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Abstract- A non-uniform pier, also known as a compound A pier, is characterized by 

varying cross-sectional dimensions along its length. Depending on the exposure of their 

foundation to the flow field, the behavior of  many bridge structures is non-uniform. There 

are numerous causes for the bridge's failure, including design flaws and construction 

errors. In contrast, scouring is the most hazardous reason. The primary objective of this 

experimental research is to reduce the scour depth around a compound bridge pier by 

using a square-shaped sacrificial pile as its countermeasure in clear water scour 

conditions. A constant flow rate of 30 l/s. was maintained throughout the experiment. and 

each trial was run for about 3 hours. Scour depth was measured using a point gauge as 

the measurement tool. Three experimental sets were carried out by using two, four, and 

six sacrificial piles on the front side of the pier in different locations for each case. The 

results show that by using sacrificial piles, scour depth was reduced significantly. With 

an increase in the number of piles and varying distances from the pier, the reduction in 

scour depth became increasingly noticeable. Case C-4 exhibited the most significant 

percentage reduction in scour depth among all the cases studied, which was 47.6%. In 

this case, six sacrificial piles were installed u/s of the pier at a distance equal to between 

5,5.67 and 6.33 times the diameter of the pier (Dp = 76.2 mm). 
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1 Introduction 
For scientists and professionals working in the domain of hydraulic structures, understanding pier scouring around bridge 

piers holds great significance. Scouring is the result of a complicated vortex system. This system of vortices includes a 

wake vortex, a horseshoe vortex, a trailing vortex, and a bow wave vortex [1]. More than 1000 bridges have failed in the 

United States, with 60% of these failures attributable to scour and only 2% attributable to earthquakes [2]. Fig. 1 depicts a 

fundamental local scour mechanism near a bridge pier. [3]. 

There are two kinds of local scour countermeasures around the bridge pier: Armoring and flow-altering devices [4]. 

Armoring devices consist of riprap, tetrapods, dolos, cable-tied blocks, etc. Flow-altering countermeasures consist of 

sacrificial piles, Iowa vanes, and pier-mounted flow detectors such as collars. This research aims to examine the impact of 

square sacrificial piles near the compound bridge pier. 

Sacrificial piles serve as a protective measure upstream of the bridge pier, shielding it from local scour. These piles redirect 

the fast-flowing water, creating a wake area behind the pier. The effectiveness of this approach depends on factors such as 

the number and size of the piles in relation to the pier, the arrangement of the piles relative to one another and the bridge 

pier, and the projection of the piles (i.e., whether they are partially or completely submerged) [4]. Different authors have 
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used sacrificial piles in their research work for pier scour reduction for instance, [5], [6], [7]. The presence of sacrificial 

piles reduces scour depth by up to fifty percent as stated in these studies. By using collars around multi-vent bridge piers, 

current deflectors, and sacrificial piles on the upstream side of bridge piers Mohammed et al., 2015 [8] concluded that 

local scour depth around the piers can be reduced by more than 90% as compared to the unprotected bridge piers. 

Manes et al. 2015 [9] suggested a new formula based on the phenomenological theory of turbulence and empirical 

observations for predicting scour depth. Farooq et.al 2021 [10] examines the scour around rectangular pier under clear 

water conditions by applying rectangular hooked collar as a scour countermeasure. The author concluded that the most 

effective dimensions for hooked collar which reduces scour depth to maximum extent are width of 1.5 Wp and side wall 

height of 0.3 Wp (Wp is the pier width). Farooq et.al 2023  [11] investigated the effect of hooked collar around a vertical 

pier with a lenticular cross-section. The experimental results revealed that the equilibrium scour depth decreased with the 

ratio of hooked collar to the pier width when Wc (width of collar)  is 2 times of the pier width. 

Temporal variation and maximum scour depth were significantly affected by variations in the foundation and pier geometry 

[12]. In addition, when the top surface of the bridge pier is maintained below the general riverbed level, maximum scour 

depth was reduced as compared to uniform piers. Environmental and climate change is an emerging and necessary research 

in every aspect of life for the future generation [13]. Nimbalkar et al., 2022 [14] developed a scour model for a compound 

bridge pier which is based on artificial intelligence (AI). Scouring is a time-dependent phenomenon. Over time, the scour 

depth will increase until it reaches equilibrium [15]. 

