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ABSTRACT 

 

As the flow-altering scour countermeasures are increasingly incorporated into hydraulic design of 

bridge piers, it is necessary to develop design methodology to this end. This paper presents an 

experimental study on mitigation of local scour around an emergent circular cylinder using a single 

sacrificial pile. The aim of the investigation is to optimize sacrificial pile characteristics for scour 

depth reduction by altering the distance between the sacrificial piles and the pier (gap width Xp) 

and the pile diameter Dp. Laboratory flume experiments were carried out and it was determined 

that that scour reduction was maximized when the sacrificial pile was installed at a distance of 1D 

(where D is the diameter of the cylinder). Furthermore, the scour depth decreased as sacrificial 

pile size increased. 

 

INTRODUCTION 

 

Scour and scour-related phenomena are the main causes of bridge failures in North America 

(Wardhana & Hadipriono 2003). This is due to the lack of information and studies about the 

scouring process. One of the areas that requires additional investigation in the future is the different 

methods to protect bridge piers against scour. These methods include sacrificial piles, which are 

non-service piers placed near the upstream face of the bridge pier as a countermeasure to deviate 

the high-velocity flow. The efficiency of this method depends on the pile characteristics (diameter 

Dp, shape, etc.), the number of piles Np, the distance between the sacrificial piles and the pier Xp, 

their arrangement, and the protrusion of each pile (fully or partly submerged). The use of this 

process can be with one or several piles. The efficacy of sacrificial piles also relies on their 

arrangement.  

 

Laboratory tests using the sacrificial piles have been carried out by several researchers with 

different arrangements and various numbers of sacrificial piles. An early investigation was carried 

out by Chabert and Engeldinger (1956) using a triangular pattern which gave a 50% reduction in 
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scour depth (see Table 1). However, Chabert and Engeldinger did not show the development of 

design guidelines for their tests. Shen et al. (1966) recorded a 60% reduction in scour depth with 

one cylindrical pile placed upstream of the main pier. Another investigation was conducted by 

Chang and Karim (1972) utilizing three piles with different arrangements. A maximum reduction 

in the scour depth by 65% for a triangular arrangement and a decrease of 60% was recorded for 

three piles aligned in front of the main pier.  

A similar investigation has been carried out by Paice et al. (1993). The investigation tested a 

diamond-shaped configuration and the tests showed as much as a 63% of reduction in scour depth. 

Also, Melville and Hadfield (1999) observed a scour depth reduction of 56% for a triangular 

arrangement. They also investigated the efficiency of differing pile locations and varying 

geometric parameters (wedge angle of pile group angle 𝛼, spacing between the sacrificial piles Sp, 

and the distance between the sacrificial piles and the pier Xp - see Figure 1). Parker et al. (1999) 

also observed a 41% reduction in the scour depth under the clear-water condition with the use of 

five sacrificial piles in a triangular array. Moreover, Haque et al. (2007) tested three side-by-side 

sacrificial piles placed at a distance of 2bp upstream of a rectangular pier (where bp is the projected 

width of the pier). The experiment showed a reduction up to 50% in the scour depth.  

 

Figure 1: Schematic of the sacrificial piles in a triangular array. 

Three recent experimental studies using sacrificial piles have been conducted. The first one was 

by Tafarojnoruz et al. (2012), in which three sacrificial piles were used to reach a reduction of 

32.5%. Another investigation by Wang et al. (2016) determined that the scour depth was reduced 

by almost 21% using one sacrificial pile and a single pier. Also, the same study observed a 

maximum scour depth reduction by nearly 35% for the main pier with the use of a tandem 

arrangement with one sacrificial pile and two main piers. The third investigation was by Fouli and 

Shabayek (2017) and resulted in a reduction of more than 52% with one sacrificial pile placed at 

a distance of Xp = 1.5D upstream of the main pier. 

For field investigations, Chang and Karim (1972) conducted a study on a bridge over the Big Sioux 

River in South Dakota using three sacrificial piles in a triangular arrangement in front of three 
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pairs of circular piers. They observed a reduction of scour depth of 44%. Moreover, Paice et al. 

(1993) installed piles groups in three different locations in the upstream region of the piers studied. 

One of the bridges is on the Severn River, UK. Preliminary data indicated that sacrificial piles 

reduced scour for all three bridges. Table 1 shows the parametric details of the experiments and 

field studies described above. 

