces the 
equilibrium scour depth. In the early stages of the experiment, the maximum scour 
depth development rate with scour protection ribs was similar to that of the unpro-

Fig. 26 Shear stress for the different shapes

Fig. 27 Maximum shear stress and Z velocity for the different shapes
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tected condition. However, in the later stages, the protective effect of the scour 
protection ribs strengthens, reducing the scour development rate. Under identi-
cal experimental conditions, the maximum equilibrium scour depth decreases by 
approximately 20%.

(2) The scour protection ribs alter the characteristics of the scour flow field by imped-
ing the downward movement of subsurface water flow along the structure. These 
vortices generate vortices near the scour protection ribs, dissipating energy from 
the surrounding water flow and reducing the intensity of subsurface flow and 
horseshoe vortices, thereby diminishing scour effects. The presence of scour pro-
tection ribs leads to a decrease in bed shear stress, and as the scour terrain devel-
ops, the reduction rate of bed shear stress gradually increases. Initially, the maxi-
mum bed shear stress reduction rate is approximately 8.3%, resulting in a similar 
development rate of the maximum scour depth in the early stages of the experi-
ment. In the equilibrium scour terrain, where the scour pit no longer changes, the 
overall bed shear stress decreases, and the reduction rate with scour protection ribs 
is approximately 50.6%. Consequently, the late-stage development rate of the maxi-
mum scour depth is lower than that in the unprotected condition, indicating an 
enhanced protective effect.

(3) Increasing the length of scour protection ribs enhances their protective effect on 
bed sediment. However, continuous lengthening does not result in a continuous 
increase in protection; therefore, an appropriate length of scour protection ribs 
should be chosen. The spacing between scour protection ribs influences their pro-
tective effect on bed sediment. A smaller spacing does not continuously enhance 
the protective effect; it may exacerbate scour due to excessive density, increasing 
the obstruction area and intensifying the scour. A greater spacing may diminish 
the protective effect of scour protection ribs. Therefore, selecting an appropri-
ate spacing is crucial. The unique concave grooves in L-shaped scour protection 
ribs enhance their obstructive effect on subsurface water flow, reducing bed shear 
stress. Therefore, adopting more efficient scour protection rib shapes can enhance 
the protective effects of these materials.

It should be noted that conclusions about the design parameters of anti-scour ribs 
on local scour were drawn based on numerical simulations without experiments. The 
assessment of shear stress enables a rapid preliminary evaluation of the effectiveness 
of local scour protection measures. Subsequent experimental studies of the design 
parameters of anti-scour rib and more simulations including sediment model are 
required and useful for drawing a general and solid conclusion.
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