 

                                                Figure 1: Local scour mechanism around a bridge pier [3]. 

Using an acoustic Doppler velocimeter, Kumar & Kothyari, 2012 [16] conducted experiments on turbulence characteristics 

and flow patterns around circular and compound bridge piers. Melville & Raudkivi, 1996 [17] describe three scour zones 

for the compound bridge pier that is: In Zone 1, the foundation top lies below the scour hole's bottom, having no influence 

on the scour process. Zone 2 is characterized by the foundation top being inside the scour hole, leading to scour reduction. 

On the other hand, in Zone 3, the foundation top is above the bed level, causing increased scouring compared to a uniform 

pier. Moreover, scour depth is dependent on the geometry of the bridge pier and also on the size and shape of the pier's 

foundation diameter [18]. By investigating the effect of sacrificial piles in different configurations in front of circular 

bridge pier using FLOW-3D [19], the author concluded that the efficiency of sacrificial piles depends on their arrangement 

to be used as scour countermeasure, which influences the formation of horseshoe vortex and eventually the scouring around 

the pier. 

From the previous studies, it can be seen that a sacrificial pile is an important technique to reduce scour around the bridge 

pier. Although, a lot of research has been done on uniform bridge piers combined with sacrificial piles. In the present 

study, a compound bridge pier with square-shaped sacrificial piles as its countermeasure was used at constant discharge 

under clear water conditions to investigate the impact of square sacrificial piles on scour reduction. For the design of 
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bridges, scour consideration is an important factor. Because failure of the bridge affects the transportation system and may 

cause loss of life and properties. So, it is necessary to use countermeasures such as sacrificial piles to reduce scouring and 

eventually protect the bridge.  

2 Experimental Procedures 
The experiments were conducted in a recirculating channel measuring 20 meters in length, 0.75 meters in depth, and 1 

meter in width. The entire channel was made of concrete except for the walls which are made of 12 mm thick glass sheet. 

All the experiments were conducted in the UET Taxila Hydraulics Laboratory. In addition, the experimental work was 

conducted in conditions of clear water. For each test of the experimental program, the 10m length of the flume was leveled 

with sand using a wooden screed of equal width to the flume. Using a point gauge, the sand level was examined at random 

locations. The water channel was slowly filled until it reached the required depth.  After turning on the pump and gradually 

increasing its speed until the required flow rate was reached, the tailboard was adjusted to achieve the desired water depth. 

After the test, the pump was turned off and the flume was slowly drained in order to preserve the scour topography. All 

the experiments were run for a duration of 3 hours. Because according to (Chiew and Melville) [20], After 10% of the 

equilibrium time, 80% of the equilibrium scour depth was achieved.  

2.1 Sediment Bed 

In this study, uniformly graded sand was used. The calculated geometric standard deviation was determined to be 1.21 for 

the sediment size d50 = 0.613mm; calculated as σg = (d84/d16)0.5 (d84 and d16 were the sediment sizes with a finer mass, at 

84% and 16%, respectively). According to [21] if the standard deviation of soil is less than 1.3 then the sand will be 

classified as uniformly graded. The size of the sediment has no discernible effect on scour holes since Dp/d50 was > 50 

(Dp/d50 = 120.95) [22]. The thickness of the sand bed was 0.203 m and was completely horizontal. The bed was properly 

leveled before the commencement of each trial. 

2.2 Compound pier Models 

The model of a compound circular pier was made up of wood. The footing top of the bridge pier model was put 25.4 mm 

below the general bed level, having footing diameter (b* = 152.4 mm) and pier diameter (b=76.2 mm) such that the ratio 

of footing diameter to pier diameter is 2. A pictorial view of a compound circular pier has been shown in Fig. 2a. Fig. 2b 

illustrates the schematic diagram that represents the circular compound bridge pier, where b = the diameter of the pier, b* 

= the diameter of the foundation or footing, Y = the depth of the top surface of the footing (foundation) below the channel's 

initial bed level and h = flow depth. The pier's average width was taken to less than one-sixth of the width of the flume to 

minimize the adverse effects of side walls as recommended by [23]. No changes in the bed level were observed along the 

contracted cross sections, suggesting the absence of any bed degradation, contraction scour appeared to be absent; this was 

consistent with the findings of [24]. Contraction scour is not significant when the ratio of the channel width to the pier 

diameter (B/Dp) equals or exceeds 10. As a result, it is safe to conclude that in the current investigation contraction effects 

were not present. 