 

Table 1: Previous investigations using sacrificial piles 

Author(s) Year Pile Configuration Location 
% 

Reduction 

Chabert & Engeldinger 1956 - Laboratory 50 

Shen et al. 1966 Np = 1, Xp = 2D Laboratory 60 

Chang & Karim 1972 Np = 3, Xp = 2D Laboratory 65 

Chang & Karim 1972 Np = 3, Xp = 2D Field 44 

Paice et al. 1993 Np = 4 Laboratory 63 

Paice et al. 1993 - Field - 

Melville & Hadfield 1999 
Np = 5, Xp = 2D 

 (α = 30°, Sp = 0.67D) 
Laboratory 56 

Parker et al. 1999 
Np = 5, Xp = 2.5D  

(α = 30°, Sp = 1D) 
Laboratory 41 

Haque et al. 2007 Np = 3 Laboratory 50 

Tafarojnoruz et al. 2012 Np = 3, Xp = 2D Laboratory 32.2 

Wang et al. 2016 Np = 1, Xp = 1D Laboratory  35 

Fouli & Shabayek 2017 Np = 1, Xp = 1.5D Laboratory 52 

 

METHODOLOGY 

Description of laboratory facility and test methodology 

Experiments were carried out at the Sedimentation and Scour Laboratory at the University of 

Windsor in Windsor, Canada. The tests were conducted in a horizontal flume with a length of 10.5 

m, a width of 1.22 m, and a height of 0.84 m. To reduce the turbulence level in the flow, a flow 

straightener was located at the upstream end of the flume. A PVC approach ramp allowed flow 

progression on to a PVC sediment box. Furthermore, all tests were carried out under the clear-

water condition. The experiments were performed for a fine sand. The d50 value was found to be 

0.74 mm and the standard deviation of particle size (𝜎𝑔) was found to be 1.34. Using the particle 

size distribution curve, the sediment was classified as poorly graded sand under ASTM standards. 

 

Before running each experiment, the sand was levelled using a flat trowel and a bubble level. Then, 

the pier (D = 0.056 m) was positioned in the middle of the flume. After that, the flume was filled 

to the desired water depth (h = 0.12 m); the flow depth was controlled using a gate at the 

downstream end of the flume. Thereafter, the pump was turned on and the frequency was gradually 

increased in order to achieve a flow velocity U = 0.26 m/s. The test was allowed to run for 24 hours 

in order to reach equilibrium of local scour; prior experimentation has indicated that changes in 
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the maximum relative scour depth beyond this point are less than 5 percent. At the end of each 

experiment, the pump frequency was brought down progressively and then shut off. Subsequently, 

the water was drained in the downstream direction to avoid the displacement of the sediment. 

When the water level in the flume had reached the original bed level, the contour of the scour 

formation at the original bed level was traced out. Once the flume was completely drained, the 

contour and centreline profiles of the scour formation were measured using a Leica laser distance 

meter that uses infrared rays to calculate the distance.  

 

Experimental Program  

The experimentation was divided into three series of tests: 

• Series A: The time development of local scour around a single pier was investigated. The first 

series of tests were done with a single pier (D = 0.056 m) without a sacrificial pile. For this 

series of experiments, the evaluation of the scour development around the pier was explored 

as a function of time. Six tests were conducted in this series. 

• Series B: The effect of gap width between the pier and sacrificial pile was also investigated. 

The experiments were completed with one pier size (D = 0.056 m), and with one sacrificial 

pile (Dp = 0.01 m) placed in front of the pier at four different distances (Xp = 1D to 4D). 

• Series C: Finally, the effect of pile diameter was investigated for a fixed gap width. This was 

the last series of tests, which were conducted with one pier (D = 0.056 m) and one sacrificial 

pile placed at a distance of Xp = 1D from the upstream face of the pier; piles with two different 

diameters (Dp2 = 0.025 m and Dp3 = 0.038 m) were used. 

For all tests that were conducted in the laboratory, all non-dimensional parameters were held 

constant. These parameters included the flow intensity (U/Uc = 0.86), the relative coarseness (D/d50 

74), the blockage ratio (D/b = 4.6%), and the flow shallowness (h/D = 2.14). The pier diameter 

was selected in order to minimize the blockage ratio while also achieving an acceptably high value 

of relative coarseness. Flow shallowness (h/D) was above 1.4 in all the series of tests (equal to 

2.14) to ensure that the pier was classified as narrow, and the flow velocity (U/Uc) was equal to 

0.86 < 1 to maintain the clear-water condition. Also, the Froude number Fr (0.24) was the same in 

all the experiments as well as the Reynolds number Re (3.15 × 104). The experimental work plan 

is shown in Table 2.  

Table 2: Experimental work plan. 