                                                  Table 1: Hydraulic conditions for the scour experiments. 

Diameter of 

Pier (mm) 

Diameter of 

foundation 

(mm) 

Flow depth 

(mm) 

Discharge  

(l/s) 

76.2 152.4 127 30 

2.3 Flow Conditions 

To avoid incipient sediment movement at the plane sand bed with mean grain size (d50 = 0.613 mm),  

the flow discharge was selected to ensure that the bed shear stress remained below a critical threshold. The experiments 

were carried out under a constant flow discharge of 0.030 m3/sec. The Froude number 𝐹𝑟 =
𝑈

√𝑔ℎ
  was 0.213 where h 

represents the depth of flow above the sediment bed, g represents the gravitational constant and U represents the approach 

flow velocity. In order to ensure the condition of clear water scours, the flow intensity was consistently maintained at 
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approximately U/Uc = 0.694 in all the conducted tests. Here, U represents the velocity of the approach flow, and Uc 

signifies the critical velocity required for the sediment to start moving. The shields diagram was used to calculate the 

critical shear velocity U*c for the sediments used in the current study. 

In each experiment, to calculate critical velocity Uc the logarithmic average velocity equation for a rough bed was used 

[25]. 

Uc

U ∗ c
+

c

d
= 5.75 log (

df

ke
) + 6 

In the above equation, ‘ke = 2d50’, the term 'ke' represents the equivalent roughness height and df is the depth of flow. The 

clearwater condition prevails when the flow velocity U is smaller than the critical velocity Uc (i.e., U < Uc) and the live 

bed condition prevails when the flow velocity exceeds the critical flow velocity i.e. (U > Uc) [26]. 

2.4 Sacrificial Pile 

A square sacrificial pile measuring 38.1 mm in dimensions was used in the study. To evaluate the efficiency of these piles, 

the scour depths around the pier were measured both with and without countermeasures. The reduction in scour depth 

under equilibrium conditions is then calculated by [27]. Table 2 and Fig. 3 depicts various arrangements of sacrificial piles. 

                                                                         𝑅 =  
𝑌𝑝−𝑌𝑠

𝑌𝑝
100 (%)                                                                               (1)

        

In the absence of sacrificial piles, compound piers exhibit a maximum scour depth of Yp, whereas compound piers with 

sacrificial piles show a maximum scour depth of Ys and R is the %age reduction of scour depth. The scour depth around 

the compound pier was measured for each trial. The depth of scour was determined by measuring from the original 

sediment bed level to the maximum depth of erosion around the base of the pier.  

 

Figure 2a: Photograph showing the model of 

compound circular bridge pier used in the current study 

Table 2: Arrangements of sacrificial piles in different cases 

Case Number Number of sacrificial piles Distance from the pier 

C-1 0  

C-2 2 5 times the pier diameter (Dp = 76.2 mm) 

C-3 4 5 and 5.67 times the pier diameter 

C-4 6 5,5.67 and 6.33 times the pier diameter 

Figure 2b: Compound pier with levelled bed 
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3 Results 
The findings revealed that the use of square-shaped sacrificial piles decreased the scour depth around the compound pier 

in comparison to the case without any piles. In addition, as the number of sacrifice piles increased, the depth of the scour 

decreased. Fig. 4 depicts the graph between maximum scour depth (mm) and no. of sacrificial piles on the u/s of the bridge 

pier. For case C- 2, when 2 sacrificial piles were used, scour depth reduction was observed to a minimum extent compared 

to the case without any piles.  For C-3 when 4 sacrificial piles were used, the reduction in scour depth was more pronounced 

compared to C-1. The additional piles and slightly increased spacing allowed for more effective dissipation of flow energy, 

resulting in greater scour mitigation. Six sacrifice piles were installed upstream of the compound bridge pier for C-4, this 

configuration exhibited the most significant reduction in scour depth. The higher number of sacrificial piles, along with 

the varying distances from the pier, created a more intricate  

 

flow pattern, leading to a substantial reduction in scour. The findings indicate that square-shaped sacrificial piles can 

effectively reduce the scour depth around a compound pier. This is due to the disruption of the flow pattern resulting from 

the presence of sacrificial piles, which results in a decrease in flow velocity and turbulence near the pier. Figure 5 depicts 

the relationship between the %age reduction of scour depth and the number of sacrificial piles. Under C-4, the maximum 

%age reduction in scour depth was observed, which was 47.6%. Six sacrifice piles were installed upstream of the pier in 

this instance at a distance equal to 5,5.67 & 6.33 times the pier diameter (Dp = 76.2 mm). Also, the minimum %age 

Figure 3: Various arrangements of sacrificial piles used in the lab. 

Figure 4: Scour depth Vs No. of square sacrificial piles. Figure 5: %age reduction of scour depth Vs No. of 

sacrificial piles. 



5th Conference on Sustainability in Civil Engineering (CSCE’23)                                                                                 

Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

 

Paper ID. 23-408   

reduction in scour depth was observed under C-2 (i.e., 32.5%). In this case, 2 sacrificial piles were installed at a distance 

equal to 5 times the pier diameter. The effectiveness of the scour countermeasure is influenced by the No. of sacrificial 

piles and their spacing distances from the pier. As more piles are used and they are placed at varying distances, a more 

complex flow field is created. This complex flow field dissipates energy more efficiently, leading to a greater reduction in 

scour depth. 

3.1 Profiles of scour hole: 

The longitudinal profiles of scour holes for cases C-2, C-3, & C-4 are shown in Fig. 6. From Fig. 6 it is clear that as the 

number of sacrificial piles increases, scour depth reduces on both the upstream and downstream side. 

 

Figure 6: Longitudinal profiles of scour hole. 

4 Conclusions 
In this investigation, the impact of square-shaped sacrificial piles on reducing the scour depth around a compound bridge 

pier was evaluated.  

• The maximum %age reduction of scour depth was observed under C-4 i.e., 47.6%. In this case, 6 sacrificial piles 

were installed upstream of the pier at a distance equal to 5,5.67 & 6.33 times the pier diameter (Dp = 76.2 mm).  

• The minimum %age reduction of scour depth was observed under C-2 i.e., 32.5%. In this case, 2 sacrificial piles 

were installed upstream of the pier at a distance equal to 5 times the pier diameter (Dp = 76.2 mm). 

• The use of sacrificial piles proved to be an efficient countermeasure against scour, and their effectiveness 

increased with the increasing number of piles and varying spacing distances.  

5 Future Recommendations 
The findings suggest that the implementation of sacrificial piles can be a viable and practical solution to alleviate scour-

related issues around bridge piers and similar hydraulic structures. However, further research is needed to account for 

different flow conditions and pile configurations to develop more comprehensive design guidelines. Also, this study was 

performed on clear water scour conditions. The limitation of this research was that this study was conducted on clear water 

scour and not on live bed scour. In the future, the same work can also be performed for live bed scour conditions to check 

the efficiency of sacrificial piles on reduction of scour depth. 

Acknowledgment 
The authors would like to thank Prof. Dr. Usman Ghani who helped thorough out the research work, particularly Syed Ijaz 

Hussain Shah and the whole staff of the hydraulics lab CED.  

References
[1] C. H. Lee, C. Xu, and Z. Huang, “A three-phase flow simulation of local scour caused by a submerged wall jet 

with a water-air interface,” Adv Water Resour, vol. 129, pp. 373–384, Jul. 2019, doi: 

10.1016/J.ADVWATRES.2017.07.017. 