Test ID Time (hours) Dp (m) Xp 

A1 1 - - 

A2 2 - - 

A3 4 - - 

A4 8 - - 

A5 16 - - 
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A6 24 - - 

B1 24 0.01 1D 

B2 24 0.01 2D 

B3 24 0.01 3D 

B4 24 0.01 4D 

C1 24 0.025 1D 

C2 24 0.038 1D 

 

RESULTS AND DISCUSSION 

 

Series A: Time Series  

 

The centreline and contour profiles of scour for series A tests are shown in Figure 2. The origin 

for each profile is located at the geometric centre of the pier. The x-axis is in the direction of flow, 

the y-axis is in the vertical direction, and z-axis is transverse to the flow. 

 

As described in the experimental program, all the tests in series A were carried out under the same 

conditions with varying time in order to investigate the temporal evolution of scour. From Figure 

2, it can be seen that the size of the scour hole around the bridge pier increases with time. The 

scour depth at the upstream face of the pier is deeper than the downstream region, and the 

maximum scour depth occurs in front of the pier for all the experiments. This is because of the 

horseshoe vortex that forms upstream of the pier, which is more important to the scouring process 

than the wake vortices, which occur in the downstream region. Furthermore, the dune length 

changes and the location of the dunes are further downstream with time. For example, the dune 

length increases from 2.5D for the 2 hour test to 4.7D after 24 hours. 

 

For the contour profiles, each contour profile shows a marked change especially after the A4 test 

(8 hours), in which the profile is wider in the downstream region. Moreover, for both the centerline 

and the contour profiles, the scour depth and geometry change significantly and rapidly between 

1 and 2 hours from (dse/D) A1 = 0.13 to (dse/D) A2 = 0.91. The scour hole in the XZ plane and the 

dunes in the downstream region also increase in size with time. For example, the dune length is 

increases from 2.13D for the 1 hour test to 5.97D after 16 hours. 

 

Series B: Effect of Sacrificial Pile Position on Scour 

 

The centerline and contour profiles using the sacrificial pile in series B are shown in Figure 3. A 

reduction in the scour depth dse is observed for all series B experiments compared to test A6 without 

a sacrificial pile. The scour hole was shown to decrease in size when the sacrificial pile is closer 

to the pier, and the same thing occurs for the primary and secondary deposits in the downstream 
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region. For example, (dse/D) B1 = 1.19 when Xp = 4D and (dse/D) B4 = 0.71 when (Xp = 1D). The 

scour depth decrease is due to the protection method mechanism provided by the sacrificial, which 

deflects the flow velocity and the horseshoe vortices. Moreover, it can be observed that there is a 

dune not only in the downstream region of the main pier, but also in the wake of the sacrificial pile 

when Xp = 4D. 

 

The contour profiles show that both the scour hole and dune reduce in size when the sacrificial 

pile is placed closer to the pier. Although there are some changes in the contour profile shapes as 

gap width decreases, the scour formation for all tests in series B with a sacrificial pier were smaller 

than test A6 (24 hours) test without a sacrificial pile.  

 

 

(a) 

 

(b) 

Figure 2: (a) Centerline and (b) contour profiles for series A tests 
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Series “C”: Effect of the Sacrificial Pile Size on the Scour 

 

The centerline and contour profiles are illustrated in Figures 4 and 5. With the increase of the 

sacrificial pile diameter, the scour depth showed an increase. Also, an additional scour hole is 

shown to form around the sacrificial pile. The dunes in the downstream region were also shown to 

increase in size with increasing Dp. However, dune size is still less than the test A6 without any 

size of sacrificial pile. For the contour profiles, the contour profiles are shown to increase in size 

as Dp increases. Furthermore, the sediment deposits in the downstream region are wider with the 

increase of the sacrificial pile size. 

 

 

(a) 
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(b) 

Figure 3. (a) Centerline and (b) contour profiles for series B tests 

  
Figure 4: Centreline profiles for series C tests 
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CONCLUSIONS 

The efficiency of the sacrificial pile as a bridge scour countermeasure is shown to be dependent 

on the gap width Xp and the pile diameter Dp. When the sacrificial pile was placed closer to the 

pier, the scour depth was found to decrease. Also, as Dp was increased, the scour depth and 

geometry also increased in size. For example, the scour reduction for test B1 (Dp = 0.01 m, and Xp 

= 1D) the scour reduction was around 48% against 12.6% only in test B4 (Dp = 0.01 m, and Xp = 

4D) and a reduction of 20% for test C2 (Dp = 0.038 m and Xp = 1D). The experimental results 

show that the optimal gap width for scour reduction using a single sacrificial pile is 1D, and that 

scour reduction is reduced as pile size increases. Further experimentation is required on a wider 

range of pile sizes to determine the optimal size for scour reduction; in addition, the use of multiple 

piles with various orientations should also be considered. 

 

Figure 5: Contour profiles for series C tests 
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