-40.0

-35.0

-30.0

-25.0

-20.0

-15.0

-10.0

-5.0

0.0

0 50 100 150 200

Sc
ou

r d
ep

th
 (m

m)

X (mm)

Longitudinal profile for C-2 Longitudinal profile for C-3

Longitudinal profile for C-4



5th Conference on Sustainability in Civil Engineering (CSCE’23)                                                                                 

Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

 

Paper ID. 23-408   

[2] Shirhole A.M. and R. C. Holt, “‘Planning for a Comprehensive Bridge Safety Program’,” Transportation Research 

Record, Vol. 1290, pp.39-50, USA, 1991., 1991. 

[3] A. Keshavarzi, J. Ball, H. Khabbaz, C. K. Shrestha, and M. R. Zahedani, “Experimental study of flow structure 

around two in-line bridge piers,” Proceedings of the Institution of Civil Engineers: Water Management, vol. 171, 

no. 6, pp. 311–327, Dec. 2018, doi: 10.1680/jwama.16.00104. 

[4] B. W. Melville and A. C. Hadfield, “USE OF SACRIFICIAL PILES AS PIER SCOUR 

COUNTERMEASURES.” 

[5] F. F. Chang and M. KARIM, “AN EXPERIMENTAL STUDY OF REDUCING SCOUR AROUND BRIDGE 

PIERS USING PILES”. 

[6] “H.W. Shen, V.R. Schneider, S.S. Karaki, Mechanics... - Google Scholar.” 

https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=H.W.+Shen%2C+V.R.+Schneider%2C+S.S.+Ka

raki%2C+Mechanics+of+local+scour%2C+U.S.+Department+of+Commerce%2C+Nat.+Bureau+of+Standards

%2C+Inst.+Appl.+Technol.%2C+1966&btnG= (accessed Apr. 20, 2023). 

[7] “K.K. Singh, D.V.S. Verma, N.K. Tiwari, 1995. Scour... - Google Scholar.” 

https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=+K.K.+Singh%2C+D.V.S.+Verma%2C+N.K.+T

iwari%2C+1995.+Scour+protection+at+circular+bridge+piers%2C+in%3A+6th+International+Symp.+on+Riv

er+Sedimentation%2C+New+Delhi.&btnG= (accessed Apr. 20, 2023). 

[8] Y. A. Mohammed, Y. K. Saleh, and A. A. M. Ali, “Experimental investigation of local scour around multi-vents 

bridge piers,” Alexandria Engineering Journal, vol. 54, no. 2, pp. 197–203, Jun. 2015, doi: 

10.1016/J.AEJ.2015.03.004. 

[9] C. Manes and M. Brocchini, “Local scour around structures and the phenomenology of turbulence,” J Fluid Mech, 

vol. 779, pp. 309–324, Aug. 2015, doi: 10.1017/jfm.2015.389. 

[10] R. Farooq, A. R. Ghumman, M. A. U. R. Tariq, A. Ahmed, A. Latif, and A. Masood, “Performance Evaluation 

of Scour Protection around a Bridge Pier through Experimental Approach,” Tehnički vjesnik, vol. 28, no. 6, pp. 

1975–1982, Nov. 2021, doi: 10.17559/TV-20200213211932. 

[11] R. Farooq, A. H. Azimi, M. A. U. R. Tariq, and A. Ahmed, “Effects of hooked-collar on the local scour around a 

lenticular bridge pier,” International Journal of Sediment Research, vol. 38, no. 1, pp. 1–11, Feb. 2023, doi: 

10.1016/J.IJSRC.2022.07.002. 

[12] A. Kumar, U. C. Kothyari, and K. G. Ranga Raju, “Flow structure and scour around circular compound bridge 

piers - A review,” Journal of Hydro-Environment Research, vol. 6, no. 4, pp. 251–265, Dec. 2012, doi: 

10.1016/j.jher.2012.05.006. 

[13] M. Qaisar, M. Yaqub, and M. N. Sharif, “An overview of study of Interfacial Transition zone of recycled 

aggregate concrete: A Review.” 

[14] P. Nimbalkar, P. Rathod, V. Manekar, and A. Bhalerao, “Scour model for circular compound bridge pier,” Water 

Supply, vol. 22, no. 5, pp. 5111–5125, May 2022, doi: 10.2166/ws.2022.125. 

[15] J. Guo, K. Kerenyi, H. Shan, Z. Xie, Y. Zhai, and L. Zhao, “Time-Dependent Scour Depth under Bridge-

Submerged Flow,” pp. 105–114, Oct. 2010, doi: 10.1061/41147(392)9. 

[16] A. Kumar and U. C. Kothyari, “Three-Dimensional Flow Characteristics within the Scour Hole around Circular 

Uniform and Compound Piers,” Journal of Hydraulic Engineering, vol. 138, no. 5, pp. 420–429, May 2012, doi: 

10.1061/(ASCE)HY.1943-7900.0000527. 

[17] B. W. Melville and A. J. Raudkivi, “Effects of Foundation Geometry on Bridge PierScour,” Journal of Hydraulic 

Engineering, vol. 122, no. 4, pp. 203–209, Apr. 1996, doi: 10.1061/(ASCE)0733-9429(1996)122:4(203). 



5th Conference on Sustainability in Civil Engineering (CSCE’23)                                                                                 

Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

 

Paper ID. 23-408   

[18] A. Sharwan and P. T. Nimbalkar, “Effects on scour for different foundation geometry of compound circular 

bridge piers,” International Journal of Recent Technology and Engineering, vol. 8, no. 2, pp. 2439–2446, Jul. 

2019, doi: 10.35940/ijrte.B2000.078219. 

[19] M. Nazari-Sharabian, A. Nazari-Sharabian, M. Karakouzian, and M. Karami, “Sacrificial piles as scour 

countermeasures in river bridges a numerical study using FLOW-3D,” Civil Engineering Journal (Iran), vol. 6, 

no. 6, pp. 1091–1103, Jun. 2020, doi: 10.28991/cej-2020-03091531. 

[20] Shriram and P. B. B. Lal, “Local scour around bridge piers,” http://dx.doi.org/10.1080/00221688709499285, vol. 

54, no. 1, pp. 36–45, Jan. 2010, doi: 10.1080/00221688709499285. 

[21] A. R. Zarrati, M. R. Chamani, A. Shafaie, and M. Latifi, “Scour countermeasures for cylindrical piers using riprap 

and combination of collar and riprap,” International Journal of Sediment Research, vol. 25, no. 3, pp. 313–322, 

Sep. 2010, doi: 10.1016/S1001-6279(10)60048-0. 

[22] Y. M. Chiew and B. W. Melville, “Local scour around bridge piers,” Journal of Hydraulic Research, vol. 25, no. 

1, pp. 15–26, Jan. 1987, doi: 10.1080/00221688709499285. 

[23] L. E. , Frostick, S. J. , McLelland, and T. G. (Eds. ) Mercer, “Users guide to physical modelling and 

experimentation: Experience of the HYDRALAB network. CRC press.,” 2011. 

[24] F. Ballio, A. Teruzzi, and A. Radice, “Constriction Effects in Clear-Water Scour at Abutments,” Journal of 

Hydraulic Engineering, vol. 135, no. 2, pp. 140–145, Feb. 2009, doi: 10.1061/(ASCE)0733-

9429(2009)135:2(140). 

[25] C. S. Lauchlan and B. W. Melville, “Riprap Protection at Bridge Piers,” Journal of Hydraulic Engineering, vol. 

127, no. 5, pp. 412–418, May 2001, doi: 10.1061/(ASCE)0733-9429(2001)127:5(412). 

[26] B. W. , Melville and S. E. Coleman, “Bridge scour. Water Resources Publication.,” 2000. 

[27] C. Wang, F. Liang, and X. Yu, “Experimental and numerical investigations on the performance of sacrificial piles 

in reducing local scour around pile groups,” Natural Hazards, vol. 85, no. 3, pp. 1417–1435, Feb. 2017, doi: 

10.1007/s11069-016-2634-0. 

  


	Experimental Investigation Of Square-Shaped Sacrificial Piles On Scour Depth Of Compound Bridge Pier
	1 Introduction
	2 Experimental Procedures
	2.1 Sediment Bed
	2.2 Compound pier Models
	2.3 Flow Conditions
	2.4 Sacrificial Pile

	3 Results
	3.1 Profiles of scour hole:

	4 Conclusions
	5 Future Recommendations
	Acknowledgment
	References



